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Immune checkpoint inhibitors targeting programmed cell death
protein 1 (PD-1) and cytotoxic T lymphocyte-associated protein 4
(CTLA-4) have revolutionized the treatment of melanoma patients.
Based on early studies addressing the mechanism of action, it was
assumed that PD-1 blockade mostly influences T cell responses at
the tumor site. However, recent work has demonstrated that PD-1
blockade can influence the T cell compartment in peripheral blood.
If the activation of circulating, tumor-reactive T cells would form
an important mechanism of action of PD-1 blockade, it may be pre-
dicted that such blockade would alter either the frequency and/or
the breadth of the tumor-reactive CD8 T cell response. To address
this question, we analyzed CD8 T cell responses toward 71
melanoma-associated epitopes in peripheral blood of 24 mela-
noma patients. We show that both the frequency and the breadth
of the circulating melanoma-reactive CD8 T cell response was unal-
tered upon PD-1 blockade. In contrast, a broadening of the circu-
lating melanoma-reactive CD8 T cell response was observed upon
CTLA-4 blockade, in concordance with our prior data. Based on
these results, we conclude that PD-1 and CTLA-4 blockade have
distinct mechanisms of action. In addition, the data provide an
argument in favor of the hypothesis that anti-PD-1 therapy may
primarily act at the tumor site.

PD-1 | CTLA-4 | melanoma-reactive CD8 T cells

mmune checkpoint-targeting therapies, in particular those

targeting the programmed cell death protein 1/ligand 1 (PD-
1/PD-L1) axis, now form the standard of care for advanced
melanoma (1) and a number of other solid cancers including
non-small cell lung cancer (NSCLC) (2), renal cell carcinoma
(3), and urothelial carcinoma (4). Despite the widespread clini-
cal use of PD-1/PD-L1 blocking agents, the mechanism by
which these therapies enhance immune-mediated tumor con-
trol remains incompletely understood. Early work addressing
the mechanism of action of PD-1 blockade showed increased
numbers of intratumoral proliferating (Ki-67") CD8 T cells and
T cell receptor (TCR) clones after treatment (5). These findings
provide evidence for a boosting effect on tumor-infiltrating
CDS8 T cells. In line with these findings, PD-L1 expression on
tumor cells has been shown to have predictive value for therapy
outcome (5-7) and influence the activity of PD-1 blockade in at
least some mouse models (8, 9). Other studies, however, have
suggested that PD-1 blockade may also exert its effect through
activation of circulating tumor-reactive CD8 T cell responses.
First, studies in mouse models of chronic viral infection have
shown the recruitment of CXCR5" Tim-3~ CD8 T cells from
the white pulp of the spleen upon PD-1 blockade (10, 11). Sec-
ond, data obtained using mouse tumor models demonstrated
that the proliferative response to anti-PD-1 therapy is depen-
dent on CD28-mediated costimulation (12), and these findings
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are in line with a mechanistic study showing that PD-1 signaling
inhibits T cell functionality through attenuation of CD28 costi-
mulation (13). Collectively, the latter findings have been inter-
preted as PD-1 blockade potentially having a role in inducing
proliferation of the tumor-reactive CD8 T cell pool. Recent
data from clinical studies in patients provide evidence support-
ing such a hypothesis. First, NSCLC and melanoma patients
treated with PD-1 blockade showed an increase in proliferating
(Ki-67*) CD8 T cell subsets (14-17). Second, PD-1 blockade
was shown to result in clonal replacement of tumor-infiltrating
CDS8 T cells in patients with squamous cell carcinoma (18). In
contrast, however, an analysis of peripheral blood from mela-
noma patients showed no consistent increase in TCR diversity
after treatment (19). Although the current knowledge suggests
that PD-1 blockade may alter the circulating tumor-reactive
CD8 T cell compartment, direct evidence for such a hypothesis
is currently lacking.

Importantly, most studies that have addressed the impact of
PD-1 blockade on CDS8 T cells focused the analyses on bulk
CDS8 T cells without assessing the T cell specificity. However,
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work from Schreiber and colleagues has shown that “bystander”
CDS8 T cells respond differentially to checkpoint-targeting thera-
pies compared to tumor-reactive CD8 T cells in their mouse
model (20). These findings demonstrate the importance of dis-
secting the mechanism of action of checkpoint-targeting thera-
pies on the tumor-reactive CD8 T cell response rather than the
bulk CD8 T cell compartment. In this study, we assessed whether
PD-1 blockade can increase the magnitude of preexisting
melanoma-reactive CD8 T cells (boosting) and/or lead to newly
detectable tumor-reactive CDS8 T cell responses (broadening) in
peripheral blood of melanoma patients (Fig. 14).

Results

Kinetics of the Melanoma-Reactive CD8 T Cell Response during PD-1
Blockade. To determine which on-therapy time point would
allow us to evaluate therapy-induced alterations, we first
assessed the kinetics of melanoma-reactive CD8 T cell
responses before and during PD-1 blockade. For this purpose,
peripheral blood samples from six melanoma patients were col-
lected pretherapy and at three on-therapy time points between
week 3 and week 17 of treatment. The melanoma-reactive CD8
T cell response was analyzed using a panel of peptide major his-
tocompatibility complex (pMHC) multimers loaded with 71
different epitopes derived from previously described shared
melanoma antigens and restricted to human leukocyte antigen
(HLA)-A*02:01 (Fig. 1B and SI Appendix, Fig. S14 and
Table S1). CD8 T cells reactive toward these epitopes were
identified by the combinatorial encoding of pMHC multimers
using a unique dual fluorochrome code for each of the 71 epit-
opes, and all responses were confirmed using a different color-
code combination in each of the two independent experiments
(81 Appendix, Fig. S1 B and C). We identified a total of seven
melanoma-reactive CD8 T cell responses in five of six patients
(Fig. 1 C and D). An increase in magnitude (defined as
>twofold) was found in four of the seven identified CDS8 T cell
responses. In one of the five patients in which melanoma-
reactive CD8 T cell responses were detected, three newly
detectable (gained) melanoma-reactive CD8 T cell responses
were identified. Two of these gained responses were detected at
all analyzed on-therapy time points. Together, these data sug-
gested that potential effects of anti-PD-1 therapy in terms of
the broadening and/or boosting of the circulating melanoma-
reactive CD8 T cell response can be detected at the time of the
first clinical response evaluation around week 12.

PD-1 Blockade Does Not Alter the Circulating, Melanoma-Reactive
CD8 T Cell Response. To systematically assess potential altera-
tions in terms of the boosting and/or broadening of the
melanoma-reactive CDS8 T cell response upon anti-PD-1 ther-
apy, we included pre- and on-therapy (time of first clinical eval-
uation; median: week 12 and range: week 6 to 17) samples
from 18 additional patients, resulting in a sample set of 24
patients. For all 48 samples, T cell reactivities toward the 71
melanoma-associated epitopes were analyzed, resulting in more
than 3,400 individual analyses of antigen-specific CD8 T cell
responses. Melanoma-reactive CD8 T cell responses were found
in 19 of the 24 patients. The median magnitude of these
responses (n = 27) was 0.019% (range: 0.005 to 0.920%) of
total CD8 T cells (Fig. 2 A and B). CD8 T cell reactivity was
found toward seven of the 71 melanoma-associated epitopes
(9%) including epitopes derived from overexpressed antigens
(PRDXS5 and Meloe-1), cancer/germline antigens (MAGE-A3),
and melanocyte-differentiation antigens (gp100, MART-1, and
Tyrosinase). Furthermore, in line with prior studies in HLA-
A*02:01* melanoma patients (21, 22), CD8 T cells reactive
toward MART-1 were found in the vast majority of patients
(79%). Strikingly, the magnitude of preexisting melanoma-
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reactive CD8 T cell responses was unaltered upon therapy with
a median fold change of 1.2 (P = 0.26), demonstrating the lack
of a substantial boosting effect (Fig. 2C). Furthermore, newly
detected responses (gained) were only observed in three of the
24 patients (P = 0.25, Fig. 2D). These data show that the fre-
quency and the breadth of the circulating melanoma-reactive
CDS8 T cell response was not substantially altered upon PD-1
blockade. As a technical control for the generation of pMHC
multimers, two viral epitopes derived from the Epstein-Barr
virus and influenza A were included in the analysis. A total of
24 virus-specific CD8 T cell responses were detected in 20 of
the 24 patients, and no significant alterations in the magnitude
of these responses upon anti-PD-1 therapy were observed
(SI Appendix, Fig. S2 A and B; P = 0.86).

PD-1 Blockade Does Not Alter the TCR Repertoire of Circulating
CD8 T Cells. Based on the pMHC multimer data, we did not
observe alterations of the circulating melanoma-reactive CD8 T
cell response upon anti-PD-1 therapy in most patients. This
assay is limited to a panel of shared melanoma antigens
restricted to the HLA-A*02:01 allele. To further investigate
CD8 T cell repertoire-wide changes upon PD-1 blockade, we
assessed the TCR repertoire dynamics of circulating bulk CDS§
T cells isolated from peripheral blood samples collected before
and during anti-PD-1 therapy (same time point as used for
pMHC multimer assay) from five patients in which at least one
melanoma-reactive CD8 T cell response was identified using
the pMHC multimer technology. Sequencing of the TCR
B-chain complementarity-determining region 3 (CDR3)
revealed a high level of similarity of the TCR repertoires (Mor-
isita—Horn overlap index: median: 0.94 and range: 0.91 to 0.97)
between pre- and on-therapy samples in all five patients (Fig.
3A4). Only a low percentage (median: 0.14% and range: 0.06 to
0.34%) of shared TCR clonotypes were found to be differen-
tially expressed between pre- and on-therapy samples in all
patients (Fig. 3B). These findings were further supported by
similar distributions of the V-segment gene usage and the
CDR3 length between pre- and on-therapy samples (Fig. 3 C
and D). Finally, no significant differences in TCR repertoire
clonality were found (Fig. 3E; P = 0.19). Next, we examined
previously identified TCR p-chain CDR3 sequences specific for
antigens restricted to HLA-A*02:01 that were included in the
pMHC multimer screen (SI Appendix, Table S1) and those
matching all previously identified sequences linked to specificity
for shared tumor and viral antigens regardless of the HLA
restriction element. In line with the pMHC multimer data,
TCR sequences specific for MART-1 (ELAGIGILTV), EBV
(GLCTLVAML), and influenza A (GILGFVFTL) were not sig-
nificantly altered upon PD-1 therapy (SI Appendix, Fig. S3 A
and B). Similarly, all TCR f-chain CDR3 sequences with estab-
lished antigen specificity identified in our data showed no sig-
nificant alterations in the number of reads or the number of
clones upon anti-PD-1 therapy (SI Appendix, Fig. S3 C and D).
In line with the pMHC multimer data, these data demonstrate
that PD-1 blockade does not induce significant repertoire-wide
changes of the circulating CD8 T cell response.

PD-1 Blockade Does Not Alter the Circulating Melanoma-Reactive
and CXCR5* Tim-3~ CD8 T Cell Compartment. Previous studies
have shown that anti-PD-1 therapy can induce proliferation of
CXCR5* Tim-3~ CD8 Tcells which are recruited from the white
pulp of the spleen in mice with chronic viral infection (10, 11),
and similar subsets responsive to anti—-PD-1 therapy have been
identified in tumor models (23, 24). A change in the frequency
of this subset has only been detected early after the start of
anti-PD-1 therapy (day 7 to 10 on-therapy) (16). Similarly, data
from melanoma patients showed a transient increase in prolifer-
ation of PD-1" CD8 T cell subsets in peripheral blood at week 1
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Fig. 1. Hypothesis and kinetics of melanoma-reactive CD8 T cell responses during anti-PD-1 therapy. (A) Potential mechanisms of anti-PD-1 therapy
include expansion of preexisting tumor-reactive CD8 T cells (boosting) and induction of novel, tumor-reactive CD8 T cell responses (broadening). (B) Over-
view of the HLA-A*02:01-restricted epitope panel. A total of 71 shared melanoma-associated epitopes were included to analyze the tumor-reactive CD8
T cell responses. Viral epitopes served as positive control for the generation of pMHC multimers. Detailed information about the epitopes is provided in
SI Appendix, Table S1. (C) Representative flow cytometry plots of melanoma-reactive CD8 T cell responses (blue, located in the diagonal of the plot
because of the dual coding strategy) before and during anti-PD-1 therapy. The magnitude of melanoma-reactive CD8 T cell responses (blue, upper right
corner) represents the percentage of total CD8 T cells (gray). A representative example of the full gating strategy is provided in SI Appendix, Fig. S1. (D)
Kinetics of melanoma-reactive CD8 T cell responses detected in melanoma patients (n = 5) following anti—PD-1 therapy. A >twofold increase (on-therapy
versus pretherapy) in magnitude is indicated (*).
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Fig. 2. Large-scale analysis of the melanoma-reactive CD8 T cell response upon PD-1 therapy. (A) Heatmap overview of melanoma-reactive CD8 T cell

responses (n = 27) detected melanoma patients (n = 24) before and during (median: week 12, range: week 6 to 17) anti—PD-1 therapy. OE: overexpressed,
C/G: cancer/germline, MD: melanocyte differentiation, SD: stable disease, PD: progressive disease, PR: partial response, CR: complete response. (B) Repre-
sentative flow cytometry plots of a melanoma-reactive CD8 T cell response (blue) detected in peripheral blood pre- and on-anti-PD-1 therapy. Magnitude
of the melanoma-reactive CD8 T cell response (blue, upper right corner) is indicated on the top right as the percentage of total CD8 T cells (gray). A repre-
sentative example of the full gating strategy is provided in S/ Appendix, Fig. S1. (C) Fold change in the magnitude of preexisting melanoma-reactive CD8
T cell responses (n = 23) after anti-PD-1 therapy. Boxplot represents the median and interquartile ranges, and the whiskers represent the full range. Sta-
tistical significance for a change in magnitude on-therapy, as compared to pretherapy, was tested with a two-tailed Wilcoxon signed-rank test, P = 0.26.
(D) Number of responses detected in each individual patient (n = 24) pre- and on-anti-PD-1 therapy. Boxplots represent the median and interquartile
ranges, and the whiskers represent the full range. Statistical significance for a change in the number of responses on-therapy as compared to pretherapy

was tested with a two-tailed Wilcoxon signed-rank test, P = 0.25.

after treatment initiation (16). Together, these findings suggest
that PD-1 blockade may induce a systemic effect based on the
priming and recruitment of CD8 T cells from lymphoid organs.
To test this hypothesis, we collected peripheral blood samples
from eight melanoma patients at week 1 in addition to prether-
apy and week 12 samples. First, we examined alterations in the
frequency of the CXCR5* Tim-3~ CD8 T cell subset that was
previously identified in mice (10, 11). In contrast to chronic viral
infection and mouse tumor models, we observed no significant
changes in the frequency of CXCR5" Tim-3~ CD8 T cells in
peripheral blood of melanoma patients at either week 1 or at
week 12 after the start of therapy (Fig. 4 4 and B and S/
Appendix, Fig. S4). Second, we assessed changes of the
melanoma-reactive CD8 T cell response in 4 HLA-A*02:01"
patients. A total of six melanoma-reactive CDS8 T cell responses
were found in three of these four patients (Fig. 4C and SI
Appendix, Fig. S5). For two of the three patients, no significant
alterations in the magnitude of preexisting CD8 T cell responses
were found at either week 1 or at week 12. Significant alterations
in the magnitude were only detected in one patient (patient 21)
in which all three responses showed a transient increase at week
1. Similarly, only one newly induced response was found in one
patient (patient 25) at week 1; however, this response was of
very low magnitude (0.008% of total CDS8) and just above the
cutoff (0.005% of total CD8 T cells) of the technology. Overall,
we observed no consistent boosting or broadening of the circu-
lating, melanoma-reactive CD8 T cell response at week 1.

The Characteristics of the Analyzed Patient Cohort Are Comparable
to Previous Studies. To understand whether our patient cohort
was representative to previously analyzed cohorts, we first

40f 10 | PNAS
https://doi.org/10.1073/pnas.2102849118

examined the clinical outcome of the patients analyzed in this
study. Previously, reported response rates to anti-PD-1 therapy
in stage IV melanoma patients range from 35 to 40% across
multiple studies (25). The objective response rate in the current
study cohort was 50% (Table 1). In the vast majority of patients
with clinical benefit (10/12), no changes in magnitude or
breadth of the circulating, melanoma-reactive CD8 T cell
response were observed (SI Appendix, Table S2). Alterations of
the melanoma-reactive CD8 T cell response were observed in a
minority of patients (including two responders and two nonres-
ponders), and a direct comparison between responders and
nonresponders showed no significant differences in terms of
boosting (P = 0.99) or broadening (P = 0.99) of the melanoma-
reactive CD8 T cell response (SI Appendix, Fig. S6 A and B). Of
note, 14 of the 24 patients included in this study received
anti-CTLA-4 therapy prior to anti-PD-1 therapy (Table 1). In
line with previous studies (5, 26), the clinical response rate to
anti-PD-1 therapy was lower in anti-CTLA-4 pretreated
patients (21%) compared to patients without prior anti-CTLA-
4 therapy (90%). However, no significant differences in terms
of boosting (P = 0.13) or broadening (P = 0.99) of the
melanoma-reactive CD8 T cell response upon anti-PD-1 ther-
apy were found between patients with and without prior
anti-CTLA-4 therapy (S Appendix, Fig. S6 C and D). The time
since the last dose of anti-CTLA-4 therapy (median: 6 and
range: 1 to 24 mo) was not correlated (P = 0.21) with the fold
change in magnitude of preexisting melanoma-reactive CD8 T
cell responses upon anti-PD-1 therapy (SI Appendix, Fig. SOE).
Noteworthy, although nonsignificant (P = 0.12), preexisting
responses in samples collected before anti-PD-1 therapy were
found in most patients (93%) with prior anti-CTLA-4
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Fig. 3. Analysis of the TCR repertoire of circulating CD8 T cells upon anti-PD1 therapy. (A) Distribution of the CD8 TCR B-chain CDR3 clonotype abun-
dance in pre- and on-therapy samples for each individual patient (n = 5). Dots represent the TCR p-chain CDR3 clonotypes detected within a single reper-
toire in pre- and on-therapy samples. TCR p-chain CDR3 clonotypes that are significantly overrepresented in on- and pretherapy are indicated in red and
blue, respectively. The Morisita-Horn overlap index (MOI) is shown for each individual patient. (B) Percentage of TCR p-chain CDR3 clonotypes differen-
tially expressed between pre- and on-therapy samples from the total number of clonotypes present in each patient (n = 5). TCR p-chain CDR3 clonotypes
that are significantly overrepresented in the on- and pretherapy are indicated in red and blue, respectively. (C) Bar graph illustrating the difference in
V-segment usage distribution (Jensen-Shannon divergence [JSD]) between pre- and on-therapy samples for individual patients (n = 5). (D) Bar graph illus-
trating the difference in CDR3 length distribution (JSD) between pre- and on-therapy samples for individual patients (n = 5). (E) TCR clonality (1-normal-
ized Shannon-Wiener index) in pre- and on-therapy samples. Statistical significance between pre- and on-therapy samples was tested with a two-tailed

Wilcoxon signed-rank test, P = 0.19.

treatment in contrast to 56% of patients treated without prior
anti-CTLA-4 therapy (SI Appendix, Fig. S6F; P = 0.12). These
findings may reflect a broadening upon anti-CTLA-4 therapy
as shown in our previous study (21) and current work (see Dif-
ferential Effects of CTLA-4 and PD-1 Blockade on the Mela-
noma-Reactive CDS T Cell Response). Lastly, previous studies
have shown an increase of proliferating (Ki-67*) CD8 T cell
subsets within bulk CDS8 T cells in the first weeks during
anti-PD-1 therapy (14-17). To further validate our patient
cohort, we assessed the effects of PD-1 blockade on Ki-67"
PD-1" CD8 T cells in peripheral blood samples from five
patients before and during treatment (week 1 and weeks 9 to
12). In line with previous studies (14-17), we observed a consis-
tent increase of Ki-67" PD-1" CD8 T cells at week 1 (P = 0.
007) in all five patients (SI Appendix, Fig. S7). Together, these
results demonstrate that the response profile of the analyzed
patient cohort and the effects of anti-PD-1 therapy on the
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kinetics of a proliferating CD8 T cell subset were comparable to
previous studies and that alterations of the circulating
melanoma-reactive CD8 T cell response upon PD-1 blockade
do not appear to be correlated with the clinical activity of the
treatment or prior anti-CTLA-4 therapy.

Differential Effects of CTLA-4 and PD-1 Blockade on the Melanoma-
Reactive CD8 T Cell Response. Our current results demonstrate
that PD-1 blockade does not measurably influence the
melanoma-reactive CD8 T cell response in peripheral blood. In
contrast, in prior work, we demonstrated that anti-CTLA-4
therapy induces broadening of the melanoma-reactive CD8 T
cell repertoire in peripheral blood (21). To understand whether
this difference in the therapy effects on circulating CD8 T cells
holds true in-patient cohorts that were treated with either PD-1
or CTLA-4 blockade and analyzed concurrently using the same
technology and reagents, we analyzed samples from nine
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Table 1. Demographic and clinical characteristics of the
analyzed patient cohort treated with anti-PD-1 therapy

Total number of patients (n = 24)

Median age, years (range) 53 (31 to 87)

Gender, n (%)

Female 10 (41%)

Male 14 (59%)
Anti-PD-1 therapy, n (%)

Pembrolizumab 22 (92%)

Nivolumab 2 (8%)
CNS metastasis, n (%)

Yes 5(21%)

No 19 (79%)
WHO performance status, n (%)

NA 6 (25%)

0 12 (50%)

1 6 (25%)
LDH level before first dose of anti-PD-1 therapy, n (%)

<ULN 18 (75%)

1to 2 ULN 3 (12.5%)

>2 ULN 3 (12.5%)
BRAF mutation, n (%)

Yes 8 (33%)

No 16 (67%)
Previous therapies, n (%)

BRAF or BRAF/MEK inhibitors 5 (21%)

Anti-CTLA-4 therapy* 14 (58%)

Best overall response to anti-PD-1 therapy, n (%)

NA 1 (4%)
CR 4 (17%)
PR 8 (33%)
SD 5 (21%)
PD 6 (25%)

CR, complete response; PR, partial response; SD, stable disease; PD,
progressive disease; NA, not available; WHO, World Health Organization;
BRAF, v-raf murine sarcoma viral oncogene homolog B1; MEK, mitogen-
activated protein kinase kinase; LDH, lactate dehydrogenase; ULN, upper
limit of normal; CNS, central nervous system.

*Time between last dose of anti-CTLA-4 and first dose of anti-PD-1
therapy, median: 6, and range: 1 to 24 mo.

melanoma patients treated with CTLA-4 blockade (clinical
characteristics shown in ST Appendix, Table S3). We have previ-
ously shown that anti-CTLA-4 therapy does not influence the
magnitude of preexisting responses during treatment and that
newly detectable responses were detectable early during treat-
ment and remained stable up to several months after the start
of therapy (21). Peripheral blood samples were therefore col-
lected pretherapy and posttherapy (~12 wk after start of treat-
ment at the time of the first clinical evaluation). In total, 13
melanoma-reactive CD8 T cell responses were identified in
eight out of nine patients with a median magnitude of 0.028%,
ranging from 0.006 to 0.363% (Fig. 5 A and B). In concordance
with our prior analyses (21), the magnitude of preexisting,
melanoma-reactive CD8 T cell responses was unaltered after
anti-CTLA-4 therapy, with a median fold change of 0.9 (Fig.
5C and SI Appendix, Fig. S8). Importantly, however, and in line
with prior analyses (21), a broadening of the melanoma-
reactive CD8 T cell repertoire was observed in five out of nine
melanoma patients (56%). Of note, two viral epitopes derived
from the Epstein-Barr virus and influenza A were included in
the analysis as a technical control for the generation of pMHC
multimers, and virus-specific CD8 T cell responses were
detected in eight of the nine patients (SI Appendix, Fig. S3C).
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In summary, the parallel analysis using the same technology
and reagents showed a broadening of the circulating,
melanoma-reactive CD8 T cell repertoire upon CTLA-4 block-
ade, and such a broadening was observed significantly more fre-
quently in patients treated with anti-CTLA-4 than anti-PD-1
therapy (Fig. 5D; P = 0.02).

Discussion

The clinical success of anti-PD-1 therapy, in particular for
advanced melanoma patients, and the importance of CD8 T
cells in tumor control has led to a major interest in understand-
ing the mechanism of action on CDS8 T cells. Several studies
observed systemic alterations of the bulk CDS8 T cell compart-
ment upon PD-1 blockade (14-18); however, direct evidence
demonstrating a systemic effect on the tumor-reactive CD8 T
cell response is currently lacking. To address this question, we
measured the impact of the treatment on the circulating,
melanoma-reactive CD8 T cell response directly ex vivo and
compared these findings to the effects of CTLA-4 blockade.

Boosting or broadening of the melanoma-reactive CDS8 T cell
response upon PD-1 blockade was not observed in the vast
majority of patients despite the objective clinical response rate
of 50%. In line with previous studies (14-17), the frequency of
a small subset of proliferating PD-1" Ki67* CDS8 T cells was
increased in the first week after the start of anti-PD-1 therapy,
which may reflect proliferation of CDS8 T cells with other anti-
gen specificities. However, given the low frequency (median:
0.15% and range: 0.013 to 2.85% of PD-1* Ki-67" cells of total
CD8 T cells), their importance for tumor control remains to be
established in future studies. The lack of boosting or broaden-
ing of the circulating, melanoma-reactive CD8 T cell response
was in line with the absence of prominent changes of the TCR
repertoire of circulating CDS8 T cells upon anti-PD-1 therapy; a
finding which is in line with a previous study (19). Furthermore,
analysis of gp100-specific CD8 T cells of two melanoma patients
showed expansion of tumor-reactive CDS8 T cells upon PD-1
blockade in the tumor, whereas an expansion of the T cell
response was detected infrequently in peripheral blood (16).
Contrary to previous studies suggesting a potential role of
PD-1 blockade in the priming of novel CD8 T cell responses or
reactivation of preexisting CD8 T cell responses (10-13), our
data show that PD-1 blockade does not significantly increase
the breadth of the melanoma-reactive CD8 T cell response. In
line with these findings, a recent study demonstrated that
anti-PD-1 therapy as monotherapy is insufficient for the prim-
ing of naive, tumor-reactive CD8 T cells in a mouse model (27).
Furthermore, our previous (21) and current analysis using the
same technology showed that in contrast to PD-1 blockade,
CTLA-4 blockade increases the breadth of the melanoma-
reactive CD8 T cell repertoire in peripheral blood.

The current study has the following limitations. While our
analyses involve the measurement of 71 potential CD8 T cell
responses, it is limited to shared melanoma antigens restricted
to the HLA-A*02:01 allele. We focused on HLA-A*02:01
because most of previously identified, melanoma-associated
antigens are restricted by this allele. Despite the focus on only
one of the potentially six different HLA alleles of each patient,
melanoma-reactive CD8 T cell responses were identified in the
vast majority (79%) of patients. The focus on shared melanoma
antigens rather than patient-specific neoantigens may, however,
lead us to underestimate the effects of immune checkpoint
blockade, as differences in TCR affinity may influence the
effects of PD-1 blockade on shared tumor- versus neoantigen-
specific CD8 T cells. However, data from a tumor mouse model
have shown that anti—-PD-1 therapy enhanced tumor control of
both high- and low-affinity ligand-expressing tumors (28). Fur-
thermore, the observation that a broadening of the CDS8 T cell
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Fig. 4. Assessment of (melanoma reactive) CD8 T cells at week 1 after
PD-1 blockade. (A) Representative flow cytometry plots showing the kinet-
ics of bulk CXCR5* Tim-3~ CD8 T cells. The frequency is shown on the top
left for each time point. (B) Kinetics of CXCR5* Tim-3~ bulk CD8 T cells for
individual patients (n = 8, gray) following anti-PD-1 therapy. The median
(red) for each individual time point is shown. Statistical significance was
tested with a Friedman’s test with Dunn’s post hoc: pretherapy versus
week 1: P > 0.99 and pretherapy versus week 9 to 12: P = 0.19. (C) Kinetics
of melanoma-reactive CD8 T cell responses detected in melanoma patients
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response against shared melanoma antigens is observed upon
CTLA-4 blockade in the current study and our previous work
(21) argues for the validity of our approach in detecting global
therapy-induced alterations. While the current data argue
against a profound effect of PD-1 blockade on the circulating,
tumor-reactive CDS8 T cell compartment, we observed newly
detectable CDS8 T cell responses upon PD-1 blockade in 3 of
the 24 analyzed patients. In addition, we have previously
reported a newly detectable, neoantigen-specific CD8 T cell
response upon anti-PD-1 therapy in an NSCLC patient (29).
Whether this represents a modest effect of PD-1 blockade on
the breadth of the circulating, tumor-reactive CD8 T cell
response will require analysis of a substantially larger patient
cohort. However, the absence of prominent changes of the
TCR repertoire observed in our and previous work (19) argues
against the possibility that PD-1 blockade induces significant
alterations of the circulating, tumor-reactive CD8 T cell
response regardless of antigen specificity. Overall, based on the
current evidence, it can be concluded that the broadening of
the circulating, tumor-reactive CD8 T cell repertoire upon
PD-1 blockade is rare compared to CTLA-4 blockade. Based
on this observation and the fact that the clinical activity of
PD-1 blockade is higher than that of CTLA-4 blockade, it may
be argued that a substantial part of the immunomodulatory
effect of PD-1 blockade occurs at the tumor site, potentially
including draining lymph nodes and tertiary lymphoid struc-
tures within the tumor.

In summary, this study demonstrates that contrary to CTLA-
4 blockade, PD-1 blockade does not lead to significant altera-
tions of circulating CDS8 T cells with a defined tumor specificity
despite a substantially higher clinical activity of PD-1 compared
to CTLA-4 blockade (30). Our findings provide in-depth infor-
mation about the mode of action of checkpoint-targeting thera-
pies on the circulating, tumor-specific CD8 T cell response that
can be utilized as rationale for new combination treatment
strategies. In future work, it will be of interest to investigate the
effect of anti-PD-1 therapy on defined tumor-reactive CDS T
cell populations at the tumor site. We note, however, that the
high wvariability in the presence and magnitude of tumor-
reactive CD8 T cells even between tumor fragments of the
same tumor piece (22) is likely to limit the ability to detect
therapy-induced alterations in pre- and posttreatment biopsies.
Conceivably, analysis of the cell cycle state of intratumoral,
tumor-reactive CD8 T cells identified using the pMHC multi-
mer technology (31) may form a more sensitive approach.

Materials and Methods

Patient Material. Peripheral blood mononuclear cell (PBMC) samples were
obtained from stage IV melanoma patients undergoing immune checkpoint-
targeting therapy either at The Netherlands Cancer Institute, the University of
California, Los Angeles, or the University Hospital Essen. The patient cohort
treated with anti-PD-1 therapy received either pembrolizumab 2 mg/kg or a
fixed dose of 150 to 200 mg intravenously every 3 wk or nivolumab 3 mg/kg or
in a fixed dose of 240 mg intravenously every 2 wk in an expanded access pro-
gram or according to the label after approval. The patient cohort treated with
anti-CTLA-4 therapy received ipilimumab intravenously in a dose of 3 mg/kg
every 3 wk for a maximum of four cycles. Clinical response was evaluated accord-
ing to response evaluation criteria in solid tumors version 1.1 (32). The study was
conducted in accordance with the Declaration of Helsinki after approval by the
institutional review boards of all centers. PBMC samples were collected in accor-
dance with local guidelines and following signed informed consent. PBMCs
were isolated using standard Ficoll-Plaque density centrifugation according to
local operating procedures. After isolation, PBMCs were cryopreserved in liquid
nitrogen, in fetal calf serum (Sigma F7524) with dimethyl sulfoxide (Sigma,

(n = 3) following anti-PD-1 therapy. A >twofold increase (on-therapy ver-
sus pretherapy) in magnitude is indicated (*). A representative example of
the full gating strategy is shown in S/ Appendix, Fig. S5.
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Fig. 5. Assessment of differential alterations of the melanoma-reactive
CD8 T cell response upon PD-1 and CTLA-4 blockade. (A) Representative
flow cytometry plots of a gained, melanoma-reactive CD8 T cell response
(green) detected in peripheral blood upon CTLA-4 therapy. Magnitude of
the melanoma-reactive CD8 T cell response (green, upper corner) is indi-
cated on the top right as the percentage of total CD8 T cells (gray). Full
gating strategy is provided in S/ Appendix, Fig. S1. B) Heatmap overview
of melanoma-reactive CD8 T cell responses (n = 13) detected in melanoma
patients (n = 9) before and after (median: week 9 and range: week 6 to
22) anti-CTLA-4 therapy. C/G: cancer/germline, MD: melanocyte differenti-
ation. (C) Fold change in magnitude of preexisting, melanoma-reactive
CD8 T cell responses detected in patients treated with anti-PD-1 (n = 23)
or anti-CTLA-4 (n = 6) therapy. Boxplots represent the median and inter-
quartile ranges, and the whiskers represent the full range. Statistical sig-
nificance between the two groups was tested with a two-tailed
Mann-Whitney U test, P = 0.76. (D) Proportion of patients with zero (no
broadening) or >one newly detectable (broadening) melanoma-reactive
CD8 T cell responses after anti-PD-1 therapy (blue) or after anti-CTLA-4
therapy (green). Statistical significance between the two groups was
tested with a two-sided Fisher’s exact test, P = 0.02.

D4540, 10% volume/volume). For the analysis of melanoma-reactive CD8 T cell
responses, patients were selected based on four-digit genotyping for HLA-
A*02:01. Therefore, DNA was isolated using the DNeasy Blood & Tissue Kit
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(Qiagen, 69506) according to manufacturer’s protocol (Qiagen), and HLA typing
was done using next-generation sequencing according to the manufacturer's
protocol (GenDx).

Epitopes. Melanoma-reactive CD8 T cell responses were identified using an
HLA-A*02:01-restricted epitope panel, including 71 epitopes (S/ Appendix,
Table S1) derived from shared melanoma antigens. As positive control for the
generation of pMHC multimers, two viral epitopes derived from the
Epstein-Barr virus and influenza A were included in the epitope panel (S/
Appendix, Fig. S3). Peptides derived from shared melanoma-associated, viral
antigens as well as ultraviolet (UV)-cleavable peptides were synthesized at the
Division of Chemical Immunology, Leiden University Medical Center, as previ-
ously published (33).

Generation of pMHC Multimers. MHC HLA-A*02:01 allele monomers were
generated with a UV-cleavable epitope as previously published (33). Specific
pPMHC complexes used for the identification of antigen-specific CD8 T cell
responses were generated by UV-induced ligand as previously described (31).
In brief, MHC monomers loaded with UV-cleavable peptide were exposed to
254/366 nm UV light for 1 h at 4°C in the presence of a specific rescue peptide
(200 pM). Subsequently, fluorochrome streptavidin reagents (SI Appendix,
Table S4) were conjugated to pMHC monomers (100 pg/mL). For data acquisi-
tion on the BD LSRII, conjugation was performed with two of the 10 fluoro-
chrome streptavidin reagents resulting in dual fluorescent color codes for up
to 37 epitopes. For data acquisition on the BD FACSymphony, conjugation
was performed with 2 of the 14 fluorochrome streptavidin reagents, resulting
in dual fluorescent color codes for up to 74 epitopes. Subsequently, fluores-
cently labeled pMHC multimers were incubated for 30 min on ice. D-biotin
(Sigma, B4501, 26.3 mM) and NaNs (0.02% weight/volume) in phosphate-
buffered saline was added to block residual binding sites.

Flow Cytometry Assays. PBMCs were thawed and recovered in Roswell Park
Memorial Institute 1640 (Life Technologies, 21875-034) supplemented with
human serum (Sigma, H3667, 10% volume/volume), penicillin-streptomycin
(Life Technologies, 15140-122, 1% volume/volume), and benzonase nuclease
(Merck-Millipore, 70746-4, 2,500 U/mL), resuspended, and incubated at 37 °C
for 30 min before staining. For the pMHC multimer assay, antigen-specific
CD8 T cells were stained for 15 min at 37°C with pMHC multimers (S/
Appendix, Table S5). Subsequently, cells were stained for 20 min on ice with
antibodies (S/ Appendix, Table S5) and LIVE/DEAD Fixable IR Dead Cell Stain
Kit (Invitrogen, L10119, 1/200). For the acquisition on the BD FACSymphony,
individual staining was performed in the presence of Brilliant Staining Buffer
Plus (BD, 563794) according to manufacturer’s protocol (BD). All samples were
washed twice before acquisition and analyzed on the BD LSRII. A subset of
samples was analyzed on both the BD LSRIl and the BD FACSymphony to con-
firm consistence between the two instruments. Antigen-specific CD8 T cell
responses were confirmed using a different dual color-code fluorochrome
combination in each of the two independent experiments, the initial screen,
and the confirmation. An analysis of surface (Tim-3, CXCR5, and PD-1) and
intracellular (Ki-67) markers on CD8 T cells was only assessed on the BD FAC-
Symphony because of better detection sensitivity compared to BD LSRIl. To
assess expression of Ki-67 and PD-1 on CD8 T cells, cells were first washed and
stained for 20 min on ice with surface marker antibodies (S/ Appendix, Table
S5). After washing, cells were stained for 10 min on ice with LIVE/DEAD Fixable
IR Dead Cell Stain Kit (Invitrogen, L10119, 1/400). Subsequently, cells were
washed, fixed, and permeabilized using the Foxp3 Transcription Factor Stain-
ing Buffer Set (eBioscience, 00-5523-00) according to manufacturer’s protocol,
and Ki-67 staining was performed for 20 min on ice (S/ Appendix, Table S5).
All samples were washed twice before acquisition.

Identification of Antigen-Specific CD8 T Cell Responses. An analysis of
antigen-specific CD8 T cell responses was carried out without prior knowledge
about clinical patient characteristics to avoid experimental bias. The following
gating strategy was applied to identify CD8 T cells: 1) selection of live single-
cell CD8 T cells, 2) selection of pMHC live single-cell CD8 T cells, and 3) selec-
tion of antigen-specific CD8 T cells that were positive for two, and none of the
other fluorescent pMHC multimers were identified using Boolean gating (21,
34, 35). The full gating strategy used on the BD LSRIl and the BD FACSym-
phony is shown in S/ Appendix, Figs. S1 and S5, respectively. Cutoff values for
the definition of positive responses were >0.005% of total CD8 T cells and
>10 events in both experiments, the initial screen, and the confirmation. A
minimum of 50,000 CD8 T cells were acquired per sample. To reduce person
bias of manual gating, only positive responses that were confirmed by two
independent people in both experiments were defined as real (S/ Appendix,
Fig. S1 B and (). The average response magnitude that was determined by
two independent people from the initial screen was used for statistical
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analysis. Data were analyzed using either the BD FACSDiva (version 8.0.1) or
the FlowJo (version 10.5.3) software. To monitor the reproducibility of the
assay system, reference samples with up to 10 CD8 T cell responses present at
varying frequencies were included in each analysis.

Flow Cytometer Settings. On the BD LSRII, the following 13-color instrument
settings were used: Blue laser (488 nm at 100 mW): fluorescein isothiocyanate,
505LP, and 525/50BP. Red laser (637 nm at 40 mW): allophycocyanin (APC) and
670/14BP; AF700, 685LP, and 710/50BP; and IRDye, 750LP, and 780/60BP. Violet
laser (405 nm at 100 mW): BV421 and 450/50BP; QD625, 610LP, and 625/20BP;
and QD655, 635LP, and 655/8BP. UV laser (355 nm at 20 mW): QD585, 570LP,
and 5812/15BP; QD605, 595LP, and 605/12BP; QD705, 685LP, and 710/50BP;
and QD800, 750LP, and 780/60BP. Yellow-green laser (561 nm at 50 mW): phy-
coerythrin (PE) , 585/15BP, PE-Cy7, 795LP, and 780/60BP. On the BD FACSym-
phony, the following 18-color instrument settings were used: Blue laser (488
nm at 200 mW): BB515, 505LP, and 530/30BP; BB630, 600LP, and 610/20BP;
PerCP-Cy5.5, 685LP, and 710/50; and BB790, 750LP, and 780/60BP. Red laser
(637 nm at 140 mW): APC, 670/30BP, APC-R700, 690LP, 630/45BP, and IRDye
and APC-H7, 750LP, and 780/60BP. Violet laser (405 nm at 100 mW): BV421,
420LP, and 431/28BP; BV480, 455LP, and 470/20BP; BV605, 565LP, and 605/
40BP; BV650, 635LP, and 661/11BP; and BV750, 735LP, and 750/30BP. UV laser
(355 nm at 75 mW): BUV395, 379/28BP, BUV563, 550LP, 580/20BP; BUV615,
600LP, and 615/20BP and BUV805, 770LP, and 819/44BP. Yellow-green laser
(561 nm at 150 mW): PE and 586/15BP; BYG670, 635LP, and 670/30BP; and
PE-Cy7, 750LP, and 780/60BP. Appropriate compensation controls were
included in each analysis.

TCR Sequencing. TCR beta chain CDR3 region sequencing was performed on
CD8T cells isolated from pre- and on-therapy PBMC samples to assess changes
in the TCR repertoire upon PD-1 blockade. PBMCs were thawed and recovered
as described above (see Flow Cytometry Assays). Subsequentially, CD8 T cells
were isolated using the CD8 T cell isolation kit (MACS Miltenyi Biotec,
130-096-495) and LS columns (MACS Miltenyi Biotec, 130-042-401) according
to the manufacturers protocol, and DNA was isolated using the QIAMP DNA
Micro Kit (Qiagen, 56304) according to the manufacturers protocol. TCR
sequencing was performed using the immunoSEQ Assay from Adaptive Bio-
technologies with survey resolution. Python 3.7.6 (36), Pandas 1.0.1 (37),
NumPy 1.18.1 (37), and SciPy 1.4.1 (38) were used for data analysis. VDJtools
1.2.1 (39) was used for the TCR sequencing data analysis. The clonotype data
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were exported from the Adaptive immunoSEQ Analyzer using Export samples
v2 option and converted to VDJtools format using VDJtools Convert routine.
Clonality was estimated as 1-normalized Shannon-Wiener index. Normalized
Shannon-Wiener index values were computed using VDJtools CalcDiversity-
Stats routine with default parameters performing resampling. CDR3 length
distributions and V-segment usage distributions were obtained with VDJtools
CalcSpectratype and VDJtools CalcSegmentUsage routine, respectively, using
default parameters. The matching of the TCR repertoire of the patients with a
public epitope database was performed with VDJmatch (40) using full
VDJmatch algorithm scoring and weighting database hits by their informa-
tiveness. Only hits with scores equal to 2 or 3 were used in the subsequent
analysis. Differential expression of clonotypes between pre- and on-therapy
samples was assessed using the Adaptive immunoSEQ Analyzer Differential
Abundance tool, on nucleotide level, with minimum clone abundance of 5
and beta binomial P value estimation method.

Statistical Analysis. Wilcoxon matched-pairs signed-rank test was used to
assess changes in the number and magnitude of antigen-specific CD8 T cell
responses detected pre- and on/after therapy. Differences between patient
groups were assessed using the nonparametric Mann-Whitney U test. Statisti-
cal significance for associations between categorical variables was determined
by Fisher’s exact test. Statistical analysis was performed using Excel (version
16.36) and Prism 8 (version 8.1.2).

Data Availability. Flow cytometry data generated in the study are deposited
on FlowRepository (http:/flowrepository.org/id/FR-FCM-Z48G) (41). TCR
sequencing data generated in this study are deposited in the immuneACCESS
Data repository (https://doi.org/10.21417/AG2021PNAS) (42). All other data
are included in the article and S/ Appendix.
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