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Understanding the mechanisms of acquired resistance to anti-PD-1 will allow development of better treatment
strategies for cancer patients. This study evaluated potential mechanisms of acquired resistance to anti-PD-1 in
longitudinally collected metastatic melanoma patient biopsies. Thirty-four metastatic melanoma biopsies were
collected from 16 patients who had initially responded to either anti-PD-1 (n= 13) alone or combination of anti-
PD-1 and ipilimumab (n= 3) and then progressed. Biopsies were taken prior to treatment (PRE, n=12) and
following progression of disease (PROG, n= 22). Immunohistochemistry was performed on all biopsies to detect
CD8, FOXP3, PD-1 and VISTA expression on T-cells and PTEN, β-catenin, PD-L1, HLA-A, and HLA-DPB1
expression in the tumor. The majority of patients showed significantly increased density of VISTA+ lymphocytes
from PRE to PROG (12/18) (P= 0.009) and increased expression of tumor PD-L1 from PRE to PROG (11/18).
Intratumoral expression of FOXP3+ lymphocytes significantly increased (P= 0.018) from PRE to PROG (10/18).
Loss of tumor PTEN and downregulation of tumor HLA-A from PRE to PROG were each identified in 5/18 and 4/18
PROG biopsies, respectively. Downregulation of HLA-DPB1 from PRE to PROG was present in 3/18 PROG
biopsies, whereas nuclear β-catenin activation was only identified in 2/18 PROG biopsies. Negative immune
checkpoint regulation by VISTA represents an important potential mechanism of acquired resistance in
melanoma patients treated with anti-PD-1. Downregulation of HLA-associated antigen presentation also occurs
with acquired resistance. Augmentation of the VISTA immune checkpoint pathway may hold promise as a
therapeutic strategy in metastatic melanoma patients, particularly those failing anti-PD-1 therapy, and warrants
assessment in clinical trials.
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The systemic treatment options for patients with
metastatic melanoma have expanded significantly in
the past decade. Inhibitors targeting the cytotoxic

T-lymphocyte-associated protein 4 (CTLA-4)1 and
programmed cell death 1 (PD-1)2 receptors, either
alone or in combination, have clinical efficacy and
are now standard care, but long-term survival
occurs only in a minority of patients due to innate
and acquired resistance. In particular, acquired
resistance, which is uncommon with CTLA-4 inhi-
bitor ipilimumab monotherapy, is a frequent event
with anti-PD-1 inhibitors, with 43% of patients
initially responding to therapy subsequently progres-
sing within 3 years.3 Understanding the biological
mechanisms responsible for the development of
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acquired resistance will likely underpin effective
new treatment strategies for such patients and is
required to improve outcomes further.

Predictive biomarkers of response to anti-PD-1
inhibitors, such as the expression of CD8+ and PD-1+
lymphocytes within the tumor and at the tumor–
stromal interface, increased mutation burden, and
PD-L1 expression by the tumor have recently been
described by our group and others;4–7 however, there
are limited data describing the mechanisms that lead
to acquired resistance with anti-PD-1 therapy. There
are many proposed mechanisms based upon data
derived from murine/cell line models of resistance
but little information from human patients. Proposed
mechanisms (Figure 1) include increased expression
of non-redundant T-cell-inhibitory receptor path-
ways via VISTA (PD-1H),8,9 LAG3, TIM3, and
BTLA-4.10 Other potential mechanisms include
upregulation of immunosuppressive ligands, such
as PD-L1, by antigen-presenting cells (APCs) and
tumor cells, and loss of MHC class I and II antigens
preventing T-cell recognition.11,12 JAK1 and JAK2
mutations resulting in dysfunctional interferon sig-
naling have been shown to contribute to acquired
resistance in a small subset of patients, and muta-
tions to the antigen-processing gene B2M have also
been implicated.13 Additional oncogene-driven
immunosuppression may occur through loss of
PTEN expression leading to activation of the PI3K/
AKT pathway14 and increased WNT signaling
through nuclear β-catenin.15

The aim of this study was to examine the
expression of several inhibitory immune checkpoint
receptors and HLA proteins in longitudinal samples
from patients developing acquired resistance to
immune checkpoint inhibitor therapy following an
initial response. As far as we are aware, this is the
first study to assess the combination of these
potential mechanisms of acquired resistance in
biopsies of metastatic melanoma in patients treated
with immune checkpoint inhibitors.

Materials and methods

Study Design

Thirty-four biopsies from 16 patients were included
in this study; the patients’ clinical characteristics are
summarized in Table 1. All patients were treated
with either anti-PD-1 inhibitor alone (nivolumab or
pembrolizumab) or the combination of anti-PD-1 and
anti-CTLA4 inhibitors (nivolumab or pembrolizu-
mab with ipilimumab). All patients had a complete
(n=4), partial response (n=10), or stable disease for
6 months duration (n=2) and then progressed with
either a new lesion or an existing lesion that initially
responded and progressed. Twenty-two tissue biop-
sies taken at disease progression (PROG) from 16
patients were available for analysis. Eighteen PROG
biopsies from 12 patients also had a matched

pretreatment (PRE) biopsy. All patients gave
informed consent and all biopsies were conducted
according to the Treat, Excise and Analyze for
Melanoma protocol at the Melanoma Institute Aus-
tralia (X11-0289, HREC/11/RPAH/444).16,17

Immunohistochemistry

All immunohistochemical (IHC) staining was carried
out on 4-μm-thick sections using an Autostainer Plus
(Dako–Agilent Technologies) with appropriate posi-
tive and negative controls. Sections were baked for
60min at 60 °C in a dehydration oven and heat-
induced epitope retrieved in the PT link (Dako–
Agilent Technologies) using either EnVision FLEX
low pH (pH=6) or high pH (pH=9) target retrieval
solution for 20min at 97 °C and then cooled to room
temperature in TBST wash buffer for 5min. Slides
were incubated with the following antibodies at the
following dilutions: CD8 (Cell Marque, SP16) 1:200,
PD-1 (Cell Marque, MRQ-22/NAT105) 1:100, FOXP3
(Abcam, AB22510) 1:200, VISTA (Cell Signaling,
D1L2G) 1:200, PD-L1 (Cell Signaling, E1L3N) 1:200,
β-catenin (Invitrogen, CAT5H10) 1:200, PTEN (Cell
Signaling, 138G6) 1:200, HLA-A (Abcam, EP1395Y/
ab52922) 1:400, and HLA-DPB1 (Abcam, Ab55152)
1:100. Antibody detection used the Envision FLEX
Kit (K8023) with a DAB chromagen for visualization
according to the manufacturer’s instructions
(Dako–Agilent Technologies). Slides were then
counterstained with hematoxylin.

Assessment of the immune markers (CD8, PD-1,
FOXP3, VISTA) was undertaken using an immunor-
eactive score18 ranging from 0 to 300 as previously
described,19,20 made up of a four-tiered density score
(0–3) multiplied by the percentage (0–100) of the
tumor that the immune cells had infiltrated both at
the interface of the tumor and the stroma (peritu-
moral) and within the tumor (intratumoral). Assess-
ment of tumor markers (HLA-A, HLA-DPB1, PD-L1)
was undertaken using an immunoreactive score18
ranging from 0 to 300 as previously described,19,20
calculated using a four-tiered intensity score (0–3)
multiplied by the percentage of tumor (0–100)
expressing these markers. The expression of the
tumor markers β-catenin and PTEN was assessed and
scored as either present or absent in the nucleus for
β-catenin and in the cytoplasm for PTEN. All IHC
slides were independently reviewed (by LAJ and HK)
and a consensus was reached on discrepant cases.

Statistical Analysis

Statistical analyses were conducted with ‘PASW
Statistics 21’ SPSS, IBM. Wilcoxon matched-pairs
method was used to test for significant changes in
immune markers between the different biopsy time
points (PRE and PROG). Correlations between the
various immune markers were conducted using
Spearman’s rho test.

Resistance to immune checkpoint inhibitors

H Kakavand et al 1667

Modern Pathology (2017) 30, 1666–1676



Figure 1 Schematic diagram representing the proposed mechanisms of resistance to immune checkpoint inhibitors evaluated in this
study. Intracellular tumor-specific mechanisms of resistance include (1) loss/inactivation of the tumor-suppressor PTEN, (2) nuclear
β-catenin activation, (3) PD-L1 loss or upregulation, and (4) loss of antigen presentation through downregulation of MHC-I and II. Immune
microenvironment mechanisms include (5) lack of PD-1+ T-cells, (6) lack of CD8+ T-cells, (7) increased FOXP3+ regulatory T cells, and (8)
expression of other co-inhibitory receptors, such as VISTA.

Table 1 Clinicopathological characteristics of patients who progressed on immune checkpoint inhibitors

Patient Age/sex Stage Treatment RECIST response PFS (months) PROG location PROG (new/existing) Status (alive/dead)

P1 69/F M1c Pembro CR 24.8 LN New Alive
P2 48/M M1b Nivo PR 8.9 SQ Existing Alive
P3 65/M M1c Pembro PR 23.8 Bone New Alive
P4 45/F M1c Pembro CR 19.5 LN New Alive
P5 67/M M1b Ipi+Pembro PR 4.1 Adrenal New Alive
P6 62/M M1c Pembro PR 8.2 Small bowel New Dead—melanoma
P7 53/F M1c Nivo PR 1.4 SQ New Alive
P8 77/M M1c Pembro PR 10.3 Small bowel New Alive
P9 52/M M1c Pembro SD 9.6 SQ New Dead—melanoma
P10 45/F M1c Pembro CR 11.1 SQ New Alive
P11 78/M M1c Pembro PR 20.1 Peritoneal New Dead—melanoma

20.1 Peritoneal New
20.1 Peritoneal New
20.1 Peritoneal New
20.1 Peritoneal New

P12 55/M M1a Pembro SD 8.3 SQ Existing Dead—melanoma
8.3 SQ Existing
8.3 SQ New

P13 40/F M1c Pembro PR 1.9 SQ New Alive
P14 74/M M1c Pembro PR 13.9 LN New Alive
P15 34/M M1b Ipi+Nivo CR 22 Ureter New Alive
P16 69/F M1c Ipi+Nivo PR 3.6 SQ New Alive

Abbreviations: CR, complete response; F, female; Ipi, Bristol-Myers Squibb anti-CTLA4 inhibitor (ipilimumab); L, left; LN, lymph node; M, male;
Nivo, Bristol-Myers Squibb anti-PD-1 inhibitor (nivolumab); P, patient; Pembro, Merck anti-PD-1 inhibitor (Pembrolizumab); PR, partial response;
PROG, progression biopsy; R, right; RECIST, response evaluation in solid tumors; SD, stable disease; SQ, subcutaneous.
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Results

Patients and Melanoma Biopsies

Twenty-two PROG and 12 matched PRE biopsies
from 16 patients treated with either anti-PD-1 inhi-
bitor (n=13) or a combination of anti-PD-1 and anti-
CTLA4 inhibitors (n=3) were examined. The clin-
icopathological and response characteristics of the
patients are summarized in Table 1. Of the 22 PROG
biopsies, 3 (14%) were existing lesions that originally
shrank on treatment and then grew, and 19 (86%)
were new lesions, ie, all PROG biopsies represented
acquired resistance specimens. The median time to
PROG biopsy from the commencement of therapy was

10.7 months (range 1.4–24.8 months). There were no
significant correlations between clinicopathological
features of the patients (ie, age, sex, mutation status,
AJCC M-stage, LDH, ECOG performance status, time
to PROG biopsy) with expression of any of the IHC
markers at baseline or upon development of acquired
resistance.

Resistance Mechanisms to Immune Checkpoint
Inhibitors

Expression of intratumoral VISTA+ lymphocytes
increased in 67% of PRE–PROG pairs (12/18),
depicted in Figures 2 and 3a (P=0.009) and

Figure 2 Changes in immune checkpoint, expression, HLA expression and oncogenic signaling in relapsing metastatic melanoma patients
following treatment with immune checkpoint inhibitors after an initial response. Each column represents an individual PROG biopsy and
some patients had multiple PROG specimens. Patient columns are ordered based on average VISTA expression from right to left. Clinical
data are depicted in the upper portion, change in the expression of markers from PRE to PROG in the middle and PROG expression of
oncogenic markers in the bottom panel. Patients 5, 10, 13 and 14 did not have a matched PRE biopsy for analysis and are omitted from the
figure. IT, intratumoral; nuc, nuclear expression; P, patient; PB, PROG biopsy; Q61K, NRASQ61K mutation present; Q61R, NRASQ61R
mutation present; V600E, BRAFV600Emutation present; V600K, BRAFV600Kmutation present; wild type, wild type for BRAF and NRAS.
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Figures 4a and b. The next most frequent finding was
increased FOXP3+ Tregs (Figures 4c and d), seen in
56% (10/18) of PROG biopsies (P=0.018). Although
the majority of PROG biopsies 61% (11/18) dis-
played an increase in tumoral PD-L1 (Figures 4g
and h), the magnitude of the changes was generally
small and the increase did not reach statistical
significance (P40.05).

Loss of PTEN expression and decrease in tumor
HLA-A and HLA-DPB1 expression were observed in
28% (5/18; Figures 5a and b), 22% (4/18; Figures 5e
and f) and 17% (3/18; Figures 5g and h) of PROG
biopsies compared with their matching PRE biop-
sies, respectively, while activation of nuclear
β-catenin (Figures 5c and d) was detected in only
11% (2/18) of PROG biopsies. Although the non-PD-
L1 oncogenic immunosuppression (as evident by
downregulation of HLA and PTEN and upregulation
of β-catenin expression) was less frequent, they
tended to occur mutually exclusively in patients
whose tumors demonstrated an increase in VISTA-
expressing lymphocytes (Figure 3 and Table 2).

Melanoma and Immune Marker Correlates

Membranous tumor expression of PD-L1 was present
(≥1% positivity) in 28 biopsies (82%) and signifi-
cantly correlated with intratumoral CD8, FOXP3,
PD-1, and VISTA expression (r=0.772, P=8.9×10−8;
r=0.486, P=0.004; r=0.376, P=0.026; r=0.562,
P=0.001, respectively; Table 2). The membranous
tumor expression of HLA-A was significantly corre-
lated with the tumor expression of HLA-DPB1

(r=0.42, P=0.015), and both markers inversely corre-
lated with peritumoral VISTA+ lymphocytes
(r=−0.434, P=0.01; r=−0.519, P=0.002, respec-
tively; Table 2). Loss of nuclear β-catenin showed a
weak association with increased levels of intratumoral
CD8+ cell density (P=0.04). Membranous immune
cell expression of VISTA was identified in all 34
specimens both within the tumor (intratumoral) and at
the interface between the tumor and stroma
(the peritumoral region, Figure 5). Intratumoral
nuclear expression of FOXP3+ regulatory lympho-
cytes was strongly correlated with the VISTA expres-
sion (r=−0.620, Po0.001) but not with the PD-1
expression (P=0.251).

Discussion

This study is the first to describe the expression of
VISTA-expressing lymphocytes in melanoma sam-
ples and in the context of acquired resistance to
immune checkpoint inhibitors. The study highlights
the need to better understand the receptor’s role in
conferring resistance to immune checkpoint block-
ade and raises the possibility that VISTA inhibition
may be an effective treatment strategy in melanoma
patients.

The frequent observation of increased expression
of intratumoral VISTA+ lymphocytes during
acquired resistance to immune checkpoint inhibitor
therapy suggests that this is probably an important
mechanism of resistance. Therapeutic blockade of
the VISTA pathway, possibly combined with anti-
PD-1 inhibitors, represents a potentially efficacious

Figure 3 The change in expression levels from PRE (prior to commencing treatment) to PROG (upon progression) in melanoma patients
treated with immune checkpoint inhibitors. (a) There was a significant increase in the intratumoral expression of VISTA+ lymphocytes
from PRE to PROG (P=0.009). (b) There was a significant increase in the intratumoral expression of FOXP3+ lymphocytes from PRE to
PROG (P=0.018). *Significance taken at Po0.05.

Modern Pathology (2017) 30, 1666–1676

Resistance to immune checkpoint inhibitors

1670 H Kakavand et al



Figure 4 Immunohistochemical assessment for immune cell-based mechanisms of resistance in metastatic melanoma patients treated with
immune checkpoint inhibitors. (a and b) VISTA expression in paired biopsies from patient P8. (c and d) FOXP3 expression in paired
biopsies from patient P1. (e and f) CD8+ T-cells in paired biopsies from patient P6. (g and h) PDL1 expression in paired biopsies from
patient P1.
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Figure 5 Immunohistochemical assessment for oncogenic mechanisms of resistance in metastatic melanoma patients treated with
immune checkpoint inhibitors. (a and b) PTEN expression in paired biopsies from patient P6. (c and d) β-Catenin expression in paired
biopsies from patient P16. (e and f) HLA-A expression in paired biopsies from patient P16. (g and h) HLA-DBP1 expression in paired
biopsies from patient P7.
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Table 2 Correlations of immunohistochemical markers of resistance in melanomas of patients treated with immune checkpoint inhibitors

PTEN PD-L1 HLA-A HLA-DBP1 CD8 IT CD8 PT FOXP3 IT FOXP3 PT PD-1 IT PD-1 PT VISTA IT VISTA PT

Nuc. β-catenin
Correlation Coefficient 0.186 0.290 0.229 −0.102 0.353a 0.267 0.232 0.310 0.057 0.032 0.323 0.192
Sig. (2-tailed) 0.292 0.091 0.187 0.573 0.040 0.127 0.186 0.079 0.747 0.857 0.062 0.278
N 34 35 35 33 34 34 34 33 35 35 34 34

PTEN
Correlation Coefficient 0.119 0.130 0.014 0.192 −0.083 0.013 0.052 0.200 0.056 0.175 −0.050
Sig. (2-tailed) 0.502 0.464 0.941 0.285 0.646 0.944 0.775 0.257 0.751 0.331 0.784
N 34 34 32 33 33 33 32 34 34 33 33

PD-L1
Correlation Coefficient 0.172 −0.071 0.772b 0.538b 0.486b 0.533b 0.376a 0.233 0.562b 0.246
Sig. (2-tailed) 0.323 0.695 0.000 0.001 0.004 0.001 0.026 0.177 0.001 0.161
N 35 33 34 34 34 33 35 35 34 34

HLA-A
Correlation Coefficient 0.420a 0.301 0.024 0.200 −0.169 0.264 0.069 −0.079 −0.434a

Sig. (2-tailed) 0.015 0.084 0.894 0.256 0.347 0.125 0.692 0.658 0.010
N 33 34 34 34 33 35 35 34 34

HLA-DBP1
Correlation Coefficient −0.148 −0.345a −0.036 0.042 −0.028 0.097 −0.291 −0.519b

Sig. (2-tailed) 0.410 0.049 0.843 0.818 0.879 0.592 0.100 0.002
N 33 33 33 32 33 33 33 33

CD8 IT
Correlation Coefficient 0.445b 0.566b 0.301 0.572b 0.284 0.647b 0.260
Sig. (2-tailed) 0.008 0.000 0.089 0.000 0.104 0.000 0.137
N 34 34 33 34 34 34 34

CD8 PT
Correlation Coefficient 0.293 0.389a 0.466b 0.348a 0.432a 0.585b
Sig. (2-tailed) 0.093 0.025 0.005 0.044 0.011 0.000
N 34 33 34 34 34 34

FOXP3 IT
Correlation Coefficient 0.367a 0.203 0.083 0.620b 0.239
Sig. (2-tailed) 0.036 0.251 0.641 0.000 0.174
N 33 34 34 34 34

FOXP3 PT
Correlation Coefficient 0.207 − .066 0.397a 0.284
Sig. (2-tailed) 0.247 0.717 0.022 0.109
N 33 33 33 33

PD-1 IT
Correlation Coefficient 0.615b 0.413a 0.280
Sig. (2-tailed) 0.000 0.015 0.109
N 35 34 34
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treatment strategy in some patients, particularly as
VISTA has been shown to non-redundantly regulate
the activity of activated lymphocytes in murine
models.21 The binding partner to VISTA has not
yet been identified; however, it has been shown that
it acts as both a ligand on APCs and as a receptor on
activated infiltrating lymphocytes.8,9 VISTA is
known to suppress T-cell function as well as
promote the differentiation of naive T-cells into
Tregs22; this is supported in the current study by the
strong correlation between changes in VISTA expres-
sion and Treg (FOXP3) density. Additionally, pre-
clinical murine studies have shown that the
combination of PD-L1 and VISTA blockade had a
synergistic therapeutic effect in colon cancer models,
with a lack of overt autoimmunity in VISTA/PD-1
double knockout mice which may offer a less toxic
alternative to PD-1/CTLA-4 combination therapy.21

The downregulation of HLA molecules by the
tumor is a mechanism used to evade recognition and
killing by activated lymphocytes.23 Our study found
a decrease in tumor HLA-A and HLA-DPB1 expres-
sion in 22% (4/18) and 17% (3/18) of PROG biopsies,
which may negate the efficacy of tumor-infiltrating
lymphocytes. Natural killer T-cells (NK-cells) are
triggered by the loss of HLA expression that
normally identifies infected, damaged, or trans-
formed cells.24 Therefore, treatments that stimulate
NK-cell function may overcome or prevent resis-
tance in patients whose tumors evaded the immune
system via HLA downregulation.25 Additionally, the
use of interferon alone or in combination with a
MEK1/2 inhibitor has been used to restore HLA
expression and thereby increase antigenicity in a
papillary thyroid carcinoma model12 and could
potentially provide another avenue for combination
therapy.

A loss of PTEN was seen in 28% (5/18) of PROG
specimens. This is known to mediate resistance to
immune checkpoint inhibitors through activation of
the PI3K signaling pathway.14 Similarly, nuclear
β-catenin, present in two patients’ PROG biopsies,
has been shown to promote immune exclusion
(T-cell and dendritic cells) through the WNT signal-
ing pathway.26 Therefore, a proportion of patients
may benefit from the combination of checkpoint
inhibition with either PI3Kβ or FLT3 inhibitors
(shown to counteract WNT immunosuppression),
as they have been shown to increase efficacy with
both anti-PD-1 and anti-CTLA-4 inhibitors in murine
models.14

We observed an increase in tumor PD-L1 expres-
sion in the majority (11/18) of PROG specimens in
relation to the matched PRE samples; however, this
change was not significant. This probably reflects the
fact that the magnitude of the change was often low
(1%), which is partly a function of the dynamic
nature of PD-L1 expression and highlights the pitfalls
of using it as a biomarker.27 Nevertheless, the
increase in PD-L1 expression was expected, as PD-1
blockade alone or in combination with CTLA-4T
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blockade promotes an increase in tumor-infiltrating
lymphocytes28 and these activated lymphocytes
produce interferon gamma that induces the expres-
sion of PD-L1 in the tumor cells,29 a finding
confirmed in the current study with the strong
positive correlation with CD8+ lymphocyte
infiltration.

Acquired resistance to immune checkpoint inhi-
bitors occurs through a number of mechanisms
modulated by intracellular pathways and the tumor
microenvironment. As was observed in three
patients in the current study, multiple mechanisms
probably contribute to the development of acquired
resistance. Heterogeneity in mechanisms of resis-
tance to immune checkpoint inhibitors in individual
patients, as observed in the current study, highlights
the difficulties associated with selecting the most
appropriate subsequent treatment options for
patients who develop acquired resistance to immune
checkpoint inhibitor therapy.
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