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Abstract Recent studies have reported the associations be-
tween programmed death-ligand 1 (PD-L1) or PD-L2/PD-1
pathways and pro-angiogenic genes including hypoxia-
inducible factors (HIFs) and vascular endothelial growth fac-
tor (VEGF) in several malignancies. However, no study has
examined the relationship or prognostic implication of PD-L1,
PD-L2, PD-1, VEGF expression, and microvessel density
(MVD) in classical Hodgkin lymphoma (cHL) patients.
Diagnostic tissues from 109 patients with doxorubicin,
bleomycin, vinblastine, and dacarbazine-treated cHL were
evaluated retrospectively by immunohistochemical analysis
for PD-L1, PD-L2, PD-1, VEGF expression, and for CD31
expression as a measure of MVD. There was a positive corre-
lation between PD-L1 and VEGF expression (P = 0.008) and
additionally between PD-L2 and VEGF expression
(P = 0.001). The mean MVD in tumors positive for both
PD-L1 and VEGF was significantly (P = 0.022) higher than
the mean MVD in tumors negative for both markers. High
PD-1 expression group had lower (P = 0.019) 5-year overall
survival rate than low PD-1 expression group. Multivariate
analysis revealed that PD-1 was an independent prognostic
factor for cHL with significance (P = 0.026). However, PD-
L1, PD-L2, and VEGF expression had no prognostic impact.
Our data confirmed the positive correlations between PD-L1,
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VEGF, or MVD. Our findings provided evidence supporting
new therapeutic approaches including combinations of anti-
PD-L1/PD-1 and anti-VEGF therapy in addition to the current
standard regimen for cHL.
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Introduction

Classical Hodgkin lymphoma (cHL) has excellent prognosis.
Despite significant advances in modern treatment, a significant
minority of patients still have refractory disease [1]. Biological
predictive markers for patients who need intensive therapy can
help oncologists tailor treatment for refractory cHL.
Programmed death 1 (PD-1) and its ligand PD-L1/PD-L2
have emerged as important factors in tumor evasion from anti-
tumor immune response [2]. By overexpressing PD-L1 or PD-
L2 ligands on cancer cell surface and binding PD-1 receptor—
T, B, and NK cells, tumors can inhibit the activation of T cells,
thus suppressing T cell attack and inducing tumor immune
escape [2]. Furthermore, anti-PD-1 monoclonal antibodies
(nivolumab and pembrolizumab) have shown substantial ther-
apeutic activities with acceptable safety profiles in relapsed or
refractory cHL [3, 4]. PD-1/PD-L1 and PD-L2 have been
described as prognostic biomarkers in breast cancer [5], lung
cancer [6], and colorectal cancer [7] including cHL [8—10].
Cancer expression of PD-L1 has been associated with
deregulated oncogene signaling [11, 12], tumor hypoxia
[13], and local inflammatory signals including Interferon
gamma (IFN-y) [14]. A recent study has revealed that hypoxia
can induce T cell apoptosis by upregulating PD-L1 expression
in human prostatic carcinoma cells [13]. PD-L1 expression is
significantly correlated with angiogenic factors such as
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vascular endothelial growth factor (VEGF) in clear cell renal
carcinoma [15, 16].

VEGEF plays a critical role in physiologic and pathologic an-
giogeneses, including neoangiogenesis in malignant tumors [17,
18]. The prognostic value of VEGF has also been shown in
several solid malignancies [19, 20]. Furthermore, VEGF-A pro-
duced in the tumor microenvironment induced PD-1 expression
on CD8+ T cells in mouse models of colon cancer [21]. CD31 is
a reliable marker for endothelial cells. Evaluation of CD31-
stained vessels in tumors is a standard method to measure intra-
tumoral microvessel density (MVD) [22, 23], a useful prognostic
indicator in various malignant tumors [24, 25]. MVD might play
an important role in the immunosuppressive microenvironment
in cHL [26].

While associations between PD-L1 or PD-L2/PD-1 pathways
and HIF/VEGF pathway have been observed in several malig-
nancies [15, 16, 27], no study has examined the relationship or
prognostic implication of PD-L1, PD-L2, PD-1, VEGF expres-
sion, and MVD in cHL patients. Therefore, the objective of this
study is to retrospectively evaluate PD-L1, PD-L2, PD-1, VEGF
expression, and MVD in cHL patients to determine the correla-
tions between these markers and assess their prognostic
significance.

Materials and methods
Patients

This retrospective study reviewed histological and immunohis-
tochemical data from 109 consecutive patients diagnosed with
cHL at Asan Medical Center, Seoul, South Korea, between 1990
and 2012. All patients were > 15 years of age at diagnosis. They
had pathologically confirmed cHL. They had no previous treat-
ment or history of malignancy. They had been treated with doxo-
rubicin, bleomycin, vinblastine, and dacarbazine (ABVD) thera-
py regimens with or without radiation. Paraffin-embedded tumor
tissues and follow-up data were available for all included
patients.

The median follow-up time was 4.91 years (range, 0.2—
17.3 years). Response criteria were based on standard guidelines.
Routine follow-up imaging analyses were performed every
3 months for the first 2 years, every 6 months for the next 3 years,
and then annually (or whenever clinically indicated) thereafter.
The present research was approved by the Institutional Review
Board of Asan Medical Center. The requirement for the informed
consents prior to the study was given a waiver by the institutional
review board of Asan Medical Center.

Histopathological analysis and immunohistochemistry

All histological and immunophenotypic data of the 109 patients
with cHL were reviewed by two pathologists (JH and YWK).
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According to the World Health Organization (WHO) criteria,
these cases were subtyped as follows: nodular sclerosis (NS),
lymphocyte-rich (LR), mixed cellularity (MC), lymphocyte-
depleted (LD), or not otherwise specified type of cHL.

Representative tumor section paraffin blocks were arrayed
with a tissue-arraying instrument. Each sample was arrayed in
three 1-mm-diameter cores to minimize tissue loss and over-
come tumor heterogeneity. Tissue microarray sections were
arranged in a Benchmark X T automatic immunohistochemical
staining device and detect the protein using OptiView DAB
IHC Detection Kit (Ventana Medical Systems, Tucson, AZ,
USA). Samples were incubated with antibodies specific for
PD-L1 [monoclonal, clone (EIL3N) XP®; Cell Signaling
Technology, Danvers, MA, USA], PD-L2 (monoclonal, clone
176611; R&D systems, Minneapolis, MN, USA), PD-1
(monoclonal, clone MRQ-22; Cell Marque, Rocklin, CA,
USA), VEGF (monoclonal, G153-694, Pharmingen, NJ,
USA), and CD31 (monoclonal, 1A10, Novo, Newcastle,
UK). The staining results were scored based on staining inten-
sity: 0 (no staining), 1 (faint staining = light yellow), 2
(moderate staining = yellow-brown), and 3 (strong
staining = brown). Cases with a score of 2 or 3 were considered
positive. In some fibroblast, endothelial cell, macrophages, and
small lymphocyte, there was a weak positivity (score 1) of
PD-L1 or PD-L2 antibodies.

To minimize the counting of staining in cells other than
Hodgkin/Reed-Sternberg (HRS) cells, we only counted stain-
ing in cells that were morphologically compatible with HRS
cells, avoiding fibroblast, endothelial cell, macrophages, and
small lymphocyte, on the basis of their size, shape, and CD30
staining. We examined protein expression levels of PD-L1,
PD-L2, PD-1, and VEGF in 5% steps. The cutoff values of
PD-L1, PD-L2, PD-1, and VEGF showing most significant
difference in overall survival (OS) were selected. A sample
was considered as high PD-L1 or PD-L2 expression if the
expression of these markers was detected in > 20% of HRS
cells. A sample was considered as high PD-1 expression if
PD-1 expression was detected in > 20% of peritumoral micro-
environment. A sample was considered as high VEGF expres-
sion if 25% or more of the HRS cells showed reactivity to the
VEGEF antibody.

For microvessel counting, the area with the highest vascu-
larization was selected at low magnification (x100). Counting
was performed at high magnification (x400). Three hot spots
were selected per case and quantified simultaneously by two
pathologists. The final MVD for each case was expressed as
the mean number of vessels counted in the three hot spots
scored. Microvessel with a clearly defined lumen or with a
well-defined linear vessel shape was selected for counting.
Branching vessel structures were considered as a single ves-
sel. In situ hybridization (ISH) analysis for EBV-encoded
RNA-1 and RNA-2 (EBER) was performed and scored as
described elsewhere [28].
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Statistical analysis

OS was defined as the interval between the date of diagnosis
and the date of death from any cause. Follow-up of living
patients (with or without events) was censored at their last
follow-up date. Event-free survival (EFS) was defined as the
interval between the date of diagnosis and the date of disease
progression, relapse, or death from any cause. Cumulative OS
and EFS were analyzed by the Kaplan-Meier method.
Comparisons were performed with log-rank testing.
Multivariate prognostic analyses were performed on OS and
EFS with Cox proportional hazard regression model using the
enter method. Categorical variables were compared using chi-
square test. Continuous variables were compared using inde-
pendent ¢ test. All statistical analyses were performed using
SPSS statistical software program (version 18.0; SPSS,
Chicago, IL). All P values are two-sided associations.
Statistical significance was considered when P value was less
than 0.05.

Results
Patient characteristics

The clinical characteristics of the 109 patients included in this
study are summarized in Table 1. Patient age ranged from 15
to 77 years (median, 36 years). Forty-two patients experienced
relapse, disease progression, or death (20 patients died).
Median OS and EFS were not reached. The estimated 5-year
OS and EFS were 82.7 and 58.4%, respectively.

Correlations of PD-L1, PD-L2, PD-1, and VEGF
expression with MVD

PD-L1, PD-L2, PD-1, and VEGF were expressed in 75.2,
11.9, 12.7, and 33% of the specimens, respectively (Fig. 1).
A statistically significant (P = 0.008) positive correlation be-
tween PD-L1 expression and VEGF expression was observed
(Table 2). Similarly, PD-L2 expression had statistically signif-
icant positive correlation with VEGF expression (P < 0.001,
Table 2). However, the correlation between PD-1 and VEGF
expression (P = 0.534) was not statistically significant. PD-L1
and PD-L2 expression levels were not significantly correlated
with PD-1 expression either (P = 0.448 and P = 0.626,
respectively).

When MVD was evaluated as a continuous variable, it was
positively correlated with VEGF expression (P = 0.004). The
mean MVD value of PD-L1-positive tumors was slightly
higher than that of PD-L1-negative tumors, although the dif-
ference between the two was not statistically significant
(15.07 £ 6.61 vs. 13.37 £ 7.26, P = 0.26). MVD was not
significantly associated with PD-L2 (P = 0.587) or PD-1

Table 1 Demographic and clinical characteristics of patients

Characteristics at diagnosis No. of patients (%)

Age, median (range, years) 36 (15-77)
Male gender 64 (58.7%)
Histologic subtype

Nodular sclerosis 72 (66.1%)
Mixed cellularity 22 (20.2%)
Lymphocyte-rich 5 (4.6%)
Lymphocyte-depleted 3 (2.8%)
Not classifiable 7 (6.4%)
Ann Arbor stage

1 20 (18.3%)
I 36 33%)
I 26 (23.9%)
v 27 (24.8%)
Stage (limited vs. advanced)

Limited 40 (36.7%)
Advanced 69 (63.3%)
B symptoms present 36 (33%)
International Prognostic Score > 3 (high-risk) 44 (40.4%)
EBER positivity 42 (38.5%)
Primary treatment

Chemotherapy 80 (73.4%)
Chemoradiotherapy 29 (26.6%)

EBER Epstein-Barr virus-encoded RNA-1 and RNA-2 assessed by in situ
hybridization

(P = 0.613). However, PD-L1 and PD-L2 were significantly
associated with VEGF. We performed correlation analyses
among PD-L1, PD-L2, VEGF, and MVD. The mean MVD
in tumors positive for both PD-L1 and VEGF was significant-
ly higher than the mean MVD in tumors negative for both
markers (17.85 = 7.42 vs. 13.33 + 6.89, P = 0.022, Fig. 2a).
However, patients with tumors positive or negative for both
PD-L2 and VEGF markers showed similar MVD (P = 0.301,
Fig. 2b).

Neither PD-L1-positive expression nor PD-L1-negative
expression was associated with clinical variables. The PD-
L2-positive group had more patients who were younger (100
vs. 53%, P = 0.021). PD-1 positivity was not associated with
clinical variables wither. The VEGF-positive group had more
patients who had NS histologic type (83 vs. 57%, P = 0.031)
and EBER positivity (53 vs. 31%, P = 0.038).

Prognostic significance of PD-L1, PD-L2, PD-1,
and VEGF expression

PD-L1 expression was not significantly associated with EFS

or OS (P=0.477 and P = 0.215, respectively). PD-L2 expres-
sion was not significantly correlated with EFS or OS
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Fig. 1 PD-L1, PD-L2, PD-1, VEGF, and CD31 expression in cHL tissues. a High PD-L1 expression. b High PD-L2 expression. ¢ High PD-1
expression. d High VEGF expression. E High microvessel density with CD31 expression

(P =0.676 and P = 0.309, respectively). High PD-1 expres-
sion group had lower 5-year OS rate (59.3 vs. 85.5%,
P =0.019; Fig. 3a) than PD-1-negative group. However,
EFS rate was not significantly (P = 0.443) associated with
PD-1 positivity (Fig. 3b). VEGF-positive and VEGF-
negative patients also showed similar EFS and OS rates
(P =0.636 and P = 0.427, respectively).

By univariate analysis, IPS (> 3) and high PD-1 expression
were significant factors associated with OS (P = 0.021 and
P = 0.026, respectively, Table 3). By multivariate analysis,
high PD-1 expression and high-risk IPS (> 3) remained as

Table 2  Analysis of relationship among PD-L1, PD-L2, PD-1
expression, and VEGF expression
PD-L1 expression VEGF expression P value
Low (n=73) High (n = 36) 0.008
Low (n=27) 24 (32.9%) 3 (8.3%)
High (n = 82) 49 (67.1%) 33 (91.7%)
PD-L2 expression VEGEF expression
Low (n =73) High (n = 36) <0.001%
Low (n = 96) 71 (97.3%) 25 (69.4%)
High (n = 13) 2 (2.7%) 11 (30.6%)
PD-1 expression VEGF expression
Low (n =67) High (n = 35) 0.5341
Low (n = 89) 57 (85.1%) 32 (91.4%)
High (n = 13) 10 (14.9%) 3 (8.6%)

VEGF vascular endothelial growth factor

TChi-square test by two-sided Pearson’s test; jchi-square test by two-
sided Fisher’s test

@ Springer

independent prognostic markers for OS (PD-1: hazard ra-
tio = 3.000, P = 0.026; and IPS (> 3): hazard ratio = 3915,
P =0.0006, Table 3).

Discussion

This is the first study that reports the correlation of PD-L1,
PD-L2, and PD-1 expression with VEGF expression, and
MVD in patient-matched histological sections of cHL. There
was a positive correlation between VEGF expression and PD-
L1 or PD-L2 expression. The mean MVD value of PD-L1-
positive tumors was slightly higher than that of PD-L1-
negative tumors, although the difference in MVD value be-
tween the two was not statistically significant. The MVD was
significantly higher in tumors positive for both PD-L1 and
VEGF than the MVD in those negative for both markers.
However, PD-L1 was not associated with clinical outcomes.
The HIF pathway is currently considered as a master regu-
lator of angiogenesis [29]. HIF-1x and HIF-2« regulate the
expression of pro-angiogenic genes including VEGF,
GLUT]I, Ang-1, Ang-2, and Tie-2 [29-31]. HIF-1« regulates
VEGF expression and its receptor VEGF-R2, thereby promot-
ing autocrine VEGF signaling loop that can stimulate the pro-
liferation and migration of endothelial cell and tube formation
[32]. HIF-1« also significantly increases the expression of
PD-L1 in macrophages, dendritic cells, and tumor cells [33].
HIF-2x overexpression increases PD-L1 mRNA and protein
levels in clear cell renal carcinoma [30]. In clear cell renal
carcinoma, PD-L1 expression is associated with VEGF
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Fig. 2 Correlations of PD-L1, PD-L2, and VEGF expression with MVD. a A positive correlation between PD-L1, VEGF, and MVD. b No correlation

between PD-L2, VEGF, and MVD

expression [15, 16]. In our analysis, PD-L1-positive cHL was
significantly correlated with HIF signaling pathway including
VEGF and MVD. This interesting finding was similar to that
of previous studies [15, 16, 30, 33].

Previous study revealed that VEGF-A produced in the tumor
microenvironment enhanced PD-1 expression on CD8+ T cells
in mouse models of colon cancer [21]. In our study, VEGF
expression on HRS cells was not correlated with PD-1 expres-
sion. Although we additionally evaluated VEGF-A expression in
the tumor microenvironment of our cases, there was no correla-
tion between VEGF-A expression in the tumor microenviron-
ment and PD-1 expression. The role of VEGF expression in
the tumor microenvironment will have to be clarified in further
studies.

To interpret PD-L1, PD-L2, PD-1, and VEGF immunostain-
ing, we used a measure of percent positivity and staining inten-
sity. The cutoff values of PD-L1, PD-L2, PD-1, and VEGF
showing most significant difference in OS were selected. PD-1
expression was correlated with OS alone; however, other param-
eters were not associated with OS. In the pioneering study by
Muenst et al., patients were classified into two subgroups based

on the prognostic discrimination power of PD-1-positive cells
per square millimeter. They also used the OS to set cutoff [8].
Paydas et al. also used a measure of percent positivity and stain-
ing intensity. But they do not have a description for cutoff of
immunostaining value [9]. Recent study by Roemer performed
double staining of PD-L1 and PAXS and they also measured
percent positivity and staining intensity [34]. A modified H-
score was generated by multiplying the percentage of malignant
cells with positive staining and average intensity of HRS cells.
They did not produce cutoffs of immunostaining value because
they did not perform a survival analysis using H-score. It is
difficult to set cutoff according to immunohistochemistry be-
cause of interobserver or intraobserver variability and technical
problem. Therefore, to use PD-L1, PD-L2, PD-1, and VEGF as a
biomarker, a multicenter study is required to test a specific anti-
body with a standardized technique.

In our study, only 11.9 and 12.7% of samples were de-
scribed as PD-L2 and PD-1 positive, respectively, while PD-
L1 positivity was documented in 75.2% of the samples.

However, previous studies reported that positive rates of
PD-L1 and PD-L2 are similar [3, 34]. Although there is a

Fig. 3 Comparison of survival a
rates according to PD-1. a Overall
survival (OS) was significantly
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Table 3  Univariate and multivariate analysis of overall survival
Covariate HR 95% CI P valuet
Univariate analysis

B symptoms (=) vs. (+) 1.705 0.70-4.13 0.238
EBER (5) vs. (+) 1.539  0.63-3.73 034
IPS <3vs.>3 2947  1.17-7.39  0.021
PD-1 expression ~ Low vs. high ~ 2.996 1.13-7.88  0.026
Multivariate analysis

IPS <3vs.>3 3915 1.48-103  0.006
PD-1 expression ~ Low vs. high ~ 3.000  1.13-791  0.026

HR hazard ratio, CI confidence interval, EBER Epstein-Barr virus-
encoded RNA-1 and RNA-2 assessed by in situ hybridization, /PS
International Prognostic Score

TCox univariate analysis

difference in scoring method and cutoff between studies, the
difference in expression rate between PD-L1 and PD-L2 in
our study is significant. We used different antibodies from
the previous two studies in PD-L1 and PD-L2 immunostain-
ing. We used commercially available antibodies clone
(E1L3N) XP® and clone 176611 for PD-L1 and PD-L2 im-
munostaining, respectively. These antibodies have been wide-
ly studied in solid tumors [15, 35-37]. Since the solid tumor
and hematologic malignancy are different entities, sensitivity
of the antibody to the antigen may be different in the two
diseases. It may be that the PD-L2 antibody used itself has a
lower sensitivity than PD-L1. The positive rate of PD-1 ex-
pression was similar to previous experiments using the same
antibody [9].

In the present study, PD-1 was associated with OS rates.
However, PD-L1 or PD-L2 was not associated with OS rates.
Muenst et al. [8] have found that PD-1 has a negative prog-
nostic impact on cHL [8]. Paydas et al. [9] have reported that
patients with co-expression of PD-1 and PD-L1 have inferior
OS rates, whereas expression of PD-1 or PD-L1 is not asso-
ciated with OS. In our series, cases with co-expression of PD-
1 and PD-L1 were not associated with clinical outcomes.
Recent analysis has revealed highly significant associations
between amplification of PD-L1/PD-L2 and advanced stage
disease at presentation and inferior progression-free survival
in cHL treated with the Stanford V regimen [34]. Although
Roemer et al. [34] reported a correlation between PD-L1 pro-
tein expression and amplification of PD-L1, they did not per-
form prognostic analysis for PD-L1 protein expression. The
reason behind the discrepancy between the results of this
study and the result of Roemer et al. [34] remains unclear.
Further studies are needed to determine the precise prognostic
impact of PD-L1, PD-L2, and PD-1 expression on cHL
patients.

Bevacizumab, an anti-VEGF monoclonal antibody, has
been extensively used in solid malignancies [38—40].

@ Springer

Therapeutic effects of bevacizumab have been investigated
against xenografts of human HL and in five patients with
refractory/relapsed HL. A significant delay in the growth of
HL tumors has been observed in the xenografts model, while
the combination of bevacizumab and gemcitabine has resulted
in partial or complete remission in three of five patients [41].
Since bevacizumab as monotherapy seems to have minimal
responses on relapsed/refractory cHL patients, combination
therapy with nivolumab or pembrolizumab may yield greater
antitumor activity than monotherapy. Combination of
nivolumab and bevacizumab has shown an acceptable toxicity
profile and achieved partial response in patients with ad-
vanced non-small cell lung cancer [42]. Combination of
pembrolizumab and anti-VEGF tyrosine kinase inhibitor axi-
tinib has also shown partial responses or disease stabilization
in metastatic renal cell carcinoma [43].

EBV is categorized as group 1 human carcinogen by the
International Agency for Research on Cancer in cHL based on
its association with lymphoid and epithelial malignancies
[44]. It has been shown that EBV latent membrane protein-1
(LMP-1) can increase VEGF production and some other an-
giogenesis factors such as HIF-1o and interleukin-8 (IL-8)
[45, 46]. Wakisaka et al. [4] have reported that transfection
of an LMP1 expression plasmid into an EBV-negative naso-
pharyngeal epithelial cell line can induce the synthesis of HIF-
1 alpha and VEGF protein. LMP-1 induced expression of IL-
8, which may contribute in part to angiogenesis in nasopha-
ryngeal carcinoma [46]. Our study also found a positive cor-
relation between EBER and VEGF expression.

Limitations of this study include the retrospective design
and relatively small sample size. The tissue microarray design
could not reflect whole tumor because of heterogenous distri-
bution of immunohistochemical stainings.

In summary, our study revealed that PD-L1 expression is
associated with the expression of pro-angiogenic genes, in-
cluding VEGF. Furthermore, patients with co-expression of
PD-L1 and VEGF showed significantly higher MVD than
both negative patients. PD-L1 and VEGF expression had no
prognostic impact on cHL. PD-1 expression alone was asso-
ciated with OS rates. Our findings provide evidence
supporting new therapeutic approaches, including combina-
tions of anti-PD-L1/PD-1 or anti-VEGF therapy in addition
to the current ABVD regimen.
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