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ABSTRACT ARTICLE HISTORY
Various predictive biomarkers are needed to select candidates for optimal and individualized treatments. Received 6 August 2021
Tumor-infiltrating immune cells have gained increasing interest in cancer research for the prediction of ~ Revised 17 January 2022
therapeutic response and survival. However, the role of dendritic cells (DCs) in PD-1 blockade immu- Accepted 21 January 2022
notherapy remains unclear. In this study, we identified a population of PD-1+ DCs in the tumor micro- KEYWORDS

environment (TME) of cervical cancer (CC). The accumulation of PD-1+ DCs in cervical tumors was Dendritic cell; cervical
correlated with advanced stages, elevated preoperative squamous cell carcinoma antigen levels and cancer; immunotherapy;
lymph-vascular space invasion. PD-1 expression was induced on activated tumor-associated DCs (TADCs) PD-1; predictive marker
in vitro compared with their resting counterparts. This PD-1+ DC population was characterized by reduced

secretion of cytokines (IL-12, TNF-a, and IL-1B) and dysfunctional induction of T cell proliferation and

cytotoxic reaction. PD-1 blockade significantly reinvigorated PD-1+ DCs to release IL-12, TNF-q, and IL-13

compared with PD-1- DCs. TlLs from samples with higher PD-1+ DC infiltration could be induced to

achieve a greater killing effect of PD-1 blockade treatment. Our findings suggested a role for PD-1+ DCs in

immune surveillance dysfunction and CC progression. PD-1+ DC density in the TME may serve as

a diagnostic factor for predicting the optimal beneficiaries of PD-1/PD-L1 blockade immunotherapy in CC.

Dysfunctional PD-1* DCs are linked with PD-1* DC as a crucial indicator for PD-1 therapy optimization
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1. Introduction

Despite improvements in screening and prophylactic vaccina-  the major risk factor for CC.” In recent years, a better under-
tion, cervical cancer (CC) remains the fourth most common standing of HPV tumor-host immune system interactions
malignancy and third leading cause of cancer-related mortality ~ supporting the immunogenicity of CC, and the development
among women worldwide." It has been widely accepted that of new therapeutics targeting immune checkpoints have gen-
persistent high-risk human papillomavirus (HPV) infection is  erated interest in the use of immunotherapy in advanced
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cervical cancer.” However, it is desirable to explore predictive
biomarkers to select candidates for optimal treatment and
design individualized therapy.

Tumor-infiltrating immune cells have gained increasing
interest in cancer research given that these cells predict the
response to therapy and survival.” Intratumoral immune cells
exhibit potential as biomarkers in different cancer types; how-
ever, each subtype has its own unique role in antitumor
immunity.® In the CC tumor microenvironment (TME), cell-
mediated immunity is impaired in general. Decreased accumu-
lation of tumor-infiltrating CD4 + T cells and a reduced CD4
+/CD8 + T cell ratio correlate with rapid tumor growth and
lymph node metastasis.” Moreover, higher T cell accumulation
(including CD3+, and CD4 + T cells) and an increased CD4
+/CD8 + T cell ratio are associated with a decreased risk of
relapse and better prognosis.>” The correlation of CD8 + T cell
infiltration and lymph node metastasis or survival differs in
studies.”®'° Regulatory T cells (Tregs), a population of immu-
nosuppressive immune cells, were significantly associated with
unfavorable outcomes in squamous cell carcinoma (SCC) but
not in adenocarcinoma.''?

As inducers of the T cell response, dendritic cells (DCs)
are the foundation of antitumor immunity and are critical
for responses to cytotoxic and targeted agents."” The density
of DCs in tumor tissue has been reported to correlate with
prognosis in certain human carcinomas.!*® In CC, it has
been reported that the number of mature DCs and the cDC2
proportion are significantly decreased in the TME, while the
pDC proportion is increased.”'” However, the clinical
impact and biological properties of intratumoral DCs are
not completely understood. Here, we report the role of
dysfunctional PD-1+ DCs in immune surveillance and CC
progression. In addition, the density of PD-1+ DCs in the
TME may serve as a diagnostic factor for predicting the
optimal  Dbeneficiaries of = PD-1/PD-L1  blockade
immunotherapy.

2. Materials and methods
2.1. Patients and specimens

A total of 40 patients pathologically diagnosed with CC at the
Obstetrics and Gynecology Hospital of Fudan University
from December 2019 to September 2021 were enrolled in
this study. At least two hospital pathologists histologically
assessed the tumor specimens. Fresh tumor tissue specimens
from each patient were obtained after surgical resection, and
each tumor was bisected for subsequent phenotypic analysis
and treatment assays. Blood samples were obtained from two
healthy donors to generate monocyte-derived DCs. Patients
and clinical data were collected through chart review and
electronic patient records. HPV infection and SCC antigen
levels were determined by preoperative examination reports.
All procedures using human tissues conformed to the guide-
lines of the Declaration of Helsinki and Tokyo for human
experimentation and were approved by the Ethics Committee
of the Obstetrics and Gynecology Hospital of Fudan
University (2019-123). Informed consent was obtained from
all subjects.

2.2. Tissue dissociation

Collected fresh patient tumor samples were minced into
1-mm? pieces with a scalpel and then digested in RPMI 1640
medium supplemented with 0.1% collagenase type IV, 0.01%
hyaluronidase and 0.002% DNase I (Sigma-Aldrich, St. Louis,
MO, USA) for 2 hours at 37°C in 5% CO,. Then, the single-cell
suspensions derived from tumors were filtered through a 100-
um strainer and washed twice with phosphate-buffered sal-
ine (PBS).

2.3. Cell culture

The TC-1 and HeLa cervical cancer cell lines were maintained
in RPMI 1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with penicillin-streptomycin (Sigma-
Aldrich) and 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, MA, USA). The B16 and B16-OVA cells
were maintained in DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 1% penicillin-
streptomycin and 10% FBS. To prepare tumor-conditioned
medium (TCM), 5 x 10° TC-1 and HeLa cells were kept in
10 mL complete medium containing 10% FBS in a 100 mm cell
culture dish for 48 hours. Supernatants were harvested and
stored at —80°C for later use.

Bone marrow-derived DCs (BMDCs) and tumor-associated
DCs (TADCs) were generated from 6- to 8-week-old C57BL/6
mice as previously described.'® In brief, single bone marrow
cells were cultured in RPMI 1640 medium containing 10% FBS,
20 ng/mL mouse granulocyte macrophage colony stimulating
factor (mGM-CSF), 10 ng/ml mouse interleukin 4 (mIL-4)
(PeproTech, Rocky Hill, NJ, USA), 100 IU/mL penicillin G,
and 100 mg/mL streptomycin sulfate with or without the addi-
tion of TC-1 TCM (20% by volume). PMBCs from healthy
donors were isolated by Ficoll and monocytes were isolated
from PBMCs via plastic adherence in tissue-culture flasks.
Monocyte-derived DCs (Mo-DCs) were generated in X-
VIVO 15 supplemented with 100 ng/ml of rhIL-4 and
100 ng/ml rhGM-CSF (PeproTech, Rocky Hill, NJ, USA),
100 IU/mL penicillin G, and 100 mg/mL streptomycin sulfate
with or without the addition of HeLa TCM (20% by volume).
After 6 days, 1 pug/mL lipopolysaccharide (LPS; PeproTech,
NY, USA) was added to the culture medium for further
stimulation.

2.4. DC endocytosis assay

DCs were incubated with 0.5 g/ml FITC-dextran (40,000 Mr)
(Sigma, USA, FD40S-100 MG) for 1 hour at 37°C and then
analyzed by flow cytometry for FITC fluorescence expression.
Cells incubated in FITC-dextran solution at 4°C were used as
a negative control.

2.5. Allogenic mixed lymphocyte reaction (MLR)

TADCs were generated from the bone marrow of C57BL/6
mice, and Mo-DCs were generated from PBMCs. Then, PD-1
+ and PD-1- DCs were selected by incubation with an APC-
conjugated anti-mouse PD-1 antibody followed by incubation



with magnetic anti-APC nanobeads (Biolegend, 480071) and
isolation using a magnetic separator according to the manu-
facturer’s instructions (Biolegend). These cells were then
washed three times with ice-cold PBS and plated into 96-well
U-bottom culture plates (Corning, NY, USA) at 1 x 104 cells/
well as stimulators for T cells.

For MLR with TADCs, CD3 + T cells were obtained from
splenocytes of allogeneic Balb/c mice purified with anti-CD3
nanobeads (Biolegend, 480099). For MLR with Mo-DCs, allo-
genic lymphocytes were obtained from PBMCs of other
healthy donors isolated by plastic inadhesion in tissue-culture
flasks. Purified mouse CD3 + T cells or human lymphocytes
(responder cells) were labeled with arboxyfluorescein succini-
midyl ester (CFSE; Dojindo, Kumamoto, Japan) and then
added to 96-well U-bottom culture plates at 1 x 105 cells/
well. The plates were incubated at 37°C in 5% CO2 for
72 hours. T cell proliferation was measured by evaluating
CFSE dilution. The production of interferon gamma (IFN-y)
by T cells was measured using flow cytometry.

2.6. Tumor specific antigen T cell assay

PD-1+ and PD-1-TADCs were sorted and pulsed with OVA
peptide 257-264 (MedChemExpress, NJ, USA, HY-P1489) at
40 pg/ml for 24 hours. CD8 + T cells were purified from OT-I
mice spleen with anti-CD8a nanobeads (Biolegend, 480135)
and stimulated with OVA-loaded PD-1+ or PD-1- TADCs for
72 hours at 37°C to generate antigen-specific OT-I T cells. The
proliferation of OT-I T cells was measured by CFSE dilution as
described in the MLR reaction. For the cytotoxic T lymphocyte
(CTL) assay, antigen-specific OT-I T cells (effector cells) were
harvested and then cultured together with 2000 B16 or B16-
OVA cells (target cells) in 96-well plates at effector:target cell
ratios of 100:1 for 18 hours. The suspensions were collected to
evaluate the lactate dehydrogenase (LDH) leakage level using
a Cytotoxicity LDH Assay Kit-WST (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. The percen-
tage of specific lysis was calculated as follows: % specific
lysis = [(experimental release - E spontaneous release -
T spontaneous release)/(T maximum release -T spontaneous
release)] X 100%.

2.7. Ex vivo stimulations

Isolated single cells derived from tumors were cultured in X-
VIVO 15 medium (Lonza, Switzerland) supplemented with 2%
human serum (Biological Industries, USA) at 37°C and 5%
CO2. Cells were treated with an anti-PD-1 antibody (pembro-
lizumab, 20 pug/ml) for 24 hours and then subjected to pheno-
typic analysis by flow cytometry.

2.8. Flow cytometry

For characterization of in vitro-cultured DCs, CC tissue-
isolated cells and ex vivo-stimulated cells, cells were blocked
with Fc receptor (Human TruStain FcX™, 422302, Biolegend),
and incubated for 30 min in the dark with antibodies recogniz-
ing specific surface proteins. An Annexin V apoptosis detec-
tion kit with propidium iodide (PI; BioLegend, 640932) was
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used to analyze cell apoptosis. For the detection of intracellular
proteins, cells were stimulated for 6 hours with 10 pg/ml
brefeldin A and 2 pM ionomycin (Absin) before staining.
Cells were then fixed and permeabilized using fixation/permea-
bilization wash buffer (BioLegend) and stained with antibodies
for 30 min in the dark. For Ki67 staining, cells were incubated
in 70% ethanol for 1 hour at —20°C and then stained with an
anti-Ki67 antibody (350519; BioLegend). All antibodies used in
this study are listed in Supplementary Table 1. All samples were
run on a CytoFLEX platform (Beckman Coulter, Brea, CA,
USA) and analyzed using FlowJo version 10.8 software (BD
Biosciences).

2.9. Statistical analysis

All data are expressed as the means + SDs of a minimum of
three independent experiments. Student’s t-tests were used to
compare two groups, one-way analysis of variance (ANOVA)
with least significant difference (LSD) tests was used to com-
pare multiple groups, and linear regression was used to identify
the association between two indicators. Additionally, two-
tailed paired t-tests were used for paired comparisons.
P-values <0.05 were considered statistically significant.

3. Results

3.1. Identification of enriched intratumoral PD-1+ DCs in
advanced CC

To assess DC infiltration, 40 resected fresh CC specimens were
dissociated into single-cell suspensions and analyzed by flow
cytometry. Due to the scarcity of DC-exclusive markers, we
used a depletion strategy as in a previous study to identify total
DCs." A series of lineage markers whose expression was low or
absent in DCs including CD3, CD19, CD56, CD14, and CD16
(collectively defined lineage markers) were used to exclude
contaminant cells. Total DCs were selected by CD45 positive
expression, HLA-DR high expression, and lineage-negative
expression (Supplementary Figure 1a).

The clinical characteristics of the patient cohort used in this
analysis are shown in Supplementary Table 2. We examined
the relationship between DC infiltration and disease progres-
sion in patients with different stages ranging from FIGO
(International Federation of Gynecology and Obstetrics) stages
I to III. No significant correlation was observed between the
percentage of DCs in the CD45+ leukocyte population and
clinical stage (Figure la), which is consistent with a previous
report.”” Recently, PD-1 was found to be expressed in innate
cells, including macrophages, MDSCs, and DCs.*! We ana-
lyzed PD-1 expression on intratumoral total DCs and found
that higher grade tumor stages were correlated with an
increased percentage of PD-1+ DCs (Figure 1b). Considering
that the infiltration number of CD45+ cells varied significantly
(Supplementary Figure 2a), the absolute number of DCs or
PD-1+ DCs was also calculated, and the results consistently
showed that the accumulation of PD-1+ DCs increased in the
higher stage (Supplementary Figure 2b). These findings sug-
gested that abundant PD-1+ DCs were associated with malig-
nant progression. The relationships between intratumoral PD-
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Figure 1. Identification of enriched intratumoral PD-1+ DCs in advanced CC. (a,b) Left: The gating strategies for DCs (A) and PD-1+ DCs (B) in CC at different stages.
Right: The percentages of DCs (A) and PD-1+ DCs (B) quantified in FIGO stages |, II, and Ill of CC.(c,d) The percentage of DCs (left) and PD-1+ DCs (right) in CC with or
without lymph-vascular space invasion (C) or elevated preoperative SCC antigen levels (D).

1+ DCs and various clinicopathological features were further
assessed. PD-14+ DC accumulation in the tumor bed appeared
to be increased in patients with elevated preoperative SCC
antigen levels and lymph-vascular space invasion (LVSI)
(Figure 1c,d, Supplementary Figure 2¢,d). However, the differ-
ences in the percentage or absolute number of total DCs did
not reach statistical significance (Figure 1c,d, Supplementary
Figure 2¢,d). In our experiments, we found that HPV infection
was associated with a higher percentage of PD-1+ cells in DCs
(Supplementary Figure 2e) and an increased absolute number
of total DCs (Supplementary Figure 2f). However, samples
without HPV infection accounted for only 4 of the 40 total
cases, and we could not determine whether the significant
difference was due to random error. In addition, no significant
differences in age, histological type, tumor size, or stromal
invasion depth were noted for either total DC infiltration or

PD-1+ DC accumulation. Overall, these data suggest a potential
role for PD-1+ DCs rather than total DCs in CC progression
and poor clinical outcomes.

3.2. Intratumoral PD-1+ DCs with highly expressed
costimulated markers exhibit dysfunctional properties

DCs are a heterogeneous population composed of several dis-
tinct subsets. To precisely define these PD-1+ DCs, different
DC subgroups were discriminated by the expression of CD11c,
CDl1c, CD141, CD123, CD16, and CCR7 and then measured
with PD-1 levels (Supplementary Figure 1a) in 10 samples. PD-
1 expression was partly positive in all 5 subsets including cDCI1,
c¢DC2, pDC, CD16+ DC and undefined DCs. For different
samples, the proportion of each DC subset varied distinctly,
and the fractions of each subset in PD-1+ DCs were



accordingly different (Figure 2a). In general, nonmigratory
cDC2s, which occupied the highest proportion of DCs, derived
most PD-1+ DCs (34%-62.7%). Since PD-1 positive expression
was found in all subtypes, total DC was analyzed in subsequent
experiments.

To investigate whether PD-1 plays a role in the function of
DCs in cervical tumors, we first examined costimulatory, effec-
tor and chemotactic markers in intratumoral PD-1+ DCs from
40 specimens. We found that PD-1 was mainly expressed on
CD40+ CD80+ CD86+ DCs, a subset with an activated pheno-
type (Figure 2b). Moreover, higher PD-L1 expression were
observed on PD-1+ DCs than PD-1- DCs (Figure c). DCs are
an abundant source of IL-12, TNF-q, and IL-1p, which are
crucial in eliciting immune responses and eliminating cancer
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cells. PD-1+ DCs secreted lower levels of these cytokines than
their PD-1- counterparts (Figure 2d). CCR7, a key receptor in
DC homing to the lymph nodes, showed no difference in
expression between PD-1+ DCs and PD-1- DCs (Figure 2e).
The levels of two chemokines that mediate T cell recruitment
to the tumor, CXCL9 and CXCLI0, also displayed no differ-
ence in PD-1+ DCs and PD-1- DCs (Figure 2e).

3.3. PD-1+ DCs are induced upon activation in tumor
conditions and deficient in eliciting an adaptive response

To examine the induction of PD-1+ DCs, we generated
BMDCs and TADCs from C57BL/6 mice to observe PD-1
expression during DC maturation in vitro. On day 6 of culture,
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Figure 2. Intratumoral PD-1+ DCs with high expression of costimulatory markers exhibited dysfunctional properties. (a) The fractions of different subgroups among DCs
(left) and PD-1+ DCs (right) in each patient. (b) The gating strategy for CD40, CD80, CD86, and PD-1 expression on DCs. (c) Quantification of PD-L1 expression on PD-1
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PD-1+ and PD-1- DCs in CC. Right: Representative flow cytometric histograms of the expression of effector markers (IL-12, IL-1B, and TNF-a, D) or chemotactic markers

(CCR7, CXCLY9, and CXCL10, E) on PD-1+ and PD-1- DCs in CC.
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LPS was added to the culture medium to stimulate mature
DCs. After stimulation for 6, 12, 24, or 48 hours, the percentage
of PD-1+ cells gradually increased with maturation, especially
for TADCs activated by LPS (Figure 3a). BMDCs cultured
under normal conditions exhibited slight PD-1 expression
after LPS stimulation, which was significantly lower than that

of TADCs stimulated with LPS (Figure 3a). The PD-1 level
strongly correlated with the percentage of CD40+ CD80
+ CD86+ activated DCs (Figure 3b). We examined the activa-
tion status of PD-1+ TADCs based on CD40, CD80 and CD86
expression, and the results showed consistency with the CC
specimens in which PD-1 was mainly induced on activated
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Figure 3. TCM contributed to PD-1 expression on activated DCs with impaired function in vitro. (a) Quantification of PD-1+ DCs under normal and tumor conditions after
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cells) measured by LDH release. T cells without treated with DCs were control.



DCs (Figure 3c). We observed that LPS-treated DCs (either
under normal or tumor conditions) lost their capacity for
antigen phagocytosis compared to immature BMDCs.
However, we found no difference in phagocytic capacity
between PD-1+ DCs and PD-1- DCs (Figure 3d). Moreover,
PD-1+ DCs exhibited lower IL-12 and TNF-a secretion than
PD-1- DCs, which showed a consistent trend in both BMDCs
and TADCs (Figure 3e). The secretion level of cytokines is
comparable between BMDCs and TADCs, indicating the dys-
function of TADCs, especially those expressing PD-1.

To understand the function of PD-1+ DCs in priming the
antitumor response, we performed antigen nonspecific and
antigen-specific assays. In an allogenic MLR, proliferation of
the T cells, as measured by the decrease in CFSE by flow
cytometry, was significantly inhibited when cocultured with
the PD-1+ DCs compared to PD-1- DCs (Figure 3f).
Meanwhile, a parallel MLR was conducted using human Mo-
DCs and allogenic lymphocytes. We generated Mo-DCs under
tumor conditions by the addition of human HeLa cells and
isolated PD-1+ and PD-1- DCs. The results were consistent
with those in mice which the ability of DCs to stimulate T cell
proliferation was significantly decreased for those expressing
PD-1 (Figure 3g). To evaluate the effect of PD-1+ DCs on the
cytotoxicity of antigen-specific T cells, OVA model antigen and
OT-IT cells were used. As shown in Figure 3h,i, OVA-loaded
PD-1+ DCs showed dampened effects on the proliferation,
activation, and degranulation of antigen-specific OT-I T cells
as indicated by decreases in division, IFN-y and GZMB release.
Moreover, the OT-I'T cell cells stimulated by OV A-loaded PD-
1+ DCs had a relatively low efficiency in the immune killing of
B16-OVA cells compared to OVA-loaded PD-1- DCs
(Figure 3j). Taken together, the results support a role for PD-
1 on DCs in tumor conditions to shape their dysfunction
properties.

3.4. Intratumoral PD-1+ DC infiltration is associated with
CD8 + T cell inactivation

To further investigate the role of PD-1+ DC infiltration in the
tumor immune microenvironment, we classified 40 CC
patients into 2 subgroups on the basis of the median frequency
of PD-1-expressing tumor-infiltrating DCs. The median per-
centage of PD-1+ tumor-infiltrating DCs was 6% (range,
0.78%-52.13%). Patients with greater than 6% of their intratu-
moral DCs expressing PD-1 were termed high PD-1+ DC
expressers, whereas those with less than 6% PD-1+ DCs were
termed low PD-1+ DC expressers. Our cohort comprised 50%
high PD-1+ DC expressers and 50% low PD-1+ DC expressers.

We next investigated the density and effector cytokines of
tumor-infiltrating CD4 + T cells, CD8 + T cells and natural
killer (NK) cells using flow cytometry to dissect the tumor-
killing functions of the immune system. We observed that the
proliferation of these cells remained unaffected, as the percen-
tages of Ki67+ cells in the CD4 + T cell, CD8 + T cell and NK
cell populations were not different between the two patient
groups (Figure 4a). Our results revealed that high and low
PD-1+ DC expressers showed no differences in the infiltration
density of total CD45+ cells, NK cells or CD4 + T cells
(Figure 4b). The cytotoxic functions of NK cells and CD4 + T

ONCOIMMUNOLOGY €2034257-7

cells were also similar between high and low PD-1+ DC expres-
sers, as indicated by similar cytolytic markers, including
CD107a, GZMB and perforin, and effector cytokines IL-2,
IFN-y and TNF-a (Figure 4a). Strikingly, high PD-1+ DC
expressers had a significantly higher percentage of CD8 + T
cells among tumor-infiltrating leukocytes and a significantly
higher CD8 + T cell density in the tumor bed (Figure 4c).
Interestingly, although naive T cells typically circulate through
blood and lymphoid organs,”* a small proportion of CD8 + T
cells infiltrating the in tumor were CD45RA+CCR7+ naive
(Figure 4a,d). This indicated that in addition to cytotoxic
effector cell recruitment from lymph nodes, there was also
local T cell activation in the tumor tissue, and this primary
activation was stronger in high PD-1+ DC expressers
(Figure 4d). However, feature profiles of tumor-infiltrating
CDS8 + T cells revealed that the levels of Eomes, PD-1, and
Tim-3, which are well-established markers of exhausted
T cells,>® were increased on CD8 + T cells in high PD-1+ DC
expressers. Additionally, the tumor-infiltrating CD8 + T cells
of high PD-1+ DC expressers exhibited significantly lower
capacities to produce CD107a and GZMB and release IFN-y
than those of low PD-1+ DC expressers (Figure 4d).
Collectively, these data indicated that intratumoral PD-1
+ DC infiltration is relevant to CD8 + T cell dysfunction.

3.5. The accumulation of intratumoral PD-1+ DCs is
correlated with a favorable response to PD-1 blockade

Furthermore, we evaluated the clinical significance of PD-1
+ DC infiltration for PD-1 blockade using the same 40 CC
specimens. We added pembrolizumab, a Food and Drug
Administration (FDA)-approved anti-PD-1 monoclonal anti-
body, to suspensions of freshly resected CC tissue and detected
PD-1+ DC function, CD8 + T cell cytotoxicity and tumor cell
apoptosis after 24 hours of treatment. Interestingly, we found
that dysfunctional PD-1+ DCs were restored by blockade of
PD-1 and exhibited significantly elevated secretion of IL-12,
IL-1B and TNF-a, whereas the functions of PD-1- DCs were
not further enhanced (Figure 5a,b). Moreover, ex vivo cytolytic
assays demonstrated that the cell killing efficacy of pembroli-
zumab was remarkable in samples with high PD-1+ DC infil-
tration but not obvious in those with low PD-1+ DC
infiltration (Figure 5c). More importantly, PD-1 blockade
further enhanced CD107a, GZMB, and IFN-y production by
CD8+ tumor-infiltrating lymphocytes (TILs) from high PD-1
+ DC expressers but did not have a similar impact on low PD-1
+ DC expressers (Figure 4d). In CD8 + T cells, the proliferation
marker Ki67 seemed unaffected by pembrolizumab in both
high and low PD-1+ DC expressers. Together, these results
suggested that PD-1 blockade enhanced PD-1+ DC function
and might achieve more effective functional restoration of CD8
+ TILs from high PD-1+ DC expressers.

4. Discussion

As orchestrators of the immune system bridging innate and
adaptive immunity, DCs are key players in directing antitumor
immunity. Generally, after sufficient activation and antigen
recognition, DCs subsequently activate the adaptive immune
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Figure 4. Intratumoral PD-1+ DC infiltration was associated with CD8 + T cell inact

ivation. (a) Heatmap showing the frequencies of CD4 + T, CD8 + T and NK cells and

the percentage of the indicated marker-positive cells in the CD4 + T, CD8 + T and NK cell populations within tumors. Clinical parameters and the frequency of PD-1
+ cells are depicted on top. Patients were clustered into high and low groups based on PD-1+ cell frequency. (b,c) The percentage of intratumoral CD45+ cells in total

living cells, the percentage of intratumoral NK cells, CD4 + T cells, and CD8 + T cells

in CD45+ cells, and the absolute number of CD8 + T cells in high and low PD-1+ DC

expressers. (d) Quantification of naive T cells and the percentages of PD-1+, Tim-3+, Eomes+, CD107a+, GZMB+, and IFN-y+ cells in the CD8 + T cell population in high

and low PD-1+ DC expressers.

response. However, the association of activated DC infiltration
with clinical outcome suggested differences between cancers.
In pancreatic adenocarcinoma and skin cutaneous melanoma,
higher intratumoral activated DCs were associated with good
prognosis, while the opposite relationship occurred in breast
invasive carcinoma.** In this context, activated DCs may shift
to a tolerogenic or immunosuppressive state through undeter-
mined negatively regulated signals. Here, we identified
a population of activated DCs in the TME that express the
inhibitory molecule PD-1. Although the signaling pathways
may be multifaceted, our experiments may shed light on the
role of PD-1 in DC dysfunction in the CC TME.

To date, mechanistic studies of PD-1 have mainly focused
on T cells. PD-1 is inducibly expressed on T cells by T cell
antigen receptor (TCR) signaling and then acts as a molecular
brake to negatively control T cell activity. Upon interaction
with the ligand PD-L1, a pair of tyrosines within the

cytoplasmic tail of PD-1 is phosphorylated and recruits the
protein tyrosine phosphatases SHP2 and SHP1, which then
dephosphorylate both the TCR and CD28 costimulatory
molecules.”*® These biochemical events ultimately lead to
the attenuation of T cell proliferation, cytokine production,
and cytolytic activities.”” Despite the widely accepted notion
that PD-1 primarily functions as a T cell inhibitory receptor,
accumulating evidence suggests that PD-1 is also expressed on
other types of immune cells (including macrophages, NKs,
DCs, and B cells).”® ' As shown in both our in vitro experi-
ments and CC samples, we found that PD-1 was induced on
DCs concomitant with the activation process, indicating that
PD-1 may serve as a marker of high tumor-responsive DCs.
Moreover, the induction of PD-1 was much more apparent
under tumor conditions than under normal conditions,
whereas DC activation was inhibited under tumor conditions.
These observations indicated that the TME may exert extra
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induction pressure, which is weak in a normal environment, to
induce PD-1 expression on activated DCs, which deserves
further exploration.

Of note, those PD-1+ matured DC exhibited dampened
ability in producing proinflammtory cytokines and eliciting
adaptive T immune response. Although the biochemical
mechanism underlying PD-1-mediated inhibition of DCs
has yet to be clarified, some reported studies are helpful
to clarify our results. Studies in tumor associated macro-
phages (TAMs) showed that PD-1 engagement by PD-L1
actively recruited SHP-2 to the PD-1 cytoplasmic tail, lead-
ing to the inhibited glycolysis, M1 type cytokine production
and phagocytic potency. Blockade of PD-1/PD-L1 signaling
with either PD-L1 removal or PD-1 mAb rescued the TAM
function by reversing immune metabolic dysfunctions as
well as promoting M1 polarization.”***** Similarly, PD-1
signaling in DCs suppresses intracellular canonical NF-kB
pathway in an SHP-2-dependent manner and sequentially
inhibits self-function.”* DC apoptosis also starts to increase
after PD-1 upregulation.”> The PD-L1/PD-1 interaction has
been intensively studied as trans interaction between PD-1
on T cells and PD-L1 on tumor cells or tumor infiltrating
immune cells. Interestingly, a recent report showed that
PD-1 interacts in cis with both PD-L1 and PD-L2 on cell
membranes.”® Coexpression of PD-L1 and PD-1 on DCs
observed in CC specimens raises the possibility that the
PD-1/PD-L1 cis-interactions may deliver inhibitory signal
and thus contribute to shaping dysfunction of PD-1+ DCs.
These findings thus reveal the role of PD-1 signaling in
promoting tumor escape by regulating the function of DCs.

Generally, tumor-infiltrated DCs (TIDCs) take up anti-
gen, become mature, and migrate to tumor-draining LNs
(tdLNs) in a CCR7-dependent mechanism.>”*®* In tdLNs,
DCs prime naive tumor antigen-specific T cells to activate,
and effector T cells are then recruited to the TME mediated
by CXCL9/10 produced by TIDCs.*** However, we found
that most of the cDCs in the CC TME were nonmigratory.
This is consistent with previous studies showing that only
a small fraction of tumor ¢DCs will end up migrating to the
lymph nodes, possibly related to controlled expression of
CCR7 by tumor derived suppressive molecules.*>*" It is
possible that nonmigratory TIDCs are similarly important
in maintaining the in situ antitumor immune response. In
support of this, intratumoral cDCs are required for tumor
regression after adoptive T cell transfer irrespective of the
migration of T cells to tdLNs.*” Moreover, local T cell
priming and activation within tumors were not impacted
in mice that lacked LN or when T cell recirculation was
blocked.**** Considering the nonmigratory properties of
TIDCs, the lack of differences of chemokines and receptors
raised the possibility that the impact of PD-1+ DCs on
adaptive immunity may occur either through direct antigen
presentation or through establishment of an unfavorable
cytokine milieu. As a population of DCs expressing high
costimulatory signals (CD40, CD80, CD86), PD-1+ DCs
may be able to induce the proliferation of naive T cells.
This was confirmed by the observation of a higher ratio of
naive T cells infiltrating in tumor bed. However, without
enough stimulation of proinflammation cytokines (IL-12,

IL-1B, and TNF-a), the survival of proliferating naive
T cells will be compromised, and most T cells will develop
anergic or apoptotic cells. This was confirmed by the results
that dysfunction and exhaustion of CD8 + T cells increased
in PD-1+ DCs with higher expression. Our findings reveal
potential suppressive mechanisms of PD-1 affecting DC-
mediated adaptive immunity: inhibition of proinflammatory
cytokine secretion and disruption of the ability to promote
antitumor T cell proliferation and activation in the
local TME.

DCs are fundamental for the initiation and maintenance
of immune responses against malignant cells. As key anti-
gen-presenting cells, DCs are capable of presenting tumor
antigens to T lymphocytes and promoting innate immunity
via NK cells.**** As a population of DCs exhibiting dys-
functional properties, the role of PD-1+ DCs in antitumor
immunity was assessed. We found that PD-1+ DCs in
tumors were inclined to influence the function of
CD8 + T cells rather than that of CD4 + T cells or NK
cells. In our results, CC with a higher proportion of PD-1
+ DCs was infiltrated with more CD8 + T cells. Infiltration
of T cells into tumors is a prerequisite for an inflamed
tumor phenotype.”” Common characteristics of responding
inflamed tumors include dense CD8 + T cell infiltrates,
a broad chemokine profile, PD-L1 expression on immune
cells, a type 1 interferon (IFN) signature, and elevated
expression of IFN-y-induced genes.*®*® Therefore,
inflamed tumors are thought to have a preexisting
CD8 + T-cell response to their tumor. Although CC
appears to present more commonly as inflamed, individuals
may present with cancer that is inflamed or noninflamed
(excluded or immune deserts).*® Those high PD-1+ DC
expressers featured increased accumulation of CD8 + T
cells, indicating a preexisting CD8 + T-cell response.
However, the characteristics of inflamed tumors ultimately
induce the adaptive upregulation of the PD-1/PD-L1 path-
way on neighboring tumor-infiltrating immune cells and on
tumor cells.*”*® The establishment of durable and effective
anticancer immunity is kept in check by intratumoral PD-
1/PD-L1 expression. Consistent with this negative feedback
mechanism, we confirmed that the tumor-infiltrating
CD8 + T cells of high PD-1+ DC expressers exhibited
inactivation and deficient cytotoxicity as well as
a tendency to express an exhausted phenotype. Moreover,
a high level of intratumoral PD-1+ DCs was more likely to
be detected in advanced CC and lymph-vascular space
invasion-positive specimens. Preliminarily, we classified
high PD-1+ DC expressers with a median cutoff value,
which may require larger samples or prospective multicen-
ter clinical trials to be verified. Our findings identified this
dysfunctional PD-1+ DC subpopulation as a contributor to
CD8 + T cell dysfunction and tumor progression in CC.

PD-1/PD-L1 blockade immunotherapy has shown clin-
ical efficacy in multiple cancers, including CC, by rescuing
exhausted T cells by targeting the PD-1/PD-L1 pathway.
Most of the existing research has focused on the reactiva-
tion of T cells by PD-1 blockade. However, it has been
found that the role of PD-1 blockade in potentiating anti-
tumor immunity is not limited to T cells. Therefore, it is



possible that blocking PD-1/PD-L1 exerts antitumor func-
tions by acting synergistically on a variety of immune cells
synergistically rather than only T cells. As expressers of
PD-], intratumoral DCs may also respond to PD-1/PD-L1
blockade. In our study, we blocked the PD-1/PD-L1 path-
way with pembrolizumab ex vivo and found that PD-1/PD-
L1 blockade could restore the function of PD-1+ DCs to
a greater extent than that of PD-1- DCs, suggesting that
PD-1/PD-L1 blockade was efficient in PD-1+ DCs. PD-L1
expression on tumor cells, mismatch repair and the pre-
sence of TILs and cytokines in tumor samples have been
used to identify patients who might respond to PD-1/PD-
L1 blockade immunotherapy. However, accumulating evi-
dence suggests that these markers are not sufficient to
accurately predict the response status. Therefore, additional
diagnostic approaches are needed to predict who might
respond to PD-1/PD-L1 blockade immunotherapy. We
found a subset of patients with high intratumoral PD-1
+ DC levels who had a greater response to pembrolizumab,
exhibiting restored DC function, enhanced CD8+ TIL cyto-
toxicity and elevated tumor cell apoptosis. Therefore, we
can make a preliminary conclusion that PD-1+ DCs are an
important response subgroup toward PD-1 blockade and
have a positive impact on the recovery of the downstream
immune response. Although pembrolizumab can directly
affect CD8 + T cells in our ex vivo treatment model -
this is a limitation in our studies that deserves further
exploration by developing novel ev vivo treatment plat-
forms - the reactivation of PD-1+ DCs indeed participates
in the recovery of CD8 + T function. Our findings sug-
gested that the different frequencies of preexisting intratu-
moral PD-1+ DCs can serve as an additional diagnostic
marker for predicting the response to PD-1/PD-L1 block-
ade immunotherapy.

In conclusion, our study identified a distinctly dysfunctional
status of DCs determined by PD-1 expression. The PD-1+ DC
subset in CC was correlated with inactivation of CD8+ TILs
and progression of CC. Our results also described a distinct
subgroup of CC patients with a large population of intratu-
moral PD-1+ DCs whose PD-1+ DCs and CD8+ TILs could be
reinvigorated by PD-1/PD-L1 blockade. This information may
provide a rationale and evidence for establishing optimal stra-
tegies for PD-1/PD-L1 blockade in patients with CC.
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