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Abstract

Background
Tumor-in�ltrating immune cells are closely associated with tumor occurrence and progression. The
present study explored the potential mechanism of tumor-in�ltrating plasmacytoid dendritic cells (pDC)
mediating the proliferation and metastasis of cancer cells in oral squamous cell carcinoma (OSCC).

Methods
pDC distribution was detected by immuno�uorescence and �ow cytometry. CXCR-4/7 expression was
detected by immunohistochemistry and western blotting. Cell proliferation and migration were measured
by CCK-8, colony formation, wound healing and transwell assays. ELISA and western blotting were used
to investigate cytokines secretion and NF-κB pathway activity. Nude mice xenograft model and footpad
metastasis model were used to evaluate pDC-mediated tumor growth and metastasis in vivo.

Results
Increased tumor-in�ltrating pDC in OSCC was signi�cantly associated with tumor size, lymph node (LN)
metastasis and CXCR-4 expression. Tumor-in�ltrating-pDC- conditioned medium from OSCC patients
signi�cantly promoted tumor cell proliferation and invasion via enhancing its CXCR-4 expression through
NF-κB pathway in vitro, which was regulated by pDC-derived TNF-α secretion. In vivo experiments further
demonstrated that tumor-in�ltrating pDC promoted tumor growth and LN metastasis via TNF-α/NF-
κB/CXCR-4 axis.

Conclusions
Tumor-in�ltrating pDC promoted oral cancer growth and metastasis via activating the TNF-α/NF-
κB/CXCR-4 pathway and may serve as a potential immunological target for the treatment of OSCC.

Background
Oral squamous cell carcinoma (OSCC) is the most frequent histological type of head and neck cancer
and the sixth most frequent malignancy across the world, with over 800,000 newly diagnosed cases and
166,000 people dying each year [1, 2]. Despite new therapeutic modalities being introduced over the past
two decades, the overall 5-year survival rate for OSCC remains only approximately 60%, highlighting the
urgent need to identify new approaches for the prevention and treatment of OSCC [2, 3]. In recent years,
much attention has been directed toward tumor immunology research, with a particular focus on tumor-
in�ltrating immune cells [4, 5].
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Tumor-in�ltrating immune cells gather in the tumor microenvironment, accompanying cancer occurrence
and progression [6]. Growing evidence suggests that the complex function of these cells is important in
explaining the development, growth, and metastasis of cancer, besides the features of cancer cells
themselves [7, 8]. However, in the past decades, the major research focus regarding tumor-in�ltrating
immune cells has been the tumor-in�ltrating lymphocytes, including CD4+ T cells, CD8+ T cells, and
regulatory T cells, while the role of antigen-presenting cells, such as myeloid dendritic cells (mDC) and
plasmacytoid dendritic cells (pDC), has not been widely explored [9–11].

mDC and pDC are two of the main professional antigen-presenting cells and play a critical, decisive role
in determining the outcome of the immune response to antigens [12]. Recent studies suggest that pDC,
speci�cally, are rather important in cancer immunity as these cells have been identi�ed in many solid
malignant tumors, including those of head and neck, breast, ovarian, and lung cancers [13, 14].
Unfortunately, pDC recruited to the tumor microenvironment often display a non-activated state and are
associated with tumor progression and poor outcome [15]. Further, in breast tumors, in�ltration of pDC in
the primary lesion was found to be correlated with adverse outcomes [16, 17]; while in ovarian cancer, the
presence of pDC was not only associated with a poor clinical outcome but also served as a predictor of
early relapse [18].

Previously, we also demonstrated an increased frequency of tumor-in�ltrating pDC in the primary OSCC
microenvironment [19]. Further molecular investigation showed that oral cancer cells could down-regulate
TLR-9-mediated interferon-α (IFN-α) production in pDC via increasing TGF-β and IL-10 secretion, which
may lead to severe functional impairment of these in�ltrated pDC [20]. In addition, our clinicopathologic
analysis revealed that an increased number of tumor-in�ltrating pDC has a tendency to correlate with LN
metastasis (p < 0.05), suggesting that these impaired pDC may facilitate cancer cells migration and
invasion [19]; however, the underlying molecular mechanism remains unknown. The aim of this study
sought to clarify the potential mechanism by which pDC mediated cancer cell proliferation and lymph
node metastasis in oral squamous cell carcinoma. These data in this study support the notion that
crosstalk between tumor cells and tumor-in�ltrating immune cells is very important for cancer
development and metastasis. Careful manipulation of these impaired tumor-in�ltrating pDC may help
develop an important alternative immunotherapy for oral squamous cell carcinoma.

Methods
Patients and samples

A total of 122 patients with primary OSCC treated between January 2014 and November 2014 in the
Department of Oral Maxillofacial-Head and Neck Oncology, Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine, were enrolled. Patients ful�lling the following criteria were included in the
study: (1) primary OSCC con�rmed by pathology after surgery; (2) no radiotherapy, chemotherapy, or
immunotherapy before surgery; and (3) complete clinicopathological data available. Para�n-embedded
tumor tissue sections prepared for immunohistochemistry of BDCA-2.
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Subsequently, from January 2018 to July 2018, we collected an additional 60 tumor tissue samples from
OSCC patients that met the above criteria. Six patients (three males and three females, mean age of 57.2
years old) who underwent alveoloplasty were selected as controls. The collected tumor samples and
normal oral mucosal epithelium were quickly washed in phosphate-buffered saline (PBS) thrice and
divided into three portions, one of which was soaked in formalin, another was soaked in high-glucose
Dulbecco's Modi�ed Eagle Medium (DMEM; Gibco, Invitrogen, Carlsbad, USA) supplemented with 10%
fetal bovine serum (FBS; Biowest, France) and the last was immediately frozen in liquid nitrogen and
stored at -80 °C for further analysis. No signi�cant differences were noted in age, gender, alcohol use, or
smoking habits between the control and OSCC groups. This study was approved by the Shanghai Ninth
People’s Hospital IRB and informed signed consent was obtained from each patient.

Single‐cell suspension preparation

Surgical human primary OSCC tissue samples were washed several times with PBS and carefully minced
to small pieces in sterile serum-free high-glucose DMEM (supplemented with 100 U/mL penicillin, 1 mM
glutamine, and 100 U/mL streptomycin). Tumor tissue was digested with collagenase type VIII (1.5
mg/mL; Sigma, USA) and DNase type I (1 mg/mL; Sigma, USA) for 120 min at 37 °C with gentle agitation.
The resulting cell suspensions were washed in PBS, resuspended in PBS containing trypsin/EDTA, and
�ltered through a 40-mm nylon cell strainer (Falcon, Becton Dickinson Labware) into cold DMEM
containing 10% FBS.

Isolation of pDC and preparation of pDC‐conditioned medium (CM)

pDC were isolated using magnetically activated cell sorting with the BDCA-4 dendritic cell isolation kit
from Miltenyi Biotec according to manufacturer’s instructions [21]. pDC was labeled with anti-BDCA-4
antibody coupled to colloidal paramagnetic microbeads and passed through magnetic separation
columns twice (LS and RS columns; Miltenyi Biotec). The purity of the isolated pDC (APC-conjugated anti-
CD123+ and PERCP-conjugated anti-MHC II+) was 90%. Viability was 95% as determined using the trypan
blue exclusion test. Isolated pDC were seeded at a �nal concentration of 5 × 105 cells/mL and cultured
overnight in serum-free DMEM at 37 °C and 5% CO2 to prepare pDC‐conditioned medium (pDC-CM). pDC
were then collected by centrifugation at 3000 rpm for further experiments, and pDC-CM were collected
and stored at -80 °C for in vitro cancer cell line stimulation and in vivo studies.

Cell culture and stimulation

For cell line stimulation, cells were seeded at a density of 4 × 105 and cultured in DMEM supplemented
with 10% FBS in a humidi�ed atmosphere of 5% CO2, at 37 °C for 24 h. The cells were washed twice with
1× PBS and starved in 1% FBS-supplemented growth medium overnight. Next, cells were stimulated with
different concentrations of pDC-CM, with or without anti-TNF-α antibodies or TNF-α (50 ng/mL; R&D
Systems, USA) for 72 h. Experiments were repeated a minimum of three times.
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The siRNA targeting CXCR-4 was purchased from Gene Pharma (Shanghai, China). The OSCC cell lines
were cultured in 6-well cell culture plates and transfected with the siRNA using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s protocol.

Immunohistochemical staining (IHC)

Formalin-�xed, para�n-embedded tissue blocks from OSCC patients were used. IHC was performed on 4-
mm-thick routinely processed para�n sections, according to a standard protocol. After depara�nizing
and rehydrating, tissue sections were incubated in sodium citrate buffer and heated for antigen retrieval.
anti-CXCR-4 antibody (1:150; Rabbit; Proteintech, USA), or anti-CXCR-7 antibody (1:200; Rabbit;
Proteintech, USA) was applied to tissue sections overnight at 4 °C. All sections were then incubated with a
corresponding secondary antibody for 30 min at 23-25 °C. Immunohistochemical evaluations were
performed independently by two pathologists who were not informed of the clinicopathological pro�le of
the patients.

CXCR-4/7 expressions were quanti�ed using a visual grading system based on the extent of staining
(percentage of positive cells graded on a scale from 0 – 4: 0, < 5%; 1, 5 – 25%; 2, 25 – 50%; 3, 50 – 75%; 4,
> 75%) and the intensity of staining (graded on a scale of 0 – 3: 0, none; 1, weak staining; 2, moderate
staining; 3, strong staining). Five high-power representative �eld (400×) were evaluated. A weighted score
was assigned to each case by multiplying the score for the percentage of positive cells by the staining
intensity score. Cases with a weighted score < 1 were considered low; > 1 and < 4 were classi�ed as
middle; and all others were considered to be high. The score was assigned by two pathologists.

Immuno�uorescent staining

Tissue sections were depara�nized and rehydrated with xylene, gradient ethanol, and distilled water.
After rinsing thrice with PBS, the tissue sections were blocked with 3% BSA for 30 min and incubated with
anti-BDCA-2 antibody (10 µg/mL; goat; R&D Systems, USA) overnight at 4 °C. Tissue sections were then
washed and incubated for 30 min with an Alexa Fluor 488-conjugated anti-mouse IgG F(ab ) 2 fragment
(1:200; Invitrogen, USA). Cells were co-stained with 4′,6-diamidino-2-phenylindole (1:300; Invitrogen) to
detect nuclei, after which they were observed and imaged using a TCS SP2 laser-scanning confocal
microscope (Leica Microsystems, Germany). Based on BDCA-2 staining, the pDC in�ltrates were assessed
based on the same criteria applied in IHC analysis. Based on BDCA-2 staining, pDC in�ltrates were
considered low if < 10 pDC per high-power �eld (HPF, 400×) were observed, high if > 10 pDC per HPF were
observed [22].

Flow cytometry

Flow cytometric analysis was performed as previously described by Hartmann et al [21]. Brie�y, cells were
incubated at 4 °C for 30 min in PBS with 0.1% BSA and 0.01% NaN3 in the presence of appropriately
diluted labeled monoclonal antibodies, which were purchased from BD Pharmingen (USA) and used as
follows: APC-conjugated anti-CD123+ and PERCP-conjugated anti-MHC II+. The cells were subsequently
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analyzed using a FACSCalibur and CellQuest FACS analysis software (BD Biosciences, Erembodegem-
Aalst, Belgium).

Cytokine production analysis

The Bio-Plex Cytokine Assay (Bio-Rad, Munich, Germany) was used for detection of IL-6, IL-8, and TNF-α.
An IFN-α module set from Bender Med Systems (Vienna, Austria) was used to detect IFN-α in cell culture
supernatants, according to the manufacturer’s instructions. These cytokine assays allowed for the
multiplexed quantitative measurement of multiple cytokines in a small volume of cell culture supernatant.
The protein array was analyzed by a dedicated microplate reader system (Bio-Plex Array Reader; Bio-Rad)
and data were calculated by the Bio-Plex Manager software. Experiments were repeated a minimum of
three times.

Quantitative real‐time PCR (qPCR)

The preparation of total RNA and cDNA was performed as previously described [23]. CXCR-4 (primer
sequences: upstream  5´-ACTACACCGAGGAAATGGGCT-3´  downstream  5´-
GCTACCCACAATGCCAGTTAAGAAGA-3´), CXCR-7 (primer sequences: upstream, 5´-
TCTGCATCTCTTCGACTACTCA-3´  downstream, 5´-GTAGAGCAGGACGCTTTTGTT-3´), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; primer sequences: upstream  5´-
GGAGCGAGATCCCTCCAAAAT-3´  downstream  5´- GGCTGTTGTCATACTTCTCATGG-3´) mRNA were
detected by real-time PCR using the TaqManTM Gene Expression Assay (Applied Biosystems, Life
Technologies Life Technologies, USA). Gene-speci�c products were measured continuously by an ABI
PRISM 7000 Sequence Detection System (Applied Biosystems) over 40 cycles. Experiments were
repeated a minimum of three times.

Western blotting (WB)

Cells were treated with lysis buffer (PBS containing 1% Triton X-100, protease inhibitor cocktail, and 1
mmol/L phenylmethylsulfonyl �uoride) at 4 °C for 30 min. Equal concentrations of protein from the
cytoplasm and nucleus were subjected to SDS-PAGE. Following transfer to a Immobilon-P Transfer
Membrane, successive incubations with anti-CXCR-4 (1:500; Rabbit; Proteintech, USA), CXCR-7 (1:500;
Rabbit; Proteintech, USA), p65 (0.5 µg/mL; Abcam, USA), p-p65 (0.5 µg/mL; Abcam, USA), and p-Iĸb (0.6
µg/mL; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) antibodies or anti-GAPDH antibody (Sangon
Biotech) were performed, followed by corresponding horseradish peroxidase-conjugated secondary
antibody (Sangon Biotech) incubation. The immunoreactive proteins were then detected using the ECL
system (NCM Biotech, Suzhou, China). Bands were scanned using a densitometer (GS-700; Bio-Rad) and
quanti�cation was performed via Quantity One 4.6.3 software (Bio-Rad). Experiments were repeated a
minimum of three times.

Cell proliferation assay
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Cell proliferation assays were performed using Cell Counting Kit-8 (CCK-8; Dojindo, USA). Cells were
plated in 96-well plates at 3 × 104 cells per well and incubated for �ve days. Each day, 10 uL CCK-8
solution was added to each well. The OD value was read at 450 nm, 2 h after CCK-8 addition, according to
the manufacturer instructions, and the cell viability was measured at intervals of 24 h. Experiments were
repeated a minimum of three times.

Colony formation assay

Oral cancer cells (CAL 27, HN 30) were seeded at 1,000 cells per well in a 6-well plate and incubated
overnight at 37 °C. The cells were treated with different concentrations of pDC-CM containing 10% FBS.
Control wells were treated with DMEM containing 10% FBS alone. The plates were incubated for 14 days;
during this period, the medium was changed twice per week with the appropriate concentration of pDC-
CM. The plates were washed with ice-cold PBS, colonies were �xed with methanol for 15 min, stained
with 2% crystal violet, and counted. Colonies consisting of ≥ 50 counts were scored. Experiments were
repeated a minimum of three times.

Scratch wound healing assay

Cells were treated with different concentration of pDC-CM after creating a wound across the cell
monolayer with a plastic tip. Cell migration into the wound surface was then measured every 6 h.
Experiments were repeated a minimum of three times.

Cell migration and invasion assay

The cell migration assay was performed with transwell chambers (0.8 μm pores; Merck Millipore, USA),
while the cell invasion assay was implemented by coating the upper surface of the transwell chambers
with Matrigel (BD Biosciences, USA). Cells (3×104) were resuspended in serum-free DMEM and different
concentrations of pDC-CM were added to the interior of the inserts. DMEM containing 20% FBS was
added to the lower chamber as a chemoattractant. Cells were incubated for 48 h at 37 °C in a CO2

incubator (5% CO2). Cells that migrated or invaded through the membrane were �xed and stained with
crystal violet. Images of �ve randomly selected �elds containing �xed cells were captured, and cells were
counted. Experiments were repeated a minimum of three times.

Tumorigenesis assay in nude mice

To evaluate the tumor-promoting role of pDC-CM in vivo, a xenograft model was implemented in 4-week-
old BALB/c nude mice (male). Brie�y, a total of 1 × 106 Cal 27 cells in 100 μL serum-free DMEM were
subcutaneously injected into the left or right buttock. Mice were maintained under pathogen-free
conditions and were handled in accordance with the Guidelines for Animal Experimentation of Shanghai
Jiao Tong University. Five days after the injections, all mice were divided randomly into two groups (�ve
mice per group) and treated intraperitoneally with pDC-CM or PBS every three days. The tumor volume
was measured every three days using the following formula: tumor volume = length × width × width / 2.
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After treatment for 64 days, the animals were sacri�ced, and the tumor volume and tumor weight were
measured.

LN metastasis assay in nude mice

The footpads of 140 BALB/c nude mice (male) were inoculated with 20 μL PBS suspensions containing
106 oral cancer cells (Cal 27). One week after inoculation, the nude mice were randomly divided into three
groups and treated every three days with pDC-CM containing anti-TNF-α antibodies or PBS
(intraperitoneal). LN metastasis was observed for each group every week. This study protocol was
approved by the Ethical Committee on Animal Research of the Shanghai Jiao Tong University.

Statistical analysis

Data are presented as mean ± standard deviation (SD) of at least three independent experiments.
Comparisons of independent samples were performed using Student's t-test or nonparametric tests when
appropriate (SPSS 11.0, Chicago). Correlation analyses were done using the Chi-square test or
Spearman’s rank correlation coe�cient. Statistical signi�cance was de�ned as P < 0.05 for all analyses.

Results
Increased pDC in�ltration correlates with tumor growth and lymph node metastasis in OSCC patients

We �rst evaluated the level of pDC in�ltration in OSCC tissues using immuno�uorescence and analyzed
its correlation with clinicopathological parameters of OSCC patients. Immuno�uorescence evaluation
showed an evident tendency of increased in�ltrated pDC in carcinoma tissues of LN+ (OSCC patients with
lymph node metastasis) patients compared to that of LN− (Patients with OSCC without lymph node
metastasis) patients (Fig. 1A). Further �ow cytometry analysis from freshly resected OSCC tissues
demonstrated a signi�cantly higher pDC population (1.86 ± 0.37%) in LN+ patients compared to LN−

patients (0.42 ± 0.13%) (P < 0.01; Fig. 1B, C, D). Based on a large sample (122 cases of OSCC) analysis,
tumor-in�ltrating pDC was con�rmed to be positively correlated with tumor size (P = 0.045) and LN
metastasis (P = 0.022) (Fig. 1E, Table 1). More importantly, increased tumor-in�ltrating pDC was
determined to be a strong predictor of poor outcome (P = 0.0095; Fig. 1F).
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Table 1
Correlations between tumor in�ltrated pDC and clinicopathologic

parameters of OSCC (n = 122)
Clinicopathologic

parameters

Tumor in�ltrated pDC P-value

Low(%) High (%)

(n = 78) (n = 44)

Age(year)     P = 0.563

< 50 33(27.0%) 21(17.2%)  

≥ 50 45(36.9%) 23(18.9%)  

Gender     P = 0.187

Male 40(32.8%) 28(23.0%)  

Female 38(31.1%) 16(13.1%)  

Alcohol use     P = 0.729

Yes 38(31.1%) 20(16.4%)  

No 40(32.8%) 24(19.7%)  

HPV infection     P = 0.289

Yes 33(27.0%) 23(18.9%)  

No 45(36.9%) 21(17.2%)  

Tumor size     P = 0.045

T1/T2 50(41.0%) 20(16.4%)  

T3/T4 28(23.0%) 24(19.7%)  

Lymph node metastasis     P = 0.022

Yes 31(25.4%) 27(22.1%)  

No 47(38.5%) 17(13.9%)  

Distant metastasis     P = 0.965

Yes 18(14.8%) 10(8.2%)  

No 60(49.2%) 34(27.9%)  

Tumor differentiation     P = 0.187

Well 40(32.8%) 28(23.0%)  

Moderate/poorly 38(31.1%) 16(13.1%)  
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Increased pDC in�ltration positively correlates with CXCR-4 expression in OSCC

CXCR-4 and CXCR-7 expression were detected by IHC. Results show that both are highly expressed in
carcinoma tissue of LN+ patients compared to LN− patients (Fig. 2A). Further, qPCR detection also
demonstrates increased CXCR-4 and CXCR-7 mRNA expression in the carcinoma tissue of LN+ patients
(P < 0.01; Fig. 2B, C, D, E). To evaluate the relationship between in�ltrated pDC and CXCR-4/7 expression,
we performed Spearman’s rank correlation coe�cient analysis and found a signi�cant positive
relationship between in�ltrated pDC and CXCR-4 expression (r = 0.669, P < 0.01, Supplemental Table 1).
However, such signi�cance was not observed between in�ltrated pDC and CXCR-7 (r = 0.024, P = 0.84),
suggesting that CXCR-4 may have a more signi�cant role in pDC-mediated node metastasis than CXCR-7.

pDC-CM promote oral cancer cell proliferation and invasion in vitro

Next, the impact of in�ltrated pDC on oral cancer cell proliferation and migration was investigated. The
CCK-8 and colony formation assay revealed that pDC-CM signi�cantly increased the rate of cell
proliferation and colony counts in Cal 27 and HN 30 cell lines (P < 0.01; Fig. 3A, 3C). Meanwhile, wound
healing and transwell assays revealed that the migration of oral cancer cells treated with pDC-CM was
remarkably increased in comparison with that of untreated oral cancer cells (P < 0.01; Fig. 3B, 3D),
suggesting that tumor-in�ltrating pDC have the ability to promote cancer cell proliferation and invasion in
vitro.

CXCR-4 is involved in pDC-mediated oral cancer cell proliferation and invasion

CAL 27 and HN 30 cell lines were treated with pDC-CM for 24–72 h. Western blotting analysis shows that
CXCR-4 expression was signi�cantly increased following pDC-CM treatment (Fig. 4A; Fig. 5A), while
CXCR-7 expression was not affected. We then used siRNA to silence CXCR-4 expression in Cal 27
(Fig. 4B) and HN 30 (Fig. 5B) cell lines and found that pDC-CM-mediated tumor cell proliferation was
signi�cantly inhibited in CXCR-4-silenced cells, as re�ected by the CCK-8 (Fig. 4C; Fig. 5C) and colony
formation (Fig. 4D; Fig. 5D) assays. In addition, tumor cell migration was also decreased in the CXCR-4-
silenced cells upon pDC-CM treatment (P < 0.01; Fig. 4E, F; Fig. 5E, F), suggesting that CXCR-4 may play
an important role in pDC-mediated cancer cell proliferation and invasion.

NF-κB pathway activation contributes to the increased expression of CXCR-4 and cell invasion

Considering that CXCR-4 expression has been shown to be closely associated with NF-κB and AP-1
activation. Herein, we examined these two signal transduction pathways via western blotting. Results
showed that NF-κB p65 expression was signi�cantly decreased in the cytoplasm of Cal 27 cells treated
with pDC-CM, while the opposite effect was observed in the nucleus (Fig. 6A, B). Meanwhile,
phosphorylated IκB expression was signi�cantly increased following pDC-CM treatment (Fig. 6A, B),
thereby con�rming activation of the NF-κB pathway in pDC-CM-treated Cal 27 cells. NF-κB inhibitor PDTC
was then used in Cal 27 cells treated with pDC-CM, and resulted in signi�cantly decreased CXCR-4
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Discussion
Crosstalk between tumor cells and tumor-in�ltrating immune cells is extremely important for cancer
development and treatment outcome [27]. Cancer cells can secrete immunomodulatory cytokines that act
on immune cells, impairing their function and facilitating tumorigenesis [28]. Accordingly, these in�ltrated
immune cells can also promote tumor progression and metastasis through communication with cancer
cells via secreted growth factors that directly affect cell motility, and chemokines that induce cancer cell
migration to speci�c organs [29]. Previously, our study provided strong evidence that oral cancer cells can
secrete immunosuppressive mediators, such as TGF-β and IL-10, which in turn lead to the impaired
function of in�ltrated pDC [20]. The present study shows that these impaired pDC in the pre-tumor
microenvironment can also promote cancer cell proliferation and migration via NF-κB-activated CXCR-4
overexpression via a paracrine mechanism.

expression (Fig. 6C,D), cancer cell proliferation (Fig. 6E,F) and migration (Fig. 7A,B), suggesting that pDC-
CM-induced CXCR-4 overexpression in oral cancer Cal 27 cells occurs, in part, through the NF-κB pathway.

pDC-mediated NF-κB pathway-activated CXCR-4 expression is partly induced by pDC-derived TNF-α
secretion

To further decipher the mechanism by which pDC-CM induces NF-κB pathway activation, we chose four
stimulating factors, including TNF-α, IL-6, IL-8, and IFN-α, for further evaluation. ELISA results showed that
the concentration of TNF-α in LN+ pDC-CM was higher than that in LN− pDC-CM, suggesting that TNF-α
secreted by tumor-in�ltrating pDC may contribute to NF-κB activation in oral cancer cells (Fig. 7C). We
then used an anti-TNF-α antibody to neutralize pDC-CM-derived TNF-α, which caused signi�cant inhibition
of the pDC-CM-mediated NF-κB activity and CXCR-4 expression in Cal 27 cells (Fig. 7D). Conversely,
puri�ed TNF-α treatment resulted in enhanced NF-κB activity and CXCR-4 expression (Fig. 7D), which
further suggests that TNF-α is an important mediator of tumor-in�ltrating pDC in the promotion of tumor
growth and metastasis.

Blocking TNF-α/NF-κB/CXCR-4 axis inhibits tumor growth and LN metastasis in vivo

Lastly, we sought to examine the effect of tumor-in�ltrating pDC on tumor growth and LN metastasis in
nude mice. Results showed that the mean weight of tumors in the pDC-CM-treated group was higher than
that in the PBS control group (Fig. 8A and B). Further, the incidence of LN metastasis in the pDC-CM-
treated group was signi�cantly higher than that in the PBS control group (Fig. 8C and D).However, when
anti-TNF-α antibody was added to pDC-CM, the incidence of LN metastasis signi�cantly decreased,
suggesting that pDC-CM have the ability to promote oral cancer cell metastasis to LN, and TNF-α is likely
an important mediator of this process (Fig. 8D). Cumulatively, these results indicate that tumor-in�ltrating
pDC secrete TNF-α, which contributes to tumor growth and LN metastasis, at least partially, via the NF-
κB/CXCR-4 axis in oral cancer (Fig. 9).
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Metastasis to regional LNs is an important step in cancer progression and is commonly used to predict
poor clinical outcome [30]. Accumulating evidence suggests that tumor-in�ltrating immune cells are
closely related to LN metastasis. For example, increased CD8+ T cell and M1 TAM in�ltration are often
correlated with a low incidence of LN metastasis, while increased regulatory T cells and M2 TAMs
primarily indicate a high incidence of LN metastasis [5]. However, the relationship between tumor-
in�ltrating pDC and LN metastasis is rarely reported. In 2017, we �rst reported that tumor-in�ltrating pDC
are closely related to LN metastasis in OSCC patients [19]. Similarly, this year, Gadalla et al. also found a
signi�cant increase in in�ltrated pDC in breast cancer tissues of LN+ patients compared to that of LN-

patients [31]. Unfortunately, none of these studies clari�ed whether tumor-in�ltrating pDC are effective as
a predictor for LN metastasis based on a large sample. In the present study, we collected
clinicopathological data and follow-up information from 122 OSCC patients to con�rm the predicted role
of tumor-in�ltrating pDC in oral cancer LN metastasis.

Interestingly, we found that tumor-in�ltrating pDC were highly present in OSCC tissues expressing high
levels of CXCR-4. We speculated that there may be an interaction between pDC in�ltration and CXCR-4
expression in the oral cancer microenvironment. CXCR-4, one of the chemokine receptors belonging to the
CXC receptor family, plays a signi�cant role in cancer cell proliferation and migration [32]. High levels of
CXCR-4 were found in breast cancer cells, which is believed to indicate the metastatic destination of
tumor cells [33]. Loss of cell surface CXCR-4 expression on hematopoietic stem cells is associated with
decreased migration activity [34]. In oral cancer, CXCR-4 has been found to be upregulated in LN
metastatic OSCC cell lines compared with nonmetastatic cell lines [35]. Moreover, CXCR-4 stably
transfected in oral cancer cells frequently induces metastasis to cervical LN in nude mice [36]. In parallel
with these results, we con�rmed an increased expression of CXCR-4 in primary oral cancer patient tumors
with LN metastases. Importantly, we also demonstrated that pDC-CM could signi�cantly promote OSCC
proliferation and migration via increasing CXCR4 expression in vitro, as re�ected by the colony formation
and transwell assays, suggesting that tumor-in�ltrating pDC may contribute to the overexpression of
CXCR-4, and subsequent growth and metastasis in oral cancer.

The signal transduction pathways that modulate the activity of CXCR-4 transcription factors are highly
diverse. A number of which, including the nuclear respiratory factor-1, SP-1, NF-κB, and activator protein-1
pathways, have been reported to be responsible for constitutive and inducible expression of CXCR-4 [37].
The present study provides su�cient evidence to suggest direct involvement of NF-κB in the regulation of
CXCR-4 expression in OSCC. Similarly, a study showed that constitutively active NF-κB upregulates CXCR-
4 expression and promotes tumor cell migration and metastasis in breast cancer cells [38]. Another study
in cervical cancer also found that NF-κB promotes cancer cell migration to the lung via upregulation of
CXCR-4 expression [39]. Therefore, our results, as well as those published by others, support the
therapeutic bene�ts of NF-κB inhibitors for metastatic cancer patients.

Several reports have described the secretion of various factors by tumor-in�ltrating immune cells,
including TNF-α, IL-10, and TGF-β, as impacting the NF-κB pathway [40]. However, it has yet to be clearly
established which factors have an important role in pDC-CM-mediated NF-κB activation in oral cancer.
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Interestingly, our qPCR and ELISA results indicate a higher mRNA expression and secretion of TNF-α in
pDC isolated from LN+ cancer tissue in comparison with that of pDC from LN- cancer tissue, suggesting
that the speci�c stimulating effect of the pDC-derived factor on NF-κB activation and subsequent CXCR-4
overexpression may be partly mediated through TNF-α secretion. TNF-α is reported to directly activate NF-
κB pathways through the stimulation of TNF receptors [41]. Simultaneously, blocking TNF-α in the tumor
microenvironment signi�cantly down-regulates NF-κB activity and reduces cancer cell proliferation and
invasion in breast cancer [42]. To further support our hypothesis, we showed that direct TNF-α stimulation
upregulates CXCR-4 expression in an oral cancer Cal 27 cell line via NF-κB activation. Importantly, our
study shows that addition of TNF-α neutralizing antibodies could decrease the pDC-CM-mediated NF-κB
activation, as well as subsequent CXCR-4 expression and LN metastasis in nude mice. Therefore, we
speculated that pDC-derived TNF-α contributed in part, along with other in�ammatory mediators in the
tumor microenvironment, to activate the NF-κB pathway, which in turn induced overexpression of CXCR-4
and promoted oral cancer proliferation and metastasis.

In conclusion, our data provide strong evidence that impaired tumor-in�ltrating pDC are a strong predictor
for LN metastasis in oral cancer, and that higher in�ltration of pDC contributes to upregulation of CXCR-4
expression, possibly through TNF-α-mediated NF-κB activation, which ultimately leads to cell proliferation
and migration toward LN via the CXCR4/SDF-1 chemoattraction axis. These data support the notion that
crosstalk between tumor cells and tumor-in�ltrating immune cells is critical for cancer development and
metastasis. Careful manipulation of these impaired tumor-in�ltrating pDC may help develop an important
alternative immunotherapy for oral cancer.
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Figure 1

Tumor-in�ltrating pDC in OSCC tissue. (A) Representative image of in�ltrated pDC in OSCC tissue as
visualized by immuno�uorescence. Low, low pDC population in OSCC tissue of LN- patients. High, high
pDC population in OSCC tissue of LN+ patients. (Low: < 10 pDC per HPF; high: > 10 pDC per HPF were
seen), Magni�cation: 400×. (B) Representative image of low in�ltrated pDC in OSCC tissue of LN- patients
by �ow cytometry. (C) Representative image of high in�ltrated pDC in OSCC tissue of LN+ patients by
�ow cytometry. (D) Tissue-in�ltrating pDC were significantly higher in the OSCC tissue compared with
normal oral mucosa. (E) Tissue-in�ltrating pDC were significantly higher in LN+ OSCC tissue compared
with LN- OSCC tissue. (F) Relationship between pDC infiltration, tumor size and lymph node metastasis.
(G) Cumulative survival rate of OSCC patients with low level and high level pDC infiltration. OSCC LN(-),
Patients with OSCC without lymph node metastasis. OSCC LN(+), OSCC patients with lymph node
metastasis. *P < 0.05. ***P < 0.001.
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Figure 2

CXCR-4/7 expression in OSCC patients. (A) Representative image of IHC staining for CXCR-4 and CXCR-7
in normal oral mucosa, LN- and LN+ OSCC tissue. (B) CXCR-4 mRNA expression was significantly higher
in OSCC tissue compared with normal oral mucosa. (C): CXCR-4 mRNA expression was significantly
greater in LN+ OSCC tissues compared with LN- OSCC tissues. (D) CXCR-7 mRNA expression was
significantly greater in the OSCC tissue compared with normal oral mucosa. (E) CXCR-7 mRNA
expression was significantly greater in LN+ OSCC tissues compared with LN- OSCC tissues. Experiments
were repeated a minimum of three times. NM, Normal oral mucosa epithelium. OSCC LN-, Patients with
OSCC without lymph node metastasis. OSCC LN+, OSCC patients with lymph node metastasis. **, P <
0.01.
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Figure 3

Tumor-in�ltrating pDC promote oral cancer cell proliferation and invasion in vitro. pDC were isolated from
single‐cell suspensions and were seeded at a �nal concentration of 5 × 105 cells/mL and cultured
overnight in serum-free DMEM at 37 °C and 5% CO2 to prepare pDC-CM. Oral cancer cells were stimulated
with different concentrations of pDC-CM. (A) pDC-CM promote Cal 27 cell proliferation as re�ected by
CCK-8 and colony formation assays. (B) pDC-CM promote Cal 27 cell invasion as re�ected by the scratch
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and transwell assays. (C) pDC-CM promote HN 30 cell proliferation as re�ected by CCK-8 and colony
formation assays. (D) pDC-CM promote HN 30 cell invasion as re�ected by the scratch and transwell
assays. The images from scratch assays were photographed every 6 h. Transwell assay magni�cation,
200 ×. Experiments were repeated a minimum of three times. pDC-CM: 0%, DMEM containing 10% FBS;
pDC-CM: 50%, diluted to 1/2 concentration of the pDC-CM containing 10% FBS; pDC-CM: 100%, undiluted
pDC-conditioned media containing 10% FBS. *, P < 0.05. **, P < 0.01.

Figure 4

CXCR-4 is involved in pDC-mediated Cal 27 cells proliferation and invasion. (A) Increased CXCR-4
expression was detected by western blotting after pDC-CM treatment in Cal 27 cells. (B) Cal 27 cells were
cultured in 6-well cell culture plates and transfected with the siRNA (si) or negative control (nc) of CXCR-4
using Lipofectamine 2000 according to the manufacturer’s protocol. CXCR-4 expression was further
detected by western blotting after transfection. (C, D) The effect of pDC-CM on Cal 27-nc and Cal 27-si
growth rates were assessed by CCK-8 (C) and colony formation assays (D). (E) Representative image of
cell migration and invasion by transwell assay. (F) Cal 27 cell migration and invasion were both
decreased in the CXCR-4-silenced group upon pDC-CM treatment. Experiments were repeated a minimum
of three times. pDC-CM: 0%, DMEM containing 10% FBS; pDC-CM: 50%, Diluted to 1/2 concentration of
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the pDC-CM containing 10% FBS; pDC-CM: 100%, undiluted pDC-conditioned media containing 10% FBS.
*, P < 0.05.

Figure 5

CXCR-4 is involved in pDC-CM-mediated HN 30 cells proliferation and invasion. (A) Increased CXCR-4
expression was detected by western blotting following pDC-CM treatment in HN 30 cells. (B) HN 30 cells
were cultured in 6-well cell culture plates and transfected with siRNA (si) or negative control (nc) of CXCR-
4 using Lipofectamine 2000 according to the manufacturer’s protocol. CXCR-4 expression was further
detected by western blotting after transfection. (C, D) The effect of pDC-CM on growth rate of HN 30-nc
and HN 30-si cells were assessed by CCK-8 (C) and colony formation assays (D). (E) Representative
image of cell migration and invasion by transwell assay. (F) HN 30 cell migration and invasion were both
decreased in the CXCR-4-silenced group upon pDC-CM treatment. Experiments were repeated a minimum
of three times. pDC-CM: 0%, DMEM containing 10% FBS; pDC-CM: 50%, Diluted to 1/2 concentration of
the pDC-CM containing 10% FBS; pDC-CM: 100%, undiluted pDC-conditioned media containing 10% FBS.
*, P < 0.05.
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Figure 6

Activation of NF-κB in pDC-mediated CXCR-4 expression in oral cancer cells. (A/B) Increased NF-κB
activity in pDC-CM-treated Cal 27 cells assessed by western blotting. (C/D) NF-κB inhibitor PDTC down-
regulated pDC-CM-mediated CXCR-4 overexpression in Cal 27 cells. (E/F) PDTC decreased pDC-CM-
mediated oral cancer cell proliferation as re�ected by colony formation assay. Experiments were repeated
at least three times. pDC-CM: 0%, DMEM containing 10% FBS; pDC-CM: 50%, Diluted to 1/2 concentration
of the pDC-CM containing 10% FBS; pDC-CM:100%, undiluted pDC-conditioned media containing 10%
FBS. NS, No signi�cance. *, P < 0.05. **, P< 0.01. ***, P< 0.001.
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Figure 7

TNF-α is involved in pDC-mediated NF-κB activity in OSCC Cal 27 cells. (A/B) NF-κB inhibitor, PDTC,
decreased pDC-CM-mediated oral cancer Cal 27 cell migration and invasion as re�ected by transwell
assay. (C) TNF-α secretion was higher in pDC-CM from LN+ OSCC patients than that in pDC-CM from LN-
OSCC patients. (D) TNF-α neutralizing antibody partly reversed pDC-CM-mediated NF-κB activity and
CXCR-4 overexpression in Cal 27 cells as shown by western blotting analysis. The data are representative
of a minimum of three experiments. pDC-CM: 0%, DMEM containing 10% FBS; pDC-CM: 50%, Diluted to
1/2 concentration of the pDC-CM containing 10% FBS; pDC-CM:100%, undiluted pDC-conditioned media
containing 10% FBS. NS, No signi�cance. **P < 0.01.
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Figure 8

Tumor-in�ltrated pDC promotes tumor growth and LN metastasis in vivo. (A) pDC-CM promoted oral
cancer cell proliferation in nude mice. (B) The tumor growth curve was plotted using the seeding day as
the horizontal axis and tumor volume as the vertical axis. (C) Typical popliteal LN metastasis in mouse
footpad model. (D) Incidence of LN metastasis in PBS, pDC-CM, and pDC-CM-anti-TNF-α-treated groups.
The data are representative of a minimum of three experiments. pDC-CM: 0%, DMEM containing 10% FBS;
pDC-CM:100%, undiluted pDC-conditioned media containing 10% FBS. *P < 0.05.
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Figure 9

Illustrative model demonstrating the proposed mechanism by which tumor-in�ltrating pDC contribute to
cancer cell proliferation and metastasis via activating the TNF-α/NF-κB/CXCR-4 axis in oral squamous
cell carcinoma.
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