
Neuro-Oncology
22(11), 1591–1601, 2020 | doi:10.1093/neuonc/noaa148 | Advance Access date 27 June 2020

1591

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

JAM-A functions as a female microglial tumor 
suppressor in glioblastoma
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Abstract
Background. Glioblastoma (GBM) is the most aggressive primary brain tumor and has a dismal prognosis. 
Previously, we identified that junctional adhesion molecule A (JAM-A), a cell adhesion molecule, is highly elevated 
in human GBM cancer stem cells and predicts poor patient prognosis. While JAM-A is also highly expressed in 
other cells in the tumor microenvironment, specifically microglia and macrophages, how JAM-A expression in 
these cells affects tumor growth has yet to be determined. The goal of this study was to understand the role of mi-
croenvironmental JAM-A in mediating GBM growth.
Methods. Male and female wild-type (WT) and JAM-A–deficient mice were transplanted intracranially with the 
syngeneic glioma cell lines GL261 and SB28 and were assessed for differences in survival and microglial activation 
in tumors and in vitro. RNA-sequencing was performed to identify differentially regulated genes among all geno-
types, and differences were validated in vitro and in vivo.
Results. We found that JAM-A–deficient female mice succumbed to GBM more quickly compared with WT females 
and JAM-A–deficient and male WT mice. Analysis of microglia in the tumors revealed that female JAM-A–deficient 
microglia were more activated, and RNA-sequencing identified elevated expression of Fizz1 and Ifi202b specifically 
in JAM-A–deficient female microglia.
Conclusions. Our findings suggest that JAM-A functions to suppress pathogenic microglial activation in the fe-
male tumor microenvironment, highlighting an emerging role for sex differences in the GBM microenvironment 
and suggesting that sex differences extend beyond previously reported tumor cell–intrinsic differences.

Key Points

1. Sex differences in the GBM microenvironment impact tumor growth.

2. Cell adhesion molecules have context- and sex-dependent roles in GBM.

3. Microglial sex differences can drive differential GBM growth.
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Glioblastoma (GBM) is the most common primary malig-
nant brain tumor and, despite aggressive therapies, has a 
median survival of 15‒20 months.1 There are multiple bar-
riers to the development of more effective therapies, in-
cluding inter- and intratumoral heterogeneity at the cellular 
and molecular levels, a high degree of invasion into the sur-
rounding brain, mechanisms of intrinsic resistance to radia-
tion and chemotherapy, and an immune-suppressive tumor 
microenvironment. The GBM microenvironment consists of 
30–50% microglia, the resident immune cells of the brain, 
and infiltrating tumor-associated macrophages (TAMs).2 The 
interaction between GBM cells and microglia/TAMs is prin-
cipally mediated through direct cell-cell contact and a series 
of secreted factors, with GBM cells amplifying the immune-
suppressive phenotypes of microglia/TAMs and microglia/
TAMs concomitantly driving GBM cell growth and tissue in-
filtration.3,4 An understudied barrier to effective treatment is 
the inherent sex differences that exist within GBM.5–7 These 
differences are supported at the epidemiological level, with 
a male-to-female incidence ratio of 1.6:1.8,9 Furthermore, 
these differences manifest clinically, with females showing 
a more dispersive phenotype radiographically10 and males 
experiencing a poorer prognosis.11 There is supporting evi-
dence in the literature to suggest that sexual dimorphism in 
GBM is mediated through sex-specific differences in tumor 
cell–intrinsic oncogenic signaling pathways,5,7,12,13 epige-
netic states, and metabolic profiles.6 While sex differences 
might induce differential GBM cell–intrinsic responses, 
leading to differences in survival, sex-specific differences in 
the tumor microenvironment have not yet been elucidated.

Microglia are a major cell population in the tumor mi-
croenvironment with inherent sex signatures that impact 
their development, maintenance, activation, and overall 
function in homeostatic and disease states.14 Microglia-
mediated sex differences are prominent and have been 
well characterized in neurological disorders such as au-
tism and Alzheimer’s disease.15 Microglia continuously 
survey their surrounding environment16 through a va-
riety of cell adhesion mechanisms,17 and this extends to 
interactions with adjacent tumor cells. These interactions 
are mediated in part by tight junction proteins, including 
junctional adhesion molecule A  (JAM-A, also known as 
F11r), which was shown to be highly expressed by tumor-
associated microglia and TAMs.18 Beyond this role in mi-
croglia and TAMs, we previously demonstrated that JAM-A 

was necessary and sufficient for GBM cancer stem cell 
(CSC) maintenance and correlated with poor patient prog-
nosis.19,20 However, it is unclear as to which cell type(s) are 
driving the human GBM survival data, given the expres-
sion on TAMs, microglia, and CSCs. These data address 
a knowledge gap regarding the function of JAM-A in the 
tumor microenvironment. Here, we investigated whether 
JAM-A mediates sex differences in tumor progression and 
found that JAM-A deficiency in microglia impacts GBM 
pathogenesis in a sex-specific manner.

Materials and Methods

Additional details are provided in the Supplementary 
Material. JAM-A–deficient (−/−) mice were generated by 
gene trap technology.21 Wild-type (WT) C57BL/6 mice were 
purchased from Jackson Laboratories. All animal experi-
ments were performed under Cleveland Clinic–approved 
Institutional Animal Care and Use Committee protocols.

For intracranial implantation of tumor cells, 10 000 GL261 
or 5000 SB28 cells were resuspended in 5  μL of RPMI 
media and injected intracranially into 6-week-old male and 
female JAM-A−/− and WT mice.

Mouse brains containing tumors were dissected from 
JAM-A−/− and WT mice; fixed sections were stained with 
anti–ionized calcium binding adaptor molecule 1 (Iba1) 
antibody, and microglia counting was performed using 
ImageJ software, with rounded or amoeboid microglia 
with no ramifications considered as activated.

For primary microglia cultures, mixed cortical cultures 
from newborn JAM-A−/− and WT mice (days 0–3) were gen-
erated using standard protocols.22 Microglia phagocytosis 
assays were performed according to previously published 
protocols.23 For the co-culture cell proliferation assay, a 
ratio of 2.5 microglia to each tumor cell (2.5:1) was used as 
previously published.24

GL261 cells were injected into male and female JAM-
A−/− and WT mice; tumor tissues were isolated at endpoint, 
and RNA-sequencing analysis was performed. RNA was 
extracted using an RNeasy Mini Kit from JAM-A−/− and WT 
male and female tumors (n = 3 per each group).

For quantitative reverse transcription PCR, RNA from 
cells of interest was extracted using an RNeasy Mini Kit, 

Importance of the Study

GBM remains refractory to current standard of care. 
In addition to the cellular and molecular heterogeneity 
present in GBM, epidemiological studies indicate the 
presence of additional complexity associated with bi-
ological sex. GBM is more prevalent and aggressive in 
male patients, suggesting the existence of sex-specific 
growth, invasion, and therapeutic resistance mech-
anisms. While sex-specific molecular mechanisms 
have been reported at a tumor cell–intrinsic level, sex-
specific differences in the tumor microenvironment 

have not been investigated. Using transgenic mouse 
models, we demonstrate that deficiency of JAM-A in fe-
male mice enhances microglia activation, GBM cell pro-
liferation, and tumor growth. Mechanistically, JAM-A 
suppresses anti-inflammatory/pro-tumorigenic gene 
activation via Ifi202b and Fizz1 in female microglia. 
These findings highlight a sex-specific role for JAM-A 
and represent the first evidence of sexual dimorphism 
in the GBM microenvironment.
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and cDNA was synthesized using qSCRIPT cDNA SuperMix 
(Quanta Biosciences).

For sex-determination PCR, the sex of microglia 
was confirmed by expression of the X- and Y-encoded 
paralogs Jarid1c and Jarid1d using previously published 
protocols.25

For JAM-A blocking antibody treatment of microglia, a 
total of 3–4 × 105 microglia were plated in a 6-well plate 
and treated with 10 µg/mL immunoglobulin (Ig)G1 control 
or JAM-A–blocking (J10.4) antibody.

Statistical Analysis

Graphs were created using GraphPad Prism 6.0. Results 
are expressed as mean ± standard deviation. Information 
regarding the numbers of experimental replicates, statis-
tical tests performed, and significance values are provided 
in the figure legend for each figure panel.

Results

JAM-A Deficient Female Mice Display an 
Aggressive GBM Phenotype

To assess the function of JAM-A in the tumor microenvi-
ronment, we took advantage of JAM-A–deficient mice in 
combination with a transplantable syngeneic orthotopic 
mouse glioma model. We transplanted an equal number 
of GL261 cells into 6-week-old male and female WT and 
JAM-A–deficient mice and assessed survival based on 
the development of neurological signs, which reflected 
the experimental endpoint (Fig. 1A). Using this approach, 
no differences were observed in the survival of WT and 
JAM-A–deficient mice when both sexes were combined 
together (Fig.  1B). Given the sex differences in survival 
observed in human patients, we compared the groups 
based on sex of the mice. When comparing the WT groups, 
we observed a similar trend with GL261 cells as seen in 
human population, where females survived significantly 
longer compared with males (Fig.  1C). In the context of 
JAM-A deficiency, however, disease severity was signifi-
cantly increased in females compared with males (Fig. 1D), 
reversing the survival difference observed between male 
and female GBM patients. When comparing genotypes 
by sex, JAM-A–deficient females had significantly poorer 
survival compared with WT females in both the GL261 and 
SB28 models (Fig. 1E, Supplementary Figure 1A). However, 
this difference was the opposite between JAM-A–deficient 
and WT males, although it did not reach statistical signif-
icance (Fig. 1F). Importantly, a single copy of JAM-A was 
sufficient to improve the survival of female mice, as het-
erozygous JAM-A mice had a significantly better survival 
than JAM-A–deficient mice (Supplementary Figure 1B). 
However, this was not observed in the context of male 
heterozygous and JAM-A–deficient mice (Supplementary 
Figure 1C). It is important to note that the syngeneic mouse 
glioma cells used for intracranial transplants express 
JAM-A (Supplementary Figure 1D) and thus the differences 
in survival observed are likely due to JAM-A deficiency in 
the tumor microenvironment. Taken together, these data 

suggest a tumor-suppressive role for JAM-A specifically in 
the female tumor microenvironment.

Female JAM-A Deficient Mice Have Increased 
Activation of Microglia in the Tumor 
Microenvironment Compared with Other 
Genotypes

These sex differences in survival of mice implanted with 
identical cells suggest that the host sex and microenvi-
ronment are likely to be the mediators of the observed 
effect. We next assessed the potential for cells in the 
tumor microenvironment to drive these differences. We 
first focused on microglia given their reported sex dif-
ferences in developmental, homeostatic, and disease 
states, including optic pathway glioma,26 and that we and 
others have previously reported that GBM-associated 
microglia express JAM-A.18,19 To determine the expres-
sion of JAM-A in various cell populations, we assessed 
the Brain RNA-Seq database that provides expression 
levels for purified cell types from the healthy adult mouse 
brain,27,28 but unfortunately cannot be subdivided based 
on sex. This analysis revealed that JAM-A expression 
was highest in microglia, followed by endothelial cells 
in the brain in both mice and humans (Supplementary 
Figure 2A), consistent with the previous report of JAM-A 
expression in various types of endothelial cells.29 Single 
cell RNA-sequencing data from GBM patients also con-
firmed an elevation of JAM-A in myeloid cells30 (Fig. 2A, 
B, Supplementary Figure 2B). To determine whether there 
were baseline differences in microglial number in adult 
WT and JAM-A–deficient mice, we assessed the number 
of microglia via immunofluorescence for Iba1-positive 
cells in normal mice without tumors. We found that 
JAM-A–deficient mice had significantly more Iba1+ cells 
compared with WT controls, but there was no difference 
between males and females (Supplementary Figure 2C). 
To determine whether there were differences in activation 
state, we assessed adult WT and JAM-A–deficient mice 
transplanted with GBM cells by immunostaining analysis 
and found that female JAM-A–deficient mice had a sig-
nificant increase in amoeboid/rounded Iba1+ cells, a mor-
phological surrogate of microglial activation,31 compared 
with all other genotypes (Fig. 2C, D). We also assessed WT 
and JAM-A–deficient microglia for activation markers and 
found that JAM-A–deficient female microglia acquired 
a more anti-inflammatory phenotype (Supplementary 
Figure 3). Primary cultures of microglia from JAM-A–de-
ficient female mice also showed higher expression of the 
microglia activation marker found in inflammatory zone 
(Fizz1) at baseline (Fig. 2E). Fizz1 expression in microglia 
and TAMs correlates with an anti-inflammatory and pro-
tumorigenic state in the tumor microenvironment.32,33 
We also assessed female JAM-A–deficient and WT mice 
for other immune cells by flow cytometry and did not ob-
serve differences in immune populations in the blood or 
the brain (Supplementary Figure 4). These data indicate 
that JAM-A deficiency results in enhanced microglia acti-
vation specifically in JAM-A–deficient female mice, which 
experience aggressive GBM growth and poor survival 
compared with other genotypes.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
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Fig. 1 Female JAM-A–deficient mice exhibit poor survival upon tumor implantation. (A) Schematic showing the timeline of intracranial implanta-
tion of tumor cells and manifestation of endpoint symptoms. Survival curves upon intracranial implantation of GL261 cells into (B) WT (n = 52, median 
survival = 25 days) and JAM-A–deficient mice (n = 66, median survival = 26 days); P = 0.392. (C) Wild-type male (n = 28, median survival = 23.5 days) 
and WT female mice (n = 24, median survival = 28 days); **P = 0.007. (D) JAM-A–deficient male (n = 39, median survival = 27 days) and JAM-A–
deficient female mice (n = 27, median survival = 23 days); *P = 0.015. (E) JAM-A–deficient (n = 27, median survival = 23 days) and WT females 
(n = 24, median survival = 28 days); **P = 0.003. (F) JAM-A–deficient (n = 39, median survival = 27 days) and WT male mice (n = 28, median sur-
vival = 23.5 days); P = 0.053. Kaplan–Meier survival curves were assessed using log-rank (Mantel–Cox) test.
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Fig. 2 JAM-A deficiency promotes activation of female tumor-associated microglia. (A) Two-dimensional t-distributed stochastic neighbor 
embedding plot representing JAM-A expression across different cell populations in human GBM patients assessed by single-cell GBM RNA-seq 
(http://www.gbmseq.org/). (B) Graphical representation of JAM-A expression across all the cell populations assessed in human GBM tumors. (C) 
Tumor sections of JAM-A–deficient and WT mice were stained with the microglia marker Iba1, and amoeboid/rounded morphology was used as 
an indicator of microglia activation status. Scale: 10 μM. Arrows indicate activated microglia in JAM-A–deficient female and ramified microglia in 
JAM-A–deficient male tumors. (D) Quantification of rounded microglia in tumor sections indicating JAM-A–deficient female mice have more acti-
vated microglia compared with other genotypes (n = 5 tumor images per each group). Rounded Iba1+ cells were counted using ImageJ software, 
and the P-value was assessed by one-way ANOVA (JAM-A–deficient female vs WT male, ***P < 0.001; JAM-A–deficient female vs JAM-A–de-
ficient male, **P < 0.01; JAM-A–deficient female vs WT female, ***P < 0.001). (E) mRNA expression of Fizz1 in microglia (n = 4 mice per each 
group); P-value was assessed by one-way ANOVA (JAM-A–deficient female vs WT male and female, ***P < 0.001 and JAM-A–deficient female 
vs JAM-A–deficient male, **P < 0.01).
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JAM-A Deficient Female Microglia Are 
Phagocytic and Enhance Glioma Cell Proliferation 
In Vitro

While these data indicate the presence of increased mi-
croglial activation in JAM-A–deficient, tumor-bearing 
female mice, we next employed in vitro functional as-
sessments to further evaluate these differences in gen-
otype- and sex-specific microglial activation. Microglia 
were isolated from mixed cortical cultures from young 
mice, according to the experimental workflow shown 
in Fig.  3A. To directly assess whether microglial activa-
tion impacts GBM cell growth, we co-cultured GBM cells 
with microglia isolated from each genotype and found 
that JAM-A–deficient female microglia significantly en-
hanced GBM cell number (Fig. 3B). As JAM-A functions 
to mediate cell-cell contact, we assessed whether direct 
contact between microglia and GBM cells was necessary 

for the enhanced growth observed in JAM-A–deficient 
female microglia. When GBM cells were treated with mi-
croglia conditioned media, no significant difference was 
observed (Supplementary Figure 5), suggesting that the 
JAM-A–deficient female microglia-mediated enhance-
ment of GBM cell growth is contact dependent. Using 
phagocytosis assays, we observed that JAM-A–deficient 
female microglia had a significantly higher capacity to 
phagocytose particles compared with JAM-A–deficient 
male microglia (Fig. 3C). However, this difference was not 
observed between sexes for WT microglia (Fig. 3B). The 
elevated phagocytic ability of JAM-A–deficient female 
microglia was also recapitulated using a flow cytometry–
based analysis (Supplementary Figure 6). Taken together, 
these data suggest that JAM-A–deficient female mi-
croglia are more activated and drive GBM cell growth, 
which underlies the aggressive phenotype observed in 
vivo. These data are consistent with previously published 
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data demonstrating that activated microglia drive glioma 
proliferation.34–36

As higher levels of estrogen have been reported to 
increase microglial activation and lead to poorer survival 
in female mice with optic pathway glioma26 and as es-
trogen has been previously reported to regulate levels of 
JAM-A,37 we tested the role of estrogen in mediating the 
aggressive tumor phenotype and microglial activation ob-
served in JAM-A–deficient female mice. To directly test this 
possibility, we assessed in vivo tumor growth in female 
mice after ovariectomy and observed that JAM-A–defi-
cient mice experienced poorer survival compared with WT 
mice (Supplementary Figure 7A). In fact, ovariectomy in-
creased the aggressiveness of tumors in JAM-A–deficient 
mice (Supplementary Figure 7B). However, ovariectomy 
did not impact the survival of WT mice (Supplementary 
Figure 7C). These data suggest that loss of JAM-A renders 
female mice dependent upon a protective effect of ovarian 
hormones.

JAM-A Deficiency in the Female Tumor 
Microenvironment Induces a Pro-Tumorigenic 
Gene Signature

To identify the mechanism through which JAM-A defi-
ciency mediates an aggressive GBM phenotype, we em-
ployed an RNA-sequencing approach and interrogated 
the GL261 model transplanted into JAM-A–deficient and 
WT male and female mice with the rationale that alter-
ations in gene networks would likely be a result of cells 
within the tumor microenvironment, including microglia. 
RNA-sequencing analysis of these tumors identified that 
JAM-A–deficient female tumors have a distinct gene 
expression pattern compared with the other 3 groups 
(Supplementary Figure 8A), and clustering analysis re-
vealed that tumors in female JAM-A–deficient mice have 
distinct gene signatures and cluster together compared 
with the other 3 groups (Supplementary Figure 8B). Given 
the sex-specific differences in microglia activation and sur-
vival, we focused on genes identified via RNA-sequencing 
analysis, a mouse-specific microglia activation marker 
(Retnla or Fizz1), and a mouse-specific interferon activated 
gene 202b (Ifi202b), which has known sex differences in 
systemic lupus erythematosus.38

Upon further validation we detected an upregulation of 
Fizz1 in JAM-A–deficient female tumors (Fig. 4A). Ifi202b 
expression was elevated in both male and female JAM-A–
deficient tumors compared with WT tumors (Fig. 4B), but 
we observed a significant increase in Ifi202b in JAM-A–de-
ficient female microglia compared with microglia from the 
other genotypes (Fig. 4C). The expression pattern was sim-
ilar between the adult mice used for the RNA-sequencing 
and the microglia generated from young mice (data not 
shown). Therefore, there appears to be no major age-
related difference in Fizz1 and Ifi202b in any of the geno-
types. To directly test whether JAM-A suppresses the 
expression of Ifi202b and Fizz1, we employed a function-
blocking antibody to JAM-A that prevents its dimeriza-
tion and subsequent downstream signaling. When JAM-A 
was blocked in WT female microglia, we observed a sig-
nificant increase in Ifi202b and Fizz1 (Fig. 4D). These data 

demonstrate that JAM-A deficiency in females changes the 
activation status of microglia via induction of Ifi202b and 
Fizz1 (Fig. 4E).

Discussion

While sex differences are emerging as an area of study in 
GBM and some key molecular alterations between male 
and female GBM cells have been identified, our data pro-
vide evidence that sex differences are also present in the 
tumor microenvironment and can impact GBM growth. 
This observation is consistent with sex differences ob-
served between male and female microglia in healthy 
and disease states.39 Our data suggest that JAM-A defi-
ciency can induce an anti-inflammatory/pro-tumorigenic 
phenotype specifically in the female microenvironment, 
thereby supporting GBM aggressiveness. While it ap-
pears that these differences are driven more by microglia 
and less by TAMs or other infiltrating immune cells based 
on the number of cells present in the tumor microenvi-
ronment, future studies specifically assessing the func-
tion of JAM-A in microglia and TAMs are warranted. 
These studies could take advantage of intravital imaging 
approaches that have been informative in the interroga-
tion of the dynamic responses of microglia in models of 
neuro-inflammation and have recently also been adapted 
to GBM models.40 Moreover, our findings also suggest that 
JAM-A functions as a tumor suppressor in the female mi-
croenvironment, while our previous work demonstrated 
that JAM-A is a cell-intrinsic tumor promoter in CSCs.19,20 
These differences highlight the context-dependent role for 
JAM-A and provide a paradigm for the assessment of ad-
ditional mechanisms that may function differently in a cell-
intrinsic versus cell-extrinsic manner. The mouse glioma 
cell lines that we used in this study also express JAM-A 
(Supplementary Figure 1D). While we did not consider the 
cell-intrinsic effect of JAM-A signaling in tumor cells in this 
study, it is important to understand how JAM-A expression 
on CSCs/tumor cells affects tumor-associated microglia/
macrophage proliferation and activation via direct inter-
action. Future studies that include genetic manipulation of 
JAM-A either by knockdown or by overexpression specifi-
cally in tumor cells could be used to assess the importance 
of tumor cell–microglia/macrophage interactions with the 
tumor microenvironment mediated by JAM-A.

While our observations demonstrate a sex-specific 
role for JAM-A in the tumor microenvironment in mouse 
models, there are some limitations to this work. First, 
the annotation of biological sex in many publicly avail-
able genomic databases is absent and therefore pre-
vents assessment of data in a sex-specific manner 
easily. This can be overcome through bioinformatics 
approaches such as joint and individual variation ex-
plained (JIVE) analysis, which was recently leveraged 
to identify sex differences in human GBM patient tran-
scriptional profiles.10 However, source data are required 
for these JIVE assessments, which may not be readily 
available. We were able to mine published sex-specific 
single cell RNA-sequencing data of human GBM spe-
cimens, and found there was no difference in JAM-A 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa148#supplementary-data
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expression in tumor-associated microglia and macro-
phages30,41 (Supplementary Figure 9). These results sug-
gest that the functional differences are likely not due to 

expression differences, but could rather be due to dif-
ferent downstream signaling or activation thresholds 
between males and females.10
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Fig. 4 Female JAM-A–deficient mice have elevated expression of Ifi202b and Fizz1 in tumors compared with female WT mice. (A) Fizz1 mRNA 
expression in JAM-A–deficient and WT tumors. JAM-A–deficient female tumors had higher expression compared with other groups; ***P < 0.001 
as assessed by one-way ANOVA. (B) Ifi202b mRNA expression in JAM-A–deficient and WT tumors (n = 4 per each group). P-value was assessed 
by two-way ANOVA (JAM-A–deficient male vs WT male and female, **P < 0.001; JAM-A–deficient male vs JAM-A–deficient female, *P < 0.05; 
JAM-A–deficient female vs WT male and female, P < 0.001***). (C) Ifi202b mRNA expression in JAM-A–deficient and WT male and female mi-
croglia (n = 4 or greater per each group). JAM-A–deficient female microglia had higher expression compared with all the other 3 genotypes. 
P-value was assessed by two-way ANOVA (JAM-A–deficient female vs JAM-A–deficient male, WT male, WT female, ***P < 0.001; JAM-A–de-
ficient male vs WT male and WT female, ***P < 0.001). (D) Wild-type female microglia treated with control IgG or J10.4 JAM-A blocking antibody. 
Expression by mRNA of Ifi202b and Fizz1 was upregulated in WT female microglia (n = 3 per each group) upon blocking downstream signaling of 
JAM-A (WT female IgG vs J10.4 Ifi202b expression, ***P < 0.001; WT female IgG vs J10.4 Fizz1 expression, *P < 0.05. P-values were assessed 
by two-way ANOVA. (E) Schematic representing summary of findings, JAM-A–deficient mice have more activated microglia in the tumor, express 
higher amounts of Ifi202b and Fizz1 compared with WT female mice, and have poor overall survival.
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Another limitation is the difference in immune genes be-
tween humans and mouse models, which limits the ability 
to directly compare inflammation signatures from mouse 
models with human GBM data. An additional caveat is that 
the majority of human genomic data from GBM is based 
on RNA-sequencing of bulk tissue and not individual cell 
lineages, so observations made in mice may be difficult 
to reproduce in human GBM patients. Given these limita-
tions, we were able to identify a group of microglia- and 
myeloid-specific genes in The Cancer Genome Atlas and 
the Chinese Glioma Genome Atlas that showed a sex differ-
ence (Supplementary Figure 10). While no difference in gene 
expression for CD68, CD163, and GPR84 was observed be-
tween males and females, elevation of any of these genes 
did not impact male GBM patient survival. However, eleva-
tion of all 3 genes in females portended a poor prognosis. 
These findings support our observations in a mouse GBM 
model whereby an increase in microglial numbers and acti-
vation in female mice compared with males results in more 
aggressive GBM tumors and disease progression.

These findings also raise a series of questions that repre-
sent the starting point for future inquiry. Why does JAM-A 
deficiency have a stronger phenotype in females than 
males? In terms of activation, tumor cell proliferation, and 
Fizz1 and Ifi202b expression, our data demonstrate that 
female microglia are impacted by JAM-A deficiency to a 
greater extent than male microglia. It is conceivable that 
these findings indicate sex-specific thresholds to gene ac-
tivity and function, as there were also less-pronounced dif-
ferences between WT and JAM-A–deficient male mice. This 
notion is supported by previous reports demonstrating 
that male astrocytes had a lower threshold for transforma-
tion than females,5,7 and future studies assessing WT and 
JAM-A–deficient male mice and microglia may provide ad-
ditional insight into key pathways driving these sex differ-
ences in activation thresholds. Ovariectomy data indicate 
that JAM-A–deficient female mice received a protective ef-
fect from ovarian hormones. Some outstanding questions 
including the role of JAM-A and its effect on female hor-
mones remain to be addressed. Additional studies should 
determine the effect of the estrous cycle and the age of 
mice, as this could potentially alter the level of female hor-
mones and tumor growth. How the levels of JAM-A and 
sex hormones in post-menopausal women affect tumor 
progression also needs to be examined.

Moreover, there is evidence in the literature supporting 
the notion that immune activation status differs between 
males and females.42 We identified that JAM-A deficiency 
in female microglia enhances the expression of the an-
ti-inflammatory genes Fizz1 and Ifi202b, Ifi202b was pre-
viously reported to be upregulated in mice with lupus, 
where females are more susceptible to the disease.43 IFI16, 
the human orthologue of Ifi202b, is involved in mediating 
an anti-inflammatory phenotype by suppressing 
inflammasome activation in blood monocytes.44 Another 
outstanding question is the role of sex differences in cell 
adhesion programs. We previously demonstrated that ad-
hesion is a CSC hallmark,45 but these studies were focused 
on cell-intrinsic mechanisms and devoid of sex-specific as-
sessments. It is worth noting that the GL261 mouse model 
of GBM has a single copy of the X chromosome. Like mul-
tiple other cultured cancer cells, GL261 likely jettisoned its 
sex chromosomes as a result of the selective pressure of 

long-term culture.46 It would be interesting to revisit this 
hypothesis in the context of sex differences to determine 
whether male and female tumor cells have differential cell 
adhesion capacity. Recent work suggests that this may be 
the case, as long-term female GBM survivors have specific 
alterations in the integrin signaling network and more dif-
fuse tumors, which may be driven by differential integrin 
signaling.10

Our findings suggest that JAM-A–deficient microglia 
have greater microglial activation, phagocytic ability, 
and aggressive tumor growth. Despite the greater phag-
ocytic ability of JAM-A–deficient microglia, the tumors 
show aggressive growth, which could be due to the ex-
pression of anti-phagocytic receptors by tumor cells 
that protect them from phagocytosis.47 A  recent study 
has suggested that tumor-associated microglia have 
increased expression of phagocytic receptors that pro-
mote phagocytic clearance of debris and apoptotic cells 
that would further lead to increased migratory capacity 
of tumor cells and tumor growth.48 These studies offer 
a possible explanation of why JAM-A female microglia 
might not phagocytose tumor cells. We have also dem-
onstrated that female JAM-A–deficient microglia are 
more activated but express classic anti-inflammatory 
markers such as those expressed in M2 macrophages, 
and studies have shown that M2 TAMs have immune 
suppressive roles and thus promote tumor growth.33,49 
In order to better understand the pro-tumorigenic sig-
nals mediated by JAM-A–deficient microglia, future 
assessments would require in vivo imaging studies to 
directly interrogate the interactions between tumor cells 
and microglia and help to understand how activated mi-
croglia interact with tumor cells and thereby influence 
GBM growth. As our observations demonstrate an unex-
pected and striking sex difference based on an adhesion 
mechanism in the tumor microenvironment, it becomes 
critically important that future studies take into account 
sex differences beyond cell-intrinsic alterations. These 
assessments are likely to yield sex-specific discoveries 
that can then be leveraged for the development of more 
personalized GBM therapies.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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