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Abstract: 

The central nervous system (CNS) antigen presenting cell (APC) which primes anti-tumor CD8+ 

T cell responses remains undefined. Elsewhere, the conventional dendritic cell 1 (cDC1) performs 

this role. However, steady-state brain cDC1 are rare; cDC localize to choroid plexus and dura. 

Using preclinical glioblastoma models and cDC1-deficient mice, we explored the role of cDC1 in 

CNS anti-tumor immunity. We determined that cDC1 mediate checkpoint blockade-induced 

survival benefit and prime neoantigen-specific CD8+ T cells against brain tumors. We observed 

that cDC, including cDC1, isolated from the tumor, the dura, and the CNS-draining cervical lymph 

nodes harbored a traceable fluorescent tumor-antigen. In patient samples, we observed several 

APC subsets (including the CD141+ cDC1-equivalent) infiltrating glioblastomas, meningiomas, 

and dura. In these same subsets, we identified a tumor-specific fluorescent metabolite of 5-

aminolevulinic acid, which labels tumor cells during fluorescence-guided glioblastoma resection. 

Together, these data elucidate the specialized behavior of cDC1 and suggest cDC1 play a 

significant role in CNS anti-tumor immunity. 

 

One Sentence Summary: 

CNS cDC1 engage in previously undefined behavior to establish immune responses against brain 

tumors.  

Main Text:  

INTRODUCTION  

Glioblastoma (GBM) is the most common CNS primary malignancy and remains inexorably lethal. 

The standard of care involving surgery, chemotherapy, and radiation treatment leads to a median 

survival of only 15-20 months (1-3). As immunotherapy has changed the care of many cancer 
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types, there has been significant interest in applying immune-based treatments to patients with 

GBM, especially as there is a growing understanding that the CNS is not as immunoprivileged as 

long perceived (4, 5). However, despite numerous clinical trials, there remain no FDA-approved 

immunotherapies for GBM (6-8). 

 

Several critical issues underlie the difficulty of harnessing immune-potentiating therapies to treat 

GBM. First, GBM represents a severe example of cancer immunoediting in patients (9) and 

exhibits substantial evidence of immunosuppression. A range of immunologic deficits has been 

described in GBM patients including lymphopenia (10, 11), intrinsic immune suppression by 

tumor cells (12-14) and overexpression of checkpoint molecules such as PD-L1 (15, 16), among 

others (17-19). These observations have led many to describe this cancer as “cold.” Secondly, 

because GBM tumors are molecularly heterogeneous and are comprised of at least several 

subclonal populations (20, 21), T cell antigen targets are also variably distributed in the tumor 

mass and not uniformly expressed. 

 

Our incomplete understanding of the cellular basis for the development of CNS immune responses 

also remains a significant barrier to successful immunotherapy in the brain. Specifically, the 

mechanistic underpinnings of antigen presentation leading to T cell priming of brain tumor specific 

T cells remains undefined. It has been appreciated that, unlike other sites in the body, the brain 

parenchyma does not harbor dendritic cells in the resting state (22-24) and is not vested with 

classical lymphatic and secondary lymphoid structures (22, 23, 25-27). However, the recent 

characterization of lymphatic channels within the dura mater of the cerebral meninges has provided 

new insights into how antigen could encounter APC and be trafficked to draining lymph nodes 
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(28-31). Although these foundational observations highlight the importance of the anatomic basis 

for lymphatic drainage in the CNS, the cellular basis for the connection of this system to antigen 

presentation remains unclear. The existence of cell-migration from the CNS to cervical lymph 

nodes has been reported (32-35), but this work was largely restricted to exogenously derived 

cultured monocyte-derived DC. Thus, there remains a lack of understanding regarding the cellular 

basis for endogenous antigen presentation in CNS anti-tumor immunity. 

 

Herein, we characterized the role of the cDC1 subset during the endogenous immune response to 

brain tumors. The cDC1 phagocytizes antigen, migrates to lymph nodes, and cross-presents 

antigen to prime CD8 T cell responses. While this subset is required for effective immune 

responses to a range of tumor types (36-43), it is unclear whether these cells perform a similarly 

obligate role in the immune response to CNS tumors. In this study, we demonstrate that cDC1 are 

required both to mount neoantigen-specific immune responses and to respond to checkpoint 

blockade in wild-type syngeneic orthotopic preclinical models of GBM. We also observed tumor-

antigen containing cDC1 within the tumor, the dura, and in the cervical lymph nodes. We extended 

these findings to patients, and observed the infiltration of cDC (including the analogous cDC1 

subset) in human tumors as well as the dura. Finally, from surgical cases in which 5-aminolevulinic 

acid (5-ALA) was employed to facilitate fluorescence guided GBM resection (44-47), we 

identified the presence of its metabolite PPIX (48, 49), within tumor infiltrating cDCs and 

monocytes, but not in tumor infiltrating T cells nor in matched peripheral APC counterparts. 

Together, these findings clarify the unique behavior of CNS cDC1 and demonstrate that cDC1 

play a critical role in the CNS anti-tumor immune response.  
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RESULTS 

cDC1 are recruited to the CNS tumor microenvironment and mediate protection by checkpoint 

blockade  

We first investigated whether cDC are recruited to the brain tumor microenvironment in orthotopic, 

syngeneic murine GBM. We transplanted the C57BL/6-derived GL261 tumor into the cerebral 

hemispheres of wild type mice and identified that all dendritic cell subsets (defined as CD45+, 

F4/80-, I-Ab+, CD11c+), including cDC1 (additionally XCR1+, SIRPα-, Ly-6C-), infiltrate brain 

tumors in much greater numbers than in sham controls (Figure 1A). Similarly, we observed the 

presence of greater numbers of DC subsets within orthotopically transplanted C57BL/6-derived 

CT2A tumors compared to sham controls. To visualize cDC1 in brain tumors, we employed a 

cDC1 reporter mouse to monitor cDC1 by flow cytometry and imaging. In the Snx22GFP/+ knock-

in mouse, cDC1 specifically and constitutively express GFP (50). When GL261 or CT2A cells 

were transplanted into the brains of Snx22GFP/+ mice, cDC1 and cDC2 subsets infiltrated brain 

tumors by flow cytometry, and GFP expression was restricted to the XCR1+ cDC1 subset (Figure 

1B). To determine the location of cDC1 within GL261 tumors, we used 2-photon microscopy to 

identify GFP expressing cDC1. Whereas cDC1 were vanishingly scarce within the brain 

parenchyma in the steady state, cDC1 infiltrated the tumor parenchyma in extravascular spaces in 

Snx22GFP/+ mice (Figure 1C). These data demonstrate that DC, including cDC1, infiltrate 

orthotopically transplanted GBM. 

 

We next tested the hypothesis that cDC1 are required to mount an immune response against GL261 

brain tumors. We employed the IRF8+32kb-/- mouse model of selective cDC1 deficiency (51). 

This model possesses a 0.5kB deletion at the IRF8/Batf3 binding site within a super enhancer 
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+32kb downstream from the IRF8 transcription start site, which blocks cDC1 development (22). 

Compared to wild type mice, the immune infiltrate within GL261 tumors transplanted into 

IRF8+32kb-/- brains lacked XCR1+ cDC1 (Figure 1D). We next determined whether cDC1 were 

necessary for checkpoint blockade responsiveness. Although GL261 grows progressively in 

immune competent mice, treatment of tumor-bearing mice with anti-PD-1/PD-L1 improves 

survival (52-55). Consistent with prior work (52-55), we demonstrated that anti-PD-L1 treatment 

increased the median survival as well as the overall survival of wild type mice with GL261 brain 

tumors compared to vehicle-treated mice (Figure 1E). In contrast, cDC1-deficient IRF8+32kb-/- 

mice experienced no survival benefit when treated with anti-PD-L1 compared to vehicle-treated 

mice (Figure 1E). Control mice from both wild type and IRF8+32kb-/- mice experienced no 

difference in median or overall survival. These data show that DC (including the cDC1 subset) are 

recruited to the brain tumor microenvironment in numbers significantly higher than in the steady 

state brain parenchyma, and that cDC1 are required for response to anti-PD-L1 checkpoint 

blockade treatment of GL261-bearing mice. 

 

cDC1 prime CD8+ T cell responses against glioblastoma  

Because cDC1 can present antigen to prime T cell responses, we determined the effects of cDC1 

deficiency on T cell composition within the brain tumors of GL261-bearing mice. Compared to 

wild type mice, tumor infiltrating lymphocytes (TIL) of cDC1-deficient IRF8+32kb-/- mice 

harbored decreased numbers of all T cells, including both non-Treg CD4+ and CD8+ T cells, as a 

percentage of all tumor-infiltrating CD45+ cells (Figure 2A). In contrast, we observed similar 

numbers of CD4+ T regulatory cell percentages in GL261 TIL from both IRF8+32kb-/- and WT 

mice (Figure 2A). Moreover, a smaller proportion of CD8+ T cells directly isolated from GL261 
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tumors transplanted in IRF8+32kb-/- mice expressed the functional markers Granzyme B and PD-

1 compared to wild type mice (Figure 2B). These data show that GL261 tumors from IRF8+32kb-

/- mice harbor fewer T cells, and a smaller proportion of the infiltrating CD8+ T cells exhibit an 

activated phenotype.  

  

Although studies have demonstrated that cDC1 cross-present antigen to prime CD8+ T cell 

responses in tumors outside the CNS (36-43), it remains unclear whether they perform a similar 

function during the immune response to brain tumors, particularly given the paucity of DC in 

steady-state brain parenchyma. Therefore, we tested the hypothesis that cDC1 are required to 

prime neoantigen-specific CD8+ T cells against GL261 brain tumors. Previously, we identified 

that mice harboring intracranial GL261 mount endogenous CD8+ T cell responses against the H-

2Db restricted neoantigen, mutant Imp3 (mImp3) (56). In contrast to wild type mice, we identified 

that equal numbers of CD8+ T cells isolated from brain tumors of cDC1-deficient IRF8+32kb-/- 

mice bearing GL261 did not produce interferon gamma (IFN-γ) in response to stimulation with 

mImp3 peptide by ELISPOT (Figure 2C-D). Furthermore, IRF8+32kb-/- mice completely lacked 

mImp3-specific CD8+ T cells in the tumor infiltrate compared to wild type mice as assessed by 

staining with H-2Db-mImp3 tetramer (Figure 2E-F). These data show that cDC1 are required to 

prime effector CD8+ and neoantigen specific CD8+ T cell responses against GL261 brain tumors. 

  

Tumor antigen-containing cDC1 infiltrate the tumor and appear in cervical lymph nodes 

One working model of cDC1 is that they phagocytize antigen in the periphery and home to 

secondary lymphoid tissues to prime naive T cells. Although the brain parenchyma does not harbor 

conventional secondary lymphoid tissue, compelling data have implicated the extracranial cervical 
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lymph nodes as central to the priming of CNS antigen-specific T cells (29, 32-34, 55, 57). To 

determine if tumor antigen-containing cDC1 could be identified in these anatomic locations, we 

leveraged the characteristic that cDC1 can phagocytize target material, activate, and migrate to 

lymph nodes. We tested the hypothesis that fluorescent protein overexpressed by brain tumor cells 

could be phagocytized and retained by cDC1, and this “transfer of fluorescence” could be tracked 

by flow cytometry similar to previously employed approaches in pre-clinical models of melanoma 

(39, 41, 58). 

  

We created two transgenic orthotopic glioma cell lines: GL261-zsGreen and CT2A-zsGreen. 

When transplanted into mice, the tumor-derived zsGreen protein can be phagocytosed by 

infiltrating innate immune cells and used as a detectable surrogate for tumor antigen uptake and 

trafficking (Figure 3A). Because CT2A-zsGreen tumors most consistently retained zsGreen 

expression at the time of harvest following orthotopic transplantation, we used this tumor for most 

tumor-antigen tracking experiments. To test the hypothesis that brain tumor-infiltrating cDC1 

contain tumor antigen, we injected CT2A-zsGreen tumors intracranially and monitored for the 

presence of zsGreen within cDC1, as well as other immune cells, by flow cytometry. In CT2A-

zsGreen tumors, we identified zsGreen present not only within cDC1 but also cDC2, monocyte 

derived DC (MoDC), and plasmacytoid DC (pDC) infiltrating the tumor (Figure 3B), suggesting 

that these populations phagocytose tumor-derived antigens in vivo. We did not identify zsGreen+ 

APC within non-fluorescent CT2A tumors. We then examined the ipsilateral cervical lymph nodes 

(cLN) to determine whether zsGreen+ APC were present extracranially. We identified zsGreen+ 

cDC1 (both migratory and resident subsets) in both the deep and the superficial cLNs (Figure 3C-

D). A larger fraction of migratory cDC1 (further defined by CD103+CD8α-) were zsGreen+ 
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compared to the resident cDC1 subset (further defined by CD8α+CD103-). We also identified other 

zsGreen+ APC populations, including cDC2, MoDC and pDC in the superficial cLNs, and MoDC 

in the deep cLNs. Although GL261-zsGreen tumors less reliably retained zsGreen expression in 

vivo, zsGreen was still detectable within a considerable proportion of the tumor infiltrating DC 

(Figure S1A), as well as within APC subsets isolated from the deep and superficial cervical lymph 

nodes. We detected a significant proportion zsGreen+ cDC2 in the deep cervical lymph node, as 

well as cDC2, MoDC and pDC in the superficial cervical lymph node (Figure S1B-C). This 

extended our findings with CT2A zsGreen brain tumors. These data show that cDC1 as well as 

other innate immune cell populations harbor tumor-derived antigen both within the tumor 

microenvironment and also in the cervical lymphoid tissue across different brain tumor preclinical 

models. 

  

Having observed zsGreen within cervical lymph node cDC1, we considered several scenarios by 

which tumor-derived antigen is trafficked from the CNS to cervical lymph nodes. Specifically, 

brain tumor-associated antigens could be actively trafficked by cellular transport within APC, or 

passively transferred from the brain to the cLN via acellular mechanisms. Regarding the former, 

migratory cDC1 home to draining lymph nodes via chemokine receptor 7 (CCR7)-mediated 

chemotaxis (59). Therefore, we tested the hypothesis that CCR7 expression was required for 

zsGreen+ cDC1 to appear in the cLN. Because CCR7-/- mice lack migratory DC in lymph nodes, 

we did not distinguish between migratory and resident cDC1 in our analysis, and instead included 

all cDC1. We transplanted CT2A-zsGreen into the brains of both WT and CCR7-/- mice and 

monitored the zsGreen signal in immune cells isolated from brain tumors as well as from cLN. We 

observed equivalent zsGreen uptake by tumor infiltrating cDC within both WT and CCR7-/- mice, 
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suggesting that cDC originating from mice of both genotypes were able to infiltrate brain tumors 

and phagocytose tumor antigen (Figure 3E, left). However, we observed a significantly attenuated 

zsGreen signal within the cDC1 isolated from the deep and superficial cervical lymph nodes of 

CCR7-/- mice compared to WT mice (Figure 3E, middle and right). Small but equal fractions of B 

cells were positive for zsGreen in cervical lymph nodes of wild type and CCR7-/- mice (Figure 3E, 

middle and right), which may suggest that passive CNS lymphatic drainage is possible in both 

genotypes since B cells are not known to migrate from the periphery to lymph nodes, and instead 

enter the lymph node through high endothelial venules (60-62). The zsGreen signal was 

incompletely extinguished in DC within CCR7-/- lymph nodes, which suggests that passive 

drainage or a CCR7-independent process could be potential mechanisms to traffic a small fraction 

of tumor antigen to draining lymph nodes. The diminished lymph node zsGreen signal in CCR7-/- 

mice was not restricted to the cDC1 subset, and included the pDC in both superficial and deep 

cLNs, and MoDCs in superficial cLNs (Figure 3E, middle and right). Together with our previous 

observation that cDC1 are required to generate brain tumor-specific T cell responses, these results 

suggest that cDC1 perform this function, at least in part, by phagocytizing tumor-associated 

material within the brain and trafficking it to the lymph nodes in a CCR7/cell migration-dependent 

manner.  

  

Dura associated cDC1 undergo dynamic changes in response to GBM 

Having demonstrated that cDC1 harbor tumor-derived antigen within brain tumors as well as in 

the draining cervical lymph nodes, we next characterized cDC1 within cranial dura, the outer 

fibrous layer which surrounds the brain. The dura has been increasingly recognized as an 

immunologically dynamic tissue site. While the steady state brain parenchyma is devoid of cDC1, 
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dura harbors a diverse composition of leukocytes including conventional DC, plasmacytoid DC, 

macrophages, T cells, and B cells, among other cell types (22, 63). The dura also contains 

lymphatic vessels that traverse the venous sinuses and drain to the cervical lymph nodes (28, 29, 

31, 55). Prior studies have demonstrated the presence of Flt3L responsive DC in the dura (22, 23). 

Given the growing recognition of the importance of the dura microenvironment during immune 

responses, we addressed both the location of the specific cDC1 subset as well as the antigen 

presentation capacity of dura-associated cDC during brain tumor growth. 

  

We investigated the location of dura-associated cDC1 in SNX22GFP/+ mice, in which cDC1 

specifically are labeled with GFP, by 2-photon microscopy. In control sham-treated and GL261-

OFP bearing SNX22GFP/+ mice, the dura harbored extravascular cDC1 (Figure 4A). We 

hypothesized that the number of cDC1 infiltrating the dura would increase in response to the 

presence of a tumor in the brain parenchyma. Compared to sham-injected mice, dura from 

intracranial GL261-bearing mice contained increased numbers of cDC1, cDC2, MoDC and pDC 

by flow cytometry (Figure 4B).  

  

We examined whether the growth factor responsible for conventional DC development, Flt3L, 

could also be used to also drive the expansion of the cDC1 subset specifically within the dura. 

Previous work showed that dura harbors CD11c+, I-Ab+ cells whose expansion could be driven by 

systemic Flt3L administration (23), and a recent study identified that systemic Flt3L administration 

could drive expansion of cDC1 and cDC2 when the whole brain and surrounding meninges were 

examined together (22). We extended these data and focused specifically on the effect of Flt3L on 

dura cDC1. When mice were administered systemic Flt3L, we observed significant expansion of 
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DC subsets in the dura, including the cDC1 subset, by flow cytometry in wild type mice (Figure 

4C) and 2-photon microscopy in the SNX22GFP/+ mouse (Figure 4D, Figure S2A). Flt3L induced a 

greater magnitude of expansion of dura DC than intracranial-GL261. These data show that dura-

resident cDC1 can undergo expansion driven both by the presence of tumor located within the 

brain parenchyma as well as by systemically-administered Flt3L.  

  

To investigate the spatial relationship between cDC1 and dura lymphatic vessels, we crossed the 

SNX22GFP/GFP cDC1 reporter mouse with the Prox1-Cre-tdTomato+/+ reporter mouse, which 

expresses tdTomato specifically in lymphatic vessels (64). Tamoxifen-treated F1 mice have GFP+ 

cDC1 and tdTomato+ lymphatic vessels. Using 2-photon microscopy to characterize the dura in 

tamoxifen-treated F1 mice, we observed that GFP+ cDC1 could be detected within the dura 

lymphatic vessels themselves when mice were orthotopically transplanted with intracranial 

GL261-OFP (Figure 4E, Figure S2B) or were sham-injected (Figure S2C). These data show that 

cDC1 can be identified within the lumen of dura-lymphatic vessels from both the tumor-bearing 

and steady-state brain conditions. 

  

Having identified cDC1 within the dura and, in some instances, within dura lymphatic vessels, we 

tested the hypothesis that dura cDC1 could acquire tumor-derived antigen from intraparenchymal 

brain tumors. Because CT2A-zsGreen retained the highest levels of zsGreen expression at the time 

of harvest compared to GL261-zsGreen, we used CT2A-zsGreen to monitor for tumor-antigen 

presence in dura-associated cDC1. We orthotopically transplanted CT2A-zsGreen tumors into the 

brain parenchyma of mice and monitored the zsGreen signal within immune cells on day 7 post-

injection within tumors, dura, and cervical lymph nodes by flow cytometry. To avoid 
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contamination of the dura with underlying parenchymal zsGreen+ tumor and tumor infiltrating 

immune cells, we (a) selected an early time point following tumor injection to ensure that tumors 

were small and did not abut the dura and (b) resected the dura surrounding the prior injection site 

to avoid potential contamination of the dura samples by adjacent tumor and immune cells. We 

observed zsGreen+ migratory cDC1 in the tumor itself, the dura, the superficial cervical lymph 

nodes, and the deep cervical lymph nodes (Figure 4F). Importantly, we did not observe a CD45-, 

zsGreen+ population in the dura, which indicates that our dura samples were not contaminated by 

tumor or tumor infiltrate. We also observed zsGreen in cDC2, pDC, and monocyte-derived DC in 

the tumor, dura, and cervical lymph nodes (Figure 4G). Together, these data show that dura-

associated Flt3L-responsive cDC1 can localize to dura lymphatic vessels and that dura-associated 

cDC1, along with other dura-associated APC subsets contain tumor antigen from intraparenchymal 

tumors. 

 

CD8+ T cell priming occurs in cervical lymph nodes and requires cDC1 and CCR7 for normal 

kinetics  

Having established that tumor-antigen containing DC can be found in the dura as well as the 

superficial and the deep cervical lymph nodes, we examined where T cell priming takes place 

during the immune response to CNS tumors. The location of T cell priming during immune 

responses against CNS tumors remains incompletely characterized. Several observations support 

a role for the cervical lymph nodes in CNS pathology: (1) ligation of deep cervical lymph nodes 

attenuated the effects of VEGF-C-mediated elimination of brain tumors (55); (2) 

lymphadenectomy of cervical lymph nodes ameliorated the disease burden in rodent models of 

EAE (65-67); and (3) ablation of meningeal lymphatics decreased the antigen specific T-cell-
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CD11c+ interactions in deep cervical lymph nodes of mice with EAE (68). We extended these 

studies to address where T cell priming might take place in the immune response against CNS 

tumors.  

 

Because we detected tumor-antigen containing APCs in several anatomic sites, we considered the 

possibilities that CD8+ T cell priming could occur within the tumor itself, the dura, the cervical 

lymph nodes, or the spleen. To this end, we tracked the cell division in vivo of OT-I T cells 

adoptively transferred into mice bearing intracranial GL261 cells transduced with full length 

ovalbumin (GL261-OVA). OT-I T cells recognize the H-2Kb restricted ova antigen SIINFEKL 

(69) and proliferate upon being primed. We transplanted GL261-OVA into the brains of CD45.2+ 

C57BL/6 hosts. Four days post-transplant, we adoptively transferred CFSE-labeled, 

CD45.1+CD45.2+ congenically marked OT-I CD8+ T cells. We harvested the region of the cerebral 

hemisphere which contained the transplanted tumor cells, the dura, the ipsilateral superficial and 

deep cervical lymph nodes, the spleen, and the non-CNS draining contralateral inguinal lymph 

node, and monitored for CFSE dilution of OT-I CD8+ T cells within these disparate tissues (Figure 

5A-C). We distinguished between CFSE-low, CFSE-mid, and CFSE-high OT-I CD8+ T cells 

which we envisaged to reflect terminal effector cell function, division during initial priming, or no 

division due to the absence of priming, respectively. We harvested tissues at days 3 and 6 post 

adoptive transfer to capture early and late snapshots of the evolution of clonal expansion within 

each of the tissues. 

 

At 3 days post-adoptive transfer, we observed the greatest numbers of CFSE-high, undivided OT-

I cells as a fraction of the CD45+ compartment in the lymph nodes, regardless of location (Figure 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.13.460088doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460088


5B, left). The tissue with the next largest fraction of undivided OT-I cells was the spleen (Figure 

5B, left). The tumor and the dura had almost no CFSE-high, undivided OT-I T cells (Figure 5B, 

left), commensurate with our understanding that naive T cells circulate between lymphoid organs 

before activating and dividing. This same pattern held through day 6 post-adoptive transfer, 

although there were fewer undivided OT-I cells as a fraction of CD45+ cells (Figure 5C, left). At 

day 3 post-adoptive transfer the CNS-draining superficial and deep cervical lymph nodes harbored 

significantly more CFSE-mid initially divided OT-I T cells as a fraction of the CD45+ compartment 

than other tissues (Figure 5B, middle). This is consistent with our understanding that clonal 

expansion first occurs in proximal draining lymph nodes. This same pattern held through day 6 

post-transfer, although there were fewer CFSE-mid OT-I cells as a fraction of CD45+ cells (Figure 

5C, middle). At day 3 post-adoptive transfer, CFSE-low terminally divided OT-I T cells occupied 

the greatest fraction of CD45+ cells in the deep cervical lymph nodes but were also observed in the 

superficial lymph nodes and TIL, albeit at lower numbers (Figure 5B, right). However, by day 6 

post-transfer, this pattern had shifted. The TIL harbored the greatest fraction of terminally divided 

OT-I T cells as a fraction of CD45+ cells compared to all other sites except the dura (Figure 5C, 

right). This underscores our understanding that the tumor is both the source of antigen and effector 

site for OT-I T cells. We observed similar patterns of expansion of OT-I cells in CT2A-OVA 

tumors, although the expansion was weaker and somewhat delayed when compared with GL261-

OVA experiments (Figure S3A), which may be due to the immune-suppressive effects of CT2A. 

Together, these data support a model in which CD8+ T cells are primed against brain tumors in the 

CNS-draining cervical lymph nodes, and subsequently home to the CNS to mount an anti-tumor 

immunity there, and that, while the tumor itself is a primary site of effector function, effector T 

cells can also be observed in the dura. 
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Given our observations that cDC1 are required to prime neoantigen specific T cell responses 

against CNS tumors, and that CCR7 is required to traffic antigen from brain tumor to draining 

cervical lymph nodes, we next investigated their role in clonal expansion of adoptively transferred 

OT-I T cells in mice with GL261-OVA brain tumors. Compared to WT mice, CCR7-/- and 

IRF8+32kb-/- mice had decreased clonal expansion of OT-I T cells in the cervical lymph nodes 

and spleen at 3 days post adoptive transfer (Figure S4A, 1st, 2nd, and 5th graph from left). Notably, 

in contrast to day 3, at day 6 we observed minimal differences in clonal expansion between WT, 

CCR7-/-, and IRF8+32kb-/- mice (Figure S4B). These data collectively demonstrate that CD8+ T 

cell priming and clonal expansion against brain tumor-specific antigens occurs in the cervical 

lymph nodes, and that absence of intact cell migration to lymph nodes and cDC1 deficiency lead 

to delayed, but not completely absent clonal expansion in this setting.  

 

The CD141+ human equivalent of the cDC1 is detectable in human in the dura and brain tumors 

Having identified cDC1 and additional cDC subsets within murine brain tumors and matched dura, 

we investigated whether human tumors and dura also harbored infiltrating DC populations. While 

human DC subsets and functions are less well characterized than in mice, the human cDC1 parallel 

is the CD141-expressing cDC. In both mice and humans, experiments have demonstrated that these 

parallel cDC1 subsets can produce IL-12 (70), cross present exogenous proteins derived from 

internalized dead cells to CD8+ T cells (70), and express high levels of IRF8 (71), a critical 

regulatory factor required for cDC1 development in mice (51) and in humans (72).  

 

We explored the immune cell populations within the tumor and matched dura of patients 

undergoing craniotomies for tumor resection in which, in addition to the tumor, there was a clinical 
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indication to also resect adjacent normal, non-tumor involved dura (Figure 6A). We disaggregated 

dura and matched tumor specimens from five meningioma patients and one GBM patient and 

performed flow cytometry. In both GBM and meningiomas, we detected the presence of multiple 

human DC equivalents vested within tumor and matched dura specimens, including cDC1-

equivalent CD141+ DC, cDC1-equivalent CD1c+ DC, as well as CD14+ monocytes, and CD16+ 

monocytes (Figure 6B-D). We identified cDC1, cDC2, CD14+ monocytes, CD16+ monocytes, 

CD4+ T cells, and CD8+ T cells in most of the thirteen total GBM tumors that we analyzed (Figure 

6C). Moreover, between GBM and meningiomas, the matched dura samples harbored similar 

fractions (as a percentage of CD45+ cells) of each of the above-mentioned cell types, although our 

analysis was limited to a single GBM sample in which dura was also resected (Figure 6F). These 

findings collectively show that human conventional DC subsets as well as monocytes are 

abundantly detectable in dura and tumors and across multiple brain tumor types, which suggests 

they could play a role in human CNS anti-tumor immunity. 

  

The CD141+ cDC and other APC phagocytose a tumor-specific marker in GBM 

We next applied the “transfer of fluorescence” methodology employed previously to clinical 

studies of brain tumors from patients in order to characterize the immune cells that phagocytize 

GBM-derived material. Similar to the preclinical studies in which we tracked tumor-derived 

zsGreen, this approach relies on the premise that fluorescent material derived from the tumor could 

potentially be transferred to, and detectable within, DC subsets and other phagocytic cells 

infiltrating the tumor. During GBM resection, the FDA-approved compound 5-aminolevulinic acid 

(5-ALA) can be used in “fluorescence-guided surgery” to fluorescently label the tumor in order to 

distinguish it from normal brain (44-47). After patients ingest 5-ALA preoperatively, the 
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compound crosses the blood-brain barrier and is metabolized by target GBM cells to 

protoporphyrin IX (PPIX) (48). The accumulation and retention of PPIX is highly specific to GBM 

cells (48, 49) . During GBM resection, illumination of the tumor with blue light from an operating 

microscope leads to fluorescent excitation of the GBM-associated fluorophore PPIX, which emits 

light within pink wavelengths. In contrast to non-fluorescent normal brain tissue, tumor tissue 

fluoresces pink under the microscope (Figure 7A). We tested the hypothesis that a subset of 

phagocytic CD45+ cells, including DC, could acquire and retain tumor-derived PPIX in patients 

undergoing 5-ALA-mediated fluorescence guided surgery for GBM (Figure 7B).  

 

To test whether we could detect PPIX+ cells by flow cytometry, we characterized samples both 

form 5-ALA-treated patients as well as in vitro passaged cell lines exposed to 5-ALA. We 

disaggregated a GBM specimen obtained from a 5-ALA-mediated surgical resection and 

performed flow cytometry on the single cell suspension. We determined that the PPIX signal was 

brightest in the BV650 channel (Figure S5). We also observed clearly defined PPIX-low and PPIX-

high cell populations, which suggests a range of PPIX uptake and retention amounts among tumor 

cells (Figure 7C, left). We thus used the BV650 channel to detect PPIX for further experiments. 

We also treated the U343 glioblastoma cell line with 5ALA and performed flow cytometry. 

Compared to untreated U343 cells, 5-ALA treated U343 cells also fluoresced brightly in the 

BV650 channel (Figure 7C, right).  

 

We next analyzed 5-ALA treated GBM patient samples to determine if transfer of PPIX 

fluorescence from tumors to infiltrating APC occurred in patients. Specifically, we addressed two 

central questions: (1) would transfer of PPIX fluorescence from tumor to immune cells occur only 
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in the tumor microenvironment and not in the periphery? and (2) within the tumor mass, would 

only phagocytic immune cells acquire and retain tumor-derived PPIX? To answer these questions, 

we studied the matched peripheral blood and tumor obtained from patients with GBM undergoing 

5-ALA fluorescence guided surgery. We characterized both disaggregated tumor samples and 

patient-matched intraoperatively harvested peripheral blood mononuclear cells (PBMC) by flow 

cytometry. In PBMC, neither the CD3ε+ fraction, nor the CD3ε- fraction had a detectable PPIX 

signal (Figure 7D, upper graph). In contrast, whereas the CD3ε+ fraction of the tumor infiltrate 

was PPIX-negative, a majority of cells in the CD3ε- fraction were PPIX-positive (Figure 7D-E). 

These data show that presence of PPIX within an immune cell depends on both cell identity and 

localization within the tumor.  

 

We next investigated whether tumor infiltrating DC harbored detectable PPIX. We disaggregated 

GBM tumors that were resected using 5-ALA. Compared to intraoperatively harvested PBMCs as 

a control, we observed PPIX within different APC subsets infiltrating the tumor, including CD141+ 

cDC, CD1c+ cDC, CD14+ classical monocytes, and CD16+ non-classical monocytes across eight 

GBM samples: six primary and two recurrent GBMs (Figure 7F-G). Moreover, the PPIX-signal 

localized to APC and not T cells infiltrating the tumor (Figure 7H). Thus, multiple tumor-

infiltrating APC subsets acquire and retain a GBM-derived tracer. Together, these data show that 

PPIX transfer of fluorescence from tumor to infiltrating CD45+ cells depended on both location 

and cell identity. Phagocytic immune cells, and not T cells, acquired and retained PPIX. Moreover, 

only immune cells within the tumor microenvironment and not in the periphery became PPIX+, 

which underscores that the presence of CD45+PPIX+ cells was a function of both cell identity and 

location within the tumor.   
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DISCUSSION  

Here, we describe the functional importance of cDC1 in the immune response to GBM. We showed 

that cDC1 infiltrate GL261 and CT2A tumors and that they are critically required for the 

development of functional neoantigen-specific CD8 T cell responses to GBM as well as for 

responsiveness to checkpoint blockade in a model sensitive to this therapy. Moreover, using a 

traceable fluorescent tumor antigen model, we observed that multiple DC subsets, including cDC1, 

acquire tumor-derived material which is trafficked to both the superficial and deep cervical lymph 

node chains in a manner that requires CCR7 expression. We also identified cDC1 within the dura 

and observed that a subset of these cells are located within dura lymphatic vessels. Interestingly, 

we also detected tumor antigen within DC harbored by the dura, which could be a midpoint along 

the migration path of cDC1 transiting between the brain-tumor parenchyma and cervical lymph 

nodes. Based on the dynamics of expansion of T cells specific for an ectopic GBM antigen, lymph 

nodes were the predominant location of priming an immune response to GBM, and this process 

required intact cell migration and cDC1 for normal kinetics. Finally, we extended our work in mice 

to human tumors and dura. Both tumors and dura harbored the mouse cDC1-equivalent CD141+ 

DC, among other subsets. Moreover, in tumors from surgical resections in which 5-ALA was used 

to illuminate the tumor, APC that had infiltrated the tumor, but not the same subset from the 

periphery, harbored the fluorescent protoporphyrin IX tumor-antigen surrogate.  

 

Previous reports have identified the critical role of cDC1 in anti-tumor immunity for a range of 

tumor types (36-43). Our findings extend the importance of the cDC1 to the immune response to 

CNS tumors. Recent work has indicated the importance of cDC1 in certain contexts within CNS 

anti-tumor immunity: investigators identified that the more immunogenic FGL2-/- orthotopic brain 
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tumors required Batf3-dependent cDC1 in order to be eliminated by the immune system (73, 74). 

The consequences of cDC1 deletion in our preclinical model extend their work and suggest that 

cDC1 are a required APC within the context of CNS anti-tumor immunity broadly, particularly to 

generate CD8+ Τ cell responses against the tumor. Further work will be necessary to understand 

the requirements for antigen presentation to CD4+ T cells in this setting. Nevertheless, despite the 

immunologically specialized nature of the CNS—absence of steady state parenchymal dendritic 

cells, lack of lymph nodes in the parenchyma, the presence of cerebrospinal fluid, and the blood 

brain barrier, among other features—the dependence on the cDC1 subset for immune responses to 

cancer appears to be shared between the CNS and other extracranial tissue sites.  

 

The nature of antigen presentation in the CNS has been a topic of substantial investigation in 

several distinct disease models. Unlike other anatomic tissue sites, the only leukocytes present in 

any abundance in the brain parenchyma are the microglia (22, 75). In addition, border associated 

macrophages exist along the basement membranes of blood vessels (22). Although these innate 

cell types harbor the capacity to present antigen, they lack the capacity to migrate outside the CNS. 

In contrast, cDC possesses the canonical professional APC abilities to phagocytose antigenic 

material and migrate to secondary lymphoid tissue to prime naive T cells. In the CNS, cDC are 

relatively restricted to specialized anatomic locations including the choroid plexus and meninges 

(22, 23). Nevertheless, cDC can infiltrate the brain parenchyma in settings of inflammation (24, 

33, 34, 57, 63, 76, 77). Previous studies from the Fabry group showed that intracerebrally injected 

monocyte-derived DC could migrate to the cervical lymph nodes (32), and EAE disease severity 

was attenuated when cDC subsets were depleted using the ZBTB46-DTR mouse (76). Other 

studies have shown that partial depletion of DC led to attenuated responses against GBM when 
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anti PD-1 and/or PolyIC was used to stimulate the immune system to eliminate orthotopic models 

of GBM (78). Nevertheless, we have had a persistently limited understanding of how endogenous 

cDC1, rather than exogenously introduced dendritic cells, contribute to the immune response to 

brain tumors. Our work suggests that the cDC1 subset functions, at least in part, as a key 

professional APC in the immune response to brain tumors.  

 

The relationship between CNS pathophysiology and the cervical lymph nodes has been supported 

by a growing body of work in different disease models. Extirpation of the cervical lymph nodes 

lessens EAE severity (65-67), and studies by both the Kipnis and Alitalo groups demonstrated the 

role of the cervical lymph nodes in lymphatic drainage of the CNS (28, 29). Recently, Iwasaki and 

colleagues demonstrated the critical involvement of the deep cervical lymph nodes in the VEGF-

C mediated immune response to brain tumors (55). Given the importance of cervical lymph nodes 

in lymphatic drainage of the CNS, we explored how dendritic cells themselves might play a role 

in lymphatic drainage of the CNS, with particular attention paid to the endogenous mechanism of 

antigen trafficking. Similar fluorescence transfer approaches to the ones we employed have been 

used to show that DC in draining lymph nodes contain tumor-associated fluorescent antigen (39-

41, 58). Prior studies with transgenic zsGreen-expressing tumors showed that zsGreen was taken 

up by both cDC1 and cDC2 subsets, as well as monocytes and macrophages (41). In our studies, 

zsGreen was harbored by cDC1 (predominantly migratory), cDC2, MoDC, and pDC in both the 

superficial and deep cervical lymph nodes, suggesting that multiple DC subsets can traffic antigen 

from tumor to draining lymph nodes. However, cDC1 are critically required to endogenously 

prime neoantigen-specific CD8+ T cells, and to respond to αPD-L1 therapy against GL261. 
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We consistently observed that both the superficial and deep cervical lymph nodes contained 

zsGreen+ cDC following intracranial transplantation with CT2A-zsGreen. In previous studies in 

which Evan’s Blue Dye was injected into the murine ventricles, the deep cervical lymph nodes 

accumulated blue dye prior to the superficial nodes (28). In other work, molecular tracers injected 

into the brain parenchyma drained only to the deep cervical lymph nodes (29). Herein, we observed 

that a larger percentage of zsGreen+ cDC subsets, including cDC1, in zsGreen tumor-bearing mice 

on day 7 post-transplantation in the deep cervical lymph nodes compared to the superficial cervical 

lymph nodes. However, in mice examined at 14 days following intracranial tumor injection, the 

percent of zsGreen+ cDC1 was roughly equivalent between the superficial and deep cervical lymph 

node sites. Although the kinetics of trafficking of molecular dyes from the ventricle to lymph node 

in Kipnis’ experiments may differ from the trafficking of tumor antigen from brain parenchyma to 

lymph node, our data support a similar model that deep cervical lymph nodes may sample 

parenchymal antigens prior to superficial lymph nodes. Ultimately, whereas the drainage route 

from the venous sinuses to the deep cervical lymph nodes has been well characterized (28, 29), the 

drainage route to the superficial cervical lymph nodes is less well characterized and merits further 

study.  

 

Parenchymal brain tumor antigens may access the cervical lymph nodes via several potential 

routes--i.e., via active cell-mediated transit, cellular capture in the lymph nodes of passively 

drained antigen, or via transport by antigen-bearing exosomes. We used mice lacking CCR7, 

which is normally required for DC to migrate from the periphery to draining lymph nodes (59), to 

explore whether active cell-mediated migration was required for tumor antigen to be present in the 

cervical lymph nodes. We consistently observed that a much larger fraction of cDC1 contained 
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zsGreen in the wild-type compared to the CCR7-/- mice, which suggests that antigen trafficking is 

predominantly an active process that requires intact CCR7-mediated cell migration, which has also 

been observed in cutaneous melanoma (41). However, it is important to note that a zsGreen signal 

was still observed in DC derived from lymph nodes of CCR7-/- mice, which suggests that either 

passive drainage mechanisms or cell-mediated transit via other chemokine receptors may 

contribute to the trafficking of tumor-derived material from the brain to the cervical lymph nodes.  

 

Complementing our findings of zsGreen-containing DC in distinct anatomic locations within and 

outside brain tumors, we investigated the location of T cell priming in CNS anti-tumor immunity. 

Given our observations of zsGreen-containing cDC in both the cervical lymph nodes as well as 

the dura, either location could be a potential site for cDC to present antigen to specific T cells and 

initiate priming and subsequent clonal expansion. We observed the earliest expansion of OT-I 

CD8+ T cells in cervical lymph nodes, and they consistently harbored the bulk of CFSE-mid, early 

primed, OT-I CD8+ T cells among the tissue sites we examined, which suggests that these were 

the locations of T cell priming. Moreover, we primarily observed the CFSE-low, terminally 

divided OT-I CD8+ T cells at the later day 6 timepoint, and the majority of them had homed to the 

tumor. While expanded OT-I cells sometimes appeared in the tumor and dura by the early time 

point, they were always terminally expanded and CFSE low, which suggests that they had been 

primed elsewhere. We further observed that both CCR7-deficient and cDC1-deficient mice had 

delayed, but not absent expansion of adoptively transferred OT-I T cells in mice that harbored 

GL261-OVA tumors. These observations suggest two things: (1) that tumor antigen can still drain 

to the cervical lymph nodes in amounts great enough to drive clonal expansion of adoptively 

transferred T cells despite cells not being carried to lymph nodes by APC, and (2) that cell types 
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other the cDC1 can drive clonal expansion of adoptively transferred T cells if given enough time. 

However, these data still underscore the importance of cell migration and cDC1 in priming an 

effective and early T cell response against CNS tumors with normal kinetics. Broadly, our 

observations extend those of previous work in EAE models in which cervical lymph node resection 

dampened disease burden (65-67), and highlight the importance of the cervical lymph nodes in 

priming a CNS immune response. More broadly, our data support a model in which tumor antigens 

from intracranial tumors access the cervical lymph nodes, where subsequent tumor-specific T cell 

priming can occur.  

 

We coupled our preclinical observations on cDC1 with studies in patients. There has been 

significant work on the use of DC in GBM immunotherapy. Specifically, DCVax-L is a DC 

therapy vaccine platform in which autologous monocyte-derived DC are loaded with a patient’s 

tumor lysate and transferred back into the patient (79). Studies have also demonstrated the capacity 

to enhance the migratory activity of these DC by pre-conditioning to potentially improve patient 

outcomes (80). While these approaches are promising, we focused not on DC as a therapeutic 

approach in this study, but rather on the location and phagocytic function of endogenously arising 

cDC subsets in patients undergoing brain tumor surgery. We identified CD141+ cDC1, CD1c+ 

cDC2, CD14+ monocytes, and CD16+ monocytes, as well as CD4+ and CD8+ T cells in GBM. 

These findings extend our observations in mice, in which we observed that the tumor is infiltrated 

with DC far beyond the normal background for steady state brain.  

 

To our knowledge, the phenomenon of direct tumor antigen uptake by cDC has not been observed 

in human cancers. The use of 5-ALA allows the neurosurgeon to use fluorescence to visually 
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discriminate glioblastoma from normal brain in order to improve the extent of surgical resection 

(44-48). 5-ALA is ingested orally and is selectively metabolized and retained by GBM tumor cells 

(48, 49). We used the transfer of fluorescence principle to probe for the 5-ALA metabolite PPIX 

in various DC and APC subsets that infiltrated the tumor, which would indicate that the DC had 

phagocytized part of or a whole tumor cell. Importantly, we observed this phenomenon specifically 

in tumor-associated APC, as tumor-associated T cells were PPIX-. Moreover, cells that acquired 

and retained PPIX were specifically localized to the tumor, as the identical cell types isolated from 

PBMCs obtained during surgery after 5-ALA ingestion did not harbor PPIX. We envisage several 

potential mechanisms of PPIX acquisition by tumor-infiltrating APC: PPIX may be acquired and 

retained due to the phagocytosis of PPIX+ GBM cells, transferred to APC via PPIX-containing 

GBM exosomes, or other as yet-undefined mechanisms. The selective import of PPIX by CD45+ 

cells appears to be an unlikely mechanism.  Interestingly, we observed large fractions (>75%) of 

PPIX+ DC in human GBM, similar to the large fraction (50%-75%) of zsGreen+ DC in zsGreen 

expressing mouse GBM. Moreover, the %PPIX+ was not uniform between DC subsets in both 

humans and mice. These observations have two implications: (1) that different fluorophores with 

different molecular structures (one a heme-derivative, the other a protein) might be imported into 

APC by similar mechanisms and (2) that %PPIX+ differences observed between differing DC 

subsets might reflect functional differences between the subsets themselves. Importantly, these 

findings extend our observations of tumor-antigen uptake in mice to humans. 

 

Growing work has identified the meninges as an immunologically dynamic structure that contains 

cDC1, cDC2, and pDC in mice (22, 63) and in humans (81), and that DC within the dura to expand 

in response to Flt3L as a stimulus (22, 23). Recent work has also demonstrated that the dura harbors 
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a network of lymphatic vessels (28, 29, 31, 55, 68, 82) that not only drain CSF and antigen to the 

deep cervical lymph nodes but can proliferate in response to VEGF-C stimulation to help drive a 

more effective CNS anti-tumor immune response (55). Our work extends these findings. We 

showed that all DC subsets within the dura expanded in response to mice bearing brain tumors, 

and that all DC subsets, including the cDC1 subset, expanded in response to systemic 

administration of Flt3L. Furthermore, we identified cDC1 in dura lymphatic vessels by 2 photon 

microscopy and observed tumor-derived zsGreen within DC harbored by the dura in mice with 

zsGreen-transduced CT2A brain tumors. Additional studies are needed to define the functional 

contributions of dura-infiltrating DC, the interplay with the dura lymphatic network, and the 

anatomic pathways by which parenchymal antigens can access dura immune cell APC. We also 

translated our preclinical findings to human specimens. We observed, for the first time, that both 

the CD141+ cDC1 human equivalent the CD1c+ cDC2 human equivalent infiltrate human dura. 

Higher resolution studies in the appropriate clinical settings will be needed to further understand 

their roles in patients in steady state and in CNS disease.  

 

Taken together, these data show that the cDC1 subset is required for immune responses to GBM 

and infiltrate both tumors and dura mater. Additional work will be needed to understand the 

anatomic basis of cDC1-associated antigen trafficking to the dura and to the lymph nodes and 

whether appropriately polarized cDC1 may be leveraged therapeutically in patients with GBM. 

MATERIALS AND METHODS  

Study Design 

The objective of this study was to investigate the nature of antigen presentation and the role of 

cDC1 in CNS anti-tumor immunity. We designed and performed experiments in cellular 
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immunology, and employed preclinical models of GBM, as well as genotypes of mice deficient in 

cDC1, cell migration, or with lymphatics and/or cDC1 specifically labeled. We used previously 

characterized neoantigens and model antigens to study antigen-specific responses and kinetics of 

clonal expansion of adoptively transferred T cells. We also studied APC infiltration and antigen 

uptake by tumor-infiltrating APCs in patient tumors.  

 

Mice 

All animal experiments were approved by the Washington University Animal Studies Committee. 

Male and female mice 6-16 weeks of age were used for all experiments. Wild type C57BL/6 mice 

were purchased from Taconic Biosciences (Hudson, NY). C57BL/6 IRF8+32kb-/- and 

SNX22GFP/GFP mice were obtained from Dr. Kenneth Murphy. SNX22GFP/+ F1 mice were used for 

experiments. For experiments with GFP-labeled cDC1 and Tomato-labeled lymphatic vessels, we 

crossed SNX22GFP/GFP C57BL/6 mice to Prox1Cre-ER-tdTomato+/+ C57BL/6 mice, obtained from 

Dr. Gwendalyn Randolph. We treated the F1s as described (64) to induce Tomato expression in 

lymphatic vessels. C57BL/6 CCR7-/- (83) , OT-I transgenic (69), and CD45.1 congenic (84) mice 

were purchased from Jackson. All mice were housed in accordance with IACUC standards. 

 

Cell lines 

CT2A cells were obtained from Dr. Peter Fecci (Duke University) and GL261 cells were obtained 

from the NCI Tumor Repository. GL261-OFP was generated by transducing parent cells with 

mOrange2 (obtained from Dr. Robert Schreiber). GL261-zsGreen and CT2A-zsGreen were 

generated by transducing parent cells with zsGreen (obtained from Dr. David DeNardo). CT2A-

mFlt3L was generated by transducing parent cells with murine Flt3L (SinoBiological catalog # 
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MG51113-UT). GL261-OVA was generated by transducing parent cells with ovalbumin cloned 

from pcDNA3-OVA (Addgene plasmid # 64599). Transduction was performed as described (85). 

All cells were cultured at 37ºC, 5% CO2 in DMEM with 10% heat-inactivated FBS, 1% 

Penicillin/Streptomycin, 1% minimum essential amino acids, 1% L-glutamine, and 1% Sodium 

Pyruvate (D10). Cells were harvested at 70%-90% confluency to inject intracranially. 

  

Intracranial Injections 

50,000 tumor cells were injected 2mm to the right and 2mm posterior of bregma, at a depth of 

3.5mm using a Stoelting stereotactic headframe.  

 

Survival studies 

Age and sex matched WT and IRF8+32kb-/- C57BL/6 mice were intracranially injected with 

50,000 GL261 cells as described above. At days 3, 5, 7, and 14, mice were administered by IP 

injection either PBS vehicle or αPD-L1 (Leinco Technologies, Inc. Clone 10F.9G2) at a dose of 

200 µg/mouse in a volume of 100µL. Mice were euthanized when moribund.  

 

Tissue Harvest 

Mice with intracranial tumors were harvested 7-14 days after injection, depending on the 

experiment. Moreover, for a given study, up to and including the following tissues were harvested: 

tumor, superficial cervical lymph nodes, deep cervical lymph nodes, a non-draining contralateral 

inguinal lymph node, dura, and/or spleen. Lymph nodes, dura, and tumor were mechanically 

dissociated between two frosted slides and digested in 1mg/mL collagenase A, 2%FBS, in RMPI 

for 20 minutes at 37ºC/5% CO2. Suspensions were washed and ACK lysed as necessary. Tumors 
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were separated from myelin using a 22.5% Percoll™ solution (Fisher), and centrifuged at RT for 

15 minutes at 500g, (acceleration 9, deceleration 5). Mononuclear cells were separated from 

spleens by first dissociating spleens between a frosted slide, and then using a Ficoll™ gradient 

(Fisher). We retained the cells in the buffy coat for experiments. In preparation for flow cytometry, 

cells were suspended in MACS buffer (0.5% BSA, 2mM EDTA in PBS). 

  

ELISPOT 

Tumor single cell suspensions were separated from myelin using a 22.5% Percoll™ (Fisher) 

solution and subjected to ACK buffer to lyse red blood cells. CD8+ T cells were isolated with an 

EasySep™ Mouse CD8a Positive Selection Kit II (Stem Cell), counted and plated with naïve 

splenocytes. 50,000 CD8+ tumor CD8+ T cells were plated with 125,000 naïve splenocytes with 

or without mImp3 peptide overnight on a pre-coated murine IFN-γ detection plate (Cellular 

Technologies Limited) and analyzed with an ImmunoSpot plate reader (Cellular Technologies 

Limited). 

 

Flow Cytometry and Tetramer 

Cell suspensions were filtered, subjected to Fc block, and stained with surface antibodies for >20 

minutes on ice. Cells were suspended and flowed in MACS buffer. Flow cytometry was performed 

on a BD LSRFortessa™ X-20 flow cytometer. Full antibody panel listed in Table S1. The mImp3 

(AALLNKLYA)/H-2Db tetramer was generated by the Andrew M. and Jane M. Bursky Center for 

Immunology and Immunotherapy Programs Immune Monitoring lab as described (56). For 

zsGreen experiments, the 488B/FITC channel was used, with zsGreen+ tumor cells as the 

compensation control. Tumors derived with untransduced tumor cells were used to assess the 
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baseline fluorescence of immune cells isolated from that particular tumor type, and to determine 

where to draw the positive gate for zsGreen expression by a particular immune cell. Gating 

definitions described in Table S2.  

 

5-ALA Flow Cytometry 

5-ALA uptake in U343 cells (obtained from the Cancer Cell Line Encyclopedia (86)) was assessed 

by flow cytometry. U343 cells were incubated with 1 mM 5-Aminolevulinic acid hydrochloride 

(Sigma) or vehicle as a negative control, trypsinized, and subjected to flow cytometry. In patients 

who had signed written consent to a Washington University School of Medicine Institutional 

Review Board-approved protocol, resected tumor and peripheral blood were studied. Tumors were 

dissociated as described above. PBMC were isolated by centrifuging blood on a Ficoll™ gradient, 

followed by buffy coat harvest. The 5-ALA metabolite, PPIX, was assessed in the BV650/405C 

channel and the unstained tumor cell-suspension was used as the compensation control. 

 

OT-I T cell division assay 

CD45.1 mice were crossed to CD45.2/OT-I mice. For adoptive transfer experiments, 5x105 

GL261-OVA cells were injected intracranially. Four days later, CD8+ T cells were isolated from 

a CD45.1 x OT1 F1 mouse spleen using an EasySep™ Mouse CD8a Positive Selection Kit II 

(Stem Cell), CFSE (BioLegend) labeled (10 mins at RT, 5µM), recovered in R10βME at 

37ºC/5%CO2, washed in PBS, and adoptively transferred via tail vein into recipient mice (5x105 

OT1 cells per mouse). At days 3 and 6 post adoptive transfer, mice were harvested and tissues 

dissociated. 
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Human tumor and dura preparation 

Tumor and dura were obtained from patients who had signed written consent to a Washington 

University School of Medicine Institutional Review Board-approved protocol. Human dura was 

macerated and incubated in 2mg/mL collagenase A (Roche) and 2mg/mL collagenase D (Roche), 

10% FBS and IMDM overnight at 37ºC, with trituration every few hours for dura digestion. The 

next morning, the single cell suspension was filtered and prepared for flow cytometry. 

   

2-Photon Microscopy 

Mice were anesthetized and perfused with PBS, the cranial cap was removed with dura still 

attached to skull, and fixed in ice cold 4%PFA, shaking overnight. If blood vessels were labeled, 

5 minutes prior to perfusion, mice were injected IV with 594-lectin (Lycopersicon Esculentum 

(Tomato) Lectin (LEL, TL), DyLight® 594, Vector Laboratories). For brain sections, brain was 

cut with a vibrotome after fixation. Fixed tissues were glued to a cover slip with superglue and 

immersed in PBS for imaging. Images were collected using a custom Leica SP8 two-photon 

microscope (Leica Microsystems, Wetzlar, Germany) equipped with a 25x 0.95 NA water 

immersion objective, and two Femtosecond pulsing tunable Ti:Sapphir lasers (Mai Tai HP 

DeepSee and InSight DS+), both Spectra-Physics (Mountain View, CA, USA). GFP, mOrange 

and TdTomato were at a wavelength of 925nm whereas Dylight 594 and Dylight 649 were excited 

at 830nm. Fluorescence emission was guided directly to 4 external detectors in dendritic 

arrangement (2hybrid and 2 classical PMTs). For signal separation, three dichroic beam splitters 

(Semrock, Rochester, NY, USA) were used. To separate GFP, mOrange, Dylight 594 and the SHG 

(Second-harmonic generation) the three cutoff wavelengths were 358nm ,538nm and 593nm. The 
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separation of GFP, tdTomato, DyLight 649 and the SHG was obtained with cutoff wavelength of 

458, 560 and 652nm. Images were processed and rendered with Imaris cell imaging software.  

  

Flt3L treatment 

Mice were injected subcutaneously in the flank with CT2A-mFlt3L cells, such that the tumor drove 

expression of Flt3L similar to previously described (23). As a negative control, mice were injected 

with CT2A alone. Mice were harvested 2-3 weeks post-transplant of tumor cells, when flank 

tumors had reached 1-2cm in diameter.  

 

Statistical Analysis 

Students T-tests were used to analyze differences between groups. Survival statistics were 

analyzed with log-rank tests. One-tailed T test with Welch’s correction was used to analyze 

zsGreen data, in which unequal standard deviations were anticipated between groups, and the 

signal difference between groups was directionally restricted. Unpaired T tests were employed 

when one mouse was compared to other mice. Paired T tests were used when individual organs 

within a mouse were compared against one another, or when cell types within an individual patient 

were simultaneously analyzed and compared. Grubbs outlier test was used when noted. p < 0.05 

was considered significant, and statistical analysis were performed with GraphPad Prism 9. 

Specific statistical test used for each experiment outlined in figure legends.  
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Supplementary Materials  

Fig. S1. cDC derived from cervical lymph nodes harbor tumor-derived antigen in GL261.  

Fig. S2. 2 photon microscopy of dura from SNX22GFP/+ and Prox1-Cre-TdTomato+/WT x 

SNX22GFP/+ mouse under various experimental conditions. 

Fig. S3. OT-I expansion in IC CT2A-OVA bearing mouse.  

Fig. S4. OT-I expansion in IC GL261 OVA bearing mice is delayed in IRF8+32kb-/- or CCR7-/- 

mice compared to WT mice.  

Fig. S5. Fluorescence emission of 5-ALA resected GBM tumor across channels on a 

conventional BD LSR Fortessa™ X- 20 flow cytometer. 

Table S1. Antibody Panel 

Table S2. Gating Definitions  
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Figure 1. cDC1 infiltrate mouse glioma, and are required to mediate benefit from αPD-L1 

therapy. (A) cDC1, cDC2, MoDC and pDC infiltration of brains of sham treated vs. GL261 or 

CT2A intracranially injected mice assessed by flow cytometry at day 14 following tumor induction. 

(B) cDC1/cDC2 profile and GFP expression of SNX22GFP/+ mouse. (C) 2-photon microscopy of 

sham injected brain, or GL261-OFP injected brain at various regions in tumor. (D) WT vs 

IRF8+32kb-/- GL261 brain tumor infiltrate assessed for cDC1/cDC2 fractions. (E) Survival 

fractions of vehicle or αPD-L1 treated WT or IRF8+32-/- mice. Data are represented as mean +/- 

SEM of at least three independent experiments. **** p <0.0001. Differences in DC count analyzed 

with unpaired two-tailed T tests. Survival analyzed with log-rank test between individual groups. 
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Figure 2. cDC1 prime effector and neoantigen-specific CD8 T cell responses against mouse 

glioma. (A) T cell composition of WT vs IRF8+32kb-/- GL261 brain tumors as assessed by flow 

cytometry. (B) CD8+ T cell activation marker expression of WT vs IRF8+32kb-/- GL261 brain 

tumors as assessed by flow cytometry. (C) mImp3 neoantigen specific CD8+ T cell response 

assessed by Interferon-γ release assay (ELISPOT) with graph (D). (E) mImp3 neoantigen specific 

CD8+ T cell response assessed by tetramer staining and flow cytometry with graph (F). Day 14 

tumors for every panel in this figure. Data are represented as mean +/- SEM of at least three 

independent experiments. *** p <0.001. Differences in cell infiltrate, tetramer binding, and IFN-γ 

release analyzed with unpaired two-tailed T test. 
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Figure 3. cDC1 derived from cervical lymph nodes harbor tumor-derived antigen, and do so 

in a CCR7-mediated manner. (A) schematic describing principles and process. (B) zsGreen 

phagocytosis by DC infiltrating the CT2A-zsGreen tumor. zsGreen expression by (C) deep 

cervical lymph node and (D) superficial cervical lymph node DC. (E) zsGreen phagocytosis by 

DC infiltrating the CT2A zsGreen tumor of WT vs CCR7-/- mice. zsGreen expression by (F) deep 

cervical lymph node and (G) superficial cervical lymph node DC of WT vs CCR7-/- mice. Day 14 

tumors for B-D, Day 12 tumors for (E) Data are represented as mean +/- SEM of at least three 

independent experiments. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Differences 

in %zsGreen+ analyzed with unpaired one-tailed T test with Welch’s correction. Grubb’s outlier 

test in (E) used to test for and exclude an outlier from both the WT and the CCR7-/- genotypes. 
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Figure 4. Dendritic cells harbored by dura and dura lymphatics and undergo dynamic 

changes in response to intracranial tumors. (A) 2-photon microscopy of SNX22GFP/+ mouse 

dura along the superior sagittal sinus depicting sham vs. GL261 OFP intracranially injected mice. 

Dura DC assessed and quantified by flow cytometry in (B) sham injected vs. GL261 injected brains 

at d14 post tumor injection, and (C) -Ctrl vs Flt3L treated mice. (D) 2-photon microscopy of 

SNX22GFP/+ mouse dura depicting -Ctrl vs Flt3L treated mice. (E) Dura from intracranial GL261-

OFP bearing tamoxifen treated SNX22GFP/+/Prox1-Cre-tdTomato+/- mice, with GFP+ cDC1 and 

tdTomato+ lymphatic vessels near bregma—cDC1 visualized in lymphatic vessel. (F) Dura 

associated zsGreen+ migratory cDC1 assessed by flow cytometry, and (G) quantified across all 

DC subsets. Dura samples with CD45-, zsGreen+ cells were assumed to be contaminated by tumor 

infiltrate, and were excluded from analysis. Data are represented as mean +/- SEM of at least three 

independent experiments. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Differences in DC 

count analyzed with unpaired two-tailed T tests. Differences in %zsGreen+ analyzed with unpaired 

one-tailed T test with Welch’s correction. 
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Figure 5. Clonal Expansion of OT-I CD8+ T cells occurs primarily in extracranial CNS-

draining cervical lymph nodes. (A) CD44 expression and CFSE dilution of OT-I CD8+ T cells 

assessed by flow cytometry at day 3 and day 6 post adoptive transfer of ipsilateral superficial 

cervical lymph nodes, ipsilateral deep cervical lymph nodes, cerebral hemisphere region 

encompassing tumor, dura (with tumor abutting region resected), spleen, and non-draining 

contralateral inguinal lymph node. Quantitation of CFSE high, mid, and low OT-I CD8+ T cells at 

(B) day 3 and (C) day 6 post-transfer. Data are represented as mean +/- SEM of at least three 

independent experiments. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Differences between 

organs of OT-I CFSE low/mid/high % of CD45+/Live compared with paired two-tailed T tests. 
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Figure 6. Dendritic cells infiltrate human dura and tumors. (A) Representative sketch of 

resection of brain with meningioma/GBM and associated dura (also resected when clinically 

indicated). Dura and tumor infiltrating CD141+ cDC and CD1c+ cDC assessed by flow cytometry 

of (B) a GBM with (C) associated immune cell infiltrate composition as well as (D) a meningioma. 

(E) Dendritic cell and monocyte composition between a GBM-associated dura sample and 

meningioma associated dura samples.   
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Figure 7. APC infiltrating human GBM uptake a tumor-specific reporter PPIX. (A) GBM 

patient with pre-administered 5-ALA: tumor visualized under white (top) or blue (bottom) light. 

(B) Schematic describing principles and process. (C) PPIX expression in either a bulk non-

antibody-stained tumor from a 5-ALA resected GBM (left) or in U343 cells treated with 5-ALA 

(right). (D) CD3ε vs PPIX expression of CD45+/Live cells derived from patient intraoperatively 

derived PBMC (left) or resected GBM tumor (right) with associated graph (E). (F) PPIX+ APC 

subsets across 3 GBM tumors (two primary, one recurrent) compared to peripheral intraoperatively 

derived patient PBMC with associated graph (G). (H) Graph of tumor infiltrating PPIX+ APC vs. 

T cells. Data representative of eight patients (six primary, two recurrent) in which GBM and 

matched intraoperative PBMC were taken. **p<0.01, ***p<0.001, ****p<0.0001. Unpaired two-

tailed T tests for (E) and (H). Paired two-tailed T tests for (G).  
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