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Abstract

Programmed death-ligand 1 (PD-L1) blockade has revolutionized the prognosis of
several cancers, but shows a weak effect on pancreatic cancer (PC) due to poor ef-
fective immune infiltration. Chemokine C-C motif ligand 21 (CCL21), a chemokine
promoting T cell immunity by recruiting and colocalizing dendritic cells (DCs) and T
cells, serves as a potential antitumor agent in many cancers. However, its antitumor
response and mechanism combined with PD-L1 blockade in PC remain unclear. In our
study, we found CCL21 played an important role in leukocyte chemotaxis, inflamma-
tory response, and positive regulation of PI3K-AKT signaling in PC using Metascape
and gene set enrichment analysis. The CCL21 level was verified to be positively cor-
related with infiltration of CD8" T cells by the CIBERSORT algorithm, but no signifi-
cant difference in survival was observed in either The Cancer Genome Atlas or the
International Cancer Genome Consortium cohort when stratified by CCL21 expres-
sion. Additionally, we found the growth rate of allograft tumors was reduced and T
cell infiltration was increased, but tumor PD-L1 abundance elevated simultaneously
in the CCL21-overexpressed tumors. Then, CCL21 was further verified to increase
tumor PD-L1 level through the AKT-glycogen synthase kinase-3p axis in human PC
cells, which partly impaired the antitumor T cell immunity. Finally, the combination of
CCL21 and PD-L1 blockade showed superior synergistic tumor suppression in vitro
and in vivo. Together, our findings suggested that CCL21 in combination with PD-L1

blockade might be an efficient and promising option for the treatment of PC.
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1 | INTRODUCTION

Pancreatic cancer is one of the most aggressive and refractory
malignant tumors with a 5-year survival of approximately 10%.!
Traditional treatments for PC, including surgical resection, chemo-
therapy, and radiotherapy, show limited efficacy, and there are no
new effective treatments available. In the past 20 years, the treat-
ment in various cancers has been revolutionized by the develop-
ment of immunotherapies.>® Immunotherapies for PC have shown
glimmers of promise, but their efficacy remains limited.* Developing
rational combination therapies could be crucial to maximizing the
therapeutic effect of immunotherapy.

Immune checkpoint blockade therapy, as one of the immuno-
therapies, has been proved to improve survival in several cancers,
including melanoma and lung cancer.>” Among all immune check-
points, the PD-1/PD-L1 axis has emerged as the best candidate
target because of its efficacy proven in a large number of cancers.®
However, a majority of patients with PC were unresponsive to
monotherapy due to the inhibitory immune microenvironment, poor
T cell infiltration, and low mutational burden.’ Therefore, the current
studies attempted to combine ICB with surgery, chemotherapy, ra-
diotherapy, target therapy, or other immunotherapies to overcome
the resistance to ICB.

In the past few decades, a huge number of studies found that
chemokines could mediate different immune cell subsets traffick-
ing into the tumor environment through binding the corresponding
chemokine receptors, affecting tumor progression and therapeutic
responses.'® Therefore, therapies that target specific chemokines or
chemokine receptors could achieve clinical benefits in patients with
cancer. Among them, CCL21 is the only chemokine listed by the NCI
as one of the top 20 agents with high potential for use in cancer
therapy. It is predominantly expressed by high endothelial venules
in lymph nodes, secondary lymph organs, and spleen,*! and recruits
immune cells, such as mature DCs and naive and memory T cells by
binding to its chemokine receptor CCRY7. In preclinical mouse mod-
els, CCL21 was shown to mediate potent antitumor activity through
recruiting and colocalizing NK cells, DCs, and T cells in cancers.*?**
Effective immunotherapeutic strategies and improvements based on
CCL21 emerged to enhance antitumor effects.!® Recently, a phase |
study was undertaken using CCL21 gene-modified DC (CCL21-DC)
therapy in lung cancer and the results showed that intratumoral vac-
cination with CCL21-DCs could significantly enhance the CD8" T cell
infiltration, antitumor immune response, and PD-L1 expression.
Kadam et al reported that PD-1 immune checkpoint blockade pro-
moted CCL21-DC tumor lysate vaccine to reduce tumor burden in
a lung cancer preclinical model.’” Nevertheless, the roles of CCL21
and its antitumor response combined with ICB therapy in PC remain
unclear.

In this study, we found that CCL21 was positively correlated with
CD8"* T cell infiltration in PC by bioinformatics analysis. However,
no significant difference in survival was found between patients
with high and low CCL21 expression in both publicly available co-

horts. We verified the overexpression of CCL21 in cancer cells with

enhanced T cell infiltration, antitumor immune effects, and PD-L1
expression with the subcutaneous PC model in immune-competent

mice. Considering the previous study,%’

we speculated that the
antitumoral immune response of CCL21 might be partially blocked
by the upregulation of PD-L1 on PC cells. The mechanism of CCL21
upregulating PD-L1 expression through the AKT-GSK-3f signaling
cascade was then verified. Because both high PD-L1 abundance and
T cell infiltration in cancers were potential predictive indicators for
the response to PD-1/PD-L1 blockade therapy,” the combination of
CCL21 with PD-L1 blockade was carried out and showed superior
synergistic tumor suppression in vitro and in vivo. This study pro-
vided a rationale for combined CCL21 and PD-L1 blockade as an ef-
ficient and promising therapeutic strategy for PC.

2 | MATERIALS AND METHODS
2.1 | Data collection and preprocessing

The transcriptome expression profiles and relevant clinical informa-
tion of PC were obtained from TCGA (https://cancergenome.nih.
gov/) and ICGC (https://dcc.icgc.org/). The expression data in the
TCGA were HTseqg-FPKM type, including 178 PC samples and four
normal samples. Cases with insufficient TNM stage or follow-up pe-
riod less than 30 days were excluded. Finally, 168 cases with de-
tailed clinical information from the TCGA database were included
as previously described.’® The gene expression microarray dataset
PACA-AU, including 269 PC samples with survival information, was
enrolled as the validation cohort.

2.2 | Functional enrichment analysis by
GeneMANIA and GSEA

GeneMANIA (http://www.genemania.org), a useful online plat-
form,'? was applied to construct and visualize a gene-gene interac-
tion network and functional analysis for CCL21 by the bioinformatics
methods, including physical interactions, coexpression, website pre-
diction, colocalization, pathways, genetic interactions, and shared
protein domains.

Gene Set Enrichment Analysis?® was further used to investigate
whether an a priori defined set of genes were significantly differen-
tially expressed between high and low CCL21 expression groups in
the TCGA cohort according to the median of gene expression. The
selected gene set was c5.go.bp.v7.2.symbols. The gene set was sig-
nificantly enriched, with a normal P value less than .05 and a false

discovery rate less than 0.05.

2.3 | Analysis of tumor immune microenvironment

CIBERSORT, an analytical tool developed by Newman et al,?* was

used to assess the immune cell infiltrations of the tumoral samples
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from the TCGA and ICGC cohort based on normalized gene expres-
sion profiles. The standardized processed dataset of gene expres-
sion was uploaded to the CIBERSORT website (https://cibersort.
stanford.edu/index.php) to analyze using 100 aligned default sig-
nature matrices. To improve the accuracy of the algorithm, Monte
Carlo sampling was used for the deconvolution of each sample to
get a CIBERSORT P value, and only samples with a CIBERSORT P
value less than .05 were considered eligible for analysis, as previ-
ously described.*®

2.4 | Celllines and culture

The human pancreatic cancer cell lines MIA-PaCa-2 and SW1990
were obtained from the Chinese Academy of Science. Murine pan-
creatic cancer cells PancO2 were a kind gift from Johns Hopkins
Hospital. MIA-PaCa-2 cells were maintained in high-glucose DMEM
(Gibco) with 10% FBS (Gibco) and 2.5% horse serum (Solarbio Life
Sciences). SW1990 cells were incubated in Leibovitz's L-15 Medium
(Gibco) with 10% FBS, and Panc02 cells were cultured in RPMI-1640
medium (Gibco) supplemented with 10% FBS. All cells were kept in
an incubator at 37°C with 5% CO,,.

2.5 | Cell transfection

The Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin lentiviral vector
was obtained and used as a control from GeneChem. The lentiviral
vector was constructed containing Ubi-Ccl21-3FLAG-CBh-gcGFP-
IRES-puromycin. The primer sequences for the mouse CCL21 gene
fragment were 5-AGGTCGACTCTAGAGGATCCCGCCACCATGGCT
CAGATGATGACTCTGAG-3' (forward) and 5-TCCTTGTAGTCCATA
CCTCCTCTTGAGGGCTGTGTCTG-3' (reverse). The CCL21 expres-
sion after transfection was confirmed by gRT-PCR, western immu-
noblot analysis, and ELISA.

2.6 | RNAisolation, reverse transcription, and
gRT-PCR

The total RNAs of pancreatic cancer cells were extracted by TRIzol
Reagent (Invitrogen). cDNA was prepared with PrimeScript reverse
transcriptase Master Mix (Takara Bio). SYBR Premix Ex Taq and
gene-specific primers were used for PCR amplification and detec-
tion on ABI QuantStudio5. The sequences of primers were as fol-
lows: human PD-L1, 5-CCAGGATGGTTCTTAGACTCCC-3’ (forward)
and 5-TTTAGCACGAAGCTCTCCGAT-3' (reverse); human GAPDH,
5'-CAACAGCCTCAAGATCATCAGC-3' (forward) and 5-ATGAGTCC
TTCCACGATACCAA-3' (reverse); mouse Ccl21, 5-ATCCCGGCAAT
CCTGTTCT-3' (forward) and 5-AGTTCTCTTGCAGCCCTTGG-3' (re-
verse); and mouse Gapdh, 5-GCCGAGAATGGGAAGCTTGTC-3' (for-
ward) and 5-TCCACGACATACTCAGCACCG-3' (reverse). The gPCR
data were normalized to GAPDH or Gapdh using the 2722 method.
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2.7 | Immunoassays

Supernatants were collected from the cultured Panc02 cells after
transfection and stored at -80°C for further studies. The CCL21
concentration was measured by the Mouse CCL21 ELISA Kit (Boster
Biological Technology). The procedures were carried out according
to the product instruction.

2.8 | Western blot analysis and
coimmunoprecipitation assays

Cells were lysed in the RIPA buffer (Beyotime) containing 1% Protease/
Phosphatase Inhibitor Cocktail(MCE)and PMSF. The BCA Protein Assay
Kit (Epizyme) was applied to measure protein concentrations. Western
blot analysis was carried out as previously described.?? For coimmuno-
precipitation assays, MIA-PaCa-2 and SW1990 cells were transfected
with the indicated plasmids according to manual of Lipofectamine
3000'’s manufacturer (Sigma-Aldrich). Immunoprecipitation was under-
taken as described previously.??23 In this study, anti-PD-L1 (ab228415)
was purchased from Abcam. Anti-phospho-AKT (Ser473)(9271), anti-
AKT (9272), anti-phospho-GSK-3p (ser9)(9323), anti-GSK-3p (12456),
anti-GAPDH (5174), and anti-B-actin (4970) were purchased from Cell
Signaling Technology. Anti-Ccl21 (AF457-SP) and anti-CCR7 (150503)
were purchased from R&D Systems.

2.9 | Invivo mouse studies

Six-week-old female C57BL/6 mice were purchased from Shanghai
Jie Si Jie Laboratory Animal Co., Ltd. The mice were maintained
under pathogen-free conditions. All procedures were approved
by the institutional review board of Zhongshan Hospital, Fudan
University. Mice were subcutaneously injected in the back with
2 x 10 stable CCL21-OE or vector control Panc02 cells. Seven days
later, mice were pooled and randomly divided into different groups
with comparable average tumor size. Immunoglobulin G isotype con-
trol Ab or PD-L1 Ab (Bio X cell) was intraperitoneally injected with
100 pg/mouse every 72 hours. Tumors were measured every 3 days.
Tumor volume was calculated by 1/2ab? where a represented the

long tumor diameter and b represented the short tumor diameter.

2.10 | Immunohistochemistry and
immunofluorescence

Hematoxylin-eosin staining was carried out in formalin-fixed,
paraffin-embedded mouse tumor specimens. Anti-PD-L1 (14-5982-
82; Invitrogen), anti-CD4 (ab183685; Abcam), anti-CD8 (ab217344;
Abcam), anti-Ccl21 (AF457-SP; R&D Systems), and anti-Granzyme B
(ab4059; Abcam) Abs were applied for IHC staining as previously
described.?? Immunofluorescence was carried out according to the

TUNEL Apoptosis Detection Kit (Beyotime) product instruction.


https://cibersort.stanford.edu/index.php
https://cibersort.stanford.edu/index.php

CHEN ET AL.

LLERVWITS Cancer Science

2.11 | Flow cytometry analysis

The PD-L1-APC Ab (BD Biosciences) was used to examine the PD-
L1 expression on the surface of untreated and treated pancreatic
cancer cell lines after incubating for 30 minutes in PBS plus 2%
FBS. The target populations were identified by FACS Aria Il flow
cytometer (BD Biosciences). The data were processed using FlowJo
software.

2.12 | T cell-mediated tumor cell killing assay

Ficoll reagent (Stemcell) was applied to separate PBMCs from
healthy donors using density-gradient centrifugation. The PBMCs
were cultured in RPMI-1640 medium for 2 hours. The adherent cells
(immature DCs) were cultured in RPMI-1640 medium with granulo-
cyte macrophage colony-stimulating factor (100 ng/mL; PeproTech)
and IL-4 (100 ng/mL; PeproTech) for 5 days, and tumor necrosis
factor-a (50 ng/mL; PeproTech) was then added to induce DC matu-
ration for 2 days. Tumor cell lysates were obtained by rapid freezing
in liquid nitrogen and thawing in a 37°C water bath repeatedly as
previously described.?* The mature DCs were cocultured with the
relevant tumor cell lysates for 3 days to generate the DCs loaded
with tumor antigen.

The Pan T Cell Isolation Kit (Miltenyi Biotec) was further used
to separate T cells from nonadherent cells. T cells were cultured
and preactivated with RPMI-1640 medium containing recombi-
nant human IL-2 (10 ng/mL), anti-CD3 Ab (10 pg/mL; BioLegend),
and anti-CD28 Ab (10 pg/mL; BioLegend). The T cells were then
mixed with the DCs loaded with tumor antigen at a ratio of 10:1
in the RPMI-1640 medium with IL-12 (100 ng/mL; PeproTech) for
3 days to generate tumor cell line-specific T cells.?* For the T cell-
mediated tumor cell killing assay, MIA-PaCa-2 and SW1990 cells
were seeded in 12-well plates and prestimulated with 100 ng/mL
CCL21 (PeproTech) or PBS for 48 hours. T cells were then directly
added into the wells at a ratio of 6:1. Anti-human PD-L1 or IgG iso-
type (20 pg/mL; Bio X cell) as control were used to block cancer cell
endogenous PD-L1. After 4 days of T cell and tumor cell coculturing,
the wells were washed with PBS three times to remove dead tumor
cells and T cells. The surviving tumor cells were fixed and stained
with a crystal violet solution. To further mimic the chemotactic ef-
fect of CCL21 in vitro, we modified the T cell-mediated tumor cell
killing assay using the Transwell system (5 pm pore size; Labselect).
Pancreatic cancer cells were seeded in the lower chamber prior to
the addition of the relevant tumor cell line-specific T cells in the
upper chamber at a ratio of 1:10. The remaining procedures were

carried out as described above.

2.13 | Statistical analysis

SPSS 22.0 software (IBM Corporation), R 3.6.3 (R Foundation for
Statistical Computing), and GraphPad Prism 6.0 (GraphPad Software)

were used for statistical analysis and diagram construction. The cor-
relations between CCL21 expression and clinicopathologic charac-
teristics were analyzed by Person’s XZ test or Fisher’s exact test. The
OS was depicted by Kaplan-Meier survival curves and compared by
log-rank tests. The quantitative data of two groups were compared
by two-tailed Student’s t test and multiple comparisons were made
by one-way ANOVA. ImagelJ software (NIH) was used to analyze the
western blot bands. All the experimental results are presented as
means + SD from three or six independent experiments. P < .05 was

considered as statistically significant.

3 | RESULTS

3.1 | Interacted genes and enrichment analysis of
CCL21

To obtain mechanistic insights into the function of CCL21, the
protein-protein interaction network of CCL21 and its function-
ally related genes was analyzed using GeneMANIA. The gene
sets enriched for CCL21 were responsible for G-protein coupled
chemoattractant receptor activity, cellular calcium ion homeosta-
sis, leukocyte chemotaxis and apoptotic process, inflammatory
response, and positive regulation of protein kinase B signaling
(Figure S1A).

To further understand and validate the biological functions of
CCL21 in PC, GSEA was applied to identify the gene signatures that
were positively correlated with high CCL21 expression in the TCGA
cohort. Gene sets associated with regulation of PI3K signaling, epi-
thelial cell apoptotic process, inflammatory response, calcium medi-
ated signaling, leukocyte migration and chemotaxis, phospholipase
activity, and immune effector process were significantly enriched in
the CCL21 highly-expressed phenotype (Figure S1B). These findings
indicated that CCL21 could play a vital role in leukocyte chemotaxis

and activation of PI-3K-AKT signaling.

3.2 | Chemokine CCL21 positively associated with
CDS8" T cell infiltration, but not survival

We then explored whether CCL21 expression was correlated to the
infiltration of immune cells in PC using the CIBERSORT algorithm.
One hundred and twenty-eight tumor samples with CIBERSORT
P < .05 were eligible in this study. The landscape of immune infiltra-
tion in PC arranged by CCL21 expression from low to high is shown
in Figure 1A. To investigate the effect of CCL21 on tumor-infiltrating
immune cells, the samples were equally divided into two groups ac-
cording to the median of CCL21 expression in the TCGA cohort.
Compared with the low expression group, the proportions of naive B
cells, CD8" T cells, and activated CD4" memory T cells were signifi-
cantly higher in the CCL21-high expression group, whereas the pro-
portions of activated NK cells and MO macrophages were relatively
lower (all P < .05; Figure 1B).
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FIGURE 1 Chemokine C-C motif ligand 21 (CCL21) was positively associated with CD8+ T cell infiltration, but not survival. A, The
landscape of immune infiltration in 128 tumor tissues arranged by CCL21 expression from low to high in The Cancer Genome Atlas (TCGA)
cohort. B, Analysis of differential immune cells between the low and high CCL21 expression group in TCGA cohort. C, Correlation analysis
of CCL21 and CD8 T cells based on TCGA data. Kaplan-Meier survival curves of CCL21 in (D) TCGA and (E) International Cancer Genome
Consortium (ICGC) cohorts
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To avoid bias from one single cohort, PACA-AU was used
as a validation cohort. One hundred and seventy-eight tumor
samples qualified after they were filtered with CIBERSORT
P < .05. Likewise, the landscape of immune cells is summarized
in Figure S2A. Using the same grouping as the TCGA cohort, the
high CCL21 expression group contained more naive B cells, CD8"
T cells, resting CD4" T cells, and M1 macrophages compared with
the low expression group, while the infiltration of activated CD4"
T cells and MO macrophages was significantly lower (all P < .05;
Figure S2B). We then investigated the correlation of CCL21 ex-
pression and differential infiltration of immune cells in both TCGA
and ICGC cohorts, and only CD8" T cells were found to be mod-
erately correlated with CCL21 expression (R=.5,P = 1.4e-09 and
R = .33, P = 6.4e-06, Figure 1C and Figure S2C). These results
strongly confirmed that CCL21 expression was positively associ-
ated with T cell infiltration.

In addition, the median OS for the CCL21 high-expression
group was 22.5 months, higher than that for the CCL21 low-
expression group (16.8 months) in the TCGA cohort (P = .12;
Figure 1D). Similarly, the median OS stratified by the CCL21 level in
the ICGC cohort was 19.3 and 15.7 months, respectively (P = .10;
Figure 1E). Although the patients with higher expression of CCL21
tended to have higher survival rates in both TCGA and ICGC co-
horts, no significant difference was observed. The correlations
between CCL21 expression and other clinicopathologic charac-
teristics are summarized in Table S1, and the results showed that
only tumor site was significantly correlated with CCL21 (P =.021).
Collectively, our findings suggested that CCL21 could potentially
enhance local tumor immune response, but no obvious survival

benefit was observed.

3.3 | Chemokine CCL21 promoted T cell
infiltration and increased PD-L1 expression in vivo

According to the above results, T cell infiltration induced by
CCL21 was further validated in a murine model of PC. The
CCL21-overexpressed Panc02 cells by the lentiviral vector were
constructed and validated by the upregulation of CCL21 mRNA
and protein expression (Figure 2A-C). The CCL21-overexpressed
Panc02 cells and control Panc02 cells were incubated into C57BL/6
mice. Overexpression of CCL21 significantly reduced tumor volume
and weight compared with the control group (P < .05; Figure 2D).
The numbers of tumor-infiltrating CD4" and CD8" T cells and ap-
optotic cells were increased in the CCL21-overexpressed tumors
compared with control tumors (Figure 2E,F). Moreover, tumors
that developed from transplanted CCL21-overexpressed Panc02
cells remained CCL21-positive, with concomitant PD-L1 upregu-
lation (Figure 2E), which implied that PD-L1 upregulation might
partly impair the antitumor immunity mediated by CCL21 chemo-
tactic T cells.

3.4 | Chemokine CCL21 upregulated PD-L1
expression to promote immune escape in vitro

To further investigate whether CCL21 could induce PD-L1 ex-
pression in human PC, MIA-PaCa-2 and SW1990 cell lines were
treated with CCL21. The protein levels of PD-L1 were increased
in both time- and dose-dependent manners by CCL21 stimulation
(Figure 3A,B). The upregulation of cell-surface PD-L1 expression in-
duced by CCL21 was further validated using flow cytometric analy-
sis (Figure 3C). However, CCL21 had no effects on PD-L1 mRNA
expression compared with the untreated cells (Figure 3D), which
implied that CCL21-induced PD-L1 might be primarily at the post-
translational level, not at transcription activation. Given that bind-
ing of PD-L1 to PD-1 inhibited the activation of T cells,?® it was
further investigated whether CCL21-enhanced PD-L1 levels in PC
could inhibit T cell cytotoxicity. T cell cytotoxicity assay was carried
out and results showed that CCL21-stimulated tumor cells could
prevent themselves from T-cell killing to some degree, while PD-
L1 blockade could mostly rescue this effect (Figure 3E), suggesting
that PD-L1 expression enhanced by CCL21 could induce immune
escape from T-cell killing. To mimic the chemotactic role of CCL21
in vitro, a modified T cell-mediated tumor cell killing assay using the
Transwell system was further applied. The combination of CCL21
and anti-PD-L1 Ab increased the cytotoxic activity for pancreatic
cancer cells in vitro (Figure 3F).

3.5 | Chemokine CCL21 stabilized PD-L1 through
AKT-GSK-3p signaling pathway

Next, the specific mechanism of CCL21 enhancing PD-L1 expres-
sion was further investigated. In the presence of protein synthe-
sis inhibitor cycloheximide, CCL21 increased the PD-L1 protein
half-life in both cell lines, which also implied that CCL21 could
stabilize PD-L1 protein at the posttranslational level (Figure 4A).
Previously, a study had reported that GSK-3p could phosphorylate
and downregulate PD-L1 protein stability, and phosphorylation
and inactivation of GSK-3p at Ser9 could stabilize PD-L1 expres-
sion in breast cancer cells.?® Through the functional enrichment
analysis of CCL21, we observed that positive regulation of PI3K-
AKT signaling was significantly enriched in high CCL21 groups,
while GSK-3p was thought to be a downstream protein in AKT
signaling pathway.?®?” For these reasons, we speculated that
CCL21 might stabilize PD-L1 expression by activating the AKT
signaling pathway and then suppressing GSK-3p activity through
Ser9 phosphorylation.

To test our hypothesis, the effect of CCL21 on the AKT-GSK-3f sig-
naling pathway was assessed by measuring these substrates and their
phosphorylation. The results showed that CCL21 significantly phos-
phorylated AKT and GSK-38 (Ser9) in both PC cell lines (Figure 4B). To
identify whether the AKT-GSK-3p signaling pathway was responsible
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L1) expression in vivo. A-C, (A) Western blot analysis, (B) quantitative real-time PCR analysis, and (C) ELISA analysis for CCL21 in CCL21
overexpressing (OE) and relative control Panc02 (CON) cells. D, Images (left), volumes (middle), and weights (right) of the CCL21 OE vs
control Panc02 tumors in C57BL/6 mice. E, Immunohistochemical images of CCL21 and PD-L1 expression levels and tumor-infiltrating
lymphocyte densities, and immunofluorescent images of TUNEL staining in CCL21 OE vs control PancO2 tumors in C57BL/6 mice.
Representative images are shown. Scale bars, 100 um. F, Quantification of immunohistochemistry and immunofluorescence results of CD4*
T cells, CD8" T cells, and TUNEL" cells in CCL21 OE vs control Panc02 tumors in C57BL/6 mice. Each group contained six mice. Statistical
significance was calculated by unpaired two-tailed Student’s t tests. **P < .01, ***P < .001

for the upregulation of PD-L1, MIA-PaCa-2 and SW1990 cells were GSK-3B phosphorylation and PD-L1 upregulation (Figure 4C,D).
pretreated with the specific inhibitor of AKT (LY294002), and re- Moreover, the coimmunoprecipitation assay was used to further
sults revealed that LY294002 remarkably abolished CCL21-induced validate that PD-L1 could interact with GSK-3p endogenously in PC
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FIGURE 3 Chemokine C-C motif ligand 21 (CCL21) upregulated programmed death-ligand 1 (PD-L1) expression to promote immune
escape in vitro. A, Western blot analysis of PD-L1 abundance in MIA-PaCa-2 and SW1990 cells treated with CCL21 at the concentration of
0, 12, 25, 50, or 100 ng/mL for 48 h. B, Western blot analysis of PD-L1 abundance in MIA-PaCa-2 and SW1990 cells treated with CCL21 at

a concentration of 50 ng/mL for 0, 12, 24, 36, and 48 h after 24 h starvation. C, Flow cytometry analysis of PD-L1 expression in MIA-PaCa-2
and SW1990 cells treated with 50 ng/mL CCL21 for 48 h. D, Quantitative real-time PCR analysis of PD-L1 mRNA level when MIA-PaCa-2
and SW1990 cells were treated with CCL21 (50 ng/mL) or PBS for 12 h. E, T cell-mediated tumor cell killing assay analysis of different
groups of cancer cell survival after coculture with or without activated T cells or anti-PD-L1 Ab for 4 d. F, Modified T cell-mediated tumor
cell killing assay using the Transwell system. Pancreatic cancer cells were seeded in the lower chamber prior to addition of the corresponding
tumor cell line-specific T cells in the upper chamber. Surviving tumor cells were visualized by crystal violet staining

(Figure 4E). These results suggested that CCL21 could stabilize PD-L1 injection. As expected, treatment of immunocompetent mice harbor-
in PC through the AKT- GSK-3p signaling pathway. ing CCL21-overexpressed tumors with anti-PD-L1 therapy caused
a more noticeable suppressive effect on tumor growth compared

with either treatment alone (Figure 5A-C). Furthermore, the number

3.6 | Chemokine CCL21 combined with PD-L1 of granzyme B* and apoptotic cells were obviously increased after
blockade therapy enhanced therapeutic efficacy combination therapy, whereas the infiltration of CD4" and CD8" T
for tumor cells showed no significant difference between combination therapy

and CCL21 overexpression (Figure 5D,E). These results showed anti-
Recent studies showed that PD-L1 expression was the most widely PD-L1 therapy in combination with CCL21 could improve antitumor

used and FDA-approved predictive biomarker of anti-PD-1/PD-L1 activity and significantly suppress tumor growth.

therapies.28 Patients with PD-L1 positive tumors could have a higher

objective response rate and improved OS compared to PD-L1 nega-

tive subgroups.??%® According to the above results, we investigated 4 | DISCUSSION

whether CCL21 could synergize with PD-L1 blockade to elicit an en-

hanced therapeutic efficacy for PC. The lentiviral vector was used In this study, we systematically analyzed the role of CCL21 in PC by
to overexpressed CCL21 in tumor cells to mimic its intratumoral bioinformatics. GeneMANIA and GSEA suggested that CCL21 was
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FIGURE 4 Chemokine C-C motif ligand 21 (CCL21) stabilized programmed death-ligand 1 (PD-L1) through the AKT-glycogen synthase
kinase-3p (GSK-3p) signaling pathway. A, Western blot analysis of PD-L1 abundance in MIA-PaCa-2 and SW1990 cells treated with 80 uM
cycloheximide (CHX) for 0, 4, 8, 12, or 16 h after CCL21 stimulation (right) or not (left). B, Western blot analysis of AKT-GSK-3p signaling
pathway changes of starved cells treated with serum-free medium contained CCL21 (50 ng/mL) for 0, 15, 30, 60, and 120 min. C, Western
blot analysis of the AKT-GSK-3p signaling pathway changes of starved cells pretreated with DMSO, AKT inhibitor (LY294002, 20 pmol/L) or
anti-CC-chemokine receptor 7 (CCR7, 10 ug/mL) for 2 h, and then treated with CCL21 (50 ng/mL) or PBS for an additional 2 h. D, Western
blot analysis of PD-L1 expression in starved cells pretreated with DMSO, LY29400,2 or anti-CCR7 for 2 h, and then treated with CCL21

(50 ng/mL) or PBS for an additional 48 h. E, Coimmunoprecipitation assays in MIA-PaCa-2 and SW1990 cells transfected with indicated

plasmids

associated with leukocyte chemotaxis and inflammatory response in
PC as described in previous studies.'>3! Moreover, calcium-mediated
signaling and PI3K signaling have also been reported as common sign-
aling pathways of CCR7 elicited by CCL21.%2 To investigate the effect
of CCL21 on TIICs in PC, CIBERSORT was applied to compare the
TIICs between low and high CCL21 expression groups. Only the im-
mune cells significantly altered and correlated with CCL21 expression
in both TCGA and ICGC cohorts were selected for further focused
research to minimize bias and enhance reliability. As expected, CD8"
T cells were significantly changed and related to CCL21 expression.
Several studies found that the patients with higher infiltration of
CD8* T cells in PC tend to have longer 05.%334 Although the patients

with higher CCL21 seemed to be positively correlated with increased
OS, no significant survival differences were found in either publicly
available cohort. Therefore, we speculated that there might be a po-
tential immune escape partly impairing the efficacy of CCL21.
Previously, a phase | study reported that tumor PD-L1 level was
increased after intratumoral vaccination with CCL21-DCs in lung
cancer.’® The PD-L1 expression in PC cells has been reported and
varied widely in previous studies.>>3¢ Binding of PD-L1 to PD-1
on activated T cells impedes antitumor immunity. In addition, the
chemokine signaling pathway has been found to be involved in the
regulation of PD-L1 through the CXCL9/10/11-CXCR3 axis.®” Thus,
we tried to investigate whether CCL21 itself could upregulate PD-L1
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FIGURE 5 Chemokine C-C motif ligand 21 (CCL21) combined with programmed death-ligand 1 (PD-L1) blockade enhanced

therapeutic efficacy for pancreatic cancer. A-C, (A) Tumor images, (B) volumes, and (C) weights (means + SD) of control Panc02 or CCL21-
overexpressing (OE) Panc02 tumor subcutaneously inoculated in C57BL/6 mice treated with IgG control Ab or anti-PD-L1 Ab as indicated.
D, Immunohistochemistry analysis of CD4, CD8, and granzyme B, and immunofluorescent image of TUNEL staining in tumors from mice that
received the treatments described above. Representative images are shown. Scale bars, 100 pm. E, Quantification of immunohistochemistry

and immunofluorescence results above. Each group contained six mice. Statistical significance was calculated by unpaired two-tailed
Student’s t tests. **P < .01, ***P < .001
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expression in PC to induce immune evasion. In immune-competent
mice, we found that CCL21 overexpression in cancer cells not only
enabled the chemotaxis of CD4" and CD8" T cells and the sup-
pression of tumor growth, as previously reported in several can-
cers,*2¥38 put also increased PD-L1 expression. Furthermore, we
confirmed that CCL21 could obviously stabilize and upregulate the
PD-L1 protein level, but not the mRNA level, in PC cells, which partly
hindered the antitumor T immunity. After that, we further investi-
gated the molecular mechanism of PD-L1 stabilization induced by
CCL21.

Posttranslational modifications of PD-L1, as important regula-
tory mechanisms, directly influence PD-L1-mediated immunosup-
pression in patients with cancer.®’ Recently, Li et al?® found that
the phosphorylation of PD-L1 by GSK-3p could be degraded by the
ubiquitin/proteasome system, whereas CCL21 could inhibit GSK-3
activity through the PIBK-AKT signaling pathway in colorectal can-
cer cells.?” In addition, PI3K-AKT signaling was significantly en-
riched in the CCL21 highly expressed PC samples by our analysis.
Thus, we postulated and confirmed that CCL21 stabilized PD-L1
protein on tumor cells through the AKT-GSK-3p signaling pathway
in this study.

The PD-L1 on tumor cells could promote T cell apoptosis in vitro
and in vivo to induce immune evasion.” Consequently, there was a
correlation of PD-L1 expression on tumor cells with the response to
ICB therapy in many preclinical studies,*®** and patients with PD-
L1 positive tumors had a better response rate than patients with
PD-L1 negative tumors in several cancers.*>*4 However, patients
with tumors with high PD-L1 expression might be unresponsive to
anti-PD-L1 treatment due to the low T cell infiltration in PC. The
lack of preexisting T cell immunity seemed to induce the resistance
of anti-PD-L1 therapy, which might be one of the reasons that
the efficacy of PD-L1 blockade alone is limited in PC. Therefore,

facilitating T cell infiltration in PC could overcome the resistance to
anti-PD-L1 treatment. In our study, PD-L1 upregulation and T cell
infiltration suggested that CCL21 might sensitize PC to anti-PD-1/
PD-L1 immunotherapy. Indeed, our data from the mouse model in-
dicated that the combination of anti-PD-L1 and CCL21 therapy led
to a more significant decrease in tumor sizes than monotherapies
(Figure 6).

Regarding the limitation of this study, the lentiviral vector was
used to overexpress CCL21 in tumor cells to mimic its intratumoral
treatment, which was infeasible in clinical practice. CCL21 gene-
modified DC therapy and polymer-based CCL21 delivery might be
attractive strategies for further investigation in PC. Another lim-
itation was that we only investigated the change of PD-L1 expres-
sion, and other potential immune checkpoints might also be altered
in the CCL21 treatment. Further related research is needed in the
future.

In conclusion, our study showed that increased CCL21 in
tumor cells promoted T cell infiltration and reduced tumor burden.
Chemokine CCL21 stabilized and upregulated PD-L1 expression on
tumor cells through the AKT-GSK-3p signaling pathway, which partly
impaired antitumor T cell immunity, while PD-L1 blockade could
rescue this immunosuppression. These findings provide a novel
PC therapeutic strategy of CCL21 in combination with anti-PD-L1
treatment.
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