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Abstract
Plasmacytoid dendritic cells (pDCs) are the most potent type I interferon-producing cells and play an important role in anti-
viral immunity. Tumor-infiltrating pDCs were shown to be predominantly pro-tumorigenic, with reduced ability to produce 
interferon alpha (IFNα) and confirmed capacity to prime regulatory T cells (Tregs) by the ICOS/ICOS-L pathway. Because 
a significant number of HNSCCs are induced by human papillomaviruses and show markedly different immune profiles 
than non-virally induced tumors, we compared the phenotype and functional capacity of HNSCC-infiltrating pDCs to the 
HPV status of the tumor. We observed a reduced capacity of pDCs to produce IFNα upon toll-like receptor activation in 
HPV-negative samples and a rather uncompromised functionality in HPV-associated tumors. Additionally, supernatants from 
non-virally induced but not HPV-associated tumor cell suspensions significantly inhibited IFNα production by peripheral 
blood-derived pDCs. We identified IL-10 and TNFα as the soluble pDC-suppressive factors with the highest variability 
between HPV-negative and HPV-positive tumor-derived supernatants. Additionally, we observed a positive correlation of 
tumor-infiltrating pDCs with Tregs in HPV-negative samples but not in virally induced tumors. Overall, our study indicates 
that the immunosuppressive cytokine milieu rich in IL-10 and TNFα in HPV-negative but not in HPV-positive HNSCC 
significantly affects the functional capacity of tumor-infiltrating pDCs, and such dysfunctional pDCs may further support 
the immunosuppressive tumor microenvironment by promoting the expansion of Tregs in the tumor tissue.
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Introduction

The typical risk factors for the development of head and 
neck squamous cell carcinoma (HNSCC) are smoking and 
alcohol consumption. However, in the last two decades, 

infection with high-risk strains of human papillomavirus 
(HPV) has been identified as a significant etiologic agent 
of HNSCC carcinogenesis [1, 2]. HPV-induced tumors are 
typically located in the oropharynx and are associated with 
longer overall survival in response to conventional treatment 
[3, 4]. The established indicator of HPV status in oropharyn-
geal squamous cell carcinoma (OPSCC) is the overexpres-
sion of p16INK4a (p16) protein [5, 6]. Current guidelines of 
the American Joint Committee on Cancer and The National 
Comprehensive Cancer Network regard  p16+ OPSCC as a 
specific HNSCC subtype with its own staging system [6, 7]. 
There are ongoing studies focused on the treatment de-esca-
lation of  HPV+ OPSCCs that could decrease the toxic side 
effects of the established therapeutic regimens [8]. Moreo-
ver, new immunotherapeutic approaches, namely checkpoint 
blockers nivolumab [9] and pembrolizumab [10], are chang-
ing the standard therapeutic protocols for HNSCC. Despite 
significant advances in therapy, HNSCC is still characterized 
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by high morbidity, emphasizing the need for further research 
on the tumor microenvironment.

The profile of the immune cells infiltrating the tumor 
microenvironment was identified as one of the cru-
cial elements in the course of the disease. Differences in 
the cytokine production and immune infiltrate pattern 
of  HPV+ and  HPV− HNSCC were described by several 
authors, reporting higher immune cell infiltration and less-
pronounced immunosuppressive setting in  HPV+ tumors 
[11–13]. However, differences in the phenotype and func-
tion of plasmacytoid dendritic cells (pDCs), the key players 
in antiviral immunity, have not been evaluated with respect 
to the HPV status in HNSCC so far. Human pDCs are char-
acterized by substantial production of IFNα and the expres-
sion of specific markers BDCA-2 and BDCA-4 [14, 15]. 
Additionally, a wide variety of functions have been assigned 
to pDCs, such as antigen presentation [16], regulatory T 
cell (Treg) induction [17], cell-to-cell cytotoxicity [18] and 
attraction and activation of innate immune cells [19].

In tumor immunology, the impact of pDCs was reported 
to be rather pro-tumorigenic [20]. Tumor-infiltrating pDCs 
were shown to be functionally impaired, and high levels of 
pDCs positively correlated with poor prognosis in breast, 
ovarian and skin cancer [21–23]. In agreement with these 
studies, pDCs infiltrating HNSCC were found to be func-
tionally impaired [24] and had a negative prognostic impact 
[25, 26]; however, a correlation with the HPV status was 
not discussed.

In this study, we performed a phenotypic and func-
tional analysis of the tumor-infiltrating pDCs in HNSCC 
and focused on the differences between  HPV− and  HPV+ 
tumors. For the first time, we show that pDCs infiltrating 
 HPV+ HNSCC have a significantly higher capacity to pro-
duce IFNα compared to pDCs infiltrating  HPV− tumors, 
most likely due to a markedly different cytokine milieu in 
the tumor microenvironment.

Materials and methods

Patients and samples

Freshly resected primary HNSCC specimens were obtained 
from 76 patients who underwent therapeutic surgery at 
the Motol University Hospital in Prague, Czech Republic, 
between October 2016 and May 2019. Control peritumoral 
mucosa was obtained from 9 patients. Control tonsils were 
obtained from 9 healthy age-matched donors undergoing 
surgery for a sleep apnea syndrome. None of the cancer 
patients enrolled in this study had received any neoadjuvant 
treatment. All of the patients signed an informed consent 
form approved by the Ethics Committee of the Motol Uni-
versity Hospital. Pathologic staging of HNSCC specimens 

was performed according to the 8th edition of the American 
Join Committee on Cancer. The clinical and pathological 
characteristics of the patients are summarized in Table 1.

Fresh tumor and control tissue samples processing

Fresh tissues were minced with scissors and digested in 
RPMI 1640 (Thermo Fisher Scientific) containing 1 mg/ml 
of collagenase D (Roche) and 0.05 mg/ml DNase I (Roche) 
for 30 min at 37 °C under a gentle rocking motion. Sub-
sequently, the specimens were passed through a 100-µm 
nylon cell strainer (BD Biosciences) and washed with PBS 
(Lonza).

Table 1  Clinical and pathological characteristics of the patients

Variable Patients

No. %

Total no. of patients 76
Age
Mean 61
Range 38—80
Sex
Male 61 80.3
Female 15 19.7
Tumor site
Palatine tonsil 19 25
Base of the tongue 12 15.8
Oropharynx NS 6 7.9
Body/margin of the tongue 7 9.2
Base of the mouth 5 6.6
Hypopharynx 5 6.6
Larynx 22 28.9
T status
T1 7 9.2
T2 38 50
T3 16 21.1
T4 15 19.7
N status
N0 26 34.2
N1 28 36.8
N2 22 29
N3 0 0
Stage
I 22 29
II 12 15.8
III 15 19.7
IV 27 35.5
HPV status
HPV + 32 42.1
HPV − 44 57.9
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Flow cytometry

Single-cell suspensions derived from tumor and control tis-
sues were labeled using a panel of monoclonal antibodies 
listed in Supplementary Table 1. In some of the patients 
(n = 33), cell suspensions were incubated with CpG ODN 
2216 (20 ug/ml) or imiquimod (5 ug/ml, InvivoGen) in the 
presence of brefeldin A for 5 h. For intracellular detection 
of cytokines and FoxP3, cells were fixed and permeabilized 
with a Fixation/Permeabilization Buffer Set (eBioscience) 
and intracellularly labeled with primary antibodies. Cells 
were analyzed on a BD LSRFortessa (BD Biosciences) and 
evaluated with FlowJo software (TreeStar).

Detection of soluble factors in cell culture 
supernatants

Tumor-derived single-cell suspensions (1 × 106 cells/ml) 
were cultured in 96-well U-bottom plates with CpG oligonu-
cleotides (CpG ODN) 2216 (20 µg/ml) or imiquimod (5 µg/
ml) in RPMI 1640 supplemented with 10% heat‐inactivated 
FCS, L‐glutamine and penicillin–streptomycin (complete 
RPMI 1640). After 24 h of incubation, cell culture super-
natants were harvested and stored at  − 80 °C until use. To 
detect the concentrations of IFNα, IFNγ, TNFα, IL-3, IL-4, 
IL-6, IL-10, IL-12α and IL-17, the Luminex-based MILLI-
PLEX™ Human Cytokine Kit (Merck) was used. HMGB1 
was detected using ELISA (IBL International).

RNA extraction from tumor cell suspensions 
and quantitative real‑time PCR

Total RNA was isolated from 1 × 106 HNSCC-derived cells 
using the RNA Easy Mini Kit (Qiagen). The concentration 
and purity of the samples were determined by spectropho-
tometry with a NanoDrop© 2000c (Thermo Fisher Scien-
tific), and the RNA integrity was assessed using a 2100 Bio-
analyzer (Agilent). Complementary DNA was synthesized 
from 100 ng of total RNA using the iScript cDNA Synthesis 
Kit (Bio-Rad). The gene expression levels of IL-10, TNFα, 
TGFβ and the β-actin housekeeping gene were evaluated 
using the CFX 96™ Real-Time System (Bio-Rad). The spec-
ificity of the amplified PCR product was assessed using an 
Agilent DNA 1000 Kit (Agilent). The relative expression of 
the target genes was normalized to the expression of β-actin.

Isolation and activation of pDCs in the presence 
of HNSCC culture supernatants

Peripheral blood mononuclear cells (PBMCs) were isolated 
from the peripheral blood of healthy donors using Ficoll-
Paque density gradient solution (GE Healthcare). Plasma-
cytoid DCs were isolated from PBMCs using a BDCA-4 

magnetic separation kit (Miltenyi Biotec). A 100 × enriched 
pDCs were seeded in a 96-well U-bottom plate at a con-
centration of 2.5 × 105/ml and incubated with  HPV+ and 
 HPV− HNSCC-derived culture supernatants upon stimu-
lation with 5 µg/ml CpG ODN 2216. Alternatively, pDCs 
were cultured in complete RPMI 1640 with the addition 
of recombinant cytokines (IL-6, IL-10, TNFα at 5–10 ng/
ml, PeproTech) upon stimulation with 5 µg/ml CpG ODN 
2216. In part of the experiments, neutralizing antibodies 
against IL-6, IL-10 and TNFα (BioLegend) were added to 
the cultures at a concentration of 10 µg/ml. After 24 h of 
incubation, supernatants were collected, and levels of IFNα 
were measured using an IFNα ELISA kit (PBL Assay Sci-
ence). The reference value of IFNα (100% production) was 
assessed as the level of IFNα produced upon CpG stimula-
tion in complete RPMI 1640. The level of inhibition was 
expressed as a proportional change of IFNα production with 
respect to the reference value of each donor.

Treg generation

Purified pDCs prepared as described above were seeded in a 
96-well U-bottom plate at a concentration of 5 × 105 pDCs/
well and incubated with/without  HPV+ or  HPV− HNSCC-
derived culture supernatants overnight. After washing in 
PBS, purified autologous  CD4+ T cells were added in a 
ratio of 1:5. After 5 days of incubation, the proportion of 
 CD4+CD25hiFoxP3+ Tregs was analyzed using flow cytom-
etry. As multiple donors were used, the frequency of Tregs 
was normalized to control. The reference value (100%) was 
assessed based on the proportion of Tregs in co-cultures 
of  CD4+ T cells with control pDCs cultivated in complete 
RPMI.

Immunohistochemistry (IHC)

Staining was carried out on FFPE sections following depar-
affinization and antigen retrieval. Endogenous peroxidase 
activity was blocked with 3% hydrogen peroxide. Sections 
were incubated with protein block reagent (DAKO) and 
stained with primary antibodies against BDCA-2 (goat IgG, 
R&D Systems), FoxP3 (mouse IgG1, Abcam), IL-6 (rab-
bit IgG, Abcam), IL-10 (mouse IgG1, Abcam) and TNFα 
(mouse IgG1, Abcam) followed by determination of enzy-
matic activity. Sections were counterstained with hematoxy-
lin or nuclear fast red (Vector Laboratories).

HPV detection

IHC

The antibody p16INK4a (monoclonal mouse anti-human 
p16, Clone G175-405, BD Pharmingen, dilution 1:100) was 
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used. The intensity of the staining (graded + to +  + +) and 
the proportion of stained cells (scored as percentages) were 
evaluated. For p16 immunostaining, the location of the sig-
nal (cytoplasmic and/or nuclear) was also specified. A semi-
quantitative evaluation was performed. Samples positive for 
p16 expression had to show more than 70% of positive cells 
and reveal nuclear and/or cytoplasmic staining.

PCR

HPV DNA from the paraffin-embedded tissue was extracted 
with the MagCore Genomic DNA FFPE One-Step Kit (RBC 
Bioscience). HPV DNA detection and genotyping were 
performed by qualitative real-time PCR with the AmoyDx 
Human Papillomavirus Genotyping Detection Kit (Amoy 
Diagnostics). HPV DNA + /p16 + samples were considered 
HPV-positive.

Statistical analysis

Statistical analyses were performed using  Statistica® 10.0 
software (StatSoft). The parametric assumptions of the 
data were verified using the Kolmogorov–Smirnov test for 
normality. The homogeneity of the variances was tested 
by the Levene test. The differences between HPV-positive 
and HPV-negative tumor samples were analyzed using the 
Mann–Whitney U test. The differences between the refer-
ence value and the experimental value were analyzed using 
a t test. The correlation between the levels of pDCs and the 
levels of Tregs was evaluated using Pearson’s chi-square test. 
The results were considered statistically significant when 
p < 0.05.

Results

The proportions of pDCs infiltrating  HPV+ tumors 
are comparable to those of  HPV− HNSCC samples 
and healthy peritumoral mucosa

To evaluate the density of tumor-infiltrating pDCs in rela-
tion to HPV status, we analyzed cell suspensions from 32 
 HPV+ and 44  HPV− HNSCC samples using flow cytometry. 
All of the  HPV+ tumors were localized in the oropharynx. 
 HPV− tumors were localized in the larynx, the hypophar-
ynx, base of the mouth, body/margin of the tongue and the 
oropharynx, as indicated in Table 1. The pDCs were defined 
as  CD45+Lin−CD4+CD123+BDCA2+ (Fig. 1a). Healthy 
tonsils and peritumoral mucosa of HNSCC patients were 
used as control tissues. The proportions of tumor-infiltrat-
ing pDCs did not differ between  HPV+ and  HPV− tumors 
(0.13 ± 0.23% and 0.11 ± 0.14% of total cells, respectively; 
Fig. 1b). The results were similar when the proportions of 
 CD45+ cells (0.19 ± 0.26% and 0.24 ± 0.26%, respectively; 
Fig. 1c) were compared. No correlations of pDC proportions 
with the clinical and pathological characteristics of HNSCC 
patients were found.

Plasmacytoid DCs from  HPV− HNSCC samples 
show impaired responsiveness to TLR7 and TLR9 
stimulation, whereas pDCs infiltrating  HPV+ tumors 
remained functionally unimpaired

To estimate the functionality of HNSCC-infiltrating pDCs, 
we stimulated tumor-derived and control tonsil-derived 
cell suspensions with imiquimod (IMQ), a TLR7 agonist, 

Fig. 1  Flow cytometric analysis of pDC frequency in freshly resected 
tissues of  HPV+ HNSCC samples (n = 32),  HPV− HNSCC samples 
(n = 44), age-matched tonsils from healthy donors (n = 9) and macro-
scopically tumor-free peritumoral mucosa (PM, n = 9). Box plots rep-
resent proportions of pDCs when gated on total cells a and  CD45+ 

cells b. Boundaries of the box indicate the standard error of the mean 
(SEM), and the squares in the box represent the mean. Whiskers indi-
cate the standard deviation (SD), crosses represent outliers. c Dot 
plots show the gating strategy in a representative  HPV+ tumor sample
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and CpG ODN 2216 (CpG), a TLR9 agonist, and ana-
lyzed IFNα production by pDCs. Plasmacytoid DCs from 
 HPV+ tumors produced significantly higher amounts of 
IFNα upon CpG stimulation based on the mean fluores-
cence intensity (MFI) (4137 ± 3346 vs. 7879 ± 4272 for 
 HPV− and  HPV+ samples, respectively; Fig. 2b), although 
there were no differences in the proportions of IFNα-
producing cells (3.2 ± 5.4 vs. 3.0 ± 3.1; Fig.  2a). This 
result was supported by the significantly higher levels of 
IFNα in  HPV+ tumor-derived cell culture supernatants 
after CpG stimulation (240.7 ± 380.8 pg/ml for  HPV− cul-
tures vs. 971.8 ± 1461 pg/ml for  HPV+ cultures; Fig. 2c). 

The levels of IFNα produced by  HPV+ tumor-derived 
pDCs were comparable to the levels produced by pDCs 
from control tonsillar tissue (893 ± 1431 pg/ml; Fig. 2c). 
The trend was similar upon imiquimod stimulation; how-
ever, the differences also did not reach statistical signifi-
cance. Additionally, we observed markedly lower levels 
of IFNα production in  HPV+ cell suspensions obtained 
from patients who eventually succumbed to the disease 
compared to patients in remission (Fig. 2d). Upon TLR 
stimulation, 71 ± 5.2% of IFNα+ cells co-expressed pDC-
associated markers CD123 and BDCA2. (Representative 
staining is shown in Fig. S1A.)

Fig. 2  Differences in IFNα production and NKp44 expression in 
pDCs infiltrating  HPV+ and  HPV− HNSCC samples. Columns rep-
resent a the mean proportions of tumor-infiltrating IFNα-producing 
pDCs upon stimulation with CpG ODN 2216 (CpG; 20 µg/ml, 5 h) 
or imiquimod (IMQ; 5  µg/ml, 5  h); b the mean fluorescence inten-
sity (MFI) of IFNα+ pDCs upon stimulation with CpG or IMQ; and c 
the mean concentration of IFNα in tissue-derived cell culture super-
natants derived from HPV-positive HNSCC (n = 16), HPV-negative 
HNSCC (n = 14) and control tonsils (n = 4) after 24 h of stimulation 
with CpG or IMQ. All error bars indicate SEM. d Columns show 
differences in CpG-induced IFNα production in cell culture superna-

tants obtained from  HPV+ and  HPV− tumor samples with respect to 
patient overall survival. e Dot plot showing proportions of  NKp44+ 
pDCs derived from  HPV+ HNSCC (n = 28),  HPV− HNSCC (n = 31) 
and age-matched control tonsils (n = 9). Each symbol represents a 
patient, the horizontal line represents the average, and error bars indi-
cate SEM. f Dot plot showing proportions of IMQ-stimulated IFNα+ 
pDCs derived from  HPV+ HNSCC (n = 13) and  HPV− HNSCC 
(n = 9) in relation to NKp44 expression. The horizontal line repre-
sents the average, and error bars indicate SEM. g Dot plots showing 
the production of IFNα and expression of NKp44 in a representative 
patient. *p < 0.05
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Plasmacytoid DCs derived from  HPV+ HNSCC 
showed higher expression of NKp44 compared 
to those from  HPV− samples

To characterize the phenotype of HNSCC-infiltrating pDCs 
in detail, we assessed the expression levels of TLR7, TLR9, 
CD28, NKp44, Granzyme B, IDO, TIM-3 and TRAIL. 
With the exception of NKp44, there were no statistically 
significant differences between  HPV+ and  HPV− tumor-
infiltrating pDCs in the expression of the evaluated mol-
ecules. Surprisingly, the proportion of NKp44-expressing 
pDCs was significantly higher in  HPV+ tumors compared to 
 HPV− samples (22.9 ± 14% vs. 16.2 ± 11.4%, respectively; 
Fig. 2e). Although NKp44 has been described as an inhibi-
tory molecule in pDCs upon artificial activation, the propor-
tion of IFNα-producing cells was similar in  NKp44+ and 
 NKp44− BDCA-2+CD123+ cells (26.9% and 25.1%, respec-
tively). The proportions were similar when the samples were 
grouped by  HPV+ and  HPV− status (Fig. 2f).

Supernatants derived from  HPV− but not  HPV+ 
HNSCC inhibit IFNα production by control pDCs

We tested the effect of  HPV+ (n = 12) and  HPV− (n = 12) 
HNSCC-derived cell culture supernatants on pDCs isolated 
from PBMCs of healthy donors (n = 4). The production of 
IFNα was markedly inhibited in the presence of culture 
supernatants harvested from  HPV− tumor-derived cell sus-
pensions but not in the presence of cell culture supernatants 
obtained from  HPV+ tumors (Fig. 3a).

To reveal the possible soluble factors responsible for 
IFNα inhibition induced by  HPV− tumor samples, we 
analyzed the production of IFNγ, TNFα, IL-3, IL-4, IL-6, 
IL-10, IL-12, IL-17A and HMGB1 in culture supernatants 
of both  HPV− and  HPV+ tumor-derived cell suspensions. 
In comparison with  HPV+ tumor samples,  HPV− tumor-
derived cell suspensions produced significantly higher lev-
els of IL-6, IL-10 and TNFα (Fig. 3b). Additionally, we 
evaluated the mRNA expression of the three major IFNα 
inhibitors reported in the literature, namely IL-10, TNFα 
and TGFβ. The relative mRNA expression of TNFα was sig-
nificantly higher in  HPV− tumor-derived cell suspensions. 
Surprisingly, there was no difference in the expression levels 
of TGFβ mRNA between  HPV− and  HPV+ tumor samples 
(Fig. 3c).

TNFα in the microenvironment of  HPV− tumors 
seems to be the major inhibitor of IFNα production 
by pDCs

To further investigate the impact of IL-6, IL-10 and TNFα on 
IFNα production, the recombinant cytokines were added to 
cultures at concentrations corresponding to the levels observed 

in  HPV− tumor-derived cell culture supernatants (5–10 ng/
ml). Of all of the factors tested, IL-10 and TNFα significantly 
inhibited the production of IFNα by control pDCs (Fig. 3d). To 
directly confirm the role of tumor-derived IL-10 and TNFα in 
pDC inhibition, we incubated control pDCs with  HPV− tumor-
derived cell culture supernatants in the presence of IL-6, IL-10 
and TNFα neutralizing antibodies. For assessment of expected 
values, pDCs were incubated with recombinant IL-6, IL-10 
and TNFα and respective neutralizing antibodies (Fig. 3e). The 
neutralization of TNFα was the most potent and restored the 
capacity of pDCs to produce IFNα to 101 ± 5.9% in pDC cul-
tures with recombinant cytokines and to 82.8 ± 13.5% in pDC 
cultures with  HPV− cell culture supernatants, whereas neu-
tralization of IL-10 restored the IFNα production to 44.2 ± 9.4 
and 47.3 ± 19.9%, respectively. Neither synergistic, nor addi-
tive effect was observed after neutralization of more cytokines 
simultaneously (Fig. 3e, f).

Tumor cells are an important source of IL‑6, IL‑10 
and TNFα in  HPV− HNSCC samples

To describe the major source of IL-6, IL-10 and TNFα in 
the tumor microenvironment, we analyzed the expression 
of these cytokines in  HPV+ and  HPV− HNSCC tissue sec-
tions. Whereas IL-6, IL-10 and TNFα were detected in the 
tumor epithelium of 80%, 72.7% and 81.8% of  HPV− sam-
ples, respectively, the proportions of  HPV+ samples express-
ing these cytokines in the tumor cells were markedly lower, 
namely 50%, 14.3% and 50% (Fig. 4a). Representative IHC 
staining is shown in Fig. 4b.

Treg proportions correlate with pDC proportions 
in  HPV− HNSCC

In the tumor microenvironment, pDCs have been reported to 
be capable of inducing/expanding Tregs. Although there was 
no statistically significant difference in the average level of 
Treg proportions (defined as  CD4+CD127−/loCD25hiFoxP3+) 
evaluated by flow cytometry (Fig. 5a) or absolute numbers 
of  FoxP3+ lymphocytes in the tumor epithelium and stroma 
(Fig. 5d) between  HPV+ and  HPV− HNSCC, we observed a 
strong positive correlation of proportions of tumor-infiltrat-
ing pDCs and Tregs in  HPV−, but not  HPV+ tumor samples 
(Fig. 5b–c). Additionally, we observed clear colocalization 
of  FoxP3+ Tregs and BDCA-2+ pDCs in the tumor stroma, 
indicating possible interactions between pDCs and Tregs in 
the tumor microenvironment (Fig. 5e).

Supernatants derived from  HPV− but not  HPV+ 
HNSCC shape pDCs to favor Treg expansion

To assess the capability of pDCs to induce Treg expansion 
in  HPV− HNSCC microenvironment, we cultivated pDCs 
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from healthy donors with  HPV+ and  HPV− HNSCC cell 
culture supernatants. Subsequently, supernatant-experi-
enced pDCs were co-cultured with autologous  CD4+ T 
cells. As expected, pDCs affected by  HPV− HNSCC super-
natants generated significantly higher numbers of Tregs 
compared to control pDCs and pDCs influenced by  HPV+ 
HNSCC supernatants (Fig. 5f).

Discussion

Plasmacytoid DCs have been widely reported as dysfunc-
tional and pro-tumorigenic in solid tumors, including 
HNSCC [20, 24, 27, 28]. However, HNSCC is a hetero-
geneous group of tumors caused by two major etiological 

Fig. 3  The effect of  HPV+ and  HPV− tumor-derived cell culture 
supernatants on CpG-induced IFNα production in pDCs. a BDCA-
2+ pDCs were isolated from the peripheral blood of healthy donors 
(n = 4) and incubated in the presence of tumor supernatants (n = 18) 
and CpG ODN 2216 (5  µg/ml). The reference value (100%) indi-
cates the production of IFNα upon CpG stimulation in complete 
RPMI medium and was evaluated for each donor individually. 
Columns represent the mean proportion of the reference produc-
tion of IFNα ± SEM. b Columns represent differences in levels of 
selected cytokines in highly suppressive (> 50%)  HPV− cell culture 
supernatants (n = 5) and supernatants from non-suppressive  HPV+ 
tumor-derived cell suspensions (n = 5). c Columns show the mean 
(± SEM) relative IL-10, TNFα and TGFβ mRNA expression in 
 HPV+ (n = 4) and  HPV− (n = 6) tumor samples. d Effect of the indi-

cated recombinant cytokines on CpG ODN 2216-induced IFNα pro-
duction in healthy control blood-derived pDCs. The reference value 
(100%) indicates the IFNα level after the addition of RPMI only. 
Columns represent the mean proportion of the reference produc-
tion ± SEM in three separate experiments performed with 8 differ-
ent donors. e Columns represent IFNα production changes in pDC 
cultures with recombinant IL-6, IL-10 and TNFα in the presence or 
absence of anti-IL-6, anti-IL-10 and anti-TNFα neutralizing antibod-
ies (10 µg/ml). Antibody-treated samples were compared to samples 
with recombinant cytokines. f Columns represent IFNα production 
changes in pDC cultures with  HPV− cell culture supernatants in the 
presence or absence of anti-IL-6, anti-IL-10 and anti-TNFα neutral-
izing antibodies (10 µg/ml). Antibody-treated samples were compared 
to samples with culture supernatatnts.*p < 0.05
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agents, namely tobacco/alcohol consumption and HPV 
infection. HPV-induced tumors are typically located in 
the oropharynx and are associated with better locore-
gional control and longer overall survival in response 

to conventional treatment [3, 4]. Although it has been 
shown that HPV-associated tumors have a markedly dif-
ferent immune profile than non-virally induced HNSCC 
[11, 12], so far the functional capacity and phenotype of 

Fig. 4  Production of IL-6, IL-10 and TNFα in tumor cells and tumor-
infiltrating immune cells with respect to HPV status. a Columns rep-
resent the proportions of  HPV+ (n = 14) and  HPV− (n = 11) tumor 
samples expressing IL-6, IL-10 and TNFα in tumor cells (black col-

umn) and tumor-infiltrating immune cells (gray column). b Repre-
sentative IHC staining of IL-6, IL-10 and TNFα in tumor-infiltrating 
immune cells and tumor cells. * p < 0.05
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tumor-infiltrating pDCs have never been evaluated with 
respect to the HPV status of the tumor.

In the present study, we analyzed the capacity of pDCs 
to produce IFNα upon stimulation with CpG and imiqui-
mod, in 44 HPV-negative and 32 HPV-positive HNSCC 
tumor samples. While the densities of pDCs within the 
tumor microenvironment were comparable in both groups, 
pDCs derived from HPV-negative samples produced sig-
nificantly lower amounts of IFNα upon CpG stimulation 
compared to pDCs derived from HPV-positive tumor tis-
sues and control tonsils. These results correlated with 
the markedly different cytokine profiles of  HPV+ vs. 
 HPV− tumors, suggesting that the impaired functional 
capacity of pDCs infiltrating non-virally induced HNSCC 
may be caused by a suppressive cytokine milieu in the 
 HPV− tumor microenvironment. In contrast, pDCs derived 
from  HPV+ tumors were in most cases functionally unim-
paired, with a markedly lower capacity of IFNα production 

observed in patients who succumbed to the disease during 
follow-up.

In most of the published studies, the functional capacity 
of tumor-infiltrating pDCs was compared to the circulat-
ing pDCs of the patients. We observed that the functional 
capacity of blood-derived pDCs markedly decreased with 
the time of sample processing; therefore, we used healthy 
tonsils and peritumoral mucosa as control samples, which 
were processed exactly like the tumor tissue, to avoid any 
effect of sample processing on pDC functions. We found 
similar densities of pDCs in all of the tissues analyzed, with 
slightly higher numbers of pDCs in tonsils, which was in 
accordance with previously published data [24]. The propor-
tion of IFNα-producing pDCs did not differ between  HPV+ 
and  HPV− samples; however, the MFI of IFNα+ pDCs was 
significantly higher in CpG-stimulated  HPV+ tissues com-
pared to  HPV− samples. These data suggested that IFNα 
is produced by similar proportions of pDCs in both  HPV+ 

Fig. 5  a Frequency of  CD127loCD25hiFoxP3+CD4+ Tregs in  HPV+ 
(n = 18) and  HPV− (n = 14) HNSCC patients using flow cytometry 
analysis. Each symbol represents a patient, the horizontal line rep-
resents the average, and error bars indicate SEM. Cells are gated on 
 CD4+ tumor-infiltrating T lymphocytes. b, c Correlation between 
Treg and pDC proportions in  HPV+ (b)  and  HPV− (c)  HNSCC 
patients. Linear trendlines and p values are shown. d Columns rep-
resent the mean (± SEM) densities of  FoxP3+ cells in tumor nests 
and tumor stroma of immunohistochemically stained FFPE sections 

of  HPV+ (n = 12) and  HPV− (n = 11) HNSCC. e Colocalization of 
 FoxP3+ Tregs (blue nuclei) and BDCA-2+ pDCs (brown membranes) 
in the stroma of a representative HNSCC patient. f Columns represent 
the average change in proportions of Tregs in pDC – CD4 + T cell 
co-cultures upon cultivating pDCs, derived from peripheral blood of 
healthy donors, with/without  HPV+ (n = 7; black column) and  HPV− 
(n = 7; gray column) HNSCC cell culture supernatants. Error bars 
represent SEM. ** p < 0.01
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and  HPV− tumors, but the amounts of secreted IFNα could 
differ markedly. Therefore, we analyzed the levels of IFNα 
in culture supernatants harvested from CpG- and IMQ-
stimulated tumor-derived single-cell suspensions. In accord-
ance with the flow cytometry data, we observed significantly 
lower levels of IFNα in supernatants from CpG-stimulated 
 HPV− tumor suspensions compared to  HPV+ tumor suspen-
sions and control tonsils. Upon IMQ stimulation, the produc-
tion of IFNα was very low, most likely due to a substantial 
decrease in pDC viability in IMQ-treated cultures, as shown 
in Fig. S1B.

Fuchs et al. [29] reported that cross-linking of NKp44 
expressed on a subset of tonsillar pDCs markedly inhibited 
the production of IFNα in response to CpG stimulation. To 
assess whether NKp44 expression may be a hallmark of pDC 
dysfunction, we analyzed the expression levels of NKp44 
in IFNα-producing and IFNα-negative pDCs. Surprisingly, 
we observed significantly higher expression of NKp44 in 
 HPV+ tumor-derived pDCs compared to pDCs infiltrating 
 HPV− tumors, with no relationship to IFNα production upon 
stimulation. In tonsils, NKp44 expression was associated 
with the production of IL-3 by adjacent memory  CD8+ 
T cells [29]; thus, a higher proportion of  NKp44+ pDCs 
in  HPV+ tumors might reflect higher densities of  CD8+ 
T cells within the microenvironment of  HPV+ HNSCC 
[11, 13]. Hartmann et al. [24] observed downregulation of 
TLR mRNA expression in pDCs incubated in the presence 
of HNSCC culture supernatants. In our study, we did not 
observe any differences in the expression of TLR7 and TLR9 
at the protein level in pDCs infiltrating  HPV− and  HPV+ 
tumor tissues, nor did we show any significant differences in 
the expression of other pDC-associated molecules, namely 
CD28, Granzyme B, IDO, TIM-3 and TRAIL.

Previous studies described the impact of tumor-derived 
cell culture supernatants on the functional capacity of pDCs 
infiltrating HNSCC, ovarian, breast and cervical tumors [24, 
28, 30–32]. In our study, only  HPV− supernatants signifi-
cantly inhibited IFNα production in control pDCs, which 
is in accordance with the observed impairment of func-
tional capacity of pDCs infiltrating  HPV− but not  HPV+ 
tumors. In ovarian and breast cancers, TNFα and TGFβ 
were shown to be the key factors inducing the impairment 
of IFNα production [27, 28, 30]. In cervical cancer, the 
major role was attributed to HMGB1 secreted by neoplas-
tic keratinocytes from the genital tract [32]. Additionally, 
IL-10 was shown to be a potent inhibitor of both IFNα 
and IL-12 production of CpG-stimulated pDCs [33]. The 
design of our experiments enabled us to detect the most 
pronounced differences in the cytokine milieu between the 
highly suppressive  HPV− supernatants (suppression of IFNα 
production > 50%) and non-suppressive  HPV+ supernatants 
(suppression ≤ 20%). Indeed, we showed that suppressive 
 HPV− supernatants contained significantly higher levels 

of IL-6, IL-10 and TNFα but not HMGB1 compared to 
non-suppressive  HPV+ supernatants. In comparison with 
the concentrations that we observed in the culture superna-
tants of HNSCC cell suspensions (5.7–49.7 ng/ml), in vitro 
studies describing the inhibitory effect of HMGB1 on pDC 
functions [32, 34] used substantially higher concentrations 
(1–2 µg/ml) of recombinant protein to achieve > 50% inhibi-
tion of IFNα production. The relatively low concentrations 
of HMGB1 in HNSCC suggest that this is most likely not 
the key factor in pDC inhibition induced by  HPV− tumor 
environment. In our study, IL-10 and TNFα at the con-
centrations observed in culture supernatants significantly 
impaired IFNα production by circulating pDCs, suggest-
ing their important role in mediating pDC dysfunction in 
 HPV− HNSCC. Indeed, neutralization of TNFα in inhibitory 
cell culture supernatants restored IFNα production by pDCs 
to 82.8 ± 13.5%. Considering the fact that neutralization of 
IL-10 restored IFNα production only to 47.3 ± 19.9% and no 
additive effect of neutralization of multiple cytokines was 
observed, TNFα seems to be the key factor in  HPV− HNSCC 
microenvironment, which suppresses tumor-infiltrating 
pDCs.

In HNSCC, TNFα was shown to be mainly produced 
by tumor cells and macrophages [35, 36]. Indeed, our data 
revealed TNFα-positive staining of tumor cells in 81.8% of 
 HPV− samples compared to 50% of  HPV+ samples. Simi-
larly, IL-10-positive tumor cells were detected in 72.7% of 
 HPV− tissues, but only in 14.3% of  HPV+ tissues.

It has been reported that functionally impaired pDCs pro-
mote selective Treg expansion and are capable of priming 
Tregs by the ICOS/ICOS-L pathway [20, 37, 38]. Consistent 
with these data, we observed a significant positive correla-
tion between Treg and pDC proportions in  HPV− but not 
 HPV+ HNSCC. Additionally,  FoxP3+ Tregs colocalized 
with BDCA-2+ pDCs in the tumor stroma of  HPV− tumor 
samples, suggesting interactions between pDCs and Tregs 
in the HNSCC tumor microenvironment. Indeed, we showed 
that pDCs from healthy donors affected by  HPV− but not 
by  HPV+ HNSCC cell culture supernatants are capable to 
induce Treg expansion. Thus, we suggest that the environ-
ment of  HPV− HNSCC is capable to drive pDCs to become 
potent inducers of Treg expansion, promoting immunosup-
pression in the tumor. Tumor-infiltrating Tregs were reported 
to be major drivers of resistance to radiotherapy and PD-L1 
blockade in HNSCC mouse model [39]. In  HPV− HNSCC, 
tumor-infiltrating pDCs, which support Treg expansion, thus 
might represent an underestimated target for future immu-
notherapeutic approaches. However, the exact contribution 
of pDC-induced Treg expansion to the total levels of tumor-
infiltrating Tregs needs further evaluation in vivo.

In conclusion, our study shows that the highly immu-
nosuppressive cytokine milieu in  HPV− but not in  HPV+ 
HNSCC significantly affects the functional capacity of 
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tumor-infiltrating pDCs. Such dysfunctional pDCs most 
likely further support the suppressive microenvironment 
by promoting the expansion of Tregs in the tumor tissue. 
Targeting pDCs in  HPV− HNSCC thus might represent a 
promising therapeutic strategy that could disrupt the vicious 
cycle intensifying the immunosuppressive setting of the 
tumor microenvironment.

Supplementary Information The online version contains supplemen-
tary material available  at (https ://doi.org/10.1007/s0026 2-021-02874 
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