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ABSTRACT 

B and T lymphocytes are potent effector cells of the adaptive immune system that 

recognize antigens through antibodies and T cell receptors (TCRs) respectively. Together, they 

orchestrate antigen-specific responses and generate long-term immune memory. The 

recognition of specific antigens by B and T cells mediates protection from pathogens and 

controls neoplasias, but can also cause autoimmunity. However, our knowledge of immune 

function in each of these contexts is limited by the difficulty of systematically profiling the targets 

of antibodies and TCRs. Motivated by this challenge, this dissertation presents two tools to map 

the targets of antibodies and CD8 T cells in high throughput.  

The first part of this dissertation describes VirScan, a high-throughput method to 

comprehensively analyze antiviral antibodies. VirScan uses immunoprecipitation and massively 

parallel DNA sequencing of a bacteriophage library displaying proteome-wide peptides from all 

human viruses. We assayed over 108 antibody-peptide interactions in 569 humans across four 

continents, nearly doubling the number of previously established viral epitopes. We detected 

antibodies to an average of 10 viral species per person and a set of 84 species in at least two 

individuals. Although rates of specific virus exposure were heterogeneous across populations, 
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antibody responses targeted strikingly conserved “public epitopes” for each virus, suggesting 

that they may elicit highly similar antibodies. VirScan is a powerful approach for studying 

interactions between the virome and the immune system. 

The second part of this dissertation describes T-Scan, a high-throughput platform for 

identification of antigens productively recognized by T cells. T-Scan uses lentiviral delivery of 

antigen libraries into cells for endogenous processing and presentation on MHC molecules. 

Target cells functionally recognized by T cells are isolated using a reporter for granzyme B 

activity and the antigens mediating recognition are identified by nextgen sequencing. We show 

that T-Scan correctly identifies cognate antigens of TCRs from viral and human genome-wide 

libraries. We apply T-Scan to discover new viral antigens, perform high-resolution mapping of 

TCR specificity, and characterize the reactivity of a tumor-derived TCR. T-Scan is a powerful 

approach for studying T cell responses. 
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Background and motivation 

The immune system is tasked with protecting humans from pathogens and neoplasias. These 

intruders come in various forms, and they are armed with powerful modes of mutation and 

diversification that empower a shared evolutionary drive to avoid recognition. The immune 

system yields effective weapons of its own, including cell-intrinsic barriers, secreted messenger 

molecules, and dedicated cell types that collectively form innate and adaptive immunity. 

Accurately marshaling these potent effector mechanisms to combat pathogens and cancer while 

sparing healthy tissue is the key challenge of host immunity. This hinges on robust and 

generalizable approaches of discerning self from non-self. 

 The innate immune system performs this task by recognizing shared features of 

pathogens. These include nucleic acids such as double-stranded RNA, CpG methylated DNA, 

and cytoplasmic DNA that are involved in many pathogen life cycles yet are largely absent from 

healthy human cells (1,	 2). Similarly, pathogen-specific chemical signatures such as 

peptidoglycan and lipopolysaccharide are detected by dedicated receptors (3). Most generally, 

the innate immune system also recognizes “danger” signals, such as extracellular ATP, which 

indicate tissue damage irrespective of the precise nature of the cause (4). All of these pathogen-

related signals are detected with germline-encoded receptors and mediate the activation of a 

series of innate immune cell types, including macrophages, dendritic cells, and neutrophils. 

These cells contribute to the direct clearance of pathogens, generate a local inflammatory state, 

and guide the priming and coordination of the adaptive immune response. By recognizing pre-

determined shared features of pathogens, the innate immune system can rapidly respond to 

infection and serves as a first line of defense. However, relying on germline-encoded 

mechanisms of recognition constrains the ways in which pathogens can be identified and does 
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not generate the long-lived memory recall responses that can provide additional protection from 

re-exposure to specific insults. These roles are filled by the adaptive arm of the immune system. 

 The adaptive immune system applies a fundamentally different approach to discerning 

self from non-self: it relies on the somatic generation of an enormous diversity of candidate 

pathogen-binding receptors, and then selects and expands the rare receptors that prove useful. 

This approach takes place in both B lymphocytes and T lymphocytes, the two main effectors of 

adaptive immunity. B cells generate cell surface B-cell receptors (BCRs) and secreted 

antibodies that can directly bind to extracellular antigens to mediate effector functions. T 

lymphocytes are classically divided into CD8 and CD4 T cells, which use T cell receptors 

(TCRs) to recognize peptide antigens presented on dedicated MHC Class I or MHC Class II 

molecules respectively. T cells use cytokine secretion, direct cytotoxicity, and costimulatory 

signaling to orchestrate responses to intracellular or engulfed antigens. The generation and 

functions of B and T lymphocytes are discussed in more detail in the following sections. B cells 

and T cells utilize a shared mechanism of recombination-based diversification to generate a 

broad repertoire of antigen receptors, with one receptor expressed per cell. The enormous 

diversity of these receptors provides a generalizable solution to recognizing pathogens and 

tumors of any kind; the rare immune cells expressing pathogen-specific BCRs and TCRs are 

selected for expansion and then mediate the potent effector functions of the adaptive immune 

system with high specificity. Moreover, these specific antigen receptors and the cells expressing 

them are preserved at higher frequencies to provide long-lived antigen-specific memory. Upon 

re-exposure to the same pathogen, these memory cells of the adaptive immune system provide 

rapid and robust protection. 

 In many ways, the antigen receptors and cognate targets of B and T lymphocytes 

constitute the language of the immune system. They tell the history of past pathogen exposures 
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and record the battle plans used to defeat them. They describe the subtle ways in which tumors 

are recognized as abnormal. And they reveal the stories of many autoimmune diseases by 

detailing how the immune system has been led astray. Understanding this language is critical to 

comprehend the protective and pathogenic roles of the immune system in each of these 

contexts. Moreover, it is necessary in order to be able to modify its stories, enabling vaccines 

and other tools to alter the outcomes of interactions between the immune system and 

pathogens, tumors, and the host. 

 This dissertation presents two tools to better understand the language of the immune 

system by mapping the targets of antibodies and CD8 T cells. Chapter 2 describes the 

development and implementation of VirScan, a phage display approach to identify the targets of 

antiviral antibodies in high throughput. Chapter 3 introduces TScan, a high-throughput, cell-

based screen to identify the targets of CD8 T cells at genome scale. VirScan and TScan differ in 

their approaches to antigen presentation and in the way antigen recognition is detected in order 

to reflect differences in T cell and B cell biology. However, both platforms apply classic 

principles of genetic screens to enrich rare cognate antigens from complex sets of candidates. 

Furthermore, both approaches leverage recent advances in DNA synthesis and sequencing 

technologies to genetically encode comprehensive sets of candidate antigens and to read out 

their identities in an efficient and cost-effective way. The platforms described in this dissertation 

can be applied to understand the basic features of immunity in both health and disease. 

 

B cell development and function 

B cells develop in the bone marrow through a stepwise process to select for antibodies that are 

productive but not self-reactive. This process begins with sequential Rag-mediated 
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recombination of V, D, and J segments of the heavy chain and V and J segments of the light 

chain loci, followed by selection for cells that have formed a functional BCR on their surface. In 

addition to the combinatorial assortment of various V, D, and J segments, diversity is generated 

at the recombination sites through the addition of non-templated nucleotides. This results in a 

theoretical diversity estimated at over 1013 different antibodies (5), significantly more than the 

estimated 1011-1012 total B cells in a human (6). Notably, the key sites of diversification – the 

CDR3 regions at the recombination junctions – form loops that are optimally positioned for 

antigen recognition (7). B cells expressing functional BCRs subsequently undergo negative 

selection, which results in the receptor editing or clonal deletion of B cells bearing self-reactive 

BCRs. B cells surviving this process become mature naïve B cells. 

 The process of B cell activation is initiated by BCR binding to antigen and can proceed in 

a T cell independent or T cell dependent manner (8). BCR cross-linking by a polyvalent antigen, 

such as a repetitive element on the surface of bacteria, can result in robust BCR signaling that is 

T cell independent. In T cell dependent activation, protein antigens that are bound by a BCR are 

engulfed and presented on MHC II molecules; subsequent recognition of antigen-derived 

epitopes by activated CD4 helper cells supplies co-stimulatory signaling that further activates 

the B cell and signals to the T cell. B cell activation leads to cell proliferation and differentiation 

into antibody-secreting plasma cells and long-lived memory B cells. Notably, T cell dependent 

activation can also result in somatic hypermutation, a process of directed antibody mutagenesis 

and selection for enhanced antigen binding that occurs in germinal centers, and antibody class-

switching, the recombination-based changing of the antibody constant region. Together, these 

processes yield the diverse and specialized repertoire of circulating antibodies. 

 The key function of antibodies is to protect from extracellular pathogens. Antibody 

binding can cause direct neutralization or function by aggregating pathogens for more efficient 
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clearance. Antibody constant regions mediate a broad range of additional effector functions, 

including complement-mediated killing of pathogens and antibody-dependent cellular 

cytotoxicity against infected host cells (9). Notably, different constant region isotypes are 

recognized by dedicated receptors that are present on various cell types; antibody binding can 

thus orchestrate a specific immune response, such as the activation of mast cells at the sites of 

IgE binding (10,	11). 

 Antibodies can also be associated with autoimmune disease and cancer (12). In some 

cases, antibodies can be directly pathogenic, as in the case of antibodies binding to the 

Acetylcholine receptor and causing Myasthenia gravis (13). In other diseases, antibodies are 

associated with disease but their functional role is less clear. For example, specific 

autoantibodies are observed as an early marker of Type 1 Diabetes; they may contribute to 

disease or reflect underlying CD4 T cell activation against the same antigens that is pathogenic 

(14). Similarly, some of the first cancer-specific T cell antigens, including NY-ESO-1, were 

identified by finding the targets of tumor-reactive antibodies observed in those patients (15,	16). 

Taken together, the targets of antibodies provide rich information regarding pathogenic 

exposures, potential autoimmune diseases, and the proteins against which the immune system 

is directed more generally. 

 

Methods of antibody antigen discovery 

Antibody binding to antigens is classically detected using ELISA and Western blot assays (17). 

In these methods, antigens of interest are immobilized and probed with antibodies, with 

secondary reagents providing a readout of retained bound antibodies. For serological diagnosis 

of infections, individual proteins or lysates of pathogens or pathogen-infected cells can serve as 
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antigens (18,	19). Notably, these approaches are fundamentally singleplex and provide limited 

information regarding the identities of the bound proteins. 

 Several methods have been developed to probe binding to a broader set of antigens 

simultaneously. The first approach uses protein arrays to display spatially separated antigens 

(20,	21). Antibody binding to specific proteins on the array is detected visually. This technique 

has been applied to short random peptides, pathogen-derived peptides, and full-length proteins 

(22,	 23). While powerful, this approach faces the challenge of generating arrayed antigens, 

which limits its throughput and cost-effectiveness. 

 Another set of methods relies on the display of libraries of antigens that are linked to the 

nucleic acids encoding them. These libraries are incubated with antibodies of interest, and 

bound antigens are isolated following antibody capture. Critically, the identity of these antigens 

can be rapidly determined by sequencing the nucleic acids encoding them. This approach has 

been applied with a wide variety of display techniques, including ribosome display (24), phage 

display (25), baculovirus display (26), bacterial display (27), and yeast display (28). 

Traditionally, these approaches have been limited to antigen libraries that are readily 

accessible, such as randomer nucleotide pools and cell-derived cDNA libraries. However, recent 

advances in DNA synthesis have broadened the scope of antigens that can be genetically 

encoded for display; indeed our lab has recently applied phage display with a synthetic human 

peptidome (29) and ribosome display with near-genome-wide libraries of human cDNA (30). 

The continued development of these approaches and their application to new sets of antigens 

provides an opportunity to extend our knowledge of the antibody response in various contexts. 
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T cell development and function 

T cells develop in the thymus, where they undergo a stepwise process that selects for TCRs 

that are likely to be productive but not self-reactive. This process begins with VDJ recombination 

to produce functional TCRs. For αβ T cells, this entails the sequential recombination of 

randomly selected V, D, and J segments of the TCRβ locus and V and J segments of the TCRα 

locus. In addition to the combinatorial assortment of various V, D and J segments, diversity is 

generated through the addition of non-templated nucleotides at the recombination junctions. 

Collectively, this diversification process can theoretically yield on the order of 1015 different 

αβTCR clonotypes (31), orders of magnitude more than then estimated 1011-1012 total T cells in 

a human (32). Importantly, the structure of the TCR takes maximum advantage of this diversity; 

the most diverse portions of the TCR α and β chains – the CDR3s created at the recombination 

junctions – are structurally positioned to interface directly with the peptide in the MHC groove 

(33). 

 Developing T cells that have generated a functional TCR undergo positive and negative 

selection (8). Positive selection enriches T cells that are poised to recognize antigens in the 

context of self-MHC molecules by requiring low-level TCR signaling for T cell survival. T cell 

clones that have no affinity at all for MHC undergo programmed cell death. At this stage, T cells 

also commit to CD8 or CD4 lineages based on their affinity to MHC Class I or MHC Class II 

molecules respectively (34). Conversely, negative selection eliminates T cell clones that show 

high-affinity interactions with any self-antigens present in the thymus, and thus carry the 

potential to cause autoimmunity. Notably, since negative selection is spatially restricted to the 

thymus, several mechanisms exist to maximize the diversity of self-antigens presented there. 

These include the presentation of captured antigens by dendritic cells and the AIRE-mediated 
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expression of diverse proteins in medullary thymic epithelial cells (35, 36). Cells surviving both 

positive and negative selection become circulating naïve T cells and encode TCRs that show 

some affinity for MHC without strong recognition of self-antigens – the optimal TCRs for 

recognizing diverse novel antigens presented on MHC.  

 Naïve T cells circulate between lymph nodes in search of antigens that bind their TCRs. 

When T cells encounter such an antigen on the surface of an activated antigen-presenting cell 

(APC), the T cells become activated (37). Notably, this requires a combination of three signals: 

1) the TCR signal provided by recognition of peptide-MHC, 2) co-stimulatory signals such as 

CD28 ligation, and 3) cytokine signals. The co-stimulatory and cytokine signals are present only 

on activated APCs, which is critical to restrict T cell activation to actual sites of infection; TCR 

signaling in the absence of co-stimulation results in anergy and other mechanisms of T cell 

tolerance rather than activation (38). Activated CD8 T cells proliferate and differentiate into 

effector and memory cytotoxic T lymphocytes (CTLs). CTLs traffic to sites of inflammation and 

mediate effector functions upon further antigen recognition. These include the secretion of pro-

inflammatory cytokines such as TNFα and IFNγ, as well as direct cytolysis of cells expressing 

their antigens. While most effector cells are relatively short-lived, some long-lived memory T 

cells are maintained to provide accelerated responses to future encounters with the same 

antigens (39). 

 

CD8 T cell roles in disease 

Classically, CD8 T cells contribute to the control of intracellular pathogens. Nearly all nucleated 

human cells express MHC I molecules, and a subset of cellular proteins are continuously 

processed and presented on these molecules for monitoring by CD8 T cells. This antigen 
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processing involves protein degradation by the proteasome, peptide transit into the ER via the 

TAP transporter, potential N-terminal trimming by aminopeptidases, and finally binding to the 

MHC cleft and trafficking as a complex to the cell surface (40). Upon intracellular pathogen 

infection, this pathway displays pathogen-derived antigens, enabling the recognition and 

elimination of infected cells. As a result, CD8 T cells are important for the control of a variety of 

intracellular pathogens. These include many viruses, such as Human immunodeficiency virus 

(HIV) (41), Hepatitis B virus (HBV) (42), Respiratory syncytial virus (RSV) (43), and 

Cytomegalovirus (CMV) (44), but also bacterial and protozoan pathogens that have intracellular 

stages of their lifecycles, including M. tuberculosis and malaria (45,	46). 

 CD8 T cells also play a key role in controlling cancer by recognizing and eliminating 

tumor cells. This has been demonstrated in a variety of ways, including myriad mouse models 

(47,	48) , clinical correlations of T cell infiltration and patient outcomes (49,	50), and the success 

of therapeutic interventions aimed at boosting CD8 T cell responses (51). Most directly, the 

therapeutic administration of CD8 T cells that have been expanded or genetically modified to 

recognize tumor antigens have shown promising clinical results (52–55). Notably, the antigens 

underlying anti-tumor immunity remain largely uncharacterized. T cells recognizing mutation-

derived neoantigens are observed at some frequency, as are responses to some identified over-

expressed tumor-associated antigens (56–58). However, these specificities make up only a 

small fraction of the tumor-infiltrating T cells observed in patients, and the targets of the T cells 

in most contexts remain unknown (59). 

  Finally, aberrant CD8 T cell recognition of self-antigens can cause autoimmune disease. 

CD8 T cells can contribute to disease either by promoting inflammation through cytokine release 

or via direct cytotoxic effects. One example is Type 1 Diabetes, where T cell autoreactivity 

results in the destruction of pancreatic islet cells, which has been verified through the 
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identification of initiating self-antigens and the generation of mouse models (60,	61). CD8 T cells 

have also been implicated in other autoimmune diseases, such as Multiple sclerosis, through 

the tracking of CD8 T cell clonal expansions and in mouse models (62,	63). Genetic association 

studies of various autoimmune diseases have implicated the MHC Class II locus, suggesting a 

broad role for CD4 T cells in autoimmunity (64). However genetic associations can also 

implicate CD8 T cells, as in the case of ankylosing spondylitis, where a specific MHC I allele 

serves as the dominant risk factor (65). Notably, shared expanded clones have been identified 

in AS, further pointing to a common causal antigen (66). Nevertheless, the antigens driving AS 

and other autoimmune diseases remain uncharacterized, limiting our understanding of the 

pathogenesis of these diseases and forestalling antigen-specific approaches to their treatment. 

 

Methods of CD8 T cell antigen discovery 

The importance of CD8 T cells in a broad range of contexts has motivated a variety of methods 

for the discovery of CD8 T cell antigens. Classically, T cell recognition of cognate antigen has 

been detected by observing T cell effector functions, including cytokine release, proliferation, 

up-regulation of activation markers, or cytotoxicity (67). These assays are suitable for detecting 

T cell recognition of individual antigens. Another general approach is the use of peptide-MHC 

tetramers as affinity reagents (68). While classically singleplex tools, tetramers have been 

adapted to use with combinations of fluorophores (69), mass cytometry (70), and RNA or DNA-

encoded barcodes (71,	72). Collectively, these approaches enable the simultaneous profiling of 

10s-100s of pre-defined specificities but are still unsuitable for the unbiased discovery of T cell 

antigens. 
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 Several genetic approaches have been taken to identify T cell antigens from more 

complex sets of candidates. The first is the use of cDNA or gDNA libraries derived from a target 

cell line that is recognized by a given T cell. Pools of cDNA or gDNA are transferred to another 

cell line and antigen recognition is detected by T cell cytokine release. Recognized pools are 

deconvoluted through subsequent rounds of re-cloning and testing. Notably, this approach 

resulted in the identification of many of the known tumor antigens, including MART1, MAGE-A3, 

and gp100 (73–76). More recently, Dornmair and colleagues developed a system that uses a 

library of antigens displayed by adherent target cells (77). These target cells are overlaid by 

modified CTLs that express GFP upon activation. The target cells forming synapses with 

fluorescent, activated T cells are manually isolated using microcapillaries and analyzed to reveal 

the antigens triggering the response. While potentially useful, the technical barriers and low 

throughput of this approach limit its broader application. Finally in the past several months, two 

methods were published that rely on the presentation of antigens as single-chain fusions to 

MHC I molecules (78,	 79). T cell recognition of cognate antigen is detected by measuring 

trogocytosis (78) or the activation of a synthetic signaling molecule (79) in the target cells, 

enabling the isolation of these cells and the identification of the antigens they encoded. 

 Other methods rely on the display of candidate randomer peptide-MHC antigens on the 

surface of yeast (80,	81) or baculovirus (82). TCRs of interest are generated in soluble form and 

used to pan the libraries of peptide-MHC for binding, resulting in the identification of putative 

peptide antigens that can then be mapped onto proteins of interest. Another approach tests the 

ability of T cells to be activated by pools of peptides, where each pool has one amino acid fixed 

in a single position (83). The fixed amino acids from any scoring pools are used to generate 

subsequent peptide pools with additional fixed amino acids to look for T cell responses to a 

narrowed set of peptides, and the process is repeated iteratively to produce a consensus 
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epitope sequence to map back to the genome of interest. Collectively, these methods underlie 

our existing knowledge of T cell antigens. However, the technical challenges and limited 

throughput associated with these approaches have precluded a broader and more systematic 

understanding of T cells in various contexts. 

  



 

 

CHAPTER 2: Comprehensive serological profiling of human populations using a 

synthetic human virome 

 

Note: This entire chapter was published in the article: 

*Xu, G.J., *Kula, T., Xu, Q., Li, M.Z., Vernon, S.D., Ndung’u, T., Ruxrungtham, K., 
Sanchez, J., Brander, C., Chung, R.T., O’Connor, K.C., Walker, B., Larman, H.B., 
Elledge, S.J. (2015). Comprehensive serological profiling of human populations using a 
synthetic human virome. Science 348, aaa0698. 

*co-first authors 

 

Acknowledgements: 

We thank Elizabeth Unger and Supranee Buranapraditkun for providing reagents and Kai 

Wucherpfennig (Harvard) and Hidde Ploegh (MIT) for critical reading of the manuscript, and 

TWIST Biosciences for providing access to their advanced oligonucleotide synthesis 

technology. The cohort in Durban, South Africa was funded by the NIH (R37AI067073) and the 

International AIDS Vaccine Initiative (UKZNRSA1001). T.N. received additional funding from the 

South African Research Chairs Initiative, the Victor Daitz Foundation and an International Early 

Career Scientist Award from the Howard Hughes Medical Institute. RTC was funded by grants 

NIH DA033541 and AI082630. C.B and J.S. were supported by NIH N01-AI-30024 and N01-Al-

15422, NIH-NIDCR R01 DE018925-04, the HIVACAT program and CUTHIVAC 241904. K.R. is 

supported by TRF Senior Research Scholar, the Thailand Research Fund; and the 

Chulalongkorn University Research Professor Program, Thailand and NIH grant N01-A1-30024. 



 

 
15 

G.J.X. and T.K. were supported by the NSF Graduate Research Fellowships Program. S.J.E. 

and B.W. are Investigators with the Howard Hughes Medical Institute. G.J.X., T.K., H.B.L., and 

S.J.E. are inventors on a patent application (PCT Application No. PCT/US14/70902) filed by The 

Brigham and Women’s Hospital, Inc. that covers the use of phage display libraries to detect 

antiviral antibodies. 

 

Author contributions 

S.J.E. conceived and supervised the project. H.B.L., Q.K., and G.J.X. designed the libraries. 

M.Z.L. constructed the libraries. G.J.X. and T.K. performed the experiments. G.J.X. and T.K. 

performed the data analysis. All other authors provided samples and resources. 

 

   



 

 
16 

Introduction 

The collection of viruses found to infect humans (the "human virome”) can have profound effects 

on human health (84). In addition to directly causing acute or chronic illness, viral infection can 

also alter host immunity in more subtle ways, leaving an indelible footprint on the immune 

system (85). For example, latent herpesvirus infection has been shown to confer symbiotic 

protection against bacterial infection in mice through prolonged production of interferon-γ and 

systemic activation of macrophages (86). This interplay between virome and host immunity has 

also been implicated in the pathogenesis of complex diseases such as type 1 diabetes, 

inflammatory bowel disease, and asthma (87). Despite this growing appreciation for the 

importance of interactions between the virome and host, a comprehensive method to 

systematically characterize these interactions has yet to be developed (88). 

Viral infections can be detected by serological- or nucleic acid-based methods (89). However, 

nucleic acid tests fail in cases where viruses have already been cleared after causing or 

initiating tissue damage and can miss viruses of low abundance or viruses not normally present 

in the sampled fluid or surface. In contrast, humoral responses to infection typically arise within 

two weeks of initial exposure and can persist over years or decades (90). Tests detecting 

antiviral antibodies in peripheral blood can therefore identify ongoing and cleared infections. 

However, current serological methods are predominantly limited to testing one virus at a time 

and are therefore only employed to address specific clinical hypotheses. Scaling serological 

analyses to encompass the complete human virome poses significant technical challenges, but 

would be of great value for better understanding host-virus interactions, and would overcome 

many of the limitations associated with current clinical technologies. In this work, we present 

VirScan, a programmable, high-throughput method to comprehensively analyze antiviral 
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antibodies using immunoprecipitation and massively parallel DNA sequencing of a 

bacteriophage library displaying proteome-wide coverage of peptides from all human viruses. 

 

Results  

The VirScan Platform 

VirScan utilizes the Phage Immunoprecipitation sequencing (PhIP-seq) technology previously 

developed in our laboratory (91). Briefly, we used a programmable DNA microarray to 

synthesize 93,904 200-mer oligonucleotides, encoding 56-residue peptide tiles, with 28 residue 

overlaps, that together span the reference protein sequences (collapsed to 90% identity) of all 

viruses annotated to have human tropism in the UniProt database (Fig. 2.1A.a and 2.1A.b) (92). 

This library includes peptides from 206 species of virus and over 1,000 different strains. We 

cloned the library into a T7 bacteriophage display vector for screening (Fig. 2.1A.c).  

To perform a screen, we incubate the library with a serum sample containing antibodies, recover 

the antibodies using a mixture of protein A and G coated magnetic beads, and remove unbound 

phage particles by washing (Fig. 2.1A.d and 2.1A.e). Finally, we perform PCR and massively 

parallel sequencing on the phage DNA to quantify enrichment of each library member due to 

antibody binding (Fig. 2.1A.f). Each sample is screened in duplicate to ensure reproducibility. 

VirScan requires only 2 µg of immunoglobulin (<1 µL of serum) per sample and can be 

automated on a 96-well liquid handling robot (93). PCR product from 96 immunoprecipitations 

can be individually barcoded and pooled for sequencing, reducing the cost for a comprehensive 

viral antibody screen to approximately $25 per sample.  
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Fig. 2.1.  General VirScan analysis of the human virome. (A) Construction of the virome 
peptide library and VirScan screening procedure. (a) The virome peptide library consists of 
93,904 56 amino acid peptides tiling, with 28 amino acid overlap, across the proteomes of all 
known human viruses. (b) 200 nt DNA sequences encoding the peptides were printed on a 
releasable DNA microarray. (c) The released DNA was amplified and cloned into a T7 phage 
display vector and packaged into virus particles displaying the encoded peptide on its surface. 
(d) The library is mixed with a sample containing antibodies that bind to their cognate peptide 
antigen on the phage surface. (e) The antibodies are immobilized and unbound phage are 
washed away. (f) Finally, amplification of the bound DNA and high throughput sequencing of the 
insert DNA from bound phage reveals peptides targeted by sample antibodies. Abbreviations: 
aa, amino acid; Ab, antibody; IP: immunoprecipitation. (B) Antibody profile of randomly chosen 
group of donors to show typical assay results. Each row is a virus, each column is a sample. 
The label above each chart indicates whether the donors are over 10 years of age or at most 10 
years of age. The color intensity of each cell indicates the number of peptides from the virus that 
were significantly enriched by antibodies in the sample. (C) Scatter plot of the number of unique 
enriched peptides (after applying maximum parsimony filtering) detected in each sample against 
the viral load in that sample. Data are shown for the HCV positive and HIV positive samples for 
which we were able to obtain viral load data. For the HIV positive samples, red dots indicate 
samples from donors currently on highly active anti-retroviral therapy at the time the sample was 
taken, whereas blue dots indicate different donors prior to undergoing therapy. (D) Overlap 
between enriched peptides detected by VirScan and human B cell epitopes from viruses in 
IEDB. The entire pink circle represents the 1,392 groups of non-redundant IEDB epitopes that 
are also present in the VirScan library (out of 1,559 clusters total). The overlap region 
represents the number of groups with an epitope that is also contained in an enriched peptide 
detected by VirScan. The purple only region represents the number of non-redundant enriched 
peptides detected by VirScan that do not contain an IEDB epitope. Data are shown for peptides 
enriched in at least one (left) or at least two (right) samples. (E) Overlap between enriched 
peptides detected by VirScan and human B cell epitopes in IEDB from common human viruses. 
The regions represent the same values as in (D) except only epitopes corresponding to the 
indicated virus are considered, and only peptides from that virus that were enriched in at least 
two samples were considered.  (F) Distribution of number of viruses detected in each sample. 
The histogram depicts the frequency of samples binned by the number of virus species detected 
by VirScan. The mean and median of the distribution are both approximately 10 virus species. 
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Following sequencing, we tally the read count for each peptide before (“input”) and after 

(“output”) immunoprecipitation. We then fit a zero-inflated generalized Poisson model to the 

distribution of output read counts for each input read count and regress the parameters as a 

function of input read count (fig. S2.1). Using this model, we calculate a -log10(p-value) for the 

significance of each peptide’s enrichment. Finally, we call a peptide significantly enriched if its -

log10(p-value) is greater than the reproducibility threshold of 2.3 in both replicates (fig. S2.2). 

Characterizing VirScan’s sensitivity and specificity 

Fig. 1B shows the antibody profiles of a set of human viruses in sera from a typical group of 

individuals in a heat map format that illustrates the number of enriched peptides from each virus. 

We frequently detected antibodies to multiple peptides from common human viruses, such as 

Epstein-Barr virus (EBV), Cytomegalovirus (CMV), and rhinovirus. As expected, we observed 

more peptides to be enriched from viruses with larger proteomes, such as EBV and CMV, likely 

because there are more epitopes available for recognition. We noticed fewer enriched peptides 

in samples from individuals less than ten years of age compared to their geographically 

matched controls, in line with an accumulation of viral infections throughout adolescence and 

adulthood. However, there were occasional samples from young donors with very strong 

responses to viruses that cause childhood illness, such as Parvovirus B19 and Herpesvirus 6B, 

which cause the “fifth disease” and “sixth disease” of the classical infectious childhood rashes, 

respectively (94). These observations are examined in greater detail in Fig. 2.2.  

We developed a computational method to identify the set of viruses to which an individual has 

been exposed, based on the number of enriched peptides identified per virus. Briefly, we set a 

threshold number of significant non-overlapping enriched peptides for each virus. We empirically 

determined that a threshold of three non-overlapping enriched peptides gave the best 
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performance for detecting Herpes simplex virus 1 compared to a commercial serologic test, 

described below (Table 2.1). For other viruses, we adjusted the threshold to account for the size 

of the viral proteome (fig. S2.3). Next, we tally the number of enriched peptides from each virus. 

Antibodies generated against a specific virus can cross-react with similar peptides from a 

related virus. This would lead to false positives because an antibody targeted to an epitope from 

one virus to which a donor was exposed would also enrich a homologous peptide from a related 

virus to which the donor may not have been exposed. In order to address this issue, we adopted 

a maximum parsimony approach to infer the fewest number of virus exposures that could elicit 

the observed spectrum of antiviral peptide antibodies. For groups of enriched peptides that 

share a 7 amino acid subsequence and may be recognized by a single specific antibody, we 

only count it as one epitope for the virus that has the greatest number of other enriched 

peptides. If this adjusted peptide count is greater than the threshold for that virus, the sample is 

considered positive for the virus. For this analysis, we also filtered out peptides that were 

enriched in only one of the 569 samples to avoid spurious hits. 

Using this analytical framework, we measured the performance of VirScan using serum samples 

from patients known to be infected or not infected with human immunodeficiency virus (HIV) and 

Hepatitis C virus (HCV), based on commercial ELISA and Western blot assays. For both 

viruses, VirScan achieves very high sensitivities and specificities of ~95% or higher (Table 2.1) 

over a wide range of viral loads (Fig. 2.1C). The viral genotype was also known for the HCV 

positive samples. Despite the over 70% amino acid sequence conservation among HCV 

genotypes (95), which poses a problem for all antibody-based detection methods, VirScan 

correctly reported the HCV genotype in 69% of the samples. We also compared VirScan to a 

commercially available serology test that is type specific for the highly related Herpes simplex 

viruses 1 and 2 (HSV1 and HSV2) (Table 2.1). These results demonstrate that VirScan 
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performs well in distinguishing between closely related viruses and viruses that range in size 

from small (HIV and HCV) to very large (HSV1 and HSV2) with high sensitivity and specificity.  

 

Virus Sensitivity (n) Specificity (n) 
Hepatitis C virus 92% (26) * 97%** (34) 
Human immunodeficiency virus 1 95% (61) * 100% (33) 
Herpes simplex virus 1 97% (38) 100% (6) 
Herpes simplex virus 2 90% (20) 100% (24) 

 
Table 2.1.  Virscan’s sensitivity and specificity on samples with known viral infections. 
Sensitivity is the percentage of samples positive for the virus as determined by VirScan out of all 
n known positives. Specificity is the percentage of samples negative for the virus by VirScan out 
of all n known negatives. 
* We found that although the false negative samples did not meet our stringent cut-off for 
enriching multiple unique peptides, they had detectable antibodies to a recurrent epitope. By 
modifying the criterion to allow for samples that enrich multiple homologous peptides that share 
a recurrent epitope as described in the text, the sensitivity of detecting Hepatitis C virus 
increases to 100% and the sensitivity for detecting HIV increases to 95%. This modified criterion 
does not significantly affect specificity (fig. S2.13). 
** The one false positive was from an individual whose HCV-negative status was self-reported, 
but had antibodies to as many HCV peptides as 23% of the true HCV positive individuals and is 
likely to be HCV positive now or in the past.  It is possible that this individual was exposed to 
HCV but cleared the infection. If true, the observed specificity for HCV is 100%. 

 

Population-level analysis of viral exposures 

After ascertaining the performance of VirScan for a panel of viruses, we undertook a large-scale 

screening of samples with unknown exposure history. Using our multiplex approach, we 

assayed over 106 million antibody-peptide interactions using samples from 569 human donors 

in duplicate. We detected antibody responses to an average of 10 species of virus per sample 

(Fig. 2.1F). Each person is likely exposed to multiple distinct strains of some viral species. We 

detected antibody responses to 62 of the 206 species of virus in our library in at least 5 
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individuals, and 84 species in at least 2 individuals. The most frequently detected viruses are 

generally those known to commonly infect humans (Table 2.2, table S2.1). We occasionally 

detected what appear to be false positives that may be due to antibodies that cross react with 

non-viral peptides. For example, 29% of the samples positive for Cowpox virus were right at the 

threshold of detection and had antibodies against a peptide from the C4L gene that shares an 

eight amino acid sequence (‘SESDSDSD’) with the Clumping Factor B protein from 

Staphylococcus aureus, against which humans are known to generate antibodies (96). This will 

become less of an issue when we test more examples of sera from patients with known 

infections to determine the set of likely antigenic peptides for a given virus. However, the fact 

that we do not detect high rates of very rare or virulent viruses strengthens our confidence in 

VirScan’s specificity (see Supplementary Discussion). 

Virus Species % 
Human herpesvirus 4 87.1% 
Rhinovirus B 71.8% 
Human adenovirus C 71.8% 
Rhinovirus A 67.3% 
Human respiratory syncytial virus 65.7% 
Human herpesvirus 1 54.4% 
Influenza A virus 53.4% 
Human herpesvirus 6B 52.8% 
Human herpesvirus 5 48.5% 
Influenza B virus 40.5% 
Poliovirus 33.7% 
Human herpesvirus 3 24.3% 
Human adenovirus F 20.4% 
Human adenovirus B 16.8% 
Human herpesvirus 2 15.5% 
Enterovirus A 15.2% 
Enterovirus B 13.3% 

 
Table 2.2 . Frequently detected viruses. The ‘%’ column indicates the percentage of samples 
that were positive for the virus by VirScan. Known HIV and HCV positive samples were 
excluded when performing this analysis. 
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We frequently detected antibodies to rhinovirus and respiratory syncytial virus, which are 

normally found only in the respiratory tract, indicating that VirScan using blood samples is still 

able to detect viruses that do not cause viremia. We also detected antibodies to influenza, which 

is normally cleared, and poliovirus, to which most people in modern times generate antibodies 

through vaccination. Since the original antigen is no longer present, we are likely detecting 

antibodies secreted by long-lived memory B cells (97).  

We detected antibodies to certain viruses less frequently than expected based on previous 

seroprevalence studies using optimized serum ELISA assays. For example, the frequency at 

which we detect influenza (53.4%) and poliovirus (33.7%) is lower than expected given that the 

majority of the population has been exposed to or vaccinated against these viruses. This may 

be due to reduced sensitivity because of a gradual narrowing and decrease of the long-lived B 

cell response in the absence of persistent antigen. We also rarely detected antibody responses 

to small viruses such as JC virus and Torque Teno virus, which are frequently detected using 

specific tests. We believe that the disparity is due to low titers of antibodies to unmodified, linear 

epitopes from these viruses. For example, serum antibodies against the major capsid protein of 

JCV are reported to only recognize conformational epitopes (98). Finally, the frequency of 

detecting varicella zoster virus (chicken pox) antibodies is also lower than expected (24.3%), 

even though the frequency of detecting other latent herpesviruses, such as Epstein-Barr virus 

(87.1%) and cytomegalovirus (48.5%), is similar to the prevalence reported in epidemiological 

studies (99–101). This may reflect differences in how frequently these viruses shed antigens 

that stimulate B cell responses or a more limited humoral response that relies on epitopes that 

cannot be detected in a 56-residue peptide. It might also be possible to increase the sensitivity 

of detection of these viral antibodies by stimulating memory B cells in vitro to probe the history 

of infection more deeply. 
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To assess differences in viral exposure between populations, we split the samples into different 

groups based on age, HIV status, and geography. We first compared results from children under 

the age of ten to adults within the United States (HIV-positive individuals were excluded from 

this analysis) (Fig. 2.2A). Fewer children were positive for most viruses, including Epstein-Barr 

virus, HSV1, HSV2, and influenza virus, which is consistent with our preliminary observations 

comparing the number of enriched peptides (Fig. 2.1B). In addition to the fact that children may 

generate lower antibody titers in general, these younger donors probably have not yet been 

exposed to certain viruses, for example HSV2 which is sexually transmitted (102).  

When comparing results from HIV positive to HIV negative samples, we found more of the HIV 

positive samples to also be seropositive for additional viruses, including HSV2, CMV, and 

Kaposi’s sarcoma-associated herpesvirus (KSHV) (false discovery rate q < 0.05, Fig. 2.2B). 

These results are consistent with prior studies indicating higher risk of these co-infections in HIV 

positive patients (103–105). Patients with HIV may engage in activities that put them at higher 

risk for exposure to these viruses. Alternatively, these viruses may increase the risk of HIV 

infection. HIV infection may reduce the immune system’s ability to control reactivation of 

normally dormant resident viruses or to prevent opportunistic infections from taking hold and 

triggering a strong adaptive immune response.  
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Fig. 2.2.  Population stratification of the human virome immune response. The bar graphs 
depict the differences in exposure to viruses between donors who are (A) less than ten years of 
age versus over ten years of age, (B) HIV positive versus HIV negative, (C) residing in Peru 
versus residing in the United States, (D) residing in South Africa versus residing in the United 
States, and (E) residing in Thailand versus residing in the United States. Asterisks indicate false 
discovery rate < 0.05. 
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Finally, we compared the evidence of viral exposure between samples taken from adult HIV-

negative donors residing in countries from four different continents (the United States, Peru, 

Thailand, and South Africa). In general, donors outside the United States had higher 

frequencies of seropositivity (Fig. 2.2C-E). For example, cytomegalovirus antibodies were found 

in significantly higher frequencies in samples from Peru, Thailand, and South Africa. Other 

viruses, such as Kaposi’s sarcoma-associated herpesvirus and HSV1 were detected more 

frequently in donors from Peru and South Africa, but not Thailand. The observed detection 

frequency of different adenovirus species varies across populations. Adenovirus C seropositivity 

was found at similar frequencies in all regions, but Adenovirus D seropositivity was generally 

higher outside the United States, while Adenovirus B seropositivity was higher in Peru and 

South Africa, but not in Thailand. The higher rates of virus exposure outside the United States 

could be due to differences in population density, cultural practices, sanitation, or genetic 

susceptibility. Interestingly, Influenza B seropositivity was more common in the United States 

compared to other countries, especially Peru and Thailand. The global incidence of Influenza B 

is much lower than Influenza A but the standard influenza vaccination contains both Influenza A 

and B strains, so the elevated frequency of individuals with seroreactivity may be due to higher 

rates of influenza vaccination in the United States. Other viruses, such as Rhinovirus and 

Epstein-Barr virus, were detected at very similar frequencies in all the geographic regions. 

Analysis of viral epitope determinants 

After analyzing responses on the whole virus level, we focused our attention on the specific 

peptides targeted by these antibodies. We detected antibodies to a total of 8,425 peptides in at 

least 2 samples, and 15,052 in at least 1 sample. Because of the presence of many related 

peptides in our library and the Immune Epitope Database (IEDB), for the following analysis we 

consider a peptide unique only if it does not contain a continuous 7-residue subsequence, the 
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estimated size of a linear epitope, in common with another peptide. Analyzed as such, our 

VirScan database nearly doubles the 1,559 unique human B cell epitopes from human viruses 

in the IEDB (106). The epitopes identified in our unbiased analysis demonstrate a significant 

overlap with those contained in the IEDB (p < 10-30, Fisher’s exact text, Fig. 2.1D). The amount 

of overlap is even greater for epitopes from viruses that commonly cause infection (Fig. 2.1E). 

We would likely have detected even more antigenic peptides in common with the IEDB if we had 

tested more samples from individuals infected with rare viruses. We next analyzed the amino 

acid composition of recurrently enriched peptides. Enriched peptides tend to have more proline 

and charged amino acids and fewer hydrophobic amino acids, which is consistent with a 

previous analysis of B cell epitopes in the IEDB (fig. S2.4) (107). This trend likely reflects 

enrichment for amino acids that are surface exposed or can form stronger interactions with 

antibodies.  

B cell responses target highly similar viral epitopes across individuals 

We compared the profile of peptides recognized by the antibody response in different 

individuals. We found that for a given protein, each sample generally only had strong responses 

against one to three immunodominant peptides (Fig. 2.3). Surprisingly, we found that the vast 

majority of seropositive samples for a given virus recognized the same immunodominant 

peptides, suggesting that the antiviral B cell response is highly stereotyped across individuals. 

For example, in glycoprotein G from respiratory syncytial virus, there is only a single 

immunodominant peptide comprising positions 141-196 that is targeted by all samples with 

detectable antibodies to the protein, regardless of the country of origin (Fig. 2.3A).  

For other antigens, we observed inter-population serological differences. For example, two 

overlapping peptides from position 309-364 and 337-392 of the penton base protein from 
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Adenovirus C frequently elicited antibody responses (Fig. 2.3B). However, donors from the 

United States and South Africa had much stronger responses to peptide 309-364 (p < 10-6, t-

test) relative to donors from Thailand and Peru. We observed that for the EBNA1 protein from 

Epstein Barr virus, donors from all four countries frequently had strong responses to peptide 

393-448 and occasionally to peptide 589-644. However, donors from Thailand and Peru had 

much stronger responses to peptide 57-112 (p < 10-6, t-test) (Fig. 2.3C).  These differences may 

reflect variation in the strains endemic in each region. In addition, polymorphism of MHC class II 

alleles, immunoglobulin genes and other modifiers that shape immune responses in each 

population likely play a role in defining the relative immunodominance of antigenic peptides.   

To determine whether the humoral responses that target an immunodominant peptide are 

actually targeting precisely the same epitope, we constructed single-, double-, and triple-alanine 

scanning mutagenesis libraries for 8 commonly recognized peptides. These were introduced 

into the same T7 bacteriophage display vector and subjected to the same immunoprecipitation 

and sequencing protocol using samples from the United States. Mutants that disrupt the epitope 

diminish antibody binding affinity and peptide enrichment. We found that for all 8 peptides 

tested, there was a single, largely contiguous subsequence in which mutations disrupted binding 

for the majority of samples. As expected, the triple-mutants abolished antibody binding to a 

greater extent, and the enrichment patterns were similar among single-, double- and triple-

mutants of the same peptide (Fig. 2.4, figures S2.5-S2.11). For 4 of the 8 peptides, a 9 to 15 

amino acid region was critical for antibody recognition in >90% of samples (Fig. 2.4, Figures 

S2.5-S2.7). One other peptide had a region of similar size that was critical in about half of the  
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Fig. 2.3.  The human anti-virome response recognizes a similar spectrum of peptides among 
infected individuals. In the heatmap charts, each row is a peptide tiling across the indicated 
protein and each column is a sample. The colored bar above each column, labeled at the top of 
the figure, indicates the country of origin for that sample. The samples shown are a subset of 
individuals with antibodies to at least one peptide from the protein. The color intensity of each 
cell corresponds to the -log10(p-value) measure of significance of enrichment for a peptide in a 
sample (greater values indicates stronger antibody response). Data are shown for (A) Human 
respiratory syncytial virus Attachment Glycoprotein G (G), (B) Human adenovirus C penton 
protein (L2), and (C) Epstein-Barr virus nuclear antigen 1 (EBNA1). Data shown are the mean of 
two replicates. 
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samples (fig. S2.8). In another peptide, a single region was important for antibody recognition in 

the majority of the samples, but the extents of the critical region varied slightly for different 

samples and occasionally there are donors that recognize a completely separate epitope (fig. 

S2.9). The remaining two peptides contained a single triple mutant that abolished binding in the 

majority of samples, but the critical region also extended further to different extents depending 

on the sample (figs S2.10-S2.11). Surprisingly, in one of these peptides, in addition to the main 

region surrounding positions 13-14 that is critical for binding, a single G36A mutation disrupted 

binding in almost half of the samples whereas none of the double- or triple-alanine mutants that 

also included the adjacent positions (L35, G37) affected binding (fig. S2.11). It is possible that 

G36 plays a role in helping the peptide adopt an antigenic conformation and multiple-mutants 

containing the adjacent Leu or Gly residues rescue this ability. We occasionally saw other 

examples of mutations that resulted in patterns of disrupted binding with no simple explanation, 

illustrating the complexity of antibody-antigen interaction. 

The discovery of recurring targeted epitopes led us to ask whether we could apply this 

knowledge to improve the sensitivity of viral detection with VirScan. We hypothesized that 

samples showing a strong response to a recurrently targeted “diagnostic” peptide, which we 

defined as a peptide enriched in at least 30% of known positive samples, are likely to be 

seropositive even if they do not meet our stringent cutoff requiring at least two non-overlapping 

enriched peptides. We tested how this modified criterion affected our sensitivity and specificity in 

detecting HIV and HCV and found that it reduced the number of false negatives without affecting 

the specificity of the assay (fig. S2.13). We next turned our attention to respiratory syncytial 

virus (RSV), a virus for which our detected seroprevalence was lower than reported 

epidemiological rates, suggesting imperfect sensitivity of our assay. We tested 60 patient sera  
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Fig. 2.4.  Recognition of common epitopes within an antigenic peptide from human adenovirus 
C penton protein (L2) across individuals. Each row is a sample. Each column denotes the first 
mutated position for the (A) single-, (B) double-, and (C) triple-alanine mutant peptide starting 
with the N-terminus on the left. Each double- and triple-alanine mutant contains two or three 
adjacent mutations, respectively, extending towards the C-terminus from the colored cell. The 
color intensity of each cell indicates the enrichment of the mutant peptide relative to the wild-
type. For double-mutants, the last position is blank. The same is true for the last two positions 
for triple-mutants. Data shown are the mean of two replicates. 
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for antibodies to RSV by ELISA and found 95% were positive, above the reported sensitivity of 

the assay and consistent with near-universal exposure to this pathogen. Applying the modified 

criterion to these samples increased our rate of detection by VirScan from 63% to 97% (table 

S2.2). These data suggest that assigning more weight to recurrently targeted epitopes can 

enhance the sensitivity of VirScan and that the performance of the assay can be improved by 

screening known positives for a particular virus. 

 

Discussion 

We have developed VirScan, a technology for identifying viral exposure and B cell epitopes 

across the entire known human virome in a single, multiplex reaction using less than a drop of 

blood. VirScan uses DNA microarray synthesis and bacteriophage display to create a uniform, 

synthetic representation of peptide epitopes comprising the human virome. Immunoprecipitation 

and high-throughput DNA sequencing reveals the peptides recognized by antibodies in the 

sample. VirScan is easily automated in 96-well format to enable high throughput sample 

processing. Barcoding of samples during PCR enables pooled analysis that can dramatically 

reduce the per-sample cost. The VirScan approach has several advantages for studying the 

effect of viruses on the host immune system. By detecting antibody responses, it can identify 

infectious agents that have been cleared after an effective host response. Current serological 

methods of antiviral antibody detection typically employ the selection of a single optimized 

antigen in order to achieve high accuracy. In contrast, VirScan’s unique approach does not 

require such optimization in order to obtain similar performance. VirScan achieves sensitive 

detection by assaying each virus's complete proteome to detect any antibodies directed to 

epitopes that can be captured in a 56-residue fragment and specificity by computationally 
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eliminating cross-reactive antibodies. This unbiased approach identifies exposure to less well-

studied viruses for which optimal serological antigens are not known and can be rapidly 

extended to include new viruses as they are discovered (108).  

While sensitive and selective, VirScan also has a few limitations. First, it cannot detect epitopes 

that require post-translational modifications. Secondly, it cannot detect epitopes that involve 

discontinuous sequences on protein fragments greater than 56 residues.  In principle, the latter 

can be overcome by using alternative technologies that allow for the display of full-length 

proteins such as Parallel Analysis of Translated ORFs (PLATO) (109). Third, VirScan is likely to 

be less specific compared with certain nucleic acid tests that discern highly related virus strains. 

However, VirScan demonstrates excellent serological discrimination among similar virus 

species, such as HSV1 and HSV2 and can even distinguish the genotype of HCV 69% of the 

time. We envision VirScan will become an important tool for first-pass unbiased serologic 

screening applications. Individual viruses or viral proteins uncovered in this way can 

subsequently be analyzed in further detail using more focused assays, as we have 

demonstrated for a panel of immunodominant epitopes. 

We have demonstrated that VirScan is a sensitive and specific assay for detecting exposure to 

viruses across the human virome. Because it can be performed in high-throughput and requires 

minimal sample and cost, VirScan enables rapid and cost-effective screening of large numbers 

of samples to identify population-level differences in virus exposure across the human virome. In 

this work, we analyzed over 106 million antibody-viral peptide interactions in a comprehensive 

study of pan-virus serology in a large, diverse population. In doing so we detected 84 different 

viral species in 2 or more individuals.  This is likely to be an underestimate of the history of viral 

infection as only low levels of circulating antibodies may remain from infections that were 

cleared in the distant past.  In addition, an individual could be infected by multiple distinct strains 
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of each viral species. We identified known and novel differences in virus exposure between 

groups differing in age, HIV status, and geographic location across four different continents. Our 

results are largely consistent with previous studies, validating the effectiveness of VirScan. For 

example, cytomegalovirus antibodies were found in significantly higher frequencies in Peru, 

Thailand, and South Africa whereas Kaposi’s sarcoma-associated herpesvirus and HSV1 

antibodies were detected more frequently in Peru and South Africa, but not in Thailand (99, 

110–114). We also uncovered previously undocumented serological differences, such as an 

increased rate of antibodies against Adenovirus B and respiratory syncytial virus in HIV positive 

individuals compared to HIV negative individuals. These differences may provide insight into 

how HIV co-infection alters the balance between host immunity and resident viruses, as well as 

help to identify pathogens that may increase susceptibility to HIV and other heterologous 

infections.  HIV infection may reduce the immune system’s ability to control reactivation of 

normally dormant resident viruses or to prevent opportunistic infections from taking hold and 

triggering a strong adaptive immune response. Beyond the epidemiological applications 

demonstrated here, VirScan could also be applied to identify viral exposures that correlate with 

disease or other phenotypes in virome-wide association studies.   

Our results identified a large number of novel B cell epitopes, cumulatively nearly doubling the 

number of all previously identified viral epitopes. We have utilized our data to identify globally 

immunodominant and commonly recognized “public” epitopes. For most species of viruses, one 

or more peptides are individually recognized in over 70% to 95% of samples positive for that 

species (table S2.3). We identified a set of two peptides that together are recognized by >95% 

of all screened samples and a set of five peptides that together are recognized in >99% of 

screened samples. These public epitopes could be used to improve vaccine design by 

piggybacking on the existing antibody response against them. Fusing a public B cell epitope to a 
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protein in a vaccine to which we hope to induce an immune response may increase a vaccine’s 

efficacy among a broad population by improving presentation of that protein and aiding affinity 

maturation. Pre-existing B cells recognizing the public epitope can act as antigen presenting 

cells to process and present T cell epitopes of the fused vaccine target on MHC class I and II 

(115). Antibodies secreted by these B cells can also participate in immune complexes with the 

fused vaccine target, which are critical for follicular dendritic cells to prime class switching and 

affinity maturation of B cells recognizing other epitopes on the fused antigen (116). Finally, we 

demonstrated that applying more weight to these public epitopes increases the sensitivity of 

VirScan without significantly affecting specificity, suggesting that this limited subset of peptides 

can serve as the basis for the next generation of our assay or for other novel diagnostics.   

We also found that the precise epitopes recognized by the B cell response are highly similar 

among individuals across many viral proteins. One possible model for this striking similarity is 

that these regions possess properties favorable for antigenicity, such as accessibility. Another 

model is that the same or highly similar B cell receptor sequences that recognize these epitopes 

are commonly generated. Identical T cell receptor sequences (“public” clonotypes) have been 

found in multiple individuals and are thought to be the result of biases during the recombination 

process that favor certain amino acid sequences (117). V(D)J recombination of the 

immunoglobulin heavy and light chain loci is also heavily biased (118). Highly similar or even 

identical complementarity determining region 3 (CDR3) sequences have been observed in 

dengue virus specific antibodies from different individuals (119). It is possible that, rather than 

being an exception for dengue specific antibodies, this represents a general phenomenon: 

inherent biases in V(D)J recombination generate the same or similar antibodies in multiple 

individuals that recognize highly similar epitopes. Slight differences in the antibody CDR3 

sequence may subtly alter antibody-antigen interaction, leading to the slight variations observed 
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in the extent of critical epitope regions. Sequencing of antigen specific antibody genes will be 

required to investigate these possibilities. The same principle may also apply to T cell epitopes 

and their cognate TCRs. 

In conclusion, VirScan is a new method that enables human virome-wide exploration - at the 

epitope level - of immune responses in large numbers of individuals. We have demonstrated its 

effectiveness for determining viral exposure and characterizing viral B cell epitopes in high 

throughput and at high resolution. Our preliminary studies have revealed intriguing general 

properties of the human immune system, both at the individual and population scale. VirScan 

will be an important tool in uncovering the effect of host-virome interactions on human health 

and disease and could easily be expanded to include other human pathogens such as bacteria, 

fungi and protozoa.  

Materials and Methods: 

Patient samples 

Specimens originating from human donors were collected after informed written consent was 

obtained and under a protocol approved by the local governing human research protection 

committee. Secondary use of all samples for the purposes of this work was exempted by the 

Brigham and Women’s Hospital Institutional Review Board (Protocol #: 2013P001337).  

Samples included donors residing in Thailand (n=48), donors residing in Peru (n=48), donors 

residing in South Africa (n=48), and the remaining donors residing in the Unites States including 

HIV+ donors (n=61) and HCV+ donors (n=26). All serum and plasma samples were stored in 

aliquots at -80ºC until use. 
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Design and cloning of viral peptide and scanning mutagenesis library sequences 

For the virome peptide library, we first downloaded all protein sequences in the UniProt 

database from viruses with human host and collapsed on 90% sequence identity 

(http://www.uniprot.org/uniref/?query=uniprot:(host: "Human+[9606]")+identity:0.9). The 

clustering algorithm UniProt represents each group of protein sequences sharing at least 90% 

sequence similarity with a single representative sequence. Then, we created 56 aa peptide 

sequences tiling through all the proteins with 28 aa overlap. We reverse translated these 

peptide sequences into DNA codons optimized for expression in E. coli, making synonymous 

mutations when necessary to avoid restriction sites used in subsequent cloning steps (EcoRI 

and XhoI). Finally, we added the adapter sequence “aGGAATTCCGCTGCGT” to the 5’ end and 

“CAGGgaagagctcgaa” to the 3’ end to form the 200 nt oligonucleotide sequences.  

For the scanning mutagenesis library, we first took the sequences of the peptides to be 

mutagenized. For each peptide, we made all single-mutants, and consecutive double- and triple-

mutants sequences scanning through the whole peptide. Non-alanine amino acids were 

mutated to alanine and alanines were mutated to glycine. We reverse translated these peptide 

sequences into DNA codons, making synonymous mutations when necessary to avoid 

restriction sites used in subsequent cloning steps (EcoRI and XhoI). We also made synonymous 

mutations to ensure that the 50 nt at the 5’ end of peptide sequence is unique to allow 

unambiguous mapping of the sequencing results. Finally, we added the adapter sequence 

“aGGAATTCCGCTGCGT” to the 5’ end and “CAGGgaagagctcgaa” to the 3’ end to form the 200 

nt oligonucleotide sequences. 

The 200 nt oligonucleotide sequences were synthesized on a releasable DNA microarray.  We 

PCR amplified the DNA using the primers T7-PFA (aatgatacggcggGAATTCCGCTGCGT) and 



 

 
39 

T7-PRA (caagcagaagACTCGAGCTCTTCCCTG), digested the product with EcoRI and XhoI, 

and cloned the fragment into the EcoRI/SalI site of the T7FNS2 vector (91). The resulting library 

was packaged into T7 bacteriophage using the T7 Select Packaging Kit (EMD Millipore) and 

amplified using the manufacturer suggested protocol. 

Phage immunoprecipitation and sequencing 

We performed phage immunoprecipitation and sequencing using a slightly modified version of 

previously published PhIP-Seq protocols (91, 93). First, we blocked each well of a 96 deep-well 

plate with 1 mL of 3% BSA in TBST overnight on a rotator at 4ºC. To each pre-blocked well, we 

added sera or plasma containing approximately 2 µg of IgG (quantified using a Human IgG 

ELISA Quantitation Set (Bethyl Laboratories)) and 1 mL of the bacteriophage library diluted to 

approximately 2×105 fold representation (2×1010 pfu for a library of 105 clones) in phage 

extraction buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 6 mM MgSO4). We performed two 

technical replicates for each sample. We allowed the antibodies to bind the phage overnight on 

a rotator at 4ºC. The next day, we added 20 µL each of magnetic Protein A and Protein G 

Dynabeads (Invitrogen) to each well and allowed immunoprecipitation to occur for 4 h on a 

rotator at 4ºC. Using a 96-well magnetic stand, we then washed the beads three times with 400 

µL of PhIP-Seq wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40). After the 

final wash, we resuspended the beads in 40 µL of water and lysed the phage at 95 ºC for 10 m. 

We also lysed phage from the library before immunoprecipitation (“input”) and after 

immunoprecipitation with beads alone. 

We prepared the DNA for multiplexed Illumina sequencing using a slightly modified version of a 

previously published protocol (120). We performed two rounds of PCR amplification on the lysed 

phage material using hot start Q5 polymerase according to the manufacturer suggested protocol 
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(NEB). The first round of PCR used the primers IS7_HsORF5_2 

(ACACTCTTTCCCTACACGACTCCAGTCAGGTGTGATGCTC) and IS8_HsORF3_2 

(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCCGAGCTTATCGTCGTCATCC). The 

second round of PCR used 1 µL of the first round product and the primers IS4_HsORF5_2 

(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACTCCAGT) and a different 

unique indexing primer for each sample to be multiplexed for sequencing 

(CAAGCAGAAGACGGCATACGAGATxxxxxxxGTGACTGGAGTTCAGACGTGT, where 

“xxxxxxx” denotes a unique 7 nt indexing sequence). After the second round of PCR, we 

determined the DNA concentration of each sample by qPCR and pooled equimolar amounts of 

all samples for gel extraction. Following gel extraction, the pooled DNA was sequenced by the 

Harvard Medical School Biopolymers Facility using a 50 bp read cycle on an Illumina HiSeq 

2000 or 2500. We pooled up to 192 samples for sequencing on each lane and generally 

obtained approximately 100 - 200 million reads per lane (500,000 to 1,000,000 reads per 

sample).  

Informatics and statistical analysis 

We performed the initial informatics and statistical analysis using a slightly modified version of 

the previously published technique (91, 93). We first mapped the sequencing reads to the 

original library sequences using Bowtie and counted the frequency of each clone in the “input” 

and each sample “output” (121). Since the majority of clones are not enriched we use the 

observed distribution of output counts as a null distribution. We found that a zero-inflated 

generalized poisson distribution fits our output counts well. We use this null distribution to 

calculate a p-value for the likelihood of enrichment for each clone. The probability mass function 

for the zero-inflated generalized poisson distribution is 
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! ! = ! = ! + (1 − !)(! ! + ! !!!!!!!!"), ! = 0
(1 − !)(! ! + ! !!!!!!!!"), ! > 0 

We used maximum likelihood estimation to regress the parameters �, �, and � to fit the 

distribution of counts after immunoprecipitation for all clones present at a particular frequency 

count in the input. We repeated this procedure for all of the observed input counts and found 

that � and � are well fit by linear regression and � by an exponential regression as a function 

of input count (fig. S2.1). Finally, for each clone we used its input count and the regression 

results to determine the null distribution based on the zero-inflated generalized poisson model, 

which we used to calculate the -log10(p-value) of obtaining the observed count. 

To call hits, we determined the threshold for reproducibility between technical replicates based 

on a previously published method (93). Briefly, we made scatter plots of the log10 of the -log10 

(p-values) and used a sliding window of width 0.005 from 0 to 2 across the axis of one replicate. 

For all the clones that fell within each window, we calculated the median and median absolute 

deviation of the log10 of the –log10 (p-values) in the other replicate and plotted it against the 

window location (fig. S2). We called the threshold for reproducibility the first window in which the 

median was greater than the median absolute deviation. We found that the distribution of the 

threshold –log10 (p-value) was centered around a mean of approximately 2.3 (fig. S2.12). So 

we called a peptide a hit if the –log10 (p-value) was at least 2.3 in both replicates. We 

eliminated the 593 hits that came up in at least three of the twenty-two immunoprecipitations 

with beads alone (negative control for non-specific binding). We also filtered out any peptides 

that were not enriched in at least two of the samples.  

To call virus exposures, we grouped peptides according to the virus the peptide is derived from. 

We grouped all peptides from individual viral strains for which we had complete proteomes. The 
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sample was counted as positive for a species if it was positive for any strain from that species. 

For viral strains that had partial proteomes, we grouped them with other strains from the same 

species to form a complete set and bioinformatically eliminated homologous peptides (see next 

paragraph). We set a threshold number of hits per virus based on the size of the virus. We 

found that there is approximately a power-law relationship between size of the virus and the 

average number of hits per sample (fig. S3). In comparing results from VirScan to samples with 

known infection, we empirically determined that a threshold of 3 hits for herpes simplex virus 1 

worked the best. We used this value and the slope of the best fit line to scale the threshold for 

other viruses. We also set a minimum threshold of at least 2 hits in order to avoid false positives 

from single spurious hits. 

To bioinformatically remove cross-reactive antibodies, we first sorted the viruses by total 

number of hits in descending order. We then iterated through each virus in this order. For each 

virus, we iterated through each peptide hit. If the hit shared a subsequence of at least 7 aa with 

any hit previously observed in any of the viruses from that sample, that hit was considered to be 

from a cross-reactive antibody and would be ignored for that virus. Otherwise, the hit is 

considered to be specific and the score for that virus is incremented by one. In this way, we 

summed only the peptide hits that do not share any linear epitopes. We compared the final 

score for each virus to the threshold for that virus to determine whether the sample is positive 

for exposure to that virus 

To identify differences between populations, we first used Fisher’s exact test to calculate a p-

value for the significance of association of virus exposure with one population versus another. 

Then, we constructed a null-distribution of Fisher’s exact p-values by randomly permuting the 

sample labels 1000 times and re-calculating the Fisher’s exact p-value for each virus. Using this 
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null-distribution, we calculated the false discovery rate by dividing the number of permutation p-

values more extreme than the one observed by the total number of permutations. 

IEDB epitope overlap analysis 

We downloaded data for all continuous human B cell epitopes from IEDB and filtered out all 

non-viral epitopes (106). To avoid redundancy in these 4,549 viral epitopes, we grouped 

together epitopes that are 100% identical or share a 7 aa subsequence, giving us 1,559 non-

redundant epitope groups. Of these groups, 1,392 contain a member epitope that is also a 

subsequence of a peptide in the VirScan library. This represents the total number of epitopes 

we could detect by VirScan. To determine the number of epitopes we detected, we tallied the 

number of epitope groups with at least one member that is contained in a peptide that was 

enriched in one or two samples. Finally, to determine the number of non-redundant new 

epitopes we detected, we grouped non-IEDB epitopes containing peptides that share a 7 

residues subsequence and counted the number of these non-redundant peptide groups. 

Scanning mutagenesis data analysis 

First, we estimated the fractional abundance of each peptide by dividing the number of reads for 

that peptide by the total number of reads for the sample. Then, we divided the fractional 

abundance of each peptide after immunoprecipitation by the fractional abundance before 

immunoprecipitation to get the enrichment. To calculate relative enrichment, we divided 

enrichment of the mutated peptide by enrichment of the wild-type peptide. Since most of the 

single-mutant peptides had wild-type levels of enrichment, we averaged enrichment of the wild-

type peptide enrichment with the middle two quartiles of enrichment of single-mutant peptides to 

get a better estimate of the wild-type peptide enrichment. 
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Respiratory syncytial virus and Herpesvirus 1 and 2 serology 

Serum from 44 donors was tested for Herpesvirus 1 and Herpesvirus 2 antibodies using the 

HerpeSelect® 1 and 2 Immunoblot IgG kit (Focus Diagnostics) according to manufacturer’s 

protocol. Serum from 60 donors was tested for Respiratory syncytial virus antibodies using Anti-

Respiratory syncytial virus (RSV) IgG Human ELISA Kit (ab108765) according to manufacturer’s 

protocol.  
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Introduction 

The immune system is divided into innate and adaptive subsystems that together work to 

eliminate or inactivate pathogens and eliminate neoplasias. The adaptive immune system 

generates an immunological memory through memory B and T lymphocytes, potent effectors of 

this system. Understanding the specificity of this memory is central to understanding the ways in 

which pathogens are identified and eliminated, tumors are rejected, and pathogenic 

autoimmunity emerges. 

B and T cells evolve antigen specificity through the generation of somatically rearranged B cell 

and T cell receptors (BCRs and TCRs, respectively). T lymphocytes fall broadly into two 

categories, CD4+ helper and CD8+ cytotoxic T cells. Of these, cytotoxic T lymphocytes (CTLs) 

directly eliminate pathogens by recognizing and killing cells infected by intracellular pathogens. 

CTLs use TCRs to survey antigens presented on MHC Class I on the surface of cells. Upon 

TCR recognition of cognate antigen-MHC I complexes, CTLs secrete cytokines and cytolytic 

molecules, thereby killing the target cell. CTLs are required for the control of many infections, 

including HIV, CMV, and malaria (41–44, 46).  

Aberrant antibodies and T cell responses to self-antigens can cause autoimmune diseases such 

as Type 1 Diabetes (122). Additionally, CTL recognition of tumor cells serves as the foundation 

for promising immunotherapies such as adoptive T cell transfer and T cell immune checkpoint 

blockade (123). A major ongoing challenge is the characterization of the antigens driving T cell 

activity in these contexts. Understanding the targets of T cell responses is critical to enable the 

effective harnessing and modulation of CTLs across human disease. 

We and others have recently developed high-throughput approaches to interrogate B cell 

specificities. These technologies rely on displaying large candidate antigen libraries using phage 



 

 
47 

display (PhIP-Seq, VirScan) (29, 124), ribosome display (PLATO) (30), or protein microarray 

(21). Such unbiased profiling of antibody specificities reveals biomarkers of disease and insights 

about humoral immunity (30, 125). However, equivalent tools for comprehensive profiling of T 

cell specificities have not kept pace, limiting our ability to understand the adaptive immune 

system on a systems-wide scale. 

Identifying T cell specificities is challenging for several reasons. First, T cell antigens are 

presented as short peptides non-covalently bound to MHC molecules, complicating the 

prediction and synthetic generation of candidate antigens. Second, TCRs have relatively low 

affinity for their targets (126). Finally, TCR signaling is complex as antigen binding does not 

uniformly lead to functional TCR signaling (127). 

Classic approaches for understanding T cell specificity rely on readouts of T cell function, which 

include assays for cytotoxicity, cytokine release, and proliferation in the presence of candidate 

antigens (67), augmented by peptide-MHC tetramers for antigen-specific populations (68) and 

others. However, these are primarily useful for per-determined sets of 10-100s of antigens but 

are unsuitable for unbiased discovery of antigens at genome scale (70–72, 128, 129). 

Several other approaches have been taken to map unknown T cell specificities. A recent 

approach uses display of peptides as single-chain fusions to MHC on the surface of target cells. 

T cell binding to cognate antigen results in trogocytosis (78) or activation of a synthetic signaling 

molecule (79), enabling the isolation of recognized target cells. Another approach uses display 

of genetically encoded random peptides covalently attached to MHC molecules on the surface 

of yeast (80) or baculovirus (82) and use soluble TCRs to pan the yeast library for peptide-MHC 

binding. This approach suffers from the formidable challenge of mapping the random peptides 

identified onto the endogenous antigens they resemble (81). Moreover, neither the yeast display 
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nor single-chain approaches require endogenous processing of antigens or functional activation 

of T cells, which leaves uncertainty as to whether the identified antigens are physiologically 

meaningful in vivo. Notably, even high affinity TCR binders identified by yeast display do not 

uniformly lead to T cell function (127, 130). Overall, additional genome-wide tools are required 

to gain a more complete picture of the antigens functionally driving T cell responses and to 

enable the level of systematic profiling that is already accessible for the humoral response. 

Here we present a TCR epitope scanning method we call T-Scan, a high-throughput, genome-

wide platform for the systematic identification of antigens productively recognized by T cells. T-

Scan leverages genome-wide libraries encoding pathogen or human proteomes that are 

processed and presented on endogenous MHC-I molecules. Antigen recognition by cognate 

TCRs is monitored through a fluorescent reporter of Granzyme B activity in the target cells. This 

unbiased strategy eliminates the need for predictive algorithms, and by relying on the 

physiological activity of T cell killing is not solely dependent on measuring TCR binding affinity to 

peptides. We validate the utility of T-Scan by showing that it can identify known peptide epitopes 

of both viral and autoreactive TCRs from proteome-wide libraries, and go on to exploit the 

method to generate high resolution maps of TCR specificity, and identify the epitopes 

recognized by multiple orphan TCRs. 

 

Results 

Development of reporters that allow genetic detection of T cell epitopes 

We set out to establish a genome-wide screening platform to uncover the specificity of TCRs. 

We initially considered two categories of approaches to T cell antigen discovery: a target 

depletion approach, and a target enrichment approach. The former would rely upon killing of 
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cognate target cells, allowing for depletion of the relevant target from a pool. However, dropout 

approaches suffer from low dynamic range and are difficult to multiplex, and detectable 

depletion would require potent T cells with the ability to all but eliminate a target from a 

population. In contrast, target enrichment approaches have the advantage that they have a 

wider potential dynamic range.  For example if one were to obtain 20% killing, for a dropout 

screen one would need to detect a difference between cognate antigen abundance of 100% and 

80%, whereas in an enrichment screen with background killing of 1%, 20% killing could provide 

a 20-fold enrichment of the antigen. Thus, we set out to employ a target enrichment strategy to 

develop a T cell epitope screening method. 

The T-Scan platform that we developed employs a cell-based pooled screen to identify the 

cognate antigens of T cells (Figure 3.1A). In T-Scan, target cells express a library of lentivirally-

delivered candidate antigens that are processed and presented endogenously on MHC 

molecules. This library of target cells is co-cultured with T cells of interest, which secrete 

cytotoxic granules into cells displaying their cognate antigen. A granzyme B reporter, described 

below, is used to detect the target cells that receive these cytotoxic granules and to enable their 

isolation by fluorescence-activated cell sorting (FACS). Finally, we use PCR and next-

generation sequencing (NGS) to identify the antigens that these cells are programmed to 

express, thereby permitting a sequencing-based readout of T cell specificity. 
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Figure 3.1.  Design of the T-Scan platform. (A) Schematic of T-Scan workflow. T cells of 
interest are co-cultured with target cells expressing a library of candidate antigens. Target cells 
recognized by the T cells are isolated by FACS. The antigens these cells had displayed are 
identified by PCR and Next Generation Sequencing of the antigen cassette from the isolated 
cells. (B) Schematic of the fluorogenic GzB reporter. GzB cleaves a constraining linker 
sequence between two domains of IFP to enable protein maturation and fluorescence. (C) 
Representative flow cytometry plots of IFP fluorescent signals in target cells co-cultured with 
cytotoxic T cells in the absence (left) or presence (right) of cognate antigen. (D) Efficiency of 
GzB reporter activation in target cells co-cultured with pp65-specific T cells. Target cells were 
pulsed with control peptide (HIV IV9), the cognate pp65 peptide, or express one of two 56aa 
fragments that contain the cognate pp65 peptide. Error bars indicate the standard deviation 
across three replicates. 
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To isolate target cells functionally recognized by a T cell, we developed reporters of Granzyme 

B (GzB) activity. GzB is a serine protease that is contained in the cytotoxic granules and which, 

when released, cleaves a broad set of proteins to trigger apoptosis (131). We reasoned that 

GzB activity is an attractive readout of T cell recognition because 1) GzB provides robust 

enzymatic activity that can amplify the signal of a limited number of secreted molecules, which 

provides sensitivity, 2) GzB activity is completely specific to target cells that have received 

cytotoxic granules, allowing for the isolation of rare cells killed by T cells while avoiding 

contamination from cells undergoing apoptosis for other reasons, and 3) GzB activity is a 

functional readout of physiologically relevant T cell activation.  

We explored several reporters of GzB activity. The first examined allows for direct amplification 

of the antigen cassette from cells that have received GzB (Figure S3.1A). Cre recombinase is 

expressed in target cells, but is held inactive by being tethered to the plasma membrane; GzB 

cleaves the membrane tether, releasing Cre into the nucleus where it can catalyze the inversion 

of a reporter cassette adjacent to the expressed antigen. This inversion event can be detected 

by PCR, enabling the selective amplification of antigen cassettes expressed in GzB-positive 

cells from bulk genomic DNA without the need for cell sorting of targeted cells. We 

demonstrated a four-fold increase in cassette inversion following the delivery of GzB into target 

cells (Figures S3.1B and S3.1C). However, despite efforts to decrease background, the signal-

to-noise was not as high as we desired. 

The second reporter is a genetically-encoded protein that fluoresces following proteolysis by 

GzB (Figure 3.1B). We generated IFPGZB, an infrared fluorescent protein (IFP)-based GzB 

reporter, by introducing a GzB-specific cleavage sequence (132) into the scaffold reported by 

Shu and colleagues (133). This reporter is activated in cells co-cultured with cytotoxic T cells in 

the presence of cognate antigen from CMV, but, crucially, not in the presence of non-cognate 
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antigen or the absence of antigen (Figure 3.1C). In screens, target cells activating the IFPGZB 

reporter following co-culture are isolated by FACS. We observed better signal-to-noise with the 

fluorogenic GzB reporter than the Cre reporter, and hence we selected this reporter for further 

development. 

A key element of the success of any screening strategy is the reduction of noise and 

preservation of signal. To promote efficient antigen screening, we made two additional 

modifications to the target cells. First, to reduce noise through the potential for presentation of 

cross-reactive peptide epitopes on irrelevant MHC proteins, we used CRISPR to mutate all 6 

endogenous HLA-A, HLA-B, and HLA-C MHC-encoding genes and re-expressed the individual 

HLA allele of interest. This ensured that any response detected would be restricted to the 

correct MHC protein and reduced background reactivity to peptides presented on other MHC 

alleles.  

GzB delivery into cells results in the activation of caspases and subsequent apoptosis.  During 

the process of granzyme B-induced apoptosis, caspases cleave the Inhibitor of Caspase-

Activated DNAse (ICAD) protein, releasing active CAD nuclease. CAD fragments genomic DNA, 

which could impair our NGS analysis. Thus, second, to preserve signal we expressed a 

caspase-resistant version of ICAD protein, ICADCR (Sakahira et al., 1998), in the target cells to 

prevent genomic DNA fragmentation during apoptosis, enabling more efficient recovery of 

antigen information from the genomic DNA of GzB-positive cells. We termed the MHC-I-null 

target cells expressing IFPGZB and ICADCR Epitope Discovery Cells (EDCs). 
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T-Scan allows discovery of cytomegalovirus (CMV) encoded T cell epitopes 

As a model for testing the T-Scan platform, we chose CMV-specific T cell responses. T cell 

responses to CMV have been intensively investigated and many reagents exist that facilitate our 

efforts to validate the T-Scan platform, including known immunodominant epitopes, antigen-

specific TCRs, and peptide-specific tetramers (134, 135). For these reasons, we set out to use 

CMV genome-wide screens with known CMV-reactive T cells to validate the T-Scan platform. 

We synthesized a library of 5,764 oligonucleotides encoding 2882 56 amino acid (aa) fragments 

that collectively tiled across the entire CMV proteome with 28aa overlap between adjacent 

fragments (Figure 3.2A). To generate a comprehensive list of CMV antigens for our screens, we 

supplemented the reference CMV proteome with ORFs identified by ribosome footprinting (136). 

To provide a measure of reproducibility, each of the peptides was encoded by two distinct 

nucleic acid sequences, which act as internal duplicates. This library was cloned into a lentiviral 

vector and transduced into EDCs expressing HLA-A2. To generate T cells for the screen, we 

transduced donor CD8 T cells with a vector expressing the CMV pp65 protein-specific NLV2 

TCR (135). First we verified that these T cells activated the GzB reporter in EDCs that 

expressed either full-length pp65 or a 56aa fragment of pp65 containing the NLV epitope (Figure 

3.1D). Then, after co-culture of the T cells with the target cell library, we sorted for GzB-positive 

EDCs, identified the antigens that they expressed by Illumina sequencing, and compared the 

abundance of each antigen before and after the sort. Strikingly, the two most enriched peptides 

identified by the T-Scan screen were the only two antigens in the library that harbored the NLV 

epitope (Figure 3.2B). This result was reproducible across the duplicate nucleic acid encodings 

of each antigen and across independent replicates of the screen (Figures 3.2C and S3.2).  
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Figure 3.2.  CMV genome-wide T cell antigen discovery. (A) Overview of CMV screens. 
Peptides tiling across the CMV genome in 56aa steps with 28aa overlap are expressed via 
lentiviral transduction of target cells expressing HLA-A2, IFPGZB, ICADCR. For NLV2 T cells, 
donor CD8 T cells are transduced with lentivirus expressing the NLV2 TCR. For NLV-expanded 
T cells, CD8 T cells from a CMV-positive donor are expanded in the presence of the NLV 
peptide. (B) T-Scan screen of NLV2 TCR cells against CMV genome-wide library. Each dot 
represents one peptide with the Y axis plotting the geometric mean of the enrichment of the 
peptide across six total replicates (three screen replicates with two internal barcode replicates 
each). Peptides highlighted in red contain the known cognate antigen of the NLV2 TCR. (C) 
Reproducibility of internal replicates of NLV2 T cell screen. Each dot represents one peptide, 
with the X and Y axes plotting the geometric mean of the fold-change of each barcode across 
three replicates. (D-F) Performance of T-Scan assays in various conditions. Bars show the 
average fold-enrichment of the four NLV-containing peptides in screens performed with NLV3 
TCR cells with: (D) a 2:1 (4X T cells), 1:2 (Standard), and 1:8 (0.25X T cells) ratio of NLV3 TCR 
cells. (E) antigens introduced into target cells at an MOI of 1 or 5, and (F) a 1:2 ratio of NLV3 T 
cells (Standard), a 1:8 ratio of NLV3 T cells (0.25X T cells), and a 1:8 ratio of NLV3 T cells 
mixed with a 3-fold excess of non-specific T cells (0.25X T cells in 1:4 mix). Error bars for D-F 
indicate standard deviation across four target peptides. (G) T-Scan screen of NLV-expanded 
cells against CMV genome-wide library, plotted as in (B). Peptides highlighted in red contain the 
NLV peptide and the blue peptides highlight additional enriching peptides. (H) Reproducibility of 
internal replicates of NLV-expanded T cell screen, plotted as in (C).   
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Characterization and optimization of the performance of the CMV screen.  

We repeated the screen using a second transduced NLV-specific TCR, NLV3 (135), and 

observed robust enrichment of the 56-mers expressing the cognate target across different 

effector:target ratios (Figure 3.2D). By performing the screen under various conditions, we found 

that T-Scan is robust to varying concentrations of T cells, the number of antigens expressed by 

each target cell (MOI), and the dilution of the cognate T cells with non-transduced T cells 

(Figures 3.2D-F). We also demonstrated assay performance is not affected by the presence of 

additional MHC alleles in the EDCs, suggesting that the assay can be used to map T cell 

responses on multiple alleles simultaneously (Figure S3.3). To verify that T-Scan is compatible 

with non-transduced primary cells, we generated NLV-reactive T cells by expanding CD8 T cells 

from an HLA-A2-positive, CMV-positive donor in the presence of the NLV peptide. We screened 

these cells against the CMV-wide library and confirmed that the NLV-containing antigens were 

again the top hits (Figures 3.2G and 3.2H). The fold-enrichment observed with the primary T 

cells (60 to 100-fold) was greater than that achieved with the NLV2 T cells (10 to 20-fold), 

consistent with increased efficiency of GzB reporter activation by these cells. Unexpectedly, two 

overlapping 56-mers from the IE1 gene of CMV were also reproducibly enriched by the NLV-

expanded T cells. IE1 was also observed in subsequent screens with these T cells and will be 

further explored below. 

T-Scan allows virome-wide discovery of T cell specificity 

To determine whether T-Scan can be used with far larger numbers of candidate antigens, we 

performed a virome-wide screen (Figure 3.3A). We introduced a library of 93,904 56aa 

fragments that collectively tiled across the entire human virome (124) into HLA-A2 EDCs, and 

performed T-Scan on this antigen pool using the NLV-expanded primary T cells. In spite of the 
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greatly increased complexity of the target library, the two most enriched peptides in the screen 

were, once again, the only two peptides in the library that contained the known NLV epitope 

(Figure 3.3B). Intriguingly, we also observed reproducible enrichment of the same two 56-mers 

from the IE1 gene of CMV that scored in the CMV-wide screen (Figures 3.2G and 3.2H). As 

there was no sequence similarity between the NLV epitope and the IE1 peptide, we 

hypothesized that a subset of the T cells in the donor CD8 repertoire were reactive to an epitope 

in IE1 contained within the enriching 56mers. Analysis of the 28aa region common to both 56-

mers revealed a high-affinity HLA-A2 binding epitope using the NetMHC4.0 algorithm (Figure 

3.3C), and we found that the NLV-expanded T cells, but not the NLV3 TCR-transduced T cells, 

were reactive to this peptide (Figure 3.3D). Moreover, tetramer staining revealed that while 

~25% of the T cells in the NLV-expanded population recognized the NLV epitope, a distinct 

subpopulation comprising only ~2% of the T cells recognized the IE1 epitope (Figure 3.3E). 

Altogether, these experiments demonstrated that T-Scan can identify both known and novel 

targets of subclonal populations of T cells from highly complex antigen libraries, and highlighted 

the potential of multiplexing T-Scan to discover the specificities of many T cells at once.  

T-Scan-mediated discovery of immunodominant CMV T cell epitopes  

As T cells are key mediators of protective immunity to diverse pathogens, understanding the 

landscape of T cell antigens is critical to inform effective vaccine design. Having demonstrated 

the capacity of T-Scan to accurately identify T cell targets and uncovered the potential for 

multiplexing, we sought to identify T cell epitopes using collections of T cells with unknown 

specificities. Thus, we applied T-Scan to perform an unbiased, genome-wide search for T cell 

responses to CMV using T cells isolated directly from peripheral blood. Therefore, we purified 

bulk CD8 memory T cells from the blood of a different CMV-positive, HLA-A2 positive donor,  



 

 
58 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.  Virome-wide T cell antigen discovery. (A) Schematic of virome-wide T-Scan 
screen. Peptides tiling across the proteomes of 206 viral species in 56aa steps with 28aa 
overlap are expressed via lentiviral transduction of target cells expressing HLA-A2, IFPGZB, 
ICADCR. (B) T-Scan screen of NLV-expanded T cells against CMV genome-wide library. Each 
dot represents one peptide, with the Y axis plotting the geometric mean of the fold-change of 
each peptide across four replicates. Peptides highlighted in red contain the NLV peptide and the 
blue peptides highlight additional enriching peptides. (C) Table of enriching peptides highlighted 
in Figures 3.2E and 3.3B. Predicted HLA-A2 binding peptides, including the known NLV epitope 
are bolded. (D) GzB reporter activation in target cells pulsed with the pp65 peptide 
(NLVPMVATV) or IE1 peptide (VLEETSVML) in the presence of NLV3 T cells (top panel) or 
NLV-expanded T cells (bottom panel). Error bars indicate standard deviation across three 
replicates. (E) Tetramer staining of the NLV-expanded T cells with the pp65 peptide and the IE1 
peptide. Gated CD8 positive cells are shown. 
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expanded these cells in vitro, and used them to screen the CMV-wide library of 2,882 peptides 

in EDCs expressing only the HLA-A2 allele (Figure 3.4A). 

This complex library upon library screen identified a set of peptides that displayed reproducible 

enrichment (Figure 3.4B). Strikingly, these peptides could be grouped into six sets of 

overlapping 56-mers, suggesting that common epitopes lay in each 28aa overlap region. 

Indeed, high-affinity HLA-A2 binding epitopes were predicted in all six 28aa overlap regions, at a 

threshold where only 10% of random 28aa stretches are predicted to contain a high-affinity 

epitope (Figure 3.4C). Furthermore, two peptides (1336 and 1337) contained the known 

immunodominant NLV epitope while two others (405 and 406) contained the previously reported 

LIEDFDIYV epitope (137). We found that just 0.2% of the memory T cells employed for the 

screen recognized the NLV epitope but we did not detect T cells specific for the LIEDFDIYV 

epitope using tetramer staining (Figure 3.4D).  

None of the other four epitopes have been previously reported (Immune Epitope Database) 

(138). We generated tetramers of predicted high-affinity peptides contained in these epitopes. 

We used these tetramers to stain the total memory T cells used in the screen and detected 

antigen-specific populations against all four, ranging from 0.04%-0.23% of the total memory T 

cells (Figure 3.4D). The limited sensitivity of tetramer staining and the possibility of alternative 

peptides encoded by each fragment may explain the absence of antigen 405-specific T cells, 

and suggest that the detected cell abundances are a lower bound estimate (139). Together, 

these experiments validate that T-Scan can operate in a T cell library-versus-peptide library 

setting and demonstrate its utility in unbiased discovery of novel antigens. Furthermore, had our 

reporter cell line expressed the full set of MHC-I alleles from the donor, it is likely that we would 

have identified many additional epitopes. 
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Figure 3.4.  CMV genome-wide screen with bulk memory CD8 T cells.  (A) Generation of 
memory CD8 T cells. Bulk memory CD8 T cells are purified from donor blood and undergo 
polyclonal expansion in the presence of feeder cells and anti-CD3. (B) T-Scan screen of bulk 
memory CD8 cells against CMV genome-wide library. Each dot represents one peptide, with the 
X and Y axes plotting the performance of two unique barcodes for the peptide. The X and Y 
values indicate the modified geometric mean (see methods) of the fold-change of each barcode 
across four replicates. Colored dots highlight pairs of overlapping peptides. (C) List of enriching 
peptides highlighted in (B). Predicted high-affinity HLA-A2 binding epitopes in the peptide 
overlap regions are bolded and underlined. (D) Tetramer staining of the memory CD8 T cells 
used in the screen with the predicted peptides bolded in (C).  
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Comprehensive mapping of the TCR-peptide interface 

Mapping the TCR-peptide interface in high resolution has enabled the identification of off-target 

reactivities of therapeutic TCRs (140) and revealed insights about the cross-reactivity and 

signaling of T cells (141, 142). We reasoned that T-Scan might enable facile mapping of the 

interaction landscape of various TCRs and their cognate antigens by epitope saturation 

mutagenesis. To test this, we generated a comprehensive single-mutant library of the NLV 

epitope, with each mutant epitope present in the context of both a 56aa fragment and a 9aa 

fragment immediately followed by a stop codon (Figure 3.5A). In the 56aa version we also 

mutagenized the two amino acids immediately upstream and downstream of the NLV epitope, 

residues that in general are not predicted to affect TCR recognition, as controls. We synthesized 

oligonucleotides encoding this set of 418 mutants, together with four copies of the unmutated 

NLV epitope encoded by distinct synonymous codons that serve as positive controls, and 1266 

unrelated peptides that serve as negative controls.  

This mutant library was introduced into HLA-A2-expressing EDCs and T-Scan was performed 

using the NLV-expanded primary T cells. Verifying the robustness of our platform, we found that 

all (76/76) of the constructs with mutations in the irrelevant residues flanking the NLV epitope 

enriched comparably to the wild-type peptides and more strongly than all 1266 negative control 

peptides (Figure S3.4). To delineate the critical binding residues, we compared the enrichment 

of each mutant to the wild-type NLV peptides (Figure 3.5B). As expected most mutations 

abrogated T cell killing, but we observed significant differences across the epitope: for example, 

almost all mutations at position one were tolerated, while any substitution at position four and 

five prevented recognition. Thus, these patterns likely reflect the exact contact residues within 

the epitope. 
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Figure 3.5 . Comprehensive mutagenesis analysis of NLV-specific T cells. (A) Design of the 
NLV epitope comprehensive mutagenesis library. Every position in the NLV epitope 
(NLVPMVATV) is mutated to each of the 19 alternative amino acids. The mutant epitopes are 
expressed in the context of a 56aa fragment with an N-terminal tag or as short peptides with an 
N-terminal tag. The two amino acids directly N-terminal and C-terminal to the epitope are also 
mutated in the 56aa versions. (B-D) Recognition of mutant peptides in the context of 56aa 
fragments by NLV-specific T cells. Each box in the heatmap represents one mutant, where the 
amino acid along the X-axis is mutated to the amino acid indicated along the Y-axis. The value 
in the heatmap represents the enrichment of this mutant compared to the wildtype NLV epitope. 
Heatmaps are plotted for (B) NLV-expanded T cells, (C) T cells expressing the NLV2 TCR, and 
(D) T cells expressing the NLV3 TCR. (E) Relative activation of the GzB reporter in cells pulsed 
with identified NLV2-specific and NLV3-specific mutant peptides and co-cultured with NLV2 or 
NLV3 T cells. Error bars indicate standard deviation across three replicates. P values were 
determined by a two-tailed T test and are shown with asterisks, * < 0.05, ** < 0.01, *** < 0.001. 
(F) Predicted MHC binding affinity of each mutant. The mutants are displayed as in (B-D) and 
the values plotted are nM affinities based on the NetMHC algorithm. Boxes are drawn around all 
mutants that enriched to at least 50% of WT levels in one or more of the T cell experiments from 
(B-D). (G) GzB reporter activation following NLV3 T cell co-culture with target cells that were 
pulsed with dilutions of the WT NLV epitope or two predicted low-affinity mutants of the NLV 
epitope. Error bars indicate standard deviation across three replicates. 
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N2 N1 1 2 3 4 5 6 7 8 9 C1 C2
A 1.2 0.6 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.8 1.2
C 0.9 1.6 0.8 0.7 0.1 0.0 0.1 0.2 0.8 0.1 0.7 0.8 0.8
D 1.3 0.9 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.2 0.1 0.8 0.8
E 0.8 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.9 1.0
F 0.8 1.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.9 1.1
G 1.2 1.0 0.4 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.0 1.0
H 1.3 0.7 0.4 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2 1.1 1.1
I 1.0 1.0 0.4 0.9 1.1 0.1 0.0 1.1 0.2 0.1 0.9 0.2 0.9
K 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.8 1.1
L 0.8 1.0 0.7 0.9 0.0 0.1 1.0 0.2 0.1 0.1 0.5 0.9
M 0.8 1.2 0.9 0.7 0.3 0.1 0.7 0.1 0.0 0.1 1.3 1.2
N 1.2 0.8 0.2 0.0 0.1 0.1 0.1 0.1 0.1 0.1 1.1 1.3
P 0.3 0.4 0.1 0.1 0.2 0.1 0.1 1.1 0.1 0.1 0.8 0.8
Q 0.9 1.0 0.8 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.8
R 0.9 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.7 0.8
S 1.0 0.7 0.5 0.1 0.1 0.8 0.1 0.1 0.9 0.2 0.1 1.2 1.3
T 0.7 0.7 0.4 0.7 0.0 0.2 0.1 0.1 0.5 0.1 0.6 1.2
V 1.0 1.0 0.5 0.8 0.4 0.1 0.0 0.2 0.7 1.0
W 1.0 1.3 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.2 0.4 0.8
Y 0.9 1.2 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.8 0.6
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N2 N1 1 2 3 4 5 6 7 8 9 C1 C2
A 0.9 1.0 0.7 0.2 0.3 0.1 0.3 0.1 0.5 0.9 1.1
C 0.8 1.2 0.8 0.9 0.7 0.1 0.1 0.8 0.8 0.1 1.0 0.8 0.9
D 1.2 0.9 0.1 0.1 0.2 0.1 0.0 0.1 0.1 0.1 0.1 0.9 0.8
E 1.2 0.9 0.8 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.7 1.1
F 0.7 1.0 0.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.9 1.0
G 0.9 0.9 1.1 0.1 0.1 0.1 0.0 0.1 0.5 0.1 0.1 0.9
H 1.1 0.8 0.8 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 1.0 0.9
I 0.9 1.1 0.6 1.0 1.0 0.1 0.1 1.0 1.1 0.1 1.3 0.6 0.8
K 0.8 0.9 0.7 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.7 0.9
L 0.9 1.1 0.8 1.1 0.1 0.1 0.9 0.6 0.1 0.3 0.8 1.2
M 0.6 1.3 0.9 0.8 0.1 0.1 1.0 0.8 0.1 0.1 1.0 0.9
N 0.8 0.7 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1.0 1.1
P 0.8 0.7 0.3 0.1 0.1 0.1 0.1 1.0 0.1 0.1 0.9 0.8
Q 0.9 0.9 1.3 1.0 0.1 0.1 0.0 0.1 0.1 0.1 0.1 1.2
R 0.9 1.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.6 0.8
S 0.9 1.0 0.9 0.2 0.2 0.1 0.1 0.0 1.1 0.6 0.2 1.4 1.0
T 0.8 0.6 0.8 0.9 0.4 0.1 0.2 0.5 0.7 0.1 0.7 1.2
V 0.9 0.9 0.9 0.8 0.1 0.1 0.7 0.1 0.8 1.0
W 0.9 1.2 0.7 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.7 0.8
Y 0.8 1.0 1.0 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.8 0.7

A R N L V P M V A T V Q G

NLV-expanded	T	cells	
N2 N1 1 2 3 4 5 6 7 8 9 C1 C2

A 1.1 0.1 0.2 0.6 0.2 0.0 0.1 0.2 0.1 0.9 1.1
C 0.9 1.3 0.1 0.6 0.6 0.1 0.1 0.2 0.3 0.3 0.4 0.9 0.7
D 1.4 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.8 0.6
E 1.2 0.9 0.2 0.2 0.0 0.1 0.0 0.3 0.2 0.1 0.1 0.8 1.0
F 0.9 1.3 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.3 1.1
G 0.9 1.1 0.1 0.1 0.1 0.9 0.2 0.1 0.1 0.2 0.1 0.8
H 1.2 0.7 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.3 1.2 1.1
I 0.8 0.9 0.2 0.5 0.7 0.1 0.2 1.2 0.4 0.2 0.5 0.2 0.9
K 1.1 0.5 0.0 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.7 1.1
L 0.9 0.7 0.1 1.4 0.1 0.3 0.9 0.2 0.2 0.1 0.5 1.2
M 0.6 1.7 0.1 1.0 0.5 0.1 0.4 0.5 0.1 0.2 0.8 1.0
N 1.3 1.0 0.0 0.1 0.1 0.1 0.1 0.2 0.5 0.0 1.6 1.2
P 0.2 0.3 0.0 0.1 0.6 0.1 0.0 0.1 0.1 0.1 0.6 0.6
Q 1.6 1.0 0.3 0.9 0.3 0.2 0.1 0.1 0.2 0.1 0.0 1.0
R 1.2 0.1 0.1 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.5 1.2
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This capability provided an opportunity to probe the extent of variation in the interface of 

different TCRs recognizing the same epitope. We repeated the mutagenesis screen with T cells 

expressing two different TCRs specific for the NLV epitope (Figures 3.5C and 3.5D) (135). Each 

TCR had a distinct footprint of recognized mutants, which was highly reproducible between the 

56aa and 9aa versions of the libraries (Figure S3.5). We observed several commonalities 

between the TCR footprints. All of the TCRs were intolerant of any mutations at position four but 

tolerant of a largely conserved set of hydrophobic amino acid substitutions at position two, 

consistent with the requirement for hydrophobic amino acids at position two for HLA-A2 binding 

(143). Conversely, we observed striking differences in the mutations permitted at position one, 

with the NLV2 TCR showing complete specificity for asparagine, the NLV-expanded T cells 

permitting all mutants except proline and aspartic acid, and the NLV3 TCR showing an 

intermediate phenotype.  

To confirm the accuracy of these footprinting studies, we selected mutants differentially 

recognized by the NLV2 and NLV3 TCRs for validation. Preferential recognition was conferred 

by the expected TCR for each of the 9 peptides examined, including several examples of 

completely TCR-specific peptides (Figure 3.5E). Thus, T-Scan can map the critical residues for 

TCR recognition and identify TCR-specific mimotopes. 

Finally, we compared the landscape of recognized mutants to the predicted MHC-I binding 

affinity for each mutant. Because our assay requires endogenous processing and loading onto 

MHC-I, we reasoned that all enriched mutants should bind MHC-I. We used the NetMHC4.0 

algorithm (144) to calculate the predicted affinity of each variant for HLA-A2. As expected, the 

vast majority of recognized mutants were predicted to retain MHC binding (Figure 3.5F). 

Notably, the sole mutations at position one (asparagine replaced with aspartic acid or proline) 

that abrogated recognition by all NLV TCRs are also predicted to have significantly lower affinity 
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for MHC; thus, the lack of enrichment here may be due to lack of presentation rather than 

reduced TCR binding. We examined 2 variants in detail, L2A and L2C, which were recognized 

by our NLV-specific TCRs but had predicted HLA-A2 binding affinities of 2141 nM and 4404 nM 

respectively, much lower than the affinities typically observed for effective peptide-MHC 

antigens. We synthesized peptides containing these mutants and validated that they were 

recognized by the NLV3 TCR, but only at concentrations of peptide 10 to 100-fold higher than 

the wild-type, consistent with the predicted lower peptide binding affinity (Figure 3.5G). Thus, 

these experiments demonstrate that T-Scan can detect functional T cell interactions with low-

affinity peptide antigens. 

Genome-wide discovery of tumor-reactive TCR specificity 

A key application of T cell antigen discovery is to understand the specificity of self-reactive 

TCRs implicated in autoimmunity and anti-tumor immunity. This is challenging due to the 

enormous complexity of the human proteome, and the fact that self-reactive TCRs tend to have 

low affinity for their antigens (145). To determine whether T-Scan can be used to identify the 

targets of self-reactive TCRs, we performed a genome-wide screen using a tumor-derived TCR 

specific for an HLA-A1-restricted epitope of MAGE-A3 (146). We introduced a library of 259,345 

antigens that tile across the entire human proteome in 90aa fragments with 45aa overlap into 

EDCs expressing HLA-A1 (Figure 3.6A). We infected the EDCs at an MOI of 5 to increase the 

representation of each antigen in our library as we observed good performance of a CMV 

screen performed with MOI 5 (Figure 3.2E). We introduced the MAGE-A3 TCR into donor CD8 

T cells and used these cells to perform T-Scan with the genome-wide library. We observed 

strong and reproducible enrichment of only 8 antigens in the library, which strikingly encoded  
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Figure 3.6.  Human genome-wide T cell antigen discovery. (A) Schematic of human genome-
wide T-Scan screen. Peptides tiling across the human proteome in 90aa steps with 45aa 
overlap are expressed via lentiviral transduction of target cells expressing HLA-A1, IFPGZB, 
ICADCR. MAGE-A3 T cells are generated by lentiviral transduction of donor T cells with a 
construct encoding the MAGE-A3 TCR. (B) T-Scan screen of MAGE-A3 TCR expressing T cells 
against human genome-wide library. Each dot represents one peptide, with the Y axis plotting 
the geometric mean of the fold-change of each peptide across eight replicates. (C) List of the 
predicted HLA-A1 binding epitopes from the antigens identified in (B) from MAGE-A3 
(NM_005362.4), MAGE-A6 (NM_005363.3), PLD5 (NM_152666.1), and FAT2 (NM_001447.2). 
(D) Activation of GzB reporter by MAGE-A3 TCR T cells in the presence of the candidate 
antigens. Untransduced EDCs (parental), EDCs pulsed with the HIV IV9 peptide (Peptide) and 
EDCs transduced with the GFP ORF (ORF) were used as controls. Peptides were added at 1 
uM. Fragments of 90 amino acids and full-length ORFs containing each antigen were stably 
expressed by lentiviral transduction. The FAT2 synthetic ORF fragments include the region 
surrounding the FAT2 epitope fused to the CD8 or FAT2 signal peptide and transmembrane 
domain. Error bars indicate standard deviation across three replicates. 
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four sets of overlapping peptides (Figure 3.6B). Two of the top-scoring peptides were the only 2 

library antigens containing the known MAGE-A3 epitope (Figure 3.6B). Furthermore, the 2 

corresponding 90-mers from the related MAGE-A6 gene – which contain the same 9-mer HLA-

A1 epitope apart from a single leucine to valine substitution – also enriched reproducibly (Figure 

3.6C). The remaining 4 enriching peptides were from PLD5 and FAT2. We identified predicted 

high-affinity HLA-A1 binding peptides in the overlap region of both pairs of enriching peptides 

(Figure 3.6C). Notably, these epitopes share only three or four identical amino acids with the 

MAGE-A3 epitope, though they do share other structural similarities such as hydrophobic 

residues at positions 5 and 9. Moreover, all four identified targets contain a conserved EXDP 

motif at the N terminus of the epitope. 

To validate the TCR reactivity to these 4 protein, and to verify that the epitopes we identified are 

functionally presented in the context of full-length proteins, we tested the reactivity of the MAGE-

A3 TCR to each antigen in the context of an exogenously added 9aa peptide, an endogenously 

expressed 90aa fragment and the full-length ORF. Due to its size (13kb), we were unable to test 

full-length FAT2, but we generated 2 synthetic constructs (188aa and 157aa long) that retained 

the cellular localization of the epitope through a fusion to the signal peptide and transmembrane 

domain of FAT2 or CD8 respectively. We observed reactivity to the peptides, 90aa fragments, 

and ORFs for all 4 antigens but not controls (Figure 3.6D). Overall, these experiments 

demonstrated that T-Scan can be used to discover the targets of self-reactive TCRs at genome 

scale. 
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Discussion 

A significant gap in our ability to translate the language of the immune system has been the 

limited ability to decipher the identity of epitopes recognized by T lymphocytes. In this study we 

describe the development of T-Scan, a high-throughput screening platform for the discovery of 

cytotoxic T cell antigens. T-Scan differs fundamentally from traditional approaches to antigen 

discovery: rather than measuring responding T cells directly, T-Scan detects the focused action 

of cytotoxic T cells on a library of candidate antigens. This is enabled through the development 

of a GzB reporter that allows enrichment of rare cognate target cells from candidate antigen 

libraries with high sensitivity and specificity. The key advance enabled by this approach is the 

ability to interrogate highly complex sets of candidate antigens in a high-throughput screen.  

The validity of the T-Scan platform was demonstrated in the context of multiple T cell sources 

and different candidate antigen libraries.  On the T cell side, we used donor T cells programmed 

with 2 different TCRs of known specificity and primary T cells expanded against a known 

antigen. As candidate antigens, we screened a CMV genome-wide library of 5,764 peptides and 

a virome-wide library of 93,904 peptides. In each screen, T-Scan robustly and reproducibly 

identified the known cognate antigen for the T cells used.  

We applied T-Scan to three applications. First, we performed unbiased discovery of CMV 

antigens recognized by bulk memory CD8 T cells from a CMV seropositive normal donor 

peripheral blood sample. Despite extensive prior efforts to profile anti-CMV responses, four out 

of the six antigens we identified in this individual had not been previously reported (137). 

Notably, one of the novel antigens that we identified is from the UL150A protein. UL150A was 

only recently discovered by high-throughput transcriptome profiling and is encoded in the 

antisense direction within the better-studied UL150 ORF (136, 147). This demonstrates the 



 

 
72 

ability of T-Scan to reveal unexpected new antigens and highlights the utility of combining 

systematic antigen discovery with unbiased approaches to characterizing protein expression. 

Importantly, this includes proteomic characterization of presented MHC peptides in various 

contexts that can then be encoded genetically and assayed with T-Scan. 

Second, we used T-Scan to comprehensively map the TCR-peptide interface for three sets of 

NLV-specific T cells. We showed that T-Scan can accurately identify subtle differences in TCR 

specificity. Finally, we screened a self-reactive TCR against a library of 259,345 fragments 

encoding the entire human proteome. We identified the known target of the MAGE-A3 TCR and 

validated reactivity to a related protein, MAGE-A6 whose epitope differed by a single amino 

acid. Moreover, we discovered and validated 2 additional proteins, PLD5 and FAT2, which were 

also recognized by the TCR but less efficiently than the cognate epitopes. These epitopes 

shared structural similarity with the MAGE-A3 target but only had identical amino acids at three 

or four positions, illustrating the challenge of predicting additional TCR specificities in the 

absence of an unbiased experimental approach. 

T-Scan platform features 

The utility of the T-Scan platform is further enhanced by its ability to be multiplexed, leading to 

higher throughput. While the precise extent of multiplexing is likely to be determined by the 

potency of each T cell clone, antigen library complexity, and the screen scale, our experiments 

suggest that the collective specificity of 10s to 100s of T cells can be identified simultaneously at 

genome scale, thus enabling complex collections of T cells such as TILs to be simultaneously 

profiled. Notably, this ability is made possible by the use of an enrichment screen; rare 

subclonal T cell populations are unlikely to detectably deplete target antigens from complex 

libraries but can provide sufficient killing to enrich antigens. If desired, the precise TCR specific 
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for each discovered target in a pooled screen can be identified in a second step of 

deconvolution, for example using tetramer staining to identify and characterize T cells with 

particular antigen specificities or simply expressing the candidate antigens in target cells and 

examining T cell activation. 

T-Scan maintains critical elements of the TCR-peptide-MHC interaction: natural TCR recognition 

and signaling, endogenous antigen processing, transportation into the ER, and proper loading 

onto MHC for presentation. These must occur for peptides to enrich in the screen, thereby 

enhancing the biological relevance of identified antigens. With respect to MHC binding, we 

identified two predicted low-affinity peptides that were functionally recognized by CMV-specific 

TCRs. These would be missed by discovery approaches that rely on MHC binding prediction 

algorithms to pre-select candidates, highlighting the advantage of unbiased and comprehensive 

antigen profiling.  

Employing endogenous protein processing has the added feature of dramatically increasing the 

interrogated search space of antigens. Each expressed protein fragment enables hundreds of 

candidate peptides derived from the fragment to be assayed; in contrast, a total of 326 individual 

peptides would be required to encode all of the 8-11aa linear candidate epitopes that can be 

derived from a single 90aa fragment used in our human library. Full length ORFs are also 

compatible with T-Scan (Figure 3.1D and Figure 3.6D), and when comprehensive collections 

are available it will enable proteome-wide screens with even lower practical screen complexity 

that will also include post-translational modifications that may not be present on some of the 

synthetic protein fragments.  

Endogenous processing of proteins also enables the discovery of antigens formed by post-

translational peptide splicing. Recent work has uncovered the substantial contribution of post-
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translational peptide splicing in shaping the repertoire of peptides bound to MHC, with a bias 

observed towards cis-splicing of proximate regions of proteins (148, 149). While such spliced 

peptides are not directly encoded in the primary protein sequence, they could be formed during 

the endogenous processing of our antigens.  

Furthermore, the synthetic approach of employing oligonucleotides covering entire proteomes 

and the ability to encode any expressed RNA element also provides advantages over current 

cDNA library approaches: 1) All peptides are present at similar frequencies; 2) The half-lives of 

full-length proteins are likely to differ drastically, while peptides are generally unstable (150) 

which may enhance presentation and detection; and 3) Large libraries for any organism can be 

readily synthesized using long oligos.  This allows the inclusion of unusual features such as 

peptides resulting from alternative RNA splicing or included introns.  

Like all methods, T-Scan has limitations. First, candidate antigens must be able to be genetically 

encoded and therefore some post-translational modifications will be missed. This also prevents 

the mapping of non-peptide antigens such as CD1-bound lipids (151).  Second, TCRs 

recognizing antigens endogenously expressed by our EDCs cannot be screened. This limitation 

can be potentially overcome by generating alternative target cell lines from other lineages. 

Applications of T-Scan 

We envision three main areas for T-Scan application: infectious disease, autoimmunity, and 

cancer immunology. In infectious disease, T-Scan can systematically profile the T cell targets in 

patients who exhibit protective immunity, e.g. immunity from controlled malaria infection or elite 

control of HIV. These antigens inform vaccine design. In autoimmunity, T-Scan can be used to 

uncover the scope and features of auto-reactive T cell antigens. In addition, identified auto-

reactive TCRs can be screened for cross-reactivity to viral or bacterial antigens, directly 
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addressing hypotheses regarding the etiology of various autoimmune diseases. Finally, T-Scan 

has multiple applications to cancer immunology: 1) Profiling of neoantigen reactivities in patient 

TILs or peripheral blood by screening patient-specific candidate neoantigen libraries. This can 

enable the rapid identification of productive neoantigens to guide personalized vaccines. 2) 

Genome-wide identification of the targets of orphan TCRs that are reactive to patient tumors. 3) 

Screening of therapeutic TCRs for potential off-target reactivities that can lead to unexpected 

patient toxicity (140).  

Altogether, the T-Scan suite of tools enables the high-throughput discovery and analysis of the 

targets of cytotoxic T cells. This will further enable the community of immunologists to explore 

the functionality of T cells in mice and humans. The knowledge gained from these efforts will 

expand our understanding of the roles of T cells in human health and lead to new therapeutics 

with which to treat human disease. 

 

Methods  

Cell lines 

HEK293T (female) cells were obtained from ATCC and were cultured in DMEM with 10% (v/v) 

FBS (Hyclone), 100 units/mL penicillin, and 0.1 mg/mL streptomycin. T cells were cultured in 

RPMI (Life Technologies) with 10% (v/v) FBS (Hyclone), 100 units/mL penicillin, 

0.1 mg/mL streptomycin, and 50U/ml IL-2 (Sigma). 
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T cell expansion 

Apheresis collars were obtained from the Brigham and Women’s Hospital Specimen Bank under 

protocol T0276. Primary blood mononuclear cells (PBMCs) were purified on a Ficoll gradient. 

Briefly, donor blood was diluted 1:1 with PBS and gently layered on Ficoll-Paque (Thermo) and 

centrifuged at 400 g for 30 min. with the brake off. The cells at the interface were extracted, 

washed four times with PBS, and irradiated with 60 Gy IR.  

For expansion, 1E6 T cells were added to 20E6 irradiated PBMCs in 20 ml final volume of 

RPMI, 10% FBS, 100 units/mL penicillin, 0.1 mg/mL streptomycin, 50U/ml IL-2 (Sigma), and 0.1 

ug/ml anti-CD3 antibody (OKT3, ebioscience).  

Knockout of endogenous HLA-A, HLA-B, and HLA-C genes. 

Guide RNAs were designed against sequences conserved across the HLA-A, HLA-B and HLA-

C locus using the multicrispr.net tool (152). The following guides were selected: 

CRISPR-ALL-1: CGGCTACTACAACCAGAGCG 

CRISPR-ALL-2: AGATCACACTGACCTGGCAG 

CRISPR-ALL-3: AGGTCAGTGTGATCTCCGCA 

The gRNA were cloned into the LentiCRISPR V2 vector using the BsmBI sites. 10E6 HEK293T 

cells were transfected with 3 ug of each plasmid guide construct using Mirus TransIT. After 7 

days, MHC-negative cells were sorted using the Pan-MHC antibody (BioLegend 311410). 

Clones were grown up from single cells and the absence of MHC was verified by flow cytometry 

and Western blot. 
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Generation of IFPGZB 

The pcDNA3.1 iCasper (pTLT427) plasmid was kindly provided by Xiaokun Shu. To generate 

the IFPGZB reporter, we replaced the caspase cleavage site (aa409-415, GDEVD|G) with a GzB-

specific cleavage sequence (VGPD|FGR) by PCR mutagenesis. The resulting IFPGZB construct 

(IFPGZB T2A HO1) was amplified by PCR and cloned into the pENTR/D-TOPO vector 

(Invitrogen) according to manufacturer’s protocol. The IFPGZB construct was then cloned into the 

pHAGE CMV DEST Hygromycin and pHAGE EF1a DEST Hygromycin lentiviral destination 

vectors by Gateway cloning (Thermo Fisher).  

Generation of ICADCR 

The ICADCR protein sequence was generated by modifying the ICAD protein sequence (DFF35 

isoform, UniProt entry O00273-2) to include the D117E and D224E mutations and an N-

Terminal Flag tag. The protein sequence was reverse-translated, synthesized as a gBlock (IDT), 

and cloned into the pENTR/D-TOPO vector (Invitrogen). The ICADCR cassette was cloned into 

the pHAGE CMV DEST Blasticidin and pHAGE EF1a DEST Blasticidin destination vectors by 

Gateway cloning (Thermo Fisher). 

Generation of MHC allele expression constructs 

The protein sequences for HLA-A1 (Uniprot P30443) and HLA-A2 (Uniprot P01892) were 

reverse translated and synthesized as gBlocks (IDT) and cloned into the pENTR/D-TOPO 

vector (Invitrogen). The HLA-A1 construct was cloned into the pHAGE EF1a DEST Hygromycin 

lentiviral destination vector and the HLA-A2 construct was cloned into the pHAGE CMV DEST 

Hygromycin lentiviral destination vector by Gateway cloning.  The HLA-C202, HLA-C702, HLA-

C401, and HLA-B702 sequences were obtained from the IPD-IMGT/HLA database (Robinson et 
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al., 2015) and synthesized as gBlocks (IDT). They were cloned into pDONR221. For expression, 

the HLA-C202 allele was cloned into the pHAGE_EF1a_DEST_hyg lentiviral vector, the HLA-

C702 was cloned into the pHAGE_EF1a_DEST_flox_BFP lentiviral vector, the HLA-C401 allele 

was cloned into the pHAGE_EF1a_DEST_NAT vector, and HLA-B702 was cloned into 

pHAGE_EF1a_DEST_hyg lentiviral vector (all by Gateway cloning).  

Lentiviral production 

Lentivirus was produced by transfecting HEK293T cells with the lentiviral transfer vector in 

addition to the plasmids encoding Tat, Rev, Gag-Pol and VSV-G. Transfection was performed 

using the TransIT-293 transfection reagent (Mirus) or PolyJet In Vitro DNA Transfection 

Reagent (SignaGen) according to manufacturer’s protocol. Lentiviral supernatants were 

collected 48 h post-transfection and filtered through a 0.45 um filter and added to cells in the 

presence of 4 ug/ml Polybrene. 

TCR design and cloning 

The NLV2 and NLV3 TCRs were reconstructed from (135). Each TCR was encoded as a single 

construct containing TCRa P2A TCRb with the human TCR constant regions. The sequences 

encoding these TCRs were synthesized as gBlocks (IDT) and cloned into the pENTR/D-TOPO 

vector and then transferred by Gateway cloning into the pHAGE EF1a DEST ZsGreen vector. 

The MAGE-A3 TCR was reconstructed from (146). The TCR was encoded as a single construct 

containing TCRα P2A TCRβ with the mouse TCR constant regions. The sequence encoding this 

TCR was synthesized as a gBlock (IDT) and cloned into the pENTR/D-TOPO vector and then 

transferred by Gateway cloning into the pHAGE EF1a DEST ZsGreen vector. 
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T cell transduction 

CD8 T cells were purified from donor blood using the RosetteSep CD8 purification kit (StemCell) 

according to manufacturer’s protocol. 1E6 cells were seeded per well of a 24-well plate and 

stimulated with a 1:1 ratio of Dynabeads Human T-Activator CD3/CD28 (Life Technologies). At 

the time of activation, cells were simultaneously transduced with 100 ul of lentivirus encoding 

the TCR of interest. After three days, transduced T cells were sorted based on the presence of 

the GFP marker and purified for CD8 expression with an anti-CD8 APC antibody (Biolegend).  

Generation of NLV-expanded T cells 

PBMCs were seeded at 1E6/ml in RPMI with 10% Human AB serum and 1ug/ml NLV peptide 

(NLVPMVATV). The next day, 600 IU/ml IL-2 was added to the cells. The cells were frozen 11 

days post-stimulation. 

GzB reporter activation assays with peptides 

EDCs were labeled with CellTrace violet (Thermo) according to manufacturer’s protocol and 

seeded at 3E4 cells/well in 96-well plates. The next day, cells were pulsed with the peptides of 

interest at the desired concentrations (1 uM unless otherwise specified) for 1 h at 37C. The 

media was then aspirated and replaced by the T cells of interest in T cell media. Plates were 

spun down for 1 min at 300 g to contact the T cells and EDCs. The plates were incubated for 4-

6 h at 37C, then the cells were harvested by pipetting up and down, and immediately analyzed 

by flow cytometry on the BD LSRII. Target cells were identified by the presence of the CellTrace 

violet dye (BV421 channel) and IFPGZB-positive cells were identified by a shift in the APC-Cy7 

channel. The following peptides were used (Genscript): 

PP65 peptide (NLV): NLVPMVATV 
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IV9 peptide (negative control): ILKEPVHGV 

MAGE-A3 peptide: EVDPIGHLY 

MAGE-A6 peptide: EVDPIGHVY 

PLD5 peptide: ETDPLTFNF 

FAT2 peptide: ETDPVNHMV 

 

GzB reporter activation assays with endogenously expressed antigens 

The following peptides were reverse translated and synthesized as gBlocks (IDT) with 5’ and 3’ 

BP recombination sites. 

PP65 56mer #1: 

GVMTRGRLKAESTVAPEEDTDEDSDNEIHNPAVFTWPPWQAGILARNLVPMVATVQ 

PP65 56mer #2: 

HNPAVFTWPPWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAELEGVWQ 

MAGEA3 90mer:  

MGEPVTKAEMLGSVVGNWQYFFPVIFSKASSSLQLVFGIELMEVDPIGHLY IFATCLGLSYDGL

LGDNQIMPKAGLLIIVLAIIAREGDCAP 

MAGEA6 90mer: 

MGEPVTKAEMLGSVVGNWQYFFPVIFSKASDSLQLVFGIELMEVDPIGHVY IFATCLGLSYDG

LLGDNQIMPKTGFLIIILAIIAKEGDCAP 
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PLD5 90mer: 

MGYLPISSTSTKRTYWPDLDAKIREALVLRSVRVRLLLSFWKETDPLTFNF ISSLKAICTEIANC

SLKVKFFDLERENACATKEQKNHTFPR 

FAT2 90mer: 

MGPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMETDPVNHMVGVISVEGRPGLFWFNI

SGGDKDMDFDIEKTTGSIVIARPLDTRRR 

FAT2 ORF CD8TM: 

MALPVTALLLPLALLLHAARPSQFRVSPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMET

DPVNHMVGVISVEGRPGLFWFNISGGDKDMDFDIEKTTGSIVIARPLDTRRRAVHTRGLDFAC

DIYIWAPLAGTCGVLLLSLVITLYCNHRN 

FAT2 ORF FAT2TM: 

MTIALLGFAIFLLHCATCEKPLEGILSSSPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMET

DPVNHMVGVISVEGRPGLFWFNISGGDKDMDFDIEKTTGSIVIARPLDTRRREMEARGCSEGH

CLVTPEIQRGDWGQQELLIITVAVAFIIISTVGLLFYCRRCKSHKPVAMEDPDLLARS 

The full-length PP65 gene was synthesized as a gBlock (IDT) with 5’ and 3’ BP recombination 

sites. The constructs were cloned into pDONR221 using the Gateway BP Clonase (Thermo). 

The PLD5 full-length ORF was sourced from the ORFeome v8.1 collection. MAGEA3 and 

MAGEA6 full-length ORFs were sourced from the Ultimate ORF collection (Thermo). The 

antigen constructs were cloned into the pHAGE CMV NFlagHA DEST IRES Puro (pp65) or 

pHAGE EF1a DEST puro (MAGEA3, MAGEA6, PLD5, FAT2) lentiviral vector by Gateway 

cloning. Antigen constructs were packaged into lentivirus and introduced into HLA-A1 EDCs 
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(MAGE-A3, MAGE-A6, PLD5, and FAT2) or HLA-A2 EDCs (pp65 56mers and ORF) at an MOI 

of <0.5. After 48 h, cells expressing the antigens were selected in 1 ug/ml puromycin for 3 days.  

EDCs expressing antigens were labeled with CellTrace violet (Thermo) according to 

manufacturer’s protocol and seeded at 3E4 cells/well in 96-well plates. The next day, the media 

was aspirated and replaced by the T cells of interest in T cell media. Plates were spun down for 

1 min. at 300 g to contact the T cells and EDCs. The plates were incubated for 4-6 h at 37oC, 

then the cells were harvested by pipetting up and down, and immediately analyzed by flow 

cytometry on the BD LSRII. Target cells were identified by the presence of the CellTrace violet 

dye (BV421 channel) and IFPGZB-positive cells were identified by a shift in the APC-Cy7 

channel. 

Tetramer staining validation 

The following peptides were synthesized (Genscript): 

PP65 peptide (NLV): NLVPMVATV 

IV9 peptide (negative control): ILKEPVHGV 

2140: GVLDAVWRV 

2058: ALWDVALLEV 

1560: TLIVNLVEV 

670:CLLESVYTA 

405: LIEDFDIYV 
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Peptides were loaded at 100 ug/ml onto the QuickSwitch™ Quant HLA-A*02:01 Tetramers (PE 

or APC labeled) (MBL International) according to manufacturer’s instructions. Tetramers were 

used for staining at 5 ug/ml final concentration. Where specified, cells were additionally stained 

with a Pacific Blue anti-CD8 antibody (Biolegend) and Alexa Fluor® 488 anti-human TCR α/β 

Antibody (Biolegend). 

Genomic DNA purification and NGS library preparation 

Sorted EDCs were mixed with 2E5 carrier wildtype HEK293T cells and gDNA was purified using 

the GeneJet gDNA purification kit (Thermo) according to manufacturer’s protocol. At least 100x 

representation of unsorted library cells were collected, prepped and prepared as an input 

sample for each screen. Antigen libraries were prepared for multiplexed Illumina sequencing 

using a modified version a previously published protocol (124). The libraries were amplified in 

three rounds of PCR using the hot start Q5 polymerase according to the manufacturer-

suggested protocol (Thermo).  

For the CMV library, Virome library, and tiling mutagenesis library screens, in the first PCR, 1 ug 

of gDNA per 100 ul reaction was amplified using primers flanking the antigen cassette and 

adding on adaptors (T Cell PCR1_F: 5’ 

TCCAGTCAGGTGTGATGCTCGGGGATCCAGGAATTCAGTTTGTACAAAAAAGCAGGCTCA; 

T cell PCR1_R: 5’ CGAGCTTATCGTCGTCATCCCCACTTTGTACAAGAAAGCTGGGTCA). 

PCR1 reactions from a single screen replicate were pooled and 1ul was used as input for a 50ul 

PCR2 reaction (T cell PCR2_F: 5’ 

ACACTCTTTCCCTACACGACTCCAGTCAGGTGTGATGCTC; T cell PCR2_R: 5’ 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCCGAGCTTATCGTCGTCATCC). One ul of 

PCR2 was used as input for a 50ul PCR3 reaction to add on the sequencing adaptors and 
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sample-specific index (T cell PCR3_F: 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACTCCAGT; T cell PCR3_R: 

CAAGCAGAAGACGGCATACGAGATxxxxxxxGTGACTGGAGTTCAGACGTGT where 

“xxxxxxx” denotes a unique 7-nt indexing sequence). Samples were pooled and gel extracted 

using the QiaQuick Gel Extraction columns (Qiagen). Samples were sequenced on the Illumina 

MiSeq or Illumina NextSeq using the T7-Pep2.2_Illumina_SP 

(5’GGTGTGATGCTCGGGGATCCAGGAATTC). 

For the human genome-wide screen, in the first PCR, 1 ug of gDNA per 100 ul reaction was 

amplified using primers flanking the antigen cassette (Pep_PCR1_F: 5’ agctcgatggaggataccca; 

Pep_PCR1_R: 5’ ccaaaagacggcaatatggtgg). PCR1 reactions from a single screen replicate 

were pooled and 1 ul was used as input for a 50 ul PCR2 reaction with a pool of 8 “stagger” 

forward primers (Pep_PCR2_F: 5’ tccctacacgacgctcttccgatct[]GTTTGTACAAAAAAGCAGG, 

where the [] denotes between 0 and 7 bases (full sequences in Resource Table); Pep_PCR2_R: 

5’ gtgactggagttcagacgtgtgctcttccgatctGCCTTATTCCAAGCGGCTTC). One ul of PCR2 was used 

as input for a 50 ul PCR3 reaction to add on the sequencing adaptors and sample-specific index 

(Pep_PCR3_F: 5’ aatgatacggcgaccaccgagatctacactcttTCCCTACACGACGCTCTTCCG; T cell 

PCR3_R: CAAGCAGAAGACGGCATACGAGATxxxxxxxGTGACTGGAGTTCAGACGTGT where 

“xxxxxxx” denotes a unique 7-nt indexing sequence). Samples were pooled and gel extracted 

using the QiaQuick Gel Extraction columns (Qiagen). Samples were sequenced on the Illumina 

MiSeq or Illumina NextSeq using the standard Illumina Sequencing primer. 

CMV library design and cloning 

To generate a complete set of potential CMV antigens, we used the ribosomal footprinting data 

generated by Stern-Ginossar et al. (136). We included all ORFs and uORFs detected that were 
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at least 8aa long. For cases of multiple overlapping in-frame ORFs, we selected the longest 

version ORF to include in our library. This set of ORFs was supplemented with 20 ORFs from 

the Merlin strain of CMV that were not detected by ribosomal footprinting, for a total of 561 

ORFs. We tiled across each ORF in 56 aa fragments with 28 aa overlap between adjacent tiles 

for a total of 2882 protein fragments. Fragment tiles were reverse translated using non-rare 

human codons. Each fragment was encoded by two nucleic acid sequences that differed by at 

least two bases in the 5’ 50bp for a total of 5764 oligo sequences.  

The oligo library was synthesized by Twist Biosciences with the following adaptors: 

five prime adaptor: 5’ TGAATTCTGAGCTCG 

three prime adaptor: 5’ TCGGGTGCTCGAGCT 

The library was amplified with the following primers, which contain overhangs encoding the BP 

recombination sites: 

CMV_BP F: 5’ ggggacaagtttgtacaaaaaagcaggctcaGGAATTCTGAGCTCG 

CMV_BP R: 5’ ggggaccactttgtacaagaaagctgggtcagctagttaAGCTCGAGCACCCGA 

The amplified library was cloned into the pDONR221 vector using BP Clonase (Thermo) and 

then transferred into the pHAGE CMV NFlagHA DEST IRES puro lentirival vector using 

Gateway cloning. This vector provided a uniform start codon followed by N-terminal Flag and 

HA tag for the expression of each peptide. At least 100x library representation was maintained 

during all cloning steps. 

The library was packaged into lentivirus and transduced at a representation of 1000 and MOI of 

0.5 into EDCs stably expressing pHAGE CMV ICADCR, pHAGE CMV IFPGZB, and pHAGE CMV 
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HLA-A2. The cells were selected with 1 ug/ml puromycin for 3d  beginning 48 h post-

transduction. Two replicates of library were generated with independent infections and used for 

the NLV2 CMV screen, NLV-expanded T cell screen of CMV library, and CMV library versus 

library screen. 

NLV2 CMV screen 

Three replicates of 10E6 EDCs (1700x library representation each) expressing HLA-A2 and the 

CMV library were co-cultured with 50E6 NLV2 T cells for 12 h, after which IFPGZB-positive target 

cells were sorted (FacsAria II). For data visualization, the geometric mean of the fold-enrichment 

of each peptide across the three replicates was calculated and added to 0.25 to enable plotting 

in log format. 

CMV optimization screens 

For each condition, 10E6 EDCs (1700x library representation) expressing HLA-A2 and the CMV 

library were co-cultured with NLV3 T cells for 12h, after which IFPGZB-positive target cells were 

sorted (FacsAria II). Unless otherwise specified, 5E6 T cells were used for each condition and 

EDCs expressing antigens at an MOI of 1 were used. For the effector to target ratio experiment, 

EDCs were co-cultured with 20E6 (2:1), 5E6 (1:2), or 1.25E6 (1:8) NLV3 T cells. For the MOI 

experiment, HLA-A2-expressing EDCs were transduced with the CMV library at an MOI of 1 or 5 

and selected for 3 d with 1 ug/ml puromycin before use in the screen. For the T cell dilution 

experiment, 1.25E6 NLV3 T cells were mixed with 3.75E6 MAGE-A3 T cells and compared to a 

pure population of 5E6 NLV3 T cells.  
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NLV-expanded T cell screen of CMV library 

Three replicates of 10E6 EDCs (1700x library representation each) expressing HLA-A2 and the 

CMV library were co-cultured with 25E6 NLV-expanded T cells for 12 h, after which IFPGZB-

positive target cells were sorted (FacsAria II).  

NLV-expanded T cell screen of virome-wide library 

The virome-wide library was previously described (124). The library was cloned into the pHAGE 

CMV NFlagHA DEST IRES puro lentiviral vector by Gateway cloning. This vector provided a 

uniform start codon followed by N-terminal Flag and HA tag for the expression of each peptide. 

At least 100x library representation was maintained at each step of cloning. Two replicates of 

100E6 EDCs (library representation ~1000x) expressing HLA-A2 were transduced with the 

virome library at an MOI of 1 and selected with 1 ug/ml puromycin for 3 d. 

For the screen, 4 replicates (2 from each independent infection) of 80E6 EDCs (850x 

representation per replicate) were co-cultured with 50E6 NLV-expanded T cells for 8h, after 

which IFPGZB-positive target cells were sorted (FacsAria II). 

For analysis, the fold-change of each peptide in each replicate was independently calculated. 

For data visualization, we calculated the geometric mean of the two replicates derived from 

each independent infection and added 0.25 to enable plotting in log format. 

Tiling mutagenesis library design and cloning 

The NLV epitope was mutagenized in the context of a 56mer 

(PWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAELEGVWQPAAQPKRRR) and a 

9mer (NLVPMVATV). Each amino acid in the NLV epitope (bold) was mutated to each of the 
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other 19 amino acids. As a control, the two adjacent amino acids outside the NLV epitope in the 

56 aa version (underlined) were also mutated to each of the other 19 amino acids. This set of 

418 mutants was combined with 4 versions of the WT epitope and 1266 unrelated peptide 

sequences for a library of 1688 epitopes. Each peptide was reverse translated with non-rare 

human codons in two different nucleic acid sequences for a total of 3376 oligo sequences. The 

library was synthesized by Twist Biosciences. 

The library was amplified with the following primers, which contain overhangs encoding the BP 

recombination sites: 

CTL_MUT_BP F: 5’ ggggacaagtttgtacaaaaaagcaggctcaAGAATTCTCCGTGGC 

CTL_MUT_BP R: 5’ ggggaccactttgtacaagaaagctgggtcagctagttaCACTCGAGAGCTCAC 

The amplified library was cloned into the pDONR221 vector using BP Clonase (Thermo) and 

then transferred into the pHAGE CMV NFlagHA DEST IRES puro lentirival vector using 

Gateway cloning. This vector provided a uniform start codon followed by N-terminal Flag and 

HA tag for the expression of each peptide. At least 100x library representation was maintained 

during all cloning steps. 

The library was packaged into lentivirus and transduced at a representation of 1000 and MOI of 

0.5 into EDCs stably expressing pHAGE CMV ICADCR, pHAGE CMV IFPGZB, and pHAGE CMV 

HLA-A2. The cells were selected with 1 ug/ml puromycin for 3 d beginning 48 h post-

transduction and used for the tiling mutagenesis screens with the NLV2 TCR, NLV3 TCR, and 

NLV-expanded T cells. 
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Tiling mutagenesis screen 

For the NLV-expanded cell screen, 3 replicates of 25E6 HLA-A2 EDCs expressing the tiling 

mutagenesis library (6500x library representation per replicate) were co-cultured with 25E6 

NLV-expanded cells. For the NLV2 and NLV3 TCRs, 3 replicates of 12.5E6 HLA-A2 EDCs 

expressing the tiling mutagenesis library (3200x library representation per replicate) were co-

cultured with 6.2E6 NLV2 or NLV3 T cells. After 12 h, IFPGZB-positive target cells were sorted 

(BD FacsAria II). 

For analysis, the reads for the two barcodes of each peptide across three replicates of the 

screen were summed. To calculate the fold-change, the fractional abundance of each peptide 

was then divided by the fractional abundance of that peptide in the pre-sorted input library. The 

normalized fold-change that was depicted in the heatmaps was generated by dividing the fold-

change of each peptide by the average fold-change of the wildtype NLV peptides in the library. 

Peptidome-wide screen 

The 90 aa peptidome-wide library was described previously (125). The library was cloned into 

the pHAGE CMV NFlagHA DEST IRES puro lentiviral vector by Gateway cloning. This vector 

provided a uniform start codon followed by N-terminal Flag and HA tag for the expression of 

each peptide. At least 100x library representation was maintained at each step of cloning. 

100E6 EF1a EDCs (EF1a ICADCR, EF1a IFPGZB, EF1a HLA-A1) were transduced with the 

genome-wide library at an MOI of 5 (2000x library representation) and selected with 1 ug/ml 

puromycin for 3 d. 

Eight replicates of 100E6 EDCs (2000x library representation per replicate) were co-cultured 

with 85E6 MAGE-A3 T cells for 8-12 h and sorted for IFPGZB-positive cells (BD FacsAria II). 
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To calculate the fold-change, the fractional abundance of each peptide was then divided by the 

fractional abundance of that peptide in the pre-sorted input library.  

CMV library versus library screen 

PBMCs from an HLA-A2 positive, CMV-positive donor were obtained (Astarte Biologicals). 

Memory CD8 T cells were purified using the Miltenyi CD8+ Memory T cell isolation kit according 

to manufacturer’s instructions and expanded using the T cell expansion protocol described 

above.  

Four replicates of 30E6 HLA-A2 EDCs expressing the CMV library (5000x library representation 

per replicate) were co-cultured with 25E6 T cells for 8h after which IFPGZB-positive target cells 

were sorted (BD FacsAria II). 

For analysis, the relative fractional abundance of each peptide compared to the pre-sort input 

library was independently calculated for each replicate. For data visualization, we calculated a 

modified geometric mean of performance of each peptide in the four replicates. To penalize but 

not completely discount peptides that enriched in 3 out of 4 replicates, we added 0.1 to the 

relative fractional abundance of each peptide in each replicate prior to taking the geometric 

mean. 

Cre inversion experiment 

The Cremembrane construct was designed by fusing together a signal peptide 

(MALPVTALLLPLALLLHAARPSQ), a flag tag (DYKDDDDK), the CD8 transmembrane domain, 

a GzB cleavage site (VGPDFGR), the Cre recombinase protein, another GzB cleavage site, and 

the ERT2 domain. This construct was synthesized as a gBlock (IDT) and cloned into the 
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pENTR/D-TOPO (ThermoFisher) and then into the lentiviral pHAGE CMV hygro destination 

vector and introduced into K562 target cells by lentiviral transduction.   

The single-inversion reporter of Cre activity consisted of GFP and E2-Crimson fluorescent 

proteins in a head-to-head orientation flanked by two sets of orthogonal Cre recombination sites 

designed to trap single inversion events based on the FLEX system (153). Inversion of this 

reporter was detected by digital droplet PCR (BioRad) with the following primers and probe: 

FLEX inversion FWD: GCCGCCCCCTTCACCATAG 

FLEX inversion REV: TCCAGCTCGACCAGGATG 

FLEX inversion probe: TGAGCGATCACGCATAAGGG 

The double-inversion reporter of Cre activity consisted of inverted primer binding sites separated 

by a 99 bp spacer sequence flanked by sets of orthogonal suicide Cre recombination sites 

(loxRE/loxLE and lox66/lox71). Cre activity that inverted both sets of Cre recombination sites 

was detected by droplet PCR (BioRad) with the following primers and probe: 

Double-inversion FWD: TCACCGTTCCTTGTGGTAATC 

Double-inversion REV: CGTTGATGTGGATCGACTCTATAA 

Double-inversion probe: ACCCTTATGCGTGATCGC 

This reporter cassette was cloned into a pHAGE CMV lentiviral vector and introduced into 

reporter cells by lentiviral transduction (hygromycin selection 4d at 200ug/ml). Finally, the 

caspase-resistant D117E ICAD gene was introduced into the target cells by lentiviral 

transduction (blasticidin selection 5 d at 40 ug/ml). The target cells were mixed with a 2:1 
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excess of activated primary NK cells for 4 h. Genomic DNA was purified using the GeneJet 

purification kit and the inversion of the Cre reporter was quantified by qPCR using inversion-

specific primers. The frequencies of inversion events were normalized to the abundance of the 

reporter cassette, based on the following primers and probes that constitutively amplified the 

blasticidin resistance cassette: 

Bsd FWD: TGGCAACCTGACTTGTATCG 

Bsd REV: GTCCATCACTGTCCTTCACTATC 

Bsd probe: CGACAGGTGCTTCTCGATCTGCAT 

Sequence alignment and analysis 

Illumina reads were aligned using Bowtie (154). For the human genome-wide screen, adaptors 

were trimmed using Cutadapt (155) prior to alignment. The fractional abundance of each 

antigen in each screen replicate was divided by the fractional abundance in the pre-sort input 

library to calculate the fold-change of the antigen.  

Data analysis was performed in Python, Excel, and GraphPad Prism. All error bars in figures 

indicate standard deviation. 
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This chapter describes applications, improvements, and future directions of the VirScan and T-

Scan technologies. 

 

VirScan applications in its current form 

Associating viral exposure with complex diseases 

Viral infection has been hypothesized to be a contributing factor to a broad range of complex 

diseases, including Multiple Sclerosis, Type 1 Diabetes, and Kawasaki Disease (156–158). 

However, attributing specific viral exposures to disease has been complicated by the large 

number of candidate pathogens. Singleplex approaches are suitable for testing individual pre-

formed hypotheses of an association between a single virus and a particular disease. In many 

cases, however, there is a basis for suspecting a viral contribution to disease without strong 

evidence pointing to a candidate pathogen. Enabling unbiased, virome-wide searches for 

associations between complex diseases and viral exposures was a key motivator for the 

development of the VirScan platform. This section details some of the ongoing work to apply the 

VirScan platform to this question and some of the lessons we have learned regarding the 

challenges and opportunities in this area. 

 We have ongoing work with collaborators to profile the viral exposures of patients with a 

variety of complex diseases using VirScan. These include established autoimmune pathologies 

such as Type 1 Diabetes (in collaboration with Mikael Knip, University of Helsinki and Helsinki 

Children’s Hospital, Finland) and Crohn’s Disease (in collaboration with Scott Snapper, Boston 

Children’s Hospital), where viral exposures have been hypothesized to trigger or exacerbate 

disease progression. We are also profiling viral exposures in idiopathic diseases, including 
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Chronic Fatigue Syndrome (in collaboration with Suzanne Vernon, Solve ME/CFS Initiative), 

Kawasaki Disease (with Jane Burns, UCSD and Dan Quiat, Boston Children’s Hospital), and 

Idiopathic Mesoamerican Nephropathy (with David Friedman, Harvard Medical School), where 

viruses have been suspected to play either direct pathogenic roles or contribute to a hitherto 

undiscovered autoimmune pathology. These collaborations have highlighted several 

advantages of the VirScan platform in addition to the core function of enabling unbiased 

analysis of viral exposures. First, VirScan provides information regarding the nature of the 

immune response against individual viruses. This includes both the magnitude of the response 

and the specific targets recognized by antibodies. Indeed, recent work by a collaborating lab has 

demonstrated that VirScan data can be used to determine the duration of HIV seropositivity 

based on the changing set of recognized antigens (159). There may be specific antiviral 

responses rather than generic viral exposure that contribute to complex diseases, and VirScan 

provides metrics and data to search for these associations at the level of specific target 

epitopes, proteins, or collective antibody signatures. Second, VirScan is compatible with the 

profiling of antibody targets with additional PhIP-Seq libraries. These libraries can identify 

autoantigen targets (160, 161), detect antibodies against non-viral pathogens, or provide amino-

acid resolution mapping of specific antibodies using customized saturation mutagenesis 

libraries. These analyses can be run alongside VirScan to provide systems-level data on patient 

antibody repertoires and can be used to generate and test hypotheses regarding the interplay 

between specific antibody species and disease. 

 In the course of these collaborations, we have identified several challenges to attributing 

viral exposures to complex diseases. The first is the scope of candidate viruses that are tested 

by VirScan. VirScan detects antibodies against antigens that are synthesized and included in 

the library. This means that viruses that have yet to be sequenced will not be represented, 
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posing a challenge for the discovery of novel viruses causing disease. This limitation can be 

partially addressed in two ways: 1) by including the genomes of viruses that infect animals but 

not humans, since zoonotic infections are a dominant source of novel human infections. Indeed, 

an upcoming update to the VirScan library includes all viral species of the Flaviviridae family and 

all viruses than infect bats, because these types of viruses have shown a particular propensity 

to spread to humans (162). 2) by searching for epitope- and protein-level associations with 

complex diseases. Antibodies to a novel virus can result in cross-reactivity to conserved 

proteins from related viruses or to structurally similar but phylogenetically unrelated viruses. 

Detecting such cross-reactions can still provide biomarkers of disease and inform subsequent 

searches for the causal pathogen. 

 A second key challenge is the temporal association of viral exposure and disease. The 

ability of VirScan to detect past exposures based on serum IgG is a strength of the platform but 

also complicates the interpretation of results. For example, viruses with near-universal lifetime 

prevalence will be detected in almost all patients; if re-infection with such a virus were triggering 

exacerbation of an autoimmune disease, this association would be very challenging to detect 

with a single timepoint case-control cohort. Relatedly, some viruses may contribute to complex 

disease during acute infection, prior to the development of robust IgG titers. The serological 

signature of such infections may be absent in the serum samples taken at diagnosis. This poses 

a unique challenge for diseases such as Kawasaki Disease that are treated with intravenous 

immunoglobulin (IVIG), which can mask the patient’s own antibody repertoire at later timepoints. 

These challenges can be partially addressed by improvements to VirScan that enable the 

detection of different antibody isotypes, including IgM, and allow for more accurate quantification 

of antibody titers, discussed in the following sections. In addition, we have observed that 

longitudinal patient samples are particularly informative; antibody profiles are remarkably stable 
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over time so subtle deviations can be used to detect and time re-exposures to prevalent 

pathogens. However, the most useful longitudinal samples must be collected prospectively and 

require difficult assumptions about when in disease progression viral exposures can contribute. 

 Finally, some diseases may be affected by a multitude of viral infections, making the 

detection of any single association more challenging. For example, the general inflammatory 

state arising during acute viral infection has been hypothesized to increase the risk of HIV 

acquisition (163). These sorts of more general associations require a larger sample size to 

detect with confidence. As we continue to make improvements in the performance, scalability, 

and cost of VirScan, we hope to build large repository of analyzed samples that can begin to 

inform these kinds of more subtle analyses. 

Identifying global features of humoral immunity 

A key feature of the VirScan platform is the global scope of profiled antibodies. We detect high-

confidence enrichment of hundreds to thousands of peptide fragments per serum sample, 

providing a rich dataset to examine the nature of private antibody repertoires, features shared 

across donors, and dynamic changes over time and in specific circumstances. This global 

scope was critical to reveal the key biological insight from our initial VirScan study: that diverse 

sets of donors make antibodies against the same regions of viruses, which we termed public 

epitopes. Individual immunodominant viral fragments had been reported before, but our ability to 

identify hundreds of public epitopes from all kinds of viruses revealed that this conservation is a 

general feature of humoral immunity. This section details other aspects of immunity, both at 

baseline and following specific perturbations, where the global scope of VirScan can be applied. 

  The identification of conserved antibody responses across donors raises a series of 

fundamental questions about the etiology and implications of this observation that can be further 
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examined using VirScan. Are shared antibody targets the result of structurally similar antibodies 

across donors or of unrelated antibodies converging on the same targets? Are there any 

features of public epitopes that drive their immunodominance and that can be used to predict 

other shared antibody targets? Do public epitopes serve as productive targets of the immune 

system or as decoy antigens that attenuate more protective responses? And, are shared 

antibody targets a feature of other antibody responses, such as allergen-directed IgE or 

pathogenic autoantibodies? Answering these questions will reveal fundamental insights about 

the nature of the immune system, including the functional diversity of antibodies and their level 

of redundancy, but also have therapeutic implications. For example, if public epitopes direct 

immunodominant but non-neutralizing anti-viral responses, then they can be omitted from 

vaccine formulations to enhance protective antibody generation. VirScan offers two powerful 

tools to help address these questions. The first is the ability to generate directed libraries of new 

antigens. We demonstrated that saturation alanine mutagenesis of protein fragments can be 

used with VirScan to map antibody targets at single amino acid resolution, and this capability 

can be expanded to study responses globally. Second, VirScan can be used to study specific 

antibody subsets by modifying the input set of antibodies or the way in which they are 

immunoprecipitated. For example, V-region specific reagents can be used to enrich or deplete 

antibodies that utilize a particular heavy chain V region, and VirScan can subsequently reveal 

the set of targets bound by these antibody lineages across different donors. Applying these and 

other kinds of tools to understand the nature and implication of public epitopes is an ongoing 

area of research in the lab. 

 VirScan can also be used to monitor antibody specificities over time. As a pilot 

experiment, we have obtained and analyzed longitudinal serum samples from Mikael Knip 

(University of Helsinki and Helsinki Children’s Hospital, Finland), tracking a cohort of Finnish 
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children from birth to early childhood. We observed that VirScan measures the persistence of 

maternal antibodies, detects childhood vaccine responses, and identifies initial exposure to 

common childhood diseases such as Adenovirus. Moreover, this data can be used to explore 

the antibody repertoire over time, addressing questions such as the rate of antibody diversity 

decay following infection and whether there is an association between maternal antibody targets 

and the antibodies raised by children. Notably, a recent publication applied VirScan to monitor 

the repertoire of antibodies in preterm infants compared to babies carried to term (164). The 

authors found that preterm infants had comparable antibody diversity as babies carried to term, 

highlighting the utility of a global profiling approach. 

 The dynamic profiling of antibody specificities can be especially informative following 

perturbations of the immune system. For example, we collaborated with Guillaume Canaud 

(Hôpital	Necker-Enfants	Malades,	Paris,	France) to profile anti-viral antibodies prior to and one 

year following kidney transplant (165). Consistent with the known consequences of post-

transplant immunosuppression, VirScan detected the reactivation of CMV in many patients 

(Figures A1.2 and A1.S4). We also observed boosted antibody responses to HSV1 and 

Metapneumovirus in some patients, indicating potentially clinically-relevant viral exposures. 

Notably, the scope of antiviral antibodies was remarkably consistent before and after transplant. 

This was true even in patients who received intense immunosuppressive regimens including 

rituximab, an antibody to deplete B cells. This surprising finding suggests that circulating 

antibody repertoires are robust to intense immunosuppression, possibly due to the persistence 

of long-lived plasma cells that are not depleted by rituximab. This study is presented in its 

entirety in Appendix 1.  
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 We also profiled antibody repertoires in patients before and after hematopoietic cell 

transplant (HCT) in collaboration with Rachel Bender Ignacio (University of Washington) (166). 

During HCT, the recipient immune system is largely replaced by cells from the donor, providing 

a unique opportunity to explore the contribution of host and donor factors on the reconstituted 

antibody repertoire. We observed that the antibody repertoire resembled the donor at 100 days 

post-transplant, but became more similar to the pre-transplant recipient repertoire by day 365 

post-transplant, with the shift largely driven by antibodies recognizing viruses in the recipient. 

Finally, we have collaborated with Rik de Swart (Erasmus MC, Netherlands) to profile antiviral 

antibodies before and after Measles infection. Measles infection is known to result in a 

subsequent increased risk of mortality from a variety of other infectious agents, suggesting a 

potential role in depleting immunity (167). Consistent with this theory, we observed broad 

decreases in antiviral antibody titers following measles infection but not in children who failed to 

acquire measles. 

 Finally, the broad data generated by VirScan can be used to examine genetic 

contributions to antiviral immunity. This can be done at the level of individual genetic mutations 

or more general association studies. As an example of the former, we collaborated with Jean-

Laurent Casanova (Rockefeller University) to profile the viral exposures and antiviral antibodies 

in a patient homozygous for a loss-of-function mutation in the IRF9 gene (168). IRF9 is a 

transcription factor involved in Type I interferon signaling, and the patient showed susceptibility 

to severe pulmonary influenza infection. Furthermore, VirScan profiling revealed exposure to 

additional pulmonary viruses including parainfluenza virus and respiratory syncytial virus that 

had not led to hospitalization, suggesting that the patient had been able to mount a moderate if 

somewhat impaired response to these viruses. In this way, performing unbiased viral response 
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profiling on patients with specific genetic alterations can help identify the immune pathways 

contributing to various aspects of immunity. 

 On a more global scale, genetic variants may have effects on antiviral immunity or on the 

specific antigens recognized by antibodies. Indeed, previous work has found associations 

between specific MHC alleles and the bulk titer of antibodies against common viruses (169), but 

searching for associations on a more granular level has been challenging. One specific 

hypothesis is that a person’s MHC Class II alleles will influence the set of proteins that are 

effectively recognized by antibodies; robust antibody responses require CD4 T cell help, and the 

proteins that generate the best T cell epitopes on a given set of alleles may serve as better 

antibody targets in that patient. Alternatively, MHC Class II binding may be sufficiently 

promiscuous to not be a limiting factor in the selection of antibody targets within viruses, 

resulting in little if any genetic effect of MHC alleles on the antibody repertoire. This question 

can be addressed by performing VirScan on a set of samples that have undergone HLA typing 

and looking for associations between MHC alleles and the proteins that are targeted by patient 

antibodies. Patients who are homozygous for MHC alleles provide especially informative cases 

that can streamline attributing differences to particular alleles. This kind of analysis can be 

expanded to genome-wide association studies which can reveal other genetic contributors to 

specific viral infections or the antibody responses against them. These applications in particular 

leverage the granular data generated by VirScan to ask fundamental biological questions that 

can be challenging to address otherwise. 

Diagnostic applications of VirScan 

Multiplex serological diagnosis of viral infection can be useful in a variety of clinical settings. 

However, limitations in the sensitivity and specificity of VirScan, especially for viruses that the 
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assay has not been validated on, constrain the broader application of VirScan in its current form. 

Imperfect specificity is a particular challenge for multiplex diagnostics; when testing for over 200 

viruses at once, even a specificity of 99% for each virus would result in an average of two false 

positive viral infections per patient. In addition, even a streamlined process of phage 

imunoprecipitation and sequencing would take several days and the assay currently focuses on 

IgG antibodies, together limiting its utility in the context of acute infection. Improvements to the 

performance of the assay that can mitigate some of these challenges are discussed in following 

sections. However, there are certain clinical contexts where even the assay in its current form 

can be of interest. This section discusses potential applications of the VirScan assay in specific 

clinical settings, for global health monitoring, and for the development of directed diagnostic 

tools that can be more broadly applied. 

 The most promising clinical applications for VirScan are in areas that value its key 

advantage – the scope of viruses tested – while tolerating slow turnaround time and imperfect 

assay performance. One such potential setting is to serve as a hypothesis-generating tool in the 

context of long-lasting undiagnosed diseases. We have begun working with the Undiagnosed 

Disease Network at Brigham and Women’s Hospital to profile certain patient sera with VirScan. 

Any unusual viral exposures identified in the assay will be validated with traditional approaches 

and can serve as one more piece of information to consider in the broader search for a clinical 

diagnosis. 

 A second setting where VirScan may be of interest is in global health monitoring of 

infections. If a sufficient number of samples could be analyzed regularly, then upticks in the 

antibody responses to specific viruses could be detected. These signals would suggest changes 

in viral prevalence or the emergence of new epidemics. Notably, this application would be 

tolerant of imperfect assay performance for any given patient; the salient signal at the population 
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level would be more robust than any individual assay. The feasibility of this approach is currently 

limited by the cost of the assay and logistical considerations around sample collection. However, 

several factors may support the practicality of this application in the long run. First, the cost of 

the assay, currently around $10/sample, will continue to decrease. Roughly half of the cost is 

DNA sequencing, while additional measures can further reduce the remaining reagent costs. 

Second, for this application, it may be possible to pool the samples from multiple donors to 

further decrease costs. Third, we have demonstrated that VirScan can be successfully run on 

donor saliva or on blood that has been dried and stored at room temperature for days, providing 

flexibility around sample collection. Taken together, these factors may one day enable the use 

of VirScan for global health monitoring. 

 For applications that have more stringent requirements regarding assay performance, 

VirScan can be restricted to diagnosing specific viruses for which the assay has characterized 

properties. For example, there are several viruses that are clinically relevant in the context of 

kidney transplant, including HIV1, HIV2, HCV, HHV4, HHV5, and HHV8. We demonstrated that 

VirScan diagnoses this set of six viruses with equivalent sensitivity and specificity to singleplex 

ELISA assays (165). Notably, this set of viruses, which VirScan detects verifiably, can readily be 

expanded with access to the appropriate patient cohorts. Indeed, a major challenge in 

establishing the VirScan assay was to develop a generalizable diagnostic for all viruses, 

including rare viruses for which we had no positive serum samples. We trained our diagnostic 

algorithm on a small panel of available viral species and then extrapolated the findings to the 

remaining viruses. However, we know that the algorithm and thresholds we set are not optimal 

for every individual virus. Analyzing defined seropositive and seronegative samples for a given 

virus can enable us to set the optimal thresholds for assay performance. Consistent with this, 

we demonstrated that our detection of RSV was enhanced by applying additional weight to 
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public epitopes from the virus, an adjustment that can only be applied to viruses for which we 

have sufficient known seropositive samples. Finally, a set of known seropositive and 

seronegative samples for a given virus enables us to take unbiased approaches, such as 

machine learning, to optimize classification of sample status. Taken together, we envision that 

the scope of viruses for which VirScan provides validated, effective diagnosis will continue to 

expand. 

 Finally, VirScan can be used to develop diagnostic tools that can be more broadly 

applied. One example of this is the identification of serological signatures that distinguish 

between exposures to closely related viruses. During the recent Zika virus outbreak, tracking 

exposure to Zika was complicated by cross-reactivity of anti-dengue and anti-Zika antibodies, 

which limited the ability of existing tests to distinguish between past Dengue exposure and 

recent Zika infection. VirScan can help address this challenge by identifying specific antigens 

that are targeted in response to one exposure but not the other. This can be done by screening 

characterized Zika-positive and Dengue-positive sera against a comprehensive library of Zika 

and Dengue candidate antigens. Selectively recognized antigens can be identified to inform the 

design of ELISA or other rapid tests. Alternatively, a more robust signature of each viral 

exposure can be developed using unbiased approaches such as machine learning. This 

process provides a generalizable solution to enable the design of serological assays with 

specific properties, provided that the appropriate candidate antigens and training serum 

samples are available. Finally, saturation mutagenesis serves as an additional tool to distinguish 

between antibody responses to viruses that are similar and appear to generate predominantly 

cross-reactive antibodies; for example, it is possible to use saturation mutagenesis to identify 

mutant versions of specific epitopes that can distinguish between Zika and Dengue infection 

based on the antibodies they elicit. 
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Improvements to VirScan 

Approaches to improve VirScan sensitivity 

VirScan detects many viral infections with high sensitivity and specificity, but there are viruses 

that it fails to detect effectively. There are many factors that can contribute to reduced detection 

by VirScan, including extensive post-translational modifications on viruses, limited stretches of 

linear epitopes, and low antiviral antibody titers. This section discusses approaches to enhance 

the sensitivity of VirScan by using longer fragments of viral proteins and by modifying the 

protocol to accommodate significantly higher amounts of antibody and phage. 

 A significant limitation of the VirScan library is that it displays partial, 56aa-long 

fragments of viral proteins, whereas an estimated 90% of anti-viral antibodies recognize 

conformational epitopes that are not captured in short, contiguous protein segments. While 56aa 

fragments are sufficient to capture most secondary and some tertiary structure, the presented 

fragment length is still a fundamental constraint on the scope of antibodies that can be detected 

by the platform. To overcome this limitation, we have designed an updated VirScan library that 

encodes 124aa fragments of all viral proteins. In addition, full-length viral proteins can be 

presented by ribosome display using an alternative approach called PLATO that was developed 

in the lab (30). The availability of both the 124aa fragments for phage display and the full-length 

viral ORFs for PLATO rely on recent advances in DNA synthesis technology that enable 

scalable and affordable generation of such long fragments. The use of longer fragments does 

have the drawback of lower resolution mapping of antibody targets, making it more difficult to 

pin down the precise stretches bound by antibodies or detect cases of epitope spreading. 
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Nevertheless, these next-generation versions of the VirScan approach hold promise to capture 

a broader scope of antiviral antibodies and improve the sensitivity of VirScan. 

 Another approach to improve the sensitivity of VirScan is to modify the protocol to use 

higher concentrations of phage and antibodies. The standard VirScan protocol uses 2ug of IgG 

and 3.5 x 1010 pfu of phage in a 1 ml reaction. This translates into a total antibody concentration 

of around 10 nM, with any individual antibody species present at only a small fraction of this 

concentration, and a concentration of 10-15 M of the phage displaying any given viral fragment. 

Based on classic binding dynamics, an antibody with a 1 nM dissociation constant would need 

to be present at a 1 nM concentration in order to bind half of the cognate phage in our library. 

However, an antibody that makes up 1/1000th of the total serum antibody repertoire would only 

be present at a 10 pM concentration, meaning that approximately 1% of the cognate phage 

would be bound at equilibrium. Notably, the multivalent display of antigens on phage enables 

avidity in antibody binding and is likely to increase the functional affinity of phage-antibody 

interactions. Nevertheless, the low concentrations of phage and antibodies during complex 

formation mean that only a fraction of the cognate phage for most antibodies will be bound. This 

presents an exciting opportunity: increases in either phage or antibody concentration should 

translate linearly to increased numbers of phage-antibody complexes, which can improve the 

sensitivity and robustness of their detection. Of course the concentration of phage and 

antibodies present during complex formation was extensively optimized during the initial 

development of the PhIP-Seq methodology and during its application to VirScan; increases in 

either phage or antibodies with the current protocol result in increased background signal and 

decreased overall performance of the assay. However, the potential for increased assay 

sensitivity justifies exploring protocol variations that may accommodate higher concentrations of 

phage and antibodies perhaps through reduced volumes.  
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 One such protocol variation we tested was the double-IP. In this approach, a roughly 

100-fold higher concentration of antibody (~200ug) is incubated with the phage library. Notably, 

since the standard assay requires roughly 0.2ul of patient serum, even 100-fold higher amounts 

of antibodies can be derived from a minimal serum sample. To overcome challenges in 

efficiently immunoprecipitating this increased amount of IgG, we first perform a pull-down of all 

of the phage using the epitope tag present on the phage. Any antibodies complexed to the 

phage are retained while unbound antibodies are washed away. A second immunoprecipitation 

is then performed to capture the remaining antibodies complexed with phage while washing 

away any unbound phage. This two-step approach showed enhanced sensitivity in some 

applications but did not systematically and dramatically improve the assay performance overall. 

It serves as an example of the kind of protocol modifications that can be performed, in addition 

to systematic optimization of assay binding and washing conditions, to accommodate higher 

concentrations of antibody and phage and try to capitalize on the increased complex formation 

this should enable. 

 A second method might be to encode and display multimers of protein fragments to 

guarantee the potential for avidity in epitope-antibody interactions. While our T7 phage system 

displays multiple copies of each displayed protein, they are arranged stochastically on the 

phage and may not be optimally spaced for bivalent binding by an antibody. 

Detection of antibody titers and isotypes with VirScan 

The value of the VirScan platform would be greatly enhanced if it enabled the extraction of 

additional information about the nature of the measured antibody responses. Specifically, being 

able to quantify antibody titers and attribute responses to particular antibody isotypes would 

create a far more informative and complete picture of the antibody repertoire and its 
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implications. This section discusses protocol modifications that can be employed to quantify 

antibody titers and distinguish antibody isotypes. 

 The sequencing-based readout of VirScan naturally lends itself to the measurement of 

functional antibody titers. The fold-enrichment of a given phage following immunoprecipitation 

reflects the fraction of phage-antibody complex formed. This in turn depends on the titer and 

affinity of the bound antibody. Several experiments could be performed to more directly convert 

sequencing data into quantitative titer information. First, a titration calibration curve could be 

generated by taking serum of known specificity, such as HIV positive serum, and systematically 

diluting it into negative serum at different ratios. Performing VirScan on these mixed sera would 

establish the relationship between the amount of antibodies to a given peptide and the fold-

enrichment of the phage expressing the target peptide. The second experiment would provide a 

normalization control to convert a fold-enrichment signal into an antibody titer. Patient serum 

could be supplemented with a defined amount of several monoclonal antibodies of known 

specificity to viral proteins. Performing VirScan on the sera with this spiked-in reference panel of 

antibodies would allow us to compare the enrichments caused by patient antibodies with those 

resulting from the known concentrations of monoclonal antibodies. Taken together, the titration 

curve and normalization control would allow for the translation of enrichment signals obtained 

from VirScan IPs into quantitative estimates of antibody titers against each peptide. This 

process can be further enhanced by the use of diverse barcodes or unique molecular identifiers 

to label individual phage, either during the initial cloning or final PCR steps. These barcodes 

would enable accurate enumeration of phage particles that were immunoprecipitated, bypassing 

any potential PCR effects and providing even more robust data to convert into antibody titers. 

 The standard VirScan protocol is also readily adaptable to specifically detect antibodies 

of different subtypes. The IP step is typically performed using Protein A/G magnetic beads, 
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which bind to both IgG and IgA antibodies. Performing the IP using reagents specific for 

different antibody isotypes would instead capture only the phage bound by these antibodies. 

Indeed, we have preliminary data suggesting that we can identify IgA and IgE targets using 

pulldowns with isotype-specific antibodies. Notably, this approach is suitable for other reagents 

that bind antibody subsets. For example, there is growing evidence that the glycosylation state 

of specific antibodies affects their function (170). VirScan could be performed using lectins that 

bind only antibodies carrying certain glycosylation patterns to identify the targets of these 

antibodies. 

 

Future directions for VirScan 

Detecting bacteria and other pathogens 

A significant advantage of the PhIP-Seq approach is that it is modular: custom libraries of 

candidate antigens can be synthesized and screened for different applications. A natural 

question is whether VirScan can thus be extended to detect exposures and map antibody 

responses to other pathogens, including bacteria and fungi. Our preliminary results suggests 

that PhIP-Seq can be valuable for the study of other pathogens, but that they raise significant 

practical and biological challenges.  

 The clearest challenge in extending VirScan to study bacteria and fungi lies in the much 

larger genome size of these pathogens. Indeed, the same number of peptide tiles that can 

encode all of the proteins from all viruses that infect humans is only sufficient to cover a handful 

of bacterial genomes or around half of a single typical eukaryotic genome. This means that the 

comprehensive approach that we applied to viruses is not practical; instead, subsets of 
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candidate antigens must be selected, either by restricting the scope of pathogens or by 

encoding select proteins from all pathogens. We have performed preliminary experiments with 

both of these selection approaches. First, we extracted all known antigens from bacteria and 

fungi found in the Immune Epitope Database (IEDB), approximately 500 proteins in all, and 

added them to our VirScan library. We analyzed some sera as a proof of concept and we 

detected antibodies to known immunodominant proteins from S. aureus and S. pneumoniae in a 

majority of patient sera. However, this approach lacks the ability to discover novel protein 

antigens and fully understand the scope of anti-bacterial immunity. To address these 

shortcomings, we also generated a library that covered the entire genomes of six bacterial 

species: Escherichia coli, Chlamydia trachomatis, Listeria pseudotuberculosis, Borrelia 

burgdorferi, and Mycobacterium tuberculosis. In collaboration with Megan Murray (Harvard T.H. 

Chan School of Public Health) and Mark Soloski (Johns Hopkins), we tested known TB- and 

Lyme-positive serum samples. While we detected some enriched antigens in each pathogen, 

the strength and specificity of the observed responses was disappointing. This highlighted the 

potential biological challenge of detecting non-viral pathogens: they may be comparatively less 

amenable to serological diagnosis. Bacteria in particular are coated with external layers of 

polymers that are not encoded in our libraries, while a majority of their proteins are intracellular 

and are less likely to be antibody targets. Moving forward, the best application of phage display 

to the diagnosis of non-viral antigens may rely on generating curated libraries of the most likely 

antigens, such as known cell-surface proteins. 

Detecting antibodies to post-translational modifications 

One limitation of the VirScan assay is that it does not accurately present post-translational 

modifications (PTMs). PTMs are involved in a variety of processes, including signaling cascades 

and protein localization. Viruses in particular frequently undergo post-translational glycosylation 
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to alter the structure of their surfaces. There are several approaches by which VirScan, and 

PhIP-Seq more generally, can be adapted to better account for post-translational modifications. 

The first is through in vitro enzymatic modification of the phage library. Enzymes with effective in 

vitro activity, including caspases, can be used to directly modify the protein fragments presented 

by the phage. The modified phage library can then be used in standard pulldowns, with the non-

modified phage serving as a control to help identify antibodies specific for the post-translational 

change. This approach would be of particular interest to identify self-antigens that are 

citrullinated, as such antigens have been implicated in Rheumatoid arthritis (171). However, in 

vitro enzymatic modification requires large amounts of purified enzyme, may be inefficient, and 

is uncertain to recapitulate the actual modifications observed in vivo. An alternative approach 

relies on encoding the post-translational modification as an additional amino acid in a genetically 

altered strain of E. coli (172). This has been performed for several modified amino acids, 

including phosphoserine (173). Phage packaged in this E. coli strain would naturally incorporate 

the modified amino acids into their proteins. Finally, alternative forms of display, such as 

baculovirus display or yeast display can be used to more accurately present post-translational 

modifications present uniquely in eukaryotes (174, 175). While each of these approaches has its 

drawbacks, they can collectively provide some insights into the scope and importance of post-

translational modifications as the targets of antibodies. 

Designing rapid multiplex diagnostics 

While VirScan itself is not suitable as a rapid, point-of-care diagnostic, the data generated by 

VirScan can inform the design of rapid multiplex diagnostics. Specifically, the comprehensive 

profiling of antibody targets by VirScan enables the identification of a narrow set of antigens that 

is recognized robustly and specifically in the context of a particular viral infection. To test the 

utility of this concept, we generated a new phage display library that contained just the five most 
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informative 56mers for each of the 58 virus species that we detected most frequently in our pilot 

cohort of 569 patients. This miniature phage display library, which we termed the uPhIP-Seq 

library, was able to recapitulate the salient diagnostic signals of the entire VirScan library in a 

test set of samples we analyzed. The decreased size of the phage library has two additional 

advantages: lower sequencing cost during analysis and potentially higher sensitivity, since each 

antigen member of the library is present at ~500-fold higher concentration than in the VirScan 

library due to the reduced total phage diversity. Most importantly, this experiment demonstrates 

that much of the diagnostic value of VirScan can be captured by extracting the key antigens 

discovered in whole-genome VirScan. This opens the possibility to transferring these antigens 

into truly rapid modalities, such as multiplexed ELISA or Luminex beads. 

Pairing antibodies and their cognate antigens 

VirScan enables the multiplex discovery of the antigens of mixed pools of antibodies, but it does 

not allow for the pairing of individual antibody sequences with their cognate targets. While this 

capability is not critical for a serological diagnostic, it would be immensely powerful in other 

contexts: it would dramatically accelerate the discovery of affinity reagents against all proteins 

by allowing pools of proteins to be targeted at once.  

The flagship approach to detecting protein-protein interactions in high-throughput is the yeast 

two-hybrid. In this technique, candidate proteins are introduced into cells as genetically-encoded 

fusions to bait and prey proteins, typically a DNA binding protein and transcriptional activator 

respectively. If the candidate proteins interact, they bring the bait and prey fusions into proximity 

and subsequently activate a reporter, classically the transcription of a selectable marker. This 

concept has been built upon in various ways, including using different host organisms and 

mechanisms of proximity detection, and also to facilitate the combined recovery of the genes 
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encoding the two interacting proteins to enable pairing (176, 176, 177). While these approaches 

have proven useful in a variety of contexts, they remain unwieldy for use with antibody target 

discovery; they rely on the cloning of single-chain antibody constructs, their transformation into 

host cells (which limits the library complexity that can be screened), the effective expression of 

the antibodies, and imperfect readouts of interaction.  

The advent of emulsion-based single-cell sequencing technologies, such as Drop-Seq, InDrop, 

and 10X, has opened the door to alternative approaches of multiplex antibody-target pairing 

(178, 179). In light of our experience with VirScan, a few approaches are especially appealing. 

The first is the direct labeling of B cells with candidate antigens displayed on phage. This would 

be especially useful for the multiplex discovery of therapeutic antiviral antibodies and their 

targets from the B cells of donors with protective immunity against a virus of interest. B cells that 

stain with the phage could be sorted and then the paired antibody sequence and bound antigen 

could be sequenced with one of the emulsion-based technologies. Notably, a similar approach 

has been applied for pairing of T cells and their targets in moderate throughput using DNA and 

RNA-barcoded tetramer reagents (71, 72). Ribosome display of antigens may be even more 

attractive than the use of phage, due to the higher effective concentrations of antigen that can 

be generated by ribosome display and the more direct compatibility of RNA-based barcodes 

than DNA phage genomes to the emulsion capture techniques currently in use. 

 

T-Scan applications in its current form 

We designed several modular features of T-Scan to broaden the set of contexts in which it can 

be applied. First, T-Scan can employ TCRs identified by sequencing or directly on cytotoxic T 

cell populations. Second, T-Scan is compatible with any MHC alleles of interest. We performed 
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screens with antigens presented on the HLA-A1 and HLA-A2 alleles, and any other allele or set 

of alleles can be introduced into our MHC-null target cells for screening. Finally, T-Scan can be 

used to screen any library of genetically-encoded antigens. We generated and screened distinct 

libraries to discover immunodominant CMV antigens, identify self-reactive TCR specificities, and 

map the interaction of various TCRs with their antigens. Advances in DNA synthesis have 

increased the scope and accessibility of additional DNA libraries that can be generated to profile 

T cells in various other contexts. Meanwhile, single-cell RNA sequencing has enabled the high-

throughput identification of paired T cell receptors, revealing expanded and conserved clones in 

a variety of contexts (180). Identifying the target antigens of these clones promises to reveal 

insights into disease pathology and open pathways for treatment. This section discusses the 

application of T-Scan to infectious disease, autoimmunity, and cancer. 

T-Scan applications to infectious disease 

T cells provide protective immunity against a wide array of important pathogens, including 

malaria, CMV, HBV, and HIV (41, 42, 44, 46). Understanding the precise T cell antigens that 

drive these protective responses is critical to enable effective vaccine design, but this 

knowledge has been hampered by the low throughput of existing profiling technologies and the 

complex genomes of many important pathogens. T-Scan can be applied to systematically profile 

the T cell targets in patients who exhibit protective immunity, for example immunity from 

controlled malaria infection or elite control of HIV. These antigens can be compared to those 

recognized by patients who are susceptible to infection in order to extract the key antigens that 

underlie protective immunity. 

As a proof of concept, we identified dominant CMV antigens targeted by the memory CD8 T 

cells of a healthy donor. CMV provides an appealing test case because it is a clinically relevant 
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pathogen that is largely controlled by CD8 T cells (44). Despite the extensive work that has 

been done to profile anti-CMV responses, four out of the six dominant antigens we identified 

had not been reported before (137). Notably, one of the novel antigens that we identified and 

validated is from the UL150A protein. UL150A was only recently identified by high-throughput 

transcriptome profiling and is encoded in the antisense direction within the better-studied UL150 

ORF (136, 147). This demonstrates the ability of T-Scan to reveal unexpected new antigens and 

highlights the utility of combining systematic antigen discovery with unbiased approaches to 

characterizing pathogen protein expression. 

T-Scan applications in autoimmunity 

CD8 T cells contribute to a range of autoimmune diseases, including Multiple Sclerosis, Type 1 

Diabetes, Rheumatoid Arthritis, and Autoimmune Hepatitis (122). Identifying the precise 

antigens driving self-reactivity is critical to understand the mechanisms of pathogenesis and to 

enable the development of antigen-specific immunomodulatory therapies. We successfully 

applied T-Scan to identify the antigens recognized by a self-reactive TCR. Employing this 

capability, we envision that T-Scan can be used to systematically profile T cells derived from 

sites of autoimmunity to uncover the scope and features of auto-reactive T cell antigens, with 

the caveat that the antigen not already be endogenously expressed in the reporter cell line 

employed. In addition, identified auto-reactive TCRs can be screened for cross-reactivity to viral 

or bacterial antigens, directly addressing hypotheses regarding the etiology of various 

autoimmune diseases. 

T-Scan applications in cancer immunology 

T cell recognition of tumors underlies the promising clinical results obtained with checkpoint 

inhibitors, adoptive T cell therapy, and TCR therapeutics (123). However, the scope and nature 
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of the antigens mediating tumor clearance is poorly understood, largely due to challenges in 

systematically profiling T cell specificities (181). A deeper understanding of these antigens is 

critical to inform the development of biomarkers and enable the next generation of therapeutic 

approaches that will extend the reach of immunotherapy.  

We envision three applications for T-Scan in the field of cancer immunology. First, T-Scan can 

be used to profile neoantigen reactivities in patient TILs. Exome sequencing has enabled the 

generation of libraries of candidate neoantigens specific to a given tumor. Oligoclonal patient 

TILs can be expanded ex vivo and directly screened against these patient-specific libraries to 

comprehensively and rapidly determine functional neoantigen reactivities. Second, T-Scan can 

be used to identify the targets of orphan TCRs reactive to patient tumors. We demonstrated the 

ability to screen the entire human genome for TCR targets, and this approach can also be used 

to identify other classes of tumor-associated antigens, including endogenous retroviruses, 

cancer driver mutations, and minor histocompatibility antigens in the context of allogeneic stem 

cell transplant. Third, T-Scan can be applied to screen therapeutic TCRs for potential off-target 

reactivities. We detected and validated reactivity of the MAGE-A3 TCR to a corresponding 

region of MAGE-A6, as well as weaker reactivity to related peptides form PLD5 and FAT2. This 

same approach can be applied to comprehensively screen candidate therapeutic TCRs and 

avoid patient toxicity due to off-target reactivity that has been observed from efforts to improve 

the affinity of TCRs toward targets (140). 
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Improvements to the T-Scan platform 

Improved scalability by bypassing cell sorting 

A key limitation of the current T-Scan platform is the need for FACS sorting of positive events. 

This is especially burdensome for highly complex antigen libraries; performing an entire 

genome-wide screen requires sorting approximately one billion target cells, which takes around 

20 hours on existing FACS machines, and we envision the use of even higher complexity 

libraries to include greater coverage redundancy and the introduction of alternative antigen 

classes discussed in subsequent sections. Detecting target cell recognition via mechanisms that 

do not require cell sorting would greatly enhance the speed and scalability of large antigen 

screens. It would be especially attractive to continue to rely on a readout of granzyme activity in 

target cells, which underlies the biological significance and sensitivity of the current assay. One 

strategy is the use of the Cre-based reporter of GzB activity presented in Chapter 3. Though it 

did not exhibit the sensitivity and specificity of the fluorescent-based GzB reporters, this 

approach deserves further examination and optimization in light of the significant benefit it would 

provide in assay scalability.  

A second strategy to avoid cell sorting is to employ column-based purification based on a cell-

surface marker of granzyme activity in target cells. This requires converting the intracellular 

granzyme proteolytic function into a unique cell-surface readout. We designed one such 

approach by sequestering a transmembrane protein in the ER using a cytoplasmic C-terminal 

ER retention motif; proteolytic cleavage of the ER retention motif releases the reporter protein to 

traffic to the surface where it can be detected or used for column purification. We demonstrated 

that this approach works in principle using TEV protease as a model system, and further 

experiments can test and optimize this system for the detection of GzB. 
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Pairing of TCRs and antigens 

Analogously to VirScan, T-Scan enables the multiplex identification of the antigens of pools of T 

cells but does not pair individual TCRs with their antigens. This pairing can be performed in a 

second step, for example by labeling T cells with tetramers designed based on the identified 

antigens. Nevertheless, enabling multiplex pairing of T cells and their antigens in the initial 

screen would be of interest, especially for applications like the rapid identification of neoantigen-

specific TCRs from patient TILs.  

One existing approach to this challenge is to use pools of DNA- or RNA-barcoded tetramers to 

stain T cell populations (71, 72). However, it would be attractive to retain the endogenous 

antigen processing and readout of T cell killing that is used in T-Scan. A simple potential 

strategy is to capture the T cell – target cell doublets following antigen recognition and use 

emulsion sequencing to pair the TCRs and cognate antigens. The IFP-based GzB reporter 

could be used to identify target cells that had been productively recognized and filter out any 

spurious doublets during sorting. Added specificity could be attained by also staining for 

markers of T cell activation, such as cell-surface CD69 or CD103; doublets that contain an 

activated T cell and GzB-positive target cell are likely to be cognate pairs. This approach may 

require additional modifications to enhance the stability of doublets, especially following 

cytotoxic granule release. Still, it presents a potential starting point for multiplex TCR discovery 

while retaining key features of T-Scan. 
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Future directions for T-Scan  

Expanding the scope of target antigens 

The key strength of the T-Scan platform is the complexity of antigens that it can screen. 

Combined with recent advances in DNA synthesis technology, this enables broad and open-

ended sets of putative candidate antigens to be screened. This section discusses alternative 

types of antigens that can be explored with T-Scan.  

The first set of alternative antigens comprises non-typical proteins expressed in certain cells. 

Our existing genome-wide library encodes all annotated proteins in the human genome; 

however, increasing evidence suggests that the scope of translated proteins can be far broader. 

Additional protein sequences can be derived from mis-splicing events, reactivation of 

endogenous retroviruses or transposons, and translation of canonically “non-translated” regions 

of the genome (including initiation at non-ATG codons) (182, 183). These antigen classes are 

especially interesting in the context of cancer: they are more likely to arise in tumors due to 

dysregulation of splicing and translation machinery, and they can result in highly tumor-specific 

antigens that are shared across patients. There are several systematic approaches to identify 

alternative protein sequences. The first is through deep profiling of expressed RNA. For 

example, a recent paper systematically identified tumor-specific RNAs and then generated 

candidate antigens based on unbiased translation of the RNAs in all three reading frames (184). 

The second approach is to utilize ribosome footprinting data (182). Ribosome footprinting 

identifies the complete set of RNA that is being actively translated, and has been a key tool in 

discovering non-canonical sites of translation. As a third approach, mass spectrometry of 

peptides eluted from MHC molecules can be used (185). While mass spectrometry of MHC-

bound peptides continues to have limited sensitivity, it provides an unbiased measure of 
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peptides bound on the cell surface and can reveal antigens that would be missed with other 

approaches, including peptides that have undergone post-translational splicing (149). Finally, 

bioinformatic approaches can be taken to predict certain types of antigens. For example, we 

recently generated an updated antigen library that contains the peptides generated from all 

possible intron retention events. Collectively, these approaches can be taken to profile the 

complete set of proteins expressed in tumors or other cells of interest. 

A second set of alternative antigens is derived from post-translational modification of standard 

proteins. Of particular interest are phosphorylated proteins, which have been shown to be 

effective T cell antigens and can result from dysregulated signaling networks in cancer (186). 

One approach to recapitulating cancer-specific post-translational modifications in our target cells 

is to over-express specific oncogenic drivers or kinases. In order to maximize the likelihood that 

the appropriate post-translational modifications are elicited, this approach is best paired with the 

expression of full-length ORFs as antigens. Alternatively, tumor cell lines exhibiting specific 

features or activated pathways can be retooled for use as T-Scan target cells. While both of 

these approaches are imperfect, they may provide some inroads into the frequency and role of 

post-translational modifications as T cell antigens. 

A third set of alternative antigens is made up of peptides presented on non-canonical MHC 

molecules like HLA-E. These non-canonical MHC molecules are potentially attractive 

therapeutically because they are far less polymorphic than classical MHC molecules; pathogen- 

or tumor-derived antigens presented on HLA-E could serve as the basis of broadly applicable 

vaccines or therapies. However, the role of these non-canonical molecules in classic antigen 

presentation to CD8 T cells is not as well established. HLA-E is known to efficiently display the 

signal peptides of MHC Class I proteins and serves as an inhibitory NK cell receptor (187). 

Recent work identified HIV-derived peptides presented on HLA-E that serve as efficient CD8 T 
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cell antigens (188). Adapting T-Scan to search for antigens presented on HLA-E simply requires 

generating a target cell line that expresses high levels of HLA-E but is deficient in classic MHC 

Class I alleles. As with many of these alternative antigen classes, the greatest challenge may be 

to identify the source of T cells that is most likely to show reactivity to the antigens of interest. 

Screening alternative classes of antigen receptors 

The T-Scan platform was developed to identify the antigens of CD8 T cells and relies on the 

natural cytotoxic activity of these cells. However, other types of antigen receptors can potentially 

be screened in the system by linking their signaling to granzyme release. This is particularly 

attractive for other receptors that mediate cell-to-cell cytotoxicity or synapse formation, where 

the cell-based T-Scan platform can provide a more physiological context for antigen discovery. 

Notably, T-Scan is limited to identifying antigens that can be: 1) genetically encoded, and 2) 

expressed as a single protein. For example, it would be challenging to use T-Scan to discover 

both the antigen presentation molecule and specific peptide antigen for a novel receptor. This 

section discusses the opportunities and challenges in applying T-Scan to identify the antigens of 

other types of T cells, CAR-T cells, and NK cell receptors. 

The most natural extension of T-Scan is for the discovery of CD4 T cell antigens. While most 

CD4 T cells fail to exhibit cytotoxic activity, the introduction of a CD4 TCR into cytotoxic CD8 T 

cells can confer cytotoxicity. There are more challenges in applying T-Scan to the discovery of 

antigens of other T cells subsets, including γδ T cells, invariant NK T (iNKT) cells, and mucosal 

associated invariant T (MAIT) cells. These T cell subtypes have been shown to recognize 

foreign- and self-lipids presented on non-classical MHC molecules including CD1c, CD1d, and 

MR1, but also some direct cell-surface proteins (189, 190). However, the targets of many of the 

TCRs utilized by these cells remain unknown, limiting our general understanding of these cell 
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types. There are two key obstacles to identifying these target antigens with T-Scan: 1) 

uncertainty as to the antigen presentation molecule, if any, and 2) inability to genetically encode 

the lipids and metabolites that may serve as antigens. One potential approach is to express the 

known antigen-presenting molecules in the target cell line and then screen libraries of human, 

viral, or bacterial ORFs. Indeed, some γδ T cells appear responsive to tissue damage, 

suggesting that the activation of certain stress pathways may drive recognition (191). However, 

whether the expression of a single ORF is sufficient to cause antigen presentation remains 

unknown. Indeed, another approach that may be more practical is to identify cell lines that are 

recognized by a given innate-like TCR and perform a CRISPR screen to identify the genes 

involved in creating and presenting its antigen.  

Similar challenges and opportunities exist for the discovery of NK receptor ligands. NK cells 

express a vast set of activating and inhibitory receptors that collectively direct their activity 

(192). Some ligands have been identified for many of these receptors but additional ligands 

likely exist. Either T cells or NK cells bearing these receptors can be used to confer receptor-

directed killing activity and perform T-Scan screens against target cells expressing libraries of 

ORFs. It would be of particular interest to see whether any viral ORFs are recognized by NK cell 

receptors; some proteins from influenza and CMV have been demonstrated to serve as direct 

NK cell ligands, and it is likely that other viral proteins also serve this role (193). 

Finally, T-Scan can be readily applied to search for the off-targets of CAR-T cells. CAR-T cells 

are being tested clinically against a variety of cell surface antigens, including EGFR, HER2, 

GD2, and mesothelin (194–197). Thus far, off-target reactivity of CARs appears limited, likely 

due to the specificity of the antibodies that make up the antigen-recognition components of 

CARs and the possibility of screening for off-targets with classic antibody techniques. 

Nevertheless, CAR-T cells have proven to be more sensitive to antigen than the analogous 
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soluble antibodies, and there may be unique off-targets in the context of a CAR-T. By relying on 

CAR activity in cytotoxic T cells, T-Scan could potentially detect these types of off-targets. The 

most valuable application in the context of CAR-T cells is likely to screen TCR-like CARs (198, 

199). These CAR-T cells rely on antibodies that bind to specific peptide-MHC complexes in a 

manner analogous to TCRs. TCR-like CARs have shown promise in initial clinical trials, but 

validating their specificity has been a major challenge, especially since the antibodies typically 

make some contacts with the MHC molecule. T-Scan could be applied in its current form to 

perform genome-wide off-target screens for TCR-like CARs. 

Antigen-specific interventions 

The identification or protective or pathogenic T cell antigens raises the possibility of specifically 

modulating or harnessing these responses to treat disease. Approaches to boost specific T cells 

are well established; they include peptide or protein vaccines, or genetic modification of host T 

cells for TCR therapeutics. However, antigen-specific dampening of T cell responses has 

proven more challenging. General immunomodulatory therapies such as anti-TNF antibodies 

have shown remarkable success in treating a variety of autoimmune diseases. However, their 

breadth leads to serious side effects such as susceptibility to infection (200). A variety of 

approaches have been developed to suppress specific T cell responses without general 

immunosuppression. These include tolerizing vaccines (201), TCR-directed toxins (202), and 

pMHC-directed CARs that recognize and kill specific T cells (203). Additionally, Tregs have 

been genetically modified with custom TCRs to guide their natural suppressive activity to 

antigens of interest (204). While these strategies have shown promise in pre-clinical models, 

their clinical application has been limited, partially due to the lack of knowledge of causal 

antigens in most autoimmune diseases. The continued development of antigen-specific 
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therapeutic modalities is critical to enable the antigens discovered with T-Scan and other 

approaches to one day inform actual treatments. 
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Abstract 

Currently, pretransplant viral screening of donors and recipients is based on serological status 

and limited to certain viruses. After transplantation, patient follow up is based on a monitoring 

strategy using ELISA or PCR. Such approaches exclude other emerging viruses that can impact 

the transplant outcome. Recently, a new multiplex unbiased array, VirScan, was developed. 

This tool allows the detection of antibodies against viruses using a synthetic human virome with 

minimal serum and cost. We decided to test the value of the VirScan in the follow up of a cohort 

of transplant recipients. We enrolled 45 kidney transplant recipients and performed virus 

serological profiling at Day 0 and Day +365 using VirScan. We compared the results obtained 

with ELISA/PCR assays. We detected antibody responses to 39 of the 206 species of virus 

present in the VirScan library with an average of 12 species of virus per sample. VirScan gave 

similar results to PCR/ELISA screening tests. Using VirScan we found that anti-viral antibody 

responses were largely conserved in patients during the first year post transplantation 

regardless of immunosuppressive treatment. Our study suggests the VirScan offers an 

unprecedented opportunity to screen and monitor post-transplant virus infection in a cost-

effective, easy and unbiased manner. 

 

Introduction 

Kidney transplantation is recognized as the best therapeutic option for end-stage renal failure 

(205). However, the use of immunosuppressive drugs to prevent allograft rejection is associated 

with an increasing rate of opportunistic infections (206). Among them, viral infections remain a 

significant cause of morbidity, reducing both allograft and patient survival through the 
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occurrence of virus-associated malignancies, kidney inflammation and/or a playing a potent role 

in allograft rejection (207). Besides natural routes of virus exposure and transmission, post-

transplantation virus infections may also follow virus transmission with the allograft or 

reactivation in the setting of immune suppression. 

Currently, pretransplant serological screening of potential donor and recipients is limited to 

antibodies targeting only certain virus species, including Human Immunodeficiency Virus (HIV), 

Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Human herpes virus 5 (HHV5 or CMV), 

Human herpes virus 4 (HHV4 or EBV), and Human T-Lymphotropic virus (HTLV) I/II (208). 

Therefore, current screening approaches risk missing important emerging viruses, such as West 

Nile virus (209) or lymphocytic choriomeningitis virus (210), that can adversely impact transplant 

outcomes. A limitation of the current screening methods is that clinical immunoassays aimed at 

detecting recent or past virus exposures remain largely singleplex assays, targeting one virus 

exposure at a time. Therefore, cost and sample requirements generally prohibit screening 

against a wide range of virus exposures, especially those that are of low-prevalence. What is 

needed is an unbiased method of screening against a much larger number of potential virus 

exposures.  

Recently, a new technology, named VirScan, was developed that has been demonstrated to be 

a robust platform capable of very high-complexity serological screening for virus exposures 

across the entire “human virome” – that is, all viruses known to infect humans – using a 

synthetic peptide array (124). VirScan is based on immunoprecipitation combined with next-

generation sequencing of a bacteriophage library containing peptides representing viruses 

known to infect humans. The VirScan library displays viral peptides each 56 amino acids in 

length from 206 species of viruses, corresponding to 1000 different strains known to infect 

humans. Serum antibodies are allowed to bind to phage displaying their cognate epitopes, and 
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after immunoprecipitation of those phage with bound antibodies, next-generation sequencing is 

used to identify the recognized epitopes. Because VirScan is based on presence of IgG, the 

assay provides information on both semi recent and past history of viral infections over the 

individual's lifetime. Importantly, only minimal volume of serum is needed for VirScan (1 µl) and 

the cost is $25 per sample (excluding labor or capital depreciation). Here, we describe the 

potential value of VirScan in the context of post-kidney transplant follow-up. 

 

Results 

Recipient characteristics 

Demographic characteristics of the 45 patients are listed in Table A1.1 and Supplementary 

Table A1.S1. Briefly, there was a discreet male predominance (sex ratio M/F: 3.5) and the mean 

age at transplantation of 49 years old [range: 22-77]. Deceased donors made up the vast 

majority (83%) of transplanted kidneys, with a mean donor age of 55 years old [range: 18-64]. 

Fourteen patients had already had a previous kidney transplant and 4 additional patients 

received immunosuppressive therapy before kidney transplantation for their native kidney 

disease. Among the 45 patients, 19 (42%) had donor specific antibodies (DSA) prior to 

transplantation (D0) and were classified as highly sensitized patients. Induction therapy was 

based on basiliximab in all patients (Fig. A1.1). Additionally, patients with preformed DSA also 

received either rituximab (375 mg/m2), plasmapheresis exchanges and intravenous 

immunoglobulin (IVIg, 2g/kg over 2 days, every 3 weeks x4 doses) (n=4), plasmapheresis 

exchanges (5 sessions) and IVIg (n=3) or IVIg only (n=12). Maintenance regimens included  

Table A1.1: Demographical characteristics 
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  Patients 
  (n=45) 
Recipients demographic data     Sex ratio M/F 3.5 
   Age (yrs.) 49 [22-77] 
Origin (%)      European 26 (58%) 
    North African 10 (22%) 
    Black African 5 (11%) 
    Asian 4 (9%) 
Causes of end stage renal disease (%)       Diabetic nephropathy 3 (7%) 
    Vascular nephropathy 2 (4%) 
    Glomerular diseases 14 (31%) 
    CAKUT 11 (24%) 
    ADPKD 5 (11%) 
    Other  10 (22%) 
CAKUT: Congenital anomalies of the kidney and urinary tract; ADPKD: Autosomal polycystic 
kidney disease. 

 

steroids, mycofenolate mofetil and calcineurin inhibitors in all but three patients who were 

switched from calcineurin inhibitor to everolimus because of presumed drug related kidney 

toxicity. During the follow up, 7 patients (5 in the highly sensitized group) developed acute 

kidney rejection (humoral n=5, cellular n=1 and mixed n=1). All rejection episodes were treated 

with pulses of steroids, but patients with humoral rejection also received rituximab, plasma 

exchanges, and IVIg. Two patients with humoral rejection were given thymoglobulin and an 

additional two patients had recurrent diseases on the allografted kidney, including focal and 

segmental glomerulosclerosis (FSGS), and proliferative glomerulonephritis. The patient with 

FSGS recurrence received additional plasmapheresis exchange and intravenous cyclosporine 

and the patient with proliferative glomerulonephritis was treated with bortezomib, a proteasome 

inhibitor. 
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KT: Kidney transplantation; PE: Plasmapheresis exchange; IVIg: Intravenous immunoglobulin; 
Thymo.: Thymoglobulin. 

 

Supplementary Table A1.S1: Immunosuppressive regimen per patient 

Patient Prior KT 
(number) Rituximab PE IVIg Thymo. Bortezomib Rejection Recurrent 

disease 
1 1 0 0 0 0 0 0 0 
2 0 0 1 1 0 0 Humoral 0 
3 2 0 0 1 0 0 0 0 
4 1 1 1 1 0 0 Humoral 0 
5 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 
7 0 0 0 1 0 0 Humoral 0 
8 1 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 
12 1 0 0 1 0 0 0 0 
13 0 0 0 1 0 0 0 0 
14 0 0 0 1 0 0 0 0 
15 0 0 0 0 0 0 0 0 
16 1 1 1 1 0 0 0 0 
17 0 0 0 0 1 1 Humoral 1 
18 0 0 0 0 0 0 0 0 
19 0 0 0 0 0 0 0 0 
20 0 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 Cellular 0 
23 0 0 0 1 0 0 0 0 
24 1 0 0 1 0 0 0 0 
25 0 0 0 0 0 0 0 0 
26 0 0 0 0 0 0 0 0 
27 0 0 1 1 1 0 Mixed 1 
28 0 0 0 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 
30 1 0 0 1 0 0 0 0 
31 1 0 0 1 0 0 0 0 
32 0 1 1 1 0 0 Humoral 0 
33 0 0 0 0 0 0 0 0 
34 0 0 0 1 0 0 0 0 
35 1 0 1 1 0 0 0 0 
36 0 0 0 0 0 0 0 0 
37 1 0 0 1 0 0 0 0 
38 0 0 0 0 0 0 0 0 
39 1 1 1 1 0 0 0 0 
40 1 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 
44 2 0 0 1 0 0 0 0 
45 0 0 0 0 0 0 0 0 
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Figure A1.1: Flow chart description of the 45 patients. PE: Plasmapheresis exchange, 
IVIg: Intravenous immunoglobulin, CNI: Calcineurin inhibitors, MMF: Mycofenolate Mofetil. 

 

Unbiased approach using VirScan versus conventional virus monitoring 

We first explored the value of VirScan versus candidate approaches. Screening each of the 90 

serum specimens (D0 and D+365) detected antibody responses to 39 of the 206 species of 

virus in the VirScan library, with antibodies against an average of 12 species of virus per 

sample. Viral exposure at D0 and D+365 are summarized in Fig. A1.2A. The most frequently 

detected viruses at D0 included prevalent upper respiratory tract viruses such as Rhinovirus, 
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Adenovirus, Enterovirus and Human respiratory syncytial virus. We also detected antibody 

responses to Influenza A and B and viruses responsible for gastroenteritis (i.e. Norwalk virus, 

Mamastovirus, Aichivirus A). As expected, we also found a high prevalence of antibodies 

against herpes viruses at D0 including HHV4 (100%), HHV5 (78%), and HHV3 (73%).  

Then, we compared the serum from patients with positive conventional ELISA at D0 to the 

VirScan and found 100% concordance for HIV1, HIV 2, HHV8, HCV, HHV4, and 98% for HHV5 

(Table A1.2). One patient who was ELISA negative (IgG and IgM) and HHV5 PCR at D0 for 

HHV5 was considered as positive via VirScan, with 12 specific peptides enriched. By D+90 the 

ELISA based HHV5 test resulted positive for IgM and then positive for both IgG and IgM at 

Day+365, but the HHV5 PCR remained negative at D+90 and D+345. The D+365 VirScan 

results revealed a boost in HHV5 enriched peptides from 12 to 37 specific hits between D0 and 

D+365 (Supplementary Fig. A1.S2 and Supplementary Table A1.S2). This intriguing case is  

 

Table A1.2:  VirScan and ELISA test concordance at D0   

Virus Number of VirScan 
test positive at D0 

Number of ELISA 
test positive at D0 Concordance ratio 

HHV 5 34 33 98% (44/45) 
HHV 4 45 45 100% 
HIV 1 1 1 100% 
HIV 2 0 0 100% 
HCV 4 4 100% 
HHV 8 1 1 100% 
HHV: Human herpes virus; HIV: Human immunodeficiency virus; HCV: Hepatitis C. 
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Figure A1.2: Virus seroprevalence at D0 and D+365. A) The bar graphs depict the 
percentage of samples that were positive for all viruses detected using VirScan. B) The bar 
graphs depict the number of seroconversion between D0 and D+365 using VirScan. 
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Supplementary Table A1.S2: HHV5 detection for patient 29 
 
 
 
 
 
 

 

Figure A1.S2: Example of the 
antibody response to HHV5 
peptides. Patient 29 had a negative 
ELISA test at D0 for HHV5 (IgG and 
IgM) and a positive VirScan test with 12 
specific enriched peptides at D0 
(threshold > 5 for HHV5). At D+365, 
HHV5 ELISA test turned to positive for 
both IgG and IgM in this patient arguing 
in favor of a recent HHV5 infection. The 
multiplexed VirScan approach revealed 
a boost in HHV5 enriched peptides from 
12 to 37 specific hits between D0 and 
D+365, suggesting that the D0 ELISA 
test for HHV5 was probably a false 
negative result with a patient starting 
HHV5 infection at the time of 
transplantation. 

 

 D0 D+90 D+365 
PCR HHV5 (Copies/ml) < 446 < 446 < 446 
ELISA Test IgG (UA/ml) < 14 < 14 42 
ELISA Test IgM (UA/ml) < 22 59,2 42 
VirScan Enriched peptides 12 - 37 
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complex to interpret. Either a false-negative or false-positive VirScan result cannot be excluded 

at D0 in a patient receiving a CMV prophylaxis (ganciclovir). 

To further validate the VirScan specificity and sensibility, we compared all negative ELISA and 

PCR assays at D0 to the VirScan. Interestingly, we observed that all negative ELISA and PCR 

were also found negative with VirScan (Supplementary Tables A1.S3 and A1.S4). We 

concluded that VirScan was similar to conventional tests for viral pre-transplant screening. 

Next, we examined the sensitivity of VirScan at detecting viral seroconversion. Among the 45 

patients, four of them (patients 8, 18, 21 and 32) developed HHV5 infection confirmed by PCR 

during the first-year of transplantation. Interestingly, we observed a burst of antibody response 

to peptides in these four patients at D+365, confirming indeed the sensitivity of VirScan 

(Supplementary Table A1.S5). Interestingly, in addition to HHV5 infection, patient 21 was also 

diagnosed with rhinopharyngitis due to Metapneumovirus assessed by PCR on a nasal swab. In 

this specific case, VirScan detected a seroconversion at D+365 with the occurrence of 

antibodies directed against one enriched peptide corresponding to a public epitope of 

metapneumovirus. However, the antibody response did not reach the high-stringency cutoff of 3 

peptides. Nevertheless, this result is strongly suggestive of an infection particularly since 

metapneumovirus has a very small genome with a limited total number of peptides (144 

peptides). 

We then investigated the case of patients that had VirScan seroconversion during the first year 

of transplantation. In addition to the four patients discussed above, we found that 32 among the 

45 had at least one virus seroconversion with a mean of 2 [1-8] seroconversions per patient 

(Fig. A1.2B and Supplementary Fig. A1.S3). Viruses most frequently counted as positive 

seroconversions during the course of the year post-transplantation were generally those known  
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Supplementary Table A1.S3: VirScan and ELISA test at D0	

HHV: Human herpes virus; HIV: Human immunodeficiency virus; HCV: Hepatitis 	

 HIV1 HIV2 HCV HHV5 HHV4 HHV8 
Patient 
ID 

HIV1 
ELISA 

D0 

VirScan 
D0 

(enriched 
peptides) 

ELISA 
D0 

VirScan 
D0 

(enriched 
peptides) 

ELISA 
D0 

VirScan 
D0 

(enriched 
peptides) 

ELISA 
D0 

VirScan 
D0 

(enriched 
peptides) 

ELISA 
D0 

VirScan 
D0 

(enriched 
peptides) 

ELISA 
D0 

VirScan 
D0 

(enriched 
peptides) 

1 0 0 0 0 0 0 1 1 (30) 1 1 (26) 0 0 
2 0 0 0 0 0 0 1 1 (21) 1 1 (9) 0 0 
3 0 0 0 0 1 1 (6) 0 0 1 1 (19) 0 0 
4 0 0 0 0 0 0 1 1 (53) 1 1 (30) 0 0 
5 0 0 0 0 0 0 1 1 (16) 1 1(28) 0 0 
6 0 0 0 0 0 0 1 1 (34) 1 1 (21) 0 0 
7 0 0 0 0 0 0 1 1 (26) 1 1 (14) 0 0 
8 0 0 0 0 0 0 0 0 1 1 (8) 0 0 
9 0 0 0 0 0 0 1 1 (26) 1 1 (24) 0 0 
10 0 0 0 0 0 0 0 0 1 1 (23) 0 0 
11 0 0 0 0 0 0 0 0 1 1 (35) 0 0 
12 0 0 0 0 0 0 1 1 (43) 1 1 (21) 0 0 
13 1 1 (14) 0 0 0 0 1 1 (43) 1 1 (31) 0 0 
14 0 0 0 0 0 0 1 1 (12) 1 1 (43) 0 0 
15 0 0 0 0 0 0 1 1 (15) 1 1 (10) 0 0 
16 0 0 0 0 0 0 1 1 (9) 1 1 (49) 0 0 
17 0 0 0 0 0 0 1 1 (16) 1 1 (17) 0 0 
18 0 0 0 0 0 0 0 0 1 1 (18) 0 0 
19 0 0 0 0 1 1 (7) 1 1 (18) 1 1 (23) 0 0 
20 0 0 0 0 0 0 1 1 (26) 1 1 (40) 0 0 
21 0 0 0 0 0 0 0 0 1 1 (48) 0 0 
22 0 0 0 0 0 0 0 0 1 1 (36) 0 0 
23 0 0 0 0 0 0 1 1 (38) 1 1 (39) 0 0 
24 0 0 0 0 0 0 1 1 (32) 1 1 (29) 0 0 
25 0 0 0 0 0 0 1 1 (36) 1 1 (14) 0 0 
26 0 0 0 0 0 0 0 0 1 1 (30) 0 0 
27 0 0 0 0 0 0 1 1 (14) 1 1 (12) 0 0 
28 0 0 0 0 0 0 1 1 (21) 1 1 (20) 0 0 
29 0 0 0 0 0 0 0 1 (12) 1 1 (19) 0 0 
30 0 0 0 0 1 1 (19) 1 1 (39) 1 1 (36) 0 0 
31 0 0 0 0 0 0 1 1 (24) 1 1 (19) 0 0 
32 0 0 0 0 0 0 0 0 1 1 (13) 0 0 
33 0 0 0 0 0 0 1 1 (14) 1 1 (38) 0 0 
34 0 0 0 0 0 0 1 1 (31) 1 1 (14) 0 0 
35 0 0 0 0 0 0 1 1 (26) 1 1 (39) 0 0 
36 0 0 0 0 0 0 1 1 (27) 1 1 (22) 0 0 
37 0 0 0 0 0 0 1 1 (25) 1 1 (38) 0 0 
38 0 0 0 0 0 0 1 1 (31) 1 1 (31) 0 0 
39 0 0 0 0 0 0 1 1 (18) 1 1 (28) 0 0 
40 0 0 0 0 0 0 1 1 (46) 1 1 (31) 0 0 
41 0 0 0 0 0 0 1 1 (22) 1 1 (14) 0 0 
42 0 0 0 0 0 0 0 0 1 1 (18) 0 0 
43 0 0 0 0 0 0 1 1 (46) 1 1 (24) 0 0 
44 0 0 0 0 0 0 1 1 (31) 1 1 (12) 1 1 (8) 
45 0 0 0 0 0 0 1 1 (43) 1 1 (30) 0 0 
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Supplementary Table A1.S4: Negative results obtained with ELISA and PCR compared to 
VirScan 

Patient Virus D0 ELISA Negative PCR (Day 
post transplantation) 

VirScan 
at D0 

Virscan at 
D+365 

3 HHV 5 Neg D0, D+42, D+56 Neg Neg 
4 HCV Neg D+162 Neg Neg 
6 HCV Neg D0 Neg Neg 
10 HHV 5 Neg D+168 Neg Neg 
23 HCV Neg D+66, D+120 Neg Neg 
26 HHV 5 Neg D+84 Neg Neg 
27 HCV Neg D+204 Neg Neg 
31 HCV Neg D0 Neg Neg 
34 HCV Neg D+75 Neg Neg 
42 HHV 5 Neg D+57 Neg Neg 
42 HCV Neg D+34 Neg Neg 
43 HCV Neg D0 Neg Neg 
44 HCV Neg D0 Neg Neg 
HHV: Human herpes virus; HCV: Hepatitis C. 

 

 
Supplementary Figure A1.S3: Example of seroconversion in one patient. Antibody 
response to one of the HHV5 protein (Uniprot ID P08318) in patient 21 at D0 and then D+365.  
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to commonly infect humans, especially viruses responsible for upper respiratory tract infection 

(Fig. A1.2B). Importantly, viral infection was suspected by physicians in all cases during the 

follow up but never proved molecularly. However, a number of patients had fluctuations of the 

number of antibodies responding to peptides around the threshold for seropositivity. This grey 

zone, difficult to interpret, may represent low level of virus reactivation in the setting of immune 

suppression. 

We concluded that VirScan was similar to conventional ELISA based assays to retrospectively 

diagnose viral infection and may help in the retrospective diagnosis of unscreened virus. 

Impact of immunosuppressive drugs on the antibody response to virus peptides 

VirScan provides epitope-level resolution of antibody targets, so we examined the scope and 

precise targets of the immune response at D0 and D+365. For those viruses which were 

considered positive at D0, we found a striking conservation of antibody responses despite the 

use of immunosuppressive drugs. Indeed, across all individuals, there was no change in the 

mean number of peptides recognized per virus between D0 and D+365 (Fig. A1.3, 

Supplementary Fig. A1.S4A and A1.S4B). Strikingly, both the number of recognized epitopes 

and the exact protein fragment targets were almost completely conserved for each patient, even 

in patients who had undergone immunosuppressive treatments using plasmapheresis 
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exchange, IVIg, rituximab or bortezomib (Supplementary Fig. A1.S4A and A1.S4C). These data 

suggest that the antiviral humoral immunity is not significantly altered by the examined 

immunosuppressive regimens, including rituximab treatment. 

 

Figure A1.3: Antibody response to peptide is conserved during the first year of 
transplantation.  The bar graphs depict the differences in mean enriched peptide number for 
the most prevalent viruses (>10%) between D0 and D+365. 
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Supplementary Figure A1.S4: Antibody response to peptide is conserved even in 
patients treated with Rituximab.  A) Heatmap showing the change in the number of 
enriched epitopes from each virus from the D0 to the D+365 timepoint. Each column represents 
a patient. B) Example of antibody response to three different HHV5 proteins (Uniprot ID gB, 
UL32 and p40) at D0 and D+365 for one transplant recipient. The antibody response is highly 
conserved. C) Example of antibody response to three different HHV5 proteins (Uniprot ID gB, 
UL32 and p40) at D0 and D+365 for one transplant recipient treated with Rituximab. The 
antibody response is highly conserved. 
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Discussion 

Here, we report for the first time the use of VirScan technology to follow a cohort of transplant 

recipients. We demonstrate that VirScan is an easy, cost-effective, safe, reproducible and 

unbiased approach to monitor patients after transplantation. Importantly, we also provide 

evidence that immunosuppressive regimen including plasmapheresis exchange, rituximab or 

IVIg do not modify the anti-viral antibody response. This also appears to be the case for 

bortezomib but the data is limited to a single patient and will have to be confirmed in larger 

cohort. To our knowledge, this is the first global examination of the stability of the immune 

response and its epitope-level response to immunosuppression. Importantly, our goal here was 

not to intent to replace PCR for the diagnosis of early viral infection, but to demonstrate the 

utility of an unbiased approach to follow immunocompromised patients. 

VirScan allows virus antibody detection in high-throughput and requires minimal sample and 

cost, i.e. $25 per sample (excluding labor or capital depreciation) (124). With 1µl of serum 

VirScan is able to detect the immune response to 206 species of viruses annotated to have 

human tropism (124). Moreover, contrary to current biological tests that are mainly limited to one 

virus at a time in order to address specific clinical hypotheses, VirScan is not restricted by 

limiting diagnostic assumptions and favors the discovery of unexpected viral infection profiles. 

The diagnosis of an active viral disease usually relies on serological test or nucleic acid–based 

methods (89). Serological detection depends on antibody formation whereas nucleic acid-based 

methods consists on direct amplification of specific regions of viral genomic sequences. The 

nucleic acid technique is a reliable diagnostic tool for active viral infection since they detect 

viruses without delay. However, this method can fail when viruses have already been cleared or 

when viruses are not present in the sampled fluid. In contrast humoral response to infection can 
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persist over years and serological tests can therefore identify ongoing and cleared infections 

(90). 

Using this multiplex approach, we could detect antibody response to 39 of the 206 species of 

virus in the VirScan library and an average of 12 species of virus per sample. ELISA tests 

performed at D0 for 6 species of virus showed concordance with VirScan close to 100% and 

nucleic-acid based documented viral infection were also detected by VirScan in 4/5 patients. 

The most frequently detected viruses were generally those known to commonly infect humans 

and our seroprevalence results were consistent with the one previously reported (124). Virus 

seroprevalence and seroconversion detected by VirScan in our transplant cohort are also 

consistent with the known epidemiology of viral infection after kidney transplantation (206, 211). 

We found that the antibody response to virus peptides was largely conserved between D0 and 

D+365 as assessed by the highly conserved number of enriched peptide between these two 

time points. Higher immunosuppressive regimen at induction (plasmapheresis exchange, IVIg, 

and Rituximab), as well as rejection treatment, did not significantly change virus seroprevalence 

between D0 and D+365. Antibodies involved in antiviral immunity are produced by long-lived 

antibody-secreting cells (LLASC) that are able to persist for years in survival niches, and likely 

to be more resistant to classical immunotherapies (97, 212). It is also possible that the design of 

the study with a seroprevalence explored at D0 and D+365, misses an early decrease of 

antibodies after treatment followed by a rebound of synthesis. 

Although these data point the VirScan as a promising tool, we must acknowledge two concerns. 

The first one is related to the empirical peptide threshold that determines seropositivity, as 

demonstrated in the case of metapneumovirus infection. Additionally, several patients in our 

study had variations (either positive or negative) around the threshold between D0 and D+365, 

in what we have called the grey zone. The second concern is that the VirScan does not 
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effectively allow for the detection of viruses with extensive post translational modifications and 

primarily conformational epitopes, including the BK virus, a major concern in the post-transplant 

setting (98). 

In conclusion, our study suggests that VirScan may offer an unprecedented opportunity for easy 

and unbiased viral profiling of post-transplant recipients. Moreover, we discovered that anti-viral 

antibodies are largely conserved during the first-year post transplantation regardless of the 

immunosuppression regimen. This multiplex analysis could improve the epidemiology of viral 

infections in allograft recipients and help to better understand virus and host immune system 

interactions in the setting of allograft transplantation. 

 

Methods  

Study design and patients  

From 2014 to 2015, we prospectively enrolled 45 consecutive kidney transplant recipients in our 

transplant department (Necker Enfants Malades hospital, Paris). At the time of transplantation 

(Day 0), all donors and recipients were screened for HHV4, HHV5, HHV8, HIV 1 and 2, HCV 

and HBV using ELISA based assays. After transplantation, based on clinical or biological 

assumption of viral infection, appropriate PCR tests were performed. All patients received CMV 

prophylaxis based on day 0 serological status of the donor/recipient pairs (i.e. Donor-/Recipient- 

received acyclovir 4 months, Donor+/Recipient- received ganciclovir 6 months, and 

Donor+/Recipient+ received ganciclovir for 4 months). 
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For each of the 45 patients, serum was collected on the day of transplantation (D0) and at one-

year post-transplant (D+365). All serum samples (n=90) were analyzed with VirScan 

(Supplementary Fig. A1.S1A).  

 

 

Supplementary Figure A1.S1: Study design and VirScan procedure . A) Study design 
and sample collection. B) The virome peptide library consists of 93,904 56 amino acid peptides 
tiling across the proteomes of 206 species of virus. DNA sequences encoding the peptides are 
cloned into a T7 bacteriophage display vector for screening. Amplification and sequencing of the 
insert DNA from bound phage reveals peptides targeted by potential antiviral antibodies from 
the sample.  
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VirScan construction and procedure  

VirScan is a novel high-throughput method of serological profiling requiring only 2 µg of 

immunoglobulin (1 µL of serum) to detect antiviral antibodies from all known human viruses 

(124). Briefly, the virome peptide library consists of 93,904 distinct 56 amino acid peptides tiling 

across the proteomes of 206 species of virus. DNA sequences encoding the peptides were 

cloned into a T7 bacteriophage display vector for screening. Amplification and sequencing of the 

insert DNA from bound phage reveals peptides targeted by potential antiviral antibodies from 

the sample (Supplementary Fig. A1.S1B). For determining whether a patient has been 

infected with a certain virus, a minimum threshold of 3 virus-specific enriched peptides per virus 

was required for all viruses, except for HHV5 where a minimum threshold of 5 virus-specific 

enriched peptides was used to account for the larger size of the viral proteome (124).  

Statistical analysis 

VirScan analysis for specific antibody-virus hits was performed as previously described (124). 

The means represented on the various graphics are associated with SEM (Standard Error of the 

Mean). Fisher’s Exact Test was used to calculate p-value for the significance of association of 

virus exposures between two populations. To identify peptide number and mean seroconversion 

differences between populations, we used Student T test to calculate a p-value for the 

significance of association of virus peptide number and virus exposure with one population 

versus another. Statistical analyses were performed using xlstat software. 
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Fig. S2.1.  Zero inflated generalized poisson (ZIGP) parameters regressed on input count. 
Each scatter plot depicts the maximum likelihood estimates for the ZIGP parameters as a 
function of the input count (horizontal axis; see Materials and Methods). Dashed lines are least-
squares linear regressions for θ and λ, and least-squares exponential regression for π. 
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Fig. S2.2. Reproducibility threshold. Scatterplot for median and median absolute deviation of 
replicate 2 -log10(p-values) whose replicate 1 -log10(p-value) falls within the window whose left 
edge is shown on the horizontal axis (see Materials and Methods). 
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Fig. S2.3. Correlation between virus size and number of enriched peptides. Each dot on this 
log-log scatterplot is a virus. The horizontal axis corresponds to the size of the virus in number 
of peptides. The vertical axis corresponds to the average number of peptides enriched from the 
virus across all samples tested. The dashed line is a least-squares best-fit curve for the data. 
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Fig. S2.4. Amino acid composition of enriched peptides. (A) Bar graph of the fractional 
abundance of each amino acid in the entire virome peptide library or peptides enriched in at 
least 2 samples. (B) Bar graph of the fractional abundance of each amino acid in peptides 
enriched in at least 2 samples subtracted by the abundance in the entire library. 
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Fig. S2.5-S2.11 
Scanning mutagenesis identification of linear B cell epitopes in an immunogenic peptide from 
human viral proteins. Each row is a sample. Each column denotes the first mutated position for 
(a) single-, (b)  double-, and (c)  triple-alanine mutant peptides. The color intensity of each cell 
indicates the enrichment of the mutant peptide relative to the wild-type. For double-mutants, the 
last position is blank. The same is true for the last two positions for triple-mutants. Data shown 
are the mean of two replicates. 

 

Fig. S2.5.  Influenza A: hemagglutinin (UniProt ID: H8PET1, positions 1-56) 
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Fig. S2.6.  Respiratory syncytial virus: attachment G glycoprotein (UniProt ID: P03276, 
positions 337-392) 
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Fig. S2.7.  Enterovirus B: genome polyprotein (UniProt ID: Q66474, positions 561-616) 
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Fig. S2.8.  Enterovirus B: genome polyprotein (UniProt ID: Q6W9F9, positions 1429-1484). 
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Fig. S2.9.  Rhinovirus A: genome polyprotein (UniProt ID: Q82122, positions 561-616) 
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Fig. S2.10.  Epstein-Barr virus: nuclear antigen 1(UniProt ID: Q1HVF7, positions 393-448). 
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Fig. S2.11.  Adenovirus C: precapsid vertex protein (UniProt ID: P03279, positions 533-585) 
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Fig. S2.12.  Distribution of reproducibility threshold -log10(p-values). Histogram of the 
frequency of the reproducibility threshold -log10(p-values). The mean and median of the 
distribution are both approximately 2.3. 
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Fig. S2.13.  Increased sensitivity after including samples targeting “diagnostic” peptides. For 
each virus, we examined all the samples that enriched multiple peptides that share a single 
epitope. If this epitope is “diagnostic” (i.e., recurrently targeted in at least a threshold fraction of 
the samples that were originally called positive for that virus), we considered the sample to be 
positive for that virus. The y-axis shows the fraction of samples that are considered positive 
after including these samples. The x-axis represents the minimum fraction of the original 
positive samples that must enrich a peptide for it to be considered diagnostic. Using a threshold 
of 30-70% significantly increases the rate of detecting respiratory syncytial virus without 
significantly increasing the rate of detecting hepatitis C and HIV, which should have low 
seroprevalence in this population (only samples from the United States that were not known HIV 
or HCV positives were included in this analysis). 
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Fig. S2.14.  Peptide set enrichment analysis for peptides containing recurrent epitopes in HIV 
samples. The analysis and graph are similar to the enrichment score calculation for the Gene 
Set Enrichment Analysis method. For each sample, the HIV peptides that did not pass our 
threshold for significantly enriched were ranked in descending order of -log10(p-value). A running 
sum was calculated by going down the list and, if the peptide was recurrently targeted in HIV 
(enriched in the majority of the HIV positive samples), the running sum was incremented by a 
value weighted by the -log10(p-value) of the peptide and normalized to 1 for all recurrent 
peptides. Otherwise, the running sum was decrement by a fixed value that was normalized to 1 
for all non-recurrent peptides. The running sum is plotted for the 31 HIV negative samples (black 
lines) and for the HIV false negative samples (blue, green, and red lines). The maximum 
positive displacement of the running sum (enrichment score) is a measure of how significantly 
the set of peptides is enriched relative to the other HIV peptides. 
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Human herpesvirus 4 87.1% 98.5% 87.4% 1.4% 13 
Rhinovirus B 71.8% 52.7% 96.4% 5.0% 5 
Human adenovirus C 71.8% 80.2% 71.6% 0.8% 4 
Rhinovirus A 67.3% 59.1% 99.0% 4.6% 8 
Human respiratory syncytial virus 65.7% 67.0% 86.2% 5.7% 4 
Human herpesvirus 1 54.4% 87.5% 89.9% 1.1% 6 
Influenza A virus 53.4% 57.0% 55.2% 0.1% 1 
Human herpesvirus 6B 52.8% 66.3% 61.3% 0.7% 4 
Human herpesvirus 5 48.5% 96.7% 95.3% 0.9% 19 
Influenza B virus 40.5% 55.2% 51.2% 1.7% 4 
Poliovirus 33.7% 40.4% 81.7% 2.0% 2 
Human herpesvirus 3 24.3% 54.7% 77.3% 1.0% 4 
Human adenovirus F 20.4% 17.5% 81.0% 0.4% 3 
Human adenovirus B 16.8% 38.5% 71.2% 0.6% 3 
Human herpesvirus 2 15.5% 75.0% 85.4% 0.7% 6 
Enterovirus A 15.2% 12.8% 70.2% 2.3% 3 
Enterovirus B 13.3% 7.3% 95.1% 3.3% 5 
Mamastrovirus 1 9.4% 24.1% 55.2% 0.7% 2 
Human herpesvirus 7 9.1% 42.9% 92.9% 0.4% 4 
Norwalk virus 8.7% 25.9% 96.3% 1.2% 3 
Human adenovirus D 8.4% 38.5% 50.0% 0.4% 3 
Human parainfluenza virus 3 7.4% 21.7% 47.8% 1.6% 2 
Cowpox virus 7.1% 9.1% 36.4% 0.1% 1 
Human adenovirus A 6.5% 35.0% 55.0% 0.5% 2 
Human metapneumovirus 5.2% 43.8% 43.8% 2.8% 4 
Human coronavirus HKU1 4.5% 0.0% 42.9% 0.2% 3 
Human herpesvirus 6A 4.2% 30.8% 46.2% 0.4% 4 
Alphapapillomavirus 9 4.2% 30.8% 61.5% 0.5% 3 
Human parvovirus B19 3.9% 25.0% 75.0% 1.5% 3 
Aichivirus A 3.9% 33.3% 66.7% 2.6% 5 
Hepatitis B virus 3.6% 9.1% 18.2% 0.0% 0 
Betapapillomavirus 1 3.2% 0.0% 40.0% 0.1% 1 
Influenza C virus 2.9% 33.3% 55.6% 0.2% 2 
Human coronavirus NL63 2.9% 0.0% 55.6% 1.1% 3 
Human herpesvirus 8 2.6% 50.0% 50.0% 0.5% 4 
Rubella virus 2.6% 12.5% 50.0% 1.5% 2 
Human adenovirus E 2.3% 14.3% 71.4% 0.5% 1 
Hepatitis E virus 1.9% 0.0% 33.3% 0.4% 3 
Torque teno virus 1.6% 0.0% 60.0% 0.9% 3 
Hepatitis C virus 1.6% 80.0% 13.1% 0.0% 0 
Measles virus 1.6% 20.0% 80.0% 2.2% 3 
Alphapapillomavirus 10 1.6% 0.0% 80.0% 1.1% 3 
Human parainfluenza virus 4 1.6% 0.0% 80.0% 6.3% 3 
Eastern equine encephalitis virus 1.3% 0.0% 75.0% 0.7% 1 
Rotavirus A 1.3% 0.0% 50.0% 0.1% 1 



 

 
176 

Table S2.1.  Detection frequency of all viruses detected in at least 4 (>1%) of the 303 donors 
residing in the United States. Known HIV-positive and HCV-positive samples were excluded 
from this analysis. The “Detection Frequency” column shows the percentage of the 303 US 
samples that were positive for each virus. Of the samples that are positive for each virus, the 
“Above Minimum Threshold” column shows the percentage that enriched more unique peptides 
than just the minimum threshold for that virus (Fig S3), and the “Most Recurrent Peptide” 
column shows the percentage that enriched the most recurrent peptide for that virus. The 
“Number Unique Peptides Recurrent” column shows the number of unique peptides (peptides 
that do contain the identical subsequences of 7 amino acids or longer) from that virus that are 
enriched in at least 30% of the samples that are positive for that virus. The “Fraction Peptides 
Recurrent” column shows the total number of recurrent peptides from a virus divided by the 
number of all peptides from that virus. 
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With diagnostic 

peptides 

RSV ELISA 

Positive Negative 

RSV 

VirScan 

Positive 55 3 

Negative 2 0 

 

Table S2.2.  Modified algorithm applying more weight to diagnostic peptides shows improved 
detection of antibodies against respiratory syncytial virus (RSV). 60 patient sera were screened 
for RSV antibodies by ELISA and with VirScan. The concordance of the ELISA results with the 
initial and modified VirScan algorithms is shown in the tables.  

 

  

Initial VirScan 
algorithm 

RSV ELISA 

Positive Negative 

RSV 
VirScan 

Positive 37 1 

Negative 20 2 
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Species Protein Peptide % 

Rhinovirus B Genome 
polyprotein QTVALTEGLGDELEEVIVEKTKQTVASISSGPKHTQKVPILTANETGATMPVLPSD 95% 

Human herpesvirus 5 
Envelope 
glycoprotein 
M 

TASGEEVAVLSHHDSLESRRLREEEDDDDDEDFEDA 90% 

Enterovirus B Genome 
polyprotein PFIQQEAKLQGEPGKAIESAISRVADTISSGPTNSEQVPALTAAETGHTSQVVPGD 86% 

Human respiratory 
syncytial virus 

Attachment 
glycoprotein NKPSTKPRPKNPPKKPKDDYHFEVFNFVPCSICGNNQLCKSICKTIPSNKPKKKPT 85% 

Human herpesvirus 4 
Epstein-Barr 
nuclear 
antigen 1 

SPPRRPPPGRRPFFHPVAEADYFEYHQEGGPDGEPDMPPGAIEQGPADDPGEGPST 81% 

Human herpesvirus 1 
Envelope 
glycoprotein 
D 

RRHTQKAPKRIRLPHIREDDQPSSHQPLFY 80% 

Norwalk virus Genome 
polyprotein LSSMAVTFKRALGGRAKQPPPRETPQRPPRPPTPELVKKIPPPPPNGEDELVVSYS 77% 

Human adenovirus C 
Pre-histone-
like 
nucleoprotein 

MTQGRRGNVYWVRDSVSGLRVPVRTRPPRN 74% 

Enterovirus C Genome 
polyprotein QGALTLSLPKQQDSLPDTKASGPAHSKEVPALTAVETGATNPLAPSDTVQTRHVVQ 73% 

Human herpesvirus 3 Envelope 
glycoprotein C PDPAVAPTSAASRKPDPAVAPTSAASRKPDPAVAPTSAATRKPDPAVAPTSAASRK 72% 

Human 
immunodeficiency virus 
1 

Envelope 
glycoprotein 
gp160 

ERYLKDQQLLGIWGCSGKLICTTAVPWNASWSNKSLEQIWNNMTWMEWDREINNYT 60% 

Influenza A virus Hemagglutinin LGHHAVPNGTLVKTITNDQIEVTNATELVQSSSTGRICDSPHRILDGKNCTLIDAL 42% 
 
Table S2.3.  Certain peptides are commonly targeted by the antibody response. We 
determined the peptide from each species of virus that was most frequently targeted in donors 
that were exposed to that virus. In each row, the frequency is the percentage of samples 
positive for the species of virus that had antibodies targeting the peptide sequence shown. The 
parent protein of the peptide is also listed.  
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Supplementary Text 
Estimating VirScan’s specificity 
Although we detected antibody responses to rare and highly virulent viruses such as Marburg 
and bat lyssavirus, they were found in less than 1% of the population (table S2.1), indicating that 
specificity is over 99% for these viruses, which is similar to the results in Table 1. Because we 
screened hundreds of sera for recognition of 206 virus species each, we performed the 
equivalent of approximately 100,000 individual tests, and eliminating such false positives 
altogether would require specificity of approximately 99.999% for each virus. Even with 99% 
specificity, a test will have 1% false positives, or approximately three per virus species for the 
303 samples in population analyzed in Table S2.1. 
 In addition, 92 species of virus out of 206 were not detected in any samples from this 
population. Another 45 were detected in 3 or fewer samples. Assuming these are all false 
positives, which errs on the side of overestimating false positives, this analysis suggests that the 
specificity is 99.9%.  While this is an imperfect estimate because we do not know how many of 
the detected positives are actually false positives, it gives an approximate estimate that argues 
the specificity is very high. No assay is perfect, and even highly optimized ELISAs for single 
viruses have some level of false positive, but our results give us a great deal of confidence in 
VirScan’s specificity. 
 
Differentially weighting recurrent peptides increases sensitivity 
After discovering that certain epitopes are recurrently targeted, we examined whether we could 
apply this knowledge to improve the sensitivity of viral detection with VirScan. Recurrent 
epitopes make up a very small portion of a virus’s proteome. On average, less than 1% of a 
given virus’s proteome is targeted in more than 30% of samples positive for that virus. We 
hypothesized that samples showing a strong response to these recurrently targeted “diagnostic” 
peptides, which we defined as a peptide enriched in at least 30% of positive samples, are likely 
to be seropositive even if they do not meet our stringent cutoff requiring at least two non-
overlapping enriched peptides. Thus, we introduced a modified criterion for calling a sample 
positive for a given virus that only requires one unique enriched peptide from the virus as long 
as the peptide is diagnostic (i.e., enriched in at least 30% of the samples that were originally 
called positive for that virus) and at least one other peptide that shares at least 7aa sequence 
homology was also enriched. The requirement for enrichment of two or more related peptides 
guards against potentially spurious technical enrichments.   
We tested how this modified criterion affected our sensitivity and specificity in the known HCV 
positive and negative samples. In this set of samples, we had two false negatives, which had 11 
and 14 enriched peptides, respectively, that were highly homologous and thus filtered down to 
one unique epitope. In both samples, this epitope corresponded to the N-terminus of the 
genome polyprotein, which is targeted in over 70% of the HCV positive samples. Thus, the 
modified criterion increases sensitivity for HCV to 100%. This modified criterion does not lead to 
increased false positives among known HCV negative samples nor does it significantly increase 
the rate of detecting HCV positive samples among the rest of the US samples (fig. S2.13). 
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We then tested how this modified criterion works on the known HIV positive and negative 
samples. Of the four false negative samples, one had enriched six related peptides targeted in 
70-90% of the HIV positive samples and would be considered positive using the modified 
criterion. This relaxed criterion does not lead to increased false positives among known HIV 
negative samples nor does it increase the rate of detecting HIV positive samples among the rest 
of the US samples (fig. S2.13). The remaining three false negative samples did not significantly 
enrich a recurrently targeted peptide. However, upon further examination, we found that in two 
of the samples, although no single recurrent peptide was enriched, the set of recurrently 
targeted peptides were, as a group, enriched relative to other HIV peptides using a modified 
Gene Set Enrichment Analysis approach (fig. S2.14). These results suggest that these false 
negatives are due to low titers of anti-HIV antibodies that do not pass our stringent threshold for 
significance for any one peptide, but are significant when the set of homologous peptides are 
considered together. Once recurring peptides are identified for a given virus, this methodology 
could be used to develop a secondary analysis criterion for suspected false negatives, 
especially those that present with some but too few scoring peptides to meet the threshold for 
consideration as a positive.  
We next turned our attention to respiratory syncytial virus (RSV), a virus for which our detected 
seroprevalence was lower than reported epidemiological rates, suggesting imperfect sensitivity 
of our assay. We tested 60 patient sera for antibodies to RSV by ELISA and found 95% were 
positive, above the reported sensitivity of the assay and consistent with near-universal exposure 
to this pathogen. Applying the modified criterion to these samples increased our rate of 
detection by VirScan from 63% to 97% (table S2.2). These data suggest that assigning more 
weight to recurrently targeted epitopes can enhance the sensitivity of VirScan and that the 
performance of the assay can be improved by screening known positives for a particular virus to 
discover these recurrently targeted epitopes. 
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APPENDIX 3: Supplemental materials for Chapter 3 
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Figure S3.1.  Detection of GzB activity using a Cre reporter. (A) Schematic of Cre reporter 
system. Cre recombinase is kept inactive in the cytoplasm by an N-terminal transmembrane 
domain and a C-terminal ERT2 domain. GzB entry into the cell cleaves GzB protease sites 
flanking the Cre enzyme, releasing free Cre to traffic to the nucleus and invert a reporter. (B) 
Cre reporter mediated recombination of single inversion reporter. The single inversion reporter 
cassette is shown at the top of the panel and requires one Cre-mediated recombination event to 
create the proper primer configuration. The plotted values represent the percent of cells with the 
inverted Cre reporter in the presence and absence of the membrane Cre and of GzB delivered 
by NK cells. (C) Cre reporter mediated recombination of double inversion reporter. The double 
inversion reporter cassette is shown at the top of the panel and requires two Cre-mediated 
recombination events to create the proper primer configuration. The plotted values represent the 
percent of cells with the activated Cre reporter in the presence and absence of the membrane 
Cre and of GzB delivered by NK cells. 
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Figure S3.2.  Reproducibility of three replicates in the CMV genome-wide screen with the 
NLV2 TCR. Each dot represents one peptide, with the X and Y axes plotting the performance of 
the peptide in two independent sorts of the screen. The X and Y values indicate the combined 
fold-change of the two barcodes for each peptide. Highlighted red peptides contain the known 
cognate antigen of the NLV2 TCR. 
  

Figure	S2	
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Figure S3.3. Assay performance in EDCs expressing multiple MHC alleles. EDCs expressing 
only HLA-A2 (1 allele), HLA-A2 HLA-B7 HLA-C7 (3 alleles), or HLA-A2 HLA-C2 HLA-C4 HLA-
C7 (4 alleles) were co-cultured with NLV-specific T cells in the presence of the cognate peptide 
(NLVPMVATV) or control peptide (ILKEPVHGV). The bars show the percent of target cells that 
activated the IFPGzB reporter and the marked values indicate the fold-change in reporter 
activation in response to cognate antigen at each condition. Error bars indicate the standard 
deviation across three replicates. 
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Figure S3.4.  Performance of cognate epitopes in the tiling mutagenesis screen with the NLV-
expanded T cells. Each dot represents one peptide, with the X-axis showing the abundance of 
the peptide in the input library and the Y-axis showing the enrichment of the peptide in the 
screen. Peptides containing the intact NLV epitope are colored red. Peptides containing mutated 
variants of the NLV epitope are colored yellow. Unrelated negative control peptides are colored 
blue. 

 

  

Figure	S4	
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Figure S3.5.  Recognition of mutant peptides in the context of short fragments by NLV-specific 
T cells. Each box in the heatmap represents one mutant, where the DNA encoding the amino 
acid along the X-axis is mutated to encode the amino acid indicated along the Y-axis. The value 
in the heatmap represents the enrichment of this mutant compared to the wildtype NLV epitope. 
Heatmaps are plotted for NLV-expanded T cells, T cells expressing the NLV2 TCR, and T cells 
expressing the NLV3 TCR. 

1 2 3 4 5 6 7 8 9
A 1.0 0.9 0.3 0.7 0.1 0.3 0.1 0.4
C 0.8 0.8 1.2 0.0 0.1 1.0 1.0 0.1 0.6
D 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.0
E 1.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1
F 0.8 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1
G 0.8 0.1 0.1 0.1 0.1 0.1 0.7 0.1 0.0
H 1.0 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1
I 0.9 1.1 1.0 0.1 0.2 0.8 0.9 0.1 0.9
K 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
L 0.7 1.1 0.1 0.1 0.9 0.5 0.1 0.6
M 0.8 1.0 0.1 0.1 0.9 0.8 0.1 0.1
N 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.0
P 0.1 0.0 0.1 0.1 0.1 1.0 0.1 0.1
Q 1.1 1.0 0.2 0.1 0.0 0.1 0.0 0.1 0.1
R 0.8 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
S 0.9 0.6 0.1 0.1 0.1 0.1 0.8 0.8 0.0
T 1.0 0.9 0.7 0.1 0.1 1.1 0.7 0.1
V 0.9 1.0 0.1 0.1 0.6 0.1
W 0.9 0.1 0.1 0.1 0.1 0.5 0.1 0.1 0.1
Y 1.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

N L V P M V A T V

NLV-expanded	T	cells	

1 2 3 4 5 6 7 8 9
A 0.1 0.3 0.7 0.6 0.0 0.1 0.1 0.1
C 0.1 0.5 0.8 0.1 0.0 0.1 0.3 0.1 0.1
D 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.5 0.1
E 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.0
F 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1
G 0.1 0.1 0.1 1.0 0.0 0.1 0.1 0.3 0.0
H 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
I 0.1 1.0 0.6 0.0 0.1 0.7 0.3 0.0 0.5
K 0.0 0.1 0.1 0.1 0.0 0.1 0.2 0.1 0.1
L 0.1 1.2 0.1 0.5 0.6 0.1 0.1 0.1
M 0.1 1.1 0.6 0.1 0.2 0.2 0.1 0.1
N 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.0
P 0.0 0.0 0.4 0.1 0.0 0.1 0.0 0.1
Q 0.2 1.1 0.4 0.1 0.0 0.1 0.0 0.1 0.0
R 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
S 0.1 0.1 0.1 0.1 0.0 0.1 0.3 0.4 0.1
T 0.0 0.6 0.4 0.0 0.1 0.1 0.1 0.1
V 0.1 0.9 0.0 0.0 0.2 0.1
W 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.0
Y 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.1

N L V P M V A T V

1 2 3 4 5 6 7 8 9
A 0.5 0.5 0.2 0.6 0.1 0.1 0.0 0.2
C 0.9 0.7 0.4 0.1 0.1 0.1 0.4 0.2 0.4
D 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1
E 0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
F 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.1
G 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1
H 0.3 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.1
I 0.9 1.1 0.9 0.6 0.1 0.7 0.1 0.1 0.7
K 0.1 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.1
L 0.8 1.2 0.1 0.1 0.8 0.1 0.0 0.1
M 0.9 0.7 0.7 0.1 0.8 0.1 0.0 0.1
N 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.1
P 0.1 0.0 0.1 0.0 0.0 1.0 0.1 0.1
Q 0.5 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1
R 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1
S 0.2 0.1 0.0 0.9 0.0 0.1 0.4 0.2 0.1
T 0.4 0.9 0.1 0.3 0.1 0.1 0.1 0.1
V 0.5 1.0 0.9 0.0 0.0 0.3
W 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1
Y 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.1 0.1
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Figure	S5	


