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Abstract

Objective: We aim to review the roles of plasmacytoid dendritic cells (pDCs) in
head and neck squamous cell carcinoma (HNSCC) and explore the effects of hy-
poxia on the tolerogenic transformation of pDCs.

Background: pDCs, best known as professional type I interferon-secreting cells,
play key roles in immune surveillance and antitumor immunity. Recently, pDCs
have been shown to be tolerogenic and correlate with poor prognosis in a vari-
ety of cancers, including HNSCC. However, it remains unclear what drives the
tolerogenic transformation of pDCs in the HNSCC microenvironment. Hypoxia,
a prominent hallmark of the tumor microenvironment (TME) of HNSCC, can
interfere with multiple immune cells and establish an immunosuppressive TME.
Methods: In this review, we summarize the antitumor and protumor functions
of pDCs, explore the effects of hypoxia on the migration and maturation of pDCs,
and discuss related mechanisms in HNSCC.

Conclusions: pDCs mainly display protumor functions in HNSCC. The hypoxic
TME in HNSCC can enhance the migration of pDCs and inhibit the differentia-
tion and maturation of pDCs, promoting the tolerogenic phenotype of pDCs.
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1 | INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) may
arise from the squamous cells of subsites such as oral cav-
ity, nasal cavity, nasal sinuses, pharynx, larynx, or cervical
esophagus.’ The 5-year survival rate of HNSCC is rather

poor due to high risks of local recurrence and distant me-
tastasis.” In recent years, the vital role of the tumor mi-
croenvironment (TME), especially the tumor immune
microenvironment, has been increasingly appreciated in
HNSCC. The host immune responses play a determinant
role in the tumorigenesis and progression of HNSCC. It
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has been reported that recurrent HNSCC is characterized
by an immunosuppressive TME with complex immune
escape mechanisms.> Moreover, tumor-infiltrating lym-
phocytes, which are remodeled by the TME, have been
proved to be independent prognostic factors in HNSCC.*?

As the most prominent feature of HNSCC, hypoxia
facilitates tumor progression and correlates with recur-
rence, chemotherapy resistance, and poor survival. In the
HNSCC TME, hypoxia plays central roles in the dysregu-
lation of immune cells and the formation of an immuno-
suppressive TME by interfering with innate and adaptive
immune responses.’ The hypoxic TME drives the plas-
ticity of immune cells via the hypoxia-inducible factor
(HIF) signaling pathway, such as enhancing M1 macro-
phage polarization and migration, promoting regulatory
T cell (Treg) and T helper type 17 (Th17) cell differenti-
ation, suppressing effector T-cell functions, and upregu-
lating pro-inflammatory cytokine secretion by dendritic
cells (DCs).>*? Plasmacytoid DCs (pDCs), a specialized DC
subset, have traditionally been considered to contribute to
immune surveillance and antitumor immunity owing to
their powerful capacity to secrete type I interferon (IFN),
especially IFN-a, which is a crucial antitumor cytokine.™
However, the functions of tumor-infiltrating pDCs have
been controversial in recent years. It has been reported
that abundant pDC infiltration in HNSCC," hepatocellu-
lar carcinoma,'? and gastric cancer'® was often correlated
with poor prognosis. The antitumor functions of pDCs in
these cancers are impaired under the influence of TME,
making these cells favorable to tumor growth instead of
executing immune surveillance. The mechanisms of the
functional transformation of pDCs in HNSCC remain un-
clear. In this article, we comprehensively review the roles
of pDCs in HNSCC, analyze the effects of the hypoxic TME
on their functions, and discuss relevant mechanisms.

2 | DUAL ROLES OF PDCS

pDCs are best known as professional IFN-a-producing
cells, responsible for over 95% IFN-a in peripheral blood.™*
Besides, they are also called the Swiss army knife of the
immune regulatory network due to their multiple func-
tions, such as secreting cytokines, presenting antigens,
exerting cytotoxicity, and inducing immune tolerance."
Human bone marrow-derived pDCs are Lin~ CD4*
CD45RA* CD123* BDCA2" BDCA4™" cells with a unique
oval plasma cell morphology.'® From the perspective of ac-
tivation status, pDCs could be divided into immature and
mature pDCs. Immature pDCs reside in lymphoid and
mucosal tissues homeostatically with a small population,
which mainly perform antigen-sensing ability and become
activated mature pDCs under stress conditions, such as
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viral infections and tumorigenesis. Mature pDCs with up-
regulated expression of markers such as CD80, CD83, and
CD86 could present antigens to T cells and prime adap-
tive immunity.'® Additionally, there are some subtypes of
pDCs being defined based on different markers. Cp2high
pDCs are unique for expressing lysozyme with increased
interleukin (IL)-12 p40 secretion and CD80 expression,
which are efficient in priming activation of naive T cells."”
CCR9" pDCs are found to be tolerogenic with enhanced
ability to induce Foxp3™* Treg.'"® CD56" pDCs with excel-
lent antigen presenting and cytotoxic capacity could serve
as killer pDCs." 0X40" pDCs exhibit an immunostimu-
latory feature with increased CD40, CD86, and CD80 ex-
pression.”” Upon pathogen stimulation through Toll-like
receptor 7/9 (TLR7/9), the myeloid differentiation factor
88 (MyD88)-dependent downstream pathways, such as
the interferon regulatory factor (IRF), NF-kB, and MAPK
pathways, are initiated within pDCs.*! On the one hand,
activated pDCs with a mature dendritic morphology pre-
sent antigens to T cells and prime adaptive immunity. On
the other hand, mature pDCs are able to secrete a large
amount of IFN-a and other anti-inflammatory factors,
such as tumor necrosis factor (TNF)-« and 1L-6.%

2.1 | Antitumoral roles of pDCs

As professional antigen-presenting cells, mature pDCs
undoubtedly have antitumoral properties. OX40" pDCs
were found to be immunostimulatory in HNSCC, facilitat-
ing antitumor immunity through IFN-a secretion, CD8"
T-cell activation, and cytolysis.?> pDCs can play both di-
rect and indirect cytotoxic roles in antitumor immunity
(Figure 1). Directly, pDCs contact with tumor cells and in-
duce cytolysis via TNF-related apoptosis-inducing ligand
(TRAIL)-dependent pathway and the secretion of cyto-
toxic cytokines such as TNF-a, granzyme B (GZMB), and
soluble TRAIL." For instance, in skin malignancies such
as melanoma and basal cell carcinoma, the TLR7 agonist
imiquimod can enhance the cytotoxic function of pDCs,
which mainly depended on TRAIL and GZMB secre-
tion.”** The indirect tumoricidal effects of pDCs are pri-
marily mediated by IFN-« secretion via the MyD88/IRF7
pathway.?> As a member of the interferon family, IFN-o
is capable of inducing tumor cell apoptosis and inhibit-
ing tumor proliferation, vascularization, and metastasis.?
In addition, IFN-a can also induce Th1 cell polarization
and enhance natural killer (NK) cell and cytotoxic T lym-
phocyte (CTL) activity, and thereby, boosting antitumor
immune response.””*® Moreover, pDCs have the ability to
sensitively capture and present antigens to prime the T-
cell immune response by expressing major histocompat-
ibility complex class II (MHC II) and they can also recruit
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FIGURE 1 Antitumor and protumor functions of pDCs. Upon activation via TLR7/9, mature pDCs exhibit dendritic morphology and

exert antitumor effects. The direct tumoricidal ability of pDCs mainly depends on the expression of TRAIL and GZMB. Indirectly, pDCs

produce a large amount of IFN-a, which induces NK cell activation. In addition, mature pDCs expressing MHC Class I, MHC Class II and

markers, such as CD80 and CD86, can present antigens to T effector cells to mediate the killing of tumor cells. Tolerogenic pDCs exhibit

plasma cell morphology and exert protumoral effects. With ICOSL and IDO expression, pDCs induce the differentiation and IL-10 secretion

of Tregs. Upregulated PD-1, TIM-3, and LAG-3 expression of pDCs also favors tumor progression

and activate NK cells to exert cytotoxic effects.”’ For these
reasons, active pDCs in vitro and TLR7/9 agonists are ap-
plied in the immunotherapy of various cancers, such as
breast cancer and melanoma, and have achieved encour-
aging outcomes.*?!

2.2 | Protumoral roles of pDCs

In recent years, the role of pDCs in tumor immune tol-
erance has become increasingly prominent. Tumor-
infiltrating pDCs often show an immature phenotype
with defective abilities of IFN-a production and antigen
presentation, which facilitate tumor immune escape in-
stead of immune surveillance (Figure 1). In oral squa-
mous cell carcinoma (OSCC), increased infiltrating pDCs
accompanied by reduced IFN-« and IL-6 secretion were
found in tumor tissues compared to adjacent normal tis-
sues, indicating defective functions of pDCs. Moreover,
the degree of pDCs-infiltrating OSCC correlated with
lymph node metastasis and poor survival and could
serve as an independent prognostic factor.’® Yang et al.
reported that pDC depletion induced by antagonizing
CD317 could enhance the antitumor immune response
and inhibit tumor growth in a mouse model of HNSCC.
Moreover, the researchers found that in human HNSCC,
pDC infiltration was associated with immunosuppres-
sive markers such as Foxp3, PD-1, LAG-3, and TIM-3.2%33
Additionally, pDCs-infiltrating gastric cancer and breast
cancer are found to support tumor progress by promoting

Treg and Th2 cell differentiation and IL-10, IL-5, and
IL-13 secretion.***

Tregs play an indispensable part in establishing immu-
nosuppressive TME and promoting tumor immune escape
in HNSCC.*® Tumor-infiltrating pDCs are capable of induc-
ing Treg differentiation and maturation, which are primar-
ily mediated by the inducible costimulator ligand (ICOSL)
and indoleamine 2,3-dioxygenase (IDO) pathways. With
high expression of ICOSL, tumor-associated pDCs can re-
cruit and activate ICOS™ Tregs and promote IL-10 secre-
tion.*” IDO, a crucial rate-limiting enzyme in tryptophan
metabolism, is highly expressed in human pDCs and is
critical for maintaining the tolerogenic functions of pDCs.
IDO was reported to be essentially involved in the pDC-
mediated induction of the differentiation of CD4* CD25™ T
cellsinto CD4" CD25" Foxp3* Tregs. Moreover, the produc-
tion of Tregs was inhibited by IDO blockers and could be
restored by the addition of kynurenine.*®*** Accumulated
Tregs with high PD-1 expression inhibit the proliferation of
naive T cells and the cytotoxic ability of NK cells, leading to
enhanced immunosuppression in HNSCC.*

3 | THE INFLUENCE OF

THE HYPOXIC TME ON THE
FUNCTIONAL SWITCH IN PDCS IN
HNSCC

In HNSCC, tumor-associated pDCs experience functional
switch, thus promoting tumor growth and invasion. The
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mechanisms behind this switch have not been fully elu-
cidated. Due to the rapid growth of solid tumors, the
tumor core and infiltrative margin areas are insufficiently
oxygenated.”’ Hypoxia is the central determinant of an
immunosuppressive TME through modulating tumor-
associated immune checkpoints and enhancing immu-
nosuppressive functions of multiple immune cell types,
which closely correlate with tumor aggressiveness and
clinical prognosis.® Here, we mainly discuss the potential
effects of hypoxia and its related metabolites on the mi-
gration and function of pDCs and analyze the underlying
mechanisms (Figure 2).

3.1 | Hypoxia enhances the
migration of pDCs

Cellular metabolism, especially glycolysis and oxida-
tive phosphorylation, has been proven to influence the
migration of various immune cells. Hypoxia, which pro-
motes the aerobic glycolysis of tumor cells, contributes to
DC cell migration.* Immune cell migration is directed
by changes in related chemokines. For pDCs, the most
critical chemokines are CXC receptor type 4 (CXCR4)
and chemokine receptor 7 (CCR7).** pDC migration is
enhanced under hypoxic conditions, mainly due to the
modulation of related chemokines. CXCR4 and its ligand
chemokine stromal derived factor-1 (SDF-1) play crucial
roles in the recruitment of pDCs from peripheral blood to
tumor and surrounding tissues.*’ The SDF-1/CXCR4 path-
way is well known to be involved in tumor progression.

Hypoxia
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In HNSCC, high expression of SDF-1/CXCR4 indicates
invasive tumor behavior and correlates with local prolif-
eration and lymphatic and distant metastasis.* De-Colle
et al. noted that high expression of SDF-1/CXCR4 was
an independent prognostic factor for poor survival in lo-
cally advanced HNSCC during initial radiotherapy and
chemotherapy.* In breast cancer, pDCs were reported
to contribute to lymph node metastasis through SDF-1/
CXCR4 pathway.46 Hypoxia has been reported to be a vital
priming condition for CXCR4 expression through HIF-1a-
dependent pathways.*” Transcriptome analysis indicated
significantly elevated CXCR4 expression in immature
DCs under hypoxic condition.*® Ishikawa et al. found
that there was a positive correlation between HIF-1la
and CXCR4 expression by immunohistochemical analy-
sis of 85 cases of OSCC samples, and further in vitro ex-
periments proved that HIF-1a inhibition could reduce the
expression of CXCR4.* These evidences suggest that in
the HNSCC TME, hypoxia might promote the migration
of pDCs into tumor tissues through the HIF-1o/SDF-1/
CXCR4 pathway.

CCR?7, which binds to C-C chemokine ligand 19/21
(CCL19/21), is an essential promoter for the homing of
pDCs to lymph nodes.”® In HNSCC, hypoxia was reported
to be a crucial inducing factor for the upregulation of
CCR?7 expression, which correlated with lymphatic me-
tastasis.”® The hypoxia-induced glycolysis could promote
the oligomerization of CCR7 in a HIF-la-dependent
way.”*> Moreover, restraining HIF-1a-dependent glycolysis
with a long non-coding RNA Inc-Dpf3 efficiently prevents
DC migration mediated by CCR7.>® The hypoxic TME in
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FIGURE 2 The influence of hypoxia and related metabolites on pDCs in HNSCC. A hypoxic TME promotes the recruitment of pDCs

to tumor tissues via the upregulation of chemokines such as CXCR4 and CCL20 in a HIF-1a-dependent manner. The homing of pDCs to

lymph nodes is also enhanced under hypoxic conditions due to upregulated CCR7. pDCs experience functional switching under hypoxic
TME conditions. The maturation of pDCs is suppressed due to HIF-1a-mediated E2-2 inhibition. Increased HMGB1 secretion by tumor
cells inhibits the IFN-a production of pDCs. Upregulated expression of IDO enhances pDC-mediated induction of Tregs and hampers their

antigen presentation ability



FAN ET AL.

926 ..
—I—Wl LEY_Cancer Medicine _

HNSCC may promote the migration of pDCs to tumor-
draining lymph nodes by upregulating CCR7 expression,
facilitating lymphatic metastasis. In addition, Bosco et al.
explored the transcriptome of human monocytes under
hypoxic conditions and identified marked upregulation
of CCL20 induced by hypoxia.** CCL20 is capable of at-
tracting immature pDCs into tumor tissues, which tend
to induce Treg differentiation and contribute to a tolerant
TME.”

3.2 | Hypoxia reprograms the immune
functions of pDCs

Mature pDCs can secrete IFN-a and exhibit antitumor
effects, whereas tumor-associated pDCs with immature
phenotypes show tolerogenic properties related to the
hypoxic TME (Figure 3). Hypoxia is a negative regula-
tor for pDCs.*® Yang et al. compared the differences in
the gene profiles of DCs under normal and hypoxic con-
ditions and found that the expression of genes related to
T-cell stimulation in DCs exposed to hypoxia was mark-
edly downregulated, suggesting the diminished antigen
presentation ability of pDCs.”” They further found that
under hypoxic condition, DCs cultured in vitro exhibited
defective abilities of activation, migration, antigen cap-
ture, and phagocytosis and were more inclined to induce
Th2 differentiation of naive CD4" T cells, which promoted
immunosuppression.™

The transcription factor E2-2 modulates the differen-
tiation and maturation of pDCs in a STAT3-dependent
manner, and dysregulation of this process could result
in the spontaneous differentiation of mature pDCs into
classic DCs.”® Weigert et al. reported that the numbers
of pDCs in the blood, spleen, and bone marrow were
increased in HIF-1a knockout mice and proposed that
under hypoxic condition, HIF-1a could induce the ex-
pression of inhibitor of DNA binding 2 (ID2), which
inhibits E2-2 and leads to disrupted differentiation and
maturation of pDCs.* In a recent research, elevated ID2
expression was found in HNSCC and closely correlated
with highly aggressive tumors.® These findings suggest
that the HIF-1a/ID2/E2-2 pathway may be essential in
hypoxia-mediated regulation of the differentiation and
maturation of pDCs. pDCs-infiltrating HNSCC have
been found to be less efficient in response to the stimu-
lation of CpG motif with inhibited IFN-a secretion and
the dysfunction of these cells was partly due to down-
regulation of TLR9." High mobility group box 1 pro-
tein (HMGBL1), a damage-associated molecular pattern
protein, is upregulated in hypoxic tumor tissues, which
promotes tumor invasion and correlates with poor prog-
nosis in HNSCC.® HMGB1 inhibits TLR9-mediated pDC

maturation and cytokine secretion, such as IFN-a, IL-6,
IL-12, TNF-a, and inducible protein 10 (IP-10), promot-
ing tolerogenic alterations in pDCs.’>®* Downregulation
of IP-10 also suppresses the recruitment of Thl and NK
cells. Moreover, it has been reported that the impaired
functions of pDCs-infiltrating cervical cancer could be
restored through HMGBI1 inhibition.” Based on these
results, we hypothesize that HMGB1 might be involved
in inducing tolerogenic pDCs and immune escape in the
hypoxic TME of HNSCC.

As an important immune checkpoint in HNSCC,
IDO plays a critical role in the induction of Treg dif-
ferentiation by pDCs.®* IDO, the marker of long-term
tolerance in DCs, is upregulated under hypoxic condi-
tions and can promote tolerogenic functions of DCs by
modulating the metabolism of tryptophan.®® In HNSCC,
IDO was proposed to contribute to tumor resistance to
anti-PD-1 immunotherapy.®® In addition, the serum ky-
nurenine/tryptophan (kyn/trp) ratio, the marker of IDO
activity, could serve as a prognostic factor in HNSCC
immunotherapy.®” Ye et al. found that hypoxia upregu-
lated the level of IDO expression in hepatocellular car-
cinoma via the HIF-1a/CCL20/STAT1/IDO pathway,
contributing to immune tolerance and tumor metasta-
sis.®® These evidences indicate that hypoxia can regulate
the tolerogenic functions of pDCs through IDO regula-
tion. Yamahira et al. treated the leukemia plasmacytoid
dendritic cell line PMDCO05 with Toho-1, a novel IDO
inhibitor, and found that Toho-1 enhanced the abilities
of pDCs to present antigens and induce CTLs and could
be applied in cancer immunotherapy.®

3.3 | The effects of hypoxic metabolites
on pDCs

Hypoxic TME changes the way of tumor energy metabo-
lism and makes glycolysis a priority for the energy supply
of tumor cells, leading to lactate and adenosine accu-
mulation in the hypoxic TME.” Accumulated lactate
and an acid TME impairs normal functions of immune
cells and weakens antitumor immunity, thus facilitat-
ing tumor immune escape.”’ In a prospective study on
HNSCC after radiation, high levels of lactate were corre-
lated with poor overall survival and high risks of recur-
rence.’” Lactate accumulation in the TME could hamper
the T-cell activation and IFN-a secretion by DCs in lung
cancer, which was partly due to TLR3 and stimulator
of interferon genes (STING) inhibition.”® Lactate can
promote pDC reprogramming. On the one hand, lactate
inhibits IFN-« secretion of tumor-infiltrating pDCs by
binding to the GPR81 receptor on the surface of pDCs,
resulting in disturbed calcium transport and glycolysis.
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FIGURE 3 Hypoxia reprograms the immune functions of
pDCs. The activation of pDCs in response to TLR9 stimulation is
suppressed under hypoxic conditions, accompanied by impaired
abilities of IFN-a production and antigen presentation. Instead,
hypoxia promotes the tolerogenic functions of pDCs, mainly
including upregulated IDO expression and Treg induction

On the other hand, lactate enhances the catabolism of
tryptophan and the production of kynurenine, promot-
ing Treg induction of pDCs.”

The accumulation of extracellular adenosine has also
been reported to contribute to the antitumor immune
response in the hypoxic TME, which partly depends on
interrupting the antigen presentation ability of DCs.”
Extracellular adenosine can not only promote the recruit-
ment of immature pDCs to inflammatory tissues through
the A1l receptor but also inhibit the ability of pDCs to
secrete cytokines such as IFN-a and IL-12 through the
A2a receptor, limiting the degree of immunogenic re-
sponse.”® Ma et al. reported that the expression levels
of A2a in HNSCC were related to tumor volume, lymph
node metastasis, recurrence, and preoperative adjuvant
chemotherapy, and that the application of A2a receptor
antagonists could enhance the antitumor effects of CD8*
T cells and reduce Treg infiltration, thus markedly imped-
ing tumor growth.”” Aside from glycolysis, hypoxia also af-
fects the progress of fatty acid f3-oxidation (FAO), which is
crucial for pDC activation and maturation. The FAO inhi-
bition and fatty acid accumulation impedes full activation
of pDCs in an ATP-dependent manner.”® In the hypoxic
TME, HIF-la-mediated FAO inhibition facilitates tumor
progression.” The overexpression of FAO-related en-
zymes was also reported to show protective effects against
tumor in HNSCC.® In summary, lactate and adenosine
accumulation and FAO suppression in the hypoxic TME
of HNSCC might accelerate tumor growth by promoting
pDC reprogramming.

4 | CONCLUSIONS AND
PERSPECTIVES

HNSCC s ahighly aggressive malignant tumor with an im-
munosuppressive TME. The disorder of immune system is
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believed to critically contribute to the tumorigenesis and
progression of HNSCC. Hypoxia, a key feature of HNSCC,
drives the establishment of an immunosuppressive TME
and correlates with poor prognosis and chemotherapy
tolerance in HNSCC. As professional IFN-a-producing
cells, pDCs are distinguished by their multiple functions,
especially their tolerogenic ability, which is the primary
function of pDCs in HNSCC immunity. In this article,
we reviewed the antitumor and protumor functions of
pDCs and discussed the influences of hypoxia on pDCs
in HNSCC. A hypoxic TME can not only enhance the mi-
gration of pDCs but also inhibit the differentiation and
maturation of pDCs, promoting tolerogenic pDCs with
defective IFN-a secretion and antigen presentation abili-
ties and enhanced Treg induction abilities. Since there are
few researches about hypoxia and pDCs in HNSCC, the
detailed mechanisms between them remain largely un-
known. Do the effects of hypoxia on pDCs occur in the
early stage of HNSCC? Which is the prominent subtype of
pDC-infiltrating HNSCC? What is the key mechanism in
hypoxia-mediated modulation of pDCs and how can the
antitumoral ability of pDCs be restored? Will tolerogenic
pDCs accelerate the degree of hypoxia in the HNSCC
TME? A better understanding of pDCs in the hypoxic
TME could broaden our exploration into tumor immu-
nosuppression and promote the manipulation of hypoxic
stress and pDC activation in immunotherapy for HNSCC.
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