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ABSTRACT
Therapeutic blockade of PD-1/PD-L1 can have dramatic therapeutic benefit in some patients; however, the
prognostic associations of PD-1 and its ligands, in the absence of therapeutic blockade have not been
definitively addressed. In particular, associations of PD-L2 with immune infiltrates and with outcome have
yet to be explored. We hypothesized that surface expression of both PD-L1 and PD-L2 by melanoma cells
would be associated with immune cell infiltration and with overall patient survival, independent of
checkpoint blockade therapy. We also characterized the heterogeneity of their distribution within a tumor
and within tumors of the same patient. Tissue microarrays of metastatic melanoma samples from 147
patients were quantified for CD8C, CD45, CD4C, CD3, CD163, CD20, CD138, FoxP3, PD-1, PD-L1 and PD-L2
markers by immunohistochemistry. Relationships between the proportions of PD-L1 and PD-L2 expressing
tumor cells with the immune cell count, distribution (immunotype) and patient survival were studied.
Expressions of both PD-L1 and PD-L2 correlated significantly with increasing densities of immune cells in
the tumor specimens and with immunotype. Positive PD-L2 expression was associated with improved
overall survival and the simultaneous positive expression of both PD-1 ligands showed a higher
association with survival. Significant heterogeneity of PD-L1 and PD-L2 expressions within tumors were
observed, however, they were less pronounced with PD-L2. In conclusion, both are markers of immune
infiltration and PD-L2, alone or in combination with PD-L1, is a marker for prognosis in metastatic
melanoma patients. Larger tumor samples yield more reliable assessments of PD-L1/L2 expression.

Abbreviations: AJCC, American Joint Committee on Cancer; CD, cluster of differentiation; CTLA4, cytotoxic T-cell
antigen 4; DAB, 3,30-Diaminobenzidine; DC, dendritic cells; DC-LAMP, DC lysosomal-associated membrane protein;
EDTA, ethylenediaminetetraacetic acid; ETOH, ethanol; FFPE, formalin-fixed paraffin-embedded; FoxP3, Forkhead
box P3; LN, lymph node; mAB, monoclonal antibody; NED, no evidence of disease, clinically; NK, natural killer; PD-1,
programmed cell death 1; PD-L1, PD-1 ligand 1; PD-L2, PD-1 ligand 2; TCR, T cell receptor; TMA, tissue microarray;
TME, tumor microenvironment
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Introduction

Melanoma is an immunogenic tumor that is sporadically infil-
trated by immune cells. Despite the presence of these immune
cells, most melanomas generally continue to grow, indicating
that the lymphocytic infiltrates usually fail to control tumor
growth. However, the potential for T cells to control tumor
outgrowth is evidenced by durable clinical regressions after
adoptive transfer of in vitro expanded tumor antigen-specific T
cells.1 This has suggested that the metastatic melanoma tumor
microenvironment (TME) can suppress the function of the
native immune response, resulting in tumor escape from
immune-mediated destruction. It is now apparent that T cell
responses can be constrained by several mechanisms. Among

these, PD-1 is a checkpoint molecule with clinical relevance.
Therapeutic blockade of PD-1 can induce dramatic and durable
regression of metastatic melanoma and other cancers.2-4

PD-1 is a transmembrane protein that belongs to the CD28
family of the immunoglobulin superfamily and, within hemato-
logical populations, is expressed on T and B lymphocytes, NK
and myeloid cells.5-8 Expression of PD-1 is induced on T cells
shortly after TCR stimulation, and increased numbers of tumor
infiltrating PD-1C lymphocytes have been associated with
prolonged survival of patients with metastatic melanoma.9

However, ligation of PD-1 can induce programmed cell death
in lymphocytes.7,10,11 or it may induce downregulation of T-cell
function.12 PD-1 expression has also been identified on a small
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fraction of melanoma cells, where its ligation promotes tumor
growth.13 The known ligands for PD-1 are the B7 family mole-
cules PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273),14-20

which are cell membrane-bound glycoproteins that share 40%
amino acid homology to each other. In normal human tissues,
PD-L1 is expressed by myeloid dendritic cells (DC), macro-
phages, placental trophoblasts, myocardial endothelium and
cortical thymic epithelial cells,21,22 whereas PD-L2 is expressed
by DC, macrophages, placental endothelium and medullary
thymic epithelial cells.23,24 Binding of PD-1 to either ligand can
inhibit T-cell proliferation and cytokine secretion.20 PD-L1 can
be also be expressed by lymphocytes, and negatively regulates
local immunity by inhibiting their activation through binding
of CD8025,26 and inducing IL-10 production.16 In contrast to
their inhibitory roles, binding of both ligands was found to co-
stimulate the pro-inflammatory cytokine IFNg.17,27 This con-
tradiction could be explained by PD-L1 and PD-L2 ligation of
additional receptors other than PD-1.28 Thus, expression of
PD-L1 and PD-L2 on tumor cells and PD-L1 on immune cells
all have the potential to impact tumor immunity.

Considerable evidence supports an inhibitory role of PD-1/
PD-L1 on T-cell function in the TME. Increased expression of
PD-L1 has been found in many human carcinomas, melano-
mas and glioblastomas.29-34 Its expression in the TME may be
expected to reduce function of PD-1C T cells and to have a neg-
ative impact on prognosis.35 On the other hand, PD-L1 expres-
sion can be induced by interferons secreted in the setting of
active cellular immunity and therefore may be related to better
patient prognosis.36,37 The associations of PD-L1 expression
with patient prognosis and clinical characteristics remain con-
troversial.35,37-39 PD-L1 expression by tumor cells is also associ-
ated with clinical response to PD-1 blockade38 and its use as a
predictive biomarker for response to PD-1 blockade is encum-
bered by the spatial heterogeneity of the expression of PD-L1
in tumors.38 PD-L2 ligation also is generally thought to be
immunosuppressive; 40,41 however, PD-L2C B cells can protect
against cancer through augmentation of Th1 and Th17
responses.42 There are few reports about PD-L2 expression in
human malignant tumors32,43 and we are not aware of pub-
lished data on prognostic implications of PD-L2 expression in
melanoma metastases. A better understanding of the prognos-
tic significance of these two ligands and the heterogeneity of
their expression is warranted as they may have important
implications for disease management.

PD-L1 expression in the TME is associated with a higher
chance of response to PD-1 blockade; however, some tumors
lacking PD-L1 expression can respond to anti-PD1 treat-
ment.38,44 The extent to which “false negative” classification,
due to heterogeneous expression in metastases, accounts for
these observed responses is unclear. Further, the baseline levels
of expression of PD-L1 by tumor cells or immune cells may
have a prognostic value independent of the likelihood of
response to therapy, and this needs to be clarified in order to
understand how the baseline features may interact with the pre-
dictive value of the expression. We hypothesized that PD-L1
and PD-L2 are more highly expressed in tumors with more
prominent and diffuse T cell infiltration, and that they are
markers of better prognosis for patients with melanoma metas-
tases. We also hypothesized that PD-L1 expression is consistent

within a tumor, between simultaneously sampled tumors and
temporally distinct metastases of the same patient.

Materials and methods

Patients and database

We reviewed surgical pathology reports of patients with a diag-
nosis of melanoma operated on from 1982 to 2007. We selected
metastatic melanoma samples from 183 resections obtained
from 147 patients with ample clinical follow-up and surgical
pathology material to obtain core samples from at least 3–4
tumor regions to construct tissue microarrays (TMAs). We
have previously reported patient characteristics, the nature of
the immune cell infiltrates in these specimens, and their associ-
ation with patient survival.9 The observation time was the
interval from date of surgery to date of last contact (death or
last follow-up). For survival analysis, subjects alive at the time
of last follow-up were censored observations at that time.
Follow-up periods range from 1–358 mo, respectively. Histo-
pathological and clinical findings were scored according to the
6th edition AJCC Melanoma Staging and Classification.45

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissue blocks were
retrieved from the archives of the Department of Pathology,
University of Virginia Health System. TMAs were constructed,
as previously reported,9 with quadruplicate or triplicate 1.0 mm
diameter tissue cores were taken from each specimen.

TMA tissue sections were deparaffinized in xylene and rehy-
drated by sequential incubation in ETOH/water solutions.
Antigen retrieval was done by treating the slides in a pressure
cooker in citrate buffer for antibodies CD45 (1/400, Dako, Car-
pinteria, CA), CD3 (1/400, Dako), CD20 (1/400, Dako), CD138
(1/100, Dako), CD4C (1/120, Vector Laboratories, Burlingame,
CA), CD163 (1/50, Santa Cruz Biotechnology Inc., Santa Cruz,
CA), PD-1 (1/100, R&D Systems, Minneapolis, MN) and
in EDTA for antibodies PD-L1 (1/500, clone 5H1),36 PD-L2
(1/800, R&D Systems, AF1224), CD8C (1/200, Dako) and
CD56 (1/100, Invitrogen, Grand Island, NY). Sections were
incubated for 60 min at room temperature for primary antibod-
ies against CD45, CD3, CD4C, CD8C, PD-1 and overnight at
4�C for PD-L1 and PD-L2. Envision system (enzyme-conju-
gated polymer backbone coupled to secondary antibodies) and
3,30-diaminobenzidine (DAB) chromogen (Dako) were applied
to develop the staining. For PD-L1 and PD-L2, Immpress and
TSA (Perkin Elmer, Waltham, MA) were used. Sections were
counterstained with hematoxylin (Vector) and mounted in
Vectamount (Vector). Positive controls for the CD45, CD3,
CD8C, CD4C and PD-1 included lymph node tissue. Positive
control for the PD-L1 and PD-L2 included placenta. Negative
controls included the use of PBS instead of primary antibody,
with all other conditions preserved. Pictures are acquired using
Nikon Digital Sight DS-Fi1 (Nikon Corporation, Tokyo, Japan)
camera, Nikon Eclipse E400 (Nikon) scope and NIS-Elements
viewer (Nikon) software.

Staining for BRAFV600Emutation was done at the University
of North Carolina using Leica’s Bond autostainer (Leica
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Biosystems, Nussloch Germany). Antigen retrieval was done for
30 min with pH 9 buffer (Leica, Cat.No. AR9640) then 30 min
incubation in the primary antibody clone VE1 (1:400, Spring Bio-
science, Pleasanton CA). Detection was done with Leica Bond
Polymer Refine Red Detection Kit (Leica, Cat.No. DS9390).

Quantification of PD-L1, PD-L2, PD-1 and TILs

The percentages of tumor cells that stained positive for PD-L1
and PD-L2 were quantified by a board certified pathologist (E.
G.) at increments of 5–10% for each core, and mean percentage
was calculated for each tumor. Expression of PD-L1 and PD-L2
was considered positive when staining was membranous, or
both cytoplasmic and membranous, and �5% of tumor cells
were stained. The percentages of TILs that stained positive for
PD-L1 was also quantified at increments of 5–10% in the cores
which had immune cell infiltration. We were able to discern
and to discriminate hematoxylin counterstained lymphocytes
morphologically, and did not require additional immunostains
to determine their identity. Counts of CD45C, CD3C, CD20C,
CD138C, CD163C, CD56C, FoxP3C, DC-LAMPC, CD4C,
CD8C and PD-1C cells were accessed from the previous report9

and were reported per mm2. Images were obtained using an
Olympus BX51 microscope coupled to an Olympus BP70 digi-
tal camera (Olympus America Inc., Center Valley, PA), and
software Image ProPlus 4.5 for Windows. BRAF expression of
melanoma cells was assessed whether positive or negative in
each core, slides were reviewed by two users (CLS and JO) and
an agreement was reached concerning tumors with question-
able staining 7/183 (4%).

Statistical analysis

The correlation between the percentage of PD-L1 and PD-L2
expression in tumor and PD-L1 expression in lymphocytes
with numbers of CD45C, CD3C, CD20C, CD138C, CD163C,
CD56C, FoxP3C, DC-LAMPC, CD4C and CD8C lymphocytes
was analyzed using Spearman’s rank correlation, and with
immunotype9 using the Wilcoxon rank sum test. The signifi-
cance of associations among expression of PD-L1, PD-L2 and
clinicopathological variables were assessed by Wilcoxon rank
sum test for variables that are divided into two categories
(stage, gender, no evidence of disease after surgery and prior
vaccination) and Kruskal Wallis tests for those divided into
more than two (cell type, metastatic site and age). Survival
curves were estimated by the Kaplan–Meier method and sur-
vival differences were assessed using the log-rank test, with
overall survival defined from the date of surgery of the first
available tumor sample to date of death or last follow-up.

To study the heterogeneity of PD-L1 expression within a tumor,
we considered the expression in the cores of the same tumor and
we selected all tumor samples that had 3–4 available cores (n D
162). The mean and the distribution of the PD-L1 expression in
the cores of each tumor were plotted. Paired
t-tests were used to compare PD-L1 expression in initial tumors to
subsequent tumors of the same patient. Statistical analyses were
performed using SAS version 9.4 (SAS Institute Inc., Cary NC.)
and MedCalc Statistical Software version 16.1 (MedCalc Software
bvba, Ostend, Belgium; https://www.medcalc.org; 2016).

Results

Patient demographics and melanoma samples

Median age at surgery was 58.9 y. One hundred three patients
had stage IIIA/IIIB/IIIC melanoma, and 44 had stage IV dis-
ease. For some patients, there were two synchronous (co-occur-
ring tumors, n D 6) or 2–5 metachronous metastases
(occurring at different times, 17 patients had 2 metastases,
7 had 3 and 1 had 5). Forty-nine of the patients were enrolled
in experimental melanoma vaccine clinical trials.46,47 Of these,
25 received vaccines prior to surgery (median time to surgery
11.4 mo, mean D 14.7 mo). Twenty-three of those received
peptide vaccines (Table S1).

PD-L1 and PD-L2 Expression

PD-L1 is expressed by both melanoma cells and tumor-
infiltrating immune cells
We evaluated expression of PD-L1 by melanoma cells and by
infiltrating immune cells (Table S2). Analysis focused on the
first metastasis evaluable from 147 patients; however, tissue
from one specimen was missing from the PD-L1 stained TMA
slides (therefore evaluable n is equal to 146 for PD-L1 and 147
for PD-L2 stained tumors). Among these, PD-L1 was detected
in 72 samples (49%). It was expressed on �5% of tumor cells
in 66 cases (45%) and in �20% of tumor cells in 35 cases
(24%, Table S2). Representative images of membranous, mem-
branous and cytoplasmic, and negative staining are shown in
Figs. 1A–C, respectively. Distribution of PD-L1 expression by
melanoma cells was assessed among several clinical and histo-
logical subgroups (Table 1): there were no significant differen-
ces based on cell type, AJCC stage, gender, metastatic site, age
or clinical status of disease (no evidence of disease vs. with
clinical evidence of disease). However, PD-L1 expression was
more common in tumors of patients who had previously
participated in melanoma vaccine trials (p D 0.034, Table 1).

PD-L1 expression was also identified in three types of
immune cells: lymphocytes (Fig. 1D), histiocytes (macrophages,
Fig. 1E) and dendritic cells (Fig. 1F). PD-L1 positive dendritic
cells were found either between tumor cells or concentrated at
the intersection of the tumor and immune cell infiltrate. The
latter, at low microscope magnification, can sometimes give the
false impression of tumor cell membranous staining at the
tumor-immune cell infiltrate intersection (Fig. 1G–I). Ninety-
one samples contained immune cell infiltrates; of these, PD-L1
was expressed by the immune cells in 70 (77%), in �5% of
immune cells in 66 (73%), and in �20% of immune cells in 54
(59%, Table S2).

Among the various clinical and histologic subsets of mela-
noma metastases, percent of tumors with �5% of immune cells
expressing PD-L1 was highest (100%) in small bowel (n D 4)
and peritoneal metastases (nD 1), lower in skin and subcutane-
ous metastases (80%, nD 28) and lowest on lymph node metas-
tases (65%, nD 51, Wilcoxon rank-sum test of expression levels
(LN vs. others) p D 0.011, Table 1). PD-L1C immune cells were
also less common if the patient was rendered clinically free of
disease at the time of tumor resection (83% vs. 69%, p D
0.038), and were different according to histologic type (33% in
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spindle cell melanomas, 88% in mixed and 74% in epithelioid,
Kruskal–Wallis test p D 0.018) (Table 1).

PD-L2 expression by melanoma cells
PD-L2 was detected in 37 (25%) of the metastatic melanomas:
PD-L2 was expressed on �5% of tumor cells in 35 (24%) and
on �20% of tumor cells in 31 (21%) (Table S2). The staining
pattern was membranous in most samples (Fig. 1J), and both
membranous and cytoplasmic staining in a few samples
(Fig. 1K). An example of negative staining is presented in
Fig. 1L. PD-L2 staining was also observed in some histiocytes
and dendritic cells but was not evident in lymphocytes. Quanti-
fication of PD-L2 expression focused on expression in tumor
cells, with details shown in Table S2.

BRAF V600E mutation in melanoma cells
BRAF V600E mutation was identified in tumor cells for 47% of
the melanoma metastases studied. Its expression did not corre-
late with either the immune cell subsets or the percent expres-
sion of PD-L1 or PD-L2 on tumor cells (Table S3).

PD-L1 and PD-L2 association with distribution
(immunotype) and phenotype of immune cells

PD-L1 and PD-L2 association with Immunotype

We recently studied the distribution of intratumoral immune
cells within melanoma metastases and categorized them into
three immunotypes; no significant immune cell infiltrate (< 50
per mm2, Immunotype A), immune cell infiltrate limited to
perivascular cuffing (Immunotype B) and diffuse immune cell
infiltrate (Immunotype C): of the metastatic melanomas, 28%,
63% and 9% were Immunotypes A, B and C, respectively.9 Met-
astatic melanomas with well-defined lymphocytic infiltration
(Immunotypes B and C) had significantly higher expression of
PD-L1 and PD-L2 on the tumor cells than those devoid of infil-
tration (Immunotype A) (p < 0.001 and p D 0.020, respec-
tively; Wilcoxon-rank sum test, Fig. 2). Tumors with diffuse
immune infiltration (Immunotype C) were also higher express-
ers of PD-L2 compared to Immunotype B tumors (p D 0.033)
and there was a trend to significance with PD-L1 expression
(p D 0.058, Fig. 2).

Figure 1. PD-L1 and PD-L2 staining in the melanoma TME. Representative examples of PD-L1 staining of melanoma cells are shown with membranous (A), membranous
and cytoplasmic (B), and negative (C) staining patterns. Immune cells that stained for PD-L1 included lymphocytes (D), histiocytes/macrophages (E) and dendritic cells (F).
PD-L1 staining of cells at the tumor-immune cell interface is shown at 100£ (G), 200£ (H) and 400£ (I). Representative examples of PD-L2 of melanoma cells are shown
with membranous (J), membranous and cytoplasmic (K), and negative (L) staining patterns. For all images in this figure, the chromogen was brown (3,30-diaminobenzi-
dene; DAB), and images were acquired at 400£ except in (G) and (H). Scale bars measure 50 micrometers.
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PD-L1 and PD-L2 association with immune cell subsets
In a direct assessment of immune cell subsets in the TME and
PD-L1 and PD-L2 expression, there were moderate to strong
correlation between PD-L1 expression by tumor cells and the
density of CD3C, CD4C, CD8C, PD-1C, FoxP3C cells and all
immune cells CD45C (r > 0.5, Spearman correlation, p <

0.001, Table 2). In contrast, PD-L1 expression on immune
cells was not convincingly associated with the number of infil-
trating immune cells, except that there were weak trends to
association with numbers of PD-1C cells and M2 macro-
phages (CD163C; r D 0.32 r D 0.38, respectively) and possibly
an inverse correlation with the number of infiltrating B cells
(CD20C, r D ¡0.34, Table 2). There were significant correla-
tions between PD-L2 expression of the tumor cells and the
densities of CD3C, CD8C, CD138C, PD-1C, FoxP3C cells and
all immune cells (CD45C) (p � 0.001), but the Spearman cor-
relation coefficients were lower than for PD-L1 associations (
r < 0.4, Table 2). Tumors with no CD8C T-cell infiltration
were positive for PD-L1 in only 1/9 (11%) of cases, and PD-
L2 in 2/9 (22%) of cases. However, tumors with no CD45C

cell infiltrate were negative for PD-L1 and PD-L2 expression
(Table S4, Fig. S1). These findings support the hypothesis that
PD-L1 and PD-L2 expression on melanoma cells is associated
with immune cell infiltration.

PD-L1 and PD-L2 expression associations with patient
survival

To assess the associations of PD-L1 and PD-L2 expressions
with patient survival, we performed Kaplan–Meier survival
curves and log-rank tests for the 147 patients with metastatic
melanoma, based on the protein expression in their first

metastases. Survival data was not available for one patient;
therefore, n D 145 for PD-L1 and n D 146 for PD-L2. Patients
were treated and followed up in an era preceding current effec-
tive therapies. Using a commonly applied �5% expression cut-
off for PD-L1 positivity in melanoma cells, we found no
significant difference in survival for PD-L1C and PD-L1¡ mela-
nomas
(p D 0.35, Fig. 3). In contrast, there was a trend for survival
benefit for melanomas with high PD-L1 expression (PD-L12C)
based on a criterion that high expression represents at least
20% of melanoma cells expressing PD-L1 (p D 0.053, Fig. 3).
PD-L1 expression in �5% or �20% of tumor-infiltrating
immune cells did not correlate with better survival (p D 0.58
and p D 0.46, respectively, Fig. 3).

To test our hypothesis that expression of PD-L2 by mela-
noma cells is associated with survival, we also explored two sce-
narios, of PD-L2C melanomas (PD-L2 in �5% of tumor cells)
and PD-L22C melanomas (PD-L2 in �20% of tumor cells). Sur-
vival was significantly prolonged compared to those with PD-
L2¡ tumors with either criterion (p D 0.04 and p D 0.02,
Fig. 3). Thus, even relatively infrequent PD-L2 expression on
melanoma cells is a significant prognostic indicator.

Interestingly, at the 5% and 20% cutoffs, patients whose
tumors are double positive for PD-L1 and PD-L2 have better
overall survival than patients with tumors that are not double
positive (p D 0.005 and 0.04, respectively, Fig. 3). Altogether,
this suggests that assessing PD-L2 expression has an additive
prognostic value to the assessment of PD-L1 expression at 5%.
This was also the case when studying patients with stage IV dis-
ease separately (Fig. S3). Furthermore, in tumors expressing
PD-L2 a higher CD8C T-cell infiltration further identifies
tumors of patients with better overall survival (Fig. S4).

Table 1.

Distributions of tumors positive for

PD-L1 in �5% of tumor cells PD-L1 in �5% of immune cells PD-L2 in �5% of tumor cells

Clinical features Total
N positive/
Total� % p-value

N positive/
Total� % p-value

N positive/
Total % p-value

Total 147 66/146 45 — 66/91 73 — 35/147 24 —
Cell type E 115 56/114 49 0.24 57/77 74 0.018 31/115 27 0.069

M 21 7/21 33 7/8 88 1/21 5
S 11 3/11 27 2/6 33 3/11 27

Stage III 103 42/102 41 0.29 45/63 71 0.1 25/103 24 0.52
IV 44 24/44 55 21/28 75 10/44 23

Gender F 63 27/63 43 0.87 34/44 77 0.15 15/63 24 0.8
M 84 39/83 47 32/47 68 20/84 24

Metastatic site Lymph node 72 34/71 48 0.47 33/51 65 0.011 21/72 29 0.14
Peritoneum 1 1/1 100 1/1 100 0/1 0
Small bowel 6 4/6 67 4/4 100 1/6 17
Skin/SQ 68 27/68 40 28/35 80 13/68 19

Age < 50 51 20/51 39 0.35 22/32 69 0.57 12/51 24 0.79
� 50, < 70 55 27/54 50 28/38 74 15/55 27
� 70 41 19/41 46 16/21 76 8/41 20

Prior melanoma vaccines N 122 51/121 42 0.034 55/75 73 0.68 30/122 25 0.53
Y 25 15/25 60 11/16 69 5/25 20

NED after surgery N 37 18/37 49 0.83 19/23 83 0.038 5/37 14 0.057
Y 110 48/109 44 47/68 69 30/110 27

Association of clinical features with PD-L1 and PD-L2 expression. Tumors positive (defined as 5% or more of cells staining) for (a) PD-L1 in tumor cells and (b) in immune
cells and (c) PD-L2 in tumor cells, their distribution (N) and proportion (%) of positive samples across the different clinical features: (1) cell type (epithelioid/mixed/spin-
dle), (2) clinical stage, (3) gender, (4) metastatic site, (5) age, (6) prior melanoma vaccination and (7) evidence of recurrence of disease post-resection. Associations of
expression profiles with the different clinical features are calculated using Kruskal–Wallis and Wilcoxon rank sum tests, and p-values are reported. �Totals for each mea-
sure differ from the total of the cohort due to inadequate samples or tumors lacking immune cells on hematoxylin counterstain.
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Spatial and temporal heterogeneity of tumor PD-L1 and
PD-L2 expression

Heterogeneity of PD-L1 and PD-L2 expression in cores of the
same tumor: To assess the heterogeneity of expression of PD-1
ligands in each tumor, the different 1 mm-diameter cores of all
tumors with 3–4 available cores were assessed for PD-L1 (n D

162) and PD-L2 (n D 167). The mean and range were plotted
in Figs. 4A and B. PD-L1 and PD-L2 expressions in at least one
core was discordant with that of the mean considering a �5%
threshold for positivity in 43/162 tumors (27%) and 11/167
(7%), respectively. Considering the �20% threshold for positiv-
ity, 38/162 tumors (23%) and 17/167 (10%), respectively, at
least one core is discordant with the mean. Thus, positive PD-
L2 expression is less discordant among different 1 mm2 areas
of the same metastasis than that of PD-L1.

Expression in synchronous metastases: Six patients had two
tumors excised in the same operation. For five of those patients,
both tumors expressed PD-L1 below the 5% cutoff (range 0 to
1.25%), while one had discordant PD-L1 expression in the two
synchronous tumors (3.75% vs. 8%). PD-L2 expression differed
in two of the six pairs of synchronous tumors: there was no
expression in the concordant tumors, while the two discordant
tumors had 0 versus 5%, and 0 versus 39% expression. Thus, in
this limited dataset, PD-L1 and PD-L2 expression by mela-
noma cells was usually consistent for two synchronous tumors
but was discordant in a potentially significant minority of cases.

Expression in metachronous metastases: Twenty-five patients
had metastatic melanomas resected on at least two different
occasions. Expression of PD-1 ligands was compared between
the first and second metastases. Mean expression of PD-L1 in

Table 2.

Infiltrating
Immune cells

%PD-L1
by Tumor

%PD-L2
by Tumor

%PD-L1
Immune cells

CD45 (immune cells) 0.57 (<0.001) 0.26 (0.001) ¡0.16 (0.13)
CD138 (plasma cells) 0.44 (<0.001) 0.28 (<0.001) ¡0.04 (0.73)
CD20 (B cells) 0.41 (<0 .001) 0.18 (0.033) ¡0.34 (<0.001)
CD3 (T cells) 0.64 (<0.001) 0.30 (<0.001) ¡0.03 (0.78)
CD4C (CD4C T cells) 0.57 (<0.001) 0.23 (0.005) 0.08 (0.45)
CD8C (CD8C T cells) 0.62 (<0.001) 0.27 (0.001) ¡0.04 (0.72)
CD56 (NK cells) 0.43 (<0.001) 0.13 (0.11) 0.19 (0.079)
PD-1 0.61 (<0.001) 0.26 (0.001) 0.38 (<0s.001)
Foxp3 (T-regs) 0.61 (<0.001) 0.35 (<0.001) ¡0.05 (0.67)
CD163 (M2 macrophages) 0.41 (<0.001) 0.19 (0.019) 0.32 (0.002)
DC-LAMP (mature DC) 0.27 (0.001) 0.13 (0.10) ¡0.03 (0.76)

Association of PD-L1 and PD-L2 expression and type of cellular infiltrate. Pearson’s
correlation coefficients (r) testing associations between the percent of tumor
cells expressing PD-L1 and PD-L2 and that of immune cells expressing PD-L1
with the densities of the different immune cell subtypes per mm2 as assessed by
IHC. Higher coefficients r > 0.5 are underlined to note higher correlations.

Figure 2. Distribution of PD-L1/PD-L2 expression profiles among Immunotypes A, B and C. The distributions of PD-L1 and PD-L2 expressions in tumor cells and PD-L1 expres-
sion in lymphocytes among the 42 Immunotype A tumors, 93 Immunotype B tumors and 12 Immunotype C tumors are represented by box plots (median, quartiles).
Means are noted by the dark dots. Comparisons of expression profiles of tumors of Immunotype A versus those with Immunotypes B and C and for those with Immuno-
type B versus C using the Wilcoxon Test, and p-values are reported. A comparison for PD-L1 expression in TILs was not feasible (p:na) as there was only nine tumors of
Immunotype A.
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the first and second metastases was 18% versus 10%, respec-
tively (mean d D ¡8%, CI: ¡15% to ¡1%, p D 0.019, paired t-
test, Fig. 4C). A similar comparison for PD-L2 expression in
these metastases showed that PD-L2 was expressed in neither
tumor in 16/25 cases, and disparate (either increased or
decreased) in 9/25 tumor pairs (Fig. 4D). In contrast to PD-L1
where we seldom saw increased expression with time, in four
cases PD-L2 increased substantially. This could reflect different
contributions of CD8C T cell presence on the expression of
these two molecules.

Discussion

Advances in immunotherapy for metastatic melanoma rely on
an understanding of immune regulation in the TME. In this
study, we present further evidence that the PD-L1 and PD-L2
expression in the tumor reflect interactions between the
immune response and the tumor cells. This is demonstrated by
associations between immune cell infiltrates and tumor-cell
expression of PD-L1 and PD-L2, and by higher expression of
PD-L1 in tumors from patients who previously received cancer
vaccines. The clinical significance of these interactions is sup-
ported by associations with patient outcome. We also charac-
terize how the spatial and temporal heterogeneity of ligand

expression in the TME influence their usefulness as biomarkers
for disease management.

While the relevance of PD-L1/PD-1 as a target is not ques-
tioned, more than one factor regulates the expression of PD-L1.
Studies have indicated that expression is commonly a conse-
quence of “adaptive resistance:”34 namely, that it is induced as
a negative-feedback response to interferon-a and IFNg pro-
duced by activated innate and adaptive immune responses. In
addition, others have demonstrated that oncogenic alterations
can induce PD-L1 expression.48-50 The correlations we report
between lymphocyte infiltration (in particular CD3 and CD8C)
and distribution (immunotype) with PD-L1 expression, and
the lack of any association with BRAF mutational status, sug-
gest that PD-L1 expression by human melanoma cells can be
explained predominantly by adaptive resistance. We only found
a single case where PD-L1 expression was observed in greater
than 5% of the tumor cells in the absence of any CD8C T cells,
a result consistent to Taube and colleagues’ finding.36 The pres-
ence of BRAF activating mutation was not significantly associ-
ated with the presence of effector, regulatory T cells or myeloid
immune cells. These findings stress that the BRAF V600E
mutation alone is not sufficient to induce a discernable antitu-
moral immune response, or to induce PD-L1 expression.
Instead, it is intriguing to note that patients that had received a
prior melanoma vaccine had significantly greater PD-L1

Figure 3. Association of PD-L1 and PD-L2 expression on patient survival. Kaplan–Meier curves illustrating survival for patients whose tumor cells are positive for staining
PD-L1, PD-L2 and both and for patients with positive PD-L1 staining in lymphocytes (E). Threshold for positivity was considered at 5% and at 20% of the indicated cells
staining positively. Continuous lines represent the population with positive expression and interrupted lines for no expression. Survival was compared using the log-rank
test and p-values are reported.
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expression, suggesting that memory T cell populations gener-
ated by vaccination may promote immune responses against
recurrent tumors, and by extension PD-L1 expression in those
tumors. In contrast, the reduced expression of PD-L1 in sec-
ondary metachronous tumors may reflect a mechanism of met-
astatic outgrowth by escaping the immune surveillance. In fact,
subsequent melanoma metastases have less prominent CD8C T
cell infiltration than previous metastases (manuscript in pre-
paration). PD-L2 expression corresponded to the patient
immunotype, with infrequent expression in tumors without
lymphocytic infiltration. It had significant associations with
several lymphocyte subsets, but those associations were weaker
than for PD-L1 and there was no association with prior cancer
vaccination. Thus, our data suggest that expression of PD-L2
may be induced by interactive components of the immune
response and/or may be controlled in part by factors indepen-
dent of those that control PD-L1 expression.

Initial studies in animal tumor models and human materials
reported that PD-L1 expression by tumor cells could mediate
immune escape by downregulating tumor-reactive T cell
responses.11,51 Therapeutic blockade of PD-1 and PD-L1 indu-
ces dramatic and durable regression of melanoma and other
cancers in patients, a finding that strongly supports this
hypothesis.12,52-54 The contribution of PD-L1 expression in
tumor progression without PD-1/PD-L1 blockade, however,
remains unclear. Some studies reported negative impact of PD-
L1 and PD-L2 expression on patient survival in pancreatic can-
cer31 and renal cell cancer55 in addition to an inverse relation-
ship with tumor infiltrating CD8C lymphocytes in esophageal

cancer.43 However, others did not find a correlation with poor
survival32,33 and some showed an association with poor clinico-
pathological factors and increased immune cell infiltrate.30

Thus, the prognostic relevance of PD-L1 and PD-L2 expression
in tumors is still controversial. We find that increased fre-
quency of PD-L1, and in particular PD-L2 expression, by mela-
noma cells, but not immune cells, correlates with better overall
survival.

Our data differ in some details from a report, from a smaller
cohort of 56 patients with metastatic melanoma, which found a
correlation with survival for patients with PD-L1 expressed
on �5% of tumor cells.36 It is noted that in the contrasting
study some patients received anti-PD-1 mAb therapy after the
biopsy which might provide a survival advantage for those
patients with �5% expression of PD-L1. We found trends for
improved survival among patients whose tumor expressed PD-
L1, but this more evident with a more stringent cutoff (20% of
tumor cells, p D 0.053), whereas the trend was very weak with a
cutoff at 5% (p D 0.35, Fig. 3). Discrepancies concerning the
percentage of tumor cells expressing PD-L1 and PD-L2 and
survival data in different studies may also result from the use of
different staining protocols or misinterpretation of the positive
staining cells. This issue has been explained in detail by Gadiot
et al. in their recent report.39 Positive staining, in our view,
should be membranous, which may or may not be accompa-
nied also by cytoplasmic staining.

Our study has revealed a stronger correlation between PD-
L2 expression and patient survival than was observed for PD-
L1. PD-L2’s contribution to T cell immunity is controversial, as

Figure 4. Distribution of PD-L1 and PD-L2 expression in different cores of the same tumor and of metachronous tumors. The percent tumor cells expressing PD-L1 and PD-L2
are represented on the Y-axis. Each tumor with at least three available cores on the TMA is represented on the X-axis expressing PD-L1 (A, n D 162) and PD-L2 (B, n D
167). The mean % expression of the cores from the same tumor is noted by a cross, and the range of the expression on the cores is represented by a vertical line. The hor-
izontal dotted lines express the 5% and 20% thresholds for positivity. Tumors containing a core that is discordant with the mean are those with lines that cross either the
5% or the 20% expression levels. In (C) and (D), the PD-L1 and PD-L2 expression, respectively, in the first resected metastasis and the second resected metastasis of the
same patient are connected with a line, means are denoted by squares. The difference of the mean PD-L1 (and PD-L2) expression in the 25 tumors and that of the 25 sub-
sequent tumors is reported (d), and p-values are obtained from paired T-tests.
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both in vitro 17,20 and knockout mouse56,57 studies have demon-
strated both positive and negative influences on T cell activa-
tion, while two studies with human PBMC have favored the
notion that PD-L2 serves as a negative regulator of T cell acti-
vation and function.58,59 However, anti-PD-L1 mAbs do not
interfere with PD-1/PD-L2 interactions but have had similar
impact on clinical outcome in patients with lung cancer and
bladder cancer in comparison with anti-PD-1 mAb,4,60-62 sug-
gesting that the PD-1/PD-L2 interaction plays a lesser role in
adaptive resistance to tumor immunity than PD-1/PD-L1. As
PD-L2 expression also positively correlated with lymphocytic
infiltration, we hypothesize that, in vivo, PD-L2-mediated stim-
ulation results in a different outcome than observed with
human PBMC studies in vitro. Consistent with this, forced
expression of PD-L2 by tumors has been shown to increase
tumor control by a PD-1 independent mechanism,63 and fusion
proteins targeted to PD-L2 have been shown to confer survival
advantages in murine models.64,65 Together these data suggest
that the context in which PD-L2 stimulation is delivered and
the potential engagement of an alternative receptor could influ-
ence whether PD-L2 provides a positive or negative T cell
signal.

Expression of PD-L1 by tumor cells predicts a higher chance
of therapeutic response to PD-1/PD-L1 blockade with objective
response rates of 30–65%; however, even among patients with
low or absent expression of PD-L1, there remains about an
11–42% chance of objective tumor regression.66-69 It is conceiv-
able that the positive correlation between higher PD-L1 expres-
sion on tumor cells and patient survival may confound findings
of longer overall survival and progression-free survival for these
patients after PD-1 therapy. However, the expression of PD-L1
by tumor cells appears to have an active role in the effect of
PD-1 blockade by indicating higher rates of clinical benefit
from therapy, which includes stable disease, partial response
and complete response. It will be interesting to study if the
combination of PD-L1 and PD-L2 expression on tumor cells
predicts objective responses only to PD-1 antibody therapy bet-
ter than PD-L1 expression alone.

Biomarkers for response to immunotherapies, such as PD-1/
PD-L1 checkpoint inhibitors, may enable physicians to avoid
exposing patients who are likely not to respond to undesired
effects of therapy, with the intent of selecting a more personal-
ized treatment and management strategy for the patient. This
selection intent is dependent upon the reliability of the assess-
ment of PD-L expression. A significantly decreased rate of posi-
tive PD-L1 expression is observed in small tumor specimens.38

By examining small and larger specimens of the same tumors,
we found that, in up to 27% of cases, considering a single
1 mm2 biopsy within a single tumor can yield results different
than the assessment of three or four 1 mm2 areas. Therefore,
assessing a one millimeter diameter area of the metastatic mela-
noma for PD-L1 expression can be misleading. If this measure
is to affect management decisions, it is preferable to assess the
largest tumor area possible. We have found that in most cases,
there was significant concordance in expression of PD-L1 or
PD-L2 among synchronous or metachronous tumors from the
same patient, but in 8 of 25 (32%), there was discordance across
a 5% cutoff for PD-L1 expression among metachronous
tumors. Others have reported discordance of PD-L1 expression

among primary melanomas and their metastases (across a 1%
threshold of positivity) in 50% of patients.70 Notably, however,
review of the data for that report reveals that 11 of the patients
reported to have heterogeneous PD-L1 expression had values
confined to the range of 0–5%, leaving 13/46 (28%) with het-
erogeneity across a 5% cutoff. Thus, heterogeneity rates may
differ with different thresholds of positivity. Thus, with respect
to patient management, tumors with PD-L1 or PD-L2 expres-
sion values near the cutoff for positivity should be dealt with
judiciously and may warrant the biopsy of additional metasta-
ses. Thus, some of the patients who have been identified as PD-
L1 negative may well have some tumor areas with PD-L1
expression. The possibility of sampling error, and the dynamic
nature of PD-L1 expression may explain some of the clinical
benefit with PD-1 antibody therapy in patients reported to
have PD-L1 negative tumors. Regardless of the reason, a grow-
ing body of literature demonstrates that patients with PD-L1
negative tumors may respond to PD-1 antibody therapy. Since
the toxicity of PD-1 antibody therapy is low, there is little
enthusiasm for withholding that therapy from such patients.
However, combination checkpoint therapy (antibodies to PD-1
and to CTLA4) offers much greater toxicity than PD-1 therapy
alone, and data from a randomized phase III trial has suggested
that clinical outcome may be comparable with PD-1 antibody
alone in patients whose tumors express PD-L1 above a cutoff,
whereas there is clinical benefit of the combination over PD-1
antibody alone in patients with PD-L1-negative tumors.71

Thus, if valid, accurate identification of patients with PD-L1
positive tumors may spare many of them the toxicity of the
combination if these data are supported in longer follow-up. It
will be valuable also to understand to what extent PD-L2
expression may help to support such treatment decisions.

Conclusion

In summary, while the mechanism by which PD-L2 is regulated
in the TME and its contributions to immune cell function await
elucidation, our studies reveal the utility of B7-H family mem-
bers as indicators of tumor immune regulation and prognostic
indicators. The increased expression of PD-L1 in tumors of
patients who had previously received experimental melanoma
vaccines is also provocative and raises the possibility that can-
cer vaccines may support increased inflammation in the TME,
to support subsequent checkpoint blockade therapy. Our data
also reveal some heterogeneity of PD-L1 and PD-L2 expression
in melanoma metastases, which warrants attention to obtaining
adequate tissues for biopsy, possibly from multiple tumors. The
prognostic associations of the combination of PD-L1 and PD-
L2 support future studies of the predictive value of these ligands
in the setting of combination checkpoint blockade therapy.
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