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ABSTRACT
Background  Primary and metastatic brain tumors have a 
poor prognosis, partly owing to the unique characteristics 
of the central nervous system (CNS) and tumor immune 
microenvironment (TIME). One distinct feature of the CNS 
TIME is the limited infiltration and activation of dendritic 
cells (DCs). The impact of CNS versus non-CNS TIME 
can be assessed by injecting tumor cells from the same 
model, either subcutaneously (peripherally) or into the 
brain. Subcutaneous tumors drain into the tumor-draining 
lymph nodes in the skin (TdLN-p), whereas brain tumors 
drain into the deep cervical TdLN (TdLN-c). We previously 
showed that CNS tumors that are not responsive to 
immune checkpoint inhibition become responsive 
when grown peripherally, and that non-responsiveness 
correlates with a tolerogenic immune response in the local 
TIME and TdLN-c.
Methods  In this study, we investigated the 
immunoregulatory potential of cervical DCs (DC-c) 
compared with that of peripheral DCs (DC-p) using high-
resolution flow cytometry, single-cell RNA sequencing, and 
ex vivo and in vivo functional characterization of TdLNs 
from mouse models of glioma and lymphoma.
Results  Our analysis revealed that DC-c promoted 
regulatory T-cell expansion and poorly cytotoxic CD8+ 
T cells compared with DC-p. Furthermore, we identified 
OX40 (Tnfrsf4) as a modulator of immunoregulatory DC-c 
function and found that its antitumor effect depended 
on lymphocyte trafficking and the DC transcription 
factor Batf3. CCR7+OX40+ DCs were efficient in antigen 
processing and presentation, and OX40 agonists further 
enhanced DC activation. In TIME, the CCR7+OX40+ DCs 
expressed OX40L, and blocking it promoted Treg formation 
ex vivo.
Conclusions  Our findings highlight the unique 
immunoregulatory functions of DC-c in TdLNs and suggest 
the importance of OX40 signaling through direct effects on 
CCR7+OX40+ DCs and indirect effects on T cells.

BACKGROUND
Primary or metastatic central nervous system 
(CNS) malignancies are associated with poor 
prognosis, irrespective of the cancer type.1 2 In 
addition, the efficacy of immunotherapeutic 

strategies such as immune checkpoint inhibitors 
(ICIs) is low in patients with brain metastasis.3–7 
Improving dendritic cell (DC) stimulation can 
enhance antitumor immunity in CNS malignan-
cies, owing to their low presence in the CNS.8 9 
Tumor-infiltrating DCs have been characterized 
based on their marker expression, particu-
larly in peripheral tumors.10–14 Single-cell RNA 
sequencing (scRNA-seq) across DC populations 
has revealed shared gene and protein expression 
patterns, highlighting conserved traits across 
species despite tumor heterogeneity.15–17 This 
analysis identified two additional subsets, DC3 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Dendritic cells (DCs) from cervical tumor-draining 
lymph nodes (TdLN-c) play a role in initiating im-
mune responses to brain tumors. However, the 
phenotype and function of DCs in TdLN-c compared 
with those in TdLN associated with tumors outside 
the brain have not been thoroughly characterized.

WHAT THIS STUDY ADDS
	⇒ This study demonstrates that DCs in TdLN-c are 
tolerogenic and exhibit distinct phenotypic markers 
compared with DCs from skin TdLN. The composi-
tion of DC subtypes is also unique, with a higher 
proportion of DC2s in TdLNs-c than in peripheral 
TdLNs. Importantly, OX40 signaling can reprogram 
the tolerogenic environment of TdLN-c by activating 
OX40+CCR7+ DCs and T cells, ultimately eliciting a 
therapeutic immune response.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Reprogramming CCR7+OX40+ DCs through OX40 
stimulation offers a potential strategy to overcome 
immune suppression in brain tumors. This approach, 
combined with other immunomodulatory strategies, 
could enhance antitumor responses and inform the 
design of novel immunotherapies and clinical trials 
for brain tumor treatment.
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and mature regulatory DC (mregDC), with properties asso-
ciated with an inflammatory or immunoregulatory signature, 
respectively, correlating with a favorable prognosis for immu-
notherapy response.15 16 Adjuvant ICI treatment using an 
anti-programmed death 1 (PD-1) treatment in patients with 
glioblastoma results in the expansion of infiltrating CD8+ T 
cells and the induction of costimulatory molecules in glioma 
cDC1s. Furthermore, data from a phase III clinical trial in 
GBM using an autologous tumor lysate vaccine with DCs 
suggest a prolonged overall survival.18–20 In human patients 
with brain melanoma and leptomeningeal metastases, the 
presence of the DC3 subtype correlates with improved overall 
survival. Similarly, in mouse models, the presence of DC3 
is associated with an enhanced response to programmed 
death 1 (PD-1) blockade.21 This suggests that the presence 
of different DC subtypes is important for patient outcomes 
and can be affected by treatment. However, tumor-draining 
lymph nodes (TdLNs) are important in the cancer immunity 
cycle,22 and the specific DC subtypes present in the TdLN or 
the tumor immune microenvironment (TIME) of the brain, 
as well as their relationship to DCs in other areas, remain 
unclear.

In this study, we characterized the phenotype and func-
tion of cervical DCs (DC-c) compared with peripheral/
subcutaneous DCs (DC-p) in TdLN using two tumor 
models from glioma and lymphoma and compared the 
findings from subcutaneous and intracranial tumors.

This revealed that DC-c promoted the induction of Tregs 
and reduced cytotoxic CD8+ T-cell responses, irrespective of 
the tumor type. Combined antibody and RNA sequencing 
revealed six DC subtypes: DC1, DC2, XCR1+DC, CCR7+DC, 
plasmacytoid DC (pDCs), and immature DC (imDC), with a 
high prevalence of DC2 in cervical TdLN (TdLN-c) and an 
increased number of CCR7+DC in TdLN-p. Treatment with 
an OX40 agonist overcame the regulatory DC-c functions, 
and the response depended on the transcription factor Baft3 
and lymph node (LN) trafficking. Further analysis showed 
that OX40 was present on pDC as well as CCR7+DC in the 
TIME and ex vivo samples, and OX40 agonist induced acti-
vation of CCR7+OX40 DCs ex vivo. Of the two OX40+DC 
populations, only CCR7+DCs depended on Batf3. This 
suggests that the TIME and TdLN of brain tumors contain 
immunoregulatory DCs, and OX40 stimulation can over-
come the impact of these immunoregulatory DCs by directly 
acting on CCR7+OX40+ DCs and most likely on OX40+T 
cells. These findings provide critical insights into the role of 
DC subtypes in brain tumor immunity and highlight a prom-
ising strategy to enhance antitumor immune responses by 
targeting specific immunoregulatory functions in TdLN-c.

METHODS
Cell lines
SB28-parental cells expressing luciferase and GFP were 
cultured as previously described23 in DMEM supple-
mented with 10% FBS, 2 mM glutamine, 100 U/mL 
penicillin, and 100 mg/mL streptomycin (Gibco). The 
SB28-OVA cell line was cultured with 400 µg/mL G418 

(Gibco). EG7-OVA cells were cultured in RPMI supple-
mented with 10% FBS, 50 µM 2-ME, 400 µg/mL G418, 
and 2 mM glutamine.

Mouse studies
Female C57BL/6 mice, aged 6–8 weeks, were obtained 
from Taconic. Transgenic OT-I, OT-II C57BL/6-Tg, and 
Batf3tm1Kmm/J mice were acquired from Charles River. All 
experiments were conducted according to the ARRIVE1 
reporting guidelines24 and national guidelines and regu-
lations (permit: 5.8.18-14723/2020).

Orthotopic murine glioma models
To induce orthotopic brain tumors, 1.600 SB28-parental, 
SB28-OVA, or 25.000 EG7-OVA cells were injected 
intracranially (i.c.). The mice were anesthetized with 
isoflurane, and a burr hole was drilled in the skull, posi-
tioned 1.5 mm laterally anteroposterior and 1.5 mm 
mediolaterally to the bregma. A non-coring needle 
(Hamilton7804-04, 26-gage) was injected into the brain 
at a depth of 3 mm. Mice were administered carprofen 
(0.05 mg/kg) intraperitoneally (i.p.) immediately 
following surgery. Prior to imaging, mice were injected 
i.p. with 15 mg/kg luciferase (AAT Bioquest115144-
35-9). The signal was analyzed using an IVIS Lumina III 
Perkin Elmer.

Murine subcutaneous tumor models
Mice were subcutaneously (s.c.) injected in the flank with 
5×105 tumor cells resuspended in phosphate-buffered 
saline (PBS). Tumor size was measured 1–2 times weekly, 
and the volume was calculated using the following 
formula: (length×width2)/2.

For in vivo treatment, mice were treated i.p. with 200 µg 
αOX40 agonistic antibodies (OX-86) or IgG control 
(BioXCell) on days 4, 7, and 10 post-tumor inoculation. 
The mice were monitored daily, evaluated for tumor-
related symptoms, and euthanized using CO2 at the 
humane endpoint. Mice were sacrificed on day 12 post-
tumor injection to collect TdLNs for ex vivo experiments, 
scRNA-seq, and flow cytometry.

Mice were injected i.p. with 25 µg of FTY720 (APExBIO) 
on the day the treatment began and received mainte-
nance doses of 20 µg every other day until day 16 post-
tumor inoculation.

Harvesting of LNs
The cervical or inguinal LNs were harvested and placed 
in fresh RPMI, incubated for 10 min at 37°C with Liberase 
(250 µg/mL) and DNAse (50 µg/mL Merck) and passed 
through a 70 µm cell strainer. Splenocytes were harvested 
and incubated with RBC lysis buffer (Invitrogen).

DCs from the LN or OT cells from the spleen were 
resuspended in MACS buffer with anti-CD4, anti-CD8 
Microbeads or Pan Dendritic Cell Biotin-Antibody Cock-
tail (Milteny Biotec, Lund, Sweden), according to the 
supplier’s instructions.
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Ex vivo experiments
OT cells were incubated with 5 µM of green CellTrace 
(Thermo Scientific, Bleiswijk, Netherlands), cultured in 
96-well plates with 50×103 1:1 OT-I:II cells, and co-cul-
tured with 5×103 TdLN DCs.

The following stimuli were added: Poly-I:C 5 µg/mL 
(Adipogen Life Sciences), αCD40 (FGK45), αIL-6 (MP5-
20F3), αIL-4 (BVD6-24G2), αOX40 (OX-86), αCD200 
(OX-90), and αPDL-1 (10F.9G2TM) (BioXcell) at a 
concentration of 100 ng/mL. In parallel, OT cells were 
cultured with DCs from cervical LNs (DC-c) and mixed 
at ratios of 1:1, 10:1, or 1:10 with subcutaneous/periph-
eral DCs (DC-p) at a final concentration of 5×103. OVA 
peptide H-2kb SIINFEKL, 323-339 OVA I-Ab (Merck), 
and control peptides H-2Kb glycoprotein BSSIEFARL 
(TS-M523-PMBL) and HBc 128-140 TPPAYRPPNAPIL 
(TS-M701-PMBL) were added at a concentration of 
10 µg/mL and incubated for 5–7 days. To evaluate antigen 
uptake, DCs were first incubated with 10 µg/mL OVA-DQ 
(with or without αOX40, Poly-I:C, αOX40L, or control 
IgG) at 37°C, and 30 min later, cells were washed and 
regular medium was added. After 3 hours of incubation, 
cells were collected and washed with cold PBS containing 
2% FBS. Fluorescence was monitored using flow cytom-
etry. For antigen presentation, pulsed DCs were co-cul-
tured with OT cells as described above.

Single-cell library preparation and sequencing
Single-cell libraries were prepared using the BD Rhap-
sody platform (BD Biosciences) as previously described.25 
TdLN single-cell suspensions were labeled using a mouse 
single-cell sample multiplexing kit (#633793) and BD 
AbSeq-Oligos αCD11b (#940008,M1/70), αCD200 
(#940208,OX90), αF4/80 (#940131,T45-2342), and 
αCD103 (#940136,M290). The pooled samples were 
loaded onto a BD Rhapsody cartridge (#633733), and 
mRNA was captured according to the manufacturer’s 
protocol (#633731). Targeted cDNA libraries of genes 
in the BD Rhapsody Immune Response Panel Mm 
(#633753) supplemented with additional genes (online 
supplemental table 1), along with sample tags and BD 
AbSeqs, were prepared using the BD Rhapsody Targeted 
mRNA and AbSeq Amplification kit (#633774). The final 
libraries were sequenced (Read1:51 bp, Read2: 71 bp+i7 
Indexes: 8 bp) on a NovaSeq6000 S Prime sequencer 
(Illumina, San Diego, California, USA) on the SNP&SEQ 
Technology Platform (Uppsala, Sweden).

Analysis of scRNA-seq data
Fastq files were processed on Seven Bridges using the 
Rhapsody Analysis Pipeline (BD Biosciences). Recursive 
substitution Error Correction (RSEC) and Distribution-
Based Error Correction algorithms developed by the 
manufacturer (BD Biosciences) were used. Cells that did 
not meet the criteria for singlets or multiplets were classi-
fied as undetermined. The final read depths for the library 
were as follows: mRNA, 72,938.31; average reads/cell, 
99.72% sequencing saturation; AbSeq, 1,968.14; average 

reads/cell, 88.12% sequencing saturation, which were 
within the expected range of the manufacturer’s recom-
mendations for targeted transcriptomic sequencing.

Single-cell sequencing analysis workflow
Data analysis was performed using Partek Flow build 
V.10.0.21.0411 (Partek, St. Louis, Michigan, USA). RSEC-
adjusted molecular counts were used, and undetermined 
cells, multiplets, and cells with <50 detected transcripts 
were excluded. Data were normalized as counts per 10 000 
with an offset of one count, and Log2 transformation 
was performed as recommended by the manufacturer 
(BD Biosciences) using the data normalization module 
in Partek Flow. Dimensionality reduction was performed 
using principal component analysis (PCA) followed 
by uniform manifold approximation and projection 
(UMAP). Clustering was performed using the Louvain 
clustering algorithm (nearest neighbor type: NN-Des-
cent, number of nearest neighbors: 30), and biomarkers 
for each cluster were computed using analysis of vari-
ance tests with Benjamini-Hochberg correction for false 
discovery rate values ≤0.05, and log2 fold change ≥1.5.

Immunofluorescence staining, tumor-infiltrating lymphocyte 
extraction and flow cytometry
The relevant details are described in online supplemental 
information and online supplemental table 2.

RESULTS
TdLNs exhibit distinct immunophenotypes depending on the 
tumor site
We previously reported that the immune response in 
cervical (TdLN-c) differs from that in peripheral TdLN 
(TdLN-p).23 To further investigate T-cell responses, we 
characterized TdLN-c or TdLN-p either i.c. or s.c. on day 
12 post-tumor inoculation of ovalbumin (OVA) expressing 
SB28 mouse glioma cells (SB28-OVA) (figure 1A). Anal-
ysis of individual T-cell populations indicated an increase 
in the percentage of Tregs in TdLN-c (figure  1B and 
online supplemental figure 1A), whereas TdLN-p exhib-
ited a high percentage of central and effector memory 
CD8+T cells (figure 1C). Both TdLNs had equal numbers 
of exhausted T cells expressing PD-1+and TIM-3+ 
(figure  1D). We evaluated the expression of killer cell 
lectin-like receptor G1 (KLRG1), expressed in a popu-
lation that has lost the ability to proliferate and induce 
a memory T-cell response.26 TdLN-p showed higher 
expression of long-term memory proteins in CD8+T cells 
(KLRG1-CD127+CD44+) than TdLN-c, which exhibited a 
short-term memory profile (KLRG1+CD127+CD44+) in 
CD4+T cells (figure 1E).

To confirm that the altered T-cell profile was not depen-
dent on antigen load, we harvested TdLNs and restimu-
lated the cells. Under the same conditions, TdLN-c cells 
maintained a high percentage of Tregs (figure  1F and 
online supplemental figure 1B). In contrast, TdLN-p 
was less regulated and exhibited a cytotoxic profile 
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Figure 1  Tumor site-dependent immunological profile of tumor-draining lymph nodes (TdLN). (A) Schematic representation 
of the experiment: mice were inoculated with SB28-OVA intracranially (i.c.) or subcutaneously (s.c.). On day 12 post-tumor 
inoculation, TdLNs were harvested. (B) Quantification of regulatory T cells (Tregs) presented as the percentage of CD4+CD25+ 
FOXp3+ cells out of the total CD3+counts. (C) Memory T-cell subsets are defined as effector memory (EFM: CD44+CD62L−) and 
Central Memory (CM: CD44+CD62L+) T cells. (D) Exhausted T cells identified by the expression of PD-1/TIM3. (E) Long-term 
memory (CD44+CD127+ KLRG1−) and short-term memory (CD44+CD127+ KLRG1+). (F, G) Mice were inoculated with SB28-
OVA i.c. or s.c., and TdLNs were harvested on day 12 after tumor inoculation. The bulk cells were stained with green CellTrace, 
cultured in the presence of OVA peptides for 48 hours, and proliferative cells were analyzed. Tregs (percentage CD4+CD25+ 
FOXp3+) (F) and cytotoxic T cells (CD107+) (G) were evaluated. Graphs display mean±SD; analysis was conducted using a two-
way ANOVA with Tukey’s correction. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance.
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(figure 1G). We observed an increase in the T-cell exhaus-
tion profile of TdLN-p (online supplemental figure 1C).

These results indicate that TdLN-c induces a regula-
tory T-cell profile, whereas TdLN-p possesses a high T-cell 
memory with a long-term profile, particularly in CD8+T 
cells.

TdLN-c DCs exhibit a more regulatory T-cell profile in both 
glioma and lymphoma models as compared with DCs from 
TdLN-p
As DC subtypes play specific roles in activation and func-
tion, potentially contributing to the antitumor response 
to treatment, we investigated differences in the TdLN 
DCs population between subcutaneous and intracra-
nial SB28-OVA tumors. DCs were defined as MHCII+C-
D11c+Ly6c− CD24+F4/80−27 28 (online supplemental 
figure 2A). We analyzed migratory (CD103+CD8+), resi-
dent (CD103-CD8+) DC1,29 and CD11b+CD8− DC230 
and observed a shift in the proportion of DC1 compared 
with DC2 from TdLN-p to TdLN-c, where CD8+CD103+ 
cells in TdLN-p were higher (figure 2A). To determine 
whether this profile was related to tumor type or LN loca-
tion, we used cells from a lymphoma model (EG7-OVA) 
injected s.c. or i.c., which revealed a similar profile with 
an increase in DC1 in TdLN-p compared with TdLN-c 
(figure 2B).

Under normal conditions, naïve DCs exhibit low 
expression of activation markers. We observed that DC-c 
and DC-p from TdLN upregulated CD40 and CD86 on 
tumor challenge compared with naïve DCs. In addi-
tion, CD40 expression on DC2-p cells was significantly 
increased compared with that on DC2-c cells; CD86 
expression was also upregulated in DC2-p cells in the 
EG7 model (online supplemental figure 2B,D). To deter-
mine whether this profile was specific to TdLNs or arose 
from a systemic response, we examined the DC profile 
of the spleen. Minimal changes were observed in the 
spleen, suggesting that the tumor response was promi-
nent in the TdLNs (online supplemental figure 2E). We 
assessed antigen presentation based on H-2Kb/SIINFE-
KEL+staining of both CD8+CD103+ and CD103− popu-
lations (figure  2C,E and online supplemental figure 
2C). DC-c exhibited a reduction in antigen presentation 
compared with DC-p in both tumor models. In contrast, 
MHC-II expression remained unchanged in the DCs 
(online supplemental figure 2F). We used MHC-OVA 
tetramers to evaluate antigen-specific T cells. In both 
tumor models, we observed a higher percentage of 
tumor antigen-specific Tregs in TdLN-c than in TdLN-p 
(figure 2D,F). Conversely, TdLN-p exhibited an increase 
in antigen-specific memory T cells compared with 
TdLN-c in both models (online supplemental figure 
2G,H).

In conclusion, DCs in TdLN-c exhibited lower antigen 
presentation in the context of MHC-I, more prominent 
induction of antigen-specific Treg profiles, and fewer 
memory T cells than those in TdLN-p.

DCs from TdLN-c drive a Treg response
To functionally study DCs, we performed ex vivo analysis of 
DCs enriched through negative selection and co-cultured 
them with green CellTrace-stained ovalbumin-specific 
T cells and OT cells in the presence of OVA peptides 
(figure 3A and online supplemental figure 3A). SB28-OVA 
TdLN DC-c cells had a greater propensity to induce Tregs 
than naïve or TdLN DC-p cells. DC-c stimulated only 
half of the cytotoxic CD8+T cell response compared with 
DC-p (figure 3B). For the EG7-OVA model, we observed 
a similar trend, even though the regulatory profile was 
more prominent in the SB28-OVA model (figure 3C). To 
confirm that this effect depended on DCs, we used Batf3-
deficient mice lacking DC1 and treated them similarly. 
Batf3-deficient mice showed reduced induction of Treg or 
T-cell responses compared with naïve DCs (online supple-
mental figure 3A,B).

To determine the dominance of Treg induction in rela-
tion to DC-c or DC-p, we harvested TdLN-c and TdLN-p 
DCs, mixed them in defined ratios (1:1, 1:10, and 10:1), 
and cultured them. Compared with DC-c and DC-p 
cultured at a 1:1 ratio, the increase in DC-c (10:1) induced 
more Tregs, whereas the addition of DC-p (10:1) did not 
reduce the number of Tregs from the 1:1 baseline. This 
suggests a dose–response relationship between DC-c and 
the capacity to induce Tregs, which cannot be balanced 
by DC-p. This effect was more prominent in SB28-OVA 
mice than that in EG7-OVA mice (online supplemental 
figure 3C,D).

Given the tolerogenic profile of DC-c, we enhanced 
their functionality using various stimuli that act as immu-
nomodulators of DC activation, namely a TLR3 agonist 
and a CD40 agonist for activation, TIME modulators 
such as IL-6, agents targeting regulatory markers such 
as CD200, strategies targeting specific subpopulations 
such as mregDCs with anti-IL-4, and an OX40 agonist 
to directly inhibit Treg formation.15 31–33 While all simu-
lations affected the downregulation of Tregs for DC-c, 
only the OX40 agonist and poly-I:C induced cytotoxic T 
cells from TdLN-c (figure 3D). For DC-p, the anti-OX40 
agonist, anti-CD200 antagonist, and anti-IL-6 antagonist 
showed a decrease in Tregs; however, the stimuli resulted 
in a reduction in the cytotoxic profile (figure 3E).

These findings suggest that DCs can stimulate diverse 
responses in TdLN-c and TdLN-p. Specifically, DC-c plays 
a dominant role in inducing Tregs, thereby hindering 
cytotoxic responses that can be overcome by poly-I:C or 
agonistic OX40 ex vivo. We further explored the OX40 
agonistic antibody, as we previously explored poly-I:C in 
the SB28 model.23

Reprogramming the DC profile in TdLN enhances antitumor 
response
In mice carrying SB28-OVA tumors, we observed that 
agonistic antibody OX40 stimulation affected the immune 
profile of TdLN-c, with increased antigen presentation 
by DC1-c (figure  4A,B and online supplemental figure 
4A). Moreover, the OX40 agonist induced an increase 

https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548
https://dx.doi.org/10.1136/jitc-2025-011548


6 Badillo-Godinez O, et al. J Immunother Cancer 2025;13:e011548. doi:10.1136/jitc-2025-011548

Open access�

Figure 2  Cervical tumor-draining lymph nodes (TdLNs-c) have fewer antigen-presenting dendritic cells (DCs) with tolerogenic 
function, regardless of the brain tumor type, compared with TdLN-p. The mice were inoculated, as shown in figure 1. TdLNs 
were harvested at 12 days postinoculation. Quantification of DCs subtypes: DC1 (percentage CD8+CD103+ or CD8+ CD103−) 
and DC2 (CD11b+CD103−) in SB28-OVA tumors (A) and EG7-OVA tumor models (B). (C, E) Display the median fluorescence 
intensity (MFI) of DCs SIINFEKL+in SB28-OVA and EG7-OVA tumor models, respectively. (D, F) Quantification of tetrameric 
OVA+regulatory T cells (CD4+CD25+ FOXp3+) in SB28-OVA and EG7-OVA tumor models, respectively. Graphs display 
mean±SD; statistical analysis was conducted using two-way ANOVA with Tukey’s correction or unpaired t-test. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance.
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Figure 3  Reprogramming of tumor-draining lymph nodes (TdLN) dendritic cells (DCs) enhances the T-cell response. (A) 
Schematic representation of experimental procedures: For ex vivo culture, mice were inoculated i.c. or s.c. On day 12 post-
tumor inoculation, TdLNs were harvested, and DCs were enriched and co-cultured with prestained OT cells with green CellTrace 
in the presence of OVA peptide. The percentage of Tregs (CD4+CD25+ Foxp3+) and Cytotoxic T cells CD8+ (CD107+) on 
SB28-OVA (B) or EG7-OVA (C) was calculated. Different stimuli were evaluated in ex vivo culture, and the percentages of 
Tregs, cytotoxic T cell CD8+in TdLN-c (D) or TdLN-p (E) were calculated. Non-specific peptides and IgG isotypes were used 
as controls (n=5–7 mice/group). Statistics: Bar graphs show means±SD, two-way ANOVA with Tukey’s correction, *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance; i.c., intracranially; s.c., subcutaneously.
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Figure 4  Treatment with an anti-OX40 agonist enhances immune responses in cervical TdLN. Schematic illustration of the 
experimental layout (A) used to obtain data shown in (B–F): groups of 5–7 mice were inoculated with the glioma cell line SB28-
OVA, followed by i.p. administration of either an anti-OX40 agonist or IgG control on days 4, 7, and 10 post-tumor inoculation. 
On day 12 post-tumor inoculation, the TdLN-c were harvested, and single-cell suspensions were collected for immune 
profile analysis using flow cytometry. (B) H2b-SIINFEKL-positive DCs in TdLN on day 12 after treatment with OX40 agonist or 
control antibody. (C) Activation markers, CD40 and CD86, expressed by DCs. (D) Regulatory T cells (CD4+CD25+ Foxp3+). 
(E) Regulatory T cell (CD127+/-). (F) Memory T-cell response for CD4+ and CD8+ central memory (CM, CD44+CD62L+) and 
effector memory (EFM, CD44+CD62L-). (G, I) Tumor growth was evaluated using bioluminescence imaging. (H) H&E staining 
of brain tissue from the endpoint. (J) Kaplan–Meier survival curves of tumor-bearing mice treated with OX40 agonist or control 
IgG. The graph shows combined survival curves obtained from two independent experiments. Bar graphs show the mean±SD. 
One-way ANOVA multiple comparisons test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance; i.p., 
intraperitoneally; TdLN, tumor-draining lymph nodes.
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in CD40 expression in both DC1 subsets, whereas there 
was no change in the expression of CD86 compared with 
the control (figure  4C). In contrast, no changes were 
observed in the activation markers of DC2. OX40 treat-
ment decreased the expansion and induction of CD127 
positive (activated) and negative Tregs34 (figure  4D,E). 
Memory T cells (figure 4F), particularly CD8+T cells, had 
a long-term profile (online supplemental figure 4B) that 
was enriched following OX40 agonist treatment. Further-
more, OX40-treated mice exhibited an exhausted T-cell 
profile compared with the control (online supplemental 
figure 4C).

The OX40 agonist treatment was also performed in 
mice injected with an SB28-parental cell line that did 
not express ovalbumin. We observed a 50% reduction in 
bioluminescence following OX40 agonist treatment and 
an extension in the median survival to 31 days compared 
with the control group at 26 days (figure 4G–J). In parallel, 
we analyzed tumor-infiltrating lymphocytes (TILs) 22 days 
postinoculation, immediately before the mice displayed 
symptoms. The OX40 agonist-treated mice exhibited a 
substantial reduction in proliferative Tregs and a corre-
sponding increase in proliferating cytotoxic CD8+T cells 
(online supplemental figure 4D,E).

Endpoint analysis of TILs from treated mice showed 
that they maintained a cytotoxic and proliferative 
response, with fewer Tregs, regardless of tumor growth 
(online supplemental figure 4F,G).

We hypothesized that overactivation of the immune 
response could limit survival in a fraction of OX40 
agonist-treated mice with low bioluminescence, but they 
still died. To confirm this, we explored the use of low-dose 
dexamethasone, a potent corticosteroid administered to 
patients with brain tumors, to reduce tumor-associated 
inflammation and edema.35 Combination treatment 
with dexamethasone significantly increased the median 
survival (42 days), resulting in a survival rate of 12.5%, 
with no effect in the control-treated cohort (online 
supplemental figure 4H,I).

Collectively, these findings demonstrate that OX40 
stimulation has the potential to reprogram the TIME 
and DC-c, enhance antigen presentation and activation, 
improve T-cell response, and lead to tumor response.

DC subpopulations from c-TdLN exhibit distinct mRNA 
expression profiles
Given the distinct functional differences between 
DC-c and DC-p, we analyzed DC subpopulations using 
scRNA-seq. Our analysis revealed six distinct clusters 
(figure 5A). Genes expressed in DC1 included Cd8a, Irf8, 
and high CD103 showed high expression, whereas DC2 
expressed high levels of Itgam, Irf4, and CD11b. The pDCs 
expressed Klra17, Fcer1g, Il7r, and Tlr7, whereas imDCs 
had a low expression of MHC class II and expressed Cd9, 
Xbp1, and Ifitm2 (online supplemental table 3).

We identified a cluster of cells closely related to DC1 
in UMAP characterized by the expression of high Cd8a, 
Irf8, Itgax (CD11c), and Xcr1, along with intermediate 

CD103 and the presence of activation genes, such as Cd40 
and Cd86. This suggests that they are similar, yet distinct 
from DC1 (referred to as XCR1+DCs). A cluster of cells 
near the DC2 cluster is referred to as CCR7+DCs. This 
cluster expresses the migration-associated gene Ccr7 and, 
importantly, Tnfrsf4 (OX40). In addition, the cluster 
expressed activation genes such as Cd40 and Cd63, along 
with immunoregulatory genes such as Cd274 and Aldh1a2 
(figure 5B,C).

Next, we conducted Gene Set Enrichment Analysis and 
Ingenuity Pathway Analysis by comparing DC-c and DC-p 
clusters, revealing that DC-p exhibited a significant over-
representation of genes involved in the immune response 
pathways compared with DC-c (online supplemental 
figure 5A,B, online supplemental table 4). On intracluster 
analysis, DC1-c displayed upregulation primarily of Itgae 
(CD103) and a trend toward less Cd8 than DC1-p. This 
observation was corroborated by flow cytometry results, 
which were consistent with the RNA data (online supple-
mental figure 5C). Moreover, the DC2-c cluster exhibited 
high expression of S100a8, Gzmb, and Cpa3, along with 
downregulation of Jchain, Iglc3, Ltb, and Cd200. Further-
more, the CCR7+DC c cluster primarily upregulated Iftm3 
and Btla and downregulated Arg2, Cxcl1, and CD11b. 
The XCR1+DC c cluster displayed upregulation of Ccl2 
and Bcl2a1a and downregulation of Elane, Cd34, and Ccl9 
compared with XCR1+DC p. In the pDC cluster, Lag3, Tnf, 
and Ifitm3 were upregulated in pDC-c, whereas Il7r, Fosb, 
Vegfc, and Jchain were downregulated in pDC-p. Notably, 
all DC-c clusters exhibited an increase in the expression 
of Irf7 (online supplemental figure 5B). Tnfrsf4 (OX40) 
mRNA was most highly expressed in the Ccr7+DC cluster 
(figure 5C).

We evaluated the populations corresponding to the 
gene expression clusters using flow cytometry gating 
on CCR7+DC, CD11b (DC2), XCR1+DC, CD8/CD103 
(DC1), and Ly6c/B220 (pDC) (online supplemental 
figure 5D). This confirmed the differential expression 
of activation (CD40, CD86, and CD63) and regulatory 
(PD-L1) markers, OX40, and OX40L (figure  5D,E). 
CCR7+DCs showed the highest expression levels of CD40, 
CD86, and OX40. OX40 protein was also expressed in 
the pDC subpopulation, and PDL1 was higher in DC2, 
CCR7+, and pDC than in DC1 and XCR1+DC, consis-
tent with the RNA expression data (online supplemental 
figure 5E).

The proportion of DC populations differed between 
TdLN-c and TdLN-p. The DC2 population increased in 
TdLN-c in both models compared with that in TdLN-p 
(figure 2A,B). Unique to the SB28 model was the decrease 
in CCR7+DC in TdLN-c compared with TdLN-p and a 
decrease in XCR1+DC c compared with DC-p for the EG7-
OVA. Knockout of Batf3 removed the DC1 population, 
strongly reduced CCR7+DCs (13-fold), and XCR1+DCs 
(5-fold). The DC2 and pDC populations were unaltered 
in the Batf3 knockout TdLN-c (figure 5F). There was no 
difference in mRNA expression of H2-k1 between DCs 
from TdLN or TdLN-c (online supplemental figure 5F).
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Figure 5  Profiles of dendritic cell (DC) subpopulations in tumor-draining lymph nodes (TdLNs) vary based on the tumor 
site and type. SB28-OVA or EG7-OVA was implanted i.c. or s.c. Mice were sacrificed on day 12 after tumor inoculation. DCs 
TdLN were enriched for scRNA-seq analysis or flow cytometry analysis. (A) Uniform manifold approximation and projection 
(UMAP) of the scRNA-seq profiles of 9904 TdLN cells. (B) Bubble heatmap of genes upregulated in each DC cluster; values 
are presented as averaged Z-scores. Statistical analysis involved filtering genes based on a false discovery rate (FDR) cut-off 
of<0.05. FDR (Benjamini-Hochberg adjustment) was calculated from the p values obtained using ANOVA. (C) UMAP expression 
of genes associated with DC1 (Cd8a, CD103, and Xcr1). Migratory DC (Ccr7), DC2 (CD11b), and OX40 (Tnfrsf4). (D, E) Display 
the median fluorescence intensity (MFI) data for the different markers were calculated using flow cytometry. (F) TdLN DCs from 
SB28-OVA or EG7-OVA mice were obtained on day 12, and the percentage of the DC population was calculated. Bar graphs 
show the mean±SD; two-way ANOVA with Tukey’s correction: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of 
variance; i.c., intracranially; s.c., subcutaneously.
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These findings indicate that six subpopulations in 
TdLN-c and-p and DC2-c showed increased TdLN-c in 
both tumor models, whereas XCR1+DC and CCR7+DC 
depended on the tumor model.

CCR7+, OX40+ DCs are associated with the impact of OX40 
agonist treatment
The CCR7+DC population showed the highest signal for 
antigen uptake and processing ex vivo, and CCR7+DC-p 
was slightly more capable of antigen uptake and processing 
than the DC-c population. DC2 had the second highest 
signal for antigen uptake and processing with a slightly 
higher signal in DC-c than DC-p (figure 6A,B). Further-
more, agonistic OX40 treatment significantly increased 
CD40 and CD86 expression and reduced PD-L1 expres-
sion in CCR7+DC, with no notable changes in the other 
DC subpopulations (figure  6C–E and online supple-
mental figure 6A). OX40L is critical in promoting T-cell 
survival and activation via interaction with OX40.36 We 
evaluated the expression of OX40L on DCs and found 
that it was expressed across all DC subtypes in TILs but 
not in TdLNs, consistent with a recent report showing 
that OX40 is expressed in CCR7+DCs in the TIME and 
is gradually lost in trafficking to the TdLN.37 The expres-
sion of OX40L in DCs was induced on ex vivo stimulation 
with the OVA antigen (online supplemental figure 6B). 
To address the function of OX40 and OX40L in DCs, ex 
vivo cultures of DCs were treated with an OX40 agonist or 
OX40L blocking antibody and co-cultured with OT cells. 
Stimulation of DCs with OX40 using an agonist prevented 
Treg induction, while blocking OX40L reduced the cyto-
toxic profile of CD8+T cells (online supplemental figure 
6C).

We characterized the double-positive CCR7+OX40+ 
DC population using flow cytometry. The fraction of 
CCR7+OX40+ DCs was more than double in SB28-OVA 
DC-p, EG7-OVA DC-c, and DC-p than in SB28 DC-c 
(figure 6F). Furthermore, the CCR7+population is linked 
to LAMP3+expression and is associated with mregDCs 
(CD200+CD40+CCR7+) in TIME.15 We evaluated the 
presence of LAMP3+DC and OX40 staining in the TIME 
and observed a higher prevalence in EG7-OVA than in 
SB28. There were few LAMP3+OX40+ double-positive 
cells in the TIME of EG7 tumors in Batf3 knockout mice 
(figure 6G,H). Given the high numbers of CCR7+OX40+ 
DCs in TILs and LAMP3+OX40+ in the TIME, we assessed 
the antitumor response in the EG7 model. First, without 
treatment, the absence of Batf3 resulted in shortened 
survival in the brain tumor model using EG7-OVA cells, 
indicating the essential role of DC1, XCR1+, and/or 
CCR7+DCs, given that these populations were reduced 
in the Batf3 knockout model (figures 5F and 6I). There 
was an over 12-fold reduction in CCR7+OX40+ DCs in 
TdLN-c in Batf3 knockout mice as compared with the 
wild type (figure 6F and online supplemental figure 5D). 
The mice were treated with an OX40 agonist, which elic-
ited a robust response and led to a survival rate of 71%. 
The effect of OX40 agonist treatment depended on Batf3 

and a reduction in CCR7+OX40+ DCs after OX40 agonist 
treatment in TdLN-c and TIME was observed (online 
supplemental figure 6D,E).

To assess the role of TdLN in therapy response, lympho-
cyte traffic was blocked by FTY72038 (online supplemental 
figure 6F,G), which significantly reduced the frequency of 
circulating CD3+T cells in the blood. Mice injected with 
FTY720 failed to respond to the OX40 agonist treatment 
(figure 6J).

These findings suggest that CCR7+OX40+ DCs are 
essential for mounting an OX40-dependent immune 
response in brain tumors. Our data are consistent with 
OX40L signaling from DCs to T cells in the TIME, a 
potentially important mechanism, besides the direct stim-
ulation of OX40 on DCs and T cells. Finally, our data indi-
cated that TdLN DCs orchestrate the immune response 
against brain tumors.

DISCUSSION
Stimulating OX40 enhances the survival of glioma-
bearing mice, particularly when combined with vaccina-
tion using irradiated tumors or GM-CSF-expressing cells, 
supporting the importance of DCs and OX40 signaling 
in this context.39 40 We expanded on these findings by 
assessing the tolerogenic functions of DC-c compared 
with DC-p by analyzing DC subpopulations ex vivo and 
in vivo to elucidate the possible mechanisms of action of 
OX40 agonist treatment in brain tumors.

First, these diverse models showed that TdLN-c exhib-
ited a tolerogenic response, characterized by increased 
Tregs and poor cytotoxic T-cell activation. Using ex vivo 
cultures, we demonstrated the direct effect of TdLN 
DCs on Treg generation. The tolerogenic DC-c response 
could be reversed by agonistic OX40 treatment, resulting 
in T-cell proliferation and reduced Treg development, in 
line with previous data.33

Second, the OX40 agonist induced CD40 and CD86 
expression, promoted antigen presentation, and reduced 
PD-L1 expression in DCs in vivo. OX40 stimulation 
affected CCR7+DCs ex vivo but not other subpopulations. 
Moreover, blocking OX40L on DCs ex vivo increases 
Tregs and reduces cytotoxic T cells, suggesting a direct 
effect of OX40L on T cells mediated by DCs. OX40L was 
highly expressed in CCR7+DCs and pDC. Batf3 knockout 
mice had intact pDC and DC2 populations, whereas 
there was virtually no DC1, strongly reduced CCR7+, 
and diminished XCR1+DCs. There was a fivefold reduc-
tion in CCR7+OX40+ DCs in the Batf3 knockout model 
compared with SB28. Furthermore, this reduction was 
even more pronounced when compared with the EG7 
model, showing a 12-fold decrease, suggesting a central 
role for CCR7+OX40+ OX40L+in the effect of OX40 
agonist in the brain tumor models, as no effect of OX40 
agonist was observed in Batf3 knockout mice.

We could not establish CCR7 as a reliable marker using 
tissue sections; therefore, we used LAMP3+OX40+ double 
staining as a surrogate and observed a similar correlation 
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Figure 6  CCR7+OX40+ dendritic cells (DCs) in cervical lymph nodes correlate with anti-OX40 agonist immunotherapy. DCs 
from TdLNs were isolated and cultured in the presence of the labeled peptide DQ-OVA, which allowed for quantification of 
antigen uptake, processing, and presentation. (A, B) Representative histograms and percentages of DQ-OVA signals in different 
DC populations. (C) DCs from TdLN were cultured as in (A) and incubated in the presence of anti-OX40 agonist, Poly-I:C or IgG 
control. The percentages of CD40 (C), CD86 (D), and PDL-1 (E) were calculated. (F) The percentage of CCR7+OX40+ DCs was 
calculated from TdLNs harvested 12 days post-tumor inoculation. (G) Representative immunofluorescence staining images of 
brain sections showing LAMP3+ (*), CD4+ (+), and OX40+ (¤). (H) The graph shows the average number of positive cells across 
different regions of interest (ROIs, n=392). (I, J) Kaplan-Meier survival curves of EG7-OVA tumor-bearing mice treated with 
agonistic OX40 antibody or IgG control, either alone or combined with FTY720, were analyzed using the log-rank test (n=5–7 
mice/group test). Statistical analyses were conducted using the Mann-Whitney U test. Bar graphs show the mean±SD; two-
way ANOVA with Tukey’s correction: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance TdLNs, tumor-
draining lymph nodes.
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of more LAMP3+OX40+ cells in the TIME in EG7 to SB28 
and loss of staining in Batf3 knockout. If there is a specific 
effect of OX40L on DCs, it is likely to occur in the TIME, 
as OX40L is expressed in the TIME and ex vivo, but not 
in TdLNs. This is consistent with the findings of a recent 
study where CCR7+DC were tracked in tumor models in 
vivo and expressed OX40L in the TIME but not in the 
TdLN.37 We show that the effect of the OX40 agonist was 
also blocked by FTY720-mediated inhibition of lympho-
cyte trafficking, indicating either a role for OX40 stimula-
tion in the TdLN or a need for S1P-mediated lymphocyte 
mobilization for the effect of the OX40 agonist.

Third, we characterized the subpopulations of 
DCs derived from TdLN-c and TdLN-p using scRNA 
sequencing. DC subpopulations have been identified 
intratumorally and in TdLNs as crucial elements for regu-
lating immune response.7 10 15 41 42 Using scRNA-seq, we 
identified six clusters of TdLN-c and TdLN-p. There were 
no major differences in mRNA expression that suggested 
a new subpopulation in TdLN-c or TdLN-p. The six 
subpopulations express well-established markers for DC1, 
DC2, and pDC.43 We identified three clusters we termed 
XCR1+, CCR7+, and imDCs. The similarities between 
these clusters and other subpopulations of previously 
defined DCs were not obvious, possibly because different 
platforms and tissue sources were used. For instance, DC3 
cells have been characterized by the expression of Lyz2, 
Flt3, and Ccr2, as expressed by the Xcr1+ DC cluster, but 
not Cd8a, Irf8, or Xcr1.44 mregDC cells have been reported 
to express Ccr7, Il4r, Ccl19, Tnfrsf4, and Aldh1a2,15 45 46 as 
well as XCR1.15 In GBM, intratumoral migratory DCs, as 
defined by Pombo Antunes et al, show high expression 
of Cd274, Cd200, and Cd63, similar to Ccr7+DCs.42 Irf7 
was consistently overexpressed in DC from TdLN-c, irre-
spective of DC subtype. In addition, Ifitm3 and Tmem173 
were overexpressed in CCR7+DC, suggesting that type I 
interferon responses may be altered in response to brain 
tumors compared with peripheral tumors.

The upregulated Tmem173, encoding the stimulator 
of interferon genes (STING), initiates type I interferon 
signaling via the cGAS-STING pathway on DNA detec-
tion.47 Notably, STING is present in human GBM samples, 
and the activation of the pathway result in the robust 
action of the innate immune system and regression of 
experimental gliomas.48

This study had some limitations. Mouse models have 
significantly advanced our understanding of GBM 
biology and the development of novel therapeutic strat-
egies. However, each model has unique characteristics 
that influence the validity and translatability of exper-
imental results. The most widely used mouse glioma 
model, GL261, responds to ICI and has a high neoan-
tigen load and, compared with SB28, higher infiltration 
of cDC2 and T cells.23 49 Both models exhibited a high 
number of tumor-associated macrophages (TAMs), and 
the TAM:T-cell ratio was 62:1 in SB28 and 4:1 in GL261.23 
However, other factors, such as tumor inflammation, are 
also important in determining the response to ICI.50 We 

used SB28 for its relative similarity to GBM in terms of 
TIME composition and lack of response to ICI. To study 
the non-glioma aspects of brain tumors, we used the 
lymphoma model EG7 to obtain different TIME trig-
gered by a distinct cancer type that can engage the brain. 
However, some aspects of disease biology are not opti-
mally reflected in these models.

We did not determine whether there was a DC subtype 
that was more immunoregulatory than the other subtypes. 
ScRNA sequencing separates DC subtypes, but gives no 
spatial resolution in the tumor tissue. It is difficult to isolate 
and assess the functional properties of corresponding 
subpopulations ex vivo. In gliomas, myeloid cells are the 
most prevalent non-malignant cell type, comprizing up 
to half of the tumor and significantly influencing T-cell 
infiltration and function. Myeloid compartments are 
conventionally classified into microglia, macrophages, 
monocytes, cDCs, and neutrophils. This work focused 
on DC subsets, but other immune cells, especially other 
myeloid cell subsets such as TAMs and myeloid-derived 
suppressor cells, also have important roles in shaping 
the brain tumor TIME.23 42 Understanding the full inter-
play of myeloid subsets is important for understanding 
the GBM TIME. With a few samples for scRNA analysis, 
differences with smaller effect sizes between TdLN-c and 
TdLN-p might have been overlooked. Pharmacological 
blockage of LN trafficking suggested a role for TdLN in 
the immune response to brain tumors; however, we could 
not pinpoint the exact location(s) of OX40 agonist action 
(in TdLN or TIME) or whether the primary effect is on 
DCs or T cells. Future studies using other brain tumor 
models and expanding scRNA profiling are warranted to 
determine the generalizability of these findings and to 
identify more genes associated with TdLN-c.

In conclusion, brain TdLN DCs display a unique marker 
expression and default regulatory program influenced by 
brain tumor type. The OX40 agonist treatment directly 
affected the activation of CCR7+OX40+ OX40L+DCs. 
Blocking OX40L on DCs or stimulating OX40 blocks 
or promotes cytotoxic T cells and reduces Tregs. Repro-
gramming of CCR7+OX40+ DC-c through OX40 stimu-
lation could be explored with other immunomodulators 
for antitumor responses in CNS tumors.
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