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Abstract

Purpose: The immunosuppressive tumor microenvironment present in the majority of diffuse 

glioma limits therapeutic response to immunotherapy. As the determinants of the glioma-

associated immune response are relatively poorly understood, the study of glioma with 

more robust tumor-associated immune responses may be particularly useful to identify novel 

immunomodulatory factors that can promote T cell effector function in glioma.

Experimental Design: We used multiplex immune-profiling, proteomic profiling, and gene 

expression analysis to define the tumor-associated immune response in two molecular subtypes of 

glioma and identify factors that may modulate this response. We then used patient-derived glioma 

cultures and an immunocompetent murine model for malignant glioma to analyze the ability of 

tumor-intrinsic factors to promote a CD8+ T cell response.

Results: As compared with IDH-mutant astrocytoma, MAPK-activated pleomorphic 

xanthoastrocytoma (PXA) harbored increased numbers of activated cytotoxic CD8+ T cells 

and Iba1+ microglia/macrophages, increased MHC class I expression, enrichment of genes 

associated with antigen presentation and processing, and increased tumor cell secretion of the 

chemokine CXCL14. CXCL14 promoted activated CD8+ T cell chemotaxis in vitro, recruited 
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tumor-infiltrating CD8+ T cells in vivo, and prolonged overall survival in a cytotoxic T cell-

dependent manner. The immunomodulatory molecule B7-H3 was also highly expressed in PXA.

Conclusions: We identify the MAPK-activated lower grade astrocytoma PXA, as having an 

immune-rich tumor microenvironment and suggest this tumor may be particularly vulnerable to 

immunotherapeutic modulation. We also identify CXCL14 as an important determinant of the 

glioma-associated immune microenvironment, sufficient to promote an anti-tumor CD8+ T cell 

response.

Keywords

Glioma immune microenvironment; tumor infiltrating lymphocytes; macrophage/microglia; 
CXCL14; MHC class I

INTRODUCTION

Diffuse glioma are characterized as lymphocyte depleted and studies suggest they share 

an immunosuppressive tumor microenvironment characterized by T cell dysfunction 

and abundant immunosuppressive myeloid cells (1–3). Yet, not all glioma share this 

immunophenotype and even within diffuse glioma, the immune microenvironment 

can vary (4–6). A mechanistic understanding of the determinants of the glioma 

immune microenvironment across distinct glioma types is critical to develop improved 

immunotherapeutic strategies for brain tumor patients and identify potential biomarkers for 

optimal therapeutic stratification.

The glioma immune microenvironment is shaped at multiple levels by tumor cell-

extrinsic and tumor cell-intrinsic factors (7). Compared to other peripheral organs, the 

brain is often considered immunologically ‘distinct’ (8) and certain aspects of the 

immune microenvironment, including myeloid cell populations, may contribute to an 

immunosuppressive microenvironment (2,7,9,10). Supporting the important role for tumor-

cell intrinsic factors, tumors driven by different epigenetic or genetic alterations can exhibit 

quantitative and qualitative differences in their tumor-associated immune response (9,11). 

In pediatric high-grade glioma, mutations in BRAF and NF1 have been associated with 

increased CD8+ tumor-infiltrating lymphocytes (6). Even within IDH-wildtype GBM, there 

are differences in the brain tumor immune microenvironment across tumors (4,12). In 

IDH-mutant astrocytoma several mechanisms may contribute to tumor immune-evasion, 

including reduced tumor cell expression of interferon-gamma-inducible chemokines, 

including CXC-chemokine ligand 10 (CXCL10) (1).

To date there has been limited investigation of the determinants of the immune 

microenvironment in diverse glioma subtypes. We hypothesize that mechanisms supporting 

a glioma-associated CD8+ T cell response may be relevant across brain tumor subtypes. 

Thus, in the present study, we identify a MAPK-activated lower grade astrocytoma, 

pleomorphic xanthoastrocytoma (PXA), as a glioma subtype with a more robust CD8+ T 

cell response and we use multiplex immune-profiling, spatial profiling, and gene expression 

analysis to elucidate the tumor immune microenvironment. Then, using human tumor 

tissues, patient-derived cell lines, and an immunocompetent murine model for glioma, we 
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investigate the tumor-intrinsic determinants of this robust glioma-associated CD8+ T cell 

response and demonstrate the importance of tumor secreted factors.

MATERIALS and METHODS

Patient Samples and inclusion criteria.

A total of 89 WHO 2016 grade II-IV astrocytoma cases, of which 27 were pleomorphic 

xanthoastrocytoma (PXA) (mean age 28.7 y), 32 were IDH-mutant astrocytoma (mean 

age 39.4 y), and 30 were IDH-wildtype glioblastoma (GBM) (mean age 55.1 y), were 

identified from records in the UCSF Brain Tumor Center Biorepository and the Division 

of Neuropathology, Department of Pathology, at UCSF. Pleomorphic xanthoastrocytoma 

(PXA) is genetically characterized by the combination of CDKN2A biallelic inactivation 

and oncogenic RAF kinase signaling, most commonly the activating BRAF p.V600E 

(c.1799T>A) mutation (13,14). Less common MAPK alterations identified, include BRAF 
insertion/deletion mutations (15), fusions involving BRAF or RAF1 (16) and mutation 

of NF1(13,17). Molecular classification was performed using the UCSF500 targeted next-

generation sequencing panel and/or immunostaining for IDH1 R132H, mutant protein, p16, 

BRAF V600E mutant protein , ATRX, and p53 (18). The samples included in each analysis 

are specified in the text and figure legend (for additional details please see Supplemental 

Methods). Non-neoplastic adult brain samples were used as a control. The assays performed 

on each case are summarized in Supplemental Table S1. The ethics approval number for 

the use of de-identified human biospecimens is 10-01318. These studies were in accordance 

with the ethical standards of the institutional research committee and with the 1964 Helsinki 

declaration and its later amendments.

Multiplex immunofluorescence and immunostaining.

Protein expression, including assessment of tumor-associated immune infiltration, 

was evaluated using multiplex immunofluorescence (mIFA; for most assays) or 

immunohistochemistry (for select mouse studies) on FFPE slides using a Discovery XT 

autostainer (Ventana Medical Systems) with appropriate controls. Cases analyzed by mIFA 

are listed in Supplemental Table S1, methods described in Supplemental Methods, and all 

antibodies detailed in Supplemental Table S2.

Image acquisition and analysis.

5X5 tiled images of immunostained slides were acquired at 200x magnification using a 

Zeiss Spinning Disc confocal & TIRF (Zeiss). For digital quantification FIJI software was 

used (Supplemental Methods).

Digital spatial profiling of protein expression.

46 immunologically relevant proteins (plus 3 normalization controls and 3 negative isotype 

controls, Supplemental Table S3) were quantified using the NanoString Inc. GeoMX 

platform (19) (Supplemental Methods). Slides were also stained with fluorescently labeled 

antibodies directed against CD3 (Cyan,), Iba1 (red), CD34 (yellow) and DAP1 nuclear 

staining (blue) which served as visualization markers. ROIs was selected as geometric 

shapes in T-cell abundant regions.
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Nanostring PanCancer Immune Profiling.

Information on cases selected for Nanostring profiling and more detailed Methods 

are detailed in Supplemental Table S1 and Supplemental Methods. The multiplex 

gene expression analysis using nCounter® PanCancer immune profiling panel (n = 

730 genes involved in the immune response and 40 housekeeping genes, NanoString 

Technologies™, Seattle, Washington, USA) was performed at the CAT facility, UCSF. 

Raw counts expression was analyzed using the nSolver™ Analysis Software (NanoString 

Technologies™ RRID:SCR_02171). The R package “limma” (version 3.29.0) was used 

for differential gene expression analysis. Multiple comparison testing using the Benjamini-

Hochberg method was used to control the false discovery rate (FDR). Genes with FDR 

less than 0.1 were reported. Two-by two comparisons were performed and differentially 

expressed genes (DEGs) were selected using expression levels p-value ≤0.05.

Analysis of RNA-sequencing data from Children’s Brain Tumor Network.

Mutational calls and normalized RNA sequencing data from pediatric low-grade (WHO 

grade I-II) and high-grade astrocytoma (WHO grade III-IV), from the Children’s Brain 

Tumor Network (CBTN) was downloaded via the Gabriella Miller Kids First Data Resource 

Portal. Data from a total of 314 tumors were divided into three cohorts based on molecular 

features: RAF altered astrocytoma (n=38), defined by mutations or fusions involving RAF1 
or BRAF; RAF wildtype astrocytoma (n=164), as defined by an absence of RAF1/BRAF 
alterations; and tumors most likely to be WHO grade I pilocytic astrocytoma (20), as defined 

by the presence of KIAA1549-BRAF fusion, FAM131-BRAF fusion, or RNF130-BRAF 
fusions (n=112). T-effector (T-eff) score was calculated as the geometric mean of the TPM 

(Transcripts Per Kilobase Million) of GZMA, GZMB, PRF1, IFN-γ, EOMES, and CD8A 
(21). The Cytolytic score (CYT) was calculated in a similar manner using the geometric 

mean of the TPM of GZMA and PRF1 as previously described (22). Data analysis and 

visualization were performed with R version 4.0.0.

RNAscope.

FFPE sections were evaluated by RNAscope chromogenic in situ hybridization (CISH) 

assay for the expression of CXCL14 using Advanced Cell Diagnostics (ACD, 

RRID:SCR_012481) probes (Newark, CA) specific for CXCL14 (425299-C2). The RNA 

Probe PPIB (313909) and dapB (312039) were used as positive and negative control probes, 

respectively.

Cell Culture, condition media and treatments.

Patient-derived PXA cell lines, PXA1 (SF12183) and PXA2 (SF12570), were established 

from biopsy tissue from recurrent anaplastic PXA, WHO grade III, and maintained under 

adherent conditions in DMEM media. DBTRG-05MG (RRID: CVCL_1169) and the 

immortalized human fetal astrocytes line SVG-p12 (RRID:CVCL_3797) were purchased 

from American Type Culture Collection (ATCC). IDH Mt cells are immortalized normal 

human astrocytes expressing E6/E7 oncoprotein, catalytic subunit of telomerase, and 

heterozygous IDH1 R132H mutation (23). Tumor prone murine progenitor cells (mTPC) 

containing EGFRvIII were generated in the laboratory and cultured under non-adherent 
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conditions (24). All the established cell lines and primary cell line used were cultured 

for less than 30 and 7 passages, respectively, were maintained at 37°C in a humidified 

5% CO2 incubator (Supplemental Table S4), authenticated by analysis of short tandem 

repeats (STR), and confirmed mycoplasma negative by PCR twice per year. Glioma cell 

condition media (CM) was isolated on day 3 when cells were 80–90% confluent and 

centrifuged at 1000 rpm at 4°C for 4 minutes to remove debris (Supplemental Methods). 

Cells were treated for 24 hours with recombinant human CXCL14 (Peprotech, Catalog 

#300-50) or IFN gamma (Peprotech, Catalog #500-M90). Inhibitor AMD3100 was used at 

10μM (Millipore Sigma, Catalog #A5602) for 15 minutes. siRNA knockdown of CXCL14 

was performed using siRNA ON-TARGETplus siRNA SMARTpools targeting CXCL14 

(siCXCL14, #SO2860488G) or control siScramble (siScr, #D-001810-10-05) (Dharmacon, 

Lafayette, CO). Cells were analyzed 48 hours from initial transfection. Primer sequences 

used for qRT-PCR are listed in Supplemental Table S5.

Flow cytometry and ELISA.

Single cell suspensions were incubated with Fc Block (BD Bioscience), stained with 

antibodies (Supplemental Table S2) according to standard protocols, and run on Attune 

instrument (BD Biosciences). Samples were evaluated with appropriate isotype controls 

and analyzed using FlowJo software (TreeStar). The CXCL14 ELISA Kit (R&D Systems; 

Catalog Number# DY866) was used according to the manufacturer’s protocol and 

absorbance obtained at 450nm (Epoch Spectrophotometer, BioTek). A standard curve was 

generated using recombinant ligand and CXCL14 concentration was interpolated.

Isolation of human CD8+T cells and in vitro transmigration assay.

Human CD8+ T cells were isolated using EasySep™ direct human CD8+ T cell isolation kit 

(Stem Cells; Catalog #19663) and cultured in ImmunoCult ™XF T Cell Expansion Medium 

(Stem Cells; Catalog #10981), Human Recombinant IL-2 (Stem cells, Catalog # 78220) and 

ImmunoCult™ Human CD3/CD28 T Cell Activator (Stem cell, Catalog #10970). Cells were 

incubated at 37°C and 5% CO2 for 3 days before plating in the top of Transwell inserts 

(5.0-μm pore size; Costar) (Supplemental Methods).

Generation of cell lines transduced with CXCL14.

Murine tumor-prone neural progenitor cells containing EGFRvIII (mTPCs) were transduced 

with either Lenti ORF particles, CXCL14-GFP-tagged (mTPCs-CXCL14) (Origene 

technology, Catalog #MR222808L4V) or with pLenti-C-mGFP-P2A (mTPCs-Control) 

(Origene Technology, Catalog #PS100093V) according to the manufacture’s protocol. The 

transduced cells were expanded, cultured as described previously using minimal essential 

media under non-adherent conditions, and GFP-positive cells were selected by cell sorting 

(24).

Intracranial injection of transduced mTPCs cells.

All experiments were performed in compliance with institutional guidelines and regulations 

following approval from the appropriate institutional review board (UCSF Office of 

Research Institutional Animal Care and Use Committee (IACUC), #AN185514-01). FVB 
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mice (male, 4 weeks, weight ranged from 20-21gm) were obtained from Charles River 

(Charles River Laboratories, Wilmington, MA, RRID: IMSR_CRL:207) and nude mice 

(Foxn1nu, female, 4 weeks, weight ranged from 19-20gm) were obtained from the 

Jackson Laboratory (The Jackson Laboratory, Maine, RRID: IMSR_JAX:007850) and were 

maintained in accordance with the IACUC guidelines. Intracranial allografts were performed 

as described previously (24) (Supplemental Methods).

CD8 T immune cell depletion in vivo.

Mice implanted with CXCL14-mTPC received intraperitoneal administration of anti-CD8α 
(clone GK 2.43) or control isotype anti-IgG (mIgG2b, clone LTF-2) beginning 4 days prior 

to tumor cell implantation and continuing twice a week until day 60. In parallel, mice 

without implanted tumor were treated with either anti-CD8α or anti-IgG and splenocytes 

were isolated on days 2, 23 and 44 post-implantation to verify CD8α cell depletion by flow 

cytometry (Supplemental Tables S2, S6).

Statistical analyses.

For in vivo studies 5-10 mice were used per treatment group. Data analyzed using GraphPad 

Prism 9.00 software. Data evaluated by one-way ANOVA, 2-sided, unpaired Mann-Whitney 

U test, and Student’s t test as stated in Figure Legends. Survival graphs were calculated 

using Kaplan Meier analysis. A p value < 0.05 was defined as statistically significant.

Data Availability Statement.

The human sequence data generated in this study are not publicly available due to patient 

privacy requirements but are available upon reasonable request from the corresponding 

author. Other data generated in this study are available within the article and its 

supplementary data files. Some of the data analyzed in this study were obtained from 

Children’s Brain Tumor Network (CBTN) and was downloaded via the Gabriella Miller 

Kids First Data Resource Portal (https://portal.kidsfirstdrc.org/login).

RESULTS

Quantitative differences in the tumor-associated immune response in molecularly distinct 
astrocytoma subsets.

Tumor-infiltrating lymphocytes (TILs) play an important role in the tumor 

microenvironment by influencing the growth and progression of cancer cells (25). 

Given previous reports suggesting that some RAF-altered glioma, predicted to be MAPK-

activated, exhibit an increased CD8+ T cell response (6), we investigated CD3+ TILs in 

three molecular glioma subsets with astrocytic morphology, as follows: (i) pleomorphic 

xanthoastrocytoma, characterized by RAF alterations, most commonly BRAF p.V600E 

mutation, and concomitant CDKN2A homozygous deletion, WHO grade II and III (PXA, 

n=22); (ii) IDH-mutant astrocytoma WHO grade II and III (IDH-mt, n=29); and (iii) 

glioblastoma, IDH-wildtype, WHO grade IV (GBM, n=30) (Figure 1). PXAs harbored a 

significantly higher mean percentage of CD3+ T cells (8.1%) as compared with IDH-mt 

astrocytoma (3.9%, p<0.01) and IDH-wt GBM (2.1%, p<0.0001) (Figure 1A). In PXA, 

23.7% of CD3+ T cells were cytotoxic T cells (dual CD8+CD3+), a 12-fold increase relative 
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to IDH mt astrocytoma (p<0.05; Figure 1B and 1D, Supplemental Figure S1A). In contrast, 

few CD3+ T cells were regulatory T cells (dual FOXP3+CD3+) (mean 1.7% vs. 28.9% in 

IDH-mt astrocytoma, p<0.05; Figure 1C, Supplemental Figure S1B). In PXA, CD3+ T cells 

were located in perivascular regions as well as diffusely throughout the tumor (Figure 1E). 

Cytotoxic activity of T cells requires an activated effector T cell state, including expression 

of granzymes, including granzyme B (GZMB), a serine protease secreted by activated 

cytotoxic effector T cells. In PXA, 22.1.% of CD8+ T cells co-expressed GZMB while in 

IDH-mt astrocytoma less than 1% of CD8+ T cells co-expressed GZMB (p<0.05, Figure 

1F–G).

Alterations in RAS/RAF/MAPK pathway signaling are relatively common in pediatric and 

young adult low grade glioma (26). Given the relatively high cytotoxic T effector TIL 

population in PXA, we investigated whether this might be a broader phenotype across 

RAF altered glioma. Using available genomic and transcriptomic data from 314 pediatric 

low- and high-grade astrocytoma, WHO grade I-IV, from the Children’s Brain Tumor 

Network (CBTN) we identified three cohorts of tumors (defined in Methods): RAF altered 

astrocytoma (n=38), RAF wildtype astrocytoma (n=164), and pilocytic astrocytoma (n=112). 

RAF altered astrocytoma had an increased T cell score (p<0.001) and an increased cytolytic 

T cell score (p<0.0001) relative to RAF wildtype astrocytoma (Figure 1H–I) and pilocytic 

astrocytoma (Supplemental Figure S1C–D).

Myeloid cells help regulate the tumor-associated immune response in glioma (9,10). In 

PXA (n=23), there were increased numbers of tumor-associated microglial/macrophages 

(TAMs), as defined by Iba1 expression, relative to IDH-mt astrocytoma (n=27) (mean 32.2% 

vs. 23.3%, respectively; p<0.001) (Figure 1J–L). TAMs can exhibit different activation 

phenotypes. The proportion of CD204 (macrophage scavenger receptor 1) expressing cells 

was comparable in PXA and IDH-mt astrocytoma (15.9% vs 15.4%, respectively; p=0.9, ns; 

Supplemental Figure S1E). In contrast, the proportion of CD163 cells was increased in PXA 

(3.7% vs 1.4%, respectively; p<0.05), although the total population of CD163 cells was low 

in both tumor types (Figure 1K–L). Taken together, these data suggest that PXA have a more 

robust cytotoxic TIL response and TAM response as compared to IDH-mt astrocytoma.

High-plex proteomic profiling of the immune response in PXA and identification of 
potential therapeutic targets.

To better characterize the tumor-associated immune response in PXA, we performed high-

plex spatial profiling of 46 immune-response related proteins in a cohort of PXA (n=9) and 

IDH-mt astrocytoma (n=8). Analysis of CD3+ T cell rich regions revealed both quantitative 

and qualitative differences in the tumor-associated immune response (Figure 2A). PXA 

demonstrated an increase in overall CD45+ immune cells, CD3+ T cells, CD8+ T cells, 

HLA-DR antigen-presenting cells, and CD20+ B cells (p<0.05 for all). In contrast, CD56+ 

NK cells were not significant but trended lower in PXA and CD11c+ myeloid cells also did 

not demonstrate a difference (Figure 2B).

T-lymphocyte activation and immune function are regulated by co-stimulatory molecules 

such as CD25, CD27 and CD127. CD27 is required for the T cell expansion and contributes 

to the accumulation of effector T cells, CD25 (IL-2) promotes the differentiation of T 
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cells into effector cells and is transiently up-regulated upon activation of T-effectors, and 

CD127 helps mediate T cell homeostasis (27). Each of these co-stimulatory molecules 

was significantly increased in PXA relative to IDH-mt astrocytoma (p<0.05, Figure 2C). 

In addition, cytotoxic T cell activation markers, granzyme A (GZMA) and granzyme 

B (GZMB), were increased in PXA relative to IDH-mt astrocytoma (p<0.01 and 0.05, 

respectively, Figure 2D–E), providing further support to the activated T cell phenotype.

Immune checkpoints are also crucial for controlling effector T cell function. Increased 

expression of inhibitory immune checkpoints is common across diverse tumor types, yet the 

exact mechanism of immune evasion appears to differ. Neither programmed death 1 (PD-1) 

nor programmed death ligand 1 (PD-L1) expression levels were significantly different in 

PXA and IDH-mt astrocytoma (Figure 2F). However, PXA had robust expression of B7 

Homolog 3 (B7-H3), and this was significantly higher than in IDH-mt astrocytoma (Figure 

2G). Protein expression of CTLA-4 and OX40L were also increased and expression of 

GITR was slightly decreased in PXA relative to IDH-mt astrocytoma (Supplemental Figure 

S2A). The expression of B7-H3 on the cell surface is critical for its immunomodulatory 

functions and for it to be targeted therapeutically. Therefore, we investigated the cell surface 

expression of B7-H3 protein by flow cytometry in three RAF-altered glioma lines, two 

primary patient-derived PXA cell lines, PXA1 and PXA2, and DBTRG (Supplemental Table 

S4). All three lines had robust cell surface B7-H3 expression relative to the IDH-mutant 

expressing normal human astrocytes (NHA), (IDH Mt) (Figure 2H). These data suggest 

PXA has a relatively immune-rich microenvironment and identify B7H3 as a potential 

immunotherapeutic target in PXA.

Enrichment of immune-related genes including antigen processing and presentation in 
PXA.

To identify factors that may promote an immune-rich microenvironment in PXA, we 

performed transcriptional analysis of immunologically relevant genes in PXA (n=21), IDH-

mt astrocytoma (n=6), and non-neoplastic brain (NB) (n=3) using Nanostring. Differential 

gene expression analysis identified 151 differentially expressed (DE) genes between PXA 

and IDH-mt astrocytoma (p<0.05) the majority of which (70%;105/151) were upregulated 

in PXA consistent with a more immune-rich microenvironment. The list of the top 20 

upregulated gene in PXA is shown in Supplemental Table S7. Indeed, several inflammatory 

immune response pathways were enriched based on Gene Ontology (GO) enrichment 

analysis with the antigen processing and presentation pathway as most significantly enriched 

(Figure 3A).

Major histocompatibility complex (MHC) class I expression is essential for antigen 

presentation and processing to CD8+ T cells. In PXA, the expression of MHC-I molecules, 

human leukocyte antigen (HLA)-A, -B and -C, were upregulated relative to IDH-mt 

astrocytoma (p<0.01, for all; Figure 3B) and non-neoplastic brain (p <0.01, for all; Figure 

3C). In dense PXA tumor regions, most cells expressed HLA-ABC protein, mean 57.8 

% of total cells, and the percentage was increased relative to IDH-mt astrocytoma, mean 

21% (p<0.05; Figure 3D–E). Dual immunostaining demonstrated HLA-ABC expression on 

BRAF V600E-mutant tumor cells (Figure 3F), and cell surface expression of HLA-ABC 
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was robust in all three RAF-altered glioma lines (Figure 3G). Taken together, these data 

suggest that an increased antigen processing and presentation pathway, including elevated 

MHC-I expression, may help promote a robust tumor-associated immune response in PXA.

CXCL14 is upregulated and secreted by tumor cells and patient-derived PXA cell lines.

Chemokines are chemotactic cytokines known to help regulate immune cell trafficking 

and influence the TIL response (28). Differential gene expression analysis revealed an 

upregulation of the chemokine (C-X-C motif) ligand 14 (CXCL14) in PXA relative to 

IDH-mt astrocytoma (Figure 4A; p<0.0001). The mean normalized mRNA count in PXA 

was 20-fold higher relative to that in IDH-mt astrocytoma (Figure 4B; p<0.001). Comparing 

CXCL14 expression across pediatric low- and high-grade astrocytoma, WHO grade II-IV, 

RAF altered astrocytoma had increased CXCL14 expression relative to RAF wildtype 

astrocytoma (p<0.0001, Figure 4C) and pilocytic astrocytoma (Supplemental Figure S3A).

In glioma, potential cell sources for CXCL14 include both immune cells and tumor 

cells (29). In BRAF V600E-mutant tumor dense regions, dual RNAscope revealed robust 

expression of CXCL14 transcript in Iba1-negative regions (Figure 4D). Furthermore, dual 

immunostaining demonstrated CXCL14 protein expression in BRAF V600E-mutant tumor 

cells (Figure 4E). In addition, all three RAF-altered glioma lines, PXA1, PXA2, and 

DBTRG, had high expression of CXCL14 transcript (Figure 4F) and ELISA demonstrated 

robust secretion of CXCL14 protein in PXA1 (285.5 pg/ml), PXA2 (250 pg/ml) and 

DBTRG (196 pg/ml) cells. (Figure 4G).

In addition to demonstrated roles in immune cell modulation, CXCL14 has also been 

implicated in the regulation of MHC class I expression (30). Given the increased MHC-I 

expression in PXA (Figure 3C), we investigated whether CXCL14 could alter cell surface 

expression of HLA-ABC. Addition of exogenous CXCL14 increased cell surface HLA-ABC 

expression on IDH Mt cells relative to control (Figure 4H, Supplemental Figure S3B, 

p<0.01). These data suggest CXCL14 is upregulated in RAF altered tumor cells and may 

promote increased cell surface MHC-I.

Secreted CXCL14 promotes activated CD8 T cell chemotaxis in vitro.

Our analysis suggested that PXAs harbor abundant CD8+ cytotoxic T cells (Figure 1B–

G). To investigate whether factors secreted from tumor cells may promote chemotaxis of 

activated CD8+ T cells, we performed transwell migration assays using cell-free conditioned 

media (CM) from the three RAF-altered glioma lines, PXA1, PXA2, and DBTRG. CM 

from all three lines induced increased chemotaxis of activated CD8+ T cells relative to 

media alone (Figure 5A). Given that CXCL14 has been implicated in promoting immune 

cell recruitment in neoplastic and non-neoplastic settings (30,31), we first demonstrated 

CXCL14 was sufficient to promote directional migration of activated CD8+T cells in a 

dose-dependent manner (Figure 5B). Next, we knocked down CXCL14 in DBTRG cells 

(Figure 5C) and observed a reduction in CM-induced chemotaxis of activated CD8+ T cells 

to background control levels (Figure 5D).
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CXCR4 is one of potentially several receptors that CXCL14 can use or modulate (32,33). In 

PXA, CXCR4 expression was 5-fold higher relative to IDH-mutant astrocytoma (p<0.001; 

Supplemental Figure S4A) and activated CD8+ T cells demonstrated robust expression of 

CXCR4 (Supplemental Figure S4B). Inhibition of CXCR4 with AMD3100 (34) blocked 

CXCL14-induced chemotaxis of activated CD8+ T cells in vitro (Figure 5E). These data 

demonstrate that secreted CXCL14 can promote activated CD8+ T cell chemotaxis in a 

CXCR4-dependent manner, further supporting a potential role for CXCL14 in the tumor-

associated immune response.

PXA also demonstrated increased tumor-associated microglia/macrophages relative to IDH-

mt astrocytoma (Figure 1J–L). As CXCL14 has previously been implicated in myeloid cell 

migration (35), we also evaluated the ability of secreted factors from tumor cells, including 

CXCL14, to influence macrophage chemotaxis. Cell-free conditioned media (CM) from 

PXA1, PXA2, and DBTRG, promoted chemotaxis of the macrophage cell line MV4-11 

in transwell migration assays relative to media alone (Supplemental Figure S4C). We also 

confirmed that exogenous CXCL14 was sufficient to promote the directional migration of 

MV4-11 cells in a dose-dependent manner (Supplemental Figure S4D).

Secreted CXCL14 promotes a tumor-associated CD8+ T cell response and prolongs 
survival.

IDH-mutant diffuse glioma are characterized as lymphocyte depleted (1–3), and median 

CXCL14 expression is lower than that in normal brain (Supplemental Figure S5A). To 

investigate whether CXCL14 might be sufficient to promote a CD8+ T cell response 

in diffuse glioma in vivo, we engineered murine tumor progenitor cells (mTPC) from 

an immunocompetent murine model of malignant glioma (25) to express CXCL14 

(CXCL14-mTPC) (Figure 6). CXCL14-mTPC had increased expression of CXCL14 mRNA 

(Supplemental Figure S5B) compared to control mTPCs and secreted CXCL14 protein 

at similar levels to human patient-derived PXA cell lines (282.8 pg/ml) (Figure 6A and 

Figure 4G). Murine TPCs were then implanted into the striatum of immunocompetent 

mice and brains were examined at study end point. Histologic and immunophenotypic 

analysis revealed a striking increase in the CD3+ and CD8+ T cell infiltrates in tumors 

generated from CXCL14- as compared to control-mTPCs (Figure 6B–C and Supplemental 

Fig S5C). In contrast, the number of Iba1+ microglia/macrophages was similar (Figure 

6D and Supplemental Fig S5D). There was no increased immune infiltrate outside of the 

tumor region (Supplemental Figure S5E). In vitro, the CXCR4 inhibitor AMD3100 inhibited 

CXCL14-induced chemotaxis of activated CD8+ T cells (Figure 5E). In vivo, treatment with 

the CXCR4 inhibitor abrogated the CXCL14-mediated CD8+ T cell response (Supplemental 

Figure S5F).

CXCL14 expression had no influence on tumor cell proliferation in vivo (Figure 6F and 

Supplemental Figure S5G) or cell growth in vitro, as demonstrated by similar doubling 

times for CXCL14-mTPC and control mTPC (29.28 h and 27.26 h, respectively; p=0.4). Yet, 

overall survival was significantly prolonged in mice harboring CXCL14-expressing tumors 

relative to control (Figure 6E). To evaluate whether T lymphocytes, specifically CD8+ 

cytotoxic T cells, were required for the survival difference between CXCL14-expressing 
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and control-mTPC two approaches were taken. As demonstrated in Figure 6G, there was no 

CXCL14-mediated survival advantage in nude mice lacking mature T cells or in otherwise 

immunocompetent mice with CD8+ T cell depletion (Supplemental Figure S5H). CD8+ 

T cells were required for the prolonged survival mediated by CXCL14 (anti-CD8, n=10) 

versus anti-IgG control (n=10, p=0.0035). While median CXCL14 expression is low in 

several tumor subtypes, variation across tumors is evident. Using gene expression data, 

CXCL14 expression was correlated with increased CD8A expression in both pediatric and 

adult astrocytoma (r=0.45, p<0.0001, CBTN n=202, and r=0.60, p<0.0001, TCGA n=310, 

respectively; Figure 6H and Supplemental Figure S5I). Together these data suggest CXCL14 

expression in tumor cells can promote an anti-tumor cytotoxic CD8+ T cell response.

DISCUSSION

Improved immunotherapeutic strategies for brain tumor patients requires a mechanistic 

understanding of the determinants of the tumor-associated immune response. Using a 

RAF-driven glioma subtype with a robust immune response, we identify tumor-intrinsic 

factors that modulate the tumor microenvironment and promote a cytotoxic CD8+ T cell 

response, including increased expression of MHC Class I and secretion of CXCL14. 

Highlighting the role for CXCL14 in the tumor microenvironment, increased expression 

of CXCL14 in an immunocompetent murine model for malignant glioma resulted in 

an increased tumor-associated immune response, including increased CD8+ T cells, and 

conferred prolonged survival in a CD8 T cell-dependent manner. Interestingly, CXCL14 

expression was correlated with increased CD8 T cell expression in both pediatric and 

adult astrocytic tumors. Modulation of the tumor microenvironment may be an important 

immunotherapeutic strategy to promote T cell effector function in diverse brain tumors.

Integrating data from multiplex immune profiling, spatial proteomics, and gene expression 

analysis we demonstrate a robust immune microenvironment in PXA, including increased 

cytotoxic CD8+ T cells and tumor-associated microglia/macrophage (TAMs). These data 

are consistent with several studies suggesting that molecularly distinct brain tumor subtypes 

harbor unique immune microenvironments (1,4–6,12,36), including those suggesting that 

some subsets of MAPK-activated brain tumors have a pronounced CD8+ T cell response 

(6,36). While our study focused on the tumor-associated immune response in PXA, analysis 

of RNA sequencing data from pediatric astrocytoma suggests a larger subset of RAF altered 

astrocytic glioma may have an increased cytotoxic TIL response and increased CXCL14 

expression. These tumors may be more vulnerable to immunotherapeutic strategies. In 

support of this, activating MAPK mutations have been associated with GBM response to 

immunotherapy (37,38). Additional determinants beyond MAPK activation, however, are 

likely as pilocytic astrocytoma with activating MAPK mutations did not show increased 

cytolytic T cell score or CXCL14 expression.

Recent studies have highlighted the importance of the tumor secretome in shaping many 

aspects of the microenvironment in diverse tumor types (39,40). In particular, chemokines 

produced by tumor cells and immune cells help regulate the tumor-associated immune 

response (28). In our analysis, despite the relatively robust tumor-associated immune 

response, many of the cytokines commonly implicated in lymphocyte chemotaxis or as 
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mediators of a pro-inflammatory response demonstrated either no significant differences or 

reduced expression in PXA relative to IDH-mutant astrocytoma. The increased expression 

of the CXC motif chemokine 14 (CXCL14, BRAK, or MIP-2G) in PXA was a striking 

exception. CXCL14 is a chemokine implicated in both homeostatic immune functions, 

particularly in squamous epithelium, and host-tumor immune interactions (41,42). In several 

cancers CXCL14 expression is altered, with increased expression reported in tumor cells 

in papillary thyroid carcinoma (43) and decreased tumor cell expression associated with 

disease progression in human papillomavirus (HPV)-associated cervical and head and neck 

carcinoma (30,31). Manipulation of CXCL14 expression in other systems has revealed roles 

for the chemokine in the recruitment of immune cells, including CD8 cytotoxic T cells, 

dendritic cells, and natural killer cells (30,44). We demonstrated that CXCL14 is expressed 

and secreted by tumor cells and promotes chemotaxis of activated CD8+ T cells in a 

dose-dependent manner. Conversely, CXCL14-knockdown blocked condition media-induced 

chemotaxis of activated CD8+ T cells. While several factors may promote the immune-rich 

microenvironment in PXA, our data suggest CXCL14 is an important factor.

The diverse roles reported for CXCL14 in tumor progression may reflect a combination 

of factors including the cell source of CXCL14, whether the chemokine functions 

predominantly in an autocrine or paracrine manner, and receptor usage. While CXCL14 

is considered an orphan chemokine, some CXCL14-dependent functions may be mediated 

by CXCR4, the receptor for CXCL12 (32). Recent studies suggest CXCL14 may have both 

CXCL12-dependent and CXCL12-independent roles in CXCR4 signaling (33). In PXA, 

both CXCL14 and CXCR4 expression was increased relative to IDH-mutant astrocytoma 

and inhibition of CXCR4 blocked CXCL14-mediated chemotaxis of activated CD8+ T cells. 

In our murine model for malignant glioma, inhibition of CXCR4 blocked the CXCL14-

dependent increase in CD8+ T cells in vivo. Taken together these data suggest the CXCL14-

mediated CD8+ T cell response is mediated largely through CXCR4, although contributions 

from other receptors cannot be excluded.

In PXA, MHC class I molecules, HLA-ABC, were upregulated. Patient-derived PXA lines 

also had increased cell surface HLA-ABC expression relative to IDH Mt cells. MHC-I 

mediated antigen presentation is crucial for CD8 effector T lymphocyte responses and 

MHC-I expression correlates with the presence of tumor infiltrating CD8+ T cells in several 

cancers (45). Loss or downregulation of MHC-I is considered a mechanism of T lymphocyte 

evasion and is associated with tumor progression (46,47). While the precise mechanisms that 

promote MHC-I expression in PXA are an area of ongoing study, CXCL14 may be a factor, 

as exogenous CXCL14-induced increased cell surface HLA-ABC expression on IDH Mt 

cells. A similar increase in MHC-I was observed in human papillomavirus (HPV)-associated 

head and neck carcinoma upon re-expression of CXCL14 (30). Given the importance of 

MHC-I-mediated antigen presentation for CD8 effector function, robust expression of MHC-

I in PXA may promote the CD8+ cytolytic T cell response.

As CXCL14 has been implicated in regulating brain immune development (48), we 

hypothesized that tumor cell expression of CXCL14 may promote a more robust tumor-

associated immune response. Using an immunocompetent murine model for malignant 

glioma, CXCL14 expression was sufficient to promote an increased tumor-associated CD8+ 
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T cell response. CXCL14 also conferred prolonged survival in a CD8+ T cell-dependent 

manner.

In conclusion, our study demonstrates the relatively immune-rich microenvironment of PXA 

and identifies CXCL14 as an important factor in promoting an anti-tumor cytotoxic T 

cell response in the brain tumor microenvironment. As recurrence and progression is not 

uncommon in PXA, immunotherapeutic strategies may be important to consider. In this 

regard, we identified robust B7-H3 expression in PXA and CAR T cells targeting B7-H3 

have been proposed as a potentially promising therapy in subgroups of adult and pediatric 

glioma patients (49,50). More broadly, our data elucidate a novel mechanism of immune 

regulation in the brain and suggest CXCL14 modulation may be a potential therapeutic 

strategy to promote an anti-tumor cytotoxic T cell response.

Supplementary Material
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TRANSLATIONAL RELEVANCE

The majority of diffuse glioma exhibit a lymphocyte-depleted phenotype. Improved 

immunotherapeutic strategies require elucidation of the determinants of an effective 

anti-tumor cytotoxic T cell response in brain. By studying a MAPK-activated subset of 

astrocytic glioma, PXA, we identify determinants of a robust cytotoxic T cell response. 

Tumor cell expression of chemokine CXCL14 was sufficient to promote cytotoxic T cell 

chemotaxis, and in an immunocompetent murine model for malignant glioma increase 

the glioma-associated CD8+ T cell response and promote overall survival. Consistent 

with CXCL14 driving an anti-tumor cytotoxic T cell response, the prolonged survival 

conferred by CXCL14 was dependent on CD8+ T cells. These studies elucidate a novel 

mechanism of immune regulation in the brain and suggest CXCL14 modulation is a 

potential therapeutic strategy to suppress tumor growth. In addition, they identify a 

subset of glioma with an immune-rich tumor microenvironment that may be particularly 

vulnerable to immunotherapeutic modulation.
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Figure 1. Quantitative analysis of immune infiltrates in molecularly distinct subsets of 
astrocytoma.
(A) CD3+ T-cells as a percentage of total cells in PXA (n=22), IDH-mutant (IDH-mt, 

n=29) and glioblastoma, IDH-wildtype (GBM, n=30). (B,C) Dot plot showing CD3+ T 

cells double-positive for CD8 (B) or FOXP3 (C) as a percentage of total CD3+ cells in 

PXA (n=22) and IDH-mt (n=27). (D) Representative images of dual CD3 (green) and 

CD8 (violet) immunostaining in PXA. Dotted lines denote magnified region at lower right. 

Arrowhead highlights CD3+CD8+ T cell. (E) Representative images demonstrating regions 
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of PXA with predominant perivascular (arrows) and parenchymal (arrowheads) CD3+ T 

cells (brown) and associated Iba1+ microglia/macrophages (purple). (F) Dot plot showing 

granzyme B (GZMB)+CD8+ cells as a percentage of total CD8+ cells in PXA (n=22) and 

IDH-mt (n=5). (G) Representative images demonstrating granzyme B+ cells (yellow), CD8+ 

T cells (violet), and dual positive cells (white) in PXA. Arrowhead highlights GZMB+CD8+ 

T cell. (H-I) T effector cell score (H) and cytolytic cell score (I) from gene expression 

analysis of pediatric low-grade and high-grade astrocytoma comparing RAF altered 

astrocytoma (n=38) and RAF wildtype astrocytoma (n=164). Data from CBTN downloaded 

via Kids First Data Resource Portal. (J-K) Dot plot showing Iba1+ and CD163+ cells as 

a percentage of total cells in PXA (n=23) and IDH-mt (n=27). (L) Representative images 

of multiplex immunostaining showing Iba1+ (green), CD163+ (violet), and dual positive 

(white), cells in PXA and IDH-mt. Arrowhead denotes Iba1+CD163+ cells. In (A-C), (F), 

and (H-K) each dot represents a value from a single patient, black lines represent the mean, 

and error bars indicate the SD. Nuclei are stained with DAPI (blue). Significance evaluated 

by one-way ANOVA and 2-sided, unpaired Mann-Whitney U test. *p<0.05, **p < 0.01, 

***p < 0.001, n.s. indicates p > 0.05. Scale bar 20 μm.
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Figure 2. High-plex spatial proteomic profiling of immune response in PXA and IDH-mutant 
astrocytoma.
(A) Representative images of PXA (left) and IDH-mutant astrocytoma (IDH-mt, right) 

analyzed by digital spatial profiling. CD3+ T cell rich regions of interest were identified by 

multiplex immunostaining for CD3 (cyan), Iba1 (red), CD34 (yellow), and nuclei (blue) in 

PXA (n=9) and IDH-mt (n=8) (B) Bar graph showing mean immune cell protein marker 

expression level for PXA (red) and IDH-mt (blue). (C-E) Box plots showing protein 

expression of T lymphocyte co-stimulatory (CD127, CD27, and CD25) and activation 
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(GZMA, GZMB) molecules in PXA (red) and IDH-mt (blue). (F-G) Box plots showing 

protein expression of immunomodulatory molecules in PXA (red) and IDH-mt (blue). 
(H) Cell surface expression of B7-H3 on patient derived PXA cell lines (PXA1, PXA2), 

DBTRG, and NHA-IDH1 mutant cell line (IDH Mt) as determined by flow cytometry 

expressed as mean fluorescent intensity (MFI) (n=3 replicates per line). Data shown are 

Mean ± SEM or box plots denoting 25%, median, 75%, and whiskers represent the 

minimum and maximum. All experiments analyzed by two-sided, unpaired Mann-Whitney 

U test.*p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.s. indicates p > 0.05. Scale bar: 

20 μm.
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Figure 3. Enrichment of immune-related genes including antigen processing and presentation in 
PXA.
(A) Top 10 enriched biological processes from Gene Ontology (GO) enrichment analysis 

of differentially expressed genes between PXA and IDH-mt astrocytoma (IDH-mt). (B) 
Dot plot showing high expression of MHC class I genes (HLA-A, -B and -C) in PXA 

(red, n=21) compared to IDH-mt (blue, n=6). (C) Heatmap showing upregulated MHC 

class I genes in PXA (n=21, red) compared with normal brain (NB, n=3, green), p< 0.01 

for all, Student’s t-test. Fold change ≤ 0.5 represents down-regulated (yellow) and ≥ 1.5 

represents upregulated (blue). (D-E) Representative images and quantification of HLA-ABC 
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(green) expression in PXA (n=9) and IDH-mt (n=7). Arrow highlights HLA-ABC positive 

cell. (F) Representative image of multiplex immunostaining highlighting HLA-ABC (green) 

expression on BRAFV600E-mutant tumor cells (violet) denoted by arrowhead in PXA. (G) 
Surface expression of HLA-ABC assessed by flow cytometry expressed as mean fluorescent 

intensity (MFI) (n=3 replicates per line) in NHA-IDH1 mutant cells lines (IDH Mt), 

DBTRG, PXA1, and PXA2. In (B) each dot represents a value from a single patient, black 

lines represent mean±SD. In (E) and (G) box plots are Mean+SEM. Results are data from 

at least technical triplicates and are representative of experiments performed in biologic 

triplicate. Significance obtained using ANOVA, 2-sided (G), unpaired Mann-Whitney U test 

(E) .*p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Nuclei are stained with DAPI 

(blue). Scale bar: (D) 50 μm and (F) 20 μm.
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Figure 4. Increased CXCL14 expression in PXA tumors and patient-derived cell lines.
(A) Volcano plot showing differentially expressed genes between PXA and IDH-mt 

astrocytoma (IDH-mt) highlighting CXCL14 (blue box). (B) Dot plot showing CXCL14 

normalized mRNA count in PXA (red, n=21) versus IDH-mt (blue, n=6). (C) Increased 

expression of CXCL14 in RAF altered astrocytoma (n=38) versus RAF wildtype 

astrocytoma (n=164) in a cohort of pediatric low-grade and high-grade astrocytoma. 

Data from CBTN downloaded via Kids First Data Resource Portal. (D) Representative 

images from serial sections showing BRAF V600E-mutant tumor cells (brown, arrow) 
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corresponding to regions of abundant CXCL14 mRNA expressing cells (red, arrow). Dual 

immunostaining for Iba1 (green, arrowhead) highlights lack of CXCL14 expression in 

microglia/macrophages. (E) Representative image of BRAFV600E (red), CXCL14 (yellow), 

and nuclei (blue) in BRAF V600E-mutant PXA. (F) Expression of CXCL14 in DBTRG 

and patient-derived PXA lines PXA1 and PXA2 as compared to NHA-IDH1 mutant (IDH 

Mt) cell line by quantitative RT-PCR. (G) Secreted CXCL14 protein in cell-free conditioned 

media (CM) from DBTRG, PXA1, PXA2 and NHA-IDH1 mutant (IDH Mt) cell lines 

measured by ELISA. (H) Flow cytometric analysis of cell surface HLA-ABC expression 

on IDH Mt after addition of CXCL14 ligand (200ng/ml, 24 hrs). In (B) and (C) each dot 

represents a value from a single patient, black lines represent the mean ± SD. In (D) red 

dots correspond to single RNA molecules. In (F-H) data shown in box plots are Mean+SEM. 

Results are data from at least technical triplicates and are representative of experiments 

performed in biologic triplicate. Significance obtained using ANOVA, and 2-sided, unpaired 

Mann-Whitney U test. **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar: (D) 100 μm (E) 

20 μm.
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Figure 5. Secreted factors from tumor cells promote activated CD8 T cell chemotaxis in vitro.
(A) Relative chemotaxis of activated CD8 T cells toward cell free-conditioned media (CM) 

derived from DBTRG, PXA1 and PXA2 as compared to control media (Ctrl) by transwell 

migration assay. (B) Chemotaxis of activated CD8+ T cells toward increasing concentration 

of CXCL14 ligand (25-100ng/ml) by transwell migration assay (C) CXCL14 ELISA of 

cell-free conditioned media (CM) after transduction of DBTRG with 4 pooled siRNA 

targeting CXCL14 gene (siCXCL14) versus scrambled siRNA (siScr) (D) Chemotaxis of 

activated CD8+ T cells toward cell-free conditioned media (CM) from siCXCL14 and 

siScr transduced DBTRG. (E) CXCL14-induced chemotaxis of activated CD8+ T cells 

following inhibition of CXCR4 (AMD3100) compared to control. Results are data from 

at least technical triplicates and are representative of experiments performed in biologic 

triplicate. Mean+SEM. Significance were obtained using one-way ANOVA and Student’s t 
test. *p<0.05, **p < 0.01, ****p < 0.0001 and ns indicates p > 0.05.
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Figure 6. Secreted CXCL14 promotes an anti-tumor CD8+ T cell response in vivo.
(A) Secreted CXCL14 in cell-free conditioned media (CM) from murine tumor progenitor 

cells (mTPCs) expressing CXCL14 (CXCL14) or GFP-control (Ctrl). (B) Quantification of 

CD8+ T cells as percentage of total cells in CXCL14 (n=8 mice) and Ctrl tumors (n=5 

mice). (C) Representative images demonstrating CD3+ (green), CD8+ (violet), and dual 

CD3+CD8+ (white,arrow) T cells in CXCL14 and Ctrl tumors. (D) Quantification of Iba1+ 

tumor-associated microglia/macrophages per tumor area in CXCL14 (n=7 mice) relative 

to Ctrl tumors (n=4 mice). (E) Kaplan-Meier survival analysis. Mice with intracerebral 
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allograft of CXCL14 mTPC have prolonged survival (median survival of 64.8 days) relative 

to Ctrl mTPC (median survival of 35.8 days) (p<0.003, n=8 and n=5, respectively) (F) 
Quantification of proliferating cells as denoted by Ki-67 per tumor area in CXCL14 (n=7 

mice) relative to Ctrl tumors (n=4 mice). (G) Schema for tumor implantation in nude mice 

(n=5 per group) and FVB mice (n =10 per group) with biweekly anti-CD8α treatment 

to deplete CD8+ T cells (blue arrows). Corresponding isotype antibody used as control. 

Nude mice were implanted with either CXCL14 mTPC or Ctrl mTPC and FVB mice were 

implanted with CXCL14 mTPC. Kaplan-Meier survival analysis (below).(H) Correlation 

between CXCL14 gene expression and CD8A gene expression in pediatric astrocytoma 

(CBTN; Spearman’s correlation coefficient, r=0.45, n=202, p<0.0001). Bar graphs represent 

Mean+SEM. Significance were obtained using Student’s t test. *p<0.05, **p < 0.01, ****p 

< 0.0001 and ns indicates p > 0.05. Scale bar: 100 μm. Figure 6G (top FVB and nude 

mouse) was created with BioRender.com.
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