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CNEni e Immune checkpoint blockade represents a major breakthrough in cancer therapy;

however, responses are not universal. Genomic and immune features in pretreatment
tumor biopsies have been reported to correlate with response in patients with melanoma and other can-
cers, but robust biomarkers have not been identified. We studied a cohort of patients with metastatic
melanoma initially treated with cytotoxic T-lymphocyte-associated antigen-4 (CTLA4) blockade (n=53)
followed by programmed death-1 (PD-1) blockade at progression (n = 46), and analyzed immune signa-
tures in longitudinal tissue samples collected at multiple time points during therapy. In this study, we
demonstrate that adaptive immune signatures in tumor biopsy samples obtained early during the course
of treatment are highly predictive of response to immune checkpoint blockade and also demonstrate
differential effects on the tumor microenvironment induced by CTLA4 and PD-1 blockade. Importantly,
potential mechanisms of therapeutic resistance to immune checkpoint blockade were also identified.

SIGNIFICANCE: These studies demonstrate that adaptive immune signatures in early on-treatment
tumor biopsies are predictive of response to checkpoint blockade and yield insight into mechanisms of
therapeutic resistance. These concepts have far-reaching implications in this age of precision medicine
and should be explored in immune checkpoint blockade treatment across cancer types. Cancer Discov;
6(8); 827-37. ©2016 AACR.
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INTRODUCTION

Major advances have been made in the treatment of meta-
static melanoma through the use of immune checkpoint
blockade, with the FDA approval of numerous therapeutic
regimens within the past several years (1-6) and many more
being studied in clinical trials (7, 8). Treatment with immune
checkpoint inhibitor monotherapy [such as monoclonal anti-
bodies targeting cytotoxic T-lymphocyte-associated antigen-4
(CTLA4) and programmed death-1 (PD-1)] is associated with
response rates of 8% to 44%, and many of these responses are
durable (i.e., >2 years). However, the majority of patients do
not respond to these regimens as monotherapy, and some
patients develop significant toxicity (2, 9-11), particularly
when these regimens are combined (4). Given these complexi-
ties, a critical need exists to identify biomarkers that accurately
predict which patients will benefit from this form of therapy.

Although several genomic and immune predictors of
response have been reported based on analysis of pretreat-
ment tumor biopsies, these biomarkers are not very robust,
and there is significant overlap between responders and nonre-
sponders to therapy for the markers tested (12-15). Genomic
and RNA-based studies exploring predictors of outcome to
immune checkpoint blockade in melanoma suggest that
tumor-specific mutational load and neoantigen signature as
well as cytolytic activity are significantly associated with clinical
benefit and increased overall survival (13, 16, 17). IHC-based
studies also support the notion that CD8*, CD4*, PD-1%, and
programmed death-ligand 1-positive (PD-L1%) cell densities in
pretreatment biopsies can predict response to therapy (14, 15).
However, cumulative evidence from these studies suggests that
these biomarkers are not perfectly predictive (13, 14), and better
biomarkers are clearly needed to optimize therapeutic decisions.

In addition to identifying predictors of response to immune
checkpoint blockade, there is growing interest in understand-
ing the mechanistic differences between different forms of
immune checkpoint blockade. Transcriptome and pathway
analysis using purified human T cells and monocytes from
patients on either CTLA4 or PD-1 blockade demonstrates
distinct gene expression profile and immunologic effects
between these forms of therapy (18, 19). Whereas CTLA4
blockade induces a proliferative signature in memory T cells,
PD-1 blockade leads to changes in genes implicated in cytoly-
sis and natural killer cell function (19). This notion is further
supported by animal models that demonstrate differential
effects of CTLA4 and PD-1 blockade therapies on the tran-
scriptional profiles of tumor-infiltrating CD8* T cells, with
increased NFAT-JAK-STAT signaling, cell proliferation/cell
cycle, and activation of effector T-cell pathways seen in CTLA4
blockade versus changes in IL2 signaling, response to type I
IFN, and metabolic pathways seen in PD-1 blockade (18).

Along with this, there is a critical need to identify mecha-
nisms of therapeutic resistance to immune checkpoint inhib-
itors that are potentially actionable. Groups have begun
to study this (17, 20), and there is evidence that somatic
mutations in antigen processing and presentation as well
as upregulation of genes involved in cell adhesion, angio-
genesis, and extracellular matrix remodeling may contribute
to immune escape in cancer (21). In addition, molecular
analyses of human melanoma samples and animal models

also suggest that tumor-intrinsic oncogenic signals related
to the WNT/B-catenin signaling pathway may mediate cancer
immune evasion and resistance to immunotherapy, including
CTLA4- and PD-1-based therapy (22).

In this study, we sought to address each of these areas of
critical need by studying a unique cohort of patients with
metastatic melanoma who were initially treated with CTLA4
blockade and were then treated with PD-1 blockade at time of
progression. A deep immune analysis of longitudinal tumor
samples was performed, yielding insights into biomarkers
of response, mechanistic differences between each of these
forms of therapy, and means of therapeutic resistance to
immune checkpoint blockade.

RESULTS

Patient Cohort, Checkpoint Blockade Treatment,
and Longitudinal Tumor Biopsies

To explore differential changes in the tumor microenviron-
ment in distinct forms of immune checkpoint blockade, we
assembled a unique cohort of 53 patients with metastatic
melanoma who were initially treated with CTLA4 blockade
and were then treated with PD-1 blockade if they did not
respond or progressed on therapy. The scheme of treatment
and longitudinal tumor sampling is shown in Fig. 1A. Biopsies
were obtained (when available) prior to initiation of CTLA4
blockade, on-treatment, and after restaging in patients who
did not respond to or who progressed on therapy. Clinical
responders were defined by radiographic evidence of absent
disease, stable disease, or decreased tumor volume for >6
months. Nonresponders were defined by tumor growth on
serial CT scans after the initiation of treatment or any clinical
benefit lasting <6 months (minimal benefit; ref. 13). Non-
responders to CTLA4 blockade were then treated with PD-1
blockade therapy, and additional biopsies were obtained early
during the course of therapy and late on-treatment in nonre-
sponders (or progressors) on PD-1 blockade (Fig. 1A). Among
the patients treated with CTLA4 blockade, 13% achieved clini-
cal benefit, whereas 87% did not, consistent with published
response rates (1, 11). Supplementary Table S1A and B shows
the clinical and demographic characteristics of the patients in
this cohort. Available biopsies were subsequently processed
for downstream immune profiling by IHC and gene expres-
sion studies (Supplementary Table S1C and S1D).

Immune Profiling in Early On-Treatment Biopsies
Is Predictive of Response to CTLA4 Blockade ina
Unique Cohort of Patients Treated with Sequential
CTLA4 and PD-1 Blockade

The profile and kinetics of immune cell infiltrates in the tumor
microenvironment were first investigated via a 12-marker IHC
panel (Supplementary Table S2). At the pretreatment time point,
there was no difference in any of the measured markers between
responders versus nonresponders to CTLA4 blockade (Fig. 1B-D;
Supplementary Fig. S1A-S1I), consistent with previous reports
(23). However, analysis of early on-treatment tumor biopsies iden-
tified a significantly higher density of CD8" T cells in responders
versus nonresponders to CTLA4 blockade (Fig. 1B; P < 0.05).
IHC for other immune and immunomodulatory markers at
the on-treatment time point on CTLA4 blockade showed no
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Figure 1. Immune profiling in early on-treatment biopsies is predictive of resp
sequential CTLA4 and PD-1 blockade. A, patients with metastatic melanoma were
CTLA4 blockade were then treated with PD-1 blockade (n=46; Expanded Access
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy s
when feasible, including pretreatment, on-treatment, and progression anti-CTLA4

onse to CTLA4 blockade in a unique cohort of patients treated with
initially treated with CTLA4 blockade (n=53) and nonresponders to
Program for MK-3475 at the MD Anderson Cancer Center). Of these 46
amples were collected at multiple time points during their treatment
biopsies, and pretreatment, on-treatment (doses 2-3), and progression

anti-PD-1 biopsies, for downstream immune profiling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment
is shown for each time point. The profile and kinetics of immune cell infiltrates in the tumor microenvironment were compared between responders and
nonresponders to CTLA4 blockade. Tumor samples available for immune profiling by IHC included pretreatment anti-CTLA4 [n=36; 5 responders (R) and
31 nonresponders (NR)], on-treatment anti-CTLA4 (n=5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies (n=22). CD8 (B) and
CD4 density (C), and PD-L1 H-score (D) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment (E) and
early on-treatment (F) time points are shown in responders versus nonresponders to CTLA4 blockade (20x magnification). Error bars, SEM.*, P<0.05; n.s.,

not significant. Scale bars, 200 um.
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significant differences in responders versus nonresponders,
though a trend toward higher PD-L1 expression was observed
in responders (Fig. 1C; Supplementary Fig. S1). Representative
IHC images for CD8, CD4, and PD-L1 expression in respond-
ers and nonresponders to CTLA4 blockade are shown for each
time point in Fig. 1E-F.

In addition, to better understand the contribution of mye-
loid-T cell interactions to therapeutic response, we also stained
sections with additional myeloid markers (Supplementary
Table S3). Though we saw no clear quantitative differences in
any of the myeloid subsets in responders versus nonrespond-
ers to CTLA4 blockade (Supplementary Fig. S2A-S1H), we
observed a slightly higher proximity of CD68* myeloid cells to
CD8* T cells in nonresponders at the pretreatment time point
(Supplementary Fig. S3A and S1B; P = 0.08); however, this did
not reach statistical significance in this small cohort.

Immune Profiling in Early On-Treatment Biopsies
Is Highly Predictive of Response to PD-1 Blockade

We next used our 12-marker IHC panel to interrogate the
profiles and kinetics of immune cell subsets in tumor samples
from patients on anti-PD-1 therapy. Forty-six patients were
included who were initially treated with CTLA4 blockade,
as well as 11 additional patients who had not received prior
CTLAA4 blockade to control for possible prior CTLA4 blockade
exposure effects. In these studies, we observed a modest but
statistically significant difference in the density of CD8*, CD3",
and CD45RO" T cells in pretreatment samples of respond-
ers compared with nonresponders (Fig. 2A-F; Supplementary
Fig. S4A; P = 0.03, 0.03, 0.02, respectively), though the values
between these two groups were largely overlapping, consistent
with prior published data (23). There was also a trend toward
higher pretreatment expression of CD4 and PD-1 in respond-
ers versus nonresponders, though these did not reach statisti-
cal significance (Fig. 2A-F; P = 0.06, P = 0.08, respectively).

In contrast, there was a profound and highly statistically
significant difference in the expression of markers for T-cell
subsets—CD8 (P=0.001), CD4 (P=0.001), and CD3 (P<0.001)—
and immunomodulatory molecules PD-1 (P < 0.001), PD-L1
(P=0.007), and LAG3 (P < 0.0001) in responders versus non-
responders to therapy in early on-treatment tumor samples,
with little to no overlap between groups (Fig. 2A-F). Of note,
a significantly higher level of expression of FOXP3 (P < 0.001)
and granzyme B (P = 0.02) was observed in responders compared
with nonresponders to therapy, likely relating to an enhanced
activation status of infiltrating T cells in responding patients
(Supplementary Fig. S4A-S4F). Importantly, these changes were
observed in responders as early as 2 to 3 doses following initia-
tion of PD-1-based therapy. Representative IHC images for these
markers are shown in Fig. 2G and H. Specific analysis performed
on longitudinal samples also demonstrated an increase in CDS8,
PD-1, and PD-L1 in responders compared with nonresponders
to PD-1-based therapy (Supplementary Fig. SSA-SSF).

In light of previous studies demonstrating the importance
of the invasive tumor margin in predicting responses to
PD-1 blockade (14), we quantified CD8* T-cell density at the
tumor margin in 41 samples with discernible tumor margins.
In these studies, we did not observe significant differences in
CD8" T cells at the tumor margin between responders and non-
responders to PD-1-based therapy at all time points examined,

though sample size was admittedly limited. However, when we
compared the ratio of CD8* T cells at tumor center versus the
margin in early on-treatment biopsies, we observed significantly
higher ratios of CD8" T cells at the tumor center versus the
margin within responders compared with nonresponders (Sup-
plementary Fig. S6A-S6H), suggesting possible infiltrate from
margin to center of the tumor in the context of therapy.

To augment these studies, we performed immune profiling
in the separate cohort of patients who received PD-1 block-
ade in the absence of prior CTLA4 exposure, and observed
no significant differences in our prior observations when
these patients were included in the analysis (Supplementary
Fig. S7A-S7H; Supplementary Table S4). As observed previ-
ously with CTLA4 blockade, we saw no clear quantitative
difference in any of the myeloid subsets in responders and
nonresponders to PD-1 blockade (Supplementary Fig. S8A-
S8I). However, we observed a significantly higher proximity of
CD68" myeloid cells to CD8" T cells in nonresponders at the
pretreatment and on-treatment time points for patients on
PD-1 blockade (Supplementary Fig. S3, P < 0.05).

Gene Expression Profiling in Longitudinal Tumor
Biopsies Is Predictive of Response in Patients
Treated with Sequential CTLA4 and PD-1 Blockade

To further dissect the tumor microenvironment-mediated
response and resistance to immune checkpoint blockade and to
identify potential mechanisms of therapeutic resistance, we per-
formed targeted gene expression profiling (GEP) via a custom
795-gene NanoString panel composed of immune-related genes
and genes pertaining to common cancer signaling pathways
(Supplementary Table S5) in samples with available tissue.
When comparing GEP results between responders and non-
responders at each individual biopsy time point, no significant
differences were found at pretreatment CTLA4 blockade, on-
treatment CTLA4 blockade, and pretreatment PD-1 blockade.
However, early on-treatment tumor samples of patients on anti-
PD-1 therapy showed 411 significantly differentially expressed
genes (DEG) in responders (FDR-adjusted P < 0.05), mostly
upregulated as compared with nonresponders (Fig. 3A-D;
Supplementary Fig. S9 and Supplementary Table S6A-S6E),
including IHC markers represented in the NanoString code-
set, cytolytic markers, HLA molecules, IFNY pathway effectors,
chemokines and select adhesion molecules. Notably, a small
number of DEGs (n = 6) were lower in responders than in non-
responders on PD-1 blockade and included vascular endothelial
growth factor (VEGFA), suggesting a mechanism of therapeutic
resistance and a potential target for therapy, which is corrobo-
rated by data from others implicating angiogenesis in resistance
to immunotherapy (24-26). Notably, though only 10 of the 12
IHC markers were represented in the NanoString codeset, all 10
overlapping probes showed concordance with our IHC findings
(Supplementary Fig. SI0A-S10J and S11A-S11)J).

We next compared GEPs between pretreatment and on-
treatment time points to identify dynamic changes in the
tumor microenvironment associated with each form of
immune checkpoint therapy. To do this, we used the lin-
ear mixed-effects model to test time trend of gene expres-
sion from pretreatment to on-treatment and its interaction
with response status for CTLA4 and PD-1 blockade, respec-
tively. With CTLA4 blockade, 173 upregulated DEGs and
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Figure 2. Immune profiling in early on-treatment biopsies is highly predictive of response to PD-1 blockade. Longitudinal tumor biopsies were per-
formed (at pretreatment, early on-treatment, and late on-treatment/progression time points) in patients undergoing treatment with PD-1 blockade
(n=47). The profile and kinetics of immune cell infiltrates in the tumor microenvironment were compared between responders (R) and nonresponders
(NR) to PD-1 blockade. Tumor samples available for immune profiling by IHC included pretreatment anti-PD-1 (n=24; 7 responders and 17 nonresponders),
on-treatment anti-PD-1 (doses 2-3; n=11; 5 responders and 6 nonresponders), and progression anti-PD-1 (n=12) biopsies (Supplementary Table S1C).
CD8 (A), CD4 (B), CD3(C), PD-1 (D), PD-L1 (H-score) (E), and LAG3 (F) density are shown in responders versus nonresponders. Representative images at
pretreatment (G) and early on-treatment (H) time points are shown in responders versus nonresponders to PD-1 blockade (20x magnification). Error bars,
SEM.*, P<0.05;*, P<0.01;** P<0.001; ** P<0.0001; n.s., not significant. Scale bars, 200 pum.
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Figure 3. Gene expression profiling in longitudinal tumor biopsies is predictive of response in a unique cohort of patients treated with sequential
CTLA4 and PD-1 blockade. Gene expression profiling was performed via NanoString in longitudinal tumor biopsies from patients treated with sequential
CTLA4 and PD-1 blockade (n="54), including pretreatment anti-CTLA4 [n = 16; 5 responders (R) and 11 nonresponders (NR)], on-treatment anti-CTLA4
(n="5; 3responders and 2 nonresponders), and progression anti-CTLA4 biopsies (n=15), pretreatment anti-PD-1 (n=16; 7 responders and 9 nonre-
sponders), on-treatment anti-PD-1 (doses 2-3; n=10; 5 responders and 5 nonresponders), and progression anti-PD-1 (n=7) biopsies (Supplementary
Tables S1D, S6A, and S9B-S9C). Volcano plots illustrate the log, fold change (FC) in gene expression (responders vs. nonresponders) on the x-axis and
unadjusted P values from Student t tests between responders and nonresponders on the y-axis. Differentially expressed genes (FDR-adjusted P < 0.05
and FC >2 or <-1/2) between responders and nonresponders were highlighted in green at the time of pretreatment (A) and on-treatment (B) CTLA4
blockade, pretreatment (C) and on-treatment (D) PD-1 blockade. Interaction of time covariate (pretreatment, on-treatment) and response covariate
(responders, nonresponders) was illustrated in volcano plots. Genes with significant interaction were highlighted in green (FDR-adjusted P < 0.05 and
interaction >1.5 or <-1.5) for CTLA4 blockade (E) and PD-1 blockade (F). Venn diagram illustrates shared and unique genes upregulated and downregu-

lated in CTLA4 (red) and PD-1 (blue) blockade over treatment time course (G).

101 downregulated DEGs were identified in responders ver-
sus nonresponders to therapy (Fig. 3E; Supplementary Table
S7), with upregulated DEGs similar to those described in
previously published datasets (18). With PD-1 blockade, 370
upregulated DEGs and 6 downregulated DEGs were identified
in responders versus nonresponders (Fig. 3F; Supplementary
Table S8). Upregulated DEGs related to processes such as
antigen presentation, T-cell activation, and T-cell homing.
Importantly, we did not observe significant differences in
GEPs in PD-1-treated patients regardless of prior treatment
with CTLA4 blockade (Supplementary Fig. S12; Supplemen-
tary Table S9A-S9C); however, the cohort was admittedly
small and we cannot exclude the possibility that these GEPs
may in part be due to prior treatment with CTLA4 blockade.
To investigate mechanistic differences between the two
forms of immune checkpoint blockade, we next compared the

response-associated DEGs (from pretreatment to on-treatment)
in tumor biopsies of CTLA4- versus PD-1-treated patients. In
this comparison, only 117 shared DEGs were upregulated for
both CTLA4 and PD-1 blockade (Fig. 3G), with 56 upregu-
lated DEGs unique to CTLA4 blockade, and 253 unique to
PD-1 blockade (FDR-adjusted P < 0.05; Supplementary Table
S10). Analysis of shared downregulated DEGs revealed 99
that were unique to CTLA4 blockade and 4 that were unique
to PD-1 blockade (FDR-adjusted P < 0.05; Supplementary
Table S10), with only two common DEGs in responders versus
nonresponders across both forms of therapy, including dual
serine/threonine and tyrosine protein kinase (DSTYK) and
$100 Calcium Binding Protein A1 (S100A1I).

To complement these studies and to explore the dynamic
changes in GEP between responders and nonresponders over
the course of checkpoint blockade therapy, we compared
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Figure 4. NanoString paired analysis. For analysis of paired samples, raw NanoString counts were compared between samples after anti-PD-1 therapy
with those in the corresponding pretreatment sample. Shown are the 37 genes most frequently upregulated in responders (R) and/or downregulated in

nonresponders (NR), identified by paired analysis.

GEP results for paired (same-patient) biopsies taken before
and after PD-1 blockade. Heat mapping of the fold change
between paired biopsies for the 37 genes most frequently
upregulated in responders and/or downregulated in nonre-
sponders (“Up-DEGs”) clustered responders separately from
nonresponders (Fig. 4; Supplementary Table S11A-S11B).
Pathway analysis of Up-DEGs showed that response to
PD-1 blockade involves an adaptive immune response, with
increased expression of antigen presentation molecules and
markers of T-cell activation in responding patients. Inter-
estingly, many Up-DEGs were actually downregulated in
on-treatment samples of nonresponders compared with pre-
treatment, including interferon and HLA genes.

DISCUSSION

Immune checkpoint blockade therapies have revolutionized
the treatment of advanced melanoma and other cancer types;
however, only a fraction of patients benefit from these treat-
ments as monotherapy, and robust predictors of response and
mechanisms of therapeutic resistance are currently lacking.
Though data suggest a correlation among clinical response,
preexisting tumot-infiltrating lymphocytes, T-cell repertoire,
tumor-intrinsic mutational load, and neoantigens, the dem-
onstrated biomarker profiles between responders and non-
responders are often overlapping and not very robust (9, 15).

Together, the studies presented herein build on collec-
tive efforts to identify biomarkers of response and resistance
to immune checkpoint blockade (13-15), and provide novel
evidence that assessment of adaptive immune responses early
in the course of therapy is highly predictive of response—with
nonoverlapping immune signatures in responders versus non-
responders, particularly to PD-1 blockade. These data have
important clinical implications and suggest that immune
signatures in tumor biopsies should be evaluated early after

initiation of treatment with immune checkpoint blockade
rather than in pretreatment tumor samples—at least until
better predictive markers in pretreatment tissue and blood
samples may be identified. This is highly relevant, as many
clinical trials of immune checkpoint inhibitors currently
mandate assessment of immune markers only in pretreat-
ment tumor tissue; however, our findings suggest that we
should reconsider this approach and assess adaptive immune
responses in patients on therapy. Of note, we recognize
the immune signatures observed in early on-treatment sam-
ples may simply be a consequence of the immune response
to checkpoint inhibitors, and may not represent bona fide
mechanisms of therapeutic response. Additional studies are
needed to fully delineate whether these immune signatures
are responsible for, or a product of, the mechanisms underly-
ing the response—though are admittedly out of the context
of the current study. Importantly, similar observations have
been made in other tumor types (27), suggesting that such an
approach could be applicable to other solid tumors—though
this hypothesis needs to be tested more broadly.

These data also offer mechanistic insight into response to
immune checkpoint blockade, suggesting that response to
PD-1 blockade is related to enhanced cytolytic activity, antigen
processing, and IFNYy pathway components (16, 17). Interest-
ingly, VEGFA was decreased in responders and increased in
nonresponders to therapy, suggesting a mechanism of thera-
peutic resistance as observed by others (24-26) and a potential
target for therapy. The antiangiogenesis pathway has been
shown to interact with antitumor immunity through multi-
ple mechanisms. Previous studies demonstrate that increased
VEGF secretion decreases T-cell effector function and traf-
ficking to tumor (28, 29) and correlates with increased PD-1
expression on CD8 T cells (25). In addition to direct effect on
T cells, VEGF also decreases the number of immature dendritic
cells as well as T-cell priming ability of mature dendritic cells
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(30), further contributing to decreased effector T-cell function.
Angiogenic factors have also been shown to expand T regula-
tory cell (31) and myeloid-derived suppressor cell popula-
tions. Based on these findings and preclinical and translational
data supporting synergy between angiogenesis inhibitors and
immunotherapies, multiple trials of combination therapy are
under way, including bevacizumab with anti-PD-1 therapy
(26). Phase I trial data from patients with advanced melanoma
of bevacizumab and ipilimumab support synergy with this
combination therapy, showing a 67% disease control rate,
increased CD8 T-cell tumor infiltration, and circulating mem-
ory CD4 and CD8 T cells with combination therapy (26, 32).
Our data are in line with these studies and reinforce the value
in these combination anti-VEGF/anti-PD-1 clinical trials.

In addition, these data provide strong evidence regarding
differential effects of distinct forms of immune checkpoint
blockade on the tumor microenvironment, with insight into
distinct mechanisms of response and of therapeutic resistance,
which is in line with prior published reports in mice (18) and in
humans (19). These differences have important clinical impli-
cations and may help guide rational therapeutic combinations
of distinct immune checkpoint inhibitors and immunomodu-
latory agents depending on the desired treatment effect.

Finally, these studies offer novel insight into mechanisms
of therapeutic resistance to immune checkpoint blockade
which may be potentially actionable. Examples highlighted
by these data include an angiogenic phenotype in nonre-
sponding lesions (24, 33), as well as downregulation of anti-
gen processing and presentation (including HLA; refs. 34,
35), and defects in interferon signaling pathways (36). These
data are also supported by The Cancer Genome Atlas recent
study demonstrating enrichment of mutations in antigen
presentation machinery (including HLA and B2-m) as well as
extrinsic apoptotic genes in preventing cytotoxic cells from
killing tumor cells (21). Importantly, many of these mecha-
nisms may be targetable and could help overcome therapeutic
resistance to immune checkpoint blockade.

Despite these provocative results, several limitations exist with
these studies. Our sample size in the current study is admittedly
limited; however, similar findings have been observed in other
histologies (27), and efforts to expand this cohort are ongoing.
In addition and potentially related to the limited sample size,
robust biomarkers were not identified in pretreatment samples,
which is in contrast to other published reports (14). However,
this disparity could also be related to different antibodies used
for the markers in question (namely PD-L1).

An important consideration is that the differences in
immune infiltrates observed in responders versus nonrespond-
ers to PD-1-based therapy could be related to prior treat-
ment with CTLA4 blockade, though gene expression analyses
and IHC results in CTLA4-naive versus CTLA4-experienced
patients did not differ significantly. This cohort is admittedly
small and results need to be validated in larger cohorts and in
other histologies. Based on available data from this and other
groups, biopsies should be performed early on treatment (i.e.,
within 2 to 3 cycles of therapy) to validate these studies. In
addition, though these novel findings are provocative, they
may be difficult to validate in other solid tumor types where
acquisition of early on-treatment biopsies may be less feasible.
Nonetheless, there is a critical need to study this phenomenon

in other solid tumors, as results from such studies may help
usher in a new paradigm for immune monitoring in the set-
ting of immune checkpoint blockade—with emphasis placed
on assessment of an adaptive immune response in an early on-
treatment biopsy rather than in pretreatment markers.

METHODS
Patient Cohort

An initial cohort of 53 patients with metastatic melanoma were
included in this study. These patients were treated at The University
of Texas (UT) MD Anderson Cancer Center between October 2011
and March 2015 and had tumor samples collected and analyzed under
Institutional Review Board (IRB)-approved protocols (IRB LABOO-
063, LAB03-0320, 2012-0846, PA13-0291, and PA12-0305). Of note,
these studies were conducted in accordance with the Declaration of
Helsinki and approved by the UT MD Anderson Cancer Center IRB.
Electronic medical charts were reviewed independently by two investi-
gators to assign clinical response group and document other clinical
parameters (Supplementary Table S1A and S1B). These 53 patients
were initially treated with CTLA4 blockade, with 7 responding
whereas 46 progressed. The 46 patients who progressed on CTLA4
blockade then went on to receive PD-1 blockade therapy (Expanded
Access Program for MK-3475 at the MD Anderson Cancer Center).
Of these 46 patients, 13 responded to PD-1 blockade, whereas 33
progressed. In addition, a separate cohort of 16 CTLA4 blockade-
naive patients were also included in this study and received PD-1
blockade only. Of these 16 patients, 12 responded and 4 progressed.
Altogether, a total of 62 patients received anti-PD-1 treatment (both
CTLA4 blockade-treated and CTLA4 blockade-naive); 25 responded
(40%) and 37 progressed (60%). Of note, in this study one patient
received CTLA4 blockade and progressed but did not go on to receive
PD-1 blockade therapy. Clinical response (responders) was defined
by radiographic evidence of freedom from disease, stable disease, or
decreased tumor volume for more than 6 months. Lack of a clinical
response (nonresponders) was defined by tumor growth on serial CT
scans or a clinical benefit lasting 6 months or less (minimal benefit).

Tumor Samples

Tumor samples were obtained from the MD Anderson Cancer
Center Department of Pathology archive and Institutional Tumor
Bank with appropriate written informed consent. Biopsy collection
and analyses were approved by the MD Anderson Cancer Center IRB
(LAB00-063, LAB03-0320, 2012-0846, PA13-0291, and PA12-0305).
Tumor biopsy samples were collected at multiple time points dur-
ing treatment when feasible, including pretreatment, on-treatment
and progression anti-CTLA4 biopsies, and pretreatment, on-treatment
(doses 2-3), and progression anti-PD-1 biopsies. Biopsy sites were cho-
sen as follows: for pretreatment and early on-treatment biopsies, the
most safely accessible tumors were biopsied; for progression biopsies,
progressing tumors were sampled. The median times for pretreatment,
on-treatment, and progression anti-CTLA4 biopsies were 4.4 months
prior (0-59.3 months, average 9.2 months), 3.2 months after (0.1-16.8
months, average 4.6 months), and 3.6 months after (0.2-38.5 months,
average 8.0 months) anti-CTLA4 treatment, respectively. The median
times for pretreatment, on-treatment, and progression anti-PD-1
biopsies were 3.0 months prior (0-35 months, average 6 months), 1.4
months after (0.7-26 months, average 4.5 months), and 4.4 months
after (1.6-320 months, average 5 months) anti-PD-1 treatment,
respectively. All specimens were excisional biopsies or surgical resection
specimens. For the 16 CTLA4 blockade-naive patients, the median
times for pretreatment and on-treatment anti-PD-1 biopsies were 2.1
months prior and 2.8 months after, respectively, and tumor samples
were excisional biopsies or surgical resection specimens.
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Immune Profiling by IHC

Tumor samples (n = 88) were formalin-fixed and paraffin-embedded,
including pretreatment anti-CTLA4 (n = 36; S responders and 31
nonresponders), on-treatment anti-CTLA4 (n = 5; 2 responders and 3
nonresponders), progression anti-CTLA4 (n = 22), pretreatment anti-
PD-1 (n = 24; 7 responders and 17 nonresponders), on-treatment
anti-PD-1 (doses 2-3; n = 11; 5 responders and 6 nonresponders),
and progression anti-PD-1 (» = 12) biopsies (Supplementary Table
S1C). To examine the effect of CTLA4 blockade on pretreatment and
on-treatment PD-1 blockade biopsies, additional immune profiling
analysis by IHC was performed on a separate cohort of patients treated
with PD-1 blockade who were CTLA4 blockade-naive (n = 13), includ-
ing pretreatment anti-PD-1 (# = 9; 7 responders and 2 nonresponders)
and on-treatment anti-PD-1 (n = 4; 2 responders and 2 nonresponders)
biopsies. From each tissue block, a hematoxylin and eosin-stained slide
was examined to evaluate tumor cellularity. THC was performed using
an automated stainer (Leica Bond Max, Leica Biosystems), and the pri-
mary antibodies used included CD3 (DAKO, A0452, 1:100), CD4 (Leica
Biosystems, NCL368, 1:80), CD8 (Thermo Scientific MA5-13473, 1:25),
CD20 (DAKO, L26, 1:1,400), CD45RO (Leica Biosystems, PA0146,
ready to use), CD57 (BD Biosciences, 347390, 1:40), CD68 (DAKO,
MO876, 1:450), FOXP3 (BioLegend, 320102, 1:50), Granzyme B (Leica
Microsystems, PA0291, ready to use), LAG3 (LifeSpan Bioscience, 17B4,
1:100), PD-1 (Epitomics, ab137132, 1:250), PD-L1 (Cell Signaling Tech-
nology, 13684, 1:100), CD14 (Abcam, Ab133503, 1:100), CD33 (Leica
Microsystems, LCD33-L-CE, 1:100), CD163 (Leica Biosystems, NCL-
L-CD163, 1:500), and CD206 (Abcam, Ab64693, 1:2,000). All slides
were stained using previously optimized conditions with appropriate
positive and negative controls. The IHC reaction was detected using
the Leica Bond Polymer Refine detection kit (Leica Biosystems) and
diaminobenzidine (DAB) was used as chromogen. Counterstaining was
done using hematoxylin. IHC and hematoxylin and eosin-stained slides
were converted into high-resolution digital images using an Aperio slide
scanner (Aperio AT Turbo, Leica Biosystems). The digital images were
then analyzed using the Aperio Image Toolbox analysis software (Leica
Biosystems), Aperio image analysis algorithms nuclear and cytoplasmic
v9. From each e-slide, S x 1 mm? areas within the tumor region (except
for small biopsy samples) were chosen by a pathologist for digital analy-
sis. IHC staining for CD3, CD4, CD8, CD20, CD45RO, CD57, CD68,
FOXP3, Granzyme B, LAG3, PD-1, CD14, CD33, CD163, and CD206
was evaluated as density of cells, defined as the number of positive cells
per mm?. PD-L1 expression was evaluated in tumor cells using H-score,
which includes the percentage of positive cells showing membrane
staining pattern (0-100) multiplied by the intensity of the staining (0
to 3+), with a total score ranging from 0 to 300. The final score for each
marker was expressed as the average score of the areas analyzed within
the tumor region (tumor center). In addition, of the initial cohort of 88
samples scored, 41 samples showing discernible tumor margins were
evaluated for CD8 density at both tumor margin and center. The final
scores for each marker from each patient were then transferred to a
database for statistical analysis.

Immunofluorescence

For a subset of formalin-fixed and paraffin-embedded samples (n =
19), we performed immunofluorescence staining for CD8 (Thermo
Scientific, MA5-13473) and CD68 (DAKO, MO876) to investigate
potential myeloid-T cell interactions, including pretreatment anti-
CTLA4 (n = 5; 2 responders and 3 nonresponders), on-treatment
anti-CTLA4 (n = 2; 1 responder and 1 nonresponder), pretreatment
anti-PD-1 (n = 6; 3 responders and 3 nonresponders), and on-treat-
ment anti-PD-1 (doses 2-3; #n = 6; 3 responders and 3 nonresponders)
biopsies. This was done following the Opal protocol staining method
with CD8 in Alexa488 (1:50) and CD68 in Alexa594 (1:100).

For quantification, each individually stained DAPI-, CD8-, and
CD68-stained section was utilized to establish the spectral library of

fluorophores required for multispectral analysis. Slides were scanned
using the Vectra slide scanner (PerkinElmer) under fluorescent condi-
tions. For each marker, the mean fluorescent intensity per case was
then determined as a base point from which positive calls could be
established. Finally, an average of five random areas on each slide
were analyzed for contact quantification (ratio of number of CD68
cells in contact with CD8 divided by number of CD68 cells) blindly
by a pathologist at 20x magnification.

NanoString Analysis

A subset of tumor samples (n = 54) with adequate tissue follow-
ing immune profiling were selected for NanoString analysis using a
custom-designed 795-gene codeset. All tumor samples were prepared
from formalin-fixed and paraffin-embedded tissue blocks, including
pretreatment anti-CTLA4 (n = 16; S responders and 11 nonresponders),
on-treatment anti-CTLA4 (n = 5; 3 responders and 2 nonresponders),
progression anti-CTLA4 (n = 15), pretreatment anti-PD-1 (n = 16; 7
responders and 9 nonresponders), on-treatment anti-PD-1 (doses 2-3;
n=10; 5 responders and 5 nonresponders), and progression anti-PD-1
(n="7) biopsies (Supplementary Tables S1D and S5). Hematoxylin and
eosin-stained sections were prepared to evaluate tumor cellularity.
Total RNA was extracted from each sample individually using the RNe-
asy Mini Kit (QIAGEN). For each NanoString assay, 1 ug of total tissue
RNA was isolated, mixed with a NanoString code set mix, and incubated
at 65°C overnight (16-18 hours). The reaction mixes were loaded on the
NanoString nCounter Prep Station for binding and washing, and the
resulting cartridge was transferred to the NanoString nCounter digital
analyzer for scanning and data collection. A total of 600 fields were
captured per sample to generate the raw digital counts for each sample.
To examine the effect of prior CTLA4 blockade on anti-PD-1 pretreat-
ment and on-treatment tissue samples, a separate gene expression
profiling analysis was performed using a custom-designed, 795-probe
codeset on 28 samples (due to exhaustion of NanoString custom code
sets used in Figs. 3 and 4; Supplementary Table S9A-S9C). Compared
with the initial code set, the B2-microglobulin probe was deleted and
the Melanoma Inhibitory Activity (MIA) probe was added. The same
preprocessing, normalization, and statistical analysis of NanoString
nCounter data were applied to these 28 anti-PD-1 samples, which
included 7 pretreatment samples (4 responders, 3 nonresponders)
and 8 on-treatment samples with prior CTLA4 blockade (3 respond-
ers, S nonresponders), as well as 8 pretreatment samples (6 respond-
ers, 2 nonresponders) and 5 on-treatment samples (2 responders,
3 nonresponders) that were CTLA4 blockade-naive.

Statistical Analysis

Immune Profiling by IHC Analyses were performed using Graph-
Pad Prism software. All tests were two-sided, parametric ¢ tests. P
values of <0.05 were considered statistically significant.

NanoString Data Preprocessing Raw count data were preprocessed
using NanoStringNorm R package NanoStringNorm (37). Specifi-
cally, geometric mean-based scaling normalization was performed to
account for technical assay variation, followed by background adjust-
ment and RNA content normalization via annotated housekeeping
genes. The most stable set of housekeeping genes (ABCF1, GUSB,
TBP, and TUBB) was selected by the geNorm algorithm (38). Finally,
log,-transformed data were used for downstream analyses (Supple-
mentary Tables S6A and S9C). Unsupervised hierarchical clustering
analysis, with heatmap shown in Supplementary Fig. S13, showed no
batch effect and no significant correlations between batch, time, and
clinical response.

Differential Gene Expression Analysis Fold change of each gene was
calculated as the ratio of average gene expression intensity of the
responder group to that of the nonresponder group. A two-sample ¢ test
was used to compare gene expression intensities between the responder
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group and the nonresponder group. To account for multiple testing,
we used FDR (39), defined as the probability of being true under null
hypothesis when rejected and widely used in high-dimensional prob-
lems. The beta-uniform mixture model (40) was used to obtain FDR.
A gene was claimed to be differentially expressed if it showed a fold
change of >2 (increased in responders) or < —1/2 (increased in nonre-
sponders) and FDR < 0.05. Volcano plots were used to visualize log,
fold change on the x-axis and Pvalues on the y-axis. Each gene was color
coded based on its fold change and FDR (Fig. 3A-D). This analysis was
performed at individual time points (pre-anti-CTLA4, on-anti-CTLA4,
pre-anti-PD-1, and on-anti-PD-1 treatment).

Assessment of Time-by-Response Interaction We used a linear mixed-
effects model, implemented using R package lme4, to evaluate interac-
tions between “Time (pretreatment, on-treatment)” and “Response
(responders, nonresponders)” on gene expression intensity (41). In this
model, we included time, response, and time-by-response interactions
as the fixed effects and a patient-specific random intercept assumed
to follow a mean 0 normal distribution. Again, an FDR threshold
of 0.05 was used to select genes with significant interaction between
time and response. Genes with positive interaction coefficients showed
upregulated expression in responders or downregulated expression in
nonresponders after a treatment, whereas genes with negative interac-
tion coefficients showed downregulated expression in responders or
upregulated expression in nonresponders after a treatment. We used
volcano plots to visualize the interaction coefficients on the x-axis and P
values on the y-axis. Each gene was color coded based on its interaction
coefficients and FDR (Fig. 3E and F). Such an analysis was separately
performed for each treatment (anti-CTLA4 and anti-PD-1 treatment).

NanoString Paired Analysis For the analysis of paired samples, raw
NanoString counts were compared between samples after anti-PD-1
therapy with those in the corresponding pretreatment sample by
Poisson distribution-based statistics as previously described (42).
The 37 Up-DEGs identified by analysis of paired samples (Fig. 3H),
comparing expression values after anti-PD-1 therapy to the value in
the pretreatment sample, were analyzed by the hypergeometric distri-
bution test (43) for enrichment of gene sets. Categories of gene sets
came from the Molecular Signatures Database, Gene Ontology, the
Kyoto Encyclopedia of Genes and Genomes (KEGG), and a custom
collection from the scientific literature (Ma_census). Gene sets with
an FDR q value of < 0.1 are displayed.
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