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ABSTRACT 

A growing number of observations has suggested that plasmacytoid dendritic cells (pDC) play 

a critical role in tumor biology. In patients, infiltration of tumors by pDC generally correlates 

with a poor prognosis, suggesting that pDC may play an important role in the host-tumor 

relationship. Here we analyze the influence of pDC in solid tumor development using two 

different tumor models: TC-1 and B16-OVA. Phenotypic and functional gene profiling 

analysis of tumor-associated pDC showed that the tumor microenvironment affected their 

activation status and ability to produce cytokines and chemokines. In addition, tumor cells 

secreted factors that inhibit the ability of pDC to produce type I IFN. Among the various 

cytokines and chemokines produced by the tumor cells, we demonstrate that TGF-β is the 

main factor responsible for this inhibition. Using a mouse model deficient for pDCs, we also 

show that pDCs promote TC-1 tumor growth and that NK cells and regulatory T cells are 

involved in the protumoral effect of pDCs. Overall, our results evidence the crosstalk among 

pDCs, NK and regulatory T cells in the promotion of tumor growth and their role in the 

development of anti-tumor immune responses. 

SIGNIFICANCE: Findings highlight the importance of pDC in the cross-talk between tumor 

cells and the immune system. 
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INTRODUCTION 

Plasmacytoid dendritic cells (pDCs) contribute to antiviral immunity by their ability to 

produce a high amount of type I interferon (IFN-I) in response to Toll-like Receptor (TLR) 7 

or 9 stimulation. In addition, upon activation, pDCs secrete a large panel of cytokines, such as 

TNF-, IL-6 and IL-12 (1-4), as well as chemokines, including CCL3, CCL4, CCL5, CXCL9 

and CXCL10 (5,6). pDCs induce the migration of innate effector cells, such as monocytes and 

macrophages, cDCs, NK and NKT cells (6-9), and activate these cells. In addition, activated 

pDCs can elicit adaptive immune responses through their capacity to present antigen to CD4
+

(10) and CD8
+
 T cells (11,12).

pDCs are also endowed with regulatory functions (13), such as the induction and/or 

maintenance of peripheral tolerance mediated by their ability to promote CD4
+
 FoxP3

+
 Treg

responses and to suppress immune responses to inhaled allergens (14), food antigens (15) and 

solid grafts (16). Because of their pleiotropic role, pDCs play an important role in non-

infectious pathologies, such as autoimmune and inflammatory diseases, due to their 

uncontrolled production of IFN-I following chronic activation. 

A growing number of observations has suggested that pDCs could also be implicated in 

cancer. Indeed, pDCs are recruited into solid tumors, both in human patients (17-22) and 

murine models (23), and pDC accumulation generally correlates with a poor clinical outcome. 

Tumor-associated (TA)-pDCs often exhibit an immature phenotype (24) and are poor 

producers of IFN-I and pro-inflammatory cytokines and chemokines in response to TLR 

stimulation (18,24). TA-pDCs could also contribute to the establishment of an 

immunosuppressive tumor microenvironment by inducing the expansion of Treg through the 

expression of IDO or ICOS-L (19,20,24,25). 
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However, when activated, pDCs could generate efficient anti-tumor immune responses that 

would contribute to tumor regression. Indeed, the injection of activated pDCs loaded with 

tumor-associated peptides into melanoma patients leads to protective CD4
+
 and CD8

+
 T-cell

responses (26). Furthermore, the intratumoral administration of a TLR-7 ligand results in the 

activation of tumor-infiltrating pDCs, associated with a potent anti-tumot effect (23). TLR-

stimulated pDCs mediate tumor killing through the expression of TRAIL and granzyme B, as 

well as through the activation of NK cells (27). Thus, pDCs represent an attractive target for 

the development of new anti-cancer immunotherapies to improve anti-tumoral immune 

responses. 

In the present study, to understand the impact of pDCs on tumor development, we first 

analyzed the phenotype and functions of tumor-associated pDCs (TA-pDCs), at various stages 

of the development of two different mouse tumor models. Our results show that pDCs are 

recruited into the tumor in both models and exhibit a distinct activation and gene expression 

profile compared with pDCs purified from the spleen of naïve mice. These results suggest that 

the tumor microenvironment modulates the phenotype and function of TA-pDCs. In addition, 

we demonstrate that tumor cells secrete various cytokines and chemokines, which, inside the 

tumor microenvironment, strongly suppress the capacity of pDCs to produce IFN-I following 

TLR-9 stimulation. Among the soluble factors present in the tumor microenvironment, we 

identified TGF-β as the main factor mediating this inhibition. Finally, using a mouse model 

deficient for pDCs, we show that pDCs promote tumor growth through a cross-talk with NK 

and regulatory T cells (Tregs). 
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MATERIALS AND METHODS 

Mice 

Specific pathogen-free 5- to 6-week-old female C57BL/6 mice were purchased from Charles 

River. IK
+/+

 Rag
-/-

 (28) and IK
L/L 

Rag
-/-  

mice were bred at the Institut Pasteur animal facilities.

Foxp3-GFP knockin mice (29) on a C57BL/6J background were kindly given by B. Malissen 

(Centre d'Immunologie de Marseille-Luminy, Marseille, France). All the mouse strains were 

kept at the Institut Pasteur animal facilities under pathogen-free conditions and were used 

between 6 and 12 weeks old. 

Studies using mice were validated by the CETEA ethics committee number 89 (Institut 

Pasteur, Paris, France) and by the French Ministry of Research (MESR 00540.03). 

Preparation of tumor conditioned medium (TCM) and tumor cells supernatants 

TC-1 and B16-OVA tumor cells were injected into C57BL/6 mice, and 20 - 35 days later, the 

tumors were collected and cut into equal-sized pieces of approximately 5 mm
3
. Each tumor

piece was immersed for 24 or 72 hours in 2 mL of complete RPMI. The supernatants 

containing the tumor secretions were then collected, centrifuged and filtered. 

The supernatants of TC-1 and B16-OVA tumor cells were collected, centrifuged and filtered 

when the cells were confluent. 

Tumor TCM and supernatants were used either pure or diluted ½ in complete medium, as 

detailed in the figure legends. 

Sample processing and cell isolation 

The lymph nodes were harvested, mechanically disrupted and filtered with 100-m mesh 

filters to obtain single-cell suspensions. The spleens were harvested, treated with collagenase 

type IV (1 mg/mL; Life Technologies) and DNAse I (50 g/mL, Roche). The splenocytes 

were then treated with Ammonium-Chloride-Potassium (ACK) buffer (BioWhittaker/Lonza). 
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The tumors were harvested and dissociated using the gentleMACS dissociator (Miltenyi 

Biotec) with collagenase type IV (1 mg/mL) and DNAse I (50 g/mL) and then were treated 

with ACK buffer. 

pDC purification 

pDCs were purified either by magnetic selection or FACS Aria (BD Life Sciences, Le Pont de 

Claix, France) sorting. For the magnetic pDC purification, splenocytes were depleted from 

CD11b
+
 and CD19

+
 cells using MACS-anti-CD11b and -anti-CD19 microbeads before the

positive selection of PDCA1
+
 cells by AutoMACS or using the Plasmacytoid Dendritic Cell

Isolation Kit from Miltenyi.  For the FACS-sorted pDCs, magnetic purified pDCs were 

stained with anti-CD11c, anti-B220 and anti-PDCA1 antibodies, and the 

CD11c
low

B220
+
PDCA1

+
 fraction was sorted using a FACS Aria III.

Quantification of cytokines and chemokines 

IFN-α was dosed by ELISA as previously described (6). In some experiments, IFN- and 

IFN- were determined by the 2-plex Luminex assay (Affymetrix, Thermo Fisher Scientific). 

TGF- was quantified using the TGF--1 ELISA kit (Affymetrix). Other cytokines and 

chemokines were quantified using the 26-plex Luminex assays (Affymetrix). The data were 

acquired on a validated and calibrated Bio-Plex 200 system (Bio-Rad) and were analyzed 

using Bio-Plex Manager 6.0 software (Bio-Rad).  

In vivo blockade of anti-TGF- 

C57BL/6, IK
L/L 

Rag
-/- 

and IK
+/+

 Rag
-/-

 mice were grafted with 5×10
5
 TC-1 cells at day 0 and

were treated with i.p. injections of 500 g of anti-TGF- antibodies (clone 1D11.16.8 (30,31), 

BioXcell) or control isotype on day -1 and then three time a week for five weeks. 

Depletion of NK cells in vivo 
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Mice were injected intraperitoneally with 200 g of anti-NK1.1 antibodies (clone PK136, 

BioXcell) or control isotype (clone C1.18.4, BioXcell) diluted in sterile PBS, one day before 

the tumor injection and then once a week for 5 weeks. 

Reconstitution of IK
+/+

 Rag
-/-

  and IK
L/L 

Rag
-/-  

mice with pDC-depleted splenocytes

IK
L/L 

Rag
-/- 

and IK
+/+

 Rag
-/-

 mice were injected with 50-80 10
6 

splenocytes from Foxp3-GFP

mice previously depleted of pDCs by magnetic depletion and containing less than 0.002% of 

pDCs. Seven days later, mice were grafted with 5×10
5
 TC-1 cells and the tumor growth was

followed every 2-3 days. At day 25, cell suspensions were prepared from tumors and analyzed 

by flow cytometry. 

Statistical Analysis 

Prism software (GraphPad Software, Inc.) was used to calculate the statistical significance for 

the differences in the particular measurements between the groups. Student's t-test and Mann-

Whitney test were used. P values less than 0.05 were considered statistically significant. 
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RESULTS 

Plasmacytoid dendritic cells infiltrate TC-1 and B16-OVA tumors 

To analyze the role of pDCs in tumors, 5×10
5
 TC-1 or 2.5×10

4
 B16-OVA tumor cells were

subcutaneously engrafted into C57BL/6 mice, and the tumor growth was followed (Fig. 1A). 

At different time points, the total number of live cells in the tumor, comprising both immune 

infiltrating cells and tumor cells, was determined (Fig. 1B). pDCs were characterized as 

CD11b
-
CD11c

low
B220

+
CD317

+
 cells (Supplementary Fig. S1A), and their percentages

among hematopoietic (CD45
+
), as well as their total number in the tumors, were determined

(Fig. 1C-D). The results indicated that pDCs infiltrated the tumors and represented 0.1-1% 

and 1-5% of CD45
+
 cells in TC-1 and B16-OVA tumors, respectively. The phenotype of

tumor-associated pDCs (TA-pDCs) was then determined at various time points in TC-1- and 

B16-OVA-bearing mice (Fig. 1E and 1F, respectively). Compared with naïve splenic pDCs, 

the TA-pDCs upregulated the expression of CD69 and that of the costimulatory molecule 

CD86 at each time point, indicating that TA-pDCs were activated. Furthermore, in TC-1 

tumors, these cells showed a higher expression of CD80 and MHC class I and II molecules. 

However, with the exception of CD80, the level of these molecules diminished during tumor 

growth. By contrast, in B16-OVA tumors, these molecules were slightly modified compared 

with splenic pDCs, indicating that TA-pDCs are less activated in the B16-OVA tumors. In 

both tumor models, the expression of PDC-TREM increased only at early time points, 

suggesting a role of IFN-I in the early stage of tumor growth. A similar conclusion was 

obtained following the comparison of the expression of activation markers by TA-pDCs to 

splenic pDCs from the same tumor-bearing mice. 

 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on March 9, 2018; DOI: 10.1158/0008-5472.CAN-17-2719 

http://cancerres.aacrjournals.org/


10 

Finally, we showed that the expression of PDL-1 and ICOS-L in B16-OVA TA-pDCs and 

PDL-1 on TC-1 TA-pDCs was affected by the tumor environment, suggesting that pDCs 

could affect the T-cell response in the tumors. 

It is noteworthy that the frequency of pDCs in the spleen and draining lymph node (DLN) of 

tumor-bearing mice was slightly modified (Supplementary Fig. S1B), and no significant 

change in the expression of the costimulatory, inhibitory and MHC molecules tested was 

observed compared with pDCs from the spleen of naïve mice (Supplementary Fig. S1C). 

Altogether, these data indicate that the tumor environment affected the activation of pDCs. 

Plasmacytoid dendritic cells infiltrating the TC-1 and B16-OVA tumors exhibit a 

particular transcriptomic profile 

We next analyzed the transcriptomic profile of TA-pDCs to assess the impact of the tumor 

environment on pDCs. Transcriptomic analysis was performed on pDCs purified from tumors 

(Supplementary Fig. S2A-B) using NanoString technology. We compared the expression of 

about 800 tumor-associated genes between TA-pDCs purified from TC-1 and B16-OVA 

tumor-bearing mice and pDCs purified from the spleen of naïve C57BL/6 mice. The 

hierarchical heat map clustering analysis performed using Qlucore software showed that TA-

pDCs of both TC-1 and B16-OVA tumors exhibited a strikingly transcriptional gene 

modulation compared with splenic pDCs (Supplementary Fig. S3A). To compare more 

precisely how the tumor environment modulated the gene expression program of TA-pDCs, 

we identified the genes that were significantly induced or inhibited (p < 0.05) compared with 

control splenic pDCs, and we determined the overlaps between these genes. In total, we 

selected 79 genes upregulated and 44 genes downregulated in TC-1 TA-pDCs, and 67 genes 

upregulated and 48 genes downregulated in B16-OVA TA-pDCs (Supplementary Fig. S3B). 

In agreement with the phenotypical analysis of TA-pDCs, some genes were differentially 
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expressed between pDCs infiltrating these two tumors. Indeed, only 29 genes (24.8% of total 

upregulated genes) and 12 genes (15% of total downregulated genes) of the pDCs infiltrating 

either TC-1 or B16-OVA tumors were upregulated or downregulated in the two models, 

respectively, suggesting that, despite some similarities, the TC-1 and B16-OVA specific-

tumor microenvironment differentially affected pDCs. 

The pathway analysis and gene ontology enrichment of the selected genes were then 

performed using Ingenuity® Pathways Analysis software (Supplementary Fig. S3C). 

Among the most significant functions and pathways, the genes belonging to the activation of 

interferon regulatory factors (IRF) by the cytosolic pattern recognition receptor (PRR) 

pathway, interferon signaling, antigen presentation pathway, communication between innate 

and adaptive immune cells and crosstalk between DCs and NKs were upregulated, showing 

that pDCs were stimulated in the tumor environment. 

We also analyzed the gene expression profile of pDCs purified from the spleen of TC-1 and 

B16-OVA tumor-bearing mice (Supplementary Fig. S3D). As observed for TA-pDCs, some 

genes were up or downregulated compared with pDCs purified from control mice 

(Supplementary Fig. S3E). 

These results showed that the transcriptional program of pDCs from tumor-bearing mice 

depended on their localization, and their gene expression was affected at distant sites from the 

tumor, such as in the spleen. 

Purified tumor-associated plasmacytoid dendritic cells are functional 

To assess the functionality of TA-pDCs, we purified pDCs from TC-1 and B16-OVA tumors 

and analyzed their capacity to produce cytokines and chemokines after CpG stimulation in 

vitro using 2-plex and 26-plex Luminex assays (Supplementary Fig. S4A). These cells 

secreted IFN-, IFN-, TNF-, MIP1-, MIP1-, RANTES and Eotaxin (Supplementary 
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Fig. S4B). TA-pDCs from TC-1 tumors secreted higher levels of these factors compared with 

pDCs from the spleens of naïve C57BL6/C mice. These results demonstrate that TA-pDCs 

were functional when removed from the tumor environment and could produce a high level of 

cytokines and chemokines after CpG stimulation. 

Soluble factors produced by tumor cells alter the phenotype of pDCs and their capacity 

to produce cytokines and chemokines upon activation 

Since our results suggest that tumor environment could affect the phenotype and functions of 

TA-pDCs, we then investigated the mechanisms responsible for these modifications. We first 

prepared tumor-conditioned medium (TCM) corresponding to the supernatant of culture of 

small pieces of TC-1 tumor excised from C57BL/6 mice. We then analyzed the ability of 

pDCs purified from the spleen of normal C57BL/6 and cultured with TCM to produce IFN- 

upon CpG activation. Our results show that, in the presence of TCM, the production of IFN- 

by pDCs was totally abolished (Fig. 2A) showing that soluble factors present in the TCM 

actively inhibited the production of IFN-I. Similar results were obtained with TCM prepared 

from B16-OVA tumors (Supplementary Fig. S5A-D). 

To determine whether these factors were produced by the tumor cells or by stroma cells, 

similar experiments were performed in the presence of culture supernatants of either TC-1 or 

B16-OVA cells. The production of IFN- was also totally impaired in the presence of these 

supernatants demonstrating that inhibitory factors were produced by TC-1 and B16-OVA 

tumor cells (Fig. 2A). Furthermore, we showed that this inhibitory effect was not restricted to 

the production of IFN- since, in the presence of TCM and TC-1 and B16-OVA supernatants, 

the capacity of CpG-activated pDCs to produce IFN-, TNF-, MIP1-, MIP1-, and 

Eotaxin was strongly affected (Fig. 2B). 
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We then analyzed the effect of TCM or tumor supernatants on the expression of activation 

markers by pDCs (Fig. 2C and Supplementary Fig. S5B) and demonstrated that, in the 

presence of TC-1 or B16-OVA TCM, CpG failed to induce a significant upregulation of these 

activation markers. An inhibitory effect on the expression of some of these markers, but not 

of CD69, was also observed after incubation of pDCs with TC-1 or B16-OVA supernatants. 

These results suggested that pDCs could not be fully activated by CpG in the presence of 

these tumoral factors. 

pDCs incubated for 4 hours with either TC-1 or B16-OVA TCM, and then washed before 

stimulation with CpG, remained unable to produce IFN- and to maturate showing the lack of 

reversibility of these inhibitory effects (Supplementary Fig. S6A-B). 

Altogether these results demonstrate that the tumor environment strongly affects the capacity 

of pDCs to respond to innate stimulation. 

TGF- secreted by TC-1 and B16-OVA tumor cells suppresses the production of IFN- 

by plasmacytoid dendritic cells stimulated by CpG 

To characterize the soluble factors produced by tumor cells that could affect pDC functions, 

we then analyzed the cytokines and chemokines present in the TC-1 and B16-OVA TCM and 

supernatants by the 26-plex Luminex assay (Fig. 3A and Supplementary Fig. S5C) or by 

ELISA (Fig. 3B, Supplementary Fig. S5D). Some cytokines, such as MIP-2 and Gro-

were exclusively detected in TCM, suggesting that these factors were produced by stroma 

cells. In contrast, RANTES (CCL5), MCP-3 (CCl7), MCP-1 (CCl2), IP-10 (CXCL10), IL-6, 

and TGF- were detected in all samples, showing that these factors were directly produced by 

the TC-1 and B16-OVA tumor cells. Thus, these molecules might be potential candidates for 

the alteration of pDC functions induced by TCM and TC-1 or B16-OVA supernatants. 
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We then tested the ability of purified pDCs to produce IFN- upon CpG stimulation, when 

cultured in the presence of a mix of these recombinant cytokines/chemokines (Fig. 3C). This 

experiment clearly demonstrated that the mix of these recombinant molecules strongly 

reduced the production of IFN- by pDCs. To assess which factors could be responsible for 

this suppressive effect, this experiment was repeated in the presence of individual cytokines 

or chemokines. IL-6, IP-10, MCP-1, MCP-3 and RANTES did not affect the production of 

IFN- by pDCs when used either alone or in combination at 10 ng/ml. By contrast, a strong 

inhibition of IFN- production was observed in the presence of recombinant TGF-even at a 

dosage as low as 0.1 ng/mL (Fig. 3D-F), clearly demonstrating that TGF- played an 

important role in the inhibitory effect observed with TCM or tumor supernatants. 

It should however be mentioned that lower doses of recombinant TGF- in the range of the 

amount detected in TCM or SUP, did not affect the pDC responses to TLR ligands. The 

bioactivity of this recombinant TGF-and of TCM or tumor supernatants, expressed per 

pg/ml, was however found comparable by using HEK-blue TGF- reporter cells, which allow 

the detection of bioactive TGF-by monitoring the activation of the TGF-Smad pathway. 

It thus be suggested that TGF-acts in synergy with other factors produced in the tumor 

microenvironment. However, IL-6, IP-10, MCP-1, MCP-3 and RANTES added to various 

doses of TGF-did not increased the inhibitory effect of this cytokine on the production of 

IFN- by pDCs (Fig. 3F).  

This suppressive effect of TGF-did not only affect IFN- production but also reduced the 

expression of CD69, MHC-I and PDC-TREM in pDCs activated by CpG (Fig. 4A). However, 

TGF- did not affect the basal expression of these markers. IFN- production was also 

strongly reduced in the presence of TGF- and a significant decrease in the production of 

TNF-, MIP1-, MIP1- and Eotaxin (Fig. 4B) was observed. 

 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on March 9, 2018; DOI: 10.1158/0008-5472.CAN-17-2719 

http://cancerres.aacrjournals.org/


15 

The lack of plasmacytoid dendritic cells inhibits the growth of TC-1 tumors 

To investigate whether pDCs have an impact on tumor growth, we next used IK
L/L

Rag
-/- 

mice,

which are constitutively deficient in pDCs but also lack T and B cells (6). This mouse strain is 

a powerful model to explore the influence of pDCs on anti-tumor innate immunity in vivo. 

The IK
L/L

Rag
-/- 

mice were thus grafted with TC-1 tumor cells, and the tumor progression was

followed (Fig. 5A). The tumor growth was significantly reduced in IK
L/L

Rag
-/- 

mice compared

with IK
+/+

Rag
-/- 

and C57BL/6 control mice, suggesting that pDCs enhance the growth of the

TC-1 tumor. However, in contrast, no difference in the growth of the B16-OVA tumor was 

observed between these strains of mice (Fig. 5B). 

We then characterized the cytokines and chemokines present in TCM prepared from 

IK
L/L

Rag
-/-

, IK
+/+

Rag
-/- 

and C57BL/6 control mice by the 26-plex Luminex assay or by ELISA

(Supplementary Fig. S7A-D). These results clearly confirmed that MIP-2, MCP-1, MCP-3, 

IL-6, IL-18, Gro- and TGF- were present in TCM from C57BL/6 and also demonstrated 

that similar levels of these factors were present in TCM from IK
L/L

Rag
-/-

 and IK
+/+

Rag
-/-

 mice.

These results strongly suggest that these cytokines and chemokines were directly produced by 

the TC-1 tumor cells. In addition, the TCM prepared from IK
L/L

Rag
-/-

, IK
+/+

Rag
-/- 

and

C57BL/6 mice inhibited the production of IFN- by pDCs activated by CpG, as well as their 

maturation, with a similar efficacy. 

In the absence of T and B cells, NK cells represent the main effector cells that could be 

involved in tumor protection in IK
L/L

Rag
-/- 

mice. Intratumoral NK1.1
+
 NK cells were thus

analyzed at different time points (Fig. 5C). Although the frequency of NK cells among 

hematopoietic cells clearly diminished during tumor progression, the total number of NK cells 

was significantly increased in all strains of mice at days 25 or 35. Interestingly, despite a 
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reduced growth of the TC-1 tumor, the number of intratumoral NK cells was significantly 

lower in IK
L/L

Rag
-/-

 than that in IK
+/+

Rag
-/- 

and C57BL/6 mice.

To further decipher the role of NK cells in the tumor protection observed in IK
L/L

Rag
-/-

, mice

were treated with an anti-NK1.1 antibody to deplete NK cells (Supplementary Fig. S8A). 

Following this treatment, a higher and significant increase in TC-1 growth was observed in 

IK
L/L

Rag
-/- 

mice, whereas NK cell depletion did not affect the growth of TC-1 tumors in

IK
+/+

Rag
-/- 

and C57BL/6 control mice (Fig. 5D).

These results indicate that, despite their lower numbers, NK cells were responsible for the 

better control of the TC-1 tumor growth in these mice. Because NK cells were less 

represented in the tumors of IK
L/L

Rag
-/-

 mice, compared with IK
+/+

Rag
-/-

, we next analyzed

their maturation status, according to the expression of CD11b and CD27 (Fig. 5E). Most NK 

cells infiltrating the tumor in IK
L/L

Rag
-/-

 were CD11b
+
CD27

-
, corresponding to the more

mature NK cells (32). By contrast, CD11b
+
CD27

+
 NK cells were highly represented in the

tumors of IK
+/+

Rag
-/- 

and C57BL/6 control mice (Fig. 5E). These differences were not

observed in the spleen of tumor-bearing mice, although a higher percentage of CD11b
+
CD27

-

was present in C57BL/6 mice (Supplementary Fig. S8B). 

These results demonstrated that, in the absence of pDCs, a higher percentage of mature 

CD11b
+
CD27

-
 NK cells could be observed in the tumors of IK

L/L
Rag

-/-
, which can control

tumor growth.  

To further elucidate the role of TGF-in the growth of tumors, wild-type C57BL/6, IK
L/L 

Rag
-/-

 and IK
+/+

 Rag
-/-

 mice were treated either by the anti-TGF- antibody 1D11.16.8 or by

control isotype. This antibody had been demonstrated to potently inhibit TGF-in several 

infectious or tumor models (30,31). The results of this experiment clearly evidenced that 

TGF-blockade strongly reduced the TC-1 growth in C57BL/6 mice (Figure 6A and 

Supplementary Fig. S9A-C). However, this treatment did not affect the tumor growth in 
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either IK
L/L 

Rag
-/-

 or IK
+/+

 Rag-/- mice, demonstrating that the inhibition of anti-tumor

responses by TGF- is mediated through the suppression of adaptive immune responses. 

Thus, to decipher the role of adaptive immune responses in the cross-talk between tumor cells 

and pDCs, IK
L/L

 Rag
-/-

 and IK
+/+

 Rag
-/-

 mice were reconstituted with pDC-depleted

splenocytes from Foxp3-GFP mice, followed by the graft of TC-1 cells. As previously 

observed with non-reconstituted IK
L/L

 Rag
-/-

 (Fig. 5A), the growth of the TC-1 tumor was

significantly reduced in reconstituted IK
L/L

 Rag
-/-

 pDC- deficient mice, compared with IK
+/+

Rag
-/-

 and C57BL/6 mice (Fig. 6B). In addition, a decreased recruitment of CD4
+
 FoxP3

+

cells was observed in the reconstituted IK
L/L

 Rag
-/-

  mice, compared with IK
+/+

 Rag
-/- 

mice

(Fig. 6C-D). 

These results strongly suggest that, in the presence of adaptive immune responses, pDCs 

promote tumor growth through the increased recruitment of CD4
+
 FoxP3

+
 Treg cells.
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DISCUSSION 

A growing number of observations has suggested that pDCs play a critical role in tumor 

biology. In the present study, we use two different mouse tumor models to show that pDCs 

are recruited into the tumor microenvironment. Phenotypical and gene expression analysis 

showed that these TA-pDCs are activated but that the tumoral microenvironment strongly 

affects the innate response of TA-pDCs to TLR-9 signaling. In addition, we demonstrate that 

the production of TGF-by tumor cells is responsible for the observed inhibition. 

Furthermore, using a mouse model deficient in pDCs, we show that the absence of pDCs 

promotes protective anti-tumor responses, mediated by the recruitment of differentiated NK 

cells and associated with a decreased infiltration of Tregs. 

Our demonstration that pDCs accumulated during tumor growth is in agreement with previous 

observations in human cancers, such as cervical carcinoma (33) and melanoma (22,33-35). 

The phenotype and gene expression profile of pDCs infiltrating the TC-1 and B16-OVA 

tumors were clearly distinct from the pDCs from the spleens of naïve or tumor-bearing mice. 

TA-pDCs were activated at the early stages of tumor development but exhibited at later stages 

a complex transcriptomic profile characterized by the downregulation of genes belonging to 

the DC maturation pathway. Importantly, this downregulation was associated with the 

upregulation of genes involved in Ag processing. Thus, this potential increase in the capacity 

of TA-pDCs to process Ag, associated with a defect in their maturation, could provide a 

tolerogenic potential of these cells. 

In both tumor models, we observed the upregulation of the genes associated with the 

activation of interferon regulatory factors (IRF) by the cytosolic pattern recognition receptor 

(PRR) pathway, supporting our conclusion that pDCs infiltrating the tumor are activated. 

Although the phenotype of pDCs in the spleen of tumor-bearing mice was not significantly 

different from naïve splenic pDCs, their expression of genes associated with activation was 
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however upregulated, suggesting that splenic pDCs are affected by factors released by the 

tumor. 

Activation of IRF by cytosolic PRR generally leads to the production of IFN-I by pDCs, 

which is tightly correlated with the expression of PDC-TREM by pDCs through the 

regulation of signals such as DAP-12, PI3K and Erk (36). Both TC-1 and B16-OVA TA-pDC 

upregulated PDC-TREM at the early stages of tumor development. However, its expression 

decreased during tumor growth, suggesting that TA-pDCs produce IFN-I at early stage of 

tumor growth, but progressively lost this ability in the tumor context. According to this 

observation, we showed that the factors produced by both the TC-1 and B16-OVA tumors 

strongly inhibited the production of IFN-I by pDCs stimulated by CpG. These results are in 

agreement with the demonstration that human naïve pDCs, cultured in the presence of 

supernatants derived from head and neck (21,37,38), ovarian (18) and breast (24,39) cancers, 

exhibited a diminished ability to produce IFN-α following TLR-9 stimulation. 

 We clearly identified TGF- as the main factor capable of blocking IFN-I production by TA-

pDCs. TGF-β is present in the TC-1 and B16-OVA TCM from C57BL/6 and Rag
-/-

 mice, as

well as in the TC-1 and B16-OVA SUP, demonstrating that TGF-β is produced by tumor cells 

in the absence of T cells. This conclusion is in agreement with previous studies demonstrating 

that following TGF-β exposure, pDCs have a decrease capacity to produce IFN- in response 

to TLR-9 ligand (18,37,39,40), in both humans (37) and mice (40,41). While TGF- alone 

could strongly inhibit the production of IFN-Is, we observed only a partial effect of this 

cytokine on the maturation of pDCs and their capacity to produce other cytokines, suggesting 

that other factor(s) produced by the tumor cells could be involved in this inhibition. TNF- 

has been shown to act in synergy with TGF-β to inhibit the production of IFN- by pDCs 

infiltrating ovarian human cancer (18,39). However, we did not detect TNF- in the TC-1 

tumor supernatants, ruling out such a synergistic effect. Similarly, in Peyer’s patches, PGE-2 
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has been shown to synergize with TGF-β to prevent IFN- production by pDCs following 

TLR stimulation (40). A similar synergy was also observed in the tumor context (37). It 

remains to be determined whether PGE-2 is produced by TC-1 and B16-OVA tumor cells, 

which could explain why high doses of TGF-β significantly impaired, but did not fully 

abrogate, the capacity of pDCs to produce IFN-, in contrast to the TC-1 supernatant. 

In humans, the accumulation of pDCs in tumors generally correlates with a poor clinical 

outcome. In mice, the depletion of pDCs by an anti-CD317 Ab was shown to delay the tumor 

growth through the regulation of T-cell responses (23,42). Here, using the pDC-deficient 

IK
L/L

Rag
-/- 

mice (6), we show that the growth of TC-1 tumors is significantly reduced in the

absence of pDCs, compared with IK
+/+

Rag
-/-

 and C57BL/6 control mice. In addition, NK

depletion induced a higher and significant increase in the TC-1 growth in IK
L/L

Rag
-/-

 mice,

but did not affect the growth of TC-1 tumors in IK
+/+

Rag
-/-

 and C57BL/6 control mice. These

results clearly indicate that NK cells were responsible for the better control of the TC-1 tumor 

growth in IK
L/L

 Rag
-/-

 mice. Since the only difference between IK
L/L

Rag
-/-

 or IK
+/+

Rag
-/-

 mice

is the lack of pDCs, it thus could be concluded that the absence of pDCs leads to the 

activation of NK cells, by mechanisms which remain to be deciphered. Indeed, we observed 

an increased representation of the CD11b
+
CD27

low
 NK cell subset in IK

L/L
Rag

-/- 
mice,

whereas the CD11b
+
CD27

+
 NK cell subset was predominant in IK

+/+
Rag

-/- 
or C57BL/6 mice.

The CD11b
+
CD27

low
 NK cells represent the final maturation stage of NK cells and exhibit

high cytolytic function in both humans (43) and mice (32). By contrast, the CD11b
+
CD27

+

NK cells have the strongest ability to secrete cytokines (43). Interestingly, the 

CD11b
+
CD27

low
 NK cell subset is less represented in naïve IK

L/L
Rag

-/- 
mice (6).

In contrast to the TC-1 tumor, the growth of the B16-OVA tumor was not modified by the 

absence of pDCs. This discrepancy between these two tumors could be linked to the lack of 

expression of NKG2D ligands by B16 tumors (44), leading to an inefficient killing by NK 
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cells. This hypothesis is in full agreement with the demonstration that NK cells play a major 

role in the protection observed in IK
L/L

Rag
-/- 

mice grafted with TC-1 cells.

It is well established that pDCs enhanced NK cell functions, especially cytotoxicity (45) 

through the production of IFN-I (46). However, our present study suggests that pDCs could 

also negatively regulate NK activity in a tumor context, since the lack of pDCs leads to an 

increased infiltration/maturation of potentially highly cytotoxic NK cells, allowing a better 

control of the tumor growth. 

The growth of TC-1 tumor was significantly delayed in pDC-deficient mice reconstituted with 

pDC-depleted splenocytes, in association with a strong reduction of intratumoral Treg 

recruitment, compared to C57BL/6 and IK
+/+

 Rag
-/-

 control mice. This observation is in full

agreement with human studies showing that TA-pDCs promote the expansion of Treg cells, 

through their inability to produce IFN-I (24). TGF-β and TNF- were clearly identified as the 

major tumoral factors involved in this process (39). These results suggest that TGF-β inhibits 

the production of IFN-I by TA-pDCs, thus leading to an increase recruitment/proliferation of 

intratumoral Treg, as suggested in breast cancer patients (47). In immunocompetent C57BL/6 

mice, TGF-β blockade strongly reduced the TC-1 growth in C57BL/6 mice. However, this 

treatment did not affect the tumor growth in either IK
L/L

Rag
-/-

 or IK
+/+

Rag
-/-

 mice. In C57BL/6

mice, we have previously demonstrated a massive accumulation of Tregs at the tumor site 

very early after tumor inoculation, which represented up to 80% of tumor-infiltrating CD4
+
 T-

cells (48,49). In addition, we have also shown that the growth of the TC-1 tumor is delayed in 

C57BL/6 mice treated by anti-CD25 to deplete Treg cells (49). Finally, this study also 

demonstrated that, in contrast to IK
L/L 

Rag
-/-

, NK cell depletion did not affect the growth of

TC-1 tumors in C57BL/6 control mice. Thus, it could be suggested that in C57BL/6 mice, 

TGF-β promote the recruitment of Treg cells, which in turn inhibit adaptive anti-tumoral 

responses. 
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Thus, in conclusion, this study demonstrates that different mechanisms, involving pDCs 

and/or TGF-, can damper anti-tumor immune responses. First, pDCs interact with the 

development of anti-tumor innate response through the alteration of the recruitment of mature 

NK cells, by a TGF-β-independent mechanism. In addition, TGF-β down regulates pDC 

innate responses, but also affects adaptive immune response through the recruitment of Treg 

in the tumor. Altogether, these results demonstrate that pDCs represent an important target for 

the development of new immunotherapies for the treatment of cancer. 
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FIGURE LEGENDS 

Figure 1. pDCs infiltrate TC-1 and B16-OVA tumors and show an activated profile 

C57BL/6 mice were grafted with 5×10
5
 TC-1 cells (red curves and symbols) or 2.5×10

5
 B16-

OVA cells (blue curves and symbols) at day 0, and the tumor growth was followed until day 

30 for the TC-1 tumor and day 25 for the B16-OVA tumor. The presence of pDCs in the TC-1 

and B16-OVA tumors, as well as their phenotype, was analyzed by FACS at different time 

points. (A) Growth of TC-1 and B16-OVA tumors, respectively. Each curve represents the 

tumor diameter of an individual mouse. The graph shows the cumulative results of 56 mice 

for TC-1 tumors and 48 mice for B16-OVA from three independent experiments. (B) Total 

number of live cells of the TC-1 and B16-OVA tumors, as defined by trypan blue staining. 

The results are expressed as the cumulative numbers (9 and 6 mice per time point for TC-1 

and B16-OVA tumors, respectively) from three independent experiments for TC-1, and two 

independent experiments for B16-OVA. (C) Frequency and (D) number of 

CD317
+
CD11c

low
B220

+
CD11b

-
 pDCs among total CD45

+
 hematopoietic cells infiltrating the

TC-1 and B16-OVA tumors. Numbers correspond to the number of CD45
+
 multiplied by the

% of the cell subsets taken within the CD45
+
 cells. The mice were analyzed individually. The

graphs show the cumulative results (9 and 6 mice per time point for TC-1 and B16-OVA 

tumors, respectively) from three independent experiments for TC-1, and two independent 

experiments for B16-OVA. (E-F) Expression of the activation markers and co-stimulatory 

molecules by pDCs infiltrating the TC-1 tumor (E, red bars) or B16-OVA tumor (F, blue 

bars), compared with pDCs infiltrating the naïve spleen (black bars). The data are expressed 

as means ± SEM of MFI and represent the cumulative results of three independent 

experiments for TC-1, and two independent experiments for B16-OVA (9 and 6 mice per time 
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point for TC-1 and B16-OVA tumors, respectively). Statistical analysis was performed using 

unpaired Student’s t test (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 

Figure 2. Factors present in TC-1 TCM or secreted by TC-1 and B16-OVA tumor cells 

affect the phenotype of pDCs and their ability to secrete cytokines and chemokines 

following activation 

(A and B) 10
4
 pDCs were purified from the spleen of naïve C57BL/6 mice and were cultured

in medium, TC-1 TCM (derived from TC-1 tumors harvested at day 30 after graft) or TC-1 or 

B16-OVA supernatants (SUP), in the presence or the absence of CpG-A. (A) The production 

of IFN- was assessed by ELISA after 24 hours of culture with undiluted TC-1 TCM or TC-1 

and B16-OVA SUP. The results are expressed as the means ± SEM of the concentration 

(ng/mL) and represent the cumulative data of 3 independent experiments for each culture 

condition. (B) The production of IFN-, TNF-, MIP1-, MIP1- and Eotaxin was assessed 

by the Luminex assay after 24 hours of culture with undiluted TC-1 TCM or TC-1 and B16-

OVA SUP. The results are expressed as the means ± SEM of the concentration (pg/mL) and 

represent the cumulative data of 3 independent experiments for each culture condition. (C) 

pDCs were purified from the spleen of naïve C57BL/6 mice and were cultured in medium, 

TC-1 TCM or TC-1 or B16-OVA supernatants diluted 1/2 in complete medium, in the 

presence or absence of CpG-A for 18 hours. The phenotype and expression of activation 

markers and co-stimulatory molecules of pDCs were analyzed by FACS. The results are 

expressed as the means ± SEM of MFI and represent the cumulative data of three independent 

experiments for each culture condition. Statistical analysis was performed by unpaired 

Student’s t test (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). DL= Detection limit. 
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Figure 3. TGF-β secreted by TC-1 or B16-OVA tumor cells suppresses the production of 

IFN-α by pDCs after CpG-A stimulation 

The presence of cytokines and chemokines in the TC-1 TCM, TC-1 and B16-OVA 

supernatants was analyzed by (A) immunoassays using 26-plex Luminex kit or (B) by ELISA 

for TGF-. The results are expressed as the means ± SEM of the concentration (ng/mL and 

pg/mL, respectively) and represent the cumulative data of 6-9 samples per condition, analyzed 

in triplicate. (C) The IFN- production by 10
4
 pDCs purified from the spleen of naïve

C57BL/6 cultured in the presence of either undiluted TC-1-SUP or a mixture of 1 or 10 

ng/mL of recombinant IL-6, IP-10, MCP-1, MCP-3, RANTES and TGF- and stimulated 

with CpG-A was assessed by ELISA. TC-1-SUP is used as the positive control. The results 

are expressed as the means ± SEM of the concentration (ng/mL) and represent the cumulative 

data of 6-9 samples per condition, analyzed in duplicate. (D) The production of IFN- by 

pDCs purified from the naïve spleen and cultured for 24 hours with undiluted TC-1-SUP or 

with serial dilutions of the recombinant cytokines or chemokines alone, in the presence of 

CpG-A, was assessed by ELISA. The results are expressed as the means ± SEM of the 

concentration (ng/mL) and represent the cumulative data of 3 independent experiments for 

each culture condition. (E) The production of IFN- by pDCs purified from the naïve spleen 

and cultured for 24 hours with undiluted TC-1-SUP or serial dilutions of recombinant TGF-, 

in the presence of CpG-A, was assessed by ELISA. The results are expressed as the means ± 

SEM of the concentration (ng/mL) and represent the cumulative data of 3 independent 

experiments for each culture condition. (F) IFN- production by purified pDCs from the 

spleen of naïve C57BL/6 cultured in the presence of TC-1-SUP or 10 ng/mL of recombinant 

IL-6, IP-10, MCP-1, MCP-3 and RANTES and various concentrations of TGF- (0 to 10 

ng/ml) and stimulated with CpG-A was assessed by ELISA. The results are expressed as the 

means ± SEM of concentration (ng/mL) and represent the cumulative data of 6-9 samples per 
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condition, analyzed in duplicate. Statistical analysis was performed by unpaired Student’s t 

test (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). DL= Detection limit. 

Figure 4. TGF-β alters the phenotype and functions of pDCs activated by CpG-A  

10
4
 pDCs were purified from the spleen of naïve C57BL/6 and were cultured in the presence

of 1 or 10 ng/mL of TGF- with or without CpG-A. (A) The expression of activation markers 

and co-stimulatory molecules by pDCs was assessed after 6 hours of culture. The results are 

expressed as the means ± SEM of the MFI. The data represent the cumulative results of three 

independent experiments. (B) The production of cytokines and chemokines by pDCs was 

assessed by the Luminex assay after 18 hours of culture. The results are expressed as the 

means ± SEM of the concentration (pg/mL). The data represent the cumulative results of three 

independent experiments. Statistical analysis was performed by unpaired Student’s t test 

(*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). DL= Detection limit. 

Figure 5. pDCs exert a deleterious effect on the growth of the TC-1 tumor 

C57BL/6, IK
L/L 

Rag
-/- 

and IK
+/+

 Rag
-/-

 mice were grafted with 5×10
5
 TC-1 or 2. 5×10

5
 B16-

OVA cells at day 0, and the tumor growth was followed. Growth of the TC-1 (A) and B16-

OVA (B) tumors. The curves represent the means ± SEM of the tumor diameter for each 

group and show the cumulative results from three (A, n = 8 to 12 mice per strain per 

experiment) or two (B, n = 10 mice per strain per experiment) independent experiments. (C) 

Frequency among the total CD45
+
 hematopoietic cells and total number of CD3

-
NK1.1

+
 NK

cells infiltrating the TC-1 tumor. Numbers correspond to the number of CD45
+
 multiplied by

the % of the cell subsets taken within the CD45
+
 cells. The mice were analyzed individually.

The graphs show the cumulative results of three independent experiments (n = 3 to 5 mice per 

strain per experimental time point). (D) C57BL/6, IK
L/L 

Rag
-/- 

and IK
+/+

 Rag
-/-

 mice were
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grafted with 5×10
5
 TC-1 cells at day 0 and were treated with i.p. injections of anti-NK1.1

antibodies or control isotype on day -1 and then once a week for five weeks. Each curve 

represents the tumor diameter of an individual mouse. The results are expressed as the 

cumulative data of two independent experiments (n = 10 mice per strain per experiment). (E) 

Left panel: FACS dot blot showing the NK cell subsets according to the expression of CD11b 

and CD27 markers in the TC-1 tumors in C57BL/6, IK
L/L 

Rag
-/-

 and IK
+/+

 Rag
-/- 

TC-1 mice 35

days after TC-1 cell engraftment. Right panel: frequency of CD11b
-
CD27

-
, CD11b

-
CD27

+
,

CD11b
+
CD27

+
 and CD11b

+
CD27

-
 NK cell subsets among total NK1.1

+
 cells. The cumulative

results of two independent experiments are shown as the means ± SEM (n = 3 to 5 mice per 

strain per experiment). Statistical analysis was performed by unpaired Student’s t test 

(*p<0.05; **p<0.005). 

Figure 6. pDCs promote tumor growth through the increased recruitment of CD4
+

FoxP3
+
 Treg cells. (A) C57BL/6, IK

L/L 
Rag

-/- 
and IK

+/+
 Rag

-/-
 
 
mice were grafted with 5×10

5

TC-1 cells at day 0 and were treated with i.p. injections of 500 g anti-TGF- antibodies 

(clone 1D11.16.8) or control isotype on day -1 and then three times a week for five weeks. 

The tumor growth was followed until day 35. The curves represent the means ± SEM of the 

tumor diameter for each group. The results represent the cumulative data from 2 independent 

experiments (n=12 to 14 mice per group). Statistical analysis was performed by Wilcoxon test 

(ns: non-significant; ***p<0.001). (B-D) IK
L/L 

Rag
-/-

 and IK
+/+

 Rag
-/-

 mice were reconstituted

with 50-80 10
6
 pDC-depleted splenocytes from Foxp3-GFP mice and seven days later, mice

were grafted with 5×10
5
 TC-1 cells. Foxp3-GFP mice were used as control. (B) The tumor

growth was followed until day 40. The curves represent the means ± SEM of the tumor 

diameter for each group and show the cumulative results from four experiments (n = 4 to 5 

mice per strain per experiment). Statistical analysis was performed by Wilcoxon test (ns: non-
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significant; ***p<0.001). (C, D) 25 days after the graft of tumor cells, cell suspensions were 

prepared from tumors and CD4
+
 FoxP3

+
 cells were analyzed by flow cytometry. (C)

Frequency and (D) number of FoxP3
+
 cells among total CD4

+
 T cells infiltrating the TC-1

tumor. Results represent the cumulative data from four experiments (n = 2 to 3 mice per strain 

per experiment) and each dot represents an individual mouse. Statistical analysis was 

performed by unpaired Student’s t test (ns: non-significant; *p<0.05; **p<0.005; 

****p<0.0001) 
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