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Abstract

A major limitation to understanding the associations of human leukocyte antigen (HLA) and CD8”*
and CD4* T cell receptor (TCR) genes with disease pathophysiology is the technological barrier
of identifying which HLA molecules, epitopes, and TCRs form functional complexes. Here we
present a high-throughput epitope identification system that combines capture of T cell-secreted
cytokines by barcoded antigen-presenting cells (APCs); cell sorting; and next-generation
sequencing to identify class I- and Il-restricted epitopes starting from highly complex peptide-
encoding oligonucleotide pools. We engineered APCs to express anti-cytokine antibodies, a library
of DNA-encoded peptides, and multiple HLA class | or Il molecules. We demonstrate that these
engineered APCs link T cell activation-dependent cytokines with the DNA that encodes the
presented peptide. We validated this technology by showing that we could select known targets of
viral epitope-, neoepitope-, and autoimmune epitope-specific TCRs, starting from mixtures of
peptide-encoding oligonucleotides. Then, starting from ten TCR sequences that are found
commonly in humans but lack known targets, we identified seven CD8* or CD4* TCR-targeted
epitopes encoded by the human cytomegalovirus (CMV) genome. These included known epitopes,
as well as a class | and a class II CMV epitope that have not been previously described. Thus, our
cytokine capture-based assay makes use of a signal secreted by both CD8* and CD4™ T cells, and
allows pooled screening of thousands of encoded peptides to enable epitope discovery for orphan
TCRs. Our technology may enable identification of HLA-epitope-TCR complexes relevant to
disease control, etiology, or treatment.

One Sentence Summary:

Cytokine-capturing antigen-presenting cells allow screening of complex DNA libraries for CD8*
and CD4* T cell-targeted epitopes.
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INTRODUCTION

Variation in human leukocyte antigen (HLA) and T cell receptor (TCR) genes is associated
with risk of infection and autoimmunity (1, 2), and can influence patient survival to cancer
immunotherapy (3, 4). Identification of the specific complexes between HLA molecules,
epitopes, and TCRs — resulting in T cell activation — can thus provide fundamental
information about disease pathogenesis and lead to the generation of T cell-based
treatments, such as TCR-based cellular therapies (5-7). However, there remain technological
barriers to identifying which HLA, epitopes, and TCRs productively lead to T cell
activation. These barriers in part emerge from the significant inter- and intra-individual
variation in HLA (8) and TCR genes (9, 10), as well as the vast potential space of peptide
epitopes.

Traditional epitope identification technologies — including functional assays such as
ELISPOT (enzyme-linked immunospot) (11) and ICS (intracellular cytokine staining) (12) —
are in widespread use to detect HLA-epitope-TCR complexes. ELISPOT and ICS rely on
capture of T cell activation-dependent cytokines — endogenous signals with high signal-to-
noise ratios (11, 12). These methods have had broad and important applications, e.g. to
identify epitopes targeted by CD8* or CD4™ T cells in disease contexts such as cancer and
natural/vaccine-elicited immunity against pathogens (13, 14). However, traditional assays
are particularly limited in assessing large epitope candidate sets due to the high costs of
peptide synthesis (15, 16).

One approach to scale peptide space is to use highly complex oligonucleotide pools (17, 18)
to encode peptide libraries (15). Many thousands of peptide-encoding oligonucleotides can
be synthesized on an array at a cost lower by orders of magnitude (18) relative to the
synthesis of peptides. Methods exploiting libraries of DNA-encoded peptides presented on
defined HLA molecules have recently been described, in conjunction with various
mechanisms to generate signal to detect the presence of HLA-epitope-TCR interactions (Fig.
1A) (19-22). However, applications of these methods have largely relied on expressing
single HLA class | molecules (e.g. HLA-A*02:01). The ability of these methods to screen
both class I- as well as class I1-presented peptides remains unclear (20-22), and/or their
ability to concurrently test multiple HLA alleles is limited, secondary to the need for
extensive optimization of each recombinant HLA (19, 23, 24) or to fusion of peptide
libraries to an HLA molecule (19, 21, 25). Development of a high-throughput epitope
identification technology that combines both HLA and peptide diversity may enable
identification of HLA-epitope-TCR complexes whose identification is intractable using
existing assays.

Here we develop a strategy in which signal is generated by capturing cytokines — similar to
traditional functional assays (11, 12) — but in which the anti-cytokine antibodies are directly
expressed by the APCs along with an encoded peptide and multiple HLA class | or 11 genes.
After APC/T cell co-culture, APCs that become coated with cytokine are sorted, and the
encoded epitopes are read out by next-generation sequencing (NGS). We demonstrate that
our method has the sensitivity to detect a single epitope from a pool of thousands of peptide-
encoding oligonucleotides, and can identify epitopes for orphan CD8* and CD4* TCRs.
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Establishing a system for epitope identification using APC-bound anti-cytokine antibodies

We sought to develop a method (fig. S1A) that accepts highly complex peptide-encoding
oligonucleotide pools as an input (Fig. 1A), and uses a cytokine readout to pinpoint T cell-
targeted epitopes (Fig. 1B). In cytokine detection assays such as the ELISPOT, antibodies
linked to solid phase capture cytokines secreted by activated T cells (fig. S1B). We reasoned
that (i) stably encoding the peptide library within APCs and (ii) expressing an anti-cytokine
antibody on the APC surface instead of on solid phase (fig. S1B) gives the assay the ability
to sort epitopes using activation-dependent cytokines.

First, we generated HLA class | knockout (KO) APC lines. Following transfection of
CRISPR/Cas9 cassettes targeting class I loci (table S1), class | expression was eliminated
from HelLa and HEK293T cells, which were used as model APCs (Fig. 1C and fig. S1C).
We were then able to stably express defined HLA genes in these cells (Fig. 1C).

For class | antigen presentation, we cloned peptide-encoding minigenes 3’ of the human /L2
signal sequence, in a lentiviral vector backbone, to stably express defined peptides (fig. S1D)
that are predicted to cleave off the signal sequence (26). Alternatively, longer peptide-
encoding genes were synthesized that undergo further antigen processing prior to
presentation (table S2).

To capture cytokines on the APC surface, we expressed in the APCs antibody-encoding
heavy and light chain genes — here, encoding antibodies to IL-2 or IFN-y (Fig. 1B and table
S3). Addition of IL-2 or IFN-vy to these “cytokine-capturing” APCs affixed cytokine to the
APC surface in a cytokine-specific manner (Fig. 1D).

We then assayed for cytokine capture during culture of the APCs with T cells. We co-
cultured cytokine-capturing APCs expressing HLA-A*02:01 and a cytomegalovirus (CMV)
epitope-encoding minigene, with TCR knockout Jurkat T cells (fig. S1E) expressing the C25
TCR (27) (table S4), which recognizes the CMV epitope. After staining the APCs with
fluorescently-labeled anti-1L-2 antibody, negligible staining was seen with APCs alone,
while cytokine staining on the APC surface increased during co-culture (Fig. 1E and fig.
S1H).

These results establish development of an engineered APC that can present integrated
epitopes on defined HLA molecules, and can capture cytokines from activated T cells.

Engineered APCs capture cytokine only in the context of functional HLA-epitope-TCR

complexes

To test the specificity of the assay, we first used a KRAS p.G12D-reactive TCR that was
previously identified in a tumor-infiltrating lymphocyte (TIL) (6). We transduced cytokine-
capturing APCs with HLA-C*08:02 alone, or with KRAS peptide-encoding minigenes (Fig.
2, A and B). The TCR was specific for the p.G12D mutant (Fig. 2B, fig. S2A, and table S5).
In addition, we transduced cytokine-capturing APCs with HLA-A*02:01 alone, or in
combination with influenza, CMV, or NY-ESO-1 epitope-encoding minigenes (table S2). We
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co-cultured these APCs with T cells expressing JIM22 TCR (influenza-reactive) (28), C25
TCR, or 1G4 TCR (NY-ESO-1-reactive) (29) (table S4). Surface-bound IL-2 was detectable
only when the APCs expressed HLA and epitope pairs corresponding to the expected TCR
specificities (fig. S2B).

Next, we tested recognition of epitopes presented by different HLA-A, -B, or -C proteins.
We co-transduced cytokine-capturing APCs with defined HLA and epitope-encoding
minigenes, and co-cultured these APCs with T cells expressing corresponding HLA/epitope-
reactive TCRs (30-32) (table S2 and S4). Surface-bound IL-2 was detected after co-culture
with each known HLA-epitope-TCR complex (Fig. 2C). We then permuted the HLA genes.
Co-culture with these alternative HLA genes did not result in substantial surface-bound IL-2
relative to the cognate HLA alone (Fig. 2C and table S5).

To demonstrate the quantitative nature of the signal, which may allow separation of epitopes
that activate T cells with differential strengths (fig. S2C), we created an alanine scan library
of the NLVPMVATYV epitope (table S2), individually transduced each construct into
cytokine-capturing APCs with the HLA-A*02:01 gene, and co-cultured these APCs with
C25 TCR-expressing T cells. Expression of the p.N495A (ALVPMVATV) mutant
consistently elicited brighter signal (83.2% of APCs gated as PE anti-1L2 antibody-positive
in a representative experiment) than expression of the wild-type epitope (47.3% gated); the
p.V497A (NLAPMVATV) mutant elicited moderate signal (27.7% gated); and the p.T502A
(NLVPMVAAV) mutant elicited dim signal (4.7% gated) (Fig. 2D). Expression of the other
mutants (p.L496A, p.P498A, p.M499A, p.V500A, and p.VV503A) did not elicit substantial
signal (0.8%, 1.4%, 0.4%, and 0.3% gated, respectively) relative to expression of HLA-
A*02:01 alone (0.9% gated) (Fig. 2D). These results are consistent with a crystal structure
(27) that showed that C25 TCR makes extensive interactions with positions 498-500.
Mutation of positions 496 and 503 are predicted to weaken binding to HLA-A*02:01 (table
S5).

Finally, we reasoned that we could increase the number of HLA genes that could be tested
concurrently. To demonstrate this, we co-transduced cytokine-capturing APCs with HLA-
A*02:01, HLA-B*07:02, and HLA-C*08:02, along with GILGFVFTL, TPRVTGGGAM, or
GADGVGKSAL epitope-encoding genes. We co-cultured these APCs with T cells
expressing JM22, 1A, or KRAS p.G12D-reactive TCRs. Surface-bound IL-2 was detected
when the APCs expressed epitopes corresponding to expected TCR specificities (Fig. 2E).

Taken together, these results suggest that our engineered APCs could express epitopes
presented by HLA-A, HLA-B, or HLA-C; could be co-transduced with multiple HLA; could
be labeled in a T cell activation-dependent manner; and could distinguish epitopes eliciting
strong cytokine release from those eliciting weak cytokine release.

Adapting the system to identify HLA class Il epitopes

We designed an analogous system to label class 11 epitope-expressing APCs (Fig. 2F). While
the class | KO APCs do not express class Il on their surface at baseline (fig. S2D), non-
professional APCs can support class Il expression, either after transduction with C//7A (33),
or after expression of defined class Il genes (34). As C//TA induces endogenous class Il
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expression (fig. S2D), transient expression of CRISPR/Cas9 cassettes are needed to
knockout endogenous class 11 genes (HLA I/11 KO APCs) (fig. S2, E and F) so that the
APCs express only desired HLA genes (fig. S2, G and H). To direct encoded peptides into
endosomal compartments for class Il presentation, encoded peptides can be fused to CD74.
In one version, we fused the peptide-encoding minigene to the 3’ of CD74 with an
intervening cathepsin S cleavage sequence (35); in the second version, we encoded the
peptide sequence in place of the CLIP-encoding region in CD74(34) (Fig. 2F and fig. S2I).

To test these systems, first, we co-transduced HLA I/11 KO APCs with HLA-DRA*01:01,
HLA-DRBI1#*01:01, and a class Il epitope-encoding gene from influenza A hemagglutinin
(HA) fused to the 3" of CD74. In parallel, we transduced TCR KO T cells with an HA-
reactive TCR, HAL.7 (36). Co-culture of these APCs and T cells led to surface-bound IL-2
on the APCs (fig. S2J). Second, we transduced the HLA | KO APCs (in the absence of
CIITA) with HLA-DRA*01:01 and HLA-DRBI1*01.01, or with HLA-DRA*01:01 and
HLA-DRB1*15:01. We co-transduced these cells with the influenza epitope-encoding gene
or with a class Il autoimmune epitope-encoding gene from myelin basic protein (MBP)
(table S2) (37). In parallel, we transduced TCR KO T cells with HA1.7 TCR or with the
MBP-reactive TCRs, Ob.1A12 or Ob.2F3 (38). After co-culture of the APCs and T cells,
expression of the epitope-encoding sequences either fused to the invariant chain or replacing
CLIP, but not fused to a signal sequence, led to cytokine capture on the APCs in an epitope-
specific manner (Fig. 2G and fig. S2K).

Taken together, these results demonstrated that our engineered APCs can capture cytokine in
the context of both HLA class | and |1 epitopes, and their respective TCRs.

Identification of a T cell epitope from a pooled oligonucleotide library

Using these APCs, we developed a method to locate a specific epitope amongst a pool of
peptide-encoding oligonucleotides (fig. S3A). First, we created a library consisting of 32
CMV, Epstein-Barr virus (EBV), or influenza (Flu) (CEF) epitope-encoding minigenes (Fig.
3A) (39). Sequencing of the library showed representation of each epitope (fig. S3B). We
transduced the library into HLA-A*02:01-expressing APCs at a multiplicity of infection
(m.o.i.) <1 (approximately 0.2-0.5) to create a library of epitope-expressing APCs (Fig. 3B
and fig. S3A).

We seeded the APC library at low density relative to library diversity (i.e. 3.5-10 APCs/well
relative to 32 possible epitope-expressing APCs), aiming for <1 positive clone per well to
limit the possibility of signal leakage (Fig. 3B and fig. S3A). In total, we seeded >1000 cells
(i.e. 1000-8000) so that each epitope in the library was represented multiple times (Fig. 3B).
To each well, we added T cells expressing JM22 TCR (28). After co-culture, we stained
APCs with fluorescent molecule-conjugated anti-1L-2 antibody (Fig. 3C and fig. S3C),
separated PE* and unlabeled APCs, and sequenced the epitope-encoding genes by NGS.

In a representative experiment (table S6A), in the pulldown of PE* cells, 17.4% of total
peptide-encoding reads encoded the JM22 target, GILGFVFTL (fig. S3D). In comparison,
GILGFVFTL was represented by 3.9% of peptide-encoding reads in the unlabeled
population (fig. S3D). This difference of 13.5% (Fig. 3D) was the most significant outlier

Sci Immunol. Author manuscript; available in PMC 2021 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lee and Meyerson

Page 6

among the 32 encoded peptides, with a z-score of 5.2 (Fig. 3E). All 31 of the other encoded
peptides had a z-score <1 (Fig. 3E). Replication showed similar results (table S6A and fig.
S3, E and F). These results demonstrated that our assay can identify a targeted epitope
starting from a mixed pool of peptide-encoding oligonucleotides.

Identification of an HLA class Il epitope from a pooled oligonucleotide library

We performed an analogous screen with HLA class |1 epitopes, using a pooled DNA library
consisting of 19 CMV, EBV, Flu, or Clostridium tetani (CEFT) class 11 epitope-encoding
genes (fig. S3G) (40, 41). We transduced this library into HLA-DRA*01:01 and HLA-
DRB*01.01 co-expressing APCs at m.o.i. <1 (approximately 0.2-0.5), and co-cultured the
APC library with T cells expressing HA1.7 TCR.

In a representative experiment (table S6B), in the pulldown of PE* cells, 11.4% of total
peptide-encoding reads encoded the HAL.7 target, PKYVKQNTLKLAT (fig. S3H). In
comparison, PKYVKQNTLKLAT was represented by 2.4% of peptide-encoding reads in
the unlabeled population (fig. S3H). This difference of 9.0% (fig. S3, | and J) was the most
significant outlier among the 19 encoded peptides, with a z-score of 3.7 (fig. S3K).
Replication showed similar results (table S6B and fig. S3, | and J). These results
demonstrated that our assay can be used to identify class Il epitopes starting from mixed
pools of peptide-encoding oligonucleotides.

Scale-up of the assay to identify a TIL-targeted neoepitope from an oligonucleotide array

We then determined whether we could identify the neoepitope target of a tumor-infiltrating
T cell amongst a pool of thousands of putative epitopes synthesized on an oligonucleotide
array. As proof-of-principle, we used the KRAS p.G12D-reactive TCR (6). We created a
pooled library of 2,100 oligonucleotides encoding all 8-12 amino acid (aa) peptides that
contain one of 42 common driver mutations (Fig. 4A and table S6C). 1,967 peptide-
encoding sequences (93.6% of expected library diversity) were identified in the input DNA
library (Fig. 4B) at the depth sequenced (fig. S4A). We transduced the library into HLA-
C*08:02-expressing APCs at m.o.i. <1 (approximately 0.8), and co-cultured the APC library
with KRAS p.G12D-reactive TCR-expressing T cells.

In a representative experiment (table S6C), in the pulldown of PE* cells, 2.2% of total
peptide-encoding reads encoded the KRAS p.G12D TCR target, GADGVGKSAL (fig.
S4B). In comparison, GADGVGKSAL was represented by 0.09% of peptide-encoding reads
in the unlabeled population (fig. S4B). This difference of 2.1% (Fig. 4C) was the most
significant outlier among the library, with a z-score of 23.0 (Fig. 4D). Other sequences that
encompass the p.G12D mutation but at a shifted position and/or different length were not
significantly enriched (Fig. 4E). Replication showed similar results (Fig. 4F, fig. S4C, and
table S6C).

We also created a pooled library of 3,005 oligonucleotides (table S6D) encoding all 8-12 aa
peptides that contain one of 61 somatic mutations identified in the patient (4095) in whom
the KRAS p.G12D-reactive TIL was found (6). We transduced the library into APCs that
were co-transduced with all six of patient 4095’s class | genes (fig. S4D). After co-culture of
the APC library with T cells expressing the KRAS p.G12D-reactive TCR, we again
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identified GADGVGKSAL as the most significant outlier (fig. S4E and table S6D), with a z-
score of 25.6 (fig. S4F and table S6D).

Taken together, these results demonstrated that our assay can identify a TCR-targeted
epitope — in this case a tumor neoepitope — amongst a library of thousands of peptide-
encoding oligonucleotides synthesized on a DNA array.

Fine mapping epitope sequences using tiled encoded peptides

We reasoned that our method can be used to fine map epitopes targeted by a reactive T cell:
e.g. the minimal epitope targeted within a gene or genome. As proof of principle, we used
the Ob.1A12 TCR, aclass Il-restricted TCR identified in a patient with multiple sclerosis
(38). ENPVVHFFKNIVTPR was previously identified as an optimal 15 aa epitope within
the MBP protein (37).

We created a pooled DNA library that encoded all 15 aa peptides in MBP (Fig. 5, A and B,
fig. S5A, and table S6E), and created fusions with CD74 (fig. S21, middle panel). We
transduced this library into HLA-DRA*01.01 and HLA-DRBI1*15:01 co-expressing APCs
at m.o.i. <1 (approximately 0.25-0.75), and co-cultured the APCs with T cells expressing
the Ob.1A12 TCR.

In a representative experiment (table S6E), in the pulldown of PE* cells, five overlapping
peptides had z-scores >2 (Fig. 5, C and D, and fig. S5B). Replication showed similar results
(fig. S5, C to F, and table S6E). We confirmed our screening results using individual
encoded peptides, showing that each of the five epitopes elicit T cell activation, while the
flanking peptides did not elicit substantial signal relative to expression of HLA alone (Fig.
5E). Expression of QDENPVVHFFKNIVT consistently resulted in dimmer signal (4.0% of
APCs gated as PE™ in a representative experiment) relative to expression of the other four
epitopes (37.3%, 61.4%, 49.7%, and 83.7% gated) (Fig. 5E and fig. S5G), consistent with its
weaker enrichment in the screen (Fig. 5, C and D). Consistent with our functional screen, the
four strongest T cell-activating peptides (Fig. 5E) were the top four predicted binders to
HLA-DRB1*15:01 (fig. S5H).

These results show that multiple stimulatory epitopes could be identified in a single
pulldown, the enrichment scores can be semi-quantitative, and this information taken
together can be used to fine map epitopes.

Identification of epitopes targeted by orphan T cell receptors

Having established the ability to identify known epitopes, we set out to apply our method
towards discovery of epitopes targeted by TCRs that are common in the population (i.e.
“public” TCRs), but whose targets remain unknown (i.e. “orphan” TCRs). We started with a
published database of 89,840,865 TCRp sequences identified in the peripheral blood of 666
donors (10). Analysis of this dataset had shown that 164 TCRp sequences were shared by
multiple individuals and were statistically associated with CMV seropositive status (10).
While prior data suggested that nine of the TCRp sequences recognize known class | CMV
epitopes, 155 of the epitopes remain unknown (10).
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To identify targets of the orphan TCRs, we first needed to define (i) the TCRa genes whose
protein products form heterodimers with the selected TCRp proteins, (ii) the HLA
presenting the epitope to the TCRs, and (iii) a putative epitope set (Fig. 6A). Because these
are public TCRp, we searched databases of single-cell TCR sequences (from peripheral
blood, tumor, or normal tissue) (42—-45) for the exact TCRp genes, leading to identification
of 11 of the 155 TCRp sequences with paired TCRa sequences (fig. S6A and table S7).
Candidate HLA were identified for 10 of 11 TCRs from available HLA typing (table S7),
although full typing was not available, representing a potential source of negative screening
results. For four TCRs (TCRs #1-4), candidate HLA were narrowed to a single type based
on statistical association with the TCRp (10); and for two TCRs (TCRs #5-6), candidate
HLA were narrowed to two HLA types each (table S7).

As a source of putative epitopes, we focused on the 236 kbp CMV genome — the largest
among viruses that cause disease in humans (46) (fig. S6B) — as the most likely antigen
source given the TCRs’ association with CMV seropositivity (fig. S6A). We synthesized two
libraries (Fig. 6C and table S6, F and G): (i) a library of 2,852 oligonucleotides, each
encoding 8-10 aa peptides from CMYV that were predicted to bind to HLA-A*24:02, HLA-
B*07:02, or HLA-B*51:01 (our “NetMHC-filtered” library); and (ii) a library of 4,867
oligonucleotides, each encoding 50 aa peptides (with 32 aa overlaps) tiling the CMV
proteome (our “tiled” library). We transduced the NetMHC-filtered library into HLA-
A*24:02, HLA-B*07:02, and HLA-B*51:01 co-expressing APCs (to screen TCRs #1-4).
We transduced the tiled library into APCs co-expressing HLA-A*01:01 and HLA-B*08.01
(to screen TCR #5-6); APCs co-expressing HLA-DRA*01:01, HLA-DRB1%*04.01, HLA-
DRB4#01:03, and HLA-DRB5%*01.01 (to screen TCRs #7-9); or APCs co-expressing HLA-
DRA*01.01, HLA-DRB1*01.03, HLA-DRB1*07:01, and HLA-DRB4*01.01 (to screen
TCR #10). For class Il presentation, encoded peptides were fused to CD74.

To screen all TCRs concurrently, we streamlined technical aspects of the workflow. We (i)
transduced the oligonucleotide library at m.o.i. >1 (approximately 4-10) to increase the rate
of positive clones; (ii) plated 300,000 APCs in a single 10-cm plate for each TCR tested
(rather than partitioning the library among wells as we had done in earlier screens); and (iii)
sorted the cells using an array of magnetic columns (fig. S6C). To further enrich for PE*
cells, we cultured the first round of sorted APCs, re-incubated them with T cells, performed
a second sort, and then generated NGS libraries (fig. S6C). For the screens in which only
few PE* cells were pulled down (i.e. for TCRs #3, 4, and 9), NGS libraries were not
prepared.

Four candidate epitopes were found in the class I screens (Fig. 6, D to N, and fig. S6, D to
K). For TCR #1, using the NetMHC-filtered library, we identified LPLKMLNI from the
CMV ULS83 protein as the top candidate (Fig. 6D, fig. S6D, and table S6F), with a z-score of
34.1 (Fig. 6G). We confirmed that LPLKMLNI stimulates TCR #4-expressing T cells, and
that recognition is restricted by HLA-B*51:01 (Fig. 6L).

For TCR #5, using the tiled library, we identified the 50 aa peptide CMV UL83 (324-373)
(table S2) as the top candidate (Fig. 6E, fig. S6E, and table S6G), with a z-score of 50.3
(Fig. 6H). We confirmed that this peptide (QQI 50-mer) stimulates TCR #5-expressing T
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cells, and found that recognition is restricted by HLA-A*01:01 (Fig. 6M). Within the QQI
50-mer, the 11 aa peptide YSEHPTFTSQY was the top ranked peptide predicted to bind to
HLA-A*01:01 (Fig. 6J and table S5). We confirmed that YSEHPTFTSQY stimulates TCR
#29-expressing T cells (Fig. 6M and fig. S6G). In addition to TCR #5, we had identified
another T cell (TCR #5b) in the single-cell data which expressed the same TCRp but with an
alternative TCRa (tables S4 and S7). TCR #5b did not show substantial activation by the
QQI 50-mer (fig. S6H).

For TCR #6, we identified the 50 aa peptide CMV UL44 (229-278) (table S2) as the top
candidate (Fig. 6F, fig. S5F, and table S6H) with a z-score of 48.2 (Fig. 61). We confirmed
that this peptide (TLL 50-mer) stimulates TCR #6-expressing T cells, and found that
recognition is restricted by HLA-A*01:01 (Fig. 6N). Within the TLL 50-mer, the 9 aa
peptide VTEHDTLLY was the top ranked peptide predicted to bind to HLA-A*01:01 (Fig.
6K and table S5). We confirmed that VTEHDTLLY stimulates TCR #1-expressing T cells
when presented on HLA-A*01:01 (Fig. 6N).

For TCR #2, using the NetMHC-filtered library, we identified 18 candidates that appeared to
be outliers relative to background (fig. S6, | and J, and table S61). Replication of both rounds
of screening showed that VYAIFIFQL from the CMV US20 protein was a candidate in both
screens (fig. S6K and table S61). We confirmed that VYAIFIFQL stimulates TCR #2-
expressing T cells, and that recognition is restricted by HLA-A*24:02 (fig. S6L). Expression
of a 50 aa peptide that contains the endogenous sequence context around VYAIFIFQL also
stimulated TCR #2-expressing T cells (fig. S6M). We hypothesized that the candidates that
were not reproducible in the original screen may be false positives caused by (i) transduction
of the oligonucleotide library at m.o.i. >1 combined with (ii) selection of a small number of
clones in the first round of the screen. This “bottleneck” effect would cause APCs
expressing VYAIFIFQL to be selected, but “passenger” peptides within VYAIFIFQL-
expressing APCs to also be enriched. With higher m.o.i., our screening workflow depended
upon selection of many different clones, so that only the target epitope is enriched (Fig. 3B).
Testing of several of the hypothesized passenger peptides confirmed that they did not
stimulate TCR #2 (fig. S6N).

Altogether, we identified epitopes for four of six TCRs with unique TCRp genes that were
screened on class | libraries. Potential reasons for lack of identification of targets (e.g. for
TCRs #3-4) are: (i) an absence of the epitope in the encoded peptide library secondary to
filtering for predicted HLA binding, to strain-specific differences or unannotated ORFs, to
inefficient processing of a long peptide, or to the absence of post-translational modifications;
(if) an incorrect TCRa due to promiscuity in TCRB-TCRa pairing; or (iii) a lack of power
secondary to variability of abundance of encoded peptides during input library preparation.
Of the four epitopes we identified, three have been described. YSEHPTFTSQY and
VTEHDTLLY have previously been shown to stimulate T cells from multiple individuals
(47), consistent with the associated TCRp genes being public. LPLKMLNI has previously
been shown to stimulate T cells from at least one individual (48). In contrast, the
VYAIFIFQL epitope has not been described previously.
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Identification of epitopes targeted by orphan, class ll-restricted T cell receptors

Three candidate epitopes were found in the class Il screens (Fig. 7, C to J, and fig. S7, A to
E). For TCR #7, using the tiled library, we identified the 50 aa peptide CMV UL86 (1217—
1266) (table S2) as the top candidate (Fig. 7C, fig. STA, and table S6J), with a z-score of
19.7 (Fig. 7E). We confirmed that this peptide (HRE 50-mer) stimulates TCR #7-expressing
T cells, and found that recognition is restricted by HLA-DRB1*04:01 (Fig. 71). Within the
HRE 50-mer, AQTFAATHNPWASQA was the top ranked 15 aa peptide predicted to bind to
HLA-DRB1*04:01 (Fig. 7G and table S5). We confirmed that AQTFAATHNPWASQA
stimulates TCR #7-expressing T cells when presented on HLA-DRB1*04:01 (Fig. 71 and
fig. S7, B and C).

For TCR #8, we identified the same HRE 50-mer as the top candidate (fig. S7, D and E, and
table S6K). This was not unexpected given sequence similarity between TCR #7 and TCR
#8 (table S4). We confirmed that TCR #8 was similarly restricted by HLA-DRB1*04:01
(fig. S7F), and that AQTFAATHNPWASQA stimulates TCR #8-expressing T cells when
presented on HLA-DRB1*04:01 (fig. S7G). Of note, TCR #7 and #8 use the TRBV12-3
gene segment. TCRP sequencing (10, 42) had been unable to resolve TRBV12-3 from
TRBV12-4 (table S7). In contrast to T cells expressing TCR #7 or #8, T cells expressing
TCRs with the corresponding TRBV12-4-containing sequences (TCR #7—-4 and TCR #8-4)
(table S4) were not activated by the HRE 50-mer nor AQTFAATHNPWASQA (fig. S7G).
This suggests that TRBV12-3 CASSLGGPGDTQYF TRBJ2-3 and TRBV12-3
CASSLGGAGDTQYF TRBJ2-3 are the TCRp driving the statistical associations with
CMV seropositivity (10).

For TCR #10, we identified the 50 aa peptide CMV UL44 (2-51) (table S2) as the top
candidate (Fig. 7D, fig. S7H, and table S6L), with a z-score of 15.7 (Fig. 7F). The second
highest-scoring candidate (z-score of 13.7) was the adjacent 50-mer, CMV UL44 (20-69)
(Fig. 7, D and F, and tables S2 and S6L) (Fig. 7H). We confirmed that these peptides (DRK
50-mer and YKT 50-mer) stimulate TCR #10-expressing T cells, and found that recognition
is restricted by HLA-DRB1*07:01 (Fig. 7J and fig. S71). Within the DRK 50-mer,
NTTVTFLPTPSLILQ was the top ranked 15 aa peptide predicted to bind to HLA-
DRB1*07:01 (Fig. 7G); the overlapping peptide TTVTFLPTPSLILQT was the top ranked
peptide within the YKT 50-mer (Fig. 7G). We confirmed that NTTVTFLPTPSLILQ and
TTVTFLPTPSLILQT stimulate TCR #10-expressing T cells when presented on HLA-
DRB1*07:01 (Fig. 7J and fig. S7, J and K).

Taken together, we identified epitopes for three of four TCRs with unique TCRp genes that
were screened on class Il libraries. One previous report had described peptides containing
the FAATHNPWA binding core (e.g. AQTFAATHNPWASQA) that stimulate CD4* T cells
in several individuals (47, 49), consistent with the associated TCRp genes being public.
Class Il epitopes containing the FLPTPSLIL binding core (e.g. TTVTFLPTPSLILQT) have
not been previously described. In total, out of the ten CD8* or CD4* TCRs with unique
TCRP genes, we identified CMV epitopes for seven, including both known and previously
undescribed epitopes. These data validate the accuracy and robustness of our screening
method.
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DISCUSSION

Our key advance is the development of engineered APCs that link a T cell-secreted cytokine
signal with the DNA that encodes the presented peptide, allowing oligonucleotide pools with
complexities in at least the thousands to be filtered for T cell epitopes. We used this system
to identify epitopes for CD8* and CD4" T cell receptors that are shared amongst many
individuals, and whose peptide-HLA targets were previously unknown.

In contrast to other pooled DNA-based screening systems, signal generation occurs through
an unmodified HLA molecule, and the signal (T cell activation-dependent cytokine) is
common to both class I- and Il-restricted T cells. These features have potential advantages
over screening systems in which: optimization is needed to screen different HLA molecules
(19) with potential intractability for certain alleles (24); tethered peptide-HLA complexes
are used that may alter peptide binding affinities and necessitate encoded peptide libraries to
be separately prepared with each HLA (19-21, 25); signal is generated solely through
binding interactions (19, 20); or signal is restricted to certain T cell subsets (22). Previous
technologies to screen HLA class Il libraries have been limited to testing hundreds of
peptides (50) or limited to screening single HLA alleles (19, 25). Our assay combines (i)
inexpensive scaling to many thousands of encoded peptides; (ii) co-transduction of multiple
class 11 genes into an immortal, class I1-negative APC line; (iii) an encoded anti-cytokine
antibody that can be interchanged (Fig. 1D), theoretically allowing selection of T cell
subsets through their differential cytokine secretion (51); and (iv) a robust epitope selection
strategy, which together could help greatly expand the number of known class 1l
epitope/TCR pairings (52). For example, our identification of TTVTFLPTPSLILQT
represents, to our knowledge, the first human CD4" TCR for which an epitope has been
identified using an oligonucleotide library-based functional screening approach. Such high-
throughput screening for HLA class Il epitopes is of particular need given the poorer
accuracy of /n silicoHLA class Il binding prediction algorithms (53) combined with the
importance of CD4* T cells in disease physiology.

The major advantage of our approach relative to traditional epitope identification methods
(e.g. ELISPQOT and ICS) is the greatly increased scale of peptides that could be tested, given
orders of magnitude lower cost. This enables two opportunities. One is relatively cheap
screening of otherwise very expensive peptide sets, e.g. peptides tiling entire proteomes of
viruses. The second is construction of even larger peptide libraries that are difficult, if not
impossible, to screen using chemically synthesized peptides due to cost and/or technical
constraints; e.g. virome-wide libraries, proteome-wide bacterial libraries, or proteome-wide
mammalian libraries. Here we screened libraries with complexities in the thousands,
although increases of peptide library diversity beyond those described here should be
possible as oligonucleotide libraries can be synthesized at orders of magnitude greater scale
(18). The main drawback lies in the inherent counterbalance between tackling peptide
complexity vs. T cell complexity, which is common to current epitope identification
technologies (54). Screening efficiency may be improved by adding mixtures of T cells to
the libraries, or by combining our method with high-throughput TCR cloning (55) and/or T
cell selection strategies (12, 56).
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We performed unbiased screening of the CMV proteome to identify the targets of TCRs that
are common among humans. Our identification of CMV epitopes confirms the genetic
associations between presence of these TCRp genes and CMV seropositive status (10). As
the epitope search space was unbiased for sequences within CMV, the identification of
several known epitopes serves as evidence for the specificity of our method. We also
identified class I- and I1-presented CMV epitopes (VYAIFIFQL and TTVTFLPTPSLILQT,
respectively) that have not been previously described. Because these epitopes are targeted by
public TCRp genes, these epitopes may be common, but previously unrecognized, antigens
within CMV; population studies are needed to evaluate this possibility. Beyond public TCRs,
our method could be used to identify antigens for orphan TCRs derived from, e.g.: T cells
that are infiltrating into tissue (e.g. tumor-infiltrating T cells); T cells that are selected
through /n vitro activation studies (e.g. using whole virus) in which the minimal epitopes are
unmapped; or individuals” memory T cell repertoires for wide-ranging characterization of T
cell specificities.

Knowledge of HLA-epitope-TCR complexes is increasingly being used to develop
diagnostics (10) and therapeutics (6, 7) such as TCR-based cellular therapies, underscoring
the growing need for improvements in HLA-epitope-TCR complex identification as
described herein. The ability of our method to scale peptide testing at low cost may enable
further discovery of class | and 11 epitopes in patients with infectious diseases, and suggests
a path towards identification of novel tumor neoepitopes as well as elusive T cell targets,
such as autoimmune epitopes (57).

MATERIALS AND METHODS
Study design

The goal of this study was to develop a method, based on capturing T cell-secreted cytokines
on the APC cell surface, to identify T cell-targeted epitopes from peptide-encoding
oligonucleotide pools. We genetically manipulated APCs to express defined HLA genes,
libraries of peptide-encoding genes, and surface-bound anti-cytokine antibody-encoding
genes. We used TCRs with known specificity to screen for their cognate epitope(s) as proof-
of-principle, and then screened encoded peptide libraries for epitopes targeted by orphan
TCRs. The number of independent experiments is described in the figure legends, where
applicable.

Cells, viruses, and reagents

Jurkat cells were maintained in RPMI 1640 with 10% FBS. HelLa and 293T cells were
maintained in DMEM with 10% FBS. Lentivirus was produced in 293T cells using pLX301
or pLX303 (Addgene #25895/25897), psPAX2, and pPCMV-VSVG. PMA and ionomycin
were obtained from Sigma-Aldrich. Recombinant IL-2 and IFN-y were obtained from
Peprotech. Antibodies were obtained from the following sources: PE- or Vio515-conjugated
anti-1L-2 (N7.48 A) and PE-conjugated anti-IFN- y (IFN-y Secretion Assay-Detection Kit)
from Miltenyi; APC-conjugated anti-CD45 (HI30), FITC-conjugated anti-HLA-A/B/C
(W6/32), FITC-conjugated anti-HLA-DR (T36), FITC-conjugated anti-HLA-DP/DQ/DR
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(Tu39), PE-conjugated anti-HLA-DM (MaP.DM1), and PE-conjugated anti-TCR a/p (1P26)
from BioLegend.

Antigen-presenting cell preparation

Genomic DNA from HelLa and HEK293T cells was extracted (DNeasy Blood & Tissue Kit;
Qiagen), and HLA typed by NGS (CD Genomics). HeLa cells were typed as HLA-A*68.02
(homozygous), HLA-B*15:03 (homozygous), HLA-C*12:03 (heterozygous ¢.391G>A
(p.G131R)), DPA1#02:01:08 (homozygous), DPB1*01:01.01 (homozygous),
DQA1#01:01.01 (homozygous), DQBI1*05.01:01 (heterozygous ¢.186C>T (p.H62Q)),
DRB1*01:02:01 (homozygous), DRB345 not present. 293T cells were typed as homozygous
HLA-A*02:01, HLA-B*07:02, HLA-C*07:02, DPA1#*01:03.01, DPB1*04:02:01,
DQA1*01:02:01, DQB1#*06.02:01, DRB1*15:01:01, and DRB5*01.:01.01. Two CRISPR/
Cas9 cassettes directed to cleave sequences in all the above class | genes were cloned into
pX330 (Addgene #42230) (table S1). The targeting vectors were transfected into HelL.a or
HEK293T cells using TransIT-LT1 (Mirus Bio), and single-cell clones were established. To
create class I/ 11 knockout cells, CRISPR/Cas9 cassettes directed to cleave the HelLa class Il
genes were cloned into pXPR_001 (Addgene #49535) (table S1). The targeting vectors were
transfected into a C//TA-expressing class | KO HeLa clone, and single-cell clones were
established. Class I or I/1l KO APCs were then transduced with selected HLA cDNAs.

To express surface-bound antibodies, anti-1L-2 (clone 16C3.1) (58) or anti-IFN-y (clone
NI1-0501) (59) heavy and light chain cDNAs were cloned separately into pLX303; antibody
heavy chains were fused to a GGSGGGSG linker followed by a transmembrane domain
from PDGFRB (table S3). APCs were co-transduced with the heavy and light chain genes.
Cells were used directly, or single-cell clones were established.

Encoded peptide library construction

Class | encoded peptides were cloned 3’ of the human /L2 signal sequence, into pLX301
using Gibson Assembly (New England Biolabs). Oligonucleotides were synthesized by IDT,
CustomArray/GenScript, or Twist Bioscience. For class I1-presented peptides, the invariant
chain (CD74) gene was fused to a cathepsin S cleavage site (aa sequence: GRWHTVGL)
followed by a peptide-encoding sequence. Alternatively, the CLIP-encoding sequence (aa
sequence: MRMATPLLM) in CD74was replaced with a peptide-encoding sequence. Long
(50 aa) class | peptides were cloned 3’ of a methionine; the spacer sequence encoding
HTVGLYM was added between the methionine and peptide to facilitate cloning. For long
class Il peptides, a YM spacer sequence was added between the cathepsin S cleavage site
and the encoded peptide.

To construct the CMV libraries, we downloaded sequence data for all 169 annotated ORFs
(open reading frames) in strain Merlin (NCBI AY446894 and UniProt UP000000938); 190
ORFs in strain AD169 (UniProt UP000008991); and 57 ORFs from mass spectrometry of
CMV-infected cells (60). To construct the tiled library, for all ORFs, we tiled 50 aa peptides
starting from the start codon, each with 32 aa overlaps. Full-length ORFs were used if ORF
length was <50 aa. This resulted in 4,867 total unique peptides. To construct the NetMHC-
filtered library, we ran all ORF sequences through the NetMHCpan 4.0 server (61),
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specifying peptide lengths of 8-10 aa, and alleles HLA-A*24:02, HLA-B*07:02, and HLA-
B51:01. We obtained 1,407 peptides for HLA-A*24:02 (%Rank </= 0.5), 947 peptides for
HLA-B*07:02 (%Rank </=0.2), and 631 peptides for HLA-B*51:01 (%Rank </= 0.2); for
2,852 unique peptides.

T cell receptor expression

Jurkat T cells were transduced with lentivirus containing CRISPR/Cas9 cassettes
(pXPR_001) directed to cleave the TCR constant regions (7TRAC and TRBCI) (table S1),
and single-cell clones were established.

TCR cDNAs were prepared as follows. The TCR constant regions were modified: silent
mutations were introduced to avoid CRISPR/Cas9 targeting (table S1), and TRAC p.T48C
and TRBC p.S57C mutations were introduced (62). Specific TCRa and TCRp variable
regions were fused in-frame of the respective TCR constant region, and cloned into pLX301.
Lentivirus containing TCRa and TCRp genes were co-transduced into TCR KO T cells.

APC cytokine capture assay

APCs expressing desired HLA, encoded peptides, and surface-bound anti-cytokine
antibodies were seeded in 384-well, 96-well, or 10-cm plates, and cultured for 2-8 days. T
cells were then added at a ratio between 2:1 and 16:1 along with 25-80 ng/mL PMA. After
incubation at 37°C for 16-24 hours (or for time intervals indicated in text), cells were
washed with phosphate buffered saline (PBS). Cells were dissociated with 0.25% trypsin-
EDTA or enzyme-free cell dissociation buffer (Thermo Fisher Scientific), pooled, and
stained with fluorescently-labeled anti-1L2 antibody; alternatively, cells were stained in the
plate prior to dissociation. Stained cells were washed with PBS. A subset was imaged (Zeiss
Axiovert 40 CFL, Olympus CK40, or Olympus 1X73) to assess fluorescence, or analyzed by
flow cytometry (BD LSRFortessa). For pulldowns, PE™ cells were labeled using Anti-PE
MicroBeads (Miltenyi) or PE Positive Selection Kit (StemCell Technologies), and separated
from unlabeled cells using a MACS Separator (Miltenyi) or EasySep Magnet (StemCell
Technologies).

Amplification of encoded peptides and sequencing

Genomic DNA was extracted from PE* (pulldown) and PE~ cells (flow-through). The
integrated peptide-encoding sequences were amplified by PCR (HiFi HotStart ReadyMiXx;
Kapa Biosystems) using barcoded primers (table S1) complementary to sequences flanking
the peptide-encoding sequences. NGS libraries were prepared from the PCR products and
sequenced by MGH CCIB DNA Core (Boston, MA).

Data analysis

For each NGS read, the 5’ and 3’ barcodes were identified to demultiplex the reads into
associated samples. For long encoded peptides, paired end reads were joined using fastg-join
(63). For each read, common sequences flanking the peptide-encoding sequence were
identified, and the intervening peptide-encoding sequences were enumerated for each
sample. For each sample, the fractional abundance of each encoded peptide in the pulldown
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was calculated. The difference in fractional abundance of each encoded peptide between
pulldown and flow-through samples (annotated as % enrichment) was calculated.

Peptide-HLA binding predictions were performed using NetMHCpan 4.0 (61), NetMHCpan
4.1 (64), or NetMHCllIpan 4.0 (65) servers using default parameters, including rank
thresholds for strong binding (SB) peptides (0.5% for NetMHCpan, 2% for NetMHClIpan)
and weak binding (WB) peptides (2% for NetMHCpan, 10% for NetMHClIpan).

Statistical analysis

Data are reported as mean + standard deviation. P values were calculated using a paired,
two-tailed Student’s t-test; */<0.05, **/<0.005. Z-scores were calculated for encoded
peptides identified in the pulldown or flow-through samples as the difference of each %
enrichment value from the mean, divided by the standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Establishing a system for epitope identification by APC cytokine capture.
(A and B) Schematic representation of system to express a library of peptide-encoding genes

on specified HLA proteins (A), and to identify APCs that present epitopes by capturing T
cell activation-dependent cytokines on the APC surface (B). (C) Flow cytometric analysis of
HLA class | expression on wild-type HelLa cells, class | KO cells (CRISPR HLA 1), or class
I KO cells stably expressing HLA-A*02:01. (D) Fluorescent microscopy of HeLa cells
expressing membrane-bound anti-1L-2 or anti-IFN-y antibody, and incubated for 2 hours
with 100 ng/mL recombinant IL-2, 100 ng/mL recombinant IFN--y, or with no cytokine.
Cells were stained with respective PE anti-cytokine antibodies. (E) Flow cytometric analysis
showing SSC versus PE anti-IL-2 antibody staining (top) or PE histogram (bottom) for
indicated time intervals after co-culture of C25 TCR-expressing T cells with APCs
expressing HLA-A*02:01 and a CMV epitope-encoding gene. Data are representative of two
or three independent experiments.
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Fig. 2. Engineered APCs capture cytokinein an HLA class| or || epitope-specific manner.
(A) Schematic of genetic alterations to engineer cytokine-capturing APCs. Each class |

minigene is fused to a signal sequence. (B) Flow cytometric analysis of I1L-2 cell surface
capture after co-culture of KRAS p.G12D-reactive TCR-expressing T cells with APCs
expressing HLA-C*08:02 with or without encoded KRAS peptides. (C to E) Histogram of
IL-2 cell surface capture after co-culture of indicated TCR-expressing T cells with APCs
expressing indicated HLA and encoded peptides, including encoded peptides that bind to
different HLA (C); alanine substitution variants of NLVPMVATYV (D); or encoded peptides
co-expressed with multiple HLA genes (E). (F) Schematic of genetic alterations to engineer
cytokine-capturing APCs for class Il presentation. Class Il encoded peptides are fused to the
invariant chain (/i) either replacing CLIP or with an intervening cathepsin-cleavage
sequence. (G) Histogram of I1L-2 cell surface capture after co-culture of indicated TCR-
expressing T cells with APCs expressing indicated HLA and peptide-encoding genes.
Peptides were encoded in place of CLIP. Wild-type //was used as a control. For each TCR,
histogram of HLA alone is overlaid in white. Data are representative of two or three
independent experiments.
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Fig. 3. Identification of a target epitope from a pooled oligonucleotide library.
(A) Schematic showing the pooled set of 32 CEF epitope-encoding genes. HLA-A*02:01-

expressing APCs were transduced with the pooled peptide-encoding genes at m.o.i. <1, and
co-cultured with T cells expressing JM22 TCR. (B) Schematic of strategy to identify the
target epitope. The APC library is seeded into wells in numbers less than the diversity of the
encoded peptide library. T cells are added to all wells. APCs expressing the target epitope-
encoding gene become labeled with cytokine and can be selected. (C) Brightfield (top) and
fluorescent (bottom) microscopy of HLA-A*02.01- and CEF epitope-expressing (m.o.i. <1)
APC clones that were clonally expanded, co-cultured with JIM22 TCR-expressing T cells,
and then stained with PE anti-1L-2 antibody. PMA (80 ng/mL) and ionomycin (1000 ng/mL)
were added to the T cells and APCs as a positive control (right). (D) Difference between
sorted and flow-through cells in percentage of total read counts for each encoded peptide.
(E) Frequency of z-score measurements from screening data. Data are representative of two
independent experiments.
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Fig. 4. Scale-up to identify a targeted neoepitope from an oligonucleotide array.
(A) Schematic showing the set of 2,100 peptide-encoding minigenes encoding each of 42

common somatic mutations in all possible positions in 8-12 aa peptides. HLA-C*08:02-
expressing APCs were transduced with the pooled peptide-encoding genes at m.o.i. <1, and
co-cultured with T cells expressing KRAS p.G12D-reactive TCR. (B) Read count of
amplified peptide-encoding sequences from the input DNA library. GADGVGKSAL epitope
is shown in blue. (C) Difference between sorted and flow-through cells in percent total read
count for each encoded peptide. (D) Frequency of z-score measurements from screening
data. (E) Difference between sorted and flow-through cells in percent total read count for
each encoded peptide; only epitopes containing the KRAS p.G12D mutation are shown. (F)
Comparison between run #1 and run #2 of differences in percent total read count between
sorted and flow-through cells for each encoded peptide. Data are representative of two
independent experiments.
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Fig. 5. Fine mapping epitope sequences using tiled encoded peptides.

(A) Schematic showing /n silico construction of an encoded peptide library consisting of all
15 aa peptides in the MBP protein. (B) Schematic showing the positions (pos) of the 346
unique encoded peptides from indicated MBP isoforms. Peptide-encoding genes were
cloned 3’ of CD74 with an intervening cathepsin-cleavage sequence. HLA-DRA*01:01- and
HLA-DRBI1*15:01-expressing APCs were transduced with the pooled peptide-encoding
genes at m.o.i. <1, and co-cultured with T cells expressing Ob.1A12 TCR. (C) Difference
between sorted and flow-through cells in percent total read count for each encoded peptide.
Values of selected peptide sequences are shown on the right. (D) Frequency of z-score
measurements from screening data (left). (E) Histogram of IL-2 cell surface capture after co-
culture of Ob.1A12 TCR-expressing T cells with APCs expressing HLA-DRA*01 and
HLA-DRBI1*15:01 alone, or with indicated peptide-encoding genes. Screening data are
representative of one independent experiment run in triplicate. Flow cytometry data are
representative of three independent experiments.
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Fig. 6. Identification of epitopestargeted by orphan T cell receptors.
(A) Schematic showing sources of genes used to functionally test HLA-peptide-TCR

interactions. (B) Table of TCRpB and TCRa genes screened below, with candidate HLA 1.
(C) Two CMV peptide-encoding libraries were synthesized. The “NetMHC-filtered” library
consisted of 2,852 8-10 aa peptides selected for binding to HLA-A24:02, HLA-B07:02, or
HLA-B51:01. The “tiled” library consisted of 4,867 50 aa peptides tiling the CMV
proteome, each with 18 aa spacing from the adjacent peptide. (D to F) Difference between
sorted and flow-through cells in percent total read count for each encoded peptide sequence
screened with TCR #1 (D), TCR #5 (E), or TCR #6 (F). (G to ) Frequency of z-score
measurements from screening data for TCR #1 (G), TCR #5 (H), and TCR #6 (I). (J and K)
%Rank scores (-log) from NetMHCpan 4.1 for QQI (J) and TLL (K) 50-mers. Thresholds
for strong binders (SB) and weak binders (WB) are marked. (L to N) Histogram of I1L-2 cell
surface capture after co-culture of TCR #1- (L), TCR #5- (M), and TCR #6 (N)-expressing T
cells with APCs expressing indicated HLA with or without indicated encoded peptides. For
each TCR, histogram of HLA alone is overlaid in white. Data are representative of two or
three independent experiments.
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Fig. 7. I dentification of epitopestargeted by orphan, class||-restricted T cell receptors.
(A) Schematic showing sources of TCRp and TCRa genes, encoded peptides, and HLA 11

genes used to functionally test HLA-peptide-TCR interactions. (B) Table of TCRp and
TCRa genes screened below, with candidate HLA I1. (C and D) Difference between sorted
and flow-through cells in percent total read count for each encoded peptide screened with
TCR #7 (C) or TCR #10 (D). (E and F) Frequency of z-score measurements from screening
data for TCR #7 (E) and TCR #10 (F). Z-scores were calculated from the screening data
(left). (G and H) %Rank scores (-log) from NetMHClIpan 4.0 for HRE (G) and DRK/YKT
50-mers (H). (I and J) Histogram of 1L-2 cell surface capture after co-culture of TCR #7- (1)
or TCR #10 (J)-expressing T cells with APCs expressing indicated HLA with or without
indicated encoded peptides. For each TCR, histogram of HLA alone is overlaid in white.
Data are representative of two or three independent experiments.
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