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Adoptive transfer of tumor-infiltrating lymphocytes (TILs) can mediate regression of metastatic melanoma;
however, TILs are a heterogeneous population, and there are no effective markers to specifically identify
and select the repertoire of tumor-reactive and mutation-specific CD8* lymphocytes. The lack of biomark-
ers limits the ability to study these cells and develop strategies to enhance clinical efficacy and extend this
therapy to other malignancies. Here, we evaluated unique phenotypic traits of CD8* TILs and TCR 3 chain
(TCRP) clonotypic frequency in melanoma tumors to identify patient-specific repertoires of tumor-reactive
CD8"* lymphocytes. In all 6 tumors studied, expression of the inhibitory receptors programmed cell death 1
(PD-1; also known as CD279), lymphocyte-activation gene 3 (LAG-3; also known as CD223), and T cell immu-
noglobulin and mucin domain 3 (TIM-3) on CD8* TILs identified the autologous tumor-reactive repertoire,
including mutated neoantigen-specific CD8" lymphocytes, whereas only a fraction of the tumor-reactive popu-
lation expressed the costimulatory receptor 4-1BB (also known as CD137). TCRf} deep sequencing revealed
oligoclonal expansion of specific TCRf clonotypes in CD8"PD-1* compared with CD8*PD-1- TIL populations.
Furthermore, the most highly expanded TCR clonotypes in the CD8* and the CD8*PD-1* populations rec-
ognized the autologous tumor and included clonotypes targeting mutated antigens. Thus, in addition to the
well-documented negative regulatory role of PD-1in T cells, our findings demonstrate that PD-1 expression
on CD8* TILs also accurately identifies the repertoire of clonally expanded tumor-reactive cells and reveal a

dual importance of PD-1 expression in the tumor microenvironment.

Introduction
Cancer immunotherapy has experienced major progress in the
last decade. Adoptive transfer of ex vivo-expanded tumor-infil-
trating lymphocytes (TILs) can cause substantial regression of
metastatic melanoma (1, 2). Blockade of the interaction of cyto-
toxic T lymphocyte antigen 4 (CTLA-4; also known as CD152) or
programmed cell death 1 receptor (PD-1; also known as CD279)
with their ligands using blocking antibodies alone or in combina-
tion have been shown to unleash an otherwise-ineffective immune
response against melanoma (3-7), renal cell carcinoma (3), and
non-small cell lung cancer (3). The antitumor responses observed
in these clinical trials support the presence of naturally occurring
tumor-reactive CD8" T cells and their immunotherapeutic poten-
tial. In the particular case of TIL therapy, persistence of transferred
tumor-specific T cell clones is associated with tumor regression
(8). Moreover, retrospective clinical studies have shown an asso-
ciation of autologous tumor recognition by TILs and clinical
response (9, 10), which suggests that enrichment of tumor-reactive
cells could enhance clinical efficacy. However, the identification of
the diverse repertoire of tumor-reactive cells limits the ability to
study these cells, enhance clinical efficacy, and extend this therapy
to other malignancies.

Melanoma TILs represent a heterogeneous population that can
target a variety of antigens, including melanocyte differentiation
antigens, cancer germline antigens, self-antigens overexpressed by
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the tumor, and mutated tumor neoantigens (11). The latter appear
to be of critical importance for the antitumor responses observed
after transfer of TILs, given the substantial regression of metastatic
melanoma in up to 72% of patients in phase 2 clinical trials, in the
absence of any autoimmune side effects in the great majority of
patients (2). This contrasts with the modest antitumor activity but
high prevalence of severe autoimmune manifestations observed
after transfer of peripheral blood gene-engineered T cells expressing
TCRs targeting shared melanocyte differentiation antigens MART1
and gp100 (12, 13). Furthermore, T cells targeting mutated neoepi-
topes are not subject to negative selection in the thymus and may
constitute the predominant naturally occurring tumor-reactive
population in cancer patients. In support of this notion, a recent
study reported the frequent detection and dominance of T cell
populations targeting mutated epitopes in melanoma-derived TILs
(14). Conversely, T cells targeting shared melanocyte differentia-
tion antigens and cancer germline antigens in bulk melanoma TILs
were represented at a strikingly low frequency (15). These findings
have shifted our interest from the more accessible and commonly
studied T cells targeting melanocyte differentiation antigens to
T cells targeting unique patient-specific mutations. However, the
often rare availability of autologous tumor cell lines necessary to
study these reactivities, and the hurdles associated with the identi-
fication of the unique mutations targeted, have thus far hindered
immunobiological studies of these T cell populations in the tumor.

Naturally occurring tumor-reactive cells are exposed to their
antigen at the tumor site. Thus, the immunobiological character-
ization of T cells infiltrating tumors represents a unique oppor-
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Figure 1

CD8* TlLs exhibit unique phenotypic traits compared with PBLs. (A) Phenotypic characterization of CD8*+ PBLs and TILs in melanoma patients.
Percentages of PBLs and TILs expressing individual or combination of markers are shown (mean + SEM). Each dot represents 1 sample analyzed.
**P < 0.01, ***P < 0.001, Mann-Whitney test. (B) Coexpression of PD-1, LAG-3, TIM-3, and 4-1BB in CD8* PBLs and TILs. The frequency of cells
expressing 0, 1, 2, 3, or 4 markers is shown. Bars represent maximum, minimum, and mean values. **P < 0.01, ***P < 0.001, Mann-Whitney test.
(C) Coexpression pattern of PD-1 and LAG-3, TIM-3, 4-1BB, CD27, and CD57 on CD8* PBLs and TILs. Dot plots display the phenotype of CD8*
lymphocytes from matched samples from 1 representative patient. The percentage of cells expressing each combination of receptors is shown. (D)
Frequency of PD-1 expression on CD8* TIL subpopulations. TIM-3+, LAG-3+, 4-1BB*, CD25+, BTLA*, CD57+, and CD27+ CD8+ TILs were gated,
and the frequency of PD-1 expression within these populations is summarized. Markers are displayed in order and color coded according to fre-
quency of PD-1 expression. Mean + SEM are shown. *P < 0.005 vs. BTLA*, CD57+, and CD27+, Dunn test for multiple comparisons.

tunity to study their function and to identify the patient-specific
repertoire of tumor-reactive cells. TCR stimulation triggers simul-
taneous upregulation of both costimulatory and coinhibitory
receptors, which can either promote or inhibit T cell activation
and function. Expression of the inhibitory receptors PD-1, CTLA-
4, lymphocyte-activation gene 3 (LAG-3; also known as CD223),
and T cell immunoglobulin and mucin domain 3 (TIM-3) is regu-
lated in response to activation and throughout differentiation (16,
17). Chronic antigen stimulation has been shown to induce coex-
pression of inhibitory receptors and is associated with T cell hypo-
responsiveness, termed exhaustion (18). Exhaustion in response
to persistent exposure to antigen was first delineated in a murine
model of chronic lymphocytic choriomeningitis virus (19), but has
been observed in multiple human chronic viral infections (20-22)
as well as in tumor-reactive MART1-specific TILs (23, 24), and
has provided the rationale for restoring immune function using
immune checkpoint blockade. Conversely, 4-1BB (also known as
CD137) is a costimulatory member of the TNF receptor family
that has emerged as an important mediator of survival and prolif-
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eration, particularly in CD8" T cells (25-27). 4-1BB is transiently
expressed upon TCR stimulation, and its expression has been used
to enrich for antigen-specific T cells in response to acute antigen
stimulation (28). However, expression of this marker has not been
extensively explored in CD8" lymphocytes infiltrating human
tumors. In addition to changes in the expression of cosignaling
receptors on the surface of T cells, antigen-specific stimulation
typically results in clonal expansion. TCR sequence immunopro-
filing can be used to monitor T cell responses to a given immune
challenge even without a priori knowledge of the specific epitope
targeted, through determination of the abundance of specific clo-
notypes (29, 30). However, there is limited knowledge regarding
the TCR repertoire and the frequency of tumor-reactive clonotypes
infiltrating human tumors.

We hypothesized that the assessment of unique phenotypic
traits expressed by CD8* TILs and TCR  chain (TCRp; encoded
by TRB) clonotypic immunoprofiling of lymphocytes infiltrating
the tumor could provide a powerful platform to study antitumor
T cell responses and evaluated their usefulness in identifying the
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Figure 2

PD-1+, LAG-3*, and TIM-3* derived CD8* TILs, but not the negative counterparts, recognize and lyse their autologous tumor cell line. Bulk CD3*CD8*
TILs were sorted to high purity from 6 tumors based on positive or negative expression of PD-1, LAG-3, and TIM-3 and expanded in vitro. (A) Response
of FrTu1913-derived TILs to TC1913. TILs were cocultured with autologous TC1913, and tumor recognition was assessed by measuring IFN-y release
(duplicates, mean + SD), and the frequency of CD8+4-1BB+ cells. (B) Reactivity of PD-1+ and PD-1- CD8* TILs derived from FrTu1913 against a panel
of targets: TC1913 with and without HLA-I blocking antibody (W6/32), TC2448 (matched HLA-A*0201), TC2301 (allogeneic), and plate-bound anti-CD3
(OKT3). Upregulation of 4-1BB (top) and IFN-y release (bottom, duplicates, mean + SD) are shown. (C) Lysis of TC1913 by FrTu1913-derived TILs.
Cytotoxicity of TILs against TC1913 (mean + SD). (D) Response of PD-1-and PD-1+ derived TILs to their autologous tumor targets from all the 6 fresh
tumors studied. PD-1-and PD-1+TILs were cocultured with their autologous tumor cell lines, and reactivity was assessed by measuring IFN-y secretion
(left) and 4-1BB upregulation (right). Each dot represents 1 patient's sample. Mean + SEM. *P < 0.05, 2-tailed Wilcoxon signed-rank test.

diverse repertoire of tumor-reactive cells. Despite the accepted
negative regulatory role of PD-1 in T cells, our findings estab-
lish that expression of PD-1 on CD8* melanoma TILs accurately
identifies the repertoire of clonally expanded tumor-reactive,
mutation-specific lymphocytes and suggest that cells derived
from this population play a critical role in tumor regression after
TIL administration.

Results

CD8* lymphocytes in the tumor display distinct phenotypic traits with
increased but variable expression of PD-1, LAG-3, TIM-3, and 4-1BB. To
investigate whether the state of differentiation of CD8" TILs from
freshly excised melanoma lesions or expression of markers char-
acteristic of chronic or acute antigen-specific stimulation could
guide the identification of tumor-reactive cells, we characterized
the phenotype of CD8* TILs from 24 melanomas. We measured cell
surface expression of differentiation markers CD62L, CD45RO,
CD27, and CDS57 (31), inhibitory receptors PD-1, LAG-3, TIM-3,
and BTLA, typically expressed on chronically stimulated CD8*
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T cells (23, 24, 32, 33), and costimulatory receptor 4-1BB (28, 34)
and IL-2 receptor alpha CD25 (35), which can be upregulated after
TCR stimulation. A summary comparing the phenotypic traits of
CD8* TILs and PBLs is depicted in Figure 1A. Freshly isolated CD8*
TILs displayed a higher frequency of effector memory (EM) cells
(CD62L-CD45RO*) compared with PBLs obtained from 21 of the
24 patients tested (Figure 1A). Despite this enhanced frequency of
EM-like cells, CD8" TILs did not appear to be terminally differenti-
ated, as they maintained high expression of CD27, a marker that
typically decreases throughout differentiation, and low expression
of CD57, a receptor associated with terminal T cell differentia-
tion (31). In addition, CD8* TILs exhibited enhanced expression
of PD-1, LAG-3, TIM-3, and 4-1BB, but not BTLA or CD25. PD-1
was the receptor most overexpressed in CD8* TILs compared with
PBLs, followed by TIM-3, 4-1BB, and LAG-3 (32.4% + 5.0%, 13.0%
+3.2%, 10.8% + 2.4%, and 5.7% + 2.4%, respectively). Notably, these
4 receprors displayed substantial coexpression on a subset of CD8*
TILs (Figure 1B). The cumulative frequency of T cells coexpress-
ing 2, 3, or 4 markers accounted for 16.6% + 3.6% of TILs, com-
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pared with 0.3% + 0.1% of PBLs. Figure 1C shows the coexpression
pattern of some of the markers studied on CD8* PBLs and fresh
tumor CD8" TILs for 1 representative melanoma patient. This
patient’s CD8" TILs displayed coexpression of TIM-3, LAG-3, and
4-1BB with PD-1. TIM-3, LAG-3, and 4-1BB were almost exclusively
expressed on PD-1" cells: 82.8% + 3.1% of CD8'TIM-3* TILs, 79.3%
+4.9% of CD8*'LAG-3* TILs, and 78.6% * 3.8% of CD8*4-1BB* TILs
expressed PD-1 in the fresh tumor (Figure 1D and Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC173639DS1). Additionally, PD-1 and CD27 were
also consistently coexpressed on a fraction of CD8" TILs (Figure
1C). However, CD27 was not exclusively expressed on PD-1* TILs,
as there was still a substantial percentage of CD27* TILs that were
PD-1-. On average, only 37.6% of CD8*CD27* TILs expressed PD-1
in the fresh tumor (Figure 1D). Thus, the coexpression pattern of
PD-1 with LAG-3, TIM-3, and 4-1BB appeared to be different than
that observed with PD-1 and the differentiation marker CD27.
Overall, the unique coexpression profile of PD-1 with LAG-3, TIM-3,
and 4-1BB in CD8" TILs prompted us to study these markers and
their potential significance in greater detail.
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Expression of PD-1, LAG-3, and TIM-3 in the tumor identifies tumor-
reactive and mutation-specific T cells. In order to investigate whether
CD8" cells expressing PD-1, LAG-3, and TIM-3 in the tumor rep-
resented the tumor-reactive population, we isolated cells from 6
independent fresh tumors based on expression of PD-1, LAG-3,
and TIM-3, expanded them in vitro for 15 days with IL-2, anti-CD3
stimulation, and irradiated feeders, and tested their ability to rec-
ognize autologous tumor cell lines. The availability of autologous
tumor cell lines enabled us to assess the patient-specific repertoire
of tumor-reactive cells, rather than the shared reactivities studied
with HLA-I-matched tumor cell lines. We first studied fresh tumor
1913 (FrTul913), a tumor from a patient who had objective clini-
cal response after transfer of TIL1913. Notably, PD-1*, LAG-3*, and
TIM-3* FrTul913-derived CD8* TILs, but not the negative coun-
terparts, contained all the tumor-reactive cells — as determined by
IEN-y secretion and 4-1BB upregulation — after coculture with
autologous tumor cell line 1913 (TC1913) (Figure 2A). Recogni-
tion of autologous tumor appeared to be antigen specific and
HLA-I restricted, as the HLA-I-blocking antibody W6/32 inhib-
ited these responses, and TILs did not respond to HLA-I-matched
Volume 124 2249
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Figure 4

PD-1+, LAG-3+, and TIM-3+ derived CD8* TILs prospectively identify tumor-reactive CD8* TILs
targeting a mutation in the CDKN2A gene locus. CD3+CD8* TILs were sorted to high purity from
FrTu1913 based on positive or negative expression of PD-1, LAG-3, and TIM-3 and expanded
in vitro. (A) Recognition of CDKN2Am,: peptide pulsed COS-A11 cells by PD-1+ and PD-1-TILs.
TILs were cocultured with COS-A11 cells pulsed with an irrelevant A*1101 restricted peptide,
with CDKN2Am.: peptide (1 uM), or with plate-bound anti-CD3. Dot plots display the frequency
of expression of 4-1BB and CDKN2A.: peptide HLA-A*1101 tetramer complex binding of PD-1-
(left) and PD-1+ (right) derived CD8* TILs 24 hours after coculture. (B) IFN-y secretion and fre-
quency of CDKN2Am,: tetramer+ cells in FrTu1913-derived TILs. TILs derived from FrTu1913 and
control TIL3309, recognizing CRKRSm,: HLA-A*1101 peptide, were cocultured with COS-A11
alone or pulsed with specific or irrelevant peptides; mean secretion of IFN-y (duplicates) is repre-
sented. The frequency of CDKN2Ar.-specific cells in the TIL populations was determined using
a CDKN2A peptide HLA-A*1101 tetramer complex after gating on CD3+CD8* cells (gray bars).

or -mismatched tumor cell lines (Figure 2B). Tumor recognition
by PD-1*, LAG-3*, and TIM-3" derived TILs was not due to differ-
ences in the activation status of the T cells, since all the subsets
were capable of responding to plate-bound anti-CD3 stimulation
(Supplemental Table 1). Additionally, PD-1*, LAG-3*, and TIM-3*
derived cells were capable of lysing the autologous TC1913 (Figure
2C). With the exception of LAG-3* cells isolated from FrTu2448,
selection of PD-1%, LAG-3*, and TIM-3* CD8" TILs reproducibly
separated the tumor-reactive cells from the non-tumor-reactive
cells present in all the fresh tumors tested (FrTul913, FrTu3289,
FrTu3612, FrTu3713, FrTu3550, and FrTu2448; Figure 2D and
Figure 3, A-H). Recognition of the autologous tumor cell line by
these TIL subpopulations appeared to be HLA-I restricted and did
not appear to be the result of differences in the activation status
of the T cell populations (Supplemental Tables 2-5). Thus, expres-
sion of the inhibitory receptors PD-1, LAG-3, and TIM-3 in the
fresh tumor could be used to prospectively identify and select the
patient-specific repertoire of CD8* tumor-reactive cells.

Previous studies characterizing the autologous tumor cell line
TIL1913, derived from FrTul913, resulted in the isolation of
clones targeting a HLA-A*1101-restricted epitope derived from a
mutation in the tumor suppressor gene locus CDKN2A (referred to
herein as CDKN2A ) expressed by TC1913 (36). The FrTul913-
derived TILs offered a unique opportunity to study mutation-reac-
tive cells. CDKN2A ye-specific CD8* lymphocytes detected using
a specific HLA-A*1101 tetramer complex accounted for 11.5% of
the PD-1* derived TILs (Figure 4A). These cells upregulated 4-1BB
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upon coculture with COS-7 cells stably
transduced with HLA-A*1101 (referred to
herein as COS-A11 cells) that were pulsed
with the specific peptide, and were not
detected in the PD-1- fraction. CDKN2A -
specific T cells were detected using CDK-
N2Apy tetramer in the PD-1*, LAG-3*, and
TIM-3* FrTul913-derived CD8* TIL popu-
lations, but not in the negative counter-
parts (Figure 4B). CDKN2A u-specific cells
present in these populations secreted IFN-y
in response to CDKN2A, peptide, but not
in response to an irrelevant HLA-A*1101-
restricted control peptide, CRKRS . (Fig-
ure 4B). These findings indicate that T cells
targeting mutated neoepitopes express
PD-1, LAG-3, and TIM-3 in the tumor and
that these receptors identify and select for
these T cell populations.

Expression of the inhibitory receptor PD-1,
rather than 4-1BB, accurately defines the broad
repertoire of tumor-reactive cells in the tumor.
In contrast to expression of the inhibitory
receptors PD-1, LAG-3, and TIM-3, 4-1BB
is a costimulatory receptor transiently
expressed on the cell surface of CD8" lym-
phocytes upon TCR stimulation. We found
that 4-1BB expression was preferentially
upregulated in a fraction of PD-1* CD8*
TILs infiltrating freshly excised melanoma
lesions (Figure SA). PD-1*/4-1BB* cells rep-
resented a small proportion of the CD8*
TILs in the 24 fresh tumors analyzed (9.8% +
3.5%), whereas the PD-1/4-1BB- population was substantially great-
er (22.1% + 2.5%) (Figure 5B). To determine whether 4-1BB or PD-1
better identified the tumor-reactive TILs, we separated CD8* TILs
from 2 fresh tumors based on expression of PD-1 and 4-1BB into
PD-1-/4-1BB-, PD-1*/4-1BB-, and PD-1*/4-1BB", but not PD-1-/4-
1BB*, due to its low frequency (Figure 5, A and B). We either estab-
lished T cell clones for the 3 subpopulations sorted from FrTul913
or bulk-expanded them from FrTu3713, and then tested their ability
to recognize autologous tumor. Both the PD-1*/4-1BB* and PD-1*/
4-1BB- derived T cell clones from FrTul913 and bulk-expanded
cells from FrTu3713 contained tumor-reactive cells, as determined
by 4-1BB upregulation after coculture with autologous tumor cell
lines TC1913 and TC3713 (Figure 5, C and D). Tumor recognition
was essentially undetectable in PD-1-/4-1BB- derived cells. PD-1*/
4-1BB* and PD-1*/4-1BB- expanded TILs showed comparable lysis
of autologous tumor cell line TC3713 (Figure SE). Given that a sig-
nificant fraction of tumor-reactive T cells was found in the PD-1*/
4-1BB- population, our data indicate that although the costimula-
tory receptor 4-1BB can be used to enrich for tumor-reactive cells, it
in fact misses a large proportion of tumor-reactive T cells; thus, PD-1
expression in the fresh tumor more comprehensively defines the
diverse repertoire of naturally occurring tumor-reactive CD8* TILs.

The skewed repertoire and binary distribution of CD8" TIL TCRf
clonotypes based on PD-1 expression is indicative of local antigen-driven
clonal expansion. To further explore whether the predominant
CD8'PD-1" population infiltrating melanomas represented the
tumor-reactive cells, we performed TCRf deep sequencing of
Number 5
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Figure 5

Expression of PD-1, rather than 4-1BB, more comprehensively identifies the repertoire of tumor-reactive cells in human tumors. (A) Representative
dot plots showing PD-1 by 4-1BB expression of CD8* TILs infiltrating FrTu1913 and FrTu3713. (B) Expression of PD-1 by 4-1BB on CD8* TILs infil-
trating melanoma tumors. The frequency of each combination of markers is shown as mean + SEM. ***P < 0.001, Wilcoxon signed-rank test (n = 24).
(C) Response of FrTu1913-derived clones to TC1913. CD8* TILs were sorted from FrTu1913 into PD-1-/4-1BB-, PD-1+/4-1BB-, and PD-1+/4-1BB+,
and clones were established. Clones derived from PD-1-/4-1BB- (n = 96), PD-1+/4-1BB- (n = 57), and PD-1+/4-1BB* (n = 65) were cocultured with
TC19183; 4-1BB upregulation upon coculture is plotted for each clone. The line represents the median. *P < 0.05, ****P < 0.0001, Dunn test for multiple
comparisons. Pie charts depict the percentage of tumor-reactive and non—tumor-reactive clones in each population. Greater than 1% CD8+4-1BB+
and greater than twice the background percentage 4-1BB compared with no stimulation control was considered positive. (D) Response of bulk-
expanded FrTu3713-derived TILs to TC3713. CD8+*PD-1-/4-1BB-, PD-1+/4-1BB-, and PD-1+/4-1BB+* TILs were sorted from FrTu3713 and expanded.
Cells were either left unstimulated, cocultured with TC3713, or stimulated with plate-bound anti-CD3. 4-1BB upregulation was measured to assess
tumor recognition. Representative dot plots of CD3+CD8+-gated cells are shown. (E) Lysis of TC3713 by TILs derived from FrTu3713.

freshly isolated CD8"PD-1* and CD8'PD-1- TILs. We reasoned complementarity determining region 3 [CDR3p] nucleotide and
that a less diverse TCRP profile in the PD-1* population would  amino acid sequences) in each population accounted for nearly
suggest antigen-driven clonal expansion. We studied FrTul913  80% and 60% of the PD-1* population — but only 28% and 37% of
(Figure 6, A-C) and FrTu3713 (Figure 6, D-F), 2 tumors from the PD-1- population — in FrTul913 and FrTu3713, respectively
patients who had objective clinical responses after transfer of  (Figure 6, A and D). With rare exceptions, PD-1 expression sepa-
TIL1913 or TIL3713. CD8'PD-1* TILs infiltrating FrTul913 rated the most frequent CD8* clonotypes into 2 populations,
(23%) and FrTu3713 (51.5%) were more oligoclonal compared  given that they were either highly expanded in the PD-1* TILs
with the PD-1- or bulk CD8* TILs. The 30 most frequent clo-  (PD-1*/PD-1- frequency ratio, >1) or dominant in the PD-1- pop-
notypes (unique TCR clonotypes; defined by hypervariable ulation (PD-17/PD-1- frequency ratio, <1) (Figure 6, B and E, and
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Tables 1 and 2). The 30 most highly expanded PD-1* clonotypes
were far less frequent in the PD-1- populations, and they only
accounted for 1.2% and 3% of the PD-1- population in FrTul913
and FrTu3713, respectively (Figure 6, C and F). The biased TCR
repertoire displayed by CD8*PD-1* TILs was also observed in
FrTu3612, a tumor from a patient who did not respond follow-
ing transfer of TIL3612 (Supplemental Figure 2). Notably, the
binary distribution of TCRf clonotypes observed based on PD-1
expression was less evident for CD8" TILs separated based on
4-1BB expression, given that some of the most frequent clono-
types present in the 4-1BB* population where still detected at a
substantial frequency in the 4-1BB- population (Supplemental
Figure 3, A and B). This is consistent with our previous results
indicating that PD-1, rather than 4-1BB, more comprehensively
identifies the diverse repertoire of tumor-reactive cells. Overall,
the skewed TCRP profile of the PD-1* population and the binary
distribution of TCRf clonotypes based on PD-1 expression sup-
port the notion that this population underwent antigen-driven
clonal expansion at the tumor site.

The frequency of specific clonotypes in the CD8* and PD-1* populations
is associated with tumor recognition. The presence of clonotypes that
were highly represented in the CD8" TIL population and prefer-
entially expanded in the CD8"PD-1* population suggested that
these may be tumor-reactive. To investigate this, we established
CD8" T cell clones by limiting dilution cloning from the PD-1* and
PD-1- populations from FrTu3713, and screened these clones for
recognition of the autologous tumor cell line TC3713. Whereas
61% of the PD-1* derived clones recognized TC3713, only 7% of
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7]

Figure 6

Skewed repertoire and binary distribu-
tion of CD8* TIL TCRp clonotypes based
on expression of PD-1 in the tumor. CD8*
T cells as well as PD-1+ and PD-1- frac-
tions were sorted to high purity from
FrTu1913 (A-C) and FrTu3713 (D-F),
mRNA was extracted, and TCRf deep
sequencing was performed. (A and D)
Diversity of the TCRp repertoire within the
bulk CD8*, CD8+*PD-1-, and CD8+PD-1+
TIL populations. The relative frequen-
cies of the most frequent TCRp clonotype
(uniqgue CDR3p amino acid sequences),
the second most frequent, the 3rd to 30th
most frequent, and the rest of the clono-
types are shown. (B and E) The 30 most
frequent CD8* TIL clonotypes in the fresh
tumor are plotted based on their frequency
in PD-1+ and PD-1- populations. (C and
F) Frequency of the 30 most frequent
TCRp clonotypes in the CD8+*PD-1+ TIL
population. Their frequency in the PD-1+
and PD-1- subsets is represented. Each
dot represents 1 unique TCRp clonotype.
The cumulative frequency (T freq.) of the
clonotypes in each of the populations is
shown below. ****P < 0.0001, Wilcoxon
signed-rank test.

1004

*dkkdk

104

0.14

Freq. CDR3 seq. (%)

<0.01—C— T
PD-1" PD-1

¥ freq. (1.2%) (78.5%)

-

1005

*dkkdk

0.15

Freq. CDR3p seq. (%)

1A
o
o

> freq. (3.0%) (59.8%)

the PD-1" clones were tumor-reactive (Figure 7A). We also gener-
ated clones from TIL3713, derived from FrTu3713, and sequenced
9 tumor-reactive clones without a priori knowledge of their PD-1
expression status in the tumor. Table 2 shows the frequency of the
30 most frequent CD8" TCRf clonotypes infiltrating FrTu3713,
including the 9 tumor-reactive clones established, and the fre-
quency of these clonotypes in the PD-1* and PD-1- populations.
Among the tumor-reactive clones sequenced, we detected the
CDR3f sequence corresponding to the most highly expressed
CD8* TCR clonotype in FrTu3713, representing 12.3% (Table 2).
Moreover, this clonotype was preferentially expanded in the PD-1*
population, but not in the PD-1- population (representing 18.6%
and 0.1%, respectively). The cumulative frequency of all the tumor-
reactive clones sequenced represented 29.2% of the PD-1" fraction
in FrTu3713 and only accounted for 0.4% of the PD-1- clonotypes.
These data support that the increased clonotypic frequency in the
CD8" and PD-1" populations in FrTu3713 can be used to predict
autologous tumor recognition, regardless of the knowledge of the
specific antigen targeted by these cells.

CD8* TCR clonotypes recognizing mutated tumor neoantigens are high-
ly expanded in the CD8* and PD-1* populations infiltrating FrTul913. The
previously reported tumor-reactive clonotypes specific for mutated
HLA-A*1101 (referred to herein as HLA-A11,,,) and CDKN2A e,
derived from FrTul913 (36), allowed us to further investigate
whether clonotypic frequency in the CD8* and PD-1* populations
in the fresh tumor could predict tumor recognition. The 3 known
CD8" HLA-A11lnuc—specific clonotypes from FrTul913 ranked
among the 23 most frequent clonotypes in the PD-1* population
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Table 1
TCRp deep sequencing of CD8+ TILs infiltrating FrTu1913

cD8+ CD8+PD-1+ CD8+PD-1 Ratio?
TRBY TRBD TRBJ CDR3 aa seq. Target® Rank® Freq. (%) Counts? Rank Freq. (%) Counts Rank Freq. (%) Counts
TRBV12-3  TRBD1 TRBJ1-2 ~ ASSSPGTGSWGYT  HLA-A1 1mul 1 5524 6,432 1 26.856 30,115 47 0.200 183  134.461
TRBV12-4  TRBD1 TRBJ1-1 ASSLAGGRTEAF 2 5399 6,286 79 0.150 168 1 7.746 7,097 0.019
TRBV7-9 TRBD1  TRBJ1-1 ASLPGRTEAF 3 2.602 3,030 2 10.630 11,920 23 0.311 285  34.174
TRBV29-1  TRBD2 TRBJ2-7 SVEGGTSSYEQY 4 1.943 2,262 3 6.184 6,935 163 0.103 94 60.281
TRBV4-3 TRBD2  TRBJ2-5 ASSLALGRQETQY 5 1.877 2,185 211 0.011 12 3 1565 1,434  0.007
TRBV12-4  TRBD1 TRBJ2-5 ASSNNQETQY 6 1812 2110 256  0.004 4 5 1.488 1,363  0.002
TRBV9 TRBD1  TRBJ2-3  ASSVETGVSTDTQY 7 1.445 1,683 4 4774 5353 964  0.031 28  156.208
TRBV9 TRBJ2-3 ASSDTDTQY 8 1.245 1,450 115 0.104 17 4 1.550 1,420 0.067
TRBV6-2/ TRBD2  TRBJ2-1 AGGDLGWEQF 9 1.220 1,420 50 0.244 274 2 1.739 1,593  0.141
TRBV6-3
TRBV25-1  TRBD2 TRBJ2-3 ASTLERQY 10 0929 1,082 -£ - 6 1.363 1,249
TRBV9 TRBD1  TRBJ1-2 ASSVWGHGYT 1" 0.811 944 - - 10 0.979 897
TRBV12-4  TRBD1 TRBJ1-1 ASSLGRELAEAF 12 0.788 917 - - 8 1.261 1,155
TRBV12-4  TRBD1 TRBJ1-1 ASSFIAVTTEAF 13 0.766 892 54 0.228 256 7 1327 1,216  0.172
TRBV7-9 TRBD2 TRBJ2-3 ASSTQLAGATMDTQY 14 0.648 755 7 2.053 2,302 571 0.052 48 39.186
TRBV7-9 TRBJ2-2 ASSLNPNTGELF 15 0.607 707 - - 33 0.249 228
TRBV28 TRBD2  TRBJ2-2 ASSLYSATGELF 16 0.570 664 269  0.003 3 17 0.377 345 0.007
TRBV11-2  TRBD1  TRBJ2-3 ASSSGQGWDTQY 17 0.511 595 22 0.793 889 425  0.061 56 12.971
TRBV28 TRBD1  TRBJ2-7 ASSFGTVGYEQY 18 0.509 593 5 2.818 3,160 1,327 0.009 8 322.746
TRBV12-4  TRBD1 TRBJ1-1 ASSLAGGRTEVF 19 0.470 547 215 0.010 11 11 0.677 620 0.014
TRBV6-2/  TRBD1 TRBJ2-2  ASSYRHGRVDGELF 20 0.430 501 8 1.885 2,114 1,482 0.005 5 345.461
TRBV6-3
TRBV29-1  TRBD2 TRBJ2-1 SVEPPRGVHEQF 21 0.418 487 13 1224 1,373 1,519  0.004 4 280.462
TRBV15 TRBD1  TRBJ2-5 ATGATGGLETQY 22 0.399 465 - - 40 0.214 196
TRBV7-8 TRBD1  TRBJ2-7 ASSLQGDLYEQY HLA-A1 1mul 23 0.398 463 6 2123 2,381 437 0.060 55 35.372
TRBV27 TRBD1  TRBJ1-2 ASSLSSGDYYGYT 24 0.385 448 - - 9 1.185 1,086
TRBV7-7 TRBD2  TRBJ2-2 ASSLDGASGELF 25 0.342 398 - - 29 0.271 248
TRBV28 TRBD2  TRBJ2-7 ASSTRRYEQY 26 0.322 375 - - 124 0117 107
TRBV7-9 TRBD1  TRBJ2-1 ASNPVQGAVNEQF 27 0.318 370 12 1.323 1,483 1,186 0.016 15 80.782
TRBV7-8 TRBD2  TRBJ2-7 ASSKTSEFYEQY HLA-A1 1an 28 0.316 368 21 0.798 895 865  0.037 34 21.508
TRBV7-9 TRBD1  TRBJ1-2 ASSPKDKGYYGYT 29 0.298 347 18 1.054 1,182 1,106  0.022 20 48.289
TRBV4-2 TRBD2  TRBJ2-1 ASSPQAASGNEQF 30 0.296 345 20 0959 1,075 1,118 0.021 19 46.229
TRBV5-1 TRBD1  TRBJ1-2 ASSWTGSNYGYT CDKNZAmm 103 0.118 137 161 0.043 48 1,180 0.016 15 2.615
TRBV9 TRBD2  TRBJ2-5 ASSVAISGEETQY CDKN?AI11ut 75 0.144 168 68 0.169 189 1,207 0.015 14 11.031
TRBV7-2 TRBD2  TRBJ2-7 ASSLIMGLGSEQY ~ HLA-A1 1mm 290  0.058 67 23 0.752 843 373 0.064 59 11.675
Total 2,465 116,435 287 112,136 1,725 91,624

Freshly isolated CD8" melanoma TIL were sorted to high purity from FrTu1913 (bulk, 1 x 105 cells; PD-1%, 5 x 104 cells; PD-17, 5 x 104 cells), and TCRp deep
sequencing was performed. TRBV, TRBD, and TRBJ represent consensus nomenclature for TCR variable f (V, D, and J) chain sequences with the CDR3p

hypervariable region translated into amino acid sequences. The 30 most frequent TCRf clonotypes in the CD8* population are shown. The frequency of
each CDR3 sequence in the different populations is shown. Totals show the number of unique CDR3f sequences and the added counts for all the CDR3p3
sequences in each population. AThe PD-1*/PD-1" ratio was calculated; values >1 are shown in bold to denote the clonotypes that were enriched in the
PD-1" population. BSpecific target recognized by clonotypes (blank, not determined). CClassification of CDR3f amino acid sequences according to their fre-
quency in each population, 1 being the most frequent. PNumber of times 1 particular CDR3p sequence was found in each population. ENot detected.

and were detected at lower frequencies in the PD-1- population
(Table 1). The 2 known CDKN2An-specific clonotypes were also
predominantly detected in the PD-1* population (Table 1). Howev-
er, none of these clonotypes accounted for the most frequent CD8*
TCRB clonotype in FrTul913, representing 26.9% and 0.2% of the
PD-1* and PD-1" populations, respectively.

We next sought to determine whether the most frequent clono-
type in tumor FrTul913 was capable of recognizing autolo-
gous tumor cell line TC1913 and either of the 2 known muta-
tions expressed by this tumor. To identify this clonotype, we
screened the clones established from FrTul913 (Figure 5C) for
the TRBV12-3 family region using a TCR VP 8-specific antibody
and sequenced some of the clones. The CDR3f hypervariable
region of clone 41 was identical to the most frequent clonotype

The Journal of Clinical Investigation

http://www.jci.org

expressed in FrTul913. Assessment of autologous tumor recog-
nition and recognition of CDKN2A,,, and HLA-A11,, revealed
that the most frequent clonotype in FrTul913 was tumor reac-
tive (Figure 7B) and specifically recognized the mutation in HLA-
A*1101 uniquely expressed by TC1913 (Figure 7C). In FrTul913,
mutation-specific clonotypes were preferentially expanded in the
PD-1" population, and the most frequent clonotype in the CD8*
TIL and PD-1* populations was tumor reactive and mutation spe-
cific (Figure 7D and Table 1).

Discussion
PD-1 was initially described to be expressed on a T cell hybrid-
oma undergoing cell death (37). Its negative effect on T cell
responses was first delineated in PD-1 knockout mice (38, 39).
Volume 124~ Number 5
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Table 2
TCRp deep sequencing of CD8' TILs infiltrating FrTu3713

TC3713 cDg* CD8'PD-1" CD8'PD-1 Ratio?
TRBY TRBD TRBJ CDR3 aaseq. Recognition® Rank® Freq.(%) Counts® Rank Freq.(%) Counts Rank Freq. (%) Counts
TRBV27 TRBJ2-3 ASSLNSGHTQY Y 1 12.25 7,670 1 18.634 18270 218  0.115 97 162.601
RBV4-1 TRBD1  TRBJ1-5 ASSQGPLQPQH 2 3.47 2,174 14 1.153 1,130 7 1510 1,278 0.763
TRBV10-2 TRBD2  TRBJ2-3 ASGGAIDTDTQY Y 3 3.36 2,106 3 3.986 3,908 305 0.041 35 96.392
TRBV9 TRBD1  TRBJ2-2 ASSRIGGTGELF 4 2.56 1,604 4 2.872 2,816 316  0.037 31 78.420
TRBV5-4  TRBD1  TRBJ1-1 ASSLLTEAF 5 2.23 1,399 39 0.568 557 449 0.007 6 80.142
TRBV12-3 TRBD2  TRBJ2-3 ASSPGGPTQY 6 1.87 1,169 2 4,782 4,689 23 0.736 623 6.498
TRBV5-1  TRBD2  TRBJ2-3 ASSFVTSGGHGTDTQY 7 1.7 1,074 50 0.468 459 9 1316 1,114 0.356
TRBV27 TRBD1  TRBJ1-3 ASSADGYSGNTIY 8 1.54 965 295  0.004 4 4 1713 1,450 0.002
TRBV6-5  TRBD1  TRBJ2-2 ASSMGAVAGELF 9 1.49 933 110  0.196 192 1 5425 4,592 0.036
TRBV18 TRBD2  TRBJ2-1 ASAYLSSYNEQF 10 1.45 907 £ - 43 0510 432
TRBV7-8  TRBD1  TRBJ1-6  ASSLAGGDNSPLH 11 1.4 881 5 2.795 2,740 405 0.013 11 1,182.705
TRBV4-1  TRBD2  TRBJ2-2 ASSQEFGGGANTGELF 12 1.39 873 267 0.007 7 2 2173 1,839 0.003
TRBV7-9  TRBD2 TRBJ2-3  ASSGTGRLSTDTQY 13 1.30 812 - - 73 0395 334
TRBV27 TRBD2 TRBJ2-5  ASSLSGTWGETQY 14 1.28 799 395  0.002 2 11 1216 1,029 0.002
TRBV29-1 TRBD1  TRBJ1-2  SVEDRRGPFYGYT Y 15 1.08 679 34 0.633 621 362  0.021 18 29.783
TRBV6-1  TRBD1  TRBJ1-5  ASSESRSGNQPQH Y 16 1.02 639 23 0.878 861 223 0.110 93 7.992
TRBV11-2 TRBD1  TRBJ1-3 ASSPGGSPGNTIY 17 1.01 634 258 0.009 9 13 1.086 919 0.008
TRBV15 TRBD2  TRBJ2-3  ATSILAGPFGVADTQY 18 0.89 559 302  0.004 4 53 0475 402 0.009
TRBV6-1  TRBD2  TRBJ2-1 ASSRGYNEQF 19 0.88 550 340  0.002 2 - -
TRBV6-1  TRBD1  TRBJ1-1 ASSETDGLFEAF 20 0.85 532 - - - -
TRBV6-5  TRBD1  TRBJ1-5 ASSPYSGPGPQH 21 0.83 521 37 0.576 565 452 0.007 6 81.293
TRBV7-2 ~ TRBD2  TRBJ2-1 ASSEPFTGNEQF 22 0.83 520 19 0.926 908 495  0.005 4 195.967
TRBV7-2 TRBJ2-2 ASRVTGELF 23 0.81 509 - - - -
TRBV5-1  TRBD2  TRBJ2-3 ASSSGPADTQY 24 0.81 509 - - 513  0.004 3
TRBV2 TRBD1  TRBJ2-2 ASSDSNTGELF 25 0.81 507 - - - -
TRBV7-9  TRBD1  TRBJ1-2 ACRDSLNYGYT 26 0.79 496 231 0.014 14 45 0501 424
TRBV10-3 TRBD1  TRBJ2-2  AISNVQHPNTGELF 27 0.78 490 72 0.323 317 596  0.002 2 136.831
TRBV7-9  TRBD1  TRBJ1-2 ASSASGNGYT 28 0.77 483 6 1.994 1,955 - -
TRBV7-3  TRBD1  TRBJ1-1 ASSAYSSTEAF 29 0.77 480 26 0.771 756 - -
TRBV6-5  TRBD2 TRBJ2-2  ASSYGGGNTGELF 30 0.77 480 - - - -
TRBV7-6  TRBD1  TRBJ1-1  ASSPARGGGGTEAF Y 49  0.568 356 7 1.677 1,644 435  0.009 8 186.333
TRBV12-4 TRBD1  TRBJ1-5 ASSFLGSNQPQH Y 89  0.321 201 16 0.974 955 383  0.015 13 64.933
TRBV28 TRBD1  TRBJ2-2  ASGSSGQGEYGELF Y - 21 0.906 888 311 0.040 34 22.650
TRBV15 TRBD1  TRBJ2-7 ATGTGGNDYEQY Y 128 0.203 127 22 0.881 864 312 0.039 33 22.590
TRBV4-1  TRBD1  TRBJ1-1 ASSQLRLNTEAF Y - 35 0.630 618 - -
Total 332 62,628 437 98,046 620 84,642

Freshly isolated CD8* melanoma TIL were sorted to high purity from FrTu3713 (bulk, 3.8 x 10 cells; PD-1+, 5.6 x 104 cells; PD-17, 5.9 x 10 cells) and TCRB
deep sequencing was performed. TRBV, TRBD, and TRBJ represent consensus nomenclature for TCR variable f (V, D, and J) chain sequences with the
CDR3 hypervariable region translated into amino acid sequences. The 30 most frequent TCRp clonotypes in the CD8* population are shown. The frequen-
cy of each CDR3p sequence in the different populations is shown. Totals show the number of unique CDR3p sequences and the added counts for all the
CDR3p sequences in each population. AThe PD-1"/PD-1" ratio was calculated; values >1 are shown in bold to denote the clonotypes that were enriched in
the PD-1" population. BAbility of specific clonotype to recognize autologous tumor cell line TC3713 (Y, yes; blank, not determined). CClassification of CDR3f
amino acid sequences according to their frequency in each population, 1 being the most frequent. PNumber of times 1 particular CDR3p sequence was

found in each population. ENot detected.

Since then, PD-1 expression and coexpression of other inhibitory
receptors such as CTLA-4, TIM-3, BTLA, CD160, LAG-3, and 2B4
have become a hallmark of chronically stimulated T cells during
chronic infection or in the tumor microenvironment. This altered
phenotype, and the interaction of these receptors with their cor-
responding ligands on target cells, is associated with impaired pro-
liferation and effector function frequently referred to as exhaus-
tion (18, 24, 40). Expression of PD-1 in patients with chronic viral
infections correlates with disease progression (22, 41). Addition-
ally, CD8* lymphocytes targeting melanoma differentiation anti-
gens in the tumor express PD-1, CTLA-4, TIM-3, and LAG-3 and
exhibit impaired IFN-y and IL-2 secretion (23, 24), supporting a
negative regulatory role of PD-1 and inhibitory receptors in natu-
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rally occurring T cell responses to cancer and providing a rationale
for the treatment of cancer with immune checkpoint inhibitors.
In the present study, we found that expression of PD-1 on
CD8* melanoma TILs captured the diverse repertoire of clonally
expanded tumor-reactive lymphocytes. TCRf sequencing revealed
that tumor-reactive and mutation-specific clonotypes were highly
expanded in the CD8* population and preferentially expanded in
the PD-1" population. This is consistent with the TCR stimulation-
driven expression of this receptor on T cells (42). The inhibitory
receptors TIM-3 and LAG-3 and the costimulatory receptor 4-1BB
were also expressed on CD8'PD-1* TILs and could also be used to
enrich for tumor-reactive cells. PD-1 was consistently expressed at
a higher frequency and was found to be more comprehensive at
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Figure 7

Tumor-reactive and mutation-specific clono-
types are highly expanded in the CD8+ and
PD-1+ populations. (A) Response of CD8+PD-1+
(n = 44) and CD8+PD-1- (n = 109) FrTu3713-
derived T cell clones to TC3713. Each dot rep-
resents 1 clone; line represents median IFN-y
release for all clones tested. The percentage
of tumor-reactive clones (>50 pg/ml IFN-y) is
shown above. ****P < 0.0001, Mann-Whitney
test. (B) Reactivity of FrTu1913-derived clones
against autologous tumor TC1913 or alloge-
neic TC624 (matched HLA-A*0201). Clone 41
expressed the CDR3f amino acid sequence cor-
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in FrTu1913; clone 208 recognized CDKN2Amut
HLA-A*1101 restricted epitope; clone 199 was a
tumor-reactive clone of yet-unknown specificity;
clone 88 did not recognize TC1913. Recognition
of targets was measured by assessing 4-1BB
upregulation. (C) Recognition of CDKN2Am,: and
HLA-A11my by FrTu1913-derived T cell clones.
COS-A2 cells were transiently transfected with
plasmids encoding HLA-A11wr or HLA-A11 my,
and recognition of CDKN2A.: peptide was
assessed by measuring 4-1BB upregulation. (D)
Frequency of the 30 most frequent TCR clono-
types in the CD8+PD-1+ population in FrTu1913.
The cumulative frequency (= freq.) of the HLA-
Al1n—specific clonotypes in each population is
specified below.

TC624

vy
PD-1-
(0.4%)

COS-A2+HLA-A11,,; COS-A2+HLA-AT1,,
¥ freq.

identifying the diverse repertoire of tumor-reactive cells infiltrating
melanoma tumors, although the less frequent PD-1-/TIM-3* and
PD-1-/LAG-3* subpopulations could also represent tumor-reactive
cells (Supplemental Figure 4 and Supplemental Table 6). Addition-
ally, previous studies from our laboratory showing coexpression of
PD-1and CTLA-4 (23), and our preliminary data supporting coex-
pression of PD-1 and ICOS (Supplemental Figure 5), suggest that
other receptors may also be used to distinguish tumor-reactive cells.
Our present results further support immunotherapeutic inter-
vention using immune checkpoint blockade using PD-1, TIM-3,
and LAG-3 blocking antibodies or 4-1BB agonistic antibody to
restore the function of tumor-reactive lymphocytes, which is cur-
rently being actively pursued in the clinic (3, 4, 6, 7, 43). The poten-
tial cooperative mechanisms of inhibition of these receptors when
engaged with their ligands (44, 45) suggests that the combined tar-
geting of different inhibitory receptors can further enhance antitu-
mor efficacy, as already shown with the combination of anti-PD-1
and anti-CTLA-4 (5). Our present results demonstrate that PD-1
identifies the clonally expanded CD8* tumor-reactive population
and suggest that expression of PD-1 on CD8* TILs could function
as a potential predictive biomarker of antitumor efficacy using
immune checkpoint inhibitors.

Naturally occurring tumor-reactive cells play a pivotal role in
mediating antitumor responses after TIL transfer. Currently,
expansion of TILs for patient treatment involves nonspecific
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PD-1*

(30.5%)

growth of TILs from tumor fragments in IL-2, and the diversity
and frequency of antitumor T cells present in the final T cell
product used for treatment remains largely uncharacterized. Pro-
spective clinical studies have reported that in vitro recognition of
autologous tumor by TILs is associated with a higher probabil-
ity of clinical response (9, 10), which suggests that enrichment of
tumor-reactive cells could enhance clinical efficacy. This is con-
sistent with the idea that both tumor-reactive and non-tumor-
reactive cells may compete for cytokines in vivo, especially in the
absence of vaccination. However, the isolation of the patient-spe-
cific repertoire of tumor-reactive cells is not possible with current
technologies (14, 28, 46-50). Our findings established that expres-
sion of PD-1, TIM-3, LAG-3, and 4-1BB in CD8" TILs can be used
to enrich for tumor-reactive cells, regardless of the specific anti-
gen targeted. One potential concern with isolating T cells express-
ing inhibitory receptors for therapy is that these cells may be
exhausted or functionally impaired (23, 24, 44, 51, 52). However,
we found that PD-1%, TIM-3*, and LAG-3* CD8" cells expanded in
IL-2 were capable of secreting IFN-y and lyse tumor in vitro. This
supports the notion that immune dysfunction associated with
coexpression of inhibitory receptors on CD8* TILs can be reversed
(21, 41, 51, 53), and may enable the reproducible enrichment of
tumor-reactive cells for patient treatment. Notably, in a prelimi-
nary experiment (n = 8 nonresponders; 14 responders), there was
no association between the frequency of expression of any of the
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markers studied in the CD8* TILs in the fresh tumor and the clini-
cal response to TILs derived from these tumor samples. However,
the fresh tumors included in this study belonged to patients treat-
ed in several TIL protocols over the course of 10 years, and TILs
were generated from these tumors using different methods, which
makes these data difficult to interpret. In addition, the frequency
of cells initially expressing PD-1 in the tumor may not reflect the
frequency of the PD-1 derived cells in the infusion bag. For exam-
ple, a low frequency of PD-1* cells may be highly enriched during
the process of TIL culture as a result of the presence of tumor cells.
Although in vivo antitumor activity of tumor-isolated TILs based
on PD-1 expression requires testing in a clinical trial, the observa-
tion that the overwhelming majority of tumor-reactive cells were
derived from cells expressing PD-1 suggests that cells expressing
PD-1 and inhibitory receptors in the tumor play a critical role in
tumor regression after TIL administration.

The functional implications of selecting PD-1-, LAG-3-, TIM-3-,
or 4-1BB-expressing T cells to enrich for tumor-reactive cells for
patient treatment remain unclear. Although previous studies
have reported differential expression of PD-1, LAG-3, and TIM-3
throughout differentiation (17), or preferential expression of
TIM-3 in IFN-y-secreting cells (54), our preliminary results
have failed to show consistent phenotypic or functional differ-
ences between PD-1*, LAG-3*, TIM-3*, and 4-1BB* selected TILs,
including cytokine secretion, proliferation, and susceptibility to
apoptosis (data not shown). We found that PD-1 expression was
almost completely lost in the PD-1* derived populations upon
in vitro culture in IL-2. Conversely, TIM-3 and LAG-3 expression
increased in the TIM-3- and LAG-3- populations after expan-
sion. Overall, there were no differences in the expression of PD-1,
TIM-3, or LAG-3 between any the populations after expansion.
Thus, in agreement with previous reports (55, 56), we conclude
that expansion in IL-2 alters the expression of these markers and
compromises the potential use of inhibitory receptors to select
for tumor-reactive cells after in vitro expansion. Recent work in
animal models suggests that chronic antigen stimulation (57-59)
or a tolerizing microenvironment (60) may lead to permanent epi-
genetic changes in T cells, raising the possibility that the resto-
ration of function observed in previously exhausted or tolerized
cells in presence of cytokines may only be transient. These results
have not yet been corroborated in human tumor-specific cells.
However, given that the overwhelming majority of tumor-reactive
cells appear to derive from cells expressing PD-1 in the tumor,
studying permanent versus transient reversion of exhaustion may
have important implications for adoptive cell transfer of TILs.

Tumor-reactive cells can also be found infiltrating other tumor
malignancies, such as renal cell carcinoma (61) or ovarian (62),
cervical (63), or gastrointestinal tract cancers (64), albeit at
lower frequencies. Our findings provide alternatives to enrich
and study tumor-reactive CD8" TILs through selection of cells
expressing the cell surface receptors PD-1, LAG-3, TIM-3, and
4-1BB, a hypothesis that we are actively investigating. Addition-
ally, our present findings showed that the frequency of a specific
clonotype in the CD8* and PD-1* populations can be used to
predict its ability to recognize tumor and isolate tumor-specific
TCRs, thus providing means to overcome potential irreversible
functional impairments of TILs (52).

2 reports with opposing results have generated controversy
regarding which may be the optimal marker for the identification
of the tumor-reactive repertoire, PD-1 or 4-1BB. In one report
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studying PD-1 expression in the tumor, the authors showed
promising although inconsistent ability to enrich for shared
melanoma-reactive cells (55). In a more recent article studying
the role of 4-1BB in fresh ovarian TILs, Ye et al. concluded that
expression of 4-1BB, but not PD-1, on lymphocytes defines the
population of tumor-reactive cells in the tumor (65). The results
of Ye et al. appear to contradict our present findings, showing
that expression of PD-1 rather than 4-1BB more comprehensive-
ly identifies the repertoire of tumor-reactive cells in the tumor.
However, these inconsistencies can be explained by different
experimental approaches undertaken to study the immunobiol-
ogy of TILs. First, Ye et al. found that expression of 4-1BB in
fresh ovarian TILs and tumor-associated lymphocytes was low,
and thus exposed the tumor to IL-7 and IL-15 (65). In the 1
patient sample in which the authors enriched for tumor-reactive
cells from fresh ovarian TILs or tumor-associated lymphocytes
exposed to IL-7 and IL-1S5, expression of 4-1BB was dependent on
in vitro activation, but no longer represented the natural expres-
sion of 4-1BB in the fresh tumor. Second, with the exception of
the 1 experiment described above, the enrichment experiments
reported were carried out with melanoma or ovarian TIL lines
expanded in IL-2 and cocultured with tumor cell lines in vitro. It
is well known that IL-2 can change the activation status and also
the expression of inhibitory receptors on T cells (data not shown
and ref. 56). Thus, the experiment comparing expression of PD-1
and 4-1BB performed by Ye et al. (65) addressed the significance
of these receptors after in vitro coculture of a highly activated
melanoma TIL line with a tumor cell line, rather than the role
of PD-1 and 4-1BB expression in CD8* lymphocytes in the fresh
tumor. Finally, both Inozume et al. and Ye et al. used matched
HLA-A2 cell lines to assess tumor reactivity (55, 65). However, the
use of HLA-matched tumor cell lines does not enable the assess-
ment of reactivities against unique mutations that are present
only in the autologous tumor cell line. In our current study, we
used fresh melanoma tumors for all our experiments, and these
were rested in the absence of cytokines to preserve the phenotype
of TILs. Moreover, we used autologous tumor cell lines to assess
tumor recognition. We believe that our experimental approach
overcomes the limitations described above, enabling us to con-
clude that tumor-reactive cells can be detected in both the PD-17/
4-1BB* and PD-17/4-1BB- CD8" TIL populations.

In summary, expression of PD-1 in CD8" TILs in the fresh tumor
identified and selected for the diverse patient-specific repertoire of
tumor-reactive cells, including mutation-specific cells. In addition,
analysis of the CD8" TIL TCRf repertoire in 2 melanomas showed
that the frequency of a specific TCRf clonotype in the CD8* and
PD-1* populations could be used to predict its ability to recognize
the autologous tumor. The use of inhibitory receptors and the
frequency of individual TCRs to prospectively identify and select
the diverse repertoire of tumor-reactive cells holds promise for the
personalized treatment of cancer with T cell therapies, but may
also facilitate the dissection and understanding of the immune
response in human cancer patients.

Methods
Patient characteristics and PBL and tumor samples. Matched PBL (n = 21) and
tumor specimens (n = 24) were obtained from patients with metastatic
melanoma. Patients included in this study were not undergoing therapy
when their samples were collected, and they all had metastatic mela-
noma. Patients had undergone a wide range of prior therapies, including
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surgery, chemotherapy, radiotherapy, and immunotherapy, or none of
the above. See Supplemental Table 7 for patient characteristics. A frac-
tion of the patients had received immunotherapy (including high-dose
IL-2, anti-CTLA-4, or anti-PD-1) between 8 years to 2 months prior to
tumor resection, but none had received adoptive cell therapy. See Sup-
plemental Table 8 for details of the 6 tumors studied more in depth,
specific immunotherapeutic regimens to which they were exposed, and
times prior to phenotypic assessment. PBLs were obtained by either
leukapheresis or venipuncture, prepared over Ficoll-Hypaque gradient
(LSM; ICN Biomedicals Inc.), and cryopreserved until analysis. After sur-
gical resection, tumor specimens were processed as previously described
(66). Briefly, tumor specimens were minced under sterile conditions,
followed by enzymatic digestion (RPMI-1640 with L-glutamine [Lonza],
1 mg/ml collagenase IV [Sigma-Aldrich], 30 U/ml DNAse [Genentech],
and antibiotics) overnight at room temperature or for several hours at
37°C and intermittent mechanical tissue separation using gentleMACS
(Miltenyi Biotech). Tumor single-cell suspensions were cryopreserved
until furcher analysis.

Antibodies, flow cytometry, and cell sorting. We purchased fluorescently con-
jugated antibodies from BD Biosciences (UCHT1, 1.6:100, CD3 PE-CF594;
RPTA-T4, 3.4:100, CD4 V500; NK-1, 3:100, CD57 EITC, J168-540, 1.2:100,
BTLA PE), eBioscience (MIH-4, 1.6:100, PD-1 APC), Biolegend (0323,
2:100, CD27 BV605; BD96, 1.4:100, CD25 BV650; EH12.2H7, 0.7:100,
PD-1 BV421; ¢398.4A, 1:100, ICOS Pacific Blue), R&D (344823, 2.6:100,
TIM-3 PE and APC), Enzo Life Sciences (17B4, 1:100, LAG-3 FITC), and
Miltenyi (4B4-1, 2.6:100, 4-1BB PE). We carried out flow cytometry acqui-
sition on a modified Fortessa instrument (BD Biosciences), equipped to
detect 18 fluorescent parameters. We compensated and analyzed data with
Flow]Jo software (Treestar). We sorted T cell subsets using a modified FAC-
SAria instrument (BD Biosciences). Antibodies and tetramers were titrated
for optimal staining.

For phenotypic characterization of CD8* T cells and cell sorting using
flow cytometry, PBMCs and tumor samples were thawed in the presence
of 3 U/ml DNAse (Genentech Inc.), and rested 16-24 hours in a 1:1 mix
of RPMI-1640 with L-glutamine (Lonza) and AIMV (Gibco) supplemented
with 100 U/ml penicillin, 100 ug/ml streptomycin, 12.5 mM HEPES, and
5% human serum (noncommercial, prepared from healthy donors) without
cytokines (T cell media) at a concentration of 2 x 10° live cells (determined
by trypan blue exclusion) per well in a 24-well plate at 37°C in 5% CO..
This overnight resting period was carefully assessed and necessary for the
recovery of expression cell surface receptors affected by cryopreservation
or subject to cleavage during the enzymatic digest. Cells were harvested,
counted, and blocked with Fc block for human cells (Miltenyi). 1 x 106 live
cells were stained for 30 minutes in 50 ul volume of FACS buffer (PBS con-
taining 0.5% BSA and 2 mM EDTA) with the antibodies specified, washed,
and acquired. Propidium iodide (PI) was added to exclude dead cells. Phe-
notypic analysis and sorting of CD3*CD8"* subsets from the tumor sin-
gle-cell suspensions were performed after gating on lymphocytes (FSC by
SSC), excluding aggregates and dead cells (PI"). Gates were set according
to isotype, and fluorescence minus one (FMO) controls. See Supplemental
Figure 6 for 2 examples of the post-sort purity of CD3*CD8" subsets sorted
from FrTu1913 for TCRP sequencing or for in vitro expansion.

RNA preparation and TCRp deep sequencing. Cells of interest were sorted
into a 1:1 mix of PBS and FBS (Hyclone Defined, Logan), and cell pellet
was resuspended in 200 ul RNAlater (Invitrogen). We extracted mRNA
and amplified TRB gene products of sorted CD8" T cell subsets using a
template-switch anchored RT-PCR, as previously described (67), followed
by Illumina sequencing. TCRp annotation was performed by combining a
custom Java program written in house and NCBI BLAST+. Briefly, BLAST+
was used to identify the V and J germline genes of a TCRf read. The CDR3
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was then determined by finding the conserved cysteine at the 5" end of
the CDR3 and the conserved phenylalanine at the 3’ end of the CDR3.
Unique TCRp species, in which species is defined as a unique TRBV-CDR3
(nucleotide)-TRBJ combination, were then collapsed to determine the
count for each species.

Similar cell numbers were sorted from each subset from the fresh tumor
to ensure comparable coverage (total number of TCRf} sequence counts
from a population/initial cell input of population) to enable comparison
of clonotypic diversity among different populations.

Expansion of CD8" T cells and establishment of T cell clones. FACS-sorted
CD8" T cells (5 x 103-1 x 10° cells) were expanded using a rapid expansion
protocol (REP) in T25 flasks in T cell media containing 30 ng/ml soluble
anti-CD3 (OKT3, Miltenyi), 3,000 IU/ml rhIL-2 (Chiron), and 3 x 107
irradiated PBMCs pooled from 3 allogeneic donors. For establishment of
T cell clones, cells were plated at 2 cells/well in 96-well U-bottomed plates
in T cell media containing OKT3 and IL-2 (as described above) and 7.5 x 10*
irradiated allogeneic PBMCs/well. After day 5, media was replaced every
other day with fresh media containing IL-2. Cells were split when conflu-
ent or when they reached a concentration exceeding 3 x 10° cells/ml. At
day 14-15, bulk-expanded populations were counted and frozen down.
Cell expansion was variable among different populations and patients
(Supplemental Table 9). Cloning efficiency (percentage of clones plated
at 2 cells/well that grew) ranged 9%-26%. T cell clones were maintained
in 500 CU/ml IL-2 and tested for recognition of autologous tumor 3-6
weeks after cell sorting.

Assessment of target cell recognition: IFN-y release, 4-1BB upregulation, and cytol-
(ysis assay. Both IFN-y release and 4-1BB upregulation were used to measure
recognition of targets. After 15 days of in vitro expansion of clones or TILs,
basal expression of 4-1BB was consistently negative. 4-1BB is upregulated
transiently in response to TCR stimulation, regardless of the effector
cytokines produced or the differentiation state of the cell (28), and its
expression on stimulated CD8* cells peaks at 24-36 hours. For assessment
of target cell recognition by TILs after in vitro expansion, we thawed the
effector cells 2 days prior to coculture and cultured them at 1 x 106 cells/ml
in 3,000 IU/ml IL-2 at 37°C in 5% CO,. 2 days later, effector cells were
washed and cultured, either alone or with target cells (1 x 105:1 x 10%) or
plate-bound anti-CD3 (OKT3, Miltenyi), in 96-well plates in T cell media
without IL-2. In antibody-blocking experiments, we preincubated mela-
noma cells with 0.05 mg/ml HLA-I or HLA-II blocking antibodies (clones
W6/32 and IVA12, respectively) for 3 hours, followed by coculture with
T cells. 24 hours later, supernatants were harvested (duplicates) and ana-
lyzed as previously described (47), and cells were stained in 40 ul PBS con-
taining 0.5% BSA and 2 mM EDTA with anti-CD3, anti-CD8, and anti-
4-1BB antibodies and acquired on Canto II (BD Biosciences). Data were
analyzed with FlowJo software (Treestar).

For cytolytic assays, targets cell lines were pulsed with 100 uCi (1 Ci = 37
GBq) $'Cr (PerkinElmer) and washed twice. We plated 1 x 10*labeled target
cells per well with effector cells at the indicated effector/target ratios in a
96-well U-bottomed plate for 4 hours at 37°C. The amount of >!Cr released
was determined by y-counting, and specific lysis was calculated from trip-
licate samples as [(experimental cpm - spontaneous cpm)/(maximal cpm
- spontaneous cpm)] and expressed as a percentage.

T cell lines, controls, cell lines, and reagents. Infusion products TIL3309,
TIL3289, and TIL1700 were expanded from fresh tumor digests as previ-
ously described (68). Briefly, single-cell suspensions of tumor digests were
cultured in media containing 6,000 IU IL-2 (Chiron). TIL cultures that
expanded were screened for recognition of autologous or HLA-matched
tumor, and reactive TIL cultures were expanded further — using a REP
with IL-2, anti-CD3 antibody, and irradiated feeder cells — to large num-
bers for patient infusion. A small portion of TILs underwent a second REP
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and were used as controls in coculture assays. PBMCs transduced with a
MART13635 A*0201 (F5 Td) or tyrosinasesso-ss2 HLA-DR4 specific (CD4
T4) T cell receptors were generated as previously described (69). Evalua-
tion of reactivity of FrTul913-derived TILs or T cell clones was carried
by pulsing peptides (1 uM for 1 hour) onto COS-A11 cells or COS-7 cells
stably transduced with A*0201 (COS-A2 cells) and transiently transfect-
ed with HLA-A1lwr or HLA-A11y, plasmids with Lipofectamine 2000
(Invitrogen). CDKN2A . peptide and the control HLA-A*1101-restricted
peptide CRKRS,,, were purchased from Peptide 2.0.

Melanoma cell lines were established from tumor fragments or from
mechanically or enzymatically separated tumor cells (as described above),
which were cultured in RPMI 1640 plus 10% FBS (Hyclone Defined,
Logan) at 37°C in 5% CO,. T2 cells and the human melanoma tumor cell
lines 624, 624CIITA, TC526, TC1913, TC3289, TC3612, TC3713, TC3550,
and TC2448 were cultured in RPMI 1640 plus 10% FBS (Sigma-Aldrich)
supplemented with 100 U/ml penicillin and 100 ug/ml streptomy-
cin at 37°C in 5% CO,. COS-7 cells and COS-7 cells stably transduced
with HLA molecules were maintained in DMEM containing 10% FBS
(Sigma-Aldrich) supplemented with 100 U/ml penicillin and 100 ug/ml
streptomycin at 37°C in 5% CO,. Expression of HLA-II molecules on the
surface of melanoma cell line 624 was upregulated by transduction with
a retroviral construct encoding the HLA-II transactivator gene (CIITA) as
previously described (70).

TC1913 and recognition by TIL1913 grown from FrTul913 were
reported previously (36). Briefly, a cDNA library was generated from
autologous tumor cell line TC1913, and CD8* T cell clones recognizing
a frameshift mutation in CDKN2A locus that encodes for tumor sup-
pressor proteins P14ARF and P16INK4a (CDKN2A ) (3 different clono-
types), and a HLA-A11. class I gene product (2 clonotypes) expressed by
TC1913 were identified (36).

For some patients, CD4*CD25" cells were isolated from a pheresis

pretreatment sample and used as normal autologous targets in cocul-

tures, by doing CD25 depletion followed by CD4-positive selection
using BD IMag cell separation system (BD Biosciences).

Statistics. Values are reported as mean + SEM, mean #* SD, or median,
as indicated. We used Mann-Whitney test, Dunn test for multiple com-
parisons, and Wilcoxon signed-rank test to determine the statistical sig-
nificance of the data. To determine the statistical difference in marker
expression between CD8 T cells in PBLs and TILs, we adjusted P values
for the number of comparisons (Figure 1A; 7 = 11 comparisons). To deter-
mine whether there were differences in the frequency of PD-1 expression
between CD8" TIL populations, 21 multiple comparisons were performed,
and only the ones that were statistically significantly different are shown
(Figure 1D). P values were also adjusted for the number of comparisons. A
Pvalue of 0.05 or less was considered significant. We performed statistical
calculations with Prism program 6.0 (GraphPad Software Inc.).

Study approval. All patient samples were obtained in the course of a
National Cancer Institute Institutional Review Board-approved clinical
trial, and patients provided informed consent.
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