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Abstract

Introduction
Although there is abundant in vitro evidence for human
immune reactivity against solid tumors, such responses
are often ineffectual in situ, as the tumor exerts locally
immunosuppressive effects. Current cancer immu-
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notherapies focus on overcoming this inhibition, either
by global activation of the immune system or by local
manipulation of immunoregulatory molecules in the
tumor microenvironment, including so-called immune
checkpoints. Ipilimumab, the prototype drug directed
against an immune checkpoint, is a mAb that blocks the
coinhibitory CTLA-4 receptor on T cells from interacting
with its ligands, B7-1 and B7-2, expressed on antigenpresenting cells but not on solid tumors. Ipilimumab was
the first drug to demonstrate increased overall survival in
patients with advanced melanoma (1), and there is ongoing investigation to identify biomarkers to optimize
patient selection for this therapy.
Following proof-of-principle studies with anti–CTLA-4,
attention has turned to the PD-1:PD-L1/PD-L2 immunologic synapse. Programmed death-1 (PD-1) is expressed
on activated T and B cells (2). Its major ligand PD-L1 (B7H1) is typically expressed on a subset of macrophages, but
can be induced by inflammatory cytokines in a variety of
tissue types (3–7). When activated T cells expressing PD-1
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Purpose: Immunomodulatory drugs differ in mechanism-of-action from directly cytotoxic cancer
therapies. Identifying factors predicting clinical response could guide patient selection and therapeutic
optimization.
Experimental Design: Patients (N ¼ 41) with melanoma, non–small cell lung carcinoma (NSCLC),
renal cell carcinoma (RCC), colorectal carcinoma, or castration-resistant prostate cancer were treated on an
early-phase trial of anti–PD-1 (nivolumab) at one institution and had evaluable pretreatment tumor
specimens. Immunoarchitectural features, including PD-1, PD-L1, and PD-L2 expression, patterns of
immune cell infiltration, and lymphocyte subpopulations, were assessed for interrelationships and
potential correlations with clinical outcomes.
Results: Membranous (cell surface) PD-L1 expression by tumor cells and immune infiltrates varied
significantly by tumor type and was most abundant in melanoma, NSCLC, and RCC. In the overall cohort,
PD-L1 expression was geographically associated with infiltrating immune cells (P < 0.001), although
lymphocyte-rich regions were not always associated with PD-L1 expression. Expression of PD-L1 by tumor
cells and immune infiltrates was significantly associated with expression of PD-1 on lymphocytes. PD-L2,
the second ligand for PD-1, was associated with PD-L1 expression. Tumor cell PD-L1 expression correlated
with objective response to anti–PD-1 therapy, when analyzing either the specimen obtained closest to
therapy or the highest scoring sample among multiple biopsies from individual patients. These correlations
were stronger than borderline associations of PD-1 expression or the presence of intratumoral immune cell
infiltrates with response.
Conclusions: Tumor PD-L1 expression reflects an immune-active microenvironment and, while associated other immunosuppressive molecules, including PD-1 and PD-L2, is the single factor most closely
correlated with response to anti–PD-1 blockade. Clin Cancer Res; 20(19); 5064–74. 2014 AACR.
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Translational Relevance

encounter PD-L1, T-cell effector functions are diminished.
PD-1 also binds PD-L2 (B7-DC), which is expressed
selectively on macrophages and dendritic cells (7–9).
These unique expression patterns suggest that PD-L1 promotes self-tolerance in peripheral tissues, whereas PD-L2
may function in lymphoid organs, although the role of
PD-L2 in immunomodulation is not as well understood
(10). Multiple tumor types have been shown to express
PD-L1 and PD-L2, effectively co-opting a native tolerance
mechanism (11–13). The more selective expression pattern of the ligands for PD-1, relative to those for CTLA-4,
has important treatment implications. First, it suggests
that more focal immune-related side effects may be
encountered with PD-1 blockade compared with CTLA4 blockade, which is also predicted by the phenotypes of
murine genetic knockout models (14, 15). Second, it
suggests that the local tumor microenvironment may be
the key site to yield evidence of molecular markers predicting clinical response to PD-1 pathway blockade.
Clinical trials of blocking mAbs against PD-1 and PD-L1
are currently under way for patients with treatment-refractory metastatic melanoma and a variety of epithelial malignancies, and have validated this pathway as a therapeutic
target (16–19). We have previously reported that approximately 30% of patients with treatment-refractory advanced
melanoma and renal cell carcinoma (RCC) receiving anti–
PD-1 (nivolumab) experienced durable objective tumor
regressions (16). Objective tumor responses were also
observed in 17% of patients with non–small cell lung
carcinoma (NSCLC). Preliminary analysis of pretreatment
tumor specimens from a subset of 42 among 306 patients
treated on this study identified tumor cell surface PD-L1
expression as one factor associated with the clinical activity

www.aacrjournals.org

Materials and Methods
Case selection
Tumor specimens were derived from 41 patients with
advanced, treatment-refractory solid tumors, including
NSCLC, melanoma, kidney, castration-resistant prostate
cancer (CRPC), and colorectal cancer who were treated on
a clinical trial of nivolumab (anti–PD-1; BMS-936558,
MDX-1106, ONO-4538) at the Johns Hopkins Kimmel
Cancer Center (NCT00730639; ref. 16). All patients signed
informed consent. Patients received at least 3 of 4 planned
biweekly doses of anti-PD1 in the first treatment cycle, had
treatment responses that were evaluable, and had formalinfixed paraffin-embedded (FFPE) archival or newly obtained
pretreatment tumor specimens available for study.
Responses were classified by the investigators according to
RECIST version 1.0 with modifications (20). Tumor specimen characteristics, including primary or metastatic lesion,
anatomic site (lymph node, lung, or other), specimen size,
and the time interval from specimen acquisition to treatment initiation, were noted.
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One of the most intriguing findings from early clinical
trials of PD-1 pathway blockade for advanced solid
tumors has been the correlation between pretreatment
tumor PD-L1 expression and treatment response. The
current study expands on this observation by exploring
PD-1, PD-L1, and PD-L2 expression by tumor cells and
infiltrating immune cell subsets, and their relationships
to each other and to clinical response to anti–PD-1
(nivolumab). Significant associations were found among
tumor cell PD-L1 expression, the presence of intratumoral immune cell infiltrates, and PD-1 receptor expression by tumor-infiltrating lymphocytes, suggesting that
PD-L1 reflects an immune-reactive milieu. However,
among these parameters, tumor cell PD-L1 expression
was most closely associated with response to anti–PD-1
therapy. PD-L1 expression was also significantly associated with tumor types responding to anti–PD-1 (melanoma, lung, and kidney cancer), suggesting that it could
provide a means for identifying additional tumor types
which may respond to PD-1 pathway blockade.

of anti–PD-1 therapy (16, 17). The purpose of the current
study is to expand on this initial observation by exploring
additional components of the pretreatment tumor microenvironment in patients receiving nivolumab therapy,
including infiltrating immune cell subsets, the expression
of PD-1, PD-L1, and PD-L2 by immune cells and by
tumor cells, and the potential interrelationship of these
factors to each other and to clinical response following
PD-1 blockade.

Histopathologic analysis
The pathologic diagnosis was confirmed by one of two
board-certified pathologists (J.M. Taube or R.A. Anders)
who reviewed FFPE tissue sections stained with hematoxylin & eosin (H&E), and a representative paraffin block
from each specimen was chosen for IHC analysis. The size
of the specimen and the presence of necrosis and lymphoid aggregates (collections of approximately 100 lymphocytes without germinal center formation, Supplementary Fig. S1) were noted. Specimens were considered
"small" if they were core needle biopsies or tissue blocks
made from fine needle aspirate specimens containing
tissue fragments. Cytology specimens where tissue architecture was not represented were not included in this
study. IHC for PD-L1 and PD-1 was performed using the
mAbs 5H1 and M3, respectively, as previously described
(12, 21). Methods for PD-L2 IHC with the mAb MIH18
(BioLegend) are described in Supplementary Material.
Positive control specimens for PD-L1 IHC were created
by transfecting cultured human melanoma 624-mel cells
with a recombinant plasmid encoding full-length human
PD-L1 (12). PD-L1 expression was sometimes observed in
the background native tissue, e.g., alveolar macrophages
in lung specimens and dendritic cells in nonneoplastic
lymph node parenchyma from lymph node dissections,
providing an internal positive staining control. An isotype
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Statistical analysis
The geographic associations of immune cell infiltrates
and tumor characteristics were evaluated using the Fisher
exact test and c2 test. We examined the correlation between
proportion of tumor cells expressing PD-L1 and the intensity of immune cell infiltration using the Kruskal–Wallis
rank test. For individual patients with multiple tumor specimens, each specimen was treated as an independent variable. When analyzing the association of pathologic features
with treatment outcomes in patients with multiple specimens, the analysis was conducted in two different ways:
first, by considering only the specimen that was procured
closest to the date of treatment initiation, and second, by
selecting the highest expression of each variable across all
specimens from that patient. Statistical analyses were performed with the STATA V11 software package. All tests were
two-sided except as indicated, and P values of <0.05 were
considered significant.

Results
Patient characteristics
Among 306 response-evaluable patients on this multiinstitutional trial, 60 were treated in the Kimmel Cancer
Center at Johns Hopkins. From this group of 60 patients,
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98 potential pretreatment tumor specimens were identified
for study. However, 14 specimens were not available (outside hospitals did not participate in research or did not send
sufficient material for study, or material could not be
located), 14 were exhausted (no definitive invasive tumor
remaining, not diagnostic without tumor-specific IHC, or
tissue architecture not preserved), and 2 had technical
difficulties (material not suitable for IHC, or excessive
isotype control background staining). The final study
cohort consisted of 68 pretreatment tumor specimens that
were archival or newly obtained from 41 different patients,
as summarized in Table 1. Specimen acquisition dates
ranged from December 1997 to June 2011, with a mean
time from acquisition to IHC staining of 3.1 years, and a
median of 2 years (range, 0–13 years). The time interval
between biopsy acquisition and first dose of anti–PD-1
ranged from 1 day to 12 years. Sixteen of 41 patients
(39%) had multiple specimens available for analysis.
PD-L1 expression by tumor and infiltrating
immune cells
Tumor PD-L1 expression varied significantly by tumor
type, with the majority of 56 melanoma, NSCLC, and

Table 1. Characteristics of 68 pretreatment
tumor specimens derived from 41 patients
receiving anti–PD-1 therapy
Characteristic

Number

Patient response to treatment (n ¼ 41)
Complete
2
Partial
8
Stable disease  6 months
2
No response
29
Patient diagnosis (n ¼ 41)
Melanoma
16
NSCLCa
12
Kidney cancer
6
Colorectal cancer
5
CRPC
2
Number of tumor specimens analyzed per patient (n ¼ 41)
1
25
2
9
3
5
4
0
5
2
Primary vs. metastatic tumor (n ¼ 68)
Primary
29
Metastasis
39
Anatomic location (n ¼ 68)
Lymph node (metastasis)
17
Lung (primary or metastasis)
15
Other
36
a

Twelve cases include 9 adenocarcinomas and 3 squamous
cell carcinomas of the lung.
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control was used as a negative control for each case
stained for PD-L1, to control for potential false-positive
staining. Tonsil tissue served as both a positive and
negative control for PD-L2, and PD-1 staining, due to
cell-type–specific endogenous expression of these molecules (dendritic cells and activated lymphocytes, respectively). IHC for CD3, CD4, CD8, CD20, and CD68 was
performed according to standard automated protocols.
Cell surface ("membranous") PD-L1 and PD-L2 expression by tumor cells and tumor-infiltrating immune cells,
including lymphocytes (TIL) and histiocytes, was independently scored by two pathologists blinded to clinical outcomes, as previously described (12). Specifically, cases were
scored at 5% intervals. Specimens with 5% membranous
expression were considered "positive". CD3 and CD68
immunostains were performed on each case and were used
to interpret which cell type demonstrated expression of a
given ligand. The intensity of immune infiltrates was
assigned a semiquantitative score from 0 to 3: 0 ¼ "none"
(no immune infiltrates), 1 ¼ "focal" (mostly perivascular in
tumor with some intratumoral extension), 2 ¼ "moderate"
(prominent extension of immune infiltrates away from
perivascular areas and amongst tumor cells), or 3 ¼ "severe"
(immune infiltrates obscuring tumor). The presence of
CD20þ TILs (B cells) was scored according to the same
criteria.
Intratumoral CD4:CD8 T-cell subset ratios were determined as 1:1, 1:2, 1:3, or 1:4. The geographic association of
immune infiltrates with tumor PD-L1 expression was noted.
The proportion of TILs expressing PD-1 was scored as "focal"
(isolated, <5% of lymphocytes), "moderate" (5%–50% of
TILs expressing PD-1), or "severe" (>50% of TILs PD-1þ).

Association of PD-1 and Ligands with Response to Anti–PD-1

Table 2. Association of tumor microenvironmental features with PD-L1 expression by tumor cellsa or
inﬁltrating immune cells
Tumor cells
Parameter (number of
specimens examined)

Specimensn
(%)

PD-L1()n
(%)

Inﬁltrating immune cells
P valuec

PD-L1()n
(%)

PD-L1(þ)bn
(%)

P valuec

16 (53)
9 (53)
8 (89)
1 (13)
0 (0)

0.005

15 (50)
8 (47)
0 (0)
4 (50)
4 (100)

15 (50)
9 (53)
9 (100)
4 (50)
0 (0)

0.007

6 (35)
10 (67)
18 (50)

0.219

10 (59)
5 (33)
16 (44)

7 (41)
10 (67)
20 (56)

0.339

12 (41)
22 (56)

0.327

15 (52)
16 (41)

14 (48)
23 (59)

0.463

1 (7)
19 (54)
11 (69)
3 (100)

0.001

N/A
12 (34)
5 (31)
0 (0)

N/A
23 (66)
11 (69)
3 (100)

0.69

13 (34)
8 (62)
11 (92)
0 (0)

0.001

22 (58)
4 (31)
1 (8)
0 (0)

16 (42)
9 (69)
11 (92)
0 (0)

0.005

13 (59)
19 (68)

0.565

7 (32)
10 (36)

15 (68)
18 (64)

1.000

11 (32)
13 (76)

0.006

21 (62)
4 (24)

13 (38)
13 (76)

0.017

26 (45)
8 (80)

0.083

30 (52)
1 (10)

28 (48)
9 (90)

0.017

23 (46)
11 (61)

0.41

25 (50)
6 (33)

25 (50)
12 (67)

0.276

25 (57)
9 (38)

0.204

17 (39)
14 (58)

27 (61)
10 (42)

0.135
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Tumor type (n ¼ 68)
Melanoma
30 (44)
14 (47)
NSCLC
17 (25)
8 (47)
Kidney cancer
9 (13)
1 (11)
Colorectal cancer
8 (12)
7 (87)
CRPC
4 (6)
4 (100)
Tumor site (n ¼ 68)
Lymph node
17 (25)
11 (65)
Lung
15 (22)
5 (33)
Other
36 (53)
18 (50)
Primary vs. metastatic tumor (n ¼ 68)
Primary
29 (43)
17 (59)
Metastasis
39 (57)
17 (44)
Immune inﬁltrate scored (n ¼ 68)
0
14 (21)
13 (93)
1
35 (51)
16 (46)
2
16 (24)
5 (31)
3
3 (4)
0 (0)
Proportion of TILs expressing PD-1e (n ¼ 63)
0
38 (60)
25 (66)
1
13 (21)
5 (38)
2
12 (19)
1 (8)
3
0 (0)
0 (0)
CD4:CD8 ratio (n ¼ 50)
CD4  CD8
22 (44)
9 (41)
CD4 < CD8
28 (56)
9 (32)
CD20þ B cells (n ¼ 51)
Absent
34 (67)
23 (68)
17 (33)
4 (24)
Presentf
Lymphoid aggregates (n ¼ 68)
Absent
58 (85)
32 (55)
Present
10 (15)
2 (20)
Necrosis (n ¼ 68)
Absent
50 (74)
27 (54)
Present
18 (26)
7 (39)
Small sample (n ¼ 68)
No
44 (65)
19 (43)
Yes
24 (35)
15 (62)

PD-L1(þ)bn
(%)

Abbreviation: N/A, not applicable.
Tumor cell PD-L1 expression was previously reported for 53 of these 68 specimens (16).
b
Tumor or inﬁltrating immune cells were considered PD-L1(þ) if 5% of cells had membranous (cell surface) PD-L1 expression.
c
Fisher exact test, two-sided, comparing PD-L1(þ) versus () specimens for the indicated parameter.
d
Immune inﬁltrates include TILs and accompanying histiocytes. Inﬁltrates were scored as "none" (0), "focal" (1), "moderate" (2), or
"severe" (3; see Materials and Methods).
e
Proportion of TILs expressing PD-1 was graded as "none" (0), "focal" (1), "moderate" (2), or "severe" (3). A score of "0" includes cases
where there were no TILs, or where TILs were present but did not express PD-1.
f
CD20 "present" refers to any grade ("focal," "moderate," or "severe").
a

RCC specimens demonstrating expression, in contrast to
only one among a total of 12 colorectal cancer and CRPC
specimens (P ¼ 0.005; Table 2). When tumor cell PD-L1
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expression was observed, it was associated with infiltrating immune cells, including lymphocytes and histiocytes,
in 33 of 34 cases (P ¼ 0.001; Table 2, Fig. 1A). The
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C
Figure 1. Association of tumor PD-L1 expression with immune inﬁltrates.
þ
Left, IHC for PD-L1. Right, IHC for CD3 TILs. A, representative specimen
from a subcutaneous melanoma metastasis demonstrating focal PD-L1
expression by tumor cells geographically associated with TILs. B, diffuse
membranous tumor cell PD-L1 expression in a NSCLC brain metastasis,
not associated with TILs. C, colorectal carcinoma metastasis to liver with
membranous PD-L1 expression on inﬁltrating immune cells (brown stain),
but not on tumor cells (asterisks). In all panels, original magniﬁcation,
200. Higher power images and additional IHC studies of the
representative melanoma and colorectal carcinoma case are shown in
Supplementary Figs. S2 and S3.

proportion of tumor cells expressing PD-L1 correlated
with the intensity of immune cell infiltration (Kruskal–
Wallis test, P ¼ 0.003). A single case of NSCLC with broad
tumor PD-L1 expression and no immune infiltrates was
also observed (Fig. 1B).
We found that PD-L1 was expressed not only on tumor
cells, but also on immune-infiltrating cells, including TILs
and associated histiocytes/macrophages. PD-L1 expression by infiltrating immune cells varied by tumor type
(P ¼ 0.007), as shown in Table 2. Of interest, although
only one among 8 cases of colorectal cancer displayed PDL1þ tumor cells, 4 of 8 cases demonstrated PD-L1þ
immune infiltrates (Fig. 1C, Supplementary Fig. S3). This
was in contrast to findings in melanoma, NSCLC, and RCC
specimens, where PD-L1 was often expressed coordinately
on tumor cells and associated immune infiltrates. PD-L1
was also seen in the native tissue stroma, e.g., alveolar
macrophages in lung specimens and dendritic cells in
nonneoplastic lymph node parenchyma from lymph node
dissections. Neither tumor cell nor infiltrating immune
cell PD-L1 expression correlated with the anatomic site of
the tumor specimen (lymph node vs. lung vs. elsewhere),
or with specimens derived from primary versus metastatic
lesions.
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PD-L2 expression
PD-L2 is the second known ligand for the PD-1 T-cell
coreceptor. Its binding to PD-1 is blocked by nivolumab,
but its potential role in mediating immunosuppression in
the human tumor microenvironment, and as a marker
associated with clinical outcomes to anti–PD-1 therapy,
has not been established. To explore this, 38 tumor specimens from 27 patients were examined for PD-L2 protein
expression using IHC. PD-L2 expression by either tumor or
infiltrating immune cells was observed in only 8 of 38
specimens (21%), including 1 RCC, 5 melanoma, and 2
NSCLC specimens. Four specimens demonstrated tumor
cell expression of PD-L2, and in all of these cases, areas of
tumor cell PD-L2 expression were adjacent to immune
infiltrates (Fig. 2). In three of these four cases, PD-L2
expression by immune cell infiltrates was also observed.
The four other cases demonstrated focal membranous PDL2 expression by immune-infiltrating cells but not by tumor
cells. A diffuse pattern of PD-L2 expression was not
observed. PD-L2 expression was geographically associated
with PD-L1 expression (P ¼ 0.053), and there was only one
case in which PD-L2 expression was observed at the interface of tumor and immune cells in a PD-L1 "negative"
tumor (Fig. 3). In this instance, PD-L1 expression was
present on singular infiltrating immune cells, but not on
tumor cells, and thus failed to reach the 5% threshold to be
scored "positive" in either cell population.
Additional immune microenvironmental features
Potential interrelationships of several tumor microenvironmental parameters listed in Table 2 were examined
independently from PD-L1 expression. Among 51 tumor
specimens assessed for the presence of CD20þ B cells, there
was a borderline association with tumor type (P ¼ 0.072),
with B cells most likely to be seen in RCC (3/4, 75%),
followed by melanoma (9/21, 42%), CRPC (1/3, 33%), and
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Association of PD-L1 in the tumor microenvironment
with characteristics of immune cell infiltrates and other
histologic features
To better characterize the microenvironment of PD-L1þ
cancers, TILs were assessed for the presence and proportion
of CD4þ and CD8þ T cells, and for the presence of CD20þ B
cells (Supplementary Fig. S4). PD-1 receptor expression by
these cells was also assessed. We found that TIL PD-1
expression was significantly associated with PD-L1 expression by tumor cells and by immune cell infiltrates (Table 2,
P ¼ 0.001 and 0.005, respectively), reflecting a potentially
immunosuppressive environment. PD-1 expression was
also associated with increasing intensity of immune infiltrates and the presence of lymphoid aggregates (Kruskal–
Wallis test, P ¼ 0.002 and Fisher exact test P ¼ 0.010,
respectively), but did not vary significantly by CD4:CD8
ratio. Both the presence of B cells and lymphoid aggregates
were associated with PD-L1 expression on tumor and infiltrating immune cells, but neither the CD4:CD8 ratio nor the
presence of tumor necrosis correlated with PD-L1 expression in the tumor microenvironment (Table 2).

Association of PD-1 and Ligands with Response to Anti–PD-1

Figure 2. Immunoarchitecture
within a melanoma lymph node
metastasis. On a section stained
with H&E (upper left), a tumor
deposit is indicated by arrows and
lymph node germinal centers by
asterisks. Expression of PD-1, PDL1, and PD-L2 was observed in the
lymph node germinal centers,
providing an internal positive
control for staining. Within the
tumor deposit, PD-L1 and PD-L2
were expressed by both tumor and
inﬁltrating immune cells,
associated geographically with
PD-1 expression. Additional
characterization of the immune
inﬁltrate is provided in
Supplementary Fig. S4. In all
panels, original magniﬁcation,
100.

*
*

18

Number of specimens

16
14
12
10

PD-L1(+)

8

PD-L1(−)

6

P = 0.05

4
2
0
PD-L2(+)

PD-L2(−)

Figure 3. Association of PD-L2 expression in the tumor microenvironment
with PD-L1 expression by tumor cells. PD-L2 expression as assessed by
IHC was positive in 8 of 38 tumor specimens, and was expressed on
tumor cells and/or immune-inﬁltrating cells. Although PD-L2 was
observed less frequently than PD-L1 expression, when present, it was
almost always geographically associated with tumor cell PD-L1
expression.
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NSCLC (4/16, 25%); B cells were not found in 7 colorectal
cancer specimens examined. The presence of B cells correlated with both increasing immune infiltrate grade and PD1 expression (P ¼ 0.017 and 0.001, respectively). A borderline association between TIL PD-1 expression and tumor
location was observed (P ¼ 0.067): among 63 specimens
examined for PD-1 expression, 46% (6/13) of lung lesions
(primary or metastatic), 20% (3/15) of lymph node metastases, and 9% (3/35) of tumors located elsewhere had 5%
of TILs expressing PD-1, suggesting that the native tissue
stroma may influence the expression of PD-1.

H&E

Biopsy characteristics
Because of the focal, geographic expression of many of the
immunologic markers studied here, we queried whether the
size of the biopsy sample, i.e., core needle biopsy or fine
needle aspirate containing tissue fragments (n ¼ 24), versus
larger excisional specimen (n ¼ 44), affected our assessment; dispersed single-cell cytology specimens were not
included in this analysis. There was no significant relationship between biopsy size and PD-L1 expression (Table 2),
PD-1 expression by TIL, or intensity score of immune
infiltrates. In 30 melanoma specimens ranging in age from
2 months to 13 years, we also queried whether our ability to
detect PD-L1 expression by IHC was related to the age of the
specimen, defined as the time from specimen acquisition to
staining for PD-L1, which might indicate epitope degradation over time. There was no significant relationship
between specimen age and tumor PD-L1 expression based
on the IHC technique used in this analysis.
Pathologic parameters associated with clinical
response to anti–PD-1 therapy
We previously reported a preliminary correlation between
tumor cell surface PD-L1 expression in pretreatment biopsies
and objective response to nivolumab therapy (16). In that
study, if multiple specimens were assessed from individual
patients, a patient was defined as "PD-L1 positive" if any
specimen contained 5% PD-L1þ tumor cells. In the current
study, among 41 patients, 16 had multiple pretreatment
tumor specimens for study (2–5 specimens per patient, Table
1). We assessed a panel of pathologic parameters in the single
tumor specimen obtained closest to the initiation of anti–
PD-1 therapy (Table 3), reflecting anticipated clinical practice, or in the specimen with maximum expression in the case
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Table 3. Relationship between pretreatment microenvironmental parameters in the tumor specimen
obtained closest to treatment initiation, and clinical response to anti–PD-1a
Objective responseb
Pathologic parameter
(number of patients analyzed)

All patientsn
(%)

Non
(%)

Yesn
(%)

Tumor PD-L1 expression (n ¼ 41)
Absent
18 (44)
17 (94)
1 (6)
Present
23 (56)
14 (61)
9 (39)
Immune cell inﬁltrate PD-L1 expression (n ¼ 41)e
Absent
18 (44)
16 (89)
2 (11)
Present
23 (56)
15 (65)
8 (35)
Immune inﬁltrate score (n ¼ 41)f
Absent
9 (22)
8 (89)
1 (11)
Present
32 (78)
23 (72)
9 (28)
TIL PD-1 expression (n ¼ 37)g
Absent
21 (57)
18 (86)
3 (14)
Present
16 (43)
9 (56)
7 (44)
Immune cell or tumor cell PD-L2 expression (n ¼ 13)e
Absent
9 (69)
7 (78)
2 (22)
Present
4 (31)
4 (100)
0 (0)
CD4:CD8 (n ¼ 29)
CD4  CD8
13 (45)
10 (77)
3 (23)
CD4 < CD8
16 (55)
10 (63)
6 (37)
CD20þ B cells (n ¼ 30)
Absent
19 (63)
16 (84)
3 (16)
11 (37)
9 (82)
2 (18)
Presentf
Lymphoid aggregates (n ¼ 41)
Absent
35 (85)
26 (74)
9 (26)
Present
6 (15)
5 (83)
1 (17)
Necrosis (n ¼ 41)
Absent
27 (66)
19 (70)
8 (30)
Present
14 (34)
12 (86)
2 (14)
Small sample (n ¼ 41)
No
27 (66)
20 (74)
7 (26)
Yes
14 (34)
11 (79)
3 (21)
Interval between specimen procurement and treatment initiation (n ¼ 41)
<1 year
16 (39)
10 (63)
6 (37)
1 year
25 (61)
21 (84)
4 (16)

Clinical beneﬁtc
Non
(%)

Yesn
(%)

0.025

17 (94)
12 (52)

1 (6)
11 (48)

0.005

0.142

16 (89)
13 (57)

2 (11)
10 (43)

0.038

0.410

8 (89)
21 (66)

1 (11)
11 (34)

0.240

0.067

17 (81)
8 (50)

4 (19)
8 (50)

0.077

P valued

P valued

e

6 (67)
4 (100)

3 (33)
0 (0)

0.497

0.454

9 (69)
9 (56)

4 (31)
7 (44)

0.702

1.000

16 (84)
7 (64)

3 (16)
4 (36)

0.372

1.000

25 (71)
4 (67)

10 (29)
2 (33)

1.000

0.447

19 (70)
10 (71)

8 (30)
4 (29)

1.000

1.000

18 (67)
11 (79)

9 (33)
3 (21)

0.494

0.15

9 (56)
20 (80)

7 (44)
5 (20)

0.16

a

Correlation of tumor cell PD-L1 expression with objective response was previously reported for 34 of 41 patients included in this series,
using the "highest ever" value in the case of multiple specimens from individual patients (16).
b
Objective response is deﬁned as complete or partial tumor regression, RECIST 1.0 with modiﬁcations.
c
Clinical beneﬁt is deﬁned as objective response or stable disease lasting 6 months.
d
Fisher exact test, comparing responders with nonresponders for the pathologic parameter analyzed.
e
Tumor or inﬁltrating immune cells were considered PD-L1 or PD-L2 (þ) if 5% of cells had membranous (cell surface) expression
detected by IHC.
f
Immune inﬁltrates (lymphocytes and histiocytes) and CD20þTIL were graded as "none," "focal," "moderate," or "severe" (see Materials
and Methods). TIL or CD20 "present" indicates grades "focal," "moderate," and "severe."
g
Absent TIL PD-1 expression includes both cases where there were no TILs, and cases where TILs were present, but did not express
PD-1.

of multiple samples from a given patient (Supplementary
Table S1). Pathologic findings were correlated with objective
tumor regression (complete or partial response, RECIST 1.0
with modification), as well as with "clinical benefit" (objec-
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tive response, or stable disease lasting at least 6 months),
versus no response to therapy.
Similar to our previous analysis based on the "highest
ever" expression in individual patients with multiple tumor
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Discussion
Cancer immunotherapy, which targets and modulates
antitumor immune cells, differs mechanistically from cytotoxic therapies and kinase inhibitors, which directly mediate tumor cell death. Accordingly, these treatment approaches differ in their profiles of clinical activity as well as
safety (22–24). The identification of factors predicting
response to immunotherapy is highly desirable, to preselect
patients most likely to benefit and spare others from unnecessary exposure to potential side effects. However, this is
challenging due to the dynamic nature of the antitumor

www.aacrjournals.org

immune response and its heterogeneity across space (anatomic location) and time (progression from primary to
metastatic cancer). We previously reported a correlation
between pretreatment tumoral PD-L1 expression and
response to anti–PD-1 therapy (nivolumab) in a subset of
patients on an expanded phase I trial (16). In the current
study, we have reexamined PD-L1 as a marker associated
with anti–PD-1 response, and have extended our investigations to evaluate other factors in the tumor microenvironment potentially associated with the clinical activity of anti–
PD-1.
Recent studies associate an inflammatory tumor microenvironment with responsiveness to certain forms of immunotherapy such as cancer vaccines and ipilimumab (25, 26),
and our observations suggest that this may also be true for
PD-1 pathway blockade. In the current study, patients
whose tumors expressed PD-L1 were more likely to respond
to anti–PD-1 therapy. Although PD-L1 is generally regarded
as an immunosuppressive molecule, its expression is not
necessarily synonymous with tumor immune evasion and
may reflect an ongoing antitumor immune response that
includes the production of IFNg and other inflammatory
factors (12). This is consistent with retrospective studies in
select tumor types, such as melanoma, Merkel cell carcinoma, mismatch repair–proficient colorectal cancer, and
NSCLC where tumor PD-L1 expression has been shown to
be a positive prognostic factor (12, 13, 27, 28). We observed
tumor cell surface PD-L1 expression in distinct patterns,
which generally correlated with tumor type. Tumor cell
surface PD-L1 expression was associated with immune cell
infiltrates in some cases (mainly melanoma and RCC),
whereas in others it was constitutive or out of proportion
to infiltrating immune cells (NSCLC). We also observed
instances of PD-L1 membranous expression on infiltrating
immune cells but not on tumor cells, particularly in colorectal cancer (21). Although the biologic significance of
these distinct expression patterns is currently unclear, they
likely reflect the combined effects of innate and adaptive
cellular and soluble factors that shape the tumor microenvironment, as well as the type of malignancy and composition of other components of the tumor stroma. For example, neoantigens associated with infection by tumor-promoting viruses or somatic mutational events in malignant
cells may trigger inflammatory responses leading to local
PD-L1 expression (13, 21, 27), while PD-L1 expression in
non–virus-associated head and neck squamous cell cancers, glioblastoma multiforme, and anaplastic lymphoma
kinase (ALK)–positive T-cell lymphomas has been associated with PTEN and ALK/STAT3 oncogenic signaling
pathways (29–31).
In this study, we examined a potential relationship
between TIL expression of PD-1, the direct target of nivolumab, with clinical outcomes but found only a borderline
association. Because the intensity of immune cell infiltrates
was significantly associated with tumor cell PD-L1 expression, we also explored the possibility that simply the presence of immune cell infiltrates might predict favorable
clinical outcomes to anti–PD-1 therapy. The presence of
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specimens (16), PD-L1 expression by tumor cells correlated
significantly with objective response and with clinical benefit, when analyzed in the single specimen procured closest
to the start of therapy (P ¼ 0.025 and 0.005, respectively, Table 3). Of interest, correlation of PD-L1 expression by infiltrating immune cells with objective clinical
response did not reach statistical significance (P ¼ 0.14),
although there was a significant correlation with clinical
benefit (P ¼ 0.038). Furthermore, expression of the PD-1
receptor on TILs had only a borderline association with
clinical response, even though PD-1 is the immediate target
of nivolumab. Importantly, the presence of TILs when
analyzed as an independent factor did not correlate with
clinical outcomes. Additional microenvironmental factors,
including PD-L2 expression by tumor cells or TILs, the CD4:
CD8 ratio, the presence of CD20þ B cells, tumor necrosis,
and lymphoid aggregates, did not correlate with treatment
response when either the sample closest to therapy or the
specimen with the "highest ever" value were assessed.
However, because some of these factors were analyzed in
fewer than 30 patients, more extensive study is needed to
confirm these observations.
The range of time from tumor specimen procurement to
treatment initiation was broad in our study (1 day to 12
years). The vast majority of specimens analyzed were archival, and obtaining a new tumor biopsy before treatment
initiation was not a requirement of this clinical trial. Given
the known spatial and temporal heterogeneity of PD-L1
expression (12, 16), we queried whether the time between
tumor biopsy and the initiation of anti–PD-1 therapy
independently correlated with clinical outcomes. Despite
the wide range of specimen age, we did not observe such an
association. As shown in Table 3, responding patients were
evenly distributed between <1 year versus 1 year biopsy
interval groups, and 9 of the 10 responders demonstrated
PD-L1 tumor expression, suggesting that the correlation of
PD-L1 expression with clinical outcomes is not related to
the timing of tissue acquisition. Although consideration of
sampling interval warrants additional investigation, our
results do not provide direct support for the idea that tumor
PD-L1 expression must be determined immediately before
anti–PD-1 treatment initiation, to be predictive of clinical
outcome. Realistically, such an approach will not always be
possible, and is not uniformly practiced in current clinical
trials of drugs blocking the PD-1 pathway.
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Although response rates are enhanced in the PD-L1þ
patient population, it is currently unknown why the majority of PD-L1þ patients do not respond to PD-1 pathway
blocking drugs. One possibility is that PD-L1þ tumors from
nonresponders express additional dominant or codominant immune checkpoints supporting treatment resistance.
To address this, we examined PD-L2, the second known
ligand for PD-1, for possible associations with PD-L1
expression and clinical outcomes. PD-L2 protein detected
by IHC was found almost exclusively in geographic association with PD-L1 protein, consistent with its known upregulation by inflammatory cytokines, including IFNg which
also drives PD-L1 expression (44). However, PD-L2 expression was seen less frequently than PD-L1 in our series (in
only 8 of 38 specimens examined), and no significant
correlation with clinical outcomes was observed. Although
the results of our series should be considered preliminary,
similar conclusions were drawn in a recent report of PD-L2
expression detected by quantitative molecular techniques,
in patients receiving anti–PD-L1 therapy (45). Studies
aimed at identifying additional positive or negative predictive markers of response to anti–PD-1 treatment, and potential interactions among multiple factors in the tumor microenvironment, are currently under way in our laboratories.
In summary, this in-depth analysis of multiple factors in
pretreatment tumor specimens from patients with
advanced cancers receiving anti–PD-1 therapy prioritizes
tumor cell PD-L1 expression as being most closely associated with objective tumor regression. It reveals other microenvironmental features, such as TIL PD-1 expression and
the intensity of T-cell and B-cell infiltrates, as being associated with PD-L1 expression by tumor cells or immuneinfiltrating cells, but not independently associated with
treatment response. Thus, PD-L1 expression reflects an
immune-active tumor milieu, and may illuminate additional tumor types that should be targeted for clinical testing
with PD-1 pathway blockade. These results should still be
considered preliminary, and ongoing phase II and III clinical trials of PD-1 pathway blockade are broadening the
assessment PD-L1 expression as it relates to clinical outcomes including survival, in larger cohorts of patients.
Additional investigations will be necessary to confirm these
findings and will address whether multicomponent panels
of pretreatment tumor markers may have more powerful
associations with clinical outcomes, compared with individual factors. Assessment of on-treatment alterations in
tumor molecular profiles will also be necessary to reveal
whether tumors lacking PD-L1 expression and TILs may
convert to PD-L1–expressing tumors following "priming"
with combinatorial treatment regimens designed to incite
an immune response, followed by PD-1 pathway blockade
to liberate antitumor immunity.
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TIL has been correlated with improved outcomes in retrospective studies of different tumor types, including melanoma and colorectal carcinoma (32–35). In addition,
HER2-positive breast cancer patients with TIL in their pretreatment specimens have shown improved benefit from
certain chemotherapeutic regimens (36). Further, increased
numbers of TIL in posttreatment biopsies have been shown
to correlate with the activity of ipilimumab in patients with
melanoma (37). However, the current study is the first to
examine the relationship of the presence of TIL in pretreatment tumor specimens to anti–PD-1 response, and a significant relationship between these factors was not
observed. These findings suggest that the functional profile
of TILs is a key factor determining PD-L1 expression (12).
That is, TILs may be necessary to drive PD-L1 expression in
some tumors, but their presence alone is not sufficient to
induce PD-L1 and was not an independent factor correlating with clinical response in this relatively limited cohort.
Because preclinical evidence suggests that anti–PD-1 can
restore dampened B-cell functions (38), we also examined
whether the presence and intensity of B-cell infiltrates
correlated with clinical outcomes. Similar to our findings
with CD3þ TILs, CD20þ B cells were significantly associated
with PD-L1 expression by tumor and infiltrating immune
cells, but their presence alone did not correlate with clinical
outcomes following PD-1 blockade, suggesting the importance of defining cellular functional profiles. Other immune
cell types, including suppressive cells (regulatory T cells and
myeloid-derived suppressor cells), remain to be explored in
the context of PD-1 pathway blockade (39, 40).
Recent work by others to analyze a potential association
between pretreatment tumor PD-L1 expression and
response to PD-1 pathway blockade—anti–PD-1 (41) or
anti–PD-L1 (42)—has confirmed our original observation
(16) linking PD-L1þ tumors with the likelihood of treatment response. However, in these new studies, some PDL1–negative patients also responded to treatment, raising
concerns that excluding the "marker negative" patient population from treatment might exclude potential responders.
It is important to note that these three studies differ in the
anti–PD-L1 mAbs used for IHC, staining techniques (manual versus automated), definitions of PD-L1 "positive"
tumor (cell surface versus cytoplasmic expression, by tumor
cells only or by other cells in the tumor milieu, threshold of
"positivity"), scoring increments, and definitions of PD-L1
"positive" patients (based on a single tumor biopsy, or on
maximal expression in the case of multiple biopsies from an
individual patient). Also, because of the focal nature of PDL1 expression within many tumors and emerging information about intratumoral genetic heterogeneity (43), if very
small needle biopsies or dispersed single-cell cytology specimens are evaluated, a false-negative evaluation could potentially result. Another potential explanation for PD-L1()
responders includes yet unidentified factors contributing to
response. Despite these methodologic differences, the overall conclusions of these reports are remarkably similar,
highlighting a robust association between the PD-L1 marker
and mechanism-of-action for this class of drugs.
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