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This book provides researchers with widely used techniques for the study of virology, focusing on molecular biology and imaging to encourage mechanistic investigation of virus-host interactions. Chapters detail a broad range of methods from diagnosis, virus propagation, proteomics, haploid screening, lentiviral screening, virus entry, single molecule RNA imaging, correlative light and electron microscopy (CLEM), EM, light-sheet microscopy, biochemistry, viral transcription, physiological infection models, animal models, in vivo imaging, antigenic evolution, immunology to mathematical modelling. Reviews cover general influenza, clinical trials, both sides of the gain-of-function debate, and computational modelling. Written in the highly successful Methods in Molecular Biology series format, chapters include introductions to their respective topics, lists of the necessary materials and reagents, step-by-step, readily reproducible laboratory protocols, and tips on troubleshooting and avoiding known pitfalls.Cutting-edge and thorough, Influenza Virus: Methods and Protocols aims to motivate experienced researchers and newcomers in the field and improve our overall understanding of influenza. 
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Preface In 1918 the Spanish Flu pandemic killed an estimated 40 million people around the world. One hundred years later, in 2018, inﬂuenza virus still maintains a signiﬁcant presence in the medical and veterinary spheres. Since the ﬁrst isolation of a human inﬂuenza virus strain in 1933, inﬂuenza has been researched intensively and remarkable progress has been made: the recent discovery of bat inﬂuenza, decoding of the heterotrimeric inﬂuenza A polymerase structure, and identiﬁcation of the host gene responsible for avian virus polymerase adaptation in mammals, are a few examples. The development of inﬂuenza virus reverse genetics in the late 1990s furthered our understanding of viral pathogenesis and viral protein functions. It also promoted the generation of novel vaccine strategies. In the early 2000s, genomewide siRNA screening, systems biology and bioinformatics were applied to inﬂuenza and other major human viruses, revealing global virus-host interaction networks and identifying new host genes and processes that regulate infection. Recent technological breakthroughs in super-resolution imaging and cryo electron microscopy have opened new avenues of detecting molecular interactions and viral structures at very high resolution. However, inﬂuenza virus continues to elude our persistent efforts to develop a ﬂawless vaccine or antiviral, and the current knowledge of inﬂuenza virus entry, replication and pathogenesis is incomplete. This book will equip researchers – from newcomers to experienced – with various techniques applicable to inﬂuenza biology research in the age of big data. The protocols contain plenty of visual aids to help the reader replicate an experiment in his/her laboratory. The chapters are weighted on molecular biology, viral cell biology and imaging approaches that facilitate mechanistic investigation of virus-host interactions. Leading scientists – whose bios and photos are presented at the end of the book – have been brought together to cover a broad range of topics such as inﬂuenza diagnosis, virus propagation, proteomics, haploid and lentiviral screening, virus entry, single-molecule RNA imaging, correlative light and electron microscopy (CLEM), EM, light-sheet microscopy, biochemistry, viral transcription, physiological infection models (bacterial co-infections, aerosol infection), animal models, in vivo imaging, antigenic evolution, immunology and mathematical modeling. The book opens with an introduction to inﬂuenza and closes with four perspective chapters that discuss the challenges of clinical vaccine trials, debates on the gain-of-function experiments with pathogens of pandemic potential, and how mathematical modeling provides mechanistic insights into infection. This book will hopefully help researchers perform experiments that ﬁll in the gaps of our knowledge and improve the overall understanding of inﬂuenza. Bristol, UK
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Chapter 1 Understanding Inﬂuenza Edward C. Hutchinson and Yohei Yamauchi Abstract Inﬂuenza, a serious illness of humans and domesticated animals, has been studied intensively for many years. It therefore provides an example of how much we can learn from detailed studies of an infectious disease and of how even the most intensive scientiﬁc research leaves further questions to answer. This introduction is written for researchers who have become interested in one of these unanswered questions, but who may not have previously worked on inﬂuenza. To investigate these questions, researchers must not only have a ﬁrm grasp of relevant methods and protocols; they must also be familiar with the basic details of our current understanding of inﬂuenza. This article therefore brieﬂy covers the burden of disease that has driven inﬂuenza research, summarizes how our thinking about inﬂuenza has evolved over time, and sets out key features of inﬂuenza viruses by discussing how we classify them and what we understand of their replication. It does not aim to be comprehensive, as any researcher will read deeply into the speciﬁc areas that have grasped their interest. Instead, it aims to provide a general summary of how we came to think about inﬂuenza in the way we do now, in the hope that the reader’s own research will help us to understand it better. Key words Inﬂuenza, Introduction, History, Taxonomy, Replication cycle
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The Need for Methods and Protocols Methods and protocols are tools for asking questions, not ends in their own right. A book like this should only exist—and can only be worth your attention—if you have a need to apply those tools. For inﬂuenza viruses, as for most pathogens, the need to keep on asking questions comes from three sources. Firstly, there is your own interest. Inﬂuenza viruses, like anything else when observed carefully enough, are fascinating and, in their own way, beautiful. If you are reading this book at all, it is likely that you are grappling with at least one unknown aspect of inﬂuenza virus biology, a puzzle that drives you into work and stays with you when you leave. Currently no one knows what is going on there, and you want to ﬁnd out. Hopefully the contents of this book may help you with this.



Yohei Yamauchi (ed.), Inﬂuenza Virus: Methods and Protocols, Methods in Molecular Biology, vol. 1836, https://doi.org/10.1007/978-1-4939-8678-1_1, © Springer Science+Business Media, LLC, part of Springer Nature 2018



1



2



Edward C. Hutchinson and Yohei Yamauchi



Secondly, there is the wider relevance of solving any problem in biology. Science is only worthwhile because we ﬁnd ways to take our isolated ﬁndings, made in a small number of systems on a small number of occasions, and use them to say something that is generally applicable. In biology this is particularly true when studying molecular parasites such as viruses [1], as their replication and transmission require the exploitation of features of the host that we might otherwise fail to notice. In the case of inﬂuenza, understanding the biology of the virus has helped us to understand aspects of the biology of the host including the identiﬁcation of interferons [2, 3], the concept of original antigenic sin [4, 5], details of nuclear import [6], and glycan distribution in the respiratory tract [7]. In addition, our accumulated understanding of inﬂuenza means that the virus and its derivatives have provided a wealth of tools for studying other biological problems, from inﬂuenza-speciﬁc tetramers as a tool to analyze immune responses and immunological memory [8, 9] to the widely used HA epitope tag for protein detection and biochemical puriﬁcations [10]. Even if inﬂuenza itself does not capture your attention, it can be the key to the problem that does. There is of course a third reason why we need methods and protocols for understanding inﬂuenza viruses and why governments and charitable bodies are often prepared to fund our work. Inﬂuenza kills and sickens vast numbers of people and domesticated animals and has been doing so for hundreds of years.
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The Need to Understand Inﬂuenza You will be familiar with this. Not only because of your interest in inﬂuenza viruses but because it is very likely that inﬂuenza has already infected you at least once. The normal course of an inﬂuenza infection in a healthy adult is not pleasant, but nor is it particularly dramatic. The symptoms that you probably experienced—including sudden onset of fever, muscle pain, headaches, and exhaustion—were for the most part collateral damage caused by your own immune response and experienced only once the replication and shedding of the virus had been brought under control [11]. After an unpleasant week, you most likely made a full recovery. Despite its uncomplicated normal course, two points in particular make human inﬂuenza more than an inconvenience. Firstly, inﬂuenza is an extremely common disease (Fig. 1a), and the cumulative economic effects of inﬂuenza-related absenteeism, to say nothing of the cumulative unhappiness it causes, are considerable. Secondly and more troublingly, inﬂuenza causes serious illness in
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Fig. 1 The burden of human inﬂuenza. Inﬂuenza causes widespread illness and severe disease in a small proportion of those cases. Data from the USA show (a, b) recent estimates of the burden of inﬂuenza and (c, d) the burden of inﬂuenza for different age groups in the 2015–2016 inﬂuenza season. These ﬁgures compare estimates of cases, made by the US Centers for Disease Control, to the total resident population size, using data from the US Census Bureau [95]. Figures for deaths refer only to deaths caused directly by pneumonia and inﬂuenza, and do not include deaths from cardiovascular or respiratory complications or cases where inﬂuenza was not tested for. The true number of inﬂuenza-related deaths is estimated to be two- to fourfold higher [95]. Estimates are shown with 95% conﬁdence intervals or, for the deaths in (d), 95% credible intervals. (e) Historical deaths from inﬂuenza in the UK, calculated from the causes of death recorded in death certiﬁcates and adjusted for total population size (data from the UK Ofﬁce for National Statistics [96–98]). This will underestimate the true number of inﬂuenza-related deaths for similar reasons to (b, d). Inﬂuenza A virus pandemics and the subtype they introduced into the population are indicated with shaded bars; note the peak for the “Great Inﬂuenza” of 1918
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a small proportion of cases. This can be a direct effect of viral pneumonia but often arises through indirect effects, particularly secondary bacterial infections and the exacerbation of underlying cardiovascular and respiratory illness (Fig. 1b). Inﬂuenza can and does cause serious illness in previously healthy individuals, but it is most likely to cause problems in at-risk groups—infants, older adults, the immunocompromised, and the pregnant (Fig. 1c). Among these groups, particularly older adults, inﬂuenza-related deaths are a major cause of excess winter mortality (Fig. 1d). Inﬂuenza in this form is an ongoing public health issue, causing seasonal epidemics each winter in temperate countries and with a more complex pattern in the tropics [12]. A more unpredictable threat arises from inﬂuenza pandemics, which occur every few decades when a new variant of the virus adapts to transmit efﬁciently between humans (Fig. 1e). Such pandemics are unpredictable not just in their timing but in their severity. The pandemic of 2009 caused an extra inﬂuenza season, resulting in hundreds of thousands of excess deaths globally, but on a case-by-case basis, it was no more severe than seasonal inﬂuenza [13]. In contrast, the “Great Inﬂuenza” of 1918 (Fig. 1e) initially caused such severe disease that within 18 months it had killed around one in thirty of the global population [14]. The prospect of another pandemic of this magnitude is a cause of great concern, as noted in a recent assessment by the UK government which ranked pandemic inﬂuenza as the most likely civil emergency risk in its most severe impact category [15]. For all this, inﬂuenza is not primarily a disease of humans, and its effects on domesticated animals are also severe. Epizootic (animal) outbreaks of inﬂuenza have been recorded for as long as human epidemics, though changes in the ways we use animals have changed the impacts of epizootic inﬂuenza [16]. Equine inﬂuenza, which caused major infrastructure problems when horses were widely used working animals [16], is now a notable problem for high-value horses in the racing industry [17]. Swine inﬂuenza has been an ongoing problem since at least 1918, though it is unclear whether it caused swine epizootics before this [17, 18]. The historical incidence of inﬂuenza in poultry is unclear, but in recent decades, frequent outbreaks have been reported, including in high-density farms and live bird markets which allow for the rapid spread of the virus [16]. Troublingly, a number of recent avian inﬂuenza strains, notably of the H5N1 and H7N9 subtypes, have been capable of causing severe disease in humans. For all these reasons, there has long been a pressing need to understand inﬂuenza and to turn every method at our disposal to that task.
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Failing to Understand Inﬂuenza The problem of inﬂuenza has been both urgent and readily identiﬁable for an extremely long time [16]. As such, our attempts to understand inﬂuenza mirror developments in how we think about disease. As with all attempts to understand natural phenomena, our thinking about inﬂuenza is a progression of ﬂawed and incomplete ideas. Few of these are without any value, but none of them, including any of our current ideas, are likely to be completely correct. Initially, inﬂuenza was described in rather general terms as outbreaks of an acute febrile respiratory illness with high incidence in all groups of society but little mortality except among the inﬁrm [16, 19]. It was recognized that the disease appeared sporadically and it gained its name from the correct assumption that this was due to the action of some external factor—an “inﬂuence” or, in Italian, an “inﬂuenza.” (The French term “la grippe,” from gripper, “to seize,” captures instead the experience of the symptoms.) The alignment of the stars was sometimes blamed—and although we do not now think that this is causative, inﬂuenza is due to an external cause, and there is truth in the idea that inﬂuenza is strongly seasonal. A noxious change in the environment was also suspected—and while inﬂuenza is not caused directly by a change in the quality of the air, its transmission is indeed inﬂuenced by temperature and humidity [20, 21]. Despite difﬁculties in clearly distinguishing inﬂuenza from other diseases, it was recognized that animals suffered from a similar illness, and there were suggestions that human and animal outbreaks might follow each other closely in time [16, 22]. During the nineteenth century, the germ theory of disease provided a radical new explanation for how the physical world could inﬂuence disease—through the action of invisibly small living beings. Epidemiological studies provided strong evidence that inﬂuenza was caused by the transmission of an infectious agent rather than by the emergence of harmful miasmas [23]. During this time, technical improvements in medical diagnosis allowed inﬂuenza to be discussed in terms that are more familiar to modern readers, though there was a stronger emphasis on the psychological and neurological effects of the disease, with great popular and medical interest in reports of psychosis, suicide, and depression following attacks of inﬂuenza [24]. Following the enormous successes of nineteenth-century microbiologists, it was quite reasonably assumed that inﬂuenza was caused by a bacterium. In 1892, a causative bacterium was even identiﬁed by Richard Pfeiffer—Bacillus inﬂuenzae
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(or “Pfeiffer’s bacillus,” now Haemophilus inﬂuenzae) [22]. Despite subsequent work showing that this is not the primary cause of inﬂuenza, this ﬁnding is still important. A retrospective study of lung tissue sections suggests that severe secondary bacterial pneumonia was a consistent feature of fatal cases in the 1918 inﬂuenza pandemic [25], and even in today, during seasonal inﬂuenza outbreaks, secondary bacterial infections are a major cause of inﬂuenza-related illness. The interactions between inﬂuenza viruses and coinfecting bacteria are now an area of active research [26]. At the end of the nineteenth century, a new idea about microbes began to gain favor: that certain infectious diseases were caused not by bacteria but by something which could pass through the ﬁnest of ﬁlters, perhaps a contagious living ﬂuid or, as the idea developed, some exceptionally small particulate material [22, 27]. This became the modern concept of a virus (from the Latin virus or “poison”). Among the earliest animal diseases to be associated with a virus was fowl plague, which was shown to be caused by a ﬁlterable agent as early as 1901, though it was only identiﬁed as a form of avian inﬂuenza virus some 50 years later [22]. In 1931, swine inﬂuenza was shown to be caused by a virus [28], a ﬁnding which prompted the identiﬁcation of human inﬂuenza as a viral disease in 1933 [29, 30]. Once identiﬁed, the inﬂuenza viruses proved to be particularly easy to propagate. At ﬁrst this was done in experimental animals such as ferrets, chosen because of superﬁcial similarities between the symptoms of inﬂuenza and canine distemper, which was known to pass to ferrets from dogs. Small rodents such as mice that could be easily reared for laboratory work were also popular experimental hosts, as were embryonated chicken eggs, which had long been used by physiologists and embryologists as they could be opened to examine the living embryo [31]. Once tissue culture systems were developed, it was found that inﬂuenza viruses thrived in them. Particular use has been made of Madin-Darby Canine Kidney (MDCK) cells, a cocker spaniel carcinoma cell line which, despite bearing no relation to the natural site of infection, proved particularly permissive to the replication of a wide range of inﬂuenza viruses [32–34]. The isolation and propagation of the primary causative agent of human inﬂuenza in 1933 laid the groundwork for 85 years of intensive study. It accelerated our efforts to understand inﬂuenza, giving us a description of the disease which is richly detailed— though still, inevitably, rich in unanswered questions.
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A Basic Understanding of Inﬂuenza



4.1 Classiﬁcation of Inﬂuenza Viruses 4.1.1 Family



4.1.2 Types



Improvements in understanding inﬂuenza have allowed us to classify inﬂuenza viruses. Doing so captures a great deal of our current understanding of their evolution, ecology, and host interactions. The disease inﬂuenza is caused by members of the Orthomyxovirus family. As well as four genera of inﬂuenza viruses, named A–D (Inﬂuenza A virus in the genus Alphainﬂuenzavirus, Inﬂuenza B virus in the genus Betainﬂuenzavirus, etc.), the Orthomyxoviridae also includes the Thogotovirus, Isavirus, and Quaranjavirus genera [35]. Originally, inﬂuenza viruses were assigned to the now-defunct myxovirus family of negative-sense RNA viruses, named from myxa, Greek for “mucus,” due to the ability of the virions to bind to and degrade mucins [36, 37], the same property that allowed their detection through a hemagglutination assay [38]. However, this family was divided in two when it was discovered that inﬂuenza viruses had marked structural, biochemical, and genetic differences from the other known myxoviruses [39]. Many of these differences can now be attributed to the fact that orthomyxoviruses such as inﬂuenza viruses have a segmented genome (eight segments for the inﬂuenza A and B viruses, seven for the inﬂuenza C and D viruses) which replicates in the nucleus. In contrast, the genomes of the remaining “paramyxoviruses” (such as mumps virus, measles virus, and the human parainﬂuenza viruses) are formed from a single molecule of RNA and replicate in the cytoplasm. The four known genera (or “types”) of inﬂuenza viruses are genetically isolated from each other (Fig. 2) and have accumulated substantial differences which are reﬂected in the antigenic properties of their nucleoproteins (NP) and matrix proteins (M1) [35, 40]. The inﬂuenza A viruses are the ancestral genus and propagate for the most part in waterfowl, particularly those in the orders Anseriformes (including ducks and swans) and Charadriiformes (including waders and gulls) [16, 41]. Inﬂuenza A viruses are extremely common in these birds, in which they often cause enteric infections with no apparent disease. Waterfowl can excrete considerable quantities of virus into mud and water, in which it can remain stable for some time [41, 42]. Recently, a divergent group of inﬂuenza A viruses was discovered in New World leaf-nosed bats, apparently also causing enteric infections [43, 44]. The avian inﬂuenza A viruses have an unusual facility for crossspecies transmission and have been found circulating in a wide range of warm-blooded vertebrate hosts (Fig. 2). Cross-species transmission of the viruses appears to be strongly encouraged by the domestication of animals. Inﬂuenza A viruses have been found in domesticated birds, notably chickens, turkeys, ducks, and quails,
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Fig. 2 Taxonomy and ecology of inﬂuenza. A phylogeny of inﬂuenza viruses, constructed by neighbor joining from a multiple sequence alignment of a full-length HA sequence randomly selected for each inﬂuenza A virus subtype, for the Yamagata and Victoria lineages of inﬂuenza B virus and for a full-length HEF sequence of inﬂuenza C virus and inﬂuenza D virus. Silhouettes of representative hosts are indicated around the phylogeny



and mammals, notably pigs and horses [16, 41]. It is presumably through these routes that inﬂuenza A viruses ﬁrst infected humans, and inﬂuenza pandemics continue to result from cross-species transmission events involving farmed animals [41]. After emerging as a pandemic, strains of inﬂuenza A virus continue circulating in human populations for decades as seasonal epidemics (Fig. 1e). Some of these epidemic inﬂuenza viruses circulated in human populations for long enough to evolve into distinct genera (Fig. 2). The inﬂuenza B viruses cause annual seasonal human epidemics as well as occasionally infecting seals. The inﬂuenza C viruses have diverged still further from the inﬂuenza A viruses (Fig. 2). They infect humans and pigs, and while quite common in humans they typically do not cause severe disease [45]. Recently a novel inﬂuenza C-like virus was detected circulating in cattle [46]. These viruses were sufﬁciently different from other inﬂuenza C viruses to assign them to a new genus, the inﬂuenza D viruses [35]. Inﬂuenza D viruses appear to cause only mild disease in cattle [47], and while many humans are seropositive for the viruses, it is not known if this is due to infection or merely to exposure [48].
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4.1.3 Subtypes



Each inﬂuenza genus (or type) contains one only species, but they are further differentiated into subtypes and lineages. While these distinctions were originally immunological observations, they are best understood in terms of the molecular anatomy of the inﬂuenza virion, which in the case of inﬂuenza A virions is assembled from ten viral proteins, eight segments of viral RNA (vRNA), and proteins and lipids derived from the host cell (Fig. 3a) [49]. Importantly, for understanding subtypes, the virion is bounded by a dense fringe of viral glycoproteins. For inﬂuenza A and B viruses, these are hemagglutinin (in US English; in UK English “haemagglutinin” (HA)), a trimer named for its ability to agglutinate red blood cells in an experimental setting, and neuraminidase (NA), a tetramer named for its enzymatic activity. Inﬂuenza C and D viruses have a single hemagglutinin-esterase-fusion protein (HEF) that fulﬁlls the functions of both HA and NA. For all inﬂuenza viruses, these “spike” glycoproteins are abundant on the surface of the virion, are required for viral entry and exit, and extend further out from the surface than other, less abundant viral transmembrane proteins (the ion channel M2 and its orthologues in all genera and the NB protein of the inﬂuenza B viruses). For these reasons, spike glycoproteins are the major targets for neutralizing antibodies and the major focus of interest when designing vaccines. Selection to avoid adaptive immunity causes the spike glycoproteins to undergo rapid diversiﬁcation. This “antigenic drift” reduces the effectiveness of antibodies raised in response to a previous exposure or vaccination, necessitating frequent reformulation of inﬂuenza vaccines. Over time, the HA and NA genes of the inﬂuenza A viruses have diversiﬁed enough to form multiple antigenically distinct groups or “subtypes,” each containing a wide range of variants (HA subtypes are shown in Fig. 2). Antibodies against the glycoproteins in one subtype offer little if any protection against viruses of another subtype. Due to their importance in understanding antiviral immunity, the HA and NA subtypes are recorded in an abbreviated form when naming an inﬂuenza A virus, for example, H1N1, H3N2, or H5N1. Currently circulating seasonal inﬂuenza A viruses are of the H1N1 or H3N2 subtype, and both subtypes are included in vaccines.



4.1.4 Lineages



While no other inﬂuenza virus genes have diversiﬁed to the same degree as the HA and NA genes of inﬂuenza A virus, all genes of inﬂuenza viruses can rapidly acquire mutations, and many have evolved into distinct lineages. Of particular note is the inﬂuenza B virus HA gene, which separated into two distinct co-circulating lineages in the early 1980s [50–52]. Due to the importance of HA as an antigen, the divergence of these lineages, referred to as Victoria and Yamagata after the reference strains B/Victoria/2/87
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Fig. 3 Molecular anatomy of an inﬂuenza virion. (a) The structure of an inﬂuenza A virion, modeled using data from ref. [49]. The viral proteins are shown individually on the right hand side of the image, along with membrane and RNA. In addition, the virion contains numerous host proteins, which are colored in different shades of orange. (b) Cryoelectron tomogram showing unﬁxed virions of the pleomorphic Udorn strain [99] and an artistic representation of three classes of virion morphology: spherical, “bacilliform,” and ﬁlamentous. While the full range of morphologies can be observed in clinical isolates, laboratoryadapted strains of inﬂuenza typically form only spherical and bacilliform virions (Virion images provided by Naina Nair, under a Creative Commons Attribution 4.0 International License, 2017)
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and B/Yamagata/16/88, has had an impact on the design of seasonal inﬂuenza vaccines. At the time of writing, there is an increasing tendency to move from trivalent vaccines (H1N1, H3N2, and a single B) to tetravalent vaccines (H1N1, H3N2, and both lineages of B). 4.1.5 Reassortment



Due to the segmented nature of the inﬂuenza genome, coinfection of a cell with two or more inﬂuenza viruses can create reassortant progeny carrying a mixture of genome segments from more than one parental virus. It is becoming increasingly clear that reassortment between closely related variants of the virus plays a major role in the normal replication of inﬂuenza viruses within a single host, allowing virions carrying only a partial set of functional genome segments to contribute to an infection through complementation [53]. Reassortment of gene segments between genera does not appear to be possible. However, if a cell is coinfected by two inﬂuenza A viruses, one adapted to humans and the other from a nonhuman host, progeny can arise which acquire most of their genes from the human-adapted virus but carry the glycoprotein genes of a subtype not currently circulating in humans. This “antigenic shift” creates a novel inﬂuenza A virus which is well-adapted to human growth but to which humans have no prior immunity. Most inﬂuenza pandemics appear to arise in this way [41]. Reassortment is also used in vaccine development, where HA and NA genes (and sometimes the PB1 gene) from recent clinical isolates are combined with the remaining viral genes from a “backbone” strain adapted for high growth in chicken eggs and low pathogenicity in humans [54, 55].



4.1.6 Naming Conventions



The classiﬁcation of an inﬂuenza virus strain is encoded in its full name, in the form: [GENUS]/[HOST OF ORIGIN]/[GEOGRAPHICAL ORIGIN]/[SEQUENTIAL NUMBER OF ISOLATION]/[YEAR OF ISOLATION, either as two or four digits] ([SUBTYPE, IF AN INFLUENZA A VIRUS]) Some conventions apply to the naming of hosts [40]. If the host was a human, the host description is omitted. If the host was an animal, its common name is given, lowercase, rather than the Latin binomial name (e.g., “duck”). Certain names have gained prevalence in the literature, for example, “equine” for isolates from horses, “swine” for isolates from pigs, and “bovine” for isolates from cattle. Finally, if the virus was isolated from nonliving material, this is speciﬁed instead of the host (e.g., “lake water”).
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For example: l



A/duck/Guangxi/53/2002 (H5N1) is the 53rd inﬂuenza A virus strain isolated from ducks in Guangxi in 2002 and is of the H5N1 subtype.



l



B/Florida/04/2006 is the fourth inﬂuenza B virus strain isolated from a human in Florida in 2006.



l



C/Paris/1/67 is the ﬁrst inﬂuenza C virus isolated from a human in Paris in 1967.



l



D/bovine/Mississippi/C00046N/2014 is an inﬂuenza D virus isolated from a cow in Mississippi in 2014. In this case, a more complex sequential numbering system has been used by the reporting laboratory.



Abbreviations are sometimes used in strain names, particularly after the ﬁrst use, for example, A/BEL for A/Bellamy/1942 (H1N1) or A/HK/156/97 for A/Hong Kong/156/97 (H5N1). In addition, some widely studied strains have common abbreviations, notably:



4.2 Replication of Inﬂuenza Viruses 4.2.1 Entry



l



PR8: A/Puerto Rico/8/1934(H1N1). A number of variants of this extensively studied strain exist, with somewhat different properties [56].



l



Udorn: A/Udorn/307/72(H3N2). A laboratory-adapted strain that, unusually, retains the ﬁlamentous virion morphology of clinical isolates (Fig. 3b).



l



WSN: A/WSN/33. A virus isolated in 1933 by Wilson Smith and colleagues which subsequently underwent intracranial mouse passage to become Neurotropic [57]. Unlike most low-pathogenicity strains of inﬂuenza virus, WSN does not require the addition of trypsin to cleave and activate HA, as it has acquired mutations in NA that can bind plasminogen and in HA that allow its plasmin-mediated cleavage [58–61].



l



X-31: PR8 with the HA and NA genes from A/Aichi/2/68 (H3N2). The ﬁrst example of developing an egg-adapted inﬂuenza vaccine candidate by reassortment, as well as a commonly used strain for laboratory study [55, 62].



Despite their differences, all of the inﬂuenza viruses have a similar replication cycle (Fig. 4; reviewed in [63]). In mammals, inﬂuenza virus is typically acquired via respiratory droplets or contact with fomites, after which it infects the respiratory epithelia. In waterfowl, the virus replicates in the intestinal epithelia and can be acquired by contact with feces [64]. In all cases, to establish an infection, an inﬂuenza virion must diffuse through the mucus layer which protects epithelial cells and then bind to a receptor. In most cases this is sialic acid, a negatively charged monosaccharide, chieﬂy
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Fig. 4 The inﬂuenza virus replication cycle. Schematic overview of the inﬂuenza virus replication cycle, with viral proteins colored as in Fig. 3a. A virion enters the cell via the apical plasma membrane at the top left, and new virions emerge from the apical plasma membrane at the top right. The cell is given structure by actin ﬁlaments and microtubules, and its surface carries sialic acid-bearing proteins and lipids that act as viral receptors. Endocytosis is mediated by clathrin or by macropinocytosis, after which the virus travels from early to late endosomes where it fuses and uncoats, and vRNPs penetrate into the cytosol. Transport of RNPs through nuclear pore complexes is mediated by importins and the exportin Crm1 (XPO1), and microtubuledependent membrane trafﬁc for RNP export is facilitated by Rab11. Proteins are translated from mRNA by ribosomes. While some are imported into the nucleus, others are inserted into membranes at the endoplasmic reticulum, diffuse through the cytoplasm, or, in the case of the polymerase subunit PB2, enter the mitochondrial matrix [100]. For further details, see text. Abbreviations: cRNA (positive-sense viral) complementary RNA, Cyt cytoplasm, EE early endosome, ER endoplasmic reticulum, GC Golgi complex, LE late endosome, mRNA (viral) messenger RNA, Mt mitochondrion, MTOC microtubule-organizing center, Nuc nucleus, vRNA viral (negative-sense) RNA



N-acetylneuraminic acid, present at the terminal position of glycans on glycoproteins and glycolipids at the apical cell surface. An exception to this is the highly divergent bat inﬂuenza A viruses, which do not recognize sialic acid and whose receptor has yet to be identiﬁed [65]. Binding is the ﬁrst step in entry, which encompasses virion binding up to import of the viral genome into the nucleus. There are multiple forms of sialic acids, and different inﬂuenza viruses have different binding preferences. Inﬂuenza A and B virions bind to N-acetylneuraminic acid through their HA proteins, while inﬂuenza C and D virions bind to N-acetyl-9-O-acetylneuraminic acid
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through their HEF [45]. Sialic acids in the human respiratory tract are predominantly linked to glycans through an α2,6 linkage, whereas in the avian intestine, sialic acids are predominantly α2,3 linked, and the binding preferences of human and avian inﬂuenza viruses reﬂect this [7, 66, 67]. Pigs present abundant sialic acids with both α2,3 and α2,6 linkages, making them potentially susceptible to infection with viruses from a wide range of hosts [67]. Binding triggers receptor-mediated endocytosis of the virion, allowing it to enter early endosomes [68]. As endosomes mature their pH falls, and the concentration of potassium ions rises [69], triggering two changes in the virions. Firstly, an inﬂux of hydrogen and potassium ions through the viral ion channel M2 (Fig. 3a) weakens the interactions between the matrix protein M1 and the ribonucleoproteins (RNPs) which encapsidate the viral genome [70]. The importance of this process meant that M2 was the target for the ﬁrst generation of inﬂuenza antiviral drugs, the adamantine-derived ion channel inhibitors (amantadine and rimantadine). Unfortunately, the evolution of resistance mutations means these drugs are now essentially obsolete [71, 72]. Secondly, the decreasing pH of the endosome causes protonation of the stem of HA, destabilizing its tertiary structure. This leads to an irreversible conformational change, releasing a hydrophobic fusion peptide that inserts into the endosomal membrane. The HA stem then folds back on itself, drawing the viral and endosomal membranes together and bringing about membrane fusion [73]. Membrane fusion is followed by matrix disassembly which, aided by host mechanisms, allows the release of the viral genome into the cytoplasm [69, 74–77]. There, it binds to cellular nuclear import factors and gains entry to the nucleus [78]. 4.2.2 Transcription and Replication



Inﬂuenza viruses have a negative-sense RNA genome (vRNA), which is not a substrate for cellular transcription or translation. They must therefore use a viral polymerase for primary transcription of the incoming genome, as well as all subsequent transcription and replication of the genome [79]. The viral polymerase, a trimer of three subunits (Fig. 3a), is therefore an attractive target for antiviral drugs, though at the time of writing none have been licensed for routine use. Transcription of the viral genome relies on “cap snatching,” in which a short capped sequence is cleaved from a host mRNA and used to prime transcription of a segment of the viral genome. Polyadenylation of viral mRNA occurs through stuttering on a short polyuridine tract near the 50 end of each segment of vRNA. As noted above, orthomyxoviruses transcribe their genomes into the nucleus, an unusual strategy among the RNA viruses, and as a result inﬂuenza virus mRNA can undergo splicing.
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Viral mRNAs are translated by host ribosomes, and polymerase and NP proteins are then imported back into the nucleus to encapsidate full-length uncapped transcripts of the viral genome into new RNPs (Fig. 3a). This allows replication of the viral genome—initially into positive-sense complementary genomes (cRNA) and then, following a second round of replication, into new negative-sense (vRNA) genomes. Newly synthesized RNPs interact with M1 and with the viral nuclear export protein (NEP, formerly known as NS2), which allows them to be exported from the nucleus through interactions with the nuclear export factor Crm1 (XPO1) [78]. In addition to priming transcription, cap snatching depletes mRNA transcripts of host genes and so contributes to host shutoff. This is one of the large number of mechanisms, many mediated by the multifunctional NS1 protein, which contribute to the virus’ control of the host cell’s immune response (reviewed in [80, 81]). While well-adapted inﬂuenza viruses are normally highly effective at limiting the host immune response, some highly pathogenic strains of the virus can instead trigger excessive immune activation, causing a pro-inﬂammatory “cytokine storm” which can be fatal [82, 83]. 4.2.3 Assembly and Egress
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Once RNPs have entered the cytoplasm, they interact with Rab11positive membranes. Rab11 is a regulator of exocytic and recycling processes, and this interaction transports the RNPs to the apical plasma membrane of the cell [84–89]. The trans-Golgi network transports viral transmembrane proteins to the same site. At the cell surface, the transmembrane proteins, RNPs, M1, and NEP assemble into virions, also taking up host proteins and NS1, which is highly abundant in the cytoplasm [49]. Newly formed virions emerge with a dense fringe of HA or HEF, which tethers them to sialic acid on the cell surface. Like many viruses, inﬂuenza viruses therefore have receptor-cleaving activity, catalyzed by the NA enzyme for inﬂuenza A and B viruses and the esterase function of HEF for the inﬂuenza C and D viruses. Sialic acid analogues, notably oseltamivir (Tamiﬂu) and zanamivir (Relenza), act as neuraminidase inhibitors and are the main class of drug currently licensed to treat inﬂuenza infections. Without NA inhibition or antibody binding, newly formed virions are shed into the mucus, to spread within and between hosts.



Improving Our Understanding of Inﬂuenza Despite all of these developments in understanding inﬂuenza, there remain many unanswered questions, and new discoveries reshape our understanding of the virus on a regular basis. To take just two examples, at the time of writing the structure of the viral polymerase [90–93] and the existence of the inﬂuenza D genus [46] are both very recent ﬁndings.



16



Edward C. Hutchinson and Yohei Yamauchi



Other questions have remained unanswered for decades. These range from questions of basic biology—such as why clinical isolates of inﬂuenza form virions with a variety of morphologies, including highly elongated ﬁlaments (Fig. 3b; reviewed in [94])—to fundamental questions about which factors determine viral transmission. More practical questions also remain unanswered. What affects the likelihood of a new pandemic strain emerging, and can effective pre-pandemic monitoring forestall this? Could new classes of antiviral drugs avoid the problems of drug resistance? Can vaccines be produced in a timely fashion and be well-matched to both seasonal and pandemic strains of the virus, and is long-lasting immunity through a universal vaccine possible? This is by no means a comprehensive list, and it is not intended to be one. As a reader of this book, you will hopefully be particularly interested in improving our understanding of some particular aspect of inﬂuenza. To answer questions that have not been answered after 85 years of intensive research, you will require tools—both well-established resources and the latest cutting-edge developments that have not previously been applied to your problem. You will need to know what can be done, and, in order to go out and do it yourself, you will need protocols that are clearly written and do not leave you to reinvent every minor detail for yourself. Hopefully, the methods and protocols described in this book will help you with this. References 1. Nee S, Smith JM (1990) The evolutionary biology of molecular parasites. Parasitology 100(Suppl):S5–S18 2. Isaacs A, Lindenmann J (1957) Virus interference. I. The interferon. Proc R Soc London B Biol Sci 147(927):258–267 3. Isaacs A, Lindenmann J, Valentine RC (1957) Virus interference. II. Some properties of interferon. Proc R Soc London B Biol Sci 147(927):268–273 4. Jensen KE, Davenport FM, Hennessy AV, Francis T Jr (1956) Characterization of inﬂuenza antibodies by serum absorption. J Exp Med 104(2):199–209 5. Davenport FM, Hennessy AV, Francis T Jr (1953) Epidemiologic and immunologic signiﬁcance of age distribution of antibody to antigenic variants of inﬂuenza virus. J Exp Med 98(6):641–656 6. Wang P, Palese P, O’Neill RE (1997) The NPI-1/NPI-3 (karyopherin alpha) binding site on the inﬂuenza a virus nucleoprotein NP is a nonconventional nuclear localization signal. J Virol 71(3):1850–1856
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Chapter 2 Clinical Diagnosis of Inﬂuenza Yoshinori Ito Abstract Accurate diagnosis of inﬂuenza is critical for clinical management, infectious control, and public health actions to minimize the burden of disease. Rapid inﬂuenza diagnostic tests can detect circulating inﬂuenza viruses within 10–15 min and are widely used in clinical practice for diagnosing inﬂuenza. The sensitivity of rapid inﬂuenza diagnostic tests is relatively low at 50–70%, and such tests are only available for the diagnosis of circulating viruses. Reverse transcription polymerase chain reaction (RT-PCR) is a representative molecular assay with very high sensitivity and speciﬁcity. This technique takes several hours, is labor intensive, and requires a speciﬁc instrument. The cell culture method is necessary for surveillance and can provide information regarding the emergence of drug resistance, minor antigenic variation of the virus, and a pandemic virus. However, it is not suitable for clinical decisions because it takes several days or longer to obtain a positive result. Key words Diagnosis, Rapid antigen testing, Rapid inﬂuenza diagnostic tests, RT-PCR, Cell culture
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Introduction Accurate diagnosis of inﬂuenza is critical for clinical management, infectious control, and public health actions to minimize the burden of disease. Diagnostic tests available for inﬂuenza are viral culture, rapid antigen testing (rapid inﬂuenza diagnostic tests (RIDTs)), molecular assays, immunoﬂuorescence assays, and serologic antibody measurements. Inﬂuenza viruses infect the respiratory epithelium and can be widely found in respiratory secretions; therefore, a variety of upper respiratory tract samples are routinely used for viral identiﬁcation apart from serologic examination [1, 2]. Commercial RIDTs can detect circulating inﬂuenza viruses within 10–15 min and are widely used in clinical practice for diagnosis of inﬂuenza [3]. Some tests can be performed in any outpatient setting, whereas others must be done in a clinical laboratory. Sensitivity and speciﬁcity are generally approximately in the range of 50–70% and 90–95%, respectively [4, 5]. RIDTs differ in the types of inﬂuenza viruses they can detect and whether they can distinguish between inﬂuenza viruses type A and B. They cannot
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distinguish different inﬂuenza A subtypes. Because of their relatively low sensitivity, the results of RIDTs should be conﬁrmed by a molecular assay (such as RT-PCR) if it will determine an important clinical decision. RT-PCR is a representative molecular assay that can identify the viral RNA in clinical specimens with very high sensitivity and speciﬁcity. One rapid molecular assay kit using realtime PCR can produce results in approximately 20 min, whereas RT-PCR usually takes several hours [6]. Other molecular techniques include isothermal nucleic acid ampliﬁcation and microarray [7], and some molecular assays can distinguish between speciﬁc inﬂuenza A virus subtypes. Conventional cell culture requires several days or longer to obtain a positive result and, therefore, is not appropriate for early diagnosis [2, 7]. However, inﬂuenza virus isolates can be obtained only through viral culture. Inﬂuenza surveillance using viral isolates by the local health department and nationwide surveillance can provide information regarding the prevalence of inﬂuenza A and B viruses in the community. This information includes the emergence of viral drug resistance, minor antigenic variation of the virus, and a pandemic virus. This surveillance is also necessary for determining the match between the circulating inﬂuenza virus strains and those virus strains contained in a vaccine. Most immunoﬂuorescence assays are not routinely used for analysis of inﬂuenza virus in a clinical setting. Serologic testing for inﬂuenza requires paired and convalescent sera and does not help clinical decision-making [2, 7]. Some multiplex assays of inﬂuenza virus using microarrays have been developed, but have not become widespread. The laboratory environment and strategy for diagnosis may vary among countries and the equipment available.



2



Materials



2.1 Specimen Collection and Transport



1. Supplied swab: supplied or recommended. 2. Vial of transport medium: minimum essential medium (MEM), Medium 199, or phosphate-buffered saline (PBS). 3. Cold packs or dry ice: for shipping specimens to another location for examination.



2.2 Rapid Inﬂuenza Diagnostic Tests (RIDTs)



1. Swab for nasopharyngeal specimen: supplied or recommended; some RIDTs must be used with a swab supplied with the test kit (see Note 1). 2. Test device: sample pad containing detection antibody conjugate with particles for visualization, capture antibodies immobilized in a chromatographic membrane (see Note 2, Table 1, Fig. 1).
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Table 1 Rapid influenza diagnostic tests Manufactures/ distributor



Inﬂuenza virus types detected



BD Directigen EZ Flu A+B



Becton-Dickinson



A and B



Nasopharyngeal wash/aspirate/ swab Throat swab



BinaxNOW Inﬂuenza A&B Test



Alere Scarborough



A and B



Nasopharyngeal swab Nasal wash/aspirate/swab



BioSign Flu A+B



Princeton Biomeditech



A and B



Nasopharyngeal swab/aspirate/ wash, nasal swab



Alere Inﬂuenza A&B Test Alere Scarborough



A and B



Nasal swab



OSOM Inﬂuenza A&B Test



A and B



Nasal swab



QuickVue Inﬂuenza A/B Quidel Test



A and B



Nasal wash/aspirate/swab



QuickVue Inﬂuenza A+B Quidel Test



A and B



Nasopharyngeal swab Nasal wash/aspirate/swab



SAS FluAlert A&B Test



SA Scientiﬁc



A and B



Nasal wash/aspirate



SAS Inﬂuenza A Test



SA Scientiﬁc



A only



Nasal wash/aspirate



SAS Inﬂuenza B Test



SA Scientiﬁc



B only



Nasal wash/aspirate



TRU FLU



Meridian Bioscience A and B



Nasopharyngeal aspirate/swab Nasal wash/swab



XPECT Inﬂuenza A/B



Remel Thermo Fisher Scientiﬁc



A and B



Nasal wash/swab Throat swab



ESPLINE Inﬂuenza A&B-N



Fujirebio (Japan)



A and B



Nasopharyngeal aspirate/swab Throat swab, nasal aspirates



ImmunoAce Flu



Tauns Laboratories (Japan)



A and B



Nasopharyngeal aspirate/swab Throat swab, nasal aspirates



Quick Chaser Flu A&B (Type H)



Mizuho Medy (Japan)



A and B



Nasopharyngeal aspirate/swab Throat swab, nasal aspirates



Prorast Flu



Mitsubishi Chemical A and B Medience (Japan)



Nasopharyngeal aspirate/swab Throat swab



QuickNavi-Flu



Denka Seiken (Japan)



A and B



Nasopharyngeal aspirate/swab Throat swab, nasal aspirates



CHECK Flu A/B



Alfresa Pharma (Japan)



A and B



Nasopharyngeal aspirate/swab Throat swab, nasal aspirates



Procedure



Sekisui Diagnostics



Approved specimens



The use of trade names or commercial sources is for identiﬁcation only and is not intended as an endorsement of any of the products Additional information can be found at the following website: http://www.cdc.gov/ﬂu/professionals/diagnosis/clini cian_guidance_ridt.htm
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Sample pad



Conjugate pad



Flu A band



Flu B Control band band



Fig. 1 A rapid inﬂuenza diagnostic test. Inﬂuenza type A (or B) antigen in the swab sample is applied to the sample pad. The antigen will bind to the particles for visualization and then migrate to the lane of ﬂu A (or B). A color change in the lane of ﬂu A (or B) indicates that the sample is positive for inﬂuenza A (or B), respectively. The antigen is also immobilized in the lane of the control band. A color change here indicates the test is valid



3. Dilution buffer: supplied; detergent with 0.2% sodium azide. 4. Disposable buffer tube with ﬁlter nozzle. 2.3 Real-Time RT-PCR



1. RNA extraction kit (automated extraction systems available). 2. Master mix preparations including forward primer, reverse primer, and ﬂuorescent probe (see Table 2). Reaction mixtures consist of 12.5 μL of the master mix, 0.1 μL of forward primer, 0.1 μL of reverse primer, 0.1 μL of ﬂuorescent probe, 0.25 μL of RT mix, 6.95 μL of RNase free water, and 5 μL of RNA template (total 25 μL). 3. Real-time instruments. 4. Cold racks or ice basket. 5. Micropipettes and aerosol barrier tips. 6. Nuclease-free PCR plate or tubes appropriate for the PCR instrument. 7. Nuclease-free microcentrifuge tubes. 8. Microcentrifuge.



2.4



Virus Culture



1. Madin-Darby canine kidney (MDCK) cells (see Note 3). 2. Cell culture ﬂasks (12.5-cm2). 3. Maintenance medium: Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/mL), streptomycin (100 μg/mL), and amphotericin B (0.5 μg/mL). 4. Trypsin-EDTA. 5. Sterile PBS. 6. Incubator (humidiﬁed CO2 incubator is recommended). 7. Light microscope.



Clinical Diagnosis



27



Table 2 RT-PCR assays for influenza viruses



Products



Manufacturer Inﬂuenza virus (s) type detected



Acceptable specimens



Test time



CDC Human Inﬂuenza Virus Real-Time RT-PCR Diagnostic Panel (Inﬂuenza A/B Typing Kit)



CDC Inﬂuenza Division



Inﬂuenza A and B Nasopharyngeal swabs, nasal swabs, throat swabs, nasal aspirates, nasal washes, dual nasopharyngeal/throat swabs, bronchoalveolar lavages, bronchial washes, tracheal aspirates, sputum, lung tissue, and viral culture



4h



CDC Human Inﬂuenza Virus Real-Time RT-PCR Detection and Characterization Panel



CDC Inﬂuenza Division



Nasopharyngeal swabs, nasal Inﬂuenza A swabs, or viral culture subtype (AH1, AH3)



4h



CDC Inﬂuenza 2009 A (H1N1)pdm Real-Time RT-PCR Panel



CDC Inﬂuenza Division



Inﬂuenza A (A2009H1)



4h



Cobas Inﬂuenza A/B Prodesse ProFAST+



Nasopharyngeal swabs, nasal swabs, nasal aspirates, nasal washes, dual nasopharyngeal/throat swabs, bronchoalveolar lavages, tracheal aspirates, bronchial washes, and viral culture



Roche Inﬂuenza A and B Nasopharyngeal swabs Diagnostics (AH1, AH3) Gen-Probe/ Hologic



Inﬂuenza A (AH1, A2009H1, AH3)



20 min



Nasopharyngeal swabs



4h



Qiagen Artus Inﬂuenza A/B Rotor-gene RT-PCR kit



Qiagen



Inﬂuenza A and B Nasopharyngeal swabs



4h



Lyra Inﬂuenza A+B Assay



Quidel



Inﬂuenza A and B Nasopharyngeal swabs and nasal swabs



4h



U.S. Army JBAIDS Inﬂuenza A Subtyping Kit



BioFire Defense



Nasopharyngeal swabs and nasopharyngeal washes



4h



Inﬂuenza A (AH1, A2009H1, AH3)



The use of trade names or commercial sources is for identiﬁcation only and is not intended as an endorsement of any of the products Additional information can be found at the following website: http://www.cdc.gov/ﬂu/professionals/diagnosis/molec ular-assays.htm
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Methods



3.1 Specimen Collection and Transport



1. Collect samples within the ﬁrst 3 days of illness (see Note 4). (a) To collect a nasopharyngeal swab sample, carefully insert the sterile swab into one nostril that presents the most secretions upon visual inspection. Keep the swab near the septum ﬂoor of the nose while gently pushing the swab into the posterior nasopharynx, then rotate the swab several times (see Fig. 2). (b) To collect a nasal wash or aspirate, use the minimum amount of saline that your procedure allows, as excess volume will dilute the amount of antigen in the specimen. With the patient’s head hyperextended, instill sterile normal saline into one nostril with a syringe. To collect the wash, place a container directly under the nose on the upper lip, and tilt the head forward. Repeat for the other nostril and collect the ﬂuid into the same specimen container [8]. 2. Place the clinical samples in viral transport medium. 3. Inﬂuenza virus infectivity maintains for up to 5 days when the samples are placed in transport media and stored at 4  C. The sample should be stored at 70  C if longer storage is needed [9].



3.2 Rapid Inﬂuenza Diagnostic Tests (RIDTs)



1. Nasopharyngeal swab specimens are usually collected from the patient (see Notes 5 and 6, Fig. 2). 2. Remove the device from the pouch and place it on a ﬂat surface (see Note 7). 3. Mix specimens well with diluent in the buffer tube. 4. For the nasopharyngeal swab, insert swab into the tube containing buffer and vigorously rotate at least several times. 5. Put the nozzle with a ﬁlter on the top of the container. 6. Add several drops of the processed specimen into the sample zone of the test plate (see Fig. 3a). 7. Read the results after 1015 min. 8. Validate the results; the test is negative if a colored line appears at the control position. The test is positive if a colored line appears at the position of inﬂuenza A or B, together with a colored control line. The test is invalid if no colored line appears at the control position (see Note 8, Fig. 3b).



3.3 Real-Time RT-PCR



1. Isolate RNA using a commercial kit. Brieﬂy, the sample is lysed to ensure isolation of intact RNA and then loaded onto a spin column. The RNA binds to the membrane, and contaminants
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Fig. 2 Nasopharyngeal swab collection. Carefully insert the sterile swab into one nostril that presents the most secretions upon visual inspection. Keep the swab near the septum ﬂoor of the nose while gently pushing the swab into the posterior nasopharynx, then rotate the swab several times



Fig. 3 Test plate and read results. (a) Add several drops of the processed specimen into the sample zone of the test plate. (b) Interpretation of results. The test is positive if a colored line appears at the position of inﬂuenza A or B, together with a colored control line. The test is negative if a colored line appears at the control position



are washed away efﬁciently in a few steps using a microcentrifuge. At the ﬁnal step, the RNA eluate of 50 μL is transferred to nuclease-free tubes. Store at 70  C if not performing the test immediately. 2. Prepare RT-PCR reaction mixtures on ice or in cold blocks (see Note 9).
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3. Distribute the RT-PCR reaction mix into a PCR plate or into tubes. 4. Add 5 μL of the sample, positive control, and negative control to each reaction. Positive controls are plasmids including targeted DNA fragments (not commercially provided). Negative control is RNA-free water. 5. Seal the PCR plate or tubes. 6. Run the thermal cycle. Typical conditions are reverse transcription (45  C for 10 min), initial denaturation (95  C for 10 min), and ampliﬁcation (40 cycles of 95  C for 15 s and 60  C for 45 s) (see Note 10). 7. Analyze the RT-PCR data using the accessory software to the PCR instrument. 3.4



Virus Culture



1. Decant the maintenance medium from the monolayer MDCK cells. 2. Inoculate 0.1–0.2 mL of the specimen (upper respiratory tract swabs/aspirates or transport medium including clinical samples). 3. Incubate for 30–60 min at 34  C with shaking every 10 min. 4. Add 2.5 mL of maintenance medium with trypsin-EDTA (0.5 μg/mL) and incubate at 34  C. 5. Check under a microscope every day thereafter for cytopathic effect (CPE). 6. If CPE is observed, conﬁrm with a hemagglutination assay test or RT-PCR for inﬂuenza virus. 7. If no CPE is observed, remove the medium on day 6 or 7.



4



Notes 1. Some tests may require specimen collection using a speciﬁc swab because some swab material can interfere with RIDT results. 2. Some RIDTs need analyzer reader devices to standardize result interpretation and to increase sensitivity. 3. Other cell lines or mixed cell lines are available such as MDCKSIAT1 cells, MRC-5, RhMK, and R-Mix [10]. 4. A variety of upper respiratory tract samples, including nasal aspirates, nasal wash ﬂuids, nasal or nasopharyngeal swabs, throat swabs, and throat wash ﬂuids, can be used. Lower respiratory tract samples, including sputa, tracheal aspirates, and bronchoalveolar lavage ﬂuids, may be sensitive in the case of



Clinical Diagnosis



31



severe lower respiratory tract infection. Non-respiratory samples can be used in a limited case [1]. 5. Nasopharyngeal specimens typically have a higher antigen yield than nasal or throat specimens. RIDTs have different speciﬁcations for acceptable specimens. 6. Infants and young children, patients with lower respiratory tract disease, and immunocompromised patients may have detectable inﬂuenza viruses for longer periods. 7. Once opened, use the package immediately. 8. False-positive results are more likely to occur when inﬂuenza prevalence in the community is low, which is generally at the beginning and the end of the inﬂuenza season and during the summer. False-negative results are more likely to occur when inﬂuenza prevalence is high in the community [3]. 9. Prepare 10% extra master mix. 10. Some master mix reagents need a speciﬁc PCR instrument to perform the assay. References 1. Atmar RL, Lindstrom SE (2015) Inﬂuenza viruses. In: Jorgensen JH, Pfaller MA (eds) Manual of clinical microbiology, 11th edn. ASM Press, Washington DC 2. American Academy of Pediatrics (2015) Inﬂuenza. In: Kimberlin DW, Brady MT, Jackson MA, Long SS (eds) Red book: 2015 report of the committee on infectious diseases 30th edn. American Academy of Pediatrics, Elk Grove Village 3. Centers for Disease Control and Prevention (2017) Rapid diagnostic testing for inﬂuenza: information for clinical laboratory directors. https://www.cdc.gov/ﬂu/professionals/diag nosis/rapidlab.htm. Accessed 20 Nov 2017 4. Centers for Disease Control and Prevention (2012) Evaluation of 11 commercially available rapid inﬂuenza diagnostic tests – United States, 2011–2012. MMWR Morb Mortal Wkly Rep 61:873–876 5. Sakai-Tagawa Y, Ozawa M, Yamada S et al (2014) Detection sensitivity of inﬂuenza rapid diagnostic tests. Microbiol Immunol 58:600–606. https://doi.org/10.1111/ 1348-0421.12185



6. Centers for Disease Control and Prevention (2017) Guidance for clinicians on the use of RT-PCR and other molecular assays for diagnosis of inﬂuenza virus infection. https://www. cdc.gov/ﬂu/professionals/diagnosis/molecu lar-assays.htm. Accessed 20 Nov 2017 7. Centers for Disease Control and Prevention (2017) Clinical signs and symptoms of inﬂuenza. https://www.cdc.gov/ﬂu/pro fessionals/acip/clinical.htm. Accessed 20 Nov 2017 8. QuichVue Inﬂuenza A+B test Package insert (2016) Quidel. https://www.quidel.com/ sites/default/ﬁles/product/documents/ EF1063813EN00.pdf. Accessed 20 Nov 2017 9. Dunn JJ (2015) Specimen collection, transport, and processing: virology. In: Jorgensen JH, Pfaller MA (eds) Manual of clinical microbiology, 11th edn. ASM Press, Washington DC 10. Ginocchio CC, van Horn G, Harris P (2015) Reagents, stains, media, and cell cultures collection, transport, and processing: virology. In: Jorgensen JH, Pfaller MA (eds) Manual of clinical microbiology 11. ASM Press, Washington DC



Chapter 3 Inﬂuenza A Virus Genetic Tools: From Clinical Sample to Molecular Clone Ste´phanie Anchisi, Ana Rita Gonc¸alves, Be´ryl Mazel-Sanchez, Samuel Cordey, and Mirco Schmolke Abstract Implementation of reverse genetics for inﬂuenza A virus, that is, the DNA-based generation of infectious viral particles in cell culture, opened new avenues to investigate the function of viral proteins and their interplay with host factors on a molecular level. This powerful technique allows the introduction, depletion, or manipulation of any given sequence in the viral genome, as long as it gives rise to replicating virus progeny. Reverse genetics can be used to generate targeted reassortant viruses by mixing segments of different viral strains, thus providing insight into phenotypes of potentially pandemic viruses arising from natural reassortment. It was further instrumental for the development of novel vaccine strategies, allowing rapid and targeted exchange of viral surface antigens on a well-replicating genetic backbone of cell cultureadapted or cold-adapted/attenuated viral strains. Establishment of reverse genetics and rescue of molecular clones of inﬂuenza A virus have been extensively described before. Here we give a detailed stand-alone protocol encompassing clinical sampling of inﬂuenza A virus specimens and subsequent plasmid-based genetics to rescue, manipulate, and conﬁrm a fully infectious molecular clone. This protocol is based on the combined techniques and experience of a number of inﬂuenza laboratories, which are credited and referenced whenever appropriate. Key words Inﬂuenza A virus, Clinical specimen, Reverse genetics
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Introduction Inﬂuenza A viruses are characterized by a segmented, negativesense (), single-stranded RNA genome of ~14 kb. During the replication cycle the viral genome-associated RNA-dependent RNA polymerase (RdRP) generates protein-coding viral (+) mRNA as well as full-length (+) copy RNA (cRNA), which serves as a template for new () viral RNA (vRNA) during the replication step. Tools to manipulate the viral genome have been essential to understand the molecular biology of inﬂuenza A viruses. Recombinant
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viruses, generated from plasmids, were ﬁrst described in 1999 [1, 2]. Generation of a reverse genetics system for a novel virus isolated from patients starts by collecting nasopharyngeal swabs and extracting viral RNA. This viral RNA is then ampliﬁed by reverse transcription and segment-speciﬁc PCR. Each segment cDNA is cloned into a reverse genetics expression plasmid. Stateof-the-art reverse genetics plasmid systems provide bidirectional expression of vRNA from human RNA polymerase I promoters and mRNA from RNA polymerase II promoters for all eight segments [3–5]. Several plasmid systems are available and differ solely in their speciﬁc requirements for cloning of viral cDNAs into the vector backbone, e.g., use of classical restriction enzyme-based cloning vs. use of recombinase. By transfection in eukaryotic cells, these plasmid systems allow rescue of infectious viruses and further characterization. There is a broad spectrum of applications for targeted modiﬁcation of inﬂuenza A virus genomes. Among others, reverse genetics can be used for functional tests of single or multiple amino acid substitutions in context of an infectious virus, deletion or truncation of viral open reading frames [6], tagging of viral proteins with readily detectable epitope tags [7], introduction of reporter genes [8–13], miRNA target sides [14–16], or neutral barcodes [17].



2



Materials Here we provide a detailed stand-alone protocol encompassing clinical sampling of inﬂuenza A virus specimens and generation of a plasmid-based genetics system to rescue infectious virus particles. We further outline how to manipulate viral genomes based on this plasmid system. This protocol is intended for BSL-2 inﬂuenza strains. Accordingly, all procedures in this protocol using or generating infectious virus particles have to be performed under BSL-2 conditions using appropriate protocols, personal protection, and following respective legal guidelines. Whenever working with infectious virus particles, work under a class II biosafety cabinet. If the user wishes to work with BSL-3 strains, it is within their own responsibility to adapt the protocols adequately. When manipulating inﬂuenza A viral genomes, consult with responsible institutional and governmental authorities to assess potential biosafetyrelated risks arising from the anticipated virus.



2.1 Collection of Nasopharyngeal Swab (NPS) Specimen



1. Copan tube with 3 mL of medium ﬁll volume + 2 swabs (see Note 1). 2. Antibiotic and antifungal mixture: penicillin (100 U/mL), streptomycin (100 μg/mL), gentamicin (100 μg/mL), and Fungizone (2.5 μg/mL) in ddH2O. The pH is adjusted to
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7.6 (using NaOH or HCl), and the mixture is ﬁltered through a 0.22 μm ﬁlter. Finally, the solution is vortexed, and the aliquot is stored at 80  C. 2.2 Ampliﬁcation of Clinical Virus Sample (Optional)



1. Madin-Darby Canine Kidney (MDCK™) cells (ATCC CRL2936) referred to as MDCK. 2. MDCK-SIAT1™ (Sigma Aldrich #05071502). 3. Medium 1 for MDCK-SIAT1™: 500 mL of DMEM-low glucose, GlutaMAX™, pyruvate, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 10% (v/v) of heat inactivated (30 min at 56  C) fetal bovine serum, 1 mg/mL of Geneticin, and 25 mM of HEPES. 4. Medium 1 for MDCK: 500 mL MEM (without glutamine) with 20 mM of HEPES, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 10% (v/v) of heat inactivated (30 min at 56  C) fetal bovine serum, 5 mL of 100 L-glutamine, and 5 mL of MEM Non-Essential Amino Acids Solution (100). 5. Medium 2 for MDCK-SIAT1™: 500 mL of DMEM-low glucose, GlutaMAX™, pyruvate, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 2% (v/v) of heat inactivated (30 min at 56  C) fetal bovine serum, 1 mg/mL of Geneticin, 100 μg/mL of gentamicin, 2.5 μg/mL of Fungizone, and 25 mM of HEPES. 6. Medium 2 for MDCK: 500 mL of MEM (without glutamine) with 20 mM HEPES, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 5% (v/v) of heat inactivated (30 min at 56  C) fetal bovine serum, 5 mL of 100 L-glutamine, 5 mL of MEM Non-Essential Amino Acids Solution (100), 100 μg/mL of gentamicin, and 2.5 μg/mL of Fungizone. 7. Medium 3 for MDCK-SIAT1™: 500 mL of DMEM, low glucose, GlutaMAX™ with pyruvate, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 1 mg/ mL of Geneticin, 100 μg/mL of gentamicin, 2.5 μg/mL of Fungizone, and 25 mM of HEPES. 8. Medium 3 for MDCK: 500 mL of MEM (without glutamine), supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 5 mL of 100 L-glutamine, 5 mL of MEM Non-Essential Amino Acids Solution (100), 100 μg/mL of gentamicin, 2.5 μg/mL of Fungizone, and 20 mM of HEPES. 9. 37  C incubators with 5% CO2 and 95% humidity. 10. Fridge for media storage. 11. 20  C and 80  C freezers.
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12. Water bath. 13. Aspiration pump. 14. Vortex™. 15. Pipet gun. 16. Centrifuge and rotor. 17. 25 cm2 and 75 cm2 ﬂasks for cell culture. 18. 24-well plate for cell culture. 19. Sterile serological pipettes (1, 2, 5, and 25 mL). 20. Sterile ﬁlter tips. 21. 50 mL polypropylene Falcon-type tubes. 22. Phosphate-buffered saline (formulation without calcium and magnesium), referred to as PBS. 23. 0.05% trypsin-EDTA. 24. Trypsin from bovine pancreas, TPCK treated (Sigma-Aldrich). 25. 20 mL and 4 mL polypropylene tubes. 2.3 RNA Extraction and Conﬁrmation of Inﬂuenza A Virus Infection



1. E.Z.N.A. viral RNA kit (Omega Bio-Tek) (see Note 2). 2. Turbo™ DNase (Ambion). 3. 2 master mix. 4. Reverse transcriptase SuperScript™ III (Thermo Fisher Scientiﬁc). 5. Nanodrop™ spectrophotometer (Witec). 6. Table top centrifuge. 7. Filter tips. 8. 10 μL, 100 μL, and 1000 μL pipet. 9. RNase-free 1.5 mL microcentrifugation tubes. 10. PCR cycler.



2.4 Inﬂuenza WholeGenome Analysis Using HighThroughput Sequencing (HTS)



1. Heat block. 2. Qubit™ (Thermo Fisher Scientiﬁc). 3. 2200 TapeStation™ (Agilent). 4. Illumina HiSeq™ 2500 or 4000. 5. Turbo™ DNAse (2 U/μL, Ambion). 6. 10 DNase buffer (Ambion). 7. TRIzol™ (Thermo Fisher Scientiﬁc). 8. Molecular grade water. 9. Ribo-Zero Gold Kit™ (Illumina). 10. Zymo-Spin™ column (Zymo Research).
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1. 5 RT buffer 2. 5 First-strand buffer™ (Invitrogen). 3. 10 mM dNTP Mix. 4. 0.1 M DTT. 5. RiboLock™ RNase inhibitor (Thermo Fisher Scientiﬁc). 6. SuperScript Scientiﬁc).



II™



reverse



transcriptase



(Thermo



7. Filter tips. 8. 10 μL and 100 μL pipet. 9. Nanodrop™ spectrometer (Witec). 10. Table top centrifuge. 2.6 SegmentSpeciﬁc PCR and Cloning into Bidirectional Plasmid System



1. Molecular grade low-melting agarose. 2. Ampicillin. 3. Chemically competent E. coli (Agilent). 4. 10 mM dNTP Mix. 5. Ethidium bromide. 6. LB medium. 7. Bacto agar (BD). 8. SapI restriction enzyme. 9. CutSmart™ buffer (NEB). 10. pDZ vector 11. Phusion DNA polymerase (Thermo Fisher Scientiﬁc). 12. 5 Phusion high-ﬁdelity buffer (NEB). 13. ZR Plasmid Miniprep-Classic kit (Zymo Research). 14. Zymoclean gel DNA recovery kit (Zymo Research). 15. DNA Clean & Concentrator kit (Zymo Research). 16. 1 kb plus™ marker (Thermo Scientiﬁc). 17. 6 DNA loading buffer (Thermo Scientiﬁc). 18. Heating shaker Thermomixer C™ (Eppendorf). 19. 37  C incubator for bacterial culture. 20. Filter tips. 21. 10 μL, 100 μL, and 1000 μL pipet. 22. Drigalski spatula. 23. Bunsen burner. 24. Horizontal agarose gel electrophoresis equipment. 25. UV table. 26. Single-packed scalpel blades.
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27. Nuclease-free microcentrifugation tubes (Eppendorf). 28. PCR cycler. 29. 1 TAE buffer: 40 mM Tris-HCl (pH 7.6), 20 mM acetic acid, 1 mM Na2EDTA. 2.7 PCR-Based SiteDirected Mutagenesis of Viral Genomes



1. Molecular grade low-melting agarose. 2. Phusion DNA polymerase (Thermo Fisher Scientiﬁc). 3. Zymoclean gel DNA recovery kit (Zymo Research). 4. 1 kb plus™ marker (Thermo Scientiﬁc). 5. 6 DNA loading buffer (Thermo Scientiﬁc). 6. Filter tips. 7. 10 μL, 100 μL, and 1000 μL pipet. 8. Heating shaker Thermomixer C™ (Eppendorf). 9. Horizontal agarose gel electrophoresis equipment. 10. UV table. 11. Single-packed scalpel blades. 12. Nuclease-free microcentrifugation tubes (Eppendorf). 13. PCR cycler. 14. 1 TAE buffer.



2.8 Generation of Infectious Inﬂuenza A Viruses by 293T/MDCK Co-culture



1. 293T human embryonic kidney cells (ATCC, CRL-3216). 2. MDCK cells (ATCC, CRL-2936). 3. OptiMEM (Gibco, 31985). 4. TransIT LT-1 transfection reagent (Mirus) or equivalent. 5. PBS. 6. 0.05% trypsin-EDTA. 7. Sterile cell culture six-well plates. 8. Vortex. 9. Sterile ﬁlter tips. 10. 200 μL and 1000 μL pipet. 11. 10 mL and 25 mL sterile serological pipets. 12. Pipet gun. 13. 37  C water bath, 52  C water bath. 14. 37  C cell culture incubator, 5% CO2, 95% humidity. 15. Growth medium: 500 mL of DMEM-low glucose, GlutaMAX™, pyruvate, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 10% (v/v) of heat inactivated (30 min at 56  C) fetal bovine serum.
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16. Infection medium: 500 mL of DMEM-low glucose, GlutaMAX™, pyruvate, supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 0.2% (w/v) of BSA, and 1 μg/mL of TPCK-treated trypsin. 2.9 Titer Determination and Plaque Puriﬁcation



1. MDCK cells (ATCC CRL2936). 2. 10 MEM (Gibco). 3. Bovine serum albumin. 4. Crystal violet (Sigma). 5. 37% (w/v) formaldehyde RPE (Carlo Erba). 6. PBS. 7. Penicillin-Streptomycin. 8. TPCK-treated trypsin (Sigma). 9. Ultrapure agar (Oxoid). 10. Sterile cell culture six-well plates. 11. 2 mL 96-DeepWell™ plates (Nunc). 12. Pre-Cut Plate-Sized Microplate Sealing Tape (Nunc). 13. Multichannel (12-well) pipet. 14. Sterile ﬁlter tips. 15. 200 μL and 1000 μL pipet. 16. 10 mL and 25 mL sterile serological pipets. 17. Sterile 2 mL screw cap tubes (e.g., Sarstedt). 18. Pipet gun. 19. 37  C water bath, 52  C water bath. 20. 37  C cell culture incubator, 5% CO2, 95% humidity. 21. PBS-BSA solution: PBS supplemented with 100 U of penicillin and 100 μg/mL of streptomycin, 0.2% (w/v) of BSA. 22. 2 MEM plaque medium: 100 mL of 10 MEM with 10 mL of 200 mM L-glutamine, 24 mL of 5% (w/v) sodium bicarbonate, 10 mL of 1 M HEPES, 200 U of penicillin and 200 μg/ mL of streptomycin, 21 mL of 10% BSA, and 325 mL of ddH2O (all sterile). 23. Agar overlay (for four six-well plates): 25 mL of 2 MEM with 0.5 mL of 1% DEAE dextran, 1 mL of 5% NaHCO3, 8.5 mL of ddH2O, 50 μL of TPCK-treated trypsin (ﬁnal 1 μg/mL), and 15 mL of 2% (w/v) of ultrapure agar solution. 24. Fixation solution: 4% (w/v) formaldehyde in PBS. 25. Staining solution: 0.05% (w/v) crystal violet and 16% (v/v) methanol in ddH2O.
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2.10 Expansion of Virus Stock



1. Madin-Darby Canine Kidney (MDCK) cells (ATCC, CRL2936). 2. Bovine serum albumin (BSA). 3. DMEM + GlutaMAX™ (Gibco). 4. 0.05% trypsin-EDTA. 5. TPCK-treated trypsin (1 mg/mL). 6. PBS. 7. Six-well plates. 8. Sterile 2 mL screw cap tubes (e.g., Sarstedt). 9. 15 mL sterile conical centrifugation tube. 10. Sterile ﬁlter tips. 11. 200 μL and 1000 μL pipet. 12. 10 mL and 25 mL sterile serological pipets. 13. Pipet gun. 14. Multi-stepper pipet and tips. 15. 37  C water bath, 52  C water bath. 16. 37  C cell culture incubator, 5% CO2, 95% humidity. 17. PBS-BSA solution: PBS supplemented with 0.2% (v/v) BSA and 100 U of penicillin and 100 μg/mL of streptomycin. 18. Infection medium: DMEM + GlutaMAX™ supplemented with 0.2% (v/v) of BSA, 100 U of penicillin, 100 μg/mL of streptomycin, and 1 μg/mL of TPCK-treated trypsin.



3



Methods



3.1 Collection of Nasopharyngeal Swab (NPS) Specimen



1. Introduce the ﬁrst swab through the mouth to the pharynx and rub the mucosa (Fig. 1a). Put the swab in the collection tube. 2. Introduce the second swab into the nasal duct until reaching the nasopharynx (approximately 7 cm in adults; see Fig. 1a). Make two rotations and then put the swab in the same collection tube (see Notes 3 and 4). 3. For inoculation on cells, prepare an aliquot of 1 mL of the clinical sample containing 50 μL of the antibiotic and antifungal mixture. 4. Store the remaining initial clinical samples at room temperature (< 48 h), 4  C (80% cells detached are shown (as indicated)



13. Rinse each well with 1 mL of sterile PBS and aspirate. 14. Add another 1 mL of PBS. 15. Incubate for 5–10 min under the hood to remove remaining FBS. 16. Aspirate the PBS and add 400 μL of the clinical sample to each cell type (see Note 7). 17. Centrifuge the plates at 300  g for 30 min at room temperature. 18. Incubate for 1 h at 37  C. 19. Add 1 mL of the appropriate Medium 3 supplemented with 1% DMSO (v/v) and TPCK-treated trypsin (0.5 μg/mL and 1 μg/mL for MDCK-SIAT1™ and MDCK, respectively) to each well. 20. Incubate for 7 days at 37  C for MDCK-SIAT1™ and MDCK, respectively, under 5% CO2 atmosphere. Monitor daily for cytopathogenic effect (CPE). 21. When 50–80% or >80% of cells are rounded up or detached (Fig. 2), recover the cells (scrape with pipette or cell scrapers) and supernatant into a 4 mL polypropylene tube for each cell type. 22. Centrifuge for 10 min at 450  g at room temperature. 23. Transfer the supernatant to a new 2 mL polypropylene tube for storage at 80  C and further usage. 3.3 RNA Extraction and Conﬁrmation of Inﬂuenza A Virus Infection



When working with RNA, take appropriate care to avoid RNase contamination. A dedicated RNase-free workspace frequently cleaned with RNase removal solutions is highly recommended. Pay special attention to avoid contaminating the virus solution with a different inﬂuenza A virus strain, as universal primer sets for inﬂuenza will amplify virtually all subtypes. Optional: if the user wants to conﬁrm that the CPE is due to inﬂuenza infection and not due to another respiratory virus, a
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quantitative RT-PCR using the SuperScript™ III Platinum® One-Step qRT-PCR Kit (workﬂow in Fig. 1b) can be performed. Volumes (of extraction and elution, μL) are indicated for one-step qRT-PCR assays that require 5 μL of RNA eluates in addition to the qRT-PCR master mix. Adapt volumes according to the qRT-PCR reagent speciﬁcities. This protocol has been validated using the SuperScript™ III Platinum® One-Step qRT-PCR Kit (Invitrogen). If the user opts for alternative qRT-PCR master mix kits, optimal primers and probes concentrations as well as the cycling conditions need to be validated. 1. Use the E.Z.N.A. viral RNA kit to extract viral genomic RNA from 300 μL of cell culture supernatant containing virus grown for 48 h on MDCK or MDCK-SIAT1™ (see Subheading 3.10 for details). Follow the protocol according to the manufacturer’s instructions. 2. Elute RNA in 25 μL of molecular grade water. 3. From this point on, keep RNA samples on ice. Measure RNA concentration with Nanodrop. RNA yield should be around 500 ng (20 ng/μL). 4. Store RNA below 70  C or proceed to optional qRT-PCR. 5. Optional qRT-PCR. This protocol has been validated using the recommended primers and probe listed in Table 1. However, the user may choose an alternative combination. Prepare PCR Mix (see Table 1): 1. 5 μL of RNA (up to 1 μg) 2. 4 μL of molecular grade water 3. 2 μL of each of primers InfA and InfB (0.6 μM each) 4. 0.5 μL of Probe A (0.2 μM) 5. 0.5 μL of Probe B (0.2 μM) 6. 12.5 μL of 2 master mix 7. 0.5 μL of reverse transcriptase (SuperScript™ III) This protocol has been validated using a StepOnePlus qPCR instrument (Applied Biosystems).



3.3.1 Cycling Conditions



1. 50  C for 30 min 2. 95  C for 2 min 3. 95  C 15 s 4. 55  C for 30 s (signal acquisition)



45 cycles



FAM-AAYATTGCTGGCTGGATCCTGGGA-BHQ1 BHAproVic Yaki-CAGACCAAAATGCACGGGGAAHA TACCBHQ1 BHAproYam FAM-CAGRCCAATGTGTGTGGGGAYCACACCBHQ1



AAGCATTCCYAA TGACAAACC



H3cdc



H1pdm GGGTAGCCCCATTGCA TTT



B Vic/ Yam



Yaki-CCAATTCGAGCAGCTGAAACTGCGGTGBHQ1



CDC Centers for Disease Control and Prevention



BHA188Fvic AACCAGRGGG AAACTATGCC BHA188Fyam GACCAGAGGGAAACTA TGCCC



FAM-CAGGATCACATATGGGSCCTGTCCCAGBHQ1



TCCTCAAYTCACTC TTCGAGCG



InfB



Rev primer



Final (μM) Fwd/Rev/ Probe



Reference



0.9/0.9/0.2 CDC



0.6/0.6/0.2 CDC



CCCRGATGTAACAGG 0.5 each/ TCTKACTT 0.5/ 0.2each



Updated from CDC



TGGAGAGTGA 0.4/0.4/0.2 In house TTCACACTCTGGAT



ATTGCRCCRAATA TGCCTCTAGT



CGGTGCTC TTGACCAAATTGG



0.6/0.6/0.2 CDC FAM-TGCAGTCCTCGCTCACTGGGCACG-BHQ1 AGGGCA TTYTGGACAAAKCG TCTA



GACCRATCCTGTCACC TCTGAC



InfA



Probe



Fwd primer



Assay



Sequence (50 to 30 )



Table 1 Influenza A/B virus diagnostic primer and probe set
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Several HTS protocols exist to analyze the complete genome of inﬂuenza virus and are directly dependent on the respective HTS platforms (e.g., Illumina, Ion Torrent, PacBio, etc.) as wells as the computer pipeline used for raw data analysis. Therefore, in this section we deliberately do not propose a detailed protocol for each individual step but provide a general procedure previously validated by our laboratory. Note that clinical samples with very low viral load should not be considered for HTS analysis. 1. Centrifuge 220 μL of the initial sample for 10 min at 10,000  g. 2. Transfer 200 μL of microcentrifuge tube.



the



supernatant



in



a



new



3. Add 20 μL of Turbo DNAse (2 U/μL) and 24 μL of 10 DNase Buffer. 4. Incubate for 30 min at 37  C. 5. Extract RNA using the TRIzol nucleic acids extraction procedure according to the manufacturer’s instructions. For the ﬁnal step, resuspend the RNA pellet in 10 μL RNase-free water. 6. Remove rRNA using a Ribo-Zero Gold kit according to the manufacturer’s instructions. 7. Purify rRNA-depleted specimens on a Zymo-Spin column. 8. Prepare library with the low-throughput TruSeq total RNA preparation protocol using 15 PCR cycles. 9. Measure the library concentration (Qubit, Thermo Fisher Scientiﬁc). 10. Check the size distribution of fragments with a 2200 TapeStation. 11. Sequence your sample using a 100 bp protocol with indexing on a HiSeq 2500 or 4000 platform (Illumina) using 1 complete lane. 12. Raw data can now be analyzed using a bioinformatics pipeline of your choice (see Note 8). 3.5 Reverse Transcription of vRNA



A broad variety of reverse transcriptase (RT) enzymes are available. The protocol below uses SuperScript II reverse transcriptase. Inﬂuenza vRNA segments share common terminal sequences (12 bp at the 30 end and 13 bp at the 50 end) followed by segment-speciﬁc sequences (see Table 2). We have had best results using individual segment-speciﬁc priming approaches for generation of cDNAs (fwd primers Table 2, based on [18]) followed by segment-speciﬁc PCR reactions to introduce terminal cloning relevant sequences (see Subheading 3.6 and Note 9).
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Table 2 Segment-specific primers Segment Fwd_SapI



Rev_SapI



PB2



TCGCTCTTCTGGGAGCGAAAGCA GGTC



TCGCTCTTCTATTAGTAGAAACAAGG TCGTTT



PB1



TCGCTCTTCTGGGAGCGAAAGCA GGCA



TCGCTCTTCTATTAGTAGAAACAAGGCA TTT



PA



TCGCTCTTCTGGGAGCGAAAGCA GGTAC



TCGCTCTTCTATTAGTAGAAACAAGG TACTT



HA



TCGCTCTTCTGGGAGCAAAAGCA GGGG



TCGCTCTTCTATTAGTAGAAACAAGGG TGTTTT



NP



TCGCTCTTCTGGGAGCAAAAGCA GGGTA



TCGCTCTTCTATTAGTAGAAACAAGGG TATTTTT



NA



TCGCTCTTCTGGGAGCAAAAGCA GGAGT



TCGCTCTTCTATTAGTAGAAACAAGGAG TTTTTT



M



TCGCTCTTCTGGGAGCAAAAGCA GGTAG



TCGCTCTTCTATTAGTAGAAACAAGG TAGTTTTT



NS



TCGCTCTTCTGGGAGCAAAAGCA GGGTG



TCGCTCTTCTATTAGTAGAAACAAGGG TGTTTT



NA differs among the strains ! these sequences are conserved for N1 and N2 viruses [18] Common sequence stretches conserved among Inﬂuenza viruses are shown in bold [18]. SapI restriction site is underlined.



1. Mix the following in eight thin-wall PCR tubes: l l



l l



50 ng of RNA. 2 μL of 10 μM fwd primers speciﬁc to each respective segment. 1 μL of 10 mM dNTP Mix. Adjust to a total volume of 12.5 μL with molecular grade water.



2. Incubate for 5 min at 70  C and chill on ice. 3. Prepare the following mix for each RT reaction: l



4 μL 5 ﬁrst-strand buffer



l



0.5 μL RiboLock RNase inhibitor



l



2 μL 100 mM DTT



l



1 μL SuperScript RT II



4. Add this mix to the reaction (ﬁnal volume 20 μL) and incubate for 60 min at 50  C. Terminate reaction by incubating 5 min at 85  C. Store cDNA at 20  C if required or continue with PCR.
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A growing number of reverse genetics plasmid systems have been published in recent years [1, 5, 19–22]. They either use classical restriction enzyme approaches or restriction-independent, recombination-based reactions to insert the PCR-ampliﬁed viral cDNA into the bidirectional expression plasmids. We describe here the cloning into a classical restriction enzyme-based system [4]. Universal primer sequences for all eight segments of inﬂuenza A virus were described previously [18] and were here adapted to the plasmid system by adding spacer regions and restriction sides (see Table 2 and Fig. 3b). 1. Prepare eight segment-speciﬁc PCR mixes on ice by mixing:



A



PB2



PB1



PA



l



2 μL segment-speciﬁc cDNA



l



2.5 μL segment-speciﬁc fwd primer (10 μM)



l



2.5 μL of segment-speciﬁc rev primer (10 μM)



l



1 μL of dNTP Mix (10 mM)



l



10 μL of 5 Phusion high-ﬁdelity buffer



l



Adjust to 49 μL with molecular grade H2O



l



1 μL of Phusion DNA polymerase



HA



NP



NA



M



NS



No prime



10000 8000 6000 5000



Segment



Expected amplicon size (kb)



PB2



2.3



PB1



2.3



PA



2.2



HA



1.8



NP



1.5



NA



1.4



M



1



NS



0.9



4000 3000 2500 2000 1500



1000 800 600



B SapI



PolII



PolI



..GGGG GGGAGAAGAGCCAGATCTGGCTCTTCC AATAA.. ..CCCCCCC TCTTCTCGGTCTAGACCGAGAAGGTTA TT..



SapI Fig. 3 (a) Segment-speciﬁc PCR for A/Switzerland/9715293/ 13-like/2014 (H3N2) clinical isolate of inﬂuenza A virus. (b) Cloning site of pDZ. Sap1 recognition sites are underlined and restriction sites are indicated
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2. PCR program: l



95  C 3 min



l



95  C 45 s



l



52  C 45 s



l



72  C 5 min



l



72  C 7 min



l



15  C 1



35 cycles



3. Prepare an agarose gel: 1% agarose, 0.01% ethidium bromide in TAE buffer. 4. Mix PCR reaction with 10 μL of 6 loading buffer and run on agarose gel (100 V for 60 min). Make sure the lower loading dye marker does not exit the gel. 5. Cut correctly sized PCR products from the gel on a UV light table (Fig. 3a). Use a new scalpel blade for each product (see Note 10). Transfer gel excisions into 1.5 mL tubes. 6. Use Zymoclean gel recovery kit or equivalent to extract the PCR product from the gel according to manufacturer’s protocol. 7. Elute in 25 μL of molecular grade water. Store cleaned PCR products at 20  C or continue to ligation reaction (step 13). 8. Digest 1 μg of pDZ vector with 1 μL (corresponding to 10 U) of SapI in a total reaction volume of 20 μL (see Note 11). 9. Incubate mix at 37  C in a heat block for 2 h. 10. Prepare a 1% agarose gel. 11. Run digested plasmid on TAE agarose gel and purify from gel as described in steps 4–7. 12. Measure DNA concentration of eluted plasmid and eluted fragments on Nanodrop. 13. Mix 100 ng of puriﬁed, SapI cut pDZ with 200 ng of puriﬁed, SapI cut PCR product for each genomic segment of inﬂuenza A virus in eight separate microcentrifuge tubes. Add 2 μL of 10 T4 ligation buffer and 1 μL of T4 ligase then bring up to 20 μL with molecular grade water. 14. Incubate for 1 h at room temperature or overnight at 16  C. 15. Transform 5 μL of ligated product into 50 μL of chemocompetent E. coli DH5alpha or equivalent by heat shock (see Note 12). 16. Pick colonies with a sterile toothpick or a sterile 20–200 μL pipet tip and transfer to a 10 mL culture tube with loose cap containing 4 mL of LB medium with 100 μg/mL ampicillin.
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Table 3 Vector-specific sequencing primers pDZ sequencing primers Primer



Sequence 50 -30



pDZfw



cctcccggccccggggg



pDZrev



caacgtgctggttgttgtgc



17. Shake tubes at a 45 angle at 300 rpm and 37  C for a minimum of 8 h or overnight. 18. Transfer culture to two 1.5 mL microcentrifuge tubes and pellet bacteria at 10,000  g for 1 min. Completely remove supernatant and isolate plasmid DNA with a ZR Plasmid Miniprep Classic kit or equivalent according to the manufacturer’s instructions 19. Elute DNA in 30 μL of molecular grade H2O. 20. Measure eluted plasmid DNA in a Nanodrop™ spectrometer or equivalent. Dilute to a concentration of 250–500 ng/μL with molecular grade water. Store plasmid DNA at 20  C (see Note 13). 21. Verify sequence by Sanger sequencing using pDZ fw and pDZ rev sequencing primers (Table 3) (see Note 14). 3.7 PCR-Based SiteDirected Mutagenesis of Viral Genomes



We give here one example on how to truncate a viral accessory protein (PB1-F2) by introduction of a premature stop codon (Fig. 4a). For other applications the cloning strategy will need to be customized, but generally follows the same scheme. 1. Design complementary primers for the region to be changed. In our experience 25–35 bp primers carrying the mutation to be introduced in the center are sufﬁcient. 2. Perform separate PCR reactions. PCR1 (amplify from the 50 end of segment to the mutagenesis site) and PCR2 (from the mutagenesis site to the 30 end). 3. Adjust PCR conditions according to the amplicon length and primer melting temperatures. We recommend using a highﬁdelity DNA polymerase. 4. Run PCR products on an appropriate TAE agarose gel. 5. Extract the correctly sized band from the gel as described above (steps 5–7 of Subheading 3.6). 6. Measure the concentration of puriﬁed PCR products and perform PCR only with primers annealing to segment terminal regions (Table 2). In the ﬁrst reaction step, the two PCR products will hybridize through the 25–35 bp overlapping mutagenesis site. Extension will occur from the free 30
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A 3’



5’



GTGGTACCTGTGTCACTTGTCTTGTGTGGTTATAAG (+) GACAGGATACACCATGGACACAGTCAACAGAACACACCAATATTCAGAAAAG (-) CTGTCCTATGTGGTACCTGTGTCAGTTGTCTTGTGTGGTTATAAGTCTTTTC Forward primer CACCATGGACACAGTGAACAGAACACACCAATATTC Reverse primer



5’



3’



B wt



DF2 NP PB1-F2 actin



Fig. 4 (a) Exempliﬁed design of mutagenesis targeting a region in the PB1 segment of a H5N1 virus. Template is in gray and forward and reverse primers are in orange and blue, respectively. Mutagenesis site is indicated in red. (b) Western blot conﬁrmation of viral gene deletion. Cell culture lysates of MDCK cells infected for 24 h with MOI 5 wild-type (wt) or PB1-F2-deﬁcient (ΔF2) virus were run on a 12% SDS-PAGE, blotted on PVDF membranes, and probed against inﬂuenza A virus nucleoprotein (NP), PB1-F2, and actin



OH-end of both strands. Make sure this annealing step is at least 1 min long to assure hybridization of PCR products 1 and 2. Run ﬁnal PCR product on an appropriate TAE agarose gel. 7. Extract the bands of expected sizes from the gel as described above (step 6 of Subheading 3.6). 8. Perform cloning into bidirectional vector (steps 8 through 21 of Subheading 3.6). 9. Successful manipulation of viral gene should be conﬁrmed by an appropriate technique. Here we conducted a western blot against PB1-F2 (Fig. 4b). 3.8 Generation of Infectious Inﬂuenza A Viruses in 293T/MDCK Co-culture



In order to generate infectious particles from a plasmid-based system, it is essential to have highly transfectable human cells (since the RNA polymerase I-promoter is species speciﬁc), as well as cells that are susceptible to replicating the newly formed virus. Unfortunately, both features are currently not found in a single cell line; thus, it is common to use co-cultures of highly transfectable 293T cells with virus propagating MDCK cells to generate inﬂuenza A viruses of mammalian origin solely from eight bidirectional expression plasmids (see Notes 15 and 16). 1. Seed 5  105 293T cells per well of a six-well plate. Seed 4  106 MDCK in a 75 cm2 cell culture ﬂask (see Notes 17 and 18). Incubate at 37  C.
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2. 24 h post seeding, transfect cells with a mix of 0.5 μg of pDZ plasmids for each segment (see Note 19). Mix DNA with 250 μL of OptiMEM and add 8 μL of TransIT LT-1 transfection reagent (an equivalent transfection reagent may also be used). Vortex brieﬂy and incubate for 30 min at room temperature. 3. Aspirate medium from 293T cells and carefully wash once with PBS (see Note 20). Carefully add 1 mL of fresh growth medium. 4. Add transfection mix dropwise to 293T cells using a 1000 μL pipette and mix by swirling the plate gently. Incubate at 37  C for 24 h. 5. 24 h post transfection of 293T, wash MDCK cells in a 75 cm2 ﬂask twice with 10 mL PBS and detach with 3 mL of trypsinEDTA. Incubate cells at 37  C until full detachment. 6. Stop the trypsin reaction by adding 10 mL of DMEM growth medium and pipet up and down ten times through a 5 mL serological pipet to separate aggregates. 7. Centrifuge cells for 10 min at 300  g. 8. Aspirate supernatant and wash cells with 10 mL PBS by resuspending ten times through a 5 mL serological pipet. Centrifuge cells for 10 min at 300  g. 9. Resuspend cells in 10 mL of DMEM infection medium. Count cells using a cell counter or Neubauer chamber. 10. Dilute suspension to a concentration of 2.5  105 cells/mL with DMEM infection medium containing 1 μg/mL of TPCKtreated trypsin. 11. Aspirate supernatants from transfected 293T cells and carefully wash once with PBS. Overlay with 2 mL (5  105 cells) of MDCK suspension. 12. Incubate co-culture until CPE of MDCK is observed (Fig. 2). This requires typically 48–72 h. 13. Prepare MDCK for plaque assay (see Subheading 3.9). 14. Harvest virus-containing supernatant and spin for 10 min at 1000  g to pellet cell debris. Aliquot supernatant without disturbing the cell pellet into 2 mL screw cap tubes. We usually prepare two aliquots per rescue. Store at below 70  C or continue directly to plaque assay. 3.9 Titer Determination and Plaque Puriﬁcation



Plaque assay is a classical technique to determine infectious viral titers [23]. This is in contrast to hemagglutination assays, which detect infectious and noninfectious inﬂuenza viruses as long as they carry sufﬁcient amounts of HA on the particle surface. Plaques form by cell death induced by inﬂuenza viruses. Under the
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A



B



1:1



1:10



1:100



A/Puerto Rico/8/1934 (H1N1)



A/Viet Nam/1203/2004 (H5N1)



200μ m



A/Switzerland/9715293/ 13-like/2014 (H3N2)



C



Fig. 5 (a) MDCK cells in the density required for plaque assays. (b) Plaque phenotypes: plaque assays 48 h postinfection, after ﬁxation, and crystal violet staining. Virus is diluted tenfold between each column, from left to right. (c) Plaque puriﬁcation. Single plaques are marked from the bottom of the well. Virus from individual plaques is aspirated with a sterile pipet



assumption that one plaque of dead cells is formed from a single infectious virus particle, one can extrapolate the number of infectious particles in a given volume of sample. Plaque formation in MDCK cell monolayers is assured by reducing virus diffusion with an agar overlay after virus attachment. 3.9.1 Titer Determination



1. Seed 1  106 MDCK per well of a six-well plate in 2 mL of DMEM growth medium 24 h prior to plaque assay to assure a conﬂuent monolayer of MDCK. 2. On the day of the infection, conﬁrm conﬂuence of MDCK monolayer (Fig. 5a) and prepare the following before diluting the virus: (a) 2% (w/v) Ultrapure, low-melting agar solution. Heat the suspension in a microwave to dissolve (see Note 21). Keep dissolved agar at 52  C in a water bath. (b) Prepare plaque medium and aliquot 35 mL into 50 mL screw cap tubes (sufﬁcient for four six-well plates). Keep tubes at 37  C in a water bath. 3. For serial dilution of virus samples in a 96-deep-well plate, add 450 μL of PBS-BSA to all wells of a 96-deep-well plate (horizontal orientation).
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4. Add 50 μL of virus solution to row A. 5. Mix by pipetting ten times up and down using a 100 μL 12-well multichannel pipette set to 100 μL and then transfer 50 μL virus dilution to row B. Important: change tips after each dilution step! 6. Repeat the dilution from row B to C, C to D, and so on, until row H. 7. Cover 96-deep-well plate with an adhesive cover and store on ice. 8. Aspirate medium from MDCK cells using a vacuum pump (see Note 22). 9. Wash cells once with 2 mL PBS (pre-warmed to room temperature) to remove residual medium containing FBS. 10. Add 200 μL of virus dilution into wells of the six-well plate (choose appropriate range of six dilutions, here 103 to 108). 11. Distribute virus solution by carefully rocking the plates from 45 to +45 , forming a cross. Make sure the whole cell layer is covered with liquid. Note the time of virus addition on the side of the stack of four six-well plates to assure comparable inoculation times between plates. Incubate infected cells for 1 h at 37  C, 95% humidity (see Notes 23 and 24). 12. Prepare agar overlay individually for each stack of four six-well plates of MDCK by mixing 15 mL of 2% low-melting agar solution (52  C) with 35 mL of plaque medium (37  C). 13. Start with infected cells. Aspirate supernatants from infected cells using a 1000 μL pipet. Avoid using a pump for solutions containing virus, since they can generate aerosols. 14. Add 50 μL of TPCK-treated trypsin (1 μg/mL ﬁnal solution) to agar overlay and mix by inverting. 15. Add 2 mL of overlay to each well using a sterile plastic pipette (10 or 25 mL) (see Note 25). Control the time of overlay addition to ensure comparable infection conditions. 16. Incubate stacks under the biosafety cabinet until overlay hardens and transfer to 37  C, 5% CO2, 95% humidity atmosphere incubator. 17. 24–48 h postinfection, plaques will become visible by eye. Plaque size, shape, and contrast depend on the virus strain (see Fig. 5b for examples). 18. Fix plaques with 2 mL of ﬁxation solution per well for 30 min. 19. Discard ﬁxation solution into an appropriate waste container. 20. Remove agar carefully with a ﬁne spatula without disturbing the cell layer and stain plaques for 5 min with staining solution. Discard staining solution into appropriate waste container and wash wells once with water. Air dry plates and count plaques
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(use wells with >10 and ” includes the full header supplied for any FASTA sequence, creating a rather cluttered output table but including gene names, etc., as well as accessions



>([^])



Everything after the “>” up to the ﬁrst space (suitable for the custom virus database in Note 11, as is the rule above)



>IPI:([^|\.]*) IPI accession >(gi\|[0-9]*)



NCBI accession



>([^\t]*)



Everything after the “>” up to the ﬁrst tab



>.*\|(.*)\|



UniProt ID (suitable for the UniProt databases suggested above)
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To check if the entry is correct, click “Test rules” and use the button to download entries from your FASTA ﬁle to check that, at a minimum, the Header, Sequence, and Identiﬁer can be correctly read. 4. To save your changes, ﬁrst click “Modify Table” (to transfer changes from the editing box on the right to the table on the left) then click “Save changes.” Finally, close MaxQuant for the changes to take effect. 3.4.2 Protocol for Data Analysis



1. Open MaxQuant. Most default settings will be suitable, but the following points are either experiment-dependent or important for understanding the analysis. 2. Set the number of threads (bottom left) to the number of ﬁles to be searched or the highest number supported by your computer, whichever is lower. 3. Click the Raw Files/Load button and load raw ﬁles for each virus to analyze. If loading more than one raw ﬁle, set an experimental design using the buttons in the Raw Files tab. For analyzing separate sets of virions, it may be simplest to set each raw ﬁle as a separate experiment (“No fractions”). 4. In the Group Speciﬁc Parameters/General tab, the Type should be “Standard” and the Multiplicity “1” (assuming no labeling strategy, such as SILAC or tandem mass tagging, has been used). “Variable Modiﬁcations” (posttranslational modiﬁcations (PTMs) which are only occasionally found) should include acetyl (protein N-term) and oxidation (M). Other PTMs can be added, including biologically relevant ones such as phospho (STY) or artifactual ones such as deamidation (NQ) by selecting the modiﬁcation on the left-hand menu and using the arrow button to add it to the list on the right. Note that increasing the number of PTMs simultaneously searched for will signiﬁcantly increase processing time. Digestion mode should be speciﬁc, with the enzyme trypsin/P (i.e., tryptic (KR) cleavage sites, including sites followed by proline that would be cleaved by Lys-C) and a maximum number of missed cleavages of 2. 5. In the Group Speciﬁc Parameters/Label-Free Quantitation tab, label-free quantitation should be set to “LFQ.” This will allow relative protein abundance to be estimated based on the intensity with which peptide ions were detected in the instrument, incorporating several layers of normalization [13]. 6. In the Global Parameters/General tab, upload the FASTA ﬁles for your host and viral proteomes (these can be uploaded as multiple separate ﬁles). MaxQuant will also include a list of common contaminants in the search provided the relevant box is ticked. The Fixed Modiﬁcations list (PTMs applying to all relevant amino acids) should contain only “Carbamidomethyl (C).”
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7. In the Global Parameters/Label-Free Quantitation tab, select iBAQ. This enables intensity-based absolute quantitation, an algorithm which adjusts peptide intensities based on the number of theoretically observable peptides from each protein [14]. LFQ provides better comparison between samples due to its normalization steps, while iBAQ is a better indicator for absolute protein abundance [15]. 8. Press “Start” (bottom left). Depending on the computer and number of samples, the program may take some hours to run (days for larger experiments or slower machines). 9. MaxQuant will typically write a large number of output ﬁles to the directory the raw ﬁles are in. For identifying and quantifying proteins, the most relevant ﬁles are tab-delimited tables written as text ﬁles in the subdirectory . . ./combined/txt. In particular, the ﬁle proteinGroups.txt contains information about the proteins identiﬁed. These ﬁles can be opened in MaxQuant’s Perseus package or in a general purpose spreadsheet program such as Microsoft Excel. 10. The proteinGroups ﬁle presents rows of “protein groups” or proteins that could be reconstructed from a common set of peptides. Of the many output columns in the proteinGroups ﬁle, the following are most likely to be of interest during an initial examination of the data: (a) Protein IDs. Lists the proteins in the protein group, ranked by the number of peptides matched to each and separated by semicolons. Proteins with at least half as many peptides matched as the leading protein are also listed in the Majority Protein IDs column. (b) Some protein groups should be disregarded, either because they are found in a list of common contaminants or because they are matches to the reversed decoy database. The columns “Potential contaminant” and “Reverse” mark these proteins, whose names in the Protein IDs column will also start with CON and REV, respectively. Proteins marked in the column “Only identiﬁed by site” have only been identiﬁed by a modiﬁcation site, and the user may choose to disregard these as well. (c) FASTA Headers return the original descriptions of the proteins. (d) Peptide counts (all) gives the number of peptides matched to each member of the protein group. (e) The Molecular Weight can be useful for some calculations. (f) The LFQ Intensity returns the LFQ score, and iBAQ returns the iBAQ score.
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Fig. 4 Summary of an inﬂuenza virion proteome. Viral and host proteins identiﬁed and quantiﬁed in a sample of MDCK-grown inﬂuenza A/Puerto Rico/8/1934 virus, using the methods described in this chapter 3.4.3 Anticipated Results of Data Analysis
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As an example of the results that may be obtained, a sample of inﬂuenza A/Puerto Rico/8/1934 (H1N1) virions was grown on MDCK (canine) cells and puriﬁed without hemadsorption. This has been described in a previous publication [2], and the raw data ﬁle C130708_055.raw may be downloaded from the Mass spectrometry Interactive Virtual Environment (MassIVE; Center for Computational Mass Spectrometry at University of California, San Diego) at http://massive.ucsd.edu/ProteoSAFe/datasets.jsp using the MassIVE ID MSV000078740. A copy of MaxQuant was downloaded and conﬁgured to analyze the data, as described above, using the UniProt dog proteome described above (downloaded on the April 25, 2017) and the viral proteome described in Note 11. The proteinGroups.txt ﬁle contained 653 proteins groups. Of these, 11 were only identiﬁed by site, 7 were from the decoy database, and 12 were potential contaminants, with some overlap between these categories. Removing these left a list of 10 viral proteins and 615 host proteins (most of very low abundance). The abundance of these proteins is summarized in Fig. 4, using the relative iBAQ (riBAQ) score—a normalized abundance score obtained by dividing each protein’s iBAQ score by the total iBAQ scores of all proteins under consideration [16].



Notes 1. Safety considerations: This protocol is written for inﬂuenza viruses which can be handled at Advisory Committee on Dangerous Pathogens Containment Level 2/Biological Safety Level 2 (speciﬁcally, for low-pathogenicity strains of inﬂuenza
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virus) and assumes that users are familiar with the safe handling of such viruses. Changes to the protocol would be required if a highly pathogenic strain of inﬂuenza virus was to be used. In all cases, work should be carried out in compliance with all applicable local and national biological safety regulations. Ultracentrifuges should only be used in accordance with the manufacturer’s instructions and full buckets, with lids attached, and should be balanced across the rotor to within 0.1 g using a mass balance. This is often easiest if a lightweight pot or rack is placed on the balance and used to hold the bucket. Thickwall centrifuge tubes can be reused unless they show signs of wear (check particularly around the joint between the straight and curved sections). After use they should be disinfected by an approved route (e.g., soaking in 1% Virkon™) followed by several washes in water and then in 70% ethanol and ﬁnally by wiping out thoroughly with paper towel, paying particular attention to the bottom of the tube. Thinwall centrifuge tubes should not be reused. 2. Avoiding contaminants: Mass spectrometry is an extremely sensitive approach which can detect even minute levels of contaminants. Two in particular regularly cause problems. (a) Keratin. Human skin, hair, and the resulting dust make keratin a ubiquitous contaminant—it is, as one researcher put it, always snowing in the lab. It is almost impossible to exclude keratin, but it can be minimized by keeping plasticware covered when not in use, working wherever possible in a laminar ﬂow hood or microbiological safety cabinet, wearing and frequently changing gloves, and avoiding the use of communal chemical stocks. (b) Polyethylene glycol (PEG). This widely used compound is strongly ionized in the mass spectrometer and causes a repeating 44 Da signal that can swamp informative mass spectra. PEGylated detergents include commercial soaps, Tween, SDS, Triton X-100, and NP-40. Even minute quantities of PEG can compromise an experiment, and while some PEG can be removed by washing during sample preparation for mass spectrometry, it should be avoided wherever possible. Disposable plasticware should be used where possible. When making buffers, do not reuse glassware that could previously have contained PEG and ensure any traces of soap have been washed off the glass with hot water followed by a rinse with an organic solvent such as acetonitrile. Finally, do not store buffers containing organic solvents in plastic containers, as this can leach PEG from the plastic.
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3. Virus growth: Growth of virus can be assessed before beginning by microscopic examination of cells. For laboratoryadapted strains if no cytopathic effect (i.e., cell rounding or detachment) is visible, it is unlikely that there will be enough virus to purify, though if working with an unfamiliar strain, it is worth optimizing growth conditions before proceeding to the puriﬁcation. 4. Quantities of virus: For a well-adapted laboratory strain such as PR8 or WSN, we typically ﬁnd that around 109 PFU (1010–1011 particles) of unpuriﬁed stock will give a clear band on a gradient as in Subheading 3.1.2, steps 12 and 13. However the band may be faint, and a dark background may be necessary in step 12. Additional bands may appear in step 12 depending on the mixing of the gradient steps and on the morphology of the virus. For most applications, the major band can be harvested, but if this is ambiguous, the entire gradient can be harvested in aliquots from the top by pipetting from the meniscus (step 13 is then not required). 5. Gradient mixing: If gradient mixing needs to be checked, a test gradient can be prepared in which one or more of the densities contain a dye such as Coomassie Brilliant Blue. 6. As when pouring a step gradient, this can be easier to do if pipetting into the meniscus on the far (overhanging) side of a tilted tube (see Fig. 2a, b). 7. Visibility of pellets: Pellets may not be visible before the ﬁnal concentration step (Subheading 3.1.2, step 11) but can still be resuspended by pipetting. The ﬁnal concentrated stock of virus should appear at least faintly milky. Methods for resuspending the pellet can vary. The author (EH) pipettes rapidly up and down 20 times, moving the tip around the area of the pellet while gently touching the bottom of the tube and taking care not to introduce bubbles. 8. Troubleshooting: Samples taken throughout the puriﬁcation can help to identify problems. A number of assays can be used to detect virions, including plaque assay (to detect fully infectious virions—typically recovery of infectious material is around 10–30%) and SDS-PAGE followed by silver staining (to assess purity and protein yield; Fig. 1c). If chicken blood is available, a quick assay for the presence of virions (whether infectious or not) can be performed, while other steps are being carried out using a modiﬁed hemagglutination (HA) assay: (a) In a 96-well round-bottomed dish, add 50 μL PBS to 11 of the 12 columns, leaving the ﬁrst column empty (a multichannel pipette is helpful throughout this assay).
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(b) In the ﬁrst column, add 100 μL of sample or PBS and perform twofold serial dilutions of this by transferring 50 μL into the second column, mixing, changing pipette tip, and repeating across the dish. Up to eight samples can be assayed per dish; material from the ﬁnal step in the puriﬁcation is highly concentrated and so should only be used if heavily diluted beforehand, for example, by 100-fold. (c) Add 50 μL chicken red blood cells (at 1% pcv) to each well, mix, and leave to stand, preferably at 4  C. (d) For each sample, the last dilution in which the blood cells agglutinate and cannot settle to the bottom of the well contains one hemagglutinating unit (HAU). Note that, as this is a modiﬁcation of the standard assay, the HAU values here are useful only for relative measures and should not be directly compared to other HA assays. Note also that the assay is rather insensitive to low concentrations of virus. Typical end points (for a laboratory-adapted virus) are 1/128 for the input material (in 120 mL) and 1/512 after HAd (in 20 mL, i.e., around 2/3 recovery of material). 9. Spurious Ub sites: If the data are likely to be searched for sites of ubiquitination (not described in detail here, but a straightforward modiﬁcation to the MaxQuant search is described in [8]), the iodoacetamide (IAA) used in the alkylation step should be substituted for a different alkylating agents such as chloroacetamide. This is because in addition to alkylating cysteines as intended, iodoacetamide can alkylate lysine residues. This can create a 2-acetamidoacetamide covalent adduct with the same atomic composition as the diglycyl tag which remains after tryptic cleavage of covalently bound ubiquitin. Reducing with IAA can therefore lead to the identiﬁcation of spurious ubiquitination sites [17]. 10. The FASTA ﬁle format: This is simply a text ﬁle in the format below. The ﬁle extension should be unimportant, but if required the ﬁle extension of a plain text ﬁle can be changed to “.fasta.” >NAME_1 sequence 1 >NAME_2 sequence 2 >NAME_3 sequence 3 11. The proteome of inﬂuenza A/Puerto Rico/8/1934 virus in FASTA format, based on the reverse genetics virus with GenBank Accession numbers EF467817–EF467824 [18]:
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>PB2 MERIKELRNLMSQSRTREILTKTTVDHMAIIKKYTSGR QEKNPALRMKWMMAMKYPITADKRITEMIPERNEQG QTLWSKMNDAGSDRVMVSPLAVTWWNRNGPITNTV HYPKIYKTYFERVERLKHGTFGPVHFRNQVKIRRRVDIN PGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITK EKKEELQDCKISPLMVAYMLERELVRKTRFLPVAGGTSS VYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAA RNIVRRAAVSADPLASLLEMCHSTQIGGIRMVDILRQN PTEEQAVDICKAAMGLRISSSFSFGGFTFKRTSGSSVKRE EEVLTGNLQTLKIRVHEGYEEFTMVGRRATAILRKATR$ RLIQLIVSGRDEQSIAEAIIVAMVFSQEDCMIKAVRGDL NFVNRANQRLNPMHQLLRHFQKDAKVLFQNWGVEP IDNVMGMIGILPDMTPSIEMSMRGVRISKMGVDEYSST ERVVVSIDRFLRIRDQRGNVLLSPEEVSETQGTEKLTIT YSSSMMWEINGPESVLVNTYQWIIRNWETVKIQWSQN PTMLYNKMEFEPFQSLVPKAIRGQYSGFVRTLFQQMR DVLGTFDTAQIIKLLPFAAAPPKQSRMQFSSFTVNVRG SGMRILVRGNSPVFNYNKATKRLTVLGKDAGTLTEDP DEGTAGVESAVLRGFLILGKENKRYGPALSINELSNLA KGEKANVLIGQGDVVLVMKRKRDSSILTDSQTATKRI RMAIN >PB2-S1 MERIKELRNLMSQSRTREILTKTTVDHMAIIKKYTSGR QEKNPALRMKWMMAMKYPITADKRITEMIPERNEQG QTLWSKMNDAGSDRVMVSPLAVTWWNRNGPITNTV HYPKIYKTYFERVERLKHGTFGPVHFRNQVKIRRRVDI NPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTI TKEKKEELQDCKISPLMVAYMLERELVRKTRFLPVAGG TSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSL IIAARNIVRRAAVSADPLASLLEMCHSTQIGGIRMVDIL RQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTSGSS VKREEEVLTGNLQTLKIRVHEGYEEFTMVGRRATAIL RKATRRLIQLIVSGRDEQSIAEAIIVAMVFSQEDCMIKA VRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFQN WGVEPIDNVMGMIGILPDMTPSIEMSMRGVRISKMG VDEYSSTERVVPLHQSKVECSSPHLL >PB1 MDVNPTLLFLKVPAQNAISTTFPYTGDPPYSHGTGTG YTMDTVNRTHQYSEKGRWTTNTETGAPQLNPIDGPL PEDNEPSGYAQTDCVLEAMAFLEESHPGIFENSCIETM EVVQQTRVDKLTQGRQTYDWTLNRNQPAATALANTI EVFRSNGLTANESGRLIDFLKDVMESMNKEEMGITTH FQRKRRVRDNMTKKMITQRTMGKKKQRLNKRSYLIR ALTLNTMTKDAERGKLKRRAIATPGMQIRGFVYFVET LARSICEKLEQSGLPVGGNEKKAKLANVVRKMMTNS
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QDTELSFTITGDNTKWNENQNPRMFLAMITYMTRN QPEWFRNVLSIAPIMFSNKMARLGKGYMFESKSMKLR TQIPAEMLASIDLKYFNDSTRKKIEKIRSLLIEGTASLSP GMMMGMFNMLSTVLGVSILNLGQKRYTKTTYWWDG LQSSDDFALIVNAPNHEGIQAGVDRFYRTCKLLGINM SKKKSYINRTGTFEFTSFFYRYGFVANFSMELPSFGVSGI NESADMSIGVTVIKNNMINNDLGPATAQMALQLFIKD YRYTYRCHRGDTQIQTRRSFEIKKLWEQTRSKAGLLVS DGGPNLYNIRNLHIPEVCLKWELMDEDYQGRLCNPL NPFVSHKEIESMNNAVMMPAHGPAKNMEYDAVATTH SWIPKRNRSILNTSQRGVLEDEQMYQRCCNLFEKFFP SSSYRRPVGISSMVEAMVSRARIDARIDFESGRIKKEEFT EIMKICSTIEELRRQK >PB1-N40 MDTVNRTHQYSEKGRWTTNTETGAPQLNPIDGPLPE DNEPSGYAQTDCVLEAMAFLEESHPGIFENSCIETME VVQQTRVDKLTQGRQTYDWTLNRNQPAATALANTI EVFRSNGLTANESGRLIDFLKDVMESMNKEEMGITTHF QRKRRVRDNMTKKMITQRTMGKKKQRLNKRSYLIRA LTLNTMTKDAERGKLKRRAIATPGMQIRGFVYFVETL ARSICEKLEQSGLPVGGNEKKAKLANVVRKMMTNSQ DTELSFTITGDNTKWNENQNPRMFLAMITYMTRNQ PEWFRNVLSIAPIMFSNKMARLGKGYMFESKSMKLRT QIPAEMLASIDLKYFNDSTRKKIEKIRSLLIEGTASLSPG MMMGMFNMLSTVLGVSILNLGQKRYTKTTYWWDG LQSSDDFALIVNAPNHEGIQAGVDRFYRTCKLLGINM SKKKSYINRTGTFEFTSFFYRYGFVANFSMELPSFGVSGI NESADMSIGVTVIKNNMINNDLGPATAQMALQLFIKD YRYTYRCHRGDTQIQTRRSFEIKKLWEQTRSKAGLLVS DGGPNLYNIRNLHIPEVCLKWELMDEDYQGRLCNPL NPFVSHKEIESMNNAVMMPAHGPAKNMEYDAVATTH SWIPKRNRSILNTSQRGVLEDEQMYQRCCNLFEKFFP SSSYRRPVGISSMVEAMVSRARIDARIDFESGRIKKEEFT EIMKICSTIEELRRQK >PB1-F2 MGQEQDTPWILSTGHISTQKREDGQQTPKLEHRNST RLMGHCQKTMNQVVMPKQIVYWRRWLSLRNPILVFL KTRVLKRWRLFSKHE >PA MEDFVRQCFNPMIVELAEKTMKEYGEDLKIETNKFAA ICTHLEVCFMYSDFHFINEQGESIIVELGDPNALLKHR FEIIEGRDRTMAWTVVNSICNTTGAEKPKFLPDLYDYK ENRFIEIGVTRREVHIYYLEKANKIKSEKTHIHIFSFTG EEMATKADYTLDEESRARIKTRLFTIRQEMASRGLWD SFRQSERGEETIEERFEITGTMRKLADQSLPPNFSSLEN FRAYVDGFEPNGYIEGKLSQMSKEVNARIEPFLKTTPR
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PLRLPNGPPCSQRSKFLLMDALKLSIEDPSHEGEGIPLY DAIKCMRTFFGWKEPNVVKPHEKGINPNYLLSWKQVL AELQDIENEEKIPKTKNMKKTSQLKWALGENMAPEKV DFDDCKDVGDLKQYDSDEPELRSLASWIQNEFNKAC ELTDSSWIELDEIGEDVAPIEHIASMRRNYFTSEVSHC RATEYIMKGVYINTALLNASCAAMDDFQLIPMISKCR TPRLEPHKWEKYCVLEIGDMLIRSAIGQVSRPMFLYV RTNGTSKIKMKWGMEMRRCLLQSLQQIESMIEAESS VKEKDMTKEFFENKSETWPIGESPKGVEESSIGKVCR TLLAKSVFNSLYASPQLEGFSAESRKLLLIVQALRDNL EPGTFDLGGLYEAIEECLINDPWVLLNASWFNSFLTH ALS >PA-N155 MATKADYTLDEESRARIKTRLFTIRQEMASRGLWDSFR QSERGEETIEERFEITGTMRKLADQSLPPNFSSLENFRA YVDGFEPNGYIEGKLSQMSKEVNARIEPFLKTTPRPLRL PNGPPCSQRSKFLLMDALKLSIEDPSHEGEGIPLYDAIK CMRTFFGWKEPNVVKPHEKGINPNYLLSWKQVLAEL QDIENEEKIPKTKNMKKTSQLKWALGENMAPEKVDF DDCKDVGDLKQYDSDEPELRSLASWIQNEFNKACEL TDSSWIELDEIGEDVAPIEHIASMRRNYFTSEVSHCRA TEYIMKGVYINTALLNASCAAMDDFQLIPMISKCRTK EGRRKTNLYGFIIKGRSHLRNDTDVVNFVSMEFSLTD PRLEPHKWEKYCVLEIGDMLIRSAIGQVSRPMFLYVR TNGTSKIKMKWGMEMRRCLLQSLQQIESMIEAESSV KEKDMTKEFFENKSETWPIGESPKGVEESSIGKVCRT LLAKSVFNSLYASPQLEGFSAESRKLLLIVQALRDNLE PGTFDLGGLYEAIEECLINDPWVLLNASWFNSFLTH ALS >PA-N182 MASRGLWDSFRQSERGEETIEERFEITGTMRKLADQSL PPNFSSLENFRAYVDGFEPNGYIEGKLSQMSKEVNARIE PFLKTTPRPLRLPNGPPCSQRSKFLLMDALKLSIEDPSH GEGIPLYDAIKCMRTFFGWKEPNVVKPHEKGINPNYLL SWKQVLAELQDIENEEKIPKTKNMKKTSQLKWALGEN MAPEKVDFDDCKDVGDLKQYDSDEPELRSLASWIQNE FNKACELTDSSWIELDEIGEDVAPIEHIASMRRNYFTSE VSHCRATEYIMKGVYINTALLNASCAAMDDFQLIPMIS KCRTKEGRRKTNLYGFIIKGRSHLRNDTDVVNFVSME FSLTDPRLEPHKWEKYCVLEIGDMLIRSAIGQVSRPMF LYVRTNGTSKIKMKWGMEMRRCLLQSLQQIESMIEAE SSVKEKDMTKEFFENKSETWPIGESPKGVEESSIGKVCR TLLAKSVFNSLYASPQLEGFSAESRKLLLIVQALRDNLEP GTFDLGGLYEAIEECLINDPWVLLNASWFNSFLTHALS >PA-X
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MEDFVRQCFNPMIVELAEKTMKEYGEDLKIETNKFAA ICTHLEVCFMYSDFHFINEQGESIIVELGDPNALLKHR FEIIEGRDRTMAWTVVNSICNTTGAEKPKFLPDLYDYK ENRFIEIGVTRREVHIYYLEKANKIKSEKTHIHIFSFTGEE MATKADYTLDEESRARIKTRLFTIRQEMASRGLWDSFVS PREEKRQLKKGLKSQEQCASLPTKVSRRTSPALKILEPM WMDSNRTATLRASCLKCPKK >HA MKANLLVLLCALAAADADTICIGYHANNSTDTVDTVL EKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKCNI AGWLLGNPECDPLLPVRSWSYIVETPNSENGICYPGDF IDYEELREQLSSVSSFERFEIFPKESSWPNHNTNGVTAA CSHEGKSSFYRNLLWLTEKEGSYPKLKNSYVNKKGKEV LVLWGIHHPPNSKEQQNLYQNENAYVSVVTSNYNRRF TPEIAERPKVRDQAGRMNYYWTLLKPGDTIIFEANGNL IAPMYAFALSRGFGSGIITSNASMHECNTKCQTPLGAIN SSLPYQNIHPVTIGECPKYVRSAKLRMVTGLRNNPSIQS RGLFGAIAGFIEGGWTGMIDGWYGYHHQNEQGSGYAA DQKSTQNAINGITNKVNTVIEKMNIQFTAVGKEFNKLE KRMENLNKKVDDGFLDIWTYNAELLVLLENERTLDFH DSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCDNEC MESVRNGTYDYPKYSEESKLNREKVDGVKLESMGIYQIL AIYSTVASSLVLLVSLGAISFWMCSNGSLQCRICI >NP MASQGTKRSYEQMETDGERQNATEIRASVGKMIGGIG RFYIQMCTELKLSDYEGRLIQNSLTIERMVLSAFDERRN KYLEEHPSAGKDPKKTGGPIYRRVNGKWMRELILYDKEE IRRIWRQANNGDDATAGLTHMMIWHSNLNDATYQRTR ALVRTGMDPRMCSLMQGSTLPRRSGAAGAAVKGVGTM VMELVRMIKRGINDRNFWRGENGRKTRIAYERMCNILK GKFQTAAQKAMMDQVRESRNPGNAEFEDLTFLARSALI LRGSVAHKSCLPACVYGPAVASGYDFEREGYSLVGIDPFR LLQNSQVYSLIRPNENPAHKSQLVWMACHSAAFEDLRV LSFIKGTKVLPRGKLSTRGVQIASNENMETMESSTLELRS RYWAIRTRSGGNTNQQRASAGQISIQPTFSVQRNLPFDR TTIMAAFNGNTEGRTSDMRTEIIRMMESARPEDVSFQGR GVFELSDEKAASPIVPSFDMSNEGSYFFGDNAEEYDN >NA MNPNQKIITIGSICLVVGLISLILQIGNIISIWISHSIQTG SQNHTGICNQNIITYKNSTWVKDTTSVILTGNSSLCPIR GWAIYSKDNSIRIGSKGDVFVIREPFISCSHLECRTFFLTQ GALLNDKHSSGTVKDRSPYRALMSCPVGEAPSPYNSRFE SVAWSASACHDGMGWLTIGISGPDNGAVAVLKYNGIITE TIKSWRKKILRTQESECACVNGSCFTIMTDGPSDGLASY
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KIFKIEKGKVTKSIELNAPNSHYEECSCYPDTGKVMCVC RDNWHGSNRPWVSFDQNLDYQIGYICSGVFGDNPRPE DGTGSCGPVYVDGANGVKGFSYRYGNGVWIGRTKSHSS RHGFEMIWDPNGWTETDSKFSVRQDVVAMTDWSGY SGSFVQHPELTGLDCMRPCFWVELIRGRPKEKTIWTS ASSISFCGVNSDTVDWSWPDGAELPFSIDK >M1 MSLLTEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDL EVLMEWLKTRPILSPLTKGILGFVFTLTVPSERGLQRRR FVQNALNGNGDPNNMDKAVKLYRKLKREITFHGAKEI SLSYSAGALASCMGLIYNRMGAVTTEVAFGLVCATCEQI ADSQHRSHRQMVTTTNPLIRHENRMVLASTTAKAME QMAGSSEQAAEAMEVASQARQMVQAMRTIGTHPSSSA GLKNDLLENLQAYQKRMGVQMQRFK >M2 MSLLTEVETPIRNEWGCRCNGSSDPLTIAANIIGILHLT LWILDRLFFKCIYRRFKYGLKGGPSTEGVPKSMREEYRK EQQSAVDADDGHFVSIELE >M3 MGVQMQRFK >M4 MSLLTEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDL EAYQKRMGVQMQRFK >M42 MSLQGRTPILRPIRNEWGCRCNGSSDPLTIAANIIGILH LTLWILDRLFFKCIYRRFKYGLKGGPSTEGVPKSMREEY RKEQQSAVDADDGHFVSIELE >NS1 MDPNTVSSFQVDCFLWHVRKRVADQELGDAPFLDRL RRDQKSLRGRGSTLGLDIKTATRAGKQIVERILKEESD EALKMTMASVPASRYLTDMTLEEMSRDWSMLIPKQKV AGPLCIRMDQAIMDKNIILKANFSVIFDRLETLILLRAF TEEGAIVGEISPLPSLPGHTAEDVKNAVGVLIGGLEWN DNTVRVSETLQRFAWRSSNENGRPPLTPKQKREMAGT IRSEV >NEP MDPNTVSSFQDILLRMSKMQLESSSEDLNGMITQFESL KLYRDSLGEAVMRMGDLHSLQNRNEKWREQLGQKFEE IRWLIEEVRHKLKITENSFEQITFMQALHLLLEVEQEIRT FSFQLI >NS3 MDPNTVSSFQVDCFLWHVRKRVADQELGDAPFLDRL RRDQKSLRGRGSTLGLDIKTATRAGKQIVERILKEESD
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EALKMTMASVPASRYLTDMTLEEMSRDWSMLIPKQKV AGPLCIRMDQAIMDHTAEDVKNAVGVLIGGLEWND NTVRVSETLQRFAWRSSNENGRPPLTPKQKREMAGT IRSEV >NEG8 MLFAQNYSLLSSVCVSLLQSTILFLQTSDLIVPAISRFCF GVSGGLPFSLLLLQANLCRVSETRTVLSFHSSPPMRTPT AFLTSSAVCPGREGNGEISPTIAPSSVKALSNIRVSSRSKIT LKFAFSMMFLSMIAWSILIQRGPATFCLGMSMDQSLDISS RVMSVR
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Chapter 6 Haploid Screening for the Identiﬁcation of Host Factors in Virus Infection Evelyn Fessler and Lucas T. Jae Abstract Elucidating which host factors are exploited by viruses to infect target cells is key to our understanding of how these pathogens cause disease and how it might be counteracted by future therapies. Pooled gene-trap mutagenesis of haploid human HAP1 cells has proven to be a formidable tool for revealing genes involved in the infection process for a suite of human pathogenic viruses. This method has led to the identiﬁcation of a number of virus receptors and unconventional entry mechanisms into human cells. In the case of Ebola virus, for example, the discovery of the lysosomal protein NPC1 as an intracellular receptor sparked the development of tailored strategies to interfere with viral infection. The “single tube” pooled screening technique presented here does not require any automation or robotics and is potentially applicable to any virus able to infect HAP1 cells. Key words Haploid human cells, Gene-trap mutagenesis, Genome-wide loss-of-function genetics, Pooled screen, Viral host factors
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Introduction Viruses are an important cause of human disease worldwide: as of June 2017, viruses were responsible for more than 90% of all World Health Organization (WHO)-registered disease outbreaks in 2017 [1]. Nevertheless, for many human pathogenic viruses, our understanding of infection on the most fundamental level—the interaction between a virus and its host cell—remains incomplete. This hampers the development of novel, speciﬁc therapeutics to combat viral epidemics. Genome-wide loss-of-function genetics represents an unbiased approach for identifying which host genes play a role in virus infection at the single cell level. However, its application to cultured mammalian cells has been hindered by the diploid nature of the somatic genome, which complicates the isolation of recessive mutations. Strategies to overcoming this hurdle include the use of chemically mutagenized Chinese hamster ovary cells [2], cells
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with an increased frequency of loss of heterozygosity as a result of Blm deﬁciency [3, 4], targeted bacterial nucleases (zinc ﬁngers [5], transcription activator-like effector nucleases [6], and clustered regularly interspaced short palindromic repeat (CRISPR) systems [7, 8]), as well as RNA interference (i.e., posttranscriptional gene inhibition) [9]. The method described in this chapter makes use of gene inactivation by insertional mutagenesis in human cell lines that lack the genetic buffering capacity associated with a diploid genome [10, 11]. This gene-trap mutagenesis of haploid human cells coupled to deep sequencing [12] has identiﬁed a collection of host factors for a diverse panel of viruses, including H1N1 inﬂuenza virus [11], reovirus [11], Ebola virus [13], Lassa virus [14, 15], herpesvirus [16], cytomegalovirus [17], Rift Valley fever virus [18], hantavirus [19, 20], adeno-associated virus [21], enterovirus D68 [22], dengue virus [23], monkeypox virus [24], chikungunya virus [25], picornaviruses [26], and severe fever with thrombocytopenia syndrome virus [27]. Haploid HAP1 cells are a fast-growing adherent human cell line that is compatible with basic tissue culture procedures and standard serum-containing media [28]. Unlike its near-haploid ancestral KBM-7 cell line, HAP1 cells carry only a single copy of every chromosome (except for a heterozygous 30 Mbp fragment of chromosome 15 [29]). Furthermore, HAP1 cells are readily compatible with retroviral transduction, allowing for ultra-deep genome mutagenesis. Importantly, the cell line displays susceptibility toward a wide range of pathogens and can form colonies from single cells, which facilitates assay optimization. Finally, the haploid nature of HAP1 cells greatly simpliﬁes genome engineering by tailored nucleases, which (among a plethora of other applications) enables combinatorial genetic screening in speciﬁc mutant backgrounds [15]. Here, we describe the genetic screening approach, beginning with the production of gene-trap retrovirus. This is followed by the generation of a HAP1 mutant library, selection with a cytotoxic virus of interest, recovery of gene-trap integration sites, and ﬁnally, analysis by deep sequencing (Fig. 1). Of note, because an ultracomplex library of gene-trap mutants can be generated by a single retroviral vector (together with standard packaging plasmids), haploid mutagenesis does not require the design or handling of large plasmid libraries. The pooled nature of the involved reactions also does not rely on robotics or automation and can be performed in any laboratory equipped for conventional molecular biology procedures.



Virus Entry Meets Haploid Genetics



A



Gene-trap mutagenesis



X



Exon



Exon



Exon



SA FP pA



Exon



Generation of KO alleles



Haploid HAP1 cells



B



123



Selection with virus



X Virus of interest



Mutant HAP1 library



C Insertion site mapping



X Virus resistant colonies



Deep sequencing



Fig. 1 Schematic of the overall workﬂow for using haploid mutagenesis in human cells to identify host factors required for virus infection. (a) Haploid HAP1 cells are transduced with a gene-trap cassette that creates in many cases knockout (KO) alleles upon integration into the genome. Key features of the gene-trap vector include a strong splice acceptor (SA), a ﬂuorescent protein (FP), as well as a polyadenylation signal (pA). (b) The resulting library of HAP1 KO mutants is exposed to the virus of interest under conditions that result in the death of the majority of HAP1 mutants. (c) The few surviving HAP1 mutants form colonies from which genomic DNA can be retrieved and used in deep sequencing analysis to identify which loci are disrupted by the gene-trap cassette
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Materials



2.1 Gene-Trap Retrovirus Production and Concentration



1. Tissue culture incubator. 2. Light microscope. 3. HEK 293T (human embryonic kidney) cells. 4. Dulbecco’s Modiﬁed Eagle Medium (DMEM).
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5. Fetal calf serum (FCS). 6. D10 medium: DMEM supplemented with 10% FCS, 100 units/mL penicillin, 100 μg/mL streptomycin, and 292 μg/mL L-glutamine. 7. D30 medium: D10 medium with a total of 30% FCS. 8. Penicillin-streptomycin. 9. L-glutamine. 10. Trypsin-EDTA. 11. Phosphate-buffered saline (PBS). 12. T25 and T175 ﬁlter-cap cell culture ﬂasks. 13. 2-mL microcentrifuge tubes. 14. Opti-MEM (Life Technologies). 15. Gene-trap vector pGT-En2-FP-ACTB [14, 30], standard retroviral packaging plasmids (Gag-Pol, VSV-G), and pAdVantage™. 16. Transfection reagent, e.g., Lipofectamine 2000 (Thermo Fisher Scientiﬁc). 17. Pipette controller (e.g., Pipet-Aid). 18. 10- and 25-mL pipettes. 19. 15-mL and 50-mL polypropylene conical tubes. 20. 30-mL syringes. 21. 0.45-μm ﬁlters. 22. Ultracentrifuge. 23. Thinwall open-top ultracentrifuge tubes. 24. Paraﬁlm. 2.2 Culture and Transduction of Haploid HAP1 Cells



1. HAP1 cells. 2. Iscove’s Modiﬁed Dulbecco’s Medium (IMDM). 3. I10 medium: IMDM supplemented with 10% FCS, 100 units/ mL penicillin, 100 μg/mL streptomycin, and 292 μg/mL Lglutamine. 4. Nicoletti buffer: 0.1% (w/v) sodium citrate, 0.1% (v/v) Triton X-100, and 50 μg/mL propidium iodide in ddH2O, pH 7.4 [31]. 5. Protamine sulfate. 6. Dimethyl sulfoxide (DMSO). 7. Flow cytometer.
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2.3 Titration and Haploid Genetic Screen with Cytotoxic Virus of Interest
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1. Cytotoxic virus of interest. 2. 4% (v/v) formaldehyde in PBS. 3. Crystal violet solution: 500 mg crystal violet powder dissolved in 80 mL dH2O with subsequent addition of 20 mL methanol (store in the dark for up to 2 months). 4. Benchtop centrifuge.



2.4 Isolation of Genomic DNA and Recovery of GeneTrap Integration Sites



1. QIAamp DNA Mini Kit (Qiagen). 2. Filter tips. 3. Vortex. 4. Heat block (or similar device), with agitation function. 5. Ethanol (100%). 6. PCR tubes. 7. UltraPure DNase/RNase-free H2O. 8. Magnesium sulfate (MgSO4). 9. Biotinylated capture primer: ggtctccaaatctcggtggaac-30 .



50 /double



biotin/



10. High-ﬁdelity polymerase and buffer (e.g., AccuPrime Taq DNA polymerase HiFi, Thermo Fisher Scientiﬁc). 11. PCR cycler. 12. 1.5-mL nonstick tubes (e.g., Ambion). 13. Streptavidin-coated magnetic beads (e.g., Dynabeads M-270 streptavidin, Thermo Fisher Scientiﬁc). 14. Bovine serum albumin (BSA). 15. Magnetic microcentrifuge tube rack. 16. 2 linear ampliﬁcation mediated (LAM)-PCR binding buffer: 6 M LiCl, 10 mM Tris–HCl, 1 mM EDTA, pH 7.5. 17. Tube rotator. 18. Bead wash buffer: PBS, 0.05% (v/v) Triton X-100. 19. Manganese chloride (MnCl2). 20. ssDNA linker: 50 /phospho/atcgtatgccgtcttctgcttgactcagtagttgtgcgatggattgatg/dideoxycytidine/30 . 21. CircLigase II and CircLigase II reaction buffer (Epicentre). 22. Adapter primer 1 (50 -aatgatacggcgaccaccgagatctgatggttctctagctt gcc-30 ) and adapter primer 2 (50 -caagcagaagacggcatacga-30 ). 23. Agarose gel equipment. 24. PCR puriﬁcation kit (e.g., QIAquick PCR puriﬁcation kit, Qiagen). 25. Deep-sequencing instrumentation and accessories (e.g., Illumina HiSeq2500).
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26. Custom sequencing primer 50 -ctagcttgccaaacctacaggtggggtcttt ca-30 . 27. Spectrophotometer.



3



Methods



3.1 Gene-Trap Retrovirus Production



1. Thaw HEK 293T cells and culture in D10 medium at 37  C under 5% CO2. Expand to 12 T175 ﬂasks with a conﬂuency of 70–90% for transfection. 2. Prepare the transfection reactions in sterile 2-mL microcentrifuge tubes. Per T175 ﬂask of HEK 293T cells combine: (a) 6.02 μg Gag-Pol plasmid. (b) 1.40 μg VSV-G plasmid. (c) 0.84 μg pAdVantage™ plasmid. (d) 6.60 μg pGT-En2-FP-ACTB plasmid. (e) 700 μL of Opti-MEM. In a separate 2-mL tube, per T175 ﬂask of HEK 293T cells, combine: (a) 45 μL of Lipofectamine 2000 (or similar) transfection reagent (see Note 1). (b) 700 μL of Opti-MEM. Incubate both mixtures at room temperature for 5–15 min before combining them and incubating for 20–30 min at room temperature (see Note 2). 3. Replace the supernatant of the HEK 293T cells with 25 mL of prewarmed D30 medium per T175 ﬂask, and slowly add the transfection mixtures from the previous step. Shake the ﬂasks gently to mix and return them to the incubator for 2 days.



3.2 Harvest and Concentration of Gene-Trap Retrovirus



1. Remove the supernatant of the retrovirus producing HEK 293T cells and pass through 0.45-μm ﬁlter units using 30-mL syringes. Add 20 mL of prewarmed D30 medium per T175 ﬂask of HEK 293T cells and return them to the incubator. 2. Concentrate ﬁltered supernatant by ultracentrifugation at ca. 90,000  g for 2–3 h at 4  C. 3. Remove supernatant of concentrated virus, leaving behind a small volume of liquid (2 mL). Add 150 μL of PBS dropwise, seal the ultracentrifuge tube with paraﬁlm, and incubate at 4  C overnight. 4. Repeat harvest and concentration of gene-trap retrovirus in intervals of 12 h for at least 3 days.
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3.3 Transduction of Haploid HAP1 Cells
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1. Maintain haploid HAP1 cells (see Note 3) in I10 medium at 37  C under 5% CO2. 2. Optional: determine ploidy by ﬂow cytometry using Nicoletti buffer or a similar method (see Note 4). 3. On the day of the ﬁrst harvest of retrovirus (i.e., 2-day posttransfection of the HEK 293T cells), seed 40 million haploid HAP1 cells into 2 T175 ﬂasks in I10 medium and maintain at 37  C under 5% CO2. 4. On the next day, pool the retrovirus that was harvested and concentrated on the previous day (typically ca. 24 mL) and combine with sufﬁcient I10 medium to obtain ca. 21 mL of mixture per T175 ﬂask of HAP1 cells to be transduced. Supplement the mixture with 8 μg/mL protamine sulfate. Replace the culture medium of the HAP1 cells with the mixture, and return the ﬂasks to the incubator for the transduction to take place. 5. Repeat the transduction daily with subsequent harvests of retrovirus (see Notes 5 and 6). 6. Expand mutagenized HAP1 cells to a desired amount and immediately use for genetic screen or freeze in aliquots of ca. 100 million cells in FCS with 10% DMSO for future use (see Notes 7 and 8).



3.4 Estimation of Transduction Efﬁciency



1. Use ﬂow cytometry to quantify the fraction of ﬂuorescent HAP1 cells after mutagenesis, following standard procedures (see Note 9).



3.5 Titration of Virus Cytotoxicity for Genetic Screen



1. Ideally, use the mutagenized HAP1 cells generated in Subheading 3.3 to titrate the conditions for an infection with the virus of interest (VOI). Alternatively, use wild-type HAP1 cells. 2. Seed HAP1 cells into T25 ﬂasks at one million cells per T25 ﬂask in 3 mL of I10 medium. Use one T25 ﬂask per infection condition and incubate at 37  C under 5% CO2 overnight. 3. On the next day, replace the supernatant with 3 mL of supernatant containing the VOI and return to the incubator to allow infection to take place. Vary the amount of VOI for different infection conditions (see Note 10). 4. Maintain the infected HAP1 cells at 37  C under 5% CO2 for 10–14 days to allow surviving clones to form colonies. Allow the colonies to grow such that they become visible on the bottom of the tissue culture ﬂask with the naked eye. 5. Estimate the fraction of surviving cells by counting the number of colonies per cm2 of culture ﬂask. To facilitate colony counting, the adherent cells can be washed with PBS, ﬁxed with 4% formaldehyde in PBS, washed again with PBS, and stained with crystal violet solution (Fig. 2) (see Note 11).
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Fig. 2 Image of surviving HAP1 cell colonies after selection, stained with crystal violet for better visibility and quantiﬁcation 3.6 Haploid Genetic Screen



1. Thaw at least 100 million mutagenized cells (but also see Note 7) and maintain in I10 medium at 37  C under 5% CO2 or use freshly mutagenized HAP1 cells from step 6 of Subheading 3.3. 2. Seed 7 million mutagenized HAP1 cells per T175 ﬂask in 21 mL of I10 medium into a total of 14 T175 ﬂasks per genetic screen. 3. On the next day, replace the supernatant with VOI-containing supernatant. Scale up the amounts and volumes accordingly to match the conditions determined in the titration experiment (Subheading 3.5). 4. Maintain the cells under the optimal conditions as determined by the titration experiment for the required amount of time to obtain colonies formed by surviving mutants. 5. Remove the supernatant, wash the cells with 10 mL of PBS and detach with 3 mL of trypsin-EDTA. Inactivate the trypsinEDTA with 10 mL of I10 medium, and produce a homogenous cell suspension by repeated pipetting. 6. Pellet the resuspended cells at 500  g for 10 min and discard the supernatant. Wash the pellet with PBS and pellet again at 500  g for 10 min. Discard the supernatant and store the dry cell pellet at 20  C or use immediately for DNA isolation.



3.7 Isolation of Genomic DNA and Recovery of GeneTrap Integration Sites



The overall procedure for cloning of the genomic gene-trap integration sites is depicted in Fig. 3. The multistep process involves a linear enrichment of proviral gene-trap DNA and ﬂanking genomic sequences, followed by enzymatic addition of a single-stranded linker and a ﬁnal exponential PCR preparing the insertion site library for deep sequencing. Use of ﬁlter tips is recommended.
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Fig. 3 Diagram of gene-trap insertion site mapping. (a) Initially, the boundary region of gene-trap integrations and adjacent genomic sequences (“locus X”) are linearly ampliﬁed (LAM-PCR) using a biotinylated primer that anneals near the long terminal repeat of the provirus. (b) The single-stranded product of this reaction is subsequently puriﬁed using magnetic beads coated with streptavidin. (c) As only the proviral component of the sequence is known, a single-stranded linker sequence is enzymatically ligated to the 30 portion of the puriﬁed LAM-PCR product. (d) The resulting ligation product contains known sequences on both sides of the unknown locus sequence, which allows for exponential ampliﬁcation with two primers in a secondary PCR. (e) The primers introduce the adapter sequences (P5 and P7) required for next-generation sequencing (NGS)



1. Resuspend cell pellet in 200 μL of PBS per 10 million cells (i.e., a typical pellet of 30 million cells would be resuspended in 600 μL of PBS), and distribute into microcentrifuge tubes at 200 μL cell suspension per tube. 2. Add 20 μL of 20 mg/mL proteinase K (QIAamp DNA Mini Kit) per microcentrifuge tube.
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3. Add 200 μL of lysis buffer (buffer AL from QIAamp DNA Mini Kit) per microcentrifuge tube, and pulse-vortex the mixture for 15 s. 4. Incubate at 56  C overnight with agitation. 5. Add 200 μL of 100% ethanol per microcentrifuge tube, and pulse-vortex the mixture for 15 s. 6. Purify genomic DNA (gDNA) by column puriﬁcation according to the manufacturer’s instructions (QIAamp DNA Mini Kit). 7. Pool the puriﬁed gDNA from step 6, and determine its concentration by spectrophotometry. 8. Set up 4–8 (for simplicity, work with even numbers) polymerase chain reactions in PCR tubes. Per tube combine: (a) 2 μg of puriﬁed gDNA. (b) 0.75 pmol biotinylated capture primer. (c) 1 mM MgSO4. (d) 5 μL of 10 PCR buffer II for genomic DNA (supplied with AccuPrime Taq DNA polyermase HiFi). (e) 0.4 μL of AccuPrime Taq DNA polyermase HiFi. (f) UltraPure DNase/RNase-free H2O to a total volume of 50 μL. 9. Perform LAM-PCR on the thermocycler as follows: (a) 94  C for 5 min. (b) Denaturation step: 94  C for 30 s. (c) Annealing step: 58  C for 30 s. (d) Elongation step: 68  C for 1 min. (e) Repeat (b–d) for a total of 120 cycles. (f) 68  C for 8 min. (g) Hold at 4  C. 10. To capture single-stranded DNA from LAM-PCR, wash streptavidin-coated magnetic beads (2.5 μg per LAM-PCR) with 800 μL of PBS with 0.05% (w/v) BSA in a single nonstick microcentrifuge tube. Pellet beads by brief centrifugation, and remove wash buffer by means of a magnetic microcentrifuge tube rack. 11. Resuspend magnetic beads with 45 μL of 2 LAM-PCR binding buffer per LAM-PCR and combine with pooled LAM-PCR product from step 9 in a single nonstick microcentrifuge tube. 12. Allow capture of biotinylated single-stranded DNA by the beads for 2 h at room temperature. Keep beads in suspension by means of a tube rotator or similar apparatus.
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13. Collect beads by brief centrifugation and wash three times with bead wash buffer using the magnetic microcentrifuge tube rack. 14. Per LAM-PCR prepare 10 μL of ligation buffer containing: (a) 2.5 mM MnCl2 (supplied with CircLigase II kit). (b) 1 M betaine (supplied with CircLigase II kit). (c) 12.5 pmol ssDNA linker. (d) 1 μL of 10 CircLigase II reaction buffer. (e) 0.5 μL of CircLigase II. (f) UltraPure DNase/RNase-free H2O to a total volume of 10 μL. 15. Combine the washed beads from step 13 with the ligation buffer from step 14, resuspend by pipetting, and incubate at 60  C for 2 h in a nonstick microcentrifuge tube. Flick tubes regularly to keep beads in suspension. 16. Collect beads by brief centrifugation and wash three times with bead wash buffer using the magnetic microcentrifuge tube rack. 17. Per LAM-PCR prepare 25 μL of the following PCR mix: (a) 12.5 pmol adapter primer 1. (b) 12.5 pmol adapter primer 2. (c) 2.5 μL of 10 AccuPrime PCR Buffer II. (d) 0.3 μL of AccuPrime Taq HiFi polymerase. (e) UltraPure DNase/RNase-free H2O to a total volume of 25 μL. 18. Resuspend the washed beads from step 16 in the PCR mix from step 17, distribute into PCR tubes with 50 μL per tube, and perform secondary PCR as follows (see Note 12): (a) 94  C for 2 min. (b) Denaturation step: 94  C for 30 s. (c) Annealing step: 55  C for 30 s. (d) Elongation step: 68  C for 1 min 45 s. (e) Repeat (b–d) for a total of 18 cycles. (f) 68  C for 7 min. (g) Hold at 12  C. 19. Analyze the PCR product from step 18 on a 1.2% (w/v) agarose gel stained with an appropriate DNA labeling dye. The successful reaction should result in a smear of DNA fragments of different size without signs of discrete products (i.e., bands). An example is shown in Fig. 4.
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Fig. 4 PCR product of gene-trap integration sites cloned from mutagenized HAP1 cells as described in this chapter, analyzed on a 1.2% agarose gel next to a DNA ladder. The image shows a typical smear caused by the size differences of the ampliﬁed DNA product



20. Pool the PCR product from step 18 and purify using a PCR puriﬁcation kit following the manufacturer’s instructions. 21. Analyze the PCR-ampliﬁed gene-trap integration site library from step 20 by next-generation sequencing (NGS) using the custom sequencing primer in accordance with the manufacturer’s instructions. 3.8



Data Analysis



1. Extract reads from the raw sequencing data, trim to a desired length (optional), sort and collapse to unique sequences. 2. Sequences can be aligned to the human genome using Bowtie [32], requiring unique alignment without mismatches. Subsequent realignment allowing mismatches can be used to tune the stringency [12]. 3. Intersect the genomic alignment data with a suitable gene coordinate reference, such as NCBI RefSeq [33], using BEDTools [34]. 4. Filter for gene-trap insertions predicted to be disruptive: exonic gene-trap integrations or intronic gene-trap integrations that



Virus Entry Meets Haploid Genetics



133



occurred in the sense orientation relative to the transcriptional orientation of the affected genes (see Note 13). 5. Per gene, calculate the number of disruptive gene-trap integrations affecting this gene. Additionally, calculate the difference between all gene-trap integrations of the data set and those affecting the respective gene, and assemble the values into a table. 6. Intersect the data generated in step 5 with gene-trap integration sites mapped in an unselected HAP1 control population [14] for statistical analysis. 7. For every gene, perform a Fisher’s exact test to calculate the P-value corresponding to the observed number of gene-trap integrations in the VOI-selected population compared to the unselected control population (see Note 14). Adjust all P-values for false-discovery rate.



4



Notes 1. The transfection reagent can be substituted for another suitable formulation. Besides Lipofectamine 2000 (Thermo Fisher Scientiﬁc), we have used TurboFectin (OriGene) as well as polyethylenimine (PEI 25000: linear, MW 25,000; Polysciences) with success. Due to the variable nature of DNA transfection, ideal transfection conditions should always be titrated by the experimenter ﬁrst. 2. Upon mixing of the DNA and the transfection reagent, DNA precipitation can occur. If DNA precipitates upon combination of the two solutions, it is advisable to increase the amount of Opti-MEM in the mixtures. 3. Cultures of haploid HAP1 cells will spontaneously generate diploid HAP1 cells (possibly due to failure of cell division following S phase or other mechanisms). During prolonged culture, the population will be increasingly diluted by diploid cells. In order to generate a library of KO mutants, it is critical to subject a population of HAP1 cells to gene-trap mutagenesis that is largely haploid. A population that is at least 80% haploid would generally be a good starting point for mutagenesis. Haploid HAP1 populations can be generated by single cell cloning. 4. The ploidy of HAP1 cell cultures can most easily be determined by isolating nuclei and analyzing their DNA content by ﬂow cytometry using a propidium iodide (PI) staining. To this end, HAP1 cells can be pelleted by centrifugation at 500  g for 5 min and then resuspended in Nicoletti buffer using ca. 100 μL per one million cells. This will lead to hypotonic lysis of the cells, which releases the nuclei and allows their DNA
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Fig. 5 Gating strategy to estimate the fraction of diploid HAP1 cells in a culture. (a) Propidium iodide (PI)stained nuclei are detected by ﬂow cytometry. Linear representation of the PI signal area (PI-A) shows a cell cycle proﬁle ranging from 1c to 4c DNA content (diploid cells in G2/M phase contain four times as much DNA as haploid cells in G1 phase). Doublets should be excluded using the PI-width (PI-W) signal. (b) The displayed haploid gate is contaminated with diploid cells in G1 phase (as both haploid G2/M and diploid G1 cells contain a 2c DNA content). Provided that the culture is predominantly haploid, the fraction of diploid cells can be estimated as follows: % diploid cells ¼ % diploid S + G2/(100  % hG1)  100. Note that hG1 is a subgate of the haploid gate



content to be labeled with PI. A gating strategy for estimating the fraction of diploid HAP1 cells in the culture is depicted in Fig. 5. Typical ﬂow cytometry instrumentation will use the forward scatter (FSC) signal for particle detection. Nuclei (and even more so haploid nuclei) are much smaller than cells, thus it needs to be ensured that they are not missed by the detectors as a result of the FSC threshold settings. 5. Transduction-enhancing compounds such as protamine sulfate can be harmful to cells. Although protamine sulfate has a relatively low cytotoxicity, the repeated exposure of HAP1 cells to the compound during a multiday transduction procedure may impact cell viability. If visual inspection of the cells shows elevated signs of cell death, it may be necessary to reduce the amount of protamine sulfate or suspend a scheduled transduction, in order to allow cells to recover. 6. Although cell division of HAP1 cells can be slowed during mutagenesis and cytotoxic effects of the transduction procedure may eliminate a certain number of cells, it is possible that the ﬂasks of HAP1 cells reach conﬂuency during mutagenesis. It is advisable to split the cells only if necessary, as additional culture ﬂasks will inadvertently increase the culture volume and thus lower the virus concentration during transduction. 7. When passaging mutagenized HAP1 cells, it is critical to maintain the complexity of the mutant library. The complexity
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corresponds to the number of mutant genotypes generated during the mutagenesis. When expanding mutagenized HAP1 cells, it is advisable not to discard any cells or to at least maintain the population at several-fold its genetic complexity [30]. Prior to freezing mutagenized HAP1 cells or seeding them for a genetic screen, the cells from different culture ﬂasks should be pooled. 8. In some cases (e.g., if a library of mutagenized HAP1 cells is generated in a speciﬁc genetic background), it may be useful to generate a reference data set of gene-trap insertion sites in cells not exposed to selection with the virus of interest. For this purpose, a pellet of ca. 30 million mutagenized cells can be generated after mutagenesis, and insertion sites can be mapped in this control as described in Subheading 3.7. However for most purposes, existing reference data sets of unselected wildtype HAP1 cells can be used [14]. 9. Fluorescence of at least 70% of the mutagenized cells typically indicates the successful generation of a sufﬁciently complex library of mutants. 10. For some viruses, the VOI-containing supernatant can remain on the HAP1 cells for the time of the titration experiment; for other viruses (especially replication-competent viruses), it may be necessary to (repeatedly) replace the supernatant with I10 medium to reduce the viral burden. Strongly cytotoxic viruses may require the addition of antivirals to limit infection. Ideal conditions should be determined experimentally. 11. Selections should result in ca. 4–40 colonies present per cm2 of culture ﬂask. This approximately corresponds to a selection of 1:1000–1:10,000 mutants, as at the start of the experiment 40,000 mutants were present per cm2 of culture ﬂask (1,000,000 cells seeded onto an area of 25 cm2). 12. These polymerase chain reactions should be pipetted quickly and placed in the PCR machine to avoid the magnetic beads from sinking to the bottom of the tubes before the reaction can begin. 13. To mitigate read alignment artifacts that stem from PCR and sequencing errors, multiple reads that align within a small distance of one another can be discarded, keeping only one read [12]. 14. Depending on the complexity of the data sets, it may be useful to implement additional ﬁltering criteria. For instance, to account for retroviral integration bias, it can be tested whether genes enriched for mutations in the selected population also display a signiﬁcant bias for disruptive integrations over integrations predicted not to affect gene function (intronic antisense) [14].
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Chapter 7 Phenotypic Lentivirus Screens to Identify Antiviral Single Domain Antibodies Florian Ingo Schmidt Abstract Our understanding of infection biology is based on experiments in which pathogen or host proteins are perturbed by small compound inhibitors, mutation, or depletion. This approach has been remarkably successful, as, for example, demonstrated by the independent identiﬁcation of the endosomal membrane protein Niemann-Pick C1 as an essential factor for Ebola virus infection in both small compound and insertional mutagenesis screens (Coˆte´, Nature 477:344–348, 2011; Carette et al., Nature 477:340–343, 2011). However, many aspects of host-pathogen interactions are poorly understood because we cannot target all of the involved molecules with small molecules, or because we cannot deplete essential proteins. Single domain antibody fragments expressed in the cytosol or other organelles constitute a versatile alternative to perturb the function of any given protein by masking protein-protein interaction interfaces, by stabilizing distinct conformations, or by directly interfering with enzymatic activities. The variable domains of heavy chain-only antibodies (VHHs) from camelid species can be cloned from blood samples of animals immunized with the desired target molecules. We can thus exploit the ability of the camelid immune system to generate afﬁnity-matured single domain antibody fragments to obtain highly speciﬁc tools. Interesting VHH candidates are typically identiﬁed based on their afﬁnity toward immobilized antigens using techniques such as phage display. The phenotypical screening approach described here allows the direct identiﬁcation of VHHs that prevent infection of cells with inﬂuenza A virus (IAV) or other pathogens. The VHH repertoire is cloned into a lentiviral vector, which is used to generate pseudo-typed lentivirus particles. Target cells are transduced with the lentivirus, so that every cell inducibly expresses a different VHH. This cell collection is then challenged with a lethal dose of virus. Only the cells which express a VHH that prevents infection by targeting virus proteins or host cell components essential for infection will survive. We can thus identify critical target molecules including vulnerable epitopes and conformations, render target molecules accessible to informative perturbation studies, and stabilize intermediates of virus entry for detailed analysis. Key words Alpaca, Functional screen, Inﬂuenza A virus, Lentivirus, Nanobody, Phenotypic screen, Single domain antibody, Variable domain of heavy chain-only antibody, VHH
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Introduction Proteins are versatile biomolecules that govern most aspects of life. Genome-wide knockout screens using tools like CRISPR/Cas9 help us to identify those proteins that are required for a given
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biological pathway—provided that the pathway can be coupled to a selectable readout, such as survival or expression of reporter genes. To understand protein function in more detail, we must investigate biological systems in the presence of the respective molecules. While a fraction of proteins can be targeted by small compound inhibitors, most molecules can only be perturbed by exploiting mutants or natural variants. Antibodies with their remarkable speciﬁcity and afﬁnity would be the perfect tools to alter function of target molecules, but cannot be imported into or expressed in cells efﬁciently [1]. These limitations can be circumvented by using fragments of camelid heavy chain-only antibodies [2]. The latter form of antibodies is generated in addition to conventional antibodies in all camelid species, including alpacas, llamas, and dromedaries: heavy chain-only antibodies are comprised of two identical heavy chains and bind their target with a single variable domain, the VHH (Fig. 1) [3]. VHHs retain their binding properties when expressed as individual proteins of about 15 kDa. Due to their relative independence of glycosylation and disulﬁde bonds, they can be expressed in the cytosol or other organelles of the cell to bind to target molecules at their endogenous expression levels. In addition to the manifold applications of puriﬁed VHHs, cytosolically expressed VHHs can aid the visualization of protein localization when fused to ﬂuorescent proteins or alter protein function by stabilizing or inducing distinct conformations, masking interaction interfaces, and interfering with active centers of enzymes [2]. Such interferences are often informative and reveal mechanistic insights into protein function [4]. To raise VHHs against desired target molecules, camelids like alpacas are immunized with puriﬁed antigens (individual proteins or puriﬁed virions). After multiple boosts, a blood sample containing B cells is drawn, peripheral blood lymphocytes are puriﬁed, mRNA is reversely transcribed into cDNA, and VHH coding sequences are ampliﬁed by PCR using speciﬁc primers [5]. The VHH repertoire is typically cloned into a
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Fig. 1 Comparison of conventional IgGs, heavy chain-only antibodies and VHHs/nanobodies: intermolecular disulﬁde bonds are depicted in green
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phagemid vector, which can subsequently be used to identify VHHs by phage display based on binding of VHHs to immobilized antigens [6–9]. Protocols for the generation of phagemid libraries and phage display have been described in detail elsewhere [5, 8]. This method has been successfully applied to raise VHHs against many viral targets, often with antiviral properties [10, 11]. However, whether VHH binding affects protein function in any way has to be tested in individual experiments—a timeconsuming approach. Moreover, only VHHs that bind to protein conformations that are populated in the puriﬁed protein can be identiﬁed, while VHHs binding to transient conformations or protein complexes may be lost. The method described here achieves the stringent, direct identiﬁcation of antiviral VHHs based on their phenotype, without the need for a phage display step or any other enrichment [12]. The identiﬁed VHHs recognize their targets in conformations or in complexes present in the infected cells. To achieve selection based on function, the VHH repertoire of an immunized animal (or a synthetic library) is cloned into a lentiviral vector (see Fig. 2 for an
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Produce pseudotyped lentivirus particles Fig. 2 Schematic of phenotypic lentiviral VHH screens to identify antiviral VHHs. We immunize alpacas with puriﬁed proteins or inactivated virions (see Note 5). The VHH repertoire from the cDNA of a blood sample is ampliﬁed by PCR and subsequently cloned into a lentiviral vector (via an intermediate cloning step into a smaller phagemid vector) (see Subheading 3.1). Lentiviral particles are produced in cells transiently transfected with packaging vectors and the library (see Subheading 3.2) to transduce target cells. After integration of proviral genomes, each transduced cell inducibly expresses a different VHH. All cells are challenged with a lethal dose of inﬂuenza A virus (see Subheading 3.3), which only cells expressing antiviral VHHs can survive. VHH sequences can be recovered from genomic DNA of surviving cells by PCR (see Subheading 3.4) (Figure modiﬁed from [12])
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Fig. 3 Overview of the lentiviral genome in pInducer20-NA with an exemplary VHH insert. The constitutively expressed reverse tetracycline transactivator 3 (rtTA3) is recruited to the tetracycline responsive element (TRE) when bound to doxycycline or tetracycline. It complements the minimal CMV promoter to achieve inducible expression of VHHs with a C-terminal HA tag. Expression of neomycin phosphotransferase II (NPTII) allows selection of transduced cells in the presence of G418/Geneticin. The entire VHH repertoire encoded in the blood sample of an immunized animal is cloned into the vector using NotI and AscI restriction sites to allow the expression of different VHHs in every transduced cell



overview of the procedure and Fig. 3 for details of the lentiviral vector used). HEK 293T cells are transfected with the lentiviral library and packaging vectors to produce lentiviral particles, which can be used to transduce A549 or other suitable target cells. Integration of VHH coding sequences into the target cell genome allows the generation of a cell pool, in which every cell inducibly expresses a different VHH. After induction of VHH expression, cells are challenged with a lethal dose of a virus, such as inﬂuenza A virus (IAV) (see Note 1). Cells can only survive if they express a VHH that interferes with the virus life cycle and thus prevents cell death. Surviving cell clones can be ampliﬁed as individual clones or pooled for next-generation sequencing (NGS) analysis. In both cases, VHH coding sequences integrated into the genome can be ampliﬁed by PCR and sequenced. While individual clones can be directly subjected to validation experiments, pooled samples allow a deeper analysis of sequence enrichment in the course of selection. The described methodology allows the identiﬁcation of VHHs that block virus infection by interacting with viral structural proteins or by interfering with host cell proteins that are required for infection, e.g., critical factors of endocytosis or nuclear import. The newly discovered antiviral mechanisms of action have the potential to reveal new strategies to interfere with virus infection. For example, inhibitors of endocytosis identiﬁed this way may act as broad antivirals. The obtained VHHs moreover provide novel tools to perturb and dissect the viral replication cycle. Phenotypic VHH screens are not limited to inhibitors of infection but may be employed to target any cellular process that can be coupled to a selectable readout, such as cell survival or expression of a reporter gene.
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Materials



2.1 Lentiviral Library Generation



1. Glycerol stock of VHH library in phagemid vector pJSC (see Note 2). 2. Lentiviral vector pInducer20-NA (see Fig. 3, derived from pInducer20 [12, 13]). 3. Plasmid Maxiprep kit. 4. AscI and NotI restriction enzymes with appropriate buffers. 5. Equipment to run 1% agarose gels and gel purify DNA fragments. 6. T4 DNA ligase with appropriate buffers. 7. Electrocompetent Escherichia coli ElectronTen-Blue (Agilent) (optimized for large vectors including lentiviral vectors). 8. Electroporator and electroporation cuvettes with 1 mm gap. 9. SOC medium: 0.5% (w/v) yeast extract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM KCl; autoclave and add sterile-ﬁltered MgCl2, MgSO4, and glucose to ﬁnal concentrations of 10 mM, 10 mM, and 20 mM, respectively. 10. 2YT medium: 1% (w/v) yeast extract, 1.8% (w/v) tryptone, 0.5% (w/v) NaCl (autoclaved); add 100 mg/mL ampicillin (sterile-ﬁltered) to a ﬁnal concentration of 100 μg/mL where indicated. 11. 2YT/glucose/ampicillin agar plates: 1% (w/v) yeast extract, 1.8% (w/v) tryptone, 0.5% (w/v) NaCl, 2% (w/v) agar; mix in 90% of volume, autoclave, cool down to 60  C, add 20% (w/v) glucose (sterile-ﬁltered) to a ﬁnal concentration of 2% and 100 mg/mL ampicillin (sterile-ﬁltered) to a ﬁnal concentration of 100 μg/mL, pour plates in 10 and 15 cm petri dishes. 12. 50% glycerol (autoclaved).



2.2 Production of Lentivirus



1. Lentiviral packaging vector psPax2 and pMD2.G (Trono lab, Addgene plasmids # 12259 and 12260). 2. HEK 293T cells. 3. A549 cells. 4. Lipofectamine 2000. 5. Full medium: DMEM with 10% FBS (with 1 penicillinstreptomycin (PS) where indicated). 6. Opti-MEM. 7. PBS. 8. 10 mg/mL polybrene. 9. 0.45-μm bottle top ﬁlters.
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10. 0.05% trypsin-EDTA. 11. 8% formaldehyde (FA) in PBS. 12. FACS permeabilizing buffer (FPB): 0.1% saponin, 2% (v/v) FBS, 5 mM EDTA, 0.02% (w/v) NaN3 in PBS. 13. FACS buffer (FB): 2% (v/v) FBS, 5 mM EDTA, 0.02% (w/v) NaN3 in PBS. 14. Rabbit anti-neomycin phosphotransferase II (NPII) (Fitzgerald Industries International, 20C-CR1112RP) and goat antirabbit Alexa Fluor 488. 15. Flow cytometer. 2.3 Phenotypic Screen



1. A549 cells. 2. Full medium: DMEM with 10% FBS (with 1 penicillinstreptomycin (PS) where indicated). 3. Full long-term medium: DMEM with 10% (v/v) FBS, 1 penicillin, streptomycin, and fungizone (PSF). 4. PBS (+): PBS with Ca2+ and Mg2+. 5. Infection medium: DMEM with 0.2% BSA. 6. 2 mg/mL doxycycline hyclate in H2O (sterile-ﬁltered). 7. 50 mg/mL G418 (Geneticin). 8. Titered Inﬂuenza A virus (IAV) stock (see Note 3). 9. PBS. 10. 0.05% (w/v) and 0.25% (w/v) trypsin-EDTA.



2.4 Sequence Analysis



1. Cell pellets from at least 2  105 transduced cells (from monoclonal cell line, scale up for pooled cells). 2. DNA extraction buffer: 1% SDS, 50 mM Tris, 100 mM NaCl, 1 mM EDTA (no pH adjustment). 3. 10 mg/mL protease K (aliquot reconstituted protease K and store at 20  C). 4. Isopropanol. 5. PCR machine. 6. Platinum PCR Super mix: 22 U/mL complexed recombinant Taq DNA polymerase with Platinum® Taq Antibody, 22 mM Tris-HCl (pH 8.4), 55 mM KCl, 1.65 mM MgCl2, 220 μM dGTP, 220 μM dATP, 220 μM dTTP, 220 μM dCTP, and stabilizers (Thermo Fisher). 7. 10 μM stocks of the pInducer20-NA primers. pInd20 seq F CGCCTGGAGACGCCATCC pInd20 seq R GCCTCCCCTACCCGGTAG 8. PCR puriﬁcation or gel extraction kit.
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1. A549 cells (or VHH-expressing cell lines obtained in screen). 2. Full medium: DMEM with 10% FBS. 3. 2 mg/mL doxycycline hyclate in H2O (sterile-ﬁltered). 4. PBS (+): PBS with Ca2+ and Mg2+. 5. Infection medium: DMEM with 0.2% BSA. 6. Titered Inﬂuenza A virus (IAV) stock (see Note 3). 7. 0.05% (w/v) trypsin-EDTA. 8. 8% (w/v) formaldehyde (FA) in PBS. 9. FACS permeabilizing buffer (FPB) (see Subheading 2.2, item 12). 10. FACS buffer (FB) (see Subheading 2.2, item 13). 11. VHH NP1 Alexa Fluor 647 [10] (see Note 4 for alternatives). 12. Flow cytometer.



3



Methods The lentiviral screening approach described here can sample an entire VHH library for those VHHs with antiviral properties, as described for anti-IAV VHHs in this protocol (see Note 1). The outcome of this method critically depends on the immunization and a VHH plasmid library that retains as much of the VHH diversity as possible (or a synthetic library of sufﬁcient diversity to compensate for the lack of selection and afﬁnity maturation afforded by the camelid immune system). After immunization, the VHH repertoire is ﬁrst cloned into a relatively small phagemid vector, for which the cloning procedure is more efﬁcient. Both methods have been described in detail for llama-derived VHHs [8]; the necessary adaptations for the generation of alpacas VHHs have been developed by Maass et al. [5] (see Note 5 for speciﬁc details of IAV immunization). The phagemid VHH library can be used for conventional phage display as described elsewhere [7] and more importantly can be ampliﬁed ad libitum. The VHH repertoire is then subcloned into a lentiviral vector, which is used to prepare VSV-G pseudo-typed lentiviral particles, which can transduce the target cell line of choice. The lentiviral vector used, pInducer20NA, is a derivative of pInducer20 [13], whose gateway cassette was replaced by a multiple cloning site containing the restriction sites NotI and AscI, which are used in both phagemid and lentiviral VHH libraries. This minimized the loss of VHHs due to restriction enzyme cleavage (other NotI sites in the vector were eliminated). The provirus to be inserted into the target cell genome encodes for a resistance marker (neomycin phosphotransferase II to select cells in the presence of G418), the reverse tetracycline-controlled
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Fig. 4 Results of an exemplary screen for antiviral VHHs derived from an alpaca immunized with inactivated inﬂuenza A virus particles (Figure modiﬁed from [12]). (a) We summarize the numbers of lentivirus-transduced cells, ampliﬁed clones of surviving cells, hits reducing infection by more than 40% (80%), hits containing a single VHH insertion, and antiviral VHH clusters identiﬁed. (b) Sequences alignment of representative antiviral hits (with numbers of independent identiﬁcations in parentheses). The complementarity-determining regions (CDRs) were assigned using IMGT®, the international ImMunoGeneTics information system® (http://www.imgt. org) [17]. Note the variability in the three CDRs of the VHH, while the rest of the molecule is well-conserved



transactivator 3 (rtTA3), and the VHH under control of a Tet-responsive element (TRE) (see Fig. 3). The latter allows doxycycline-inducible expression of the VHH. After VHH induction, cells are challenged with a lethal dose of virus. Surviving cell clones can be ampliﬁed and analyzed individually (as described here, see Fig. 4 for the results of an exemplary screen) or pooled and subjected to NGS analysis of VHH-speciﬁc PCR products. To characterize and validate the hits, we typically sequence VHH inserts, perform infection experiments (both as described here), and determine VHH targets by LUMIER assays [12, 14]. The bound epitopes can subsequently be deﬁned biochemically (competition experiments), functionally (identiﬁcation of viral escape mutants), as well as structurally (solving the structure of VHH-target complexes) [15, 16]. Lastly, the functional consequences of VHH expression can be analyzed in detail to reveal novel insights into the viral life cycle. This involves among other things the quantiﬁcation of individual steps of the viral life cycle, including virus entry, nuclear import, gene transcription, genome replication, and release of progeny virus.
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1. Maxiprep of pJSC VHH library (see Notes 2, 5 and 6). (a) Add 500 μL of pJSC VHH glycerol stock to 300 mL 2YT with ampicillin. (b) Shake in an Erlenmeyer ﬂask at 37  C for 3 h. (c) Spin down at 4000  g, 4  C for 20 min. (d) Purify plasmid DNA using Maxiprep kit. 2. Digest 40 μg of pInducer20-NA and 100 μg of pJSC VHH library with 200 U/mL AscI and 400 U/mL NotI in 200/400 μL reaction volume at 37  C overnight. 3. Gel purify linearized vector and VHH insert on 1% preparative agarose gel (see Note 7) and elute in H2O. 4. Ligate 10 μg of linearized pInducer20-NA and 2 μg of VHH insert with 20,000 U T4 ligase in 1 mL volume with appropriate buffer at 16  C overnight (see Note 8). 5. Purify ligation reaction using PCR puriﬁcation kit, elute in 50 μL H2O (see Note 9). 6. Electroporation: (a) Transfer 20 40 μL of E. coli ElectronTen-Blue in electroporation cuvette (near ﬂame, on ice). (b) Add 2.5 μL of puriﬁed ligation reaction into electroporation cuvette, close cuvette, tap gently to distribute bacteria/DNA mixture, wipe dry (continue swiftly to keep cuvette cool). (c) Pulse cuvette at 2250 V, 200 Ω, 25 μF. (d) Immediately place cuvette on ice and add 500 μL of SOC medium. (e) Repeat steps b–d until the complete ligation reaction is used up. (f) Pool bacteria from all cuvettes in a 50 mL conical tube (write down ﬁnal volume to extrapolate the total number of colonies obtained), and incubate at 30  C for 1 h. 7. Plate bacteria: (a) Prepare a tenfold serial dilution of bacteria in SOC for titration, starting with 100 μL of bacteria +900 μL of SOC (1), prepare (2) – (9) dilutions accordingly, place 100 μL on warm 10 cm 2YT/2% glucose/Amp plates with L-shaped plastic bacteria spreader. (b) Plate remaining bacteria suspension on warm 15 cm 2YT/2% glucose/Amp plates (1 mL suspension per plate with L-shaped plastic bacteria spreaders). (c) Incubate all plates at 30  C overnight (see Note 6).
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8. Count colonies of serial dilution, and calculate the total number of colonies obtained (should be above 107, ideally ca. tenfold higher than the maximal diversity of the phagemid library). 9. Harvest and pool bacteria colonies on big plates by resuspending colonies in 2 5 mL of SOC per plate (using L-shaped plastic bacteria spreader); add 50% glycerol to a ﬁnal concentration of 15% glycerol (3/7 of volume). 10. Use fresh glycerol stock for Maxiprep (step 12), and aliquot remaining glycerol stock for storage at 80  C. 11. Pick ten random colonies from titration plates, grow miniprep cultures, and perform test digest with NotI and AscI to verify the efﬁciency of ligation. 12. Maxiprep of pInducer20-NA VHH library: (a) Add 10 mL of glycerol stock of pInducer20-NA VHH library to 500 mL of 2YT with ampicillin. (b) Shake in an Erlenmeyer ﬂask at 30  C for 9 h (see Note 6). (c) Spin down at 4000  g, 4  C for 20 min. (d) Purify plasmid DNA using Maxiprep kit (typically using three columns per library). (e) Elute/resuspend DNA in H2O. 3.2 Production of Lentiviruses



1. Seed 15-cm dishes of HEK 293T cells in complete medium to reach about 90% conﬂuency the next day (typically 2 dishes are sufﬁcient for a screen with 30 15-cm plates of A549 cells). 2. Transfection (per dish): (a) Add 81 μL of Lipofectamine 2000 to 3.35 mL of OptiMEM, incubate for 5 min at RT. (b) Combine 20.2 μg pInducer20-NA VHH library, 8.8 μg psPax2, and 4.7 μg pMD2.G in 3.35 mL of Opti-MEM. (c) Mix Lipofectamine 2000 and DNA dilution thoroughly by pipetting up and down ﬁve times, incubate for 20 min at RT. (d) Cover HEK 293T cells with 22.5 mL of fresh complete medium. (e) Add DNA/Lipofectamine the dish.



complexes



dropwise



to



(f) Leave in an incubator at 37  C, 5% CO2 for 6–8 h, aspirate supernatant, and add 22.5 mL of fresh complete medium. 3. Harvest supernatant after 48 h, and ﬁlter through 0.45-μm ﬁlter. 4. Freeze aliquots in liquid N2 and store at 80  C (see Note 10).
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5. Titration of lentivirus: (a) Seed one 12-well plate of A549 cells to reach ca. 80% conﬂuency the next day, and incubate overnight. (b) Determine total number of cells in one well: Wash cells with 0.5 mL of PBS, add 0.3 mL of 0.05% trypsin, incubate at 37  C until cells are dislodged, add 0.2 mL of complete medium, resuspend cells, count cells using automatic cell counter or hemocytometer, calculate the number of cells per well. (c) Thaw a lentivirus aliquot (see Note 11), and prepare tenfold dilutions of lentivirus in complete medium with 10 μg/mL polybrene: (0) 600 μL lentivirus library +600 μL complete medium (with 2 polybrene) (1) 120 μL (0) + 1080 μL complete medium with PS and 10 μg/mL polybrene (2) (6) as above (d) Add 1 mL of lentivirus suspension or 1 mL of medium (mock) to cells, and incubate for 8 h. (e) Add doxycycline to a ﬁnal concentration of 1 μg/mL, and incubate overnight. (f) 24 h post transduction (16 h post induction): Aspirate medium and add fresh complete medium with PS and 1 μg/mL doxycycline, incubate for 24 h. (g) Wash cells with 0.5 mL of PBS, add 0.4 mL of 0.05% trypsin, incubate at 37  C until cells are dislodged, add 0.3 mL of PBS, resuspend cells, and incubate with 0.7 mL of 8% FA/PBS at RT for 20 min. (h) Sediment cells at 300  g, RT for 5 min, aspirate supernatant and resuspend pellet in 1 mL of FPB, and incubate at RT for 20 min. (i) Sediment cells at 300  g, RT for 5 min, aspirate supernatant and resuspend pellet in 100 μL of 10 μg/mL rabbit anti-NPTII in FPB (see Note 12), incubate at RT for 1 h, and add 1 mL FPB. (j) Sediment cells at 300  g, RT for 5 min, aspirate supernatant, and resuspend pellet in 1 mL of FPB. (k) Sediment cells at 300  g, RT for 5 min, aspirate supernatant and resuspend pellet in 100 μL of 4 μg/mL goat anti-rabbit IgG Alexa Fluor 488 in FPB, incubate at RT for 1 h, and add 1 mL of FPB. (l) Sediment cells at 300  g, RT for 5 min, aspirate supernatant, and resuspend pellet in 1 mL of FPB.
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(m) Sediment cells at 300  g, RT for 5 min, aspirate supernatant, and resuspend pellet in 300 μL of FB. (n) Determine the fraction of green ﬂuorescent cells by ﬂow cytometry. (o) Calculate titer from a well with between 10 and 30% positive cells. Example: (2) dilution (factor 200), 11.8% cells NPTII positive (mock, 2.76% positive); corrected value, 9.04% NPTII positive; 1.45  104 cells per 12-well at time of infection. Titer ¼ Fractioninfected  number of cells per well  dilution ¼ 9.04/100  1.45  104 cells  100  2/mL ¼ 2.62  106 infectious units (IU)/mL 3.3 Phenotypic Screen



Day 0 (Seed Cells)



1. Seed A549 cells in an appropriate number of 15 cm dishes (1.5  106 cells per plate), and calculate desired coverage assuming a transduction rate of 25% of cells (see Note 13). Seed three extra dishes in addition to the ones used for the screen (one untreated dish to count cells on day 1, one lentivirus-transduced dish to count cells on day 3 and to determine the transduction efﬁciency, one mock-transduced dish to be infected with IAV as a negative control [no surviving cells expected]). 2. Grow cells overnight in an incubator at 37  C, 5% CO2. Day 1 (Transduction and Induction of Gene Expression)



3. Wash one 15 cm dish with 10 mL of PBS and trypsinize with 5 mL of 0.05% trypsin, incubate at 37  C, resuspend cells with 5 mL of medium. 4. Count cells to calculate the number of cells per dish (e.g., 2.18  106). 5. Prepare lentivirus VHH library inoculum (multiplicity of infection [MOI] 0.25, 25 mL medium per plate, 10 μg/mL polybrene). (a) Volume lentivirus for MOI 0.25 ¼ 0.25  number of cells to be infected/lentivirus titer (e.g., V ¼ 0.25 IU  33 plates  2.18  106/ 1.42  106 IU/mL ¼ 12.7 mL). (b) Inoculum: 14 mL lentivirus +893.5 mL of complete medium with PS + 908 μL 10 mg/mL polybrene (10% excess of inoculum).
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6. Decant medium off plates, and add 25 mL inoculum per plate (one extra plate to determine cell number and transduction rate). 7. Incubate for 8 h in an incubator at 37  C, 5% CO2. 8. Add 12.5 μL of 2 mg/mL doxycycline per plate, and incubate overnight at 37  C, 5% CO2. Day 2 (Medium Change)



9. At 24 h post transduction (16 h post induction): remove medium by aspiration, and add 25 mL of complete medium with PS and 1 μg/mL doxycycline. Day 3 (IAV Infection)



10. Count cells and determine the fraction of transduced cells. (a) Wash one lentivirus-transduced 15 cm dish with 10 mL of PBS and trypsinize cells with 5 mL of 0.05% trypsin, resuspend cells with 5 mL of medium. (b) Count cells to calculate the number of cells per dish (e.g., 6.88  106 cells). (c) Fix 1 mL of cell suspension (and a sample of untransduced A549 cells) with 1 mL of 8% FA/PBS. Stain for NPII as described in step 5 to determine the fraction of transduced cells (e.g., 33% NPII positive). (d) The remaining sample of transduced cells can be frozen at 20  C as a cell pellet (as NGS reference for VHH diversity in unselected, transduced cells) or frozen as a stock for further cultivation in 90% FBS/10% DMSO (to be used in additional screens). 11. Prepare IAV inoculum at MOI 13, 10 mL per dish (see Notes 1 and 3). (a) Volume virus (MOI 13) ¼ 13  number of cells to be infected/virus titer (e.g., VIAV ¼ 13 IU  33  6.88  106/8.43  107 IU/ mL ¼ 35.4 mL). (b) Inoculum according to, e.g., 39 mL of IAV + 324 mL of infection medium (10% excess). 12. Wash plates with 10 mL of PBS (+), aspirate PBS, add 10 mL of inoculum (infect all remaining dishes with transduced cells and one dish of untransduced A549 cells as mock control). 13. Incubate in incubator for 1 h at 37  C, 5% CO2.
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14. Aspirate inoculum; add 30 mL of full medium with PS and 1 μg/mL doxycycline. 15. Incubate for 48 h at 37  C, 5% CO2. Day 5 (Split Cells; See Note 14)



16. Wash cells with 10 mL of PBS, add 5 mL 0.25% trypsin (cells are harder to dislodge after transduction and infection), incubate at 37  C until cells come off, add 15 mL of full long-term medium with 1 μg/mL doxycycline, resuspend cells, and seed 2  10 mL in two new 15 cm dishes with 20 mL of full longterm medium with 1 μg/mL doxycycline. 17. Add 1.3 μL of 2 mg/mL doxycycline to each plate (to compensate for the volume of trypsin). 18. Incubate for 3 days in incubator at 37  C, 5% CO2. Day 8 (Remove Dead Cells and Cultivate Cells)



19. Replace medium with 30 mL of full long-term medium with 1 μg/mL doxycycline. Day 11



20. Replace medium with 30 mL of full long-term medium with 1 μg/mL doxycycline. Day 13



21. Replace medium with 30 mL of full long-term medium with 500 μg/mL G418 (to select for transduced cells and prevent loss of lentiviral inserts). Day 14



22. Add 3 mL of ﬁltered FBS per plate to help single cells grow into colonies, leave plates in incubator and avoid moving them in the meantime (see Note 15). 3–4 Weeks After IAV Infection (Harvest Cells) Cells surviving the selection process can either be trypsinized and pooled for sequence analysis by NGS or harvested as individual colonies (monoclonal cell lines), as described in the following steps: 23. Mark visible cell colonies on the bottom of the plate. 24. Aspirate medium, and add 10 mL of PBS.
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25. Scrape each colony off with a P200 micropipette while, at the same time, aspirating the dislodged cells into the pipette tip (2  50 μL, P200), and place in 96-well plate (keep on ice). 26. When harvesting is complete, cover the 15 cm dishes with fresh, full long-term medium, and cultivate as backup. 27. Add 100 μL 0.05% trypsin per well to the harvested cell colonies in PBS (96-well plate); incubate in 37  C incubator for 10 min. 28. Resuspend cells with a multichannel pipette. 29. Pool 10 μL of each cell suspension to one 15 cm dish (pooled hits; see Note 16). 30. Transfer the remaining cell suspensions to each 1 mL full longterm medium with extra FBS (20% total) in a 12-well plate. Cultivation of Clones: Check 12-well plates each day and survey the conﬂuency. 31. When 12-well plates are 70–100% conﬂuent: (a) Wash cells with 1 mL of PBS, add 0.4 mL 0.05% trypsin, incubate at 37  C, add 2 mL of complete long-term medium with 500 μg/mL G418, and resuspend cells with a P1000 pipette. (b) Seed 2 600 μL in a 24-well plate (for the infection assay, see Subheading 3.5). (c) Add remaining cells to 2 mL of DMEM (FBS, PSF, G418) in a 6-well plate. Check 6-well plates each day and survey the conﬂuency. 32. When 6-well plates are conﬂuent: (a) Wash cells with 1 mL of PBS, add 0.5 mL 0.05% trypsin, incubate at 37  C, add 0.5 mL of complete long-term medium with 500 μg/mL G418, and resuspend cells with a P1000 pipette. (b) Freeze cells for later cultivation: 750 μL resuspended cells in new, sterile tube, pellet at 300  g, 5 min, RT, resuspend pellet in 1 mL 90% FBS/10% DMSO, put immediately on ice, place all tubes in cardboard box or in a freezing cell, and freeze at 80  C. (c) Harvest cell pellets for DNA extraction and sequence analysis: Add 1 mL PBS to remaining 250 μL of cells; pellet at 300  g, 5 min, RT; aspirate supernatant; and freeze pellet at 20  C (see Subheading 3.4).
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3.4 Sequence Analysis



Day 1 (Extraction of Genomic DNA)



1. Thaw cell pellet and resuspend in 200 μL of DNA extraction buffer +2 μL 10 mg/mL protease K (scale up for NGS). 2. Shake in thermomixer at 55  C for 2 h. 3. Spin in tabletop centrifuge at full speed (14,000 rpm or 20,800  g), RT, for 15 min. 4. Transfer supernatant to tube with 200 μL of isopropanol, and shake vigorously. 5. Spin in tabletop centrifuge at full speed (14,000 rpm or 20,800  g), RT, for 10 min. 6. Aspirate supernatant, and dry DNA pellets in a fume hood. 7. Add 100 μL of H2O, and incubate overnight at 4  C. Day 2 (PCR Ampliﬁcation of VHH Lentivirus Insert)



8. Mix 5 μL of genomic DNA, 1 μL 10 μM pInd20 seq F, 1 μL 10 μM pInd20 seq R, and 45 μL Platinum PCR SuperMix (see Note 17). 9. Perform hot start PCR with the following parameters: 94  C for 3:00 min, 30 cycles of 94  C for 0:30 min/55  C for 0:30 min/72  C for 1:00 min, followed by 72  C for 10 min; and store at 4  C. 10. Purify the PCR product using PCR puriﬁcation kit (for Sanger sequencing) or 1% agarose gel and gel puriﬁcation kit (for NGS), and elute in 10 μL of H2O. 11. Sequence by Sanger sequencing with forward primer or subject to NGS (see Notes 18 and 19). 12. Align amino acid sequences of VHHs with appropriate software and algorithms (e.g., Clustal Omega). Classify sequences into groups of highly similar VHHs and analyze representative hits. 3.5



Infection Assay



Day 1 (Seed Cells)



1. Seed two wells of a 24-well plate with 2.5  104 cells of each cell line to be tested (or ﬁxed volume from cultivated cell clone as described in Subheading 3.3, step 32) and grow in an incubator overnight. Also seed four wells of wild-type A549 cells (two wells will be mock-infected, two wells will be infected with IAV). Day 2 (Induce VHH Expression)



2. Aspirate medium, and add fresh full medium  1 μg/mL doxycycline (one well each).
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Day 3 (Infection)



3. Prepare IAV infection inoculum at an MOI of 0.7 (to achieve 50% infection, see Note 3) in infection medium. 4. Wash cells with 500 μL of PBS (+). 5. Aspirate PBS and add 150 μL of IAV infection inoculum (infection medium for mock infection of wild-type A549 cells), and place in incubator for 30 min (shake every 10 min). 6. Aspirate inoculum and add 0.5 mL of full medium  1 μg/mL doxycycline, and incubate in incubator for 5.5 h. 7. Wash cells with 0.5 mL of PBS, add 0.3 mL 0.05% trypsin, incubate at 37  C until cells dislodge, add 0.2 mL of PBS, and resuspend cells and incubate with 0.5 mL 8% FA/PBS at RT for 20 min. 8. Sediment cells at 300  g, RT for 5 min, aspirate supernatant and resuspend pellet in 0.2 mL FPB, and incubate at RT for 20 min (transfer to a round bottom 96-well plate). 9. Sediment cells at 300  g, RT for 5 min, aspirate supernatant and resuspend pellet in 100 μL 100 ng/mL VHH NP1 Alexa Fluor 647 in FPB (see Note 4 for alternatives), incubate at RT for 1 h, and add 0.1 mL of FPB. 10. Sediment cells at 300  g, RT for 5 min, aspirate supernatant, and resuspend pellet in 0.2 mL of FPB. 11. Sediment cells at 300  g, RT for 5 min, aspirate supernatant, and resuspend pellet in 200 μL of FB, transfer to FACS tube with 100 μL of FB. 12. Determine fraction of infected cells by ﬂow cytometry and compare infection between untreated cells (without doxycycline) and VHH-expressing cells (with doxycycline).



4



Notes 1. Similar screens can be performed with any other virus that kills infected cells. The described IAV infection corresponds to a single-round infection as the progeny virus produced in A549 cells is not infectious in the absence of trypsin (virus stocks were prepared in the presence of TPCK-treated trypsin). In case of viruses that undergo full replication in the target cells, it may be necessary to reduce or prevent further virus spread to obtain surviving cells. To perform comparable screens with VSV [10], cells were cultivated in the presence of 100 mM NH4Cl and 20 mM HEPES after initial infection (the medium contains an equilibrium of NH4+ and NH3; NH3 diffuses into cells, is protonated in endosomes, and thus prevents endosomal
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acidiﬁcation and superinfection by progeny virus). To prevent further spread after trypsinization and restore normal endosome function required for long-term survival, colonies of surviving cells were grown in medium containing 1.5% carboxymethyl cellulose, which substantially reduces Brownian motion and spread of progeny virus. To prevent the loss of surviving cell clones during ampliﬁcation due to replication of residual VSV, cells were cultivated in the presence of doxycycline and the VSV-neutralizing antibody IE228. 2. The phagemid vector pJSC is a derivative of pCANTAB5 (Amersham) and contains a pelB signal peptide, NotI and AscI sites to insert VHH coding sequences, an E tag, an amber stop codon, and the M13 gene 3 [5]. The VHH repertoire from the B cells of a 50 mL blood sample is ampliﬁed by PCR on cDNA and cloned into pJSC using NotI and AscI as described in [5]. Any other cloning vector that matches the restriction sites of the target lentiviral vector can be used (or the lentiviral vector adapted accordingly). 3. Virus titers should be determined in the desired target cells, e.g., by infection assays with serial dilutions of the virus (see Subheading 3.5). The MOI required to infect 50% of cells or kill 100% of the target cells (see Note 14) should also be determined experimentally in the same cell line (can be downscaled to 24-wells). If an inhibitory VHH or other protein is known, also test whether cells expressing this protein survive infection with a lethal dose that otherwise kills 100% of cells (check enrichment compared to the control VHH or protein). 4. Alternatively, IAV NP can also be stained with 1 μg/mL of antimouse NP (HB-65, hybridoma cells available from ATCC) and 4 μg/mL of goat anti-mouse IgG Alexa Fluor 647. 5. To raise heavy chain-only antibodies against IAV structural proteins, we immunized a juvenile alpaca 5 with ethanolinactivated virions and aluminum hydroxide (each injection corresponding to 5  1011 plaque forming units of virus before inactivation) [10, 12]. 6. Prepare a Maxiprep of the lentiviral vector pInducer20-NA at the same time. Grow all bacteria transformed with lentiviral constructs at 30  C or in Escherichia coli Stbl3 to prevent homologous recombination of LTRs. 7. Use a preparative comb or use scotch tape to modify a regular comb to prepare the agarose gels. Make sure to use multiple DNA puriﬁcation columns to not exceed the maximum binding capacity (check instructions for the speciﬁc kit). 8. We aim for an insert to vector ratio of 5:1.
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9. Elution in H2O is crucial to minimize the salt concentration and prevent arcing during electroporation. 10. To minimize freeze-thawing, prepare aliquots of the lentivirus (2 1 mL for titration, the remaining supernatant as 5 mL aliquots). 11. Thaw a new frozen stock of lentivirus for both titration and the screen to ensure comparable transduction efﬁciencies. 12. Prepare aliquots of rabbit anti-NPTII to prevent freezethawing of this very sensitive antibody. It is possible to co-stain HA-tagged VHHs with ﬂuorescently labeled antiHA antibodies. However, since VHH expression levels vary greatly and not all transduced cells express detectable amounts of VHHs, HA-staining is not suitable for titration. 13. We typically aim to transduce ten times more cells than the maximal diversity expected based on the number of colonies in the initial library generation (in a phagemid vector). 14. We found that many cells remained attached after IAV infection but that they were no longer able to adhere after trypsinization. Trypsinization therefore increased the stringency of selection. Splitting cells into new dishes further helped to remove cells that were not accessible to virus and/or trypsin. 15. Always check the same transduced plate, and compare it to the mock-transduced plate to monitor selection (avoid moving the other plates). Due to this recurring movement, this plate will ultimately contain more colonies than the others, as individual cells derived from a single surviving cell clone might form multiple colonies. We typically found 0–30 colonies per 15 cm plate. 16. The pool can be more rapidly grown up to perform a test infection (see Subheading 3.5) and verify the success of the screen; cells can also be used for NGS. 17. Use maximal caution to prevent cross-contamination with DNA fragments encoding VHHs. Use fresh primer stocks and ﬁlter tips. Perform negative control PCRs without template. 18. Despite low MOIs during transduction, we found that ca. 50% of monoclonal cell lines contained multiple insertions, possibly due to the incorporation of two different RNA molecules into a single lentiviral particle. For simplicity, these cell lines were excluded from our analysis (the VHHs encoded in mixed PCR products could be determined by digesting them with AscI and NotI, cloning them into pInducer20-NA cut with the same restriction enzymes and sequencing plasmids from individual clones obtained from bacteria transformed with the ligation reaction). Since the nonfunctional VHHs that were co-integrated into the genome should be randomly selected,
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Chapter 8 Deciphering Virus Entry with Fluorescently Labeled Viral Particles Anja B. Hoffmann, Magalie Mazelier, Psylvia Le´ger, and Pierre-Yves Lozach Abstract To infect host cells, viruses have to gain access to the intracellular compartment. The infection process starts with the attachment of viruses to the cell surface. Then a complex series of events, highly dynamic, tightly intricate, and often hard to investigate, follows. This includes virus displacement at the plasma membrane, binding to receptors, signaling, internalization, and release of the viral genome and material into the cytosol. In the past decades, the emergence of sensitive, accurate ﬂuorescence-based technologies has opened new perspectives of investigations in the ﬁeld. Visualization of single viral particles in ﬁxed and living cells as well as quantiﬁcation of each virus entry step has been made possible. Here we describe the procedure to ﬂuorescently label viral particles. We also illustrate how to use this powerful tool to decipher the entry of viruses with the most recent ﬂuorescence-based techniques such as high-speed confocal and total internal reﬂection microscopy, ﬂow cytometry, and ﬂuorimetry. Key words Endocytosis, Flow cytometry, Fluorescent dyes, Fluorescently labeled viral particles, Fluorimetry, Intracellular trafﬁcking, Membrane fusion, Microscopy, Single viral particle tracking, Virus entry
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Introduction Animal viruses present an apparent diversity, not only in size, structure, tropism, and mode of replication but also at the level of host cell entry. To transfer their genome and proteins into the cytosol, enveloped viruses make use of membrane fusion, while non-enveloped viruses induce membrane lysis or pore formation [1, 2]. The penetration can occur directly through the plasma membrane (Fig. 1) [3]. However a large majority of viruses enters the cytosol through endosomal membranes following binding to cellular surface receptors and sorting into the endocytic machinery (Fig. 1) [1, 4]. A few viruses have been shown to penetrate cells from the endoplasmic reticulum [2]. The requirements and details differ in each case.
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Fig. 1 The different ways viruses enter cells. Viruses employ two main strategies to enter the cytosol of host cells, either through endocytosis or by direct penetration of the plasma membrane. Here enveloped viruses are illustrated; however, non-enveloped viruses have evolved similar strategies. Adapted from [40]



In the last decades, major advances in ﬂuorescence microscopy and other ﬂuorescence-based techniques have signiﬁcantly contributed to improve our understanding of early virus-host cell interactions. Nevertheless, the big picture of virus entry remains largely incomplete. Our knowledge of these complex processes, which involve hundreds of cellular factors with many functions, is limited to a sprinkle of viruses. Here we will provide general protocols to study virus entry in ﬁxed and living cells. We will ﬁrst describe a method to label viruses with ﬂuorescent dyes. We next present a set of basic experimental procedures involving the use of ﬂuorescently labeled viruses in combination with advanced ﬂuorescence microscopy, ﬂow cytometry, and ﬂuorimetry technologies to investigate virus binding, uptake, intracellular trafﬁcking, and fusion. To illustrate our points, Uukuniemi virus (UUKV) will serve as a model system, but the procedures described here can be readily applied to inﬂuenza virus and other viruses.



Fluorescent Labeling of Viruses



1.1 The ArthropodBorne Virus Uukuniemi
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UUKV is an arthropod-borne virus (arbovirus) from the genus Phlebovirus in the Phenuiviridae family (order Bunyavirales) [5]. UUKV was originally isolated from the Ixodes ricinus tick reservoir in the 1960s [6], and later, from seabirds [7]. UUKV constitutes the viral model system to study the highly pathogenic tick-borne human phleboviruses that have recently emerged in different parts of the world [8, 9]. Examples are Heartland virus in North America [10] and severe fever with thrombocytopenia syndrome virus (SFTSV) in Asia, with the latter causing a fatality rate of up to 60% in several outbreaks [11]. Similar to other phleboviruses, UUKV particles are enveloped and roughly spherical (ca. 100 nm in diameter) with a tri-segmented single-stranded ribonucleic acid (RNA) genome (Fig. 2a) that replicates exclusively in the cytosol [12]. The three RNA segments encode four structural proteins in a negative-sense orientation: the nucleoprotein N, the RNA-dependent RNA polymerase L, and two transmembrane glycoproteins (GN and GC) [5, 13]. The protein N is associated with the RNA genome and, together with the viral polymerase, constitutes the ribonucleoproteins. On viral particles, GN and GC are responsible for the virus attachment to target cells [12]. Many open questions remain concerning the receptors, cellular factors, and pathways used by phleboviruses to enter their host cells. However, the human C-type lectins DC-SIGN and L-SIGN have been shown to act as receptors for UUKV and many human pathogenic phleboviruses [14, 15]. Both lectins are interesting candidate molecules to explain the tropism of phleboviruses for dermal dendritic cells (DCs) and the liver [5]. DC-SIGN is expressed on the surface of dermal DCs, while L-SIGN is present on the endothelium lining hepatic sinusoids. Following virus binding to cells, UUKV is sorted into the endocytic machinery and enters the cytosol by acid-activated membrane fusion from late endosomal compartments [4, 15, 16]. Therefore, UUKV is a late-penetrating virus, a large group of viruses that share dependence on late endosomal maturation for productive infection, including inﬂuenza virus [4]. Upon endosomal acidiﬁcation, UUKV glycoproteins undergo multiple conformational changes resulting in the fusion of the virus envelope with the endosomal membrane and then the subsequent release of the viral genome and associated proteins into the cytosol [16, 17]. While acidiﬁcation below pH ~5.5 is sufﬁcient to trigger UUKV fusion [16, 18], the efﬁciency of the whole process depends on additional factors such as the lipid composition of target membranes. For instance, the late endosomal lipid bis-(monoacylglycero)-phosphate facilitates UUKV fusion [18]. Once the virus gains access to the cytosol, replication and infection begin.
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Fig. 2 The different ﬂuorescent dyes used to label UUKV. (a) Schematic representation of UUKV. The three viral genomic segments are designated according to their size: S (small), M (medium), and L (large). Adapted from [12]. (b) Two types of chemical compounds have been used to ﬂuorescently label UUKV particles: AF molecules that react with free primary amines on the viral glycoproteins GN and GC (left column) and the lipophilic dye R18 that inserts into the viral lipid bilayer envelope (right column). (c) Principle of the R18-based UUKV fusion assay. After fusing with the target membrane, the auto-quenched R18 becomes dequenched and ﬂuorescent
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UUKV represents an interesting model to study arbovirus entry. Large amount of virus can be produced in the absence of serum, which largely facilitates the puriﬁcation steps and subsequent ﬂuorescence-labeling procedures. Bright ﬂuorescent viral particles can be obtained without impairing the infectivity of the virus using a minimal molecular ratio of dyes to viral envelope glycoproteins. Finally, UUKV is a validated biosafety laboratory level 2 surrogate for arboviruses of higher biosafety classiﬁcation. The use of UUKV allows approaches such as live-cell imaging that are nearly impossible for pathogenic human arboviruses, most of which must be handled in higher biosafety laboratories. 1.2 Small Fluorescent Dye Molecules to Label Viral Particles



There are a diverse range of methods to make viral particles ﬂuorescent. Many viruses have successfully been genetically engineered to carry ﬂuorescent protein reporters [19], stainable small tags such as the tetracysteine peptide with biarsenical ﬂuorescent compounds [20], or clickable amino acids, a novel technology with minimal invasiveness [21]. Fluorescent dye molecules are also commonly employed to non-speciﬁcally stain the transmembrane proteins and envelope membranes in viral particles (Fig. 2b) [19]. All of these technologies present their own set of advantages and limitations, which are all discussed in recent reviews [19–21]. In this chapter, we will limit our experimental labeling procedures to the use of the ﬂuorescent dyes Alexa Fluor (AF) succinimidyl esters and octadecyl rhodamine B chloride (R18). Labeling of viral particles with those dyes is arguably the least invasive method and is compatible with analysis of ﬁxed- and live-cell samples. In addition, these dyes each exhibit bright ﬂuorescence and great photostability. While the dye AF reacts with free amine groups to form covalent links on viral transmembrane proteins such as UUKV GN and GC, R18 inserts in the lipid bilayer membrane of virions (Fig. 2b). AF-conjugated viral particles are often used to monitor virus binding, uptake, and intracellular trafﬁcking. AF dyes exist in different versions that cover a broad range of emission colors from ultraviolet to far red. The lipophilic dye R18 is rather employed to assess and quantify viral membrane fusion. The high density of R18 dye molecules in the virus envelope results in the auto-quenching of the ﬂuorescence signal. After fusion, the release of R18 in the endosomal membrane is followed by a ﬂuorescence increase that can be quantiﬁed with a spectroﬂuorometer (Fig. 2c).



1.3 Fluorescence Microscopy to Track Virus Entry Events



Fluorescence microscopy offers a powerful tool to investigate virus entry. Laser scanning confocal microscopy allows internal imaging by scanning multiple focal planes from the bottom to the top of a cell. Derived technologies have enabled ultrafast confocal imaging such as spinning disc microscopy, which are particularly appropriate to study the dynamics of virus entry into cells. Total internal
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reﬂection ﬂuorescence (TIRF) microscopy is another example of a recently developed ﬂuorescence microscopy technique. TIRF microscopy permits the visualization of the plasma membrane and virus motion at the cell surface with unprecedented accuracy. Super-resolution microscopy as well as correlative light and electron microscopy (CLEM) provide access to ultrastructural details of virus penetration into cells. Multiphoton microscopy will arguably open the possibility to follow virus entry in live animals in the near future. For a more complete picture of these microscopy techniques, we recommend recent reviews [22–27]. 1.4 Quantiﬁcation and Deﬁnition of the Main Virus Entry Steps



2 2.1



Development of image analysis and deep-learning algorithms have enabled the tracking of a larger number of virus entry events from microscopy pictures and in turn the quantiﬁcation of the different virus entry stages [28, 29]. In many cases, ﬂow cytometry and ﬂuorimetry represent an interesting alternative to measure virus binding, internalization, and fusion. Both methods offer a good compromise between the number of samples to analyze and the rapidity of analysis. Furthermore, the monitoring of ﬂuorescently labeled viral particles by ﬂuorescence microscopy, ﬂow cytometry, and ﬂuorimetry can be combined with the use of perturbants of the endocytic machinery such as drugs, dominant negative and constitutively active mutants, and small interfering RNAs [30]. In addition, prior to exposure to viruses and subsequent analysis, cells can also be transfected with plasmids encoding endocytic markers fused to ﬂuorescent proteins [19]. Together these approaches have been proven useful to provide new insights into the entry program of a number of viruses [15, 16, 28, 31–35].



Materials Virus Production



1. 175-cm2 cell culture ﬂasks with ﬁlter screw caps. 2. Glasgow’s Minimum Essential Medium (GMEM). 3. Baby hamster kidney cells BHK-21: cultured in GMEM, supplemented with 5% (v/v) fetal bovine serum (FBS), 10% (w/v) tryptose phosphate broth (TPB), 1% (v/v) penicillin/ streptomycin. 4. Phosphate-buffered saline (PBS). 5. Trypsin-ethylenediaminetetraacetic acid (EDTA). 6. UUKV S23: the prototype strain of UUKV that has been previously described [36, 37]. 7. 50 mL tubes. 8. Ultracentrifuge and a rotor with buckets equivalent to the SW28 or 32 (Beckman Coulter).
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10. Sucrose. 11. 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES). 12. 10 stock solution of HNE buffer: water supplemented with 100 mM HEPES, 1.5 M NaCl, 10 mM EDTA, ﬁltered through a 0.2 μm ﬁltration membrane (can be stored at room temperature for months to years). 13. 25% (w/v) sucrose solution: 25 g of sucrose is ﬁrst diluted in 50 mL of deionized water, then supplemented with 10 mL of 10 HNE buffer, and ﬁnally completed to 100 mL with sterile water, then ﬁltered through a 0.2 μm ﬁltration membrane. 14. 1 HNE buffer: 10 stock solution diluted 1:10 in sterile water. 15. Pieces (about 3 (Laboratory Film). 2.2 Fluorescence Labeling of Viral Particles
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1. Precast 4–12% Bis[Tris(hydroxymethyl)aminomethane] (Bis-Tris) 10-well gels (Thermo Fisher Scientiﬁc). 2. 3-(N-morpholino)propanesulfonic acid (MOPS) and sodium dodecyl sulfate (SDS) running buffer (Thermo Fisher Scientiﬁc). 3. Protein blue loading buffer: 4 lithium dodecyl sulfate (LDS) sample buffer (Thermo Fisher Scientiﬁc). 4. Gel ﬁxative solution: 40% (v/v) methanol and 10% (v/v) acetic acid in water. 5. Coomassie blue staining solution: 50% (v/v) methanol, 10% (v/v) acetic acid, and 0.25% (w/v) Serva Blue G (Serva) in water. 6. Ultrapure bovine serum albumin (BSA). 7. AF and R18 dyes (Thermo Fisher Scientiﬁc): working stocks are resuspended in dimethyl sulfoxide for AF dyes and 100% ethanol for R18 according to the manufacturer’s recommendations. Aliquot and store at 80  C. 8. OptiPrep (also named iodixanol) (Axis-Shield): working solutions of OptiPrep are prepared at the desired concentration in sterile water supplemented with 1x HNE buffer and 8.6% sucrose and then ﬁltered through a 0.2 μm ﬁltration membrane. 9. Ultracentrifuge and a rotor with buckets equivalent to the SW60 (Beckman Coulter). 10. Ultracentrifuge tubes compatible with the SW60 buckets.
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2.3 Characterization of Fluorescently Labeled Viral Particles



1. 24-well plates. 2. BHK-21 cells. 3. GMEM supplemented with 10% (w/v) TPB, 1% (v/v) penicillin/streptomycin. 4. Carboxymethyl cellulose (CMC) working solution: 3.2% (w/v) CMC and 0.85% (w/v) sodium chloride in water. The solution is continuously stirred overnight and then autoclaved. 5. PBS. 6. Formaldehyde (FA, 37% pure). 7. PERM buffer: 2% (v/v) FBS, 5 mM EDTA, 0.02% (v/v) azide, 0.1% (w/v) saponin in PBS, ﬁltered through a 0.2 μm ﬁltration membrane (can be stored at 4  C for 3–4 months). 8. The polyclonal rabbit antibody U2: directed against all UUKV structural proteins (home-made [15]). 9. Peroxidase-conjugated monoclonal antibody. 10. Diaminobenzidine (DAB) solution kits: DAB working solution is prepared according to the manufacturer’s recommendations. 11. Precast 4–12% Bis-Tris 10-well gels. 12. 4 LDS sample buffer. 13. A ﬂuorescence imaging system such as the Odyssey imaging system. 14. Microscope slides (76  26  1 mm, Marienfeld). 15. 12 mm microscope cover glasses. 16. A Leica SP8 confocal microscope or equivalent. 17. An Olympus IX81 wide-ﬁeld microscope or equivalent.



2.4 Analysis of Virus Entry by Fluorescence Microscopy



1. Different models of Nunc Lab-Tek chambers (Thermo Fisher Scientiﬁc), with unique or multiple wells, can be used for ﬁxedand live-cell microscopy analysis (see Note 1). 2. Phenol red-free (DMEM).



Dulbecco’s modiﬁed Eagle’s medium



3. Binding buffer: phenol red-free DMEM supplemented with 0.2% (w/v) BSA and 20 mM HEPES (pH ~7.4). 4. A Nikon Ti-E Eclipse microscope equipped with a PerkinElmer UltraVIEW VoX 3D module or any equivalent spinning disc or confocal microscope with live-cell imaging capacity. 5. A Nikon Ti-E Eclipse wide-ﬁeld microscope equipped with a Perfect Focus System or any equivalent wide-ﬁeld microscope with live-cell imaging capacity.
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6. Human lung carcinoma cells A549: cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) MEM nonessential amino acids (Thermo Fisher Scientiﬁc). 7. Opti-MEM I (Thermo Fisher Scientiﬁc). 8. Lipofectamine 2000 (Thermo Fisher Scientiﬁc). 9. pcDNA3 plasmid coding for PH-PLCΔ1-EGFP, a ﬂuorescent protein marker in the plasma membrane conjugated to the enhanced green ﬂuorescent protein (EGFP), or any equivalent plasmid system encoding ﬂuorescent plasma membrane marker. 10. EDTA. 11. Extracellular matrix (ECM) obtained by detaching cells with EDTA. 12. A Leica AM TIRF microscope or an equivalent microscope that allows the illumination of bottom surface or cytoplasm of live cells by adjusting the penetration depth to between 90 and 200 nm. 13. Human cervical carcinoma cells HeLa: cultured in DMEM supplemented with 10% (v/v) FBS. 14. 4% (w/v) FA in PBS. 2.5 Analysis of Virus Entry by Flow Cytometry and Fluorimetry



1. U-bottom 96-well plates without cell culture treatment. 2. Binding buffer: phenol red-free DMEM supplemented with 0.2% (w/v) BSA and 20 mM HEPES (pH ~7.4). 3. 4% (w/v) FA in PBS. 4. PBS. 5. A549 cells. 6. Trypan blue. 7. A FACSCalibur™ equivalent.



cytometer



(Becton



Dickinson)



or



8. Any classical 1.5 mL tubes. 9. A Cary Eclipse spectroﬂuorometer (Agilent Technologies) or equivalent.



3 3.1



Methods Virus Production



1. Propagate BHK-21 cells to ~ 60–80% conﬂuency in 35 mL of complete growth medium in 175-cm2 cell culture ﬂasks (see Note 2). Use PBS for cell washing and trypsin-EDTA for cell detachment for passaging of adherent cells.
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2. Wash cells once with serum-free media before exposure to UUKV in 15 mL of serum-free medium per ﬂask at a multiplicity of infection (MOI) of 0.05 for 1 h at 37  C (see Note 3). 3. Discard the input virus and replace with 35 mL of serum-free medium per ﬂask (see Note 4). 4. Incubate infected cells at 37  C for 72 h (see Note 5). 5. Harvest the 35 mL of virus-containing supernatant and collect in 50 mL tubes before clearing by centrifugation at 2000  g for 20 min at 4  C (see Note 6). 6. Pool virus-containing supernatants and distribute 33.5 mL per SW28/32 tube. Then carefully underlay the supernatant with 2.5 mL of 25% (w/v) sucrose solution (see Note 7). 7. Concentrate the viral particles by ultracentrifugation at 100,000  g at 8  C for 2 h (acceleration and deceleration set to max) (see Note 8). 8. After ultracentrifugation, dispose the supernatant. Immediately add 300 μL of HNE buffer and cover each tube with paraﬁlm to prevent the virus pellets from drying. Dissolve pellets on ice for at least 1 h (see Note 9). 9. Gently resuspend the virus pellets by pipetting up and down several times on ice. 10. Pool the resuspended virus and make aliquots for long-term storage at 80  C (see Note 10). 3.2 Fluorescence Labeling of Viral Particles



1. The viral glycoproteins GN and GC in the virus stock are ﬁrst semi-quantiﬁed following SDS-polyacrylamide gel electrophoresis (PAGE) separation and Coomassie blue staining. Mix different amounts of viral proteins (typically 15, 10, and 5 μL of the virus stock) with LDS sample buffer in a ﬁnal volume of 20 μL and separate by SDS-PAGE through a 10-well precast 4–12% Bis-Tris gradient gel using a MOPS SDS running buffer. 2. Incubate gels in ﬁxative solution for 1 h before staining with Coomassie solution for up to 12 h. After staining wash extensively with water (Fig. 3a) (see Note 11). 3. Normalize the glycoproteins GN and GC against BSA. Measure the band intensity with the software ImageJ [38]. One square is deﬁned and used to measure each band, as illustrated in Fig. 3a (box1). An empty well (labeled “0” in Fig. 3a) is used to deﬁne the background, and the value is subtracted from all other values. A standard curve correlating to the relative unit (RU) and the quantity of protein is then obtained (Fig. 3b). A linear regression is applied to determine the quantity of GN and GC in each sample (Fig. 3c).
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Fig. 3 Quantiﬁcation of viral glycoproteins in virus stocks. (a) UUKV was ﬁrst pelleted through a 25% (w/v) sucrose cushion. Next, different volumes of the virus stock and known amounts of BSA were separated by nonreducing SDS-PAGE and stained with Coomassie blue. (b) The intensity of each band of BSA analyzed in (a) was then determined using the gate “box1” with ImageJ software (values in relative units, RU) and plotted against the corresponding known amount of BSA. The lane termed “0” served as background, and this value was subtracted from all others. The equation obtained from the linear trend line of the BSA standard enabled the determination of the UUKV glycoprotein quantity. (c) Similarly, the intensity of each volume of virus stock analyzed in (a)
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4. Add AF ﬂuorescent dyes in a range of 1:1–1:5 molar ratio of viral envelope glycoproteins to dye while vortexing (see Note 12). Alternatively, 109 focus-forming units (ffu) of UUKV are labeled with the lipid dye R18 (20 μM) according to a similar protocol. Incubate at room temperature for 2 h in the dark while gently mixing on a shaker. 5. Fluorescently labeled particles are banded in a density gradient composed of six steps prepared in ultracentrifuge SW60 tubes. For each step, 600 μL of OptiPrep with a ﬁnal (v/v) concentration of 10%, 20%, 25%, 30%, 35%, and 50% are carefully pipetted on top of each other, starting with the highest concentration. 6. Overlay gently the AF-virus mix (from step 4) onto the gradient. Centrifuge at 100,000  g at 4  C for 90 min (acceleration and deceleration set to max and min, respectively), after which the viral particles with an identical density will typically reach the interface between the 25% and 30% OptiPrep layers. Unbound dyes remain at the top of the gradient (Fig. 4a) (see Note 13). 1. Seed BHK-21 cells in 24-well plates (105 cells per well) 18 h before infection.



3.3 Characterization of Fluorescently Labeled Viral Particles



2. On the day of infection, cells should form conﬂuent monolayers. Wash cells with serum-free medium and cover with 200 μL of serum-free medium.



3.3.1 Virus Titration by Focus-Forming Assay



3. Add 200 μL of ten-fold dilutions of viral particles in serum-free medium (from 102 to 108) to the wells (i.e., ﬁnal volume of 400 μL). Incubate at 37  C for 1 h. 4. Add 400 μL of medium containing 2.5% (v/v) FBS and supplemented with 1.6% (w/v) CMC to block virus cell-to-cell spread. Incubate cells at 37  C for up to 72 h (see Note 14). 5. Wash the cells twice with serum-free medium and then once with PBS. 6. Fix cells with 4% (v/v) FA diluted in PBS at room temperature for 20 min.  Fig. 3 (continued) was deﬁned with ImageJ software (column “RU”). The background was subtracted from these values (column “RU–BG”). Using the equation deﬁned in (b), it was possible to determine the amount of UUKV GN and GC (x ¼ y/24) and ﬁnally the concentration of the two glycoproteins (x/v). In this example, GN and GC are considered as a single glycoprotein, and an average molecular weight of 63.4 kDa is used to calculate the molarity of both glycoproteins in the virus stock (i.e., 0.194 g/L/63,400 g/mol ¼ 3.1  106 mol/L) [16]. The left column gives the average concentration (μg/mL) and molarity of UUKV glycoproteins GN and GC in the virus stock
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Fig. 4 Characterization of ﬂuorescently labeled viral particles. (a) The picture shows an OptiPrep step gradient after ultracentrifugation with unbound AF568 dye ﬂoating on the top and a band that corresponds to UUKVAF568 with an identical density (between the 25% and 30% OptiPrep steps). (b) Focus-forming assay used for the titration of UUKV-AF568. After 3 days of incubation with different dilutions of the labeled viral particles at 37  C, BHK-21 cells were immunostained with a rabbit polyclonal antibody (U2) against UUKV structural proteins. The foci were then revealed with an anti-rabbit horseradish peroxidase-conjugated secondary antibody and a DAB solution kit. (c) The unlabeled (UUKV) and ﬂuorescent particles (UUKV-AF568) were analyzed by nonreducing SDS-PAGE with Coomassie blue staining or ﬂuorography. The envelope proteins GN and GC of UUKV-AF568 were the only ﬂuorescently labeled proteins. (d) A confocal microscopy picture of individual ﬂuorescent UUKV-AF568 particles



7. As UUKV is not lytic, foci are detected by immunostaining. Wash cells with PBS and then incubate with 300 μL of the antibody U2 (diluted 1:1000 in PERM buffer) at room temperature for 1 h (see Note 15). 8. Wash cells twice with PERM buffer, and incubate with 300 μL of secondary peroxidase-conjugated antibody (diluted 1:200 in PERM buffer) for 45 min at room temperature.
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9. Wash cells once with PBS, incubate in DAB working solution for up to 10 min, and rinse twice with deionized water. The virus titer (ffu/mL) is obtained by counting the number of ffu (n) at a factor of dilution ( f ) for which n is comprised between 3 and 30 using the equation 5n/f. In the example shown in Fig. 4b, one can count 22 ffu at the dilution 106. Therefore the titer of this AF568-labeled UUKV stock is 5  22/ 106 ¼ 1.1  108 ffu/mL. 3.3.2 Assessing Integrity of Labeled Viruses



1. To control for the intactness of ﬂuorescent viruses, viral particles are diluted in LDS sample buffer and analyzed by SDS-PAGE in 10-well precast gradient gels. 2. Expose gel to a ﬂuorescence imaging system. Only GN and GC should be ﬂuorescently labeled (Fig. 4c). The absence of ﬂuorescent signal from the nucleoprotein N indicates that the viral envelope is intact.



3.3.3 Visualization of Viral Particles



3.4 Analysis of Virus Entry by Fluorescence Microscopy 3.4.1 Live-Cell Imaging Using Wide-Field and Confocal Fluorescence Microscopy



Fluorescently labeled viral particles are analyzed by microscopy to conﬁrm the homogeneity of the viral preparation and for the absence of aggregates. Add 5 μL of a ﬂuorescently labeled virus preparation onto a microscopy slide and gently place a coverslip on top. Fig. 4d shows an illustration of AF568-labeled UUKV (UUKV-AF568) imaged by confocal microscopy. However, wideﬁeld microscopy with a magniﬁcation of 20 is usually sufﬁcient to visualize the particles. 1. Seed cells in 8-well Nunc Lab-Tek chambers (2.5  104 cells per well in 400 μL of complete medium) (see Note 16), and incubate at 37  C overnight. 2. The next day, wash cells once with phenol red-free binding buffer, and cover the wells with 400 μL of the said pre-warmed binding buffer for 30 min at 37  C. 3. Transfer the Nunc Lab-Tek chambers to the microscope (see Note 17). 4. Add the ﬂuorescently labeled viral particles into the well when the confocal microscope is set up and ready for imaging (see Note 18). Fig. 5a is an illustration of virus motion monitored with a confocal spinning disc microscope. The time-lapse series shows UUKV-AF594 surﬁng on ﬁlopodia toward the cell body before being taken up into an A549 cell. In this latter example, cells were reverse transfected with a plasmid carrying the gene for PH-PLCΔ1-EGFP, a protein associated with the plasma membrane. Deoxyribonucleic acid (DNA) transfection was performed using Opti-MEM I and Lipofectamine 2000 according to the manufacturer’s recommendations.
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Fig. 5 Fluorescence microscopy to analyze virus motion. (a) Live imaging of A549 cells with a spinning disc microscope was performed in the continuous presence of UUKV-AF594. A time-lapse series is shown for one UUKV-AF594 particle surﬁng on ﬁlopodia toward the plasma membrane before entering the host cell. (b) UUKV-AF647 was bound to HeLa cells expressing the virus receptor DC-SIGN, in suspension, and on ice. Cells were then seeded on coverslips before warming to room temperature and imaging of UUKV-AF647 on the bottom cell surface by TIRF microscopy. UUKV trajectory was recorded at 1/10 Hz and analyzed by computational analysis with the Image J-based plugin software Particle Tracker [39] (green line). (c) Human monocyte-derived DCs were exposed to UUKV-AF594 on ice for 1 h, and then, either maintained on ice or warmed for 30 min before ﬁxation and imaging by confocal microscopy. White spots are cell-associated viral particles in one focal plane
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3.4.2 Live-Cell Imaging by TIRF Microscopy



1. For the tracking of ﬂuorescent viral particles using TIRF microscopy, two methods can be applied to localize virions between the cells and coverslip (see Note 19). (a) In the ﬁrst case, cells are detached from the culture plate with EDTA and exposed to the virus in suspension in phenol red-free binding buffer on ice. Virus-bound cells are then seeded on coverslips and immediately imaged (see Note 20). (b) The second case involves pre-binding of virions to coverslips coated with ECM and seeding of cells on top of the bound virions (see Note 21). 2. A TIRF microscope is used to illuminate the bottom surface or cytoplasm of live cells by adjusting the penetration depth at 90 and 200 nm, respectively. Trajectories and ﬂuorescence intensity of virus spots are analyzed by computational analysis with the Image J-based plugin software Particle Tracker (http://imagej.net/Particle_Tracker) [39]. Fig. 5b shows an example of UUKV trajectory on HeLa cells expressing the virus receptor DC-SIGN [15].



3.4.3 Fixed-Cell Imaging to Monitor Virus Binding and Internalization



1. Seed cells in 8-well Nunc Lab-Tek chamber (2.5  104 cells per well in 400 μL of complete medium) and incubated at 37  C overnight (see Note 22). 2. The following day, wash cells once with binding buffer and expose the cells to the desired MOI of ﬂuorescently labeled viral particles diluted in 200 μL binding buffer on ice for 2 h. 3. Wash cells with pre-chilled binding buffer. Leave samples on ice or rapidly warm to 37  C by adding 400 μL pre-warmed complete medium and incubate at 37  C for up to 40 min (see Note 23). 4. Discard supernatant and ﬁx infected cells in 200 μL of 4% (w/v) FA in PBS on ice for 30 min prior to confocal microscopy analysis (see Note 24). Fig. 5c shows UUKV-AF594 either bound to the surface of DCs or internalized inside the cells.



3.5 Analysis of Virus Entry by Flow Cytometry and Fluorimetry 3.5.1 Virus Binding



1. Binding assays are performed in 96-well plates with U-bottom using 2  105 cells in 200 μL of binding buffer (see Note 25). 2. Pellet cells by centrifugation (300  g, 4  C, 5 min), and replace the binding buffer by ﬂuorescently labeled viral particles at desired concentrations in 100 μL of binding buffer. Bind at 4  C with gentle agitation for 2 h. 3. Remove unbound viral particles by a single wash with 200 μL of binding buffer and resuspend cell pellets in 100 μL of 4% (w/v) FA in PBS for 20 min at 4  C.
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4. Wash cells once with PBS before quantiﬁcation by ﬂow cytometry. Fig. 6a shows the binding of AF647-labeled UUKV particles (UUKV-AF647) bound to A549 cells. 3.5.2 Virus Internalization



1. For internalization assays, bind AF488-labeled viral particles to cells as described above. 2. After 2 h on ice, wash cells with pre-chilled binding buffer to remove unbound particles. 3. Rapidly warm the infected cells at 37  C by resuspension in pre-warmed binding buffer supplemented with 5% (v/v) FBS to allow virus internalization and incubate at 37  C for the required time period (see Note 26). 4. To stop internalization, put cells back on ice until ﬂow cytometry analysis. 5. To distinguish between internalized and surface-bound particles, add trypan blue to the cells at a ﬁnal concentration of 0.04% (w/v) for 15 s and immediately process the sample in the ﬂow cytometer [31]. Trypan blue is membrane impermeable and thus only able to quench the ﬂuorescence of UUKV-AF488 particles still exposed on the cell surface. Figure 6b, c is an example of analysis showing the internalization of AF488conjugated viral particles (UUKV-AF488) into DC-SIGNexpressing HeLa cells.



3.5.3 Viral Fusion



1. Our approach to analyze acid-activated virus membrane fusion from endosomes depends on the auto-quenching properties of the lipid dye R18 [28]. This method allows for accurate quantiﬁcation of virus fusion with endosomal membranes in living cells (see Note 27). 2. Expose cells to R18-labeled UUKV (UUKV-R18) at an MOI of 5 in 1.5 mL tubes containing 500 μL of binding buffer on ice for 1 h (see Note 28). 3. After binding, pellet and wash the cells once with pre-chilled binding buffer at 4  C. 4. Resuspend the cells in pre-warmed complete phenol red-free medium at 37  C, to trigger virus internalization, and immediately transfer the cells inside the spectroﬂuorometer at 37  C while measuring the ﬂuorescence in live (see Note 29). Fig. 7 illustrates the monitoring of UUKV-R18 penetration into BHK-21 cells by measuring the dequenching of the dye R18 with a spectroﬂuorometer.
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Fig. 6 Flow cytometry to measure virus binding and internalization. (a) Various amounts of UUKV-AF647 particles were bound to A549 cells on ice, and samples were analyzed by ﬂow cytometry. (b) UUKV-AF488 (MOI ~1) was bound to DCSIGN-expressing HeLa cells on ice before warming to 37  C for 15 min. Internalization was analyzed by ﬂow cytometry after trypan blue treatment to quench ﬂuorescence due to cell surface-bound viral particles. RFI stands for relative ﬂuorescence intensity. (c) Shows the same data as in (b) but expressed as the percentage of ﬂuorescence measured in samples not treated with trypan blue (% of control). The ﬂuorescence observed for cells not exposed to UUKVAF488 was considered as background and subtracted from other values (data not shown). Error bars represent the standard deviation
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UUKV-R18 penetration into BHK-21 cells
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Time (min) Fig. 7 Fluorimetry to quantify virus fusion in cells. UUKV-R18 binding was synchronized on ice, and internalization into cells was triggered by rapid warming. The R18 diffusion was quantiﬁed by measuring R18 dequenching in living cells (red curve). In the presence of ammonium chloride (NH4Cl, blue curve), intracellular pH is neutralized, and therefore, virus fusion is completely blocked. Only free R18 diffusion is measured. The gray curve shows the virus fusion-speciﬁc R18 release, i.e., red (fusion + free diffusion) – blue (free diffusion) relative ﬂuorescence intensity (RFI)
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Notes 1. Alternative cell chambers to Nunc Lab-Tek exist on the market, e.g., ibidi cell culture dishes with or without culture inserts and MatTek culture slides and dishes. 2. Usually, about 20 million cells are seeded to reach a conﬂuence of 70–80% the next day (roughly 24 h). To get a homogenous distribution of cells over the whole ﬂask, keep the ﬂasks on a ﬂat surface; i.e., bench, for 5–10 min before incubation at 37  C. Very often shelves in incubators are not perfectly ﬂat. It is recommended to use seven ﬂasks for production of each virus. One is used as a mock-infected control and allows detection of cytopathogenic effect (CPE) by comparison with infected ﬂasks. The total volume of six ﬂasks corresponds to the maximal volume that is possible to load into SW28/32 buckets for one round of ultracentrifugation. 3. Move the ﬂasks back-and-forth every 10 min. This will minimize the risk of cells drying due to the low volume used for infection. 4. BHK-21 cells survive in the absence of serum for several days. This represents the advantage to facilitate the subsequent puriﬁcation of the viral particles required for the labeling procedure.
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5. To preserve the newly produced viral particles, it is important to harvest the supernatant before infected cells die. Typically CPE appears in cells infected by UUKV at an MOI of 0.1 after 60–70 h exposure to the virus. During this period, cells must be carefully monitored to collect the virus at the most appropriate moment, i.e., just when cells start to detach from the plastic. The timing can vary at large from one virus production to another and must be seriously taken into consideration to establish an efﬁcient protocol of production. 6. UUKV can be freeze-thawed several times with no effect on the infectivity of the virions. It is therefore possible to stop the protocol at this step by adding 10 mM ﬁnal concentration of HEPES and storing the supernatant either at 4  C overnight or 80  C for a longer period. In the latter case, the thawing step must be done slowly at room temperature. HEPES helps to buffer the supernatant at neutral pH and protects viral particles from the drop in pH during the freeze-thaw cycles. 7. It is recommended to aspirate a higher volume of 25% (w/v) sucrose solution with a 5 mL pipette than required to underlay the supernatant in the ultracentrifuge tube. This helps to avoid reﬂuxes of supernatant in the pipette during the procedure and in turn facilitates the formation of a well-deﬁned sucrose cushion. In addition, the sucrose cushion is made in the same buffer as used to resuspend the virus pellet. 8. The velocity of ultracentrifugation depends on the biophysical properties of the virus studied (density, volume, etc.). 9. After pouring out the supernatant, excess liquid can be absorbed from the upper rim of the centrifugation tubes with paper. Avoid touching the virus pellet during this step. Optionally, but also depending on the virus produced, the pellets can be dissolved on ice overnight. Finally, virus pellets can also be resuspended in alternative buffers to HNE, e.g., Tris-based buffer. However, HNE is preferred for labeling with AF dyes because these dyes react with free amines, which are present in large amounts in the Tris-based buffer itself. This can result in a lower efﬁciency at the labeling step. 10. It can happen that white aggregates ﬂoat in suspension after resuspension of the virus pellets, depending on the cell type and culture media products used. These aggregates can be easily removed by an additional centrifugation step at 3000  g for 15 min at 4  C. 11. A washing solution of 10% (v/v) acetic acid can also be used for a more efﬁcient destaining. Note that UUKV glycoproteins appear with a better focus after SDS-PAGE and Coomassie blue staining when they are not reduced.
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12. Cautionary steps should be taken to ensure that viral infectivity is not impaired by ﬂuorescent labeling, which typically happens when a high molar ratio of viral envelope glycoproteins to dyes is used (>1:10). This ratio usually depends on the number of amine groups on the viral envelope glycoproteins that are free to react with the dye molecules. For instance, with a high number of free amine groups in GN and GC, it is possible to get bright ﬂuorescent UUKV particles with a relatively low quantity of dyes (ratio 1:1) and nearly no impact on viral infectivity. Furthermore, the choice of AF dye, i.e., the choice of the dye color, depends on the purpose and constraint/ restrictions of each experiment involving ﬂuorescent viral particles. 13. The OptiPrep step gradients are freshly prepared. To see a virus band in gradients by eye, a minimal amount of 100 μg of UUKV GN/GC must be loaded. Below this quantity, it is extremely difﬁcult to see the virus band. In this latter case, collect fractions from the gradient, and assess each of them for the presence of ﬂuorescently labeled virions (e.g., by Western blot analysis against viral proteins). Furthermore, the percentage in OptiPrep for each step as well as the velocity of ultracentrifugation must be adjusted according to the biophysical properties of the virus studied. For some viruses, sucrose step gradients have been shown to better preserve the integrity of viral particles. 14. Incubation can be reduced to 48 h. The size of foci will consequently appear smaller. 15. Alternatively, the incubation with the primary antibody can be done overnight at 4  C. For lytic viruses, substitute the immunostaining steps for a crystal violet staining [20% (v/v) ethanol, 10% (v/v) FA, 0.2% (w/v) crystal violet in water (Sigma)]. 16. For tracking viral particles in cells, imaging of isolated single cells is generally easier. For this reason, a relatively low number of cells is seeded the day before the experiment. 17. For live-cell imaging, it is recommended to use a microscope equipped with a chamber that allows for the control of temperature, carbon dioxide, and humidity. 18. Usually the volume of ﬂuorescently labeled viral particles is negligible in comparison with the volume of medium in the well. Depending on the virus analyzed, it can take up to several minutes before the viral particles sediment and attach to the cells. Alternatively, it is possible to synchronize the binding on ice before warming and imaging. The disadvantage of this latter method is that (1) a thermal shock can result in difﬁculties to get the right focus, and (2) it requires rapid setup of the
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microscope to ensure the early steps of virus internalization are not missed. 19. For the visualization of cell-bound particles by TIRF microscopy, the virions have to be localized between the cell and the coverslip. Small viruses such as murine polyomavirus can diffuse into this narrow space, but larger viruses such as UUKV do not. Therefore for small viruses, it is possible to seed the cells the day prior infection and microscopy analysis. The viral particles can be added directly in the well at 37  C inside the environmental chamber of the microscope. This has the advantage of enabling presetting of the microscope for imaging before adding the virus. 20. Imaging starts when cells come into contact with the glass surface, which can take a few minutes. Furthermore, one technical problem is that it takes a minimum of 5 min to set up the TIRF microscope and start recording. This means that reactions at 37  C are already well on their way before recording starts. To slowdown the process, imaging can be performed at room temperature. 21. To attach viruses on coverslips prior to TIRF microscopy, coverslips are coated with ECM [32]. This simply consists of seeding cells on the coverslips and detaching them with EDTA a few days later. The ECM remains on the coverslips. Alternatively, ﬁbronectin or polylysine can be used to pre-coat coverslips and attach viral particles. 22. For the reasons explained in Note 16, only a low number of cells is seeded the day before infection and imaging. 23. The timing for penetration depends on the virus studied. It can vary at large, from a few minutes (e.g., Semliki Forest virus) to hours (e.g., human papillomavirus). 24. The choice of a classical or ultrafast confocal microscope (i.e., spinning disc microscope) depends on the purpose of the experiment. An ultrafast confocal microscope is particularly appropriate for live-cell imaging. Such a microscope is also substantially faster than a normal scanning confocal microscope for the analysis of ﬁxed samples, when large series of Z-stacks and many ﬁelds must be imaged. 25. Both non-adherent and adherent cells can be employed in this assay. When adherent cells are used, they are ﬁrst detached from their plastic culture ﬂasks by treatment with 0.5 mM EDTA in PBS at 37  C or 10 min. Cells are then extensively washed to remove EDTA and incubated in complete medium at 37  C for 30 min. This step helps cells to recover from EDTA treatment. Wash cells at least twice with binding buffer before distribution into 96-well plates.



Fluorescent Labeling of Viruses



181



26. The ﬁrst 10 min of warming have to be performed in a water bath. Thermal conduction in water is much more efﬁcient than in air and therefore enables faster warming of the samples. Results can signiﬁcantly vary if warming is done in a regular incubator. Depending on the virus studied, the presence or absence of serum during the warming step must be carefully considered since it can impact the virus internalization process. 27. This approach can also be applied to study fusion with liposomes. 28. This assay can involve the use of both non-adherent and adherent cells. For studies with adherent cells, see Note 25. Moreover, infection of cells with a lower MOI is possible. In this latter case, it is recommended to increase the number of cells to keep a level of total ﬂuorescence sufﬁciently high to be measured by ﬂuorimetry. 29. For live-cell measurements, it is important to stir the cells with a magnet. Otherwise cells will sediment on the bottom of the ﬂuorimetry cuvette. As explained in Note 26, the use of serum for the virus internalization should be carefully considered. Alternatively, virus internalization can be performed in a water bath. Cells can be then kept on ice to block endocytosis. This approach presents the advantage to allow measuring all samples at the same time. Finally, as explained in Note 23, the timing of internalization depends on the virus that is investigated.
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Chapter 9 Quantitative RT-PCR Analysis of Inﬂuenza Virus Endocytic Escape Wen-Chi Su and Michael M. C. Lai Abstract Although several virus families are internalized into their host cells by direct fusion of the viral envelope with the plasma membrane, most viruses, for example, inﬂuenza virus, make use of endocytic pathways for productive entry and infection. After endocytosis, the inﬂuenza virus escapes from the endocytic compartment to the cytosol. The distribution of the incoming inﬂuenza virus could be traced by detection of the viral RNA in the distinct cellular compartments, including endosome, cytosol, and nucleus. To accomplish this work, we developed a subcellular fractionation method based on density gradient ultracentrifugation and detected the viral RNA using quantitative reverse transcription-polymerase chain reaction analysis. This chapter is devoted to the practical methods and precautions for studying endocytic trafﬁc of virus as well as host cellular factors affecting viral endocytosis. Key words Inﬂuenza virus, Subcellular fractionation, Density gradient, Organelle-speciﬁc marker, RT-PCR
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Introduction At the beginning of inﬂuenza virus infection, the HA protein binds to receptors on the host cell surface and elicits endocytosis of viral particles, including transportation through early and late endosomes. After endocytosis, the virus goes through viral uncoating by fusing the viral envelope with late endosomal membranes, triggered by low pH [1], leading to the disruption of M1-viral ribonucleoprotein (vRNP) interactions, and allowing vRNPs to be released from the viral matrix into the cellular cytosol [2]. This series of events is followed by the import of vRNPs into the nucleus, where viral RNA replication proceeds. Before proceeding to RNA replication, the inﬂuenza virus may exist in the endosome, cytosol, or nucleus depending on the stage of the viral life cycle. Therefore, the efﬁciency of viral entry or endocytic escape can be evaluated by tracing the distribution of the vRNP in these distinct subcellular compartments.



Yohei Yamauchi (ed.), Inﬂuenza Virus: Methods and Protocols, Methods in Molecular Biology, vol. 1836, https://doi.org/10.1007/978-1-4939-8678-1_9, © Springer Science+Business Media, LLC, part of Springer Nature 2018



185



186



Wen-Chi Su and Michael M. C. Lai



Much of the work in the subcellular fractionation, particularly endosome isolation, utilized sucrose gradient ultracentrifugation [3, 4]. To obtain consistent and reliable separation results, care has to be taken in precisely preparing the same percentages of sucrose solutions. In our laboratory, we use OptiPrep to replace sucrose [5]. OptiPrep, a sterile solution of 60% (w/v) iodixanol in water with a density of 1.32 g/mL, is nonsticky and easy to mix with common buffered saline (e.g., HEPES or HEPES/NaCl) for gradient applications [5, 6]. OptiPrep enables preparation of isosmotic solutions over the full range of organelle densities [7], and different percentages of OptiPrep solution can be used to prepare either continuous (e.g., 10–30%) or step (e.g., 10%, 20%, 30%) gradients. The different cellular compartments have distinct densities and band at corresponding density fractions after ultracentrifugation. The protocol presented here shows a subcellular fractionation experiment using OptiPrep step gradients. To evaluate the efﬁciency of fractionation, the proteins in the different OptiPrep fractions are subjected to Western blot analysis with organelle-speciﬁc marker antibodies. Notably, the distribution of viral RNA in different subcellular fractions is based on the assumption that the composition and relative ratio of different membranes do not change during the course of study, so that the relative ratios of different fractions stay the same during the study period. Any alteration of membrane compartments during infection will disturb the relative distribution ratio and need to be adjusted. The presence of virus particles in subcellular fractions during endocytic trafﬁc can be traced by examining the distribution of either viral proteins or viral RNA. M1 protein is conventionally used to study IAV entry, as it is the most abundant component of viral particles. However, for two reasons, it should be used with caution when studying the post-fusion stages of virus entry. One is that M1 is separated from vRNP after virus uncoating [2], and the other is that the mechanism of nucleocytoplasmic shuttling of M1 may be different from that of vRNP [8, 9]. Instead, the individual components of vRNP, namely, RNA polymerase complex (PA, PB1, PB2), NP, and viral RNA (vRNA), are more reliable markers for tracing pathways of the entering inﬂuenza virus. The vRNA and RNPs usually stay together during intracellular trafﬁcking. In theory, any of the viral RNA segments can be used as a marker. Conventionally, we use the viral NP genomic RNA segment as a marker. In the protocol here, we assess the viral RNA by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) instead of monitoring the viral proteins by Western blot. Our protocols are based on studies of inﬂuenza A virus-infected cells; nevertheless, in principle these protocols could be adopted for studying endocytic escape for other viruses during early infection.
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Materials Cell Culture



1. Human lung adenocarcinoma epithelial cells (A549). 2. F-12K complete medium: containing F-12K medium supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin G and 100 g/mL streptomycin). 3. Phosphate-buffered saline (PBS), pH 7.4. 4. Trypsinization solution: 0.25% trypsin and 0.02% EDTA in PBS. 5. CO2 incubator set at 37  C and 5% CO2.



2.2



Virus Infection



1. Inﬂuenza A/WSN/33 virus (WSN). 2. Cold PBS (4  C) and warm PBS (37  C). 3. α-Minimum essential medium (α-MEM) (4  C). 4. TPCK-trypsin. 5. F-12K complete medium.



2.3 Subcellular Fractionation



1. PBS. 2. OptiPrep solutions: (a) OptiPrep (stock solution: 60% iodixanol, Sigma-Aldrich). (b) Diluent: 0.25 M sucrose, 6 mM EDTA, 60 mM Tris–HCl, pH 7.4. (c) Working solution of OptiPrep: different percentages of OptiPrep solution can be made from OptiPrep stock solution and the diluent. 3. Homogenization buffer (HB): 0.25 M sucrose, 1 mM EDTA, 10 mM Tris–HCl, pH 7.4 (see Note 1). 4. Protease inhibitor cocktail (Roche Life Science). 5. Dounce homogenizer/tissue grinder. 6. SW60Ti rotor. 7. Centrifuge tube: 11  60 mm; 4.5 mL. 8. Ultracentrifuge.



2.4



Western Blotting



1. Antibodies: anti-nucleolin (for detection of nucleus), antiRab5 (for detection of early endosome), anti-Rab7 (for detection of late endosome), and anti-actin (for detection of cytosol). 2. 4 sample buffer: 62.5 mM Tris–HCl, pH 6.8, 10% glycerol, 1% lithium dodecyl sulfate (LDS), and 0.005% bromophenol blue. Before use, add 100 μL of 2-mercaptoethanol per 900 μL of 4  sample buffer. Sample buffer is used to prepare protein
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samples for denaturing gel electrophoresis, and the working concentration is 1 sample buffer. 3. PBST solution: add 1 mL of Tween 20 in 1000 mL of PBS buffer. 4. 5% blocking buffer: 2.5 g of fat-free milk in 50 mL of PBST. 5. ECL Plus detection reagents. 6. Fluorescent imaging system such as ImageQuant. 2.5 RNA Isolation and RT-PCR



1. High Pure RNA Isolation Kit. 2. Nuclease-free water. 3. Reverse transcriptase: SuperScript™ III RT (200 U/μL). 4. 10 mM dNTP Mix. 5. 5 RT buffer. 6. 0.1 M DTT. 7. Recombinant ribonuclease inhibitor: RNaseOUT™ (40 U/μ L). 8. IAV-speciﬁc RT primer: Uni-12; 50 -AGCAAAAGCAGG-30 (see Note 2). 9. Universal Probe Library System (Roche Life Science). 10. Primers for qPCR detection of IAV_NP segment: (see Note 3). Sense 50 -GATGGAGACTGATGGAGAACG-30 . Antisense 50 -TCATTTTTCCGACAGATGCTC-30 . 11. Universal Probe Library (UPL) #59 (Roche Life Science) (see Note 3). 12. 2 master mix (Roche Life Science). 13. Heat plate. 14. StepOnePlus Real-Time PCR System (Applied Biosystems). 15. 4% formaldehyde in PBS.



3 3.1



Methods Cell Culture



1. Culture A549 cells in F-12K complete medium, and maintain them in a humidiﬁed incubator at 37  C with 5% CO2. 2. Seed 10 mL of A549 cells (4  105 cells/mL) onto a 10 cm dish 1 day before the infection (see Note 4).



3.2



Virus Infection



1. Wash cells with cold PBS (twice) and remove PBS (see Note 5). 2. Add cold TPCK-trypsin-containing α-MEM into the wells (0.5 mL/well).
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3. Infect cells with inﬂuenza A virus at a multiplicity of infection (MOI) of 5 on ice for 1 h (see Note 6). 4. Wash cells with pre-warmed PBS, and refresh cells with pre-warmed F-12K complete medium, and incubate at 37  C for 10 min or 60 min (see Note 7). 5. Harvest the cells (see Note 8). 3.3 Subcellular Fractionation



1. Scrape off the cells from a 10 cm culture dish in 1 mL of PBS with a rubber scraper, and pellet the cells by centrifugation at 300  g for 5 min (see Note 9). 2. Remove the supernatant, and resuspend the cells in 800 μL of HB with protease inhibitors (see Note 10), and homogenize using a Dounce homogenizer (see Note 11). 3. Centrifuge at 1000  g for 10 min. 4. After centrifugation (see Note 12), collect the supernatant (postnuclear supernatant [PNS]), and adjust it to a concentration of 30% OptiPrep solution (e.g., 500 μL of PNS + 500 μL of 60% OptiPrep). 5. Transfer 1 mL of the diluted PNS (in 30% OptiPrep) to an ultracentrifuge tube (Beckman, total vol. ¼ 4.5 mL), and overlay with 0.5 mL of 20%, 1 mL of 15%, 1 mL of 10%, 0.5 mL of 5% OptiPrep solutions, and then 0.5 mL of HB on the top (as shown in Fig. 1). 6. Spin the weight-balanced tubes in a Beckman ultracentrifuge using an SW60Ti swinging bucket rotor at 100,000  g for 16 h at 4  C (see Note 13). 7. Following centrifugation, collect 0.5 mL fractions from the top to bottom. Number fractions #1 to #9. 8. Stock individual fractions at 80  C for further use.



3.4



Western Blotting



1. Take 25 μL of sample from each fraction and 10 μL from the nuclear fraction (see Note 12), and mix with sample buffer, and boil for 5–10 min. 2. Load the samples on a 10% acrylamide gel for SDS-PAGE electrophoresis. 3. After gel electrophoresis, transfer proteins onto a PVDF membrane. 4. Block the membrane in 5% blocking buffer, and probe it with the indicated primary and appropriate HRP-labeled secondary antibodies (see Note 14). 5. Wash the membrane with PBST, detect signal by ECL Plus, and expose to an X-ray ﬁlm, or image using the ImageQuant (Fig. 2).
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Scape cells in PBS and transfer to eppendorf Centrifuge 300 g, 5min



Resuspend pellet with 800 ml HB [for input reference]



Discard supernatant



Dounce with homogenizer Centrifuge 1000 g, 10 min



Keep pellet [for nuclear fraction]



Collect supernatant as PNS



Adjust to 30% OptiPrep solution Prepare step gradient



HB



0.5ml



5%



0.5ml



10%



1ml



15%



1ml



20%



0.5ml



30%



1ml



(500 ml PNS + 500 ml 60% OptiPrep)



Centrifuge 100,000×g, 16hr, 4°C. Take 0.5 mL to eppendorf from top to bottom.



1



2



3



4



5



6



7



8



9



Fractions #1 - #9 [for endosomal fractions and cytosolic fractions]



Fig. 1 Flow chart for subcellular fractionation of inﬂuenza virus-infected cells



qPCR Analysis of Inﬂuenza Virus Endocytic Escape



191



Fraction # PNS 1



2



3



4



5



6



7



8



9



Rab7 Actin Nucleolin



Fig. 2 Evaluation of subcellular fractionation by Western blotting. 10 μL of the nuclear fraction and 25 μL of samples from each fraction (#1 to #9) were subjected to SDS-PAGE followed by Western blotting analysis with anti-Rab7, anti-actin, and anti-nucleolin antibodies 3.5 RNA Isolation and RT-PCR



1. Extract 50 μL of total RNAs individually from fractions #1 to #9, input reference (see Note 10), and nuclear fraction (see Note 12) by using High Pure RNA Isolation Kit according to the manufacturer’s instructions (see Notes 15 and 16). 2. Add 10 μL of RNA, 1 μL of uni-12 primer (2 μM), and 1 μL of dNTP (10 mM) to a nuclease-free tube (total 12 μL). 3. Incubate the tube at 65  C for 5 min. Place the tube on ice for at least 1 min. 4. Add 4 μL of 5 ﬁrst-strand buffer, 0.5 μL of RNaseOUT, 0.5 μL of SuperScript™ III, 1 μL of 0.1 M DTT, and 2 μL of nuclease-free water (total 20 μL). 5. Transfer the tube to a thermal cycler preheated to 55  C. Incubate for 30–60 min. 6. Inactivate the reaction at 70  C for 15 min. 7. Dilute 20 μL of cDNA with 80 μL of PCR grade water. 8. Set up each PCR reaction as follows: 5 μL of 2 master mix, 0.1 μL of UPL probe #59, 5 pmol of each primer, and 2.5 μL of diluted cDNA and PCR grade water in 10 μL reactions. 9. Set the ampliﬁcation conditions in StepOnePlus Real-Time PCR system as follows: an initial 10-min denaturation step at 95  C followed by 35 cycles of 95  C for 10 s, 60  C for 30 s, and 72  C for 1 s following the UPL TaqMan probe system. 10. Calculate the relative RNA amount by comparing the Ct value of each fraction to that of the input reference. 11. The viral RNA levels in the distinct organelles are the sum of their relative RNA amounts in the respective fractions, including the nuclear fraction, endosomal fractions, and cytosolic fractions, which are grouped according to the Western blot result (see Notes 14 and 17). 12. Calculate the viral RNA ratios of the distinct organelles to evaluate the endocytic escape of inﬂuenza virus (see Note 18).
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Notes 1. Sucrose is introduced here as an organic osmotic balancer for its compatibility in functional studies on subcellular membranes. 0.25 M sucrose can be buffered with either Tris–HCl, Hepes, or Tricine (at 10–20 mM concentration) for preparation of homogenization buffer and subjected to SDS-PAGE. 2. The RNA segments of inﬂuenza A viruses have 13 and 12 conserved sequences at both the 50 - and 30 -ends (Uni13 and Uni12), respectively. The IAV-speciﬁc RT primer is complementary to the 30 -end (Uni12) and can be used as a universal primer for synthesis of cDNA of each RNA segment. 3. The probe and speciﬁc primers for qPCR of viral NP RNA segment are designed by using ProbeFinder Assay Design Software (Roche Life Science/Universal ProbeLibrary Assay Design Center; https://lifescience.roche.com/en_tw/ brands/universal-probe-library.html). 4. To achieve higher infection rate, the cells should be conﬂuent at the time of inﬂuenza virus infection. 5. Virus entry is a dynamic kinetic process, changing all the time after infection. Therefore, synchronization of infection in individual cells could help resolve the infection kinetics. Pretreatment of virus and cells in cold PBS before switching to 37  C is recommended for studying the kinetic of virus entry. 6. Though even a few RNA molecules can be detected by RT-PCR, we recommend infecting cells with higher MOI to increase the reliability of detection. 7. To reﬂect the kinetics of endocytic escape, several different time points of detection are recommended. For example, after removal of unbound inﬂuenza viruses, cells are further incubated for 10 min and 60 min, respectively, and then harvested. The amount of vRNA in the endosome fraction at 60 min p.i. (postinfection) should be less than that in 10 min p.i., suggesting the progress of virus entry. Besides, an additional treatment, like baﬁlomycin A1 (BafA1) [10], an inhibitor of endosome acidiﬁcation, and thus IAV fusion and endosomal escape, can be incorporated as a control for endosomal viral retention. 8. All the wastes generated inside the biosafety cabinet should be discarded into a bucket containing 10% bleach and decontaminated for at least 20 min prior to removal from the cabinet. 9. Unless otherwise noted, all buffers and stock solutions should be prechilled to 4  C prior to use. Carry out all procedures on ice or at 4  C.
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10. Keep 50 μL of cells (in HB) for RNA isolation, and label it as an input reference for RT-PCR calculation. 11. Different cell types may need different douncing times. To achieve better disruption of cell plasma membrane without damage to the major organelles, we suggest ﬁrst to dounce approximately 20 times gently and examine 10 μL of nuclear fraction under a high-magniﬁcation objective on a light microscope every ten strokes thereafter until around 80% of nuclei are naked. 12. The pellet (labeled “nuclear fraction”) can be resuspended in 200 μL of PBS for RNA isolation and Western blot analysis. 13. The ultracentrifuge rotor can be a ﬁxed angle or swinging bucket rotor. If other rotors are applied, the centrifugation time and g-force need to be optimized. Basically, higher g-force can reduce the centrifugation time, and larger volumes of samples may require longer centrifugation time. 14. Various organelle-speciﬁc markers, including nucleolin (applied as nucleus marker); Rab5 or EEA1 (early endosome marker); CD63, Rab7, or Lamp1 (late endosome marker); and actin (cytosol marker), can be used for Western blotting to assess the quality of subcellular fractionation and as a guide for deﬁning endosomal (e.g., fractions 2–7) and cytosolic fraction (e.g., fractions 8–9) [11]. 15. To avoid RNase contamination, the use of sterile microcentrifuge tubes and ﬁltered pipette tips is recommended. 16. Several commercial kits are available for RNA isolation. They are comparable in performance. 17. To analyze the endocytic escape of virus, the relative RNA levels from all of the endosome fractions are summed. 18. The endocytic escape of virus can also be evaluated by detection of the vRNP resident in the endosomes by immunoﬂuorescence staining. Brieﬂy, the cells are treated with detergent, for example, 0.05% saponin for 2 min, ﬁxed with 4% formaldehyde for 20 min at room temperature, and then used for immunoﬂuorescence assay. Saponin interacts with membrane cholesterol and selectively removes it and leaves holes in the cell membrane [12]. The pre-extraction with saponin can remove most of the cytosolic proteins and retain the endosomal proteins in the endosomes, thereby increasing the discrimination of the endosome-retained viral proteins. The colocalization efﬁciency of inﬂuenza NP protein and endosomal proteins, such as Rab5 and Rab7, can be monitored. The combination of RNA determination and immunocytochemistry will offer more details about the viral entry progress.
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Chapter 10 Single-Molecule Sensitivity RNA FISH Analysis of Inﬂuenza Virus Genome Trafﬁcking Yi-ying Chou and Timothe´e Lionnet Abstract Inﬂuenza A virus is an enveloped virus with a segmented genome consisting of eight negative-sense, singlestranded RNAs. Accumulating evidence has revealed that inﬂuenza viruses selectively package their genomes. However, less is known about how different viral RNA segments are selected for incorporation into progeny virions. Understanding the trafﬁcking routes and assembly process of various viral RNA segments during infection will shed light on the mechanisms of selective genome packaging for inﬂuenza A viruses. This chapter describes the single-molecule sensitivity RNA ﬂuorescence in situ hybridization assay (smFISH) for inﬂuenza viral RNAs, a method used to analyze the distributions and trafﬁcking of viral RNAs in infected cells with segment speciﬁcity. Hybridization using 20 or more short ﬂuorescently labeled DNA probes allows the detection of viral RNAs with single-molecule sensitivity. The following imaging analyses provide information regarding quantitative measurements of vRNA abundance and the relative positions of the different viral RNA segments in cells. This chapter also includes a protocol for combining immunoﬂuorescence techniques with smFISH, which is useful to analyze the positions of viral RNAs relative to viral/cellular proteins in infected cells. Key words Single-molecule sensitivity RNA ﬂuorescence in situ hybridization, Inﬂuenza virus RNA, RNA imaging
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Introduction Inﬂuenza A viruses possess a segmented genome consisting of eight negative-sense single-stranded RNAs. Each of these viral RNAs (vRNAs) encodes for one or more essential viral proteins. Incorporating the correct combination of the eight vRNAs into virions is therefore critical for successful infection. The viral RNA genome exists in the form of viral ribonucleoprotein complexes (vRNPs) with vRNAs encapsidated by the nucleoproteins and associated with the polymerase complexes. Inﬂuenza A viruses enter the cells
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primarily through receptor-mediated endocytosis and release the vRNPs into the cytoplasm after low-pH-induced fusion of the viral membrane with late endosomes. The released vRNPs are then transported into the nucleus where transcription and genome replication occur. The newly synthesized vRNPs inside the nucleus are transported out of the nucleus and trafﬁcked to the site of assembly at the plasma membrane [1]. Multiple cellular compartments and host machineries are involved in steps along this trafﬁcking route, leading to a successful viral infection [2]. Although the segmented nature of viral genome complicates the process of assembly and packaging of vRNAs, it provides advantages for the virus to acquire beneﬁcial segments through reassortment events. The exchange of gene segments among different inﬂuenza virus strains can create virus strains with new antigenicity and the potential to cause pandemics. For example, the 2009 new pandemic H1N1 virus strain is a reassortant virus with genome segments from a triple-reassortant classical swine virus and a Eurasian swine virus [3, 4]. These further emphasize the needs to understand the precise mechanisms of inﬂuenza genome trafﬁcking and packaging during infection. Numerous approaches have been employed to study the genome packaging and trafﬁcking of inﬂuenza A viruses, such as reverse genetics and mutational analysis [5–10], transmission electron microscopy, and electron tomography of virus particles [11, 12]. These methods revealed critical genetic elements for genome packaging and the composition of vRNPs in progeny virus populations, demonstrating the selective nature of inﬂuenza virus genome packaging [13, 14]. To further understand the selective processes of vRNPs packaging, assays are required that allow the visualization of vRNPs in infected cells while resolving segment identities. The method described in this chapter, single-molecule sensitivity RNA ﬂuorescence in situ hybridization analysis (smFISH), provides quantitative measurements of the number and localization of vRNAs in infected cells with RNA sequence speciﬁcity [15, 16]. This method is thus useful in studying the trafﬁcking of vRNPs of different identities and the interactions of vRNPs with host machineries when combined with immunoﬂuorescence techniques. Previously, smFISH has been used to show that newly synthesized vRNPs form complexes with different vRNPs before reaching the plasma membrane and to demonstrate how host factor Rab11 plays a role in the trafﬁcking of vRNPs to the budding site [16, 17] . The main limitations of the smFISH technique are that (1) it can only be performed on ﬁxed samples, so the trajectory of individual vRNA cannot be tracked in real time and (2) the accuracy of colocalization analysis decreases as the number of vRNAs increases in the cells, especially when vRNAs are densely clustered in the
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infected cells. Proper controls are necessary to understand the range of sensitivity for the colocalization assay (see Note 1). The smFISH technique discussed in this chapter consists of two steps: visualizing single inﬂuenza vRNAs in ﬁxed infected cells and analyzing the spatial relationships among the vRNAs (or between vRNAs and host proteins) using a colocalization analysis. Singlemolecule sensitivity is achieved by hybridizing 20 or more ﬂuorescently labeled probes against a single vRNA, providing signiﬁcant signal-to-noise ratio. When investigating the relative localization of vRNAs, two probe sets targeting vRNAs of two different identities labeled in distinct colors are used. The positions of individual molecules of each vRNA identity are ﬁrst determined using a localization algorithm. The relative distances between vRNAs of distinct species are then calculated using the colocalization software. We also describe how to study the interactions between inﬂuenza vRNAs and cellular proteins using smFISH combined with immunoﬂuorescence staining techniques.



2 2.1



Materials Cell Culture



1. Madin-Darby canine kidney (MDCK) (ATCC #CCL-34) cells. 2. MDCK growth medium: modiﬁed Eagle’s medium (MEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL of penicillin G and 100 μg/mL of streptomycin, 4 mM of L-glutamine, and 50 mM HEPES, ﬁlter sterilized using a 0.2 μm membrane ﬁlter. 3. Trypsin-EDTA (0.25%). 4. Biosafety level (BSL) 2 cabinet for working with infectious agents.



2.2 Infected Cell Sample Preparation



1. Tissue culture dishes (D  H ¼ 100 mm  20 mm). 2. Paraﬁlm® sealing ﬁlm. 3. 24-well tissue culture plate. 4. Micro slides (25 mm  75 mm). 5. Poly-D-lysine-coated coverslips, 12 mm coverslips # 1.5 (BD Biosciences). 6. Inﬂuenza infection medium: phosphate-buffered saline (PBS) supplemented with 1% (w/v) bovine serum albumin (BSA) and 100 U/mL of penicillin G and 100 μg/mL of streptomycin. Filter sterilized with a 0.2 μm membrane ﬁlter. 7. L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)trypsin stock solution: 1 mg/mL of TPCK-treated trypsin in autoclaved water; aliquot the solution, and store at 20  C (see Note 2).
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8. Postinfection medium: Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with 0.3% (w/v) BSA, 100 U/mL of penicillin G, 100 μg/mL of streptomycin, and 1 μg/mL of TPCK-trypsin. 9. Inﬂuenza A/Puerto Rico/8/34 (PR8) strain. 2.3 Fixation (See Note 3)



1. Ambion® nuclease-free water. 2. 10 phosphate-buffered saline (10 PBS) stock: Dissolve in 800 mL of RNase-free water, 80 g of NaCl, 2 g of KCl, 14.4 g of Na2HPO4, and 2.4 g of KH2PO4. Adjust pH to 7.4 and the ﬁnal volume to 1000 mL with additional distilled water. Autoclave and store at room temperature. 3. Ambion® buffer kit: The kit includes 100 mL bottles of 1 M MgCl2, 5 M ammonium acetate, and DEPC-treated water (see Note 4). 4. PBSM (1 PBS with 5 mM MgCl2): Mix 5 mL of 10 PBS with 250 μL of 1 M MgCl2, and add nuclease-free water to the ﬁnal volume of 50 mL. 5. PBST: PBSM with 0.5% (w/v) Triton X-100. 6. Fixation solution: 4% paraformaldehyde in PBSM. Prepare solutions fresh.



2.4 Fluorescent Probes



1. Short DNA oligo probe set: Stellaris® RNA FISH probes with 50 amino modiﬁcation (20-nucleotide-long single-stranded DNA oligos) (Biosearch Technologies), designed using Stellaris probe designer provided from the BioSearch website (see Note 1). 2. Cy3-NHS ester (Amersham, GE Healthcare). 3. Cy5-NHS ester (Amersham, GE Healthcare). 4. 1 M sodium bicarbonate (pH 8.0). 5. 3 M sodium acetate (pH 5.2). 6. 100% ethanol.



2.5



Hybridization



1. Formamide. 2. 20 saline-sodium citrate (SSC) buffer: 3 M NaCl and 300 mM sodium citrate. 3. 2 SSC/0.1% Triton X-100: 300 mM NaCl and 30 mM sodium citrate with 0.1% Triton X-100. 4. Pre-hybridization buffer: 2 SSC buffer with 10% formamide. 5. DAPI (40 , 6-diamidino-2-phenylindole, dihydrochloride) staining solution: 0.5 μg/mL DAPI in 1 PBS. 6. RNAse-free BSA. 7. Vanadyl-ribonucleoside (VRC).
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8. Dextran sulfate. 9. E. coli tRNA. 10. Hybridization buffer (HB): 2 SSC buffer with 10% formamide supplemented with 10% dextran sulfate, 2 mM VRC, 0.02% RNAse-free BSA, and 50 μg E. coli tRNA. 11. Hybridization washing buffer: 2 SSC buffer supplemented with 2 mM VRC. 12. ProLong Gold antifade reagent (Invitrogen). 13. Tweezers. 2.6 Immunoﬂuorescence (Optional)



1. Primary antibody: Rabbit anti-Rab11 polyclonal antibody (Invitrogen). 2. Secondary antibody: Alexa Fluor 488-conjugated donkey antirabbit IgG(H + L) antibody (molecular probes). 3. Blocking solution: PBSM with 1% BSA.



2.7 Imaging and Analysis



1. Wideﬁeld epiﬂuorescence microscope, e.g., Zeiss Axioplan 2IE equipped with a 100, 1.4 numerical aperture (NA) oil immersion objective and Zeiss AxioCam MRm camera. 2. Fiji analysis program. Custom cell mask generation Fiji plugin available at https://github.com/timotheelionnet/Single-Mol ecule-FISH. 3. Matlab (MathWorks). 4. TetraSpeck microspheres, 0.1 μm (Invitrogen).



3



Methods



3.1 Fluorescent Probe Design



1. Select regions of inﬂuenza vRNA to be targeted, avoiding the 50 and 30 conserved regions of vRNA in order to ensure segment speciﬁcity. 2. Design the probes required (see Note 5).



3.2 Probe Preparation



1. Resuspend each probe (5 nmol) in 50 μL of RNase-free water (ﬁnal concentration 100 μM). 2. Pool 1 nmol of each oligonucleotide (10 μL) together, depending on the number of probes there are in one set (24–48 probes per target vRNA). 3. Add enough volume of 1 M sodium bicarbonate (pH ¼ 8.0) so that the oligonucleotide pool contains 0.1 M sodium bicarbonate. For example, add 54.4 μL of 1 M sodium bicarbonate to 480 μL of pooled oligonucleotide solution. 4. Dissolve Dye-NHS ester conjugate (1 mg) in 50 μL of 0.1 M sodium bicarbonate buffer.
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5. Add the dye solution immediately to the oligonucleotide solution. 6. Incubate in the dark overnight at room temperature (RT). 7. Estimate the solution volume. 8. To remove free dye, add to the labeled oligonucleotide solution 13% (v/v) of 3 M sodium acetate (pH 5.2) and 250% (v/v) of 100% ethanol. 9. Store the reaction at 80  C for at least 1 h. 10. Spin the sample at full speed (13,000 rpm or 18,000  g) using a microcentrifuge at 4  C for 15 min. A colored pellet should be seen at the bottom of the tube. 11. Carefully remove the supernatant containing the uncoupled ﬂuorophores. 12. Resuspend the pellet into 240–480 μL of RNase-free water to obtain a probe concentration of 4 μM. 13. Store labeled probes at 20  C. 3.3 Cell Sample Preparation and Virus Infection



1. Place poly-D-lysine-coated coverslips into wells in a 24-well plate. 2. Plate 5  104 cells/well onto the poly-D-lysine-coated coverslips in the plate. 3. Incubate the cells at 37  C with 5% CO2 overnight until the cells reach 40% conﬂuency (see Note 6). 4. To synchronize virus infection, precool the cells on ice for 5 min. 5. Infect the cells with inﬂuenza virus at a multiplicity of infection (MOI) ¼ 5 in 200 μL of inﬂuenza infection medium (1 PBS/1% BSA) supplemented with 1 μg/mL TPCK-trypsin. 6. Incubate the cells with the virus for 1 h at 4  C to allow for virus binding (see Note 7). 7. Warm the postinfection medium to 37  C. 8. Remove infection medium from the cells, and add 500 μL of the warmed postinfection medium. 9. Incubate the cells at 37  C until the time of ﬁxation.



3.4



Fixation



1. Wash the cells brieﬂy with ice-cold PBSM. 2. Fix the cells with 4% paraformaldehyde ﬁxation solution for 10 min at RT. 3. Wash the cells once brieﬂy with ice-cold PBSM. 4. Extract the cells for 1 min in PBST at RT. 5. Wash the cells twice brieﬂy with ice-cold PBSM. 6. Store the ﬁxed coverslips in PBSM at 4  C until use.
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Hybridization
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1. Incubate the cells for 5–10 min in pre-hybridization solution (2 SSC, 10% formamide). 2. Prepare probe solution: (for one coverslip) (a) Add 1 μL of 4 μM target probe mix (multiple short oligos) into 39 μL of hybridization buffer (HB). (b) If multicolor experiments are needed, make the ﬁnal concentration of target probe mix 400 nM for each target. For example, mix 1 μL of Cy3 probes (4 μM) and 1 μL of Cy5 probes (4 μM) into 38 μL of HB. 3. Prepare a 10 cm petri dish covered with foil (see Fig. 1). 4. Put a piece of Paraﬁlm in the center of the 10 cm petri dish, allowing enough working space for the number of reactions in the experiment. 5. For each sample, dot 40 μL of hybridization probe solution onto the Paraﬁlm, with distances far enough such that the coverslips can be placed over each dot without overlapping each other. 6. Remove coverslips from pre-hybridization buffer carefully with a tweezer. 7. Place each coverslip with the cells facing down onto the hybridization probe solution already dotted onto the Paraﬁlm (see Fig. 1). 8. Cover the petri dish.



Fig. 1 Hybridization chamber setup using a 10 cm petri dish
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9. Incubate the petri dish at 37  C in a humidiﬁed chamber overnight. 10. Uncover the petri dish, and carefully lift the lower layer of Paraﬁlm, so that the coverslips can be removed easily without excessive manipulation. 11. Wash the coverslips once with pre-hybridization buffer in a 24-well plate with the cell-side facing up. 12. Incubate at 37  C for 30 min and repeat the wash. 13. Wash the coverslip with 2 SSC solution and incubate at RT for 10 min. 14. Wash the coverslip once with PBSM. 15. Take out the ProLong Gold antifade reagent from the freezer to allow it to warm to RT. 16. Stain the nuclei with DAPI staining solution for 2 min at RT. 17. Wash the coverslip twice with PBSM. 18. Mount each coverslip (cell side facing down) onto glass slides, using 5 μL of ProLong Gold antifade mounting medium. 19. Blot off excess liquid and let the samples cure overnight at RT. 20. Store the slides in 20  C until imaging. 3.6



Imaging



1. Acquire ﬂuorescence images of the sample using a 100 objective (1.4 NA) and appropriate ﬂuorescence light sources. 2. Image cells using 200 nm intervals in the z-dimension over 4–5 μm to ensure cells are imaged from top to bottom. 3. For four-color imaging (DAPI, Alexa488, Cy3, Cy5), acquire images starting from the Cy5 channel (see Note 8). Adjust the exposure time for each channel (typically 0.1–1 s per z-section) depending on the power of the ﬂuorescence light sources. See Fig. 2 for sample images. 4. Conﬁrm the speciﬁcity and sensitivity of the probe sets (see Note 9).



3.7 Immunoﬂuorescence (Optional) (See Note 10)



1. After ﬁxation and permeabilization (see Subheading 3.4), block the sample with 1% BSA in PBSM for 1 h at RT. 2. Stain the sample with primary antibody in 1% BSA in 1 PBS for 1 h at RT. 3. Wash three times with 1% BSA in 1 PBS. 4. Stain the sample with secondary antibody in 1% BSA in 1 PBS for 1 h at RT. 5. Wash the sample three times with 1% BSA in PBS. 6. Fix, for a second time, with 4% paraformaldehyde in PBS for 10 min at RT.
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Fig. 2 Examples of smFISH analysis. (a) Images of MDCK cells infected with inﬂuenza virus (PR8 strain) at MOI ¼ 5 and ﬁxed at 6 h postinfection. Two probe sets (24 Cy3-labeled probes, 24 Cy5-labeled probes) targeting different regions of the NA vRNA were used for hybridization. Maximum intensity projections of 3D ﬂuorescent stack images are shown for each color channel. The bottom right panel is the merged ﬂuorescent image of DAPI, Cy3, and Cy5 channels (scale bar ¼ 10 μm). (b) Magniﬁed images of the squared regions in (a) are shown on the top. The corresponding detected spots for each channel image are shown on the bottom. This experiment serves as a positive control for smFISH colocalization analysis. (c) Images of MDCK cells infected with inﬂuenza virus (PR8 strain) at MOI ¼ 5 and ﬁxed at 8 h postinfection. The infected cells were hybridized using Cy5-labeled probes against the NA vRNA and Cy3-labeled probes against host β-actin mRNA. Maximum intensity projections of the 3D ﬂuorescent stack images are shown for each color channel. The merged ﬂuorescent image of DAPI, Cy3, and Cy5 channels is shown on the bottom right (scale bar ¼ 10 μm). (d) Magniﬁed images of the squared regions in (c) are shown on the top. The corresponding detected spots for each channel image are shown on the bottom. This experiment serves as a negative control for RNA FISH colocalization analysis
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7. Wash the sample once with PBSM. 8. Incubate the sample with pre-hybridization buffer (2 SSC, 10% formamide) for 10 min before the in situ hybridization procedures (see Subheading 3.5). 3.8



Image Analysis



1. Detect the ﬂuorescent spots corresponding to the individual molecules in each imaging channel automatically using a spot detection algorithm [18] (available upon request). The algorithm principle is presented in Fig. 3. Once the algorithm is installed, the running program will lead the user through the following steps to localize ﬂuorescent spots in the data images: (a) Load the data by selecting the ﬁles for analysis in the pop-up window.



Fig. 3 Flowchart describing the spot localization algorithm. An input image (top left) is submitted to a spatial bandpass ﬁlter (“Filtered Image”), which enhances features that have the size of a diffraction-limited spot. The size of the point spread function (PSF) is a required parameter that can be either typed in or measured on the image (Fig. 4 and text). A user-deﬁned intensity threshold is applied to the ﬁltered image, and positions of bright pixels are stored as a list of spot candidates. The spatial intensity distribution around each spot candidate is then ﬁtted to a Gaussian after correcting for the local background intensity. The algorithm outputs the spot positions and intensities
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(b) In the “Select Detection/Quantiﬁcation Parameter” window, provide the size of the spots, also known as the sigma of point spread function (PSF) in the “PSF sigma xy” space. This number can either be typed in (see Fig. 4a) or measured on a small number of spots selected by the user in the input image by choosing the option “Set Manually” (measured PSF sigma values are subsequently stored in the output .par ﬁle; see Fig. 4a, b). (c) In the same window, provide the threshold value for detection. This value sets the intensity threshold that will separate putative spots from spurious background features. Either type in the threshold value (see Fig. 4a) or set the value interactively using a visual rendering of selected pixels by choosing the “Set” option (see Fig. 4c–f). (d) Once the parameters are provided, the analysis of the images proceeds automatically. The process takes a few seconds to a few minutes for large datasets on a standard desktop. The output of the spot detection algorithm is a list of all the positions and intensities of the spots in the 3D stack that are saved in the input ﬁle directory (.loc3 ﬁle) (see Note 11). 2. Generate cell masks mapping the contour and regions occupied by each cell in the 3D stack (see Note 12). 3. Generate masks marking the positions of immunoﬂuorescence signals in the 3D stack (optional) (see Note 13). 4. Assign the detected individual RNAs to their respective cells based on the cell masks. 5. Feed the 2D mask image (generated in step 2, see Fig. 4h) as well as the ﬁle holding the list of spot positions (generated in step 1) to a custom code (Matlab, MathWorks, available at https://github.com/timotheelionnet/Single-MoleculeFISH) to sort spots into their respective cells or region of interest (see Note 14). 6. Quantify the colocalization between different RNA segments, using custom code (Matlab, MathWorks, available at https:// github.com/timotheelionnet/Single-Molecule-FISH) that matches spot positions between individual channels and identiﬁes colocalizing pairs (see Note 15). 7. Once the program is running, provide the following inputs: (a) Load the two output ﬁles from the spot detection algorithm (see step 1 of this section) holding the detection results for each of the two images (from two different channels).
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Fig. 4 Demonstration of the localization and cell masking software. (a) Screenshot of the parameter window where the size of the point spread function (PSF) is typed in. Selecting the “Set manually” option allows the user to measure the PSF size on the sample image. (b) Screenshot of the PSF size measurement window. The intensity around a user-selected spot (red arrow) is ﬁtted to a Gaussian proﬁle of variable width. Linear proﬁles
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(b) Type in the maximum allowed distance between colocalized spots in pixels. For example, if the maximum distance is set as 2, spots further apart than 2 pixels will not be considered as colocalized. The distance threshold determines the results of colocalization metrics and should be set with multiple considerations (see Note 16). Once again, it is important to use this metric relatively to positive and negative biological controls. The output ﬁles of the colocalization analysis will be stored in a subfolder generated in the folder where the ﬁrst detection ﬁle is located. The output “.cosum” ﬁle summarizes the colocalization analysis including the parameters used, original ﬁle names for reference, basic statistics, and colocalization metrics.



4



Notes 1. For colocalization analysis, it is important to include both positive and negative controls. For positive control, hybridize the same viral RNA with two sets of probes labeled with different ﬂuorescent dyes. The signals from these sets of probes should colocalize with each other (see Fig. 2a, b). On the other hand, hybridize two non-interacting RNAs with two sets of probes as the negative control. For example, inﬂuenza viral RNA and β-actin mRNA share minimal sequence similarity and are not expected to interact with each other (see Fig. 2c, d). The measured colocalization between these non-interacting RNAs in the cells provides a baseline value corresponding to the observation of colocalizing RNAs by random chance. The concentration of the negative control RNA should match that of the species investigated because random occurrences of colocalization strongly depend on concentration of both species. 2. Avoid freeze-thawing cycles. 3. Using RNase-free water is essential for RNA in situ hybridization experiments.



 Fig. 4 (continued) are represented on the two right panels; top is the proﬁle along x-axis, bottom is the proﬁle along y-axis. The blue line represents the image intensity, and the red line represents the ﬁtted Gaussian proﬁle, including the contribution of the local background. (c–f) An example image (c), overlaid with the pixels selected by different threshold levels (d–f). The smFISH signals are shown in green, and the selected pixels are shown in red. The user can select the threshold value using the overlay as a visual aid; eventually, adequate choice of the threshold value needs to be conﬁrmed using biological controls (scale bar ¼ 10 μm). (g and h) Generation of cell masks using Fiji. The perimeter of cells is manually traced (g) and converted into regions of interest with discrete intensity values using the custom Fiji plugin (h) (scale bar ¼ 10 μm)
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4. This buffer kit contains sterile RNase-free solution critical for RNA analysis. 5. Probe design: Inﬂuenza A virus is a negative-sense singlestranded RNA virus. The designed probes should be complementary to the viral genome sequences (negative sense) rather than the mRNA sequences. The designed probe sets for inﬂuenza A virus (A/Puerto Rico/8/34, PR8) PB1 segment are included in the supplementary material as an example. 6. Cells should be sparse enough to facilitate automated separation of the nuclei while being dense enough to have signiﬁcant amounts of cells for analysis. 7. Ensure the entire coverslip is submerged under the infection medium. 8. Begin imaging from the longer excitation wavelength to minimize photo bleaching of the samples. For four-color imaging with DAPI, Alexa488, Cy3, and Cy5 channels, start the acquisition from Cy5 channel to Cy3, Alexa488, and then DAPI channels. 9. Speciﬁcity and sensitivity test: (a) Test speciﬁcity by performing smFISH with a probe set on cells infected with a mutant inﬂuenza virus strain without the speciﬁc targeted segment. If the probe set is speciﬁc, no signal should be detected in the cells. (b) Test sensitivity of the probe sets by performing hybridization on single isolated inﬂuenza virus particles. The virus particles can either be immobilized on coverslips or bound to cell surface before internalization (bind the cells with inﬂuenza at MOI ¼ 1 at 4  C and ﬁx the infected cells after 15 min). 10. To study the relative distribution of vRNAs and proteins, both immunoﬂuorescence staining for the protein and smFISH for vRNA can be applied to the same sample. To do this, ﬁrst subject the cells to immunoﬂuorescence staining followed by smFISH. 11. When running this automatic spot detection algorithm, take care to set the parameters: (1) the expected size of the spots should match the PSF of the microscope (the size of the spot generated by point-like emitters, which depends on the microscope used, the objective type and the color), and (2) the brightness threshold of the detection algorithm should ﬁlter out the dim spots (corresponding to nonspeciﬁc binding of individual probes) while retaining the speciﬁc signal from RNA molecules. One should include positive and negative biological controls with each dataset to ensure that the algorithm detection parameters are appropriate (see also Note 4).
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12. Cells can be manually traced using a Fiji [19] plugin (available at https://github.com/timotheelionnet/Single-MoleculeFISH) to generate spatial masks that can be compared to the spots positions (see Fig. 4g, h). Alternatively, cell sorting can be automated using the CellProﬁler software suite [20]. For MDCK cells or other adherent cells, cell masking can usually be accomplished by tracing a two-dimensional maximum intensity projection of the 3D z-stack using the Fiji plugin mentioned above. The output of the cell masking step is a 2D image with discrete levels, each value corresponding to an individual cell (see Fig. 4h). 13. When combining immunoﬂuorescence with smFISH, one can separate spots (from smFISH) based on their overlap with high- or low- intensity immunoﬂuorescence signals. Such regions can be masked using the thresholding command in Fiji [19], generating a binary image marking the location of high-intensity immunoﬂuorescence signals. 14. This step allows users to quantify the number of vRNAs per infected cell or within the region of interests. 15. The fraction of matched spots relative to the total detected spots in each channel provides a colocalization metric. This custom algorithm ﬁnds mutual nearest neighbor spots across channels while enforcing a maximum allowed distance between spots. 16. The calculated distance between detected spots is impacted by the localization error in each channel and the registration error between channels (images between color channels do not perfectly overlap because of offsets in the optical path and chromatic aberrations). It is recommended to calibrate the registration between channels using broad emitting ﬂuorescent beads (TetraSpeck microspheres) in order to compute the spatial transformations that map one channel image onto the other. This calibration also provides an estimate of the registration uncertainty, which informs the threshold distance to use. The threshold distance can also be empirically determined by comparing the distances between the centers of colocalized spots (positive control in Note 4) and the distances between the centers of spots corresponding to non-interacting RNAs (negative control in Note 5). References 1. Shaw ML, Palese P (2007) Orthomyxoviridae: the viruses and their replication. In: Knipe DM, Howley PM (eds) Fields Virology, 5th edn. Lippincott, Williams and Wilkins, Philadelphia, pp 1647–1689
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Chapter 11 3D Electron Microscopy (EM) and Correlative Light Electron Microscopy (CLEM) Methods to Study Virus-Host Interactions Ine´s Romero-Brey Abstract Viruses use different strategies to interact with their host and perform a successful viral infection that results in the formation of new infectious viral particles and their propagation to new hosts. Understanding how viruses interact with their hosts requires the use of high-resolution techniques for the direct visualization of these interactions. Here electron microscopy (EM) methods are described that allow the 3D ultrastructural analysis of virus-infected cells. These methods can be implemented with light microscopy (LM) to certainly allocate virus-infected cells or cells displaying a speciﬁc/interesting phenotype caused by the interaction of viral proteins with the cellular machinery. Some sample preparation procedures where LM is integrated, known as correlative light electron microscopy (CLEM), are also explained in this chapter. All of these methods are applicable to any kind of cultured cells, including inﬂuenza virus-infected cells. Key words Electron tomography, Focused ion beam-scanning electron microscopy, Correlative light and electron microscopy, Chemical ﬁxation, High-pressure freezing, Cryo-immobilization, Freezesubstitution, Virus-infected cells, Virus-induced cellular rearrangements, Ultrastructure
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Introduction Viruses are extremely small parasites that hijack the cell machinery in order to carry out a successful life cycle. The interaction of viruses with their cellular hosts provokes a profound reorganization of the cell landscape, causing membrane rearrangements and morphological changes of cell organelles. These virus-induced changes can only be visualized with high-resolution microscopy. In this regard, electron microscopy (EM) is an essential tool to visualize virus-host interactions and deepen our understanding about viral infection. This chapter describes several EM procedures that allow the preparation of virus-infected cells or cells transfected with plasmids expressing viral proteins to visualize their 3D architecture via electron tomography (ET) or focused ion beam-scanning electron
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Fig. 1 Overall schematic of the workﬂow for the preparation of cells for 3D-EM methods. (a) For chemical ﬁxation, cells are seeded on glass coverslips and ﬁxed with aldehydes. After ﬁxation, the cells are post-stained with heavy metals and embedded in resin. (b) Alternatively, cells growing on sapphire discs can be frozen by high-pressure freezing and freeze substituted to be subsequently embedded in resin. (c) Upon polymerization of the resin, the support where cells were growing must be removed from the resin block. (d) Subsequently the block containing the embedded cells is trimmed to a small trapezium from which the remaining cells are sectioned with a diamond knife. Semi-thick sections can be collected on slot grids and examined by electron tomography (ET) to obtain 3D datasets. Alternatively thin sections can be obtained and analyzed by conventional 2D EM. (e) 3D volumes of whole-embedded cells can also be collected via focused ion beam-scanning electron microscopy (FIB-SEM) when larger volumes of the cells need to be examined at a lower resolution. Note that light microscopy (LM) can be applied to allocate cells expressing ﬂuorescent proteins before their processing for EM to perform correlative light electron microscopy (CLEM). This ﬁgure is adapted and modiﬁed with permission from [1]
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microscopy (FIB-SEM) (Fig. 1). These 3D-EM methods are useful to all cultured cells and have been successfully applied to analyze cells infected with different viruses (reviewed in [1, 2]). For example, ET has been performed to elucidate the 3D architecture of the replication organelles induced by dengue virus (DENV) [3], hepatitis C virus [4], and tick-borne encephalitis virus [5], whose size is approximately 100 nm in diameter. Furthermore, 3D datasets can be collected via FIB-SEM when larger structures need to be examined with a lower resolution, for example, to study the morphology of entire cell organelles such as mitochondria upon DENV infection [6]. To date the vast majority of studies regarding visualization of inﬂuenza virus-cell interactions, for example, membrane fusion (reviewed in [7]), have been mainly carried out by cryo-EM, cryoelectron tomography (cryo-ET), or thin section EM. However, the 3D-EM methods described here could also help to shed more light on fundamental aspects that govern the inﬂuenza virus infection such as delivery of viruses to the endosomal compartment or the assembly and budding of progeny particles (see, e.g., [8, 9]). Currently, correlative light electron microscopy (CLEM) methods that combine light microscopy (LM) with EM are also often utilized. In the CLEM workﬂows explained here, the cells of interest are selected by LM (for instance, by a speciﬁc phenotype) prior to their preparation for EM, at the pre-embedding stage (Fig. 1). These CLEM approaches can be used in combination with either conventional 2D-EM [4, 10, 11] or with the 3D-EM methods described in this chapter. In the case of inﬂuenza, new ﬂuorescent viruses have been generated [12] that represent a powerful tool for studying the virus cellular cycle by means of CLEM. For example, a recent publication using CLEM has revealed that inﬂuenza A virus ribonucleoproteins modulate host recycling by competing with Rab11 effectors [13].



2



Materials The great majority of the reagents used for EM preparation of cells are hazardous, and most of the manipulations must be carried out in a fume hood. For the appropriate handling of these materials, it is, therefore, crucial to read carefully the Material Safety Data Sheets provided by the manufacturers. It is also essential to consult your institute’s health and safety procedures for the correct disposal of the used materials, as well as for the proper use of the equipment described below. Not least, the biosafety rules for working with infectious material (viruses) in BSL-2 and BSL-3 laboratories must be strictly followed.
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Fig. 2 Requirements for conventional embedding of cells after chemical ﬁxation. (a) MatTek dishes with coverslips photo-etched with an alphanumeric system for CLEM. (b) 7.9 mm polyethylene capsules for resin embedding of cell monolayers growing on glass coverslips used for thin section EM or ET. (c) 12 mm polyethylene capsules (1) and 13 mm gelatin capsules (2) for embedding of cells growing on MatTek dishes for CLEM. (d) Microwave processor for rapid processing of the cells. (e) A step-by-step guide to remove gridded glasses from MatTek dishes in order to embed the cell monolayers growing on them in a plastic resin after their dehydration. Upon removal of the coverslip from the resin block, the negative imprint of the alphanumeric pattern is visible on the block surface, which helps when performing targeted ultramicrotomy 2.1 Seeding of Cells for Chemical Fixation



1. 12 mm glass coverslips No.1 (e.g., from Marienfeld GmbH & Co KG). 2. Autoclave. 3. Cell culture dishes. 4. For CLEM: 35 mm dishes with a bottom glass dish No. 2 and an alphanumeric pattern that is ideal to relocate cells or cell clusters (MatTek Corporation) (Fig. 2a).



2.2 Chemical Fixation of Cells for Electron Tomography (ET)



1. Phosphate-buffered saline (PBS). 2. EM grade 25% glutaraldehyde and 16% paraformaldehyde, commercially available as aqueous solutions (e.g., Electron Microscopy Sciences). 3. 200 mM cacodylate buffer (stock solution): 21.4 g of cacodylic acid sodium salt trihydrate in 250 mL of molecular grade distilled H2O, set the pH to 7.4 using 0.1 M HCl, and adjust the volume to 500 mL. Store at 4  C in the dark (protected with aluminum foil).
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4. Sucrose. 5. 1 M KCl in molecular grade distilled H2O (w/v) (stock solution). 6. 0.1 M MgCl2 in molecular grade distilled H2O (w/v) (stock solution). 7. 0.1 M CaCl2 in molecular grade distilled H2O (w/v) (stock solution). 8. Fixation buffer: 2.5% glutaraldehyde (v/v) in 50 mM Na-cacodylate buffer containing 2% sucrose and 50 mM KCl, 2.6 mM MgCl2 and 2.6 mM CaCl2—make fresh. 9. Fixation buffer for CLEM: 0.2% glutaraldehyde (v/v), 4% paraformaldehyde (v/v) in PBS—make fresh. 10. Syringe and a 0.2-μm ﬁlter. 11. 300 mM glycine in molecular grade distilled H2O (w/v), ﬁltered through a syringe with a 0.2-μm ﬁlter (stock solution). 12. Quenching buffer for CLEM: 150 mM glycine in PBS. 2.3 Conventional Embedding of Cells After Chemical Fixation for ET



1. 4% osmium tetroxide (OsO4) in H2O (commercially available). 2. 200 mM cacodylate buffer (stock solution, see item 3 of Subheading 2.2). 3. Ice. 4. Aluminum foil. 5. Molecular grade distilled H2O. 6. 3% uranyl acetate (UA) in molecular distilled H2O (w/v) (stock solution). 7. Solutions with increasing concentrations of ethanol in molecular grade distilled H2O (v/v): 30, 40, 50, 60, 70, 80, 90, 95 and 100%. 8. Epoxy resin (see Note 1). 9. Polyethylene embedding capsules: bottle neck or conical capsules with a 7.9 mm outer diameter (Fig. 2b). For CLEM, 2-mL polyethylene or gelatin capsules with a larger diameter of 12 mm and 13 mm, respectively, are recommended (Fig. 2c). 10. Plastic Pasteur pipette. 11. Tweezers for handling of glass coverslips. 12. Propylene oxide. 13. Flat plastic object such as an Eppendorf rack. 14. Oven that can reach 60  C to polymerize the resin. 15. Microwave processor for rapid processing of cells (e.g., PELCO BioWave Pro from Ted Pella, Inc.) (Fig. 2d) (see Note 2).
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Fig. 3 Requirements for preparation of cells by high-pressure freezing (HPF) and subsequent freeze substitution (FS). (a) Carbon coating machine. (b) 0.05-mm carbon-coated sapphire disc with the number “2” written on the surface and aluminum carriers used for thin section EM or ET. (c) 0.16-mm sapphire disc with the alphanumeric pattern etched on the surface and aluminum carriers for CLEM. (d) HPF machine. (e) A liquid nitrogen tank. (f) Metal container for long-term storage of the samples in liquid nitrogen prior to FS. (g) FS machine with an Eppendorf tube holder (1) or ﬂow-through rings mounted in a reagent bath (2), where the samples are freeze substituted. (h–i) Embedding capsules for HPF-FS samples: Eppendorf tubes (h) and ﬂowthrough rings mounted in a reagent bath (Leica Microsystems) (i) 2.4 Seeding of Cells for High-Pressure Freezing (HPF)



1. Slim and long tweezers (e.g., Electron Microscopy Sciences). 2. Carbon coating machine (Leica EM ACE600, Leica Microsystems) (Fig. 3a). 3. 0.3-mm sapphire discs, 0.05-mm thick (Engineering Ofﬁce M. Wohlwend), coated with a thin layer of carbon (see Note 3) (Fig. 3b). 4. Oven that can reach 120  C. 5. Glow discharge machine. 6. UV cross-linker. 7. For CLEM: 0.3-mm patterned sapphire discs, 0.16-mm thick (Engineering Ofﬁce M. Wohlwend) (Fig. 3c). Alternatively, conventional sapphire discs and ﬁnder grids (e.g., Electron Microscopy Sciences) can be used (see Note 4). 8. Cell culture dishes.
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1. Slim and long tweezers (e.g., from Electron Microscopy Sciences). 2. 1-Hexadecene (C16 H32). 3. Aluminum carriers (Engineering Ofﬁce M. Wohlwend). (a) For 0.05-mm-thick sapphire discs, one aluminum carrier with 0.2 mm depth on one side and 0.1 mm depth on the other side (“A” carrier) and another carrier with 0.3 mm depth on one side that is ﬂat on the other side (“B” carrier) (Fig. 3b). (b) For 0.16-mm-thick sapphire discs (CLEM), an “A” carrier in which the 0.2 mm depth side is cut down to 0.05 mm and the same “B” carrier as above (Fig. 3c). 4. HPF machine (e.g., HPM 010 from ABRA Fluid AG) (Fig. 3d). 5. Safety goggles. 6. Hearing protection headset. 7. Tank with liquid nitrogen (Fig. 3e). 8. Cryoprotective gloves. 9. Metal container for long-term storage of frozen samples in liquid nitrogen (Fig. 3f). Please note that this particular container has been designed at the EMBL workshop (Heidelberg, Germany). Alternatively the samples can be stored in cryotubes (with a hole punched in the top) inside boxes, that are held in a rack in a cryogenic liquid nitrogen dewar.



2.6 Freeze Substitution (FS)



1. FS machine (Leica Microsystems) (Fig. 3g). 2. Tank with liquid nitrogen. 3. 4% osmium tetroxide (OsO4) in H2O. 4. Uranyl acetate (UA). 5. Glass-distilled acetone. 6. Eppendorf tubes (Fig. 3h) or ﬂow-through rings mounted in a reagent bath (Leica Microsystems) (Fig. 3i) for the FS (Fig. 3g-1 and -2, respectively) or as polymerization molds. 7. FS medium: 0.2% OsO4 (v/v), 0.1% UA (w/v) in glass-distilled acetone. 8. Ice. 9. Slim and long tweezers. 10. 25, 50, 75 and 100% epoxy resin (see Note 1) in glass-distilled acetone (v/v). 11. Oven that can reach 60  C to polymerize the resin.



220



Ine´s Romero-Brey



Fig. 4 Requirements for ultramicrotomy of embedded cells. (a) For removal of glass coverslips or sapphire discs: a styrofoam cryogenic jug containing liquid nitrogen (1), an electric kettle (2), goggles (3), and cryoprotective gloves (4). (b) Different types of saws (1), mosquito forceps with box lock joint (2), and razor blade (3) for removal of the resin embedding molds (polyethylene capsules, Eppendorf tubes or ﬂow-through rings mounted in a reagent bath) from the resin block. (c) Trimming device for mechanical trimming. (d) Ultramicrotome (1) with diamond knife (2) 2.7 Removal of Glass Coverslips or Sapphire Discs from Resin Blocks for ET



1. Styrofoam cryogenic jug containing liquid nitrogen (Fig. 4a1). 2. Electric kettle to boil H2O (Fig. 4a-2). 3. Safety goggles (Fig. 4a-3). 4. Cryoprotective gloves (Fig. 4a-4). 5. Saw (Fig. 4b-1). 6. Mosquito forceps with box lock joint (Fig. 4b-2). 7. Razor blade (Fig. 4b-3).



2.8 Trimming and Sectioning of the Embedded Cells for ET



1. Trimming device (e.g., Leica EM Trim, Leica Microsystems) (Fig. 4c). 2. Clean razor blade. 3. Ultramicrotome (e.g., Leica Microsystems) (Fig. 4d-1).
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4. Diamond knife (e.g., Ultra 35 from Diatome) (Fig. 4d-2). 5. Fine tweezers for handling of EM grids. 6. Slot EM grids (see Note 5). 7. Grid storage box. 2.9 Addition of Gold Particles to Thick Sections as Fiducials for ET



1. Laboratory sealing ﬁlm (Paraﬁlm M). 2. Protein A gold (PAG) particles, e.g., 10-nm PAG (Cell Microscopy Core, Department of Cell Biology, University of Utrecht, The Netherlands). 3. Molecular grade distilled H2O. 4. Syringe and a 0.2-μm ﬁlter. 5. Fine tweezers for handling of EM grids. 6. Whatman ﬁlter paper.



2.10 Post-staining of Sections for ET



1. Laboratory sealing ﬁlm (Paraﬁlm M). 2. 50% methanol in H2O (v/v). 3. 2% UA in 70% methanol (w/v). 4. Molecular grade distilled H2O. 5. Syringe and a 0.2-μm ﬁlter. 6. Fine tweezers for handling of EM grids. 7. Whatman ﬁlter paper. 8. A dark plastic lid. 9. Lead citrate (Reynolds) in CO2-free H2O (w/v): add 1.76 g sodium-citrate and 1.33 g lead nitrate to 30 mL of CO2-free H2O. Set pH to 12 by adding 8 mL of 1 M NaOH, and adjust the volume to 50 mL with CO2-free H2O—stable for 1 month. 10. NaOH or KOH pellets. 11. Plastic lid. 12. Grid storage box.



2.11 Acquisition, Reconstruction and Analysis of 3D Datasets Via ET



1. A transmission electron microscope with an operating voltage of 200–300 kV, equipped with a goniometer. 2. The IMOD software package (http://bio3d.colorado.edu/ imod/) [14]. 3. The Amira software (FEI, part of Thermo Fisher Scientiﬁc Inc.). 4. For CLEM, the Landmark Correspondences Plugin of Image J (http://imagej.net/Landmark_Correspondences). Alternatively the ec-CLEM Plugin of ICY (http://icy.bio imageanalysis.org/) [15].
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2.12 Chemical Fixation of Cells for Focused Ion BeamScanning Electron Microscopy (FIB-SEM)



1. EM grade 25% glutaraldehyde and 16% paraformaldehyde, commercially available as aqueous solutions (Electron Microscopy Sciences). 2. 1% malachite green oxalate salt in molecular grade distilled H2O (w/v) (stock solution)—make fresh. 3. 0.4 M PHEM buffer (stock solution): 240 mM PIPES (w/v), 100 mM HEPES 8 mM MgCl2 (w/v) and 40 mM EGTA (w/v). Adjust the pH to 6.9 with KOH. 4. Fixation buffer 1: 5% glutaraldehyde (v/v), 0.1% malachite green oxalate (v/v) in 0.2 M PHEM. 5. Fixation buffer 2: 2.5% glutaraldehyde (v/v), 0.05% malachite green oxalate in 0.1 M PHEM. 6. CLEM ﬁxation buffer 1: 1% glutaraldehyde (v/v), 8% paraformaldehyde (v/v) and 0.1% malachite green oxalate (v/v) in 0.2 M PHEM. 7. CLEM ﬁxation buffer 2: 0.5% glutaraldehyde (v/v), 4% paraformaldehyde (v/v) and 0.05% malachite green oxalate (v/v) in 0.1 M PHEM. 8. CLEM quenching buffer: 150 mM glycine in PBS.



2.13 Embedding of Cells for FIB-SEM



1. 4% OsO4 in H2O. 2. 4% potassium hexacyanoferrate (III) in molecular grade distilled H2O (w/v) (stock solution)—make fresh. 3. 0.4 M PHEM buffer (stock solution). 4. Ice. 5. Aluminum foil. 6. 1% tannic acid in molecular grade distilled H2O (w/v)—make fresh and ﬁlter with Whatman paper No.2. 7. Molecular grade distilled H2O. 8. 3% UA in molecular grade distilled H2O (w/v) (stock solution). 9. Solutions with increasing concentrations of ethanol in molecular grade distilled H2O (v/v): 25, 50, 75, 95 and 100%. 10. 50, 75 and 100% epoxy resin (see Note 1) in ethanol (v/v). 11. For CLEM: 18  18 mm glass coverslips (Fig. 5a-1) and tweezers for handling coverslips. 12. Oven that can reach 60  C to polymerize the resin (Fig. 5a-2).



2.14 Mounting of Embedded Cells for FIB-SEM



1. Styrofoam cryogenic jug containing liquid nitrogen (Fig. 4a-1). 2. Electric kettle to boil H2O (Fig. 4a-2). 3. Safety goggles (Fig. 4a-3). 4. Cryoprotective gloves (Fig. 4a-4).
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Fig. 5 Requirements for embedding and mounting of cells for FIB-SEM. (a) A step-by-step guide to embed cells growing on MatTek dishes for CLEM. (b) Materials used for mounting the embedded cells for FIB-SEM: SEM specimen stubs (1), holder for SEM stubs (2), double-sided adhesive discs (3), PELCO Colloidal Silver (4), tweezers for SEM stubs (5) and SEM stubs storage box (6)



5. 12.5-mm specimen stubs for scanning electron microscopy (SEM) (Fig. 5b-1) and holder for SEM stubs (Fig. 5b-2). 6. 12-mm carbon-based, electrically conductive, double-sided adhesive discs, also known as Leit tabs (Fig. 5b-3). 7. PELCO Colloidal Silver (Ted Pella, Inc.) non-electrically conductive surfaces (Fig. 5b-4).



to



8. Tweezers for handling SEM specimen stubs (Fig. 5b-5). 9. SEM stubs storage box (Fig. 5b-6).



make
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2.15 Acquisition, Reconstruction and Analysis of 3D Datasets Via FIB-SEM



1. A dual beam FIB-SEM microscope (CrossBeam 540 from Carl Zeiss Microscopy GmbH). These microscopes are typically equipped with a gallium ion source for site-speciﬁc focused ion beam milling and a ﬁeld emission gun scanning electron microscope with in-lens secondary electron detector and backscattered electron detector for imaging. 2. The ImageJ software package Fiji (http://ﬁji.sc/wiki/index. php/Fiji) [16] and the TrakEM2 plugin (https://imagej.net/ TrakEM2) [17]. 3. The IMOD software package (http://bio3d.colorado.edu/ imod/) [14]. 4. The Amira software (FEI, part of Thermo Fisher Scientiﬁc Inc.). Alternatively Ilastik [18, 19] or MIB [20]. 5. For CLEM, the Landmark Correspondences Plugin of Image J (http://imagej.net/Landmark_Correspondences). Alternatively the ec-CLEM Plugin of ICY (http://icy.bio imageanalysis.org/) [15].



3



Methods



3.1 Preparation of Cells After Chemical Fixation for ET



1. Put autoclave-sterilized glass coverslips in cell culture dishes and seed cells onto them (see Note 6). 2. At the desired time point (after infection or transfection), ﬁx the cells as follows: wash the cells three times with PBS, and ﬁx the cells for 30 min with 2.5% glutaraldehyde in 50 mM cacodylate buffer (pH 7.4) containing 50 mM KCl, 2.6 mM MgCl2, 2.6 mM CaCl2 and 2% sucrose. 3. Wash the cells thoroughly (ﬁve times, 5 min each) with 50 mM cacodylate buffer, and store the ﬁxed cells in buffer at 4  C until further processing (see Note 7). 4. Postﬁx the cells with 1% OsO4 in 50 mM cacodylate buffer (v/v) for 40 min on ice in the darkness (protected from the light with aluminum foil). 5. Wash the cells three times with molecular grade distilled H2O. After this step, the cells can be stored at 4  C overnight. 6. Postﬁx the cells with 0.5% UA in molecular grade distilled H2O for 30 min at room temperature. Rinse the cells three times, 10 min each, with molecular grade distilled H2O. After this step the cells can be stored at 4  C overnight (or over the weekend). 7. Dehydrate the cells stepwise through a concentration series of ethanol at room temperature: 30, 40, 50, 60, 70, 80, and 90% for 5 min each and then 95 and 100% for 20 min each.
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8. Prepare the resin following the indications of the manufacturer (see Note 1), and ﬁll up the embedding polyethylene capsules with the resin. If bubbles are formed, they should be removed with a plastic Pasteur pipette. 9. Take the coverslips with tweezers out of the culture dishes; immerse them quickly in 100% ethanol, followed by 100% propylene oxide; and place them as fast as possible (to avoid their drying) on the resin-ﬁlled embedding capsules with the cells facing the resin (see Note 2). 10. Flip the capsules vertically on a ﬂat plastic object (e.g., an Eppendorf rack), so that the conical part of the capsules is now above and the coverslips are below. 11. Place the capsules in the oven for polymerization of the resin. 12. Remove the hard resin blocks containing the cells from the oven after 1–2 days. 3.2 Preparation of Cells After Chemical Fixation for ET (with LM for CLEM)



This protocol is almost identical to the protocol described in Subheading 3.1 with the exception that the cells are imaged by means of light microscopy (LM) previous to their preparation for EM. LM is integrated in the workﬂow to select cells of interest that can be subsequently analyzed by ET or conventional thin section EM [10]. 1. Seed cells on MatTek dishes with gridded coverslips with a unique alphanumeric pattern within each square, for relocating cells or cells clusters (Fig. 2a) (see Note 8). 2. Fix the cells as follows: wash them twice with PBS, and ﬁx them with 0.2% glutaraldehyde, 4% paraformaldehyde in PBS for 30 min at room temperature. 3. Wash the cells three times, 5 min each, with 150 mM glycine in PBS at room temperature and twice with PBS. Keep them at 4  C until their further analysis with the light microscope. 4. LM: image the cells ﬁrst at low magniﬁcation to obtain images of the cells of interest expressing ﬂuorescent protein/proteins. Record also the coordinates of the gridded coverslip where the cells of interest are located by using differential interference contrast (DIC) microscopy. Stitching several areas might help to have a better overview of the location of the cell/cells of interest. Image the same cells at higher magniﬁcation, and whenever possible, acquire z-stacks to improve the correlation with the EM data (see Note 9). 5. Wash the cells with 50 mM cacodylate buffer. 6. Follow the steps described above (steps 4–12 of Subheading 3.1) for preparing the cells for EM (see also Fig. 2e).
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3.3 Preparation of Cells Via HPF-FS for ET



1. Using long tweezers, transfer the sterilized 0.05-mm-thick carbon-coated sapphire discs (see Note 3) with their carboncoated side (the number “2” must be readable) into cell culture dishes and seed cells onto them (see Note 6). 2. At the desired time point (after infection or transfection), ﬁx the cells through HPF. Using long tweezers, brieﬂy immerse the sapphire discs in 1-hexadecene, and assemble them into the holder of the HPF machine between an “A” and a “B” aluminum carrier as follows (Fig. 3b): On the bottom place a “B” carrier with its ﬂat side facing upward. Place the sapphire discs on this ﬂat side with the cells facing upward. Add an “A” carrier with its 0.1-mm depth facing the cells. 3. Place the holder in the HPF machine (Fig. 3d), and cryoimmobilize the cells. Use safety goggles and a hearing protection headset. 4. Immediately place the frozen sapphires discs in a polystyrene box with liquid nitrogen for temporary storage, using cryoprotective gloves. A metallic container can also be used for longer storage of samples in liquid nitrogen (Fig. 3f) before freeze substitution. 5. Freeze substitute the high-pressure frozen samples. Fill up the freeze substitution machine (Fig. 3g) with liquid nitrogen. Set the temperature to 90  C. While it is cooling down, prepare the freeze substitution medium containing 0.2% OsO4, 0.1% UA in glass-distilled acetone. 6. Fill up Eppendorf tubes (or ﬂow-through rings mounted in reagent baths) (Fig. 3g-1, g-2, respectively) with the FS medium, and transfer them to the FS machine (Fig. 3g). Wait 10 min for the FS medium to cool down. 7. With cooled long tweezers, transfer the frozen cells in liquid nitrogen to the tubes containing the FS medium. Run the FS as follows [21]: (a) From 90  C to 80  C for 8 h (b) From 80  C to 50  C for 8 h (c) From 50  C to 20  C for 2 h (d) From 20  C to 0  C for 2 h 8. Take out the substituted specimens from the FS machine, and place them on ice for 20 min. 9. Keep the samples at room temperature for 20 min, and wash them thoroughly with glass-distilled acetone (three times, 10 min each). 10. With long tweezers, discard the aluminum carriers, and inﬁltrate the cells (on the remaining sapphire discs) in a four-step resin series using 1 h incubation in 25%, 50%, and 75% resin in
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glass-distilled acetone, followed by overnight incubation with 100% resin. 11. Exchange the 100% resin the next day, and carefully place the sapphire discs at the bottom of new Eppendorf tubes (Fig. 3h), ﬁlled with 100% resin, with the carbon side facing upward. Alternatively transfer the sapphire discs to ﬂow-through rings mounted in reagent baths (Fig. 3i), ﬁlled with 100% resin, where they must be completely pushed to the bottom with the carbon side facing upward. 12. Polymerize the samples in the oven at 60  C. 13. Remove the hard resin blocks containing the cells from the oven after 1–2 days. 3.4 Preparation of Cells Via HPF-FS for ET (with LM for CLEM)



This protocol is almost identical to the protocol described in Subheading 3.3 with the exception that the cells are imaged by means of LM previous to their preparation for EM. LM is integrated in the workﬂow to select cells of interest that can be subsequently analyzed by ET or by thin section EM [11] (Fig. 6). 1. Seed cells on sterilized 0.16-mm-thick patterned sapphire discs (Fig. 3c) (see Note 8). 2. LM can be performed in living cells or in chemically ﬁxed cells as described above (step 4 of Subheading 3.2) (see Note 10). 3. High-pressure freeze the samples as indicated in steps 1–4, Subheading 3.3. The only difference is that the sapphire discs have to be assembled differently due to their greater thickness (Fig. 3c): the 0.2-mm side of “A” carrier has to be chopped down to 0.05 mm in order to ﬁt into the holder of the HPF machine. The alphanumeric pattern etched on the sapphire discs must be placed facing upward (with the cells facing the “A” carrier). 4. Follow the steps described above (steps 5–13 of Subheading 3.3) for preparing the cells for EM.



3.5 Trimming, Sectioning and Preparation of Sections for ET



1. Remove the glass coverslips or sapphire discs from the blocks: immerse the tip of the resin block containing the coverslip or disc in a styrofoam cryogenic jar containing liquid nitrogen until it stops “bubbling.” Thereafter immerse it in boiling H2O. Repeat as many times as needed until the glass/disc falls apart from the resin block. Use goggles and cryoprotective gloves (Fig. 4a). 2. Remove the embedding capsule from the resin block using mosquito forceps with a box lock joint and, eventually, a saw or a razor blade (Fig. 4b). 3. Trim the embedded cell monolayer to a small ﬂat pyramid with the shape of a trapezium (~200  250 μm average size). First
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Fig. 6 Example of a CLEM procedure. (a) Schematic representation of the plasmid used for this experiment: a hepatitis C virus (HCV) polyprotein (NS3-5B) expression construct lacking the domain 1 (D1) of the protein NS5A (in violet) and containing a GFP insertion (in green) in the domain 3 (D3) of this protein (pTM_NS35B_ΔD1-GFP). The expression of the viral proteins is transcriptionally controlled by a T7 promoter (T7 Pm) and translationally by an encephalomyocarditis virus (EMCV) IRES (internal ribosome entry site) element, indicated by a secondary structure. (b) Huh7-Lunet cells stably expressing the T7 polymerase analyzed by ﬂuorescence microscopy to allocate GFP-positive cells grown on patterned sapphire discs, 24 h after transfection with the
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mechanically with a trimming device (Fig. 4c) and then manually with a clean razor blade for the ﬁnal “ﬁne” trimming. In the absence of a trimming device, perform the entire trimming process manually with a razor blade. 4. Importantly for CLEM, the negative imprints of the coordinate pattern from the photo-etched coverslip of the MatTek dishes or the patterned sapphire discs are retained on the block face (Fig. 2e-9). This allows the identiﬁcation of the area where the cells of interest are located for targeted trimming. 5. Obtain 250–300 nm sections of the embedded cells with an ultramicrotome equipped with a diamond knife (Fig. 4d). 6. Using ﬁne tweezers, place these semi-thick sections on EM slot grids, and store them in a grid box. 7. Add PAG particles (as ﬁducials) to both sides of the grids. Place a piece of Paraﬁlm M paper on the bench and prepare on it drops (~10 μL) that contain PAG particles diluted in molecular grade distilled H2O (as suggested by the manufacturer) and molecular grade distilled H2O (ﬁltered through a syringe with a 0.2-μm ﬁlter). Using ﬁne tweezers, place the grids with the sections facing the drop of diluted PAG particles for 5 min. Wash the grids three times with distilled H2O and remove the excess H2O with Whatman paper. Repeat these steps, but this time with the other side of the grid facing a new drop of diluted PAG particles. 8. Post-stain the sections. This step is only mandatory for sections of chemically ﬁxed cells (cells subjected to HPF-FS have enough contrast). First, place a piece of Paraﬁlm M on the bench and prepare small drops (~10 μL) of 50% methanol, 2% UA in 70% methanol, 50% methanol, and molecular grade distilled H2O (ﬁltered through a syringe with a 0.2-μm ﬁlter) on it. Using tweezers place the grids brieﬂy on the 50% methanol drops with the section side downward. Stain the grids with 2% UA in 70% methanol for 5 min. Wash the grids twice quickly with 50% methanol and three times with H2O. Dry the grids with Whatman ﬁlter paper (see Note 11).



 Fig. 6 (continued) plasmid. (c) Higher magniﬁcation picture of a single cell selected within the black rectangle. (d) Transmission electron microscopy (TEM) image of an ultrathin section of the same cell after HPF, FS and resin embedding. (e) Schematic representation of serial 70-nm ultrathin sections containing the cell of interest. (f) TEM overviews of several sections of the cell of interest. (g) High magniﬁcation TEM images of the intracellular areas selected in yellow rectangles in (f), revealing high numbers of lipid droplets (LDs). This ﬁgure is adapted and modiﬁed with permission from [11]
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Second, place another piece of Paraﬁlm M paper on the bench, and add small drops (~10 μL) of lead citrate and H2O. Add also some NaOH or KOH pellets close to the lead citrate drops in order to maintain a CO2-free atmosphere, and cover the drops with a plastic lid to keep the air out. Stain the grids with lead citrate for 2 min. Wash the grids three times with H2O, and remove the excess liquid with Whatman ﬁlter paper (see Note 12). 14. Store the grids in a grid box until their further analysis by ET. 3.6 Acquisition, Reconstructionand Analysis of 3D Datasets Via ET



1. Load the slot grids containing the semi-thick sections into the electron microscope with an operating high voltage (200–300 kV) and equipped with a goniometer to allow tilting of the specimen holder. 2. Acquire 2D projections of your cell of interest at every tilt angle, typically from –65 to 65 . 3. If possible, rotate the grid 90 to acquire another tomogram of the same area to have dual-axis tomograms. 4. Reconstruct the tomograms (single or dual axis) with the IMOD software package (http://bio3d.colorado.edu/imod/) [14]. 5. Render the structures of interest with IMOD or with the Amira software (FEI, part of Thermo Fisher Scientiﬁc Inc.). 6. If LM has been performed before EM (for CLEM), ﬁnd the correlation between the LM and the EM datasets by using the Landmark Correspondences Plugin of Image J (http://imagej. net/Landmark_Correspondences) or the ec-CLEM Plugin of ICY (http://icy.bioimageanalysis.org/) [15].



3.7 Preparation of Cells After Chemical Fixation for FIB-SEM



For a comprehensive description of FIB-SEM protocols, the reader is referred to [22]. Cells subjected to HPF-FS (as described in Subheading 3.3) can be also used for FIB-SEM [23]. 1. At the desired time point (after infection or transfection), ﬁx the cells for 10 min at room temperature as follows: remove half of the culture medium, and add the same volume of ﬁxation buffer 1 containing 5% glutaraldehyde and 0.1% malachite green oxalate in 0.2 M PHEM. 2. Fix the cells with ﬁxation buffer 2 containing 2.5% glutaraldehyde and 0.05% malachite green oxalate in 0.1 M PHEM for 1 h at room temperature. 3. Wash the cells with 0.1 M PHEM, and store them at 4  C until further processing. 4. Postﬁx the cells with 1% OsO4 and 0.8% potassium hexacyanoferrate (III) in 0.1 M PHEM for 1 h on ice, covered from light with aluminum foil. 5. Rinse the cells four times, 5 min each, with 0.1 M PHEM.
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6. Postﬁx the cells with 1% tannic acid 20 min on ice. 7. Wash the cells once with 0.1 M PHEM and then twice, 5 min each, with molecular grade distilled H2O. 8. Postﬁx the cells with 0.5% UA in molecular grade distilled H2O for 1 h at room temperature. 9. Rinse the cells ﬁve times, 5 min each, with molecular grade distilled H2O. 10. Dehydrate the cells stepwise through a series of ethanol at room temperature: 25, 50, and 75% for 5 min each and then 95 and 100% for 10 min each. 11. Inﬁltrate the cells in epoxy resin (see Note 1) with a graded series of epoxy resin in ethanol: 50 and 75% for 30 min each and 100% overnight. 12. Exchange the 100% resin the next day, and place the glass coverslips on embedding capsules ﬁlled with the resin, with the cells facing downward (see Note 2). 13. Polymerize the resin in an oven at 60  C for 2 days. 14. Take out the blocks from the oven. 15. Remove the coverslip from the blocks as described in step 1 of Subheading 3.5. 16. Cut the tip of the resin block containing the embedded cells as ﬂat as possible with a saw. 17. Place a double-sided adhesive disc (Fig. 5b-3) onto a SEM stub (Fig. 5b-1), and mount the resin containing the cells on it with the cells pointing upward. 18. Paint all around the borders of the resin with colloidal silver (Fig. 5b-4). 19. Using stub tweezers (Fig. 5b-5), store the SEM stubs in a storage box (Fig. 5b-6). 3.8 Preparation of Cells After Chemical Fixation for FIB-SEM (with LM for CLEM)



This protocol is almost identical to the protocol described in Subheading 3.7 with the exception that the cells are imaged by means of LM previous to their preparation for EM. LM is integrated in the workﬂow to select cells of interest that can be subsequently analyzed by FIB-SEM. 1. Seed cells on MatTek dishes having gridded coverslips (Fig. 2a) as in step 1 of Subheading 3.2. 2. Fix the cells as in steps 1–2 of Subheading 3.7, using CLEM ﬁxation buffer 1 (1% glutaraldehyde, 8% paraformaldehyde, 0.1% malachite green oxalate in 0.2 PHEM) and CLEM ﬁxation buffer 2 (0.5% glutaraldehyde, 4% paraformaldehyde, 0.05% malachite green oxalate in 0.1 PHEM). 3. Wash the cells three times, 5 min each, with 150 mM glycine in PBS at room temperature and then twice with PBS. Store at 4  C until their further LM analysis.
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4. Perform LM as in step 4 of Subheading 3.2. 5. Follow the steps described above (steps 3–19 of Subheading 3.7) for preparing the cells for FIB-SEM (see Note 13). 6. After polymerization (Fig. 5a-2), remove the MatTek dish with a saw (Fig. 5a-3), and remove the coverslip by sequential immersion in liquid nitrogen and boiling H2O (as in step 1 of Subheading 3.5) (Fig. 5a-4). This results in the generation of a thin block containing the embedded cells that can be directly mounted onto a SEM stub. 3.9 Acquisition, Reconstruction and Analysis of 3D Datasets Via FIB-SEM



1. Transfer the SEM stub containing the embedded cells into a dual beam FIB-SEM microscope (CrossBeam 540 from Carl Zeiss Microscopy GmbH). 2. Coat the sample surface over the region of interest with a platinum/palladium layer (~1 μm) using the gas injection system (GIS). A FIB beam current of 1.5 nA can be used for a 20  20 μm region. 3. Tilt the specimen stage to 54 such that the sample is perpendicular to the ion beam. 4. Introduce a cross-sectional cut in two stages. First make a coarse cut at high beam currents (typically 15 nA) and at an accelerating voltage of 30 kV to create a trench (usually 50–150 μm wide). This allows the cross section to be imaged by the SEM beam. In the second step, polish and smooth the surface with the ion beam using a smaller current of 3 nA. 5. Take SEM images at 1.5 kV with 700 pA and ESB grid voltage 1100 V with a pixel size of 5  5 nm and a slice thickness of 8 nm. 6. Combine all acquired images using the ImageJ software package Fiji (http://ﬁji.sc/wiki/index.php/Fiji) [16] to a stack, align them with the TrakEM2 plugin (https://imagej.net/ TrakEM2) [17], and subsequently crop and invert them to have the same contrast as that of conventional transmission EM (TEM) images. 7. Segment the structures of interest with IMOD (http://bio3d. colorado.edu/imod/) [14] or with the Amira software (FEI, part of Thermo Fisher Scientiﬁc Inc.). Alternatively semiautomated segmentation can be performed with Ilastik [18, 19] or MIB [20]. 8. If LM has been performed before EM (for CLEM), ﬁnd the correlation between the LM and the EM datasets by using the Landmark Correspondences Plugin of Image (http://imagej. net/Landmark_Correspondences) or the ec-CLEM Plugin of ICY (http://icy.bioimageanalysis.org/) [15].
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Notes 1. The epoxy resins are usually sold as a kit containing several components that must be mixed together in the proportions given by the manufacturers. These components include an epoxy monomer (e.g., Araldite CY212 or Epon 812), a hardener (which cross-links the monomers, e.g., DDSA, dodecenyl succinic anhydride, and/or MNA, methyl nadic anhydride), and an accelerator (which promotes interactions between monomers; normally DMP30, 2,3,4 tridimethylamino methyl phenol). Note that the hardness of the block can be varied changing the relative amount of the hardeners. For FIB-SEM, for instance, harder resins are preferable. For a comprehensive description of different embedding media, the reader is referred to [24]. 2. The rapid processing of cells (including ﬁxation, postﬁxation, dehydration, and inﬁltration in a resin) can be performed using a microwave processor (PELCO BioWave Pro from Ted Pella, Inc.) (Fig. 2d). For example, the postﬁxation steps with OsO4 and UA can be greatly reduced from 1 h or 30 min to 14 and 7 min, respectively [22]. 3. The sapphire discs should be ﬁrst thoroughly cleaned with ethanol. Once they are dried, they should be coated with a thin layer of carbon (2–4 nm) using a carbon coating machine (Leica EM ACE600, Leica Microsystems) (Fig. 3a). Subsequently a letter, number, or symbol that allows the identiﬁcation of the carbon side of the discs should be “written” on this side with tweezers (under the binocular). We normally scratch a number “2” on them that can only be read when the carbon side of the discs is facing upward (Fig. 3b). This is the orientation that the discs should have before seeding the cells on them. Once all the sapphire discs are marked, they are baked overnight at 120  C to ensure that the carbon layer is attached to them. Right before seeding the cells, the sapphire discs can be shortly glow discharged to increase cell adhesion and must be sterilized with an UV cross-linker for 5 min. 4. 0.05-mm-thick sapphire discs can be also used for CLEM approaches [4]. To this aim, the sapphire discs can be carbon coated with a TEM ﬁnder grid on top (e.g., Electron Microscopy Sciences), which has a reference pattern and subsequently baked at 120  C overnight (as explained above in Note 3). 5. There are different EM grids. In the protocols described in this chapter, grids with a single hole or slot grids are used. Grids containing a meshwork of holes (mesh grids) should be avoided because the sections could be masked by the grid bars. These grids should be rinsed in acetone before being coated with 0.5% formvar (polyvinyl formaldehyde) as follows: Prepare
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a 0.5% formvar solution in H2O free chloroform (w/v) and poured into a dropping funnel. Clean a microscope slide and place it into the formvar solution. Allow the solution to leave the funnel under gravity. Remove the slide from the funnel and let it dry. The formvar ﬁlm remains on the slide: release by scoring a rectangular form on the slide with a clean razor blade. Insert the slide slowly in a bath full with distilled H2O, with the scored rectangle upward. The formvar ﬁlm is pulled away from the slide and remains ﬂoating on the H2O surface. Place the grids with their rough surface onto the ﬁlm (this surface attaches better to the support ﬁlm). Clean a microscope slide and stick a white sticker on it. Insert this slide into the H2O at an angle to remove the formvar-coated grids from the H2O. Let the microscope slide containing the coated grids dry. If necessary, ﬁlmed grids can be reinforced with carbon as described in Note 3. For a comprehensive description of how to coat EM grids, the reader is referred to [24]. 6. Take into account that at the end of the experiment, the cells should be around 100% conﬂuent. 7. For optimal results (concerning the ultrastructural preservation), the drying of the cells should be avoided by keeping them moist with some buffer between the washing steps. 8. The number of cells must be carefully determined in order to have a cell conﬂuency not over 20–30% at the endpoint of the experiment. High cell density will hinder the relocation of the cells at later stages by EM. 9. Before LM, it is useful to add speciﬁc stains for cellular organelles. For example, the DNA/nucleus can be stained with Hoechst (from Millipore Sigma) or lipid droplets with BODIPY 493/503 or LipidTOX (both from Thermo Fisher Scientiﬁc, Inc.). These organelles can be used as landmarks to locate the region of interest on EM images. 10. If living cells are imaged, use phenol red free medium to reduce nonspeciﬁc background ﬂuorescence. Otherwise cells can be imaged in PBS after chemical ﬁxation (as in step 3 of Subheading 3.2). Note that performing high-pressure freezing of chemically ﬁxed cells means that cells are subjected sequentially to two different ﬁxation methods. Although redundant, the double ﬁxation results in a better preservation of cell membranes as compared to cells preserved by chemically ﬁxation alone [1]. This protocol is very convenient when working in BSL-2 or BSL-3 labs, which are normally not equipped with HPF machines. In such cases, only aldehydes can be used to ﬁx the cells. However, a subsequent cryo-immobilization of the cells via HPF outside these labs will result in a much better preservation of the cell ultrastructure.
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11. Cover the drops with a dark plastic lid during all these steps to keep them clean and protected from light. 12. Staining with lead citrate alone is usually enough to have an optimal contrast of the cell membranes. 13. Before polymerization of the resin, an 18  18 mm glass coverslip must be placed on top of resin in the middle of the MatTek dish (Fig. 5a-1).
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Chapter 12 Correlative Light and Electron Microscopy of Inﬂuenza Virus Entry and Budding Lorna Hodgson, Paul Verkade, and Yohei Yamauchi Abstract Inﬂuenza A virus (IAV) entry is a stepwise process regulated by viral and cellular cues, facilitating cellular functions. Virus entry begins by attachment of hemagglutinin to cell surface sialic acids, followed by endocytic uptake, vesicular transport along microtubules, low-pH-mediated viral membrane fusion with the late endosomal membrane, capsid uncoating, viral ribonucleoprotein (vRNP) release, and nuclear import of vRNPs. Here we show a basic methodology to visualize incoming and egressing IAV particles by correlative light and electron microscopy (CLEM). We combine ﬂuorescence microscopy of virusinfected human lung carcinoma A549 cells with high-pressure freezing (HPF) and in-resin ﬂuorescence CLEM and the Tokuyasu CLEM method. This approach forms a basis to study the virus life cycle and virushost interactions at the ultrastructural level. Key words Inﬂuenza virus entry, Fluorescent confocal microscopy, Electron microscopy, CLEM, Tokuyasu, High-pressure freezing, Endosome



1



Introduction Virus-host interactions tightly regulate virus entry [1]. Inﬂuenza A virus (IAV) entry is a multistep process that is separated into single steps, i.e., attachment, endocytosis, trafﬁcking in endosomes, viral fusion at low pH (at late endosomes), capsid uncoating, genome penetration, and genome import into the nucleus [2, 3]. Genome import triggers transcription of early genes such as nucleoprotein (NP). Although we have a basic understanding of virus entry and its major host players, the molecular details of how, for example, capsid uncoating is regulated are incomplete. During virus entry, receptor, chemical, and enzymatic cues trigger changes in the virus particle and propel the virus further downstream the entry pathway [4]. Cellular processes including endosome maturation, aggresome processing (a cellular mechanism for disposal of misfolded protein aggregates), and nuclear import promote IAV entry. Overall,
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viruses, as obligatory parasites, must communicate intimately with the host for successful entry and establishment of infection [4, 5]. The ﬂuorescent visualization of IAV entry into cells can be done by labeling the viral envelope with lipophilic dyes, such as R18, DiOC, and DiD [6, 7], or by primary amine labeling of the viral glycoprotein using NHS (N-hydroxysuccinimide) esters conjugated to a ﬂuorescent probe. In the former approach, the lipophilic dye is primarily incorporated into the viral membrane at selfquenching concentrations. When the virus fuses with the endosomal membrane, the dye de-quenches and the ﬂuorescence intensity increases. Alternatively, two lipophilic dyes (R18, red, and DiOC, green) can be used simultaneously. In the labeled virus, the green ﬂuorescence of DiOC is suppressed by both self-quenching and by ﬂuorescent resonance energy transfer (FRET) from DiOC to R18, whereas R18 is partly self-quenched. The labeling approach enables virus imaging up to the step of fusion. For large DNA viruses such as herpes simplex virus type 1 (HSV-1) and vaccinia virus (VACV), the genetic incorporation of a ﬂuorescent protein-encoding gene into the viral core is feasible and supports the viral life cycle (for examples, see [8, 9]). The IAV genome can be modiﬁed using reverse genetics [10, 11], but the viral capsid cannot be genetically altered to fuse a ﬂuorescent protein without permanent deleterious effects on virus viability. Of the IAV structural elements, the polymerase subunits PA and PB2 have been successfully tagged and used for ﬂuorescence imaging. Examples are WSN PB2-GFP11, WSN PA-GFP, and A/WSN/33 (H1N1) strains in which PB2 is fused to the C-terminal 16 amino acids (residues 215 to 230) of GFP and PA is fused to the fulllength GFP, respectively [12, 13]. To visualize the GFP ﬂuorescence in WSN PB2-GFP11-infected cells, the split-green ﬂuorescent protein (split-GFP) system is employed and the complementary GFP fragment (GFP1–10) is supplied in trans [14]. On one hand, the low abundance of IAV polymerase complexes per particle renders robust ﬂuorescent imaging during entry a challenge. On the other hand, these ﬂuorescent IAVs can be used to study postentry, viral replication by live ﬂuorescent imaging. Fluorescence microscopy can be combined with a variety of different imaging techniques such as atomic force microscopy (AFM) [15], soft X-ray [16], and electron microscopy (EM) [17] to study viral structure and trafﬁcking within host cells. The combination of light and electron microscopy is perhaps the most commonly used correlative microscopy technique. Correlative light and electron microscopy (CLEM) is a powerful tool for studying viruses as it provides both functional and structural information. The light microscopy stage enables visualization of ﬂuorescently tagged viral particles and allows study of dynamic or rare intracellular trafﬁcking events, while electron microscopy



CLEM of Inﬂuenza Virus Entry and Budding



239



reveals the ultrastructural composition of the virus and/or localizes it within its cellular context. A variety of different CLEM workﬂows exist [18] utilizing a wide range of imaging modalities from super-resolution ﬂuorescence microscopy [19] to 3D electron tomography [20]. The majority of electron microscopy and CLEM studies of viruses have involved using cryo-electron microscopy to study viral structures in their near native state at high resolution [17, 21, 22]. This chapter describes two alternative CLEM techniques, in-resin ﬂuorescence [15, 19] and Tokuyasu CLEM [23, 24]. In-resin ﬂuorescence combines high-pressure freezing with freeze substitution and embedding in a hydrophobic resin, while Tokuyasu involves chemical ﬁxation of cells, embedding in gelatin and cryosectioning (see Fig. 1). Both techniques preserve the ﬂuorescence of the sample throughout processing and therefore enable imaging of the same region of a section by both modalities. In addition, both methods can be combined with immunolabeling to precisely localize viral proteins. Following processing, the sections are imaged using a standard epiﬂuorescent microscope to identify regions of interest before transferring to the electron microscope where the sample is imaged at high resolution placing the ﬂuorescence in its structural context within the cell. There are minimal processing and grid handling steps in between the two imaging stages, therefore enabling an accurate and direct correlation of the acquired LM and TEM images. Furthermore, the correlation is aided by the addition of ﬂuorescent beads that are visible in both modalities and is generated using open-source software that helps facilitate registration of the two images [15, 25]. In this chapter, we apply CLEM to visualize both IAV entry and budding using two different approaches (Figs. 5 and 6). For entry studies, it is difﬁcult to validate whether a structure is an IAV particle or not only by its morphology. Therefore, we used Alexa Fluor-labeling to conﬁrm that the structures are indeed virus particles. The advantage of Alexa Fluor is its photostability and brightness. The ﬂuorophore is retained on the endosomal surface following viral fusion (Fig. 6F). Therefore, the application of CLEM allows us to determine the ultrastructural nature and cellular context of the ﬂuorescence and distinguish between viral particles trafﬁcking through the endocytic network and those that have fused and escaped the endosome. As a proof of principle, virus budding was imaged by CLEM using the WSN PA-GFP strain. This technique can be combined with multicolor ﬂuorescent tagging of cellular markers (e.g., endosomes, Rabs, cytoskeleton, essential host factors) and antibody labeling and allow ultrastructural examination of virus-host interactions during virus entry and replication.
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Fig. 1 Schematic overview of CLEM workﬂows for investigating inﬂuenza virus entry and budding using Tokuyasu CLEM (A) and in-resin ﬂuorescence CLEM (B). (A) Cells are grown on 60 mm dishes and infected with virus before ﬁxing in PFA, pelleting by centrifugation in an Eppendorf tube and embedding in gelatin. Cell pellets are cut into smaller blocks, inﬁltrated in sucrose and mounted onto pins. Pins are frozen in liquid
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Materials



2.1 IAV Labeling with NHS-Ester Alexa Fluor 488



1. Puriﬁed inﬂuenza A virus X31 strain (an H3N2 reassorted strain derived from the A/Puerto Rico/8/34 (PR8) and A/Hong Kong/1/68 strains) (Virapur Inc., CA, USA) in formulation buffer (40% sucrose, 0.02% BSA, 20 mM HEPES pH 7.4, 100 mM NaCl, 2 mM MgCl2). The protein concentration is approximately 1.5 mg/mL. 2. 0.2 M sodium bicarbonate in distilled H2O (pH 8.3). 3. Alexa Fluor™ 488 NHS-ester (succinimidyl ester) (Thermo Fisher Scientiﬁc), 10 mg/mL (15.5 mM) in DMSO. 4. MNT buffer: 20 mM MES buffer, 150 mM NaCl, 30 mM TrisHCl pH 7.5, sterile ﬁltered through a 0.22 μm ﬁlter. 5. Ultrapure 30% and 60% sucrose in MNT buffer. 6. Ultracentrifuge buckets (JS-24.15, Beckman, or equivalent). 7. Ultracentrifuge. 8. Ultracentrifuge tubes (15 mL). 9. 5 mL syringe. 10. 22-gauge needle. 11. Rotating mixer. 12. Phosphate buffered saline (PBS). 13. 10 kDa cutoff Amicon centrifugal ﬁlter. 14. 1.5 mL tubes.



2.2



Plaque Assay



1. Madin-Darby canine kidney (MDCK) II cells (ATCC, #CRL2936). 2. MDCK growth medium: Dulbecco’s Modiﬁed Eagle Medium (DMEM), 10% (v/v) fetal calf serum (FCS), 100 U/mL penicillin G, and 100 μg/mL streptomycin. 3. PBS. 4. 7.5% (w/v) sodium bicarbonate solution. 5. 10% (w/v) endotoxin-free bovine serum albumin (BSA). 6. 100 Mg2+/Ca2+: 0.2 M magnesium and 0.1 M calcium chloride in distilled H2O, ﬁltered through a 0.2 μm membrane ﬁlter.



 Fig. 1 (continued) nitrogen and cryosections cut from the blocks using a diamond knife. Sections are picked up in methylcellulose/sucrose and mounted onto coated ﬁnder grids. Fiducials and nuclear dye are applied to the grids and the grids imaged by light microscopy and subsequently electron microscopy following poststaining in UA and methylcellulose. Correlations of LM and EM images are performed using ec-CLEM. (B) Cells are grown on 60 mm dishes, infected with virus and frozen by HPF. Samples are freeze substituted and embedded in resin. Resin blocks are subsequently trimmed and sectioned. Sections are mounted onto ﬁnder grids, ﬁducials and nuclear dyes are applied before imaging by LM and EM
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7. Infection PBS (PBSi): 500 mL PBS supplemented with 15 mL 10% BSA, 100 U/mL penicillin G, 100 μg/mL streptomycin, and 5 mL of 100 Mg2+/Ca2+. 8. 2 Minimum Essential Medium (MEM): To make 500 mL, combine 100 mL of 10 MEM, 10 mL of 200 mM L-glutamine, 10 mL of Pen-Strep (10,000 U/mL penicillin G, 10,000 μg/mL streptomycin), 20 mL of 7.5% sodium bicarbonate, 10 mL of 1 M HEPES, and 6 mL of 35% BSA. Add 350 mL of ddH2O, and ﬁlter through a 0.2 μm membrane ﬁlter, and store at 4  C. 9. 1 mg/mL TPCK trypsin in distilled H2O. 10. 2.4% (w/v) Avicel in distilled H2O, autoclaved. 11. 4% (w/v) formaldehyde solution in PBS. 12. 1 M MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in distilled H2O, store at 20  C in 0.5 mL aliquots. 2.3 IAV Infection Assay



1. A549 (human lung adenocarcinoma) cells (ATCC, #CCL185). 2. A549 growth medium: DMEM, 10% (v/v) FCS. 3. Trypsin-EDTA. 4. IAV X31-Alexa Fluor 488 (from Subheading 2.1). 5. IAV WSN PA-GFP [13]. 6. Infection medium: DMEM, 50 mM HEPES (pH 6.8), 0.2% BSA. 7. 60 mm petri dish. 8. Crushed ice. 9. Ice bucket. 10. 2 metal plates: roughly 8 cm (W)  10 cm (L)  5–10 mm (D) (see Note 1).



2.4 Chemical Fixation and Embedding for Tokuyasu CLEM



1. Cell scraper. 2. Fixative: 4% (w/v) paraformaldehyde, 0.1 M phosphate buffer. 3. Benchtop microcentrifuge. 4. 0.15% glycine. 5. 12% gelatin. 6. Ice. 7. Razor blades (single and double edged). 8. Cryoprotectant: 2.3 M sucrose, 0.1 M PB. 9. Rotator. 10. Tweezers.
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11. Aluminum pins for cryomicrotomy. 12. Liquid nitrogen. 13. Whatman 1 ﬁlter paper. 2.5 Cryosectioning of Gelatin Embedded Samples



1. Diamond knives for trimming and ultrathin cryosectioning (e.g., Cryotrim 45 and cryo-immuno 35 , Diatome). 2. Pickup solution: 1% methylcellulose, 1.15 M sucrose. 3. Carbon- and Pioloform-coated H6 copper ﬁnder grids. 4. Cryoultramicrotome (e.g., Leica EM UC7 with FC7 cryoattachment). 5. Pick up loop.



2.6 High-Pressure Freezing and Freeze Substitution for InResin CLEM



1. High-pressure freezer (e.g., Leica EM PACT2 with EM RTS). 2. Leica 1.5  0.1 mm membrane carriers. 3. Long, narrow tweezers for loading carriers into RTS (#72919SS, EMS). 4. Stereomicroscope. 5. Cell scrapers. 6. Cryoprotectant: 15% BSA, phenol red-free DMEM containing 10% FBS (see Note 2). 7. Benchtop microcentrifuge. 8. Liquid nitrogen. 9. Freeze substitution and low temperature embedding system (Leica EM AFS2). 10. AFS2 consumables (reagent baths with ﬂow-through rings, reagent containers, 10 mL syringes, and dispensing tips). 11. Freeze substitution mixture: 0.2% uranyl acetate, 0.01% tannic acid, 5% H2O, acetone (see Note 3). 12. MonoStep Lowicryl, HM20. 13. 100% ethanol dried over a molecular sieve. 14. Acetone (99.5%). 15. Trypsin-EDTA.



2.7 Ultramicrotomy of Lowicryl-Embedded Samples



1. Plyers. 2. Specimen carrier detaching tool (Leica). 3. Liquid nitrogen. 4. Razor blades (single and double-edged). 5. Ultramicrotome (e.g., Leica UC7). 6. Perfect loop.
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7. Carbon-coated Formvar ﬁlms on copper F1 ﬁnder grids (Agar Scientiﬁc). 8. Diamond knife (e.g., Ultra 45 , Diatome). 2.8 Light Microscopy Imaging of CLEM Sections



1. Glass slides. 2. High-precision glass coverslips, no. 1.5 thickness. 3. 50% glycerol in H2O. 4. Deep red (633/660 nm) PS-Speck™ microspheres (Thermo Fisher Scientiﬁc). 5. Hoechst 33342 nucleic acid stain. 6. Fluorescent microscope with high NA oil immersion lens (e.g., Leica DMI4000B inverted epiﬂuorescence microscope with a 63 NA 1.4 objective, DFC365 FX CCD camera, and ebx 75-04 xenon lamp).



2.9 Immunolabeling of CLEM Sections



1. Fine, angled (15 ) DUMONT tweezers (EMS). 2. Paraﬁlm. 3. PBS. 4. Rabbit anti-GFP (Thermo Fisher Scientiﬁc). 5. Rabbit anti-HA (Pinda) polyclonal Ab (produced in-house). 6. Donkey anti-rabbit IgG (H&L) 10 nm (Aurion). 7. 0.15% glycine. 8. Blocking solution: 1% acetylated BSA (BSA-c, Aurion), PBS.



2.10 Poststaining of Tokuyasu Sections



1. Ice. 2. Paraﬁlm. 3. Distilled H2O. 4. Pickup solution: 1.8% methylcellulose, 0.3% uranyl acetate. 5. Drying loop. 6. Whatman 1 ﬁlter paper.



2.11 Poststaining of Lowicryl-Embedded Sections



1. Paraﬁlm. 2. Distilled H2O. 3. 3% uranyl acetate. 4. Reynolds lead citrate solution: lead nitrate, sodium citrate, sodium hydroxide. 5. Sodium hydroxide pellets.



2.12 TEM and Correlation



1. Transmission electron microscope (e.g., 120 kV BioTwin TEM, FEI). 2. Icy imaging software with ec-CLEM plugin [25].
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Methods



3.1 IAV Labeling with NHS-Ester Alexa Fluor 488 (See Note 4)



1. Thaw one vial of 100 μL of IAV X31, and transfer to an Eppendorf tube. 2. Add 210 μL of fresh 0.2 M sodium bicarbonate buffer. 3. Add 1 μL of 15.5 mM Alexa Fluor NHS-ester (ﬁnal 50 μM), and immediately vortex brieﬂy. 4. Rotate or rock the tube for 1 h at room temperature in the dark. 5. Take 3.5 mL of ultracentrifuge tube.



60%



sucrose



in



MNT



into



an



6. Carefully layer on top, 6 mL of 30% sucrose in MNT. 7. Layer the virus solution from step 4 on top of the sucrose cushion. 8. Ultracentrifuge at 24,000 rpm (110,500  g) for 90 min at 4  C. 9. To harvest the virus, puncture the ultracentrifuge tube right beneath the interphase of the two sucrose layers, using a 22-gauge needle attached to a syringe, and draw out 1–1.5 mL of liquid containing virus. 10. Dilute the liquid into PBS to a total of 15 mL in an Amicon centrifugal ﬁlter (see Note 5). 11. Centrifuge at 4000  g for 10–15 min at 4  C (see Note 6). 12. Aliquot the concentrate (X31-Alexa Fluor 488) and store at 80  C until use. Make a single tube of 5 μL for titration analysis. 3.2 IAV X31-AF488 Titration



1. Seed MDCK II cells in 6-well plates so that they are conﬂuent at the time of the assay. 2. Thaw one aliquot of 100 μL of X31-Alexa Fluor 488, and transfer to an Eppendorf tube. 3. Generate tenfold dilution for the plaque assay in PBSi. In an Eppendorf tube, take 200 μL of PBSi and pipette 2 μL of labeled IAV and mix well. This is the 102 dilution. 4. Take 100 μL from step 3 and pipette into a fresh Eppendorf tube containing 900 μL of PBSi, and mix well. This is the 103 dilution. 5. Repeat this up to 108 dilution, using new tips for each dilution. 6. Wash the MDCK II cells with PBSi (2 mL/well). 7. Inoculate 200 μL of the virus dilutions (103 to 108) into each well of the 6-well plate.
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8. Incubate at 37  C for 1 h. Swirl the plate every 15 min in order to spread the virus evenly on the cell surface. 9. Prepare a 1:1 mixture of 2 MEM and 2.4% Avicel (overlay medium), mix well, and warm to 37  C. 10. Add TPCK trypsin to a ﬁnal concentration of 1 mg/mL. 11. Wash the cells with 2 mL of PBSi. 12. Overlay with 2 mL per well of overlay medium from step 9. 13. Incubate at 37  C, 5% CO2 for 3 days on a ﬂat surface for plaques to form (see Note 7). 14. Remove the overlay, and wash the cells once in PBS. 15. Incubate in 2 mL/well of PBS, 0.5 mg/mL MTT for 30 min at 37  C (see Note 8). 16. Wash once in PBS. 17. Count the plaques, and calculate the plaque-forming unit (PFU) per mL, e.g., if 15 plaques exist in the 106 dilution inoculant, the viral titer is 15  106  (1 mL/0.2 mL inoculant) ¼ 7.5  107 PFU/mL. 3.3 IAV Infection Assays



1. Grow A549 cells on 60 mm petri dishes to ~80% conﬂuency. 2. Wash once in 5 mL of infection medium. 3. Add 1 mL of infection medium containing virus at a multiplicity of infection (MOI) of 10. 4. Bind on ice for 45 min with occasional tilting of the dish every 15 min to evenly distribute the inoculum. 5. Aspirate inoculum and wash once in 5 mL of infection medium. 6. Replace with 5 mL of warm (37  C) infection medium. 7. Place on a pre-warmed metal plate in a 37  C, 5% CO2 incubator. 8. Incubate for 30 min (X31-Alexa Fluor 488) or 16 h (WSN PA-GFP strain). 9. Proceed to sample processing for CLEM.



3.4 Sample Processing for Tokuyasu CLEM



1. Grow A549 cells on 60 mm petri dishes to ~80–100% conﬂuency, and infect with X31-Alexa Fluor 488 for 30 min or WSN PA-GFP for 16 h, respectively. 2. Remove infection medium from dish, and wash in 1 mL warm PBS. Carefully add an equal volume of ﬁxative, 4% PFA in 0.1 M PB, and ﬁx at room temperature for 20 min (see Note 9). 3. Remove ﬁxative, and replace with fresh 4% PFA in 0.1 M PB for 2 h at room temperature or overnight at 4  C. 4. Wash the culture dish in 2 PBS for 5 min each.
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Fig. 2 Key steps and essential equipment required for processing of samples for Tokuyasu CLEM. (A) Eppendorf tube containing cell pellet (B). Embedded cells in gelatin which are cut into small blocks using a razor blade. (C) Mounted blocks on pins. (D) Cryomicrotome and diamond knives for trimming and cryosectioning gelatin blocks. (E) Poststaining of grids in UA and methylcellulose on ice and (F) pick up in a loop and drying on ﬁlter paper



5. Quench aldehydes in 0.15% glycine in PBS for 10 min 6. Remove glycine and add ~250 μL of 1% gelatin in 0.1 M PB. Mix by hand to cover all cells in gelatin and gently scrape the cells from the surface of the dish with a cell scraper. Transfer cells to a 1.5 mL Eppendorf tube, and centrifuge at 13, 000 rpm (17,000  g) for 1 min. 7. Remove the supernatant and resuspend in 0.5 mL of warm 12% gelatin. Place at 37  C for 10 min. 8. Centrifuge at 13, 000 rpm (17,000  g) for 1 min, and remove the supernatant leaving ~100 μL of supernatant. Place immediately on ice for 20 min. 9. Carefully cut off the tip of the Eppendorf just above the cell pellet using a single-edged razor blade, and cut the tip in half (see Fig. 2B). Remove the gelatin-embedded pellet from the tube using tweezers, and place into a vial containing 2.3 M sucrose. Leave on ice for a further 20 min. 10. Cut the solidiﬁed gelatin pellet into small (~0.5–2 mm) cubes on ice using a double-edged razor blade, and submerge into 2.3 M sucrose. Inﬁltrate with sucrose overnight at 4  C on a rotator. 11. Working on ice and under a stereomicroscope, remove the blocks from sucrose using precooled tweezers, and place onto aluminum pins. Orientate the specimen blocks as required on the tip of the pin, ensuring that the cells are facing upwards (Fig. 2C). Trim the block if too large to ﬁt on the center of the pin, and remove excess gelatin with a double-edged razor blade. Remove excess sucrose from around the base of the block using ﬁlter paper, but do not let the block dry out (see Note 10).
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12. Freeze pins by rapidly plunging in liquid nitrogen, and store pins in liquid nitrogen until needed. 13. Cool the cryoultramicrotome chamber to 100  C and place in trimming (Cryotrim 45 ) and cutting (cryo-immuno 35 ) diamond knives to cool. Mount the frozen specimen into the pinholder. 14. Trim the surface of the block at 100 mm/s with a feed of 200 nm using the trimming knife until the surface of the block is ﬂat and the cells have been reached (see Note 11). Trim the block face with the ionizer set high to remove trimmed material from the knife edge. 15. Trim 50 μm from all four sides of the block to create a block face of approximately 250 μm x 375 μm (see Note 12). 16. Rotate the trimmed block to ensure that the longest side is orientated vertically, replace the knife with the cryo-immuno knife, and cool the chamber to 120  C. 17. Cut ultrathin sections (70–100 nm) with a cutting speed of ~0.8–2 mm/s. 18. Pick up ribbons of cryosections in a droplet of 1% methylcellulose and 1.15 M sucrose and mount onto Pioloform- and carbon-coated copper ﬁnder grids. 19. Store sections at 4  C for up to 2 months. 3.5 Sample Processing for InResin CLEM



1. Grow A549 cells on 60 mm petri dishes to ~80% conﬂuency, and infect with IAV X31-Alexa Fluor 488 for 30 min or WSN PA-GFP for 16 h, respectively. 2. Wash cells in 1 mL PBS, and dissociate from the culture dish by digestion with 0.5 mL of warm trypsin for 5 min at 37  C (see Note 13). Add an equal volume of warm cryoprotectant to the dish of cells and resuspend by pipetting. Transfer to a 1.5 mL Eppendorf tube and centrifuge at 3200 rpm (1,000  g) for 2 min (see Note 14). 3. Remove the supernatant, being careful not to disturb the cell pellet and load 1 μl of cells into a 0.1 mm membrane carrier, pre-loaded into the rapid transfer system (RTS). Ensure that the inner well of the carrier is slightly overﬁlled before transferring the RTS to the EMPACT2 for high-pressure freezing (Fig. 3C). Care must now be taken to keep membrane carriers under liquid nitrogen to prevent ice crystal contamination through warming of the samples. Therefore, all tweezers and tubes that will come into contact with the frozen samples must be precooled. 4. Fill the AFS2 dewar with liquid nitrogen, and precool to 130  C. Fill the reagent bath/ﬂow-through ring with freeze substitution (FS) mixture, 0.2% uranyl acetate (diluted from 5%
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Fig. 3 Key steps and essential equipment required for processing of samples for in-resin ﬂuorescence CLEM. (A) Metal plate for infections on ice and at 37  C. (B) HPF and (C) carrier containing cells before freezing. (D) Samples loaded into chamber of the (E) automatic freeze substitution machine. (F) Embedded samples in reagent baths with ﬂow-through rings, Lowicryl-embedded blocks, and the carrier removal tool. (G) Microtome and diamond knife for trimming and sectioning of blocks following removal of the carrier. (H) Section ribbons and (I) pickup of sections with loop



UA in methanol), 0.01% tannic acid (from 10% stock in acetone), and 5% H2O in acetone. Place the carriers into the transfer box under liquid nitrogen, and transfer into the AFS chamber (Fig. 3D). Load carriers into the ﬂow-through rings so that the cells are in contact with the FS mixture (see Note 15). 5. Attach the FSP, and begin automated FS as described by Johnson et al. [19]. Brieﬂy, hold temperature at 130  C for 1 h, warm to 90  C at 20  C/h, hold at 90  C for 4 h, increase temperature to 45  C with a slope of 5  C/h, and ﬁnally hold at 45  C for 2 h. 6. Pause the FS program, and reorientate the samples so that the carrier is sitting ﬂat in the ﬂow-through ring, with the cells facing upward. Wash the samples in pure acetone for 30 min and 2  30 min in 100% ethanol at 45  C. 7. Inﬁltrate with increasing concentrations (25%, 50%, 75%) of Lowicryl HM20 in pure ethanol for 2 h each before incubating overnight in 100% resin followed by a further 3 washes in 100%
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Lowicryl for 2 h each. UV polymerize for 24 h at 45  C, before raising the temperature to 0  C for 12 h and holding at 0  C for a further 12 h with UV light on throughout. Finally, warm samples to room temperature, and store protected from light. 8. Remove polymerized blocks from the ﬂow-through rings using plyers to cut away plastic reagent bath and excess resin. 9. Trim resin from the surface and sides of the carrier using a single-edged razor blade. Carefully remove the carrier from the block either by hand using a single-edged razor blade or by dipping the tip of the block in liquid nitrogen for ~30 s and breaking the carrier off with the specimen detachment tool warmed to 40  C (Fig. 3F). 10. Cut 300-nm-thick sections from the surface of the untrimmed block using a glass knife and UC7 ultramicrotome (Leica Microsystems). Mount thick sections onto glass slides and screen ﬂuorescence using a light microscope (see Note 16). 11. Trim the surface of the block using a razor blade to a small pyramid to include the ﬂuorescent region of interest visualized previously. 12. Cut 70–150 nm sections using a diamond knife and pick up onto a Formvar-ﬁnder grids using a perfect loop (see Notes 17–19). Store grids in grid boxes in the dark, and proceed to LM imaging immediately. 3.6 Light Microscopy Imaging of CLEM Sections



1. Remove methylcellulose and gelatin form the Tokuyasu sections by incubating the grids, section facing down on drops of PBS for 2  10 min at 37  C and 1  10 min at room temperature. Lowicryl sections do not need washing before imaging; therefore proceed straight to step 2. 2. Incubate grids on 10 μL of PS-Speck™ microspheres diluted in PBS (~1:10–1:50) for 10 min (see Note 20). 3. Blot the grids with ﬁlter paper, and wash in distilled water, 3  1 min. 4. Incubate grids on a drop of Hoechst nuclear dye diluted in water (1:10,000) for 5 min before washing the grids in three drops of water. 5. Mount the grids for LM imaging using 50% glycerol in water (see Note 21). Apply a 20 μL drop of 50% glycerol to the center of a square coverslip, and place the grid onto the drop, with the sections facing down. Gently lower the glass slide onto the coverslip to avoid generation of air bubbles (Fig. 4A). 6. Place the glass slide onto the ﬂuorescence microscope so that the section side of the grid is facing the objective. Take an overview of the grid at low magniﬁcation (10 or 20 lens) to
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Fig. 4 Key steps and essential equipment required for light microscopy and electron microscopy imaging of sections collected on ﬁnder grids. (A) Mounting of EM grids between glass slide and coverslip in a drop of glycerol to form a (B) sandwich. (C) Light ﬂuorescence microscope set up for imaging of glass slides. (D) Removal of grid from the sandwich by washing and immersion in water. (E) Immunolabeling or washes of grids on Paraﬁlm. (F) TEM imaging setup



locate the sections on the grid and identify areas of interest. Switch to a higher magniﬁcation oil immersion lens (63 or 100), and image the areas of interest using both ﬂuorescence and transmitted light. Take care to record the precise position of the region of interest on the ﬁnder grid and capture multiple z positions of each grid square (see Note 22). 7. Following LM imaging, detach the coverslip from the glass slide by pipetting distilled H2O around edges of the coverslip (Fig. 4D). After a few seconds, the coverslip will begin to ﬂoat. Pick up the coverslip using tweezers and invert so that the grid is on top, and ﬂoat the grid from the coverslip using a further drop of water. 8. Rinse any remaining glycerol from the grid by 3  1 min washes in water, and carefully dry the backside of the grid with ﬁlter paper. 3.7 Immunolabeling of CLEM Sections



All immunolabeling incubations are performed on 100–200 μL drops, unless otherwise stated, on Paraﬁlm and grids are ﬂoated on the incubation solutions, section-side down (Fig. 4E). 1. Incubate grids on 2  5 min drops of 0.15% glycine in PBS to quench aldehydes. 2. Block non-speciﬁc binding sites in 1% BSA-c in PBS for 2  5 min. 3. Incubate grids in 10 μl primary antibody diluted in 1% BSA for 1 h at room temperature (see Note 23). 4. Wash 4  2 min in 0.1% BSA in PBS.
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Fig. 5 Correlation of light and electron microscopy images to visualize inﬂuenza virus budding in Tokuyasu CLEM samples. 90 nm sections of IAV WSN PA-GFP-infected A549 cells labeled with ﬂuorescent beads (red) and nuclear dye (blue) were imaged by light microscopy (A) and transmission electron microscopy (B), and the ﬂuorescent signal was overlaid onto the EM image using the signal from the ﬂuorescent beads as Fiducials (C). Higher magniﬁcation TEM image from B (D) with ﬂuorescent signal overlaid (E) and zoom regions of boxed areas revealing viral ﬂuorescence surrounding an endosome and budded virus particles between plasma membranes of cells. (F) Low-magniﬁcation CLEM image of inﬂuenza virus budding from A549 cells and zoom region to reveal anti-GFP and 10 nm gold labeling on virus particles. Scale bars: (C) 5 μm, (E and zoom) 200 nm, and 500 nm, respectively, (F and zoom) 2 μm and 500 nm, respectively



5. Incubate grids in 10 μL of donkey anti-rabbit IgG conjugated to 10 nm gold diluted in 1% BSA for 1 h (see Note 24). 6. Wash 2  2 min in 0.1% BSA in PBS. 7. Wash in 2  2 min in PBS. 3.8 Poststaining of In-Resin CLEM Sections



1. Poststain the grids, section facing down on a drop of 3% uranyl acetate for 10 min in the dark. 2. Wash 2  5 min in distilled H2O. 3. Incubate grids on a droplet of Reynolds lead citrate solution [26] for 10 min in the presence of NaOH pellets. 4. Wash 2  5 min in distilled H2O, and dry the grids with ﬁlter paper.
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Fig. 6 Inﬂuenza entry visualized using in-resin ﬂuorescence CLEM. (A) Transmission electron micrograph of an A549 cell infected with IAV X31-Alexa Fluor 488 and (B) overlay of in-resin ﬂuorescence. Higher magniﬁcation images of boxed region reveal that the ﬂuorescence correlates with a viral particle within the endosome (top) and an endosome from which the virus has most likely already penetrated, but the ﬂuorescence is retained (below). (C, D) Representative correlation images of viruses in endocytic structures and (E, F) representative images of viruses labeled with anti-HA polyclonal Pinda antibody and 10 nm gold, with their respective zoom regions. Gold labeling highlights a virus in an endosome (E) and ﬂuorescence retained following fusion and penetration of virus (F). Scale bars: (B and zoom) 3 μm and 500 nm, respectively, (C-F) 500 nm 3.9 Poststaining of Tokuyasu CLEM Sections



1. Rinse the grids 8  1 min in distilled H2O. Dry the tweezers with ﬁlter paper between each grid transfer. 2. Counterstain on a 200 μL drop of 1.8% methylcellulose and 0.3% uranyl acetate on ice for 5 min (Fig. 2E). 3. Loop out the grid from the MC/UA drop, and dry on ﬁlter paper by touching the loop to the paper and slowly moving the loop along the ﬁlter until the paper is dry (Fig. 2F). This should leave a small ﬁlm covering the grid with the thickness being determined by the speed at which the loop was moved along the ﬁlter paper. Leave the grids to dry for 20 min before placing into a grid box.



3.10 TEM and Correlations



1. Image the grids in TEM using the ﬁnder grid references and ﬂuorescent microsphere ﬁducials to relocate the regions that were imaged by LM. Record low magniﬁcation (~690–1400) images of the grid square, and then increase the magniﬁcation (~2400) to record an image containing the cell of interest.
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2. Correlate the low magniﬁcation EM images with the LM images using the ec-CLEM plugin within the ICY imaging platform (see Note 25) [25]. Mark the position of the microspheres in the TEM image, and identify the corresponding ﬂuorescent spot in the LM image. The LM image is then transformed to overlay the TEM image. Perform a further correlation using the high magniﬁcation image of the cell of interest, and transform the newly created correlated image onto this source image using either the ﬂuorescent beads or easily identiﬁable structures, such as mitochondria or endosomes as correlation points. 3. Reimage the grid using the correlated images generated in ec-CLEM to identify points of interest and image at higher magniﬁcation to pinpoint the precise location of the ﬂuorescent virus within the cell.



4



Notes 1. Metal plates facilitate temperature control and stability during the ice binding step and the warming step. Prior to warming, the plates should be left in the incubator to equilibrate to 37  C (see Fig. 3A). 2. The cryoprotectant (15% BSA, 10% FBS, phenol red-free DMEM) should be freshly prepared prior to each experiment and kept at 37  C until required. Pipette 850 μL of DMEM containing 10% FBS into a 2 mL Eppendorf tube ensuring that all the medium is below the meniscus and not on the side of the tube [27]. Carefully add 0.15 g BSA to the top of the medium and centrifuge at 13,000 rpm (17,000  g) for 20 s to dissolve the BSA. Phenol red-free DMEM is used to reduce autoﬂuorescence from the medium. 3. The composition of the FS mixture is crucial and must be optimized for each cell line and ﬂuorescent protein or dye in order to achieve good membrane contrast while preserving ﬂuorescence following embedding. Johnson et al. demonstrate that low concentrations of tannic acid can improve intensity and photo-switching of ﬂuorescent proteins in resin [19]. We ﬁnd that 0.01% TA improves the in-resin ﬂuorescence intensity of X31-Alexa Fluor 488 with minimal effects on the ultrastructural preservation. However, when working with bright, over expressed ﬂuorescent proteins, the TA can most likely be omitted from the FS mixture. Prepare the FS (0.2% UA, 0.01% TA, 5% H2O) mixture fresh for each experiment by ﬁrst making up stocks of 10% low molecular weight TA in acetone and 5% UA in methanol. Mix 5% ultrapure water with pure acetone and cool to 20  C before adding the UA and TA. Upon addition
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of TA, the solution will turn a red/brown color, and a precipitate may be formed due to the interaction of the UA and TA, but this will not affect the quality of the freeze substitution. 4. Alexa Fluor dyes of different wavelengths such as 594 and 647 can be used. 5. This step is performed to dilute the sucrose concentration. 6. After 10 min of centrifugation, the liquid will be concentrated to approximately 200 μL containing several percent of sucrose. For the complete removal of sucrose, skip steps 10–11 of Subheading 3.1, and pellet the banded virus in MNT buffer by ultracentrifugation at 24,000 rpm (110,500  g) for 90 min at 4  C, and ﬁnally resuspend the pellet in MNT buffer at a desired volume. 7. X31 plaques are small and require 3 days for visualization. WSN plaques can be visualized in 2 days. 8. MTT stains living cells in blue, allowing visualization of plaques. Alternatively, plaques can be stained with crystal violet following ﬁxation of cells 9. The composition of the ﬁxation needs to be optimized for different CLEM samples in order to achieve good preservation of ultrastructure without loss of ﬂuorescence or antigenicity. Low concentrations (0.05–0.1%) of glutaraldehyde (GA) can be included in the ﬁxation to improve the ultrastructure of the sample. However, this may lead to increased autoﬂuorescence quenching of speciﬁc ﬂuorescence signal and reduced antibody labeling efﬁciency. It is therefore important when testing a new sample or antibody to ﬁx in the presence and absence of GA and compare the differences in ultrastructure and antibody labeling. 10. Mount the blocks onto the pins quickly to prevent the samples drying out and sucrose crystals forming. If possible, mount the samples under a stereomicroscope situated in a cold room. 11. A 200-nm-thick section can be picked up and stained with toluidine/methylene blue to determine whether the cells have been reached in the block. Place wire loop containing a droplet of methylcellulose/sucrose into the cryochamber above the sections. Touch the loop onto the sections just as it begins to freeze, and withdraw the loop from the chamber. Once the droplet has thawed, touch the loop onto a glass slide, and stain with methylene blue. 12. Cryosections undergo compression and stick to the surface of the knife during sectioning. The sides of the block perpendicular to the knife edge will be compressed by approximately 30%. A rectangular block is therefore cut in order to compensate for this, with the longer sides being 1.5 times larger than the shorter side. A rectangular block that is orientated with the
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shorter side parallel to the knife edge will produce a square section when sectioned. Compression can be reduced by controlling the ionizer and altering the cutting speed, but it cannot be avoided. 13. A cell scraper can also be used to detach cells from the surface of the culture dish when it is not possible to use trypsinization. For example, if trypsin would break down ﬂuorescent proteins or particles on the surface of cells. Gently scrape cells from the dish and pipette up and down to break apart cell clumps. Transfer to a 2 mL Eppendorf tube, and centrifuge at 3000 rpm (900  g) for 2 min. Remove the supernatant, and add an equal volume of cryoprotectant. Resuspend the cells in cryoprotectant by pipetting up and down, transfer to a 0.5 mL Eppendorf tube, and spin again at 3000 rpm (900  g) for 2 min. This method also can be applied to cells grown in suspension or loosely adhered to the culture dish. However, the cells can clump together which leads to incomplete resin inﬁltration and therefore is only used when trypsinization is not possible [19]. Alternatively, cells can be grown on sapphire discs and frozen by HPF. The sapphire discs are dipped in 20% BSA and 10% FCS in medium before loading into the carrier and freezing. However, using cells grown on sapphire discs is slightly more challenging when removing sapphires from the polymerized block and, in our hands, produces more variable results compared to cell pellets. 14. An alternative approach described by Kent McDonald and adapted by Christopher Peddie can be taken when cell numbers are low or when it’s not possible to culture and infect a 60 mm dish [27, 28]. Scrape or trypsinize cells, pellet in a centrifuge, and resuspend in 100 μL or less of cryoprotectant. Pipette ~30 μL of cell suspension into a sealed, shortened 200 μL pipette tip with a small “breather hole,” place inside a 2 mL Eppendorf tube without a lid, and spin at 5600 rpm (3000  g) for 15 s [28]. Attach the tip to a pipette, and cut off the end of the pipette tip with a single-edged razor blade to remove the blockage and pipette ~1 μL of cells into the HPF carrier. 15. A quick freeze substitution can also be performed using standard laboratory equipment as described by McDonald and Webb and produces comparable results to samples freeze substituted in the AFS [29]. Samples can be freeze substituted in less than 90 min in a polystyrene box containing liquid nitrogen and then dry ice with agitation. The shorter incubations with solvents and agitation may result in improved preservation of ﬂuorescence. 16. The sections can also be stained with methylene/toluidine blue and imaged using a standard inverted microscope with a 10 or
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20 lens to identify the position of cells within the block and determine the quality of the sample. Cut a 300 nm section, and mount onto a drop of water before allowing the section to dry onto the slide. Add a drop of methylene blue stain to identify the position of cells in the block face. Once cells have been located, cut a further thick section, mount onto a glass slide, place a coverslip on top, and image on a standard epiﬂuorescence microscope. 17. The section thickness will depend on the intensity of the ﬂuorescence of the sample before processing. For example, overexpressed proteins will be brighter than endogenous proteins and therefore thinner sections can be cut and the ﬂuorescence will still be easily visualized. Using a 200 kV TEM, 200–300 nm sections can be cut and tomography performed. The ﬂuorescence within the section reduces with time; therefore it is important to perform LM imaging immediately following cutting. 18. We choose to use Formvar-/Pioloform-coated grids despite their inherent autoﬂuorescence in GFP and RFP channels [15]. The plastic ﬁlm acts as a support stabilizing the section on the grid and preventing it from being lost during retrieval following LM imaging. The grid is further strengthened by a layer of evaporated carbon. The carbon coat makes the grid hydrophilic, so resin sections and ﬂuorescent beads will stick to the ﬁlm more readily. Furthermore, the presence of the carbon coat decreases the autoﬂuorescence of the plastic ﬁlm and reduces charging in the electron microscope. Composite ﬁlms of both carbon and Formvar are particularly useful when doing immunolabeling following LM imaging as the grids have to undergo multiple washes and transfers with tweezers. Two hundred mesh grids are preferable as one grid square is roughly the same size as the ﬁeld of view of the light microscope when at 100. In addition, the high number of grid bars provides more support, helping to keep the ﬁlm and therefore section ﬂatter. 19. Section pickup from the knife boat can be performed in a variety of different ways. We favor pickup with the perfect loop as this produces minimal section wrinkles and folds which can affect ﬂuorescence imaging (Fig. 3I). However, section pickups can also be performed without a perfect loop. Glow discharged coated grids can be immersed in the knife boat and slowly brought up underneath the section using an eyelash to keep the section in place. Alternatively, coated grids can be placed directly on top of the sections and ﬂoated on the water. Leave the sections to ﬂoat for a few minutes to allow any bubbles to disperse, and then pick up the grid using tweezers. Turn the grid 90 keeping the edge of the grid in contact with the water, and slowly bring the grid out of the water. This will drain any water from the grid.
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20. Fluorescent beads are used as ﬁducial markers to produce accurate alignments of LM and EM sections. A variety of ﬂuorescent ﬁducials are commercially available, but we favor the PS-Speck™ microspheres or the FluoSpheres™ available from Thermo Fisher Scientiﬁc. In general, a good ﬂuorescent ﬁducial is one that is bright, monodispersed, and easily visible in the TEM. The choice of ﬁducial color will primarily be determined by the wavelength of the protein of interest unless using TetraSpeck microspheres which contain four ﬂuorescent dyes (blue, green, orange, and dark red). For instance, when using Alexa Fluor 488-tagged virus, we opt to use either deep/ far red or blue beads as there is no bleed through into the green channel. Ideally the ﬂuorescent ﬁducial would be in the same channel as the protein of interest to remove any shift generated by switching between channels or chromatic aberrations. However, we found it difﬁcult to distinguish between speciﬁc signal from the virus particles and the ﬁducials due to their similar size, shape, and intensities. Both PS-Speck beads and FluoSpheres evenly distribute across grids when sonicated and diluted in PBS or treated with Tween-20 before use [15]. Despite this pretreatment, beads tend to concentrate at the edges of sections or in folds within the section. Therefore, it is important to choose regions of interest outside of these areas and to ensure that sections are lying as ﬂat as possible on the grid. Note that it is important to dry grids with ﬁlter paper before imaging to remove any unbound beads and adhere the beads onto the sections. Any unbound beads will exhibit Brownian motion when imaging by LM and will not be present in the EM section despite ﬂuorescence on LM. Finally, we ﬁnd that it is important to perform ﬁducial labeling prior to Hoechst incubations or immunolabeling with antibodies as this leads to the most efﬁcient binding of the beads to the sections. 21. Glycerol is used as a mounting reagent to prevent sections sticking to the glass slide or cover slip. It is important to image mounted grids quickly or mount one grid at a time to prevent the medium drying out and making section recovery difﬁcult. Alternatively, coverslips can be sealed with nail polish or vacuum grease to prevent them drying out. 22. Multiple z planes are taken as the section will not sit perfectly ﬂat on the grid. An average intensity of these multiple z positions is generated and used for correlation. 23. Antibody dilutions will vary between applications and will need to be tested using appropriate controls. In general antibodies are used at a higher concentration compared to those used in immunoﬂuorescence, but this is not always the case.
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24. Protein A gold can be substituted for IgG gold. It is smaller in size and is only capable of binding to one site on the primary antibody, so labeling is 1:1. However, it is only able to recognize certain IgG subclasses, so is not always appropriate to use. Grids can also be incubated with ﬂuorescently tagged secondary antibodies to help identify endogenous proteins or particles that are weakly ﬂuorescent. Incubate grids in secondary antibody for 30 min, wash, and then proceed to gold labeling. 25. The low magniﬁcation TEM images are required to achieve an accurate correlation between the LM and EM. It is important to select regions and magniﬁcations containing no less than 7–10 clearly visible ﬁducials in both LM and EM. The lower magniﬁcation TEM images are then correlated with the 63–100 LM image. A further correlation is then performed using the generated low magniﬁcation CLEM composite as a source image. Fiducials or easily identiﬁable structures, such as mitochondria or endosomes within both the low magniﬁcation and high magniﬁcation TEM images, are selected, and the composite CLEM image is manipulated onto the high magniﬁcation TEM image. The correlation of high and low magniﬁcation TEM images can be improved by using smaller ﬁducials (~10–20 nm) often used in tomography. These smaller ﬁducials can be applied to the grids following the LM imaging of the ﬂuorescent ﬁducials aiding in correlation of the low and high magniﬁcation TEM images. References 1. Shaw ML, Stertz S (2017) Role of host genes in inﬂuenza virus replication. Curr Top Microbiol Immunol. https://doi.org/10.1007/82_ 2017_30 2. Eisfeld AJ, Neumann G, Kawaoka Y (2015) At the Centre: inﬂuenza A virus ribonucleoproteins. Nat Rev Microbiol 13(1):28–41. https://doi.org/10.1038/nrmicro3367 3. Rudnicka A, Yamauchi Y (2016) Ubiquitin in inﬂuenza virus entry and innate immunity. Viruses 8(10). https://doi.org/10.3390/ v8100293 4. Yamauchi Y, Greber UF (2016) Principles of virus Uncoating: cues and the snooker ball. Trafﬁc 17(6):569–592. https://doi.org/10. 1111/tra.12387 5. Yamauchi Y, Helenius A (2013) Virus entry at a glance. J Cell Sci 126(Pt 6):1289–1295. https://doi.org/10.1242/jcs.119685 6. Lakadamyali M, Rust MJ, Babcock HP, Zhuang X (2003) Visualizing infection of individual inﬂuenza viruses. Proc Natl Acad Sci U S A 100(16):9280–9285. https://doi.org/10. 1073/pnas.0832269100
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Chapter 13 Inﬂuenza Virus-Liposome Fusion Studies Using Fluorescence Dequenching and Cryo-electron Tomography Long Gui and Kelly K. Lee Abstract Inﬂuenza virus enters host cells by fusion of viral and endosomal membranes mediated by the inﬂuenza hemagglutinin (HA). The pathway of HA-catalyzed fusion has been widely investigated in inﬂuenza virus membrane fusion with liposomes. In this chapter we describe methodology for studying the virus-liposome fusion system using a combination of ﬂuorescence dequenching assays and cryo-electron tomography (cryo-ET). In particular, the ﬂuorescence dequenching is used to monitor the efﬁciency of membrane fusion between whole inﬂuenza viruses labeled with a lipophilic dye (DiD) in the membrane and liposomes labeled with a water-soluble dye (sulforhodamine B). By simultaneously monitoring the two ﬂuorescent signals, we can determine the relative time scales of liposomal content leakage or transfer vs. lipid merging. In addition, cryo-ET offers a means of imaging three-dimensional snapshots of different stages of virusliposome fusion such as prefusion, fusion intermediates, and postfusion. Key words Inﬂuenza virus, Membrane fusion, Liposomes, Fluorescence spectrometry, Cryo-electron tomography



1



Introduction Inﬂuenza viruses are members of the Orthomyxoviridae family of enveloped, negative-stranded, segmented RNA viruses. Similar to other enveloped viruses, inﬂuenza delivers the viral genome into host cells by carrying out protein-mediated fusion of viral envelope and host cell membranes. The inﬂuenza glycoprotein hemagglutinin (HA) is the viral fusion machinery that facilitates the entry of inﬂuenza viruses into host cells. Cell entry is initiated when HA binds to sialic acid receptors on the surface of the host cell. Once bound, inﬂuenza virus is taken into the host cell by endocytosis. During maturation of the endosome, the endosomal lumen acidiﬁes triggering HA to undergo irreversible structural rearrangements that drive membrane fusion [1]. In some strains of inﬂuenza, these structural changes are initiated by exposure of fusion peptides that insert into host endosomal membrane [2],
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followed by refolding of the fusion subunit that draws the two membranes together and induces them to merge. Much of these intermediate processes and the mechanistic understanding of how HA drives membrane remodeling and fusion have been inferred from ﬂuorescence approaches (both spectroscopy and microscopy approaches), antibody probes, and biochemical assays (e.g., limited proteolysis) of epitope exposure during HA reorganization [3, 4], but until recently we have lacked the means to directly visualize protein-mediated membrane fusion with resolution of the fusion machinery and membrane structures that are populated during fusion. Cryo-electron tomography offers a powerful approach for imaging membrane fusion and resolving the interplay of protein and membrane intermediates during this intricate process. Direct visualization of membrane fusion inside intact eukaryotic cells, which takes place deep in the cell close to the nucleus [5], is not feasible for most current-generation transmission electron microscope conﬁgurations. Instead, synthetic liposomes with diameters in the 100–200 nm range provide target membranes for inﬂuenza to fuse with that compatible with the thin layer of vitreous ice that is required for electron beam penetration and imaging. These liposomes enable in vitro fusion reactions to be studied with exquisite control as one can generate liposomes with speciﬁed lipid compositions. A downside to using synthetic liposomes is that their lipid composition is far less complex and lacking in leaﬂet-asymmetry compared to the biological membranes with which the virus would fuse during endosomal entry. In addition, the curvature of the liposomal target membrane, at least initially, is convex as opposed to the membrane in an endosome, which would be concave with the virus inside the endosomal lumen. Based upon what we have observed, in general, the target membrane ends up conforming to the topography of the virus surface, and hence initial target membrane curvatures are believed to be secondary, relative, for example, to lipid composition, in terms of their inﬂuence on how the fusion reaction will progress. For in vitro fusion assays, timing and solution conditions for triggering the fusion reaction can also be carefully controlled and varied in order to parse the intermediate states traversed during fusion. As the fusion reactions are very sensitive to the experimental conditions, special attention must be paid to factors such as temperature, pH, liposome, and virus concentration. Here we provide a protocol for measuring stages of fusion kinetics and visualizing the fusion complex between inﬂuenza viruses and liposomes by ﬂuorescence dequenching assays and cryo-electron tomography (cryo-ET). Fluorescence dequenching assays can track the overall progress of a membrane fusion reaction by monitoring liposomal content leakage and lipid mixing (Fig. 1). The liposomes contain the hydrophilic ﬂuorophore sulforhodamine B (SRB) at self-quenching concentrations, while the
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Fig. 1 (a) Schematic diagram shows ﬂuorescence dequenching assays. When the SRB-labeled liposomes are mixed with DiD-labeled inﬂuenza virus and fusion is triggered by low pH, the liposomal content leakage and transfer release the water-soluble SRB dyes and the weakening quenching effect results in the increase in the ﬂuorescence intensity of SRB dye. When the lipid mixing commences, the lipophilic DiD dyes disperse over a larger membrane area, and the ﬂuorescence signal of DiD also increases. (b) Fluorescence intensity of SRB (yellow, solid curve), reporting liposomal content leakage and transfer, and DiD (blue, dashed curve), reporting membrane merging, is monitored over time. Completely dequenching is achieved in the presence of 1% (v/v) TritonX-100 detergent



membrane of inﬂuenza virus is labeled with a lipophilic ﬂuorophore, DiD, also to a self-quenching concentration (see Note 1). When the SRB-labeled liposomes are mixed with DiD-labeled inﬂuenza virus and fusion is triggered by lowering pH, the increase in the ﬂuorescence intensity of SRB dye resulting from dequenching reports on liposomal content leakage and transfer; distinguishing between these two scenarios is not straightforward however, as both would give rise to some degree of dequenching. We also note that others have reportedly labeled inﬂuenza virions with SRB by incubating the virus in SRB-containing buffers for extended durations [6, 7]. In this case, it is assumed the dye crosses the viral envelope and becomes encapsulated inside of the particle. Then during the fusion reaction, the SRB signal would report on viral content transfer or leakage. When the lipid mixing commences,
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DiD disperses over a larger membrane area and the ﬂuorescence signal of DiD also increases. Cryo-ET can provide unique structural insights into the inﬂuenza virus fusion system [8, 9]. This cryo-EM-based method generates three-dimensional images of samples that can be trapped and analyzed in the process of membrane fusion. The fusion reaction can be initiated by acidifying a solution containing virus and target membranes in the form of liposomes, followed by rapid plungefreezing in liquid ethane. In the microscope, the sample is tilted about a single axis and imaged over a range of tilt angles to obtain three-dimensional information. Then the sample volume is computationally reconstructed. The major caveats of using cryo-ET to characterize specimens is that due to physical limitations of the electron microscope and sample holders, it is not possible to tilt a specimen beyond 60–70 ; the information captured is thus incomplete, which gives rise to the so-called missing wedge artifact and relatively poor characterization of features on the top and bottom of particles as well as anisotropic resolution and a degree of distortion of three-dimensional features [10]. Despite these limitations, cryo-ET provides nanometer resolution that is sufﬁcient to resolve individual surface protein spikes as well as membrane leaﬂets, disruption, and deformations during inﬂuenza virus membrane fusion. By examining fusion reactions over a time course of fusion and under different pH conditions, it becomes possible to track how the populations of various fusion intermediates wax and wane over the course of the reaction. From these population kinetics, one may infer the approximate sequence of HA-driven membrane reorganization that leads to productive membrane fusion [11]. Taken together, real-time monitoring of fusion reactions in bulk by ﬂuorescence spectroscopy and nanometer-scale imaging of fusion complexes by cryo-electron microscopy provide new insights into the physical process of protein-mediated membrane fusion. The approach is fairly generalizable to other fusion systems, though inﬂuenza virus, with its straightforward triggering by exposure to acidic pH, is considerably less complex than systems where the fusion protein is triggered by receptor-mediated interactions.



2



Materials



2.1 DOPC and DOPC/ Cholesterol Liposome Preparation



1. 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC): 25 mg/mL dissolved in chloroform (Avanti Polar Lipids). 2. Cholesterol: 25 mg/mL dissolved in chloroform (Avanti Polar Lipids) (see Note 2). 3. Chloroform (EMD Chemicals). 4. Positive-displacement pipets (MICROMAN, Gilson) (see Note 3).
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5. 13  100 mm borosilicate glass tube. 6. Vortex mixer. 7. Compressed gas. 8. Vacuum desiccator (Nalgene): for drying lipids in vacuum. 9. HEPES buffered saline (HBS), pH 7.5: 150 mM NaCl, 10 mM HEPES, 50 mM sodium citrate (pH 7.5), 0.02% NaN3, pH 7.5. The buffer solution is ﬁltered through a 0.2 μm ﬁlter. 10. HBS-SRB: dilute sulforhodamine B sodium salt (SRB) (Invitrogen) into HBS, pH 7.5, to a ﬁnal concentration of 25 mM. Adjust the pH to 7.5 after SRB is fully dissolved. 11. 37  C water bath. 12. Liquid nitrogen. 13. Mini-extruder set (Avanti Polar Lipids). 14. Flat tip tweezers: for handling ﬁlter membranes. 15. Polycarbonate membranes 0.1 μm (Avanti Polar Lipids). 16. PD-10 desalting column (GE Healthcare). 17. 1.5-mL snap-cap tubes (Eppendorf). 2.2 Lipophilic Dye DiD Labeling of Inﬂuenza Viruses



1. X31 (H3N2) inﬂuenza A virus (2 mg/mL): grown in embryonated chicken eggs, purchased from Charles River Laboratories. Virus aliquots are stored at 80  C. 2. HEPES buffered saline (HBS), pH 7.5. 3. 1,1’-dioctadecyl-3,3,3’3’-tetramethylindodicarbocyanine (DiD), 1 mM dissolved in ethanol, purchased from Life Technologies. 4. 1.5-mL snap-cap tubes (Eppendorf). 5. 37  C heat incubator (within shaking nutator). 6. Refrigerated microcentrifuge at 4  C. 7. Class II biological safety cabinet and protective equipment for working with infectious inﬂuenza virus. 8. 10% chlorine bleach to treat the biohazardous waste.



2.3 Quantiﬁcation of Dye-Labeled Liposomes and Viruses



1. Distilled water (ddH2O).



2.3.1 Determination of Liposome Concentration by Phosphorus Assay



5. Phosphate reagent: 5.04 g of ammonium molybdate in 84 mL of ddH2O; then add 33 mL of 98% sulfuric acid to water slowly, and keep gently agitating to dissipate the heat from the dilution of sulfuric acid. Store at room temperature.



2. Ammonium molybdate. 3. Sulfuric acid. 4. L-ascorbic acid.
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6. Analytical solution: 0.33 g of L-ascorbic acid in 21 mL of ddH2O; then add 2 mL of phosphate reagent (step 5) into the solution. Store at room temperature. 7. Phosphate standard solution: 1 mM KH2PO4, pH 5.8–6.2. 8. 70% perchloric acid. 9. 16  100 mm borosilicate glass tube. 10. A lab heat block. 11. Varian Cary 50 Technologies).



UV/Vis



spectrophotometer



2.3.2 Determination of Liposome Size by Dynamic Light Scattering



1. DynaPro NanoStar analyzer (Wyatt Tech).



2.3.3 Determination of HA Concentration by Western Blotting



1. Bromelain.



(Agilent



2. MicroCuvette, 1 μL (Wyatt Tech).



2. Bromelain digestion buffer: 150 mM NaCl, 10 mM HEPES (pH 7.8), 1 mM EDTA, 25 mM b-mercaptoethanol. 3. Nutator. 4. 37  C incubator. 5. Tabletop centrifuge with swinging bucket rotors. 6. Beckman ultracentrifuge with 50.2 Ti rotor. 7. FPLC equipped with GE-Superdex 200 analytical gel ﬁltration column. 8. 15 ml volume Amicon 30 kDa molecular weight cut-off spin concentrator (Millipore). 9. 0.5 ml volume Amicon 10 kDa MWCO spin concentrator (Millipore). 10. HEPES buffered saline (HBS), pH 7.5. 11. TBST buffer: 150 mM NaCl, 25 mM Tris-HCl (pH 7.2–7.4), 0.1% (v/v) Tween 20. 12. Blocking buffer: 5 g of powdered milk into 100 mL of TBST buffer. Store at 4  C. 13. Primary antibody: anti-HA tag antibody (EMD Millipore) diluted 1:2000 in the blocking buffer. 14. Secondary antibody: recombinant protein G-horseradish peroxidase (Thermo Fisher) diluted 1:5000 in the blocking buffer. 15. NuPAGE 4–12% Bis-Tris Gel (Invitrogen). 16. Nitrocellulose membrane for western blotting (Thermo Fisher). 17. XCELL Blot Module (Invitrogen). 18. ECL prime western (GE Healthcare).



blotting



detection



reagent
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1. SRB-labeled liposomes (from Subheading 2.1). 2. DiD-labeled inﬂuenza virus particles (from Subheading 2.2). 3. HEPES buffered saline (HBS), pH 7.5. 4. HEPES buffered saline (HBS), pH 3.0: 150 mM NaCl, 10 mM HEPES, 50 mM sodium citrate (pH 7.5), 0.02% NaN3, pH 3.0. Filtered through a 0.2 μm ﬁlter. 5. pH meter. 6. Fluorescence Micro Cell, 40 μL (Agilent Technologies). 7. Fluorescence spectrophotometer with temperature controller (Varian Cary Eclipse, Agilent Technologies). 8. 10% (v/v) Triton-HBS: Triton X-100 diluted in HBS, pH 7.5. 9. Protective equipment: gloves and glasses. 10. 10% (v/v) chlorine bleach to treat biohazardous waste.



2.5 Grid Preparation for Cryo-ET



1. SRB-labeled liposomes (from Subheading 2.1). 2. DiD-labeled inﬂuenza virus particles (from Subheading 2.2). 3. HBS, pH 7.5. 4. HBS, pH 3.0. 5. C-ﬂat holey carbon grids (e.g., Electron Microscopy Sciences): CF-2/2-2C-T (hole size, 2.0 μm; hole spacing, 2.0 μm; TEM mesh, 200; thick carbon) is recommended. 6. 6 nm BSA gold tracer (e.g., Electron Microscopy Sciences), for use as ﬁducial markers in tomography. 7. Glow discharge system for TEM grids. 8. Plunge-freezing device with humidity and temperature control, for rapid and reproducible freezing of samples (Vitrobot Mark IV, FEI Company). 9. Vitrobot ﬁlter paper. 10. Liquid nitrogen. 11. Compressed ethane (research purity), for vitriﬁcation. 12. Cryo-grid storage boxes. 13. Timer. 14. Water bath. 15. Screwdriver, for opening and closing grid storage boxes. 16. Tweezers: (1) Fine tip tweezers (Electron Microscopy Sciences, Dumont Style L4), for handling EM grids; (2) Flat tip tweezers, for handling cryo-grid storage boxes during transfer. 17. Protective equipment: gloves and glasses. 18. 10% (v/v) chlorine bleach to treat the biohazardous waste.
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2.6 Quantiﬁcation of Inﬂuenza VirusLiposome Contacts



3



1. Software for three-dimensional reconstruction (IMOD). 2. Software for visualization of reconstructed tomograms (ImageJ with Grouped_ZProjector plugins, the Grouped_ZProjector plugins can be downloaded at https://imagej.nih.gov/ij/ plugins/group.html).



Methods



3.1 DOPC and DOPC/ Cholesterol Liposome Preparation (Flowchart Shown in Fig. 2a)



1. Add 200 μL of chloroform, 20 μL of DOPC, and the volume of cholesterol stock solution to achieve the desired molar fraction of cholesterol into borosilicate glass tubes (see Note 2). 2. Mix the DOPC and cholesterol on top of a vortex mixer. The lipid ﬁlm is formed by slow evaporation using a gentle stream of nitrogen. 3. Continuously rotate the vortex mixer to produce as thin and uniform a lipid ﬁlm layer as possible (see Note 4). 4. Transfer the glass tubes into the vacuum desiccator. Pump the vacuum and keep the lipids under the vacuum for at least 3 h (overnight is recommended) to eliminate any residual chloroform. 5. The phospholipid ﬁlm is hydrated with 200 μL of SRB-HBS into each glass tube. 6. Vortex the lipid mixture for 30 s. 7. Freeze the lipid mixture in liquid nitrogen. 8. Thaw the lipid mixture in a 37  C water bath. 9. Repeat steps 4–6 (i.e., freeze/thaw/vortex cycles) ﬁve to ten times. 10. Assemble the mini-extruder as speciﬁed by the manufacturer (Avanti Polar Lipids). Place a single 100 nm polycarbonate membrane, and ﬁlter supports in the extruder, handling them only with ﬂat tip tweezers to avoid tearing or puncturing the membrane. 11. Load the extruder with 250 μL of HBS buffer, pH 7.5 using a gas tight syringe. Buffer should be extruded back and forth several times to remove any remaining gas inside the miniextruder. 12. Using a gas tight syringe, load 200 μL of lipid suspension, and extrude 21 times passing the ﬁlter membranes. Collect the ﬁnal extruded solution from the syringe opposite to the one used to initially inject the lipid suspension. 13. Equilibrate the PD-10 column with 2 column volumes of HBS buffer, pH 7.5. Once the buffer has passed through and
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Fig. 2 Flowchart of the major steps in the preparation of (a) SRB-labeled liposomes and (b) DiD-labeled inﬂuenza viruses



minimal to no visible amounts are left in the top reservoir of the PD-10 column, cap the bottom of the PD-10 column. 14. Apply the extruded liposome solution evenly and spread across the top of PD-10 column and remove the bottom cap to allow ﬂow to resume. 15. Elute the PD-10 column with HBS buffer, pH 7.5 (ca. 3–4 mL). 16. Collect the ﬁrst pink peak, which contains the SRB-labeled DOPC or DOPC/Cholesterol liposomes, with 1.5-mL snapcap tubes (Fig. 3). The liposomes can be stored at 4  C. Use within 1–5 days.
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Fig. 3 The SRB-encapsulating liposomes eluted as a single band from the PD-10 gel ﬁltration column. The black box of step 2 highlighted the ﬁrst pink band, which contained the SRB-labeled liposomes 3.2 Lipophilic Dye DiD Labeling of Inﬂuenza Viruses (Flowchart Shown in Fig. 2b)



1. Remove X31 inﬂuenza viruses (2 mg/mL) from 80  C storage, and thaw at room temperature in a class II biological safety cabinet. 2. Centrifuge virus stocks ﬁrst at 2320  g for 5 min at 4  C to remove precipitates formed by egg proteins. 3. Add 500 μL of approximately 2 mg/mL inﬂuenza virus supernatant into 5 μL of DiD Vybrant solution, and mix thoroughly by pipetting up and down gently. 4. Incubate the dye-labeled inﬂuenza virus particles for 2 h at 37  C with gentle rocking on the nutator. 5. Recover the inﬂuenza virus by 21,000  g ultracentrifugation for 30 min at 4  C. Resuspend the pellet in HBS, pH 7.5 to a ﬁnal concentration of 8–10 mg/mL X31 virus solution. The DiD-labeled inﬂuenza virus can be stored away from light at 4  C and can be used for 1–5 days.



3.3 Quantiﬁcation of Dye-Labeled Liposomes and Viruses (See Note 5) 3.3.1 Determination of Liposome Concentration by Phosphorus Assay



The phosphorus assay is modiﬁed from a previously described protocol [12]. 1. Prepare the standard solutions for a calibration curve. For instance, mix 1 mM KH2PO4 solution with ddH2O to get a 0, 0.1, 0.2, 0.5, 1 mM PO43 concentration. 2. Load 32 μL of standard solutions and liposomes into the 16 mm glass tubes.
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3. Add 50 μL of 70% perchloric acid to each tube. Vortex the tubes. 4. Transfer the tubes to 180  C heat block for 1 h in the chemical hood. 5. After 1 h of heating, allow the tubes to cool to room temperature. Then add 0.9 mL of analytical solution to each tube. Vortex shortly. 6. Incubate the tubes on an 80  C heat block for 15 min in the chemical hood. 7. Cool the tubes and transfer the solution to the ﬂuorescence cuvette. Measure the absorbance at 820 nm. 8. Generate the standard curve using the standard solutions, and determine the concentration of phosphorus in the samples. The ideal concentration of DOPC for the following ﬂuorescence assays and cryo-ET range between 0.2 and 0.5 mM (see Note 6). 3.3.2 Determination of Liposome Size by Dynamic Light Scattering



3.3.3 Determination of HA Concentration by Western Blotting



1. Load 3 μL of liposome samples into the microcuvette. 2. Transfer the microcuvette into the DynaPro NanoStar analyzer, and record the dynamic light scattering readings from the equipment. The radius of the DOPC and DOPC/Cholesterol liposomes through 100 nm polycarbonate membranes usually range from 55 to 65 nm with low polydispersity (1/16 2. Inject 0.1 mL of diluted virus intravenously into each of ten 6-weekold chickens 3. Examine birds every 24 h for up to 10 d. p.i. 4. At each examination score, the birds depend on clinical signs: 0 if normal, 1 if sick, 2 if severely sick, 3 if dead. 5. Calculate IVPI score (see Note 15)



Chicken (Gallus gallus domesticus)
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Table 7 Euthanasia



Mouse (Mus musculus)



Guinea pig (Cavia porcellus)



1. Cervical dislocation 2. Overdose of barbiturate administered IP (100 mg/kg)



1. Anesthesia 2. Overdose of barbiturate administered IV into the leg vein or directly into the cardiac chamber (150 mg/kg) 3. Assess absence of reﬂexes 4. Conﬁrmation of death by exsanguination or onset of rigor mortis



Ferret (Mustela putorius Swine furo) (Sus scrofa)



Chicken (Gallus gallus domesticus)



1. Overdose of 1. Anesthesia 1. Sedate animal barbiturate 2. Place in dorsal 2. Overdose of administered recumbency barbiturate IV into the 3. Wipe the administered IV jugular or thoracic area into the ear vein brachial wing with alcohol or vena cava vein (or IM 4. Insert 25-G using needle or or IP) needle (1 in.) at butterﬂy catheter (150 mg/kg) a 30 angle just 3. Exsanguination 2. Assess for by slitting the below the absence of vena cava and xiphoid process, reﬂexes (eye bleeding out by angling the reﬂex/pain) hanging carcass needle slightly 3. Conﬁrmation vertically toward the left of death by shoulder exsanguination 5. If required or onset of collect blood rigor mortis from the heart 6. Administer overdose of barbiturate to the heart



IP intraperitoneally, IM intramuscularly, IV Intravenously



5. Process organs/pieces of tissue according to downstream needs: (a) Snap freeze in liquid nitrogen for virus detection. (b) Place in RNAlater™ for RNA isolation; store at 80  C. (c) Place into 4% buffered paraformaldehyde for histology. (d) Put in complete medium for cell isolation. 3.4 After the In Vivo Experiment: Sample Processing



1. Allow blood to clot. (Optional: Leave sample in fridge overnight.)



3.4.1 Isolation of Serum



3. Harvest serum (be careful not to disturb the blood clot).



2. Clarify samples by centrifugation at 2000  g for 5 min. 4. Optional: heat-inactivate sera for 30 min at 56  C. 5. Use serum for ELISA, hemagglutination inhibition assay, or virus neutralization, or store at 20  C or 80  C until required.
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Fig. 5 Challenge by intranasal route of pigs using a mucosal atomization device (MAD). The pig is held by one person, while the second person delivers virus in 1–2 mL per nostril on inhalation. Photo: courtesy of Dr. E. Tchilian, The Pirbright Institute



Fig. 6 Nasal wash in ferret. The anesthetized animal is held ﬁrmly, and a volume of 400-μL ﬂuid is instilled into the ﬁrst nostril using a 20 G  30-mm plastic ballended feeding tube attached to a 2-mL syringe in the nose. The ferret’s nose is then held over a plastic collection beaker or a petri dish while the ferret sneezes and shakes its head. The instillation is repeated for a total of ﬁve times per nostril. Photo: courtesy of The Biological Investigations Group, Public Health England, Porton Down, Salisbury
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Fig. 7 Oropharyngeal swabbing of chickens inside a negative pressure isolator. The chicken is held by one person with one hand supporting the weight of the bird under the feet to prevent the wings from moving and the other hand over the bird’s back. The second person extends the bird’s neck slightly opening the beak and inserting a sterile swab using a circular motion inside the oropharyngeal cavity 3.4.2 Processing of Samples for Virus Detection



1. Vortex tube with swabs. 2. Remove swab. 3. Clarify sample by centrifugation at 2000  g for 5 min at 4  C. 4. Use clariﬁed supernatant for virus titration by TCID50 or plaque assay, or store at 80  C until required.



3.4.3 Cell Counting of Nasal Wash (See Note 17)



1. Keep sample on ice after collection. 2. Vortex sample and transfer 100 μL to an Eppendorf tube, and pre-dilute in sterile PBS if required (e.g., 1:4 dilution if 3–14 days post challenge) (see Note 17). 3. Stain with Trypan blue if using a microscope and counting chamber. 4. Transfer to a counting chamber or transfer to cassette of an automated cell counter. 5. Count/read total cells and assess viability.



3.4.4 Processing of Tissue for Virus Detection



1. Keep tissues on ice after collection. 2. Weigh tissue piece. 3. Add 4 volume of PBS (20% w/v tissue to PBS) in an appropriate tube (optional: use PBS with 100 U/mL penicillin, 100 μg/mL streptomycin). 4. Homogenize tissue: (a) Add 5-mm stainless steel beads to safe lock tubes containing tissue/PBS.
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(b) Homogenize inside a bead mill (e.g., Retsch MM300) at 20 Hz for 4 min. For larger pieces of tissues, use gentleMACS to homogenize (e.g., pig tissue). 5. Clarify sample by centrifugation at 2000  g for 5 min at 4  C. 6. Use the clariﬁed supernatant for virus titration by TCID50 or plaque assay or viral genome quantiﬁcation (see Chapter EY), or store at 80  C until required. 3.4.5 Peripheral Blood Mononuclear Cell Isolation (See Note 18)



1. Dilute heparin or EDTA blood 1:1 with PBS. 2. Layer on Ficoll-Paque 1.083 g/mL and centrifuge at 1200  g for 30 min. (e.g., 30-mL blood/PBS layered on 20-mL Ficoll-Paque). 3. Harvest cells from the interface and wash in PBS by centrifugation at 300  g for 10 min. 4. Incubate cells with lysis buffer to lyse red blood cells. 5. Wash in PBS twice by centrifugation at 300  g for 5 min. 6. Resuspend pellet in complete cell culture medium and use cells for downstream application such as proliferation assays, intracellular staining, or ELISPOT, or cryopreserve in FBS with 10% DMSO (see Note 16).



3.4.6 Processing of Tissue for Cell Isolation (See Note 19)



1. Put C-tube containing tissue and cell culture medium on gentleMACS Dissociator, and use the appropriate program. 2. Filter dissociated tissue using 70-μm cell strainer into a 50-mL Falcon tube. 3. Dispose strainer and put lid on 50-mL Falcon tube. 4. Pellet cells by centrifugation at 300  g for 10 min. 5. Wash once in PBS or cell culture medium, and pellet cells by centrifugation at 300  g for 10 min. 6. Resuspend cells in cell culture medium. 7. Take an aliquot of the cells, and stain with Trypan blue. 8. Transfer stained cells to counting chamber and count viable cells. 9. Resuspend pellet in complete cell culture medium and use cells for downstream application such as proliferation assays, intracellular staining, or ELISPOT, or cryopreserve in FBS with 10% DMSO (see Note 16).



4



Notes 1. Although the nonhuman primate model has the beneﬁt that it most closely resemble humans in terms of anatomy and
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physiology and there is very good availability of immune reagents, the model is used on limited scale due to ethical considerations and cost. 2. Poultry of all varieties are susceptible to avian inﬂuenza strains to differing degrees. As well as chickens, ducks (mallards and Pekin), turkeys, quails, and pigeons have all been used successfully in animal experiments for inﬂuenza viruses. Avian inﬂuenza virus has an increased tropism for the gastrointestinal tract in ducks, and they therefore shed virus from the cloacal tract more abundantly than chickens. Quails have increased abundance of α2–6 sialic acid in the respiratory tract than other poultry species. Species-speciﬁc reagents for these poultry are limited with some cross-reactivity to chicken reagents (which are marginally more abundant). 3. Ketamine is most commonly used but gives a slow recovery post procedure. Isoﬂurane gives quick recovery but can result in animals regaining consciousness during the procedure; therefore, it is good for short procedures. 4. Take samples for prescreening up to 1 week before experiment for serology and virology testing using relevant strains, such as circulating inﬂuenza A and B viruses and strains to be used in the lab. Another sample is to be taken at day zero of experiment just prior to challenge. Prescreening is not usually performed in mice as susceptibility to infection with nonadapted inﬂuenza viruses is limited. In addition, mice are sourced from highly controlled suppliers with known health status and controlled housing conditions. Ferrets are tested on site after sourcing. Ferret suppliers test random animals for Aleutian disease. Source pigs from a herd with high herd health, i.e., porcine reproductive and respiratory syndrome (PRRS) virus-free. 5. Single sample collection should not exceed 10% of the animal’s circulating blood volume. Serial sample collection should not exceed 15% of the circulating volume in a 28-day period. Circulating blood volume is approximately 70 mL/kg. Whole blood collected in EDTA or heparin-coated tubes can be used for cell isolation/FACS/immunology assays. For serum collect into tubes without anticoagulant or into serum separation tubes. Chickens should not be left with visible blood on their feathers as this can induce aggressive behavior. 6. Inspect animals on arrival for signs of injury, disease, and stress, and appropriate action should be taken in case of any worries. Animals may be identiﬁed by electronic microchips which are inserted subcutaneously, and a pocket reader is used to obtain the unique number. The microchip can also be used for temperature monitoring if required. In pigs the microchip is mainly used to monitor temperature and not for identiﬁcation, as ear
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tags or marker sprays are more practical to use. Chicken should not be marked with red marker as this can induce aggressive behavior. Animals should be housed together with all the animals with whom they will encounter during the course of the experiment. It is important for animals to get used to each other to avoid stress and aggressive behavior. 7. The challenge dose depends on the aim of the study, the virulence of the virus used, and the challenge route. It is roughly between 102 and 106 plaque-forming units (PFU) or 1  104–1  107 50% embryo infectious dose (EID50). 8. After challenge all animals should be observed for clinical signs such as demeanor, appetite, sneezing, and coughing (see Table 1), and these signs should be recorded. Clinical signs are examined twice a day. Body temperature can be measured rectally or by subcutaneous implants. The endpoint for mice and ferrets is deﬁned by % weight loss. The endpoint for the other animal models is usually determined by a combination of factors, which might vary between institutions. 9. Co-house a naı¨ve recipient with an infected donor animal. The donor animal is typically infected using the IN route. Timing and duration of contact depends on research question asked. Co-housing allows exposure via direct contact, aerosol, and water or environmental contamination. Natural challenge is not possible in mice as inﬂuenza virus is not transmitted. 10. IN challenge is relatively easy and gives reproducible infection and is thus the most common route for challenge. IN challenge does not reﬂect natural infection in ferrets and pigs as a proportion of inoculum is delivered to the gastrointestinal tract. However, for chickens, this mimics the natural uptake of virus in the ﬁeld. No sedation is needed to challenge pigs using the IN route using a mucosal atomization device (MAD). 11. For both the mouse and ferret model, it has been shown that volume determines where the inoculum is delivered, which inﬂuences pathology even when the same dose of virus is used for challenge [16, 17]. A larger volume is delivered to the lower respiratory tract, resulting in more severe illness and lung pathology. Therefore, it is advisable to use constant volumes between experiments. 12. For aerosol delivery using a nebulizer in pigs, make sure the nebulization chamber is kept upright. Aerosol delivery using a nebulizer delivers a larger proportion of the inoculum to the lower respiratory tract compared to IN delivery. A lower inoculum dose is needed to establish infection and induce pathology. However, onward transmission is not as reproducible as after IN challenge [18]. Aerosol challenge is not commonly used in the mouse model.
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13. IT challenge does not reﬂect natural infection as the upper respiratory tract is bypassed, and most of the inoculant is delivered into only the trachea. This procedure is invasive in pigs. 14. Ferrets may also be challenged by the gastrical route or the ocular route [19, 20]. Ocular challenge offers an alternative mucosal surface to study infection. 15. The intravenous pathogenicity index (IVPI) score is the mean score per bird per observation over a 10-day period. For example, a score of 3 indicates that all ten birds died within 24 h, and a score of 0 means all ten birds showed no clinical signs over the whole 10-day period. 16. When preparing cells for cryopreservation, make sure FBS/DMSO is cold, and put vials on ice immediately after resuspending cells in FBS/DMSO. Transfer vials to a freezer container containing isopropanol, and place in a 80  C freezer immediately (e.g., Mr. Frosty). Transfer from the 80  C freezer to liquid nitrogen within 24 h. The minimum cell density is 1  107 cells/mL. Cell viability is reduced when transfer to ice, 80  C, or liquid nitrogen is delayed. 17. The cell count in the nasal wash is a good indicator of infection in ferrets and usually correlates with the presence of virus shedding [21, 22]. Nasal washes from naı¨ve animals will not require dilution. For animals infected via the intranasal route, sample dilution may be required 3–14 days post challenge (up to 1:4 dilution with sterile PBS). 18. Chicken red blood cells have nuclei, so they are more difﬁcult to lyse. To count peripheral blood mononuclear cells (PBMCs) accurately, use an anti-CD45 antibody as it is not always possible to remove all the red blood cells. Pig blood can contain a lot of fat, and ﬁltering using a cell strainer is required to remove it. 19. To remove debris from the cells, several rounds of ﬁltering cells using a cell strainer might be required. References 1. Kuiken T, Rimmelzwaan G, et al. (2004) Avian H5N1 inﬂuenza in cats. Science 306 (5694):241. https://doi.org/10.1126/sci ence.1102287 2. Bouvier NM (2015) Animal models for inﬂuenza virus transmission studies: a historical perspective. Curr Opin Virol 13:101–108. https://doi.org/10.1016/j. coviro.2015.06.002 3. Belser JA, Katz JM, Tumpey TM (2011) The ferret as a model organism to study inﬂuenza A
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Chapter 21 Measuring Inﬂuenza Virus Infection Using Bioluminescent Reporter Viruses for In Vivo Imaging and In Vitro Replication Assays Erik A. Karlsson, Victoria A. Meliopoulos, Vy Tran, Chandra Savage, Brandi Livingston, Stacey Schultz-Cherry, and Andrew Mehle Abstract To streamline standard virological assays, we developed bioluminescent replication-competent inﬂuenza reporter viruses that mimic their parental counterparts. These reporter viruses provide a rapid and quantitative readout of viral infection and replication. Moreover, they permit real-time in vivo measures of viral load, tissue distribution, and transmission in the same cohort of animals over the entire course of infection—measurements that were not previously possible. Here we provide detailed protocols using bioluminescent reporter viruses for in vivo imaging in mice and ferrets. We also describe cell culturebased techniques using reporter viruses for quantiﬁcation of viral titers and performing microneutralization assays. The ease, speed, and adaptability of these approaches have the potential to accelerate multiple areas of inﬂuenza virus research. Key words Inﬂuenza virus, Reporter virus, NanoLuc, Nano-Glo, Bioluminescence, In vivo bioluminescence imaging, TCID50, Microneutralization assay, Virus titration
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Introduction The repeated emergence of novel inﬂuenza viruses into the human population poses a constant public health threat. Emerging viruses have the potential to create new pandemics with signiﬁcant mortality rates, highlighted by the new H7N9 viruses recently isolated from people in China that display a case fatality rate approaching 30% [1–3]. In the instance of spillover infections or the emergence of potentially pandemic viruses, time is of the essence in determining the pathogenicity, transmissibility, and adaptation of these newly identiﬁed strains in mammalian hosts. A major bottleneck in these studies is the time required for standard virological assays
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and the difﬁculty in adapting these assays to high-throughput formats. Further, while animal models of infection have proven invaluable in determining the pathogenicity and transmission potential of emerging inﬂuenza viruses [4–6], these studies required large numbers of animals; almost all methods to measure viral replication were endpoint measurements that required sacriﬁce of the animal. Thus, it was not possible to monitor viral dynamics in real time, and in many cases serial measurements from the same animal could not be made. Reporter viruses have been routinely used to accelerate virological assays. Most previous inﬂuenza reporter viruses were severely attenuated, unstable, capable of only one round of infection, or mostly suited for ex vivo imaging. We and others have created bioluminescent reporter viruses that replicate similarly to the parental virus in culture and animals, retain the reporter gene through multiple passages, display robust bioluminescence, and permit for the ﬁrst time bioluminescence imaging in mice and ferrets [7–13]. In our system, the gene for NanoLuc, a small and very bright engineered variant of luciferase [14], is encoded as a polyprotein in the PA gene (Fig. 1a). The PA-NanoLuc has been modiﬁed to (1) repeat sequences from the 30 end of the PA open reading frame downstream of NanoLuc to maintain contiguous packaging signals needed for replication, (2) swap codons in the 30 end of the PA open reading frame to enhance genetic stability by removing direct repeats, and (3) encode the “self-cleaving” 2A peptide from porcine teschovirus between PA and NanoLuc to permit expression of two distinct polypeptides from one open reading frame. These reporter viruses enable rapid measures of viral titer, requiring as little as 8 h compared to the 3 days needed for traditional approaches. They also display great utility for noninvasive in vivo imaging, where they enable instantaneous analysis of viral load, tissue tropism, and transmission in the same animal throughout the entire course of infection (Fig. 1b–d). In vivo imaging of inﬂuenza virus infections in mice and ferrets revealed previously unappreciated dynamics in viral spread and identiﬁed infected animals that would have appeared uninfected using prior approaches [7, 10]. Here we describe optimized protocols that adapt these reporter viruses to well-established techniques to measure infections in mice, infection and transmission in ferrets, viral titers in culture, and neutralizing antibody titers.
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Materials



2.1 In Vivo Imaging of Infected Mice



1. 6–8-week-old BALB/c mice (Charles River Labs) infected with bioluminescent inﬂuenza reporter virus (see Notes 1 and 2).
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Fig. 1 Construction of bioluminescent inﬂuenza reporter viruses and their use for real-time in vivo bioluminescence imaging. (a) Diagram of the reporter gene. NanoLuc is encoded as a polyprotein on the inﬂuenza virus PA gene and separated by a coding sequence for the “self-cleaving” 2A peptide from porcine teschovirus. (b) Bioluminescence imaging of a mouse infected with the NanoLuc reporter virus from the strain B/Brisbane/60/2008. Following administration of the Nano-Glo substrate, the mouse is quickly placed in the nose cone of the anesthesia manifold in the IVIS200 imager. Animals are positioned with their chest facing the camera and legs splayed (left). After imaging, bioluminescence intensity is overlaid on a photograph of the animal (right). Spatial separation afforded by whole body imaging identiﬁes replication in discrete compartments, including bilateral infections in the lung, replication in the trachea, and potential infection in the upper respiratory tract (URT). Autoluminescence is observed at the injection site (red asterisk); thus care should be taken in interpreting bioluminescence from adjacent areas. (c, d) Bioluminescence imaging of a ferret infected with the A/California/04/2009 NanoLuc reporter virus. Following administration of the Nano-Glo substrate, replication is initially imaged in the upper respiratory tract by placing the ferret in the anesthesia nose cone in the IVIS200 imager and positioning this within the ﬁeld of view (c, left). Bioluminescence intensity is overlaid on the animal at the end of the exposure period (c, right). The animal is then provided a second administration of substrate and imaged again, this time to capture the lower respiratory tract. The ferret is placed in the anesthesia nose cone and positioned with its chest facing up and in the ﬁeld of view of the camera (d, left). Note that the chest has been shaved to enhance signal sensitivity and the injection site in the arm has been covered with black construction paper to obscure autoluminescence. Imaging is performed, and the results are overlaid to reveal bilateral infection in the lungs (d, right)



2. Xenogen IVIS200 system with LivingImage software equipped with ﬁve-port anesthesia manifold or equivalent in vivo imaging system. (Originally produced by Caliper Life Science, Hopkinton, MA, USA. IVIS imaging systems are currently supplied by PerkinElmer.)
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3. XGI-8 Gas Anesthesia System connected to both an induction chamber and Xenogen IVIS200 imager (Caliper Life Science, Hopkinton, MA, USA). 4. Isoﬂurane (Phoenix Pharmaceutical Inc.). 5. Sterile phosphate buffered saline (PBS). 6. Nano-Glo Luciferase Assay Substrate (Promega part N113B, a component of kit N1120) (see Note 3). 7. Pipettes (20, 200, and 1000 μL) and sterile ﬁlter tips. 8. Sterile microfuge tubes. 9. 1-mL sterile syringe. 10. 22 G 1.2-in. sterile needle. 2.2 In Vivo Imaging of Infected Ferrets



1. 8–10-week-old, male ferrets (Triple F Farms, Sayre, PA) infected with a reverse genetics NLuc-expressing inﬂuenza virus (see Note 1). 2. Xenogen IVIS200 system with LivingImage software equipped with an anesthesia nose cone or equivalent in vivo imaging system. (Originally produced by Caliper Life Science, Hopkinton, MA, USA. IVIS imaging systems are currently supplied by PerkinElmer.) 3. XGI-8 Gas Anesthesia System connected to both an induction chamber and Xenogen IVIS200 imager (Caliper Life Science, Hopkinton, MA, USA). 4. Isoﬂurane (Phoenix Pharmaceutical Inc.). 5. SurgiVet Small Canine Mask (Cat #32393B4; Smiths Medical, St. Paul, MN, USA). 6. 100-μm ﬂexible plastic tubing. 7. Ferret shaver (Oster mini clippers or similar). 8. Autoclave tape. 9. Black construction paper. 10. Sterile PBS. 11. Nano-Glo Luciferase Assay Substrate (Promega part N113B, a component of kit N1120). 12. Pipettes (200 and 1000 μL) and sterile ﬁlter tips. 13. Sterile microfuge tubes. 14. 3-mL sterile syringe. 15. 27 G 1.2-in. sterile needle.



2.3 Viral Nano-GloTitration Assay and 2.4 Viral TCID50-Glo Titration Assay



1. Bioluminescent inﬂuenza reporter viruses requiring titration. These could be samples from a multicycle replication assays, lung homogenates from infected mice or ferrets, nasal washes from infected ferrets, or other sources of virus. The viral Nano-
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Glo-titration assay is performed in quadruplicate and requires at least 45 μL for each replicate. The TCID50-Glo assay is performed in at least triplicate and requires 125 μL for each replicate. It is convenient to place these samples into 96-well V-bottom plates at the time of harvest to simplify downstream dilutions steps later. 2. Madin-Darby canine kidney cells (ATCC CCL-34). 3. Sterile PBS. 4. Dulbecco’s Modiﬁed Eagle’s Medium (DMEM). 5. Penicillin/streptomycin solution, 100. 6. HEPES, 1 M solution for tissue culture. 7. 7.5% (w/v) bovine serum albumin (BSA) solution. 8. TPCK-trypsin. 9. Fetal bovine serum (FBS). 10. 0.25% trypsin EDTA. 11. Cell counting system (e.g., Bio-Rad TC10). 12. Falcon white 96-well tissue culture plates, opaque ﬂat-bottom. 13. Clear 96-well V-bottom plates for dilution of stocks (e.g., Greiner Bio-One 651,180). 14. Pipettors (20, 200 and 1000 μL) and sterile ﬁlter tips. 15. 20- and 300-μL multichannel pipet and reagent reservoirs. 16. Pipet-Aid and pipets (1, 5, and 10 mL). 17. 96-well plate adhesive ﬁlm compatible with 80  C storage (optional). 18. Nano-Glo Luciferase Assay System (Promega N1120). 19. Biosafety cabinet. 20. Tissue culture incubator, 37  C, 5% CO2. 21. Plate reader (e.g., BioTek Synergy HT) (see Note 4). 2.4 ELISA-Based Microneutralization Assay



1. Sera to be tested for neutralizing antibody titer (e.g., avian, human, mouse, or ferret sera). 2. Inﬂuenza virus to be tested with sera. 3. Madin-Darby canine kidney cells. 4. Sterile PBS. 5. Sterile PBS with Ca2+ and Mg2+ (0.1 g/L each). 6. DMEM. 7. Penicillin/streptomycin solution, 100. 8. HEPES, 1 M solution for tissue culture. 9. 7.5% (w/v) BSA solution.
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10. TPCK-trypsin. 11. Receptor-destroying enzyme solution (RDE, Denka Seiken Company). 12. FBS. 13. 0.25% trypsin EDTA. 14. Mouse monoclonal A (inﬂuenza A virus NP antibody, A1/A3 clone blend (EMD Millipore MAB8251)). 15. Goat anti-mouse IgG-HRP. 16. Cell counting system (e.g., Bio-Rad TC10). 17. Clear, ﬂat-bottom, 96-well plate for tissue culture. 18. 80% acetone (ice cold). 19. BSA (fraction V powder). 20. Tween 20. 21. Substrate Reagent Pack (solutions A and B) (R&D Systems DY999). 22. Concentrated H2SO4 (18 M). 23. Pipettors (20, 200, and 1000 μL) and sterile ﬁlter tips. 24. 20- and 300-μL multichannel pipet and reagent reservoirs. 25. Pipet-Aid and pipets (1, 5, and 10 mL). 26. Plate reader capable of reading ﬂuorescence at 450 nm (e.g., BioTek Synergy HT). 27. Biosafety cabinet. 28. Tissue culture incubator, 37  C, 5% CO2. 2.5 Bioluminescent Microneutralization Assay



1. The materials required for Subheadings 2.3 and 2.4 are also required here. 2. Receptor-destroying enzyme solution (RDE, Denka Seiken Company). 3. Sera to be tested for neutralizing antibody titer (e.g., avian, human, mouse, or ferret sera).



3



Methods In vivo imaging enables real-time measures of viral load, spread, and transmission in animals infected with a bioluminescent reporter virus. Moreover, as bioluminescence imaging is noninvasive, serial measurements can be performed on the same animal over the entire course of infection. Subheadings 3.1 and 3.2 assume animals have been infected with the appropriate reporter viruses. These protocols can be further adapted to study the effects of drug treatment, vaccination, or immune status on viral replication in animals
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[8, 10]. Detailed procedures for infecting mice and ferrets are available elsewhere [15, 16]. Subheadings 3.3 and 3.4 require virus samples for measuring titers and susceptibility to antibody neutralization. General procedures for inﬂuenza virus growth have been described previously and are applicable to the reporter viruses [17]. Subheading 3.5 then extends this approach to measure neutralizing antibody titers. The cell-based protocols are easily modiﬁed to measure the efﬁcacy of antiviral treatments [7, 11–13]. 3.1 In Vivo Imaging of Infected Mice



1. Determine when mice will be imaged. Mice infected with high titers of virus can be imaged within 24 h, although we routinely wait 48 h to perform the ﬁrst measurements. Mice can be imaged daily throughout the infection if desired. However, for convenience and to minimize stress on the animals, our typical protocol involves imaging 2, 4, 5, 6, 7, 8, 9, and 11 days postinoculation. The bioluminescent signal from animals infected with a sublethal dose of WSN typically peaks 5–7 days postinoculation, hence the more intensive imaging during this time. This scheme can be altered depending on the kinetics of replication of the virus. 2. Weigh mice and inoculate with bioluminescent inﬂuenza virus. 3. Weigh mice daily throughout the experiment. Weight loss is often used as a proxy for the pathogenicity of the viral infection. Any mouse that loses >20% of its starting weight should be humanely euthanized. Alternatively, follow locally approved pathogenicity endpoints to minimize pain or discomfort. If desired, imaging can still be performed before euthanasia. 4. Before beginning imaging, turn on the anesthesia system. The IVIS200 imaging system is normally left on in standby mode. 5. Use the LivingImage software to “Initialize IVIS” and cool the CCD camera to working temperatures. 6. Set the imaging software to capture a 5-min exposure with the stage at position C, the f stop at f/1, and binning set to medium. The f stop and binning settings can be optimized for sensitivity versus image sharpness and spatial resolution. 7. Make sure isoﬂurane gas is delivered to the induction chamber and the manifold in the imager. 8. Prepare the manifold by removing the rubber stoppers and inserting nose cones for the number of mice to be imaged. 9. Fully anesthetize the group of mice to be imaged (see Note 5). Mice should be breathing deeply and rhythmically. 10. Immediately prior to use, dilute the Nano-Glo substrate 1:20 in sterile PBS in a biosafety cabinet. Each mouse requires 100 μL of diluted substrate. Prepare at least 100 μL excess to
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account for loss in the syringe. Do not allow diluted substrate to sit, as it will precipitate from solution in PBS. 11. Draw diluted substrate into a syringe ﬁtted with a 22 G needle. Avoid bubbles and displace any air in the needle. 12. Transfer mice from the induction chamber to the biosafety cabinet (see Note 6). 13. Deliver 100 μL of diluted substrate to each mouse by retroorbital injection (see Note 7). 14. Place mice on the imager stage, facing chest up with their snout in the nose cone of the manifold and their legs splayed out (Fig. 1b, left). 15. Close the imager and use the imaging software to “acquire” the image. The stage will move into position, and a photographic image will be acquired, followed by the longer exposure for the bioluminescence image. 16. Upon completion, an overlaid image is displayed (Fig. 1b, right). Save the data and record the image number. 17. After imaging, return mice to their cage and monitor until fully recovered. 18. Analyze the data using the tools available in the LivingImage software. Take care that all images presented within the same experiment are displayed using the same scale. In addition, it is preferred to view bioluminescence ﬂux in “photons” as this is normalized to the acquisition settings and the machine, providing an absolute measure of photon emission from the animal that can be compared to measurements made with different parameters or on different machines. 3.2 In Vivo Imaging of Infected Ferrets



Inﬂuenza transmission efﬁciency in ferrets—the current “gold standard” model—is vital for risk assessment studies and to studying the basic mechanisms underlying inﬂuenza virus replication and transmission. This protocol exploits bioluminescent inﬂuenza reporter viruses to investigate the dynamics of infection and transmission in ferrets in real time, providing longitudinal analysis. Given the large spatial separation in the ferret respiratory tract, this approach is also ideal to monitor spread within an animal between upper and lower respiratory tract compartments. This method is easily coupled with other treatments to study the impact of antiviral therapy, vaccination, or prior exposure on infection and spread. 1. Determine when ferrets will be imaged. In our experience, ferrets directly inoculated with A/California/04/2009 reporter virus show high bioluminescence within 2 days postinoculation, and the infection is cleared within 10 days. These kinetics are slightly delayed for ferrets infected via direct
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contact with a previously infected animal and are even further delayed for animals infected via aerosol transmission. In all cases, the infections are cleared within 16 days. For convenience and to minimize stress to the animal, imaging is performed every other day. This scheme should be optimized depending on the viral strain, inoculum dose, kinetics of replication, and purpose of the experiment. 2. Use the ﬂexible tubing to attach the SurgiVet mask to the anesthesia machine. Use autoclave tape to ensure a complete seal. 3. Turn on the anesthesia system. 4. The IVIS200 imaging system is normally left on in standby mode. Use the LivingImage software to “Initialize IVIS” and cool the CCD camera to working temperatures. 5. Set the imaging software to capture an image with 4 min of exposure with the stage at position A, the f stop at f/1, and binning set to medium. The f stop and binning settings can be optimized for sensitivity versus image sharpness and spatial resolution. 6. Expose ferret in induction chamber to 4% isoﬂurane until deeply anesthetized (i.e., nonresponsive to toe pinch with slow and even breathing). 7. Remove ferret and maintain anesthesia using the SurgiVet mask for nasal delivery of isoﬂurane. 8. Shave the ferret arms and legs to facilitate injection. 9. Shave the area covering the lungs to minimize scattering and absorption of bioluminescence. 10. Immediately prior to use, dilute ~0.3 μL of Nano-Glo substrate/g ferret weight (~200 μL substrate per animal) with PBS in 1.1 mL of total volume. 11. Intravenously inject 1 mL Nano-Glo substrate solution via the cephalic route. Work quickly over the next steps to minimize the time between substrate injection and imaging. For best results, this delay time should be consistent across all animals (see Note 8). 12. Immediately transfer animal to the nose cone in the imager and position animal chest down with nasal passages under the camera ﬁeld of view (Fig. 1c, left). This position captures replication in the upper respiratory tract. 13. Cover the injection site and any exposed autoclave tape with black construction paper to minimize background luminescence. 14. Close the imager and use the LivingImage software to “acquire” the 4 min exposure. The stage will move into
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position, and a photographic image will be acquired, followed by the longer exposure for the bioluminescence image. 15. Upon completion, an overlaid image is displayed (Fig. 1c, right). Save the data and record the image number. 16. Prepare a second dose of diluted Nano-Glo substrate. 17. Remove animal from the imager and transfer to work space, using the SurgiVet mask to maintain anesthesia. 18. Inject 1 mL of diluted substrate via the cephalic route in the opposite arm from that used in step 11. 19. Immediately return the animal to the nose cone in the imager, this time positioned chest up with the chest in the ﬁeld of view (Fig. 1d, left). This position captures replication in the lower respiratory tract. 20. Cover the injection site and any exposed autoclave tape with black construction paper to minimize background luminescence. 21. Close the imager and use the LivingImage software to “acquire” the 4 min exposure. 22. Upon completion, an overlaid image is displayed (Fig. 1d, right). Save the data and record the image number. 23. Return animal to the cage and monitor for full recovery. 24. Analyze the data using the tools available in the LivingImage software. Take care that all images presented within the same experiment are displayed using the same scale. In addition, it is preferred to view bioluminescence ﬂux in “photons” as this is normalized to the acquisition settings and the machine, providing an absolute measure of photon emission from the animal that can be compared to measurements made with different parameters or on different machines. 3.3 Viral Nano-GloTitration Assay



This assay rapidly and quantitatively measures viral titers based on the expression of the virally encoded NanoLuc reporter. Unlike classical plaque assays or limiting dilution TCID50 measurements, this assay can be completed in as little as 8 h following infection and provides over 4 logs of linear detection without requiring dilution of the input sample. The caveat of this assay is that it measures viral gene expression, which is a slightly different measure of viral titers than plaque assays or TCID50. The Nano-Glo-titration assay is especially useful when titering a large number of samples, such as those acquired during a multicycle growth assay. To ensure high conﬁdence in the results, we routinely measure titers of viral samples collected in quadruplicate. All procedures are carried out with sterile technique in a biosafety cabinet, unless otherwise noted. The protocol was prepared for inﬂuenza strains characterized as BSL2. Additional precautions



Visualizing and Quantifying Viral Infection



441



are likely required when using viruses classiﬁed as BSL3 strains, including high pathogenicity isolates. 1. Prepare MDCK growth media: DMEM, 10% (v/v) FBS, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 2. Prepare virus growth media (VGM): DMEM, 25 mM HEPES, 0.2% BSA, 0.5–1.0 μg/mL of TPCK-trypsin, 1 penicillin/ streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 3. One day prior to performing viral titration, trypsinize and count healthy, log-phase MDCK cells. 4. Seed MDCK cells into a white, opaque ﬂat-bottom 96-well tissue culture dish at 25,000 cells/well in 100 μL total of MDCK growth media. Seed twice the number of wells for each sample to be titrated, allowing for titration of neat and 1:10 diluted samples (Fig. 2a). Include at least four additional wells to serve as uninfected controls (see Note 9). 5. Return plate to incubator and grow overnight (or at least 16–20 h) at 37  C and 5% CO2. To ensure evenly distributed cells which yield the most reproducible results, take care to not agitate or shake the plate or incubator. 6. Just prior to infection, thaw viral samples (see Notes 10 and 11). 7. Prepare 1:10 virus dilutions by diluting 20 μL of virus stock in 180 μL of VGM to a ﬁnal volume of 200 μL. Smaller volumes can be used for the dilution, but this may increase pipetting error. If many samples are to be analyzed, dilutions can be streamlined by performing them in V-bottom 96-well plates with a multichannel pipettor. 8. Wash cells by removing media with a vacuum manifold or multichannel pipette, applying 50–100 μL of VGM, and removing once more. Tilt the plate and remove as much media as possible by touching the pipette tips to the edge of each well, without scraping the monolayer. 9. Infect cells by applying 20 μL of neat virus to a well and 20 μL of the 1:10 diluted virus to an adjacent well. Avoid generating bubbles. Accurate pipetting is very important at this step. 10. Mock infect at least four wells using VGM without any added virus. 11. Incubate for 1 h at 37  C in the tissue culture chamber, rocking once after 30 min. 12. Remove inocula using a multichannel pipet or vacuum manifold.
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Fig. 2 Sample layout of assays used to measure the titer of bioluminescent virus and neutralizing antibodies. (a) Layout for the Viral Nano-Glo-titration assay.
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13. Wash cells to remove residual NanoLuc. Apply 100 μL of VGM to each and remove completely. 14. Add 100 μL of VGM and return cells to the incubator. Allow infection to proceed for 7–16 h. The length of time can be optimized based on the expected titers, with higher titers compatible with shorter incubation periods. Fully optimized incubation times may obviate the need for infections with both neat and diluted samples. 15. After the incubation period, remove all media. Proceed to luciferase assay immediately, or seal the plate with adhesive tape and freeze at 80  C. 16. Prepare the plate reader and set the parameters. For the BioTek Synergy HT, measurements are performed with the Gain ¼ 100, integration time ¼ 0.5 s, top read measurements, and read height ¼ 1 mm. Instruct the software to read luminescence from the desired wells of the 96-well plate. 17. Prepare Nano-Glo assay reagent by diluting NanoLuc substrate 1:50 with the provided buffer. Alternatively, substrate can be diluted 1:100 in buffer previously supplemented with BSA to 0.1 mg/mL. Each reaction requires 20 μL of diluted substrate (see Note 12).



 Fig. 2 (continued) Cells are seeded in a white, opaque ﬂat-bottom 96-well plate. Virus is inoculated in quadruplicate, either neat or as a 1:10 dilution. Uninfected controls are essential. (b) Example layout for the Viral TCID50-Glo Titration Assay. Cells are seeded in a white, opaque ﬂat-bottom 96-well plate and inoculated with serial log dilutions of virus. Samples are measured at least in triplicate. The dilution series and arrangement can be modiﬁed based on the expected viral titers. Uninfected controls are essential as they establish the threshold by which a well is considered positive for infection. Example data are shown for a triplicate titration of virus stock in columns 1 to 3 with positive wells shaded gray. These data are tabulated below for TCID50 calculations following Reed and Muench [18]; see text for details. This same experimental layout is used when determining the TCID50 titer for the bioluminescent microneutralization assay. When performing the ELISA-based assay, cells should be plated in clear, ﬂat-bottom 96-well plates. (c) Layout for the bioluminescent microneutralization assay. To test for the presence and titer of neutralizing antibodies, cells are seeded in a white, opaque ﬂat-bottom 96-well plate and inoculated with 100 TCID50 of virus pretreated with the indicated dilutions of sera. Sera are tested in duplicate. No-sera controls are critical. The back titration conﬁrms integrity and appropriate dilution of viral stocks on the day of the assay. Positiveand mock-infected cells establish the 50% threshold for neutralization. The dilution series can be altered based on expected antibody titers. This same layout is used in the ELISA-based microneutralization assay, but a clear, ﬂatbottom 96-well plate is used
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18. If the plate of infected MDCKs was frozen, bring these samples to room temperature prior to preparing the reagent Nano-Glo assay reagent. 19. Immediately before reading, apply 20 μL of reagent to each well that will be measured. A multichannel pipet or repeater pipet is helpful. 20. Incubate at room temperature for 3 min. The Nano-Glo assay reagent contains detergent that inactivates inﬂuenza virus, thus the remaining steps can be performed outside of a biosafety cabinet if needed. 21. Read luminescence on the plate reader (see Note 13). 22. Export results as a spreadsheet for analysis. 23. Report viral titer as relative light units (RLUs) (see Note 14). 24. If readings for wells infected with neat virus exceed the limit of the detector (often denoted as “OVERFLOW”), use the results obtained from the 1:10 dilutions. In this scenario, it is best to be consistent and use readings from the 1:10 dilutions for all samples from that same condition. 3.4 Viral TCID50-Glo Titration Assay



Tissue culture infectious dose 50 (TCID50) assays use limiting dilutions to determine the amount of viral stock required to initiate sustained infections in 50% of the inoculated cultures. The amounts are then back-calculated to provide viral titers for the sample of interest. These assays historically rely on cytopathic effect or production of hemagglutinating virus to identify successfully infected cultures, require multiple steps, and can take 3–4 days to complete. By using bioluminescent reporter viruses, assays use luciferase activity as a readout, which limit dilutions, and can be completed in 16 h. All procedures are carried out with sterile technique in a biosafety cabinet, unless otherwise noted. The protocol was prepared for inﬂuenza strains characterized as BSL2. Additional precautions are likely required when using viruses classiﬁed as BSL3 strains, including high pathogenicity isolates. 1. Prepare MDCK growth media: DMEM, 10% (v/v) FBS, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 2. Prepare virus growth media (VGM): DMEM, 25 mM HEPES, 0.2% BSA, 0.5–1.0 μg/mL TPCK-trypsin, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 3. The day prior to performing viral titration, trypsinize and count healthy, log-phase MDCK cells. 4. Seed MDCK cells into a white, ﬂat-bottom 96-well tissue culture plate at 30,000 cells/well in 100 μL total of MDCK growth media. Prepare enough wells to perform triplicate



Visualizing and Quantifying Viral Infection



445



measures for each condition (Fig. 2b). Include at least four additional wells to serve as uninfected controls (see Note 9). 5. Return plate to incubator and grow overnight (or at least 16–20 h) at 37  C and 5% CO2. To ensure evenly distributed cells which yield the most reproducible results, take care to not agitate or shake the plate or incubator. 6. Prepare inoculum plate. Add 125 μL of undiluted virus to the top row of up to 11 columns on a V-bottom 96-well plate. Add 125 μL of VGM without virus in the 12th column to serve as a mock-infected negative control. Add 112.5 μL of VGM to remaining rows. Use multichannel pipet to make a 1:10 dilution by transferring 12.5 μL from the top row to the one below and mixing (see Note 15). 7. Change pipet tips. This step is critical to obtain correct dilutions. 8. Repeat 1:10 dilutions and changing of tips down the remaining rows of the plate. 9. Move 96-well plate containing MDCK cells into the biosafety cabinet and remove growth media. 10. Wash each well two times with 200 μL sterile PBS. Completely remove PBS after the ﬁnal wash. Take care to not touch the bottom of the plate as this will displace the MDCK cells. 11. Transfer 100 μL of diluted virus (and mock samples) from the inoculum plate to each well of the white plate containing MDCK cells. If you proceed from the most dilute to least dilute sample, you do not have to change pipet tips for each transfer. 12. Return cells to the incubator and allow the infection to proceed overnight (~16 h). 13. Remove 75 μL of media from each well of the infected plate. This step is not required but signiﬁcantly reduces the amount of Nano-Glo reagent required. 14. Place lid on plate, wrap in foil, and freeze at 80  C to aid in cell lysis. 15. Thaw plate on ice for 20–30 min. 16. Prepare Nano-Glo assay reagent by diluting NanoLuc substrate 1:50 with the provided buffer. Alternatively, substrate can be diluted 1:100 in buffer previously supplemented with BSA to 0.1 mg/mL. Each reaction requires 25 μL of diluted substrate (see Note 12). 17. Immediately before reading, apply 25 μL of reagent to each well that will be measured. A multichannel pipet or repeater pipet is helpful. (The Nano-Glo assay reagent contains detergent that inactivates inﬂuenza virus; thus the remaining steps can be performed outside of a biosafety cabinet if needed.)
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18. Read luminescence on the plate reader (see Note 13). 19. Export results as a spreadsheet for analysis. 20. Identify wells containing luciferase activity. Conservatively, wells containing at least 3 times the luminescence of the mock-infected negative controls are scored as positive for infection (see Note 16). 21. Calculate TCID50-Glo titer by the method of Reed and Muench [18]. Example data are shown in Fig. 2b, and the process is described below. 22. Identify the minimal dilution series that spans conditions where all wells are positive to where none of the wells are positive. In this example, that includes 104 to 107. It is clear that the TCID50 endpoint lies between the 105 dilution where 66% of the wells are positive and the 106 dilution where 33% of the wells are positive. 23. For each dilution, note the number of positive wells and the number of negative wells. 24. Calculate the cumulative number of positive wells at each dilution by summing positive wells at that dilution and all of the more diluted samples. For example, for the 104 dilution, the cumulative positive wells include all of those in the 104, 105, 106, and 107 dilutions, respectively 3 + 2 + 1 + 0 ¼ 6. 25. Calculate the cumulative number of negative wells at each dilution by summing negative wells at that dilution and all of the less diluted samples. For example, for the 106 dilution, the cumulative negative wells include all of those in the 106, 105, and 104 dilutions, respectively 2 + 1 + 0 ¼ 3. 26. Calculate the total number of cumulative positive and negative wells at each dilution. Use this to then calculate the % positive wells at each dilution. In the example, the 105 dilution has three cumulative positive wells, one cumulative negative well, yielding a total of four cumulative wells and 75% (3/[1 + 3]) positive wells. 27. Identify the % infected at the dilution immediately above 50% and immediately below 50%. In the example, this is 75% at 105 and 25% at 106. Calculate the proportional distance. Proportional distance ¼ ¼



ð%Infected above 50%Þ  50% ð%Infected above 50%Þ  ð%Infected below 50%Þ 75%  50% ¼ 0:5 75%  25%
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28. Use the proportional distance to determine the log TCID50 endpoint by adding it to the log dilution from the dilution immediately above 50%. log TCID50 endpoint ¼ log Dilution infected above 50% þ Proportional distance ¼ 5 þ 0:5 29. The TCID50 endpoint dilution is 105.5. The reciprocal of this endpoint yields the infectious dose per unit volume. This protocol inoculated cells with 0.1 mL; thus the titer is 105.5 TCID50-Glo/0.1 mL. Titers are more commonly expressed per ml, resulting in a ﬁnal titer of 106.5 TCID50-Glo/mL. These calculations can be applied in multiple experimental settings, taking care to us the appropriate dilution series and inoculation volume when determining the ﬁnal titer. 3.5 ELISA-Based Microneutralization Assay



Microneutralization assays are useful ways to measure the presence of neutralizing antibodies in serum samples. This provides an approximation of the abundance or efﬁcacy of an antibody against a particular virus strain. The assay can be used to detect infections in an individual via their seroconversion, to investigate vaccine efﬁcacy, or to assess the production of cross-protecting antibodies. All procedures are carried out with sterile technique in a biosafety cabinet, unless otherwise noted. The protocol was prepared for inﬂuenza strains characterized as BSL2. Additional precautions are likely required when using viruses classiﬁed as BSL3 strains, including high pathogenicity isolates. 1. Prepare ELISA blocking buffer: PBS containing 1% (w/v, 10 mg/mL) BSA (fraction V powder) and 0.1% Tween 20 (v/v). 2. Prepare ELISA Wash Solution: PBS containing 0.1% Tween 20 (v/v). 3. Prepare ELISA Stop Solution: dilute concentrated H2SO4 to a 1 M (2 N) stock. Take care when working with concentrated acid stocks, always adding acid to the pre-aliquoted water to be used for dilution. 4. Prepare MDCK growth media: DMEM, 10% (v/v) FBS, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 5. Prepare microneutralization media: DMEM, 0.2% BSA (from 7.5% solution), 25 mM HEPES, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 6. Determine a microneutralization TCID50 titer for the test virus in steps 7–45. Each virus is titered in at least triplicate. It is important to determine the TCID50 in the context of the microneutralization assay, as other TCID50 titer
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measurements cannot be substituted due to differences in the microneutralization protocol that can affect the results. 7. Place 111.1 μL of virus in the top row of a clear, ﬂat-bottom 96-well tissue cultureplate. Be sure to include a column with mock-infected controls containing microneutralization media without virus. See Fig. 2b for an example of the plate layout for TCID50 assays. 8. Add 100 μL of microneutralization media to all remaining wells. 9. Transfer 11.11 μL from the top row to the one below it and mix. 10. Change pipet tips. This is essential to ensure accurate dilutions. 11. Repeat 1:10 dilutions for the remaining rows. 12. On the ﬁnal row, remove 11.11 μL and discard to leave a ﬁnal volume of 100 μL in all wells. 13. Incubate dilution plate for 1 h in a tissue culture incubator at 37  C, 5% CO2. 14. Toward the end of the incubation period, trypsinize healthy, log-phase MDCK cells. 15. Pellet cells by centrifugation at 500  g for 5 min. 16. Remove media. 17. Resuspend in PBS. 18. Repeat steps 15–17 for a total of two washes. 19. After ﬁnal wash, resuspend cells in 5–10 mL microneutralization media. 20. Count cells and dilute to 4  105 cells/mL in microneutralization media. A full plate requires ~10 mL of diluted cells. 21. When the incubation period in step 13 is complete, move the 96-well plate containing virus to the biosafety cabinet. Add 100 μL of cell suspension to each well containing virus or the mock-infected controls. Total volume should now be 200 μL/ well. 22. Incubate plate in the tissue culture incubator overnight (16–18 h) at 37  C, 5% CO2. 23. Return plate to the biosafety cabinet and remove supernatant from wells. 24. Wash once in PBS containing Ca2+ and Mg2+. 25. Remove PBS and ﬁx cells by adding 100 μL ice cold 80% acetone to each well. Incubate at room temperature for 10 min. 26. Remove the acetone and allow the plate to air dry in the biosafety cabinet (~5–10 min). Acetone inactivates inﬂuenza
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virus, and the remaining steps can be performed outside of the biosafety cabinet. 27. Block the plate by adding 200 μL of ELISA blocking buffer to each well. Incubate at room temperature for 2 h, or longer at 4  C. 28. Remove blocking buffer and wash each well with 200 μL ELISA wash buffer. Repeat for a total of three washes. Remove ﬁnal wash from well. 29. Prepare primary antibody solution by diluting monoclonal NP (clones A1/A3) 1:4000 into blocking buffer. Approximately 10 mL are needed for a full 96-well plate (see Note 17). 30. Add 100 μL of diluted primary antibody. 31. Incubate at room temperature for 1 h. 32. Remove antibody and wash each well 5 times with 200 μL of wash buffer. Remove ﬁnal wash from well. 33. Prepare secondary antibody by diluting goat anti-mouse IgG-HRP 1:2000 in blocking buffer. 34. Add 100 μL of diluted secondary antibody. 35. Incubate at room temperature for 1 h. 36. Remove antibody and wash each well 5 times with 200 μL of wash buffer. Remove ﬁnal wash from well. 37. Prepare substrate reagent by mixing equal volumes of solution A and solution B. Approximately 5 mL are required for a full 96-well plate. Substrate reagent should be prepared just prior to use and used within 15 min of mixing. 38. Apply 50 μL of substrate reagent to each well. 39. Incubate for 5 min at room temperature (see Note 17). Wells with a positive signal will turn light blue. 40. Stop the reaction by adding 25 μL of ELISA stop solution per well. Wells will turn yellow. If wells are instead green, this can be a result of undermixing and can be overcome by gentle agitation of the plate. 41. Read absorbance at 450 nm (OD450) using a plate reader. 42. Export results as a spreadsheet for analysis. 43. Calculate the mean OD450 of the mock-infected wells. 44. Wells with an OD450 greater than twice the OD450 of the mock-infected controls are scored positive for virus growth. 45. Use these results to calculate the microneutralization TCID50 titer by the method of Reed and Muench [18]. See step 21 in Subheading 3.4.
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46. Remove inhibitors by treating serum samples and positive control sera with RDE by adding one part serum to three parts RDE solution. 47. Incubate overnight at 37  C. 48. Heat inactivate RDE-treated samples by incubating at 56  C for 1 h. 49. Cool to room temperature. 50. Add six parts PBS to each sample to create a starting sera concentration of 1:10. 51. Freeze treated sera at 80  C for at least 4 h to further inactivate the neuraminidase activity of RDE. Store at 80  C until needed. 52. After determination of the microneutralization TCID50 and preparation of the sera, perform the ELISA-based microneutralization assay as follows: 53. Thaw sera at 4  C. 54. Use the viral titer calculated in step 45 to dilute virus to 2  103 microneutralization TCID50/mL in neutralization media. Approximately 5 mL of diluted virus is required for a full 96-well plate. 55. Consider the layout of the infection (Fig. 2c). Each plate can accommodate four sera samples diluted in duplicate (columns 1–8), two columns for “back titration” and one column each for positive and negative infection controls. Ideally, initial assays would also include positive and negative control sera with known neutralization capacity against the test virus. 56. Add 90 μL of neutralization media to the ﬁrst row of a white, ﬂat-bottom 96-well tissue culture plate for columns that will contain sera. Add only 50 μL of media for the columns used in the back titration and 100 μL for columns with positive and negative infection controls. 57. Add 50 μL of neutralization media to the remaining rows in the plate. 58. Add 10 μL of sera to the top row of the plate to dilute the sera 1:10. This yields a starting dilution of 1:100 (the 1:10 dilution in step 50 plus the 1:10 dilution here). 59. Add 50 μL of virus to the back titration columns. 60. Perform twofold serial dilutions by transferring 50 μL from the top row to the one below it and mixing. 61. Change pipet tips. This is essential for accurate dilutions. 62. Repeat twofold dilutions for the remaining rows, discarding the ﬁnal 50 μL from the last row leaving 50 μL in all wells.



Visualizing and Quantifying Viral Infection



451



63. Add 50 μL of diluted virus to all wells containing sera and the infection positive control wells. This equates to 100 TCID50 per well. Do not add additional virus to the back titration series or any virus to the uninfected controls. Instead, add 50 μL of neutralization media to these wells. All wells should have a ﬁnal total volume of 100 μL. 64. Tap gently to mix and incubate in the tissue culture incubators for 1 h at 37  C, 5% CO2. 65. Toward the end of the incubation period, follow steps 14–20 to prepare MDCK cells for infection. 66. When the incubation period in step 65 is complete, move the 96-well plate containing virus to the biosafety cabinet, and add 100 μL of cell suspension to each well (40,000 cells/well). Total volume should now be 200 μL/well. 67. Incubate plate in the tissue culture incubator overnight for 16–18 h at 37  C, 5% CO2. 68. Perform steps 23–44 to perform the ELISA and identify wells containing infected cells. 69. Use control results to conﬁrm validity of the assay. Positive control infected cells should yield a high OD450 in all wells, whereas uninfected should yield low readings. 70. Conﬁrm preparation of an appropriate virus dilution by checking results of the back titration. Results from the ﬁrst row of the back titration (a 1:2 dilution of the viral inoculum) should be approximately 50% of the infection controls. This signal should decrease twofold for each subsequent dilution down the column. 71. Determine the virus neutralizing antibody endpoint titer for each sera using the following equation: X ¼ ([average OD450 for positive control infected wells]  [average OD450 for negative control uninfected wells])/2 + (average OD450 for negative control uninfected wells). X then represents 50% of speciﬁc ELISA reading. All values below this endpoint are considered positive for neutralization. 72. Titers are reported as the reciprocal of the last dilution to meet endpoint criteria. 73. Replicate titrations can be plotted as a function of serum dilution, and curve ﬁtting can be used to more precisely approximate serum dilutions where the 50% endpoint is reached. 74. As protocols and dilution series vary subtly from lab to lab, be sure to explicitly report how dilutions were performed and handled during the calculation of the antibody titer.
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3.6 Bioluminescent Microneutralization Assay



Serological tools such as virus neutralization are vital for epidemiological and immunological studies focused on inﬂuenza virus infection and vaccination. This assay adapts microneutralization assays for use with bioluminescent reporter viruses. It builds on wellestablished techniques while exploiting the speed and sensitivity of the reporter virus. The protocol begins with a modiﬁed TCID50 assay to identify and then standardize the concentration of virus to be neutralized, followed by neutralization with a dilution series of sera. It is ideally suited to evaluate of the generation of neutralizing antibodies, the cornerstone of evaluating vaccine immunogenicity. It can also detect an increase in antibodies within a patient or animal that may reinforce a diagnosis of recent inﬂuenza infection, even when attempts at virus isolation or detection were negative. All procedures are carried out with sterile technique in a biosafety cabinet, unless otherwise noted. The protocol was prepared for inﬂuenza strains characterized as BSL2. Additional precautions are likely required when using viruses classiﬁed as BSL3 strains, including high pathogenicity isolates. 1. Prepare MDCK growth media: DMEM, 10% (v/v) FBS, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 2. Prepare microneutralization media: DMEM, 0.2% BSA, 25 mM HEPES, 1 penicillin/streptomycin. Store at 4  C and pre-warm to 37  C prior to use. 3. Determine a microneutralization TCID50 titer for the test virus in steps 4–29 (see Note 18). 4. Place 111.1 μL of virus in the top row of a white, ﬂat-bottom 96-well tissue culture plate. Be sure to include a column with mock-infected controls containing microneutralization media without virus. See Fig. 2b for an example layout of a TCID50 assay. 5. Add 100 μL of microneutralization media to all remaining wells. 6. Transfer 11.11 μL from the top row to the one below it and mix. 7. Change pipet tips. This is essential to ensure accurate dilutions. 8. Repeat 1:10 dilutions for the remaining rows. 9. On the ﬁnal row, remove 11.11 μL and discard to leave a ﬁnal volume of 100 μL in all wells. 10. Incubate dilution plate for 1 h in a tissue culture incubator at 37  C, 5% CO2. 11. Toward the end of the incubation period, trypsinize healthy, log-phase MDCK cells.
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12. Pellet cells by centrifugation at 500  g for 5 min. 13. Remove media. 14. Resuspend in PBS. 15. Repeat steps 12–14 for a total of two washes. 16. After ﬁnal wash, resuspend cells in 5–10 mL microneutralization media. 17. Count cells and dilute to 4  105 cells/mL in microneutralization media. A full plate requires approximately10 mL of diluted cells. 18. When the incubation period in step 10 is complete, move the 96-well plate containing virus to the biosafety cabinet. Add 100 μL of cell suspension to each well containing virus or the mock-infected controls. Total volume should now be 200 μL/ well. 19. Incubate plate in the tissue culture incubator for 16–18 h at 37  C, 5% CO2. 20. Remove 175 μL of media from each well of the infected plate. 21. Place lid on plate, wrap in foil, and freeze at 80  C to aid in cell lysis. 22. Thaw plate on ice for 20–30 min. 23. Prepare Nano-Glo assay reagent by diluting NanoLuc substrate 1:50 with the provided buffer. Alternatively, substrate can be diluted 1:100 in buffer previously supplemented with BSA to 0.1 mg/mL. Each reaction requires 25 μL of diluted substrate (see Note 12). 24. Immediately before reading, apply 25 μL of reagent to each well that will be measured. A multichannel pipet or repeater pipet is helpful. (The Nano-Glo assay reagent contains detergent that inactivates inﬂuenza virus; thus the remaining steps can be performed outside of a biosafety cabinet if needed.) 25. Read luminescence on the plate reader (see Note 13). 26. Export results as a spreadsheet for analysis. 27. Identify wells containing luciferase activity. Conservatively, wells containing at least 3 times the luminescence of the mock-infected negative controls are scored as positive for infection (see Note 16). 28. Calculate the microneutralization TCID50 titer by the method of Reed and Muench [18]. See step 21 in Subheading 3.4. 29. Remove inhibitors by treating serum samples and positive control sera with receptor RDE by adding one part serum to three parts RDE solution. 30. Incubate overnight at 37  C.
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31. Heat inactivate RDE-treated samples by incubating at 56  C for 1 h. 32. Cool to room temperature. 33. Add six parts PBS to each sample to create a starting sera concentration of 1:10. 34. Freeze treated sera at 80  C for at least 4 h to further inactivate the neuraminidase activity of RDE. Store samples at 80  C until needed. 35. Thaw sera at 4  C. 36. Use the viral titer calculated in step 28 to dilute virus to 2  103 microneutralization TCID50/mL in neutralization media. Approximately 5 mL of diluted virus is required for a full 96-well plate. 37. Consider the layout of the infection. Each plate can accommodate four sera samples diluted in duplicate (columns 1–8), two columns for “back titration” and one column each for positive and negative infection controls (Fig. 2c). Ideally, initial assays would also include positive and negative control sera with known neutralization capacity against the test virus. 38. Add 90 μL of neutralization media to the ﬁrst row of a white, ﬂat-bottom 96-well tissue culture plate for columns that will contain sera. Add only 50 μL of media for the columns used in the back titration and 100 μL for columns with positive and negative infection controls. 39. Add 50 μL of neutralization media to the remaining rows in the plate. 40. Add 10 μL of sera to the top row of the plate to dilute the sera 1:10. This yields a starting dilution of 1:100 (the 1:10 dilution in step 33 plus the 1:10 dilution here). 41. Add 50 μL of virus to the back titration columns. 42. Perform twofold serial dilutions by transferring 50 μL from the top row to the one below it and mixing. 43. Change pipet tips. This is essential for accurate dilutions. 44. Repeat twofold dilutions for the remaining row, discarding the ﬁnal 50 μL from the last row leaving 50 μL in all wells. 45. Add 50 μL of diluted virus to all wells containing sera and the infection positive control wells. This equates to 100 TCID50 per well. Do not add additional virus to the back titration series or any virus to the uninfected controls. Instead, add 50 μL of neutralization media to these wells. All wells should have a ﬁnal total volume of 100 μL. 46. Tap gently to mix and incubate in the tissue culture incubators for 1 h at 37  C, 5% CO2.
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47. Toward the end of the incubation period, follow steps 11–17 to prepare MDCK cells for infection. 48. When the incubation period in step 46 is complete, move the 96-well plate containing virus to the biosafety cabinet, and add 100 μL of cell suspension to each well. Total volume should now be 200 μL/well. 49. Incubate plate in the tissue culture incubator for 16–18 h at 37  C, 5% CO2. 50. Perform steps 20–26 to measure luciferase activity. 51. Use control results to conﬁrm validity of the assay. Positive control infected cells should yield robust luciferase activity in all wells, whereas uninfected samples should yield only low background luminescence. 52. Conﬁrm preparation of an appropriate virus dilution by checking results of the back titration. Results from the ﬁrst row of the back titration (a 1:2 dilution of the viral inoculum) should be approximately 50% of the infection controls. This signal should decrease twofold for each subsequent dilution down the column. 53. Determine the virus neutralizing antibody endpoint titer for each sera using the following equation: X ¼ ([average luciferase activity for positive control infected wells]  [average luciferase activity for negative control uninfected wells])/2 + (average luciferase activity for negative control uninfected wells). X then represents 50% of speciﬁc NanoLuc activity. All values below this endpoint are considered positive for neutralization. Titers are reported as the reciprocal of the last dilution to meet endpoint criteria. 54. Plot replicate titrations as a function of serum dilution. Curve ﬁtting can be used to more precisely approximate serum dilutions where the 50% endpoint is reached. 55. As protocols and dilution series vary subtly from lab to lab, be sure to explicitly report how dilutions were performed and handled during the calculation of the antibody titer.
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Notes 1. Multiple labs have reported the production of bioluminescent inﬂuenza reporter viruses. In our experience, those encoding NanoLuc have performed best in animals. We have successfully used reporters built in the inﬂuenza virus strains A/WSN/ 1933 (H1N1), A/PR8/1934 (H1N1), A/California/04/ 2009 (H1N1), A/Anhui/1/2013 (H7N9), and
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B/Brisbane/60/2008 [7–10]. These reporter viruses encode NanoLuc as a polyprotein on the viral PA gene [7]. Others have described NanoLuc reporter viruses built on A/WSN/33, A/Netherlands/602/2009 (H1N1), and B/Yamagata/16/ 1988 [11–13]. 2. The choice of mouse strain is dependent on the goals of the experiment. BALB/c mice are used here based on their susceptibility to inﬂuenza virus and their white coat color, which is optimal for imaging. Bioluminescence imaging can be performed on mice with darker coats, although the darker coat will reduce signal intensity and localization. This can be partially overcome by removing hair from the areas of interest by shaving and the use of a depilatory. 3. NanoLuc has been engineered to work speciﬁcally with NanoGlo substrate. NanoLuc is not compatible with luciferin, the substrate for ﬁreﬂy luciferase. Similarly, procedures here have been optimized for the Nano-Glo substrate and may intentionally differ from those that experimenters are accustomed to with luciferin, especially during in vivo imaging. 4. The protocol utilizes a plate reader to quantitate luciferase activity. The IVIS200 imager used in Subheadings 3.1 and 3.2 can also be repurposed to measure output in the absence of a plate reader. This is perhaps more suitable for Subheadings 3.4 and 3.5 which rely on a qualitative “yes/no” readout. 5. We have found it easiest to measure animals in groups of three, grouping the mice based on the dose or strain of virus they received. Up to ﬁve mice can be imaged at once when using the anesthesia manifold in the IVIS200. However, this requires two people that are highly efﬁcient at delivering the imaging substrate such that all animals are dosed and placed in the imager within the required time frame to capture the maximal signal. 6. Prepare the mice and reagents such that you can work quickly, as the Nano-Glo substrate is rapidly cleared from the mouse. Once the substrate is delivered, imaging must begin within 60 s; otherwise the peak bioluminescence output may be missed. Thus, injections for all mice in the group and placement in the imager must be completed within 60 s of the ﬁrst injection. 7. Consult with the local animal care and use committee or veterinary staff for safe and approved protocols for retro-orbital injections. Ideally, injections will cause little if any bleeding. Practice injections with sterile PBS on uninfected mice are recommended to acquire the experience and speed needed for imaging. If serial images are done on an animal, change which eye is used for each subsequent injection.
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8. Consult with the local animal care and use committee or veterinary staff for safe and approved protocols for cephalic vein injections. Saphenous or jugular injection routes can also be used without compromising results. 9. If desired, in parallel seed cells in a clear 96-well plate. This clear plate is solely to allow visual inspection of the cells prior to titration, which is not possible in the opaque white plates. These cells and plate are not used for infection. 10. If a large number of samples are to be analyzed, it is convenient to aliquot them at the time of harvest into a V-bottom 96-well plate. Plates are then sealed with adhesive ﬁlm and stored at 80  C. This enables easy manipulation of samples with a multichannel pipet and direct transfer from the viral stock plate to the plate with MDCK cells. Be sure to skip every other row to allow for 1:10 dilutions of the viral stocks in the row adjacent to the undiluted samples. 11. The 1:10 dilution helps to ensure that the viral titer measurements accurately capture the linear range of detection. The limit of detection and dynamic range are highly variable from plate reader to plate reader and are also inﬂuenced by the parameters of the machine (e.g., the gain). It is therefore critical to ensure that all measurements fall within the linear range of detection. To identify the ideal parameters for reading NanoLuc activity, initial pilot experiments using a dilution series from a virus stock of known concentration can be used to benchmark the machine and its range. If the assay has been fully optimized for the expected viral load and growth period, or if the dynamic range of your plate reader exceeds the 4 logs we achieve with the BioTek Synergy HT, then the 1:10 dilution series may not be necessary. 12. As each dilution of substrate may have slightly different activity, prepare enough to analyze all samples as well as a slight excess. Diluted substrate can be frozen at 20  C and reused. Mix well with freshly prepared reagent as needed. 13. The NanoLuc signal is stable for at least 7–10 min before seeing a marked reduction in intensity. The signal decays fastest for samples with the highest luminescence, and the rate of signal decay is not necessarily identical from well to well. Thus, long incubation periods should not be used as a means to decrease the signal intensity into the linear range of the plate reader. In addition, wells with a very high signal may cause signal bleed-over into adjacent wells on the plate. It is useful to separate what are expected to be the highest and lowest signalproducing samples on the plate. 14. Titers are reported as a measure of luciferase activity in relative light units (RLUs). As this is a relative measurement and can
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vary slightly depending upon substrate dilution, batch, freshness, cell density, time postinoculation, etc., it is best to titer all samples within the same experiment at the same time. 15. The dilution series described here will permit titration of viral stocks ranging from 101 TCID50/mL to 108 TCID50/mL. The series can be contracted or expanded based on expected viral titers. 16. More concentrated samples of virus are likely to exceed the limit of the detector (often denoted as “OVERFLOW”). However, this is not a concern in the TCID50 assay as each well is simply scored positive or negative and an OVERFLOW reading is clearly positive. 17. Anti-NP antibodies are recommended here given the high abundance of NP expression during infection, the speciﬁcity of the monoclonal clones, and their commercial availability. Other equally sensitive and speciﬁc antibodies can be used. Multiple parameters can be optimized to enhance the signal/ noise ratio, including the dilution of primary and secondary antibodies, and the length of time substrate is incubated before adding stop solution. Avoid high antibody amounts or extended incubations that can increase the signal in the mock-infected wells and saturate either the reaction with substrate or the plate reader detectors. 18. Titer each virus in at least triplicate. TCID50-Glo titers from Subheading 3.4 cannot be substituted here, as the protocols differ.
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Chapter 22 Selection of Antigenically Advanced Variants of Inﬂuenza Viruses Gabriele Neumann, Shufang Fan, and Yoshihiro Kawaoka Abstract Inﬂuenza virus epidemics are caused when seasonal inﬂuenza viruses (i.e., those circulating in humans) acquire mutations in the antigenic sites of the viral hemagglutinin (HA) protein that prevent the antibodies present in people from binding to the virus and blocking virus interaction with cellular receptors. To date, vaccination is the best protective option against seasonal inﬂuenza viruses. Because inﬂuenza viruses frequently acquire mutations in their antigenic sites, vaccine viruses need to be updated regularly. Here, we present an experimental system that allows the simulation of inﬂuenza virus evolution in the test tube. By using this system, we can identify antigenic variants that may emerge among natural inﬂuenza viruses in the near future. This information would help in the selection and prioritization of variants for vaccine production. Key words Inﬂuenza virus, Mutagenesis, Antigenic selection, Antigenic escape
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Introduction Inﬂuenza viruses pose a continued risk to human health by causing annual epidemics, which affect 5–15% of human populations each year. Epidemics are caused by viruses that acquired mutations in the antigenic sites of the viral surface glycoprotein hemagglutinin (HA), the major viral antigen. As a consequence of mutations in the antigenic site(s) of HA, antibodies binding to the respective antigenic site(s) (elicited upon vaccination and/or prior infection) can no longer bind to HA and prevent virus binding to host cell receptors (i.e., the antibodies can no longer “neutralize” the virus). Viruses possessing mutations in HA that prevent the binding of “neutralizing” antibodies can therefore “escape” from existing immunity and cause infection, with the potential to give rise to an epidemic. Currently, vaccination is the best option to prevent inﬂuenza virus infections. The inﬂuenza virus strains used to generate vaccines against viruses circulating in humans (so-called “seasonal”
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viruses) are selected half a year before the start of the inﬂuenza virus season, based on the epidemiologic and genetic data available at that time. During this 6-month period (which is necessary to generate, test, and produce large quantities of vaccine), the seasonal viruses may undergo antigenic changes, resulting in vaccine mismatch and low efﬁcacy. To reduce the risk of vaccine mismatches for seasonal inﬂuenza vaccines, a better understanding of the evolution of seasonal inﬂuenza viruses is needed (i.e., one would need to know which strains may emerge and become dominant in the near future). To address this critical question, inﬂuenza virus evolution can be mimicked in the laboratory. In the past, inﬂuenza viruses were incubated with sera from people or animals (typically, ferrets) that had been vaccinated or infected with the strain of interest (or a closely related strain with similar antigenic properties). Viruses replicating in the presence of the sera were isolated and their mutations characterized. While this approach provided some insights into the antigenic evolution of inﬂuenza viruses, the number of isolated escape variants was typically low, resulting in limited new information. Recently, we therefore established a system in which large numbers of inﬂuenza virus mutants are generated at once, incubated with a human or ferret serum, and escape mutants are isolated and characterized [1]. Using this system, we generated viruses possessing mutations in the HA of currently circulating human inﬂuenza viruses and incubated these mutants with human or ferret sera containing neutralizing antibodies against a selected virus [1]. The isolated antigenic escape variants may emerge in the future; in fact, we were able to experimentally generate antigenic variants that possess mutations identical to those in viruses that have caused an epidemic. Traditionally, the selection of antigenic variants has been carried out by propagating wild-type viruses in the presence of sera possessing neutralizing antibodies against the virus of interest. This approach has yielded low numbers of antigenic variants, prompting us to establish an experimental system for the generation of virus libraries composed of large numbers of mutant viruses (Subheading 3.2, Fig. 1), which can then be used for the selection of antigenic variants (Subheading 3.3, Fig. 1). Such virus libraries can be generated by using reverse genetics approaches with plasmid libraries comprising millions of plasmids with random mutations in HA (Subheading 3.1.5, Fig. 1). The randomly mutated HA plasmids are obtained by PCR ampliﬁcation of the HA gene (or a portion thereof) with an error-prone polymerase (Subheading 3.1.2, Fig. 1), and the subsequent cloning of these HA PCR libraries into a vector (Subheading 3.1.5, Fig. 1). These experimental methods are described here in detail and allow the generation of
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Fig. 1 Overview of the generation of plasmid and virus libraries and the selection of antigenic variants. (a) Plasmid library generation. The starting material is an RNA polymerase I HA cDNA plasmid encoding the HA cDNA (bright red/brown) in the negative-sense orientation between the RNA polymerase I promoter and terminator sequence [2]; the region selected for random mutagenesis is shown in red, whereas the remaining portion of HA is shown in bright blue. Random mutagenesis with an error-prone polymerase results in randomly mutated PCR products with BsmBI restriction sites (created by using the appropriate primers), termed the HA PCR library. In parallel, the RNA polymerase I HA cDNA plasmid is PCR-ampliﬁed with primers that amplify the non-mutagenized region of HA and the vector (see Fig. 2 for details). The use of overlapping BsmBI and linker sequences allows for hybridization of the 50 and 30 ends of the PCR products and the formation of a circular plasmid (vector backbone). Incubation of the vector backbone with BsmBI generates the linearized vector that is ligated with the HA PCR library, yielding the HA plasmid library. (b) Virus library
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antigenic variants to seasonal inﬂuenza viruses that may emerge in nature in the near future. This information will help in the selection of seasonal strains for vaccine production.



2



Materials



2.1 Random Mutagenesis of the Inﬂuenza Viral HA Gene



1. Oligonucleotides (“primers”). 2. GeneMorph® II Random Mutagenesis Kit (Stratagene, La Jolla, CA). 3. QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) or equivalent. 4. Restriction endonucleases BsmBI and BsaI. 5. MinElute PCR Puriﬁcation Kit (Qiagen, Valencia, CA) or equivalent. 6. NanoDrop™ Lite Spectrophotometer (Thermo Fisher) or equivalent.



2.2 Preparation of the “Vector Backbone”



1. Oligonucleotides (“primers”). 2. NEBNext High Fidelity (NEB, Ipswich, MA). 3. DpnI. 4. JM109 or DH5α E. coli competent cells. 5. Ampicillin. 6. LB medium (capsules). 7. QIAprep Spin Miniprep kit (Qiagen, Valencia, CA) or equivalent.



2.3 Preparation of the Linearized Vector Fragment for Cloning



1. BsmBI and BsaI. 2. QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) or equivalent. 3. Shrimp Alkaline Phosphatase (rSAP). 4. DNA ligase mixture (Takara, Kusatsu, Shiga, Japan).



 Fig. 1 (continued) generation. Eukaryotic HEK 293T cells are transfected with the plasmid library, plasmids for the transcription of the remaining seven viral RNA segments (pale blue), and plasmids expressing the viral polymerase and NP proteins (gold). In addition, a plasmid encoding human airway trypsin-like protease (HAT) may be added to cleave the HA and promote virus replication. This standard approach for inﬂuenza reverse genetics [2] leads to the generation of viruses possessing random mutations in HA (virus library). (c) Antigenic selection. The virus library is incubated with serum possessing neutralizing antibodies against the wild-type virus. As a result, wild-type viruses will be neutralized, whereas antigenic variants will escape the neutralizing antibodies. Antigenic variants can then be isolated and characterized
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5. JM109 or DH5α E. coli competent cells. 6. Ampicillin. 7. LB medium (capsules). 2.4 Generation of Plasmid Libraries and Assessment of the Mutation Rate



1. T4 Ligase. 2. JM109 or DH5α E. coli competent cells. 3. Recovery medium: supplied together with the competent cells. 4. LB medium (capsules). 5. QIAprep Spin Miniprep kit (Qiagen, Valencia, CA). 6. MinElute PCR Puriﬁcation Kit (Qiagen, Valencia, CA) or equivalent. 7. MegaX DH10B T1R electro-competent E. coli (Invitrogen, Carlsbad, CA). 8. Electroporation cuvettes, 0.1 cm. 9. Bio-Rad GenePulser® II electroporator (Bio-Rad, Hercules, CA) or equivalent electroporator. 10. Ampicillin. 11. LB medium (capsules). 12. Circlegrow® bacterial growth medium (MP Biomedicals, Solon, Ohio). 13. Qiagen plasmid plus kit (Qiagen, Valencia, CA) or equivalent.



2.5 Generation of Inﬂuenza Virus Libraries



1. HEK (human embryonic kidney) 293T cells. 2. Growth medium: Dulbecco’s Modiﬁed Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS), 1 antibiotic/antimycotic, 2 mM L-glutamine. 3. OPTI-MEM (Gibco, Carlsbad, CA). 4. Trans IT-LT1 293 Transfection Reagent (Mirus, Madison, WI). 5. Circlegrowth® bacterial growth medium (MP Biomedicals, Solon, Ohio). 6. A plasmid expressing HAT (human airway trypsin-like protease). 7. TPCK trypsin.



2.6 Plaque Assay to Determine the Titer of the Virus Library



1. MDCK (Madin-Darby Canine Kidney) cells. 2. MDCK growth medium: 1 Minimum Essential Medium (MEM), 5% newborn calf serum (NCS), 0.225% sodium bicarbonate, 2 Nonessential Amino Acid Solution, 1 MEM Vitamin Solution, 4 mM L-glutamine, 1 antibiotic/ antimycotic).
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3. 2 MEM/bovine serum albumin (BSA) medium (ﬁnal concentration of 2 MEM/BSA medium: 2 MEM, 0.6% BSA, 0.45% sodium bicarbonate, 4 Nonessential Amino Acid Solution, 2 MEM Vitamin Solution, 8 mM L-glutamine, 2 antibiotic/antimycotic, 0.02 M HEPES). 4. 1 MEM/BSA medium: dilute 2 MEM/BSA medium 1:1 (v/v) in dH2O. 5. SeaPlaque™ Agarose (Lonza, Basel, Switzerland). 6. TPCK trypsin. 7. 10% buffered formalin. 2.7 ReceptorDestroying Enzyme (RDE) Treatment of Sera



1. RDE. 2. Red blood cells (RBCs).



2.8 Identiﬁcation of Sera for Antigenic Selection



See Subheadings 2.6 and 2.7.



2.9 Pilot Study to Determine the Virus Library/Serum Ratio



See Subheading 2.6.



2.10 Selection of Antigenic Variants



See Subheading 2.6.



2.11 Ampliﬁcation of Potential Antigenic Escape Variants



See Subheading 2.6.



2.12 Sequence Analysis of Antigenic Escape Variants



1. RNase AWAY. 2. MagMAXTM-96 Viral Isolation Kit (Applied Biosystems™, Foster City, CA). 3. One-Step SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA). 4. RNeasy Mini Kit (Qiagen, Valencia, CA) or equivalent. 5. Agencourt AMPure PCR Puriﬁcation Kit (Beckman coulter, Beverly, MA). 6. Gloves.
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Methods



3.1 Mutagenesis of the Inﬂuenza Viral HA Gene and the Generation of “Plasmid Libraries” 3.1.1 Critical Considerations Before the Start of the Experiment



3.1.2 Random Mutagenesis of the Inﬂuenza Viral HA Gene



Before the start of the experiment, it is critical to select the target region for mutagenesis. Since the major antigenic sites of HA are located in the “globular head” region (i.e., amino acid positions 63–252 of HA proteins of the H3 subtype), we typically select this region for random mutagenesis. Alternatively, an individual antigenic epitope, the entire HA1 subunit (i.e., amino acids 1–326 of H3 HA), or the entire HA may be selected for random mutagenesis. In addition, the investigator should consider the desired number of amino acid changes: A low number of amino acid changes per protein (such as one amino acid change per target region) may not yield a high number of variants with altered antigenic properties. A high number of amino acid changes (such as >5 amino acid changes per target region) may result in a signiﬁcant percentage of HA proteins with premature stop codons or mutations that render the protein non-functional. We typically introduce 2–4 amino acid changes per HA, resulting in an appreciable number of variants with altered antigenic properties while still being functional (see Subheading 3.1.2 and Note 1). To introduce random mutations, the target region of HA is PCR-ampliﬁed with an error-prone polymerase. The oligonucleotides used for PCR ampliﬁcation possess recognition and cleavage sites for type IIs restriction nucleases, which will allow nucleotidespeciﬁc insertion into a vector that is generated in parallel (see Subheading 3.1.3, Fig. 2, and Note 2). 1. Design oligonucleotides that amplify the region of the HA gene selected for random mutagenesis. These oligonucleotides will contain recognition sites for BsmBI or BsaI at their 50 ends to allow cloning into the vector (see Subheading 3.1.3, Fig. 2, and Note 2). 2. Perform error-prone PCR by using the GeneMorph® II Random Mutagenesis Kit: (a) Mix the following components: 10 buffer



5 μL



dNTP mixture



1 μL



PCR forward primer (10 μM; see Fig. 2)



1 μL



PCR reverse primer (10 μM; see Fig. 2)



1 μL



dH2O



40 μL



Mutazyme II



1 μL



Template DNA (200 ng/uL)



1 μL



Fig. 2 Detailed schematic for the generation of mutated HA PCR products, the vector, and the HA plasmid library. All HA sequences shown in Fig. 2 are based on the inﬂuenza A/Yokohama/91/2015 (H1N1) virus and should be modiﬁed for
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(b) Incubate as follows: Step 1: 98  C for 30 s. Step 2: 98  C for 20 s. Step 3: 55  C for 30 s. Step 4: 72  C for 2 min. Repeat 19 steps 2–4 (for a total of 20 cycles). Step 5: 72  C for 10 min. This protocol typically results in the incorporation of 2–4 amino acid changes within the target region of ~200 amino acids. The resulting PCR product represents a “library” (i.e., a mixture) of PCR products with random mutations. It is possible to determine and to adjust the mutation rate (see Subheading 3.1.5 and Note 1). 3. Load 8% of the PCR reaction on a 1% agarose gel to conﬁrm the generation of a PCR product of the expected size. 4. Purify the PCR product by agarose gel puriﬁcation. 5. Measure the concentration of the puriﬁed PCR product by using a NanoDrop™ Lite Spectrophotometer. The concentration of the puriﬁed PCR product should be 30 ng/μL. 6. Incubate the PCR product with the restriction endonuclease for which recognition sites were created by using appropriate PCR primers: (a) Incubate the PCR products with BsaI at 37  C or with BsmBI at 55  C for at least 2–3 h (see Note 3). (b) Purify the PCR product by using the MinElute PCR Puriﬁcation Kit. (c) The resulting PCR product (called the “HA PCR library,” Figs. 1 and 2) is the insert for the ligation reaction described in Subheading 3.1.5, step 3.



 Fig. 2 (continued) other inﬂuenza virus strains. “N” depicts HA sequences not listed in detail. (a) Error-prone PCR mutagenesis. Shown are the sequences of the forward and reverse primers, the PCR product, and the HA PCR library after incubation with BsmBI; this is the insert used for ligation in (c). (b) Vector preparation. Shown are the sequences of the vector forward and reverse primers and their binding to the RNA polymerase I HA cDNA plasmid. The PCR products possess complementary, overlapping sequences at their 50 and 30 ends, resulting in the formation of a circular vector backbone. Incubation of the vector backbone with BsmBI yields the linearized vector. (c) Ligation product. Ligation of the linearized vector (from (B)) and the HA PCR library (from (A)) results in the HA plasmid library
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3.1.3 Preparation of the “Vector Backbone”



In parallel to the random mutagenesis of the HA gene described in Subheading 3.1.2, prepare the “vector backbone” (see Fig. 2). The starting point is a plasmid possessing the full-length HA cDNA inserted in the negative-sense orientation between the RNA polymerase I promoter and terminator sequences [2]. 1. PCR-amplify the plasmid with oligonucleotides that amplify the HA region not targeted for mutagenesis and the vector backbone. These oligonucleotides possess recognition sequences for BsmBI or BsaI at their 50 ends and a linker sequence (Fig. 2). Carry out the PCR reaction as follows with NEBNext High Fidelity: (a) Mix the following components: 2 PCR Master Mix



25 μL



Vector forward primer (10 μM; see Fig. 2)



1 μL



Vector reverse primer (10 μM; see Fig. 2)



1 μL



dH2O



22 μL



Template DNA (100 ng/μL)



1 μL



(b) Incubate as follows: Step 1: 98  C for 30 s. Step 2: 98  C for 10 s. Step 3: 65  C for 30 s. Step 4: 72  C for 3 min. Repeat 34 steps 2–4 (resulting in a total of 35 cycles). Step 5: 72  C for 10 min. 2. Add 3 μL (10 Units/μL) of DpnI to the PCR reaction and incubate for 2 h at 37  C (see Note 4). 3. Transform the product from step 3 into competent E. coli cells (see Note 5). 4. Plate transformed E. coli cells on agar plates containing 100 μg/mL ampicillin (see Note 6). 5. Incubate the plates overnight at 37  C. 6. Pick 2–3 individual E. coli colonies. 7. Transfer E. coli colonies individually to culture tubes with 2 mL of LB growth medium containing 100 μg/mL ampicillin. 8. Shake the cultures overnight on an orbital shaker at 37  C. 9. Purify the plasmid DNA. 10. Perform Sanger sequence analysis to conﬁrm the desired sequence. This plasmid is the vector backbone (Figs. 1 and 2) that will be used to generate the linearized vector (see Subheading 3.1.4) into which the HA PCR library will be inserted.
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1. Incubate the vector generated in Subheading 3.1.3 with BsmBI or BsaI as described in Subheading 3.1.2, step 6. 2. Agarose gel-purify the vector fragment. 3. Treat the linearized vector with Shrimp Alkaline Phosphatase (rSAP) (see Note 7). Prepare a 20 μL reaction as follows: DNA (vector, 1 μg/μL)



1 μL



rSAP Reaction Buffer (10)



2 μL



rSAP (1 unit/μL)



1 μL



dH2O



16 μL



Incubate at 37  C for 30 min. Stop the reaction by heatinactivation at 65  C for 5 min. Scale larger volumes proportionally. 4. Purify the vector fragment with the MinElute PCR Puriﬁcation Kit. 5. Test the concentration of the vector fragment by using the NanoDropTM Lite Spectrophotometer. The concentration of the puriﬁed vector fragment should be 30 ng/μL. This is the linearized vector (Figs. 1 and 2) that will accommodate the HA PCR library. 6. Control experiment to assess the quality of the vector fragment (see Note 8): (a) Self-ligate the vector fragment: Vector fragment (100 ng/μL, treated with rSAP)



1 μL



dH2O



4 μL



2 DNA ligase mixture



5 μL



Incubate at 16  C for 30 min. (b) Transform the self-ligated vector fragment into competent E. coli cells (see Subheading 3.1.3, steps 4–6). (c) If more than approximately ten colonies are detected, repeat the treatment with the restriction endonucleases and rSAP. 3.1.5 Generation of Plasmid Libraries and Assessment of the Mutation Rate



1. Ligate the vector fragment from Subheading 3.1.4, step 5, with the HA PCR library insert (generated in Subheading 3.1.2, step 6.3) as follows:
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2 μL



HA PCR library insert (30 ng/μL)



10 μL



Vector fragment (100 ng/μL)



3 μL



dH2O



3 μL



T4 Ligase



2 μL



Incubate at 16  C overnight. 2. Control experiment to assess the mutation rate of the plasmid library (see Note 9): (a) Transform 0.5 μL of the 20 μL ligation mixture (i.e., 2.5%) into competent DH5α E. coli cells as described in Subheading 3.1.3, steps 4–6. (b) Pick 20–30 individual E. coli colonies. (c) Transfer E. coli colonies individually to glass culture tubes with 2 mL of LB growth medium containing 100 μg/mL ampicillin. (d) Shake cultures on an orbital shaker overnight at 37  C. (e) Purify the plasmid DNA. (f) Perform Sanger sequence analysis across the region targeted for mutagenesis; this will establish the mutation rate of the plasmid library. If the mutation rate is within the target range, continue with step 3. If the mutation rate needs to be adjusted, repeat random mutagenesis (Subheading 3.1.2). To adjust the mutation rate, see Note 1. 3. Generation of the plasmid library: (a) Purify the ligation product from step 1 by using the MinElute PCR Puriﬁcation Kit or equivalent. Elute the ligation product in 15 μL of dH2O. (b) Transform the puriﬁed ligation product into MegaX DH10B T1R electro-competent E. coli cells as follows: l



Thaw MegaX DH10B™ T1R Electrocomp™ Cells on ice.



l



Add the puriﬁed ligation product from step 3.1 to the competent cells and mix.



l



Divide the DNA/cell mixture into ﬁve chilled electroporation cuvettes, 0.1 cm (approximately 20 μL each).



l



Electroporate the mixtures with the Bio-Rad GenePulser® II electroporator under the following conditions: 2.0 kV, 200 Ω, 25 μF.



l



Transfer the cells from each cuvette to individual cell culture tubes and add 1 mL of recovery medium to each tube.
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(c) Shake the transformation mix at 250 rpm at 37  C for 1 h. (d) Control experiment to assess the titer of the plasmid library. Here, use a small aliquot of the ligation mixture to assess the number of E. coli colonies after transformation (i.e., the titer of the plasmid library): l



l l



Dilute 1 μL of the transformation mix 1:10–1:100,000 in recovery medium and plate 100 μL on agar plates with 100 μg/mL ampicillin. Incubate the plates overnight at 37  C. Count the number of colonies; the titer [i.e., the number of colony forming units (CFU) per milliliter] is calculated as follows:



Number of colonies  dilution factor  10. l



If the titer is 106 CFU/mL, proceed to step 3.5. If the titer is lower than 106 CFU/mL, increase the amounts of vector and/or insert used for the ligation, repeat the ligation, and/or repeat the electroporation.



(e) Transfer the remaining transformation mix from step 3.3 to 250 mL of Circlegrowth® bacterial growth medium with 100 μg/mL ampicillin. (f) Shake at 37  C and 250 rpm overnight. (g) Purify the plasmid DNA, which is the HA plasmid library composed of HA plasmids possessing random mutations in the target region (Figs. 1 and 2). 3.2 Generation of Inﬂuenza Virus Libraries and Virus Library Titration (see Note 10) 3.2.1 Generation of Inﬂuenza Virus Libraries



1. Seed ~5  1051  106 HEK 293T cells/well of a six-well plate (see Note 11). 2. Incubate the cells for 24 h in growth medium. Cells should be 40–60% conﬂuent at the time of transfection. 3. Premix DNAs to be transfected (results in a total of 6.2 μg of DNA): (a) Use 1 μg each of the plasmids expressing the inﬂuenza viral PB2, PB1, PA, and NP proteins (see Note 12). (b) Use 0.5 μg of the HA plasmid library generated in Subheading 3.1.5, step 3.8. (c) Use 0.2 μg each of the PB2, PB1, PA, NP, NA, M, and NS RNA polymerase I plasmids for the transcription of inﬂuenza viral RNA (see Notes 13 and 14). (d) Use 0.3 μg of a plasmid expressing HAT (human airway trypsin-like protease) (see Note 15).
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4. Prepare the following transfection controls: (a) Negative control I: HEK 293T cells transfected with all plasmids described in step 3, except for the HA plasmid library; no virus should be recovered from this control. (b) Negative control II: HEK 293T cells transfected with plasmids for vRNA synthesis but not plasmids for protein synthesis; no virus should be recovered from this control. (c) Negative control III: HEK 293T cells transfected with plasmids for protein synthesis but not plasmids for vRNA synthesis; no virus should be recovered from this control. (d) Positive control: HEK 293T cells transfected with all plasmids described in step 3; the HA plasmid library is replaced with an HA wild-type plasmid, resulting in efﬁcient virus generation. (e) HEK 293T cells treated with the transfection reagent to monitor potential cytotoxic effects of the transfection reagent. (f) Untreated HEK 293T cells. 5. Transfection: (a) Add 200 μL of OPTI-MEM to an Eppendorf tube. (b) Add 2 μL of the transfection reagent per μg of DNA. (c) Incubate for approximately 5 min at room temperature. (d) Add premixed DNAs. (e) Incubate the transfection mixture for 15–30 min at room temperature. 6. Add transfection mixture dropwise to the cells (see Note 16): (a) Incubate for 6–8 h. (b) Wash the HEK 293T cells gently with OPTI-MEM. 7. Gently add 2 mL of OPTI-MEM. 8. Incubate the cells for 48 h at 37  C and 5% CO2 (see Note 17). 9. Collect virus-containing supernatant from transfected cells. 10. Optional: (a) Spin down supernatant for 5 min at room temperature to pellet HEK 293 T cells. (b) Transfer supernatant to fresh tube. 11. Prepare aliquots of virus-containing supernatant and store at 80  C until further use. These samples constitute the virus library (i.e., a mixture of viruses possessing random mutations in their HA gene) (Figs. 1 and 2).
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1. Seed 1  106 MDCK cells in six-well tissue culture plates. 2. Incubate in MDCK growth medium (see Subheading 2.6) for 2 days in a cell culture incubator at 37  C with 5% CO2. The cell monolayer should be 100% conﬂuent for the plaque assay. 3. Prepare the virus to be titrated: (a) Remove one vial from the 80  C freezer. (b) Thaw at 37  C and place on ice as soon as the sample is thawed. (c) Vortex the sample shortly. (d) Prepare tenfold dilutions of the virus in 1 MEM/BSA medium (see Subheading 2.6). It is critical to change tips between dilutions (see Note 18). (e) Keep virus library dilutions on ice. 4. Remove growth medium from MDCK cells. 5. Wash cells twice with room temperature 1 MEM/BSA. 6. Inoculate wells with 200 μL of virus dilution. If starting with the highest dilutions (lowest amount of virus), tips do not need to be changed. 7. Gently rock the plates to cover the cell monolayer with inoculum. 8. Incubate the plates for 60 min at 37  C. 9. During the incubation period, prepare a 2% (w/v) solution of SeaPlaque™ Agarose; place in a water bath at 56  C to keep the agarose melted. 10. After the 60 min inoculation, remove the inoculum from the MDCK cell monolayer, and wash the cells once with room temperature 1 MEM/BSA. 11. Mix the 2% agarose solution 1:1 (v/v) with 2 MEM/BSA medium (see Subheading 2.6). 12. For viruses whose HA protein is not cleaved by the proteases expressed in the MDCK cells, add TPCK trypsin to a ﬁnal concentration of 0.5 μg/mL. 13. Add 2–3 mL of the agarose/medium/TPCK trypsin mixture to each well. Let the agarose solidify at room temperature. 14. Incubate the six-well plates in a cell culture incubator at 37  C and 5% CO2. 15. Three days later, ﬁx the plaques with 10% buffered formalin for at least 2 h, carefully peel off the agarose, dry the plates, and count the number of virus plaques. 16. Calculate the number of plaque-forming units (PFU) per mL as follows:
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Number of plaques  dilution factor  5 (since 200 μL of virus was used). The size of the virus library should be 105 PFU/ mL (see Note 19). 3.3 Selection of Antigenic Variants



To select antigenic escape mutants, incubate the virus library generated in Subheading 3.2 with human sera and/or with ferret sera raised against the parental virus and/or closely related viruses. This step will neutralize viruses that are antigenically similar to viruses the person or animal has been exposed to, resulting in enrichment of the antigenic variants. These antigenic variants can then be isolated, sequenced, and characterized further.



3.3.1 RDE Treatment of Sera (See Note 20)



1. Prepare RDE by adding 20 mL of ﬁlter-sterilized 0.85% sodium chloride to each RDE vial that is needed. 2. Mix the serum and dissolved RDE at a 1:4 ratio (vol/vol) in a 50 ml Falcon® tube. 3. Incubate for 18–20 h at 37  C. 4. Heat inactivate for 45–50 min at 56–60  C. 5. Dilute with PBS at a 1:5 ratio (v/v). 6. Adsorb to RBCs (see Note 21). (a) Prepare pelleted RBCs: l



Transfer 10 mL of RBCs into a 50 mL conical centrifuge tube.



l



Add 40 mL of PBS to the RBCs. Mix gently.



l



Centrifuge at 500  g for 5 min on a microcentrifuge.



l



Aspirate supernatant and buffy coat.



l



Repeat 3 steps 1–4 (supernatant should be clear on the last wash and buffy coat should be removed).



l



Store pelleted RBCs at 4  C or on ice for use (pelleted RBCs should be prepared on the day the adsorption experiment is carried out).



(b) Mix pelleted RBCs and RDE-treated serum (from step 5) 1:1 (v/v). (c) Mix RBC/serum solution for 1 h at room temperature. (d) Centrifuge at 3000 rpm for 5 min on a microcentrifuge. (e) Remove adsorbed serum. This is the 1:10 dilution of serum that is used for further studies. 7. Control experiment to determine serum agglutination: (a) Mix 50 μL of RDE-treated serum (from step 5) and 50 μL of a 0.5% dilution of RBCs prepared by diluting the pelleted RBCs from step 6.1 with PBS (v/v).
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(b) Incubate at room temperature for 30 min. (c) If agglutination is detected, the serum should be treated again. 8. Aliquot and freeze the RDE-treated serum. Alternatively, the RDE-treated serum can be stored at 4  C for approximately 2–3 weeks. 3.3.2 Identiﬁcation of Sera for Antigenic Selection



Antigenic variants can be selected with sera obtained from infected or vaccinated people or animals (e.g., ferrets). First, sera that possess neutralizing antibodies against the parental virus need to be identiﬁed. Here, we describe the micro-neutralization assay to identify sera with neutralizing properties; alternatively, the hemagglutination inhibition assay can be used (see Note 22). 1. Determine the 50% tissue culture infectious dose (TCID50) of the virus: (a) Seed approximately 104 MDCK cells per well of a Falcon® 96-well cell culture plate. (b) Prepare tenfold serial dilutions of virus stock with 1 MEM/BSA medium. (c) Wash MDCK cells twice with 1 MEM/BSA medium. (d) Infect MDCK cells with 100 μL of diluted virus (eight wells per dilution) and incubate for 1 h at 37  C. (e) Wash the cells twice with 1 MEM/BSA medium. (f) Incubate the infected cells with 1 MEM/BSA medium for 3 days at 37  C and 5% CO2. (g) Determine the number of infected wells on day 3 postinfection. (h) Calculate the TCID50 titer using the method of ReedMuench [3] (see Note 23). (i) Dilute the virus to 100 TCID50 per 50 μL in MEM/0.3% BSA containing TPCK trypsin. 2. Prepare twofold serial dilutions of the RDE-treated sera (see Subheading 3.3.1) in 1 MEM/BSA medium. 3. Mix 50 μL of 100 TCID50 of virus and 50 μL of undiluted or serially diluted, RDE-treated serum and incubate for 1 h at room temperature. 4. Two days before the experiment, seed 2  104 MDCK cells in a Falcon® 96-well cell culture plate. 5. Wash the cells twice with PBS or 1 MEM/BSA. 6. Add the virus/serum mixture (from step 3) to each well. 7. Incubate for 2–3 days at 37  C (avian inﬂuenza viruses) or 35  C (human inﬂuenza viruses). 8. Assess CPE (see Note 24):
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(a) The micro-neutralization titer is calculated as follows: (Highest serum dilution at which no CPE is observed)  10 (b) To isolate antigenic escape variants, the microneutralization titer should be 80. 3.3.3 Pilot Study to Determine the Virus Library/Serum Ratio (See Note 25)



1. For virus libraries with a titer of 105 PFU/mL, mix aliquots of the virus library with the serum at 1:1, 1:2, 1:3, and 1:4 (v/v) ratios; adjust the total volume to 100–200 μL with 1 MEM/BSA. (a) As a critical negative control, mix the same amount of virus library as was used in the previous step with 1 MEM/BSA medium instead of a speciﬁc serum. (b) Incubate at 4  C overnight. (c) Perform a plaque assay (see Subheading 3.2.2) to determine the number of virus plaques: the number of virus plaques in the absence of a speciﬁc serum serves as the control. Serum concentrations that reduce virus titers by 2 log units are typically suitable for antigenic selection. 2. For virus libraries with a titer of 105 PFU/mL, dilute an aliquot of the virus library in PBS to 1  105 PFU/mL; proceed as described in step 1.



3.3.4 Selection of Antigenic Variants



1. Mix the virus library (see Subheading 3.2.1, step 11) and serum at the ratio determined in Subheading 3.3.3. In parallel, mix aliquots of the virus library with 1 MEM/BSA medium (instead of serum; negative control), or with an amount of serum that completely blocks virus replication (positive control). 2. Incubate overnight at 4  C. 3. Perform a plaque assay in MDCK cells as described in Subheading 3.2.2. The number of viral plaques in the presence of serum containing neutralizing antibodies should be 100-fold lower than the number of viral plaques in the presence of 1 MEM/BSA.



3.3.5 Ampliﬁcation of Potential Antigenic Escape Variants



1. From Subheading 3.3.4, step 3, pick virus plaques from wells in which the plaques are well-separated (i.e., no more than approximately 30 plaques per well of a 6-well plate). 2. Suspend the virus plaques in 300 μL of 1 MEM/BSA medium (see Subheading 3.2.2). 3. Inoculate conﬂuent monolayers of MDCK cells: (a) Twenty-four hours prior to MDCK cell infection, seed 2  104 cells per well in a Falcon® 96-well cell culture plate, or 5  104 cells per well in a 24-well tissue culture plate.



Selection of Antigenic Inﬂuenza Escape Variants



479



(b) Incubate MDCK cells for 24 h at 37  C and 5% CO2 in growth medium (see Subheading 2.6). (c) Wash the MDCK cells twice with 1 MEM/BSA medium. (d) Add 5–10 μL of resuspended viral plaques (from Subheading 3.3.4) to the MDCK cells. (e) Incubate the MDCK cells with 1 MEM/BSA for 1 h at 37  C and 5% CO2 (see Note 26). (f) Observe the cells daily for CPE, which is indicative of virus replication. (g) When approximately 80% of the MDCK cells have lysed, harvest the virus-containing supernatant. (h) Spin down the supernatant for 5 min at room temperature to pellet ﬂoating cells. (i) Transfer the virus-containing supernatant to fresh tubes (prepare at least two aliquots per sample, so that further testing can be carried out; see Subheadings 3.3.6, 3.3.7, and 3.4). 3.3.6 Sequence Analysis of Antigenic Escape Variants



After the isolation and ampliﬁcation of potential antigenic variants, the HA gene is sequenced to determine the amino acid changes that are responsible for the altered antigenic properties (see Note 27). 1. Extract viral RNA by using a commercial kit such as MagMAXTM-96 Viral Isolation Kit. 2. Store RNA at 80  C until further use. 3. Viral cDNA synthesis: The following protocol is based on using One-Step SuperScript III Reverse Transcriptase. Other commercially available enzymes or kits for reverse transcription may be used. (a) Mix the following components on ice: Extracted RNA



5 μL



2 buffer



25 μL



HA forward primer (10 μM)*



1 μL



HA reverse primer (10 μM)*



1 μL



RNase-free H2O (supplied with Qiagen RNeasy Mini Kit)



17 μL



One-Step SuperScript III Reverse Transcriptase



1 μL



*These primers can be individually designed to amplify the entire HA or at least the region targeted for random mutagenesis.
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(b) Incubate as follows: Step 1: 50  C for 30 min. Step 2: 94  C for 30 s. Step 3: 94  C for 20 s. Step 4: 53  C for 30 s. Step 5: 72  C for 2 min. Repeat 39 steps 2–5 (for a total of 40 cycles). Step 6: 72  C for 10 min. 1. Purify the PCR product with the Agencourt® AMPure® PCR Puriﬁcation Kit: Elute the puriﬁed PCR product in 35 μL H2O. 2. Perform Sanger sequence analysis (see Note 28). 3.3.7 Conﬁrmation of Altered Antigenic Properties



After isolation of the antigenic escape variants and their ampliﬁcation and sequence analysis, perform another micro-neutralization assay as described in Subheading 3.3.2 to conﬁrm the altered antigenic properties of the mutant virus compared to the parental virus.



3.4 Follow-Up Studies



This chapter outlines the basic protocol for the generation of antigenic escape variants. Typically, additional experiments are carried out to assess the antigenic properties of the antigenic variants in more detail. A detailed description of these follow-up studies is beyond the scope of this chapter; however, a short summary of potential follow-up studies is provided below.



3.4.1 Antigenic Analysis



To assess the antigenic properties of the selected variants, we typically carry out HI assays and/or micro-neutralization assays with a variety of viruses and sera ranging from closely related strains (and sera against these viruses) to those that belong to different (sub-) lineages, clades, or clusters; however, see Note 22.



3.4.2 Animal Studies



To assess the antigenic properties of the selected variants in vivo, we typically immunize mice or ferrets with the parental strain. Reinfection with the parental strain (or an antigenically similar strain) should not result in efﬁcient replication of the challenge virus. However, if the mutation under investigation confers escape from pre-existing immunity, the antigenically different variant will replicate in animals immunized with the parental virus [1].



4



Notes 1. The mutagenesis rate can be adjusted by altering the amount of template and/or the number of PCR cycles:
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(a) Increased amounts of template result in lower mutagenesis rates due to saturation effects. (b) Increased numbers of PCR cycles result in higher mutagenesis rates. 2. The use of so-called type IIs restriction endonucleases (such as BsmBI and BsaI) increases the ﬂexibility of the cloning system: (a) The use of type IIs restriction endonucleases enables the nucleotide-speciﬁc fusion of any two DNA segments without the introduction of mutations or unwanted nucleotides. (b) Type IIs restriction endonucleases are different from commonly used restriction endonucleases in that the cleavage site is located downstream of the recognition site. As a result, the nucleotide overhangs generated by incubation with type IIs restriction endonucleases differ from each other, allowing directed cloning (i.e., the insert is inserted in the desired orientation). (c) Due to the separation of the restriction endonuclease recognition and cleavage sites, type IIs restriction endonucleases such as BsmBI or BsaI can be used even if the ampliﬁed gene possesses an internal recognition site for these enzymes. Since the four-nucleotide overhangs typically differ from each other, efﬁcient three-segment ligation is possible. (d) In addition to BsmBI and BsaI, other type IIs restriction endonucleases that create four-nucleotide overhangs (such as BbsI) can be used. (e) Unlike commonly used restriction endonucleases (for which the recognition and cleavage sequences overlap), the recognition sites of type IIs restriction endonucleases are eliminated after ligation of the vector and insert fragments. Therefore, after the ligation of the vector and insert fragments, the type IIs restriction endonuclease sites used for cloning are no longer present to characterize the ligation products. 3. Increased efﬁciency can be achieved by incubating with BsmBI overnight, adding more enzyme, and then continuing the incubation at 55  C for several h. 4. DpnI cleaves methylated and hemimethylated DNA with the sequence 50 Gm6ATC-30 . Since DNA extracted from commonly used E. coli strains is dam methylated, the template DNA is susceptible to DpnI cleavage, whereas the PCR product is resistant to the endonuclease. As a result, incubation with DpnI depletes the wild-type template DNA.
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5. We typically use JM109 or DH5α E. coli strains, but other strains may be used. 6. If the vector encodes a different resistance gene, use other appropriate antibiotic. 7. This procedure removes phosphate groups from the vector to reduce self-ligation. 8. To assess the quality of the vector fragment, we test its ability to self-ligate: signiﬁcant self-ligation of the vector fragment will result in a low incorporation efﬁciency of the HA PCR library insert, and consequently in a low titer of functional viruses in the virus library. 9. We transform an aliquot of the ligation reaction into E. coli cells and sequence approximately 20–30 plasmids to assess the mutation rate of the plasmid library. 10. After the generation of the plasmid library, established reverse genetics approaches [2] are used to generate virus libraries composed of viruses possessing random mutations in HA. Brieﬂy, eukaryotic cells are transfected with the four plasmids expressing the inﬂuenza viral PB2, PB1, PA, and NP proteins (which are required to initiate inﬂuenza viral replication and transcription), the plasmid library possessing random mutations in HA, and seven RNA polymerase I-based plasmids for the transcription of the remaining seven inﬂuenza viral RNAs (i.e., PB2, PB1, PA, NP, NA, M, and NS). 11. HEK 293T cells can be transfected efﬁciently and are therefore used for plasmid transfection. 12. The protein expression plasmids need not match the virus to be rescued. For example, plasmids expressing the PB2, PB1, PA, and NP proteins of A/WSN/33 (H1N1) virus can be used to generate, for example, H5N1 or H3N2 viruses. Since the mRNAs transcribed from the protein expression plasmids will not be incorporated into viruses, no reassortants are generated. However, rescue efﬁciencies may be higher if viral RNAs are transcribed and replicated by proteins derived from the same virus. 13. Typically, our RNA polymerase I-based plasmids for the transcription of inﬂuenza viral RNA possess human RNA polymerase I promoter and terminator sequences. Due to the species speciﬁcity of the RNA polymerase I system, the human transcription cassette may not be efﬁcient in nonhuman cells. Therefore, avian [4], canine [5, 6], and equine [7] RNA polymerase I transcription systems have also been established. 14. The procedure described in the Methods section outlines the original RNA polymerase I system with eight RNA polymerase I plasmids for vRNA synthesis and four protein expression
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plasmids for the synthesis of the viral PB2, PB1, PA, and NP proteins [1]. The following modiﬁcations have since been established. (a) RNA polymerase I/II system [8]: In this system, vRNAs and mRNAs are derived from the same template, eliminating the need for separate protein expression plasmids and reducing the number of plasmids required from 12 to 8. (b) “Tandem” RNA polymerase I system [9]: In this system, RNA polymerase I transcription units are cloned in tandem, so that all eight vRNAs can be derived from one plasmid. This reduced number of plasmids required for virus generation provides an advantage for cell lines with low transfection efﬁciencies, such as African green monkey kidney (Vero) cells. However, the resulting plasmid is genetically unstable, and its large size (~22.5 Kbp) makes cloning and handling cumbersome, (c) T7 RNA polymerase system [10]: In this system, inﬂuenza viral cDNAs are ﬂanked by the T7 RNA polymerase promoter and ribozyme sequences. (d) Adenovirus system [11]: In this system, RNA polymerase I transcription units are encoded by replicationincompetent adenoviruses, which allows highly efﬁcient gene transfer into cell lines that are not readily transfected, such as Vero cells. 15. HAT cleaves HA0 into HA1 and HA2, resulting in multiple cycles of inﬂuenza virus replication [12]. Inﬂuenza virus rescue can be achieved without this plasmid but will result in lower virus titers. 16. Note that HEK 293T cells detach easily; the transfection mixture should therefore be added gently. Moreover, the use of poly-D-lysine-coated plates is recommended. 17. Typically, cytopathic effect (CPE) is observed since HAT cleaves the viral HA protein, resulting in multiple rounds of virus replication in HEK 293 T cells. 18. It is important to capture the endpoint (i.e., no formation of plaques); if no information on virus library titers is available, dilutions should be prepared to at least 109. 19. The titer of the virus library obtained from transfected HEK 293 T cells should be as high as possible so that an appreciable number of variants are represented (e.g., a virus library with a titer of 103 plaque-forming mutants contains no more than 103 variants). We usually obtain virus libraries with a titer of 105–107 plaque-forming units. If the titer of the virus library is low, the amounts and ratios of the plasmids used for
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transfection can be modiﬁed, and/or transfected HEK 293T cells can be incubated for up to 96 h. 20. Sera contain nonspeciﬁc inhibitors of hemagglutination mediated by HA (i.e., sialic acid-binding proteins and glycoproteins containing sialyloligosaccharides). Before beginning any experiments, treatment with “receptor-destroying enzyme” (RDE) is therefore highly recommended. 21. Typically, turkey red blood cells are used for H1N1 viruses, whereas guinea pig red blood cells are used for H3N2 viruses (however, see Note 22). 22. Recent H3N2 viruses (i.e., those isolated since ~2014; https:// www.cdc.gov/mmwr/volumes/65/wr/mm6537a5.htm) no longer efﬁciently agglutinate red blood cells, so hemagglutination inhibition assays cannot be used anymore. Therefore, micro-neutralization assays are now routinely used to assess the antigenic properties of recent H3N2 viruses. 23. TCID50 calculation using the Reed-Muench method. Number Log of of wells virus with dilution CPE
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Cumulative Percentage number of wells without Ratio of of wells A/(A þ B) with CPE CPE (B)b



a



Cumulative number of wells with CPE, starting at the highest dilution Cumulative number of wells without CPE, starting at the lowest dilution



b



Proportional distance formula: (Percentage of wells with CPE > 50%)  50%/(Percentage of wells with CPE > 50%)  (Percentage of wells with CPE < 50%) In the example given above, the numbers would be as follows: (82%)  50%/(82%)  (30%) 32/52 ¼ 0.6 Calculation of TCID50: Add the proportional distance (i.e., 0.6 in the example shown above) to the dilution at which >50% of the wells show a CPE: Log infectious dose50: (6) þ (0.6) ¼ 6.6 Infectious dose50 titer: 106.6 TCID50/0.1 mL (since cells were infected with 100 μL of virus) or 107.6 TCID50/mL 24. If a serum possesses neutralizing antibodies against a virus, the virus can no longer efﬁciently infect cells and cause a CPE.
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25. The ratio between the virus library and the serum used for antigenic selection is critical: if the selection is very stringent, only variants with substantial antigenic changes compared to the parental virus will be selected, potentially resulting in a small number of variants for further testing. In contrast, low stringency may result in the “breakthrough” of wild-type virus and in the selection of variants with minor antigenic changes. The stringency of selection may depend on the conceptual question of the study. Typically, we carry out pilot studies with small volumes of sera and virus libraries to determine the selection criteria used to screen the entire virus library. 26. Highly pathogenic avian and some human inﬂuenza viruses do not require exogenous proteases such as trypsin for HA cleavage; for other viruses, the addition of trypsin (0.5–1 μg/mL TPCK trypsin) is necessary for virus replication. 27. RNA-destroying enzymes (RNases) are found on many surface areas in laboratories, as well as on human skin. For experiments with RNA, wear gloves and treat surface areas, pipettes, racks, etc., with “RNase AWAY” or similar reagents. RNA is relatively unstable. Therefore, it is recommended to keep the sample on ice throughout the RNA extraction procedure. 28. Antigenic escape variants may possess more than one mutation; not all of them may contribute to antigenicity. If more than one mutation is detected, we typically use site-directed mutagenesis approaches to generate variants possessing each mutation separately. These single mutants are then tested in microneutralization assays as described in Subheading 3.3.2. References 1. Li C, Hatta M, Burke DF, Ping J, Zhang Y, Ozawa M, Taft AS, Das SC, Hanson AP, Song J, Imai M, Wilker PR, Watanabe T, Watanabe S, Ito M, Iwatsuki-Horimoto K, Russell CA, James SL, Skepner E, Maher EA, Neumann G, Klimov AI, Kelso A, McCauley J, Wang D, Shu Y, Odagiri T, Tashiro M, Xu X, Wentworth DE, Katz JM, Cox NJ, Smith DJ, Kawaoka Y (2016) Selection of antigenically advanced variants of seasonal inﬂuenza viruses. Nat Microbiol 1(6):16058. https://doi.org/ 10.1038/nmicrobiol.2016.58 2. Neumann G, Watanabe T, Ito H, Watanabe S, Goto H, Gao P, Hughes M, Perez DR, Donis R, Hoffmann E, Hobom G, Kawaoka Y (1999) Generation of inﬂuenza A viruses entirely from cloned cDNAs. Proc Natl Acad Sci U S A 96(16):9345–9350
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Chapter 23 Assessment of Inﬂuenza Virus Hemagglutinin Stalk-Speciﬁc Antibody Responses Wen-Chun Liu, Raffael Nachbagauer, Florian Krammer, and Randy A. Albrecht Abstract Animal models are essential to examine the pathogenesis and transmission of inﬂuenza viruses and for preclinical evaluation of inﬂuenza virus vaccines. Among the animal models used in inﬂuenza virus research, the domestic ferret (Mustela putorius furo) is the gold standard. As seen in humans, infection with inﬂuenza virus or immunization with an inﬂuenza virus vaccine induces humoral and cellular immunity in ferrets that provides protection against infection by an antigenically similar inﬂuenza virus. Antibodies against the globular head domain of the inﬂuenza hemagglutinin can provide sterilizing immunity against virus infection by blocking receptor binding. However, antibodies that bind the stalk region of the hemagglutinin also confer protection by several mechanisms including antibody-dependent cellular cytotoxicity or phagocytosis. Recently, the antigenically and structurally conserved hemagglutinin stalk has become an attractive target for the development of universal inﬂuenza virus vaccines that hold the promise to provide protection against inﬂuenza epidemics and pandemics. Herein, in vivo and in vitro assays, including optimization of assay conditions to examine hemagglutinin stalk-speciﬁc antibody responses in small animal models, are described. Key words Ferret, Inﬂuenza virus, Hemagglutinin stalk immunity, HI assay, ELISA, ELISpot, Flow cytometry
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Introduction Currently licensed inﬂuenza vaccines are reformulated annually with H1N1 and H3N2 inﬂuenza A virus and inﬂuenza B virus components. The licensed inﬂuenza vaccines are designed to focus adaptive immune responses on the major envelope glycoprotein encoded by the inﬂuenza virus, the hemagglutinin (HA). The HA consists of two domains: a variable, but immunodominant, globular head domain, and a more conserved, but immunosubdominant, stalk domain. Due to continuous antigenic drift and periodic antigenic shift of inﬂuenza viruses, these licensed seasonal inﬂuenza virus vaccines (recombinant protein, inactivated, or live-
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attenuated virus formulations) only confer strain-speciﬁc but poor heterologous and heterosubtypic protective immunity of limited duration and therefore need to be reformulated and readministered annually. Current areas of research on inﬂuenza virus vaccines aim to develop novel immunogens and vaccination strategies that improve vaccine immunogenicity, efﬁcacy, and breadth of protection against multiple subtypes or across phylogenetic groups. In particular, targeting the highly conserved HA stalk region has recently been proposed as a promising strategy for designing universal inﬂuenza virus vaccines to induce HA stalk-speciﬁc broadly neutralizing antibodies against various subtypes and confer heterosubtypic protection [1–5]. Recently identiﬁed, broadly neutralizing monoclonal antibodies recognizing HA stalk epitopes, such as CR6261 [6], FI6v3 [7], and CR9114 [8], isolated from human plasma cells, provided broad-spectrum protective immunity against heterosubtypic virus infections. A recent study also demonstrated that stalk-speciﬁc immunity may elicit both neutralizing and non-neutralizing antibodies to support broader protection against heterosubtypic virus infections [5]. Toward this effort, several animal models have been utilized to assess the protective efﬁcacy of these innovative inﬂuenza vaccine candidates and vaccination regimens, including mouse, ferret, swine, and nonhuman primates [9]. Our group recently developed novel universal inﬂuenza vaccines that express chimeric HA (cHA), which are composed of a stalk domain derived from a circulating inﬂuenza virus strain in combination with an “exotic” head domain [10, 11]. By sequential immunization, we demonstrated that cHAs delivered by viral vectors, as inactivated inﬂuenza virus vaccine (IIV) or as recombinant protein vaccine, can selectively boost anti-stalk antibodies against homologous, heterologous, or heterosubtypic inﬂuenza virus infection in mice [12–14] and ferrets [15, 16]. Importantly, HA stalk-speciﬁc antibody responses are also evident in humans following inﬂuenza virus infection or—in special cases—vaccination [13, 17–19]. In this chapter, we describe serological and cellbased immunological assays and procedures to quantify HA stalkspeciﬁc antibody responses induced in ferrets by sequential immunization with inﬂuenza virus vaccines expressing cHAs (Fig. 1). Although this chapter focuses on the adaptive immune responses of the ferret animal model of inﬂuenza [20, 21], the methods described herein can also be adapted to other small animal models of inﬂuenza by using species-tailored antibodies (see Table 1A) [9, 22–27]. After each prime and booster immunization of the cHA vaccination regimens, serum samples from vaccinated animals are examined by hemagglutination inhibition (HI) assays to quantify head-reactive antibodies and by enzyme-linked immunosorbent assay (ELISA) to quantify total and anti-HA stalk-speciﬁc IgG and IgA titers. In particular, ELISAs based on cHA or headless HA constructs [28–30] are instrumental for speciﬁcally quantifying
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Fig. 1 Experimental scheme to analyze inﬂuenza virus hemagglutinin stalk immunity in the ferret model. The sequential immunization regimen for inducing stalk immunity in the ferret model is illustrated. The blood samples, peripheral blood, and mucosal tissue specimens are collected for analysis by serological and immunological assays. Three-dimensional structural models for H1 HA (A/California/04/2009, CA/09) are indicated (PDB ID, 3LZG; made by Xu R and Wilson IA). Chimeric HA were modeled by PyMol software. The hemagglutinin stalk and the globular head from CA/09 are highlighted in blue. The H9 HA globular head is highlighted in navy blue. The H8 globular head is highlighted in purple. The H5 globular head is highlighted in red. The H6 globular head is highlighted in orange



anti-stalk antibody titers. Furthermore, methods are described for the collection of draining lymph nodes and circulating tissues for preparation of single-cell suspensions to further dissect anti-stalk B cell immune responses by ELISpot and ﬂow cytometry assays. These general approaches and protocols will be helpful to identify and evaluate immune responses induced by inﬂuenza virus vaccination and can be also applied to a broad range of distinct animal models and human patients.



2



Materials In the following sections, all materials and reagents needed for performing the immunological assays described herein to study
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Table 1 Immunological reagents for quantification of HA stalk-specific antibody responses A. The species-speciﬁc immunological reagents lists for ELISpot/ELISA Antigen



Speciﬁcity Clonality



Vendor



Isotype



Application



HRP-conjugated goat anti-ferret IgG



Ferret



Polyclonal



BETHYL



IgG (H+L chains)



ELISpot/ ELISA



Unconjugated goat antiferret IgA



Ferret



Polyclonal



BETHYL



IgG



ELISpot/ ELISA



HRP-labeled rabbit anti- Goat goat Ig



Polyclonal



Dako



Ig (Mainly IgG)



HRP-labeled goat antiferret IgG



Ferret



Polyclonal



Alpha Diagnostic International



IgG (γ chain)



ELISA



HRP-labeled goat antiferret IgA



Ferret



Polyclonal



Novus Biologicals



IgA (α chain)



ELISA



AP-labeled anti-mouse IgG



Mouse



Polyclonal



Thermo Fisher Scientiﬁc



IgG (γ chain)



ELISA



HRP-labeled anti-mouse IgG



Mouse



Polyclonal



Thermo Fisher Scientiﬁc



IgG (H+L chains)



ELISA



HRP-labeled anti-mouse IgA



Mouse



Polyclonal



Sigma



IgA (α chain)



ELISA



AP-labeled anti-human IgG



Human



Polyclonal



Thermo Fisher Scientiﬁc



IgG (γ chain)



ELISA



Monoclonal (A909)



Abcam



IgGl



ELISA



HRP-labeled anti-human Human IgA



B. The ferret-speciﬁc immunological reagents lists for Flow cytometry/FACS Antigen



Speciﬁcity Clonality



Vendor



Isotype



Catalog No.



Ferret CD20/ MS4A1 Antibody



Ferret



Monoclonal (071)



Sino Biological



IgG



60004R071



Goat anti-ferret IgM-FITC



Ferret



Polyclonal



LSBio



IgM (μ chain)



LS-C61231



Goat anti-ferret IgA-Biotin



Ferret



polyclonal



LSBio



IgA (α chain)



LS-C61242



humoral immune responses in the ferret model are described. These assays are adapted to study humoral immune responses against the inﬂuenza virus HA stalk that could be induced by immunization with cHA vaccines or natural infection. These materials and reagents could be changed to tailor the immunological assays to other animal models.



Immune Assays to Quantify Hemagglutinin Stalk Antibody Responses



2.1 Hemagglutination Inhibition Assay
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1. Ferret peripheral blood freshly collected in Vacutainer Plus™ silicone-coated glass serum tubes (Becton, Dickinson and Company). 2. Luer-Lok™ access device (Becton, Dickinson and Company). 3. 18 G  1 1/2 in. needles. 4. Receptor-destroying enzyme (RDE) (II) “Seiken” sialidase. 5. BBL™ FTA hemagglutination (HA) buffer (sterilized) (Becton, Dickinson and Company). 6. Phosphate-buffered saline (PBS). 7. V-bottom 96-well plates. 8. 0.5% chicken or turkey red blood cells in HA buffer. 9. Test inﬂuenza virus diluted to 8 hemagglutination units (HAU) per 50 μL. 10. 2.5% sodium citrate solution: 2.5 g sodium citrate dihydrate in 100 mL of double-distilled water (ddH2O). 11. Pipette tips and pipettes (20, 200, and 1000 μL). 12. Single and multichannel pipettes.



2.2 Enzyme-Linked Immunosorbent Assay (ELISA)



1. Flat-bottom Immulon 4 HBX, nonsterile, 96-well plates. 2. β-Propiolactone (BPL). 3. Coating antigens: (a) BPL-inactivated inﬂuenza virus. (b) Recombinant trimeric HA protein [30]. (c) Recombinant trimeric headless HA protein [28, 29]. 4. ELISA coating buffer: 5.3 g sodium carbonate and 4.2 g sodium bicarbonate, in 1 L of ddH2O, pH 9.4. 5. T-PBS: 0.1% Tween-20, 99.9% PBS pH 7.4 (1). 6. Blocking solution: 3% normal goat serum, 0.5% milk powder, 96.5% T-PBS (see above). 7. Goat anti-Ferret IgG (gamma)-HRP-conjugated secondary antibody (Alpha Diagnostic International). 8. Goat anti-Ferret IgA-HRP-conjugated secondary antibody (Novus Biologicals). 9. Water for Injection (WFI) for cell culture. 10. SigmaFast™ o-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich). 11. 3 molar hydrochloric acid (3 M HCl).
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2.3 Preparation of Single-Cell Suspensions from Ferret Lymphoid Tissues, Peripheral Blood, and Bronchoalveolar Lavage (BAL) Fluids



1. Ferret peripheral blood freshly collected in Vacutainer™ plastic blood collection tubes with K2EDTA (Becton, Dickinson and Company). 2. Luer-Lok™ access device (Becton, Dickinson and Company). 3. 18 G  1 1/2 in. needles. 4. 3- and 5-mL syringes with Luer-Lok™ tip (Becton, Dickinson and Company). 5. Disposable surgical absorbent pads. 6. Disposable scalpels. 7. Surgical instruments (surgical scissors, forceps). 8. Histopaque-1077 (Sigma-Aldrich). 9. Tabletop centrifuge and rotor. 10. Biological safety cabinet (BSC), class II; vacuum canister with tubing. 11. 15- and 50-mL polyethylene conical centrifuge tubes. 12. Pipettes/pipette aid, Pasteur pipettes. 13. 10 CTL-Wash media for PBMC puriﬁcation (Cellular Technologies Ltd.). 14. Dulbecco’s phosphate-buffered saline (D-PBS). 15. 70-μm cell strainer, polypropylene, gamma sterilized. 16. 10 red blood cell (RBC) lysis buffer, multispecies (eBioscience). 17. Collagenase, type II. 18. Collagenase, type IV. 19. DNase I, grade II. 20. Enriched RPMI (eRPMI) media for primary cell cultures: RPMI-1640 media (with L-glutamine) supplemented with heat-inactivated 10% (v/v) certiﬁed fetal bovine serum, 10 mM HEPES, 1 penicillin/streptomycin (P/S). 21. Complete RPMI (cRPMI) media for general leukocyte primary cultures: RPMI-1640 media (with L-glutamine) supplemented with 10% certiﬁed HI-FBS, 0.1-mM MEM nonessential amino acid, 1-mM sodium pyruvate, 10-mM HEPES, 1 P/S, 50-μM (2-mercaptoethanol, β-ME). 22. 100  15 mm petri dishes and 6-well plates. 23. 0.4% trypan blue solution. 24. Hemocytometer with glass coverslip or automated cell counter, e.g., Countess II automated cell counter (Thermo Fisher Scientiﬁc).
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1. Sterile, MultiScreen-IP ﬁlter plate, 96-well, 0.45-μm pore size, hydrophobic PVDF membrane. 2. Coating buffer, composed of D-PBS, without Ca2+ or Mg2+, sterile. 3. BPL. 4. Coating antigens: (a) BPL-inactivated inﬂuenza virus. (b) Recombinant trimeric HA protein [27]. (c) Recombinant trimeric headless HA protein [25, 26]. 5. Ultracentrifuge with SW28 rotor (Beckman). 6. Ultracentrifuge SW28 tubes. 7. Calcium borate saline (CBS) buffer: dissolve 8.5-g sodium chloride, 1-g calcium chloride, 0.05-g sodium borate, 1.2-g of boric acid (H3BO3) to 1-L ddH2O. 8. PBST wash buffer: PBS, 0.05% Tween-20. 9. Blocking and cell dilution media: cRPMI media, the recipe is as described in Subheading 2.3. 10. Freshly isolated ferret PBMC/splenocytes/lymph nodes/ BALF single-cell suspensions. 11. Blocking buffer: D-PBS, 1% nonfat milk. 12. Detection antibodies: (a) IgG: HRP-conjugated goat anti-ferret IgG (H + L) (Bethyl) [31]. (b) IgA: unconjugated goat anti-ferret IgA (Bethyl) and HRP-labeled rabbit anti-goat Ig (Dako) [31]. 13. Ready-to-use tetramethylbenzidine (TMB) substrate for ELISpot. 14. Pipette tips and pipettes (2, 20, 200, and 1000 μL). 15. Single and multichannel pipettes. 16. ImmunoSpot plate reader.



2.5 Flow Cytometry Assays



1. 96-well V-bottom microtiter plate. 2. Flow cytometry (FC) staining buffer: D-PBS, 2% certiﬁed HI-FBS, 0.01% NaN3. 3. LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientiﬁc). 4. Primary and secondary antibodies used for leukocyte identiﬁcation (see Table 1B). 5. Intracellular Fixation (eBioscience).



and
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6. LSR II ﬂow cytometry instrument, with 488-, 633-, and 405-nm lasers (Becton, Dickinson and Company Bioscience). 7. FC/FACS acquisition software (i.e., FACS Diva). 8. Flow analysis software (i.e., FCS Express 6 software). 9. Pipette tips and pipettes (2, 20, 200, and 1000 μL). 10. Single and multichannel pipettes. 11. 5-mL polystyrene round-bottom tube with cell strainer cap.



3



Methods All procedures involving infectious inﬂuenza virus or preparations of single-cell suspensions should be performed within a biosafety cabinet under sterile conditions.



3.1 Hemagglutination Inhibition Assay



Treatment of serum samples or monoclonal antibodies with “Seiken” RDE: 1. Reconstitute each vial of “Seiken” RDE needed for the assays with 20 mL of PBS. 2. Add 1 volume of serum sample to 3 volumes of “Seiken” RDE. 3. Incubate the serum samples overnight (12–18 h) in a 37  C water bath. 4. Add 3 volumes (based on original serum volume) of 2.5% sodium citrate solution to each serum sample. 5. Heat the serum samples at 56  C for 30 min. 6. Add 3 volumes (based on original serum volume) of PBS to achieve a starting dilution of 1:10 for each serum sample. The above procedure will usually eliminate all nonspeciﬁc inhibitors to which current inﬂuenza virus strains are sensitive.



3.1.1 Preparation of Inﬂuenza Virus



1. If the HA titer of the inﬂuenza virus stock(s) is not known, then determine the units of hemagglutination activity (HAU per 50 μL) of each inﬂuenza virus to be tested by standard hemagglutination (HA) assay. 2. Once the HAU of each inﬂuenza virus stock is determined, dilute each inﬂuenza virus stock to 8 HAU per 50 μL with HA buffer. 3. Complete the following equation to calculate the volume of virus required:
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(a) (c1)  (volume 1) ¼ (c2)  (volume 2). (b) c1 ¼ ﬁnal virus titer of 8 HAU/50 μL. (c) Volume 1 ¼ ﬁnal virus volume (in mL). (d) c2 ¼ starting virus titer in HAU/50 μL. (e) Volume 2 ¼ starting virus volume (in mL) of original virus stock required. 3.1.2 Preparation of 0.5% (Turkey or Chicken) Red Blood Cells (RBCs)



1. Turkey or chicken RBCs are provided in anticoagulant buffer (e.g., Alsever’s solution). The anticoagulation solution should be removed prior to the use of RBCs in HI assays. 2. Determine the hematocrit (RBC percentage) of the commercial RBC preparation. 3. Determine the amount of RBCs required to prepare a 50-mL suspension of 0.5% RBCs. 4. Add the required amount of RBCs to 5 mL of HA buffer, and pellet the RBCs by centrifugation using a microcentrifuge at 1200 rpm (290  g) for 5 min. 5. Remove the diluted anticoagulation buffer, and resuspend the pelleted RBCs in 50 mL of HA buffer. To prepare for an HI assay, the amount of RBC solution, antigen, and antisera required for the assay can be calculated in advance. The HI assay is performed in V-bottom 96-well plates. The ﬁnal reaction volume per well is 50 μL per well. Initially, each serum sample is diluted twofold 11 times such that the initial maximal reciprocal HI titer that can be determined is 2048 (Fig. 2). For each serum sample to be tested (one row with 12 dilutions), the following will be required: 1. 50 μL of RDE-treated serum. 2. 275 μL of HA buffer. 3. 300 μL of virus diluted to 8 HAU/50 μL. 4. 600 μL of 0.5% RBC.



3.2 Performing the Hemagglutination Inhibition (HI) Assay



Prepare twofold dilutions of the RDE-treated serum with HA buffer in V-bottom 96-well plate(s). The following directions describe the preparation of one serum sample (Fig. 2):



3.2.1 Prepare Twofold Dilutions of Each RDE-Treated Serum Sample



1. From the second to twelfth wells of row A (wells A2–A12), add 25 μL of HA buffer. 2. To the ﬁrst well of row A (well A1), add 50 μL of RDE-treated serum. 3. Transfer 25 μL of the diluted serum from well A1 to well A2.
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Fig. 2 Illustration of the hemagglutination inhibition (HI) assay. The layout for a 96-well V-bottom assay plate is illustrated. (a) The dilution series and corresponding HI titer are indicated at the bottom of the plate layout. (b) A representative HI assay plate is illustrated that indicates the HI titer for each sample to the right of the plate layout
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4. Mix the serum and HA buffer by repeated pipetting up to ten times. 5. Transfer 25 μL of the diluted serum from well A2 to well A3. 6. Repeat steps 4 and 5 until the last well (well A12). After mixing the last twofold dilution (well A12), discard 25 μL of the diluted serum. Designate one row of wells as controls that contains only HA buffer without any serum. 3.2.2 Virus Neutralization



1. To each well (wells A1–A12), add 25 μL of the inﬂuenza virus diluted to 8 HAU/50 μL. 2. The ﬁnal volume should be 50 μL per well. 3. Gently agitate the contents of each well by either repeat pipetting, by sliding the bottom of the plate across your ﬁngertips, or by tapping the sides of the plate. 4. Incubate the plate at room temperature for 30 min.



3.2.3 Hemagglutination of RBCs



1. To each well, add 50 μL of the 0.5% suspension of RBCs. 2. Gently agitate the contents of each well by either repeat pipetting, by sliding the bottom of the plate across your ﬁngertips, or by tapping the sides of the plate. 3. Incubate the plate at 4  C or on ice for a minimum of 45 min. The RBCs and virus/serum mix should incubate until the RBCs in the control wells that contain only HA buffer form buttons at the bottom of the wells. If the inﬂuenza virus has not been neutralized by the serum, then the virus will hemagglutinate the RBCs. 4. The HI titer is determined by identifying the last well in which the RBCs form a button and hemagglutination does not occur. The reciprocal value of this corresponding dilution is the HI titer. The reciprocal value should be multiplied by a factor of 10 to correct for the 1:10 dilution of the serum sample as a result of the “Seiken” RDE treatment.



3.3 Enzyme-Linked Immunosorbent Assay (ELISA) 3.3.1 Preparation of ELISA Plates 3.3.2 Sample Preparation and Analysis



Coat each 96-well Immulon 4 HBX assay plate with 50 μL per well of antigen diluted in ELISA coating buffer to a concentration of 2 μg/mL (recombinant trimeric HA protein) or 4 μg/mL (inactivated virus preparation), and refrigerate at 4  C overnight.



1. Discard coating solution. 2. Wash each plate 3 with 250 μL of T-PBS per well. 3. Add 250 μL of blocking solution to each well, and incubate each plate for 1 h at room temperature.
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4. Dilute serum samples 1:5 in PBS (10 μL of diluted serum will be added for the assay, which corresponds to 2 μL of original serum) (see Note 1). 5. Remove the blocking solution, and add 100 μL of blocking solution to each well for serial dilutions. Add an extra 90 μL to the ﬁrst column of wells. 6. Add 10 μL of diluted serum to the ﬁrst well of the ﬁrst column (results in a 1:100 dilution in the ﬁrst well). 7. Mix the ﬁrst row by pipetting up and down (> eight times). 8. Change tips and transfer 100 μL from the ﬁrst well to the second well. 9. Repeat steps 6 and 7 from columns 3 to 11. 10. Discard the last 100 μL from column 11. Column 12 is to be left blank. 11. Incubate each plate for 2 h at room temperature. 12. Wash each plate 3 with 250 μL of T-PBS per well. 13. Add 50 μL of goat anti-ferret IgG or IgA diluted 1:3000 in blocking solution to each well, and incubate for 1 h at room temperature. Do not let pipet tips touch the plates when applying secondary antibody. Apply antibody in the middle of the well holding the pipet straight down; do not let the drop of antibody adhere to the side of the well. 14. Wash 3 with 250 μL of T-PBS per well. 15. For 20 mL of SigmaFast™ OPD (enough for developing two plates), mix one tablet of SigmaFast™ buffer and one tablet of SigmaFast™ OPD each in 20 mL of water for injection; shake until tablets are completely dissolved. 16. Add 100 μL of SigmaFast™ OPD to each well. 17. After 10 min add 50 μL of 3 M HCl to each well. 18. Read ELISA plates at an absorbance of 490 nm. 19. Conﬁrm that blanks are below a previously set threshold (see Note 2). 20. The endpoint titers are deﬁned as the last dilution in which the signal exceeds the average signal of blank wells plus three standard deviations.
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1. Blood from vaccinated or naı¨ve ferrets should be drawn into K2EDTA tubes (see Note 3). 2. Add 20 mL of Histopaque-1077 to the bottom of a 50-mL conical tube. 3. Gently and slowly transfer 20 mL of peripheral blood (without dilution) onto the Histopaque-1077 (see Note 4). 4. Centrifuge the 50-mL conical tubes at 400  g for 30 min at room temperature (lowest acceleration rate and no brake). 5. Carefully aspirate the upper layer using a clean Pasteur pipette, but leave the leukocyte layer (buffy coat) undisturbed at the interface. 6. Carefully transfer the leukocyte interface from each tube with a 5-mL serological pipette to a labeled 50-mL conical tube containing 20 mL of 1 CTL-Wash buffer (see Note 5). 7. Add additional 1 CTL-Wash buffer to a ﬁnal volume of 40–50 mL. 8. Pellet the leukocytes by centrifuging at 250  g for 10 min (maximum acceleration and brake) at room temperature. 9. Repeat step 8 to separate the leukocytes from any remaining platelets and Histopaque-1077. 10. To eliminate contaminating RBCs: (a) Add 2–5 mL 1 RBC lysis buffer to the leukocytes. (b) Incubate at room temperature for 3–5 min (depending on the amount of RBCs). (c) Add tenfold volume of 1 CTL-Wash buffer to quench RBC lysis. (d) Pellet the puriﬁed leukocytes by centrifuging at 250  g for 5 min at room temperature. (e) Carefully aspirate off the supernatant, and resuspend the leukocytes in 10–15 mL of cRPMI media. 11. Count the leukocytes using an automated cell counter. 12. Proceed with the desired immunological assay, or cryopreserve the puriﬁed leukocytes for future use (see Note 6).



3.4.2 Isolation of Secondary Lymphoid Tissues (Spleen and Lymph Nodes)



1. The spleen and lymph nodes from the upper and lower respiratory tract should be isolated by sterile technique during necropsy (see Note 7) and stored in 15- or 50-mL conical tubes containing cRPMI media. 2. Spleen and lymph node tissues are transferred to a sterile 10-cm petri dish and a 6-well plate, respectively, for tissue dissociation (see Note 8).
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3. After tissue dissociation, the cells dissociated from the tissue are ﬁltered through a sterile 70-μm cell strainer into a sterile 50-mL conical tube. 4. Mince the remaining tissue on the top of ﬁlter with a syringe plunger. 5. Wash the strainer with 5 mL of eRPMI media. 6. Repeat steps 4 and 5 to ensure maximal dissociation of cells from the minced tissue sample. 7. Pellet the cells by centrifugation at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at room temperature. 8. Aspirate the supernatant, and resuspend the cells in 1 RBC lysis buffer to remove contaminating RBCs (see Note 9). 9. Use a ﬁvefold volume of eRPMI media to quench the lysis reaction. 10. Pellet the cells by centrifugation at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at room temperature. 11. Carefully aspirate the supernatant, and resuspend the cells in cRPMI media. 12. Count the single-cell suspension of leukocytes with an automated cell counter. 13. Proceed with the desired immunological assay, or cryopreserve the puriﬁed leukocytes for future use (see Note 6). 3.4.3 Puriﬁcation of Single-Cell Suspensions from Ferret Bronchoalveolar Lavage (BAL)



1. Bronchoalveolar lavage (BAL) can be obtained from a heavily anesthetized ferret or during necropsy if additional lymphoid tissue specimens will be isolated. 2. If BAL is collected during necropsy, perforate the diaphragm and/or remove the ribcage to allow inﬂation of the lung lobes. 3. Transect the trachea proximal to the larynx with sterile scissors. 4. Use a 10-mL serological pipette to ﬂush the lower respiratory tract with 10 mL of D-PBS (alternate delivery and suction ﬂush the lung lobes). 5. Repeat step 4 three times. 6. Pellet the BAL cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at room temperature. 7. Carefully aspirate the supernatant. 8. If the lymphocytes are contaminated with RBCs, then resuspend the cells with 1–2 mL of 1 RBC lysis buffer, and incubate for 2 min to lyse the contaminating RBCs. 9. Use a ﬁvefold volume of eRPMI media to quench the lysis reaction.
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10. Pellet the cells by centrifugation at 1500 rpm (or 300  g) for 5 min at room temperature. 11. Carefully aspirate the supernatant, and resuspend the cells in 10 mL of cRPMI media. 12. Count the single-cell suspension of leukocytes with an automated cell counter. 13. Proceed with the desired immunological assay, or cryopreserve the puriﬁed lymphocytes for future use (see Note 6). 3.5 Quantifying Immunoglobulin Responses by ELISpot Assay



ELISpot assays are designed to enumerate the total number of inﬂuenza-speciﬁc or HA stalk-speciﬁc ferret IgG or IgA antibodysecreting B cells (ASC) that are reactive to inactivated virus or recombinant HA/NA protein. These ELISpot assays could be applied to ferret immune cells isolated from whole blood (PBMC), BAL, or lymphoid tissues. All of the following procedures should be performed within a biosafety cabinet using sterile technique until detection antibodies are added to assay plates. (Also refer to Chapter 24 of this book.)



3.5.1 IgG-Secreting B Cells



Day 1 1. Using a multichannel pipette, add 100 μL of coating buffer per well of each MultiScreen-IP ﬁlter plate to wet the PVDF ﬁlters. 2. Discard the coating buffer just prior to coating each plate. 3. Using a multichannel pipette, coat each well with antigen diluted in 100 μL of coating buffer: (a) 1250 HAU/mL of BPL-inactivated virus (see Note 10). (b) 5 μg/mL of recombinant wild type or chimeric HA. (c) 5 μg/mL of recombinant “headless” HA. 4. Store each plate at 4  C overnight or incubate at room temperature for at least 4 h. Day 2 1. Discard the coating buffer/antigen from each ELISpot plate by ﬂicking each plate into a waste container and blotting onto an absorbent towel. 2. Wash each plate with blocking media (i.e., cRPMI), and ﬂick out the residual volume just before blocking. 3. Block each plate by adding 200 μL/well of blocking media using a multichannel pipette (do not let plate dry out). 4. Replace the cover on each plate, and incubate in a 37  C incubator under 5% CO2 for at least 1 h. Plates can be incubated for longer duration while preparing cells.
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5. Prepare single-cell suspension samples as described above in Subheading 3.3. 6. Discard the blocking media from each ELISpot plate by ﬂicking each plate into a sterile waste container and blotting onto an absorbent towel. 7. To the appropriate well(s), add freshly puriﬁed single-cell suspensions or thawed primary cell cultures (105–6 cells per well; see Note 11) in cRPMI. 8. Incubate each inoculated plate for 20 h in a 37  C incubator under 5% CO2. The incubator must be level and the plates not disturbed to minimize formation of distorted spots. Day 3 1. Prepare HRP-conjugated goat anti-ferret IgG detection antibody diluted 1:2000 in blocking buffer. The detection antibody solutions should be immediately prepared prior to use. 2. Remove the cRPMI media from each ELISpot plate: (a) Discard the media by aspiration. (b) Store the cRPMI media from each sample for further analysis by ELISA. 3. Wash each plate 3 with PBST wash buffer. 4. Flick off residual volumes, and blot each plate onto a paper towel prior to adding detection antibodies. 5. Add 100 μL of HRP-conjugated goat anti-ferret IgG detection antibody (Table 1A) to each well. 6. Incubate each plate at room temperature for 1 h. 7. Remove the detection antibody buffer, and wash each plate 3 with PBST and then 2 with PBS. 8. Flick off residual volumes, and blot each plate onto a paper towel prior to adding the substrate. Do not let the wells completely dry. 9. Develop the plate by adding 100 μL/well of freshly prepared TMB substrate. 10. Incubate each plate for 5–20 min in the dark. The length of time depends on the color development of the negative control and intensity of spots for the positive control(s). 11. Stop the substrate reaction by rinsing the wells with 200 μL of ddH2O per well. 12. Repeat step 11 three to ﬁve times to completely remove the remaining substrate. 13. Tear the plastic holder on the bottom of the ELISpot plate, and place it upside down on the desktop for air-drying in the dark (i.e., in a closed drawer) overnight. Spots will become more
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visible when the plate is completely dry. Wrap the dried plate (s) in foil or keep in the dark until the spots can be counted. 14. Count and record the number of spots for each well with an ImmunoSpot plate reader (e.g., Cellular Technology Ltd), and determine the number of blue spots corresponding to IgG-secreting cells. 3.5.2 IgA-Secreting B Cells



Day 1 1. The MultiScreen-IP ﬁlter plate should be prepared as described in Subheading 3.5.1, Day 1. Day 2 1. The steps and procedure of removal of the coating antigens, plate washing and plate blocking are as described in Subheading 3.5.1, Day 2, steps 1–6. 2. To the appropriate well(s), add freshly puriﬁed single-cell suspensions or thawed primary cell cultures (105–6 cells per well; see Note 11) in cRPMI. 3. Incubate each inoculated plate for 48 h in a 37  C incubator under 5% CO2 (see Note 12). Day 4 1. Prepare goat anti-ferret IgA detection antibody (Table 1A) diluted 1:1000 in ﬁltered D-PBS with 0.5% HI-FBS (detection antibody) (see Note 13). 2. Remove the cRPMI media from each ELISpot plate: (a) Discard the media by aspiration. (b) Store the cRPMI media from each sample for further analysis by ELISA. 3. Wash each plate 3 with PBST wash buffer. 4. Flick off residual volumes and blot each plate onto a paper towel prior to adding detection antibodies. 5. Add 100 μL of goat anti-ferret IgA detection antibody (1:1000) to each well. 6. Transfer each plate to a refrigerator for overnight incubation. Day 5 1. Freshly prepare HRP-conjugated rabbit anti-goat Ig (detection antibody) (Table 1A) diluted 1:2000 in ﬁltered D-PBS with 0.5% HI-FBS prior to use. 2. Remove the detection antibody buffer and wash each plate 5 with PBST.
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3. Flick off residual volumes, and blot each plate onto a paper towel prior to adding the substrate. Do not let the wells dry completely. 4. Add 100 μL of HRP-conjugated rabbit anti-goat Ig (1:2000) to each well. 5. Incubate each plate at 37  C for 1 h. 6. Remove the detection antibody buffer, and wash each plate 3 with PBST and then 2 with PBS. 7. Flick off residual volumes, and blot each plate onto a paper towel prior to adding the substrate. Do not let the wells dry completely. 8. Develop the plate by adding 100 μL/well of freshly prepared TMB substrate. 9. Incubate each plate for 10–20 min in the dark (see Note 14). 10. Stop the substrate reaction by rinsing the wells with 200 μL of ddH2O per well. 11. Repeat step 10 three to ﬁve times to completely remove the remaining substrate. 12. Tear the plastic holder on the bottom of the ELISpot plate, and place it upside down on the desktop for air-drying in the dark (i.e., in a closed drawer) overnight. Spots will become more visible when the plate is completely dry. Wrap the dried plate (s) in foil or keep in the dark until the spots can be counted. 13. Count and record the number of spots for each well with an ImmunoSpot plate reader (e.g., Cellular Technology Ltd), and determine the number of blue spots corresponding to IgA-secreting cells. 3.6 Flow Cytometry Analyses



3.6.1 Staining of Surface Markers



All of the following procedures should be performed within a biosafety cabinet using sterile technique. The reagents should be protected from direct light while performing the staining steps. 1. Transfer 0.5–1 million freshly puriﬁed single-cell suspensions, or thaw primary cell cultures from different lymphoid tissues (see Note 11) to each well of a 96-well V-bottom microtiter plate. 2. Wash cells 2 with sterile D-PBS (200 μL/well). 3. Pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 4. Resuspend each cell pellet in 15–20 μL of LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, and incubate the cells for 20–25 min at 4  C, protected from light.
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5. Pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 6. Wash the pelleted cells 2 with 200 μL of FC staining buffer per well prior to additional staining of surface antigens. 7. Pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 8. Resuspend the cells in 50 μL/well of an antibody cocktail solution (e.g., CD20, IgA, and IgM), ﬂuorescence minus one (FMO), or single stain solutions for compensation. All antibody solutions should be freshly prepared and diluted in FC buffer (Table 1B and Note 15). 9. Incubate the cells for 30 min at 4  C, protected from light. 10. For biotin-conjugated antibodies: (a) Wash the cells with 200 μL of FC staining buffer per well. (b) Stain the cells with ﬂuorescence-conjugated detection antibodies (50 μL/well) for another 30 min at 4  C, protected from light. For ﬂuorescence-conjugated detection antibodies, directly proceed to step 11. 11. Wash cells with 200 μL/well of FC staining buffer. 12. Resuspend the single-cell suspensions in 300–400 μL of FC staining buffer, and immediately perform ﬂow cytometry acquisition. 3.6.2 Intracellular Staining (ICS)



The following protocol is applicable to quantify cellular responses based on staining of intracellular antigens. Although speciﬁc staining protocols are described, it is possible to simultaneously stain intracellular antigens and surface markers. 1. As appropriate, surface marker antigens can be stained as described in Subheading 3.6.1 steps 1–10. 2. After staining of surface markers (e.g., CD20), pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 3. Wash the cells with 200 μL of FC staining buffer. 4. Pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 5. Remove the FC staining buffer, and add 100 μL/well of ICS ﬁxation buffer, and incubate for 20 min at 4  C for cell ﬁxation. 6. Remove the ﬁxation buffer, and wash cells with 200 μL/well of permeabilization buffer to permeabilize the cellular membranes, thereby allowing the ICS antibodies to enter the cells effectively.
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7. Add 50 μL/well of the antibody (i.e., IgA) diluted 1:100 in permeabilization buffer for intracellular staining. 8. Incubate the permeabilized cells for 30 min at 4  C, protected from light. 9. If the cells are stained with a biotin-conjugated antibody, wash the cells with 200 μL/well of permeabilization buffer, and stain with ﬂuorescence-conjugated secondary antibody (50 μL/ well) for 30 min at 4  C, protected from light. Otherwise, proceed to step 10. 10. Sequentially wash the cells with 200 μL/well of permeabilization buffer and then 200 μL/well of FC staining buffer. 11. Pellet the cells by centrifuging at 1500 rpm in a microcentrifuge (or 300  g) for 5 min at 4  C. 12. Resuspend the single-cell suspensions in 300–400 μL of FC staining buffer, and immediately analyze by ﬂow cytometry. 3.7 Summary and Perspectives



Naturally acquired infection or inﬂuenza virus immunization with licensed inﬂuenza vaccine induces humoral and cellular immunity that reduce, if not prevent, clinical disease upon subsequent infection by an antigenically similar virus. The HA glycoprotein’s function is in attachment and entry of virions into target cells. These functions are mediated by two distinct domains: the immunodominant globular head domain which mediates receptor binding and the immunosubdominant stalk domain which mediates fusion of viral and cellular membranes. The globular head is the main target of neutralizing antibody responses; however, these antibody responses are restricted to antigenically similar HA. Contrary to this narrow, subtype-speciﬁc humoral immunity, antibody responses against the stalk domain of the HA can confer broad subtype-independent immunity to inﬂuenza viruses. In recognition of the potential of stalk-focused immune responses to provide broad protection from inﬂuenza, there is increasing interest in examining the levels of stalk-speciﬁc immunity, especially in humans, following infection or immunization. In addition, novel vaccines are being developed to focus immunity toward the conserved, but immunosubdominant, stalk region of the HA. Collectively, the procedures described herein allow quantiﬁcation of B and T cell responses of ferrets following inﬂuenza virus infection or immunization, with a speciﬁc focus on the inﬂuenza virus HA stalk region. The procedures include immunological reagents (i.e., monoclonal antibodies, peptides, etc.) that are amendable to the ferret model of inﬂuenza and allow quantiﬁcation of the total humoral and cellular immune responses to the HA as well as immune responses that are speciﬁc for the stalk region. As the ferret model of inﬂuenza becomes more developed or new disease models are established with ferrets, additional antibodies
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to ferret antigens/cell surface markers will likely be developed that will improve upon the immunological assays to study the adaptive immunity of ferrets. Collectively, the immunological assays described herein are critical for examining HA stalk-speciﬁc immune responses and may potentially identify new correlates of protection against inﬂuenza virus infection.
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Notes 1. Never pipet less than 5 μL; instead increase total volumes if necessary (i.e., for a single sample, dilute 5 μL of serum in 20 μL of PBS). 2. ELISA: If control samples are available, add 10 μL of a low positive control serum to the ﬁrst well of row 7 and 10 μL of a high positive control serum to the ﬁrst well of row 8. The controls are within the set % CV range. If the plate does not fulﬁll all three criteria, it has to be discarded, and the assay needs to be repeated. 3. All experimental manipulations with ferrets should adhere to policies deﬁning the institutional animal care and use program. Ferrets should be anesthetized (i.e., intramuscular injection of 30 mg/kg of ketamine and 3 mg/kg of xylazine) prior to experimental manipulations. Blood from vaccinated or naı¨ve ferrets should be drawn into K2EDTA tubes by intracardiac puncture with an 18 G  1 1/2 in. needle connected to a LuerLok access device. The average yield of peripheral blood obtained from ferrets by the cardiac blood-draw method is 35–50 mL per ferret, depending on the size of the ferret and individual proﬁciency. 4. To purify leukocytes from whole blood, an equal volume of undiluted peripheral blood should be gently layered onto pre-warmed (at room temperature) Histopaque-1077. Peripheral blood from multiple K2EDTA tubes drawn from the same animal can be pooled together. The efﬁciency of the layering technique can be controlled by setting the pipette aid to slow or medium setting. 5. After centrifugation, three separated layers are observed, including a top layer of plasma, a middle layer of leukocytes (buffy coat), and a bottom layer of pelleted RBCs mixed with Histopaque-1077. The entire layer of leukocytes at the plasma/histopaque interface should be carefully collected to minimize the amount of contaminating Histopaque-1077. Freshly prepare 1 CTL-Wash buffer prior to use: dilute the one part of 10 CTL-Wash media with nine parts of RPMI1640 media.
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6. If the puriﬁed leukocytes are not immediately assayed, then the PBMC or leukocyte isolated from ferret tissues should be resuspended in 90% FBS and 10% DMSO at a density of 1.5 million cells per vial and cryopreserved at 80  C for future use. 7. Prior to euthanasia, ferrets should be exsanguinated by intracardiac puncture to collect whole blood, prepare sera, or prepare the animal carcass for necropsy. Following euthanasia, hair should be removed from the carcass by hair clippers to prevent potential contamination of tissue samples collected during necropsy. 8. Two different strategies, mechanical disruption and enzymatic dissociation, could be applied to prepare single-cell suspensions from tissue samples. For the enzymatic dissociation strategy, prepare freshly the enzymatic digestion buffer: 49 mL of RPMI, 5% HI-FBS, 10 mM HEPES, 1 P/S, 1 mg/mL of collagenase (type II or IV), and 30 μg/mL of DNase I. Digest the trachea and lung lobe in 5 and 6 mL, respectively, of digestion media (type II collagenase) for 45 min at 37  C. Digest the lymph nodes from upper and lower respiratory tracts in 5 mL of digestion media (type IV collagenase) for 30 min at 37  C. Alternatively, a mechanical approach could be applied to dissociate the tissue samples. First mince the spleen or lymph node tissues with surgical scissors and forceps. Then, crush the minced tissue samples with the rubber end of a 3- or 1-mL syringe plunger. Next, liberate the cells and resuspend them in eRPMI media (as described in Subheading 2.3), and collect into conical tubes. Repeat the process as many times as necessary to process any remaining minced tissue to obtain the maximum yield of cells from each tissue sample. 9. For RBC lysis, treat different tissues with different amounts of RBC lysis buffer for different lengths of time (lymph nodes, 1–2 mL for 2 min; lung, 5 mL/lobe for 5 min; trachea, 2 mL for 2 min; spleen, 25–30 mL for 5 min). Each RBC lysis reaction should not exceed 5 min. However, the RBC lysis step can be repeated if the ﬁrst RBC lysis reaction is inadequate. 10. To prepare coating antigens, inﬂuenza viruses should ideally be propagated in 8–10-day-old embryonated chicken eggs. Puriﬁed inﬂuenza virions are then inactivated with 0.1% BPL for 24 h at room temperature. The inactivated virions are then pelleted in SW28 tubes at 25,000 rpm (82,705  g) for 1.5 h at 4  C for puriﬁcation. The supernatant is then carefully aspirated and pelleted virions resuspended in 1 CBS buffer (600 μL per SW28 tube). The resuspended virions are then puriﬁed on a sucrose cushion created by adding 8.1 mL of
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30% sucrose diluted in 1 CBS buffer to the bottom of each SW28 tube. The pooled suspension of inactivated virions (should not exceed 27 mL) is then slowly layered on the top of 30% sucrose. The virions are then pelleted through the sucrose cushion by centrifugation at 25,000 rpm (82,705  g) for 1.5 h at 4  C. The supernatant is then carefully removed taking care to remove any particulates, especially around the sides of the tube. The pelleted virions should be resuspended in CBS buffer, and aliquots of the inactivated virions can be stored on a freezer at 80  C for future use. 11. Thaw the cells from each frozen cryovial stock (see Note 4) by placing each cryovial into a 37  C water bath for 2–3 min; conﬁrm the cells are completely thawed. Transfer the cells into a 15-mL conical tube, and slowly add 5 mL of complete RPMI media to dilute the DMSO. Immediately centrifuge the cells at 1200 rpm in a microcentrifuge (290  g) for 5 min at 4  C. Carefully aspirate the supernatant, and resuspend the cells in an appropriate volume. 12. The incubator must be level and the plates not disturbed to minimize formation of distorted spots. 13. The detection antibody solutions should be immediately prepared prior to use. 14. The length of time depends on the color development of the negative control and intensity of spots for the positive control (s). 15. In general, prepare antibody dilutions according to manufacturer’s instructions, and test and optimize empirically. The antibodies (e.g., CD20, IgA, or IgM) discussed in this chapter were diluted 1:100 with FC buffer. Cells were then labeled by adding 50 μL of a diluted cocktail of antibodies to each well (ﬁnal concentration approximately 0.1–0.5-μg antibody per test).
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Chapter 24 Analyses of Cellular Immune Responses in Ferrets Following Inﬂuenza Virus Infection Anthony T. DiPiazza, Katherine A. Richards, Wen-Chun Liu, Randy A. Albrecht, and Andrea J. Sant Abstract Ferrets are an ideal animal model in which to study the transmission of respiratory viruses as well as disease progression and vaccine efﬁcacy because of their close anatomical and physiological resemblances to humans. However, a paucity of reagents and standardized procedures has hampered research progress, especially for studying cell-mediated immunity. The approaches described here—leukocyte isolation from whole blood and secondary lymphoid tissues—are generalizable, highly reproducible, and deliver single cell suspensions with excellent cell viability. Importantly, we have now developed assays to quantify key cellular components and antigen-speciﬁc T cell responses at the single cell level from multiple tissue compartments following inﬂuenza infection in ferrets. Collectively, these methods were instrumental in ﬂow cytometry studies that revealed alterations in immune cell composition and distribution across lymphoid tissues following viral infection. Furthermore, sorting of T cell populations and peptide restimulation ex vivo in cytokine ELISpot assays has provided novel insight into the inﬂuenza-speciﬁc CD4 and CD8 T cell repertoire. The detailed procedures for these techniques are described in this chapter and can likely be adapted for the analyses of responses to many respiratory pathogens. Key words Ferret, Cytokines, ELISpot, Flow cytometry
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Introduction Domestic ferrets (Mustela putorius furo) represent an ideal animal model for the study of the many aspects of disease pathogenesis and immunity [1–4]. However, a lack of reagents and standardized procedures has made the study of cell-mediated immunity challenging. This is especially important to resolve because of the many protective functions conveyed by distinct cell types, including T cells, in the host response to inﬂuenza virus infection [5–7]. Although some approaches, including gene expression [8–10] and immunohistochemistry [8, 11] have provided insight into the cell-mediated response, they have been unable to provide single cell resolution and isolation of T cells for use in downstream
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applications. Moreover, while ﬂow cytometry and cytokine ELISpot techniques have been used to study ferret immunity in the context of inﬂuenza infection and vaccination [12–14], they have been limited in number, did not assess cellular responses in secondary lymphoid tissues, and did not separate antigen-speciﬁc responses between T cell populations (i.e., CD4 vs. CD8). The methods described here for tissue preparation, ﬂow cytometry, and cytokine ELISpot assays enable the study of cellmediated adaptive responses at a much deeper level than was previously possible. Using a ferret model of inﬂuenza A/California/04/ 09 (H1N1) infection, we have validated the speciﬁcity and reproducibility of a panel of antibodies used to resolve key cellular players of the immune system, including CD4 and CD8 T cells, immunoglobulin (Ig)-positive B cells, CD11b-positive myeloid-derived cells, and major histocompatibility complex (MHC) class II-positive antigen-presenting cells. This work revealed alterations in the cell composition and distribution of leukocytes pre- and post-infection. Furthermore, staining of single cell suspensions, coupled with ﬂuorescence-activated cell sorting (FACS) and IFN-γ ELISpot assays, allowed characterization and quantiﬁcation of antigen-speciﬁc CD4 and CD8 T cell responses to multiple viral proteins and tissue compartments following infection [15]. Reproducible and quantitative results gained from immunoassays such as ﬂow cytometry and cytokine ELISpots rely on fast, simple, and reliable methods for tissue isolation and preparation of single cell suspensions that maintain good cell viability and cell components that accurately reﬂect conditions in vivo. Therefore, our methods for tissue processing and sample preparation are included in this chapter to accompany our protocols for analytical ﬂow cytometry, cell sorting, and cytokine ELISpots. Taken together, knowledge gained through the use of the ferret model in combination with the tools and techniques described here and elsewhere [16–19] have the potential to reveal key molecular and cellular signatures associated with microbial evolution, mechanisms of vaccine-induced protection, and transmission for a variety of respiratory pathogens.



2



Materials



2.1 Preparation of Single Cell Suspensions from Ferret Tissues



1. Vacutainer Plus™ EDTA (K2) collection tubes (purple top) (Becton, Dickinson and Company). 2. Vacutainer Plus™ Glass Serum Tubes (Becton, Dickinson and Company). 3. Hanks buffered salt solution (HBSS). 4. Ficoll-Paque Plus (GE Healthcare). 5. Centrifuge and rotor.
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6. 40–70 μm nylon mesh ﬁlters. 7. Primary culture media: Dulbecco’s modiﬁed Eagle medium (DMEM) (Gibco), 1% penicillin-streptomycin-gentamicin, 10% (v/v) heat-inactivated (HI) fetal bovine serum (FBS). 8. Red blood cell (RBC) lysis buffer (multi-species; Affymetrix eBioscience). 9. 50 mL polypropylene Falcon-type conical tubes. 10. 100  15 mm style cell culture dishes. 11. 3 and 5 cc syringe plungers. 12. 5, 10, and 25 mL serological pipettes. 13. Pipette aide for serological pipettes. 14. Hemocytometer and glass coverslip. 15. Light microscope. 16. Dulbecco’s phosphate-buffered saline (DPBS). 17. 0.4% Trypan Blue solution (w/v). 18. Pasteur pipettes. 2.2



Flow Cytometry



1. 96-well polystyrene, U-bottom microtiter plate. 2. Flow cytometry (FC) staining buffer: Dulbecco’s PBS (DPBS), 2% (v/v) HI-FBS, 0.01% NaN3 (see Note 1). 3. LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientiﬁc). 4. Antibodies (Table identiﬁcation).



1,



antibodies



used



for



leukocyte



5. BD Cytoﬁx/Cytoperm Kit. 6. BD Fixation/Permeabilization solution. 7. BD Perm/Wash™. 8. eBioscience IC Fixation Buffer. 9. Fluorescence-activated cell sorting (FACS) buffer: DPBS, 2% HI-FBS. 10. 5 mL round-bottom polystyrene test/FACS tubes (with and without cell-strainer caps). 11. BD LSR-II ﬂow cytometry instrument, with 488-, 633-, and 405-nm lasers. 12. FACSAria cell sorting instrument, with 488-, 633-, 407-, and 522-nm lasers. 13. FACSDiva software. 14. FlowJo software, versions 8.8.7 and 10. 15. 20, 200, and 1000 μL pipette tips. 16. P20, P200, and P1000 micropipettes.
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Table 1 Antibodies used for leukocyte identificationa (adapted from [15]) Antigen



Alternative name(s)



Speciﬁcity



Clone



Isotype



CD11b



αM integrin, Mac-1, Mo1, CR3, Ly-40, C3biR, ITGAM



Mouse/human M1/70 Rat IgG2b, κ



BioLegend



CD4



Ly-4, L3 T4, T4



Ferret



2



Sino



CD8α



CD8 alpha, Leu2, MAL, T8, p32



Human



OK-T8 Mouse IgG2a Tonbo



MHC-II



HLA-DR



Human



L243



Mouse IgG2a, BioLegend κ



IgA, IgG, IgM



Immunoglobulin



Ferret



pAb



Goat



CD79ab



Mb-1



Human



HM47 Mouse IgG1, κ



eBioscience



CD20b



MS4A1



Ferret



71



Rabbit IgG



Sino



CD59



Ly6c



Mouse



AL-21



Rat IgM, κ



BD Pharmingen



Mouse IgG1



Vendor



LSBio



a



Intracellular staining Single cell suspensions derived from lymphatic tissues, including the spleen and lymph nodes, were stained with each of the listed antibodies. Data was acquired using a BD LSR-II instrument and analyzed using FlowJo software, version 8.8.7 b



17. Refrigerated centrifuge and rotor. 18. 25 and 50 mL reagent reservoirs. 19. Biological safety cabinet, Class II SterilGARD II or equivalent. 2.3 Cytokine ELISpots



1. 0.45 μm hydrophobic high protein-binding Immobilon-P membrane (PVDF), 96-well ﬁlter plates. 2. DPBS. 3. Puriﬁed anti-ferret IFN-γ antibody (clone MTF14; MabTech). 4. Primary culture media: DMEM, 1% penicillin-streptomycingentamicin, 10% HI-FBS 5. Thermo Forma Series II Water Jacketed CO2, HEPA-ﬁltered incubator (37  C, 5% CO2). 6. 15 and 50 mL polypropylene Falcon-type conical tubes. 7. ELISpot wash buffer: PBS, 0.1% Tween-20 detergent. 8. Biotinylated anti-ferret IFN-γ (clone MTF19; MabTech). 9. Streptavidin-conjugated alkaline phosphatase. 10. Vector Blue substrate kit III (Vector Laboratories, CA). 11. CTL ImmunoSpot reader series 2A. 12. CTL ImmunoSpot software, version 5.0.9.19.
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13. 20, 200 , and 1000 μL a pipette tips. 14. P20, P200, and P1000 micropipettes. 15. 5, 10, and 25 mL serological pipettes. 16. Pipette aide for serological pipettes. 17. Synthetic peptide libraries or peptides suitable for activation of CD4 and CD8 T cells [20–22]. 18. 50 mL reagent reservoirs. 19. Biological safety cabinet, Class II SterilGARD II or equivalent. 20. 100 mM Tris-HCl, pH 8.2. 21. Milli-Q water. 22. Incubation buffer: PBS, 0.1% Tween-20, 10% HI-FBS. 23. Anti-ferret CD4 monoclonal antibody (clone ID: 02) conjugated to ﬂuorescein isothiocyanate (FITC) (Sino Biological). 24. Cross-reactive antihuman CD8 monoclonal antibody (OK-T8) conjugated to allophycocyanin (APC) (Tonbo). 25. Dynabeads® M-280 sheep anti-mouse IgG.



3



Methods



3.1 Preparation of Single Cell Suspensions from Ferret Tissues 3.1.1 Isolation of Peripheral Blood Mononuclear Cells (PBMCs) from Whole Blood



1. Obtain peripheral blood from the anesthetized ferret by exsanguination via intracardiac puncture with an 18 G needle connected to an access device and EDTA (K2) collection tubes. Usually, 35–50 mL of peripheral blood can be obtained from each ferret, depending on size and age. 2. Check the EDTA tubes of anticoagulated blood for any large clots (see Note 2). 3. If multiple collection tubes exist from a single animal, pool the blood from the tubes into a separate container large enough to hold blood volume plus HBSS dilution (capacity at least 25% larger than the blood volume). 4. Wash the tubes that contain the blood with 2 mL balanced salt solution (HBSS). Dilute the blood to a ﬁnal ratio of four-part blood to one-part HBSS (e.g., 20 mL blood: 5 mL HBSS). 5. Layer 15 mL of diluted blood over 15 mL of Ficoll-Paque Plus. This should be done slowly and at an angle, allowing the blood to gently ﬂow down the side of the tube, above the Ficoll, without mixing the two. 6. Centrifuge at 800  g for 20 min at room temperature with the brake off. 7. After centrifugation, check the tubes for hemolysis or clots. If present, document the observation. Hemolysis or clots will result in reduced cell recovery and possibly viability. Check
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the interphase layer for the buffy coat (containing T and B lymphocytes and lower density cell types, including platelets and monocytes). This interphase region should appear as a white line separating the top (plasma) and lower layers (erythrocytes and granulocytes). 8. Using a sterile plugged Pasteur pipette, remove the buffy coat and transfer to a clean tube. Up to three tubes (50 mL polypropylene Falcon-type conical tubes) can be combined at this point. To remove the buffy coat, move the Pasteur pipette in a sweeping motion across the interphase while slowly releasing the bulb to allow ﬂuid to ﬂow into the Pasteur pipette. Check the interphase to ensure all cells have been collected. The Pasteur pipette can be used multiple times if necessary. When inserting the Pasteur pipette into the tube, be certain that all of the air in the bulb is evacuated prior to insertion so that the layers are not disrupted or mixed. 9. Dilute the cells collected from the interphase with a 10 excess of HBSS (e.g., 5 mL collected interphase in 45 mL HBSS). 10. Centrifuge 500  g for 8 min at room temperature with the brake on. 11. Check for the cell pellet, decant the supernatant, and resuspend the cells in 10 mL HBSS. Combine cell pellets from multiple tubes at this point if necessary. 12. Centrifuge and wash the cells 2 more to remove all Ficoll, which can be toxic to cells if carried over to downstream applications. 13. If the pellet still appears to contain red blood cells (the separation of RBCs is not always complete), resuspend the cell pellet in 3 mL of 1 multi-species RBC lysis buffer, and incubate for 3 min at room temperature. 14. Quench RBC lysis by diluting the sample(s) to 15 mL with primary culture media. 15. Centrifuge and wash as above two times. 16. Count the sample(s) using a hemocytometer and proceed with the assay; ship samples to collaborators (see Note 3) or cryopreserve (see Note 4) for later use. 3.1.2 Identiﬁcation of Airway-Draining Lymph Nodes Using Evans Blue Dye



1. In order to identify local draining lymph nodes for tissue sampling and immunoassays, anesthetize (intramuscular administration of ketamine (30 mg/kg) and xylazine (3 mg/ kg)) 4- to 5-month-old, castrated, naı¨ve male Fitch ferrets (Triple F Farms, Sayre, PA), and instill 2–3 mL of 5% Evans blue dye intranasally or intratracheally on intubated animals (23).
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2. Rest ferrets in the dorsal position for 30 min, with the head and upper torso elevated at a 15-degree angle to prevent the dye from draining out of the lower respiratory tract. 3. Exsanguinate anesthetized ferrets by intracardiac puncture with an 18 G needle connected to an access device and glass serum tubes and euthanized by intracardiac injection of 78 mg/kg of pentobarbital euthanasia solution (see Note 5). Figure 1 illustrates the location and identity of multiple airway draining lymph nodes labeled by Evans blue dye. 3.1.3 Isolation of Single Cell Suspensions from Secondary Lymphoid Tissues Following Infection



1. Anesthetize ferrets by intraperitoneal injection of ketamine (10 mg/kg) and xylazine (2 mg/kg), and infect intranasally with 10,000 plaque-forming units (PFU) of A/California/ 04/09 (H1N1) virus (0.5–1.0 mL virus diluted in sterile DPBS) propagated in 8-day-old speciﬁc pathogen-free embryonated hen’s eggs [15]. 2. Transfer spleen or lymph node tissue to a sterile cell culture dish. 3. Add 10–20% maximal volume primary culture media (e.g., 1–2 mL media per 100  15 mm cell culture dish). 4. Mince tissue using surgical scissors. If enzymatic tissue digestion is desired, see Note 6 before proceeding to the next step. 5. Once the tissue has been minced, use the plastic backing of a 3 or 5 cc syringe plunger to gently crush the tissue to liberate the cells from the tissue matrix. 6. Transfer minced tissue to a 45 μm nylon mesh ﬁlter rested over the top of a 50 mL polypropylene conical tube, and allow the cell suspension to ﬂow through the ﬁlter. 7. Using the plastic backing of a 3 cc syringe plunger, crush the tissue further to release additional cells with periodic washing (at least twice with 5 mL primary culture media). Repeat this process until the tissue appears dissociated (opaque and broken down). Wash the plate and syringe plunger backing with 10 mL of primary culture media. Transfer the wash to the ﬁlter. 8. Pellet cells by centrifuging at 500  g for 8 min at room temperature. 9. Pour/aspirate supernatants and resuspend cells in multi-species RBC lysis buffer (1–3 mL per lymph node and 10–20 mL spleen, depending on the size). 10. Incubate for 5 min at room temperature (do not allow this reaction to exceed 5 min). 11. Quench lysis reaction with an equal volume of primary culture media (1:1), and centrifuge cells as before. Cellular debris may appear on the sides of the tube post RBC lysis. Avoid this debris when resuspending the pellet. If necessary, transfer to a fresh tube and reﬁlter.
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Fig. 1 Identiﬁcation of airway draining lymph nodes by Evans blue staining. The mandibular lymph nodes (mdLN) draining the upper respiratory tract are clearly positioned between the buccal (B.G.) and the mandibular salivary glands (M.G.) (with bilateral symmetry) and efﬁciently retain Evans blue dye following intranasal instillation. The paratracheal lymph nodes (PLN) are prominently positioned adjacent to the trachea and proximal to the larynx (with bilateral symmetry) and are also labeled following intranasal instillation. The lower airway draining lymph nodes were identiﬁed by intratracheal instillation of Evans blue dye and include the mediastinal lymph node (mLN1) that is embedded in adipose tissue of the mediastinum. Additional lymph nodes draining the trachea, bronchioles, and lungs are located adjacent to the bronchioles for the right cranial lobe (mLN2) and right middle lobe (mLN3). Based on the conﬁrmation of the locations of the draining lymph nodes by Evans blue dye tracing, the corresponding draining lymph nodes from naı¨ve or infected/immunized ferrets can be harvested for preparation of single cell suspensions for subsequent immunological assays. At the same time, the axillary lymph nodes (axLN) located at both sides of the inner arms of the ferret (not stained by Evans blue dye by these routes) are also collected as controls for the assays measuring immune responses of the respiratory tract. Note: image (top) highlighting the mdLN was captured on the opposite side from which the animal is depicted in the cartoon schematic
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12. Count the sample using a hemocytometer and proceed with the assay; ship samples to collaborators (see Note 3) or cryopreserve (see Note 4) for later use. 3.2



Flow Cytometry



All procedures are to be done in a biosafety cabinet under sterile conditions. *If cells are to be washed for analytical ﬂow cytometry, use FC staining buffer. If they are to be used for cell sorting, use FACS buffer. 1. Transfer 100 μL single cell suspensions (10–50 million cells per mL) to a 96-well polystyrene U-bottom microtiter plate. 2. If inclusion of a ﬁxable LIVE/DEAD viability dye will be used to exclude nonviable cells from analysis, wash cells 2 in DPBS (200 μL per well), centrifuging for 5 min at 400  g at 4  C (see Note 7). If not, wash cells 2 in FC staining or FACS buffer (200 μL per well), and proceed to step 6. 3. Resuspend cells in 15–30 μL of (depending on cell concentration) ﬁxable LIVE/DEAD viability dye, prepared according to manufacturer instructions. 4. Incubate for 30 min at 4  C, protected from light. 5. Wash cells 2 in FC staining or FACS buffer. 6. Resuspend cells in 50–100 μL of antibody solution or cocktail of several antibodies, diluted in FC staining or FACS buffer depending on the cell concentration. For recommended antibody concentrations and information on blocking of nonspeciﬁc binding via Fc receptor interactions, see Note 8. 7. Incubate cells for 30 min at 4  C, protected from light. 8. Wash cells 2 and resuspend in 300 μL of FC staining or FACS buffer for immediate data acquisition. If longer storage is required (up to 72 h), cells can be ﬁxed for later analysis. In this case, eliminate buffers containing bovine serum albumin (BSA) or HI-FBS by washing 1 with DPBS or by aspirating thoroughly if cells are limited. Next, add 100 μL of IC Fixation Buffer or 4% paraformaldehyde-DPBS to each well. It is ideal to add the solution such that the cells are fully resuspended in the solution. Pipetting is an option. Incubate 20–60 min at room temperature, protected from light, followed by washing and resuspending cells in FC staining or FACS buffer. If staining intracellular antigens in addition to surface antigens, proceed to step 9. 9. Thoroughly resuspend cells in 100 μL of Fixation/Permeabilization solution for 20 min at 4  C.
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10. Wash cells 2 in 1 BD Perm/Wash™ buffer BD Perm/ Wash™ buffer prepared according to manufacturer’s instructions and pellet. 11. Resuspend cells in 50–100 μL of intracellular antibody solution or cocktail of several antibodies, diluted in BD Perm/Wash™ (predetermined optimal antibody concentrations). 12. Incubate cells for 45–60 min at 4  C, protected from light. 13. Wash cells 2 in BD Perm/Wash™ and resuspend in FC staining buffer prior to ﬂow cytometric analyses. 14. Transfer cells to a 5 mL round-bottom polystyrene tube for data acquisition. Alternatively, cells that were stained in 96-well plates can also be collected directly for data acquisition using the BD high throughput sampler (HTS) option for BD LSR-II instruments. 3.3 Cytokine ELISpots



All procedures are to be done in a biosafety cabinet under sterile conditions. Day 1



3.3.1 Coat ELISpot Plates with Capture Antibody



1. Using a multichannel pipette, add 100 μL of DPBS to each well to wet the PVDF ﬁlter for coating. 2. Remove DPBS by ﬂicking into a waste container and blotting on a stack of WYPALL paper towels. 3. Add 50 μL of coating antibody (puriﬁed anti-ferret IFN-γ, clone MTF14; MabTech) per well, diluted to the appropriate concentration (5 μg/mL) in DPBS using a multichannel pipette (see Note 9). 4. Wrap plates in plastic wrap and store at 4  C overnight. Alternatively, coating can be done the day of the assay (Day 2) with the adjustment that plates are incubated with antibody at room temperature for at least 2 h. Day 2 1. If coating of antibody was performed overnight, remove plates from 4  C. Alternatively, coat plates now (see Day 1 protocol above). 2. After allowing plates to come to room temperature, wash and block plates. Wash plates by adding 100 μL of primary culture media to each well using a multichannel pipette. Discard media and gently blot using a stack of absorbent paper towels. Wash plates 2 more. Block nonspeciﬁc binding of proteins to the plates by adding 100 μL primary culture media containing 10% HI-FBS to each well using a multichannel pipette. Incubate at room temperature for a minimum of 1 h.
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3. Prepare samples as described in Subheading 3.1. 4. Centrifuge the cells 500  g for 8 min at room temperature, and prepare the cells for puriﬁcation as appropriate. 3.3.2 Use of FACS to Remove CD4 or CD8 T Cells



Analogous to humans, major and minor histocompatibility differences exist in domestic ferrets due to their outbred nature. Therefore, syngeneic APCs must be used for ELISpot assays in combination with T cells from the same host and antigen for restimulation. To achieve this requirement, ﬂuorochrome-labeled antibodies targeting CD4 or CD8 are ﬁrst used to identify the respective cell populations. By using FACS, selective removal of CD4 or CD8 T cells results in the selective retention of the alternative T cell subset (CD8 and CD4, respectively) along with APCs needed for display of antigenic peptides. Alternatively, if a ﬂow cytometer is not readily available, antibodies can be used in combination with magnetic particles for cell puriﬁcation (see Note 10). 1. If inclusion of a ﬁxable LIVE/DEAD viability dye will be used to exclude nonviable cells from analysis, wash cells 2 in DPBS (200 μL per well if using a 96-well plate or 500 μL if staining in 5 mL round-bottom FACS tubes), centrifuging for 5 min at 400  g at 4  C. If not, wash cells 2 in FACS buffer and proceed to step 4. 2. Resuspend cells thoroughly in 15–30 μL of ﬁxable LIVE/ DEAD viability dye, prepared according to manufacturer’s instructions (see Note 7), and incubate for 30 min at 4  C, protected from light. 3. Wash cells 2 in FACS buffer. 4. Resuspend the cells at 2  107 per mL in (1) 1:200 dilution of anti-ferret CD4 antibody conjugated to FITC (see Note 8) or (2) 1:100 dilution of antihuman CD8 antibody conjugated to APC in FACS buffer in 5 mL FACS tubes. 5. Incubate at 4  C for 30–45 min. 6. Centrifuge cells 500  g for 8 min, followed by three rounds of washing with FACS buffer. 7. Resuspend cells in FACS buffer at 3  107 per mL for a medium pressure sort and pass through a 5 mL polystyrene round-bottom tube with cell-strainer cap to ensure that there are no clumps. 8. Prepare collection tubes: pre-coat 15 mL conical tubes with 4 mL primary culture media to ensure that cells do not adhere to the sides of the tubes. 9. Set up the FACSAria cell sorting instrument to perform a medium pressure sort (85 μm nozzle) under purity settings and sterile conditions.
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10. When performing analytical ﬂow cytometry or FACS, be sure to consider and include relevant staining and biological controls such as no stain and single stain controls, ﬂuorescence minus one controls, isotype controls, and cells from tissues that should not stain for a given marker (e.g., knockout animals). In general, for cell sorting experiments, be sure to acquire at least 5000 events from the post-sort sample to determine percent purity [23]. 3.3.3 Plating the ELISpot Assay



1. After puriﬁcation, centrifuge the cells at 500  g for 8 min at room temperature, and resuspend the cells in media for counting as described above. 2. After counting, calculate the total cell numbers while centrifuging the cells at 500  g for 8 min at room temperature. Discard the supernatant, and resuspend the cells for plating as appropriate. Cells can be plated at several dilutions (generally at least threefold difference), typically starting at 300,000 cells per 100 μL per well so that the optimal numbers of spots are obtained per well (50–300), allowing for accurate quantiﬁcation of the responding cells by an automated spot counter (or manual enumeration using a light microscope). This will likely be determined empirically and may vary depending on the biological context (i.e., pathogen, dose, tissue, etc.). 3. Discard the blocking media from the ELISpot plate, and sequentially add 100 μL of cells, 50 μL of peptide [1–10 μM]f, and 50 μL of media in that order as appropriate. We recommend performing each experimental condition in duplicate or triplicate to assess technical reproducibility and variability. Also, in order to quantify peptide-speciﬁc restimulation, plate the cells alone in the absence of peptide. The average taken from these latter responses is considered to be background and is later subtracted from conditions where peptides were included in the assay. 4. Incubate the plate(s) at 37  C and 5% CO2 for 16–18 h. Take care to ensure that the plates are not tipped or shaken. Do not stack the plates in the incubator.



3.3.4 Developing the ELISpot Plates



Day 3 1. Remove the supernatant from the plates using a multichannel pipette by transferring approximately 180 μL to a replicate plate for storage (see Note 11). Store replicate plates at 20  C. Supernatants can be used for analysis of other analytes by ELISA or a multiplex assay (Luminex®). 2. Wash the plate 3 with copious amounts of wash buffer so that all of the wells are ﬁlled with buffer using a squirt bottle held at a 45 angle and blot using stacked paper towels.
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3. Add 50 μL per well of secondary antibody (biotinylated antiferret IFN-γ, clone MTF19; MabTech) diluted in incubation buffer at the appropriate concentration (2 μg/mL) using a multichannel pipette. 4. Incubate for 1–2 h at room temperature. 5. Wash the plate(s) 4 with copious amounts of wash buffer and blot. 6. Add 50 μL per well of streptavidin-alkaline phosphatase diluted 1:1000 in incubation buffer using a multichannel pipette. 7. Incubate 30 min at room temperature. 8. Wash the plate 4 with copious amounts of wash buffer and blot. 9. Develop plate(s) by adding 100 μL per well of Vector Blue substrate (prepared as directed by manufacturer, 4 drops of each component per 10 mL of solution) in Tris-HCl, pH 8.2, and incubate at room temperature, watching for spots to develop for 3–10 min. A 10 mL solution is sufﬁcient for one plate. Record development time for reproducibility. 10. Discard the substrate and wash plates with water. 11. Dry plate by resting it upside down on the metal grates from the biological safety cabinet with the blowers on (approximately 30 min). Alternatively, plates can be air-dried on the lab bench. 12. After the plates have dried, scan and analyze on CTL reader to quantify the number of spots, each representing a single cytokine-producing cell. Plates can be stored dry, in the dark at room temperature because they are light sensitive and can alter over time.



4



Summary and Perspectives It is becoming increasingly clear that pre-existing immunity can affect responses to future encounters with inﬂuenza. However, it is not currently possible to deﬁnitively determine the exposure history of humans. Therefore, ferrets offer an experimentally tractable model for examining the role of complex immunological memory in multiple tissue compartments such as the lung, which is not possible to readily assess in humans. Therefore, increasing our understanding of the ferret immune system is essential for many aspects of inﬂuenza research, including accurate assessment of annual vaccine formulations, determining how individuals with distinct exposure histories respond to future confrontations with viruses and/or viral antigens with potentially novel antigenic
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components, and leukocyte biology (i.e., trafﬁcking, activation/ proliferation, effector response) in lymphoid and extra-lymphoid tissues. Collectively, the procedures described here allow quantiﬁcation of CD4 and CD8 T cell responses to inﬂuenza-derived epitopes. Additionally, use of the described panel of monoclonal antibodies permits analyses of changes in representation (frequency and cell number) of lymphoid and myeloid cell populations from lymphatic and peripheral tissues (i.e., respiratory tract). It is likely that over time, additional antibodies to ferret antigens will be developed and will enable further dissection of cellular immune responses to microbial infections and vaccination. Taken together, knowledge gained from these efforts, coupled with serological analyses, are critical for dissecting correlates of immune protection as well as deﬁning immune signatures of the host.



5



Notes 1. A low percentage (0.01%) of sodium azide (NaN3) is supplemented in FC staining buffer because it helps diminish receptor capping, shedding, and internalization of antigen-antibody complexes at the cell surface. 2. If any tubes contain clots, they should be removed if possible, or the tube will need to be discarded. 3. If shipping cells overnight, the cells should be in single cell suspension, depleted of RBC, and at a density of no more than 2  107 cells/mL. Cells should be shipped in primary culture media at room temperature. If temperature ﬂuctuations are a concern, the tubes can be wrapped in paper towel and packaged within an inner styrofoam box that is then packaged in a second larger styrofoam box for additional insulation. Also, EDTAcoated tubes are a better option when there will be a delay in processing. Na+ heparin and Na+ citrate are alternative anticoagulants that can alternatively be used, however. 4. Cell freezing media is comprised of 90% HI-FBS and 10% DMSO. Cryovials, media, and storage boxes should all be kept cold, and cells should be frozen at a controlled rate using a Mr. Frosty™ (Nalgene) freezing container at a minimum of two million cells per mL. 5. All animal experiments (including necropsy and tissue collection) were conducted inside the sterile ﬁeld of a biosafety cabinet and complied with protocols approved by the Institutional Animal Care and Use Committee of the Icahn School of Medicine at Mount Sinai (New York, New York, USA).
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6. Two tissue dissociation strategies, mechanical disruption with or without enzymatic digestion, were compared for preparation of single cell suspensions. The viability and yields of the single cell suspensions were analyzed with a Countess II FL Automated Cell Counter (Invitrogen). Overall, the combination of enzymatic and mechanical processing strategy provided approximately 100-fold improvement of the yields of cells from the ferret draining lymph nodes as compared to mechanical dissociation alone and retained high viabilities of isolated cells (Table 2). For this procedure, prepare the following tissue digestion media: Roswell Park Memorial Institute (RPMI) 1640 (+ L-glutamine), 2.5% HI-FBS, 10 mM HEPES, 30 μg/mL DNase I (grade II, Sigma-Aldrich), and 1 mg/mL collagenase (type II for respiratory tissues, type IV for lymphoid tissues) (Gibco). Lymph nodes, spleen, and lungs are digested in 1–3 mL, 10–20 mL, and 5 mL/lobe digestion media, respectively, for 30–45 min at 37  C. Although variable between individual animals and tissues, overall, enzymatic and Table 2 Comparison of tissue disruption strategies for preparation of single cell suspensions A. Enzymatic digestion and mechanical disruption Tissue



n



Total cell numbers Mean  standard deviation



mdLN



6



2.5  107  1.0  107



PLN



4



1.4  108  6.3  107



axLN



6



3.1  107  1.2  107



mLN 1



6



2.2  107  1.2  107



mLN 2



6



2.1  107  1.7  107



mLN 3



5



3.8  107  2.6  107



Trachea



2



1.2  106  6.5  105



Lunga



6



6.2  106  3.9  106



a



Total cell numbers are derived from a single lung lobe (upper left)



B. Mechanical disruption Tissue



n



Total cell numbers Mean  standard deviation



mdLN



6



2.4  105  2.3  105



axLN



6



2.1  105  1.3  105



mLN 1



5



2.1  105  1.7  105



Spleen



6



3.6  107  3.1  107
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mechanical tissue disruption yielded 80–90% viable cells from axLN, mdLN, mLN3, and PLN, 90–100% viable cells from bronchoalveolar lavage ﬂuid (BALF), mLN1, mLN2, and the trachea, and 70–80% viable cells from the lung. For comparison, mechanical dissociation has produced single cell suspensions with 90–100% viability from axLN, mdLN, BALF, mLN1, and the spleen. 7. Other dyes can be used for the exclusion of dead cells such as 7-aminoactinomycin D (7-AAD). Following staining of surface antigens on live cells, spike in 7-AAD to a ﬁnal dilution of 1% (e.g., 3 μL per 300 μL cell suspension containing approximately 1–5 million cells) just prior to sample acquisition on the ﬂow cytometer. Brieﬂy vortex sample and incubate in the dark for 10 min prior to running sample. 8. Currently, there is no antibody available to block nonspeciﬁc, ferret FcR-mediated binding. Our laboratory has tested antimouse CD16/CD32 for cross-reactivity to ferret as well as normal ferret sera, but neither of these efforts or approaches produced noticeable changes in the distribution of cells detected by ﬂow cytometry. Additionally, antibody dilutions must be empirically determined for optimal results. However, 50–100 μL from a 1:100 to 1:200 antibody dilution from stock is generally a good starting point (approximately 0.1–0.5 μg antibody per test). Finally, our experiments [15] used puriﬁed antibody from ferret CD4 B cell hybridoma (fCD4 3.1.5, Sant Lab) supernatants that was directly conjugated to Alexa Fluor 488, 555, or 647 for identiﬁcation of CD4 T cells (available upon request). Importantly, antibody competition experiments using our monoclonal antibody and the one commercially available from Sino Biological (clone 02) revealed that they do not block each other and likely recognize different CD4 epitopes. 9. Gently tap the plate to ensure that the wells are evenly coated. Ensure that from this point forward, the membranes do not dry until the assay is complete. Take care to not touch the ﬁlter membrane at any time, as this will mark, puncture, or tear the membrane, resulting in a plate that cannot be used. 10. Cell isolation can be done using magnetic beads (please refer to Dynal® product guide from Invitrogen). Cells are incubated with speciﬁc monoclonal antibodies in order to tag and deplete the desired cell type (e.g., depletion of CD8 T cells for analyses of CD4 responses or depletion of CD4 T cells for analyses of CD8 responses) as described, in cold primary culture media. Antibodies for depletion should be used at approximately 10–20 μg/mL, for approximately 10–20 million unfractionated cells/mL. Following incubation with primary
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antibodies, cells are centrifuged and washed 2 to remove unbound antibody. The quantity of beads used is typically calculated as 3–5 beads per anticipated positive cell. The beads are washed 2 in DPBS followed by 1 in primary culture media prior to combining them with the cell suspension. The cell suspension is then incubated with sheep antimouse IgG magnetic beads, or other appropriate beads based on the primary antibody used, for 45 min with frequent mixing on ice. After incubation, the cell/bead mixture is adjusted to 8 mL with cold media in a 12 mL round-bottom tube and applied to a Dynal magnet. The tube containing the cell suspension is attached to the magnet apparatus and left undisturbed for at least 4–5 min to ensure all bead-cell conjugates have been pulled to the magnet. Collect the unbound cell suspension while beads are afﬁxed to the magnet, and use the now depleted, non-adherent, cells for downstream applications such as cytokine ELISpot. It is recommended that the precise concentrations of antibody used for depletion be tested empirically in pilot experiments before large-scale preparation, as different cell populations (lung, lymph node, or spleen) will have distinct abundance of the cell population that is to be depleted. 11. Take care not to touch the ﬁlter membrane with pipette tips.
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Chapter 25 Parameter Estimation in Mathematical Models of Viral Infections Using R Van Kinh Nguyen and Esteban A. Hernandez-Vargas Abstract In recent years, mathematical modeling approaches have played a central role in understanding and quantifying mechanisms in different viral infectious diseases. In this approach, biology-based hypotheses are expressed via mathematical relations and then tested based on empirical data. The simulation results can be used to either identify underlying mechanisms and provide predictions of infection outcomes or to evaluate the efﬁcacy of a treatment. Conducting parameter estimation for mathematical models is not an easy task. Here we detail an approach to conduct parameter estimation and to evaluate the results using the free software R. The method is applicable to inﬂuenza virus dynamics at different complexity levels, widening experimentalists’ capabilities in understanding their data. The parameter estimation approach presented here can be also applied to other viral infections or biological applications. Key words Viral infection, Mathematical modeling, Parameter estimation, Inﬂuenza virus
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Introduction Seasonal epidemics and pandemics of inﬂuenza virus infections (IAV) remain a major health burden worldwide, causing immense losses in lives, life quality, and economy [1–3]. The overwhelming amount of inﬂuenza research has largely improved our understanding; however, holistic understanding that promotes serious adverse events leading to health complications is largely fragmented [4]. Analyses of experimental data on viral infections have been predominantly based on statistical methods. These approaches assist experimentalists to recognize differences and correlations, but in-depth interpretations of the underlying mechanisms are limited. With mathematical modeling approaches, one can formulate different hypothesized mechanisms in forms of mathematical relations. Consequently, parameter estimation procedures are performed to test the models against empirical data [4–7]. This method has been used to study a wide range of events occur during the progression of
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Fig. 1 IAV infection dynamics. (a) Description of the main phases of IAV infection within a host. After entering the respiratory tract, each virion binds to a target cell. Then, virions enter the eclipse phase (5–12 hpi), before starting to replicate and infect other cells. (b) IAV and IR dynamics. The innate immune response (IR) is mainly represented by type I interferon (IFN-I) and by the natural killer (NK) cells, whereas the adaptive IR is mainly driven by cytotoxic CD8 + T cells (CTLs) and antibodies (Abs). Figure adapted from [4]



inﬂuenza infection [4–6, 8]. For instance, mathematical models have been used to describe the viral replication cycle, the interactions between the virus and the host, and the outcomes of the infection (Fig. 1). Additionally, simulation results can reveal not only the basic characteristics of the infection dynamics but also practical knowledge in controlling the infection [4–6, 9]. Conducting parameter estimation for mathematical models, however, is a demanding task. This requires familiarizing with different concepts of mathematics, optimization, programming language, and, sometimes, costly software toolboxes. Nevertheless, these technical problems should not prevent biologists and virologists from exploring their data potentials. Thus, in this chapter, we introduce an adaptable and state-of-the-art protocol for parameter estimation and evaluation. To this end, we focused on ordinary differential equations (ODEs) to model the infection dynamics. The target cell-limited model [10, 11] is adopted owing to its role as the core component of more than a hundred publications in virus research, e.g., inﬂuenza [4, 5, 7, 9, 12], HIV [11], Ebola [14], etc.
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Fig. 2 A typical parameter estimation process in mathematical modeling. Dashed lines indicate optimal steps, and those are not presented in the scope of this chapter



This chapter chronologically covers the steps portrayed in Fig. 2. Brieﬂy, experimental data need to be prepared in standard formats. Model equations need to be deﬁned with relevant components and corresponding model parameters. Based on that, a cost function that deﬁnes how to match the model and the data is written in the R programming language [15]. To this end, the root mean square errors function is considered. The function, the data, and the model can be then fed into an optimizer algorithm to ﬁnd the best set of parameters that provide the best agreement between the model and the data. The global optimization named Differential Evolution [16] is used here to adjust the model parameters. The settings of the optimizer and the plausible range of the parameters of interests need to be deﬁned. When contradictory hypotheses exist, model comparison among them can be done at this point with information criteria. Then, model predictions can be performed with the obtained parameters. Further model evaluation steps are developed using the best model to obtain conﬁdence intervals or to detect potential drawbacks of the obtained parameters.



2



Materials The following materials are needed: 1. Experimental data: For illustration purposes, we consider a synthetic in vitro data set of inﬂuenza A virus infection with the viral dynamics and the sampling scheme resembling that of Toapanta and Ross [17]. Approximately 106 host cells are assumed to support inﬂuenza virus infection. The viral load is assumed to be the only measurement; thus, viral titers (TCID50) were measured regularly at day 1, 2, 3, 5, 7, and 9 postinfection. At each time point, there are ﬁve replicates. The data are presented in Table 1, which can also be downloaded in this external hyperlink. The ﬁrst term in each row
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Table 1 Viral load titers (in log base 10) and the corresponding sampling time Day



Viral titers



Day



Viral titers



Day



Viral titers



1



2.36



3



5.21



7



3.67



1



3.24



3



5.44



7



3.23



1



2.70



3



5.56



7



3.36



1



2.57



3



5.60



7



2.85



1



2.38



3



6.12



7



3.76



2



4.87



5



4.97



9



1.62



2



4.42



5



4.55



9



1.81



2



5.05



5



4.66



9



2.00



2



3.77



5



5.06



9



1.70



2



4.16



5



4.80



9



2.23



represents the sampling date, and the second is the viral load. Note that viral titers were already converted into log base 10 scales (see Note 1). 2. Mechanistic model(s): The proposed mathematical model depends on the data at hand and the hypothesis to be addressed. Here, we are interested in having the estimates of the rates of infection, infected cell death, viral replication, and viral clearance. Thus, a widely used model for viral infection so-called the target cell-limited model [10] can be used (Fig. 3). The model includes three compartments: uninfected cells (U), infected cells (I), and viral titers (V). The model reads in the following three differential equations: dU ¼ βUV , dt dI ¼ βUV  δI , dt dV ¼ pI  cV : dt The left term of the equations represents the change of the variables respect to the time. The parameters β, δ, p, and c represent the rates of effective infection, infected cell death, viral replication, and viral clearance, respectively. It is considered that the virus (V) infects susceptible cells (U) with a rate β. Infected cells are cleared with a rate δ. Once cells are productively infected (I), they can release virus at rate p, and virus particles are cleared at rate c.
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Fig. 3 Schematic of the target cell-limited model. This model assumes that viral infection is limited only by the availability of the uninfected cells. The roles of the immune systems are neglected. The uninfected cells (U ) are infected by the viruses and become infectious (I ), consequently, these infectious cells are able to release virus particles (V ). The viruses can continue to infect the remain susceptible cells



3. A computer with any of the following operating systems: Windows, Linux, or Mac OS. 4. R software: a free, open-source, and high-level programming language [15], downloadable from https://www.r-project.org. 5. R packages including deSolve [13] (solving differential equations) and DEoptim [18] (performing the Differential Evolution algorithm) can be installed in R by running the following commands:} install.packages("deSolve"); library("deSolve")



# see Note 2



install.packages("DEoptim"); library("DEoptim") # Anything that follows the character ‘#’ is a comment and is not processed in R



For the rest of this chapter, the above ﬁx-width font-style letters denote R codes.



3 3.1



Methods Preparing Data



The experimental data stored in an Excel sheet are most often not ready for analyses in R. Comma-separated values (.csv) are a universal format that can be read in any software. Convert to .csv format by the following: 1. Delete all irrelevant data (notes, comments, etc.) in the Excel sheet.
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2. Name variables (columns) with computer-friendly format, i.e., no spaces or special characters, starting only with characters not with numbers. 3. Choose Save As, and then Comma Separated in the ﬁle format ﬁeld (see Notes 3 and 4). Then, read the data into R by running: myData 
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