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Abstract  28 

Sex differences in glioblastoma (GBM) incidence and outcome are well recognized, and emerging 29 

evidence suggests that these extend to genetic/epigenetic and cellular differences, including 30 

immune responses. However, the mechanisms driving immunological sex differences are not fully 31 

understood. Using GBM models, we demonstrate that T cells play a critical role in driving GBM 32 

sex differences. Male mice exhibited accelerated tumor growth, with decreased T cell infiltration 33 

and increased T cell exhaustion. Furthermore, a higher frequency of progenitor exhausted T cells 34 

was found in males, with improved responsiveness to anti-PD1 treatment. Bone marrow chimera 35 

and adoptive transfer models indicated that T cell-mediated tumor control was predominantly 36 

regulated in a cell-intrinsic manner, which was further corroborated by in vitro exhaustion assays. 37 

Moreover, increased T cell exhaustion was observed in male GBM patients. These findings 38 

demonstrate sex-specific pre-determined behavior of T cells is critical in inducing sex differences 39 

in GBM progression and immunotherapy response. 40 

 41 

 42 

Statement of significance  43 

Immunotherapies in GBM patients have been unsuccessful due to a variety of factors including 44 

the highly immunosuppressive tumor microenvironment in GBM. This study demonstrates that 45 

sex-specific T cell behaviors are predominantly intrinsically regulated, further suggesting sex-46 

specific approaches can be leveraged to potentially improve therapeutic efficacy of 47 

immunotherapy in GBM.   48 
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Introduction  49 

Glioblastoma (GBM) is the most common primary malignant brain tumor, and patients with GBM 50 

experience poor prognosis despite aggressive current standard-of-care therapies including 51 

surgical resection, radiotherapy, and chemotherapy with temozolomide (1). One reason that GBM 52 

is difficult to treat is its highly immunosuppressive tumor microenvironment (TME). GBM tumors 53 

are infiltrated with suppressive myeloid populations including macrophages, myeloid-derived 54 

suppressor cells (MDSCs), and microglia (2). A reduction in T cells in the circulation further 55 

contributes to poor anti-GBM immunity, with sequestration of naïve T cells in bone marrow and 56 

involution of primary and secondary lymphoid organs suggested as mechanisms of T cell 57 

reduction (3, 4). Clinical trials in GBM employing immune checkpoint inhibitors (ICIs) such as anti-58 

PD1 and anti-CTLA4 monoclonal antibodies have generally not shown significant improvement in 59 

overall survival, even when used in combination therapies with existing treatment options (5-7), 60 

with an exception of a single trial that demonstrated a modest but statistically significant survival 61 

benefit when ICI was employed in the neoadjuvant setting (8). Given the unique TME and 62 

anatomical immune privilege in GBM, there is a pressing need to understand how to reinvigorate 63 

immune responses in GBM.  64 

Adding to the complexity of GBM treatment is a sex difference in disease outcome, with male 65 

patients exhibiting a 1.6-fold higher incidence and poorer prognosis after treatment compared to 66 

female patients (9). While tumor-intrinsic factors underlying sex differences have been identified 67 

in GBM (10, 11), sex differences in anti-tumor immunity may also contribute. In general, females 68 

exhibit stronger immune responses than males, as mostly shown in autoimmune and infectious 69 

diseases, and the differences are attributed to sex hormones and/or sex chromosomes (12). 70 

Overall, male-biased prevalence of cancers in non-reproductive organs have been reported (13), 71 

yet the underlying mechanisms remain to be elucidated.  72 

In many tumors, T cell function is disrupted, and addressing this has been the focus of many 73 

immunotherapies. T cell exhaustion refers to a dysfunctional state of T cells that is characterized 74 

by high expression of inhibitory receptors, poor effector function, and decreased proliferative 75 

potential and is mediated by epigenetic remodeling (14). Chronic antigen stimulation in infection 76 

and cancers induces T cell exhaustion, resulting in impaired control of disease. Exhausted T cells 77 

are comprised of two distinct subsets - stem-like/progenitor exhausted T cells with self-renewal 78 

properties, which then transition to the irreversible stage of terminally exhausted T cells. 79 

Progenitor exhausted T cells can temporarily differentiate into “effector-like” T cells in response 80 

to anti-PD1 blockade that effectively inhibit tumor growth (15, 16). Male-biased T cell exhaustion 81 

(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 August 18, 2022. ; https://doi.org/10.1101/2022.08.17.503211doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.17.503211


was observed in a variety of cancers including melanoma and bladder cancer (17, 18), 82 

demonstrating that sex differences in T cell exhaustion lead to divergent disease outcomes in 83 

males and females. Whilst GBM is highly enriched with exhausted T cells (19), it remains unknown 84 

the extent to which sex-specific T cell exhaustion mediates the sex differences in GBM survival.  85 

We previously demonstrated sex-specific behaviors of MDSC subsets in GBM (20). In this study, 86 

we hypothesized that the sex differences in response to GBM extend beyond the myeloid lineage 87 

and here, report sex differences in T cell exhaustion that underlie differential ICI response in GBM.  88 

 89 

Results 90 

T cells are a critical driver of sex differences in GBM 91 

We have previously shown sex differences in survival using the syngeneic mouse glioma models 92 

SB28 and GL261 (20), with male mice experiencing a worse outcome than female mice. To 93 

investigate the role of immune cell populations in this sex-based survival difference, we utilized 94 

immunocompromised mouse strains with different degrees of immunodeficiency. Intracranial 95 

tumor implantation revealed that the sex-specific survival difference observed in wild-type mice 96 

was not present in immune-deficient NSG mice (Fig. 1A). For these survival assessments, we 97 

used a reduced number of tumor cells in NSG mice (SB28-10,000 cells/mouse, GL261-20,000 98 

cells/mouse) compared to wild-type mice (SB28-15,000 cells/mouse, GL261-25,000 cells/mouse) 99 

due to accelerated tumor growth in immune-deficient models. We also did not observe any 100 

difference in survival of NSG mice challenged with a lower number of tumor cells (Supplementary 101 

Fig. 1A). To further specify the immune cell population responsible for the survival difference 102 

observed in immunocompetent B6 mice, we used RAG1-/- mice that lack only mature T and B 103 

lymphocytes, while other innate immune cells remain intact. We observed no sex difference in 104 

survival outcomes in tumor-bearing RAG1-/- mice (Fig. 1A), suggesting a role for lymphocytes. 105 

The male-biased aggressive tumor growth was not due to elevated female immune responses 106 

against male-specific antigens expressed by the tumor cells (SB28 and GL261), as we confirmed 107 

that neither tumor cell line contains a Y chromosome (21) or expresses Y chromosome-encoded 108 

genes, particularly H-Y minor histocompatibility antigen encoding gene (smcy) (Supplementary 109 

Fig. 1B-C).   110 

To understand immunological differences between male and female hosts, we profiled tumor-111 

infiltrating immune cells using flow cytometry at two different time points (Fig. 1B, Supplementary 112 
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Fig. 2A). On day 8 post-tumor implantation, when T cells are expected to be fully primed and 113 

activated, there was increased CD45hi immune cell infiltration with tumor compared to the sham 114 

group. Males and females showed comparable levels of total immune cells as well as T cells at 115 

this early time point. On day 15 post-tumor implantation, when some mice start to show 116 

neurological symptoms as a result of an advanced tumor, we found that CD45hi immune cells 117 

were significantly higher in males compared to females. Further analysis revealed that immune 118 

cells in female tumors were more enriched in T cells (Fig. 1B), whereas male tumors had a higher 119 

ratio of macrophages (Supplementary Fig. 2B). We did not observe any major differences in 120 

other immune cell subsets on either day 8 or day 15 (Supplementary Fig. 2B). 121 

To test whether sex differences in the diversity of the T cell receptor (TCR) repertoire affect T cell 122 

responsiveness to tumor antigens, we evaluated antigen-specific T cell responses by measuring 123 

the ovalbumin (OVA)-specific CD8+ T cell population using a tetramer antibody after implantation 124 

of OVA-expressing tumor cells (SB28-OVA) into male and female wild-type B6 mice. Similar to 125 

polyclonal T cells (Fig. 1B), OVA-specific CD8+ T cells were significantly higher in female mice 126 

(Fig. 1C). These data indicate that female T cells have the potential to be more reactive to the 127 

tumor antigen regardless of TCR diversity.  128 

To further investigate the extent to which the sex difference in survival was driven by T cells, we 129 

transferred activated OT-I T cells into SB28-OVA tumor-bearing RAG1-/- mice. T cells were indeed 130 

responsible, in part, for the sex difference in survival, as male mice receiving male T cells 131 

exhibited significantly faster tumor growth compared to female mice receiving female T cells (Fig. 132 

1D), recapitulating the survival differences observed in the immunocompetent model (Fig. 1A). 133 

Taken together, these data suggest that T cells play an essential role in the sex differences in 134 

survival observed in mouse GBM models.  135 

 136 

Male T cells become exhausted more quickly than female T cells, with a higher frequency 137 

of progenitor exhausted T cell subsets 138 

We next performed extensive immune cell profiling focused on T cells to understand how T cells 139 

underlie the sex differences in GBM progression. Increased CD8+ and CD4+ T cell populations 140 

were observed in female tumors compared to male tumors on day 15 post-tumor implantation, 141 

while the frequency of Foxp3+ cells was comparable, indicating that the differences are likely from 142 

effector T cells (Fig. 2A). Next, we asked whether female T cells were primed and activated earlier, 143 

thereby more effectively attenuating tumor growth. To address this possibility, we evaluated 144 
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activated T cell phenotypes in the draining lymph nodes at earlier time points after tumor 145 

implantation (Supplementary Fig. 3A). No differences in phenotype or functionality were 146 

observed between male and female T cells in draining lymph nodes, indicating that differential 147 

kinetics of T cell activation was likely not the reason for the sex differences in T cell infiltration into 148 

tumors.     149 

Further analysis revealed that male CD8+ T cells express a higher frequency of inhibitory 150 

receptors, including PD1, CTLA4, and LAG3 but not TIM3, compared to female CD8+ T cells (Fig. 151 

2B). Additionally, male CD8+ T cells showed decreased levels of intracellular cytokine expression 152 

compared to female CD8+ T cells following ex vivo stimulation (Fig. 2C). CD4+Foxp3- effector T 153 

cells showed differences such as expression of CTLA4 and LAG3, but these differences were not 154 

as prominent as in CD8+ T cells. The differences were not observed at the early time point (day 155 

8, Supplementary Fig. 3B-D), consistent with the findings in Fig. 1B. We also confirmed these 156 

findings using another GBM model, GL261, which showed no clear difference in T cell frequency 157 

but differences in inhibitory receptor expression as well as TNF expression (Supplementary Fig. 158 

4A-C). These phenotypic differences were only observed in T cells infiltrating tumors, as no 159 

significant changes in inhibitory receptor and cytokine expression were found in T cells from blood 160 

and bone marrow (Supplementary Fig. 5). 161 

The increased expression of inhibitory receptors and decreased cytokine expression in male 162 

CD8+ T cells prompted us to hypothesize that male and female CD8+ T cells exhibit differential 163 

exhaustion status. It is well established that exhausted CD8+ T cells are comprised of two subsets, 164 

stem-like/progenitor exhausted CD8+T cells (PEX; CD8+CD44+PD1+TCF1+TIM3-) and terminally 165 

exhausted CD8+ T cells (TEX; CD8+CD44+PD1+TCF1-TIM3+) (16). Therefore, we evaluated the 166 

frequency of exhausted T cell subsets and effector T cells (EFF; CD8+CD44+TCF1-TIM3-) in 167 

tumor-infiltrating CD8+ T cells. Strikingly, male CD8+ T cells contained a significantly higher ratio 168 

of PEX compared to female CD8+ T cells, while female T cells had elevated frequencies of EFF 169 

(Fig. 2D). A higher frequency of the PEX subset in males was also observed in the GL261 model 170 

(Supplementary Fig. 4D). No difference was observed in the TEX population between male and 171 

female CD8+ T cells (Fig. 2D) as well as at the early time point (Supplementary Fig. 3E). 172 

Intracellular expression of granzyme B confirmed the gating strategy for exhausted T cell subsets, 173 

as TEX showed the highest level of granzyme B, while PEX showed minimal expression as 174 

described previously (16)(Fig. 2E). As exhausted CD8+ T cells have reduced capacity to produce 175 

multiple cytokines (16), we evaluated the proportion of cells simultaneously producing IFN-γ and 176 

TNF. Interestingly, all three subsets of female CD8+ T cells were more polyfunctional, , suggesting 177 
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that the fundamental sex difference in T cell functionality exists independent of exhaustion status 178 

(Fig. 2F). Collectively, these data indicate that male and female T cells undergo exhaustion at 179 

different rates, with higher progenitor exhausted T cells in males whereas higher effector cytokine 180 

production in female CD8+ T cells, which may result in survival differences.  181 

 182 

Males benefit from anti-PD1 therapy more than females 183 

Progenitor exhausted T cells are better able to control tumor growth and respond to anti-PD1 184 

treatment (15, 16). Thus, we hypothesized that males will respond better than females to anti-185 

PD1 monoclonal antibody (mAb) treatment due to the high frequency of progenitor cells in male 186 

tumors. To test this possibility, we treated male and female mice bearing SB28 tumors with anti-187 

PD1 mAb or isotype antibody (Fig. 3A). In accordance with our prediction, anti-PD1 mAb 188 

treatment significantly extended the survival of male mice compared to the isotype-treated group 189 

(Fig. 3B). However, the treatment effect was mild in females, as previously reported (22).  190 

To further interrogate the survival differences between males and females in response to anti-191 

PD1 mAb treatment, we analyzed tumor infiltrating T cells using flow cytometry two days after the 192 

last treatment. The frequency of tumor-infiltrating CD8+ T cells was increased in both males and 193 

females with anti-PD1 mAb treatment (Fig. 3C), while other immune cells in the tumor showed a 194 

similar trend regardless of sex (Supplementary Fig. 6A). PD1 expression was dramatically 195 

reduced in both CD8+ and CD4+ T cells with anti-PD1 mAb treatment, whereas CTLA4 and LAG3 196 

expression was not altered (Supplementary Fig. 6B). Interestingly, we observed a significant 197 

increase of Ki67+ CD8+ T cells (Fig. 3D) and CD4+ effector T cells (Supplementary Fig. 6C) in 198 

males, suggesting that male T cells became more proliferative upon anti-PD1 mAb treatment. 199 

PD1 blockade also led to a significant decrease in the TEX and PEX subsets in males, whereas 200 

the decrease was moderate in females (Fig. 3E). Cytokine expression was elevated in both male 201 

and female CD8+ T cells (Fig. 3F), but not in CD4+ effector T cells (Supplementary Fig. 6D), with 202 

anti-PD1 mAb treatment. Taken together, these results indicate that anti-PD1 blockade was more 203 

effective on male T cells with significant changes in reducing exhausted T cell subsets and 204 

increasing proliferation compared to females, which may lead to survival benefit upon treatment 205 

in males.  206 

 207 

Immune cell-intrinsic regulation of sex differences in GBM 208 
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Next, we asked whether the sex differences in T cell phenotypes and GBM survival were driven 209 

by a hematopoietic immune cell-intrinsic or cell-extrinsic manner. To test this, we generated sex-210 

matched or mismatched bone marrow chimeras by transferring T cell-depleted bone marrow cells 211 

into lethally irradiated recipient mice (Fig. 4A). We depleted pre-existing T cells in the bone 212 

marrow to prevent an induction of graft-versus-host disease in female-to-male group as well as 213 

to newly generate T cells from the donor hematopoietic stem cells and fully matured in the 214 

recipients’ thymus (Supplementary Fig. 7A). The immune components of the recipients were 215 

successfully reconstituted by the donor cells after 6 weeks (CD45.1+ cells > 95%), and no 216 

significant difference in the frequency of circulating immune cells was observed at steady state 217 

(Supplementary Fig. 7B). 218 

We first analyzed tumor-infiltrating lymphocytes in the bone marrow chimera mice 14 days after 219 

tumor implantation to assess the environmental effect on T cells. We found increased CD3+ T cell 220 

infiltration in the female-to-female group (F to F; female control) compared to the male-to-male 221 

group (M to M; male control) in both CD8+ T cells and CD4+ T cells, but not in Foxp3+ cells (Fig. 222 

4B), confirming that T cells in the bone marrow chimera recapitulate their behavior observed in 223 

the B6 wild-type mouse model (Fig. 2A). Interestingly, the frequency of infiltrating T cells in the 224 

male-to-female (M to F) group was significantly lower than in the F to F group but comparable to 225 

the M to M group, suggesting male leukocyte-intrinsic regulation. Meanwhile, the female-to-male 226 

(F to M) group showed a pattern more similar to the M to M group rather than the F to F group 227 

(Fig. 4B), indicating an influence of male environment on female cells. While there was no 228 

difference in inhibitory receptor expression (Fig. 4C), we found that the PEX subset was largely 229 

increased in the M to M group, with a significantly decreased EFF subset (Fig. 4D). No difference 230 

was observed in the TEX subset. Importantly, neither the M to F nor the F to M group showed an 231 

increase in the PEX subset, suggesting critical roles for a combined hematopoietic cell-intrinsic 232 

and cell-extrinsic effect on the higher frequency of PEX in male mice shown in Fig. 2D. 233 

Next we performed survival analysis on the bone marrow chimera mice after implantation of SB28 234 

cells to assess immune cell-intrinsic and cell-extrinsic effects on tumor growth. The control groups, 235 

M to M and F to F, replicated the survival differences (Fig. 4E) as observed in intact B6 mice (Fig. 236 

1A). Reconstitution of female recipients with male immune cells (M to F) significantly shortened 237 

the survival of female mice similar to the M to M group, as we have previously shown (20), and 238 

the F to M group showed extended survival comparable to the F to F group. These data support 239 

that the sex of immune cell origin is a critical factor that determines tumor progression. Collectively, 240 
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these findings suggest that the sex difference in anti-tumor immunity is predominantly regulated 241 

in a hematopoietic immune cell-intrinsic manner but is also subject to environmental influences. 242 

 243 

T cell-intrinsic regulation of sex differences 244 

Our findings in our in vivo models suggested that male and female T cells are activated to develop 245 

to different functional stages during tumor progression (Fig. 2). Thus, we hypothesized that male 246 

and female T cells undergo distinct types of cellular reprogramming in the highly suppressive 247 

tumor microenvironment. To test this hypothesis, we induced exhaustion of T cells in vitro by 248 

repeated stimulation (Fig. 5A). Compared to the cells stimulated only once, both male and female 249 

T cells showed increased expression of the exhaustion markers PD1, TIM3, and TOX upon 250 

repeated stimulation (Fig. 5B, upper panel). However, intracellular cytokine levels measured by 251 

flow cytometry after polyclonal stimulation (PMA/ionomycin) showed that female exhausted T 252 

cells retained their functionality, with higher expression of IFN-γ, TNF, and granzyme B (Fig. 5B, 253 

lower panel). qPCR analysis confirmed that female exhausted T cells exhibited higher expression 254 

of genes encoding anti-tumor effector cytokines (ifng, gzmb, il2) and transcription factors related 255 

to effector functions (tbx21, eomes) (Fig. 5C). Interestingly, transcript levels of markers 256 

associated with exhaustion status were increased in female cells (pdcd1, havcr2) or comparable 257 

(tox, batf, irf4, tigit) between male and female cells. These data suggest that male and female T 258 

cells may undergo distinct cell-intrinsic regulation of their functional state during exhaustion.  259 

Next, we evaluated the intrinsic role of T cells in driving the observed sex differences in GBM 260 

survival. To avoid female T cell-mediated rejection of males, we utilized an adoptive transfer 261 

model using the OVA-OT-I system in RAG1-/- mice (Fig. 5D; as in Fig. 1D). Transfer of female T 262 

cells delivered a survival advantage to recipients, as female OT-I cells significantly extended 263 

survival of male recipients compared to the male-to-male group. In contrast, male OT-I cells 264 

shortened the survival of female recipients (Fig. 5D). These results indicate that the ability of T 265 

cells to control tumor growth is dominantly determined by the sex of the originating host, not the 266 

recipient’s environment.  267 

 268 

Male-biased T cell exhaustion in GBM patients and human T cells 269 

To investigate whether sex differences in T cells are recapitulated in human GBM patients, we 270 

analyzed exhausted CD8+ T cell subsets from GBM patient tumors using flow cytometry. KLRG1 271 
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and PD1 expression was used to exclude the short-lived effector T cell population, and exhausted 272 

T cells subsets were determined based on expression of TCF1, TIM3, and CXCR5 (23) (Fig. 6A). 273 

There was no significant difference in the percentage of CD8+ T cells and the PD1+KLRG1- 274 

population from male and female tumors (Supplementary Fig. 8A). Meanwhile, an increased 275 

frequency of progenitor exhausted T cells (CD8+KLRG1-PD1+CXCR5+TCF1+TIM3-) was found in 276 

male compared to female tumor samples (Fig. 6B), while no difference was observed in the 277 

subsets of terminally exhausted T cells (CD8+KLRG1-PD1+CXCR5-TCF1-TIM3+) 278 

(Supplementary Fig. 8B). Additionally, increased expression of the exhaustion marker TOX was 279 

found in CD8+ T cells from male tumors (Fig. 6C), while the expression levels of other marker 280 

were comparable (Supplementary Fig.  8C). These results indicate that T cells from GBM 281 

patients exhibit a male-biased exhaustion status in line with our mouse model.  282 

To further address sex differences in T cells under exhaustion conditions, we performed an in 283 

vitro exhaustion assay by repeatedly stimulating human CD8+ T cells isolated from PBMCs of 284 

healthy volunteers (Fig. 6D). Both male and female T cells exhibited elevated expression levels 285 

of exhaustion markers (PD1, TIM3, TOX, CD39) after repeated stimulation for 12 days compared 286 

to their singly stimulated counterparts (Fig. 6E). Intracellular cytokine expression analysis 287 

revealed that the ability of T cells to produce dual cytokines dramatically decreased after the 288 

second stimulation (day 6), while female CD8+ T cells consistently expressed higher levels of IFN-289 

γ and TNF compared to male cells (Fig. 6F). Interestingly, qPCR analysis showed significantly 290 

higher expression of a set of transcription factors related to T cell exhaustion (IRF4, TOX, TCF1, 291 

EOMES, MYC) in female T cells on day 6, but not on day 12, which suggests differential 292 

transcriptional regulation in male and female T cells (Supplementary Fig. 8D).  293 

Taken together, our findings indicate that male T cells are more prone to exhaustion, which leads 294 

to accelerated tumor growth in males but potentially provides them with a larger benefit from anti-295 

PD1 mAb therapy, whereas female T cells tend to maintain higher functionality and protect the 296 

host from tumor progression (Fig. 6G). 297 

 298 

Discussion 299 

Sex differences are emerging as a major contributor to cancer progression and therapeutic 300 

response through distinct genetic, epigenetic, and immunological mechanisms (24, 25). We 301 

previous reported a sex difference in MDSC localization in GBM whereby males had increased 302 

m-MDSCs in the TME while females had increased g-MDSCs in the periphery. This difference 303 
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was leveraged for the development of sex-specific therapies that were validated in pre-clinical 304 

models (20). Importantly, while functional and targetable sex-differences present within certain 305 

myeloid populations, we demonstrate here that GBM-infiltrating T cells actually mediate sex 306 

difference in overall survival. Using pre-clinical models and human patient validation, we 307 

demonstrate increased T cell exhaustion in males compared to females, with males displaying an 308 

enhanced response to single-agent ICI treatment. Mechanistically, the T cell-dependent survival 309 

difference was predominantly due to hematopoietic immune cell-intrinsic differences along with 310 

the impact of environment including sex hormones.  311 

Our observation that males are more responsive to single-agent ICI treatment, based on sex 312 

differences in T cell exhaustion and inhibitor receptor expression, supports clinical trial data in 313 

many cancers whereby males show an enhanced therapeutic response and females develop 314 

more adverse events (26-28). The latter observation is likely due to enhanced immune activation 315 

status in women. Interestingly, in lung cancer patients, females showed an enhanced response 316 

to PD1/PD-L1 when combined with chemotherapy compared to males (29), suggesting that 317 

additional stimuli are required to activate an anti-tumor immune response in females. For GBM, 318 

this will likely be needed, as ICI monotherapies have not shown strong clinical benefit and current 319 

immunotherapy strategies are now focused on combination therapies (30). Furthermore, 320 

immediate priorities currently include sex-specific assessment of combination strategies in pre-321 

clinical models and using sex as stratification criteria for early-stage clinical trials.  322 

Our pre-clinical data also demonstrate that male T cells are more exhausted than female T cells, 323 

which has also recently been seen in several malignancies including melanoma, colon cancer, 324 

and bladder cancer models (17, 18). These observations were also validated in human GBM 325 

patients and are consistent with reports in melanoma patients (31) but opposite to what has been 326 

observed in lung cancer patients (32). While both of these tumors are more responsive to ICIs 327 

than GBM (33, 34) and have an increased mutational burden compared to GBM (35), it is unclear 328 

why there are differences and why GBM appears to more closely phenocopy melanoma. This is 329 

likely to be due to a combination of differences in driver mutations, standard-of-care therapies, 330 

and anatomical locations. For GBM in particular, the specialized neural-immune 331 

microenvironment is likely to provide unique stimuli (36), and sex differences in other neural cell 332 

types may also impact T cell function. Future studies focusing on the interaction between brain-333 

specific mechanisms and T cells are likely to help clarify the molecular underpinnings of sex 334 

differences in T cell function and may reveal sex-specific mechanisms that could be leveraged for 335 

next-generation therapies.  336 
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Androgen in particular has recently received attention for its role in regulating T cell exhaustion, 337 

with contradictory molecular mechanisms (17, 18). These groups have shown that blockade of 338 

androgen receptor signaling restored CD8+ T cell function, with increased responsiveness in anti-339 

PD1/PD-L1 treatment in males, in line with a previous report on castration-resistant prostate 340 

cancer (37). Our in vitro data, however, along with our adoptive transfer studies and bone marrow 341 

chimera studies, suggest a predominant cell-intrinsic underpinning of male T cell exhaustion. We 342 

reached these conclusions based on the maintained difference in T cell exhaustion in males 343 

versus females ex vivo, in the absence of the influence of sex hormones. Yet this does not rule 344 

out the possibility that the initial impact of sex hormones on stem cell stage or pre-isolation have 345 

been maintained through epigenetic memory, which needs further investigation. These cell-346 

intrinsic differences could be potentially derived from sex chromosomes via expression of genes 347 

escaping X chromosome inactivation or micro-RNAs highly enriched in X chromosomes (38). 348 

Differential expression of epigenetic regulators encoded on sex chromosomes and their roles in 349 

immune responses have been reported (39-41), suggesting the possibility of sex-specific 350 

epigenetic reprogramming of T cells. Given that sex differences in GBM are observed throughout 351 

all age groups, while sex hormone levels vary (42), delineating the effects of sex hormones and 352 

sex chromosomes in sexually dimorphic GBM immunity requires further investigation. 353 

Sex differences in T cell responses in GBM are likely derived from a combination of sex hormone-354 

derived influences and cell-intrinsically derived influences. The molecular drivers of these and 355 

how the two intersect should be the focus of future studies to better enable us to understand 356 

immunological sex differences and tailor therapies accordingly. Additionally, an aspect outside of 357 

the scope of this study but still of pressing interest is the extent to which sex differences in antigen-358 

presenting cells are present and affect T cell behavior. A meta-analysis on GBM clinical trials 359 

employing autologous dendritic cells showed that female patients had a more robust survival 360 

advantage compare to male patients, providing a rationale to understand underlying mechanisms 361 

(43).  Taken together, our study identifies T cells as a critical component driving sex differences 362 

in GBM progression and a male-biased T cell exhaustion state that could potentially interrogate 363 

sex-specific immunotherapy responses in cancer patients. Our study provides insight into the 364 

immunological mechanisms underlying sex differences in GBM and further emphasizes a need 365 

for sex-specific treatment strategies.  366 
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Materials and Methods 367 

Cell lines  368 

The syngeneic mouse GBM cell lines SB28 and ovalbumin-overexpressing SB28 were kindly 369 

gifted by Dr. Hideho Okada (UCSF). GL261 cells were obtained from the Developmental 370 

Therapeutic Program, National Cancer Institute (Bethesda, MD). All cell lines were maintained in 371 

complete RPMI1640 (Media Preparation Core, Cleveland Clinic) supplemented with 10% FBS 372 

(Thermo Fisher Scientific), 1% penicillin/streptomycin (Media Preparation Core) and GlutaMAX 373 

(Gibco). Cells were maintained in humidified incubators held at 37°C and 5% CO2 and not grown 374 

for more than 15 passages. 375 

Mice 376 

All animal procedures were performed in accordance with the guidelines of the Cleveland Clinic 377 

Institutional Animal Care and Use Committee. C57BL/6 (RRID:IMSR_JAX:000664), B6 CD45.1 378 

(B6.SJL-PtprcaPepcb/BoyJ; RRID:IMSR_JAX:002014), RAG1-/- (B6.129S7-Rag1tm1Mom/J;  379 

RRID:IMSR_JAX:002216), and OT-I TCR transgenic (C57BL/6-Tg(TcraTcrb)1100Mjb/J;  380 

RRID:IMSR_JAX:003831) mice were purchased from the Jackson Laboratory as required. NSG 381 

(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice were obtained from the Biological Research Unit (BRU) at 382 

Lerner Research Institute, Cleveland Clinic. All animals were housed in specific-pathogen-free 383 

facility of the BRU with a light-dark period of 12 h each. 384 

For tumor implantation, 5-6 week-old mice were anesthetized, fit to the stereotaxic apparatus, 385 

and intracranially injected with 10,000-25,000 tumor cells in 5 µl RPMI-null media into the left 386 

hemisphere approximately 0.5 mm rostral and 1.8 mm lateral to the bregma with 3.5 mm depth 387 

from the scalp. In some experiment, 5 µl null-media was injected into age- and sex-matched 388 

animals for sham controls. Animals were monitored over time for the presentation of neurological 389 

and behavioral symptoms associated with the presence of a brain tumor.  390 

In some experiments, mice were treated with anti-PD1 (BioXcell, Cat# BE0273; RRID: 391 

AB_2687796) or isotype antibody (BioXcell, Cat# BE0089, RRID:AB_1107769) intraperitoneally 392 

starting from 7 days post-tumor implantation, and injections were repeated every 2-3 days for five 393 

times.  394 

In the adoptive transfer model, RAG1-/- mice received intracranial injection of SB28-OVA tumor 395 

cells (15,000 cells/mouse). OT-I splenocytes were activated in vitro with 2 µg of SIINFEKL 396 

peptides (Sigma) in the presence of recombinant human IL-2 (50 U/ml, Peprotech) for 3 days. 397 
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Activated CD8+ T cells (5x106 cells/mouse) were transferred intravenously into SB28-OVA tumor-398 

bearing mice on day 7 post-tumor implantation.  399 

To generate bone marrow chimeras, 5-week-old B6. CD45.2 male and female mice were 400 

irradiated with 12 Gy in total given in two fractions 3-4 hours apart. Bone marrow cells were 401 

obtained from tibias and femurs of 5-week-old B6. CD45.1 mice, and existing T cells were 402 

depleted using Thy1.2 (BioXcell, Cat# BE0066, RRID:AB_1107682) and rabbit complement. A 403 

total of 5x106 T cell-depleted bone marrow cells were injected retro-orbitally into the irradiated 404 

recipients. Animals were given Sulfatrim in drinking water for 2 weeks to prevent infection. After 405 

6-8 weeks, animals were subjected to tumor implantation.  406 

Immunophenotyping by flow cytometry  407 

At the indicated time points, a single-cell suspension was prepared from the tumor-bearing left 408 

hemisphere by enzymatic digestion using collagenase IV (Sigma) and DNase I (Sigma), followed 409 

by straining with a 40-µm filter. Cells were stained with LIVE/DEAD Fixable stains (Thermo Fisher) 410 

on ice for 15 min. After washing with PBS, cells were resuspended in Fc receptor blocker (Miltenyi 411 

Biotec) diluted in PBS/2% BSA and incubated on ice for 10 min. For surface staining, 412 

fluorochrome-conjugated antibodies were diluted in Brilliant buffer (BD) at 1:100 – 1:250, and 413 

cells were incubated on ice for 30 min. After washing with PBS-2% BSA buffer, cells were then 414 

fixed with FOXP3/Transcription Factor Fixation Buffer (eBioscience) overnight. For tetramer 415 

staining, cells were incubated with tetramer antibody diluted in PBS/2% BSA at 1:1000 dilution 416 

after the FcR blocker step on ice for 30 min, followed by surface staining. For intracellular staining, 417 

antibodies were diluted in FOXP3/Transcription Factor permeabilization buffer at 1:250-1:500, 418 

and cells were incubated at room temperature for 45 min. For intracellular cytokine detection, 419 

cells were stimulated using Cell Stimulation Cocktail plus protein transport inhibitor (eBioscience) 420 

in complete RPMI for 4 hours. After stimulation, cells were subjected to the staining procedures 421 

described above. Stained cells were acquired with a BD LSR Fortessa (BD) or Aurora (Cytek) 422 

and analyzed using FlowJo software (v10, BD Biosciences).  423 

Reagents 424 

For immunophenotyping in mouse models, the following fluorophore-conjugated antibodies were 425 

used: CD11b (M1/70, Cat# 563553), CD11c (HL3, Cat# 612796), Ly6G (1A8, Cat# 560603), CD3 426 

(145-2C11, Cat# 564379), CD44 (IM7, Cat# 612799) from BD biosciences. CTLA4 (UC10-4B9, 427 

Cat# 106312), PD1 (29F.1A12, Cat# 135241), B220 (RA3-6B2, Cat# 103237), Ki-67 (11Fb, Cat# 428 

151215), TIM3 (RMT3-23, Cat# 119727), I-A/I-E (M5/114.15.2, Cat# 107606), CD45 (30-F11, 429 
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Cat# 103132), LAG3 (C9B7W, Cat# 125224), NK1.1 (PK136, Cat# 108716), CD4 (GK1.5, Cat# 430 

100422), CD8 (6206.7, Cat# 100712), Ly6C (HK1.4, Cat# 128024), CD68 (FA-11, Cat# 137024), 431 

granzyme B (QA18A28, Cat# 396413), TNF (MP6-XT22, Cat# 506329), IFN-γ (XMG1.2, Cat# 432 

505846) were obtained from BioLegend. Anti-Foxp3 (FJK-16s, Cat# 12-5773) antibody was 433 

obtained from eBioscience. Anti-TOX (TXRX10, Cat# 12-6502) antibody was purchased from 434 

Invitrogen, and anti-TCF1 (C63D9, Cat# 6709S) antibody was obtained from Cell Signaling 435 

Technology. For the tetramer assay, anti-CD8 antibody (KT15, Cat# ab22504) was obtained from 436 

Abcam, and PE-conjugated H-2K(b) SIINFEKL tetramer was provided by the NIH Tetramer Core 437 

Facility.  438 

For analysis of GBM patient samples, the following fluorophore-conjugated antibodies were used: 439 

CD45 (HI30, Cat# 563791), CD3 (SP34-2, Cat# 557757), CD4 (SK3, Cat# 612749), PD1 (EH12.2, 440 

Cat# 564104), CTLA4 (BN13, 561717) were obtained from BD Biosciences. CD8 (RPA-T8, Cat# 441 

301038) and TIGIT (A15153G, Cat# 372718), KLRG1 (2F1/KLRG1, Cat# 138415), TIM3 (F38-442 

2E2, Cat# 345030), TBET (4B10, Cat# 644817) were purchased from BioLegend. Anti-CD39 (A1, 443 

Cat# 67-0399) antibody was obtained from eBioscience. Anti-TOX and anti-TCF1 antibodies were 444 

obtained as described above. 445 

In vitro generation of exhausted T cells  446 

To induce exhaustion of mouse T cells, CD8+ T cells were isolated from splenocytes of OT-I mice 447 

using a magnetic bead isolation kit (Stemcell Technology) and cultured following a previously 448 

published protocol (44). In brief, 10 ng of SIINFEKL peptides was added into the culture every 449 

day until day 5 (repeated stimulation), or for single stimulation, peptides were added only once on 450 

day 0, and cells were washed on day 2 and rested until day 5.  451 

To induce exhaustion of human T cells, blood was obtained from healthy volunteers upon written 452 

consent following the Cleveland Clinic Institutional Review Board (IRB; IRB07-918). Fresh 453 

peripheral blood mononuclear cells (PBMCs) were isolated using a Ficoll density gradient, and 454 

CD8+ T cells were subsequently isolated using the Stemcell human CD8+ isolation kit (Stemcell 455 

Technology) following the manufacturer’s instructions. Induction of T cell exhaustion was 456 

performed following the previously published method with modification (45). Briefly, cells were 457 

cultured in complete RPMI containing recombinant human IL-2 (30 U/ml, Peprotech) and 458 

stimulated with anti-CD3/anti-CD28 Dynabeads (Invitrogen) at a bead:cell ratio of 1:10. Every 459 

three days, cells were harvested, washed, and cultured with fresh beads, for up to 12 days. For 460 
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single-stimulated controls, cells were harvested on day 3 and cultured without further stimulation 461 

for up to 12 days.  462 

Real-time quantitative PCR 463 

Total RNA was isolated using an RNeasy mini kit (Qiagen), and cDNA was synthesized using the 464 

High-capacity cDNA Reverse Transcription Kit (Applied Biosystems). qPCR reactions were 465 

performed using Fast SYBR-Green Mastermix (Thermo Fisher Scientific) on an Applied 466 

Biosystems StepOnePlus Real-Time PCR system. The threshold cycle (Ct) value for each gene 467 

was normalized to the expression levels of gapdh (mouse) or ACTIN (human), and relative 468 

expression was calculated by normalizing to the delta Ct value of one male T cell data point. 469 

Primer sequences were obtained from PrimerBank (46), and primer sequences are listed in Table 470 

S1 (mouse) and Table S2 (human). 471 

GBM patient samples 472 

Cryopreserved single-cell suspension samples were obtained from the Rosa Ella Burkhardt Brain 473 

Tumor Bank in accordance with the Cleveland Clinic Institutional Review Board (IRB2559). 474 

Samples from GBM patients diagnosed as IDH (Isocitrate dehydrogenase) mutations were 475 

excluded from our study. Cells were thawed in a 37°C water bath and washed twice with warm 476 

complete RPMI. Cells were stained with LIVE/DEAD Fixable Stains for 15 min on ice and washed, 477 

followed by incubation with Fc receptor blocker (Miltenyi Biotec) for 15 min on ice. Surface marker 478 

staining was performed for 30 min on ice with following antibodies: CD45, CD3, CD4, CD8, CD44, 479 

PD1, TIM3, CD39, KLRG1, TIGIT. Cells were then fixed with FOXP3/Transcription factor fixation 480 

buffer (Invitrogen) overnight at 4°C, and intracellular staining was performed in permeabilization 481 

buffer for following markers: TBET, TCF1, CTLA4, TOX. Stained samples were acquired by Cytek 482 

Aurora and analyzed by FlowJo software.  483 

Statistical Analysis 484 

GraphPad Prism (Version 9, GraphPad Software Inc. RRID:SCR_002798) software was used for 485 

data presentation and statistical analysis. Unpaired t test or one-way/two-way analysis of variance 486 

(ANOVA) was used with a multiple comparison test as indicated in the figure legend. Survival 487 

analysis was performed by log-rank test. p-value <0.05 was considered significant (*p<0.05, 488 

**p<0.01, ***p<0.001).  489 

 490 

 491 
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Figure Legends 646 

Figure 1. T cells drive sex differences in GBM survival. (A) Survival analysis was performed 647 

after intracranial injection of mouse GBM cell lines SB28 and GL261 in immunocompetent B6 648 

mice (SB28-15,000 cells/mouse, GL261-25,000 cells/mouse) and immune-deficient NSG (SB28-649 

10,000 cells/mouse, GL261-20,000 cells/mouse) and RAG1-/- mice (SB28-15,000 cells/mouse, 650 

GL261-25,000 cells/mouse). Median survival days and number of animals are indicated in the 651 

graph legend. Data combined from two to three independent experiments. Statistical significance 652 

was determined by log-rank test, considering p-value <0.05 to be significant. (B) Frequency of 653 

CD45hi immune cells and CD3+ T cells from the tumor-bearing left hemisphere of SB28-injected 654 

mice or the left hemisphere of the sham-injected group on day 8 and 15. Data shown as mean±SD 655 

from two independent experiments. N=10 for SB28-bearing mice and n=3-5 for sham-injected 656 

mice. One-way ANOVA with Tukey’s multiple comparison test was performed to determine 657 

statistical significance (*p<0.05, **p<0.01, ***p<0.001). (C) Frequency of OVA-specific CD8+ T 658 

cells were measured using tetramer antibody from the tumor-bearing left hemisphere of SB28-659 

OVA (25,000 cells/mouse)-injected B6 wild-type mice on day 14 post-tumor implantation. Data 660 

shown as mean±SD from two independent experiments. N=9/group. *p<0.05 was determined by 661 

unpaired unpaired t-test. (D) Survival analysis was performed after adoptive transfer of OT-I cells 662 

into RAG1-/- mice bearing SB28-OVA tumors. Median survival days and number of animals are 663 

indicated in the graph legend. Data combined from two independent experiments. Log-rank test 664 

was performed and **p<0.01 was determined to be significant. 665 

 666 

Figure 2. More male CD8+ T cells are functionally exhausted and skewed toward a 667 

progenitor exhausted T cell phenotype. Tumor-infiltrating T cells were analyzed on day 15 668 

post-implantation of SB28 tumor cells. (A) Frequency of T cell subsets in CD45hi immune cells. 669 

Data combined from two independent experiments. n=11-12 for the SB28-injected group and n=4 670 

for the sham-injected group. (B) Inhibitory receptor expression in CD8+ and CD4+Foxp3- effector 671 

T cells (Teff). Data combined from two independent experiments. n=10-12 for the SB28-injected 672 

group and n=4 for the sham-injected group. (C) Intracellular cytokine expression in CD8+ and 673 

CD4+Foxp3- effector T cells was measured after ex vivo stimulation. Data combined from two 674 

independent experiments. n=7-10 for the SB28-injected group and n=3 for the sham-injected 675 

group. (D) Exhausted T cell subsets in CD8+ T cells: TEX (terminally exhausted; 676 

CD8+CD44+PD1+TCF1-TIM3+), PEX (progenitor exhausted; CD8+CD44+PD1+TCF1+TIM3-), EFF 677 

(effector; CD8+CD44+TCF1-TIM3-). Data combined from two independent experiments. n=9-10 678 
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for the SB28-injected group and n=4 for the sham-injected group. Intracellular expression of (E) 679 

granzyme B and (F) IFN-γ+TNF+ in each CD8+ T cell subset after ex vivo stimulation. Data 680 

combined from two independent experiments. n=11-12 for SB28-injected group and n=4 for 681 

sham-injected group. Two-way ANOVA analysis with Tukey’s multiple comparison test (A-C, E,F) 682 

or unpaired Student’s t test (D) was performed (*p<0.05, **p<0.01, ***p<0.001).  683 

 684 

Figure 3. Males are more responsive to anti-PD1 therapy. (A) Schematics depicting treatment 685 

regimen for anti-PD1 and immune profiling. (B) Kaplan-Meier curves depicting survival of male 686 

and female mice treated with anti-PD1 or isotype antibodies (10 mg/kg) starting from day 7 post-687 

intracranial tumor implantation. Combined results from three independent experiments with log-688 

rank test (**p<0.01, ***p<0.001). Median survival length and number of animals are indicated. (C-689 

F) Immunophenotyping was performed on tumor-infiltrating immune cells on day 18 after the last 690 

treatment. Data combined from two independent experiments. n=9-10 for the anti-PD1-treatment 691 

group and n=7-8 for the isotype antibody-treated group. (C) Percentage of CD8+ T cells in CD45hi 692 

cells. (D) Proliferation marker Ki-67 expression in CD8+ T cells. Data shown as mean±SD of 693 

n=5/group from one of two independently repeated experiments. (E) Frequency of exhausted T 694 

cell subsets in CD8+ T cells. (F) Percentages of intracellular CD8+ T cells expressing IFN-γ+, TNF+, 695 

and granzyme B. Two-way ANOVA analysis with Tukey’s multiple comparison test was performed 696 

(*p<0.05, **p<0.01, ***p<0.001). 697 

 698 

Figure 4. Immune cell-intrinsic and cell-extrinsic effect in GBM survival. (A) A schematic 699 

figure of the generation of bone marrow chimera models. Immune profiling was performed from 700 

the tumor-bearing hemisphere on day 14 post-tumor implantation (SB28, 10,000 cells/injection). 701 

(B) Frequency of T cell subsets in CD45hi cells. Data combined from three independent 702 

experiments. n=7-17 per group. One-way ANOVA analysis with Tukey’s multiple comparison test 703 

(*p<0.05, **p<0.01, ***p<0.001). (C) Percentage of PD1 and CTLA4 expression and (D) 704 

exhausted T cell subsets in CD8+ T cells. Data combined from three independent experiments. 705 

n=4-11 per group. One-way ANOVA analysis with Tukey’s multiple comparison test (*p<0.05, 706 

**p<0.01). (E) Kaplan-Meier curves depicting survival of bone marrow chimeras after intracranial 707 

injection of SB28 cells. Data shown is combined from two independent experiments. n=18=20 per 708 

group. Statistical significance was determined by log-rank test (*p<0.05, **p<0.01). 709 

 710 
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Figure 5. Cell-intrinsic regulation of sex differences in T cell function. (A) Schematics 711 

depicting in vitro generation of exhausted T cells. (B) Exhaustion markers and cytokine expression 712 

were measured on day 5 by flow cytometry after polyclonal stimulation with stimulation cocktail 713 

for 4 hours. Data shown as mean±SD and is representative of three independent experiments. 714 

Two-way ANOVA analysis with Tukey’s multiple comparison test (*p<0.05, **p<0.01). (C) qPCR 715 

analysis on exhausted T cells. Relative expression levels normalized to male T cells are shown. 716 

(D) Kaplan-Meier curves depicting survival of male and female RAG1-/- mice bearing SB28-OVA 717 

tumor cells after adoptive transfer of OT-I cells. Data shown is combined from two independent 718 

experiments. Statistical significance was determined by log-rank test (*p<0.05, **p<0.01). 719 

 720 

Figure 6. Sex differences in exhausted T cells in GBM patients (A) A gating strategy for 721 

exhausted T cell subsets from GBM patient tumors. (B) Frequency of progenitor exhausted T cells 722 

(PEX; CD8+KLRG1-PD1+CXCR5-TCF1+TIM3-) and (C) TOX expression in CD8+ T cells from 723 

tumors of male (n=18) and female (n=14) patients with IDH-wild type GBM tumors. Unpaired t-724 

test (*p<0.05). (D) In vitro induction of exhaustion in human CD8+ T cells. (E) Exhaustion marker 725 

expression in CD8+ T cells on day 12 post-stimulation. Two-way ANOVA analysis with Tukey’s 726 

multiple comparison test (*p<0.05, **p<0.01, ***p<0.001). (F) Intracellular expression of IFN-727 

γ+TNF+ in CD8+ T cells during repeated stimulation. Multiple unpaired t-test was performed 728 

(*p<0.05, **p<0.01). Data shown as mean±SD and is representative of two independent 729 

experiments. (G) Proposed model of sex-specific T cell phenotype and functionality in GBM 730 

patients. 731 
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