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Abstract: The immune response, both innate and adaptive, is a key player in cancer development
and progression. Plasmacytoid dendritic cells (pDCs) are a subset of dendritic cells that play one of
the central roles in the immune system. They are known mostly as the major IFN type I-producing
cells upon stimulation of Toll-like receptors 7 and 9. However, based on current knowledge,
the functionality of pDCs is very complex, as they have the ability to affect many other cell types.
In the context of the tumor tissue, pDCs were mostly described to show substantial functional defects
and therefore contribute to the establishement of immunosuppressive tumor microenvironment.
Immunotherapeutic approaches have proven to be one of the most promising treatment strategies in
the last decade. In view of this fact, it is crucial to map the complexity of the tumor microenvironment
in detail, including less numerous cell types. This review focuses on pDCs in relation to solid tumors.
We provide a summary of current data on the role of pDCs in different tumor types and suggest their
possible clinical applications.
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1. Introduction

The tumor microenvironment is a complicated system of cells that creates an extensive network
of interactions. Immune cells form a crucial part of this network and have a huge impact on the
development and progression of the disease. Most of the studies concerning cancer immunology have
focused on T cell-mediated immune responses, and the positive prognostic value of tumor-infiltrating
CD8+ T cells has been established in many oncologic diseases. In addition, the success of immune
checkpoint inhibitors, namely, anti-CTLA-4 and anti-PD-1 monoclonal antibodies, in clinical trials has
produced a new dose of optimism for immunooncology. However, in most malignancies, a significant
proportion of patients remain unresponsive to T cell-targeted approaches, and further research on the
tumor microenvironment is needed.

In addition to T cells, dendritic cells (DCs) have long been one of the main targets in cancer
research. Generally, DCs are one of the central components of the immune system responsible for
the initiation of adaptive immune responses. Plasmacytoid dendritic cells (pDCs), a less explored
subgroup of DCs, are mostly examined in relation to viral infections and autoimmune diseases, and
have been rather disregarded in immunooncology thus far. Primarily, pDCs are known as the most
potent producers of interferon α (IFNα) from all of the peripheral blood cells [1]. The main stimuli for
secretion were found to be viral nucleic acids or self-derived DNA [2]. Nucleic acids interact with
the most important pDC sensing receptors, namely, Toll-like receptors 7 and 9 (TLR7, TRL9), resting
in endosomes. After TLRs are triggered, the pDC-derived IFN type I production is dependent on a
complex containing MyD88 and IRF7. Within the complex IRAK1 and/or IKKα phosphorylates IRF7,
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which is translocated into the nucleus and so can regulate the expression of IFNα and other type I IFNs,
namely, IFNβ, IFNτ and IFNω [3]. Moreover, the constitutive high expression of IRF7 is a particularity
of pDCs that allows them to secrete very rapidly significant amounts of IFNα and β [4] However, type
I IFNs are neither the only products of pDCs nor their only possible mechanism of interaction with
other players in the tumor microenvironment. Indeed, the MyD88-IRAK4-TRAF6 complex drives
NF-κB-dependent inflammatory cytokine induction. The secretion of IL-6, IL-10, TNFα and IFNγ
has been reported [5,6]. In addition, the production of chemokines CCL3, CCL4, CCL5, CXCL9, and
CXCL10 has been observed as these substances play a role in migration of pDCs themselves and
also attract other innate immune cells, such as NK cells and macrophages [7,8]. Furthermore, other
functions have been assigned to pDCs, such as antigen presenting function, T regulatory lymphocytes
(Tregs) induction, cell-to-cell contact-dependent cytotoxicity, and interactions with NK cells and B
cells [5,9–11]. Therefore, in this article, we aimed to summarize the current knowledge of the role of
pDCs in the immunology of solid tumors.

2. Overview of pDC Biology

Plasmacytoid DCs count for less than 1% of peripheral blood mononuclear cells (PBMCs) in healthy
individuals. They can be generated from both common myeloid and common lymphoid progenitors,
including substream pathways with various potential to give a rise to pDCs [12]. Plasmacytoid DCs
are fully developed in bone marrow, released into peripheral blood as immature (non-activated) cells,
and then enter secondary lymphoid organs and peripheral tissues, including pathologic conditions
such as tumors, inflammatory and autoinflammatory lesions. In general, the major growth factor
for DC development is the fms-like tyrosine kinase 3 ligand (FLT3-L) [13,14]. The FLT3 receptor is
expressed on pDC progenitors, and as shown in mouse models with FLT3 deletion, the pDC population
is far more dependent on this pathway than the conventional DC (cDC) population [15]. The main
transcription factor, both in mice and humans, for differentiating progenitors into the pDC branch and
in maintaining the pDC phenotype, is E2-2 [16]. E2-2 is activated through the FLT3 receptor via the
STAT 3-dependent mechanism [17]. The interruption of E2-2 expression in mature pDCs leads into
their spontaneous differentiation into cDC-like cells [18].

Unlike cDCs, pDCs enter T lymphocyte-rich areas of lymphatic organs directly from the blood
through high endothelial vessels (HEVs) [19]. The main receptors driving migration into the
secondary lymphatic organs are L-selectin CD62L and CCR7. The latter is upregulated upon
TLR9 stimulation and interacts with chemokines CCL19 and CCL21 produced by fibroblastic
reticular cells, the stromal cells in T cell zones of lymph nodes [19,20]. Additional important
pathways that lead pDC migration in homeostatic and pathologic conditions are CXCR4/CXCL12
and CXCR3/CXCL9/CXCL10/CXCL11 [21,22]. CXCL12 and ligands of CXCR3 are expressed in both
secondary lymphoid organs and in epithelium inflamed either due to a viral infection or due to a
malignant transformation [21,23]. It has been reported that the capability of the chemokine CXCL12 to
enhance the recruitment of pDCs was conducted by CXCR3 ligands, induced under inflammatory
conditions [23]. At least partial dependency on the CXCR4/CXCL12 pathway was demonstrated in
melanoma, ovarian cancer, and head and neck squamous cell carcinoma [21,24,25]. This result implies
that other receptors, including CCR6 or CCR7, might play a role in pDC migration to the tumor
sites [26,27].

Originally, pDCs were named “plasmacytoid monocytes” and characterized as CD4+ CD123+

cells that were negative for lineage markers of B cells, T cells, NK cells, and monocytes [28]. Since then,
specific surface markers that facilitate the analysis and isolation of these cells from blood and peripheral
tissues have been described. A C-type lectin blood DC antigen 2 (BDCA-2) is a commonly used marker
for pDC identification. Nevertheless, there are drawbacks in its use for pDC enrichment, because
engagement of the receptor with an antibody leads to a decrease of pDC functional capacity [29].
Therefore, a blood dendritic cell antigen 4 (BDCA–4) is used for pDC enrichment [30]. BDCA-4 is
identical to neuropilin-1 (NP-1), a receptor known to be expressed on other non-hematopoietic cells,
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such as neurons and some tumor cells. The standard markers used to identify pDC in mice are B220,
Ly6C, BST2, Siglec-H and CD11c [31].

Human plasmacytoid DCs can be further divided into minor subpopulations with variability in
functional characteristics. The CD2high pDC subpopulation showed expression of lysozyme, secreted
more IL12p40, and was more efficient in triggering proliferation of naïve T cells [32]. Moreover,
Zhang et al. further diversified CD2high subsets and identified CD2+CD5+CD81+ pDCs in blood, bone
marrow, and tonsils [33]. This subset produced little IFNα upon TRL stimulation; however, in addition
to T cell proliferation, this subset also promoted plasma cell differentiation. Recently, Alculumbre et al.
reported three subsets based on PD-L1 and CD80 expression. Cells with plasmacytoid morphology,
specialized in type I IFN production expressed PD-L1 but not CD80. Cells negative for PD-L1 but
positive for CD80 showed dendritic morphology and adaptive immune functions. As expected,
double positive PD-L1+CD80+ pDCs showed both innate and adaptive functions [34]. Other pDC
subpopulations were defined based on CXCL10 expression and/or IFNα secretion, however their
specific functions are yet to be explored [35,36].

The most important secretory products of pDCs are type I IFN, especially IFNα. Type I IFN
are cytokines with a pleiotropic effect reported to have a bipolar role in anticancer immunity [37].
These cytokines can increase NK cell and CD8+ T cell cytotoxicity, stimulate maturation of DCs and
promote proinflammatory activation of macrophages [37,38]. Consequently, IFNα2A and IFNα2B
were approved for the treatment of several malignancies [39]. However, prolonged exposure to type I
IFN can provoke immunosuppression through enhanced IL-10 production by Tregs and induction
of indoleamine-2,3-dioxygenase (IDO) in DCs [37]. It is not surprising that because of the systemic
importance of type I IFN, their production is under multiple surveillance. The important “checkpoint”
molecules expressed on human pDCs that were reported to negatively regulate IFN secretion are
NKp44, TIM-3, BDCA-2, ITL7, CLEC4A and LAIR1 [29,31,40–43].

3. Negative Role of pDCs in Solid Tumors

The natural behavior of tumors is to escape from the immune system reaction by many mechanisms
that can be modified or developed through the course of the disease. Tumors can lose their
antigenic or immunogenic potential and induce an immunosuppressive environment. The latter is
orchestrated by the production of immunosuppressive cytokines (IL-10, TGFβ, and PGE2), recruitment
of Tregs, activation of negative regulatory pathways (CD80/CTLA4, PD-1/PD-L1), or overexpression of
immunomodulatory enzymes (IDO) [44]. In both humans and mice, tumor-infiltrating pDCs were
shown to be mostly defective in their functions and were supposed to support the immunosuppressive
setting of the tumor microenvironment [45]. Moreover, pDCs were identified as a negative prognostic
markerin breast, ovarian, and oral cancers [46–48]. However, given that pDCs are a rather sparse
population in the tumor tissue, only a limited number of studies have analyzed the function of pDCs
isolated directly from human tumors.

3.1. Dysregulation of pDC Functions in the Tumor Microenvironment

A decreased capacity to produce IFNα is considered as the main indicator of pDC dysfunction.
Hartman et al. reported a diminished capacity of pDCs derived from head and neck squamous cell
carcinoma (HNSCC) to produce IFNα upon CpG stimulation compared to blood-derived pDCs [49].
A possible mechanism of this phenomenon was suggested to be a decrease in TLR9 expression [49].
The same author group later elucidated the underlying mechanism of impaired IFNα secretion,
identifying prostaglandin E2 and TGFβ from HNSCC culture supernatants as the most important
negative regulators of pDC functions [50]. Other research teams reported similar effects on IFNα
secretion in the setting of HNSCC when blood-derived human pDCs were incubated with tumor
supernatants [51,52]. Bruchhage et al. also analyzed cytokines in HNSCC supernatants and tested
their effect on pDCs. In this study, IL-10 was identified as one of the major actors that impaired
IFNα secretion [51]. Similarly, tumor-associated pDCs showed decreased IFNα secretion upon TLR7
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and TLR9 stimulation in breast and ovarian cancers [52,53]. However, in comparison to HNSCC,
different mechanisms explaining this phenomenon were observed, as the most important soluble
factors in the tumor microenvironment responsible for the impaired function were designated TNFα
and TGFβ, but not IL-10 [54]. Indeed, TGFβ and TNFα in a synergistic manner negatively affected
IRF-7 expression and thus inhibited the IFNα secretion pathway. Moreover, to support the significance
of this IFN-regulating pathway in breast cancer, higher expression of IRF-7-regulated genes in primary
tumors of breast cancer patients positively correlated with prolonged bone metastasis-free survival [55].
The important role of TGFβ was also demonstrated by Terra et al. In TC1 and B16-OVA mouse
models, TGFβ was identified as the main cytokine suppressing IFNα production by tumor-associated
pDCs [56].

Additionally, immunoglobulin-like transcript 7 (ILT-7) signaling was shown to play a role in
the negative regulation of type I IFN production by pDCs [57]. However, the phenomenon was
demonstrated by the interaction of CpG-stimulated blood-derived pDCs with ILT-7 ligands-expressing
human cancer cell lines and not in patient tumor tissue. In human melanoma invaded lymph nodes
and skin metastases, higher infiltration of the LAG3+ pDC subpopulation compared to blood was
reported. Moreover, LAG3-mediated activation of pDCs led to low production of IFNα but high
secretion of IL-6, suggesting an important role for this alternative activation pathway in establishing
the immunosuppressive microenvironment [58]. Functionally impaired pDCs were also identified
in preneoplastic lesions of the uterine cervix [59]. Based on in vitro experiments, Demoulin et al.
showed low IFNα secretion by pDCs upon cocultivation with cervical cancer cell lines infected by
human papillomavirus 16 (HPV16) [60]. In this study, high mobility group B1 protein (HMGB-1)
produced by neoplastic keratinocytes was identified as an important negative regulator of IFNα
secretion. In contrast, HIV1-stimulated blood-derived pDCs from healthy donors secreted HMGB-1,
which increased IFNα production in an autologous loop [61]. In view of the fact that pre/malignant
lesions of the cervix are associated with chronic infection with high-risk HPV, it is worth noting that
blood circulating pDCs were also shown to react by IFNα secretion upon stimulation with HPV16
capsid-derived virus-like particles, although the amount of IFNα was lower than upon CpG 2216
stimulation [59]. This demonstrates a possible “fight” between the immunomodulatory capacity of the
tumor cells and the stimulatory effect of viral antigens on pDCs. Therefore, the pDC phenotype and
function might differ in virus-associated tumors and tumors of other etiologies.

3.2. Pro-Tumorigenic Effects of pDC

The many times reported mechanism by which pDCs augment the immunosuppressive
environment is the induction of Tregs through the ICOS/ICOS-L pathway or indoleamine
2,3-dioxygenase (IDO) expression [45]. Interestingly, unlike tolerogenic DCs, immunosuppresive
pDCs do not have to show an immature phenotype, but can even be stimulated by TLR9 agonists.
Tumor-infiltrating Tregs produce IL-10 and TGFβ, which further support tumor progression.
As described above, IL-10 and TGFβ could impair the capacity of pDCs to produce IFNα and potentially
create a vicious cycle intensifying the immunosuppressive effect of the tumor. The importance of
ICOS-L+ pDCs in the induction of Tregs was reported in human melanoma, breast cancer, ovarian
cancer, and liver tumors [53,62–64]. Furthermore, in a human ovarian cancer study, high densities
of pDCs and ICOS+ Foxp3+ Tregs were found to be strong predictors of disease progression [62].
A positive correlation between the proportions of tumor-infiltrating pDCs and Tregs was also found
in glioma, thyroid gland cancer, and gastric cancer [65–67]. In contrast, the only study which is in a
discrepancy with these reports and concerns tumor-infiltrating cells is focused on colorectal cancer
(CRC) [68]. In CRC high densities of Tregs were shown to be rather a positive prognostic marker [69,70].
Thus, Tregs in CRC are supposed to have anti-tumorigenic effect helping to suppress undesirable
chronic inflammation in the tumor tissue. Positive correlation of functionally impaired pDC and Tregs
may therefore occur in tumors, where a suppressive microenvironment prevails and Tregs support
these protumoral conditions.
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In addition to ICOS-L stimulation, costimulation by OX40L expressed on pDCs led to the
polarization of the immune response towards the Th2 direction in a melanoma mice model [64].
Consistent with these results, increased levels of OX40L+ pDC and Th2 T cells were detected in the
peripheral blood of patients with advanced stages of melanoma [64]. In a mouse model of melanoma,
IDO+ pDCs derived from tumor-draining lymph nodes were reported to stimulate CD4+CD25+Foxp3+

Tregs. These Tregs subsequently caused upregulation of PD-L1 and PD-L2 on DCs and promoted the
immunosuppressive microenvironment [71]. This effect was abrogated when IDO-KO mice were used.
This study suggests that the effect of PD-1 and PD-L1 inhibitors may be augmented by targeting the
negative action of tumor infiltrating pDCs. To support this hypothesis, Ray et al. showed in multiple
myeloma (MM) patients that blockade of the PD-1/PD-L1 axis in pDCs and in cocultures with CD8+

and CD4+ T cells caused an increased proliferation rate of T lymphocytes [72]. Moreover, using an
anti-PD-L1 antibody in a pDC coculture with autologous NK cells from MM patients restored NK cell
cytolytic activity against GFP+ MM.1S cells.

In addition to induction of Tregs, there are sporadic reports about other tumor-promoting
functions of pDCs. Curiel et al. described the induction of neoangiogenesis via TNFα and IL-8
production by CD40L-activated pDCs derived from human ovarian tumor ascites [73]. Another
partially proangiogenic and proinvasive cytokine, IL-1α, was reported to be produced by pDCs
from human non-small cell lung cancer tissue [74]. However, IL-1α is an ambivalent cytokine with
both pro- and antitumoral effects. In addition to the above-mentioned mechanisms by which pDCs
contribute to the induction and maintenance of the immunosuppressive tumor microenvironment,
granzyme B secreted by IL-3-stimulated pDCs was reported to be able to decrease both CD4+ and
CD8+ T cell proliferation [75]. This phenomenon was further enhanced by IL-10 but inhibited by TLR
stimulation. Because of the aforementioned negative role of pDCs in many tumors, the possibility of
pDC depletion could be a way to release a local immune response. Sawant et al. reported a decrease
in tumor burden and metastatic spread after pDC depletion in a breast cancer mouse model using
an anti-PDCA-1 antibody [76]. In a glioma mouse model, pDC depletion led to prolonged survival,
decreased tumor-infiltrating Treg numbers, and substantially decreased production of IL-10 in the
remaining intratumoral Tregs [65].

Plasmacytoid DC contributions to tumor promotion and suppression are summarized in Figure 1.
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Most of the studies concerning the role of pDCs in the tumor microenvironment lack the functional
analysis of pDCs or the significance in correlation with clinical parameters of the patients. Studies that
showed a statistically significant prognostic impact of pDCs in cancer patients are listed in Table 1.
Reported pathogenetic roles of pDCs in different tumor types are listed in Table 2.

Table 1. Prognostic value of pDCs in cancer patients.

Cancer Type Prognostic Value Functional State of pDCs Detection Method Reference

Breast cancer Positive, OS NE FC—blood
marker: CD123+

[77]

Negative, OS, PFS NE IHC—tumor tissue
marker: CD123+

[47]

Ovarian cancer Negative, PFS
Induction of IL-10
producing T cells

Decreased IFNα production

FC—tumor tissue
marker: BDCA2+

[48]

IHC—tumor tissue
marker: CD123+

[52]

Oral cancer Negative, OS Decreased IFNα, IL – 6 and
TNFα production

IHC—tumor tissue
marker: CD123+

[46]

Melanoma Negative, OS NE IHC—tumor tissue
marker: CD123+

[78]

Negative, OS Upregulation of OX40L and
ICOS-L

FC—tumor tissue
marker:

BDCA2+/CD123+
[64]

Negative, OS, PFS NE FC—blood
marker: CD123+

[79]

Pancreatic cancer Positive, OS NE FC—blood
marker: CD123+

[80]

OS—overall survival, PFS—progression-free survival, IHC—immunohistochemistry, FC—flow cytometry.
NE—not evaluated.

Table 2. Pathogenetic role of pDCs in cancer.

Cancer Type pDC Source Pathogenetic Mechanism Reference

Breast cancer Human cancer tissue

Decreased IFNα production via tumor-derived TNFα,
TGFβ [54]

Decreased IFNα production, Tregs expansion [53]
Increased Treg proliferation and IL-10 production [81]

Ovarian cancer

Human blood—healthy
donor

Decreased IFNα production after co-incubation with
tumor-derived supernatants, suppressive role of TNFα,
TGFβ

[52]

Human cancer tissue Immunosuppression via induction of ICOS+ Tregs
producing IL-10, dependent on ICOS-L costimulation [62]

Human malignant
ascites

Induction of neoangiogenesis via TNFα and IL-8
production [73]

Cervical cancer Human cord blood
Altered maturation and decreased IFNα production after
co-incubation with cervical cancer cell lines, HMGB1
dependent mechanism

[60]

Head and neck
cancer

Human cancer tissue Decreased IFNα production upon CpG stimulation,
decreased expression of TLR9 [49]

Human blood—healthy
donor

Decreased IFNα production after co-incubation with
tumor-derived supernatants, suppressive role of IL-10 [51]

Melanoma Human cancer tissue Impaired capacity to secrete IFNα in response to TLR9,
induction of Tregs via OX40L and ICOS-L [64]

Lung cancer Human cancer tissue Immunosuppression via production of IL-1α [74]

Hepatocellular
cancer

Human blood—healthy
donor

Regulation of IL-10 production by CD4+ FOXP3- Tregs via
ICOS-L upregulation, when exposed to liver tumor lysate [63]

Gastric cancer Human cancer tissue Correlation of pDCs and ICOS+ Tregs in peritumoral tissue [67]

Glioma Mouse model Decreased IFNα production upon CpG stimulation,
decreased expression of TLR9 [65]
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4. Anti-Tumorigenic Capacity of pDCs in Tumors and Possible Use in Cancer Therapy

In contrast to the negative impact of pDCs in tumors, there are only sporadic reports concerning
the positive prognostic role of pDCs in cancer patients. Bailur et al. reported that high levels of pDCs
in breast cancer patients correlated with prolonged overall survival [77]. Moreover, the patient’s
group with a low MDSC/pDC ratio and a CD8+ T-cell response to HER2 peptide stimulation in vitro
had a 100% 5-year survival rate. Compared to the aforementioned study of Treillux et al. reporting
negative prognostic role of pDCs, this study explored circulating pDCs. Nevertheless, Wu et al.
observed a significant tumoricidal activity of pDCs in the TUBO breast cancer cell line [82]. The CpG-
or IMQ-stimulated pDCs were able to lyse tumor cells in vitro and reduced tumor burden in an
experimental mouse model. The effect was assigned to increased TRAIL and granzyme B expression
and was stronger upon IMQ stimulation. However, the cytotoxic activity of pDCs was reduced but
did not vanish completely after the blockade of these molecules, leaving space for other unexplored
mechanisms. The importance of pDC-derived IFN type I produced upon TLR7 stimulation was
reported by Le Mercier et al. [83]. In orthotopic breast tumor mouse model using NEU15 cell line,
the IFN type I was the essential factor responsible for tumor regression in vivo. Interestingly, the
authors did not observe any increase in TRAIL expression upon TLR7 stimulation. Encouraging data
concerning pDC cytotoxic activity were also observed in melanoma. Melanoma is an immunogenic
tumor that is well known for a high immune infiltration and therefore creates a valuable model for
testing novel immunotherapeutic approaches. In cytotoxic assays using melanoma cell lines SKMel2
and WM793, pDCs activated by IMQ or recombinant IFNαwere able to lyse tumor cells [84]. These
findings were confirmed by other teams in mouse models, highlighting the essential role of TLR7 and
IFNαR signaling in pDC-mediated cytotoxicity [85–87]. Consistently, TRAIL and granzyme B were
identified as the main cytotoxic agents. However, in view of the fact that pDCs do not produce perforin,
the exact background of the perforin-independent granzyme B-mediated cytotoxic effect has not been
satisfactorily clarified so far. Indirect antitumoral effects of pDC-derived IFN type I were also reported
in B16 melanoma mouse model [88]. Liu et al. showed that CpG-activated pDCs could recruit NK cells
and enhance their cytotoxic activity. Moreover, IFNγ and perforin produced by activated NK cells
were described to be important factors in CD8+ T cell cross-priming. Taken together with the fact that
pDC are potent enhancers of the cDC capacity to prime antigen-specific CD8+ T cells responses [89],
these findings suggest possible linking of innate and adaptive immunity by activated pDCs

Although pDCs constitute a minor population of immune cells in the circulation and in the tumor
microenvironment, based on the complexity of their interactions, pDCs might be a promising target for
cancer immunotherapy.

Administration of recombinant IFNα is an approved immunotherapeutic approach in renal cell
carcinoma, melanoma, and AIDS-related Kaposi sarcoma. However, the overall response rate is quite
low and undermined by serious toxic side effects, especially hematologic toxicity, flu-like syndrome, or
anorexia, even in the more tolerable PEGylated form [39]. Interferon αwas a standard monotherapy or
combinational therapy with bevacizumab in advanced and metastatic renal cell carcinoma in patients
with a good performance status who underwent cytoreductive nephrectomy [90]. In melanoma
the use of IFNα is applicable as an adjuvant treatment for patients with resectable AJCC stage III
disease [91]. Although new treatments, such as tyrosine kinase inhibitors and immune checkpoint
inhibitors, are replacing IFNα, there are attempts to combine IFNα with current immunotherapy.
The combination has a biological rationale, as IFNα is known to induce the expression of PD-L1,
potentially leading to greater inhibition of tumor growth and increased tumor cell apoptosis [92].
In the phase Ib KEYNOTE-029 study a combination of IFNα with pembrolizumab was evaluated
in melanoma and renal cell carcinoma patients [93]. However, serious grade toxicity was reported
in 59% of patients, and the maximal tolerated dose had only limited antitumor activity. Therefore,
an emphasis should be put on the targeted delivery of the active substance directly into the tumor
environment to enhance the immune response and effect of checkpoint inhibition [38]. One of the
possible approaches is to stimulate producers of IFNα at the tumor site via the intralesional application
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of TLR9 and TLR7 ligands. CpG ODN nanorings were reported to induce the robust production of
IFNα by pDCs, leading to a reduction of the tumor size in a thymoma mouse model [94]. Moreover,
in a phase I/II clinical trial, intratumoral CpG injection combined with radiotherapy in 15 patients
with mycosis fungoides lymphoma led to a clinically meaningful response in five subjects, finding
an increase in pDC infiltration and decrease in Treg levels [95]. However, in most studies using
TLR9 agonists, immunomonitoring was focused on the analysis of T cell and B cell responses but
not on the contribution of pDCs. In a different approach, IFNα released by activated pDCs after
adenovirus-mediated delivery of the immune-stimulatory cytokine FLT3-L led to an antitumoral effect
in the glioma mouse model [96]. Adjuvant FLT3 ligand administration combined with a peptide-based
vaccine and topically applied imiquimod (IMQ) was also tested in melanoma patients. Whereas FLT3
ligand treatment led to increased levels of immature myeloid DCs and pDCs in the peripheral blood,
cutaneous reactions to peptide vaccination and circulating peptide-specific CD8+ T cells were more
frequent in patients who received the peptide vaccine in combination with both the FLT3 ligand and
IMQ [97]. Topical application of IMQ, a synthetic TLR7 agonist approved by the FDA for the treatment
of basal cell carcinoma, is known to strongly stimulate pDCs, leading to their attraction into the
skin lesions and activation of their cytotoxic activity. In melanoma mice models, IMQ alone reduced
tumor lesions through production of IFNα/β, which led to TRAIL and granzyme B secretion by pDCs,
opposing the possible immunosuppressive effect of granzyme B expression in pDCs [85]. In humans,
a phase II clinical trial combining IMQ with monobenzone in melanoma stage III–IV patients led to the
local regression of cutaneous metastases in 38% of the patients [98].

Active cellular therapy is another promising immunotherapeutic approach. Monocyte-derived
DCs pulsed with cancer antigens already showed their potential efficacy, and there are many ongoing
clinical trials. However, the antigen presenting role of pDCs in the tumor microenvironment is quite
elusive. Even though pDCs are capable of antigen presentation, they are less effective than classical
DCs [65]. Especially uptake of exogenous antigens by pDCs is considered to be inferior to cDCs [99].
On the other hand, when pDCs are infected by a virus, they are capable of sustained presentation
of these endogenous viral antigens, a potentially favorable factor in the context of virally induced
tumors. Moreover, Tel. et al. reported high capacity of human blood-derived pDCs to cross-present
tumor derived antigens to CD8+ T cells in vitro, despite less antigen uptake [100]. Also, there are
sporadic reports of selective pDC efficacy, as is the case for intranodal injection of pDCs loaded with
tumor-associated peptides in stage IV melanoma patients. Autologous pDCs were pulsed with tumor
peptides derived from the melanoma-associated antigens gp100 and tyrosinase and intranodally
injected into patients [101]. Seven out of 15 patients showed a significant increase in gp100154-specific
CD8+ T cell frequency, and the overall survival of the patients who received the pDC vaccine was
significantly higher compared to standard chemotherapy (22 vs 7.6 months).

5. Conclusions

Plasmacytoid DCs affect many cell types and processes in the course of human diseases, including
cancer. On the one hand, pDCs were found to infiltrate different cancer types, having mostly negative
effects in the tumor microenvironment. On the other hand, in vitro and in vivo data also showed a
significant antitumoral potential of adequately stimulated pDCs. Similarly to other tumor-infiltrating
immune cells, the phenotype and functional capacity of pDC is dependent on the shape of the
tumor microenvironment including the pattern of the immune cell infiltrate, cytokine milieu and
the ability of tumor cells to successfully evade the immune response. Factors such as TNFα, TGFβ,
and IL-10 abrogate the antitumoral potential of pDC and rather enhance their pro-tumorigenic effect.
However, a well-designed stimulation of pDCs via TLRs may lead to their reactivation and significantly
help to restore the local immune response. A precise understanding of the regulatory mechanisms
that influence pDC functionality can put missing pieces in the puzzle, showing the picture of the
interactions between the immune system and cancer, and thus lead to an improvement in current
therapeutic approaches.



Cancers 2019, 11, 470 9 of 14

Funding: This work was financially supported by Grant Agency of Charles University, project number 668217.

Conflicts of Interest: Vladimír Koucký and Anna Fialová are employees of Sotio, a biotechnological company
focused on cDC-based anticancer vaccines. Authors declare no competing financial interests.

References

1. Siegal, F.P.; Kadowaki, N.; Shodell, M.; Fitzgerald-Bocarsly, P.A.; Shah, K.; Ho, S.; Antonenko, S.; Liu, Y.J.
The nature of the principal type 1 interferon-producing cells in human blood. Science 1999, 284, 1835–1837.
[CrossRef]

2. Gilliet, M.; Cao, W.; Liu, Y.J. Plasmacytoid dendritic cells: Sensing nucleic acids in viral infection and
autoimmune diseases. Nat. Rev. Immunol. 2008, 8, 594–606. [CrossRef]

3. Kawasaki, T.; Kawai, T. Toll-like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [CrossRef]
[PubMed]

4. Dai, J.; Megjugorac, N.J.; Amrute, S.B.; Fitzgerald-Bocarsly, P. Regulation of IFN regulatory factor-7 and
IFN-alpha production by enveloped virus and lipopolysaccharide in human plasmacytoid dendritic cells.
J. Immunol. 2004, 173, 1535–1548. [CrossRef]

5. Ito, T.; Kanzler, H.; Duramad, O.; Cao, W.; Liu, Y.J. Specialization, kinetics, and repertoire of type 1 interferon
responses by human plasmacytoid predendritic cells. Blood 2006, 107, 2423–2431. [CrossRef]

6. McKenna, K.; Beignon, A.S.; Bhardwaj, N. Plasmacytoid dendritic cells: Linking innate and adaptive
immunity. J. Virol. 2005, 79, 17–27. [CrossRef] [PubMed]

7. Sozzani, S.; Vermi, W.; Del Prete, A.; Facchetti, F. Trafficking properties of plasmacytoid dendritic cells in
health and disease. Trends Immunol. 2010, 31, 270–277. [CrossRef]

8. Guillerey, C.; Mouries, J.; Polo, G.; Doyen, N.; Law, H.K.; Chan, S.; Kastner, P.; Leclerc, C.; Dadaglio, G.
Pivotal role of plasmacytoid dendritic cells in inflammation and NK-cell responses after TLR9 triggering in
mice. Blood 2012, 120, 90–99. [CrossRef]

9. Young, L.J.; Wilson, N.S.; Schnorrer, P.; Proietto, A.; ten Broeke, T.; Matsuki, Y.; Mount, A.M.; Belz, G.T.;
O’Keeffe, M.; Ohmura-Hoshino, M.; et al. Differential MHC class II synthesis and ubiquitination confers
distinct antigen-presenting properties on conventional and plasmacytoid dendritic cells. Nat. Immunol. 2008,
9, 1244–1252. [CrossRef]

10. Tel, J.; Smits, E.L.; Anguille, S.; Joshi, R.N.; Figdor, C.G.; de Vries, I.J. Human plasmacytoid dendritic cells
are equipped with antigen-presenting and tumoricidal capacities. Blood 2012, 120, 3936–3944. [CrossRef]
[PubMed]

11. Martin-Gayo, E.; Sierra-Filardi, E.; Corbi, A.L.; Toribio, M.L. Plasmacytoid dendritic cells resident in human
thymus drive natural Treg cell development. Blood 2010, 115, 5366–5375. [CrossRef]

12. Shortman, K.; Sathe, P.; Vremec, D.; Naik, S.; O’Keeffe, M. Plasmacytoid dendritic cell development.
Adv. Immunol. 2013, 120, 105–126. [CrossRef]

13. Gilliet, M.; Boonstra, A.; Paturel, C.; Antonenko, S.; Xu, X.L.; Trinchieri, G.; O’Garra, A.; Liu, Y.J.
The development of murine plasmacytoid dendritic cell precursors is differentially regulated by FLT3-ligand
and granulocyte/macrophage colony-stimulating factor. J. Exp. Med. 2002, 195, 953–958. [CrossRef]
[PubMed]

14. Schmid, M.A.; Kingston, D.; Boddupalli, S.; Manz, M.G. Instructive cytokine signals in dendritic cell lineage
commitment. Immunol. Rev. 2010, 234, 32–44. [CrossRef]

15. Waskow, C.; Liu, K.; Darrasse-Jeze, G.; Guermonprez, P.; Ginhoux, F.; Merad, M.; Shengelia, T.; Yao, K.;
Nussenzweig, M. The receptor tyrosine kinase Flt3 is required for dendritic cell development in peripheral
lymphoid tissues. Nat. Immunol. 2008, 9, 676–683. [CrossRef] [PubMed]

16. Cisse, B.; Caton, M.L.; Lehner, M.; Maeda, T.; Scheu, S.; Locksley, R.; Holmberg, D.; Zweier, C.;
den Hollander, N.S.; Kant, S.G.; et al. Transcription factor E2-2 is an essential and specific regulator
of plasmacytoid dendritic cell development. Cell 2008, 135, 37–48. [CrossRef]

17. Laouar, Y.; Welte, T.; Fu, X.Y.; Flavell, R.A. STAT3 is required for Flt3L-dependent dendritic cell differentiation.
Immunity 2003, 19, 903–912. [CrossRef]

18. Ghosh, H.S.; Cisse, B.; Bunin, A.; Lewis, K.L.; Reizis, B. Continuous expression of the transcription factor
e2-2 maintains the cell fate of mature plasmacytoid dendritic cells. Immunity 2010, 33, 905–916. [CrossRef]
[PubMed]

http://dx.doi.org/10.1126/science.284.5421.1835
http://dx.doi.org/10.1038/nri2358
http://dx.doi.org/10.3389/fimmu.2014.00461
http://www.ncbi.nlm.nih.gov/pubmed/25309543
http://dx.doi.org/10.4049/jimmunol.173.3.1535
http://dx.doi.org/10.1182/blood-2005-07-2709
http://dx.doi.org/10.1128/JVI.79.1.17-27.2005
http://www.ncbi.nlm.nih.gov/pubmed/15596797
http://dx.doi.org/10.1016/j.it.2010.05.004
http://dx.doi.org/10.1182/blood-2012-02-410936
http://dx.doi.org/10.1038/ni.1665
http://dx.doi.org/10.1182/blood-2012-06-435941
http://www.ncbi.nlm.nih.gov/pubmed/22966165
http://dx.doi.org/10.1182/blood-2009-10-248260
http://dx.doi.org/10.1016/B978-0-12-417028-5.00004-1
http://dx.doi.org/10.1084/jem.20020045
http://www.ncbi.nlm.nih.gov/pubmed/11927638
http://dx.doi.org/10.1111/j.0105-2896.2009.00877.x
http://dx.doi.org/10.1038/ni.1615
http://www.ncbi.nlm.nih.gov/pubmed/18469816
http://dx.doi.org/10.1016/j.cell.2008.09.016
http://dx.doi.org/10.1016/S1074-7613(03)00332-7
http://dx.doi.org/10.1016/j.immuni.2010.11.023
http://www.ncbi.nlm.nih.gov/pubmed/21145760


Cancers 2019, 11, 470 10 of 14

19. Penna, G.; Vulcano, M.; Sozzani, S.; Adorini, L. Differential migration behavior and chemokine production
by myeloid and plasmacytoid dendritic cells. Hum. Immunol. 2002, 63, 1164–1171. [CrossRef]

20. Yoneyama, H.; Matsuno, K.; Zhang, Y.; Nishiwaki, T.; Kitabatake, M.; Ueha, S.; Narumi, S.; Morikawa, S.;
Ezaki, T.; Lu, B.; et al. Evidence for recruitment of plasmacytoid dendritic cell precursors to inflamed lymph
nodes through high endothelial venules. Int. Immunol. 2004, 16, 915–928. [CrossRef]

21. Zou, W.; Machelon, V.; Coulomb-L’Hermin, A.; Borvak, J.; Nome, F.; Isaeva, T.; Wei, S.; Krzysiek, R.;
Durand-Gasselin, I.; Gordon, A.; et al. Stromal-derived factor-1 in human tumors recruits and alters the
function of plasmacytoid precursor dendritic cells. Nat. Med. 2001, 7, 1339–1346. [CrossRef] [PubMed]

22. Krug, A.; Uppaluri, R.; Facchetti, F.; Dorner, B.G.; Sheehan, K.C.; Schreiber, R.D.; Cella, M.; Colonna, M.
IFN-producing cells respond to CXCR3 ligands in the presence of CXCL12 and secrete inflammatory
chemokines upon activation. J. Immunol. 2002, 169, 6079–6083. [CrossRef]

23. Vanbervliet, B.; Bendriss-Vermare, N.; Massacrier, C.; Homey, B.; de Bouteiller, O.; Briere, F.; Trinchieri, G.;
Caux, C. The inducible CXCR3 ligands control plasmacytoid dendritic cell responsiveness to the constitutive
chemokine stromal cell-derived factor 1 (SDF-1)/CXCL12. J. Exp. Med. 2003, 198, 823–830. [CrossRef]
[PubMed]

24. Vermi, W.; Bonecchi, R.; Facchetti, F.; Bianchi, D.; Sozzani, S.; Festa, S.; Berenzi, A.; Cella, M.; Colonna, M.
Recruitment of immature plasmacytoid dendritic cells (plasmacytoid monocytes) and myeloid dendritic
cells in primary cutaneous melanomas. J. Pathol. 2003, 200, 255–268. [CrossRef]

25. Thiel, A.; Pries, R.; Jeske, S.; Trenkle, T.; Wollenberg, B. Effect of head and neck cancer supernatant and
CpG-oligonucleotides on migration and IFN-alpha production of plasmacytoid dendritic cells. Anticancer Res.
2009, 29, 3019–3025.

26. Seth, S.; Oberdorfer, L.; Hyde, R.; Hoff, K.; Thies, V.; Worbs, T.; Schmitz, S.; Forster, R. CCR7 essentially
contributes to the homing of plasmacytoid dendritic cells to lymph nodes under steady-state as well as
inflammatory conditions. J. Immunol. 2011, 186, 3364–3372. [CrossRef] [PubMed]

27. Charles, J.; Di Domizio, J.; Salameire, D.; Bendriss-Vermare, N.; Aspord, C.; Muhammad, R.; Lefebvre, C.;
Plumas, J.; Leccia, M.T.; Chaperot, L. Characterization of circulating dendritic cells in melanoma: Role of
CCR6 in plasmacytoid dendritic cell recruitment to the tumor. J. Investig. Dermatol. 2010, 130, 1646–1656.
[CrossRef]

28. Grouard, G.; Rissoan, M.C.; Filgueira, L.; Durand, I.; Banchereau, J.; Liu, Y.J. The enigmatic plasmacytoid T
cells develop into dendritic cells with interleukin (IL)-3 and CD40-ligand. J. Exp. Med. 1997, 185, 1101–1111.
[CrossRef] [PubMed]

29. Dzionek, A.; Sohma, Y.; Nagafune, J.; Cella, M.; Colonna, M.; Facchetti, F.; Gunther, G.; Johnston, I.;
Lanzavecchia, A.; Nagasaka, T.; et al. BDCA-2, a novel plasmacytoid dendritic cell-specific type II C-type
lectin, mediates antigen capture and is a potent inhibitor of interferon alpha/beta induction. J. Exp. Med.
2001, 194, 1823–1834. [CrossRef] [PubMed]

30. Dzionek, A.; Fuchs, A.; Schmidt, P.; Cremer, S.; Zysk, M.; Miltenyi, S.; Buck, D.W.; Schmitz, J. BDCA-2,
BDCA-3, and BDCA-4: Three markers for distinct subsets of dendritic cells in human peripheral blood.
J. Immunol. 2000, 165, 6037–6046. [CrossRef] [PubMed]

31. Swiecki, M.; Colonna, M. The multifaceted biology of plasmacytoid dendritic cells. Nat. Rev. Immunol. 2015,
15, 471–485. [CrossRef] [PubMed]

32. Matsui, T.; Connolly, J.E.; Michnevitz, M.; Chaussabel, D.; Yu, C.I.; Glaser, C.; Tindle, S.; Pypaert, M.;
Freitas, H.; Piqueras, B.; et al. CD2 distinguishes two subsets of human plasmacytoid dendritic cells with
distinct phenotype and functions. J. Immunol. 2009, 182, 6815–6823. [CrossRef] [PubMed]

33. Zhang, H.; Gregorio, J.D.; Iwahori, T.; Zhang, X.; Choi, O.; Tolentino, L.L.; Prestwood, T.; Carmi, Y.;
Engleman, E.G. A distinct subset of plasmacytoid dendritic cells induces activation and differentiation of B
and T lymphocytes. Proc. Natl. Acad. Sci. USA 2017, 114, 1988–1993. [CrossRef]

34. Alculumbre, S.G.; Saint-Andre, V.; Di Domizio, J.; Vargas, P.; Sirven, P.; Bost, P.; Maurin, M.; Maiuri, P.;
Wery, M.; Roman, M.S.; et al. Diversification of human plasmacytoid predendritic cells in response to a
single stimulus. Nat. Immunol. 2018, 19, 63–75. [CrossRef] [PubMed]

35. Marsman, C.; Lafouresse, F.; Liao, Y.; Baldwin, T.M.; Mielke, L.A.; Hu, Y.; Mack, M.; Hertzog, P.J.;
de Graaf, C.A.; Shi, W.; et al. Plasmacytoid dendritic cell heterogeneity is defined by CXCL10 expression
following TLR7 stimulation. Immunol. Cell Biol. 2018, 96, 1083–1094. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0198-8859(02)00755-3
http://dx.doi.org/10.1093/intimm/dxh093
http://dx.doi.org/10.1038/nm1201-1339
http://www.ncbi.nlm.nih.gov/pubmed/11726975
http://dx.doi.org/10.4049/jimmunol.169.11.6079
http://dx.doi.org/10.1084/jem.20020437
http://www.ncbi.nlm.nih.gov/pubmed/12953097
http://dx.doi.org/10.1002/path.1344
http://dx.doi.org/10.4049/jimmunol.1002598
http://www.ncbi.nlm.nih.gov/pubmed/21296980
http://dx.doi.org/10.1038/jid.2010.24
http://dx.doi.org/10.1084/jem.185.6.1101
http://www.ncbi.nlm.nih.gov/pubmed/9091583
http://dx.doi.org/10.1084/jem.194.12.1823
http://www.ncbi.nlm.nih.gov/pubmed/11748283
http://dx.doi.org/10.4049/jimmunol.165.11.6037
http://www.ncbi.nlm.nih.gov/pubmed/11086035
http://dx.doi.org/10.1038/nri3865
http://www.ncbi.nlm.nih.gov/pubmed/26160613
http://dx.doi.org/10.4049/jimmunol.0802008
http://www.ncbi.nlm.nih.gov/pubmed/19454677
http://dx.doi.org/10.1073/pnas.1610630114
http://dx.doi.org/10.1038/s41590-017-0012-z
http://www.ncbi.nlm.nih.gov/pubmed/29203862
http://dx.doi.org/10.1111/imcb.12173
http://www.ncbi.nlm.nih.gov/pubmed/29870118


Cancers 2019, 11, 470 11 of 14

36. Wimmers, F.; Subedi, N.; van Buuringen, N.; Heister, D.; Vivie, J.; Beeren-Reinieren, I.; Woestenenk, R.;
Dolstra, H.; Piruska, A.; Jacobs, J.F.M.; et al. Single-cell analysis reveals that stochasticity and paracrine
signaling control interferon-alpha production by plasmacytoid dendritic cells. Nat. Commun. 2018, 9, 3317.
[CrossRef]

37. Snell, L.M.; McGaha, T.L.; Brooks, D.G. Type I Interferon in Chronic Virus Infection and Cancer. Trends Immunol.
2017, 38, 542–557. [CrossRef]

38. Zitvogel, L.; Galluzzi, L.; Kepp, O.; Smyth, M.J.; Kroemer, G. Type I interferons in anticancer immunity.
Nat. Rev. Immunol. 2015, 15, 405–414. [CrossRef] [PubMed]

39. Asmana Ningrum, R. Human interferon alpha-2b: A therapeutic protein for cancer treatment. Scientifica
2014, 2014, 970315. [CrossRef]

40. Fuchs, A.; Cella, M.; Kondo, T.; Colonna, M. Paradoxic inhibition of human natural interferon-producing
cells by the activating receptor NKp44. Blood 2005, 106, 2076–2082. [CrossRef] [PubMed]

41. Schwartz, J.A.; Clayton, K.L.; Mujib, S.; Zhang, H.; Rahman, A.K.; Liu, J.; Yue, F.Y.; Benko, E.; Kovacs, C.;
Ostrowski, M.A. Tim-3 is a Marker of Plasmacytoid Dendritic Cell Dysfunction during HIV Infection and Is
Associated with the Recruitment of IRF7 and p85 into Lysosomes and with the Submembrane Displacement
of TLR9. J. Immunol. 2017, 198, 3181–3194. [CrossRef] [PubMed]

42. Meyer-Wentrup, F.; Benitez-Ribas, D.; Tacken, P.J.; Punt, C.J.; Figdor, C.G.; de Vries, I.J.; Adema, G.J.
Targeting DCIR on human plasmacytoid dendritic cells results in antigen presentation and inhibits IFN-alpha
production. Blood 2008, 111, 4245–4253. [CrossRef] [PubMed]

43. Bonaccorsi, I.; Cantoni, C.; Carrega, P.; Oliveri, D.; Lui, G.; Conte, R.; Navarra, M.; Cavaliere, R.; Traggiai, E.;
Gattorno, M.; et al. The immune inhibitory receptor LAIR-1 is highly expressed by plasmacytoid dendritic
cells and acts complementary with NKp44 to control IFNalpha production. PLoS ONE 2010, 5, e15080.
[CrossRef]

44. Beatty, G.L.; Gladney, W.L. Immune escape mechanisms as a guide for cancer immunotherapy. Clin. Cancer Res.
2015, 21, 687–692. [CrossRef] [PubMed]

45. Vermi, W.; Soncini, M.; Melocchi, L.; Sozzani, S.; Facchetti, F. Plasmacytoid dendritic cells and cancer.
J. Leukoc. Biol. 2011, 90, 681–690. [CrossRef]

46. Han, N.; Zhang, Z.; Liu, S.; Ow, A.; Ruan, M.; Yang, W.; Zhang, C. Increased tumor-infiltrating plasmacytoid
dendritic cells predicts poor prognosis in oral squamous cell carcinoma. Arch. Oral Biol. 2017, 78, 129–134.
[CrossRef] [PubMed]

47. Treilleux, I.; Blay, J.Y.; Bendriss-Vermare, N.; Ray-Coquard, I.; Bachelot, T.; Guastalla, J.P.; Bremond, A.;
Goddard, S.; Pin, J.J.; Barthelemy-Dubois, C.; et al. Dendritic cell infiltration and prognosis of early stage
breast cancer. Clin. Cancer Res. 2004, 10, 7466–7474. [CrossRef] [PubMed]

48. Labidi-Galy, S.I.; Treilleux, I.; Goddard-Leon, S.; Combes, J.D.; Blay, J.Y.; Ray-Coquard, I.; Caux, C.;
Bendriss-Vermare, N. Plasmacytoid dendritic cells infiltrating ovarian cancer are associated with poor
prognosis. Oncoimmunology 2012, 1, 380–382. [CrossRef]

49. Hartmann, E.; Wollenberg, B.; Rothenfusser, S.; Wagner, M.; Wellisch, D.; Mack, B.; Giese, T.; Gires, O.;
Endres, S.; Hartmann, G. Identification and functional analysis of tumor-infiltrating plasmacytoid dendritic
cells in head and neck cancer. Cancer Res. 2003, 63, 6478–6487.

50. Bekeredjian-Ding, I.; Schafer, M.; Hartmann, E.; Pries, R.; Parcina, M.; Schneider, P.; Giese, T.; Endres, S.;
Wollenberg, B.; Hartmann, G. Tumour-derived prostaglandin E and transforming growth factor-beta
synergize to inhibit plasmacytoid dendritic cell-derived interferon-alpha. Immunology 2009, 128, 439–450.
[CrossRef]

51. Bruchhage, K.L.; Heinrichs, S.; Wollenberg, B.; Pries, R. IL-10 in the microenvironment of HNSCC inhibits
the CpG ODN induced IFN-alpha secretion of pDCs. Oncol. Lett. 2018, 15, 3985–3990. [CrossRef]

52. Labidi-Galy, S.I.; Sisirak, V.; Meeus, P.; Gobert, M.; Treilleux, I.; Bajard, A.; Combes, J.D.; Faget, J.; Mithieux, F.;
Cassignol, A.; et al. Quantitative and functional alterations of plasmacytoid dendritic cells contribute to
immune tolerance in ovarian cancer. Cancer Res. 2011, 71, 5423–5434. [CrossRef]

53. Sisirak, V.; Faget, J.; Gobert, M.; Goutagny, N.; Vey, N.; Treilleux, I.; Renaudineau, S.; Poyet, G.; Labidi-Galy, S.I.;
Goddard-Leon, S.; et al. Impaired IFN-alpha production by plasmacytoid dendritic cells favors regulatory
T-cell expansion that may contribute to breast cancer progression. Cancer Res. 2012, 72, 5188–5197. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/s41467-018-05784-3
http://dx.doi.org/10.1016/j.it.2017.05.005
http://dx.doi.org/10.1038/nri3845
http://www.ncbi.nlm.nih.gov/pubmed/26027717
http://dx.doi.org/10.1155/2014/970315
http://dx.doi.org/10.1182/blood-2004-12-4802
http://www.ncbi.nlm.nih.gov/pubmed/15941912
http://dx.doi.org/10.4049/jimmunol.1601298
http://www.ncbi.nlm.nih.gov/pubmed/28264968
http://dx.doi.org/10.1182/blood-2007-03-081398
http://www.ncbi.nlm.nih.gov/pubmed/18258799
http://dx.doi.org/10.1371/journal.pone.0015080
http://dx.doi.org/10.1158/1078-0432.CCR-14-1860
http://www.ncbi.nlm.nih.gov/pubmed/25501578
http://dx.doi.org/10.1189/jlb.0411190
http://dx.doi.org/10.1016/j.archoralbio.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28242507
http://dx.doi.org/10.1158/1078-0432.CCR-04-0684
http://www.ncbi.nlm.nih.gov/pubmed/15569976
http://dx.doi.org/10.4161/onci.18801
http://dx.doi.org/10.1111/j.1365-2567.2009.03134.x
http://dx.doi.org/10.3892/ol.2018.7772
http://dx.doi.org/10.1158/0008-5472.CAN-11-0367
http://dx.doi.org/10.1158/0008-5472.CAN-11-3468
http://www.ncbi.nlm.nih.gov/pubmed/22836755


Cancers 2019, 11, 470 12 of 14

54. Sisirak, V.; Vey, N.; Goutagny, N.; Renaudineau, S.; Malfroy, M.; Thys, S.; Treilleux, I.; Labidi-Galy, S.I.;
Bachelot, T.; Dezutter-Dambuyant, C.; et al. Breast cancer-derived transforming growth factor-beta and
tumor necrosis factor-alpha compromise interferon-alpha production by tumor-associated plasmacytoid
dendritic cells. Int. J. Cancer 2013, 133, 771–778. [CrossRef]

55. Bidwell, B.N.; Slaney, C.Y.; Withana, N.P.; Forster, S.; Cao, Y.; Loi, S.; Andrews, D.; Mikeska, T.; Mangan, N.E.;
Samarajiwa, S.A.; et al. Silencing of Irf7 pathways in breast cancer cells promotes bone metastasis through
immune escape. Nat. Med. 2012, 18, 1224–1231. [CrossRef] [PubMed]

56. Terra, M.; Oberkampf, M.; Fayolle, C.; Rosenbaum, P.; Guillerey, C.; Dadaglio, G.; Leclerc, C. Tumor-Derived
TGFbeta Alters the Ability of Plasmacytoid Dendritic Cells to Respond to Innate Immune Signaling.
Cancer Res. 2018, 78, 3014–3026. [CrossRef]

57. Tsukamoto, N.; Okada, S.; Onami, Y.; Sasaki, Y.; Umezawa, K.; Kawakami, Y. Impairment of plasmacytoid
dendritic cells for IFN production by the ligand for immunoglobulin-like transcript 7 expressed on human
cancer cells. Clin. Cancer Res. 2009, 15, 5733–5743. [CrossRef] [PubMed]

58. Camisaschi, C.; De Filippo, A.; Beretta, V.; Vergani, B.; Villa, A.; Vergani, E.; Santinami, M.; Cabras, A.D.;
Arienti, F.; Triebel, F.; et al. Alternative activation of human plasmacytoid DCs in vitro and in melanoma
lesions: Involvement of LAG-3. J. Investig. Dermatol. 2014, 134, 1893–1902. [CrossRef]

59. Bontkes, H.J.; Ruizendaal, J.J.; Kramer, D.; Meijer, C.J.; Hooijberg, E. Plasmacytoid dendritic cells are
present in cervical carcinoma and become activated by human papillomavirus type 16 virus-like particles.
Gynecol. Oncol. 2005, 96, 897–901. [CrossRef]

60. Demoulin, S.; Herfs, M.; Somja, J.; Roncarati, P.; Delvenne, P.; Hubert, P. HMGB1 secretion during cervical
carcinogenesis promotes the acquisition of a tolerogenic functionality by plasmacytoid dendritic cells.
Int. J. Cancer 2015, 137, 345–358. [CrossRef]

61. Saidi, H.; Bras, M.; Formaglio, P.; Melki, M.T.; Charbit, B.; Herbeuval, J.P.; Gougeon, M.L. HMGB1 Is Involved
in IFN-alpha Production and TRAIL Expression by HIV-1-Exposed Plasmacytoid Dendritic Cells: Impact of
the Crosstalk with NK Cells. PLoS Pathog. 2016, 12, e1005407. [CrossRef] [PubMed]

62. Conrad, C.; Gregorio, J.; Wang, Y.H.; Ito, T.; Meller, S.; Hanabuchi, S.; Anderson, S.; Atkinson, N.;
Ramirez, P.T.; Liu, Y.J.; et al. Plasmacytoid dendritic cells promote immunosuppression in ovarian cancer via
ICOS costimulation of Foxp3(+) T-regulatory cells. Cancer Res. 2012, 72, 5240–5249. [CrossRef] [PubMed]

63. Pedroza-Gonzalez, A.; Zhou, G.; Vargas-Mendez, E.; Boor, P.P.; Mancham, S.; Verhoef, C.; Polak, W.G.;
Grunhagen, D.; Pan, Q.; Janssen, H.; et al. Tumor-infiltrating plasmacytoid dendritic cells promote
immunosuppression by Tr1 cells in human liver tumors. Oncoimmunology 2015, 4, e1008355. [CrossRef]

64. Aspord, C.; Leccia, M.T.; Charles, J.; Plumas, J. Plasmacytoid dendritic cells support melanoma progression
by promoting Th2 and regulatory immunity through OX40L and ICOSL. Cancer Immunol. Res. 2013, 1,
402–415. [CrossRef] [PubMed]

65. Dey, M.; Chang, A.L.; Miska, J.; Wainwright, D.A.; Ahmed, A.U.; Balyasnikova, I.V.; Pytel, P.; Han, Y.;
Tobias, A.; Zhang, L.; et al. Dendritic Cell-Based Vaccines that Utilize Myeloid Rather than Plasmacytoid
Cells Offer a Superior Survival Advantage in Malignant Glioma. J. Immunol. 2015, 195, 367–376. [CrossRef]

66. Yu, H.; Huang, X.; Liu, X.; Jin, H.; Zhang, G.; Zhang, Q.; Yu, J. Regulatory T cells and plasmacytoid dendritic
cells contribute to the immune escape of papillary thyroid cancer coexisting with multinodular non-toxic
goiter. Endocrine 2013, 44, 172–181. [CrossRef] [PubMed]

67. Huang, X.M.; Liu, X.S.; Lin, X.K.; Yu, H.; Sun, J.Y.; Liu, X.K.; Chen, C.; Jin, H.L.; Zhang, G.E.;
Shi, X.X.; et al. Role of plasmacytoid dendritic cells and inducible costimulator-positive regulatory T
cells in the immunosuppression microenvironment of gastric cancer. Cancer Sci. 2014, 105, 150–158.
[CrossRef] [PubMed]

68. Gai, X.D.; Song, Y.; Li, C.; Lei, Y.M.; Yang, B. Potential role of plasmacytoid dendritic cells for FOXP3+

regulatory T cell development in human colorectal cancer and tumor draining lymph node. Pathol. Res. Pract.
2013, 209, 774–778. [CrossRef] [PubMed]

69. Salama, P.; Phillips, M.; Grieu, F.; Morris, M.; Zeps, N.; Joseph, D.; Platell, C.; Iacopetta, B. Tumor-infiltrating
FOXP3+ T regulatory cells show strong prognostic significance in colorectal cancer. J. Clin. Oncol. 2009, 27,
186–192. [CrossRef] [PubMed]

70. Tosolini, M.; Kirilovsky, A.; Mlecnik, B.; Fredriksen, T.; Mauger, S.; Bindea, G.; Berger, A.; Bruneval, P.;
Fridman, W.H.; Pages, F.; et al. Clinical impact of different classes of infiltrating T cytotoxic and helper cells
(Th1, th2, treg, th17) in patients with colorectal cancer. Cancer Res. 2011, 71, 1263–1271. [CrossRef]

http://dx.doi.org/10.1002/ijc.28072
http://dx.doi.org/10.1038/nm.2830
http://www.ncbi.nlm.nih.gov/pubmed/22820642
http://dx.doi.org/10.1158/0008-5472.CAN-17-2719
http://dx.doi.org/10.1158/1078-0432.CCR-09-0171
http://www.ncbi.nlm.nih.gov/pubmed/19723650
http://dx.doi.org/10.1038/jid.2014.29
http://dx.doi.org/10.1016/j.ygyno.2004.10.040
http://dx.doi.org/10.1002/ijc.29389
http://dx.doi.org/10.1371/journal.ppat.1005407
http://www.ncbi.nlm.nih.gov/pubmed/26871575
http://dx.doi.org/10.1158/0008-5472.CAN-12-2271
http://www.ncbi.nlm.nih.gov/pubmed/22850422
http://dx.doi.org/10.1080/2162402X.2015.1008355
http://dx.doi.org/10.1158/2326-6066.CIR-13-0114-T
http://www.ncbi.nlm.nih.gov/pubmed/24778133
http://dx.doi.org/10.4049/jimmunol.1401607
http://dx.doi.org/10.1007/s12020-012-9853-2
http://www.ncbi.nlm.nih.gov/pubmed/23264145
http://dx.doi.org/10.1111/cas.12327
http://www.ncbi.nlm.nih.gov/pubmed/24261990
http://dx.doi.org/10.1016/j.prp.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/24080284
http://dx.doi.org/10.1200/JCO.2008.18.7229
http://www.ncbi.nlm.nih.gov/pubmed/19064967
http://dx.doi.org/10.1158/0008-5472.CAN-10-2907


Cancers 2019, 11, 470 13 of 14

71. Sharma, M.D.; Baban, B.; Chandler, P.; Hou, D.Y.; Singh, N.; Yagita, H.; Azuma, M.; Blazar, B.R.; Mellor, A.L.;
Munn, D.H. Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes directly activate mature
Tregs via indoleamine 2,3-dioxygenase. J. Clin. Investig. 2007, 117, 2570–2582. [CrossRef]

72. Ray, A.; Das, D.S.; Song, Y.; Richardson, P.; Munshi, N.C.; Chauhan, D.; Anderson, K.C. Targeting PD1-PDL1
immune checkpoint in plasmacytoid dendritic cell interactions with T cells, natural killer cells and multiple
myeloma cells. Leukemia 2015, 29, 1441–1444. [CrossRef] [PubMed]

73. Curiel, T.J.; Cheng, P.; Mottram, P.; Alvarez, X.; Moons, L.; Evdemon-Hogan, M.; Wei, S.; Zou, L.; Kryczek, I.;
Hoyle, G.; et al. Dendritic cell subsets differentially regulate angiogenesis in human ovarian cancer. Cancer Res.
2004, 64, 5535–5538. [CrossRef] [PubMed]

74. Sorrentino, R.; Terlizzi, M.; Di Crescenzo, V.G.; Popolo, A.; Pecoraro, M.; Perillo, G.; Galderisi, A.; Pinto, A.
Human lung cancer-derived immunosuppressive plasmacytoid dendritic cells release IL-1alpha in an AIM2
inflammasome-dependent manner. Am. J. Pathol. 2015, 185, 3115–3124. [CrossRef] [PubMed]

75. Jahrsdorfer, B.; Vollmer, A.; Blackwell, S.E.; Maier, J.; Sontheimer, K.; Beyer, T.; Mandel, B.; Lunov, O.; Tron, K.;
Nienhaus, G.U.; et al. Granzyme B produced by human plasmacytoid dendritic cells suppresses T-cell
expansion. Blood 2010, 115, 1156–1165. [CrossRef] [PubMed]

76. Sawant, A.; Hensel, J.A.; Chanda, D.; Harris, B.A.; Siegal, G.P.; Maheshwari, A.; Ponnazhagan, S. Depletion
of plasmacytoid dendritic cells inhibits tumor growth and prevents bone metastasis of breast cancer cells.
J. Immunol. 2012, 189, 4258–4265. [CrossRef] [PubMed]

77. Kini Bailur, J.; Gueckel, B.; Pawelec, G. Prognostic impact of high levels of circulating plasmacytoid dendritic
cells in breast cancer. J. Transl. Med. 2016, 14, 151. [CrossRef]

78. Jensen, T.O.; Schmidt, H.; Moller, H.J.; Donskov, F.; Hoyer, M.; Sjoegren, P.; Christensen, I.J.; Steiniche, T.
Intratumoral neutrophils and plasmacytoid dendritic cells indicate poor prognosis and are associated with
pSTAT3 expression in AJCC stage I/II melanoma. Cancer 2012, 118, 2476–2485. [CrossRef]

79. Chevolet, I.; Speeckaert, R.; Schreuer, M.; Neyns, B.; Krysko, O.; Bachert, C.; Van Gele, M.; van Geel, N.;
Brochez, L. Clinical significance of plasmacytoid dendritic cells and myeloid-derived suppressor cells in
melanoma. J. Transl. Med. 2015, 13, 9. [CrossRef] [PubMed]

80. Tjomsland, V.; Sandstrom, P.; Spangeus, A.; Messmer, D.; Emilsson, J.; Falkmer, U.; Falkmer, S.;
Magnusson, K.E.; Borch, K.; Larsson, M. Pancreatic adenocarcinoma exerts systemic effects on the peripheral
blood myeloid and plasmacytoid dendritic cells: An indicator of disease severity? BMC Cancer 2010, 10, 87.
[CrossRef]

81. Faget, J.; Bendriss-Vermare, N.; Gobert, M.; Durand, I.; Olive, D.; Biota, C.; Bachelot, T.; Treilleux, I.;
Goddard-Leon, S.; Lavergne, E.; et al. ICOS-ligand expression on plasmacytoid dendritic cells supports
breast cancer progression by promoting the accumulation of immunosuppressive CD4+ T cells. Cancer Res.
2012, 72, 6130–6141. [CrossRef]

82. Wu, J.; Li, S.; Yang, Y.; Zhu, S.; Zhang, M.; Qiao, Y.; Liu, Y.J.; Chen, J. TLR-activated plasmacytoid dendritic
cells inhibit breast cancer cell growth in vitro and in vivo. Oncotarget 2017, 8, 11708–11718. [CrossRef]
[PubMed]

83. Le Mercier, I.; Poujol, D.; Sanlaville, A.; Sisirak, V.; Gobert, M.; Durand, I.; Dubois, B.; Treilleux, I.; Marvel, J.;
Vlach, J.; et al. Tumor promotion by intratumoral plasmacytoid dendritic cells is reversed by TLR7 ligand
treatment. Cancer Res. 2013, 73, 4629–4640. [CrossRef] [PubMed]

84. Kalb, M.L.; Glaser, A.; Stary, G.; Koszik, F.; Stingl, G. TRAIL(+) human plasmacytoid dendritic cells kill
tumor cells in vitro: Mechanisms of imiquimod- and IFN-alpha-mediated antitumor reactivity. J. Immunol.
2012, 188, 1583–1591. [CrossRef] [PubMed]

85. Drobits, B.; Holcmann, M.; Amberg, N.; Swiecki, M.; Grundtner, R.; Hammer, M.; Colonna, M.; Sibilia, M.
Imiquimod clears tumors in mice independent of adaptive immunity by converting pDCs into tumor-killing
effector cells. J. Clin. Investig. 2012, 122, 575–585. [CrossRef] [PubMed]

86. Chaperot, L.; Blum, A.; Manches, O.; Lui, G.; Angel, J.; Molens, J.P.; Plumas, J. Virus or TLR agonists induce
TRAIL-mediated cytotoxic activity of plasmacytoid dendritic cells. J. Immunol. 2006, 176, 248–255. [CrossRef]

87. Stary, G.; Bangert, C.; Tauber, M.; Strohal, R.; Kopp, T.; Stingl, G. Tumoricidal activity of TLR7/8-activated
inflammatory dendritic cells. J. Exp. Med. 2007, 204, 1441–1451. [CrossRef]

88. Liu, C.; Lou, Y.; Lizee, G.; Qin, H.; Liu, S.; Rabinovich, B.; Kim, G.J.; Wang, Y.H.; Ye, Y.; Sikora, A.G.; et al.
Plasmacytoid dendritic cells induce NK cell-dependent, tumor antigen-specific T cell cross-priming and
tumor regression in mice. J. Clin. Investig. 2008, 118, 1165–1175. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI31911
http://dx.doi.org/10.1038/leu.2015.11
http://www.ncbi.nlm.nih.gov/pubmed/25634684
http://dx.doi.org/10.1158/0008-5472.CAN-04-1272
http://www.ncbi.nlm.nih.gov/pubmed/15313886
http://dx.doi.org/10.1016/j.ajpath.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26506473
http://dx.doi.org/10.1182/blood-2009-07-235382
http://www.ncbi.nlm.nih.gov/pubmed/19965634
http://dx.doi.org/10.4049/jimmunol.1101855
http://www.ncbi.nlm.nih.gov/pubmed/23018462
http://dx.doi.org/10.1186/s12967-016-0905-x
http://dx.doi.org/10.1002/cncr.26511
http://dx.doi.org/10.1186/s12967-014-0376-x
http://www.ncbi.nlm.nih.gov/pubmed/25592374
http://dx.doi.org/10.1186/1471-2407-10-87
http://dx.doi.org/10.1158/0008-5472.CAN-12-2409
http://dx.doi.org/10.18632/oncotarget.14315
http://www.ncbi.nlm.nih.gov/pubmed/28052019
http://dx.doi.org/10.1158/0008-5472.CAN-12-3058
http://www.ncbi.nlm.nih.gov/pubmed/23722543
http://dx.doi.org/10.4049/jimmunol.1102437
http://www.ncbi.nlm.nih.gov/pubmed/22231699
http://dx.doi.org/10.1172/JCI61034
http://www.ncbi.nlm.nih.gov/pubmed/22251703
http://dx.doi.org/10.4049/jimmunol.176.1.248
http://dx.doi.org/10.1084/jem.20070021
http://dx.doi.org/10.1172/JCI33583
http://www.ncbi.nlm.nih.gov/pubmed/18259609


Cancers 2019, 11, 470 14 of 14

89. Lou, Y.; Liu, C.; Kim, G.J.; Liu, Y.J.; Hwu, P.; Wang, G. Plasmacytoid dendritic cells synergize with myeloid
dendritic cells in the induction of antigen-specific antitumor immune responses. J. Immunol. 2007, 178,
1534–1541. [CrossRef]

90. Canil, C.; Hotte, S.; Mayhew, L.A.; Waldron, T.S.; Winquist, E. Interferon-alfa in the treatment of patients
with inoperable locally advanced or metastatic renal cell carcinoma: A systematic review. Can. Urol. Assoc. J.
2010, 4, 201–208. [CrossRef]

91. Rafique, I.; Kirkwood, J.M.; Tarhini, A.A. Immune checkpoint blockade and interferon-alpha in melanoma.
Semin. Oncol. 2015, 42, 436–447. [CrossRef] [PubMed]

92. Bazhin, A.V.; von Ahn, K.; Fritz, J.; Werner, J.; Karakhanova, S. Interferon-alpha Up-Regulates the Expression
of PD-L1 Molecules on Immune Cells Through STAT3 and p38 Signaling. Front. Immunol. 2018, 9, 2129.
[CrossRef] [PubMed]

93. Atkins, M.B.; Hodi, F.S.; Thompson, J.A.; McDermott, D.F.; Hwu, W.J.; Lawrence, D.P.; Dawson, N.A.;
Wong, D.J.; Bhatia, S.; James, M.; et al. Pembrolizumab Plus Pegylated Interferon alfa-2b or Ipilimumab
for Advanced Melanoma or Renal Cell Carcinoma: Dose-Finding Results from the Phase Ib KEYNOTE-029
Study. Clin. Cancer Res. 2018, 24, 1805–1815. [CrossRef]

94. Gungor, B.; Yagci, F.C.; Tincer, G.; Bayyurt, B.; Alpdundar, E.; Yildiz, S.; Ozcan, M.; Gursel, I.; Gursel, M.
CpG ODN nanorings induce IFNalpha from plasmacytoid dendritic cells and demonstrate potent vaccine
adjuvant activity. Sci. Transl. Med. 2014, 6, 235ra261. [CrossRef] [PubMed]

95. Kim, Y.H.; Gratzinger, D.; Harrison, C.; Brody, J.D.; Czerwinski, D.K.; Ai, W.Z.; Morales, A.; Abdulla, F.;
Xing, L.; Navi, D.; et al. In situ vaccination against mycosis fungoides by intratumoral injection of a TLR9
agonist combined with radiation: A phase 1/2 study. Blood 2012, 119, 355–363. [CrossRef]

96. Candolfi, M.; King, G.D.; Yagiz, K.; Curtin, J.F.; Mineharu, Y.; Muhammad, A.K.; Foulad, D.; Kroeger, K.M.;
Barnett, N.; Josien, R.; et al. Plasmacytoid dendritic cells in the tumor microenvironment: Immune targets
for glioma therapeutics. Neoplasia 2012, 14, 757–770. [CrossRef]

97. Shackleton, M.; Davis, I.D.; Hopkins, W.; Jackson, H.; Dimopoulos, N.; Tai, T.; Chen, Q.; Parente, P.;
Jefford, M.; Masterman, K.A.; et al. The impact of imiquimod, a Toll-like receptor-7 ligand (TLR7L), on the
immunogenicity of melanoma peptide vaccination with adjuvant Flt3 ligand. Cancer Immun. 2004, 4, 9.
[PubMed]

98. Teulings, H.E.; Tjin, E.P.M.; Willemsen, K.J.; van der Kleij, S.; Ter Meulen, S.; Kemp, E.H.; Krebbers, G.;
van Noesel, C.J.M.; Franken, C.; Drijfhout, J.W.; et al. Anti-Melanoma immunity and local regression of
cutaneous metastases in melanoma patients treated with monobenzone and imiquimod; a phase 2 a trial.
Oncoimmunology 2018, 7, e1419113. [CrossRef] [PubMed]

99. Villadangos, J.A.; Young, L. Antigen-presentation properties of plasmacytoid dendritic cells. Immunity 2008,
29, 352–361. [CrossRef]

100. Tel, J.; Schreibelt, G.; Sittig, S.P.; Mathan, T.S.; Buschow, S.I.; Cruz, L.J.; Lambeck, A.J.; Figdor, C.G.; de Vries, I.J.
Human plasmacytoid dendritic cells efficiently cross-present exogenous Ags to CD8+ T cells despite lower
Ag uptake than myeloid dendritic cell subsets. Blood 2013, 121, 459–467. [CrossRef]

101. Tel, J.; Aarntzen, E.H.; Baba, T.; Schreibelt, G.; Schulte, B.M.; Benitez-Ribas, D.; Boerman, O.C.; Croockewit, S.;
Oyen, W.J.; van Rossum, M.; et al. Natural human plasmacytoid dendritic cells induce antigen-specific T-cell
responses in melanoma patients. Cancer Res. 2013, 73, 1063–1075. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4049/jimmunol.178.3.1534
http://dx.doi.org/10.5489/cuaj.853
http://dx.doi.org/10.1053/j.seminoncol.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25965362
http://dx.doi.org/10.3389/fimmu.2018.02129
http://www.ncbi.nlm.nih.gov/pubmed/30356906
http://dx.doi.org/10.1158/1078-0432.CCR-17-3436
http://dx.doi.org/10.1126/scitranslmed.3007909
http://www.ncbi.nlm.nih.gov/pubmed/24807558
http://dx.doi.org/10.1182/blood-2011-05-355222
http://dx.doi.org/10.1593/neo.12794
http://www.ncbi.nlm.nih.gov/pubmed/15384929
http://dx.doi.org/10.1080/2162402X.2017.1419113
http://www.ncbi.nlm.nih.gov/pubmed/29632737
http://dx.doi.org/10.1016/j.immuni.2008.09.002
http://dx.doi.org/10.1182/blood-2012-06-435644
http://dx.doi.org/10.1158/0008-5472.CAN-12-2583
http://www.ncbi.nlm.nih.gov/pubmed/23345163
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Overview of pDC Biology 
	Negative Role of pDCs in Solid Tumors 
	Dysregulation of pDC Functions in the Tumor Microenvironment 
	Pro-Tumorigenic Effects of pDC 

	Anti-Tumorigenic Capacity of pDCs in Tumors and Possible Use in Cancer Therapy 
	Conclusions 
	References

