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GDNF secreted by nerves enhances PD-L1 expression via JAK2-STAT1 signaling
activation in HNSCC

Chengzhong Lin®*#, Wei Cao®*#, Zhenhu Ren®®, Yu Tang®?, Chunye Zhang®, Rong Yang®®, Yiming Chen?®®, Zheqi Liu®®,
Canbang Peng?®®, Lizhen Wang®, Xu Wang %", and Tong Ji*®

?Department of Oral and Maxillofacial-Head and Neck Oncology, Ninth People’s Hospital, Shanghai Jiao Tong University, School of Medicine, Shanghai,
PR China; PShanghai Key Laboratory of Stomatology and Shanghai Research Institute of Stomatology, Shanghai, PR China; “Department of Oral
Pathology, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

ABSTRACT

Programmed death ligand 1 (PD-L1) functions as a key immune inhibitory factor by binding with its
receptor, programmed death 1 (PD-1), to induce immune cell dysfunction and escape of the immune
system. However, the mechanisms of PD-L1 expression under growth factor stimulation are not well
characterized. Here, we demonstrate a novel role for glial cell line-derived neurotrophic factor (GDNF) in KEYWORDS
upregulating PD-L1 expression in head and neck squamous cell carcinoma (HNSCC). The expression and GDNF; PD-L1; JAK2: PNI;
correlation of PD-L1, GDNF and perineural invasion (PNI) status were evaluated by bioinformatics analysis HNSCC

of TCGA database and IHC assays from 145 HNSCC patients. PD-L1 expression was investigated by flow

cytometry, Western blot and real-time PCR analyses in HNSCC cells after GNDF incubation. The cell

signaling pathways activated by GDNF were analyzed with an antibody array and blocked by specific

signaling inhibitors in cancer cell lines. PD-L1 expression was significantly higher in cancer cells that

exhibited PNI in the HNSCC specimens, and elevated PD-L1 expression was significantly correlated with

GDNF levels. GDNF not only enhanced cancer cell PNI in a co-culture of dorsal root ganglions and cancer

cells but also had a potent role in inducing PD-L1 expression through the JAK2-STAT1 signaling pathway.

Moreover, a JAK2 inhibitor attenuated GDNF-induced PD-L1 and enhanced tumor cell susceptibility to NK

cell killing. Our findings provide clinically novel evidence that nerve-derived GDNF can increase PD-L1

levels in cancer cells around the perineural niche and that regulatory signaling is critical for cancer cell
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escape from immune surveillance in the nerve-cancer microenvironment.

Introduction

The PD-1/PD-L1 immune checkpoint has been demonstrated
as a key immune escape mechanism that is used by tumors."
Programmed death-ligand 1 (PD-L1), an inhibitory member of
the B7 family, is upregulated in various types of solid tumors,
such as melanoma, non-small cell lung cancer, and head and
neck squamous cell carcinoma (HNSCC).? PD-L1 binds to its
receptors, programmed death-1 (PD-1) or B7.1 (CD80), on
activated immune cells to inhibit T-cell activation or prolifera-
tion and mediate the suppression of local immune responses,
thus leading to the immune evasion of tumor cells.”> Indeed,
recent clinical trials targeting the PD-1/PD-L1 axis with block-
ing antibodies have shown encouraging results in patients with
several types of cancer, including HNSCC, despite the low
response rate.”” Therefore, understanding the stimuli and sig-
naling pathways that regulate tumor PD-L1 expression may
help to predict the response to PD-1/PD-L1 blockade therapy,
permitting more effective therapeutic approaches.

Aberrant PD-L1 expression in tumor cells may be regulated by 2
general mechanisms. The first is the “innate immune resistance”
mechanism, in which intrinsic cellular changes associated with

carcinogenesis can promote tumor cell PD-L1 expression. Upregu-
lated PD-L1 expression can be driven by activation of constitutive
oncogenic signaling pathways, such as MAPK and PI3K-AKT, as
well as transcriptional factors, such as HIF-1, STAT3 and NF-kb.* '
The second mechanism is an “adaptive immune resistance”
mechanism where tumors upregulate PD-L1 as an adaptive
response to endogenous antitumor immunity. Emerging stud-
ies have revealed that PD-L1 is characteristically associated
with intratumoral immune infiltrates. Inflammatory media-
tors, especially IFN-y secreted by tissue-recruiting immune
cells, including NK cells and CD8+ TILs, can induce PD-L1
expression in tumor cells.>'' In HNSCC, limited studies revealed
that positive PD-L1 expression in tumor cells ranged variously
from 18% to 87% and that PD-L1 expression contributed to
immune resistance in HPV+ HNSCC.'*** PD-L1 upregulation
was demonstrated in response to EGFR activation or the pro-
inflammatory cytokines, INF-y, TNF-¢, and the JAK2-STAT1
pathway was a significant signaling node."” However, the mecha-
nisms mediating PD-L1 expression remain largely unknown in
consideration of intratumoral heterogeneity.
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Perineural invasion (PNI) is the presence of tumor cell invasion
in, around, or along nerve bundles.'® The prevalence of PNI varies
considerably among cancer types and reaches 30-82% in
HNSCC."”"® Recent studies demonstrated that in the nerve-cancer
microenvironment, tumor cells may potentially be attracted by
neurotrophic factors and chemokines secreted by nerves to facili-
tate its local spread into adjacent nerves." Glial cell line-derived
neurotrophic factor (GDNF) has been demonstrated to be a potent
chemoattractant for cancer cells in the PNI process. Nerve-secreted
GDNF can activate its tyrosine kinase receptor, RET, promoting
neural invasion by pancreatic cancer cells.*>*' Our previous study
demonstrated that elevated RET levels were correlated with poor
clinical outcomes in HNSCC, although no direct evidence links
RET and PNL** Meanwhile, recent studies revealed that the peri-
neural niche is rich in immunocytes and has a unique inflamma-
tory profile, which implicate GDNF and RET. Perineural
macrophages can upregulate and activate RET, inducing PNI of
pancreatic ductal adenocarcinoma.”** In breast cancer, RET stim-
ulated by GDNF increases pro-inflammatory cytokine expression
levels.”® Hence, it is of interest to investigate whether there is a role
of the nerve-cancer microenvironment in contributing to tumor
immune suppression.

In the present study, we demonstrated that PD-L1 expression
is significantly higher in cancer cells that exhibited PNI in
HNSCC tumor specimens. GDNF not only enhances cancer cell
PNI but also has a potent role in mediating PD-L1 upregulation
mainly via the JAK2-STAT1 signaling pathway. Moreover, spe-
cific JAK2 inhibition prevented GDNF-mediated PD-L1 upregu-
lation and enhanced tumor cell susceptibility to NK cell killing.

Results

Elevated PD-L1T mRNA expression correlates with GDNF
in HNSCC

To investigate the PD-L1 and GDNF expression in HNSCC, we
first accessed information regarding gene mutations, deletions,
amplification and mRNA expression levels of PD-L1 and GDNF in
a large cohort of HNSCC specimens provided by The Cancer
Genome Atlas (TCGA) (Fig. 1A). PD-L1 and GDNF gene muta-
tions, deletions or amplifications were observed in a small propor-
tion of patients (Fig. S1A). The PD-L1 and GDNF genes were
expressed significantly higher in the HNSCC samples compared
with normal tissues. Furthermore, when segregated by tumor peri-
neural invasion (PNI) status, we found that GDNF expression was
elevated in PNI+ specimens, and there was no difference of PD-L1
expression between PNI+ and PNI- specimens (Fig. S1B). Interest-
ingly, when we investigated PD-L1 expression levels in GDNF-pos-
itive versus GDNF-negative specimens according to TCGA, we
noted that PD-L1 expression levels were higher in the GDNF-posi-
tive specimens (Fig. 1B).

PD-L1 protein expression is higher in PNI+ GDNF-positive
tumor specimens

We then analyzed PD-L1 and GDNF protein expression and
PNI status by conducting immunohistochemistry (IHC) assays
of paraffin sections from 145 HNSCC patients. Representative
images of negative and positive PD-L1 and GDNF staining are

presented in Fig. S1C. The PD-L1 and GDNF expression level
in the HNSCC samples were also significantly correlated (r =
0.38, p < 0.001, Fig. 1C). Furthermore, as shown in Fig. 1D,
IHC staining with an anti-PGP9.5 antibody (nerve marker)
and H&E staining showed that tumor cells were morphologi-
cally present within and around the peripheral nerve in the
HNSCC PNI+- tissue. When considering the PNI status, GDNF
expression was elevated in the PNI+ specimens (p = 0.0193,
Fig. S1D), whereas there was no difference in PD-L1 expression
between the PNI+ and PNI- specimens (p = 0.644, Fig. S1E),
which was similar to TCGA data. Given that PNI is a local
extension of cancer cell dissemination along nerves, we further
investigated the PD-L1 and GDNF expression levels in the
PNI+ vs. PNI- areas in the same tumor specimens. Interest-
ingly, although PD-L1 and GDNF exhibited diffuse staining in
the HNSCC specimens, the tumor cells around the nerve dem-
onstrated stronger PD-L1 staining and GDNF was strongly
stained in the nerves (Fig. 1D). Additionally, the relative PD-L1
expression was significantly elevated in the PNI4 areas com-
pared with PNI- areas in matched tissues (p<0.001, Fig. 1E).

We also investigated the correlations between PD-L1 expres-
sion, GDNF expression and PNI status with clinical and histo-
pathological parameters. As shown in Table S1, positive GDNF
expression and the PNI status were significantly correlated
with lymphatic metastasis (p = 0.012 and p = 0.007, respec-
tively) and advanced tumor stage (p = 0.007 and p = 0.032,
respectively), whereas GDNF expression and the PNI status
were not significantly associated with the other parameters
evaluated, including age, gender, histology and tumor size.
Kaplan-Meier and Cox regression analyses further revealed
that GDNF and the PNI status were significantly correlated
with decreased overall survival in HNSCC patients (Fig. 1F,
Fig. SIE) and that GDNF was an independent predictor of
overall survival in the HNSCC patients (Table S2). In contrast,
PD-L1 expression was found to not be relevantly correlated
with the clinical and histopathological parameters and overall
survival in the HNSCC patients (Fig. S1G).

These data suggest that PD-L1 protein expression is
higher in cancer cells that exhibit perineural invasion in
HNSCC tumor specimens and that GDNF not only partici-
pates in cancer cell PNI but also correlates with PD-L1
upregulation.

GDNF incubation stimulates PD-L1 mRNA and protein
expression

To further investigate the role of GDNF in mediating PD-
L1 upregulation, we treated HNSCC cell lines with a panel
of neural growth factors, including GDNF, brain derived
neurotrophic factor (BDNF), neurturin (NRTN), artemin
(ARTN), neurotrophin 3 (NT-3) and nerve growth factor
(NGF), which all play significant roles in promoting PNI of
cancer cells. GDNF treatment obviously stimulated a 5-8-
fold upregulation of PD-L1 mRNA in the HNSCC cell lines
(Fig. 2A). Membranous PD-L1 expression was further
examined in the HNSCC cell lines treated with the different
neural growth factors, and only GDNF significantly induced
upregulation of membranous PD-L1 (Fig. 2B-C). This effect
of GDNF was also validated by Western blot analysis of
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Figure 1. PD-L1 protein expression is elevated in PNI4- GDNF-positive tumor specimens (A) PD-L1 and GDNF mRNA levels in normal tissues or HNSCC samples according
to TCGA database. (B) PD-L1 mRNA expression in GDNF-positive or GDNF-negative tumor specimens according to TCGA database. (C) PD-L1 protein expression is signifi-
cantly correlated with GDNF in HNSCC specimens (Pearson r = 0.38, p< 0.001). (D) IHC assays were performed to detect PD-L1, GDNF and PGP9.5 (nerve marker) in
HNSCC PNI samples. IHC staining and H&E staining indicated that tumor cells were morphologically present within and around the peripheral nerve (labeled with “N”).
PD-L1 was expressed in tumor cells around the nerve, while GDNF was detected in the nerve. (E) The PD-L1 staining scores in tumor cells around peripheral nerve (PNI+)
compared with tumor cells without PNI in matched specimen (p < 0.001). (F) Kaplan-Meier analyses of the overall survival Indicated that patients with a high level of
GDNF were associated with a significantly lower overall survival rate than patients with a low level of GDNF expression (p < 0.001).

total PD-L1 expression in the HN4, HN6 and HN30 cell
lines (Fig. 2D).

A previous study revealed that rearranged during trans-
fection (RET) was a transmembrane receptor tyrosine
kinase (RTK) activated by GDNF family ligands. The multi-
kinase inhibitor, regorafenib, exhibits great selectivity for
RET and can effectively prevent RET phosphorylation.**
Therefore, we used regorafenib to further demonstrate the
role of GDNF in mediating PD-L1 upregulation. Indeed,
regorafenib-mediated RET inhibition (RETi) indicated a sig-
nificant downregulation of GDNF-mediated PD-L1 mRNA
and protein expression (Fig. 2E-F). Taken together, these
data indicate that GDNF plays a significant role in mediat-
ing PD-L1 expression.

Dorsal root ganglion (DRG)-released GDNF mediates
HNSCC cell PNI and PD-L1 expression

A previous co-culture assay of cancer cells with dorsal root
ganglion (DRG) revealed that neural-released GDNF was a
potent chemoattractant that could facilitate neural tracking
of pancreatic cancer cells.”® To assess the role of GDNF
during neural invasion in HNSCC, a co-culture assay of
cancer cells with DRG was optimized to investigate cancer-
nerve interactions. Excised DRG were grown in matrigel,
and HN4 cancer cells were added to the media. HN4 cells
invaded the matrigel and migrated along the neurites in the
control group at day 4, while the cells treated with an RET
inhibitor, regorafenib, obviously reduced the nerve invasion
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Figure 2. GDNF incubation stimulates PD-L1 mRNA and protein expression. (A) Real-time PCR assays to demonstrate PD-L1T mRNA upregulation in HNSCC cells.
Cell lines were treated with vehicle control, NT-3 (30 ng/mL), NGF (30 ng/mL), GDNF (30 ng/mL), ARTN (30 ng/mL), BDNF (30 ng/mL) or NRTN (30 ng/mL) for
24 hours. (B) The flow cytometry examination indicated that GDNF increased PD-L1 protein expression. Cell lines were treated with vehicle control, ARTN
(30 ng/mL), GDNF (30 ng/mL) or NGF (30 ng/mL) for 48 hours. (C) Representative flow cytometry analysis of PD-L1 on HN6, HN4 and HN30 cells in (B). (D)
Western blot detection showed that PD-L1 protein expression was increased under stimulation. Cell lines were treated with a vehicle control, GDNF (30 ng/mL)
or IFN-y (20 ng/mL) for 48 hours. (E) A real-time PCR assay indicated that RET inhibitors abrogated GDNF-induced PD-L1 upregulation. Cell lines were treated
with vehicle control, RETi (5 mol/L), GDNF (30 ng/mL), or their combination for 24 hours. ***, p < 0.001 compared with the vehicle group. (F) PD-L1 protein
expression was determined by flow cytometry after cells were treated with vehicle control, RETi (5 wmol/L), GDNF (30 ng/mL), or their combination for

48 hours. ***, p < 0.001 compared with the control group.

area by the cancer cells (Fig. 3A), indicating that neural-
released GDNF also plays a role in neural invasion of
HNSCC cells. To further determine whether DRG-released
GDNF promotes PD-L1 protein expression, conditioned
media from DRG cultures that were collected 4 d after
excised murine DRG that were placed in matrigel were
added to HNSCC cell lines. As shown in Fig. 3B-D, the
DRG-driven conditioned media significantly enhanced PD-
L1 mRNA and protein expression, while RETi showed a sig-
nificant abrogation of PD-L1 upregulation both at the
mRNA and protein levels. Taken together, these results sug-
gest that GDNF secreted by nerves may not only promote

cancer cell neural invasion but also enhance PD-L1

expression.

GDNF-induced PD-L1 expression is dependent on the
JAK2-STAT1 signaling pathway

Because GDNF activates several signaling pathways, it is of
great interest to pinpoint which signaling cascades are
involved in GDNF-mediated PD-L1 expression. To this end,
we first treated HNSCC cell lines with GDNF (30 ng/mL)
or vehicle control for 15 min and cell signaling pathways
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Figure 3. GDNF signaling inhibition in dorsal root ganglion (DRG) promoted PD-L1 protein expression. (A) In a nerve-cancer co-culture in vitro assay, co-culture of rat DRG
with HN4 cells in matrigel permitted the assessment of the degree of PNI. By day 4, the HN4 cells exhibited invasion that extended along the neuritis in the control group,
while the RET inhibitor treatment blocked the invasion. (B) Real-time PCR detection indicated that RETi abrogated DRG-mediated PD-L1 mRNA upregulation. Cell lines
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sk

means p < 0.001 compared with the control group. (C) The flow cytometry examination indicated the PD-L1 protein levels. Cell lines were treated with vehicle control,

ook

conditioned media from dissociated DRG nerve cell cultures or the conditioned media combined with RETi (5 pmol/L) for 48 hours. ** means p < 0.01; means
p < 0.001 compared with the control group. (D) Representative flow cytometry analysis of PD-L1.

were analyzed. The GDNF treatment obviously activated
signaling mediators, such as Erk1/2 (Thr202/Tyr204), Akt
(Ser473), Statl (Tyr701) and Stat3 (Ser727) phosphorylation
(Fig. 4A-B). Given that PD-L1 upregulation was linked with
multiple mechanisms, such as AKT-mTOR and JAK-STAT
signaling activation, we then applied several inhibitors to
further investigate the signaling pathways by which GDNF
upregulates PD-L1 expression. We found that a specific
STAT1 inhibitor, fludarabine (STATIi), had the highest
abrogation effect on GDNF-induced PD-L1 mRNA expres-
sion, and cryptotanshinone (STAT3i) also exhibited a lesser
extent of inhibition effect. However, other kinase inhibitors,
including SCH772984 (ERKi), AZD5363 (AKTi), Roxadustat
(p38MAPKi), SP600125 (JNKi) and Pictilisib (PI3Ki) had
no obvious inhibitory effect on GDNF-induced PD-L1
mRNA expression, under conditions in which these

inhibitors effectively prevented kinase phosphorylation
(Fig. 4B, Figs. S2A-D). Consistently, the PD-L1 protein
expression level was nearly suppressed by STATIi and to a
lesser extent by STAT3i. To further determine whether
GDNF-mediated PD-L1 upregulation was solely STATI1
dependent, we silenced STAT1 and STAT3 expression using
shRNA and siRNA technology, respectively (Fig. 4E-F).
Interestingly, the STAT1 knockdown potently abolished the
GDNF-induced upregulation of PD-L1 protein in both cell
lines (Fig. 4G), while STAT3 knockdown did not show an
obvious downregulation of GDNF-mediated PD-L1 expres-
sion in HNG6 cells (Fig. 4H). Moreover, the GDNF incuba-
tion also stimulated STAT1 to bind with the promoter
region of PD-L1 in the ChIP assays (Fig. S2E). These data
indicate that the GDNF-regulated PD-L1 expression was
mostly dependent on STAT1 activation in HNSCC cells.
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Figure 4. STAT1 activation regulates GDNF-mediated PD-L1 upregulation. (A) An antibody CHIP assay was used to explore the influence of GDNF on signaling pathways in
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fection. B-actin was used as a loading control. (F) STAT3 protein expression was evaluated by WB after siRNA transfection. S-actin was used as a loading control. (G) A flow
cytometry assay indicated that GDNF-mediated PD-L1 protein upregulation despite STAT3 knockdown. Cells lines were treated with SiNC or SiSTAT3 for 48 hours and then
treated with vehicle control or GDNF (30 ng/mL) for 48 hours. (H) A flow cytometry assay indicated that GDNF-mediated PD-L1 protein upregulation was diminished when
STAT1 was knocked down. ShNC and shSTAT1 cell lines were treated with vehicle control or GDNF (30 ng/mL) for 48 hours.
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Given that a significant role of STAT1 in GDNF-mediated
PD-L1 expression has been previously demonstrated, we then
tested whether GDNF-mediated PD-L1 upregulation was JAK2
dependent. We used a selective JAK2 inhibitor, fedratinib
(JAK2i), and a JAK1/3 inhibitor, ZM 39923 HCI (JAK1/3i).
Indeed, the JAK2 inhibition demonstrated a strong abrogation
of basal and GDNF-induced PD-L1 expression in the HNSCC
cell lines examined, both at the mRNA and protein levels, while
specific JAK1/3 inhibition did not show an obvious
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downregulation of GDNF-mediated PD-L1 expression
(Fig. 5A-C). Considering this result and that a correlation
between JAK2 and STAT1 has been fully demonstrated, we
hypothesized that GDNF-activated STAT1 phosphorylation
may be mediated by JAK2. Indeed, administration of GDNF to
the HNSCC cell lines induced activation of downstream signal-
ing, such as AKT (Ser473), ERK1/2 (Thr202/Tyr204), STAT1
(Tyr701), and STAT3 (Ser727), JAK2 inhibition effectively pre-
vented STAT1 (Tyr701) and STAT3 (Ser727) activation in
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Figure 5. GDNF induces PD-L1 expression via JAK2-STAT1 activation. (A) PD-L1T mRNA determined by real-time PCR analysis in HN6 and HN4 cells pretreated with vehicle

control, JAK2i (5 wmol/L) or JAK1/3i (5 wmol/L) for 1 hour, followed by treatment with vehicle control or GDNF (30 ng/mL) for 24 hours.
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means p < 0.0017 compared

with the control group. (B) PD-L1 protein expression was determined by flow cytometry analysis in HN6 and HN4 cells pretreated with vehicle control, JAK2i (5 pmol/L)

or JAK1/3i (5 wmol/L) for 1 hour, followed by treatment with vehicle control or GDNF (30 ng/mL) for 48 hours. * means p < 0.05;
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means p < 0.001; “ns” means not sig-

nificant compared with the control group. (C) Western blot analysis of cell signaling response to GDNF (30 ng/mL) in HN6 and HN4 cells pretreated with JAK2i (5 wmol/L)
or a vehicle control for 1 hour. (D) Representative flow cytometry analysis of PD-L1 in HN6 and HN4 cells. (E) Western blot analysis of cell signaling response to GDNF
(30 ng/mL) in HN6 and HN4 cells pretreated with JAK1/3i (5 wmol/L) or a vehicle control for 1 hour.
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JAK2-STAT1 signaling contributing to immune surveillance escape.

response to GDNF, and it had no effect on AKT (Ser473) and
ERK1/2 (Thr202/Tyr204) phosphorylation (Fig. 5D). Meanwhile,
the JAK1/3 inhibitor did not prevent the GDNF-stimulated
STAT1 phosphorylation, despite obvious inhibitory effect on
JAK1 and JAK3 phosphorylation (Fig. 5E). Taken together, these
results indicate that despite the activation effect of GDNF-JAK2-
STAT1 or STAT3, GDNF-induced PD-L1 upregulation may
mainly depend on JAK2-STAT1 pathway activation.

Inhibition of GDNF-JAK2 signaling enhances tumor cell
susceptibility to NK cell killing

The expression of PD-1 on T cells and NK cells has been well
characterized, and PD-L1 is known to inhibit T-cell immunity
and NK cell killing. Given that GDNF represented a significant

means p < 0.001 compared with the control group. (C) Proposed model of nerve-secreted GDNF-mediated PD-L1 upregulation by

role in PD-L1 upregulation in HNSCC, we sought to determine
the involvement of the GDNF-JAK2 signaling pathway in mod-
ulating susceptibility to NK cell activity. Tumor cells were pre-
treated with RETi (5 umol/L), GDNF (30 ng/mL), or their
combination for 48 hours, and then purified NK cells from dif-
ferent healthy donors were added in at 5:1 ratio for co-culture
for 3 hours and NK cell lysis efficiency was detected with an
LDH assay. As presented in Fig. 6A, NK cells lysis of HNSCC
cell lines was significantly decreased when cells were pretreated
with GDNF, although NK cells showed obviously higher spe-
cific lysis of HNSCC cells that were pretreated with the combi-
nation of RETi and GDNF than those pretreated with GDNF
alone. However, the level of tumor cell killing was still lower
than the vehicle control. Furthermore, we also investigated
whether JAK2 inhibition would prevent the resistance to NK
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cell killing of HNSCC cells induced by GDNF. As shown in
Fig. 6B, the JAK2 inhibitor pretreatment resulted in signifi-
cantly increased lysis by NK cells compared with the vehicle
control, and the resistance to NK cell killing induced by GDNF
pretreatment was generally reversed by JAK2 inhibition, in the
setting of reduced PD-L1 expression.

Collectively, these results suggest that GDNF is mainly
secreted by nerves and can activate JAK2-STATI1 signaling
phosphorylation to upregulate PD-L1 expression in HNSCC
cells, thereby promoting cancer cell escape from NK cell cyto-
toxicity (Fig. 6C).

Discussion

Malignant tumors can escape immunological surveillance by a
process termed “immunoediting,” which turns the immune
microenvironment into an immunosuppressive state.”>*” The
PD-1/PD-L1 immune checkpoint has been demonstrated as a
potent factor that promotes cancer cells to escape the immune
system. PD-L1 is expressed in multiple malignancies, such as
melanoma, NSCLC, HNSCC, glioblastoma, and ovarian carci-
noma. The interaction between PD-L1 and its receptor, PD-1,
inhibits T cell-mediated cytolysis and generates an immuno-
suppressive tumor microenvironment.>” Indeed, in a random-
ized trial of R/M HNSCC, the PD-1 monoclonal antibody,
nivolumab, demonstrated a better quality of life and an
increased overall survival in a 7.5-month treatment group vs
patients treated for 5.1 months with standard therapy.® How-
ever, information regarding the expression levels and regulation
mechanisms of PD-L1 in HNSCC is confounded.

Our data indicate that PD-L1 expression is heterogeneous in
primary HNSCC tissues, and it is higher in cancer cells with
perineural invasion (PNI) in HNSCC tumor specimens. PNI is
a mode of cancer progression whereby cancer cells invade in,
around, or along the nerves, and it is associated with poor prog-
nosis in patients having pancreatic, prostate, gastric, head and
neck, and stomach cancers.”*>' Emerging studies have demon-
strated that the nerve microenvironment secretes neurotrophic
factors and chemokines that attract cancer cells. GDNF has
been demonstrated as an important chemo-attractant for can-
cer cell neural invasion, including pancreatic cancer and bile
duct carcinoma.”>*! We revealed that positive GDNF expres-
sion was significantly associated with PNI, nodal metastasis,
advanced tumor stage and reduced survival of HNSCC. These
suggested that GDNF functions as a critical tumor progression
factor. However, the role of GDNF in promoting immunore-
sistance is rarely touched on. Recently, studies have revealed
that the perineural niche is rich in immunocytes that are
involved in mediating the PNI by activating RET in cancer
cells.*>** In the current study, we provided clinically novel evi-
dence that GDNF secreted by nerves mediated PD-L1 upregu-
lation in cancer cells in the perineural niche.

We also investigated the mechanism of GDNF-stimulated
PD-L1 expression. GDNF has been reported to activate the
AKT and ERK1/2 signal pathways.”>** Although the AKT-
mTOR and EGFR/RAS/MAPK pathways have been reported to
mediate PD-L1 expression,”**** we found that JAK2/STATI
signaling was the main pathway for GDNF-induced PD-L1
expression. JAK2/STAT1 signaling is a major common
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regulator for PD-L1 transcription induced by the INF-y and
EGFR pathways in HNSCC." Here, our studies revealed a sig-
nificant association between PD-L1 expression and activation
of the JAK2-STAT1 pathway by GDNF in HNSCC, even
though GDNF activated several signaling pathways, including
the AKT, ERK and JAK pathways, with a signaling pathway
screening assay. Indeed, JAK2 inhibition could obviously abol-
ish GDNF-mediated PD-L1 upregulation, therefore reversing
PD-L1 mediated immunoescape of HNSCC cells to NK cell
killing. As JAK2 inhibitors are evaluated in clinical trials to
treat haematopoietic diseases,”>*® our data will provide a novel
approach to improve NK cell cytotoxicity and extend new fields
for these kinds of chemicals.

To date, limited studies have evaluated PD-L1 expression
in HNSCC, as they have positive rates ranging from 18% to
87%.'*'* In the present study, we observed PD-L1 expres-
sion in 46.2% of 145 primary HNSCC specimens. This PD-
L1 expression incidence was similar to that observed by
Straub et al’” and is more than that observed by Laveniya
et al.'> These variable positive rates may be due to several
factors, such as the use of different cutoff values for the
positivity definition, the utilization of different immunohis-
tochemical antibodies and staining protocols, and the inclu-
sion of a high percentage of HPV+ cases. There is also
varijability in the prognostic and clinicopathological features
of PD-L1 expression in HNSCC. Straub et al and Joao et al
demonstrated that PD-L1 positive HNSCC patients had a
significantly higher risk for lymph node metastasis as well
as disease-and overall tumor-related deaths.””® In compari-
son, similar results were not observed by Laveniya et al,'?
who observed a higher frequency of PD-L1 positivity in
HNSCC female patients. In the present study, despite the
poor overall survival in the HNSCC patients with positive
PD-L1 expression, there was no significant correlation
between PD-L1 expression and prognostic or clinicopatho-
logical features.

In summary, we demonstrated that PD-L1 protein expres-
sion is higher in HNSCC tumor cells in the perineural niche.
GDNF secreted by nerves can upregulate PD-L1 expression by
activating JAK2-STAT1 signaling phosphorylation in HNSCC
cells, thereby promoting cancer cell escape from NK cell cyto-
toxicity. Thus, targeting cancer cell PD-L1 expression through
GDNF-JAK2 inhibition represents a potential strategy to treat
cancers that are associated with PNI.

Materials and methods
HNSCC patients and tissue samples

A total of 145 HNSCC paraffin-embedded tissue samples
were randomly selected from the Department of Oral and
Maxillofacial Surgery-Head and Neck Oncology, Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine between September 2007 and June
2009. The pathological tumor stages were classified accord-
ing to the Union for International Cancer Control (UICC)
system. The tumor histological grades were determined
according to the criteria recommended by the World Health
Organization. All patients were treated with surgery with a
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curative intent and exhibited negative resection margins.
Patients with T3 or T4 stages of disease and lymph node
metastasis were further treated with radiation with or with-
out chemotherapy after surgery. Written informed consent
from all patients and approval of the Hospital Ethic Review
Committees was obtained.

Cell culture

HNSCC cell lines (HN4, HN6, HN30) were purchased from
NIH. Cells were maintained in Dulbecco’s Minimum Essential
Medium (Invitrogen) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin and 100 pg/ml streptomy-
cin, and incubated in a humidified atmosphere with 5% CO2 at
37°C.

Chemical compound and cytokine preparation

The kinase inhibitors, including the RET receptor inhibitor,
regorafenib (S1178), the STAT1 inhibitor, fludarabine (S1491),
the STATS3 inhibitor, cryptotanshinone (S2285), the ERK inhib-
itor, SCH772984 (S7101), the AKT inhibitor, AZD5363
(S8019), the p38MAPK inhibitor, SB202190 (S1077), the JNK
inhibitor, SP600125 (S1460), the PI3K inhibitor, pictilisib
(51065), the JAK?2 inhibitor, fedratinib (S2736) and the JAK1/3
inhibitor, ZM39923 HCI (S8004) were purchased from Selleck,
China. The compounds were dissolved in DMSO at a concen-
tration of 5 mM and maintained at 4°C. Recombinant human
cytokines, including GDNF (#450-10), BDNF (#450-02), NGF
(#450-01), ARTN (#450-17), NRTN (#450-11), NT-3 (#450-
03) and IFN-y (#300-02) were purchased from Peprotech,
USA and were diluted in sterile PBS.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously.” Slides were deparaffinized, rehydrated and heated with
citric acid buffer at 95°C for 20 min for antigen retrieval. Sec-
tions were cooled and immersed in 0.3% hydrogen peroxide for
20 min to block endogenous peroxidase activity, rinsed in phos-
phate-buffered saline (PBS) for 5 min and blocked with 3%
bovine serum albumin (BSA) at room temperature for 20 min.
Tissues were incubated with the indicated primary antibodies
in a humidified chamber overnight at 4°C. After several washes
with PBS, the sections were incubated with horseradish peroxi-
dase (HRP)-labeled goat anti-mouse or goat anti-rabbit second-
ary antibody (Gene Tech, China) for 45 min at 37°C.
Diaminobenzene was used as the chromogen, and hematoxylin
was used to counterstain nuclei. The sections were dehydrated,
cleared and mounted. Tumor cells exhibiting brown staining in
the cytoplasm, nucleus or membrane were considered positive
and were classified into 1 of 4 categories: none (0), weak brown
(14), moderate brown (2+), and strong brown (3+). The
proportion of cells with positive staining was divided into 5
categories: 0 (0-5%), 1 (6-25%), 2 (26-50%), 3 (51-75%), and
4 (76-100%).

siRNA and shRNA transfection

For transient RNA silencing, HN4 and HNG6 cells were trans-
fected with STAT3 (STAT3-siRNAL: 5'-CGU CAU UAG CAG
AAU CUC AdTdT- 3') or control siRNA (NC: 5-UUC UCC
GAA CGU GUC ACG UdTdT-3') obtained from Biotend,
China, using Lipofectamine 2000 (Invitrogen, USA) according
to the manufacturer’s instruction. Assays were performed
48 hours after transfection. For stable RNA silencing, we intro-
duced a lentiviral vector with STAT1-shRNA (5-TTC TCG
TCC TGA TAC TTT GGG AdTdT-3) or STAT1-shNC (5'-
UUC UCC GAA CGU GUC ACG UdTdT-3') and obtained
cells using puromycin selection.

Flow cytometry analysis

Membranous PD-L1 was analyzed by flow cytometry analysis.
A total of 1 x 10° HNSCC cells were harvested and incubated
with PE-anti-human CD274 antibody (BioLegend, USA) for 30
minutes at 4°C and then washed twice. Samples were deter-
mined using a flow cytometer (BD Biosciences, USA). All
experiments were performed in triplicate. Mean fluorescence
intensity (MFI) fold change was calculated by normalizing after
subtracting the isotype control MFI.

Western blot analysis

Western blotting was performed as described previously.”
Antibodies against the following proteins were used: PD-L1
(1:1000, #A11893, ABclonal, China), S-actin (1:5000, #AC004,
ABclonal), STAT1 (1:1000, #14994, Cell Signaling Technology,
USA), p-STAT1 (Tyr701) (1:1000, #7649, Cell Signaling Tech-
nology), STAT3 (1:1000, #4904, Cell Signaling Technology), p-
STAT3 (Ser727) (1:1000, #94994, Cell Signaling Technology),
JAK2 (1:1000, #3230, Cell Signaling Technology), p-JAK2
(Tyr1007) (1:1000, #AP0594, ABclonal) ERK1/2 (1:1500,
#4695, Cell Signaling Technology), p-ERK1/2 (Thr202/Tyr204)
(1:1500, #4370, Cell Signaling Technology), AKT (1:1000,
#4691, Cell Signaling Technology), and p-AKT (ser473)
(1:1000, #4060, Cell Signaling Technology). The immunoreac-
tive bands were visualized using an Odyssey® Infrared Imaging
System (Bioscience, USA). B-actin was used as a loading
control.

Real-time PCR

Total HNSCC cell RNA was extracted with Trizol Reagent
(Invitrogen) following the manufacturer’s instructions. cDNA
was synthesized with a PrimeScript™ RT Reagent Kit (TaKaRa
Bio Company, Japan) and stored at —80°C for further used.
The cDNA was amplified with a SYBR Premix Ex Taq™ real-
time PCR kit (TaKaRa Bio Company, Japan) according to the
standard protocol. Specific primers for PCR were the following:
PD-L1: Forward: 5-TGGCATTTGCTGAACGCATTT-3'; Reve
rse: 5-TGCAGCCAGGTCTAATTGTTTT-3, B-actin: Forwa
rd: 5-CATGTACGTTGCTATCCAGGC-3'; Reverse: 5'-CTCC
TTAATGTCACGCACGAT-3'.
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Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed as
described previously.” HN4 Cells were transfected with
pcDNA3.1-Flag-STAT1 plasmid for 48 hours and serum
starved for 12 hours perior to incubation with GDNF (30 ng/
ml) for 10 hours. Then formaldehyde-cross-linked chromatin
was prepared from 2 x 107 cells, and ChIP assay was per-
formed using the ChIP Assay Kit (P2078, Beyotime, China)
according to the standard protocol. Purified DNA was used in
the PCR examination with the following primers for the PD-L1
promoter: Forward: 5-TGGACTGACATGTTTCACTTTCT-
3’; Reverse: 5'-CAAGGCAGCAAATCCAGTTT-3'.

Separation of dorsal root ganglions (DRGs) and co-culture

The in vitro co-culture model was done essentially as described
previously.** Briefly, mice (BALB/c, 4 to 6 weeks old) were
killed by cervical dislocation. DRGs were harvested rapidly and
stored on ice in DMEM, and then implanted in the center of a
20 pL drop of matrigel (BD, USA) in a 6-well plate. At day 2
after DRG implantation, 3 x 10* HNSCC cancer cells were
added to the media around the DRG. The RET inhibitor, regor-
afenib (5 umol/L), was also added to media daily thereafter.
The co-cultures were grown in DMEM without FCS in 37°C
and 5% CO2 incubation conditions. Plates were examined
every day after the cancer cells were added. Animal welfare and
experimental procedures followed the Guide for Care and Use
of Laboratory Animals (The Ministry of Science and Technol-
ogy of China, 2006) and the appropriate ethical regulations of
the hospital.

Cell signaling array

The cell signaling pathways activated by GDNF were analyzed
with an immune cell signaling antibody array kit (#13792, Cell
Signaling Technology) according to the manufacture’s intro-
ductions. The array kit allows for the simultaneous detection of
19 signaling molecules that are involved in the regulation of the
immune and inflammatory responses. Cell lines were starved
for 24 hours and then treated with a negative control or GDNF
(30 ng/ml) for 15 min, then harvested for signaling assay.

Cellular cytotoxicity assays

NK cell cytotoxicity was determined by cell lysis quantified with
an LDH Cytotoxicity Assay Kit (C0017, Beyotime, China)
according to the manufacture’s introductions. Briefly, HNSCC
cells were seeded in 96-well plates at a density of 1 x 10° cells/
well. Cells were pretreated with RETi (5 pumol/L), JAK2i
(5 umol/L), GDNF (30 ng/ml), or their combination for
48 hours. Then, purified NK cells at 5:1 ratio were added to the
co-culture for 3 hours and cell lysis was analyzed. Specific lysis
= (experimental lysis - spontaneous lysis)/(maximal lysis -
experimental lysis) x 100. All experiments were performed in
triplicate.
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Statistical analysis

SPSS version 21 (SPSS Inc., Chicago, IL, USA) was used for the
statistical analysis. The associations between GDNF expression,
PD-L1 expression, and PNI status and clinicopathologic
parameters were analyzed using the Chi-square or Fisher’s
exact tests when appropriate. The association between the
GDNF and PD-L1 was assessed with the Spearman’s rank cor-
relation test. The Kaplan-Meier method was used to calculate
survival and differences were analyzed with the log-rank test.
The Cox proportional hazards model was used to estimate vari-
ables related to overall survival. Differences in means were eval-
uated with the student’s ¢-test and ANOVA. A p value (2-sided)
<0.05 was considered significant.
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