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Abstract

Mutation-associated neoantigens (MANAS) are a target of antitumor T-cell immunity. Sensitive,
simple, and standardized assays are needed to assess the repertoire of functional MANA-specific T cells
in oncology. Assays analyzing in vitro cytokine production such as ELISpot and intracellular cytokine
staining (ICS) have been useful but have limited sensitivity in assessing tumor-specific T-cell responses
and do not analyze antigen-specific T-cell repertoires. The FEST (Functional Expansion of Specific T
cells) assay described herein integrates TCR sequencing of short-term, peptide-stimulated cultures with a
bioinformatic platform to identify antigen-specific clonotypic amplifications. This assay can be adapted
for all types of antigens, including mutation associated neoantigens (MANAS) via tumor exome-guided
prediction of MANAs. Following in vitro identification by the MANAFEST assay, the MANA-specific
CDR3 sequence can be used as a molecular barcode to detect and monitor the dynamics of these
clonotypes in blood, tumor, and normal tissue of patients receiving immunotherapy. MANAFEST is

compatible with high-throughput routine clinical and lab practices.
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Introduction

Patients can mount endogenous immune responses against mutation-associated neoantigens
(MANAS), but these responses are countered by immunosuppressive signals — so-called checkpoints (1).
Unleashing of MANA-specific T cells by checkpoint blockade promotes tumor regression in patients who
achieve clinical responses (2). Sensitive and specific T-cell assays that assess the repertoire of MANA-
specific T cells are needed to understand the nature of antitumor immunity and to identify biomarkers
predictive of response to immunotherapies. Current immunological approaches identify antigen
recognition and memory T-cell responses by assaying effects downstream of T-cell receptor (TCR)
engagement through cytotoxic T-cell assays, polyfunctional intracellular cytokine staining, or ELISpot
(3). Antigen-specific T cells, regardless of effector function or cytokine production, can be identified
using peptide:MHC multimer-based flow cytometry. These immune assays operate with low sensitivity or
rely on production of specific cytokines for antigen recognition to be detected. Under ideal conditions,
ELISpot can detect as few as 4 cytokine-secreting cells per 100,000 PBMC (4) but sensitivity is
frequently limited by high backgrounds. ICS can detect 1 cytokine-secreting cell in 10,000 (5), and
multimers can identify 1 in 5,000 antigen-specific T cells (6,7).

However, when evaluating responses to tumor-associated antigens (TAAs) or MANASs, to which T
cells could have been primed in an environment of tolerance rather than the inflammatory environment
induced by viruses, these conventional antigen detection assays are insufficient. A tandem mini gene
(TMG) approach has been described that can evaluate T-cell recognition of up to 16 genes in a given T-
cell culture after expansion(8,9). Although this method has increased the number of genes that can be
evaluated for immunological recognition, it utilizes IFNy ELISpot and/or 4-1BB upregulation as the
readout. A method developed by Schumacher et al allows for the analysis of >28 MANAs simultaneously
in a single sample using a combinatorial barcoded multimer approach (10). However, the TMG-based
approach and combinatorial multimer encoding are technically challenging and not yet high throughput or

compatible with routine clinical monitoring of the antitumor immune response. Based on these
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conventional assays, investigators have concluded that only a small number (generally <4) of potential
MANAS are recognized in a given cancer patient, even when there are hundreds identified by prediction
algorithms in cancers with high mutational burden. A question remains as to whether the repertoire of
functional MANA-specific T cells is in fact that limited or whether existing assays are not sensitive
enough to identify larger repertoires.

Beyond the detection of antigen-specific T cells, high-throughput molecular approaches are
needed to routinely measure the breadth of the TAA- and MANA-specific TCR repertoire in cancer
patients and monitor their response to immunotherapy. Although not all cells secrete enough cytokines to
be detected by current assays, the response of all T cells upon recognition of their cognate antigen is
clonal expansion (11,12), even in cases of tolerance induction or exhaustion (13). T cells recognize
antigen through engagement of the TCR with a unique cognate peptide:MHC complex. High diversity in
complementarity-determining region 3 (CDR3), which is responsible for peptide:MHC recognition,
enables the body to mount immunity against a range of peptide antigens and is the basis of T-cell antigen
specificity. Advances in sequencing of the TCR CDR3 region and quantification of TCRV clonotypes
(14,15) have enabled tracking of T-cell clones in peripheral blood, T-cell cultures, formalin fixed paraffin
embedded (FFPE) tissue, and/or fresh-frozen tissue. However, analysis of CDR3 regions does not provide
information on antigen specificity. We therefore developed the functional expansion of specific T cells
(FEST) assays that use TCRseq to analyze antigen-specific clonal expansion. In conjunction, we
developed a web-based bioinformatics platform to characterize expanded antigen-specific TCR VJ3
clonotypes. These assays can be done with peptides representing candidate viral antigens (ViraFEST,
which we used to optimize simple one-step culture variables), TAAs (TAAFEST), or MANAS
(MANAFEST). The FEST assays are based on TCR clonotypic quantification in a set of short-term
peptide-stimulated T-cell cultures and function independently of cytokine production. The FEST platform

can work with all HLA haplotypes and allows for tracking of antigen-specific T cells in FFPE and/or
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frozen tissue based on the ability of CDR3 regions to be used as a barcode for clones whose specificity is
defined in the FEST assay.

We show that the MANAFEST assay, supported by a web-based analytic platform, identifies
MANA-specific TCR V3 clones that can be matched with clones detected in tumor tissue and in the blood
of cancer patients treated with checkpoint blockade. MANAFEST can therefore validate the tumor
specificity of TCR Vf clonotypes, interrogate the dynamics of the antigen-specific T-cell response over
time, and monitor the efficacy of checkpoint blockade using liquid biopsies obtained before or after
treatment. The FEST assays can detect antigen-specific T-cell responses with sensitivity, specificity, and

high throughput.

Materials and Methods
Healthy donors and patients

This study was approved by the Institutional Review Board of Johns Hopkins University and was
conducted in accordance with the Declaration of Helsinki and the International Conference on
Harmonization Good Clinical Practice guidelines. The healthy donors and patients described in this study
provided written informed consent as approved by the IRB of Johns Hopkins University. Patient JH124
was diagnosed with Stage 11B squamous non-small cell lung cancer in November 2015 and was enrolled
on JHU IRB protocol NA_00092076 at the Sidney Kimmel Comprehensive Cancer Center. He received 2
doses of anti-PD-1 immunotherapy and underwent surgical resection in December 2015 (16). Pathology
demonstrated a complete pathologic response in the 9cm primary tumor and N1 nodes positive for tumor,
final pathology stage was I1A. The patient received adjuvant platinum-based chemotherapy from 02/2016

to 05/2016. He has no evidence of recurrence of his cancer at last follow up in 12/2017.

Whole exome sequencing and putative MANA identification
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Whole exome sequencing of matched tumor-normal samples and identification of candidate
neoantigens was performed as previously described using the VariantDx and ImmunoSelect-R pipelines
(Personal Genome Diagnostics, Baltimore, MD) (17,18). Briefly, the pre-treatment tumor sample
underwent pathological review for confirmation of lung cancer diagnosis and assessment of tumor purity.
Slides from the FFPE block were macrodissected to remove contaminating normal tissue and peripheral
blood was used as matched normal. DNA was extracted from tumor and matched peripheral blood using
the Qiagen DNA FFPE and Qiagen DNA blood mini kit respectively (Qiagen, CA). Fragmented genomic
DNA from tumor and normal samples was used for Illumina TruSeq library construction (Illumina, San
Diego, CA) and exonic regions were captured in solution using the Agilent SureSelect v.4 kit (Agilent,
Santa Clara, CA) according to the manufacturers’ instructions as previously described (17-20). Paired-end
sequencing, resulting in 100 bases from each end of the fragments for the exome libraries was performed
using Illumina HiSeq 2000/2500 instrumentation (Illumina, San Diego, CA). Depth of coverage was 209x

and 80x for the tumor and matched normal respectively.

Primary processing of next-generation sequencing data and identification of putative somatic mutations
Somatic mutations were identified using the VariantDx custom software for identifying mutations
in matched tumor and normal samples as previously described(18). In brief, prior to mutation calling,
primary processing of sequence data for both the tumor and normal sample was performed using Illumina
CASAVA software (version 1.8), including masking of adapter sequences. Sequence reads were aligned
against the human reference genome (version hgl9) using ELAND with additional realignment of select
regions using the Needleman-Wunsch method (21). Candidate somatic mutations, consisting of point
mutations, insertions and deletions were then identified using VariantDx across the whole exome.
VariantDx examines sequence alignments of tumor samples against a matched normal while applying filters
to exclude alignment and sequencing artifacts. In brief, an alignment filter was applied to exclude quality

failed reads, unpaired reads, and poorly mapped reads in the tumor. A base quality filter was applied to
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limit inclusion of bases with reported Phred quality score > 30 for the tumor and > 20 for the normal. A
mutation in the pre or post treatment tumor samples was identified as a candidate somatic mutation only
when (1) distinct paired reads contained the mutation in the tumor; (2) the fraction of distinct paired reads
containing a particular mutation in the tumor was at least 10% of the total distinct read pairs and (3) the
mismatched base was not present in >1% of the reads in the matched normal sample as well as not present
in a custom database of common germline variants derived from dbSNP and (4) the position was covered
in both the tumor and normal. Mutations arising from misplaced genome alignments, including paralogous
sequences, were identified and excluded by searching the reference genome. Our mutation calling algorithm
specifically removes changes that are present at very low levels enabling characterization of bona fide
somatic genomic alterations.

Candidate somatic mutations were further filtered based on gene annotation to identify those
occurring in protein coding regions. Functional consequences were predicted using snpEff and a custom
database of CCDS, RefSeq and Ensembl annotations using the latest transcript versions available on hg19
from UCSC (22). Predictions were ordered to prefer transcripts with canonical start and stop codons and
CCDS or RefSeq transcripts over Ensembl when available. Finally, mutations were filtered to exclude
intronic and silent changes, while retaining mutations resulting in missense mutations, nonsense
mutations, frameshifts, or splice site alterations. A manual visual inspection step was used to further

remove artefactual changes.

Neoantigen Predictions

To assess the immunogenicity of somatic mutations, exome data combined with the patient’s
MHC class | haplotype, were applied in a neoantigen prediction platform that evaluates binding of
somatic peptides to class | MHC, antigen processing, self-similarity and gene expression. Detected
somatic mutations, consisting of nonsynonymous single base substitutions, insertions and deletions, were

evaluated for putative neoantigens using the ImmunoSelect-R pipeline (Personal Genome Diagnostics,
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Baltimore, MD). To accurately infer the germline HLA 4-digit allele genotype, whole-exome-sequencing
data from paired tumor/normal samples were first aligned to a reference allele set, which was then
formulated as an integer linear programming optimization procedure to generate a final genotype (23).
The HLA genotype served as input to netMHCpan to predict the MHC class | binding potential of each
somatic and wild-type peptide (ICso nM), with each peptide classified as a strong binder (SB), weak binder
(WB) or non-binder (NB) (24-26). Peptides were further evaluated for antigen processing by netCTLpan
(27) and were classified as cytotoxic T lymphocyte epitopes (E) or non-epitopes (NA). Paired somatic and
wild-type peptides were assessed for self-similarity based on MHC class | binding affinity (28).
Neoantigen candidates meeting an ICsp affinity < 500nM were subsequently ranked based on MHC
binding and T-cell epitope classifications. Tumor-associated expression levels derived from TCGA were
used to generate a final ranking of candidate immunogenic peptides. Putative MANAS were synthesized
using the PEPscreen platform (Sigma-Aldrich; St. Louis, MO). Lyophilized peptides were dissolved in

minimal DMSO, resuspended in 100 pug/ml aliquots in AIM V media, and stored at -80°C.

T-cell culture

T cells were cultured and evaluated for antigen-specific expansions as previously described, with
minor modifications (16,17,29). Briefly, on day 0, frozen PBMC from healthy donors or patients were
thawed and counted. T cells were isolated using the EasySep Human T Cell Enrichment Kit (Stemcell
Technologies; Vancouver, Canada). T cells were washed, counted, and resuspended at 2.0 x 10%/ml in
AIM V media supplemented with 50 pug/ml gentamicin (ThermoFisher Scientific; Waltham, MA). The T
cell-negative fraction was washed, counted, and irradiated at 3,000 y-rads. The irradiated T cell-depleted
fraction was washed and resuspended at 2.0 x 108/ml in AIM V media supplemented with 50ug/ml
gentamicin. Irradiated T cell-depleted cells were added to a 96-well, 48-well, 24-well, or 12-well plate at
125 pl, 250 pl, 500 pl, or 1,000 pl per well, respectively. An equal volume of T cells was then added to

each well, along with 1ug/ml of one of 13 HLA-matched CMV, EBV, or flu peptide epitopes (Sigma-
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Aldrich, St. Louis, MO) or without peptide. Cells were cultured for 10 days at 37°C in a 5% CO2
atmosphere, replacing half the culture media with fresh culture media containing 100 IU/ml IL-2, 50ng/ml
IL-7, and 50ng/ml IL-15 (for final concentrations of 50 IU/ml IL-2, 25ng/ml IL-7, and 25ng/ml IL-15) on
day 3 and replacing half the culture media with fresh media containing 200 1U/ml IL-2, 50ng/ml IL-7, and
50ng/ml IL-15 (for final concentrations of 100 1U/ml IL-2, 25ng/ml IL-7, and 25ng/ml IL-15) on day 7. If
cells were to be used in IFNy ELISpot or IFNy/granzyme B fluorospot assays, cells were rested on day 9
by removing half the media and replacing with fresh media without cytokines. For cells to be used in TCR
sequencing/FEST analysis, cells were not rested and were harvested on day 10. CD8* cells were further
isolated from T cells cultured with putative MANAS using the EasySep Human CD8* T Cell Enrichment
Kit (Stemcell Technologies) and plate magnet for added throughput.

For the generation of 20-day, restimulated cultures, autologous PBMC were incubated with 1
ug/ml relevant peptide for 2h at 37°C in a 5% CO2 atmosphere, irradiated at 3,000 y-rads, and were added
to cultures ata 1:1 T cell:PBMC ratio on day 10 of the culture. Cells were fed on culture days 13 and 17
by replacing half the culture media with fresh media containing 200 1U/ml IL-2, 50ng/ml IL-7, and
50ng/ml IL-15 (for final concentrations of 100 1U/ml IL-2, 25ng/ml IL-7, and 25ng/ml IL-15). On day 20,

T cells were harvested and washed for DNA extraction.

Staining and sorting of pentamer positive populations

T cells obtained from healthy donors were evaluated for specificity of known viral antigens.
Fluorochrome-conjugated pentamers were synthesized (Prolmmune, Oxford, UK) and used to stain
PBMC from healthy donor JHO14 per the manufacturer’s instructions. Cells were co-stained with CD3,
CD4, CD8, and CD45R0 to identify antigen-specific memory CD8* T cells for sorting. The pentamer-
positive population of interest was sorted using a BD FACSAria Il and DNA was immediately extracted

for TCR sequencing.
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T-cell receptor (TCR) sequencing and assessment of antigen-specific expansions

DNA was extracted from peptide-stimulated T cells, tumor tissue, and longitudinal pre- and post-
treatment PBMC and pentamer-sorted T cells using a Qiagen DNA blood mini kit, DNA FFPE kit, or
DNA blood kit, respectively (Qiagen). TCR VB CDR3 sequencing was performed using the survey
(tissue, cultured cells, and pentamer-sorted cells) or deep (PBMC) resolution Immunoseq platforms
(Adaptive Biotechnologies, Seattle, WA) (14,15). Clonotypes were considered to be expanded if their
abundance was significantly higher in the relevant peptide-stimulated T cell culture relative to T cells
cultured without peptide using Fisher’s exact test with Benjamini-Hochberg correction for false discovery

rate (FDR; P < 0.05).

IFNy ELISpot assays

10-day cultured cells or uncultured PBMC obtained from the same stock of cells used in culture
were evaluated for IFNy production by a standard overnight enzyme-linked immunosorbent spot
(EL1Spot) assay. Briefly, 96-well nitrocellulose plates (EMD Millipore, Billerica, MA) were coated with
anti-IFNy monoclonal antibody (10 pg/ml; Mabtech, Stockholm, Sweden) and incubated overnight at
4°C. Plates were washed and blocked with IMDM supplemented with 10% heat-inactivated FBS for 2 h at
37°C. T cells stimulated for 10 days with CMV, EBV, and flu peptides were added to wells in duplicate at
50,000 cells per well and were stimulated overnight with PBMC pre-loaded with 1 pg/ml relevant
peptide, a cytomegalovirus (CMV), Epstein-Barr virus (EBV), and influenza virus peptide pool (CEF), or
no peptide in AIM V media. Cultured T cells with PBMC alone served as the background/negative
control condition. Fresh-thawed PBMC were added to wells in singlet at 100,000 cells/well and were
stimulated overnight with 1 pg/ml of the same peptides used in the T cell culture assays. PBMC alone in

duplicate wells served as the background/negative control condition.

Bioinformatic analysis
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We developed a custom script in R/Bioconductor (30,31) to load TCR sequencing data exported
from Adaptive Biotechnologies ImmunoSEQ platform in V2 in the tab-delimited format, perform the
analysis, and visualize and save results. For analysis, we used only productive clones and summarized
template counts for nucleotide sequences that translated into the same amino acid sequence. For each
clone, we applied Fisher’s exact test to compare the number of templates in a culture of interest (with
peptide) and a reference culture (without peptide). The P value adjusted by Benjamini-Hochberg
procedure (FDR) (32) was used to determine antigen-specific clonotypes (FEST assay positive clones)
that met the following criteria: (1) expanded in the culture of interest compared to the reference culture (T
cells cultured with cytokines but without peptide) at an FDR less than the specified threshold (<0.05;
default value), (2) expanded in the culture of interest compared to every other culture performed in
tandem (FDR<0.05; default value), (3) have an odds ratio >5 (default value), and (4) a minimum template
threshold in uncultured T cells calculated by:

limit = 1-(1-P) &0
where P = the probability of observing the clone in a given well (clone confidence) and n = the estimated
number of CD8" T cells per well prior to culture (default value is 100,000). All clones were subject to a
10-template lower threshold for consideration in the statistical analysis. FEST assay positive clones were
saved in the output table and plotted as an output heat map using build-in R functions. The script was

wrapped into a web application using Shiny Server (33). This web application is publicly available at

http://www.stat-apps.onc.jhmi.edu/FEST and the source code has been deposited at

https://sourceforge.net/projects/manafest/.

Results
In vitro TCRV CDR3 clonotype amplification as a functional readout of T-cell recognition
To validate TCR Vf clonotypic amplification as a metric of T-cell recognition, we first evaluated

T-cell responses in a healthy donor to common viral antigens and compared IFNy ELISpot with TCRseq
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in healthy donors. Cytomegalovirus (CMV)-, influenza (flu)-, and Epstein Barr virus (EBV)-derived
HLA-1 epitopes are well-defined and induce CD8* T-cell responses detectable by IFNy. We therefore
used ELISpot as a reference assay for the technical validation of FEST. We initially tested if peptide-
induced T-cell expansion could be observed in the absence of ELISpot positivity (no detectable antigen-
specific IFNy). We cultured T cells from healthy donor JH014 for 10 days with multiple HLA-matched
viral peptide epitopes (Supplementary Table S1) or no peptide as a control. At the term of the culture,
one aliquot of the cells was used to perform IFNy ELISpot and the remaining cells were evaluated by
TCRseq for significant clonotypic expansions (FDR<0.05; see Materials and Methods) relative to the
control. Mean antigen-specific IFNy production of >6,000 spot forming cells (SFC) per 108 PBMC was
associated with expansion of 47 and 130 T-cell clonotypes after culture with the HLA All-restricted
EBV EBNA 4NP (4NP, Fig. 1A Supplementary Table S2) and HLA B8-restricted EBV EBNA 3A
epitopes (3A, Fig. 1B; Supplementary Table S2), respectively. Although there was no IFNy ELISpot
signal for the HLA All-restricted EBV 1 epitope, 87 T-cell clonotypes showed expansion by TCRseq
analysis (Fig. 1C; Supplementary Table S2). Therefore, TCRseq can not only be used to detect an
antigen-specific response after a 10-day peptide stimulation, but it can quantitatively analyze the

polyclonality of the response, which is not achievable with ELISpot.

Validation of the specificity of expanded clonotypes by multimer staining

To validate that expanded clonotypes detected by TCRseq are specific for the peptide used in the
culture, we first evaluated the nature of the 4NP-specific repertoire in healthy donor JH014 by sorting and
performing TCRseq on pentamer-positive ((MHC*) CD8* T cells. The 4NP-specific CD8* T cells
represented 0.2% of total uncultured T cells (Baseline; Fig. 2A). TCRseq of these pMHC* T cells
demonstrated dominance of V3 28-01 within this antigen-specific population (Fig. 2B, Supplementary
Table S3), which is consistent with prior findings that different T-cell clonotypes specific for the same

antigen often utilize the same V[ gene segment (34-38). In comparison to 92.5% of T cells utilizing V3
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28-01 in pMHC* T cells, only 7.0% of pMHC- CD8* T cells used this gene segment (Supplementary
Table S4). These findings were recapitulated after a 10-day culture, whereby pMHC* T cells made up
15.6% of the T-cell population and the VP 28-01 gene segment was utilized by 97.3% of pMHC* T cells
(Fig. 2B, Supplementary Table S3). We then compared the pMHC-specific CDR3 V[3 sequences with
those amplified in bulk T cells after a 10-day culture and stimulation with the 4NP epitope (as reported in
Fig. 1 and Supplementary Table S2). Four unique clones matched pMHC* CDR3 V3 sequences (Table
1).

We also performed this analysis on EBV EBNA 3A-pMHC™ T cells. At baseline, 0.3% of T cells
were pMHC* and 89.3% of these used the VB 06-06 gene segment (Fig. 3A, Supplementary Table S5).
After a 10-day peptide stimulation, 4.6% of T cells were pMHC* and only 18.4% of these used V3 06-06,
with VP 04-03 becoming the dominant gene segment in this population (Fig. 3B, Supplementary Table
S5). Five pMHC™ clonotypes matched expanded clonotypes as reported in Fig. 1 and Supplementary
Table S2; one of these was detected by pentamer only after the 10-day culture (Table 2) and there was no
preferential use of any V3 gene segment among pMHC™ cells.

These findings validate the use of TCRseq and the quantification of TCR V3 clonotypic
amplification as a method to identify antigen-specific T cells among PBL and suggest that V3 gene

dominance after a 10-day culture is insufficient to identify an antigen-specific T-cell response.

Sensitivity of TCRseq for detecting antigen-specific T-cell clonotype expansion

The TCRseq-based approach described here relies on the identification of antigen-specific V3
CDR3 clonotypes and on their frequency following a 10-day in vitro expansion. Sensitivity of this
approach (i.e the detection of low frequency clonotypes) is expected to be dependent on the starting
number of CD8" T cells in the 10-day culture and could be affected by the concentration of peptide used
in the stimulation. We therefore sought to determine (1) the optimal number of starting T cells required to

capture the breadth of the antigen-specific repertoire and (2) the lower limit peptide concentration that
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could induce detectable antigen-specific T-cell expansion. We first cultured titrating numbers of T cells
(from 1.25 x 10° to 1.0 x 10°) obtained from two healthy donors for 10 days. T cells from donor JH014
and JHO016 were stimulated with the HLA Al1l-restricted 4NP and the HLA A2-restricted influenza M
peptide epitopes, respectively (Supplementary Table S1). Peptide epitopes were chosen based on
previously documented reactivity in these two donors. In both donors, the number of unique clonotypes
that expanded relative to the “no peptide” control decreased as the starting cell number was decreased
(Fig. 4A). Therefore, a higher number of cultured cells will result in the identification of a higher number

of unique antigen-specific clonotypes.

The aggregate number of productive reads corresponding to expanded clonotypes decreased when
reducing the starting cell number (Fig. 4B). These findings show that the number of T cells used per well
influences the diversity (number of unique TCR clonotypes) and enrichment (frequency of each
clonotype) of the antigen-specific repertoire after culture. Indeed, there was a correlation between the
percent of total productive reads that were expanded and the clonality metric of the cultures (P = 0.02, r?
= 0.61; Fig. 4C), showing that clones expanded and detected via TCRseq contribute to the clonality of the
culture. These findings highlight the ability of the 10-day peptide-stimulated culture to enrich for antigen-
specific T cells. Despite the observance of more unique clones and a higher abundance of expanded
clones when culturing 1x108 T cells, clones were still expanded in all peptide cultures even at the lowest
starting cell number of 1.25 x 10°. Therefore, a 10-day culture with as few as 1.25 x 10° starting T cells
per condition is sufficient to screen a library of peptides for recognition of peripheral T cells with
frequencies as low as 0.0008% (1 cell in 125,000), with the sensitivity increasing to 0.0001% when
starting with 1.0 x 106 T cells (1 cell in 1.0 x 10°). Titration of the 4NP peptide in donor JH014
demonstrated the ability to detect expansions via TCRseq and expansion of pMHC-matched clonotypes at

concentrations as low as 1ng/ml (Figs. 4D and E).

We next assessed the possibility that a 10-day restimulation following the initial culture could

reveal memory T-cell responses that were undetectable on day 10. T cells from healthy donor JHO14 were
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cultured with two HIV-1 (SL9 and TV9) and one Ebola HLA A*02:01-restricted peptide (AY9) epitopes.
After 10 days, one expanded clonotype was detected in response to the HIV-1 gag p24 epitope, TV9
(Supplementary Fig. S1 and Supplementary Table S6). No clonotypes were expanded in response to
the other two epitopes tested. After a restimulation and 20 days of culture, there was expansion of 90, 137,
and 147 clones in response to the HIV-1 gag SL9, HIV-1 gag TV9, and ebolavirus AY9 epitopes,
respectively (Supplementary Fig. S1 and Supplementary Table S6). These data suggest that a
restimulation and 20-day culture can result in the detection of primary T-cell responses and is therefore
not suitable when evaluating the endogenous memory repertoire, but may inform on the repertoire that is

available for vaccination.

FEST associated bioinformatic platform

We report here the expansion of multiple clonotypes in response to viral antigens. Although
several of these clonotypes have been validated by pentamer staining (Figs. 2 and 3), some were
nonetheless expanded in response to other viral antigens tested (Supplementary Table S2). Indeed, the
sensitivity of our TCRseq-based approach might be associated with low specificity and a high false-
positive rate. To ensure the specificity of clones expanded in culture and minimize false positives, we
developed a publicly available high-throughput statistical analysis platform that integrates each clonotypic
amplification in a set of peptide-stimulated cultures to determine the positivity and specificity of antigen-

specific T-cell recognition (http://www.stat-apps.onc.jhmi.edu/FEST).

For confidence in antigen-specificity, a clonotype should first meet a minimum frequency
threshold in uncultured CD8* T cells; this threshold is implemented to ensure sufficient representation of
the clone in the majority of wells prior to culture and is calculated by integrating a user-defined level of
confidence with the estimated number of CD8* T cells per well (see Methods). Additionally, after culture,
this clonotype should (1) be significantly expanded in the relevant culture compared to T cells cultured

without peptide at a false discovery rate (FDR) <0.05, (2) be significantly expanded in the relevant culture
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compared to T cells cultured with every other peptide at FDR<0.05, and (3) have an odds ratio (OR) >5
compared to the “no peptide” control. These recommended criteria, in addition to a template threshold,
can be adjusted on the user interface according to user preference and experimental setup to minimize
false positives in light of the sensitivity of the assay platform. In our analyses below, clones satisfying
these criteria were considered to be viral- or MANA-specific and were saved as an output of analysis
(Supplementary Data 1). In addition to identification of antigen-specific clonotypes, the FEST platform
permits inclusion of TCRseq data from samples that are not involved in the analysis to identify antigen-
specific clonotypes but are of interest for tracking these clonotypes in biological compartments, such as
peripheral blood and tissue. A heatmap is also generated in the analysis platform to document all
expanded clones detected across all cultures and to cluster clonotypes based on expansion relative to the
control.

The statistical specificity of each T-cell clone for a given peptide is controlled by every other
peptide culture, with each one representing an additional negative control. Accordingly, our confidence in
the specificity of T-cell recognition can be improved by increasing the number of distinct peptide cultures.
With 46 cultures, the estimated specificity of a unique clonotype would be nearly 98% (45/46), and a one-
sided 95% confidence interval would run from 90%-100%. Therefore, with at least 46 cultures we can be
95% confident that specificity is above 90%. With 93 cultures, a unique clonotype has an estimated
specificity of approximately 99% [95% C.I. = (95%-100%)]. The FEST assays, comprised of an
experimental T-cell culture and computerized analytical tool, therefore allows us to monitor and analyze
antigen-specific T-cell responses in a high-throughput fashion in patients with all HLA alleles
independently of cytokine production and laborious readout assays.

When we applied the FEST analysis as described above to the experiments described in Fig. 1,
five unique 4NP-specific clonotypes were detected, which included the four clonotypes detected in the
pMHC? population (pMHC*-matched) shown in Fig. 2C (Supplementary Data 1). Of the total number

of templates (equivalent to number of cells) after sequencing, 99.7% corresponded to these pMHC*-
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matched clones. This analysis platform detected no specific responses when comparing five identical
replicate cultures stimulated with the 4NP peptide, despite expansion of the pMHC*-matched clonotypes
relative to the “no peptide” control. This demonstrates the power of our test in discriminating a true
antigen-specific response. The single clonotype that was positive by the FEST assay but not detected by
pMHC (Supplementary Data 1) represented 0.15% of cultured T cells. This therefore suggests the FEST
platform can capture lower frequency clonotypes that would require large numbers of cells or high pMHC
affinity to be detected by multimer staining. The 3A epitope induced no responses as determined by the
FEST assay. Upon further interrogation, the 5 pMHC*-matched clones shown in Table 2 were also
expanded (FDR<0.05) with an OR>5 in response to the A2-restricted EBV BMLF1 epitope
(Supplementary Table S1). The 3A epitope, FLRGRAYGL, and the BMLF1 epitope, GLCTLVAML,
share the leucine anchor residues at positions 2 and 9 commonly seen in A*0201-restricted epitopes
(39,40). Despite being identified as a B8-restricted epitope, 3A is also predicted to bind A*02:01 with
weak affinity (0.85% rank, netMHCpan). Amino acid composition analysis suggests the two peptide
epitopes have similarities in non-polarity and acidity. For this reason, we also included a tab in the FEST
analysis output file showing all clones that satisfied the above criteria with the exception of expansion
compared to every other peptide. The user can then further analyze clones that expanded in response to

more than one peptide, thus allowing for a breadth of bioinformatics on cross-reactive TCRs/peptides.

MANAFEST can detect and track antitumor immune responses in patients receiving anti-PD-1

Although T-cell responses to viral antigens are often immunodominant (41-44), MANA-specific T
cells are expected to be diverse and subdominant as well as functionally compromised (low cytokine
production). We therefore considered that the breadth and magnitude of the endogenous immune response
in cancer patients may be underestimated using ELISpot or multimer-based assays and that improved
characterization of this response could be attained by using the FEST assay approach. Moreover, immune

monitoring of the clinical response to checkpoint blockade requires T-cell clonotype tracking in tissue and
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longitudinal peripheral blood samples to confirm the amplification of MANA-specific TCR Vf3
clonotypes upon treatment, a parameter that is not achievable by ELISpot. As a proof of principle, we
performed MANAFEST on cells obtained at the time of surgical resection from JH124, a patient with
stage 1B squamous non-small cell lung cancer who achieved a complete pathological response following
two doses of neoadjuvant nivolumab (humanized antibody to PD-1) (16). As previously reported, whole
exome sequencing was performed in pretreatment tumor and matched normal tissue and tumor-specific
alterations were analyzed using a neoantigen prediction pipeline to identify candidate MANAS specific to
the patient’s HLA haplotype (16). T cells obtained 4 weeks post initiation of nivolumab were cultured for
10 days with one of 47 putative MANAS (Supplementary Table S7) and resulting expanded CD8* T

cells were isolated for TCR V3 CDR3 sequencing and MANAFEST analysis.

Following culture with predicted MANAs, 15 clonotypes were expanded relative to the “no
peptide” control. The level of specificity is illustrated by a heatmap showing the fold change relative to
control for each expanded clone (Fig. 5A). The MANAFEST analysis platform identified 4 out of 47
putative MANAs that induced specific T-cell expansions (Supplementary Data 2). Of the 6 clonotypes
that were expanded in response to these 4 MANAs, 3 clones specific for the putative HLA A*25:01-
restricted EVIVPLSGW MANA, derived from a somatic sequence alteration in the ARVCF gene, were
detected in the primary tumor (Fig. 5B and Supplementary Table S7). These 3 clonotypes were also
detected in a previously-reported assay of this patient’s T cells obtained 44 days after surgical resection
and underwent peripheral expansion upon nivolumab administration that decreased by 10 weeks after the
first dose (16). The frequency of these clonotypes was also tracked in pre- and post-treatment FFPE tissue
and post-treatment fresh-frozen tissue that underwent TCRseq. We additionally show here the
representation of these clonotypes in fresh-frozen dissociated tumor tissue, FFPE tumor stroma, and
peripheral blood obtained >1 year after surgical resection (Fig. 5C), thereby showing the utility of this
assay in tracking antigen-specific TCR clonotypes in a multitude of biological compartments regardless of

the availability of live cells. Aside from the abundance and frequency after culture, in tissue, and in serial
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peripheral blood samples, additional FEST output parameters can be correlated with treatment response
(see output for patient JH124 in Supplementary Data 2). These parameters include the magnitude of in
vitro expansion compared to uncultured T cells and to the “no peptide” control condition, the number of
clones that are expanded in response to a given candidate MANA, and the sum frequency of FEST-

positive clones in response to each peptide epitope after culture.

Discussion

The development of personalized cancer immunotherapies as well as the need for biomarkers
predictive of immunotherapy responses calls for routine high-throughput assays that monitor the
antitumor immune response (1). These assays could measure the efficiency of the immunotherapeutic
treatment and also could determine the eligibility of patients for immunotherapy, based on detection of a
preexisting antitumor immune response (45). Improvements in DNA sequencing technologies have
enabled characterization of mutations in the tumor exome and the TCR recognizing the neoantigens
derived from these mutations (46,47). Because amplification of selective TCRV[ clonotypes in tumor
tissue has been proposed as a surrogate biomarker of MANA recognition (48), we introduce here the
MANAFEST assay that is based on tumor exome-guided identification of predicted MANAs and the
measure of the MANA-specific TCR clonotypic amplification following patient T-cell in vitro
stimulation. We show that epitope-triggered clonal expansion can be observed in the absence of
detectable IFNy production, and that ELISpot likely underestimates the peripheral T-cell response.
Furthermore, TCR sequencing underscores the diversity of the T-cell response to a single HLA-restricted
epitope. Altogether, our results validate TCR sequencing of a 10-day peptide-stimulated culture as the
experimental core of the functional expansion of specific T cells (FEST) assays to monitor antigen-
specific T-cell responses.

The FEST assays are sensitive and specific, and enable the tracking of antigen-specific TCR

clonotype dynamics in T-cell DNA derived from tissues and peripheral blood. Combining peptide-
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stimulated cell culture and TCRseq with a bioinformatic platform, we provide the possibility to document
the MANA specificity of TCR clonotypes and use these sequences as molecular tags to detect and
quantify the antigen-specific T-cell response in all biological compartments (blood and tissues, fresh-
frozen or fixed), a feature not achievable by other currently available cellular assays. This approach can
therefore inform on the spatiotemporal dimension of the anti-mutanome TCR repertoire in serial blood
samples, different distant cancer lesions (biopsies), and differential geographic regions in the same tumor
(compatible with laser capture microdissection). FEST can be used to detect virus- and MANA-specific
responses with greater sensitivity and throughput than current methods and can be expanded to a variety
of antigens including tumor associated antigens (TAAFEST), viral antigens (VIRAFEST), bacterial
antigens (BactiFEST), and autoantigens (AutoFEST). This assay is an improvement over others limited
by the low frequency and functional state of the T cells (ELISpot), HLA availability for multimer
approaches (combinatorial encoding multimer), and the inadequacy of routine high-throughput clinical
monitoring (ELISpot). The MANAFEST method has already been used to detect and monitor peripheral
and intratumoral MANA-specific T-cell responses in NSCLC patients with acquired resistance to
checkpoint blockade (17) and a colorectal cancer patient with a sustained partial response to
pembrolizumab (29). Additionally, the robustness and reproducibility of this assay in detecting MANA-
specific clonotypes is established by our detection of the same 3 clonotypes expanding in response to the
same MANA in peripheral blood T cells obtained at the time of surgical resection, as described here, and
44 days after surgical resection, as described previously (16).

FEST-based monitoring provides metrics such as the intensity (magnitude of expansion), diversity
(distinct unique CDR3 sequences), dynamics (unique sequence reads at different time points), and
geographic distribution (tissue-resident and periphery) of the antitumor immune response. These metrics
can be further interrogated in the context of homologous TCR motifs (49,50). In comparison with existing
methods, such as ELISpot and multimer approaches, we show that the setup of the test is feasible, using

direct incubation of peptides with patient T cells, does not require specialized equipment such as a
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multiparameter flow cytometer or an ELISpot reader, permits higher throughput, and facilitates multi-
center standardization for data sharing, databasing, and computational identification of biomarkers.
Because the test does not require the derivation of autologous antigen presenting cells as required
for the TMG approach, fewer numbers of PBMC and therefore smaller samples are necessary to detect
MANA-specific T cells. NGS has become relatively affordable and routine in patients receiving
immunotherapy and clinical use of whole exome sequencing may be envisaged in the future. In the
context of widespread use of immunotherapy, the characteristics aforementioned may facilitate the
compatibility with clinical practice (liquid biopsy) and improved patient comfort (non-invasive sampling).
The computational pipeline to predict HLA-restricted MANAs and the web-based analysis used to
identify immunogenic MANASs by FEST-based assays allow flexibility in decision making regarding the
selection of MANAs to accommodate high or low mutational density and in the determination of a
positive MANA-specific response by modifying the desired alpha and OR threshold. Although the assays
described here evaluated MHC class I-restricted responses, we reason that this assay can be adapted to
assess CD4*/MHC class ll-restricted responses as well. Additionally, because antigen-specific Treg are of
particular interest in cancer patients, this T-cell subpopulation could be assayed using the FEST approach.
MANAFEST brings scientific and translational value, owing to the capacity for molecular
characterization of the TCR sequences associated with MANA recognition that can be coordinated across
patients or histologies and between institutions to identify common genomic features associated with
immunogenicity of tumors and common structural motifs of the TCR (51). A central repository of these
data would help define molecular motifs that could inform on the capacity of cancer patients to mount
immune responses to their cancer and on their eligibility for immune checkpoint modulation. Upon
clinical validation, the MANAFEST assay is therefore set to serve as a pan-cancer predictor of response

to immunotherapy.
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Tables

Table 1. Gene usage and frequency of EBV EBNA 4NP pMHC*-matched clonotypes

Frequency in EBV EBNA 4NP Frequency among bulk T cells (%)

pMHC+-matched clonotypes Dominant VVf gene usage pMHC+ population (%)
Baseline, uncultured Post 10 day culture Baseline, uncultured Post 10 day culture
CASSLTSATGELFF 28-01*01, 17-01*01 43.98 31.48 0.13 17.31
CASSLTSAAGELFF 28-01*01 37.65 33.83 0.14 21.21
CASSPTSATGELFF 28-01*01, 03 7.79 20.06 0.02 7.93
CASSLKGTRDQETQYF 28-01*01 0.58 10.78 0.01 1.63

Table 2. Gene usage and frequency of EBV EBNA 3A pMHC*-matched clonotypes

Frequency in EBV EBNA 3A

- Frequency among bulk T cells (%
pMHC+-matched clonotypes VP gene usage pMHC+ population (%) quency 9 (%)

Baseline, uncultured Post 10 day culture Baseline, uncultured Post 10 day culture

06-06, 06-09*01, 06-05*01,
CASGQGNQDTQYF 06-07*01, 10-03*01, 06-04, 77.78 18.82 0.45 8.17
06-08*01

07-08*01, 07-04*01, 07-
03*01, 07-02*01, 07-07*01,

CASSQGQAYEQYF 11-03*01, 11-02*02, 07- 12.08 4.80 0.10 1.64
01*01
CASSLGRQGQGSYEQYF 05-01*01, 04-03*01 531 8.46 0.03 5.00

04-03*01, 05-05*01, 05-
08*01, 11-02*02, 07-09, 11,
CASSPTRGFGGEQFF 05-04*01, 04-01*01, 05- 0.72 38.24 0.00 0.82
02*01, 07-02*01, 05-01*01,
07-08*01, 05-03

CASILRTSGYANTGELFF 28-01*01 0.00 5.01 0.00 0.34
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Figure Legends

Figure 1. IFNy ELISpot underestimates the breadth of the antigen-specific T-cell response. T cells
from healthy donor JH014 were stimulated with one of 13 known MHC class I-restricted epitopes
(Supplementary Table S1) and cultured for 10 days. IFNy ELISpot was performed in duplicate wells on
an aliquot of cultured T cells (left) and TCR VB CDR3 sequencing was performed on the remaining T
cells, T cells cultured without peptide, and uncultured T cells (right). ELISpot data are shown as the mean
number of spot forming cells (SFC) per 108 cells with background subtracted for 3 tested epitopes.
Accompanying significant expansions (Fisher’s exact test with Benjamini-Hochberg correction for FDR,
<0.05) of the 5 clonotypes with the highest abundance post-culture are also shown in response to these 3
epitopes, 4NP (A, green), 3A (B, blue), and EBV 1 (C, red). Each symbol represents a unique CDR3
clonotype. The full list of significantly expanded clones is shown in Supplementary Table S2. ELISpot
background is the mean number of SFC detected without peptide stimulation in the ELISpot plus two
standard deviations. TCR sequencing data are shown as the number of templates of each clone

(abundance) that was detected in the relevant condition. TNTC, too humerous to count.

Figure 2. Validation of expanded clonotypes specific for 4NP. 4NP pMHC™* T cells from donor JH014
were sorted by FACS prior to culture (A, left) or after a 10-day stimulation with the EBV EBNA 4NP
epitope (B, left). TCR V3 CDR3 sequencing was performed on the pMHC* population and the Vf gene
segment usage was evaluated (A and B, right). The full list of clonotypes and their representation within
the pMHC* population are shown in Supplementary Table S3. Clonotypes identified in the pentamer-
sorted population were compared with those found in the same peptide-stimulated 10-day culture.

Outgrowth of these clones was detected in 5 separate experiments.
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Figure 3. Validation of expanded clonotypes specific for 3A. 3A pMHC* T cells from donor JH014
were sorted by FACS prior to culture (A, left) or after a 10-day stimulation with the EBV EBNA 3A
epitope (B, left). TCR VB CDR3 sequencing was performed on the pMHC™* population and the V3 gene
segment usage was evaluated (A and B, right). The full list of clonotypes and their representation within
the pMHC* population are shown in Supplementary Table S4. Clonotypes identified in the pentamer-

sorted population were compared with those found in the same peptide-stimulated 10-day culture.

Figure 4. FEST assay sensitivity. Titrating numbers of T cells from healthy donors JH014 (red) and
JHO16 (blue) were stimulated with the Al11-restricted 4NP and the A2-restricted flu M peptide epitopes
(Supplementary Table S1), respectively, for 10 days. Clonotypes significantly expanded relative to the
“no peptide” control were identified in each condition. (A) The number of unique clonotypes that were
expanded, as well as (B) the total number of templates corresponding to these clonotypes, are shown for
each titrating cell number. (C) The correlation between clonality and the percent of productive templates
that were expanded after the 10-day culture is shown. Additionally, T cells from donor JHO14 were
stimulated for 10 days with titrating concentrations of the 4NP peptide epitope. Data are reported as (D)
the number of unique expanded clonotypes detected at each concentration or (E) the number of templates

detected for each of the four pMHC*-matched clonotypes (abundance).

Figure 5. The MANAFEST assay identifies multiple recognized MANAs and provides TCR
barcodes to enable tracking of the antitumor immune response in tissue and peripheral blood.
Recognition of candidate MANAs was evaluated by the MANAFEST assay in PBMC obtained at the
time of surgical resection from JH124, a patient with NSCLC being treated with neoadjuvant anti-PD-1.
(A) A heatmap generated by the FEST analysis platform shows all MANA/clone pairs to which
significant antigen-specific expansion was detected, with expansions to MANA #7 outlined in black . (B)

T-cell clonotypes specific for MANA #7 as determined by the FEST analysis platform are shown as the
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number of sequencing templates (cells) detected after culture (abundance). (C) The frequency (%) of each
of these clonotypes among all templates detected via TCRseq is also shown in post-treatment fresh-frozen
and FFPE tissue and in peripheral blood obtained >1 year after surgical resection. The parameters used for
this analysis are shown in Supplementary Data 2. The FDR for the CASSLTGGY TGELFF clonotype
was 5.63 x 10?2 and the FDR for the CASNKLGYQPQHF and CASSLLENQPQHF clonotypes was
0.001. These 3 clonotypes were also identified as being specific for MANA #7 in an assay of T cells

obtained from this patient 44 days after surgical resection (16).
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Figure 2
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Figure 3
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Figure 5
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