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Introduction
Plasmacytoid DCs (pDCs) are a pleiotropic cell population with 
different functions in the setting of infections, autoimmunity/
inflammation, and cancer. They are perhaps best recognized for 
their ability to produce high levels of IFN-α through TLRs 7 and 9 
in response to viruses and endogenous nucleic acids (1). In many 
types of human cancer, intratumoral pDCs are often tumor pro-
moting with reduced expression of IFN-α and cell surface costim-
ulatory molecules, and they are mediators of immunotolerance 
(2–11) through their expression of indoleamine 2,3-dioxygenase 
1 (IDO1) and inducible T cell costimulator ligand (ICOSL) (3, 12). 
However, through activation of their TLRs 7 and 9, the immuno-
stimulatory and tumor-killing functions of pDCs can be restored to 
enhance antitumor immunity and even drive tumor regression (13–
15). In this regard, pDCs modulate immune responses that mirror 
their role in antiviral immunity, including enhancing the priming of 
cytotoxic CD8+ T cells by conventional DCs (cDCs) (14, 15).

In this study, we identified the accumulation of a natural-
ly occurring immunostimulatory pDC subset in tumors and 
tumor-draining lymph nodes from patients with head and neck 
squamous cell carcinoma (HNSCC), particularly HPV-posi-
tive HNSCC, characterized by high expression of TNF receptor 
(TNFR) superfamily member OX40 (CD134) (OX40+ pDC). Like 
the other TNFR superfamily members, OX40 is a costimulato-

ry molecule expressed on activated T cells after antigenic T cell 
receptor (TCR) stimulation (16). The role of its expression on 
cells other than T lymphocytes is unclear. In pDCs, we showed 
that OX40+ pDCs were immunophenotypically and functionally 
distinct from their OX40-low (OX40lo/– pDC) counterpart based 
on increased expression of cell surface maturation markers and 
production of IFN-α. Additionally, they synergized with autolo-
gous cDCs to generate robust tumor-associated antigen–specific 
(TAA-specific) CD8+ T cell responses. Their transcriptomes were 
uniquely enriched for EIF2 signaling and oxidative phosphoryla-
tion (OXPHOS) pathways. Finally, in the mouse OX40+ pDC–rich 
tumor model, they were required for limiting tumor growth. Col-
lectively, we demonstrate OX40+ pDCs to be an attractive new 
target to boost antitumor immunity by increasing their intratumor 
levels and function.

Results
OX40 expression on pDCs in the TME of HNSCC. Over a 3-year peri-
od, we performed a large prospective analysis of pDCs extracted 
from the tissue of patients with HNSCC (n = 102) (Supplemental 
Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI131992DS1). Among different myeloid 
and T cell immune subsets, cDCs and pDCs were major sources 
of OX40 expression in the TME (primary tumor and/or tumor-
involved draining cervical lymph nodes [dLNs+]) (Figure 1A), as 
measured by flow cytometry (Figure 1B) and imaged for pDCs by 
confocal microscopy (Figure 1C). In the TME, pDC OX40 expres-
sion was highest in the dLNs+, especially in patients with HPV+ 
HNSCC (Figure 1D and Supplemental Figure 1A). As ICOSL has 
been demonstrated to be expressed on pDCs from patients with 
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Given the high levels of CD25 on OX40+ pDCs, we sought 
to determine whether treating pDCs with IL-2 increased their 
OX40 expression. We found that compared with TLR9 agonist 
CpG oligodeoxynucleotides (CpG ODN) and TLR 7/8 agonist 
Resiquimod, overnight treatment of pDCs from the dLNs– of 
HNSCC patients with IL-2 resulted in greater mean pDC OX40 
expression (Supplemental Figure 1C). Stimulation of OX40+ 
pDCs with Resiquimod yielded greater percentages of IL-12p70 
and CD86 coexpression compared with autologous OX40lo/– 
pDCs and cDCs (Figure 2C). Similarly, compared with OX40lo/– 
pDCs, stimulation of OX40+ pDCs with either Resiquimod or 
CpG resulted in elevated levels of TNF-related apoptosis-induc-
ing ligand (TRAIL), granzyme B (GzB), and IFN-α (Figure 2, D 
and E) that corresponded morphologically with increased cyto-
plasmic secretory granularity (Figure 2F).

different tumors (3, 17), we examined ICOSL expression on TME 
pDCs and found virtually no coexpression of OX40 and ICOSL on 
intratumoral pDCs (Figure 1E). Our findings of increased OX40 
expression on pDCs from the TME that lacked concomitant 
ICOSL expression led us to ask whether OX40+ pDCs were dis-
tinctly immunostimulatory in the TME.

OX40+ pDCs have a distinct immunostimulatory phenotype. We 
performed ex vivo characterization of FACS-isolated OX40+ pDCs 
from the dLNs+ and tumor-negative draining cervical lymph nodes 
(dLNs–) of HNSCC patients. We found that OX40+ pDCs represented 
a more mature and activated population based on increased expres-
sion of CD40, CD80, CD86, OX40L, Siglec6, and Axl (Figure 2, A 
and B, and Supplemental Figure 1B). OX40+ pDCs also had elevated 
expression of surface markers more commonly found on mature lym-
phocytes, including CD25/IL-2RA and the TNFR molecule 4-1BB.

Figure 1. OX40 expression on pDCs in the TME of HNSCC. (A) OX40 expression in the TME (measured by flow cytometry) of HNSCC patients on differ-
ent immune cell subsets — pDCs (n = 89), cDCs (n = 53), CD8+ T cells (n = 16), CD4+ T cells (n = 17), CD4+ Th1 T cells (n = 12), and CD4+ Treg cells (n = 14). T 
cell subsets were gated from live CD45+CD3+ cells. Th1 cells were defined as CD4+Tbet+ T cells and Treg cells were defined as CD4+Foxp3+ cells. (B) Gating 
strategy for FACS analysis and sorting of OX40+ and OX40lo/– pDCs from patient specimens. After selecting for singlets and live cells, pDCs were gated 
from HLA-DRhiLineage– cells, followed by CD11c–CD123+ cells. pDCs were further confirmed by expression of CD303 (BDCA-2). OX40 expression on pDCs 
was determined using internal negative controls. (C) Immunofluorescence of pDCs in the TME demonstrating OX40 and CD123 coexpression. n = 4, with 4 
patient repeats. Original magnification, ×63. Scale bar: 5 μm. Red, OX40; green, CD123; blue, DAPI. (D) OX40 expression on pDCs from different anatomic 
sites: PBMC (n = 17), dLN– (n = 50) or dLN+ (n = 59), and primary tumor (n = 53). (E) Correlation (Pearson, with a line of best fit) between OX40 and ICOSL 
expression on matched patient TME pDCs (n = 28). One-way ANOVA followed by Tukey’s post hoc test (A and D). **P < 0.01; ***P < 0.001; ****P < 0.0001. 
Bar graph data are mean ± SEM; middle line of box-and-whisker plot indicates the median, box limits indicate the first and third quartiles, and whiskers 
indicate “extreme” for all data points. Representative flow plots are shown (A, D, and E).
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We next sought to determine whether this synergy between 
OX40+ pDCs with mDCs and CD8+ T cells was contact depen-
dent or the result of secreted immunostimulatory cytokines. 
Using a Transwell coculture assay (Figure 3F), we found that 
separation of OX40+ but not OX40lo/– pDCs from autologous 
peptide-loaded mDCs and CD8+ T cells significantly reduced 
CD8+ T cell proliferation and cytolytic function (Figure 3G). 
Separation of either OX40+ or OX40lo/– pDCs from mDCs and 
CD8+ T cells resulted in reduced CD8+ T cell activation (Supple-
mental Figure 2A).

These findings suggest that OX40+ pDCs interact with both 
cDCs and CD8+ T cells in a distinct contact-based fashion to 
enhance the generation of antigen-specific effector CD8+ T 
cells. To determine whether this contact was in part based on 
the direct presentation of antigen by pDCs to CD8+ T cells, 
we compared the TAA-presentation capacities of OX40+ and 
OX40lo/– pDCs to mDCs from HLA-A2+ HNSCC patients. We 
found when loaded with E7, OX40+ pDCs yielded higher per-
centages of antigen-specific IFN-γ– and GzB-producing CD8+ 
T cells compared with autologous OX40lo/– pDCs and mDCs 

Collectively, our data demonstrate that OX40+ pDCs have a 
distinct expression profile of both myeloid and lymphocytic acti-
vation and maturation markers as well as selective enhanced sen-
sitivity to TLR agonists.

OX40+ pDCs promote antigen-specific CD8+ T cell responses. Identi-
fying OX40+ pDC as a mature and immunostimulatory pDC popula-
tion, we hypothesized that they positively contributed to the genera-
tion of antigen-specific CD8+ T cell responses. As it has been shown 
that pDCs are capable of enhancing cDC cross-priming of CD8+ T cells 
to drive antitumor responses (14, 18), we postulated that OX40+ pDCs 
preferentially synergize with cDCs to enhance their presentation of 
TAA to autologous CD8+ T cells. We cocultured HNSCC patient pDC 
subsets sorted from tumors or dLNs with autologous CD8+ T cells and 
TAA-loaded autologous HLA-A2+ monocyte-derived DCs (mDCs) 
(Methods, Figure 3A, and Supplemental Figure 1D). We found that 
OX40+ pDCs, especially those from the TME, were superior to both 
OX40lo/– pDCs and peptide-loaded mDC-only controls in boosting 
mDC priming of TAA-specific CD8+ T cells based on increased CD8+ 
T cell proliferation, expression of Tbet, and production of IFN-γ and 
GzB (Figure 3, B–E, and Supplemental Figure 1, E–G).

Figure 2. OX40+ pDCs have a distinct immunostimulatory phenotype. (A) After overnight incubation, pDCs from the dLNs– of HNSCC patients (n = 7) were 
harvested and measured by flow cytometry for expression of different surface markers. Single gradient mean values are shown. (B) Representative histo-
grams of OX40+ and OX40lo/– pDC surface marker expression. (C) Expression of IL-12p70+CD86+ populations on sorted cDCs and pDCs, either unstimulated 
(controls; bottom) or in the presence of Resiquimod (top). n = 2; 2 experimental patient repeats. (D) Percentages (by flow cytometry) of dLN– pDCs positive 
for TRAIL (n = 5) and GzB (n = 4) after overnight stimulation with CpG or Resiquimod. (E) The concentration (pg/mL) of IFN-α (n = 10) and TRAIL (n = 6) in 
the supernatant from sorted OX40+ and OX40lo/– pDCs from the TME and non-TME stimulated with either CpG or Resiquimod. Data normalized to 2 × 103 
pDCs per sample. (F) May-Grunwald staining of OX40+ and OX40lo/– pDC subsets stimulated with Resiquimod. Scale bar: 5 μm. n = 4, 4 experimental patient 
repeats. Two-way ANOVA with Sidak’s test for multiple comparisons (A). Two-tailed paired t test (D and E). *P < 0.05. Bar graph data are mean ± SEM; mid-
dle line of box-and-whisker plot indicates the median, box limits indicate the first and third quartiles, and whiskers indicate “extreme” for all data points.
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The OX40-OX40L axis is utilized by pDCs in the TME. In estab-
lished tumor models in mice, OX40-expressing DCs have been 
shown to preferentially bind OX40L in the TME, resulting in their 
activation (19). We explored the role of OX40L ligation in pDC-
mediated antigen-specific CD8+ T cell responses by pretreating 
OX40+ pDCs with recombinant OX40L (rOX40L), which dramati-
cally enhanced pDC coordination with mDCs in priming E7-specific 

(Figure 3H and Supplemental Figure 2B). Interestingly, in these 
coculture experiments, E7-loaded OX40+ pDCs were also the 
highest producers of IL-12p70.

Together, these findings demonstrate that OX40+ pDCs coor-
dinate with antigen-loaded mDCs to generate potent tumor-spe-
cific CD8+ T cells in a contact-based fashion and that they can also 
directly present antigen to CD8+ T cells.

Figure 3. OX40+ pDCs promote antigen-specific CD8+ T cell responses. (A) Illustration of the antigen-specific in vitro coculture model, in which 
autologous OX40+/OX40lo/– pDCs from the TME/non-TME of HNSCC patients (n = 9) were cocultured with autologous TAA peptide-loaded mDCs and 
CD8+ T cells for 5 to 6 days, at which point antigen-specific CD8+ T cell responses were measured, (B) including for proliferation (eFluor 450–low) 
and IFN-γ production as demonstrated in flow plots of a patient’s CD8+ T cells cocultured with OX40+ or OX40lo/– pDCs sorted from their tumors. 
CD8+ T cell positivity was also measured for (C) Tbet and (D) eFluor 450–low in these coculture experiments. (E) CD8+ T cell positivity for CD69 after 
coculture with TAA peptide–loaded mDCs without pDCs (control) or with OX40+ or OX40lo/– pDCs from the TME versus non-TME (dLN–) (n = 5). (F) 
Illustration depicting the Transwell coculture assay in which OX40+ or OX40lo/– pDCs in the top chamber were separated from autologous CD8+ T cells 
and peptide-loaded mDCs in the bottom chamber. (G) Percentage of proliferating (eFluor 450–low) and GzB+ CD8+ T cells in Transwell versus contact 
coculture (n = 3). Representative flow plots show GzB production by CD8+ T cells cocultured with E7-loaded mDCs and OX40+ or OX40lo/– pDCs in 
coculture contact or separated by Transwell. (H) Flow plots comparing antigen presentation capacities of autologous OX40+ and OX40lo/– pDCs with 
mDCs, based on cytolytic CD8+ T cell responses (no peptide controls for these plots are shown in Supplemental Figure 2B). Shown is GzB production 
by CD8+ T cells in the presence or absence of OX40+/OX40lo/– pDCs (top) and IL-12p70 production by mDC/pDC subsets (bottom). n = 2; 2 experimen-
tal repeats. One-way ANOVA followed by Tukey’s post hoc test (C–E and G). Bar graph data are mean ± SEM; *P < 0.05. NS, not significant. Middle 
line of box-and-whisker plot indicates the median, box limits indicate the first and third quartiles, and whiskers indicate “extreme” for all data 
points. Representative flow plots are shown (C–E and G).
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we examined matched patient dLN+ and dLN– tissue sections for 
pDC OX40 expression by confocal immunofluorescence microsco-
py and multiplex IHC (Figure 4, B and C, and Supplemental Figure 
2, E and F). Through algorithm-assisted production of image files 
identifying pDCs “touching” other OX40L-expressing cells (Vec-
traPolaris, Figure 4D), we found that in the TME and compared 
with OX40lo/– pDCs, OX40+ pDCs were significantly more likely to 
be touching other OX40L+ pDCs, as well as OX40L+ macrophages 
(Figure 4, E and F). We also quantified the number of CD8+ T cells 
located within a 30 μm radius of pDC subsets and found that CD8+ 
T cells preferentially clustered around OX40+ pDCs only in the 
TME (Figure 4G). Compared with OX40lo/– pDCs, OX40+ pDCs 
were also more likely to be closer to the tumor based on a shorter 
intercellular distance to mapped tumor margins (Figure 4H).

CD8+ T cells compared with controls lacking OX40L pretreatment 
of pDCs (Supplemental Figure 2C). Additionally, treatment of pDCs 
with combination CpG/Resiquimod and OX40L increased their 
production of IFN-α compared with treatment with either TLR ago-
nist alone (Supplemental Figure 2D). Correspondingly, combination 
TLR agonist and OX40L treatment resulted in increased OX40+ 
pDC cytoplasmic secretory granules (Supplemental Figure 2D).

To further explore OX40-OX40L pDC interactions, we deter-
mined whether OX40L expression was increased on OX40+ pDCs, 
which would suggest autocrine receptor-ligand interactions. This 
was confirmed by ex vivo flow cytometric measurement of OX40L 
expression on sorted pDCs from HNSCC, and using multiplex IHC, 
we found that intratumoral pDC OX40 and OX40L expression 
intensities positively correlated to one another (Figure 4A). Next, 

Figure 4. The OX40-OX40L axis is utilized by pDCs in the TME. (A) OX40L expression measured by flow cytometry on OX40+ and OX40lo/– pDCs (n = 7). Correla-
tion (Pearson, with line of best fit) of OX40 and OX40L expression intensities (per-cell normalized counts, total weighting) on pDCs measured on an HNSCC 
TME tissue section. n = 4; 4 patient repeats. (B) Immunofluorescence images from the TME showing a cell’s coexpression of OX40 (red) with CD123 (green), 
sitting adjacent to CD8-expressing (magenta) cells. Gallery view of Z-stacks (collected at 0.29-μm intervals). Original magnification, ×63. Scale bar: 5 μm. n = 4; 
4 patient repeats. (C) Processed multispectral image (steps outlined in Supplemental Figure 2E for same example image) of the TME. Original magnification, 
×40. Inset: a cluster CD123+ (green) cells, including one with OX40 expression (orange), next to a CD8+ (magenta) cell. (D) Representative image file written using 
Phenoptr to calculate touching pairs of phenotyped OX40L+CD68+ macrophages with phenotyped OX40+ pDCs. (E and F) Percentage of phenotyped OX40+/
OX40lo/– pDCs touching other OX40L+ cells, including pDCs, macrophages (Mφ), and “other cells” (Methods), in the TME and non-TME of patients (n = 3). (G) 
Ratios of CD8+ T cell counts within 30 μm of pDC subsets to total counts of CD123+ pDC subsets (OX40+/OX40lo/–) in the TME and non-TME of patients (n = 5). 
(H) Intercellular distances of phenotyped pDC subsets to the closest tumor margin (μm). Original magnification, ×40. n = 3; 3 patient repeats. One-way ANOVA 
followed by Tukey’s post hoc test (F) and unpaired (E), and paired (A, G, and H) t tests. *P < 0.05; **P < 0.01; NS, not significant. Bar graph data are mean ± SEM; 
middle line of box-and-whisker plot indicates the median, box limits indicate the first and third quartiles, and whiskers indicate “extreme” for all data points.
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Figure 5. OX40+ pDCs harbor a unique transcriptome. (A–F and I) Bulk RNA sequencing was performed on cell-sorted pDCs from HNSCC patients (n = 7) 
(Supplemental Table 2). DEGs were determined using the criterion of fold changes (FC) greater than or equal to 1.5 (see Methods). (A) Principal component 
analysis showing the clustering of transcriptional profiles of TME and non-TME pDCs (top), including pDCs from HPV+ patients (bottom). (B) Top: log2 
expression of TNF-receptor genes upregulated in the TME of pDC samples. Bottom: expression of TNFSF4 in the TME versus non-TME pDCs. (C) Volcano 
plot of gene expression in OX40+ pDCs relative to their expression in OX40lo/– pDCs (up- and downregulated in OX40+ pDCs colored as magenta and orange, 
respectively) against the FDR. (D) Top pathways (–log[P value] > 2.0) generated from IPA enriched in OX40+ and OX40lo/– pDCs, respectively. Corresponding 
ratios for each enriched pathway are measured on the second y axis. Full pathway title: Nitrous Oxide and Reactive Oxygen Species Production in Macro-
phages. (E) Expression of genes involved in MHC I antigen presentation enriched in HPV+ HNSCC OX40+ pDCs. (F) Heat map reporting relative expression of 
183 DEGs in OX40+/OX40lo/– pDCs. Gene pathway clusters are demarcated by boxes. (G) Functional correlative data for cluster II (OXPHOS) in OX40+ pDCs. 
Left: Mitochondrial mass measurements in pDC subsets from the TME were calculated using Imaris (see Methods). Original magnification, ×100. Scale 
bar: 5 μm. n = 3; 3 experimental repeats. Right: Real-time analysis of OXPHOS (oxygen consumption ratios measured by Seahorse assay) in sorted pDCs 
from the TME. n = 2; 2 experimental repeats. (H) Functional correlative data for cluster III (detoxification of ROS): total ROS volumes and ROS colocalized 
to mitochondria volumes in pDCs from the TME. n = 2; 2 patient experimental repeats. (I) Expression of genes involved in cluster VI (type I IFN signaling) 
upregulated in OX40+ pDCs. Unpaired Student’s t test (B and F–I) and right-tailed Fisher’s exact test (E). *P < 0.05; **P < 0.01, ***P < 0.001; NS, not 
significant. Error bars represent mean ± SEM of technical duplicates. Middle line of box-and-whisker plot indicates the median, box limits indicate the first 
and third quartiles, and whiskers indicate “extreme” for all data points. Z scores and genes for IPA in Source Data 1.
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These findings indicate that exogenous ligation of OX40 with 
rOX40L on OX40+ pDCs enhances their generation of tumor-spe-
cific CD8+ T cells and that in the TME, OX40+ pDCs are engaged 
in increased interactions with OX40L expressed on other pDCs as 
well as macrophages and other cell types.

OX40+ pDCs harbor a unique transcriptome. We next sought to 
characterize the transcriptomes of OX40-expressing pDCs from 
HNSCC patients for discovery of gene signatures in this pDC sub-
set. Bulk RNA sequencing was performed on FACS-isolated pDC 
samples (n = 19) from the TME and non-TME of HNSCC patients, 
including sorted OX40+ pDC (n = 8) and OX40lo/– pDC (n = 5) sam-
ples (Supplemental Table 2). The quality of RNA-Seq data for all 
samples was high, and 86.65% of reads were successfully mapped 
to the human genome.

After filtering and normalizing the raw RNA-Seq data, we 
ran principal component analysis based on transcriptional pro-
files per samples. Intriguingly, the divergent distribution pat-
terns revealed in TME pDCs versus non-TME pDCs and in only 
HPV+ TME versus non-TME were consistent, indicating that HPV 
positivity plays a key role in the genomic differences of these 
pDC populations (Figure 5A). TNF receptor signaling, including 
through OX40, was upregulated in TME pDCs across all patients, 
irrespective of HPV status, as was the expression of TNFRSF4 
(encodes OX40L) (Figure 5B).

A total of 3,495 differentially expressed genes (DEGs) were 
identified when comparing the genomes of OX40+ and OX40lo/– 
pDC groups, amongst which 1,782 were upregulated and 1,713 
were downregulated in OX40+ pDCs (Figure 5C). Among the 
most upregulated DEGs in OX40+ pDCs were genes involved in 
TLR signaling (TLR10), immune costimulation and activation 
(ITGAL: encodes CD11a), inflammasome signaling (PYCARD, 
DNASE1L3), and glucose uptake (SLC2A1: encodes GLUT1). 
Levels of the master pDC gene regulator TCF4 were significant-
ly higher in OX40+ pDC samples, as were pDC activation genes 
IRF8 and Siglec6, as well as CD3ε (Supplemental Figure 3A). The 
most downregulated genes in OX40+ pDCs, and thus upregulat-
ed in OX40lo/– pDCs, included those involved in IL-4 production 
by CD4+ T cells (CLECL1), negative regulation of noncanonical 
NF-κB signaling (PELI1), immune cell exhaustion (ILDR2), and 
regulation of antiinflammatory responses (AHR, TSC22).

Ingenuity Pathway Analysis (IPA) predicted EIF2 signaling, 
death receptor signaling (including TNFRSF12A and TNFRSF14), 
IL-7 signaling, and OXPHOS as the top upregulated canonical 
pathways in OX40+ pDCs and regulation of eIF4/p706k and 
TGF-β signaling among top upregulated canonical pathways in 
OX40lo/– pDCs (Figure 5D). mTOR signaling — involved in the 
TCR activation–mediated induction of glucose uptake and gly-
colysis (20) — was also one of the top upregulated pathways in 
OX40+ pDCs (data not shown). IPA restricted to HPV+ OX40+ ver-
sus OX40lo/– comparisons (Supplemental Figure 3, B and C) was 
enriched for MHC I signaling (Figure 5E).

Using gene pathway analysis (Kyoto Encyclopedia of Genes 
and Genomes [KEGG]/Reactome), we clustered 183 upregulat-
ed DEGs in OX40+ pDCs (Supplemental Table 3 and Figure 5F) 
according to the following major pathways: (a) TNFSF members 
mediating noncanonical NF-κB signaling, EIF2 signaling/ribo-
some; (b) OXPHOS; (c) detoxification of ROS and peroxisome; 

(d) lysosome; (e) phagosome, FcγR-mediated phagocytosis; (f) 
type I IFN signaling; (g) TLR signaling pathway; and (h) NK cell–
mediated cytotoxicity (Figure 5, G–I, and Supplemental Figure 3D).

A deeper analysis of OXPHOS in OX40+ pDCs from the TME 
revealed that the mitochondrial volumes of OX40+ pDCs were sig-
nificantly higher compared with autologous peripheral blood pDCs 
(Figure 5G). Bioenergetics were also measured in pDCs isolated 
from the TME, and compared with both autologous intratumoral 
OX40lo/– pDCs and cDCs, OX40+ pDCs demonstrated the highest 
levels of OXPHOS based on their oxygen consumption rate (OCR). 
Correspondingly, the volume of ROS in OX40+ pDCs largely colo-
calized to their mitochondria, which was significantly greater than 
that of OX40lo/– pDCs and peripheral blood pDCs (Figure 5H).

A total of 4,197 genes were differentially expressed between 
pDCs from the HPV+ TME and non-TME (Supplemental Table 4). 
Notable gene pathways upregulated in HPV+ TME pDCs across 
different samples included a combination of innate and adap-
tive immune responses, including extrinsic signaling pathway via 
death domain receptor as well as antigen presentation (Supple-
mental Figure 3E). pDCs from the TME across all patients, irre-
spective of HPV status, also had higher expression of the CD8+  
T cell–homing cytokines CXCL8 to CXCL10 (Supplemental Fig-
ure 3F). Neither the TME nor OX40 status (data not shown) result-
ed in consistent pDC genome clustering that would suggest either 
a common lymphoid progenitor (CLP) or common DC progenitor 
(CDP) origin (Supplemental Figure 3G).

These results demonstrate that OX40+ and OX40lo/– pDCs are 
transcriptomically distinct on the basis of pathways pertaining to 
immune costimulation, OX40, and other death receptor signal-
ing, ribosomal protein synthesis, and OXPHOS/ROS generation. 
Strikingly, the transcriptomes from TME HPV+ pDCs are diver-
gent from non-TME HPV+ pDCs on the basis of antiviral and CD8+ 
T cell–homing responses.

OX40+ pDCs correlate to survival in cancer patients and suppress 
tumor growth. When further examining the role of OX40 expres-
sion on pDCs in the TME in our prospective HNSCC cohort, 
we found that the presence of OX40+ pDCs in the TME was an 
important predictor of prospective patient survival, as these 
patients had significantly longer recurrence-free survival (Figure 
6A). This also was corroborated by analysis of the overall survival 
of HNSCC patients in the Genomic Data Commons (GDC) among 
those with concurrent high pDC gene signatures and levels of 
TNFRSF4 (encodes OX40) (Figure 6B). Concurrent high IL3RA 
and TNFRSF4 levels also corresponded to an increased transcrip-
tomic CD8+ effector T cell score in HNSCC patients (Figure 6C).

Because abundant evidence has demonstrated that natural-
ly occurring intratumoral pDCs promote immunotolerance in 
numerous murine tumor models (3–6, 21), we sought to better 
characterize the OX40 expression status of intratumoral pDCs 
and its role in disease behavior in different established murine 
tumors, including colon (MC38), lung (LLC-OVA), and melano-
ma (B16-F10 and B16CCR7) (Supplemental Figure 4A and Fig-
ure 6D). CCR7 overexpression on tumor cells has been reported 
to increase the tumor metastasis to dLNs, presumably leading to 
alterations of the host antitumor inflammatory responses (22). 
We found that intratumoral pDC expression of OX40 was elevat-
ed only in mice bearing established B16CCR7 tumors. We used a 
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from HNSCC patients, only pDCs from the B16CCR7 model syn-
ergized with gp100-loaded cDCs to drive gp100-specific CD8+  
T cell proliferative and cytolytic responses (Figure 6E). The pDCs 
from the dLNs of B16CCR7-bearing mice also produced higher 
levels of IL-12p40 when analyzed at the time of coculture harvest, 

murine antigen–specific coculture assay consisting of CD8+ T cells 
from Pmel-1 transgenic mice and gp100-loaded cDCs to study the 
role of pDCs sorted from the dLNs of B16CCR7 tumors (putative 
OX40+ pDC model) and B16-F10 tumors (putative OX40lo/– pDC 
model) in cDC priming of CD8+ T cells. Similar to OX40+ pDCs 

Figure 6. OX40+ pDCs correlate to survival in cancer patients and suppress tumor growth. (A) Prospective recurrence-free survival (log-rank, Mantel-Cox 
test) of HNSCC cohort (n = 80), stratified by median (45%) intratumoral pDC OX40 expression, as measured by flow cytometry. (B) Overall survival 
(log-rank, Mantel-Cox test) of HNSCC patients (n = 500) from the GDC data portal, stratified first by median pDC gene signature Z scores followed by 
stratification of mean TNFRSF4 (encodes OX40) mRNA levels. (C) Correlation (Pearson, with line of best fit) of TNFRSF4 log2 mRNA levels (among cases 
with pDChi gene signatures) with CD8+ T effector scores in HNSCC (n = 172). (D) OX40 expression on intratumoral pDCs from different murine tumor mod-
els. n =4; 4 experimental replicates. (E) gp100-specific Pmel-1 CD8+ T cell IFN-γ production by proliferating (eFluor 450–low) CD8+ T cells, measured in the 
presence or absence of pDCs from the dLNs of B16-F10– and B16CCR7-bearing mice. n = 2; 2 experimental repeats. (F) gp100-specific proliferating (eFluor 
450–low) Pmel-1 CD8+ T cells in the presence or absence of B16CCR7 pDCs prestimulated with Resiquimod and OX86. n = 2; 2 experimental repeats. (G) 
Effect of pDC depletion (anti-PDCA1) in B16-F10– and B16CCR7-bearing mice compared with controls (anti-polyclonal IgG). Data are pooled from at least 
2 independent experiments with 3 to 5 mice per group. (H) Quantification (by flow cytometry) of conventional cDCs (CD11c+CD11b–) and CD8a+ cDCs from 
B16CCR7-bearing mice treated with anti-PDCA1 or anti-polyclonal IgG. Data are pooled from individual experiments and normalized to 5 × 105 live cells. 
One-way ANOVA followed by Tukey’s post hoc test (D), 2-way ANOVA with Sidak’s test for multiple comparisons (H), and unpaired Student’s t test (G). 
**P < 0.01; ***P < 0.001. Tumor burden data and bar graph data are mean ± SEM.
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establishment (14, 18). From coculture with autologous mDCs and 
CD8+ T cells, we showed that OX40+ pDC enhancement of mDC 
presentation of antigen to CD8+ T cells was contact dependent. 
We also demonstrated that OX40+ pDCs are likely required for 
the recruitment of CD8a/CD103+ cDCs to the TME in an in vivo 
murine tumor model, and that agonizing the OX40 receptor on 
pDCs further optimized this effect and increased both cDC and 
pDC IL-12 production. In line with other findings that pDCs are 
required for the presence of activated XCR1+/CD8a+ cDCs in the 
viral setting (24–26), our findings support a similar role for OX40+ 
pDCs in tumor immunity in mice and in humans. Thus, our work 
offers complementary mechanistic insight into the enhanced sur-
vival outcomes seen in tumor-bearing mice treated with agonistic 
OX40 treatment (27) that generated antigen-specific CD8+ T cells 
(28), which had been attributed to OX40 expression on T cells but 
not on other cell types.

Although OX40+ pDCs were present in the tumors from 
HPV+ and HPV– HNSCC patients, they were present in the high-
est concentrations in the tumor metastases from dLNs from HPV+ 
patients. As a subtype of HNSCC that more frequently presents 
with early cervical lymph node metastases, HPV+ HNSCC patients 
also have an improved clinical outcome (29), and it is interesting 
to note the increased presence of this pDC population in these 
patients. We speculate that the OX40 expression on pDCs is 
upregulated in the presence of HPV. Our results also indicated 
that OX40+ pDCs from HPV– HNSCC patients were comparably 
capable of producing IFN-α and TRAIL as well as synergizing with 
mDCs in generating TAA-specific CD8+ T cells, indicating that the 
immunostimulatory properties of OX40+ pDCs are not limited to 
viral-driven HNSCC.

Our transcriptomic data showed that OX40+ pDCs had selec-
tive transcription of the pDC-defining genes IRF8 and E2-2 (TCF4) 
and preferential expression of genes relating to antigen presentation 
(CD40, CD80, CD86, OX40L, TLR signaling). In the viral setting, 
pDCs are capable of cross-presenting viral antigen to CD8+ T cells 
(30, 31) and in this study, we showed that pDCs, particularly OX40+ 
pDCs, were capable of cross-presenting tumor peptide (in our case 
HPV E7 pp11-19) to CD8+ T cells. Although little data exist to demon-
strate that pDCs process protein antigen, our RNA-Seq findings indi-
cated that OX40+ pDCs from HPV+ HNSCC patients had transcrip-
tomes enriched in expression of HLA-B, HLA-E, and B2M genes, 
FcγR-mediated phagocytosis, and lysosome signaling, suggesting 
that they engage in the phagocytosis, processing, and presentation 
of exogenous tumor antigen. In this vein, OX40+ pDCs shared some 
but not all features of the previously identified CD2+CD5+ pDC sub-
set (32, 33), including their enhanced ability to directly present anti-
gen to autologous CD8+ T cells, increased production of IL-12, and 
high expression of the myeloid gene LYZ (data not shown).

Our canonical pathway analysis also demonstrated that 
OX40+ pDCs from the TME preferentially utilized mitochondri-
al OXPHOS as an energy source. This unique metabolic profile 
of this pDC subset draws comparisons to the recently identified 
energy demands of NKT cells, which also utilize OXPHOS as a 
vital energy source for their survival, proliferation, and cytotox-
icity (34). Further investigation is needed to identify the glucose 
requirements of OX40+ pDCs because SLC2A1 (encodes Glut1) 
was one of the most upregulated DEGs in this pDC subset and 

compared with the pDCs from the dLNs of B16-F10–bearing mice 
(Supplemental Figure 4B). Likewise, B16CCR7 pDCs from dLNs 
were sensitive to OX40 ligation; direct stimulation of pDCs with 
Resiquimod and OX86 (a murine OX40 agonist) significantly 
increased gp100-CD8+ T cell proliferation and production of 
IFN-γ (Figure 6, E and F) and cDC production of IL-12p40 (Sup-
plemental Figure 4C).

Having established the pDCs from B16CCR7 mice as function-
al analogues to OX40+ pDCs from HNSCC patients, we hypothe-
sized that this population of pDCs was required for control of tumor 
growth in vivo and further tested this with pDC depletion studies. 
Whereas depletion of pDCs from B16-F10–bearing mice resulted 
in significantly lower tumor burden, suggesting they act as mod-
ulators of immunotolerance in the TME, in B16CCR7 mice, pDC 
depletion actually significantly accelerated tumor growth (Figure 
6G). In the absence of pDCs, tumors from B16CCR7 mice had a 
drastic reduction in intratumoral CD11c+CD11b– cDCs, including 
the CD8a+ and CD103+ cDC subtypes required for effective TAA 
cross-presentation (Figure 6H and Supplemental Figure 4D). 
Corresponding analysis of pDC correlation to cDC quantities in 
tumors from HNSCC patients revealed similar findings — OX40+ 
pDC levels had the strongest positive correlation to the number of 
intratumoral cDCs compared with OX40lo/– pDCs (Supplemental 
Figure 4E). pDC-depleted B16CCR7 tumors also had significantly 
elevated levels of granulocytic (Ly6G+) myeloid-derived suppres-
sor cells compared with B16CCR7 control mice, confirmed by 
immunofluorescence (Supplemental Figure 4, F and G).

Together, these findings demonstrate that the presence of 
intratumoral OX40+ pDCs is a positive predictor of enhanced sur-
vival and lower tumor burden in human and mouse tumor models, 
respectively, and an OX40+ pDC–rich tumor model suggests that 
they are required for the presence of intratumoral cDCs.

Discussion
The presence of tumor-specific CD8+ T cell responses in the TME 
is the underpinning of antitumor immunity and hurdles to its pres-
ence include cancer cell immune editing and the expression and 
secretion of immunoregulatory receptors and cytokines, respec-
tively (23). To date, naturally occurring intratumoral pDCs are 
considered immunoinhibitory. Here, we characterized a unique 
pDC subset in the TME of HNSCC, particularly of HPV+ patients, 
defined by expression of OX40hiICOSLlo/null and that preferentially 
elicits tumor-specific immune responses. Harnessing the power of 
naturally occurring immunostimulatory immune populations like 
these OX40+ pDCs is an important means to overcome impedi-
ments to the tumor-immunity cycle and to potentially increase the 
likelihood of patient sensitivity to tumor immunotherapy.

OX40+ pDCs represent a morphologically, functionally, and 
transcriptionally unique population characterized by enhanced 
immunostimulatory activity. By combining our observations from 
ex vivo and in vitro experiments using HNSCC specimens and 
correlative established mouse tumor models to characterize the 
function of OX40+ pDCs, we have created a working 3-way immu-
nological synapse model (see Graphical Abstract) between OX40+ 
pDCs, cDCs, and CD8+ T cells. Collectively, our findings offer 
insight into previous findings that pDCs enhance cDC priming of 
antigen-specific CD8+ T cells and in doing so, protect against tumor 
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tumor models, including LLC1 lung cancer, MC38 colon cancer, 
and B16-F10 melanoma expressed very low levels of OX40 and 
would not serve as an appropriate corresponding model to our 
findings in human HNSCC. Low OX40 expression on intratumor-
al pDCs in these models is viable justification for their already 
established inhibitory functions in numerous tumor models and 
pDC depletion experiments, including our own depletion exper-
iments in this study on B16-F10 melanoma (43–45). However, in 
identifying the B16CCR7-expressing melanoma model as con-
taining intratumoral pDCs with high levels of OX40 expression, 
we were able to further study the role of this unique immunostim-
ulatory pDC population in tumor development.

Up until this point, no naturally occurring intratumoral immu-
nostimulatory subset of pDCs has been characterized. Our discov-
ery of OX40+ pDCs, which accumulate most dramatically in the 
tumors and dLNs from HNSCC patients, calls for reexamination 
of our classification of the role of pDCs in tumor immunity. Future 
work is necessary for the discovery of therapeutic means to upreg-
ulate OX40 expression on intratumoral pDCs in order to effective-
ly induce both innate and adaptive antitumor immunity.

Methods
Human research samples and creation of single-cell suspensions. Tumor and 
nontumor tissues were collected during standard surgical procedures 
from the Department of Pathology, Northwestern Memorial Hospital. 
Tumor-node-metastasis (TNM) staging of patients with HNSCC was 
determined using the eighth edition of the AJCC Cancer Staging Man-
ual. Tumor and lymph node tissues not needed for diagnostic purposes 
were cut into small pieces and digested as previously described (46). In 
brief, a uniformly sized portion of fresh tissue (0.5 cm3) was harvested 
from either grossly visible tumor and/or matched uninvolved cervical 
lymph nodes within one hour of resection and transported in either 
RPMI or DMEM at room temperature for immediate enzymatic diges-
tion. PBMCs were obtained from blood (5–15 mL) collected in heparin-
ized tubes, either preoperatively or intraoperatively, using SepMate-50 
PBMC isolation tubes (StemCell Technologies).

Antibodies, flow cytometry, and cell sorting. All staining of single cell 
suspensions was done following internal validation by titering using 
tonsil or PBMCs from healthy donors. For a complete list of antibodies 
used in staining panels, refer to Supplemental Table 5.

For measurement of IFN-γ and GzB in coculture experiments, 
cells were incubated with 50 ng/mL PMA (50 ng/mL) and ionomycin 
(5 μg/mL) in the presence of BFA (10 μg/mL) RPMI at 37°C for 4 to 
6 hours. Intracellular staining was performed as previously described 
using BD Cytofix/Cytoperm (46). For Foxp3 staining, cells were fixed 
and permeabilized using eBioscience Foxp3 staining buffer set. For 
coculture experiments, fresh autologous CD8+ T cells isolated from 
peripheral blood were labeled with cell proliferation dyes eFluor 450 
(Thermo Fisher Scientific) per the manufacturer’s protocol. In exper-
iments analyzing mDC function, mDCs were labeled with eFluor 670 
(Thermo Fisher Scientific) prior to coculture with autologous CD8+ T 
cells and pDCs.

Flow cytometric immunophenotyping was performed on a BD 
LSRFortessa analyzer at the Northwestern University Robert H. Lurie 
Comprehensive Cancer Center (RHLCCC) Flow Cytometry Core 
Facility and data sets were analyzed using FlowJo software (version 
10, Tree Star). Cells were sorted on BD FACSAria 4-, 5-, and 6-laser 

because mTOR signaling — involved in the TCR activation–medi-
ated induction of glucose uptake and glycolysis (20) — was one of 
the top upregulated pathways in OX40+ pDCs.

Another gene pathway we found enriched in OX40+ pDCs per-
tained to T cell functions (CD28, OX40, CD25, IL-12, IL-7R) and 
in our canonical signaling analysis, we found that OX40+ pDCs 
were also enriched for death receptor/IL-7/CD28/CD40 signal-
ing. Recent work on pDC ontogeny has identified IL-7Rα+ CLP as 
giving rise to a subset of pDCs enriched in the expression of lym-
phoid-associated genes (35–37). Although we showed that IL-7R 
signaling was enriched in OX40+ pDCs, our finding that OX40+ 
pDCs were functionally more effective in antigen presentation 
supports a myeloid precursor lineage. Thus, OX40+ pDCs were 
transcriptomically unique for dual expression of CDP and CLP lin-
eage-based expression profiles. We infer from these findings that 
OX40+ pDCs undergo transcriptomic plasticity in the TME rather 
than commitment along a single progenitor lineage.

Although the mechanism of OX40 signaling in cells that lack 
a TCR remains unclear, it is important to note that unlike other 
costimulatory molecules, TCR ligation alone is insufficient to 
upregulate OX40 expression and it is also upregulated by cytokine 
signaling systems such as IL-2/IL-2R (38, 39). In this study, we 
found that CD25/IL-2RA, one of the subunits of the high-affini-
ty trimeric IL2R complex, was preferentially expressed on OX40+ 
pDCs and that treatment of pDCs with IL-2 increased their overall 
OX40 expression. Interestingly, coculture of pDCs with HNSCC 
tumor cell lines resulted in pDC activation and expression of 
CD25 as well as some other TNFR proteins (e.g., GITR), invoking 
a possible specialized phenotype in HNSCC (40), comparable to 
our findings.

In addition to increased induction of IFN-α, OX40+ pDCs also 
produced greater levels of TRAIL and GzB in response to TLR7/8 
and/or TLR9 stimulation, suggesting they may have a great-
er capacity to directly kill tumor cells, independent of adaptive 
immunity, supported by previous work on TLR-activated pDCs 
in established tumor models (13). pDC combination treatment 
with CpG/Resiquimod and rOX40L yielded higher IFN-α levels 
than TLR-agonist monotherapy. OX40L has been characterized 
on pDCs in tumor immunity as having mixed immunoinhibitory 
and immunostimulatory roles (14, 17, 41, 42). OX40/OX40L sig-
naling has also previously been implicated in type I IFN produc-
tion by pDCs, and abrogation of OX40L signaling greatly reduced 
pDC IFN-α production (41). In multiplex IHC analysis of the TME 
in HNSCC, we identified selective cell-to-cell contact between 
OX40+ pDCs and cells expressing OX40L, notably other pDCs. 
We also showed that similarly to treating human pDCs, treating 
murine pDCs from the dLNs of B16-CCR7–bearing mice and 
B16-F10–bearing mice (data not shown) with a combination of 
OX86 and Resiquimod was more effective in driving antigen-spe-
cific proliferation of Pmel-1 CD8+ T cells than the addition of pDCs 
stimulated with only Resiquimod.

Collectively, these findings demonstrated that pDC OX40-
OX40L signaling mediates immunostimulatory effects and that in 
vivo in the TME, the OX40/OX40L-signaling axis likely increases 
local IL-12 and IFN-α production and enhances cDC and CD8+ T 
cell interactions. Correlative studies in the mouse system were ini-
tially challenged by the fact that intratumoral pDCs from multiple 
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(1 μg/mL, InvivoGen), recombinant, carrier-free IL-2 (0.2 ng/mL, 
Biolegend), and/or recombinant carrier-free human OX40L (0.5 
μg/mL, BioLegend). For mouse pDC stimulation, OX86 was used (1 
μg/mL, Thermo Fisher Scientific).

Measurement of cytokines. Supernatants from the stimulation of 
pDCs were analyzed with ELISA for IFN-α (Human IFN-α Platinum 
ELISA kit, Invitrogen) or by Luminex for IFN-α, GzB, and TRAIL (cus-
tom-built, R&D). For the latter, the Luminex 200 instrument was used 
(MilliporeSigma).

Peptides. In autologous coculture experiments, mDCs were load-
ed with HLA class I:A2–restricted peptides (all 5 μg/mL). CMV pp65 
(Astarte Biologics) was used as an assay control. For HPV+ HNSCC 
patients, HPV 16 epitope E711–19 (Bio-Synthesis Inc), an established HPV 
epitope (47) recognized by CD8+ T cells in HPV-driven carcinomas, 
was loaded onto mDCs. For HPV– HNSCC patients, EGFR479–488,1138–1147 
or Her2369–377 were used, as both have been reported as antigens tar-
geted by CD8+ T cells in HNSCC (48–50). For mouse coculture exper-
iments, hgp10025–33 (GenScript) was used. Peptides were dissolved in 
either water or DMSO per the manufacturer’s instructions.

Analysis of HNSCC patient CD8+ T cell responses in coculture with 
autologous pDC subsets. CD8+ T cells from HNSCC patient PBMCs 
obtained from blood provided the day of the surgery were isolated 
by immunomagnetic negative selection using EasySep Human CD8+ 
T Cell Enrichment kit (StemCell) and then labeled with eFluor 450. 
mDCs were generated following a cytokine-based differentiation pro-
tocol (51). Monocytes isolated from fresh blood obtained from HNSCC 
patients in clinic during their preoperative appointments were isolat-
ed using EasySep Human Monocyte Isolation Kit (StemCell). Isolated  
monocytes were cultured in 24-well plates (1 × 106 cells/well) in DC 
medium (ImmunoCult-ACF Dendritic Cell Medium, StemCell), 
which was replaced every 2 days, consisting of 2 mM alanyl-gluta-
mine (GlutaMax, Thermo Fisher Scientific) and cytokines, all from 
BioLegend, including IL-4 (10 ng/mL) and GM-CSF (10 ng/mL). For-
ty-eight hours before the patient’s surgery, mDCs were matured with 
TNF-α (5 ng/mL), IL-1β (10 ng/mL), and IL-6 (100 ng/mL). Approxi-
mately 12 hours prior to the surgery, the DCs were harvested using an 
enzyme-free PBS dissociation buffer (Thermo Fisher Scientific) and 
were stained for HLA-A2. A small aliquot was stained and evaluated 
by flow for maturation status (HLA-DR, CD80, and CD86). HLA-A2+ 
mDCs were FACS isolated and plated onto 96-well flat-bottom plates 
at 10 × 104 to 20 × 104 mDCs/well in ImmunoCult DC medium. mDCs 
were loaded with 5 μg/mL of either control peptide or TAA-peptide, 
customized to the patient’s HPV status.

In antigen-independent assays, sorted OX40+ or OX40lo/– pDCs 
from patient tissue samples were cocultured with peripheral blood 
CD8+ T cells for 72 hours with CD3/CD28 T cell activator (Stem-
Cell) in ImmunoCult-XF T cell expansion medium (StemCell), 
supplemented with 100 units/mL penicillin and streptomycin and 
IL-2 (0.2 ng/mL) at a stimulator-to-responder (S/R) ratio of 1:5 to 
10. For the autologous antigen-specific coculture assay utilizing 
mDCs, after 2 hours of peptide loading and washing of mDCs, CD8+ 
T cells were added to the mDCs and to prestimulated, sorted OX40+ 
or OX40lo/– pDCs from the TME/dLN/PBMC (stimulated overnight 
with either CpG or Resiquimod) at a T cell/mDC ratio of 1:5 to 10 
and a T cell/pDC ratio of 1:10 in ImmunoCult-XF T cell expansion 
medium for 6 to 7 days, supplemented with 100 units/mL penicillin 
and streptomycin and IL-2 (0.2 ng/μL).

sorters at the RHLCCC Flow Cytometry Core Facility using the puri-
ty mode, a 100-μm nozzle loop, and at low pressure (20 psi). Based 
on cell number, either whole pDCs or OX40+ and OX40lo/– pDC sub-
sets were sorted (1 × 103 to 12 × 104 pDCs based on the sample). For 
RNA-Seq experiments, cells were directly sorted into lysis buffer 
LB1 (NucleoSpin RNA Plus XS, Macherey-Nagel) supplemented with 
RNase Inhibitor (SUPERase-In, Invitrogen, 200 U/μL), and RNA was 
immediately isolated.

Morphological analysis. Sorted cells were cytospun onto glass 
slides and stained with May-Grunwald-Giemsa stain. Images were 
obtained with a Nikon Eclipse E800 microscope with an Axiocam HR 
camera and analyzed using AxiovVision software (Carl Zeiss).

Immunofluorescence. Tumor tissue from HNSCC patients was 
flash frozen in OCT (Thermo Fisher Scientific) and sectioned into 
6-μm slices. Sections were fixed and permeabilized in a 1:1 acetone/
methanol solution for 20 minutes at −20°C and blocked in blocking 
buffer (5% BSA/2.5% normal goat serum in PBS) for 45 minutes at 
37°C. Tissue sections were incubated for 1 hour in blocking solution 
at 4°C with the following primary antibodies: rat anti–human CD8 
(1:200, clone: YTC182.2, Bio-Rad), mouse anti–human CD123 (1:75, 
clone: 7G3, BD), and rabbit anti–human OX40 (1:80, E9U7O; Cell 
Signaling Technology). For analysis of mouse tumors, rat anti–mouse 
Ly-6G and Ly-6C (1:200, clone: RB6-8C5, BD) were used. Tissue sec-
tions were washed 3 times in PBS and then stained with the follow-
ing goat secondary antibodies for 45 minutes at 37°C: anti–rabbit IgG 
Alexa Fluor 568 (1:250, Abcam, ab175471), anti–mouse IgG Alexa Flu-
or 488 (1:250, BioLegend), and anti–rat IgG Alexa Fluor 647 (1:250, 
Thermo Fisher Scientific, A-21247). After 3 washes in PBS, sections 
were stained with DAPI (Sigma-Aldrich) for 2 minutes at 37°C and 
mounted with SlowFade Diamond Antifade (Thermo Fisher Scientif-
ic). Images were generated using an AxioImager Z2 microscope (Carl 
Zeiss) equipped with EC Plan-Apochromat ×10 (NA 0.45), ×20 (NA 
0.8), ×40 (NA 1.4), and ×63 (NA 1.4) objectives, with X-Cite 120 LED 
Boost System, an ApoTome 2 attachment, a digital camera (Axiocam 
MRm, Carl Zeiss), and analyzed using ZEN 2.3 software (Carl Zeiss).

For imaging of pDC mitochondria, FACS-isolated pDCs were 
stained with MitoTracker Green FM (Thermo Fisher Scientific) and/or 
CellROX Deep Red (Thermo Fisher Scientific) and CellMask Orange 
plasma membrane stain (Thermo Fisher Scientific), and then suspend-
ed in RPMI 1640 medium, no phenol red (Thermo Fisher Scientific) 
in 8-well Nunc Lab-Tek II chamber slides (Thermo Fisher Scientific) 
precoated with poly-D-lysine hydrobromide (100 μg/mL, Sigma-Al-
drich). In cases where pDCs were only stained with MitoTracker, cells 
were fixed and permeabilized followed by staining with DAPI before 
imaging. Cells were imaged at the Northwestern University Cen-
ter for Advanced Microscopy using a Nikon A1 confocal microscope 
equipped with GaAsP detectors, a ×100 Plan-Apochromat objective 
lambda with an NA of 1.4 and analyzed in NIS-Elements (version 4.0, 
Nikon). 3D rendering and volumetric analysis of pDC mitochondrial 
volume was performed with Imaris 9.2 (Bitplane). Images were further 
processed using Photoshop CC (version 20.0.1, Adobe).

In vitro stimulation of pDCs in cell culture. Sorted pDC subsets 
were cultured in 96-well round-bottom plates with RPMI medium 
containing 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin 
and streptomycin, 1 mM sodium pyruvate, and 10 mM Hepes. pDCs 
were stimulated with TLR9 agonist class B CpG oligonucleotide 
(ODN 7909, Sigma-Aldrich) (0.5 μM), TLR7/8 agonist Resiquimod 
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settings were saved as an algorithm to enable batch analysis of ROI 
images from matched patient tumors and dLNs–, and analysis of each 
ROI captured at ×20 and analyzed in inForm was performed using 
exported Excel cell segmentation tables and the R package Phenoptr 
(Akoya Biosciences) (54) to (a) define new phenotypes that character-
ize phenotyped pDCs as OX40+ or OX40lo/– based on upper and lower 
quartile OX40 expression values, as well as define phenotyped pDCs, 
macrophages, and “other cells” as positive for OX40L based on medi-
an OX40L expression values; (b) compute the intercellular distances 
of OX40+ or OX40lo/– pDCs to the nearest tumor margin (determined 
from tissue segmentation) based on x and y coordinates; and (c) count 
phenotyped CD8+ T cells within a 30-μm radius from phenotyped 
pDCs for a single field. Phenoptr was also used to write image files of 
touching cells from cell segmentation tables, image binary segmenta-
tion maps, and composite images to count touching cells from pheno-
typed OX40+ or OX40lo/– pDCs with phenotyped OX40L+ pDCs/mac-
rophages/“other cells.”

RNA isolation and sequencing. RNA from FACS-isolated cells 
(≥8,000) was extracted using a low-input RNA isolation kit (Nucle-
oSpin RNA Plus XS, Macherey-Nagel), including on-column DNase 
digestion as described by the manufacturer’s protocol. The RNA of 
each sample was quantified using the Qubit RNA HS Assay Kit (Ther-
mo Fisher Scientific), and RNA integrity was evaluated using an RNA 
6000 Pico Kit (Agilent Technologies) in 2100 Bioanalyzer (Agilent 
Technologies). mRNA was isolated using the NEBNext Poly(A) mRNA 
Magnetic Isolation Module (New England Biolabs), and cDNA librar-
ies were generated using the low-input strand-specific RNA-Seq kits 
NEBNext Ultra II RNA Library Prep Kit for Illumina (96 reactions) 
and NEBNext Multiplex Oligos for Illumina (96 index primers) (New 
England Biolabs). All RNA and DNA purification steps were per-
formed using AMPure XP Beads (Beckman Coulter Inc.). The quantity 
and quality of cDNA were assessed using the Qubit dsDNA HS Assay 
Kit (Thermo Fisher Scientific). Libraries were sequenced in the same 
batch at Northwestern University Sequencing Core (NUSeq) in the 
Illumina NextSeq500 (75SE High Output) platform using single-end 
75-bp reads and generating on average 20 million reads per sample. 
The quality of raw reads was assessed by the FastQC (version 0.11.7).

RNA-Seq data processing. All RNA-Seq data processing was done 
at the Bioinformatics Core, Center for Research Informatics at the 
University of Chicago Biological Sciences Division. Dimensionality 
reduction, an informative approach for clustering and exploring the 
relationships between samples, was performed with principal compo-
nent analysis plot based on the normalized mRNA expression profiles. 
Reads were mapped to the human genome reference (hg38) using 
the STAR version 2.5.4b (55) release with default parameters. Picard 
version 2.8.1 (http://broadinstitute.github.io/picard) was used to col-
lect mapping metrics. The resulting files from the previous alignment 
step were taken as input to quantify transcriptional expression using 
featureCounts (Rsubread, version 1.28.1) (56). Three state-of-the-art 
tools of differential expression analysis were used to identify DEGs 
between pairwise groups, including DEseq2 (57), edgeR (58), and lim-
ma (59). To identify a more robust collection of intrinsically regulated 
genes, the overlapped DEGs detected by more than one method were 
considered as the final set of DEGs for further analysis. The following 
4 pairwise comparisons were performed for DEG determination using 
the criterion of fold changes greater than or equal to 1.5: (a) TME (n = 7) 
versus non-TME (n = 12), (b) HPV+ TME (n = 5) versus HPV+ non-TME 

In experiments designed to compare the antigen presentation 
capacities of OX40+ or OX40lo/– pDCs with autologous mDCs, mDCs, 
OX40+ pDCs, and OX40lo/– pDCs were all separately preloaded with 
TAA-peptide (5 μg/mL) and washed prior to separately coculturing 
with autologous CD8+ T cells at an S/R ratio of 1:10 in ImmunoCult-XF 
T cell expansion medium for 6 to 7 days, supplemented with 100 units/
mL penicillin and streptomycin and IL-2 (0.2 ng/μL).

Transwell studies. Sorted pDC subsets were added to the top cham-
ber of 0.4-μm 96-well Transwell plates (Corning HTS, MilliporeSig-
ma), with the lower chamber containing autologous peptide–loaded 
mDCs and eFluor 450–labeled CD8+ T cells. After 6 to 7 days of incu-
bation, antigen-specific CD8+ T cell responses were measured and 
compared with CD8+ T cell responses from wells that contained CD8+ 
T cells, peptide-loaded mDCs, and pDC subsets in contact.

Multiplex IHC. Multiplex IHC staining was performed on 4-μm 
FFPE tissue sections from matched HNSCC patient tumors and 
dLNs– using the Opal 7-Color Manual IHC Kit (NEL861001KT; Akoya 
Biosciences). Sections were deparaffinized and tissue was fixed with 
10% neutral buffered formaldehyde. Antigen recovery (AR) using 
pH6 citrate buffer or pH9 EDTA buffer and primary anti-human anti-
bodies and concentrations were optimized as follows: CD8a (1:400; 
C8/144B, Cell Signaling Technology; AR9), CD3 (prediluted, EP41; 
Biocare Medical; AR6), CD123 (1:500, 7G3; BD Biosciences; AR9), 
OX40 (1:100, E9U7O; Cell Signaling Technology; AR9), OX40L 
(1:200, D6K7R; Cell Signaling Technology; AR9), and pan-cytoker-
atin (panCK) (1:50, AE1/AE3; Abcam; AR6). In a subset of matched 
patient tumor and dLN– tissue sections that were analyzed for OX40L 
touching-cell analysis (see next section), CD68 (prediluted, KP1; Bio-
care Medical; AR9) was used in place of CD8 primary antibody. All 
slides were counterstained with Spectral DAPI (1:10, Akoya Bioscienc-
es; AR6) nuclear stain and mounted with Slowfade Diamond Antifade 
mountant (Thermo Fisher Scientific).

Multispectral imaging and analysis. After staining single FFPE tis-
sue sections using opal fluorophores against 8 markers, we performed 
multispectral imaging using the Vectra Polaris (Akoya Biosciences) 
automated quantitative imaging system at the University of Chica-
go Human Immunologic Monitoring Facility. In brief, images were 
acquired at ×4 original magnification, from which regions of interest 
(ROI) were selected (approximately 15–20 per scanned tissue section) 
based on areas of tumor or lymphoid tissue with adequate distribu-
tion of different cell populations captured by the different markers. 
Using Nuance software (version 3.0.2, Akoya Biosciences), these ROI 
were then captured in Nuance at ×20 and ×40 original magnification, 
and raw ROI images underwent a process called “spectral unmixing” 
into individual emitting spectral peaks for all 8 fluorophores (52, 53), 
which became part of a “spectral library.” The creation of the spectral 
library allowed for spectral unmixing of all collected ROI raw imag-
es, followed by a proprietary active learning phenotyping algorithm 
using inForm Advanced Image Analysis software (2.4.1 Akoya Biosci-
ences). Using this algorithm, images were subjected to tissue segmen-
tation (into tumor and stroma), cell segmentation, and phenotyping 
tools, such that each DAPI-stained cell was identified and phenotyped 
according to its fluorophore expression and placed at its specific x, y 
spatial coordinates.

inForm was trained to create the following phenotypes: tumor 
cells (panCK+), pDCs (CD3–CD123+), macrophages (CD68+), CD8+ T 
cells (CD3+CD8+), and “other cells” (panCK–CD68–CD8–CD123–). All 
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the cell lines were routinely tested for mycoplasma infections by cul-
ture and DNA stains and maintained in complete medium composed 
of DMEM supplemented with 10% FBS at 37°C in a 5% CO2 incubator.

B16-F10 and B16-CCR7 cells (2 × 105) in suspension were injected 
subcutaneously into the rear right flank of mice. Depletion of pDCs 
was achieved by i.p. injection with depleting mAb clone CD317/BST2/
PDCA1 (BioXCell BE0311) or polyclonal isotype control (BioXCell 
BE0094) every 2 to 3 days (first dose: 500 μg; subsequent doses: 250 
μg), including 1 day prior to tumor challenge. Splenic CD8+ T cells 
from Pmel-1 mice were selected using EasySep Mouse CD8+ T Cell 
Isolation Kit (StemCell, 19853). Splenic DCs from C57BL/6 mice were 
selected using EasySep Mouse CD11c Positive Selection Kit II (Stem-
Cell, 18780).

Data availability. The data sets generated during the current study 
are available in the form of source data. All RNA-Seq transcriptional 
profiles of pDC populations from HNSCC patients in this study are 
provided as a resource and are available through dbGAP (https://www.
ncbi.nlm.nih.gov/gap) in the NCBI Sequence Read Archive (SRA) with 
the SRA ID SRP199931.

Statistics. Data analysis was performed using GraphPad Prism 
(version 8.1.0) for statistical analysis to compare outcomes using a 
2-tailed paired and unpaired Student’s t test. For multiple compari-
sons, 1-way ANOVA and 2-way ANOVA were performed. Correlation 
analysis was performed by determining Pearson correlation coeffi-
cients. For patient survival analysis, progression-free survival distribu-
tions were estimated using the Kaplan-Meier method and compared 
with the log-rank test. P values of less than 0.05 were considered to be 
statistically significant.

Study approval. Human studies were part of a protocol approved 
by the Internal Review Board of Northwestern University. Written 
informed consent was obtained from all participants and/or their legal 
guardians from patients undergoing surgery from December 2015 to 
January 2019. Samples came from patients between the ages of 30 and 
81. All animal procedures were approved by the IACUC at Northwest-
ern University.

Author contributions
KP and BZ designed the project and interpreted the data. KP wrote 
the manuscript. KP, DD, JM, LQ, and LC performed experiments. 
KP, BW, and WCC performed statistical analysis. WCC, BW, and 
JA analyzed RNA-Seq data. SC, UP, and SS provided clinical sam-
ples. YZ helped interpret multiplex IHC data and provided techni-
cal expertise. All authors agreed to submission of the manuscript 
for publication.

Acknowledgments
We thank Cheryl Olson (Department of Pathology, Northwest-
ern University) and David Klrchenbuechler (Northwestern Uni-
versity’s Center for Advanced Microscopy) for their assistance 
in AxioVision and Imaris programs, and Suchitra Swaminathan, 
Paul Mehl, and Darryl Abbott (all at the Northwestern University 
RHLCCC) for their assistance with FACS. We are grateful to Jes-
sica Ania from the Northwestern Memorial Hospital Department 
of Pathology for coordinating the access to surgical specimens. We 
thank Tiffany Nicole Johnson and Hanli Fan for their assistance 
in providing peripheral blood from patients. We thank Kristy Sku-
rauskis for her assistance in tissue acquisition and Maria Montano 

(n = 7), (c) OX40+ (n = 8) versus OX40lo/– (n = 5), and (d) HPV+ OX40+ 
(n = 4) versus HPV+ OX40lo/– (n = 4). Several in-house scripts were 
implemented using R (http://www.r-project.org) and Python (http://
www.python.org) languages to obtain clusters with similar expression 
trends based on identified DEGs. For heat maps, DEGs were shown as 
log2-transformed fold changes to the mean normalized expression of 
the control group.

Gene set analysis and gene set enrichment analysis. The identified 
DEGs were further used as input to functional analysis for the identifi-
cation of enrichment of functional categories and regulatory networks, 
using Gene Ontology (GO) terms and KEGG. Pathways significantly 
enriched in the genes of interest were identified using clusterProfiler 
(version 3.6.0) at an FDR-adjusted P value of less than 0.10 (hypergeo-
metric test) (60). Gene set enrichment analysis (GSEA) was performed 
using clusterProfiler (version 3.6.0) as well. DEGs were also subjected 
to KEGG and REACTOME pathway enrichment analysis using DAVID 
(6.8) (61, 62), and only pathways with P values under 0.05 were kept.

Pathway enrichment analysis. Functional analysis of genes with 
statistically significant expression changes was performed for biolog-
ical functions and canonical pathways using the Ingenuity Pathways 
Knowledge Base (IPKB) in IPA (QIAGEN Inc.). Only pathways with 
a Benjamini-Hochberg–adjusted P value under 0.05 were present-
ed as enriched. For IPA of OX40+ pDCs and OX40lo/– pDCs, OX40+ 
pDCs were used as experimental samples in IPA with correspond-
ing negative Z scores, and OX40lo/– pDCs were used as controls with 
corresponding positive Z scores generated. Z scores, which take into 
account the direction of change of molecules in the data set, were cal-
culated in the IPA software based on the data set’s correlation with the 
activated state.

Mitochondrial stress test measuring OCR. Sorted pDC subsets and 
mDCs from the TME of HNSCC patients were immediately adhered 
to a Seahorse XF96 cell culture microplate (Agilent) with Cell Tak 
(Corning) at a density of 2.0 × 104 cells/well. The OCRs were mea-
sured in XF RPMI Seahorse medium supplemented with 10 mM glu-
cose and 2 mM L-glutamine in response to oligomycin (2 μM), FCCP  
(1 μM), rotenone (100 nM), plus antimycin (4 μM) (Sigma-Aldrich).

Analysis of data from cancer patients in GDC data portal. For the 
GDC data portal (http://portal.gdc.cancer.gov), level 4 gene expres-
sion data and clinical data were downloaded via the GDC R library 
(63, 64) (accessed January 2019) for HNSCC (n = 500). Gene expres-
sion was determined using log2 transformation of raw counts normal-
ized in DESeq2. pDC gene signatures were determined by averaging 
the normalized expression of CLEC4C, TCF4, and GZMB and using 
the median Z score as the cutoff for high and low. Patients with high 
pDC gene signatures were then stratified by mean TNFRSF4 expres-
sion levels for Kaplan-Meier survival analysis (log-rank, Mantel-Cox 
test). CD8+ T effector scores were generated as previously reported 
(65) and were formed from an average of normalized and trans-
formed expression values of the following genes: CD8A, CD8B, IFNG, 
and PRF1. Correlation of CD8+ T effector scores with normalized 
log2-transformed TNFRSF4 levels was determined using the Pearson 
correlation coefficients.

Mouse experiments. C57BL/6 and Pmel-1 mice, 6 to 8 weeks old, 
were purchased from The Jackson Laboratory. Hans Schreiber (Uni-
versity of Chicago) provided B16F10 and MC38 cell lines, and Sam T. 
Hwang (Medical College of Wisconsin) provided the B16-CCR7 cell 
line. The LLC-OVA cell line has been described previously (66). All 
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