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SUMMARY

T cell recognition of specific antigens mediates pro-
tection from pathogens and controls neoplasias,
but can also cause autoimmunity. Our knowledge
of T cell antigens and their implications for human
health is limited by the technical limitations of T cell
profiling technologies. Here, we present T-Scan, a
high-throughput platform for identification of anti-
gens productively recognized by T cells. T-Scan
uses lentiviral delivery of antigen libraries into cells
for endogenous processing and presentation on ma-
jor histocompatibility complex (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 next-generation sequencing. We show T-Scan
correctly identifies cognate antigens of T cell recep-
tors (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 tu-
mor-derived TCR. T-Scan is a powerful approach
for studying T cell responses.

INTRODUCTION

The immune system is divided into innate and adaptive subsys-

tems 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 receptors (BCRs) and T cell re-
1016 Cell 178, 1016–1028, August 8, 2019 ª 2019 Elsevier Inc.
ceptors (TCRs). 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 major histocompatibility

complex (MHC) class I on the surface of cells. Upon TCR recog-

nition of cognate antigen-MHC I complexes, CTLs secrete cyto-

kines and cytolytic molecules, thereby killing the target cell.

CTLs are required for the control of many infections, including

HIV, cytomegalovirus (CMV), and malaria (Li et al., 2016; Riddell

et al., 1992; Rowland-Jones et al., 1997; Russell et al., 2017; So-

bao et al., 2002).

Aberrant antibodies and T cell responses to self-antigens can

cause autoimmune diseases such as type 1 diabetes (Gravano

and Hoyer, 2013). 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 (Yang, 2015). A major ongoing challenge is the charac-

terization 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 ap-

proaches to interrogate B cell specificities. These technologies

rely on displaying large candidate antigen libraries using phage

display (PhIP-Seq, VirScan) (Larman et al., 2011; Xu et al.,

2015), ribosome display (PLATO) (Zhu et al., 2013), or protein mi-

croarray (Forsström et al., 2014). Such unbiased profiling of anti-

body specificities reveals biomarkers of disease and insights

about humoral immunity (Xu et al., 2016; Zhu et al., 2013). How-

ever, equivalent tools for comprehensive profiling of T cell spec-

ificities 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 rea-

sons. First, T cell antigens are presented as short peptides

non-covalently bound to MHC molecules, complicating the pre-

diction and synthetic generation of candidate antigens. Second,

TCRs have relatively low affinity for their targets (Stone et al.,

2009). Finally, TCR signaling is complex as antigen binding
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does not uniformly lead to functional TCR signaling (Sibener

et al., 2018).

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 (Sharma and Holt, 2014), augmented by peptide-

MHC tetramers for antigen-specific populations (Altman et al.,

1996) and others. However, these are primarily useful for per-

determined sets of 10–100 s of antigens but are unsuitable for

unbiased discovery of antigens at genome scale (Bentzen

et al., 2016, 2018; Hondowicz et al., 2012; Newell et al., 2013;

Zhang et al., 2018).

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

(Li et al., 2019) or activation of a synthetic signaling molecule (Jo-

glekar et al., 2019), 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 (Birnbaum et al., 2014) or baculovirus (Crawford

et al., 2004) and use soluble TCRs to pan the yeast library for pep-

tide-MHC binding. This approach suffers from the formidable

challenge of mapping the random peptides identified onto the

endogenous antigens they resemble (Gee et al., 2018). Moreover,

neither the yeast display nor single-chain approaches require

endogenous processing of antigens nor functional activation of

T cells, which leaves uncertainty as to whether the identified an-

tigens are physiologically meaningful in vivo. Notably, even high

affinity TCR binders identified by yeast display do not uniformly

lead to T cell function (Adams et al., 2011; Sibener et al., 2018).

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 system-

atic 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 endoge-

nous MHC-I molecules. Antigen recognition by cognate TCRs is

monitored through a fluorescent reporter of granzymeB (GzB) ac-

tivity in the target cells. This unbiased strategy eliminates the need

for predictive algorithms, and by relying on the physiological activ-

ity of T cell killing, is not solely dependent onmeasuring TCRbind-

ing affinity to peptide-MHCcomplexes.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 cat-
egories of approaches to T cell antigen discovery: a target deple-

tion approach and a target enrichment approach. The former

would rely upon killing of cognate target cells, allowing for deple-

tion 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 back-

ground killing of 1%, 20% killing could provide a 20-fold enrich-

ment of the antigen. Thus, we set out to employ a target enrich-

ment 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 (Fig-

ure 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 gran-

ules into cells displaying their cognate antigen. A GzB reporter,

described below, is used to detect the target cells that receive

these cytotoxic granules and to enable their isolation by fluores-

cence-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.

To isolate target cells functionally recognized by a T cell, we

developed reporters of 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

(Casciola-Rosen et al., 2007). We reasoned that GzB activity is

an attractive readout of T cell recognition because (1) GzB pro-

vides robust enzymatic activity that can amplify the signal of a

limited number of secreted molecules, which provides sensi-

tivity, (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 exam-

ined allows for direct amplification of the antigen cassette from

cells that have received GzB (Figure S1A). 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 4-fold increase in cassette

inversion following the delivery of GzB into target cells (Figures

S1B and S1C). However, despite efforts to decrease back-

ground, 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 1B). We gener-

ated IFPGZB, an infrared fluorescent protein (IFP)-based GzB
Cell 178, 1016–1028, August 8, 2019 1017



Figure 1. Design of the T-Scan Platform

(A) Schematic of T-Scan workflow. T cells of in-

terest 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 iden-

tified 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 be-

tween 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 (top) or presence

(bottom) 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

56-aa fragments or the full-length pp65 ORF that

contain the cognate pp65 peptide. Error bars

indicate the SD across three replicates.

See also Figure S1.
reporter, by introducing a GzB-specific cleavage sequence

(Choi and Mitchison, 2013) into the scaffold reported by To

et al. (2015). This reporter is activated in cells co-cultured

with cytotoxic T cells in the presence of cognate antigen,

but, crucially, not in the presence of non-cognate antigen (Fig-

ure 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 presen-

tation 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

individualHLAalleleof interest. Thisensured thatany responsede-

tectedwouldbe restricted to thecorrectMHCprotein and reduced

background reactivity topeptidespresentedonotherMHCalleles.

GzB delivery into cells results in the activation of caspases and

subsequent apoptosis. During the process of GzB-induced

apoptosis, caspases cleave the inhibitor of caspase-activated

DNase (ICAD) protein, releasing active CAD nuclease. CAD frag-

ments 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 in-

formation 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 CMV-Encoded T Cell
Epitopes
As a model for testing the T-Scan platform, we chose CMV-spe-

cific T cell responses. T cell responses to CMV have been inten-

sively investigated and many reagents exist that facilitate our

efforts to validate the T-Scan platform, including known immuno-

dominant epitopes, antigen-specific TCRs, and peptide-specific

tetramers (Klenerman and Oxenius, 2016; Schub et al., 2009).

For these reasons, we set out to use CMV genome-wide screens

with knownCMV-reactive T cells to validate the T-Scan platform.

We synthesized a library of 5,764 oligonucleotides encoding

2,882 56-amino acid (aa) fragments that collectively tiled

across the entire CMV proteome with 28-aa overlap between

adjacent fragments (Figure 2A). To generate a comprehensive

list of CMV antigens for our screens, we supplemented the

reference CMV proteome with open reading frames (ORFs)

identified by ribosome footprinting (Stern-Ginossar et al.,

2012). To provide a measure of reproducibility, each of the pep-

tides 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 pro-

tein-specific NLV2 TCR (Schub et al., 2009). First, we verified

that these T cells activated the GzB reporter in EDCs that

expressed either full-length pp65 or a 56-aa fragment of pp65

containing the NLV epitope (Figure 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 en-

riched peptides identified by the T-Scan screen were the only



Figure 2. CMV Genome-wide T Cell Antigen

Discovery

(A) Overview of CMV screens. Peptides tiling

across the CMV genome in 56-aa steps with 28-aa

overlap are expressed via lentiviral transduction of

target cells expressing HLA-A2, IFPGZB, and

ICADCR. For NLV2 TCR 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). Fold enrichment

is defined as the ratio of the abundance of the

peptide in the sorted population relative to the

input library. Peptides highlighted in red contain

the known cognate antigen of the NLV2 TCR. Data

presented in Table S1.

(C) Reproducibility of internal replicates of NLV2

TCR T cell screen. Each dot represents one pep-

tide, 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-enrich-

ment of the four NLV-containing peptides in

screens performed with NLV3 TCR T cells with: (D)

a 2:1 (43 T cells), 1:2 (standard), and 1:8 (0.253

T cells) ratio of NLV3 TCR T cells. (E) antigens

introduced into target cells at an MOI of 1 or 5, and

(F) a 1:2 ratio of NLV3 TCR T cells (standard), a 1:8

ratio of NLV3 TCR T cells (0.253 T cells), and a 1:8

ratio of NLV3 TCR T cells mixed with a 3-fold

excess of non-specific T cells (0.253 T cells in 1:4

mix). Data for (D)–(F) are shown in Table S2. Error

bars for (D)–(F) indicate SD across four target

peptides.

(G) T-Scan screen of NLV-expanded cells against

CMV genome-wide library, plotted as in (B). Pep-

tides highlighted in red contain the NLV peptide

and the blue peptides highlight additional enrich-

ing peptides. Data presented in Table S3.

(H) Reproducibility of internal replicates of NLV-

expanded T cell screen, plotted as in (C).

See also Figures S2 and S3.
two antigens in the library that harbored the NLV epitope (Fig-

ure 2B). This result was reproducible across the duplicate nu-

cleic acid encodings of each antigen and across independent

replicates of the screen (Figures 2C and S2).

Characterization and Optimization of the Performance
of the CMV Screen
We repeated the screen using a second transduced NLV-specific

TCR, NLV3 (Schub et al., 2009), and observed robust enrichment

of the 56-mers expressing the cognate target across different ef-
fector:target ratios (Figure 2D). By performing the screen under

various conditions, we found that T-Scan is robust to varying con-

centrations 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 2D–2F). We also demonstrated that

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). To verify that T-Scan is compatible with non-trans-

duced primary cells, we generated NLV-reactive T cells by
Cell 178, 1016–1028, August 8, 2019 1019



Figure 3. Virome-wide T Cell Antigen Dis-

covery

(A) Schematic of virome-wide T-Scan screen.

Peptides tiling across the proteomes of 206 viral

species in 56-aa steps with 28-aa overlap are ex-

pressed via lentiviral transduction of target cells

expressing HLA-A2, IFPGZB, and ICADCR.

(B) T-Scan screen of NLV-expanded T cells

against CMV genome-wide library. Each dot rep-

resents one peptide, with the y axis plotting the

geometric mean of the fold-change of each pep-

tide across four replicates. Peptides highlighted in

red contain the NLV peptide and the blue peptides

highlight additional enriching peptides. Data pre-

sented in Table S4.

(C) Table of enriching peptides highlighted in (B)

and Figure 2E. Predicted HLA-A2 binding pep-

tides, including the known NLV epitope are

bolded.

(D) GzB reporter activation in target cells pulsed

with the pp65 peptide (NLVPMVATV) or IE1 pep-

tide (VLEETSVML) in the presence of NLV3 TCR

T cells (top panel) or NLV-expanded T cells (bot-

tom panel). Error bars indicate SD across three

replicates.

(E) Tetramer staining of the NLV-expanded T cells

with the pp65 peptide and the IE1 peptide. Gated

CD8+ cells are shown.
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 2G and

2H). The fold-enrichment observed with the primary T cells (60-

to 100-fold) was greater than that achieved with the NLV2 TCR

T cells (10- to 20-fold), consistent with increased signal to noise

ofGzB reporter activation by these cells. Unexpectedly, two over-

lapping 56-mers from the IE1geneofCMVwere also reproducibly

enriched by the NLV-expanded T cells. IE1 was also observed in
1020 Cell 178, 1016–1028, August 8, 2019
subsequent screenswith theseT 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 3A). We introduced a li-

brary of 93,904 56-aa fragments that

collectively tiled across the entire human

virome (Xu et al., 2015) into HLA-A2

EDCs and performed T-Scan on this

antigen pool using the NLV-expanded

primary T cells. In spite of the 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 3B). Intrigu-

ingly, 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 2G and 2H).

Because 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 28-aa region common to both 56-mers revealed a high-af-

finity HLA-A2 binding epitope using the NetMHC4.0 algorithm

(Figure 3C), and we found that the NLV-expanded T cells, but

not the NLV3 TCR-transduced T cells, were reactive to this



peptide (Figure 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 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 demon-

strated the capacity of T-Scan to accurately identify T cell tar-

gets and uncovered the potential for multiplexing, we sought

to identify T cell epitopes using collections of T cells with un-

known specificities. Thus, we applied T-Scan to perform an un-

biased, 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, 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 4A).

This complex library-on-library screen identified a set of

peptides that displayed reproducible enrichment (Figure 4B).

Strikingly, these peptides could be grouped into six sets of over-

lapping 56-mers, suggesting that common epitopes lay in each

28-aa overlap region. Indeed, high-affinity HLA-A2 binding epi-

topes were predicted in all six 28-aa overlap regions, at a

threshold where only 10% of random 28-aa stretches are pre-

dicted to contain a high-affinity epitope (Figure 4C). Furthermore,

two peptides (1336 and 1337) contained the known immunodo-

minant NLV epitopewhile two others (405 and 406) contained the

previously reported LIEDFDIYV epitope (Elkington et al., 2003).

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 4D).

None of the other four epitopes have been previously re-

ported (Immune Epitope Database; Vita et al., 2018). We gener-

ated 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-spe-

cific populations against all four, ranging from 0.04%–0.23%

of the total memory T cells (Figure 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 abun-

dances are a lower bound estimate (Rius et al., 2018). 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 addi-

tional epitopes.
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 (Cameron et al., 2013) and revealed insights about the

cross-reactivity and signaling of T cells (Bulek et al., 2012; Wool-

dridge et al., 2012). We reasoned that T-Scanmight 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 eachmutant epitope present in the context

of both a 56-aa fragment and a 9-aa fragment immediately fol-

lowed by a stop codon (Figure 5A). In the 56-aa 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 syn-

thesized 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 1,266 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 pri-

mary 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 (WT) peptides and more strongly than all 1,266 nega-

tive control peptides (Figure S4). To delineate the critical binding

residues, we compared the enrichment of eachmutant to theWT

NLV peptides (Figure 5B). As expected, most mutations abro-

gated 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.

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 ex-

pressing two different TCRs specific for the NLV epitope (Figures

5C and 5D; Schub et al., 2009). Each TCR had a distinct footprint

of recognized mutants, which was highly reproducible between

the 56-aa and 9-aa versions of the libraries (Figure S5). 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 require-

ment for hydrophobic amino acids at position two for HLA-A2

binding (Falk et al., 1991). Conversely, we observed striking dif-

ferences 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 5E). Thus, T-Scan can map the critical residues for TCR

recognition and identify TCR-specific mimotopes.
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Figure 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 STAR

Methods) of the fold-change of each barcode across four replicates.

Colored dots highlight pairs of overlapping peptides. Data presented

in Table S5.

(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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Figure 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 56-aa 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 56-aa versions.

(B–D) Recognition of mutant peptides in the

context of 56-aa 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 WT

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.

Data for (B)–(D) are presented in Table S6.

(E) Relative activation of the GzB reporter in cells

pulsed with identified NLV2 TCR-specific and

NLV3 TCR-specific mutant peptides and co-

cultured with NLV2 or NLV3 TCR T cells. Error bars

indicate SD 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 ormore 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 SD across three replicates.

See also Figures S4 and S5.
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 (Andreatta and Niel-

sen, 2016) 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 5F). Notably, the

sole mutations at position one (asparagine replaced with as-

partic acid or proline) that abrogated recognition by all NLV

TCRs are also predicted to have significantly lower affinity 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 affin-
ities 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 concen-

trations of peptide 10- to 100-fold higher than theWT, consistent

with the predicted lower peptide binding affinity (Figure 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
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Figure 6. Human Genome-wide T Cell Anti-

gen Discovery

(A) Schematic of human genome-wide T-Scan

screen. Peptides tiling across the human prote-

ome in 90-aa steps with 45-aa overlap are ex-

pressed via lentiviral transduction of target cells

expressing HLA-A1, IFPGZB, and ICADCR. MAGE-

A3 TCR T cells are generated by lentiviral trans-

duction 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. Data presented in

Table S7.

(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 trans-

duced with the GFP ORF (ORF) were used as

controls. Peptides were added at 1 mM. 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 SD

across three replicates.
complexity of the human proteome and the fact that self-reactive

TCRs tend to have low affinity for their antigens (Falkenburg

et al., 2011). To determine whether T-Scan can be used to iden-

tify 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 (Karanikas et al., 2003). We

introduced a library of 259,345 antigens that tile across the entire

human proteome in 90-aa fragments with 45-aa overlap into

EDCs expressing HLA-A1 (Figure 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
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performed with MOI 5 (Figure 2E). We

introduced the MAGE-A3 TCR into donor

CD8 T cells and used these cells to

perform T-Scan with the genome-wide li-

brary.We observed strong and reproduc-

ible enrichment of only 8 antigens in the li-

brary, which strikingly encoded four sets

of overlapping peptides (Figure 6B). Two

of the top-scoring peptides were the

only 2 library antigens containing the

known MAGE-A3 epitope (Figure 6B).

Furthermore, the 2 corresponding 90-

mers from the related MAGE-A6 gene—

that contain the same 9-mer HLA-A1

epitope apart from a single leucine to
valine substitution—also enriched reproducibly (Figure 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 (Fig-

ure 6C). Notably, these epitopes share only three or four identical

amino acids with the MAGE-A3 epitope, although they do share

other structural similarities such as hydrophobic residues at po-

sitions 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 proteins, 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 exoge-

nously added 9-aa peptide, an endogenously expressed 90-aa

fragment and the full-length ORF. Due to its size (13 kb), we

were unable to test full-length FAT2, but we generated 2 syn-

thetic constructs (188 aa and 157 aa long) that retained the

cellular localization of the epitope through a fusion to the signal

peptide and transmembrane domain of FAT2 or CD8, respec-

tively. We observed reactivity to the peptides, 90-aa fragments,

and ORFs for all 4 antigens but not controls (Figure 6D). Overall,

these experiments demonstrated that T-Scan can be used to

discover the targets of self-reactive TCRs at genome scale.

DISCUSSION

A significant gap in our ability to translate the language of the im-

mune systemhas 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 funda-

mentally 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 anti-

gens. 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 high-

ly complex setsof 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 2,882 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 mem-

ory CD8 T cells from aCMV 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 indi-

vidual had not been previously reported (Elkington et al., 2003).

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 (Gath-

erer et al., 2011; Stern-Ginossar et al., 2012). 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 protein expression.

Importantly, this includes proteomic characterization of pre-

sented MHC peptides in various contexts that can then be en-

coded genetically and assayed with T-Scan.

Second, we used T-Scan to comprehensively map the TCR-

peptide interface for three setsofNLV-specific T cells.Weshowed

thatT-Scancanaccurately identify subtledifferences inTCRspec-

ificity. Finally, we screened a self-reactive TCR against a library of
259,345 fragmentsencoding theentirehumanproteome.We iden-

tified the known target of the MAGE-A3 TCR and validated reac-

tivity to a related protein, MAGE-A6 whose epitope differed by a

single amino acid. Moreover, we discovered and validated 2 addi-

tional proteins,PLD5andFAT2,whichwerealso recognizedby the

TCRbut less efficiently than the cognate epitopes. These epitopes

shared structural similarity with the MAGE-A3 target but only had

identical aminoacids at threeor fourpositions, illustrating thechal-

lengeofpredictingadditionalTCRspecificities in theabsenceofan

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 10 s to

100 s 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 li-

braries but can provide sufficient killing to enrich antigens. If

desired, the precise TCR specific for each discovered target in a

pooled screencanbe identified in a secondstepof deconvolution,

for example by using tetramer staining to identify and characterize

T cellswithparticular 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 pep-

tides 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 func-

tionally recognized by CMV-specific TCRs. These would be

missed by discovery approaches that rely on MHC binding pre-

diction 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- to 11-aa linear candidate epitopes that

can be derived from a single 90-aa fragment used in our human

library. Full length ORFs are also compatible with T-Scan (Fig-

ures 1D and 6D), and when comprehensive collections are

available it will enable proteome-wide screens with even lower

practical screen complexity that will also include post-transla-

tional modifications that may not be present on some of the syn-

thetic protein fragments.

Endogenous processing of proteins also enables the discov-

ery of antigens formed by post-translational peptide splicing.

Recent work has uncovered the substantial contribution of

post-translational peptide splicing in shaping the repertoire of

peptides bound to MHC, with a bias observed toward cis-

splicing of proximate regions of proteins (Faridi et al., 2018; Liepe
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et al., 2016). While such spliced peptides are not directly en-

coded in the primary protein sequence, they could be formed

during the endogenous processing of our antigens.

Furthermore, the synthetic approach of employing oligonucle-

otides 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 (Koren

et al., 2018) 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 anti-

gensmust be able to be genetically encoded and therefore some

post-translational modifications will be missed. This also pre-

vents the mapping of non-peptide antigens such as CD1-bound

lipids (Le Nours et al., 2018). 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 pa-

tients who exhibit protective immunity (e.g., immunity from

controlledmalaria 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 addressing

hypotheses regarding the etiology of various autoimmune dis-

eases. Finally, T-Scan has multiple applications to cancer immu-

nology. First is the 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. Second

is the genome-wide identification of the targets of orphan TCRs

that are reactive to patient tumors. Third is the screening of ther-

apeutic TCRs for potential off-target reactivities that can lead to

unexpected patient toxicity (Cameron et al., 2013).

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 under-

standing of the roles of T cells in human health and lead to

new therapeutics with which to treat human disease.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 antibody (OKT3) Thermo Fisher Scientific Cat: 14-0037-82 RRID: AB_467057

anti-human TCR a/b Antibody Biolegend Cat: 306711 RRID: AB_528966

Alexa Fluor 647 anti-human CD8 Antibody Biolegend Cat: 344725 RRID: AB_2563451

APC anti-human HLA-A,B,C Antibody Biolegend Cat: 311410 RRID: AB_314879

Biological Samples

PBMC 50M (Donor #224) Astarte Biologics Cat: 1001-3575MY17

Chemicals, Peptides, and Recombinant Proteins

Interleukin-2, human (hIL-2) Sigma (Millipore) Cat: 11147528001

Critical Commercial Assays

GeneJET Genomic DNA Purification Kit Thermo Fisher Scientific Cat: K0722

QuickSwitchTM Quant HLA-A*02:01 Tetramer Kit-PE MBL International Corporation Cat: TB-7301-K1

QuickSwitchTM Quant HLA-A*02:01 Tetramer Kit-APC MBL International Corporation Cat: TB-7300-K2

Experimental Models: Cell Lines

HEK293T cells ATCC ATCC Cat# CRL-3216 RRID:CVCL_0063

HEK293T HLA-A1 Epitope Discovery Cells (MHC KO,

IFPGzB, ICADCR, HLA-A1)

This paper N/A

HEK293T HLA-A2 Epitope Discovery Cells (MHC KO,

IFPGzB, ICADCR, HLA-A2)

This paper N/A

Oligonucleotides

See Table S8 N/A N/A

Recombinant DNA

CMV sublibrary This paper N/A

Virome library Xu et al., 2015 N/A

Tiling mutagenesis library This paper N/A

Human peptidome library Xu et al., 2016 N/A

pHAGE_EF1a_ICADCR_bsd This paper N/A

pHAGE_EF1a_IFPGzB_hyg This paper N/A

pHAGE_CMV_NFlagHA_DEST_IRES_puro This paper N/A

pHAGE_EF1a_HLA-A1 This paper N/A

pHAGE_EF1a_HLA-A2 This paper N/A

lentiCRISPR V2 puro vector Sanjana et al., 2014 Addgene Plasmid #52961

pHAGE_EF1a_DEST_puro This paper N/A

pHAGE_EF1a_DEST_Zsg This paper N/A

Software and Algorithms

Bowtie Langmead et al., 2009 http://bowtie-bio.sourceforge.net/

index.shtml

Cutadapt Martin, 2011 http://cutadapt.readthedocs.io/en/stable/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and request for reagents may be directed to the corresponding author Stephen J. Elledge (selledge@genetics.

med.harvard.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T (female) cells were obtained from ATCC and were cultured in DMEMwith 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).

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 20mL 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).

METHOD DETAILS

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

(Prykhozhij et al., 2015). 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.

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, GDEVDjG) with a GzB-specific cleavage sequence (VGPDjFGR) by PCRmutagenesis. The result-

ing 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 D224Emutations 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 lenti-

viral 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 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-transfec-

tion and filtered through a 0.45 um filter and added to cells in the presence of 4 ug/ml Polybrene.
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TCR design and cloning
The NLV2 and NLV3 TCRs were reconstructed from Schub et al. (2009). 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 Karanikas et al. (2003). The TCR was encoded as a single construct containing TCRa

P2A TCRbwith themouse TCR constant regions. The sequence encoding this TCRwas 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.

T cell transduction
CD8 T cells were purified from donor blood using the RosetteSep CD8 purification kit (StemCell) according to manufacturer’s pro-

tocol. 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 in-

terest. 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
PBMCswere 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. Themedia was then aspirated and replaced by the T cells of interest in T cell media. Plates were spun down for 1min 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

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 50 and 30 BP recombination sites.

PP65 56-mer #1: GVMTRGRLKAESTVAPEEDTDEDSDNEIHNPAVFTWPPWQAGILARNLVPMVATVQ

PP65 56-mer #2: HNPAVFTWPPWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAELEGVWQ

MAGEA3 90-mer: MGEPVTKAEMLGSVVGNWQYFFPVIFSKASSSLQLVFGIELMEVDPIGHLYIFATCLGLSYDGLLGDNQIMPKAG

LLIIVLAIIAREGDCAP

MAGEA6 90-mer: MGEPVTKAEMLGSVVGNWQYFFPVIFSKASDSLQLVFGIELMEVDPIGHVYIFATCLGLSYDGLLGDNQIMPKTG

FLIIILAIIAKEGDCAP

PLD5 90-mer: MGYLPISSTSTKRTYWPDLDAKIREALVLRSVRVRLLLSFWKETDPLTFNFISSLKAICTEIANCSLKVKFFDLERENA

CATKEQKNHTFPR

FAT2 90-mer: MGPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMETDPVNHMVGVISVEGRPGLFWFNISGGDKDMDFDIEKTT

GSIVIARPLDTRRR

FAT2 ORF CD8TM: MALPVTALLLPLALLLHAARPSQFRVSPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMETDPVNHMVGVI

SVEGRPGLFWFNISGGDKDMDFDIEKTTGSIVIARPLDTRRRAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRN

FAT2ORF FAT2TM:MTIALLGFAIFLLHCATCEKPLEGILSSSPPLSASVRLHIEWIPWPRPSSIPLAFDETYYSFTVMETDPVNHMVGV

ISVEGRPGLFWFNISGGDKDMDFDIEKTTGSIVIARPLDTRRREMEARGCSEGHCLVTPEIQRGDWGQQELLIITVAVAFIIISTVGLLFY

CRRCKSHKPVAMEDPDLLARS

The full-length PP65 genewas synthesized as a gBlock (IDT) with 50 and 30 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 pHAGECMVNFlagHADEST IRESPuro (pp65) or pHAGEEF1aDEST puro (MAGEA3,MAGEA6, PLD5, FAT2) lentiviral
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vector by Gateway cloning. Antigen constructs were packaged into lentivirus and introduced into HLA-A1 EDCs (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 37�C, then the cells were har-

vested 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

Peptides were loaded at 100 ug/ml onto the QuickSwitch Quant HLA-A*02:01 Tetramers (PE or APC labeled) (MBL International)

according tomanufacturer’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 a/b Antibody (Biolegend).

Genomic DNA purification and NGS library preparation
Sorted EDCs were mixed with 2E5 carrier wild-type 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 (Xu et al., 2015). 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: 50 TCCAGTCAGGTGTGATG

CTCGGGGATCCAGGAATTCAGTTTGTACAAAAAAGCAGGCTCA; T cell PCR1_R: 50 CGAGCTTATCGTCGTCATCCCCACTTTGTA

CAAGAAAGCTGGGTCA). PCR1 reactions from a single screen replicate were pooled and 1ul was used as input for a 50ul PCR2

reaction (T cell PCR2_F: 50 ACACTCTTTCCCTACACGACTCCAGTCAGGTGTGATGCTC; T cell PCR2_R: 50 GTGACTGGAGTTCA

GACGTGTGCTCTTCCGATCCGAGCTTATCGTCGTCATCC). One ul of PCR2 was used as input for a 50ul PCR3 reaction to add

on the sequencing adaptors and sample-specific index (T cell PCR3_F: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA

CACGACTCCAGT; 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

(50GGTGTGATGCTCGGGGATCCAGGAATTC).

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: 50 agctcgatggaggataccca; Pep_PCR1_R: 50 ccaaaagacggcaatatggtgg). PCR1 reactions from a sin-

gle 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: 50 tccctacacgacgctcttccgatct[]GTTTGTACAAAAAAGCAGG, where the [] denotes between 0 and 7 bases (full se-

quences in Key Resources Table); Pep_PCR2_R: 50 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:

50 aatgatacggcgaccaccgagatctacactcttTCCCTACACGACGCTCTTCCG; T cell PCR3_R: CAAGCAGAAGACGGCATACGAGAT

xxxxxxxGTGACTGGAGTTCAGACGTGT 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.

(2012). We included all ORFs and uORFs detected that were 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
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codons. Each fragment was encoded by two nucleic acid sequences that differed by at least two bases in the 50 50bp for a total of

5764 oligo sequences.

The oligo library was synthesized by Twist Biosciences with the following adaptors:

five prime adaptor: 50 TGAATTCTGAGCTCG

three prime adaptor: 50 TCGGGTGCTCGAGCT

The library was amplified with the following primers, which contain overhangs encoding the BP recombination sites:

CMV_BP F: 50 ggggacaagtttgtacaaaaaagcaggctcaGGAATTCTGAGCTCG

CMV_BP R: 50 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 HLA-A2. The cells were selected with 1 ug/ml puromycin for 3d begin-

ning 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

50E6NLV2 TCR 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

TCR 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 TCR 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 TCR T cells were mixed with 3.75E6 MAGE-A3 TCR T cells and compared to a

pure population of 5E6 NLV3 TCR T cells.

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 (Xu et al., 2015). 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).

Tiling mutagenesis library design and cloning
The NLV epitope was mutagenized in the context of a 56-mer (PWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAE

LEGVWQPAAQPKRRR) and a 9-mer (NLVPMVATV). Each amino acid in the NLV epitope (bold) was mutated to each of the 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.
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The library was amplified with the following primers, which contain overhangs encoding the BP recombination sites:

CTL_MUT_BP F: 50 ggggacaagtttgtacaaaaaagcaggctcaAGAATTCTCCGTGGC

CTL_MUT_BP R: 50 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 CMVHLA-A2. The cells were selected with 1 ug/ml puromycin for 3 d begin-

ning 48 h post-transduction and used for the tiling mutagenesis screens with the NLV2 TCR, NLV3 TCR, and NLV-expanded T cells.

Tiling mutagenesis screen
For the NLV-expanded cell screen, 3 replicates of 25E6 HLA-A2 EDCs expressing the tiling mutagenesis library (6500x library rep-

resentation per replicate) were co-culturedwith 25E6NLV-expanded cells. For theNLV2 andNLV3 TCRs, 3 replicates of 12.5E6HLA-

A2 EDCs expressing the tiling mutagenesis library (3200x library representation per replicate) were co-cultured with 6.2E6 NLV2 or

NLV3 TCR 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 pep-

tide by the average fold-change of the wild-type NLV peptides in the library.

Peptidome-wide screen
The 90 aa peptidome-wide library was described previously (Xu et al., 2016). 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 wasmaintained 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 represen-

tation) 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 TCR T cells for

8-12 h and sorted for IFPGZB-positive cells (BD FacsAria II).

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 30E6HLA-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 rep-

licates. 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 cleav-

age site, and the ERT2 domain. This construct was synthesized as a gBlock (IDT) and cloned into the 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

(Schnütgen et al., 2003). 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
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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 len-

tiviral transduction (blasticidin selection 5 d at 40 ug/ml). The target cells were mixed with a 2:1 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
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends. Data analysis was performed in Python, Excel, and GraphPad

Prism. All error bars in figures indicate standard deviation.

Sequence alignment and analysis
Illumina reads were aligned using Bowtie (Langmead et al., 2009). For the human genome-wide screen, adaptors were trimmed using

Cutadapt (Martin, 2011) 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 AND CODE AVAILABILITY

The published article includes all datasets generated in this study.
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Supplemental Figures

Figure S1. Detection of GzB Activity Using a Cre Reporter, Related to Figure 1

(A) Schematic of Cre reporter system. Cre recombinase is kept inactive in the cytoplasmby 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.



Figure S2. Reproducibility of Three Replicates in the CMV Genome-wide Screen with the NLV2 TCR, Related to Figure 2

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 S3. Assay Performance in EDCs Expressing Multiple MHC Alleles, Related to Figure 2

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.



Figure S4. Performance of Cognate Epitopes in the Tiling Mutagenesis Screen with the NLV-Expanded T Cells, Related to Figure 5

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.



(legend on next page)



Figure S5. Recognition of Mutant Peptides in the Context of Short Fragments by NLV-Specific T Cells, Related to Figure 5

Each box in the heatmap represents onemutant, where theDNA encoding the amino acid along the x axis ismutated to encode the amino acid indicated along the

y axis. The value in the heatmap represents the enrichment of this mutant compared to the WT NLV epitope. Heatmaps are plotted for NLV-expanded T cells,

T cells expressing the NLV2 TCR, and T cells expressing the NLV3 TCR.
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