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Abstract 

Purpose:  We sought to understand the clinical course and molecular phenotype of patients who showed disease 
progression after programmed cell death ligand 1 (PD-L1) inhibitor treatment but subsequently responded to PD-1 
inhibitor treatment. We also explored the response to PD-1-axis targeted therapy of classical Hodgkin lymphoma 
(cHL) according to genetically driven PD-L1 and programmed cell death ligand 2 (PD-L2) expression.

Methods:  Five patients in a phase II clinical trial of CS1001 (PD-L1 inhibitor) for relapsed or refractory (R/R) cHL were 
retrospectively reviewed. Formalin-fixed, paraffin-embedded whole tissues from the five patients were evaluated for 
9p24.1 genetic alterations based on FISH and the expression of PD-L1, PD-L2, PD-1, major histocompatibility complex 
(MHC) class I–II, and the tumor microenvironment factorsCD163 and FOXP3 in the microenvironmental niche, as 
revealed by multiplex immunofluorescence.

Results:  All five patients showed primary refractory disease during first-line treatment. Four patients received PD-1 
inhibitor after dropping out of the clinical trial, and all demonstrated at least a partial response. The progression-free 
survival ranged from 7 to 28 months (median = 18 months), and 9p24.1 amplification was observed in all five patients 
at the PD-L1/PD-L2 locus. PD-L1 and PD-L2 were colocalized on Hodgkin Reed-Sternberg (HRS) cells in four of the five 
(80%) patients. There was differential expression of PD-L1 and PD-L2 in cells in the tumor microenvironment in cHL, 
especially in HRS cells, background cells and tumor-associated macrophages.

Conclusions:  PD-L1 monotherapy may not be sufficient to block the PD-1 pathway; PD-L2 was expressed in HRS 
and background cells in cHL. The immunologic function of the PD-L2 pathway in anti-tumor activity may be under-
estimated in R/R cHL. Further study is needed to elucidate the anti-tumor mechanism of PD-1 inhibitor and PD-L1 
inhibitor treatment.

Keywords:  Hodgkin lymphoma, PD-1 inhibitor, PD-L1 inhibitor, PD-L2, Molecular phenotype, Tumor 
microenvironment
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Background
Hodgkin lymphoma is a relatively rare malignant dis-
ease that tends to have excellent outcomes. Doxorubicin, 
bleomycin, vinblastine and dacarbazine (ABVD) with or 
without radiotherapy is the most widely accepted first-
line therapy for patients with classical Hodgkin lym-
phoma (cHL). Nonetheless, about 25% of patients relapse 
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or experience a refractory event [1]. Second-line treat-
ment followed by autologous stem cell transplantation 
(ASCT) is the standard approach for R/R cHL, but may 
not be appropriate for elderly and unfit patients. In addi-
tion, some patients may experience recurrence even after 
ASCT; new agents are needed to resolve this problem.

Tissues samples from cHL patients show sparse tumor 
cells (Hodgkin Reed-Sternberg [HRS] cells) in an inac-
tive inflammatory/immune milieu. This observation led 
to the suggestion that it may be possible to reverse cel-
lular immunosuppression in the tumor microenviron-
ment (TME) to kill tumor cells. This led to research on 
immune therapies targeting the PD-1 axis.

The overexpression of programmed cell death ligand 
1 (PD-L1) and programmed cell death ligand 2 (PD-L2) 
in HRS cells due to alterations in chromosome 9p24.1, 
PD-L1 (CD274) and PD-L2 (PDCD1LG2) induces ligands 
to bind PD-1 (CD279) on the surface of T cells to dimin-
ish their immune function [2]. Tumor-associated mac-
rophages (TAMs) contribute the majority of PD-L1 in 
the TME and colocalize with PD-L1+ HRS cells, which 
are in extensive contact with PD-1+ T cells in the micro-
environmental niche [3]. A meta-analysis showed that 
the efficacy of PD-1 or PD-L1 blockade differed signifi-
cantly between patients who were PD-L1 positive and 
those who were not [4]. The blockade of the PD-1/PD-L1 
immune checkpoint could be a treatment target for cHL.

Roemer et  al. [2] evaluated PD-L1 and PD-L2 altera-
tions using fluorescent in  situ hybridization (FISH) and 
found that progression-free survival (PFS) was signifi-
cantly shorter for patients exhibiting 9p24.1 amplification 
in cHL specimens. They also concluded that genetically 
driven PD-L1 expression of HRS cells are potential pre-
dictors of a favorable outcome in patients with R/R cHL 
[5]. A high proportion of PD-L1+ leukocytes [6] was also 
associated with inferior outcomes, indicating that PD-L1 
can serve as a prognostic biomarker.

According to published papers, PD-L1 inhibitor did not 
bring out such good remission rate as PD-1 inhibitor did 
in patients with R/R cHL [7–9]. This suggests that molec-
ular interactions with PD-1 and PD-L2 may also play an 
important role in cHL. Besides, other biomarkers such as 
the TME factors CD163 and FOXP3+ regulatory T cells 
(FOXP3+ Tregs) showed conflicting association with the 
outcome [10–13].

In the present work, we explored the molecular mecha-
nism underlying treatment failure in cHL patients who 
received a PD-L1 inhibitor. In addition, we investigated 
the influence of expression patterns of PD-L1 and PD-L2 
on PD-1 axis-targeted therapy. We also detected the 
expression of PD-1 and MHC class I–II in HRS cells, as 
well as the tumor microenvironment factors CD163 and 
FOXP3 in background cells.

Methods
Study population
We retrospectively reviewed the data of five patients 
from a phase II clinical trial of CS1001 (PD-L1 inhibitor) 
for R/R cHL (clincialtrials.gov identifier: NCT03505996, 
first registration date: 23/04/2018). They all showed pri-
mary refractory disease during first-line treatment, which 
was defined as end-of-treatment positron emission 
tomography-computed tomography (PET-CT) scan posi-
tive. The clinical and therapeutic data of these patients 
were collected from our clinical center. ABVD was given 
as first-line chemotherapy. All of the patients had been 
given several lines of chemotherapy, including BEA-
COPP, GPD, and ICE regimens with or without radiation, 
before CS1001 immunotherapy.

Primary tumor specimens
Primary tumor specimens included five cHL specimens 
and one of normal tissue. Formalin-fixed, paraffin-
embedded whole tissues from tumors were obtained 
from the archives of Zhejiang Cancer Hospital following 
institutional review board approval. Hematoxylin and 
eosin-stained tissue sections, as well as the original diag-
nostic reports were reviewed by a professional hemato-
pathologist. Follow-up data were available up to April 
2021.

Fluorescence In‑situ hybridization
First, 9p24.1 genetic alterations were evaluated by FISH 
assay; probes were purchased from Guangzhou Anbiping 
Pharmaceutical Technology Co., Ltd. (China) for PD-L1 
(GPS PD-L1 CSP9, F.01256-01) and PD-L2 (GPS PD-L2 
CSP9, F.01243). Copy number alterations were defined 
based on the target:control signal ratio according to the 
literature [5]. Fifty HRS cells per tumor tissue were ana-
lyzed. Nuclei with a target:control signal ratio of ≥ 3:1 
were defined as amplified, and those with a signal ratio of 
> 1:1 but < 3:1 were considered as copy gain of these loci. 
Nuclei with a target:control signal ratio of 1:1 but more 
than two copies per probe were defined as polysomic for 
9p24.1. For each patient, the magnitude and percentage 
of 9p24.1 amplification, copy gain, polysomy, and nor-
mal copy numbers (disomy) were recorded. Patients were 
classified based on the degree of 9p24.1 genetic altera-
tion; those with 9p24.1 copy gain lacked amplification, 
and those with 9p polysomy lacked both 9p24.1 copy gain 
and amplification.

Multiplex immunofluorescence
Multiplex immunofluorescence (mIF) was performed by 
staining 4-um-thick FFPE whole tissue sections using 
published protocols. The slides were scanned by a Pan-
noramic MIDI scanner (3DHISTECH, Hungary). The 
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antibodies used were as follows: monoclonal mouse 
antibody against MHC class II (Abcam, UK); rabbit anti-
body against MHC class I (Invitrogen, USA); monoclo-
nal mouse antibody against CD30 (Abcam); monoclonal 
mouse antibody against Foxp3 (Abcam); polyclonal rab-
bit antibody against PD-L1(Proteintech, USA); polyclonal 
rabbit antibody against PD-L2 (Abcam); monoclonal 
mouse antibody against CD68 (Servicebio, China); mon-
oclonal mouse antibody against CD163 (Servicebio); and 
monoclonal mouse antibody against PD-1 (Servicebio). 
The percentages of cells staining for PD-1, PD-L1, PD-L2, 
CD68, MHC class I, MHC class II, FOXP3, and CD163 
were denoted as follows: -, 0%; weak+, 1–5%; +, 6–10%; 
++, 11–30%; +++, 31–60%; and ++++, > 60%.

Follow‑up
Overall survival was calculated from the time of diagno-
sis to death from any cause or the date of the last follow-
up. Follow-up data were available up to April 2021.

Results
Patient characteristics
The characteristics and clinical course of the five patients 
are summarized in Table  1. All of the patients showed 
disease progression after several cycles of a PD-L1 inhibi-
tor in a short time. Four patients were given an PD-1 
inhibitor after they dropped out of the clinical trial, and 
all experienced dramatic and persistent responses (at 
least a PR). The PFS of anti-PD-1 therapy ranged from 18 
to 28 months (median = 27 months) (Fig.  1). Patients 1 
and 2 were assessed using PET-CT, which revealed meta-
bolic remission (Supplementary Fig. 1 A and 1B) during 
treatment with anti-PD-1 therapy. Only patient 3 refused 
anti-tumor therapy and died 1 year after anti-PD-L1 ther-
apy (Fig. 1).

Spectrum of 9p24.1 alterations in cHL
We assessed the spectrum of 9p24.1 alterations in each 
tumor tissue by FISH assay. At the PD-L1/PD-L2 locus, 
9p24.1 amplification was observed in all five patients 
(Fig. 2).

Multiplex immunofluorescence
We labeled the TAMs and HRS cells to explore how 
genetically driven PD-L1 and PD-L2 expression 
responds to PD-1 axis-targeted therapy in the microen-
vironmental niche. The anti-CD68 cells were morpho-
logically consistent with TAMs. Malignant HRS cells 
were identified by a pathologist.

Based on the procedure above, we analyzed the 
expression of PD-L1 and PD-L2 in HRS cells, TAMs, 
and background cells (Table 2). PD-L1 and PD-L2 were 

colocalized on HRS cells in all cases except for case 
1. In case 2, the expression level of PD-L1 was higher 
than that of PD-L2 in HRS cells, TAMs, and back-
ground cells (Fig.  3  A). The PD-L1+ HRS cells were 
surrounded by several TAMs and PD-L1+ background 
cells, and were in close contact. In case 5, PD-L2 was 
more highly expressed in HRS cells, TAMs and back-
ground cells (Fig.  3B). PD-L2+ TAMs contacted the 
PD-L2+ HRS cells indirectly through their interactions 
with PD-L2+ background cells. The other three cases 
all demonstrated differential expression of the biomark-
ers in background cells. The results showed differential 
expression of PD-L1 and PD-L2 in cells in cHL, espe-
cially in HRS and background cells, as well as TAMs; 
all of these cells are in contact with each other (Supple-
mentary Fig. 2).

In addition, our results revealed that PD-1 was 
expressed in background cells in all cases (100%). High 
MHC class I expression was seen in all cell types, while 
MHC class II expression was mostly decreased/absent 
expressed (80%, 4/5) on the background cells. MHC class 
I+ HRS cells were present only in one of the five patients 
(20%). MHC class II expression was negative in HRS cells 
(Table 2).

Discussion
Targeted immune checkpoint molecular drugs have 
demonstrated satisfactory efficacy for R/R cHL. How-
ever, in clinical practice, PD-L1 and PD-1 inhibitors 
showed significant differences in treatment efficacy, with 
the latter eliciting better responses [7–9]. We retrospec-
tively reviewed five patients with R/R cHL treated with 
a PD-1 inhibitor after disease progression during treat-
ment with a PD-L1 inhibitor. PD-L1 and PD-L2 were 
colocalized in HRS cells in patients with cHL. Differ-
ential expression of PD-L1 and PD-L2 was observed in 
cells in the TME, especially HRS and background cells.

In R/R cHL, PD-1 inhibitor blockade of interactions with 
PD-L1 and PD-L2 receptors had an ORR of 66–87%8,9, 
while PD-L1 inhibitors blocking only the PD-L1/PD-1 
immune checkpoint had limited efficacy in the iMA-
TRIX trial (atezolizumab) [7] and a phase II clinical trial 
(CS1001; clicnialtrials.gov identifier :NCT03505996). 
Some PD-L1-negative patients with other malignancies 
occasionally show a good clinical response to PD-1 check-
point blockade [4]. Based on the research above and our 
results, we believe that blocking the PD-1 pathway com-
pletely may lead to better treatment outcomes in cHL 
than blocking either the PD-L1 or PD-L2 pathway.

PD-L2 was detected in HRS cells and monocytes/mac-
rophages in the TME [14]. PD-L2 is expressed at a lower 
rate than PD-L1 in HRS cells (41% vs. 82%) [15] due to 
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genetic factors [16]. In HRS cells, 9p24.1 disomy, poly-
somy, copy gain, amplification and chromosomal rear-
rangement were noted in this study. Previously, a highly 
significant negative association was found between 

residual 9p24.1 disomy and PD-L2 expression [2]. Year-
ley et  al. [17] reported a greater response to pembroli-
zumab in patients positive for both PD-L1 and PD-L2 
(27.5%) compared to those who were positive only for 

Fig. 1  Treatment courses of the five patients

Fig. 2  Alterations of the PD-L1/PD-L2 locus were investigated by FISH using a PD-L1/PD-L2 probe (labeled with Spectrum Red) and a CEP 9 probe 
(labeled with Spectrum Green). Representative FISH images revealed amplification of the PD-L1/PD-L2 locus in Patient 1, indicated by a red signal 
(white arrow)
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PD-L1 (11.4%), among 172 patients with neck squamous 
cell carcinoma. PD-L2 status was also a strong predictor 
of PFS, independent of PD-L1 status, in patients treated 
with pembrolizumab. Longer median PFS and overall 
survival (OS) were observed in PD-L2-positive than PD-
L2-negative patients. Tanegashima et  al. [18] conducted 
a study on the immunosuppressive role of PD-L2 in 
PD-1 signal blockade therapy, in both animal models and 
humans. In animal models, antitumor immune responses 
were significantly suppressed by PD-L2 expression, alone 
or coexpressed with PD-L1 in tumor cells. PD-L2 expres-
sion was also involved in resistance to treatment with 
anti-PD-L1 mAb alone, which was overcome by anti-
PD-1 mAb, alone or combined with anti-PD-L2 mAb. 
Antitumor immune responses were significantly corre-
lated with PD-L2 expression in the TME in renal cell car-
cinoma and lung squamous cell carcinoma.

We found that PD-L2 was expressed in HRS cells 
in four out of five (80%) cases, and was preferentially 
expressed compared to PD-L1 in two cases. Background 
cells were all PD-L2-positve. These results may explain 
why anti-PD-L1 monotherapy failed in these patients. 
Due to the differential expression of PD-L1 and PD-L2 in 
cells in the TME, especially in HRS and background cells, 
blocking only PD-1 and PD-L1 interactions with PD-L1 
monotherapy may disrupt PD-1 and PD-L2 interactions, 
further weakening the anti-tumor effect. In support of 
this hypothesis, all of our patients exhibited a dramatic 
response after blockade of the PD-1 pathway with anti-
PD-1 monotherapy.

According to the literature, MHC class I and 2 expres-
sion in HRS cells was decreased or abolished in 79% 
and 67% of cHL patients, respectively. Patients showing 
decreased or abolished beta 2 M/MHC class I expression 
in HRS cells had a shorter PFS [19]. MHC class II positiv-
ity in HRS cells may predict a favorable outcome of PD-1 
blockade [5]. In our study, MHC class I+ HRS cells were 
present in only one of the five patients (20%), while MHC 
class II expression was absent in HRS cells in all cases, 
largely in accordance with the reports above. In addition, 
high MHC class I expression was seen in background 
cells, while MHC class II expression was decreased/

absent expression (80%, 4/5). All four patients responded 
well to PD-1 inhibitor. Hence, we infer that MHC class I–
II-mediated antigen presentation in the TME (other than 
in HRS cells) also plays an important role in the treat-
ment response.

Tissue samples from cHL patients show small numbers 
of atypical germinal center-derived B-cells (HRS cells) in 
an inactive inflammatory/immune milieu. The TME may 
determine the anti-tumor response in cHL to a greater 
degree than PD-L1 expression in tumor cells. As a major 
component of tumor immune cells, macrophages can be 
classified into tumoricidal M1-like macrophages and pro-
tumoral M2-like macrophages [20]. Macrophages appear 
to play a major role in tumor growth [21]. Klein et  al. 
reported that, at a cutoff of “25% mean macrophage reac-
tivity”, a statistically significant difference in OS was seen 
for CD163 (P = .0006) but not for CD68 (P = .414) [10]. 
Another study showed less intense CD163 than CD68 
staining, and weak non-specific staining of background 
inflammatory and Hodgkin cells [22]. FOXP3 expres-
sion may reflect direct suppression of malignant B cells 
by Tregs in cHL, or the suppression of tumor-supporting 
T cells in the microenvironment. Clinically, FOXP3 cell 
density was useful to discriminate among prognostic 
groups; the group with the most favorable prognosis had 
the highest FOXP3+ density [11]. In our study, staining 
was less intense for CD163 than CD68, with relatively 
weak non-specific staining of background cells. FOXP3 
expression was variable. The roles of CD163 and FOXP3 
in the TME of cHL require more investigation.

Limitations of the present study included its retro-
spective design and limited number of cases. In addi-
tion, all tissue specimens were obtained at diagnosis, i.e., 
there were no specimens from the relapse and refractory 
periods.

Conclusions
PD-L1 and PD-L2 were colocalized in HRS cells in 
most of our patients, and simultaneously expressed in 
background cells. PD-L1 and PD-L2 showed differen-
tial expression, especially in HRS and background cells. 

Table 2  Classification of cells in the microenvironmental niche based on immunofluorescence staining

Patient CD68+ macrophages HRS cells Background cells

CD68 PD-L1 PD-L2 PD-L1 PD-L2 PD-1 MHC-I MHC-II PD-L1 PD-L2 PD-1 MHC-I MHC-II FOXP3 CD163

1 + - - - - - - - ++ + + ++++ Weak+ + Weak+
2 ++ + - + Weak+ - - - + Weak+ + +++ + +++ Weak+
3 + Weak+ - + Weak+ - - - + Weak+ Weak+ ++++ - + Weak+
4 + - - + ++ + +++ - + +++ + ++++ + + Weak+
5 + - + Weak+ ++ - - - Weak+ ++ +++ ++++ Weak+ ++ +
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The immunologic function of the PD-L2 pathway in 
anti-tumor activity may be underestimated in R/R cHL. 
Further study is needed to elucidate the anti-tumor 
mechanism of PD-1 and PD-L1 inhibitor treatment in 
cHL.
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