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ABSTRACT

PD-L2 expression is an important predictor of anti-PD-1 therapy efficacy in patients with head and neck
squamous cell carcinoma (HNSCC). However, whether the PD-L2-based immune signature can serve as
a prognostic biomarker for patients with HNSCC remains unclear. Here, we reported that PD-L2 was
positively stained in 62.7% of tumors, which was more than twice as that of PD-L1, and in 61.4% of
patients with PD-L1-negative tumors. Survival tree analysis (STA) revealed that PD-L2"9" was an inde-
pendent predictor of poor overall survival (OS). Six patterns were generated from STA, demonstrating that
patients with PD-L2'°"CD3"9" were associated with an improved median OS of 72 months and prognostic
index (Pl) of —3.95 (95% Cl, —5.14 to —2.76), whereas patients with PD-L2"9"CD3'°"CD8'" to a median OS5
of 10 months and PI of 1.43 (95% Cl, 0.56 to 2.30). Analysis of single-cell RNA sequencing showed that PD-
L2 expression was associated with IL-6 expression. We confirmed that IL-6 augments PD-L2 expression in
HNSCC cell lines. The PD-L2-based immune signature can serve as an effective biomarker for anti-PD-1
therapy. In addition, PD-L2 may serve as a potential immunotherapeutic target, and we propose anti-IL6
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therapy in the adjuvant setting for patients with HNSCC with high PD-L2 expression.

Introduction

More than 800,000 new cases of head and neck tumors have
been reported in 2018 worldwide. More than 400,000 patients
die from the disease every year, of which approximately 90%
had head and neck squamous cell carcinoma (HNSCC)
subtype."”* Approximately 19-46% of patients with HNSCC
are diagnosed with lymph node metastasis, and 15-50% of
patients develop tumor recurrence after standard care
therapies.”> Although progress has recently been made in
understanding the immune and genomic landscape of
HNSCC, few effective therapeutic options are present for
recurrent or metastatic (R/M) HNSCC.

Accumulating evidence indicates immune dysregulation
within the tumor microenvironment in human cancers,
including advanced HNSCC.5"® PD-1, also known as CD279,
is an important immunosuppression checkpoint molecule,
which is mainly expressed in activated B cells, NK cells,
T cells and APCs.” Blocking immune checkpoint by targeting
the PD-1/PD-L1 axis improves the survival of patients with
recurrent/metastatic (R/M) HNSCC.'>!! For instance, PD-1 or
PD-L1 monoclonal antibodies (mAbs) improve the overall
survival (OS) of patients with melanoma, hepatocellular carci-
noma, gastric cancer and lung cancer.'”"'® However, patients

with HNSCC harboring PD-L1-expressing tumors responded
poorly to anti-PD-1 blockade treatment in several clinical
trials.'”'® Additionally, the clinical benefits of PD-1 mAb
were also seen in PD-Ll-negative patients in some cancer
types, such as in patients with lung squamous cell carcinoma
(LUSC) and renal cell carcinoma (RCC), suggesting that only
evaluating PD-L1 was not sufficient for patient selection.'
These findings highlight the urgent need to explore more
effective immune signature biomarkers in HNSCC.

PD-L2 is another ligand of PD-1, which is similar to PD-L1
in some functions and mainly affects the regulatory T cells.*
PD-L2 is reported to be important for the response of patients
who are PD-L1-negative to PD-1 inhibitors.”’ The PD-1 bind-
ing affinity of PD-L2 is approximately 2-6-fold higher com-
pared to PD-L1.>* PD-L2 was originally found to be expressed
in dendritic and macrophages cells.”” However, recent studies
demonstrated that PD-L2 is overexpressed in many solid
malignancies, including HNSCC,?"** suggesting that abnormal
intratumoural PD-L2 expression promotes immunosuppres-
sion. In certain cancers including colorectal, esophageal, pan-
creatic and renal cell carcinomas, PD-L2 expression has been
reported as an independent marker for poor outcomes.***’
High PD-12 expression on PD-1" tumor infiltrating
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lymphocytes (TILs) was detected, suggesting its immunosup-
pressive role.”®* PD-L2 expression was detected in HNSCC
and prostate cancer, which are typically PD-L1-negative.”"*°
These studies indicated that intratumoural PD-L2 level may
serve as a predictive marker or target for anti-PD-1 therapy
response evaluation in HNSCC.

However, the significance of PD-L2 in immunosuppression
and its therapeutic potential in HNSCC is still obscure.
Therefore, we aimed to establish the value of PD-L2-based
immune signature for predicting and monitoring the responses
of patients with HNSCC to PD-1 inhibitor by evaluating the
levels of immune checkpoint protein and T cell markers,
including PD-1, CD3, CD8, and FOXP3.

Materials and methods
Clinical features of patients with HNSCC

Fifty-nine patients with HNSCC were included in the study. All
patients were admitted to the Department of Maxillofacial and
Otorhinolaryngological Oncology of Tianjin Medical
University Cancer Institute and Hospital and underwent sur-
gery. Retrospective analysis of clinical characteristics including
age, sex, tobacco use, alcohol intake, tumor size and primary
site was conducted. All patients involved in this article have
signed the informed consent form and have been completely
anonymous in this article. This study was approved by the
Ethics Committee of Tianjin Medical University Cancer
Institute and Hospital (Ek2019179).

Sample Deglycosylation in immunohistochemistry

Formalin-fixed paraffin-embedded specimens were used for
immunohistochemistry (IHC) analysis. Tissue slides were incu-
bated with PNGase F overnight at 37°C to remove glycosylation.
The tissue slides were incubated with primary antibodies against
FOXP3 (Abcam 236A/E7, 1:100 dilution), CD3 (Abcam SP162,
1:150 dilution), CD8 (Invitrogen SP16, 1:100 dilution), PD1
(Abcam NAT105, 1:50 dilution), PD-L1 (Invitrogen MIHI, 1:50
dilution) and PD-L2 (R&D Systems 176611, 1:200 dilution). The
sections were PD-L1-positive if >1% of tumor cells were stained in
the cell membrane.> The sections were PD-L2-positive if >5% of
tumor cells had immunoreactivity.”> The sections were PD-
1-positive if >1% of tumor cells had immunoreactivity.”> The
cell densities were measured with Cellsens standard software
(Olympus, Japan) at 200x and defined as the number of cells
positive for each marker (for example, CD3, CD8 and FOXP3) per
field. The upper quartile was defined as the T cell density cutoff
point. The cutoff values for intratumoural counts of CD3", CD8"
and FOXP3" T cells were 47, 74 and 27, respectively, while those
of stromal CD3", CD8" and FOXP3™ T cells were 286, 261 and 88,
respectively. All scores were independently assessed by two
experienced pathologists.

Survival tree analysis model

A survival tree analysis (STA) model was established using
minimal depth and variable importance (VIMP). The thresh-
old of VIMP was set to evaluate the predicted value of the

included variables, which were then sorted into the STA model
based on their importance. The minimum depth negatively
correlated with the predicted value of the variable. The nodes
were evaluated using the Kaplan-Meier analysis.

In vivo xenograft tumor mode

For in vivo experiments, approximately 5 x 10> murine HNSCC
SCC7 cells, were subcutaneously injected into 5-week-old female
C3H immunocompetent mice (n = 28). Mice were injected with
anti-PD-1 mAb (Bio X Cell, BE0146), anti-PD-L1 mAb (Bio
X Cell, BE0112) or anti-PD-L2 mAb (Bio X Cell, BE0101)
every 2 days (150 pg/mouse). The animal study was approved
by the Animal Care and Use Committee of Tianjin Medical
University Cancer Institute and Hospital (TMUaMEC 2017016).

Circulating Tumor Cell isolation

Whole blood samples were incubated with biotin-labeled CD45
antibody (Abcam ab40763, 1:100 dilution) and then exposed to
streptavidin-labeled dynabeads to deplete white blood cells.
Primary antibodies against EpCAM (Cell Signaling Technology
VUI1DY, 1:800) were added to the cell suspension for 1 h and then
stained with Alexa Fluor® 488 (Abcam) to identify circulating
tumor cells (CTCs). Enriched cells were washed with PBS and
centrifuged at 800 g for 5 min. The sample was then detected using
a BD FACSARIA III cell sorter (BD biosciences, USA).

TlILs isolation and analysis

Fresh tumor tissues from mice were cut into pieces (<5 mm?)
and treated with collagenase for 1.5 h at 37°C. Then, tissue
homogenates were filtered through 70-pm cell strainer. Density
centrifugation was separated by Ficoll-Paque TM PLUS gradi-
ents and removed the supernatant. After centrifugation, plasma
portion was discarded, and lymphocytes monocytes platelets was
collected. And TIL cells were recovered and stained using CD3-
FITC ((BioLegend 100203, 1:50 dilution)), NK1.1-APC-Cy7
(BioLegend 108723, 1:20 dilution), CD8-PE (BioLegend
344705, 1:20 dilution), CD45-PerCP (BioLegend 368505, 1:20
dilution), and IFNy-APC (BioLegend 502529,1:20 dilution). BD
FACS Canto II (BD Biosciences) cytometer was used to analyze.

Single-cell sequencing

Sample preparation, single cell capture, reverse transcription,
c¢DNA amplification, library construction, RNA sequence and
data analysis were performed by the Gene Denovo Company
(Guangzhou, China). Briefly, we obtained fresh HNSCC pri-
mary tumor tissues from two treatment-naive patients
admitted to the Department of Maxillofacial and
Otorhinolaryngological Oncology of Tianjin Medical
University Cancer Institute and Hospital. The samples were
immediately dissociated with the Gentle MACS Dissociator
(Miltenyi Biotec). Due to the two samples had identical AJCC
stage, primary site, pathological type and differentiation status,
we mixed the single cell suspension of two samples with same
label in order to obtain enough cell, and generate the single-cell
libraries. Next, count single cells with Countess® II Automated



Cell Counter and adjusted cell concentration to 1000 cells/pL
approximately. We collected 20,000 cells and actually 14,343
cells were input to Chromium Controller that generates single-
cell Gel Bead-In- Emulsions (GEMs). Then, lyse cells to extract
RNA, and the RNAs were reverse-transcribed into cDNA,
followed by PCR amplification (53°C, 10 min; 85°C, 5 min
and 4°C hold). Libraries were constructed with Chromium
Next GEM Single Cell 3’ Reagent Kits v3.1 and were sequenced
using Nova 6000 sequencing system (Illumina). Using the
CellRanger and quality control criteria (number of uniquely
detected genes: 100-6000/cell, number of unique molecular
identifier (UMI) < approximately 35,000/cell and mitochon-
drial gene expression <10%), we handled dropouts and doub-
lets briefly, finally obtained single-cell transcriptomes for
approximately 13,903 cells. Single cell RNA sequencing
(scRNA-seq) data analysis, including standardization, cell sub-
population, differential expression analysis and marker gene
screening, were performed using the Seurat software which was
the main R package used in scRNA-seq data analysis to per-
form quality control,>*** principal component analysis
(PCoA), the uniform manifold approximation and projection
for dimension reduction (UMAP) analysis. To overcome the
extensive technical noise, PCoA was performed based on
highly variable genes. Then, UMAP was used to further sum-
marize the result of principal components. Raw scRNA-seq
data were uploaded to the GEO database (GSE163872).

Pathway Profiling and Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was used to analyze
scRNA-seq data. We first generated a list of all differentially
expressed genes among every cluster, then used Hallmark gene
sets from the Molecular Signatures database (MSigDB v7.2) to
analyze every cluster and compared the target cluster with
other clusters to find associated signatures or pathways. The
gene sets from the GSEA were significant if nominal p-value
was <.05 normalized enrichment score (NES) was >1, and false
discovery rate (FDR) g-value was <.25. The gene set variation
analysis (GSVA) algorithm was further implemented to esti-
mate and compare the cancer hallmark-associated statuses
between clusters. GSVA scores using the Wilcoxon rank-sum
test were used to calculate statistical significance.

Statistical analysis

Experimental results were analyzed using Mann-Whitney U test
or Wilcoxon paired t-test, McNemar’s or chi-squared test and
ANOVA test. Multivariate Cox regression models and Kaplan-
Meier analysis were used to assess survival. Statistical analyses
were conducted using SAS version 9.4 (SAS Institute Inc., North
Carolina, USA) and Prism version 8 (GraphPad Software,
California, USA). Statistical significance was defined as p < .05.

Results
Patient characteristics

In the study, a total of 59 patients with HNSCC aged 28-
77 years (median, 58 years) were included. Majority of the
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patients were male (69.49%) and smokers (61.02%), with 28
cases of primary tumors in the oral cavity. Forty-eight (81.4%)
deaths were recorded, with a median follow-up time of
45 months. All patients whose tumor specimens were used to
analyze PD-L2 and PD-L1 expression underwent surgery at the
time of diagnosis and did not receive any neoadjuvant therapy,
including chemotherapy or radiotherapy. The clinical and
pathological features of the patients are detailed in Table 1.

PD-L2 is expressed in the majority of patients with HNSCC

IHC staining revealed PD-L2 expression in the majority of
tumors (37/59, 62.71%, Figure la). Moreover, PD-L2 levels
were strongly correlated with AJCC staging (p = .0327, Table
1, Figure 1b). Compared to that in non-metastatic tumors, the
density of intratumoural PD-L2" cells were significantly higher
in samples of lymph node metastatic tumors (p = .0006;
Figure 1c). The expression of PD-L1 was detected in 15 of 59
specimens (25.42%), and the staining density and intensity of
PD-L1-positive tumor cells were significantly weaker than
those of PD-L2-positive tumor cells (Supp. Figure la). The
expression of PD-L1 and PD-L2 was strongly correlated
(p < .0001; Supp. Figure 1b) in the tumors. Moreover, 61.36%
of the tumor specimens were PD-L2-positive in PD-L1-
negative samples (Figure 1d). Compared to specimens

Table 1. Clinico-pathological characteristics of 59 HNSCC patients and association
with PD-L2 expression.

Overall PD-L2
(n) Low High p value®
All HNSCC cases 59 41 18
Age, years
Median Age 58 59 55.5 0.9016
Range (Min, Max) 28,77 28,77 45,74
<65 43(72.88) 30(73.17) 13(72.22) 0.9399
=65 16(27.12)  11(26.83)  5(27.78)
Sex
Female 18(30.51)  11(26.83)  7(38.89) 0.3543
Male 41(69.49) 30(73.17) 11(61.11)
Tobacco use
Yes 36(61.02) 26(63.41) 10(55.56) 0.5687
No 23(38.98)  15(36.59)  8(44.44)
Alcohol consumption
Yes 26(44.07) 19(46.34)  7(38.89) 0.5955
No 33(55.93) 22(53.66) 11(61.11)
Primary Site
Oral Cavity 28(47.46) 18(43.90) 10(55.56) 0.7964
Oropharynx 6(10.17) 4(9.76) 2(11.11)
Larynx 22(37.29) 17(41.46) 5(27.78)
Hypopharynx 3(5.08) 2(4.88) 1(5.56)
Lymph node metastases
Yes 16(27.12) 6(14.63) 10(55.56) 0.0011
No 43(72.88) 35(85.37)  8(44.44)
Tumor Size (cm)
<2 25(42.37) 28(77) 6(33.33) 0.3518
>2 34(57.63) 30(73.17) 12(66.67)
Differentiation grade
Well 18(30.51) 14(34.15)  4(22.22) 0.0371
Moderate 32(54.24) 24(58.54)  8(44.44)
Poor 9(15.25) 3(7.32) 6(33.33)
AJCC stage
I 14(23.73)  13(31.71)  1(5.56) 0.0327
I 20(33.90) 15(36.59) 5(27.78)
1l] 11(18.64) 7(17.07) 4(22.22)
1 14(23.73) 6(14.63) 8(44.44)

2p value is obtained by Pearson chi-square, Aump. Sig., two tailed.
Pp < 0.05 was designated as significance.
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Figure 1. Expression and distribution of PD-L2 in HNSCC specimens. (a) Representative immunohistochemistry (IHC) staining of PD-L2 in human HNSCC tumors. PD-
L2 staining is negative if value is 0, weak if value is 1+, moderate if value is 2+, and strong if value is 3 + . Scale bar: 20 um. (b) Comparing PD-L2 expression in different
AJCC stages by Box plots. (c) Comparing PD-L2 expression in tumors with or without lymph node metastasis by Dot plots. (d) Correlation between the expression of
intratumoural PD-L2 and PD-L1 using McNemar’s test. (e) Representative IHC staining of PD-L2 level in stromal cells. Comparison of PD-L2* cells in intratumoural and
stromal density using paired t tests. (f) Representative IHC staining of PD-L2 on a commercially purchased tissue microarray (HN803f, US Biomax) containing 61 primary
and 8 metastatic HNSCC samples and 11 adjacent normal tongue specimens. (g) Differential expression of PD-L2 in normal tongue tissues, primary HNSCC specimens

and metastatic HNSCC samples.

expressing only PD-L1, specimens expressing both PD-L2 and
PD-L1 and those expressing only PD-L2 were more common.
These results show that the intratumoural PD-L2 level was
higher than that of PD-L1 in HNSCC specimens, suggesting
that PD-L2 plays a compensatory role in immunosuppression
in the absence of PD-LI.

Forty-three HNSCC specimens were PD-L2-positive in the
stroma. The density of PD-L2-positive cells in tumors was
higher than that in stroma, although the difference was not
statistically significant (p = .1817; Figure le). Also, PD-L1
expression in the stroma was not statistically significant
(p = .1516; Supp. Figure 1c). There was no association between
the expression intensity of tumors expressing PD-L1 and PD-
L2 in the stroma (p = .0737; Supp. Figure 1d).

We further validated PD-L2 expression in HNSCC speci-
mens obtained from a commercially available tissue microarray
(TMA HNB803f, Biomax US) (Figure 1f, Supp. Figure 2), which

included 61 primary HNSCC tissues, eight metastatic HNSCC
tissues and 11 normal tongue tissues. We confirmed that
86.96% of tumor specimens were PD-L2-positive and meta-
static tumors exhibited a higher level of PD-L2 compared to
primary tumors and non-tumor tissues (Figure 1g).

PD-L2 expression and clinicopathological features of
HNSCC specimens

PD-L2 expression had a positive relation with lymph node
metastasis, AJCC staging and differentiation grade (p =.0011,
.0327 and .0371, respectively; Table 1). In univariate analysis,
primary site, lymph node metastasis, differentiation grade
and clinical stage (AJCC 2018), intratumoural PD-L2, CD3,
CD8, and stromal CD3 were associated with poor prognosis
(Table 2). Notably, 62.5% (10/16) of the tumors displayed
moderate or high PD-L2 staining in patients with lymph
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node metastasis. The status of PD-L2 (HR, 11; 95% CI, 3.424-
34.821; p < .0001) and CD8 (HR, 0.14; 95% CI, 0.05-0.399;
p = .0002) were independent prognostic factors for tumors
(Table 3).

PD-1 expression is associated with PD-L2 expression

PD-L2 plays a significant role in immune escape in HNSCC by
binding to PD-1-positive TILs. In total, 38.98% (23/59) of
tumor specimens were positive for PD-1-positive TILs. PD-
1-positive cells showed higher levels of CD8 expression, and
PD-1" TILs had a positive correlation with CD8" TILs
(p = .009; Figure 2a). PD-1 positive TILs were detected in 4
out of 22 (median, 9.5 counts; range, 5-11) PD-L2-negative
specimens and in 19 out of 37 (median, 20 counts; range, 1-79)
PD-L2-positive samples. Notably, the median counts of PD-1"
TILs were positively correlated with PD-L2 expression inten-
sity (p < .0001, Figure 2b).

Four different tumor microenvironments were observed:
type I, adaptive immune resistance, was observed in 32% of
cases with TIL and PD-L1 expression; type II, immunologic
ignorance, was observed in 22% of cases with lack of both TIL,
PD-L1 or PD-L2; type III, intrinsic induction, as observed in
39% of cases with PD-L1 and PD-L2 expression and TIL
deficiency; and type IV, tolerance, was observed in 7% of
cases with TILs and lack of PD-L1 expression (Figure 2c). In

addition, the presence of PD-L2 and PD-1 with the absence of
PD-L1 were frequently observed (Figure 2d).

PD-L2 plays a critical role in immune suppression in
a mouse xenograft tumor model

Next, we established a C3H immunocompetent mouse model
and examined the potential role of PD-L2 in the presence of
PD-L1 (Figure 3a). MAD of PD-1 or PD-L2 displayed signifi-
cant anti-tumor effects, whereas PD-L1 mAb exhibited limited
inhibitory effect on tumor growth (Figure 3b, c). We showed
that the number of activated CD8IFN-y™ T cells in TILs of the
PD-L2 mAb group was twice as that of the PD-L1 mAb group
(Figure 3d and Supp. Figure 3a). Similar patterns were found in
CD335" NK and NK1.1" NKT cell counts (Figure 3e, f and
Supp. Figure 3b, c¢). In contrast to the PD-L1 mAb group,
cytotoxic T cell activity was elevated in the PD-L2 mAb
group, as indicated by immunostaining of granzyme
B (Figure 3g). These results demonstrated that treatment with
the mAb of PD-1 or PD-L2 could dramatically induce immune
cell infiltration in tumors. In addition, CTCs, representing
a high capacity of tumor metastasis, were significantly reduced
in both PD-1 mAb and PD-L2 mAb groups (Figure 3h and
Supp. Figure 3d). Taken together, in comparison with PD-L1,
PD-L2 played a major immunosuppressive role in our in vivo
model.
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Table 2. Univariate analysis of overall survival factors.

Table 3. Multivariate analysis of overall survival factors.

Univariable analysis

Multivariable analysis

Patient Characteristics N (N =59) Hazard Ratio 95% Cl p value® Patient Characteristics Hazard Ratio 95% Cl p value®
Age, years Primary Site
<65 43 Ref 0.4598 Oral Cavity 0.54 0.08 3.585 0.5203
265 16 0.78 0413 149 Oropharynx 0.42 0.068 2524 0.3401
Sex Larynx 0.66 0.072 6.039 0.7116
Male 41 Ref Hypopharynx
Female 18 0.65 0335 1.251  0.1955 Lymph node metastases
Primary Site Yes 1.2 0.414 3.496 0.7342
Oral Cavity 28 0.28 0.078 0977  0.046° No Ref
Oropharynx 6 0.28 0.08 0956 0.0423 Differentiation grade
Larynx 22 0.38 0.088 1.603 0.1858 Well 0.31 0.111 0.851 0.0232
Hypopharynx 3 Ref Moderate 0.61 0.231 1.604 0.3156
Lymph node metastases Poor Ref
Yes 16 2.6 1367 4.761 0.0033 AJCC stage
No 43 Ref -1l 0.37 0.173 0.796 0.0109
Tumor Size(cm) -v Ref
<2 25 0.69 0387 1.24 0.2166 pD-L2""tr
>2 34 Ref Low
Differentiation grade High 11 3424 34.821 <.0001
Well 18 0.22 0.094 0.537 0.0008 pD-L7""
Moderate 32 0.37 0.172 0.814 0.0132 Low Ref
Poor 9 Ref High 2.1 0.816 5.646 0.1217
AJCC stage cp3'nte
-l 34 29 1.742 5.701 <.001 Low Ref
-1v 25 Ref High 0.55 0.232 1.324 0.1843
PD_LZInlra CD3St
Low 41 Ref Low Ref
High 18 3.6 1927 6.836 <.0001 High 0.56 0.23 1.263 0.1548
PD-L1 Intra CDSIntra
Low 44 Ref Low Ref
High 15 2.1 1.091 4.207 0.027 High 0.14 0.05 0.399 0.0002
CD3Intra PD_-IIntra
Low 44 Ref Low Ref
Higl; 15 0.43 0.204 0.893  0.0238 High 13 0.554 2.895 0.5757
t
D3 2p value is obtained by Pearson chi-square, Aump. Sig., two tailed.
Low 44 Ref b . A
- p < 0.05 was designated as significance.

High 15 0.45 0.218 0.943  0.0342
CDglntra
Low 42 Ref
High 17 0.48 0.243 0946  0.0341 .
CDggSt (Figure 4b). The number of FOXP3" Tregs, CD3" T cells and
Low 43 Ref CD8" T cells were positively correlated in the tumor bulk
I|;|(I)g)?P3'""a 16 0.77 0339 1486 0436 (p <.0001, Figure 4c). In the tumor bulk, a positive correlation
Low 44 Ref was found among the density of, PD-L2* tumor cells and CD3"
High 15 0.63 0322 1244 0.1841 T cells (p = .0289), CD8" T cells (p = .0004), FOXP3" Tregs
[g\i\(/% “ Ref (p = .0063; Figure 4d). However, there was no significant
High 15 0.62 0309 1255  0.1849 association between stromal PD-L2 and CD3, CD8 and
PD-1'"" FOXP3 (Supp. Figure 4). Therefore, PD-L2 is strongly asso-
Low 36 Ref : : : : :

ciated with the expression of immune-related genes in tumor
High 23 2 1133 3.631 0.0174 P &
PD-15t cells.
Low 18 Ref
High 41 1.4 0.715 2577 0.35

ap value is obtained by Pearson chi-square, Aump. Sig., two tailed.
Pp < 0.05 was designated as significance.

PD-L2 correlates with immune-related protein expression
in HNSCC

With the above demonstration of PD-L2 in anti-tumor immu-
nity in HNSCC, we further studied the correlation between the
expression of immune-related genes and PD-L2 (Figure 4a).
We found that in the tumor bulk, the density of CD8" T cells,
CD3" T cells and FOXP3" Tregs was dramatically lower than
that in the stroma (p < .0001; Figure 4b). In both intratumoural
and stromal regions, the number of CD8" or CD3™ T cells was
significantly higher than the number of FOXP3" Tregs

Prognostic model for predicting OS in HNSCC

We validated that high expression of intratumoural PD-L2
indicates a shorter OS (median OS, 25 months vs. 60 months;
p < .001; Figure 5a). The expression of CD3 (p = .2785,
Figure 4e), CD8 (p = .0805, Figure 4e) and FOXP3
(p = .1074, Figure 4e) was divided into two groups without
a direct relationship with OS. Therefore, we assumed that
immune cells might affect OS differently due to tumoral and
stromal expression. This notion was supported by our data
showing that the expression of CD3, PD-1 and CD8 was at
least partially involved in OS (Figure 5a). More importantly,
evaluation of T cell subpopulations with different biomarker
expression may be a more accurate prognostic signature for
predicting OS in HNSCC. To select survival-related variables,
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expression of intratumoural PD-L2 and intratumoural/stromal
CD3, PD-1, FOXP3 and CD8 was included in our STA model.

We found that intratumoural CD3, CD8, and PD-1 levels
significantly influenced OS. PD-L2 was the most influential
variable in importance analysis. While stromal PD-1, stromal
CD8, and intratumoural and stromal FOXP3 levels had VIMP
scores of —0.0013, —0.0022, 0.0011 and —0.0026, they all had the

maximal values with a minimal depth higher than the cutoff
value of minimal depth (0.9308); thus, they were excluded from
the STA model (Figure 5b).

Our study identified six nodes that could characterize the
prognostic signature in HNSCC or in the current cohort.
The prognostic ~marker for patients harboring
intratumouralPD-L2°Y i omaiCD3M8" was related to the best
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median OS of 72 months, while the worst survival occurred These findings verified our hypothesis that multiple immune
in node 4 with a median OS of 10 months (intratumouralPD-  marker signature models can differentiate OS in relation to
L2high low low) (Figure 5c). stromal and intratumoural immune signatures in HNSCC to

intratumouralCD 3 intratumc:)uralCD8
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better predict therapeutic outcomes and prognosis, with

low

intratumouralCD8 signature, the prognostic index for

advantages over single marker models. Of note, compared patients with intratumouralPD-L2Y i roma CD3M8E signature

to patients with intratumoural PD-L2180

intratumouralCD3

low

predicted a longer OS (Figure 5d).
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PD-L2 is associated with cytokine IL-6

To study the association between PD-L2 and other factors,
scRNA-seq was used to analyze the expression of PD-L2
derived from two patients with HNSCC (Figure 6a, Table SI).
Dimensional reduction analysis using the UMAP method
revealed a diversity in tumor and nonmalignant cell types
(Supp. Figure 5). We partitioned cells into preliminary clusters
based on their global expression patterns and annotated clus-
ters as cancer cells, myocytes, cancer-associated fibroblasts,
normal fibroblasts, endothelial cells and immune cells by spe-
cific marker genes (Supp. Figure 5). To better analyze the
heterogeneity of cancer cells, we further identified subclusters
of cancer cell clusters and the cancer cells were further parti-
tioned into six clusters (Supp. Figure 6), and we found that cells
expressing high expression of PD-L2 was enriched in cluster 2
(Figure 6b).

To gain further insight into the role of PD-L2 expression in the
clinical setting, we first used the likelihood-ratio test to identify
differentially expressed genes (DEGs) in PD-L2-enriched cluster 2,
compared to other clusters. We identified 819 upregulated DEGs
(Supp. Figure 7a, p < .01, fold change > 1.5, and gene expression >
.05). We found that several poor prognosis-related genes were
included in the 819 DEGs (Supp. Figure 7b). Based on GSEA
analysis, the high PD-L2 expression associated signatures were
enriched in “HALLMARK HYPOXIA”, “HALLMARK INFL
AMMATORY_RESPONSE”, and “HALLMARK_TNFA_SIGN
ALING_VIA_NFKB” groups, with normalized enrichment scores
and p < .002 (Supp. Figure 7 c). To confirm this result, GSVA
analysis was performed to estimate and compare the cancer hall-
mark-associated status of each cluster. Compared to other clusters,
cluster 2 showed higher expression of genes belonging to
“HALLMARK_EPITHELIAL_MESENCHYMAL TRANSITIO-
N>, “HALLMARK_HYPOXIA” and “HALLMARK INFLAMM
ATORY_ RESPONSE” groups (Figure 6¢). In particular, IL-6,
which is associated with the Th2 cytokine response, was recognized
as an overlapping gene, suggesting that it is associated with high PD-
L2 expression (Figure 6d, Supp. Figure 7d, e).

To further verify the potential interaction between PD-L2
and IL-6, we performed IHC of 59 human HNSCC samples.
A total of 59.32% (35/59) of the HNSCC specimens were IL-
6-positive, including 27.12% of weak staining, 20.34% of mod-
erate staining and 11.86% of strong staining (Figure 6e).
Patients with high expression of IL-6 had poorer OS
(p = .024; Figure 6f) and IL-6 levels were positively correlated
with PD-L2 levels (p < .0001; Figure 6g).

As an inflammatory gene, IL-6 is involved in the suppres-
sion of activated T cells.’® We further investigated its correla-
tion with FOXP3, CD8 and CD3, and found that IL-6
expression was positively correlated with CD8 cells in tumors
(p = .0039; Figure 6g and Supp. Figure 8a, b, Table S2),
suggesting that the poor survival of patients with high PD-L2
levels is caused by higher IL-6 secretion. To further validate
this hypothesis, we evaluated PD-L2 expression in response to
IL-6 stimulation in vitro. Both mRNA and protein levels of PD-
L2 were significantly elevated by IL-6 treatment (Figure 6h, i).
These results suggest that the TH2-related cytokine IL-6 con-
tributes to abnormal PD-L2 expression in HNSCC.

Discussion

In this study, the clinical significance of PD-L2 status in
HNSCC was systematically analyzed for the first time. We
highlighted that PD-L2 is a promising immune checkpoint
target for immunotherapy and demonstrated its prognostic
value in HNSCC. This study uncovered immune heterogeneity
in patients with HNSCC. We also provided an immune signa-
ture based on PD-L2 to improve the accuracy of postoperative
survival prediction in patients with HNSCC, instead of a single
immune marker, thereby overcoming the therapeutic obstacle
in PD-1-and PD-L1-based therapies.

Our research indicates that PD-L1 is expressed in tumor
cells in approximately 25.42% of HNSCC specimens, compared
to the previously reported 46-52% in HNSCC.”” One previous
study showed that immunomodulatory cell-surface glycopro-
tein is heavily glycosylated, which leads to inaccurate antibody
binding and weak signal intensity.”® Therefore, we removed
PD-L1/PD-L2 glycosylation in tissue samples by enzymatic
digestion, resulting in a more accurate antibody-based PD-L1
/PD-L2 evaluation. Different research groups have shown
intratumoural PD-L1 expression having variable relationship
with  clinicopathological ~features and prognosis.””™*!
Moreover, the objective response rate (ORR) of PD-L1 mAb
monotherapy is often less than 20% without significant survival
benefits in several human tumors, including HNSCC. 1942

The significance and predictive role of PD-L2 in immu-
notherapy for HNSCC remains unknown. We found that
62.71% of patients with HNSCC were PD-L2-positive.
Consistently, PD-L2 overexpression was dramatically more
prevalent than PD-L1 expression in prostate cancer adenoid
cystic carcinoma.”®*® The median OS of patients with high
levels of PD-L2-expressing tumors was shorter than that of
patients with low levels of PD-L2-expressing tumors.
Consistent with the IHC staining data, tumor growth in mur-
ine tumor models further confirmed that striking tumor
shrinkage was found in mice treated with mAb of PD-L2 or
PD-1, whereas PD-L1 mAb exhibited limited tumor growth
inhibition, suggesting a key role of PD-L2 in immunosuppres-
sion or tumorigenesis in HNSCC. Similar results were also
reported for RCC and LUSC animal models."” These findings
suggest that the PD-1/PD-L2 signaling axis plays a more sig-
nificant role in cancer immune evasion than the PD-1/PD-L1
axis in human epithelial cancers, including HNSCC.

Based on the expression of PD-L1, PD-L2 and PD-1 in
tumor microenvironment, HNSCC was categorized into four
subtypes.” Our results showed that 61.36% of patients were
PD-L2-positive and PD-L1-negative. IFN-y signaling triggers
PD-1 ligand expression via targeting STAT3, c-FOS and
STAT1.*>** IFN-B regulates the PD-L2 status at the transcrip-
tional level through RF1 and STAT3, which can weakly bind to
the PD-L1 promoter.*> During Th2 response, PD-L2, rather
than PD-L1, is the predominant ligand for PD-1.*> Moreover,
PD-L2 transcription is related to IL4/IL13/STAT6 pathways
and Th2 cy‘[okines.44 In addition, post-translational modifica-
tion may inhibit PD-L1 expression in response to IL-6 or EGF
stimulation, and PD-L2 may compensate for the immunosup-
pressive role independent of PD-L1.***” Notably, HNSCC



ONCOIMMUNOLOGY €1947569-11

a b d
41 PDCD1LG2
Patients with
@ tongue HNSCC
L7 iy ' 2]
ET cells cancer cells 5 N[
H | o
2 primary tumors | ) ; <§( 0
— ] - 1
Single cell RNASeq | ¢ P 2
! Endothelial 5 )
! cells Fibroblasts !
L i ' 0 ' . Cluster 2 VS others DEGs H EMT
c UMAP_1 [ Hypoxia (] inflammatory
HALLMARK_INFLAMMATORY HALLMARK_EPITHELIAL
“RESPONSE MESENCHYMAL_TRANSITION HAE ORI HIRCHS
. : : : » bt 4 - co
. . ° .
B2 2 8 . . ! $ 025] . ° . B
0.25 . . B3 C2
o [ o
§ 0.1 S § B c3
S 0 < . S o . c
T RCTELL FTHERS | SR
o1 H H
-0.25; 025
02 o
. o 9 g : . 2 °
03 . * . . . * .

C5 . C1 €2 €C3.C4 . C5 C0O C1 C2 C3 C4 C5

e f g
100 —LowIL-6 p<0001+ * ' 00 p=0039
B i HighIL6| 22 = ‘
% p=024 | E150 £150
3
@ 60 L0 L0
g Sson Sa /
[(e]
€20 A S 2% :
) og.s . 0 e & b
0 40 80 120 0 50 100 150 0 100 200
h Month after surgery  _ PD-L2(cellmm?) CDB8(celllmm?)
1
*

o2 100 100
; a 2 80 80

o o~
€% 3 60 4 60
g5’ £ 40 o 40
83 20 20
Q O
X s 0 0

@ o 010 10% 10° 10°* 010 102 10° 10*

SCC25 SCC15 SCC25 Sceis

. Isotype control . control . IL-6

Figure 6. PD-L2 expression is associated with cytokine IL-6 expression. (a) Workflow shows collection and processing of fresh biopsy samples of primary tongue
tumors for scRNA-seq. (b) Uniform manifold approximation and projection (UMAP) plot showing the distribution of expression of PD-L2 in cancer cells. (c) The status
characterization ~ of cluster 2. Boxplots showing the gene set variation analysis (GSVA) scores of each cell cluster for
“HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION”, “HALLMARK_ HYPOXIA” and “HALLMARK_ INFLAMMATORY_ RESPONSE". P value was obtained by Wilcoxon
rank-sum test. (d) IL-6 was overlapped in multiple PD-L2 related signaling pathways. (e) Representative IHC staining of IL-6 expression. Scale bar: 20 um. (f) Kaplan-Meier
curves for OS based on IL-6 expression. (g) Scatter plots for IL-6 and intratumoural PD-L2 and CD8 levels using ANOVA test. (h) Effect of IL-6 on intratumoural mRNA
expression levels of PD-L2 in HNSCC cells as analyzed by RT-gPCR. (i) Flow cytometry analyses using PD-L2 mAb were performed to detect cell-surface PD-L2 expression
in numerous human HNSCC cell lines.

develops in the background of chronic inflammation with patients with HNSCC which displayed increased IL-4/6/10
documented Th2-skewed inflammatory state. Th2 bias has levels and decreased Thl cytokine IFN-y levels compared to
been confirmed by the plasma cytokine profile in samples of ~age-matched controls.***’ Patients with advanced HNSCC
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often have elevated levels of secreted 1L-4/6.>° Therefore, PD-
L1 expression is influenced by activating L858R or T790M
mutations, exon-19 deletions of the EGFR gene, whereas
none of these mutations were present in HNSCC, partially
explaining the above question.”’~>> Moreover, specific PD-L2
expression patterns suggest that PD-L2 serves as an important
downstream effector molecule in chronic inflammation-
induced tumor cell survival.

In our study, single cell sequencing analysis combined with
GSEA and GSVA analysis revealed that IL-6 was one of the
overlapping genes in PD-L2-enriched cluster 2 compared to
the other clusters. IL-6 exerts inhibitory activity on Thl and
Treg differentiation or function and induction of Th2 differ-
entiation in HNSCC.*>**** IL-6 stimulation increases PD-L2
mRNA and protein levels in SCC15 and SCC-25 cells. We
further explored its correlation with immune-related genes
and found that IL-6 was positively correlated with intratu-
moural CDS8 levels. Patients with high PD-L2 levels displayed
a shorter OS due to the immunoregulatory function of IL-6 in
human cancers. Blocking IL-6 using a mAb, tocilizumab, as
a monotherapy, has been shown to decrease tumor growth of
HNSCC in pre-clinical models.> Tocilizumab has been proven
to overcome resistance to erlotinib and induce cell death in
HNSCC.” These studies show that immune checkpoint inhi-
bitors in combination with IL-6 antibody may benefit patients
with intratumouralPD'L2high fow
aCD8 Y.

Previous studies have found that PD-L2 is closely related to
immune-related pathways,* especially regulation of T cell pro-
liferation function.””*® In our study, most specimens expressed
TILs; however, not all TILs were directly related to prognosis.
Stromal PD-L2 levels were also evaluated to explore its possible
relationship with TILs in HNSCC. Nevertheless, we excluded
stromal PD-L2 levels for further analysis due to a lack of
association with OS. STA is a more precise method than
a single clinical parameter-based signature. Thus, the STA
analysis suggested synergetic evaluation of PD-1, CD3, CD8
and PD-L2 levels, which provides a more effective and accurate
molecular subtyping model than using a single molecule-based
model for outcome prediction for patients with HNSCC.

In conclusion, we defined a PD-L2-based immune signature
that could distinguish between different subtypes of HNSCC
with respect to survival outcomes in a cohort of patients with
HNSCC. We highlighted that PD-L2 is a promising immune
checkpoint target for immunotherapy and demonstrated its
prognostic value in HNSCC. Our study also provides
a rationale for the use of anti-IL6 therapy in adjuvant settings
to improve immunotherapeutic approaches for patients with
HNSCC with high PD-L2 levels.

intratumouralCD3

intratumou
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