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Abstract

Objective: Determine whether 6-thioguanine (TG) resistant T cells (mutant T cells (MT)) from
metastatic melanoma patients (M-MEL) are enriched for melanoma-associated T cells compared
to wild-type T cells (WT) obtained analogously without TG selection.

Methods: Melanoma-associated antigen (MAA) MHC Class | pentamer (P) staining was
performed on MT and WT from 5 tumor and 9 peripheral blood samples from HLA-A2* M-MEL.
T cell receptor (TCR) beta chain (TRB) repertoire was examined via Sanger sequencing of MT
and WT in blood and tumor samples from M-MEL at times of tumor progression (n = 8) and via
[llumina sequencing in melanoma tumor derived T cells and in T cells (uncultured (T0), WT and
MT) obtained from blood before and after immune checkpoint blockade (Patient 20, n = 1).

Results: MT from tumor (3 of 5; p<0.001), but not blood (0 of 9), were enriched compared to
WT for binding MAA-P. TRB analysis in M-MEL with tumor progression (n=8) detected
increased melanoma-associated T cells in MT compared to WT from blood (Monte Carlo p=10~7).
Analysis of sequential blood samples from M-MEL before and after immune checkpoint blockade
(Patient 20, n = 1) detected greater rates of TRB sharing between tumor and MT compared to
tumor and WT or tumor and TO: 11.0% (72/656), 1.5% (206/13,639), and 1.3% (3829,807),
respectively (Monte Carlo p=10~7 for MT vs WT and MT vs T0).

Conclusions: MT in M-MEL are enriched for melanoma-associated T cells and are candidate
probes to study /n7 vivo melanoma-reactive T cells.

"Please address reprint requests to corresponding author:Mark R. Albertini, MD, University of Wisconsin Clinical Sciences Center,
Room K6/530, 600 Highland Avenue, Madison, W1 53792, Phone: 608-263-0117, Fax: 608-265-8133, mralbert@wisc.edu.
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Introduction

Exciting and impressive data with immune checkpoint blockade demonstrate the ability of
the immune system to produce durable responses in some metastatic melanoma patients and
have changed the standard of care [1,2]. Data emerging from human clinical trials suggest
that checkpoint blockade is most effective for patients with tumors that already have T cell
infiltration as well as for tumors that have a substantial somatic mutation burden in the
tumor cells [3,4]. Metrics of broad TCR diversity and clonality have also been correlated
with improved outcome following checkpoint blockade [5,6], as has upregulation of PD-L1
by the tumor [6]. In contrast, a recent analysis determined that effective immune checkpoint
blockade results in a narrowing or focusing of the TCR repertoire [7]. However, additional
measures of antitumor immune responses are needed to predict therapeutic efficacy and
inform combination treatments as checkpoint blockade can be associated with substantial
toxicity, is expensive, and has modest clinical antitumor response rates.

In melanoma, effective treatment with immune checkpoint blockade seems to require
activation of anti-melanoma T cells specific for a wide variety of melanoma antigens
including patient-unique neoantigens. Such activation is anticipated to stimulate /»7 vivo
clonal expansion of T cells, and consequently, the re-activation of functionally repressed T
cells. As most mature T cells /n vivoare in the quiescent G stage of the cell cycle at any
given time, selecting activated T cells, whether immunotherapy-induced or not, affords the
opportunity to enrich, ex vivo, for a population of T cells participating in immunological
processes, including anti-tumor effects and tumor regression. Spontaneous gene mutations
arising /n vivoin T cells are rare events, occurring primarily in activated and proliferating T
cell subsets [8]. As such, /n vitro selection for T cells with mutation in the hypoxanthine-
guanine phosphoribosyltransferase (HPRT) gene enriches for rare /n7 vivo activated
proliferating T cells [8]. A loss-of-function mutation in HPRT results in resistance to TG, a
cytotoxic purine analog. Thus, /n vivo HPRT mutant (MT) T cells can be selected from
peripheral blood or from sites of tumor by culturing lymphocytes /n vitro in media
containing TG. In contrast, wild-type (WT) T cells with a functional HPRT enzyme are
killed in the presence of TG. HPRTMT T cells germane to T cell responses in immune
mediated disorders have been found in patients with such diseases [8,9]. Melanoma is
considered to be an immunogenic tumor, in part due to occurrences of spontaneous
regressions as well as autoimmunity following successful immunotherapy or adoptive cell
therapy [10-12]. Further, recent data suggest that brisk T cell infiltration into the tumor, so-
called “hot” tumors, correlate with better response to immunotherapy [6]. We have used
HPRT ‘surrogate selection’ to enrich for /in vivo proliferating T cells in melanoma and
hypothesize that HPRT MT T cells in metastatic melanoma patients are probes for T cells
that can provide mechanistic insights into the /» vivo immune response to melanoma [13-
16].
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Clinical Significance

There is a critical need to identify T cells in blood that have a role in the /n vivoimmune
response to melanoma to inform the treatment of metastatic melanoma patients with immune
checkpoint blockade. The candidate probe of /n vivo TG-resistant T cells uses the biological
effect of /n vivo clonal proliferation to enrich for T cells responding to melanoma. Although
the mutant fraction is presumably only a small fraction of any immunologically relevant T
cell clone, this fraction serves to identify the larger clone by its specific TRB. This candidate
probe merits additional investigation in metastatic melanoma and in other malignancies
treated with immune checkpoint blockade.

Materials and Methods

Melanoma Patient biological specimens

This study was approved by the Health Sciences Institutional Review Board that serves the
William S. Middleton Memorial Veterans Hospital (\VA) and the University of Wisconsin
(UW) Hospital and Clinics (UWHC). Written informed consent was obtained from all study
participants. Eligibility requirements included a diagnosis of Stage 111 or Stage IV
melanoma. HLA typing was performed by UWHC Histocompatibility Lab or by Prolmmune
for patients 1, 3, 5, 9, 13, 19, and 20. Expression of HLA-A2 was determined by flow
cytometry with anti-HLA-A2 antibody (BB7.2, BD Bioscience (BD)) for patients 2, 4, 11,
16, 17, and 18. Twelve patients (Patients 1, 2, 3, 4, 5, 9, 11, 13, 16, 17, 18 and 19) provided
samples between 2004 and 2007. An additional patient, hereto referred to as Patient 20,
provided samples between 2008 and 2018. In 2008, an in-transit melanoma metastasis from
Patient 20 was resected and processed for subsequent analysis. In 2010, Patient 20 was
enrolled in a clinical trial involving intratumoral a-gal glycolipid (IT-AG) injections (IND
12946). The details of that trial were previously reported [17]. Briefly, the patient received
two IT-AG injections given 4 weeks apart (0.1 mg/injection). Treatment outcome,
determined 8 weeks after the first IT-AG injection, demonstrated disease progression. The
patient then received Ipilimumab (3 mg/kg (capped at 125 kg)/dose every 3 weeks for 4
doses) beginning approximately 8 weeks after the second IT-AG injection. Blood samples
were obtained pre-treatment on the day of the first IT-AG injection, 4 weeks after the second
IT-AG injection, as well as 1-, 4-, and 13-months after the 4™ and final dose of Ipilimumab.

Lymphocyte cloning assay and mass culture conditions

T cells were cloned as previously described [14,18]. Briefly, peripheral blood mononuclear
cells (PBMC) were plated by limiting dilution into 96-well round-bottom plates in serum-
free CTL Test Medium, with 10% lymphokine activated killer (LAK) cell supernatant (in-
house generated exogenous IL-2 source), 20% HL-1, 5% FCS or HUAB and 0.25 pg/ml
PHA (Remel, Lenexa, KS), with (MT) or without (WT) TG (10~° M) as the selection
reagent. The 36x4 feeder cells, an HPRT deficient B cell line, were irradiated (90 Gy) and
plated at 1 x 10% cells/well to stimulate T cell growth. Cloning efficiency (CE) and mutant
frequency (MF) were calculated at Day 14 as described in the Statistical Analysis Section.
Single-cell-derived T cell isolates were expanded in the above medium, with or without TG,
and cryopreserved for subsequent molecular analyses. PBMC mass cultures were prepared
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using the same media components as cloning assay plates, but in bulk in T25 flasks, and
were sub-cultured every 4 days, or as needed [14]. Melanoma tumor-infiltrating
lymphocytes (TIL) or tumor-infiltrated lymph node (TILN) surgical specimens were
mechanically and enzymatically disaggregated to single-cell suspensions as previously
described, and mass cultures were prepared as for PBMC [14].

Flow cytometry

Melanoma Associated Antigen (MAA) MHC Class | pentamer (P) staining (Patients 2, 3, 4,
5,11, 13, 16, 17, 19, 20)

Cells were incubated for 10 min at 25°C with 1 pg each of the following HLA-A*0201
pentamers pooled into one sample: gp100209_217(210Mm), MelanA/MART-156_35(271), NY-
ESO-1157-165(165v), Telomerasessq s4g, and Tyrosinasesgg_377(371p) (Prolmmune, Oxford,
UK). Cells were washed and counterstained with anti-CD3 (SK7, BD), and anti-CD8 (LTS8,
Prolmmune) plus 2.5 tests of PE- or APC-labeled Fluorotag (Prolmmune) for 20 min on ice.
WT thresholds were used to establish the MT gating boundaries. Some samples were stained
with HLA-A*0201 human T-cell lymphotropic virus-1 Tax11-19 pentamer as a negative
control. A TIL sample cultured with high-dose IL-2, soluble anti-CD3 (OKT3), and
irradiated, allogeneic PBMC feeder cells, 7.¢e., rapid expansion protocol, was stained with the
pooled MAA-P reagents as a positive control. DAPI (Sigma-Aldrich) or Live/Dead Fixable
Violet (Invitrogen) were used to exclude dead cells, followed by examination of CD3* CD8*
pentamer* cells. The gating strategy is shown in Supplementary Fig. 1, Supplemental Digital
Content (SDC)-1. Data were acquired on a LSR Il cytometer (BD) and analyzed with
FlowJo software (version 10.5.3, FlowJo). Compensation was performed with BD
Compensation Beads, Amine-Reactive Compensation Beads (Invitrogen), or cells.

TRB sequencing

TRB from Patients 1, 2, 5, 9, 11, 13, 16, and 18 were sequenced using the Sanger method,
and methods for RNA purification, PCR conditions, and primers were as previously
published [14]. TRB from Patient 20 were sequenced on the Illumina platform as described
herein. RNA was purified from uncultured (time zero, T0) PBMC or TIL, and from MT or
WT mass cultures with Qiagen RNeasy Mini kits. Quantity and quality were assessed via
QUBIT fluorometer and Agilent RNA Pico Chip on a 2100 BioAnalyzer, respectively. TRB
cDNA libraries were prepared using Clontech SMARTer RACE 5°/3” Kit with human TRB
Constant gene specific primer 5’ caggcagtatctggagtcattgag. Following library preparation via
Illumina TruSeq workflow, samples were sequenced using the lllumina MiSeq platform.
TRB were collapsed to identical nucleotide sequences to enumerate T cell clones. IMGT
nomenclature is used to describe TRB gene segments [19,20].

Bioinformatics and Statistical Analysis

HPRT clonal assay data were processed by initially calculating a CE for each assay and a
MF for each individual. To determine standard estimates for CE and MF, CE was calculated
by use of the Poisson relationship, Py = exp(—x), where Py is the fraction of wells without
colony growth and x is the average number of clonable cells per well. The value of x divided
by the number of cells added to each well (ng) defines the CE. The HPRT MF with this
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calculation is the ratio of the mean CE in the presence (selection (MT)) and absence (non-
selection (WT)) of TG. Averaging yielded CE and MF values in cases with multiple
dilutions.

To compare MT versus WT MAA-P frequencies, we used the conservative approach of
Proschan et al. to account for the fact that the threshold gates are data dependent [21].

MiXCR was used to extract TCR clonotypes from Illumina MiSeq data [22] and consists of
three primary steps: (1) an alignment where sequencing reads were aligned to reference V,
D, Jand C genes of TCR; (2) an assembly of clonotypes using alignments to identify
specific gene regions (e.g. complementarity determining region 3 (CDR3)); and (3) export of
the clonotypes for inspection. Our MiXCR (v2.1.1) analysis followed the workflow
recommended by Bolotin et al [22] except that we invoked the option -

OallowPartial Alignments=true’ to prevent MiXCR from filtering out partial alignments that
did not fully cover CDR3. This modification was needed as our data was based on randomly
sheared cDNA libraries created for RNASeq. To reconstruct full CDR3 sequences where
possible, two rounds of contig assembly were performed using the available alignments.
Clonotypes were then assembled, exported to a text file, and alignment fidelity was assessed
manually.

Variation characteristics of empirical TRB frequencies invalidate the use of simple statistical
procedures, such as Fisher’s exact test, to compare proportions. MT sequence counts are
subject to sources of extra-multinomial variation caused by population bottleneck and
growth variation in vitro [23]. We limit the impact of this problem by considering only
distinct sequences and their occurrence or co-occurrence in multiple samples, and ignoring
full frequency information that would reveal sequencing depth. A second problem is that we
compare TRB rates among populations where a given sequence is on both sides of the
equation: i.e., a given sequence may occur both in WT and tumor and in MT and tumor, and
so empirical frequencies (over TRB’s) are not independent binomial proportions. A third
problem is that the indicators of occurrence of a given TRB in the various samples are
positively correlated owing to shared biological features. Specifically, a large TRB clone
having relatively high detection rate in the WT class is predicted to also be relatively easy to
detect in the MT and tumor classes, just because of its size, in the absence of any
fundamental differences among the WT, MT, or tumor classes. Addressing these issues, we
developed a statistical approach to measure the enrichment of tumor-associated TRB’s in
MT as compared to WT cells, details of which are provided in the accompanying Statistical
Supplement (see text document, SDC-2). This approach was used to analyze both Sanger
and lllumina datasets.

UpSetR was used to plot data intersections [24].

Patient characteristics and biological samples

Patient and biological samples are described in Table 1. The PBMC and tumor samples were
obtained near the time of clinically indicated surgery for progressive metastatic melanoma
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for Patients 1, 2, 3, 4, 5, 9, 11, 13, 16, 17, 18, and 19. A baseline tumor sample and serial
blood samples beginning 20 months later were collected from Patient 20 (Supplementary
Fig. 2, SDC-3).

Patient 20 HPRT cloning assays and mass cultures

CE and MF were calculated from four of the five PBMC cloning assays from Patient 20
(Supplementary Table 1, SDC-4). The CE (%) for Baseline, Post-IT-AG, 1-month Post-Ipi,
and 13-months Post-Ipi were 12.4, 6.4, 26.6, and 10.6, respectively; the MF (x 107) for the
same timepoints were 114.3, 88.4, 23.1, and 87.1, respectively. The 4-month Post-Ipi assay
failed to yield viable T cell clones for either WT or MT, thus the 4-month Post-1pi CE and
MF could not be determined. Calculated MF values varied among the different sample
timepoints, but all were elevated compared to the mean background value for a large cohort
of adult males [25]. Mass cultures were prepared successfully for all five PBMC samples.
The details of the mass cultures and the RNA quality control are presented in Supplementary
Table 2, SDC-5. TRB data from Patient 20 are from mass cultures.

Flow Cytometry

Mass cultures from five tumor and nine blood samples from HLA-A2" melanoma patients
were stained with HLA-A2 MAA peptide pentamers (Table 2). As these experiments were
intended as a screening tool and the biological materials were limited, the five pentamer
reagents were pooled. Representative results obtained using Patient 16’s MT and WT TILN
are shown in Fig. 1. The MT TILN contain an antigen-specific population of 1.51% of live
CD8* lymphocytes detected by the pool of five MAA pentamers, a 45-fold enrichment
compared to WT TILN (p < 0.001). A significant enrichment of melanoma-specific T cells
in MT compared to WT was also found in a TIL mass culture from Patients 11 and in one of
two TILN mass cultures from Patient 13 (3 of 5 total) (p < 0.001), despite both of these
samples having very low numbers of total CD3* CD8™ T cells (Table 2). The finding of
increased pentamer* events in the MT compared to the WT did not extend to the blood mass
cultures examined (0 out of 9) (Table 2). Neither the MT nor WT peripheral blood mass
cultures from Patient 20 demonstrated substantial MAA pentamer* T cells (Table 2).
Pentamer staining of Patient 20°s TIL was not performed due to limited sample.

Sharing of TRB sequences with tumor-derived lymphocytes is greater in MT compared to

WT

Sanger sequencing revealed a total of 1,712 distinct TRB in the tumor, MT and WT from
eight patients with metastatic melanoma (Patients 1, 2, 5, 9, 11, 13, 16, and 18). There were
544, 359, and 792 TRB found only in the tumor, MT or WT, respectively. While no TRB
were found across all three subsets (tumor, MT and WT), there were 7, 2, and 2 TRB found
in common between tumor and MT, tumor and WT, or MT and WT, respectively (Table 3).
Due to the low read counts per patient, sequences were pooled over the eight patients and
significantly greater MT sequences were shared with tumor-derived lymphocytes than were
WT sequences (Monte Carlo p=10~7, MT vs WT, Table 3).
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Clonotypic diversity is reduced in MT compared to WT or TO

RNA from serial blood samples from TO, WT, and MT from Patient 20 was sequenced via
Illumina MiSeq to examine changes in TRB repertoire diversity longitudinally as well as
across culture conditions. RNA from TIL collected 20-months prior to IT-AG (T-T0) was
also sequenced. A distinct clone is defined by sequence identity across the TRB Variable
(TRBV) gene, CDR3 nucleotide sequence, and TRB Joining (TRBJ) gene. Relatively similar
numbers of total TRB sequences were obtained across all 16 multiplexed samples
(Supplementary Table 2, SDC-5). The total TRB include multiple occurrences of distinct
clones, 7.e., the total number enumerates the count of all occurrences of distinct TRB
sequences found as singlets and those found multiple times. However, we identified a highly
skewed distribution of distinct TRB sequences when comparing TO or WT with MT from
the same sample (Supplementary Table 2, SDC-5). The low numbers of distinct TRB
sequences in MT (identifying /n vivo clones) were similar across the five samples
(Supplementary Table 2, SDC-5). Variation in number of distinct sequences was not
attributed to RNA quality or quantity.

Sharing of TRB sequences with TIL is greater in MT compared to WT or TO

TRB with identical nucleotide sequences and TRBV genes were found shared across several
of Patient 20°s timepoints. The detection rate of TRB shared between T-T0 and MT,
considering all timepoints, was 11.0% (72/656). This rate of TRB sharing between T-TO and
MT was higher than the rate of TRB sharing between T-TO and either WT or TO, 1.5 %
(206/13,639), and 1.3 % (38%29,807), respectively (p=10~7, Monte Carlo computations for
MT vs WT and MT vs TO comparisons) (Table 4). This trend of increased TRB sharing
between MT and T-TO was also detected when applied to persisting clones (/.¢e., clones
present at more than one peripheral blood timepoint). The detection rate of TRB shared
between the T-T0 and persisting MT, was 43.6% (17/39). This rate of TRB sharing between
T-TO and MT was higher than between the rate of TRB sharing between T-T0 and either WT
or TO, 16.0 % (87/544), and 8.6 % (192/2,231), respectively (p=10~4, Monte Carlo
computations for MT vs WT and MT vs TO comparisons) (Table 4). TRB sharing was
detected across the time course of this study with identical TO and WT clones identified at 2,
3, 4, and 5 different timepoints (Fig. 2a—b). Despite the overall lower numbers of distinct
TRB defined clones, a similar profile was noted for MT clones, with identical clones
identified at 2, 3, and 4 different timepoints (Fig. 2c).

Discussion

The identification of probes for /n vivo melanoma-reactive T cells in metastatic melanoma
patients could have a significant impact on patient management. We have previously shown
that HPRT surrogate selection can identify in vivo expanding T cell clones in melanoma
patients that can traffic to tumor within an individual melanoma patient and have public
TRB between different melanoma patients [14,15]. Some HPRT MT T cells have similar
TRB sequences as melanoma-specific T cells identified in a literature-derived empirical
database [15]. We hypothesized that HPRT surrogate selection would enrich for the
biological event of /n vivo T cell clonal amplification and identify T cells mediating
antitumor responses following immune checkpoint blockade for metastatic melanoma. We
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now report that MT T cells in the blood of metastatic melanoma patients have increased
melanoma-associated T cells compared to WT. In addition, MAA-specific T cells from sites
of tumor can be detected in MT T cells using flow cytometry.

Pentamer staining of MT T cells identified enrichment of MAA-specific T cells from tumor
sites (3 of 5 samples from 4 patients), but not in PBMC of nine patients (0 of 9 samples). It
is noted that these analyses were limited to five HLA-A2-binding peptides and a relatively
small number of patients. The T cell response to melanoma is broad, encompassing multiple
HLA alleles and both public epitopes and private neoantigens, and including CD4 as well as
CD8 T cells. Thus, the HLA-A*0201-binding peptide reagents used herein represent only a
fraction of the epitopes targeted by T cells. Despite this limitation, our data agree with other
reports of a higher frequency of MAA-reactive T cells in the tumor microenvironment
compared to the circulation [26].

We initially examined MT and WT TRB from the blood and from the tumor of eight
metastatic melanoma patients with tumor progression and detected increased melanoma-
associated T cells (/.e., TRB matches between blood and tumor) in MT compared to WT
using Sanger methodology. Sanger data are much lower throughput, and consequently depth,
than those of the Illumina platform. Thus, we used the lllumina platform to study serial MT
and WT samples and identified enrichment of melanoma-associated T cells in MT in a
metastatic melanoma patient (Patient 20) who achieved durable antitumor benefit following
treatment with immune checkpoint blockade. It is important to note that Patient 20’s data
were obtained from initial samples during tumor progression and from subsequent samples
during tumor regression. Several T cell clones were present over the course of this patient’s
disease. Since MT from the blood of metastatic melanoma patients are enriched for
melanoma-associated T cells, they are candidate probes for mechanistic studies to identify
antimelanoma T cells in blood. Additional study of phenotypic, functional, and quantitative
differences of MT between patients with disease regression and disease progression is
needed in a larger cohort of metastatic melanoma patients to assess whether MT from the
blood of metastatic melanoma patients could function as a biomarker of antitumor response.

While the HPRT MF measurements in the serial blood samples from Patient 20 are greater
than values typically seen in normal controls [13,25], our study was not designed to compare
CE or MF to normal controls, either directly or retrospectively. Moreover, previous reports
of lower CE of patient blood samples compared to normal controls [13], whether due to
biologic or technical factors, cautions over-interpretation of these values. Assay variability
and small sample size do not allow conclusions about the change in HPRT MF following
immune checkpoint blockade. In addition, it is important to emphasize that MFs (mutant
frequency, measured in this study) are not mutation frequencies. MFs reflect accumulation
of mutants at any given time, whereas mutation frequencies reflect mutation events
occurring at any given time [25]. The magnitude of MFs is likely only a rough indicator of
immunological activity.

TRB sequences from an in-transit melanoma metastasis obtained ~20 months before Patient
20 received IT-AG (T-TO) were followed in serial blood samples to determine if these tumor-
associated TRB sequences persisted in the blood of a responding melanoma patient.
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Although it is not known whether these MT participated in the antitumor response, analysis
of the fresh tumor (T-TO0) revealed that TRB clones found in the tumor were detected in MT
in the circulation throughout the disease course and years following a complete response.
Moreover, a statistically higher percentage of TRB present in T-TO were also found as MT
clones compared to TO or WT. Overlapping T cell clones in the blood and tumor of
melanoma patients responding to novel immunotherapies have been reported [27,28].
Similar observations of shared TRB in the blood and tumor of patients with various cancers
responding to immune checkpoint blockade have been reported [26,29,30]. It is important to
note that selection with TG selects for only a subset of the TRB clones that were found in
the tumor. Conversely, the WT culture, although expanding many bystander TRB clones,
would be expected to contain some tumor-related TRB that were only found in WT
expanded TRB and lost in cultures expanded with TG selection. Additional study is needed
to determine whether tumor-related TRB that are present in T cells cultured in WT
conditions and lost in MT conditions are relevant for tumor immunity. We hypothesize that
TRB relevant to the /n7 vivoantimelanoma T cell response will be enriched in MT cultures
compared to WT cultures. We further hypothesize that HPRT mutant T cells are not per se
the mediators of the relevant immune responses but serve to identify the clones mediating
the /in vivo antitumor response. The mutant fraction of any clone is presumably only a tiny
fraction of that /n vivo clone.

Several strategies can be used for TCR repertoire analysis [31-34]. Our workflow converted
total RNA into cDNA with a focus on TRB as a marker of T cell clonality. It is important to
emphasize that this analysis quantified TRB sequences — not cells — because we measured
sequences identified from RNA. While this may provide a rough indicator of numbers of
cells, there could be great distortions due to differing RNA production among the cells. The
tumor sample was from freshly disaggregated tissue and no excess sample was available for
exome sequencing and neoantigen prediction to determine the mutational landscape of the
tumor. We were also unable to access either formalin-fixed paraffin-embedded tissue blocks
or slides from which to macro-dissect cells for isolation of RNA or DNA. However, study
findings demonstrate that H#PRT surrogate selection can identify subdominant ‘rare’ T cells
in a melanoma patient at the time of tumor regression. We also found TRB from TIL
obtained over 2 years before Ipilimumab in MT in the blood following an antitumor
response to Ipilimumab, and those TRB were enriched in MT compared to WT and T0. An
important highlight of the H#PRT methodology is the ability to detect T cell clones which
may be missed by traditional sequencing of TO samples, due to the extensive sequencing
depth necessary for such rare T cell detection. Despite the higher numbers of unique clones
in TO or WT compared to MT, clones were revealed in MT that were undetectable in either
TO or WT. Moreover, because HPRT surrogate selection does not rely on a preconceived
‘relevant’ antigen, it follows that T cells specific to novel tumor-associated antigens could be
identified. We are proceeding with functional experiments to study the role of these
emerging MT in the response to melanoma and will examine whether MT provide a probe
for tumor-rejection epitopes that could identify novel therapeutic targets.

Limitations of our study include the analysis of pooled T cell populations and the modest
depth of sequencing. Further, expansion rates of T cell subsets are not all equivalent and /n
vitro growth may alter the repertoire [35]. Exhaustive deep sequencing of purified T cell

Melanoma Res. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuleger et al.

Page 10

subsets, droplet-based microfluidic separation, and combined proteomic and transcriptomic
profiling techniques [32,36,37] may be required to reveal and elucidate the phenotypic and
functional properties of the selected HPRT MT T cells. While we cannot yet make
conclusions as to the functional profile of any specific CDR3 sequence, such experiments
are planned. In summary, HPRT surrogate selection may afford the opportunity to identify
rare melanoma-associated T cells, as well as antigens triggering /n vivo T cell activation,
that remain undetected through current bioinformatic pipelines [38,39].

Conclusion

HPRT surrogate selection merits additional study in metastatic melanoma patients treated
with immune checkpoint blockade to identify /in vivo melanoma-reactive T cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Patient 16 MT cultured from tumor-infiltrated lymph node (TILN) contains a melanoma
associated antigen (MAA)-specific population. WT (left) and MT (right) TILN were
incubated with HLA-A*0201 pentamers and co-stained for CD3 and CD8. Numbers in plots
represent the frequency of MAA pentamer* cells of total CD3* CD8* T cells. * frequency of
MAA pentamer* in MT was significantly greater than in WT (p < 0.001), modified
Proschan’s method (Materials and Methods).

Melanoma Res. Author manuscript; available in PMC 2021 February 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuleger et al.

@ 200
Q
o
i
3
3
o
Q
]
s
2
€ 100
=3
b4
0

I Bascline
N Post.IT.AG
. Post.pi_1
I Fost.|pi_?
I Post.Ipi_3

7500 5000 2

Total Number of Distinct
Sequences per Sample

b
150
@
Q
e
[} 100
>
=4
ol
(%]
“—
15}
I}
o
5
z 50
0

118

73
35
20 21
i,

143

7500

5000

116
| 2500
0

Page 14

8328

6385

4908

4185
3770

I < 233
e 154 | Total Number
. 123 Shared with
Tumor per
I ® 164 | Sample
L]

138

4 65 1836 2 5 9 3 26 10 97117719 6 101 4 3 5 8227 27 32 21
Number of Distinct Sequences Shared with Tumor
5000
149 4426
4000
3000
2000
2 1000

17

61
57
35
30
2
18 20
12 I I I

2 11

2 2

I Bascline
I Post.IT.AG
N Post.Ipi_1
I Post.Ipi_2
. Post.Ipi_3

4000 3000 200 1000 0
Total Number of Distinct
Sequences per Sample

C

6

@

@

S

8

(1 4

=3

5]

[}

ped

<]

o]

S

5

=z 2
04

I Boscline
I Post.IT.AG
I Post.Ipi_1
I Post.Ipi_2
I Post.Ipi_3

150 100 50 0

Total Number of Distinct
Sequences per Sample

Fig. 2.

j ikl

16 2 0

7

XNk

1719 30 10 1 024103 8 1 1410

20

i

° 92
e 37 | Total Number
° 131 Shared with
Tumor per
® 81 | Sample
o 38
31 560 16 7

!

Number of Distinct Sequences Shared with Tumor

134

165
131
121
66
(jE B = B N =
°

19

e 1 Total Number

. Shared with
16

Tumor per
° 16 | Sample
® 38
4 3 4 36

Number of Distinct Sequences Shared with Tumor

Melanoma Res. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuleger et al.

Page 15

UpSetR plot of distinct TRB CDR3 sequences across five peripheral blood samples from
Patient 20 at TO (a), WT (b), and MT (c). Identification of identical CDR3 sequences at
different timepoints is shown as a matrix in which the rows represent the mass cultures at
each timepoint and the columns represent their intersection. For each sequence that is part of
a given intersection, a black filled circle is placed in the corresponding matrix cell. Empty
intersections are shown as a light gray circle. The vertical black lines connect the topmost
black circle to the bottommaost black circle in each column. The number of identical CDR3
identified at the different timepoints is shown as the bar chart at the top of the matrix, and
the number of such sequences also shared with the tumor is presented below the plot, as well
as represented by the orange segment in the bar chart. The remaining (/.e., not shared with
the tumor) sequences are represented by the black segment in the bar chart. The total number
of CDR3 shared with the tumor per timepoint is presented to the right of the plot. The top
two rows (colored red) and the bottom three rows (colored green) of the matrix correspond
to times of tumor growth and regression, respectively. The horizontal bar plot, to the left of
the matrix, shows the number of distinct sequences per sample. Post-IT.AG, Post-
intratumoral alpha-gal glycolipids; Ipi, Ipilimumab; Post.Ipi_1, _2, 3 correspond to 1
month, 4 months, and 13 months Post-1pi, respectively.
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Table 1.

Melanoma patient characteristics and assay details.

Patient 1D Ageal Sex Stage of Diseaseb Biological Sampl&sC

1 702 M Il pamc? TiLn?

2 46 M \Y —-T ?

3 364 M v pBMCE n/d

4 363 M v PBMCE n/d

5 555 M v I ?

o n3-M v pemC? i iL27
u %81 F v peMC-17PBMC-27° TiL%e
19 06 M v pEMC?® TILN-1%€ TILN-2%8
16 458 M Il — TL9e

17 813 M \Y n/d TILE

18 548 F \Y — TILN?

19 603 M v PEMCE n/d

20 570 M Il PBMCE L o)

PBMC (Baseline)h
PBMC (Post-IT-AG)/7
PBMC (Post—lpi—l)/7
PBMC (Post-1pi-2)
PBMC (Post-1pi-3)

a : - . - . . . .
Age at time of initial blood sample acquisition for all patients except Patient 17, which refers to the age at time of tumor resection.

Page 16

AJCC stage refers to the stage of disease at the time of initial blood sample acquisition for all except Patient 17, which refers to the stage of
disease at the time of tumor resection.

CPBMC were obtained near the time of clinically indicated surgery to obtain TIL or TILN for Patients 1, 2, 3, 4, 5, 9, 11, 13, 16, 17, 18, and 19, or
at several timepoints beginning 20 months after resection of an in-transit metastasis (Patient 20).

dTRB Sanger sequencing.

EMAA peptide pentamer flow cytometry; Patients were HLA-A2™, except Patients 1 and 9.

fTwo blood samples collected ~2 year apart.

gTwo anatomically distinct TIL obtained on the same date.

h . .
TRB Illumina sequencing.

hEN-y 1Cs.

AJCC, American Joint Committee on Cancer; PBMC, Peripheral blood mononuclear cells; TIL, tumor-infiltrating lymphocytes; TILN, tumor-
infiltrated lymph node n/d, sample not analyzed
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Table 2.

Melanoma patient and sample characteristics, and HLA-A*0201 melanoma-associated antigen pentamer data.

Patient A b Sample MT WT
ge
D2 source
#CD3* CD8* # Total % CD3* #CD3* CD8" # Total % CD3*
Pentamer*T ~ CD3*CD8* cDsg* Pentamer* T CD3* CD8* cDg*
cells T cells Pentamer * cells T cells Pentamer *
2 44.6 PBMC 0 22,579 0 1 31,860 0.003
3 36.4 PBMC 0 52,035 0 120 99,126 0.12
4 36.3 PBMC 52 49,817 0.10 84 47,397 0.18
5 55.5 PBMC 6 10,759 0.06 33 50,362 0.07
PBMC 9 61,178 0.01 23 143,131 0.02
11 58.1
TIL 3 107 28% 22 68,611 0.03
PBMC 5 77,809 0.01 6 53,777 0.01
13 696  TILN-1C 6 1452 0.417 4 100,677 0.004
TILN-ZC 16 128,326 0.01 7 160,979 0.004
PBMC 25 236,129 0.01 19 256,400 0.01
16 45.8 "
TILN 991 65,601 151 87 267,569 0.03
17 81.3 TIL 12 229,553 0.01 8 140,029 0.01
19 60.5 PBMC 18 283,938 0.01 95 132,098 0.07
20 57.0 PBMC 14 44,282 0.03 0 18,673 0

a . . . . - . .
Patient 1D assigned internally and reflects chronological order of analyzed samples. All patients were male except patient 11. All patients had
Stage 1V metastatic melanoma except patients 16 and 20, who had Stage |11 metastatic melanoma.

Age at time of initial blood sample acquisition for all patients except Patient 17, which is the age at time of tumor resection.

C. . - .
Two anatomically distinct TILN obtained on the same date were analyzed.

PBMC, peripheral blood mononuclear cells; TILN, tumor-infiltrated lymph node; TIL, tumor infiltrating lymphocytes

*
p<0.001, pentamer™ frequency MT compared to WT
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Table 3.

Sharing of MT and WT TRB sequences with tumor in Sanger sequence data set.

* *
N1 nyyq Nio1 Nioo  Noir  Noiwo  Noox

0 7 2 544 2 359 792

Sanger sequence data from 8 patients were collapsed into 3 sets: tumor, MT, or WT. Clonotypes had identical TRBV, CDR3, and TRBJ. The
number of sequences shared between sets is represented by ‘n’, and the subscripts represent tumor, MT, and WT, respectively.

MT mutant; WT; wild-type; TRB, T cell receptor beta; TRBV, TRB V-region; CDR3, complementarity determining region 3; TRBJ, TRB J-region.

*
p=10_7, Monte Carlo computations, MT TRB shared with tumor compared to WT TRB shared with tumor
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Persistence of distinct TRB sequences? in blood and tumor of Patient 20.

Table 4.

Page 19

TO

WT

MT

Blood & Tumor (% of

Blood & Tumor (% of

Blood total) Blood total) Blood Blood & Tumor (% of total)
1 timepoint” 27,576 189 13,095 119 617 55
2 timepointsc 1,589 73 390 43 25 9
3 timepoints® 387 43 87 18 10 5
4 timepoints® 137 32 35 10 4 3
5 timepoints® 118 44 32 16 0 0
Total, persisting? 2,231 192 (8.6%) 544 87 (16.0%) 39 17 (43.6%) *
Total, all timepoints® 29,807 381 (1.3%) 13,639 206 (1.5%) 656 72 (11.0%) ™"

a, . ) .
distinct sequence as defined by nucleotide sequence and TRBV;

b . . .
# of sequences found in blood at only 1 timepoint;

# of sequences found in blood at 2, 3, 4, or 5 sequential timepoints. Sequence were counted once under the highest category to avoid overcounting

and overlap;

d. . . .
Total # of sequences found in blood at any 2, 3, 4, or 5 sequential timepoints;

e
Total # of sequences

TRB, T cell receptor beta; TO, time zero; WT; wild-type; MT mutant; IT-AG, intratumoral a-gal glycolipids.

*
p:lO_4, Monte Carlo computations, MT TRB shared with tumor compared to WT or TO TRB shared with tumor, persisting sequences.

*ok

p=10_7, Monte Carlo computations, MT TRB shared with tumor compared to WT or TO TRB shared with tumor, sequences across all

timepoints.
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