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4 Abstract

5 Glioblastoma is the most lethal primary brain tumor in adults. Female patients
6 consistently outlive males by approximately 3 to 5 months, even after controlling
7 for known prognostic variables. The biological basis for this survival gap remains
s unresolved. Nearly all existing research examines glial cell activity after a tumor has
9 developed, leaving baseline sex differences in the glial landscape before tumor
10 formation largely uncharacterized. Two complementary analyses addressed this
11 gap. In Study 1, glial cell density was quantified across three subregions of the rat
12 medial prefrontal cortex. Males showed a significant dorsal-to-ventral glial density
13 difference; females showed a parallel trend that did not reach significance. In Study
14 2, GFAP and AIF1 gene expression were analyzed in 37 human glioblastoma blocks
15 from the Ivy Glioblastoma Atlas Project. Neither marker differed by sex in isolation.
16 However, when patients were stratified by EGFR amplification status, amplification
17 was significantly associated with an elevated astrocyte-to-microglial expression
18 ratio in male patients (p = 0.010) but not females. Together, these findings suggest
19 that sex-dependent glial microenvironment differences may contribute to the
20 female survival advantage in GBM, and that sex-stratified EGFR analysis may inform
21 treatment approaches for this disease. Median survival in glioblastoma has not
22 improved since 2005.
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25 Introduction

26 1.1. Glioblastoma and the Sex Survival Gap

27 Glioblastoma (GBM) is the most common malignant primary brain tumor in adults,
28 accounting for approximately 14.6% of all primary brain tumors and nearly half of all
29 malignant diagnoses (Ostrom et al., 2020). Even with the current standard of care,
30 including surgical resection followed by concurrent radiotherapy and
31 temozolomide chemotherapy, median overall survival remains 12 to 15 months and
32 the five-year relative survival rate is approximately 5% (Ostrom et al., 2020; Stupp



33 et al, 2005). The tumor almost always recurs regardless of treatment response,
34 acquiring resistance through rapid genetic diversification within the tumor mass
35 and actively suppressing immune surveillance (Brennan et al., 2013). The five-year
36 survival rate has not meaningfully changed since temozolomide was adopted as
37 standard chemotherapy in 2005 (Ostrom et al., 2020; Stupp et al., 2005).

38 One of the most consistently replicated epidemiological observations in
39 glioblastoma is a survival advantage for female patients. Across analyses
40 encompassing tens of thousands of cases, females outlive males by approximately 3
41 to 5 months at the median, even after controlling for age at diagnosis, extent of
42 surgical resection, and MGMT promoter methylation status (Ostrom et al., 2018).
43 The consistency of this pattern across independent datasets strongly suggests a
a4 real biological difference. Yet the mechanism responsible for it has not been
45 established. Proposed explanations include sex-hormone effects on tumor cell
46 proliferation, differences in immune activation, and sex-specific molecular subtype
47 distributions (Rubin et al., 2020). Each of these mechanisms has supporting
48 evidence, but none fully accounts for the consistent 3-to-5-month gap observed
49 across datasets.

50 1.2. Glial Cells in the Tumor Microenvironment

51 The tumor microenvironment (TME) has become a central focus of glioblastoma sex
52 difference research. Within the TME, astrocytes and microglia are the two most
53 abundant non-neuronal cell populations. Astrocytes, identified by the protein glial
s4 fibrillary acidic protein (GFAP), form a reactive structural scaffold around tumors
55 and contribute to immune modulation, growth factor signaling, and angiogenesis
56 (Sofroniew & Vinters, 2010). Microglia, identified by allograft inflammatory factor 1
57 (AIF1, also known as IBAl), are the brain’s resident immune cells and can constitute
ss up to one-third of the total tumor mass in glioblastoma (Ransohoff, 2016;
59 Hambardzumyan et al, 2016; Graeber et al., 2002). Together, the balance of
60 astrocytic and microglial activity determines how immunosuppressive the tumor
61 microenvironment is and how effectively the immune system can respond to the
62 tumor.

63 One nuance specific to glioblastoma is that GFAP is expressed not only by reactive
64 astrocytes but also by the tumor cells themselves, because glioblastoma arises from
65 glial lineage and the tumor cells retain astrocytic transcriptional programs
66 (Brennan et al., 2013; Louis et al., 2016). This distinction matters for interpreting the
67 ratio of GFAP to AIF1 expression: in the context of GBM, this ratio is not a simple



68 count of astrocytes versus microglia. A high ratio indicates that the
69 astrocyte-and-tumor-cell compartment dominates; a low ratio indicates that the
7o microglial immune compartment dominates. This ratio is not a direct count of cell
71 types but a measure of the transcriptional balance between two major biological
72 identities within the tumor.

73 1.3. Sex Differences in Glial Biology

74 Sex-dependent differences in glial cell activity have been documented in both
75 healthy brain and tumor contexts. Adult male and female mice differ in microglial
76 morphology, gene expression profiles, and inflammatory responsiveness even
77 under baseline conditions (Villa et al., 2018; Guneykaya et al., 2018). In the GBM
78 TME, microglial activation states and macrophage infiltration levels have been
79 shown to differ by sex (Hambardzumyan et al., 2016; Villa et al., 2018; Guneykaya et
go al., 2018). Together, these observations point toward sex-dependent differences in
81 glial biology as a likely contributor to the female survival advantage in glioblastoma.

82 Although baseline sex differences in glial biology are well established, few studies
83 have examined how these pre-existing differences may influence glioblastoma
84 development or the tumor microenvironment. If males and females already differ in
85 how their glial cells are organized and distributed before cancer develops, those
86 baseline differences could shape the cellular composition of the TME from the
g7 moment a tumor begins to form. This pre-tumor baseline has not been
88 systematically characterized.

89 1.4. EGFR Amplification and the GFAP/AIF1 Ratio

9o The epidermal growth factor receptor (EGFR) gene is amplified in approximately 40
91 to 60% of primary GBMs, making it the most common recurrent amplification in
92 this cancer (Brennan et al.,, 2013). EGFR amplification is the defining molecular
93 feature of the Classical GBM subtype, characterized by high EGFR copy number,
94 high-level GFAP expression by the tumor cells themselves, and a transcriptional
95 profile dominated by astrocytic gene programs (Verhaak et al., 2010). This means
9¢ EGFR amplification directly drives GFAP expression upward in tumor cells, not
97 because of astrocyte activity but because the tumor itself more strongly expresses
98 astrocytic identity genes.

99 This leads to a testable prediction. EGFR amplification drives GFAP upward through
100 the tumor’s own astrocytic gene programs. If female microglia simultaneously
101 maintain a more homeostatic transcriptional state under oncogenic pressure, EGFR



102 amplification should push the GFAP/AIF1 ratio substantially higher in males while
103 having a much smaller effect in females, because the GFAP increase would not be
104 counterbalanced in males to the same degree it would be in females. Examining
105 either marker individually would not detect this, because the asymmetry lives in the
106 ratio rather than in any single variable.

107 1.5. Study Rationale and Hypotheses

108 To characterize pre-tumor glial architecture (the spatial organization and density
109 of glial cells in healthy brain tissue before any tumor has formed), the medial
110 prefrontal cortex (mPFC) was selected as the study region for Study 1. GBM arises in
111 the frontal lobe in approximately 25 to 43% of cases (Ostrom et al., 2020), making
112 the prefrontal cortex among the most clinically relevant regions for this disease.
113 The rat mPFC is one of the best-characterized brain regions for sex-dependent glial
114 organization; it contains sex hormone receptors and shows sex-dependent
115 differences in glutamatergic signaling and microglial distribution (Heidbreder &
116 Groenewegen, 2003; Knouse et al.,, 2022). Structurally, the mPFC contains two
117 functionally distinct zones: the dorsal anterior cingulate area (ACA), which connects
118 to executive control circuitry, and the ventral infralimbic and prelimbic areas (ILA
119 and PL), which connect densely to the amygdala, hypothalamus, and brainstem
120 stress-response  systems (Heidbreder @~ &  Groenewegen, 2003). This
121 dorsal-to-ventral distinction makes the mPFC well suited for detecting spatial
122 differences in glial organization by sex.

123 Two complementary analyses were conducted. Study 1 used rat mPFC histology to
124 establish whether baseline glial density differs by sex across dorsal versus ventral
125 subregions, providing a model of pre-tumor glial architecture. Study 2 used human
126 glioblastoma gene expression data from the publicly available Ivy Glioblastoma Atlas
127 Project (Puchalski et al.,, 2018) to test whether EGFR amplification shifts the
128 GFAP/AIF1 expression ratio differently by sex. Both studies were motivated by the
129 same question: does sex shape how glial populations are organized and how they
130 respond to biological perturbation, rather than simply how many of them are
131 present? In both cases, the key was applying a reference gradient (spatial
132 organization in rats, EGFR amplification status in humans) to ask whether that
133 gradient reveals sex-dependent differences that a direct male-versus-female
134 comparison of individual markers would miss.

135 We hypothesized that female rats would show higher baseline glial density in the
136 ventral mPFC relative to males, and that EGFR amplification would be associated



137 with a higher GFAP/AIF1 ratio in male glioblastoma patients than in female patients,
138 reflecting sex-dependent differences in how the tumor microenvironment
139 responds to a major oncogenic driver.

140 Methods

141 Study 1: Rat mPFC Glial Density

142 Animals and tissue preparation. Adult male and female Rattus norvegicus (n = 3 per
143 sex; age 3 months) were obtained from AMSBIO. Brains were obtained following
144 euthanasia and immersion-fixed in 4% paraformaldehyde for 24 hours at 4°C, then
145 cryoprotected in 30% sucrose in phosphate-buffered saline. Coronal sections (40
146 um) were cut through the full anterior-posterior extent of the mPFC. Three
147 subregions were identified per hemisphere using the Paxinos and Watson rat brain
148 atlas (7th edition): the ACA (AP +2.7 to +3.2 mm from bregma; dorsal-most
149 subregion, approximately 0.5 to 1.2 mm from dorsal surface), the prelimbic area (PL;
150 AP +2.0 to +2.7 mm; intermediate, approximately 1.5 to 3.0 mm depth), and the
151 infralimbic area (ILA; AP +2.0 to +2.7 mm; most ventral, approximately 3.0 to 4.5 mm
152 depth). Estrous cycle stage of female rats was not confirmed at tissue collection,
153 noted as a limitation.

154 Cell identification and imaging. Sections were stained with a proprietary nuclear
155 counterstain supplied with the IHCeasy kit (AMSBIO) and imaged under brightfield
156 microscopy. Glial nuclei were distinguished from neuronal nuclei using established
157 nuclear morphology criteria: glial nuclei are notably smaller and more uniformly
158 rounded than neuronal nuclei, which are larger and more irregularly shaped (Peters
159 et al., 1991). This approach counts astrocytes, microglia, and oligodendrocytes
160 collectively and does not resolve individual glial subtypes. Images were captured at
161 20x magnification; three non-overlapping fields of view were acquired per animal
162 per region. All acquisition and counting were performed by a single analyst;
163 counting was not performed blind to animal sex.

164 Automated cell counting. Glial nuclei were counted in Image] using a color
165 thresholding approach to isolate counterstained nuclei, followed by the Analyze
166 Particles function. Particles were filtered by area (minimum 6 px?) and circularity
167 (0.5 to 1.0). Density was expressed as objects per 100,000 px2. The three field values
168 per region per animal were averaged to yield one density value per animal per
169 region.



170 Statistical analysis. A two-way repeated-measures ANOVA assessed main effects of
171 sex and region (ACA, PL, ILA) and their interaction, with animal as the repeated
172 unit, using Si¢ak’s post-hoc test. To specifically examine dorsal-to-ventral
173 organization, a second two-way ordinary ANOVA compared ACA density to pooled
174 ventral mPFC density (ILA + PL), using Fisher’s LSD post-hoc. Effect sizes were
175 calculated as Hedges' g. All statistics were computed in GraphPad Prism 10. P-values
176 were not corrected for multiple comparisons.

177 Study 2: Human GBM Gene Expression (Ivy GAP)

178 Dataset. Gene expression and clinical data were obtained from the Ivy Glioblastoma
179 Atlas Project (Ivy GAP), an anatomically stratified transcriptional atlas of human
180 GBM described by Puchalski et al. (2018). The Ivy GAP cohort comprised 41 patients
181 (42 tumors). For each tumor block, five anatomically defined zones were isolated by
182 laser microdissection and profiled by RNA-seq; expression values are reported as
183 log?-normalized FPKM. The present analysis used per-block expression values
184 averaged across all sequenced zones per block to obtain a whole-tumor expression
185 profile rather than a single-zone measurement. Our analyzed subset comprised 37
186 tumor blocks from 36 unique patients (patient W22 contributed two tumor blocks;
187 19 male blocks, 18 female blocks). For the GFAP/AIF1 ratio analysis, nine blocks with
188 unavailable EGFR status were excluded, yielding n = 28 for the stratified analysis
189 (Table 1).

190 Gene expression variables. GFAP and AIF1 are the canonical markers for the
191 astrocytic/tumor-cell and microglial compartments of the GBM TME, respectively
192 (Sofroniew & Vinters, 2010; Ransohoff, 2016). As described in the Introduction, GFAP
193 expression in this dataset reflects contributions from both reactive astrocytes and
194 the tumor cells themselves (Brennan et al., 2013; Louis et al., 2016). The GFAP/AIF1
195 expression ratio was calculated as log?(GFAP/AIF1) using mean per-block FPKM
196 values. EGFR amplification status was obtained from the clinical metadata provided
197 by Ivy GAP.

198 Statistical analysis. Sex differences in individual marker expression were assessed
199 by Mann-Whitney U test. A two-way ANOVA examined the main effects of sex
200 (male/female) and EGFR amplification status (amplified/non-amplified) on the
201 log?(GFAP/AIF1) ratio, followed by Fisher’s LSD post-hoc comparisons. Survival
202 differences between sexes were assessed by Mann-Whitney U test and reported as
203 Cliff's delta. All analyses were performed in GraphPad Prism 10. P-values were not
204 corrected for multiple comparisons.



205 Results

206 Study 1: Glial Density Across mPFC Subregions

207 Study 1 examined whether baseline glial density differs between sexes across dorsal
208 and ventral subregions of the rat mPFC. Figure 1 and Table 2 present mean glial cell
209 density across the three individual subregions (ACA, PL, and ILA, ordered dorsal to
210 ventral) by sex. Females showed consistently higher mean glial density
211 (non-significant in all individual pairwise comparisons) than males across all three
212 subregions, with the largest numerical differences in the ACA (Hedges' g = 1.91;
213 female mean 132.9, male mean 78.3 objects per 100,000 px?) and the ILA (g = 1.18;
214 female 124.6, male 85.9), and a negligible difference in the PL (g = 0.29; female 96.0,
215 male 89.9). The three-region repeated-measures ANOVA found no significant main
216 effects of sex, region, or their interaction. The large effect sizes in the ACA and ILA
217 indicate that despite non-significance, these differences are not trivial; a power
218 analysis for g = 1.91 at 80% power and a = 0.05 indicates n = 5 per sex would likely be
219 sufficient to detect such a difference. When examining the three subregions
220 individually, the data show a directional trend consistent with lower glial density in
221 the dorsal ACA relative to the ventral ILA and PL, but this pattern does not
222 constitute a statistically demonstrable monotonic gradient across all three regions
223 at this sample size (see Limitations).

224 Table 2. Mean glial cell density by mPFC subregion and sex (ordered dorsal to ventral).

Region Female Male mean | AFvs | Hedge | **p-value**
mean (SEM) (SEM) M s'g
ACA (dorsal 132.9 (17.1) 78.3 (1.2) +70% | 1.91 0.226 (ns)
mPFC)
PL (ventral mPFC) | 96.0 (18.5) 89.9 (33.4) +7% 0.29 0.995 (ns)
ILA (ventral 124.6 (9.2) 85.9 (18.1) +45% | 118 0.438 (ns)
mPFC)

225 Note. Values in objects per 100,000 px2. Two-way RM ANOVA with Si¢ak’s multiple
226 comparisons. n = 3 per sex. ns = not significant at a = 0.05. Subregions ordered
227 dorsal to ventral: ACA, PL, ILA. Values in parentheses are SEM.
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229 Figure 1. Mean glial cell density across three mPFC subregions by sex (n = 3 per sex).
230 Red bars = female; blue bars = male. Subregions are ordered dorsal to ventral (ACA, PL,
231 ILA). Females showed consistently higher mean glial density (non-significant) than
232 males in all subregions, with the ACA and ILA comparisons showing large effect sizes
233 (Hedges’ g = 191 and 118, respectively). No significance brackets are shown for
234 non-significant comparisons. Error bars = + SEM. Two-way RM ANOVA with Si¢dk’s
235 post-hoc.

236 To more directly test dorsal-to-ventral organization, ILA and PL were pooled into a
237 single ventral mPFC composite measure and compared to the dorsal ACA (Figure 2).
238 This pooling approach was used to consolidate the two anatomically connected
239 ventral subregions and increase statistical resolution. A two-way ordinary ANOVA
240 revealed a significant main effect of region (F(1,8) = 9.883, p = 0.014), with sex not
241 significant as a main effect (F(1,8) = 2.856, p = 0.129) and no interaction (F(1,8) = 0.027,
242 p = 0.874). Post-hoc comparisons showed that male ACA density (78.3 objects per
243 100,000 px?) was significantly lower than pooled male ventral density (175.7; p =
244 0.047), establishing a statistically detectable dorsal-to-ventral difference in glial
245 density within males. In female rats, a directionally comparable pattern was present
246 (ACA = 132.9 vs. ILA + PL = 220.6) but narrowly missed significance (p = 0.068). Sex
247 comparisons within each zone were non-significant (ACA: p = 0.226; ILA + PL: p =
248 0.312).
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250 Figure 2. Glial density in dorsal ACA versus pooled ventral mPFC (ILA + PL) by sex.
251 Red bars = female; blue bars = male. Male rats showed a statistically significant
252 dorsal-to-ventral difference (p = 0.047, Fisher’s LSD), with substantially lower glial
253 density in the ACA than in ventral subregions. Female rats showed a comparable
254 directional pattern that narrowly missed significance (p = 0.068). Two-way ordinary
255 ANOVA. Error bars = + SEM. n = 3 per sex.

256 The female dorsal-to-ventral difference is numerically comparable in magnitude (A
257 = 87.7 units vs. 97.4 in males) but individual values are more variable across animals,
258 which may have contributed to the non-significant result—though insufficient
259 sample size alone cannot be confirmed as the sole explanation. The pattern appears
260 to be present directionally in both sexes; what may differ is the consistency with
261 which it is expressed across individuals, an issue that could reflect hormonal
262 variability given that estrous cycle stage was not confirmed at tissue collection.

263 Study 2: GFAP and AIF1 Expression in Human Glioblastoma
264 Table 1. Jvy GAP cohort composition by EGFR amplification status and sex (n = 28).

Variable EGFR+ Male | EGFR- Male EGFR+ EGFR-
(n=15) (n=28) Female (n = 9) | Female (n = 6)
log?(GFAP/AIF1) 1.420 0.319 0.876 0.658
mean




+ SEM 0.158 0.238 0.179 0.423

265 Note. Blocks with unavailable EGFR status (n = 9) excluded from ratio analysis. EGFR
266 amplification rate in this cohort (50% female vs. 26% male) likely reflects sampling
267 variation in this small dataset.

268 Study 2 uses gene expression data from resected human glioblastoma tissue. Unlike
269 Study 1, it does not measure baseline architecture in the healthy brain; it examines
270 whether sex shapes the astrocytic-to-microglial transcriptional balance within
271 established tumors, and whether EGFR amplification shifts that balance differently
272 depending on sex. Female patients in this Ivy GAP subset survived longer than
273 males (median 493 vs. 351 days; Cliff's § = -0.367; Mann-Whitney p = 0.097),
274 consistent with published registry data (Ostrom et al., 2018), confirming that this
275 cohort reflects the broader sex survival pattern in GBM.

276 When GFAP and AIF1 were examined individually, neither differed significantly by
277 sex. Mean GFAP expression was 6.08 log? FPKM in males versus 5.85 in females
278 (Mann-Whitney p = 0.347), and mean AIF1 was 4.98 in males versus 5.01 in females (p
279 = 0.909). This is consistent with prior work showing that bulk-level expression of
280 individual glial markers does not reliably capture sex differences without a
281 stratifying variable (Villa et al., 2018; Guneykaya et al., 2018). These null results are
282 informative: if sex shapes not the quantity of each glial population but how those
283 populations respond to an oncogenic perturbation, no single-marker comparison
284 will detect it. The ratio analysis was designed specifically to test that possibility.

285 EGFR Amplification Modifies the GFAP/AIF1 Ratio Differently by Sex

286 A two-way ANOVA of the log?(GFAP/AIF1) ratio (n = 28 blocks: five EGFR-amplified
287 males, eight non-amplified males, nine EGFR-amplified females, six non-amplified
288 females) revealed a significant main effect of EGFR amplification (F(1,24) = 6.117, p =
289 0.021) but not of sex (F(1,24) = 0.148, p = 0.704). The sex-by-EGFR interaction was not
290 significant (F(1,24) = 2.738, p = 0.111). Post-hoc comparisons are summarized in Table
291 3 and Figure 3.

292 In male patients, EGFR amplification was significantly associated with a higher
293 log?(GFAP/AIF1) ratio (amplified: 1.420 vs. non-amplified: 0.319; p = 0.010). In female
294 patients, the same comparison produced no significant difference (amplified: 0.876
295 vs. non-amplified: 0.658; p = 0.552). The same genetic alteration produced a large,
296 significant shift in one sex and essentially no shift in the other. Within



297 EGFR-amplified tumors, males showed a higher mean ratio than females (1.420 vs.
298 0.876), trending toward significance (p = 0.169). Within non-amplified tumors, the
299 direction reversed: non-amplified males showed a lower ratio (0.319) than
sc0 non-amplified females (0.658; p = 0.370), though this comparison is notably
301 underpowered given that the majority of non-amplified patients are male in this
302 cohort.

303 Table 3. log?(GFAP/AIFI1) ratio by EGFR amplification status and sex.

Group comparison Male mean Female **p-va | Interpretation
(SEM) mean (SEM) | lue**
EGFR-amplified (5M, 9F) | 1.420 = 0.158 0.876 + 0.169 Trending, ns
0.179
Non-amplified (8M, 6F) 0.319 0.658 + 0.370 ns
0.423
Males: EGFR-amp vs. — — 0.010 Significant *
non-amp
Females: EGFR-amp vs. — — 0.552 ns
non-amp

304 Note. Two-way ANOVA with Fisher’s LSD post-hoc. n = 28 blocks (nine excluded for
305 unavailable EGFR status). p* < 0.05. EGFR amplification rate in this cohort (50%
306 female vs. 26% male) is atypical of larger GBM registries and likely reflects sampling
307 variation in the small Ivy GAP dataset.
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309 Figure 3. log(GFAP/AIF1) ratio by EGFR amplification status and sex. Red bars =
310 female; blue bars = male. EGFR amplification was a significant main effect overall (p =
311 0.021). Within males, EGFR-amplified tumors showed a significantly higher ratio than
312 non-amplified tumors (p = 0.010). Within females, no significant shift was observed (p
313 = 0.552). Two-way ANOVA, Fisher’s LSD post-hoc.

314 Discussion

315 Taken together, these findings suggest that sex shapes glial biology primarily as an
316 organizing variable, not as a scaling one. In both datasets, the sex difference was
317 invisible in direct male-versus-female comparisons of any single measurement. It
318 only became detectable when a reference gradient was introduced: a spatial
319 dorsal-to-ventral contrast in the rat brain, and EGFR amplification status in human
320 tumor tissue. That the same structural pattern emerged across two independent
321 datasets, two species, and two entirely different types of biological measurement
322 points toward a consistent organizing principle: sex-dependent glial biology
323 appears to be expressed through how populations are arranged and how they
324 respond to perturbation, rather than through their absolute quantity. This
325 resonates with the transcriptomic work of Villa et al. (2018) and Guneykaya et al.
326 (2018), in which male and female microglia differed not in total cell number but in



327 gene expression profiles and inflammatory signaling pathways—differences that
328 were measurable only when comparing activation states, not bulk marker levels.

329 The Study 1 finding of a significant dorsal-to-ventral glial density difference in
330 males and a parallel but non-significant pattern in females is consistent with the
331 known functional architecture of the rodent mPFC. The ventral ILA and PL are
332 densely connected to subcortical stress-response systems including the amygdala,
333 hypothalamus, and brainstem (Heidbreder & Groenewegen, 2003), and are
334 established sites of elevated glial reactivity—consistent with the higher glial density
335 observed in these ventral regions in both sexes. The dorsal ACA, by contrast,
336 connects primarily to cortical executive circuits and may have lower baseline glial
337 activity. Sex differences in glutamatergic and microglial signaling within these
338 circuits have been further described by Knouse et al. (2022). In males, the density
339 difference between dorsal and ventral regions is sharp enough to reach statistical
340 detection at n = 3. In females, the numerical magnitude of the difference is
341 comparable but individual values are more variable across animals, compressing the
342 signal below significance at this sample size. One candidate explanation is that
343 estrogen receptor signaling exerts anti-inflammatory effects on microglia through
344 ERo and ERB-mediated mechanisms (Villa et al., 2016; Acaz-Fonseca et al., 2015),
345 which could dampen and desynchronize ventral glial density across individual
346 female animals depending on hormonal state. Because estrous cycle stage was not
347 confirmed at tissue collection, this cannot be tested directly from the current data.

348 An observation that extends beyond group mean differences is the pattern of
349 individual variability across both studies. Male animals and patients showed more
350 consistent, rigid responses to biological organization cues—whether spatial (the
351 dorsal-to-ventral density difference) or oncogenic (EGFR amplification shifting the
352 GFAP/AIF1 ratio). Female subjects showed greater intragroup variability in both
353 cases: the female dorsal-to-ventral pattern missed significance partly due to
354 greater individual spread, and female tumor GFAP/AIF1 ratios did not shift
355 significantly in either EGFR-amplified or non-amplified groups. This raises the
356 possibility that sex differences in glial biology are not primarily differences in
357 means but differences in the structure of variance—with female glial populations
358 subject to more dynamic, hormonally modulated regulation that varies across
359 individuals and contexts. If this interpretation is correct, the female survival
360 advantage in GBM (Ostrom et al., 2018) may partly reflect this regulatory flexibility:
361 female tumor microenvironments may be more capable of dynamic adjustment
362 under oncogenic pressure, maintaining a more balanced astrocyte-to-microglial



363 ratio even under EGFR-driven perturbation. This is broadly consistent with the
364 higher baseline inflammatory responsiveness and maintained homeostatic profiles
365 documented in female microglia under perturbation by Villa et al. (2018) and
366 Guneykaya et al. (2018).

367 The sex-specific EGFR amplification finding has specific implications for
368 understanding male vulnerability in glioblastoma. Non-amplified male tumors in
369 this cohort showed the lowest mean GFAP/AIF1 ratio of any group (0.319),
370 consistent with prior evidence that male GBM tumors exhibit higher baseline
371 microglial and macrophage infiltration when major tumor-intrinsic
372 immunosuppressive mechanisms are not fully active (Hambardzumyan et al., 2016;
373 Villa et al., 2018). The addition of EGFR amplification in males then dramatically
374 shifts this balance toward an astrocyte-dominant state (ratio 1.420, p = 0.010 vs.
375 non-amplified males), creating a particularly unfavorable combination: EGFR-driven
376 GFAP expression from the tumor cells themselves (Brennan et al., 2013; Verhaak et
377 al., 2010) dominates over the microglial compartment. Astrocyte-dominant tumor
378 microenvironments are specifically associated with suppression of cytotoxic T cell
379 infiltration through TGF-B secretion and physical barrier formation (Sofroniew &
380 Vinters, 2010), which are primary immunosuppressive mechanisms in GBM and key
381 barriers to immunotherapy efficacy. Female patients with EGFR-amplified tumors
382 show no equivalent ratio shift, suggesting their microglial compartment is not
383 equivalently displaced by the EGFR-driven GFAP increase—a resistance potentially
384 reflecting estrogen receptor-mediated maintenance of microglial homeostasis (Villa
sgs et al., 2016; Acaz-Fonseca et al, 2015). If confirmed in larger datasets,
386 EGFR-amplified male GBM patients may represent a biologically distinct subgroup
387 with an astrocyte-dominant TME that is specifically resistant to checkpoint
3gs inhibitor-based immunotherapy—one for whom combined EGFR-targeted and
389 microenvironment-directed therapies may be warranted. Current glioblastoma
390 trials do not stratify patients by both EGFR status and sex, leaving this potential
391 subgroup distinction unexamined.

392 The Study 2 finding has a straightforward mechanistic interpretation grounded in
393 what EGFR amplification actually does. In the Classical GBM subtype, EGFR
394 amplification drives GFAP upward through the tumor cells’ own astrocytic gene
395 programs, not through reactive astrocyte activity (Brennan et al., 2013; Verhaak et
396 al., 2010). In male patients, this EGFR-driven GFAP increase is sufficient to
397 significantly elevate the GFAP/AIF1 ratio relative to non-amplified male tumors. In
398 female patients, the same EGFR-driven GFAP increase does not produce a



399 detectable ratio shift. The most likely explanation is that female microglia maintain
400 a more homeostatic transcriptional state under oncogenic stress (Villa et al., 2018;
401 Guneykaya et al., 2018), potentially through estrogen receptor-mediated pathways
402 in microglial cells (Villa et al., 2016). If female microglia maintain higher AIF1
403 expression in the presence of EGFR-driven tumor expansion, the ratio stays more
404 stable even as GFAP rises. The sex-by-EGFR interaction term did not reach
405 significance (p = 0.111), so this sex-dependent pattern should be treated as a
406 hypothesis to test in larger datasets rather than a confirmed finding.

407 The directional reversal in non-amplified tumors, where males show a lower ratio
408 (0.319) than females (0.658), is noteworthy and not contradictory. In non-amplified
409 tumors, EGFR is not driving GFAP upward in tumor cells. The ratio therefore
410 reflects the native balance between host astrocytic activity and microglial activity
411 without the EGFR-driven GFAP boost. That non-amplified male tumors appear
412 more AlF1-dominant than any other group is consistent with prior reports of higher
413 microglial infiltration in male GBM tumors in the absence of major
414 immunosuppressive oncogenic drivers (Hambardzumyan et al., 2016; Villa et al.,
415 2018). However, with n = 8 non-amplified males in this cohort, including one outlier
416 patient (W34) with a ratio of -0.907, the mechanistic interpretation of this group is
417 premature.

418 Across both studies, sex-dependent glial biology appears to be expressed primarily
419 as a difference in organizational consistency and perturbation responsiveness, not
420 as a global difference in cell quantity or baseline marker levels. In the healthy brain,
421 this shows up as spatial differences in glial density that are detectable by
422 dorsal-to-ventral contrast but not by region-by-region comparison. In tumor
423 tissue, it shows up as a difference in how the GFAP/AIF1 balance responds to an
424 oncogenic driver that directly amplifies the GFAP compartment.

425 Several limitations affect the interpretation of both studies. In Study 1, n = 3 per sex
426 is underpowered; a power analysis for the ACA effect size (g = 1.91) at 80% power
427 and a = 0.05 indicates n = 5 per sex would likely be sufficient, while n = 8 to 10
428 provides more stable estimates. Estrous cycle stage was not confirmed, introducing
429 potential hormonal variability in female animals. Counting was not performed blind
430 to animal sex, which introduces potential observer bias. Nuclear morphology
431 counting using the kit-supplied proprietary counterstain identifies all glial subtypes
432 collectively and cannot resolve astrocytes, microglia, and oligodendrocytes
433 separately, which limits the direct comparability to Study 2's astrocyte/microglial



434 gene expression ratio. Additionally, the term “dorsal-to-ventral gradient” refers
435 specifically to the pooled ACA versus ILA + PL comparison; when examining all
436 three subregions individually, the pattern is directional but not a monotonically
437 increasing gradient. In Study 2, within-group sample sizes are as small as n = 5
438 (EGFR-amplified males), and the EGFR amplification rate in this cohort (50% of
439 females vs. 26% of males) is atypical of larger GBM registries, most likely reflecting
440 sampling variation. This imbalance means the non-amplified group is
441 predominantly male, which limits the power of within-non-amplified sex
442 comparisons. Across both studies, p-values were not corrected for multiple
443 comparisons, which increases the risk of type I error across the multiple post-hoc
444 tests performed. Finally, bar graphs displaying group means were used for all
445 figures; these do not fully convey the distribution of individual data points, which is
446 particularly relevant given the argument that female biological responses show
447 greater individual variability. Future work should present violin or box plots
448 alongside means to better characterize distributional differences between sexes.

449 Conclusion

450 Both studies show that sex shapes glial biology through differential responsiveness
451 to spatial and oncogenic gradients, not through differences in absolute cell quantity
452 or individual marker expression. In the rat medial prefrontal cortex, a significant
453 dorsal-to-ventral glial density difference was detectable in males and trended in
454 the same direction in females, suggesting sex-dependent differences in how glial
455 cells are spatially organized within this region. In human glioblastoma, EGFR
456 amplification significantly elevated the GFAP/AIF1 expression ratio in male patients
457 but produced no detectable shift in female patients, indicating that female tumors
458 maintain a more stable glial balance even when a major oncogenic driver is pushing
459 the GFAP compartment upward.

460 Several specific next steps would build directly on these findings. Replication of the
461 sex-by-EGFR interaction in the GFAP/AIF1 ratio in TCGA-GBM, which contains over
462150 patients with EGFR amplification data, would determine whether the
463 sex-dependent ratio response is robust. If confirmed, examination of cytotoxic T
464 cell marker expression (e.g., CD8A) stratified by both sex and EGFR status would
465 directly test whether EGFR-amplified male patients carry a more
466 immunosuppressed TME. Integration with single-cell RNA sequencing data would
467 allow the relative contributions of tumor-cell GFAP and reactive astrocyte GFAP to



468 be disentangled. For Study 1, addressing whether the glial density differences
469 detected here are driven primarily by astrocytes, microglia, or both would require
470 replication with n = 8 to 10 per sex using combined IBAl and GFAP immunostaining
471 alongside the nuclear counterstain, with estrous cycle stage confirmed at tissue
472 collection. Including an ovariectomy group with defined hormone replacement
473 would allow direct testing of whether estrogen suppresses ventral mPFC glial
474 density and increases individual variability in females. If sex shapes the spatial
475 organization of astrocytes and microglia differently in the healthy brain, and if that
476 organizational difference persists into the tumor microenvironment, it may prove
477 to be one of the biological foundations of the female survival advantage in
478 glioblastoma (Ostrom et al., 2018).

479 Sex is not just a demographic variable in glioblastoma. It appears to change the
480 molecular architecture of the tumor microenvironment in ways that interact with
481 specific oncogenic drivers. Treating sex as a variable to adjust for rather than a
482 biological question to investigate directly leaves part of the disease’s biology
483 unexamined, and may help explain why some treatment approaches have not
484 produced durable outcomes across patient populations.
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1 Sex-Dependent Glial Cell Density in the Prefrontal Cortex and Its

2 Relevance to Glioblastoma
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4 Abstract

5 Glioblastoma is the most lethal primary brain tumor in adults. Female patients
6 consistently outlive males by approximately 3 to 5 months, even after controlling
7 for known prognostic variables. The biological basis for this survival gap remains
s unresolved. Nearly all existing research examines glial cell activity after a tumor has
9 developed, leaving baseline sex differences in the glial landscape before tumor
10 formation largely uncharacterized. Two complementary analyses addressed this
11 gap. In Study 1, glial cell density was quantified across three subregions of the rat
12 medial prefrontal cortex. Males showed a significant dorsal-to-ventral glial density
13 difference; females showed a parallel trend that did not reach significance. In Study
14 2, GFAP and AIF1 gene expression were analyzed in 37 human glioblastoma blocks
15 from the Ivy Glioblastoma Atlas Project. Neither marker differed by sex in isolation.
16 However, when patients were stratified by EGFR amplification status, amplification
17 was significantly associated with an elevated astrocyte-to-microglial expression
18 ratio in male patients (p = 0.010) but not females. Together, these findings suggest
19 that sex-dependent glial microenvironment differences may contribute to the
20 female survival advantage in GBM, and that sex-stratified EGFR analysis may inform
21 treatment approaches for this disease. Median survival in glioblastoma has not
22 improved since 2005.

23 Keywords: glioblastoma, sex differences, glial cells, tumor microenvironment, EGFR
24 amplification

25 Introduction

26 1.1. Glioblastoma and the Sex Survival Gap

27 Glioblastoma (GBM) is the most common malignant primary brain tumor in adults,
28 accounting for approximately 14.6% of all primary brain tumors and nearly half of all
29 malignant diagnoses (Ostrom et al., 2020). Even with the current standard of care,
30 including surgical resection followed by concurrent radiotherapy and
31 temozolomide chemotherapy, median overall survival remains 12 to 15 months and
32 the five-year relative survival rate is approximately 5% (Ostrom et al., 2020; Stupp



33 et al, 2005). The tumor almost always recurs regardless of treatment response,
34 acquiring resistance through rapid genetic diversification within the tumor mass
35 and actively suppressing immune surveillance (Brennan et al., 2013). The five-year
36 survival rate has not meaningfully changed since temozolomide was adopted as
37 standard chemotherapy in 2005 (Ostrom et al., 2020; Stupp et al., 2005).

38 One of the most consistently replicated epidemiological observations in
39 glioblastoma is a survival advantage for female patients. Across analyses
40 encompassing tens of thousands of cases, females outlive males by approximately 3
41 to 5 months at the median, even after controlling for age at diagnosis, extent of
42 surgical resection, and MGMT promoter methylation status (Ostrom et al., 2018).
43 The consistency of this pattern across independent datasets strongly suggests a
a4 real biological difference. Yet the mechanism responsible for it has not been
45 established. Proposed explanations include sex-hormone effects on tumor cell
46 proliferation, differences in immune activation, and sex-specific molecular subtype
47 distributions (Rubin et al., 2020). Each of these mechanisms has supporting
48 evidence, but none fully accounts for the consistent 3-to-5-month gap observed
49 across datasets.

50 1.2. Glial Cells in the Tumor Microenvironment

51 The tumor microenvironment (TME) has become a central focus of glioblastoma sex
52 difference research. Within the TME, astrocytes and microglia are the two most
53 abundant non-neuronal cell populations. Astrocytes, identified by the protein glial
s4 fibrillary acidic protein (GFAP), form a reactive structural scaffold around tumors
55 and contribute to immune modulation, growth factor signaling, and angiogenesis
56 (Sofroniew & Vinters, 2010). Microglia, identified by allograft inflammatory factor 1
57 (AIF1, also known as IBAl), are the brain’s resident immune cells and can constitute
ss up to one-third of the total tumor mass in glioblastoma (Ransohoff, 2016;
59 Hambardzumyan et al, 2016; Graeber et al., 2002). Together, the balance of
60 astrocytic and microglial activity determines how immunosuppressive the tumor
61 microenvironment is and how effectively the immune system can respond to the
62 tumor.

63 One nuance specific to glioblastoma is that GFAP is expressed not only by reactive
64 astrocytes but also by the tumor cells themselves, because glioblastoma arises from
65 glial lineage and the tumor cells retain astrocytic transcriptional programs
66 (Brennan et al., 2013; Louis et al., 2016). This distinction matters for interpreting the
67 ratio of GFAP to AIF1 expression: in the context of GBM, this ratio is not a simple



68 count of astrocytes versus microglia. A high ratio indicates that the
69 astrocyte-and-tumor-cell compartment dominates; a low ratio indicates that the
7o microglial immune compartment dominates. This ratio is not a direct count of cell
71 types but a measure of the transcriptional balance between two major biological
72 identities within the tumor.

73 1.3. Sex Differences in Glial Biology

74 Sex-dependent differences in glial cell activity have been documented in both
75 healthy brain and tumor contexts. Adult male and female mice differ in microglial
76 morphology, gene expression profiles, and inflammatory responsiveness even
77 under baseline conditions (Villa et al., 2018; Guneykaya et al., 2018). In the GBM
78 TME, microglial activation states and macrophage infiltration levels have been
79 shown to differ by sex (Hambardzumyan et al., 2016; Villa et al., 2018; Guneykaya et
go al., 2018). Together, these observations point toward sex-dependent differences in
81 glial biology as a likely contributor to the female survival advantage in glioblastoma.

82 Although baseline sex differences in glial biology are well established, few studies
83 have examined how these pre-existing differences may influence glioblastoma
84 development or the tumor microenvironment. If males and females already differ in
85 how their glial cells are organized and distributed before cancer develops, those
86 baseline differences could shape the cellular composition of the TME from the
g7 moment a tumor begins to form. This pre-tumor baseline has not been
88 systematically characterized.

89 1.4. EGFR Amplification and the GFAP/AIF1 Ratio

9o The epidermal growth factor receptor (EGFR) gene is amplified in approximately 40
91 to 60% of primary GBMs, making it the most common recurrent amplification in
92 this cancer (Brennan et al.,, 2013). EGFR amplification is the defining molecular
93 feature of the Classical GBM subtype, characterized by high EGFR copy number,
94 high-level GFAP expression by the tumor cells themselves, and a transcriptional
95 profile dominated by astrocytic gene programs (Verhaak et al., 2010). This means
9¢ EGFR amplification directly drives GFAP expression upward in tumor cells, not
97 because of astrocyte activity but because the tumor itself more strongly expresses
98 astrocytic identity genes.

99 This leads to a testable prediction. EGFR amplification drives GFAP upward through
100 the tumor’s own astrocytic gene programs. If female microglia simultaneously
101 maintain a more homeostatic transcriptional state under oncogenic pressure, EGFR



102 amplification should push the GFAP/AIF1 ratio substantially higher in males while
103 having a much smaller effect in females, because the GFAP increase would not be
104 counterbalanced in males to the same degree it would be in females. Examining
105 either marker individually would not detect this, because the asymmetry lives in the
106 ratio rather than in any single variable.

107 1.5. Study Rationale and Hypotheses

108 To characterize pre-tumor glial architecture (the spatial organization and density
109 of glial cells in healthy brain tissue before any tumor has formed), the medial
110 prefrontal cortex (mPFC) was selected as the study region for Study 1. GBM arises in
111 the frontal lobe in approximately 25 to 43% of cases (Ostrom et al., 2020), making
112 the prefrontal cortex among the most clinically relevant regions for this disease.
113 The rat mPFC is one of the best-characterized brain regions for sex-dependent glial
114 organization; it contains sex hormone receptors and shows sex-dependent
115 differences in glutamatergic signaling and microglial distribution (Heidbreder &
116 Groenewegen, 2003; Knouse et al.,, 2022). Structurally, the mPFC contains two
117 functionally distinct zones: the dorsal anterior cingulate area (ACA), which connects
118 to executive control circuitry, and the ventral infralimbic and prelimbic areas (ILA
119 and PL), which connect densely to the amygdala, hypothalamus, and brainstem
120 stress-response  systems (Heidbreder @~ &  Groenewegen, 2003). This
121 dorsal-to-ventral distinction makes the mPFC well suited for detecting spatial
122 differences in glial organization by sex.

123 Two complementary analyses were conducted. Study 1 used rat mPFC histology to
124 establish whether baseline glial density differs by sex across dorsal versus ventral
125 subregions, providing a model of pre-tumor glial architecture. Study 2 used human
126 glioblastoma gene expression data from the publicly available Ivy Glioblastoma Atlas
127 Project (Puchalski et al.,, 2018) to test whether EGFR amplification shifts the
128 GFAP/AIF1 expression ratio differently by sex. Both studies were motivated by the
129 same question: does sex shape how glial populations are organized and how they
130 respond to biological perturbation, rather than simply how many of them are
131 present? In both cases, the key was applying a reference gradient (spatial
132 organization in rats, EGFR amplification status in humans) to ask whether that
133 gradient reveals sex-dependent differences that a direct male-versus-female
134 comparison of individual markers would miss.

135 We hypothesized that female rats would show higher baseline glial density in the
136 ventral mPFC relative to males, and that EGFR amplification would be associated



137 with a higher GFAP/AIF1 ratio in male glioblastoma patients than in female patients,
138 reflecting sex-dependent differences in how the tumor microenvironment
139 responds to a major oncogenic driver.

140 Methods

141 Study 1: Rat mPFC Glial Density

142 Animals and tissue preparation. Adult male and female Rattus norvegicus (n = 3 per
143 sex; age 3 months) were obtained from AMSBIO. Brains were obtained following
144 euthanasia and immersion-fixed in 4% paraformaldehyde for 24 hours at 4°C, then
145 cryoprotected in 30% sucrose in phosphate-buffered saline. Coronal sections (40
146 um) were cut through the full anterior-posterior extent of the mPFC. Three
147 subregions were identified per hemisphere using the Paxinos and Watson rat brain
148 atlas (7th edition): the ACA (AP +2.7 to +3.2 mm from bregma; dorsal-most
149 subregion, approximately 0.5 to 1.2 mm from dorsal surface), the prelimbic area (PL;
150 AP +2.0 to +2.7 mm; intermediate, approximately 1.5 to 3.0 mm depth), and the
151 infralimbic area (ILA; AP +2.0 to +2.7 mm; most ventral, approximately 3.0 to 4.5 mm
152 depth). Estrous cycle stage of female rats was not confirmed at tissue collection,
153 noted as a limitation.

154 Cell identification and imaging. Sections were stained with a proprietary nuclear
155 counterstain supplied with the IHCeasy kit (AMSBIO) and imaged under brightfield
156 microscopy. Glial nuclei were distinguished from neuronal nuclei using established
157 nuclear morphology criteria: glial nuclei are notably smaller and more uniformly
158 rounded than neuronal nuclei, which are larger and more irregularly shaped (Peters
159 et al., 1991). This approach counts astrocytes, microglia, and oligodendrocytes
160 collectively and does not resolve individual glial subtypes. Images were captured at
161 20x magnification; three non-overlapping fields of view were acquired per animal
162 per region. All acquisition and counting were performed by a single analyst;
163 counting was not performed blind to animal sex.

164 Automated cell counting. Glial nuclei were counted in Image] using a color
165 thresholding approach to isolate counterstained nuclei, followed by the Analyze
166 Particles function. Particles were filtered by area (minimum 6 px?) and circularity
167 (0.5 to 1.0). Density was expressed as objects per 100,000 px2. The three field values
168 per region per animal were averaged to yield one density value per animal per
169 region.



170 Statistical analysis. A two-way repeated-measures ANOVA assessed main effects of
171 sex and region (ACA, PL, ILA) and their interaction, with animal as the repeated
172 unit, using Si¢ak’s post-hoc test. To specifically examine dorsal-to-ventral
173 organization, a second two-way ordinary ANOVA compared ACA density to pooled
174 ventral mPFC density (ILA + PL), using Fisher’s LSD post-hoc. Effect sizes were
175 calculated as Hedges' g. All statistics were computed in GraphPad Prism 10. P-values
176 were not corrected for multiple comparisons.

177 Study 2: Human GBM Gene Expression (Ivy GAP)

178 Dataset. Gene expression and clinical data were obtained from the Ivy Glioblastoma
179 Atlas Project (Ivy GAP), an anatomically stratified transcriptional atlas of human
180 GBM described by Puchalski et al. (2018). The Ivy GAP cohort comprised 41 patients
181 (42 tumors). For each tumor block, five anatomically defined zones were isolated by
182 laser microdissection and profiled by RNA-seq; expression values are reported as
183 log?-normalized FPKM. The present analysis used per-block expression values
184 averaged across all sequenced zones per block to obtain a whole-tumor expression
185 profile rather than a single-zone measurement. Our analyzed subset comprised 37
186 tumor blocks from 36 unique patients (patient W22 contributed two tumor blocks;
187 19 male blocks, 18 female blocks). For the GFAP/AIF1 ratio analysis, nine blocks with
188 unavailable EGFR status were excluded, yielding n = 28 for the stratified analysis
189 (Table 1).

190 Gene expression variables. GFAP and AIF1 are the canonical markers for the
191 astrocytic/tumor-cell and microglial compartments of the GBM TME, respectively
192 (Sofroniew & Vinters, 2010; Ransohoff, 2016). As described in the Introduction, GFAP
193 expression in this dataset reflects contributions from both reactive astrocytes and
194 the tumor cells themselves (Brennan et al., 2013; Louis et al., 2016). The GFAP/AIF1
195 expression ratio was calculated as log?(GFAP/AIF1) using mean per-block FPKM
196 values. EGFR amplification status was obtained from the clinical metadata provided
197 by Ivy GAP.

198 Statistical analysis. Sex differences in individual marker expression were assessed
199 by Mann-Whitney U test. A two-way ANOVA examined the main effects of sex
200 (male/female) and EGFR amplification status (amplified/non-amplified) on the
201 log?(GFAP/AIF1) ratio, followed by Fisher’s LSD post-hoc comparisons. Survival
202 differences between sexes were assessed by Mann-Whitney U test and reported as
203 Cliff's delta. All analyses were performed in GraphPad Prism 10. P-values were not
204 corrected for multiple comparisons.



205 Results

206 Study 1: Glial Density Across mPFC Subregions

207 Study 1 examined whether baseline glial density differs between sexes across dorsal
208 and ventral subregions of the rat mPFC. Figure 1 and Table 2 present mean glial cell
209 density across the three individual subregions (ACA, PL, and ILA, ordered dorsal to
210 ventral) by sex. Females showed consistently higher mean glial density
211 (non-significant in all individual pairwise comparisons) than males across all three
212 subregions, with the largest numerical differences in the ACA (Hedges' g = 1.91;
213 female mean 132.9, male mean 78.3 objects per 100,000 px?) and the ILA (g = 1.18;
214 female 124.6, male 85.9), and a negligible difference in the PL (g = 0.29; female 96.0,
215 male 89.9). The three-region repeated-measures ANOVA found no significant main
216 effects of sex, region, or their interaction. The large effect sizes in the ACA and ILA
217 indicate that despite non-significance, these differences are not trivial; a power
218 analysis for g = 1.91 at 80% power and a = 0.05 indicates n = 5 per sex would likely be
219 sufficient to detect such a difference. When examining the three subregions
220 individually, the data show a directional trend consistent with lower glial density in
221 the dorsal ACA relative to the ventral ILA and PL, but this pattern does not
222 constitute a statistically demonstrable monotonic gradient across all three regions
223 at this sample size (see Limitations).

224 Table 2. Mean glial cell density by mPFC subregion and sex (ordered dorsal to ventral).

Region Female Male mean | AFvs | Hedge | **p-value**
mean (SEM) (SEM) M s'g
ACA (dorsal 132.9 (17.1) 78.3 (1.2) +70% | 1.91 0.226 (ns)
mPFC)
PL (ventral mPFC) | 96.0 (18.5) 89.9 (33.4) +7% 0.29 0.995 (ns)
ILA (ventral 124.6 (9.2) 85.9 (18.1) +45% | 118 0.438 (ns)
mPFC)

225 Note. Values in objects per 100,000 px2. Two-way RM ANOVA with Si¢ak’s multiple
226 comparisons. n = 3 per sex. ns = not significant at a = 0.05. Subregions ordered
227 dorsal to ventral: ACA, PL, ILA. Values in parentheses are SEM.
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229 Figure 1. Mean glial cell density across three mPFC subregions by sex (n = 3 per sex).
230 Red bars = female; blue bars = male. Subregions are ordered dorsal to ventral (ACA, PL,
231 ILA). Females showed consistently higher mean glial density (non-significant) than
232 males in all subregions, with the ACA and ILA comparisons showing large effect sizes
233 (Hedges’ g = 191 and 118, respectively). No significance brackets are shown for
234 non-significant comparisons. Error bars = + SEM. Two-way RM ANOVA with Si¢dk’s
235 post-hoc.

236 To more directly test dorsal-to-ventral organization, ILA and PL were pooled into a
237 single ventral mPFC composite measure and compared to the dorsal ACA (Figure 2).
238 This pooling approach was used to consolidate the two anatomically connected
239 ventral subregions and increase statistical resolution. A two-way ordinary ANOVA
240 revealed a significant main effect of region (F(1,8) = 9.883, p = 0.014), with sex not
241 significant as a main effect (F(1,8) = 2.856, p = 0.129) and no interaction (F(1,8) = 0.027,
242 p = 0.874). Post-hoc comparisons showed that male ACA density (78.3 objects per
243 100,000 px?) was significantly lower than pooled male ventral density (175.7; p =
244 0.047), establishing a statistically detectable dorsal-to-ventral difference in glial
245 density within males. In female rats, a directionally comparable pattern was present
246 (ACA = 132.9 vs. ILA + PL = 220.6) but narrowly missed significance (p = 0.068). Sex
247 comparisons within each zone were non-significant (ACA: p = 0.226; ILA + PL: p =
248 0.312).
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250 Figure 2. Glial density in dorsal ACA versus pooled ventral mPFC (ILA + PL) by sex.
251 Red bars = female; blue bars = male. Male rats showed a statistically significant
252 dorsal-to-ventral difference (p = 0.047, Fisher’s LSD), with substantially lower glial
253 density in the ACA than in ventral subregions. Female rats showed a comparable
254 directional pattern that narrowly missed significance (p = 0.068). Two-way ordinary
255 ANOVA. Error bars = + SEM. n = 3 per sex.

256 The female dorsal-to-ventral difference is numerically comparable in magnitude (A
257 = 87.7 units vs. 97.4 in males) but individual values are more variable across animals,
258 which may have contributed to the non-significant result—though insufficient
259 sample size alone cannot be confirmed as the sole explanation. The pattern appears
260 to be present directionally in both sexes; what may differ is the consistency with
261 which it is expressed across individuals, an issue that could reflect hormonal
262 variability given that estrous cycle stage was not confirmed at tissue collection.

263 Study 2: GFAP and AIF1 Expression in Human Glioblastoma
264 Table 1. Jvy GAP cohort composition by EGFR amplification status and sex (n = 28).

Variable EGFR+ Male | EGFR- Male EGFR+ EGFR-
(n=15) (n=28) Female (n = 9) | Female (n = 6)
log?(GFAP/AIF1) 1.420 0.319 0.876 0.658
mean




+ SEM 0.158 0.238 0.179 0.423

265 Note. Blocks with unavailable EGFR status (n = 9) excluded from ratio analysis. EGFR
266 amplification rate in this cohort (50% female vs. 26% male) likely reflects sampling
267 variation in this small dataset.

268 Study 2 uses gene expression data from resected human glioblastoma tissue. Unlike
269 Study 1, it does not measure baseline architecture in the healthy brain; it examines
270 whether sex shapes the astrocytic-to-microglial transcriptional balance within
271 established tumors, and whether EGFR amplification shifts that balance differently
272 depending on sex. Female patients in this Ivy GAP subset survived longer than
273 males (median 493 vs. 351 days; Cliff's § = -0.367; Mann-Whitney p = 0.097),
274 consistent with published registry data (Ostrom et al., 2018), confirming that this
275 cohort reflects the broader sex survival pattern in GBM.

276 When GFAP and AIF1 were examined individually, neither differed significantly by
277 sex. Mean GFAP expression was 6.08 log? FPKM in males versus 5.85 in females
278 (Mann-Whitney p = 0.347), and mean AIF1 was 4.98 in males versus 5.01 in females (p
279 = 0.909). This is consistent with prior work showing that bulk-level expression of
280 individual glial markers does not reliably capture sex differences without a
281 stratifying variable (Villa et al., 2018; Guneykaya et al., 2018). These null results are
282 informative: if sex shapes not the quantity of each glial population but how those
283 populations respond to an oncogenic perturbation, no single-marker comparison
284 will detect it. The ratio analysis was designed specifically to test that possibility.

285 EGFR Amplification Modifies the GFAP/AIF1 Ratio Differently by Sex

286 A two-way ANOVA of the log?(GFAP/AIF1) ratio (n = 28 blocks: five EGFR-amplified
287 males, eight non-amplified males, nine EGFR-amplified females, six non-amplified
288 females) revealed a significant main effect of EGFR amplification (F(1,24) = 6.117, p =
289 0.021) but not of sex (F(1,24) = 0.148, p = 0.704). The sex-by-EGFR interaction was not
290 significant (F(1,24) = 2.738, p = 0.111). Post-hoc comparisons are summarized in Table
291 3 and Figure 3.

292 In male patients, EGFR amplification was significantly associated with a higher
293 log?(GFAP/AIF1) ratio (amplified: 1.420 vs. non-amplified: 0.319; p = 0.010). In female
294 patients, the same comparison produced no significant difference (amplified: 0.876
295 vs. non-amplified: 0.658; p = 0.552). The same genetic alteration produced a large,
296 significant shift in one sex and essentially no shift in the other. Within



297 EGFR-amplified tumors, males showed a higher mean ratio than females (1.420 vs.
298 0.876), trending toward significance (p = 0.169). Within non-amplified tumors, the
299 direction reversed: non-amplified males showed a lower ratio (0.319) than
sc0 non-amplified females (0.658; p = 0.370), though this comparison is notably
301 underpowered given that the majority of non-amplified patients are male in this
302 cohort.

303 Table 3. log?(GFAP/AIFI1) ratio by EGFR amplification status and sex.

Group comparison Male mean Female **p-va | Interpretation
(SEM) mean (SEM) | lue**
EGFR-amplified (5M, 9F) | 1.420 = 0.158 0.876 + 0.169 Trending, ns
0.179
Non-amplified (8M, 6F) 0.319 0.658 + 0.370 ns
0.423
Males: EGFR-amp vs. — — 0.010 Significant *
non-amp
Females: EGFR-amp vs. — — 0.552 ns
non-amp

304 Note. Two-way ANOVA with Fisher’s LSD post-hoc. n = 28 blocks (nine excluded for
305 unavailable EGFR status). p* < 0.05. EGFR amplification rate in this cohort (50%
306 female vs. 26% male) is atypical of larger GBM registries and likely reflects sampling
307 variation in the small Ivy GAP dataset.
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309 Figure 3. log(GFAP/AIF1) ratio by EGFR amplification status and sex. Red bars =
310 female; blue bars = male. EGFR amplification was a significant main effect overall (p =
311 0.021). Within males, EGFR-amplified tumors showed a significantly higher ratio than
312 non-amplified tumors (p = 0.010). Within females, no significant shift was observed (p
313 = 0.552). Two-way ANOVA, Fisher’s LSD post-hoc.

314 Discussion

315 Taken together, these findings suggest that sex shapes glial biology primarily as an
316 organizing variable, not as a scaling one. In both datasets, the sex difference was
317 invisible in direct male-versus-female comparisons of any single measurement. It
318 only became detectable when a reference gradient was introduced: a spatial
319 dorsal-to-ventral contrast in the rat brain, and EGFR amplification status in human
320 tumor tissue. That the same structural pattern emerged across two independent
321 datasets, two species, and two entirely different types of biological measurement
322 points toward a consistent organizing principle: sex-dependent glial biology
323 appears to be expressed through how populations are arranged and how they
324 respond to perturbation, rather than through their absolute quantity. This
325 resonates with the transcriptomic work of Villa et al. (2018) and Guneykaya et al.
326 (2018), in which male and female microglia differed not in total cell number but in



327 gene expression profiles and inflammatory signaling pathways—differences that
328 were measurable only when comparing activation states, not bulk marker levels.

329 The Study 1 finding of a significant dorsal-to-ventral glial density difference in
330 males and a parallel but non-significant pattern in females is consistent with the
331 known functional architecture of the rodent mPFC. The ventral ILA and PL are
332 densely connected to subcortical stress-response systems including the amygdala,
333 hypothalamus, and brainstem (Heidbreder & Groenewegen, 2003), and are
334 established sites of elevated glial reactivity—consistent with the higher glial density
335 observed in these ventral regions in both sexes. The dorsal ACA, by contrast,
336 connects primarily to cortical executive circuits and may have lower baseline glial
337 activity. Sex differences in glutamatergic and microglial signaling within these
338 circuits have been further described by Knouse et al. (2022). In males, the density
339 difference between dorsal and ventral regions is sharp enough to reach statistical
340 detection at n = 3. In females, the numerical magnitude of the difference is
341 comparable but individual values are more variable across animals, compressing the
342 signal below significance at this sample size. One candidate explanation is that
343 estrogen receptor signaling exerts anti-inflammatory effects on microglia through
344 ERo and ERB-mediated mechanisms (Villa et al., 2016; Acaz-Fonseca et al., 2015),
345 which could dampen and desynchronize ventral glial density across individual
346 female animals depending on hormonal state. Because estrous cycle stage was not
347 confirmed at tissue collection, this cannot be tested directly from the current data.

348 An observation that extends beyond group mean differences is the pattern of
349 individual variability across both studies. Male animals and patients showed more
350 consistent, rigid responses to biological organization cues—whether spatial (the
351 dorsal-to-ventral density difference) or oncogenic (EGFR amplification shifting the
352 GFAP/AIF1 ratio). Female subjects showed greater intragroup variability in both
353 cases: the female dorsal-to-ventral pattern missed significance partly due to
354 greater individual spread, and female tumor GFAP/AIF1 ratios did not shift
355 significantly in either EGFR-amplified or non-amplified groups. This raises the
356 possibility that sex differences in glial biology are not primarily differences in
357 means but differences in the structure of variance—with female glial populations
358 subject to more dynamic, hormonally modulated regulation that varies across
359 individuals and contexts. If this interpretation is correct, the female survival
360 advantage in GBM (Ostrom et al., 2018) may partly reflect this regulatory flexibility:
361 female tumor microenvironments may be more capable of dynamic adjustment
362 under oncogenic pressure, maintaining a more balanced astrocyte-to-microglial



363 ratio even under EGFR-driven perturbation. This is broadly consistent with the
364 higher baseline inflammatory responsiveness and maintained homeostatic profiles
365 documented in female microglia under perturbation by Villa et al. (2018) and
366 Guneykaya et al. (2018).

367 The sex-specific EGFR amplification finding has specific implications for
368 understanding male vulnerability in glioblastoma. Non-amplified male tumors in
369 this cohort showed the lowest mean GFAP/AIF1 ratio of any group (0.319),
370 consistent with prior evidence that male GBM tumors exhibit higher baseline
371 microglial and macrophage infiltration when major tumor-intrinsic
372 immunosuppressive mechanisms are not fully active (Hambardzumyan et al., 2016;
373 Villa et al., 2018). The addition of EGFR amplification in males then dramatically
374 shifts this balance toward an astrocyte-dominant state (ratio 1.420, p = 0.010 vs.
375 non-amplified males), creating a particularly unfavorable combination: EGFR-driven
376 GFAP expression from the tumor cells themselves (Brennan et al., 2013; Verhaak et
377 al., 2010) dominates over the microglial compartment. Astrocyte-dominant tumor
378 microenvironments are specifically associated with suppression of cytotoxic T cell
379 infiltration through TGF-B secretion and physical barrier formation (Sofroniew &
380 Vinters, 2010), which are primary immunosuppressive mechanisms in GBM and key
381 barriers to immunotherapy efficacy. Female patients with EGFR-amplified tumors
382 show no equivalent ratio shift, suggesting their microglial compartment is not
383 equivalently displaced by the EGFR-driven GFAP increase—a resistance potentially
384 reflecting estrogen receptor-mediated maintenance of microglial homeostasis (Villa
sgs et al., 2016; Acaz-Fonseca et al, 2015). If confirmed in larger datasets,
386 EGFR-amplified male GBM patients may represent a biologically distinct subgroup
387 with an astrocyte-dominant TME that is specifically resistant to checkpoint
3gs inhibitor-based immunotherapy—one for whom combined EGFR-targeted and
389 microenvironment-directed therapies may be warranted. Current glioblastoma
390 trials do not stratify patients by both EGFR status and sex, leaving this potential
391 subgroup distinction unexamined.

392 The Study 2 finding has a straightforward mechanistic interpretation grounded in
393 what EGFR amplification actually does. In the Classical GBM subtype, EGFR
394 amplification drives GFAP upward through the tumor cells’ own astrocytic gene
395 programs, not through reactive astrocyte activity (Brennan et al., 2013; Verhaak et
396 al., 2010). In male patients, this EGFR-driven GFAP increase is sufficient to
397 significantly elevate the GFAP/AIF1 ratio relative to non-amplified male tumors. In
398 female patients, the same EGFR-driven GFAP increase does not produce a



399 detectable ratio shift. The most likely explanation is that female microglia maintain
400 a more homeostatic transcriptional state under oncogenic stress (Villa et al., 2018;
401 Guneykaya et al., 2018), potentially through estrogen receptor-mediated pathways
402 in microglial cells (Villa et al., 2016). If female microglia maintain higher AIF1
403 expression in the presence of EGFR-driven tumor expansion, the ratio stays more
404 stable even as GFAP rises. The sex-by-EGFR interaction term did not reach
405 significance (p = 0.111), so this sex-dependent pattern should be treated as a
406 hypothesis to test in larger datasets rather than a confirmed finding.

407 The directional reversal in non-amplified tumors, where males show a lower ratio
408 (0.319) than females (0.658), is noteworthy and not contradictory. In non-amplified
409 tumors, EGFR is not driving GFAP upward in tumor cells. The ratio therefore
410 reflects the native balance between host astrocytic activity and microglial activity
411 without the EGFR-driven GFAP boost. That non-amplified male tumors appear
412 more AlF1-dominant than any other group is consistent with prior reports of higher
413 microglial infiltration in male GBM tumors in the absence of major
414 immunosuppressive oncogenic drivers (Hambardzumyan et al., 2016; Villa et al.,
415 2018). However, with n = 8 non-amplified males in this cohort, including one outlier
416 patient (W34) with a ratio of -0.907, the mechanistic interpretation of this group is
417 premature.

418 Across both studies, sex-dependent glial biology appears to be expressed primarily
419 as a difference in organizational consistency and perturbation responsiveness, not
420 as a global difference in cell quantity or baseline marker levels. In the healthy brain,
421 this shows up as spatial differences in glial density that are detectable by
422 dorsal-to-ventral contrast but not by region-by-region comparison. In tumor
423 tissue, it shows up as a difference in how the GFAP/AIF1 balance responds to an
424 oncogenic driver that directly amplifies the GFAP compartment.

425 Several limitations affect the interpretation of both studies. In Study 1, n = 3 per sex
426 is underpowered; a power analysis for the ACA effect size (g = 1.91) at 80% power
427 and a = 0.05 indicates n = 5 per sex would likely be sufficient, while n = 8 to 10
428 provides more stable estimates. Estrous cycle stage was not confirmed, introducing
429 potential hormonal variability in female animals. Counting was not performed blind
430 to animal sex, which introduces potential observer bias. Nuclear morphology
431 counting using the kit-supplied proprietary counterstain identifies all glial subtypes
432 collectively and cannot resolve astrocytes, microglia, and oligodendrocytes
433 separately, which limits the direct comparability to Study 2's astrocyte/microglial



434 gene expression ratio. Additionally, the term “dorsal-to-ventral gradient” refers
435 specifically to the pooled ACA versus ILA + PL comparison; when examining all
436 three subregions individually, the pattern is directional but not a monotonically
437 increasing gradient. In Study 2, within-group sample sizes are as small as n = 5
438 (EGFR-amplified males), and the EGFR amplification rate in this cohort (50% of
439 females vs. 26% of males) is atypical of larger GBM registries, most likely reflecting
440 sampling variation. This imbalance means the non-amplified group is
441 predominantly male, which limits the power of within-non-amplified sex
442 comparisons. Across both studies, p-values were not corrected for multiple
443 comparisons, which increases the risk of type I error across the multiple post-hoc
444 tests performed. Finally, bar graphs displaying group means were used for all
445 figures; these do not fully convey the distribution of individual data points, which is
446 particularly relevant given the argument that female biological responses show
447 greater individual variability. Future work should present violin or box plots
448 alongside means to better characterize distributional differences between sexes.

449 Conclusion

450 Both studies show that sex shapes glial biology through differential responsiveness
451 to spatial and oncogenic gradients, not through differences in absolute cell quantity
452 or individual marker expression. In the rat medial prefrontal cortex, a significant
453 dorsal-to-ventral glial density difference was detectable in males and trended in
454 the same direction in females, suggesting sex-dependent differences in how glial
455 cells are spatially organized within this region. In human glioblastoma, EGFR
456 amplification significantly elevated the GFAP/AIF1 expression ratio in male patients
457 but produced no detectable shift in female patients, indicating that female tumors
458 maintain a more stable glial balance even when a major oncogenic driver is pushing
459 the GFAP compartment upward.

460 Several specific next steps would build directly on these findings. Replication of the
461 sex-by-EGFR interaction in the GFAP/AIF1 ratio in TCGA-GBM, which contains over
462150 patients with EGFR amplification data, would determine whether the
463 sex-dependent ratio response is robust. If confirmed, examination of cytotoxic T
464 cell marker expression (e.g., CD8A) stratified by both sex and EGFR status would
465 directly test whether EGFR-amplified male patients carry a more
466 immunosuppressed TME. Integration with single-cell RNA sequencing data would
467 allow the relative contributions of tumor-cell GFAP and reactive astrocyte GFAP to



468 be disentangled. For Study 1, addressing whether the glial density differences
469 detected here are driven primarily by astrocytes, microglia, or both would require
470 replication with n = 8 to 10 per sex using combined IBAl and GFAP immunostaining
471 alongside the nuclear counterstain, with estrous cycle stage confirmed at tissue
472 collection. Including an ovariectomy group with defined hormone replacement
473 would allow direct testing of whether estrogen suppresses ventral mPFC glial
474 density and increases individual variability in females. If sex shapes the spatial
475 organization of astrocytes and microglia differently in the healthy brain, and if that
476 organizational difference persists into the tumor microenvironment, it may prove
477 to be one of the biological foundations of the female survival advantage in
478 glioblastoma (Ostrom et al., 2018).

479 Sex is not just a demographic variable in glioblastoma. It appears to change the
480 molecular architecture of the tumor microenvironment in ways that interact with
481 specific oncogenic drivers. Treating sex as a variable to adjust for rather than a
482 biological question to investigate directly leaves part of the disease’s biology
483 unexamined, and may help explain why some treatment approaches have not
484 produced durable outcomes across patient populations.
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Editor Recommendation:

Both reviewers commend the student for their thoughtful and sophisticated manuscript, and both
recommend minor text revisions prior to acceptance.

Reviewer 1:

Overall, the paper is well written with a clear goal of using two study designs to assess survival
differences between sexes in glioblastoma (GBM) to provide mechanistic insight into how these
survival differences are promoted in GBM. The integration of a rodent model of GBM paired with
assessment of GBM patient samples provides translational insight into potential mechanisms
promoting differences in survival observed in GBM patients. The two reported studies were well
designed and thought out. Outcomes from these two studies provide good initial insight into how
glial profiles and EGFR amplification status may promote changes in the TME molecular
architecture resulting in survival differences observed in GBM thus addressing a significant gap
in the current literature. Minor revisions are included below to bolster the manuscript for
acceptance:

In the Introduction section, line 98, | would recommend adding in a smoother transition sentence
into your hypothesis to make the previous paragraph logically flow into this last paragraph for
section 1.4 (prior to getting into section 1.5 with the study rationale and hypotheses).

The study rationale and hypotheses are well thought out and detailed with clear, concise
sentences to describe the experimental design to the reader. Well done!

[

For all sentences that have “—* in them please consider restructuring the sentences to make the
sentences clearer and concise when reporting interpretations or suggesting mechanistic
pathways. Some of these sentences feel too long at times and can be broken up into smaller
clearer sentences.

In the discussion section lines 388-398 | would recommend rewording this to include something
along the lines of “...grounded in the canonical function of EGFR amplification.”.

In the Discussion section line 403 please make “show” past tense as the experiment was
completed and you are reporting these concluded results.

In the Discussion section lines 416-418 consider using different verbiage for “shows up” when
describing the healthy brain versus tumor tissue.

In the Discussion section line 424 animal should be “animal’s” sex.

In the last paragraph of your conclusions section, | would recommend expanding on how your
findings can inform better therapeutic interventions/treatments to address the survival
differences between male vs female patients. How can the insights from your studies enhance

treatment to decrease the survival differences between male and female GBM patients?
Strengthening this will end the manuscript on a stronger note.

Reviewer Final Recommendation: Accept with minor revisions
Reviewer 2:

Comments:

This manuscript investigates sex-dependent differences in glial organization using two distinct
datasets: (1) glial density measurements in rat medial prefrontal cortex and (2) GFAP/AIF1



expression ratios in human glioblastoma stratified by EGFR amplification status. The authors
propose that sex acts primarily as an “organizing variable,” influencing glial responsiveness to
perturbation rather than baseline abundance. The manuscript is conceptually ambitious and
clearly written. The student demonstrates a good understanding of the limitations of the work
and makes a reasonable effort to address them in the Discussion section, while also attempting
to interpret the broader implications of the findings. Several key claims would benefit from more
cautious framing. Overall, this is a well-written and thoughtfully developed manuscript that
addresses an interesting and potentially important question. However, several issues need to
be addressed before the manuscript can be accepted.

Major comments:

1) The rationale for examining dorsal versus ventral glial density in the mPFC requires
further strengthening and a clearer connection to glioblastoma biology. While the manuscript
notes that the frontal lobe is a common site of GBM occurrence and that the mPFC shows
sex-dependent glial organization, the justification for using the dorsal-ventral axis as the
primary framework remains underdeveloped. At present, the link between regional glial
architecture in healthy rat mPFC and sex-dependent differences in the human GBM
microenvironment appears largely conceptual rather than mechanistically grounded.

In particular, the manuscript should more clearly explain why dorsal -versus-ventral glial
distribution is relevant to GBM progression, immune regulation, or sex-dependent outcomes. It
would also strengthen the work to discuss whether glial density is known to vary along this axis
and whether prior studies report sex-dependent spatial differences in mPFC glial organization,
ideally supported by relevant literature on regional glial heterogeneity.

Additionally, because the central framework is that sex differences emerge through
“organizational gradients” rather than absolute abundance, the authors should better justify why
the dorsal-ventral axis represents a biologically meaningful gradient for glioma-related
processes. Overall, the framework is interesting but remains somewhat speculative in its
current form, and would benefit from clearer mechanistic grounding and integration with prior
work.

2) Several statistical concerns should be addressed to improve the rigor of the analysis
and interpretation. First, given the extremely small sample size in Study 1 (n = 3 per sex), the
use of repeated-measures and two-way ANOVA may not be well justified. Because the primary
comparisons appear to involve male-versus-female differences within individual regions, simpler



nonparametric approaches such as rank-sum (Mann—Whitney) tests may be more appropriate
and more robust to violations of normality assumptions. The current ANOVA framework may
overstate the apparent structure of the data relative to what can realistically be supported at this
sample size.

In addition, the interpretation of borderline p-values should be made more cautiously. In Table 3,
the comparison with p = 0.169 should not be described as “trending,” as this terminology may
imply biological support that is not statistically warranted. Similarly, the dorsal-versus-ventral
glial density comparison yielded p = 0.047 in males and p = 0.068 in females, indicating that the
difference between sexes is itself relatively modest. Given the very small sample sizes and
overlapping significance thresholds, the manuscript should avoid strong claims regarding
sex-specific organizational effects based on these comparisons alone. Overall, the statistical
interpretation would benefit from more conservative language and clearer acknowledgment of
the exploratory nature of the findings.

3) Abstract - Together, these findings suggest that sex-dependent glial microenvironment
differences may contribute to the female survival advantage in GBM, and that sex-stratified
EGFR analysis may inform treatment approaches for this disease.

“Median survival in glioblastoma has not improved since 2005.” The final sentence is somewhat
ambiguous and reads as if part of the abstract or a concluding claim may be missing,
particularly regarding how the stated mechanism is meant to connect to a survival advantage.
In addition, the assertion that sex differences contribute to a survival advantage is not clearly
supported or explicitly developed in the main text, and as currently phrased it represents a
relatively strong interpretive leap beyond the presented data.

Minor Comments:

1) Future work should present violin or box plots alongside means to better characterize
distributional differences between sexes. -> The author may want to include violin or box
plots

2) Figure 1: A statistical comparison for the ILA region was not reported.

Final Recommendation

e Accept with minor revisions (acceptance conditional on satisfactory minor revisions)



1 Sex-Dependent Glial Cell Density in the Prefrontal Cortex and Its

2 Relevance to Glioblastoma
3 [Author details redacted for blind review]
4 Abstract

5 Glioblastoma is the most lethal primary brain tumor in adults, and median survival
6 has not meaningfully improved since temozolomide, an oral alkylating
7 chemotherapy agent, was adopted as standard of care in 2005. Female patients
8 consistently outlive males by approximately 3 to 5 months, even after controlling
9 for known prognostic variables. The biological basis for this survival gap remains
10 unresolved. Identifying the cellular and molecular mechanisms underlying this
11 sex-specific survival difference represents a critical unmet need in neuro-oncology.
12 Nearly all existing research examines glial cell activity after a tumor has developed,
13 leaving baseline sex differences in the glial landscape before tumor formation
14 largely uncharacterized. Two complementary analyses addressed this gap. In Study
151, glial cell density was quantified across three subregions of the rat medial
16 prefrontal cortex. Males showed a significant dorsal-to-ventral glial density
17 difference; females showed a parallel pattern that did not reach significance at this
18 sample size. In Study 2, GFAP and AIF1 gene expression were analyzed in 37 human
19 glioblastoma blocks from the Ivy Glioblastoma Atlas Project. Neither marker
20 differed by sex in isolation. However, when patients were stratified by EGFR
21 amplification status, amplification was significantly associated with an elevated
22 astrocyte-to-microglial expression ratio in male patients (p = 0.010) but not
23 females. Together, these exploratory findings indicate that sex-dependent glial
24 responsiveness to spatial and oncogenic gradients warrants further investigation in
25 relation to the female survival advantage in GBM. Sex-stratified analysis of EGFR
26 amplification status may also help identify subgroups for which combined
27 molecular and microenvironment-directed therapies could be evaluated.

28 Keywords: glioblastoma, sex differences, glial cells, tumor microenvironment, EGFR
29 amplification

30 Introduction

31 1.1. Glioblastoma and the Sex Survival Gap



32 Glioblastoma (GBM) is the most common malignant primary brain tumor in adults,
33 accounting for approximately 14.6% of all primary brain tumors and nearly half of all
34 malignant diagnoses (Ostrom et al., 2020). Even with the current standard of care,
35 including  surgical resection followed by concurrent radiotherapy and
36 temozolomide chemotherapy, median overall survival remains 12 to 15 months and
37 the five-year relative survival rate is approximately 5% (Ostrom et al., 2020; Stupp
3g et al., 2005). The tumor almost always recurs regardless of treatment response,
39 acquiring resistance through rapid genetic diversification within the tumor mass
40 and actively suppressing immune surveillance (Brennan et al., 2013). The five-year
41 survival rate has not meaningfully changed since temozolomide was adopted as
42 standard chemotherapy in 2005 (Ostrom et al., 2020; Stupp et al., 2005). Identifying
43 the biological factors contributing to this persistently poor prognosis is a pressing
44 priority in neuro-oncology, and examining the consistent survival disparity
45 between male and female patients offers one of the most promising avenues toward
46 that goal.

47 One of the most consistently replicated epidemiological observations in
48 glioblastoma is a survival advantage for female patients. Across analyses
49 encompassing tens of thousands of cases, females outlive males by approximately 3
so to 5 months at the median, even after controlling for age at diagnosis, extent of
51 surgical resection, and MGMT promoter methylation status (Ostrom et al., 2018).
52 The consistency of this pattern across independent datasets strongly suggests a
s3 real biological difference. Yet the mechanism responsible for it has not been
54 established. Proposed explanations include sex-hormone effects on tumor cell
55 proliferation, differences in immune activation, and sex-specific molecular subtype
se distributions (Rubin et al., 2020). Each of these mechanisms has supporting
57 evidence, but none fully accounts for the consistent 3-to-5-month gap observed
58 across datasets.

59 1.2. Glial Cells in the Tumor Microenvironment

60 The tumor microenvironment (TME) has become a central focus of glioblastoma sex
61 difference research. Within the TME, astrocytes and microglia are the two most
62 abundant non-neuronal cell populations. Astrocytes, identified by the protein glial
63 fibrillary acidic protein (GFAP), form a reactive structural scaffold around tumors
64 and contribute to immune modulation, growth factor signaling, and angiogenesis
65 (Sofroniew & Vinters, 2010). Microglia, identified by allograft inflammatory factor 1
66 (AIF1, also known as IBAl), are the brain’s resident immune cells and can constitute



67 up to one-third of the total tumor mass in glioblastoma (Ransohoff, 2016;
68 Hambardzumyan et al., 2016; Graeber et al., 2002). Together, the balance of
69 astrocytic and microglial activity determines how immunosuppressive the tumor
7o microenvironment is and how effectively the immune system can respond to the
71 tumor.

72 One nuance specific to glioblastoma is that GFAP is expressed not only by reactive
73 astrocytes but also by the tumor cells themselves, because glioblastoma arises from
74 glial lineage and the tumor cells retain astrocytic transcriptional programs
75 (Brennan et al., 2013; Louis et al., 2016). This distinction matters for interpreting the
76 ratio of GFAP to AIF1 expression: in the context of GBM, this ratio is not a simple
77 count of astrocytes versus microglia. A high ratio indicates that the
78 astrocyte-and-tumor-cell compartment dominates; a low ratio indicates that the
79 microglial immune compartment dominates. This ratio is not a direct count of cell
go types but a measure of the transcriptional balance between two major biological
81 identities within the tumor.

82 1.3. Sex Differences in Glial Biology

83 Sex-dependent differences in glial cell activity have been documented in both
84 healthy brain and tumor contexts. Adult male and female mice differ in microglial
85 morphology, gene expression profiles, and inflammatory responsiveness even
86 under baseline conditions (Villa et al., 2018; Guneykaya et al., 2018). In the GBM
87 TME, microglial activation states and macrophage infiltration levels have been
88 shown to differ by sex (Hambardzumyan et al., 2016; Villa et al., 2018; Guneykaya et
89 al., 2018). Together, these observations point toward sex-dependent differences in
90 glial biology as a likely contributor to the female survival advantage in glioblastoma.

91 Although baseline sex differences in glial biology are well established, few studies
92 have examined how these pre-existing differences may influence glioblastoma
93 development or the tumor microenvironment. If males and females already differ in
94 how their glial cells are organized and distributed before cancer develops, those
95 baseline differences could shape the cellular composition of the TME from the
96 moment a tumor begins to form. This pre-tumor baseline has not been
97 systematically characterized.

98 1.4. EGFR Amplification and the GFAP/AIF1 Ratio

99 The epidermal growth factor receptor (EGFR) gene is amplified in approximately 40
100 to 60% of primary GBMs, making it the most common recurrent amplification in



101 this cancer (Brennan et al., 2013). EGFR amplification is the defining molecular
102 feature of the Classical GBM subtype, characterized by high EGFR copy number,
103 high-level GFAP expression by the tumor cells themselves, and a transcriptional
104 profile dominated by astrocytic gene programs (Verhaak et al., 2010). This means
105 EGFR amplification directly drives GFAP expression upward in tumor cells, not
106 because of astrocyte activity but because the tumor itself more strongly expresses
107 astrocytic identity genes.

108 This leads to a testable prediction. EGFR amplification drives GFAP upward through
109 the tumor’s own astrocytic gene programs. If female microglia simultaneously
110 maintain a more homeostatic transcriptional state under oncogenic pressure, EGFR
111 amplification should push the GFAP/AIF1 ratio substantially higher in males while
112 having a much smaller effect in females, because the GFAP increase would not be
113 counterbalanced in males to the same degree it would be in females. Examining
114 either marker individually would not detect this, because the asymmetry lives in the
115 ratio rather than in any single variable. Together, these considerations from
116 baseline glial architecture and oncogenic perturbation point toward a shared
117 analytical principle: sex-dependent glial biology may be most clearly revealed not
118 by direct male-versus-female comparisons of single measurements, but by
119 examining how glial populations are arranged across, and respond to, biological
120 gradients. This principle motivates the two-study design that follows.

121 1.5. Study Rationale and Hypotheses

122 To characterize pre-tumor glial architecture (the spatial organization and density
123 of glial cells in healthy brain tissue before any tumor has formed), the medial
124 prefrontal cortex (mPFC) was selected as the study region for Study 1. GBM arises in
125 the frontal lobe in approximately 25 to 43% of cases (Ostrom et al., 2020), making
126 the prefrontal cortex among the most clinically relevant regions for this disease.
127 Importantly, astrocytes and microglia are not uniformly distributed throughout the
128 central nervous system; both populations show regional heterogeneity in
129 morphology, density, and gene expression, with subregional differences detectable
130 even within individual cortical areas (Sofroniew & Vinters, 2010; Hambardzumyan et
131 al., 2016). This regional heterogeneity is relevant to glioma biology because tumor
132 cells emerge from and interact with the local glial substrate, and the molecular
133 character of that substrate is likely to shape the eventual composition of the tumor
134 microenvironment. The rat mPFC is one of the best-characterized brain regions for
135 sex-dependent glial organization; it contains sex hormone receptors and shows



136 sex-dependent differences in glutamatergic signaling and microglial distribution
137 (Heidbreder & Groenewegen, 2003; Knouse et al.,, 2022). Structurally, the mPFC
138 contains two functionally distinct zones: the dorsal anterior cingulate area (ACA),
139 which connects to executive control circuitry, and the ventral infralimbic and
140 prelimbic areas (ILA and PL), which connect densely to the amygdala,
141 hypothalamus, and brainstem stress-response systems (Heidbreder &
142 Groenewegen, 2003). These ventral subregions are established sites of elevated glial
143 reactivity and host dense projections to immune-modulatory subcortical nuclei,
144 properties that make the dorsal-to-ventral axis a biologically meaningful gradient
145 rather than an arbitrary anatomical contrast. Knouse et al. (2022) specifically
146 reported sex-dependent differences in microglial and glutamatergic signaling
147 within this axis, supporting its use as a framework for detecting sex-organized glial
148 architecture. Direct evidence linking mPFC dorsal-versus-ventral glial
149 heterogeneity to GBM outcomes does not yet exist; the dorsal-to-ventral gradient
150 is therefore proposed as a candidate organizing axis to be tested rather than an
151 established mechanistic link.

152 Two complementary analyses were conducted. Study 1 used rat mPFC histology to
153 establish whether baseline glial density differs by sex across dorsal versus ventral
154 subregions, providing a model of pre-tumor glial architecture. Study 2 used human
155 glioblastoma gene expression data from the publicly available Ivy Glioblastoma Atlas
156 Project (Puchalski et al., 2018) to test whether EGFR amplification shifts the
157 GFAP/AIF1 expression ratio differently by sex. Both studies were motivated by the
158 same question: does sex shape how glial populations are organized and how they
159 respond to biological perturbation, rather than simply how many of them are
160 present? In both cases, the key was applying a reference gradient (spatial
161 organization in rats, EGFR amplification status in humans) to ask whether that
162 gradient reveals sex-dependent differences that a direct male-versus-female
163 comparison of individual markers would miss.

164 We hypothesized that female rats would show higher baseline glial density in the
165 ventral mPFC relative to males, and that EGFR amplification would be associated
166 with a higher GFAP/AIF1 ratio in male glioblastoma patients than in female patients,
167 reflecting sex-dependent differences in how the tumor microenvironment
168 responds to a major oncogenic driver.

169 Methods



170 Study 1: Rat mPFC Glial Density

171 Animals and tissue preparation. Adult male and female Rattus norvegicus (n = 3 per
172 sex; age 3 months) were obtained from AMSBIO. Brains were obtained following
173 euthanasia and immersion-fixed in 4% paraformaldehyde for 24 hours at 4°C, then
174 cryoprotected in 30% sucrose in phosphate-buffered saline. Coronal sections (40
175 um) were cut through the full anterior-posterior extent of the mPFC. Three
176 subregions were identified per hemisphere using the Paxinos and Watson rat brain
177 atlas (7th edition): the ACA (AP +2.7 to +3.2 mm from bregma; dorsal-most
178 subregion, approximately 0.5 to 1.2 mm from dorsal surface), the prelimbic area (PL;
179 AP +2.0 to +2.7 mm; intermediate, approximately 1.5 to 3.0 mm depth), and the
180 infralimbic area (ILA; AP +2.0 to +2.7 mm; most ventral, approximately 3.0 to 4.5 mm
181 depth). Estrous cycle stage of female rats was not confirmed at tissue collection,
182 noted as a limitation.

183 Cell identification and imaging. Sections were stained with a proprietary nuclear
184 counterstain supplied with the IHCeasy kit (AMSBIO) and imaged under brightfield
185 microscopy. Glial nuclei were distinguished from neuronal nuclei using established
186 nuclear morphology criteria: glial nuclei are notably smaller and more uniformly
187 rounded than neuronal nuclei, which are larger and more irregularly shaped (Peters
188 et al., 1991). This approach counts astrocytes, microglia, and oligodendrocytes
189 collectively and does not resolve individual glial subtypes. Images were captured at
190 20x magnification; three non-overlapping fields of view were acquired per animal
191 per region. All acquisition and counting were performed by a single analyst;
192 counting was not performed blind to the animal’s sex.

193 Automated cell counting. Glial nuclei were counted in Image] using a color
194 thresholding approach to isolate counterstained nuclei, followed by the Analyze
195 Particles function. Particles were filtered by area (minimum 6 px?) and circularity
196 (0.5 to 1.0). Density was expressed as objects per 100,000 px2. The three field values
197 per region per animal were averaged to yield one density value per animal per
198 region.

199 Statistical analysis. A two-way repeated-measures ANOVA assessed main effects of
200 sex and region (ACA, PL, ILA) and their interaction, with animal as the repeated
201 unit, using Sidak’s post-hoc test. To specifically examine dorsal-to-ventral
202 organization, a second two-way ordinary ANOVA compared ACA density to a
203 pooled composite ventral mPFC measure (summed ILA + PL density per animal),
204 using Fisher’s LSD post-hoc. This composite value represents the sum of ILA and PL



205 density values for each animal, consolidating both ventral subregions into a single
206 measure of total ventral glial burden; it is therefore not directly equivalent to a
207 single-region density and should be interpreted as a relative composite measure.
208 Given the small sample size (n = 3 per sex), the appropriateness of non-parametric
209 testing was considered. However, at n = 3 per group, the Mann-Whitney U test has
210 a minimum achievable two-tailed p-value of 0.100, because C(6,3) = 20 possible rank
211 arrangements and the most extreme arrangement yields p = 0.10 two-tailed. The
212 test therefore cannot reach a = 0.05 regardless of the observed difference,
213 confirming that Study 1 is underpowered for null-hypothesis significance testing by
214 any standard method at this sample size. The ANOVA framework is retained for
215 structural consistency with the two-way repeated-measures design; all Study 1
216 comparisons are treated as explicitly exploratory. Effect sizes were calculated as
217 Hedges’ g. All statistics were computed in GraphPad Prism 10.

218 Study 2: Human GBM Gene Expression (Ivy GAP)

219 Dataset. Gene expression and clinical data were obtained from the Ivy Glioblastoma
220 Atlas Project (Ivy GAP), an anatomically stratified transcriptional atlas of human
221 GBM described by Puchalski et al. (2018). The Ivy GAP cohort comprised 41 patients
222 (42 tumors). For each tumor block, five anatomically defined zones were isolated by
223 laser microdissection and profiled by RNA-seq; expression values are reported as
224 log?-normalized FPKM. The present analysis used per-block expression values
225 averaged across all sequenced zones per block to obtain a whole-tumor expression
226 profile rather than a single-zone measurement. Our analyzed subset comprised 37
227 tumor blocks from 36 unique patients (patient W22 contributed two tumor blocks;
228 19 male blocks, 18 female blocks). For the GFAP/AIF1 ratio analysis, nine blocks with
229 unavailable EGFR status were excluded, yielding n = 28 for the stratified analysis
230 (Table 2).

231 Gene expression variables. GFAP and AIF1 are the canonical markers for the
232 astrocytic/tumor-cell and microglial compartments of the GBM TME, respectively
233 (Sofroniew & Vinters, 2010; Ransohoff, 2016). As described in the Introduction, GFAP
234 expression in this dataset reflects contributions from both reactive astrocytes and
235 the tumor cells themselves (Brennan et al., 2013; Louis et al., 2016). The GFAP/AIF1
236 expression ratio was calculated as log?(GFAP/AIF1) using mean per-block FPKM
237 values. EGFR amplification status was obtained from the clinical metadata provided
238 by Ivy GAP.



239 Statistical analysis. Sex differences in individual marker expression were assessed
240 by Mann-Whitney U test. A two-way ANOVA examined the main effects of sex
241 (male/female) and EGFR amplification status (amplified/non-amplified) on the
242 10g?(GFAP/AIF1) ratio, followed by Fisher’s LSD post-hoc comparisons. Survival
243 differences between sexes were assessed by Mann-Whitney U test and reported as
244 Cliff's delta. All analyses were performed in GraphPad Prism 10. P-values were not
245 corrected for multiple comparisons.

246 Results

247 Study 1: Glial Density Across mPFC Subregions

248 Study 1 examined whether baseline glial density differs between sexes across dorsal
249 and ventral subregions of the rat mPFC. Figure 1 and Table 1 present mean glial cell
250 density across the three individual subregions (ACA, PL, and ILA, ordered dorsal to
251 ventral) by sex. Females showed consistently higher mean glial density
252 (non-significant in all individual pairwise comparisons) than males across all three
253 subregions, with the largest numerical differences in the ACA (Hedges' g = 1.91;
254 female mean 132.9, male mean 78.3 objects per 100,000 px?) and the ILA (g = 1.18;
255 female 124.6, male 85.9), and a negligible difference in the PL (g = 0.29; female 96.0,
256 male 89.9). The three-region repeated-measures ANOVA found no significant main
257 effects of sex, region, or their interaction. The large effect sizes in the ACA and ILA
258 indicate that despite non-significance, these differences are not trivial; a power
259 analysis for g = 1.91 at 80% power and a = 0.05 indicates approximately n = 6 per sex
260 would likely be sufficient to detect such a difference. When examining the three
261 subregions individually, the data show a directional trend consistent with lower
262 glial density in the dorsal ACA relative to the ventral ILA and PL, but this pattern
263 does not constitute a statistically demonstrable monotonic gradient across all three
264 regions at this sample size (see Limitations).

265 Table 1. Mean glial cell density by mPFC subregion and sex (ordered dorsal to ventral).

Region Female Male mean | AFvs | Hedge | **p-value**
mean (SEM) (SEM) M s'g
ACA (dorsal 132.9 (17.1) 78.3 (1.2) +70% 1.91 0.226 (ns)
mPFC)
PL (ventral mPFC) | 96.0 (18.5) 89.9 (33.4) +7% 0.29 0.995 (ns)




ILA (ventral 124.6 (9.2) 85.9(18.1) | +45% | 118 0.438 (ns)
mPFC)

266 Note. Values in objects per 100,000 px2. Two-way RM ANOVA with Sidak’s multiple
267 comparisons. n = 3 per sex. ns = not significant at a = 0.05. Subregions ordered
268 dorsal to ventral: ACA, PL, ILA. Values in parentheses are SEM.

Figure 1. mPFC glial density by subregion and sex
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270 Figure 1. Mean glial cell density across three mPFC subregions by sex (n = 3 per
271 sex). Red = female; blue = male. Subregions are ordered dorsal to ventral (ACA, PL,
272 ILA). Females showed consistently higher mean glial density (non-significant)
273 than males in all subregions, with the ACA and ILA comparisons showing large
274 effect sizes (Hedges’ g = 1.91 and 1.18, respectively). Pairwise sex comparisons by
275 subregion (Sidak post-hoc): ACA p = 0.226 ns, PL p = 0.995 ns, ILA p = 0.438 ns.
276 Box: median and IQR; whiskers: min-max; dots: individual animals. Two-way RM
277 ANOVA.

278 To more directly test dorsal-to-ventral organization, ILA and PL were pooled into a
279 single ventral mPFC composite measure and compared to the dorsal ACA (Figure 2).
280 This pooling approach was used to consolidate the two anatomically connected



281 ventral subregions and increase statistical resolution. A two-way ordinary ANOVA
282 revealed a significant main effect of region (F(1,8) = 9.883, p = 0.014), with sex not
283 significant as a main effect (F(1,8) = 2.856, p = 0.129) and no interaction (F(1,8) = 0.027,
284 p = 0.874). Post-hoc comparisons showed that male ACA density (78.3 objects per
285 100,000 px?) was significantly lower than pooled male ventral composite measure
286 (summed ILA + PL = 175.7; p = 0.047), establishing a statistically detectable
287 dorsal-to-ventral difference in glial density within males. In female rats, a
288 directionally comparable pattern was present (ACA = 132.9 vs. ILA + PL = 220.6) but
289 narrowly missed significance (p = 0.068). Sex comparisons within each zone were
290 non-significant (ACA: p = 0.226; ILA + PL: p = 0.312).

Figure 2. Dorsal vs. pooled ventral mPFC glial density by sex
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292 Figure 2. Dorsal ACA glial density versus pooled ventral mPFC composite measure
293 (summed ILA + PL) by sex. Red = female; blue = male. Male rats showed a
294 statistically significant dorsal-to-ventral difference (p = 0.047, Fisher’s LSD), with
295 substantially lower glial density in the ACA than in ventral subregions. Female
296 rats showed a comparable directional pattern that narrowly missed significance



297 (p = 0.068). Box: median and IQR; whiskers: min-max; dots: individual animals.
298 Note: ventral values are summed ILA + PL densities (composite burden measure)
299 and are not directly equivalent to single-region ACA density. Two-way ordinary
300 ANOVA. n = 3 per sex.

301 The female dorsal-to-ventral difference is numerically comparable in magnitude (A
302 = 87.7 units vs. 974 in males) but individual values are more variable across animals,
303 which may have contributed to the non-significant result. However, insufficient
304 sample size alone cannot be confirmed as the sole explanation. Because the male
305 dorsal-to-ventral p-value (0.047) and the female value (0.068) straddle the
306 conventional a = 0.05 threshold at a very small sample size, the apparent
307 sex-specific organizational difference should be interpreted cautiously, and the
308 difference between sexes is itself modest rather than categorical. The pattern
309 appears to be present directionally in both sexes; what may differ is the consistency
310 with which it is expressed across individuals, an issue that could reflect hormonal
311 variability given that estrous cycle stage was not confirmed at tissue collection.

312 Study 2: GFAP and AIF1 Expression in Human Glioblastoma

313 Table 2. Ivy GAP cohort composition by EGFR amplification status and sex (n = 28).

Variable EGFR+ Male | EGFR- Male EGFR+ EGFR-
(n=15) (n=28) Female (n = 9) | Female (n = 6)
log?(GFAP/AIF1) 1.420 0.319 0.876 0.658
mean
+ SEM 0.158 0.238 0.179 0.423

314 Note. Blocks with unavailable EGFR status (n = 9) excluded from ratio analysis. EGFR
315 amplification rate in this cohort (50% female vs. 26% male) likely reflects sampling
316 variation in this small dataset.

317 Study 2 uses gene expression data from resected human glioblastoma tissue. Unlike
318 Study 1, it does not measure baseline architecture in the healthy brain; it examines
319 whether sex shapes the astrocytic-to-microglial transcriptional balance within
320 established tumors, and whether EGFR amplification shifts that balance differently
321 depending on sex. Female patients in this Ivy GAP subset survived longer than
322 males (median 493 vs. 351 days; Cliffs 8 = -0.367; Mann-Whitney p = 0.097),
323 consistent with published registry data (Ostrom et al., 2018), confirming that this
324 cohort reflects the broader sex survival pattern in GBM.



325 When GFAP and AIF1 were examined individually, neither differed significantly by
326 sex. Mean GFAP expression was 6.08 log? FPKM in males versus 5.85 in females
327 (Mann-Whitney p = 0.347), and mean AIF1 was 4.98 in males versus 5.01 in females (p
328 = 0.909). This is consistent with prior work showing that bulk-level expression of
329 individual glial markers does not reliably capture sex differences without a
330 stratifying variable (Villa et al., 2018; Guneykaya et al., 2018). These null results are
331 informative: if sex shapes not the quantity of each glial population but how those
332 populations respond to an oncogenic perturbation, no single-marker comparison
333 will detect it. The ratio analysis was designed specifically to test that possibility.

334 EGFR Amplification Modifies the GFAP/AIF1 Ratio Differently by Sex

335 A two-way ANOVA of the log?(GFAP/AIF1) ratio (n = 28 blocks: five EGFR-amplified
336 males, eight non-amplified males, nine EGFR-amplified females, six non-amplified
337 females) revealed a significant main effect of EGFR amplification (F(1,24) = 6.117, p =
338 0.021) but not of sex (F(1,24) = 0.148, p = 0.704). The sex-by-EGFR interaction was not
339 significant (F(1,24) = 2.738, p = 0.111). Post-hoc comparisons are summarized in Table
340 3 and Figure 3.

341 In male patients, EGFR amplification was significantly associated with a higher
342 l0g?(GFAP/AIF1) ratio (amplified: 1.420 vs. non-amplified: 0.319; p = 0.010). In female
343 patients, the same comparison produced no significant difference (amplified: 0.876
344 vs. non-amplified: 0.658; p = 0.552). The same genetic alteration produced a large,
345 significant shift in one sex and essentially no shift in the other. Within
346 EGFR-amplified tumors, males showed a higher mean ratio than females (1.420 vs.
347 0.876), although this comparison did not reach statistical significance (p = 0.169).
348 Within non-amplified tumors, the direction reversed: non-amplified males showed
349 a lower ratio (0.319) than non-amplified females (0.658; p = 0.370), though this
350 comparison is notably underpowered given that the majority of non-amplified
351 patients are male in this cohort.

352 Table 3. log?(GFAP/AIF1) ratio by EGFR amplification status and sex.

Group comparison Male mean Female **p-va | Interpretation
(SEM) mean (SEM) | lue**
EGFR-amplified (5M, 9F) | 1.420 + 0.158 0.876 + 0.169 ns
0.179
Non-amplified (8M, 6F) 0.319 + 0.658 + 0.370 ns
0.238 0.423




Males: EGFR-amp vs.
non-amp

0.010 Significant *

Females: EGFR-amp vs.
non-amp

0.552 ns

353 Note. Two-way ANOVA with Fisher’s LSD post-hoc. n = 28 blocks (nine excluded for
354 unavailable EGFR status). p* < 0.05. EGFR amplification rate in this cohort (50%
355 female vs. 26% male) is atypical of larger GBM registries and likely reflects sampling

356 variation in the small Ivy GAP da

taset.
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358 Figure 3. log?(GFAP/AIF1) ratio by EGFR amplification status and sex. Red
359 female; blue = male. EGFR amplification was a significant main effect overall (p

360 0.021). Within males, EGFR-amplified tumors showed a significantly higher ratio
361 than non-amplified tumors (p = 0.010). Within females, no significant shift was
362 observed (p = 0.552). Two-way ANOVA, Fisher’s LSD post-hoc.

363 Discussion



364 Taken together, these findings suggest that sex shapes glial biology primarily as an
365 organizing variable, not as a scaling one. In both datasets, the sex difference was
366 invisible in direct male-versus-female comparisons of any single measurement. It
367 only became detectable when a reference gradient was introduced: a spatial
368 dorsal-to-ventral contrast in the rat brain, and EGFR amplification status in human
369 tumor tissue. That the same structural pattern emerged across two independent
370 datasets, two species, and two entirely different types of biological measurement
371 points toward a consistent organizing principle: sex-dependent glial biology
372 appears to be expressed through how populations are arranged and how they
373 respond to perturbation, rather than through their absolute quantity. This
374 resonates with the transcriptomic work of Villa et al. (2018) and Guneykaya et al.
375 (2018), in which male and female microglia differed not in total cell number but in
376 gene expression profiles and inflammatory signaling pathways. These differences
377 were measurable only when comparing activation states, not bulk marker levels.

378 The Study 1 finding of a significant dorsal-to-ventral glial density difference in
379 males and a parallel but non-significant pattern in females is consistent with the
380 known functional architecture of the rodent mPFC. The ventral ILA and PL are
381 densely connected to subcortical stress-response systems including the amygdala,
382 hypothalamus, and brainstem (Heidbreder & Groenewegen, 2003), and are
383 established sites of elevated glial reactivity. This is consistent with the higher glial
384 density observed in these ventral regions in both sexes. The dorsal ACA, by
385 contrast, connects primarily to cortical executive circuits and may have lower
386 baseline glial activity. Sex differences in glutamatergic and microglial signaling
387 within these circuits have been further described by Knouse et al. (2022). In males,
388 the density difference between dorsal and ventral regions is sharp enough to reach
389 statistical detection at n = 3. In females, the numerical magnitude of the difference
390 is comparable but individual values are more variable across animals, compressing
391 the signal below significance at this sample size. One candidate explanation is that
392 estrogen receptor signaling exerts anti-inflammatory effects on microglia through
393 ERa and ERB-mediated mechanisms (Villa et al., 2016; Acaz-Fonseca et al., 2015),
394 which could dampen and desynchronize ventral glial density across individual
395 female animals depending on hormonal state. Because estrous cycle stage was not
396 confirmed at tissue collection, this cannot be tested directly from the current data.

397 An observation that extends beyond group mean differences is the pattern of
398 individual variability across both studies. Male animals and patients showed more
399 consistent, rigid responses to biological organization cues, both spatial (the



400 dorsal-to-ventral density difference) and oncogenic (EGFR amplification shifting
401 the GFAP/AIF1 ratio). Female subjects showed greater intragroup variability in both
402 cases: the female dorsal-to-ventral pattern missed significance partly due to
403 greater individual spread, and female tumor GFAP/AIF1 ratios did not shift
404 significantly in either EGFR-amplified or non-amplified groups. This raises the
405 possibility that sex differences in glial biology are not primarily differences in
406 means but differences in the structure of variance. Female glial populations may be
407 subject to more dynamic, hormonally modulated regulation that varies across
408 individuals and contexts. If this interpretation is correct, the female survival
409 advantage in GBM (Ostrom et al., 2018) may partly reflect this regulatory flexibility:
410 female tumor microenvironments may be more capable of dynamic adjustment
411 under oncogenic pressure, maintaining a more balanced astrocyte-to-microglial
412 ratio even under EGFR-driven perturbation. This is broadly consistent with the
413 higher baseline inflammatory responsiveness and maintained homeostatic profiles
414 documented in female microglia under perturbation by Villa et al. (2018) and
415 Guneykaya et al. (2018).

416 The sex-specific EGFR amplification finding has specific implications for
417 understanding male vulnerability in glioblastoma. Non-amplified male tumors in
418 this cohort showed the lowest mean GFAP/AIF1 ratio of any group (0.319),
419 consistent with prior evidence that male GBM tumors exhibit higher baseline
420 microglial and macrophage infiltration when major tumor-intrinsic
421 immunosuppressive mechanisms are not fully active (Hambardzumyan et al., 2016;
422 Villa et al., 2018). The addition of EGFR amplification in males then dramatically
423 shifts this balance toward an astrocyte-dominant state (ratio 1.420, p = 0.010 vs.
424 non-amplified males), creating a particularly unfavorable combination: EGFR-driven
425 GFAP expression from the tumor cells themselves (Brennan et al., 2013; Verhaak et
426 al., 2010) dominates over the microglial compartment. Astrocyte-dominant tumor
427 microenvironments are specifically associated with suppression of cytotoxic T cell
428 infiltration through TGF-f secretion and physical barrier formation (Sofroniew &
429 Vinters, 2010), which are primary immunosuppressive mechanisms in GBM and key
430 barriers to immunotherapy efficacy. Female patients with EGFR-amplified tumors
431 showed no equivalent ratio shift, suggesting their microglial compartment is not
432 equivalently displaced by the EGFR-driven GFAP increase. This resistance may
433 reflect estrogen receptor-mediated maintenance of microglial homeostasis (Villa et
434 al., 2016; Acaz-Fonseca et al., 2015). If confirmed in larger datasets, EGFR-amplified
435 male GBM patients may represent a biologically distinct subgroup with an



436 astrocyte-dominant TME that is specifically resistant to checkpoint inhibitor-based
437 immunotherapy. This subgroup may benefit from combined EGFR-targeted and
438 microenvironment-directed therapies. Many current glioblastoma trial designs do
439 not routinely stratify patients by both EGFR status and sex, leaving this potential
440 subgroup distinction largely unexamined.

441 The Study 2 finding has a straightforward mechanistic interpretation grounded in
442 the canonical function of EGFR amplification. In the Classical GBM subtype, EGFR
443 amplification drives GFAP upward through the tumor cells’ own astrocytic gene
444 programs, not through reactive astrocyte activity (Brennan et al., 2013; Verhaak et
445 al.,, 2010). In male patients, this EGFR-driven GFAP increase is sufficient to
446 significantly elevate the GFAP/AIF1 ratio relative to non-amplified male tumors. In
447 female patients, the same EGFR-driven GFAP increase does not produce a
448 detectable ratio shift. The most likely explanation is that female microglia maintain
449 2 more homeostatic transcriptional state under oncogenic stress (Villa et al., 2018;
450 Guneykaya et al., 2018), potentially through estrogen receptor-mediated pathways
451 in microglial cells (Villa et al,, 2016). If female microglia maintain higher AIF1
452 expression in the presence of EGFR-driven tumor expansion, the ratio stays more
453 stable even as GFAP rises. The sex-by-EGFR interaction term did not reach
454 significance (p = 0.111), so this sex-dependent pattern should be treated as a
455 hypothesis to test in larger datasets rather than a confirmed finding.

456 The directional reversal in non-amplified tumors, where males show a lower ratio
457 (0.319) than females (0.658), is noteworthy and not contradictory. In non-amplified
458 tumors, EGFR is not driving GFAP upward in tumor cells. The ratio therefore
459 reflects the native balance between host astrocytic activity and microglial activity
460 without the EGFR-driven GFAP boost. That non-amplified male tumors appear
461 more AlF1-dominant than any other group is consistent with prior reports of higher
462 microglial infiltration in male GBM tumors in the absence of major
463 immunosuppressive oncogenic drivers (Hambardzumyan et al., 2016; Villa et al.,
464 2018). However, with n = 8 non-amplified males in this cohort, including one outlier
465 patient (W34) with a ratio of -0.907, the mechanistic interpretation of this group is
466 premature.

467 Across both studies, sex-dependent glial biology appears to be expressed primarily
468 as a difference in organizational consistency and perturbation responsiveness, not
469 as a global difference in cell quantity or baseline marker levels. In the healthy brain,
470 this is reflected in spatial differences in glial density that are detectable by



471 dorsal-to-ventral contrast but not by region-by-region comparison. In tumor
472 tissue, it emerges as a difference in how the GFAP/AIF1 balance responds to an
473 oncogenic driver that directly amplifies the GFAP compartment.

474 Several limitations affect the interpretation of both studies. In Study 1, n = 3 per sex
475 is underpowered; a power analysis for the ACA effect size (g = 1.91) at 80% power
476 and a = 0.05 indicates approximately n = 6 per sex would likely be sufficient, while n
477 = 8 to 10 provides more stable estimates. Estrous cycle stage was not confirmed,
478 introducing potential hormonal variability in female animals. Counting was not
479 performed blind to the animal’s sex, which introduces potential observer bias.
480 Nuclear morphology counting using the kit-supplied proprietary counterstain
481 identifies all glial subtypes collectively and cannot resolve astrocytes, microglia,
482 and oligodendrocytes separately, which limits the direct comparability to Study 2’s
483 astrocyte/microglial  gene  expression ratio. Additionally, the term
484 “dorsal-to-ventral gradient” refers specifically to the pooled ACA versus ILA + PL
485 comparison; when examining all three subregions individually, the pattern is
486 directional but not a monotonically increasing gradient. In Study 2, within-group
487 sample sizes are as small as n = 5 (EGFR-amplified males), and the EGFR
488 amplification rate in this cohort (50% of females vs. 26% of males) is atypical of
489 larger GBM registries, most likely reflecting sampling variation. This imbalance
490 means the non-amplified group is predominantly male, which limits the power of
491 within-non-amplified sex comparisons. Across both studies, p-values were not
492 corrected for multiple comparisons, which increases the risk of type I error across
493 the multiple post-hoc tests performed. Specifically, Study 1's three-region post-hoc
294 comparisons used Sidak’s correction, which controls the family-wise error rate;
495 however, the dorsal-to-ventral Fisher’s LSD comparisons in Study 1 and all Fisher’s
496 LSD post-hoc comparisons in Study 2 rely on the protection afforded by a
497 significant omnibus F-test rather than a per-comparison alpha adjustment, leaving
498 some residual multiple comparisons risk for those specific tests. In this revision, all
499 three figures have been re-rendered as box plots with individual data points
soo overlaid, replacing the original bar graphs; this addresses the distributional
s01 representation concern and allows the individual variability in female responses to
s02 be directly visible, particularly the high-variance non-amplified female group in
503 Figure 3.

504 Conclusion



sos Both studies showed that sex shapes glial biology through differential
506 responsiveness to spatial and oncogenic gradients, not through differences in
s07 absolute cell quantity or individual marker expression. In the rat medial prefrontal
s08 cortex, a significant dorsal-to-ventral glial density difference was detectable in
509 males and showed a directionally similar but non-significant pattern in females,
510 suggesting sex-dependent differences in how glial cells are spatially organized
s11 within this region. In human glioblastoma, EGFR amplification significantly elevated
512 the GFAP/AIF1 expression ratio in male patients but produced no detectable shift in
513 female patients, indicating that female tumors appeared to maintain a more stable
514 glial balance in this cohort even when a major oncogenic driver was pushing the
515 GFAP compartment upward.

516 Several specific next steps would build directly on these findings. Replication of the
517 sex-by-EGFR interaction in the GFAP/AIF1 ratio in TCGA-GBM, which contains over
518 150 patients with EGFR amplification data, would determine whether the
519 sex-dependent ratio response is robust. If confirmed, examination of cytotoxic T
520 cell marker expression (e.g., CD8A) stratified by both sex and EGFR status would
s21 directly test whether EGFR-amplified male patients carry a more
522 immunosuppressed TME. Integration with single-cell RNA sequencing data would
523 allow the relative contributions of tumor-cell GFAP and reactive astrocyte GFAP to
524 be disentangled. For Study 1, addressing whether the glial density differences
525 detected here are driven primarily by astrocytes, microglia, or both would require
526 replication with n = 8 to 10 per sex using combined IBAl and GFAP immunostaining
527 alongside the nuclear counterstain, with estrous cycle stage confirmed at tissue
528 collection. Including an ovariectomy group with defined hormone replacement
529 would allow direct testing of whether estrogen suppresses ventral mPFC glial
530 density and increases individual variability in females. If sex shapes the spatial
531 organization of astrocytes and microglia differently in the healthy brain, and if that
532 organizational difference persists into the tumor microenvironment, it may prove
533 to be one of the biological foundations of the female survival advantage in
534 glioblastoma (Ostrom et al., 2018).

535 Sex is not just a demographic variable in glioblastoma. It appears to change the
536 molecular architecture of the tumor microenvironment in ways that interact with
537 specific oncogenic drivers. Treating sex as a variable to adjust for rather than a
538 biological question to investigate directly leaves part of the disease’s biology
539 unexamined, and may help explain why some treatment approaches have not
s40 produced durable outcomes across patient populations. Several specific



541 therapeutic directions follow from these observations. First, the apparent
542 astrocyte-dominant tumor microenvironment in EGFR-amplified male patients
543 suggests that this subgroup may benefit from combined treatment strategies that
s44 pair EGFR-targeted agents with microenvironment-directed therapies, in particular
545 those that disrupt astrocyte-derived immunosuppressive signaling (for example,
s46 TGF-p pathway inhibitors) or restore microglial immune function. Second, the
547 differential response of male and female tumors to EGFR amplification implies that
548 checkpoint inhibitor-based immunotherapy may require sex-stratified evaluation: if
549 female tumors maintain a more balanced glial compartment under oncogenic
sso pressure, female EGFR-amplified patients may show a different baseline
551 immune-suppression  profile, and therefore a different response to
552 immune-checkpoint blockade, than their male counterparts. Third, prospective
553 glioblastoma trials should consider stratifying enrollment by both EGFR
554 amplification status and sex, an analytical step that many current trial designs omit,
555 and that could clarify whether sex-specific dosing strategies, response biomarkers,
556 or combination regimens may help narrow the male-female survival gap. Even
557 modest improvements in identifying patients most likely to benefit from specific
558 therapeutic combinations could meaningfully contribute to closing the 3- to
559 5-month survival difference that has persisted despite two decades of stable
560 median survival in glioblastoma.
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1 Sex-Dependent Glial Cell Density in the Prefrontal Cortex and Its

2 Relevance to Glioblastoma
3 [Author details redacted for blind review]
4 Abstract

5 Glioblastoma is the most lethal primary brain tumor in adults, and median survival
6 has not meaningfully improved since temozolomide, an oral alkylating
7 chemotherapy agent, was adopted as standard ehemetherapyof care in 2005.
8 Female patients consistently outlive males by approximately 3 to 5 months, even
9 after controlling for known prognostic variables. The biological basis for this
10 survival gap remains unresolved. Identifying the cellular and molecular mechanisms
11 underlying this sex-specific survival difference represents a critical unmet need in
12 neuro-oncology. Nearly all existing research examines glial cell activity after a
13 tumor has developed, leaving baseline sex differences in the glial landscape before
14 tumor formation largely uncharacterized. Two complementary analyses addressed
15 this gap. In Study 1, glial cell density was quantified across three subregions of the
16 rat medial prefrontal cortex. Males showed a significant dorsal-to-ventral glial
17 density difference; females showed a parallel pattern that did not reach significance
18 at this sample size. In Study 2, GFAP and AIF1 gene expression were analyzed in 37
19 human glioblastoma blocks from the Ivy Glioblastoma Atlas Project. Neither marker
20 differed by sex in isolation. However, when patients were stratified by EGFR
21 amplification status, amplification was significantly associated with an elevated
22 astrocyte-to-microglial expression ratio in male patients (p = 0.010) but not
23 females. Together, these exploratory findings indicate that sex-dependent glial
24 responsiveness to spatial and oncogenic gradients warrants further investigation in
25 relation to the female survival advantage in GBM. Sex-stratified analysis of EGFR
26 amplification status may also help identify subgroups for which combined
27 molecular and microenvironment-directed therapies could be evaluated.

28 Keywords: glioblastoma, sex differences, glial cells, tumor microenvironment, EGFR
29 amplification

30 Introduction

31 1.1. Glioblastoma and the Sex Survival Gap



32 Glioblastoma (GBM) is the most common malignant primary brain tumor in adults,
33 accounting for approximately 14.6% of all primary brain tumors and nearly half of all
34 malignant diagnoses (Ostrom et al., 2020). Even with the current standard of care,
35 including  surgical resection followed by concurrent radiotherapy and
36 temozolomide chemotherapy, median overall survival remains 12 to 15 months and
37 the five-year relative survival rate is approximately 5% (Ostrom et al., 2020; Stupp
3g et al., 2005). The tumor almost always recurs regardless of treatment response,
39 acquiring resistance through rapid genetic diversification within the tumor mass
40 and actively suppressing immune surveillance (Brennan et al., 2013). The five-year
41 survival rate has not meaningfully changed since temozolomide was adopted as
42 standard chemotherapy in 2005 (Ostrom et al., 2020; Stupp et al., 2005). Identifying
43 the biological factors contributing to this persistently poor prognosis is a pressing
44 priority in neuro-oncology, and examining the consistent survival disparity
45 between male and female patients offers one of the most promising avenues toward
46 that goal.

47 One of the most consistently replicated epidemiological observations in
48 glioblastoma is a survival advantage for female patients. Across analyses
49 encompassing tens of thousands of cases, females outlive males by approximately 3
so to 5 months at the median, even after controlling for age at diagnosis, extent of
51 surgical resection, and MGMT promoter methylation status (Ostrom et al., 2018).
52 The consistency of this pattern across independent datasets strongly suggests a
s3 real biological difference. Yet the mechanism responsible for it has not been
54 established. Proposed explanations include sex-hormone effects on tumor cell
55 proliferation, differences in immune activation, and sex-specific molecular subtype
se distributions (Rubin et al., 2020). Each of these mechanisms has supporting
57 evidence, but none fully accounts for the consistent 3-to-5-month gap observed
58 across datasets.

59 1.2. Glial Cells in the Tumor Microenvironment

60 The tumor microenvironment (TME) has become a central focus of glioblastoma sex
61 difference research. Within the TME, astrocytes and microglia are the two most
62 abundant non-neuronal cell populations. Astrocytes, identified by the protein glial
63 fibrillary acidic protein (GFAP), form a reactive structural scaffold around tumors
64 and contribute to immune modulation, growth factor signaling, and angiogenesis
65 (Sofroniew & Vinters, 2010). Microglia, identified by allograft inflammatory factor 1
66 (AIF1, also known as IBAl), are the brain’s resident immune cells and can constitute



67 up to one-third of the total tumor mass in glioblastoma (Ransohoff, 2016;
68 Hambardzumyan et al., 2016; Graeber et al., 2002). Together, the balance of
69 astrocytic and microglial activity determines how immunosuppressive the tumor
7o microenvironment is and how effectively the immune system can respond to the
71 tumor.

72 One nuance specific to glioblastoma is that GFAP is expressed not only by reactive
73 astrocytes but also by the tumor cells themselves, because glioblastoma arises from
74 glial lineage and the tumor cells retain astrocytic transcriptional programs
75 (Brennan et al., 2013; Louis et al., 2016). This distinction matters for interpreting the
76 ratio of GFAP to AIF1 expression: in the context of GBM, this ratio is not a simple
77 count of astrocytes versus microglia. A high ratio indicates that the
78 astrocyte-and-tumor-cell compartment dominates; a low ratio indicates that the
79 microglial immune compartment dominates. This ratio is not a direct count of cell
go types but a measure of the transcriptional balance between two major biological
81 identities within the tumor.

82 1.3. Sex Differences in Glial Biology

83 Sex-dependent differences in glial cell activity have been documented in both
84 healthy brain and tumor contexts. Adult male and female mice differ in microglial
85 morphology, gene expression profiles, and inflammatory responsiveness even
86 under baseline conditions (Villa et al., 2018; Guneykaya et al., 2018). In the GBM
87 TME, microglial activation states and macrophage infiltration levels have been
88 shown to differ by sex (Hambardzumyan et al., 2016; Villa et al., 2018; Guneykaya et
89 al., 2018). Together, these observations point toward sex-dependent differences in
90 glial biology as a likely contributor to the female survival advantage in glioblastoma.

91 Although baseline sex differences in glial biology are well established, few studies
92 have examined how these pre-existing differences may influence glioblastoma
93 development or the tumor microenvironment. If males and females already differ in
94 how their glial cells are organized and distributed before cancer develops, those
95 baseline differences could shape the cellular composition of the TME from the
96 moment a tumor begins to form. This pre-tumor baseline has not been
97 systematically characterized.

98 1.4. EGFR Amplification and the GFAP/AIF1 Ratio

99 The epidermal growth factor receptor (EGFR) gene is amplified in approximately 40
100 to 60% of primary GBMs, making it the most common recurrent amplification in



101 this cancer (Brennan et al., 2013). EGFR amplification is the defining molecular
102 feature of the Classical GBM subtype, characterized by high EGFR copy number,
103 high-level GFAP expression by the tumor cells themselves, and a transcriptional
104 profile dominated by astrocytic gene programs (Verhaak et al., 2010). This means
105 EGFR amplification directly drives GFAP expression upward in tumor cells, not
106 because of astrocyte activity but because the tumor itself more strongly expresses
107 astrocytic identity genes.

108 This leads to a testable prediction. EGFR amplification drives GFAP upward through
109 the tumor’s own astrocytic gene programs. If female microglia simultaneously
110 maintain a more homeostatic transcriptional state under oncogenic pressure, EGFR
111 amplification should push the GFAP/AIF1 ratio substantially higher in males while
112 having a much smaller effect in females, because the GFAP increase would not be
113 counterbalanced in males to the same degree it would be in females. Examining
114 either marker individually would not detect this, because the asymmetry lives in the
115 ratio rather than in any single variable. Together, these considerations from
116 baseline glial architecture and oncogenic perturbation point toward a shared
117 analytical principle: sex-dependent glial biology may be most clearly revealed not
118 by direct male-versus-female comparisons of single measurements, but by
119 examining how glial populations are arranged across, and respond to, biological
120 gradients. This principle motivates the two-study design that follows.

121 1.5. Study Rationale and Hypotheses

122 To characterize pre-tumor glial architecture (the spatial organization and density
123 of glial cells in healthy brain tissue before any tumor has formed), the medial
124 prefrontal cortex (mPFC) was selected as the study region for Study 1. GBM arises in
125 the frontal lobe in approximately 25 to 43% of cases (Ostrom et al., 2020), making
126 the prefrontal cortex among the most clinically relevant regions for this disease.
127 Importantly, astrocytes and microglia are not uniformly distributed throughout the
128 central nervous system; both populations show regional heterogeneity in
129 morphology, density, and gene expression, with subregional differences detectable
130 even within individual cortical areas (Sofroniew & Vinters, 2010; Hambardzumyan et
131 al., 2016). This regional heterogeneity is relevant to glioma biology because tumor
132 cells emerge from and interact with the local glial substrate, and the molecular
133 character of that substrate is likely to shape the eventual composition of the tumor
134 microenvironment. The rat mPFC is one of the best-characterized brain regions for
135 sex-dependent glial organization; it contains sex hormone receptors and shows



136 sex-dependent differences in glutamatergic signaling and microglial distribution
137 (Heidbreder & Groenewegen, 2003; Knouse et al.,, 2022). Structurally, the mPFC
138 contains two functionally distinct zones: the dorsal anterior cingulate area (ACA),
139 which connects to executive control circuitry, and the ventral infralimbic and
140 prelimbic areas (ILA and PL), which connect densely to the amygdala,
141 hypothalamus, and brainstem stress-response systems (Heidbreder &
142 Groenewegen, 2003). These ventral subregions are established sites of elevated glial
143 reactivity and host dense projections to immune-modulatory subcortical nuclei,
144 properties that make the dorsal-to-ventral axis a biologically meaningful gradient
145 rather than an arbitrary anatomical contrast. Knouse et al. (2022) specifically
146 reported sex-dependent differences in microglial and glutamatergic signaling
147 within this axis, supporting its use as a framework for detecting sex-organized glial
148 architecture. Direct evidence linking mPFC dorsal-versus-ventral glial
149 heterogeneity to GBM outcomes does not yet exist; the dorsal-to-ventral gradient
150 is therefore proposed as a candidate organizing axis to be tested rather than an
151 established mechanistic link.

152 Two complementary analyses were conducted. Study 1 used rat mPFC histology to
153 establish whether baseline glial density differs by sex across dorsal versus ventral
154 subregions, providing a model of pre-tumor glial architecture. Study 2 used human
155 glioblastoma gene expression data from the publicly available Ivy Glioblastoma Atlas
156 Project (Puchalski et al., 2018) to test whether EGFR amplification shifts the
157 GFAP/AIF1 expression ratio differently by sex. Both studies were motivated by the
158 same question: does sex shape how glial populations are organized and how they
159 respond to biological perturbation, rather than simply how many of them are
160 present? In both cases, the key was applying a reference gradient (spatial
161 organization in rats, EGFR amplification status in humans) to ask whether that
162 gradient reveals sex-dependent differences that a direct male-versus-female
163 comparison of individual markers would miss.

164 We hypothesized that female rats would show higher baseline glial density in the
165 ventral mPFC relative to males, and that EGFR amplification would be associated
166 with a higher GFAP/AIF1 ratio in male glioblastoma patients than in female patients,
167 reflecting sex-dependent differences in how the tumor microenvironment
168 responds to a major oncogenic driver.

169 Methods



170 Study 1: Rat mPFC Glial Density

171 Animals and tissue preparation. Adult male and female Rattus norvegicus (n = 3 per
172 sex; age 3 months) were obtained from AMSBIO. Brains were obtained following
173 euthanasia and immersion-fixed in 4% paraformaldehyde for 24 hours at 4°C, then
174 cryoprotected in 30% sucrose in phosphate-buffered saline. Coronal sections (40
175 um) were cut through the full anterior-posterior extent of the mPFC. Three
176 subregions were identified per hemisphere using the Paxinos and Watson rat brain
177 atlas (7th edition): the ACA (AP +2.7 to +3.2 mm from bregma; dorsal-most
178 subregion, approximately 0.5 to 1.2 mm from dorsal surface), the prelimbic area (PL;
179 AP +2.0 to +2.7 mm; intermediate, approximately 1.5 to 3.0 mm depth), and the
180 infralimbic area (ILA; AP +2.0 to +2.7 mm; most ventral, approximately 3.0 to 4.5 mm
181 depth). Estrous cycle stage of female rats was not confirmed at tissue collection,
182 noted as a limitation.

183 Cell identification and imaging. Sections were stained with a proprietary nuclear
184 counterstain supplied with the IHCeasy kit (AMSBIO) and imaged under brightfield
185 microscopy. Glial nuclei were distinguished from neuronal nuclei using established
186 nuclear morphology criteria: glial nuclei are notably smaller and more uniformly
187 rounded than neuronal nuclei, which are larger and more irregularly shaped (Peters
188 et al., 1991). This approach counts astrocytes, microglia, and oligodendrocytes
189 collectively and does not resolve individual glial subtypes. Images were captured at
190 20x magnification; three non-overlapping fields of view were acquired per animal
191 per region. All acquisition and counting were performed by a single analyst;
192 counting was not performed blind to the animal’s sex.

193 Automated cell counting. Glial nuclei were counted in Image] using a color
194 thresholding approach to isolate counterstained nuclei, followed by the Analyze
195 Particles function. Particles were filtered by area (minimum 6 px?) and circularity
196 (0.5 to 1.0). Density was expressed as objects per 100,000 px2. The three field values
197 per region per animal were averaged to yield one density value per animal per
198 region.

199 Statistical analysis. A two-way repeated-measures ANOVA assessed main effects of
200 sex and region (ACA, PL, ILA) and their interaction, with animal as the repeated
201 unit, using Sidak’s post-hoc test. To specifically examine dorsal-to-ventral
202 organization, a second two-way ordinary ANOVA compared ACA density to a
203 pooled composite ventral mPFC measure (summed ILA + PL density per animal),
204 using Fisher’s LSD post-hoc. This composite value represents the sum of ILA and PL



205 density values for each animal, consolidating both ventral subregions into a single
206 measure of total ventral glial burden; it is therefore not directly equivalent to a
207 single-region density and should be interpreted as a relative composite measure.
208 Given the small sample size (n = 3 per sex), the appropriateness of non-parametric
209 testing was considered. However, at n = 3 per group, the Mann-Whitney U test has
210 a minimum achievable two-tailed p-value of 0.100, because C(6,3) = 20 possible rank
211 arrangements and the most extreme arrangement yields p = 0.10 two-tailed. The
212 test therefore cannot reach a = 0.05 regardless of the observed difference,
213 confirming that Study 1 is underpowered for null-hypothesis significance testing by
214 any standard method at this sample size. The ANOVA framework is retained for
215 structural consistency with the two-way repeated-measures design; all Study 1
216 comparisons are treated as explicitly exploratory. Effect sizes were calculated as
217 Hedges’ g. All statistics were computed in GraphPad Prism 10.-P-values-were-not

218 corrected for multiple comparisons.

219 Study 2: Human GBM Gene Expression (Ivy GAP)

220 Dataset. Gene expression and clinical data were obtained from the Ivy Glioblastoma
221 Atlas Project (Ivy GAP), an anatomically stratified transcriptional atlas of human
222 GBM described by Puchalski et al. (2018). The Ivy GAP cohort comprised 41 patients
223 (42 tumors). For each tumor block, five anatomically defined zones were isolated by
224 laser microdissection and profiled by RNA-seq; expression values are reported as
225 log?2-normalized FPKM. The present analysis used per-block expression values
226 averaged across all sequenced zones per block to obtain a whole-tumor expression
227 profile rather than a single-zone measurement. Our analyzed subset comprised 37
228 tumor blocks from 36 unique patients (patient W22 contributed two tumor blocks;
229 19 male blocks, 18 female blocks). For the GFAP/AIF1 ratio analysis, nine blocks with
230 unavailable EGFR status were excluded, yielding n = 28 for the stratified analysis
231 (Table 2).

232 Gene expression variables. GFAP and AIF1 are the canonical markers for the
233 astrocytic/tumor-cell and microglial compartments of the GBM TME, respectively
234 (Sofroniew & Vinters, 2010; Ransohoff, 2016). As described in the Introduction, GFAP
235 expression in this dataset reflects contributions from both reactive astrocytes and
236 the tumor cells themselves (Brennan et al., 2013; Louis et al., 2016). The GFAP/AIF1
237 expression ratio was calculated as log?(GFAP/AIF1) using mean per-block FPKM
238 values. EGFR amplification status was obtained from the clinical metadata provided
239 by Ivy GAP.



240 Statistical analysis. Sex differences in individual marker expression were assessed
241 by Mann-Whitney U test. A two-way ANOVA examined the main effects of sex
242 (male/female) and EGFR amplification status (amplified/non-amplified) on the
243 l0g?(GFAP/AIF1) ratio, followed by Fisher’s LSD post-hoc comparisons. Survival
244 differences between sexes were assessed by Mann-Whitney U test and reported as
245 Cliff's delta. All analyses were performed in GraphPad Prism 10. P-values were not
246 corrected for multiple comparisons.

247 Results

248 Study 1: Glial Density Across mPFC Subregions

249 Study 1 examined whether baseline glial density differs between sexes across dorsal
250 and ventral subregions of the rat mPFC. Figure 1 and Table 1 present mean glial cell
251 density across the three individual subregions (ACA, PL, and ILA, ordered dorsal to
252 ventral) by sex. Females showed consistently higher mean glial density
253 (non-significant in all individual pairwise comparisons) than males across all three
254 subregions, with the largest numerical differences in the ACA (Hedges' g = 1.91;
255 female mean 132.9, male mean 78.3 objects per 100,000 px?) and the ILA (g = 1.18;
256 female 124.6, male 85.9), and a negligible difference in the PL (g = 0.29; female 96.0,
257 male 89.9). The three-region repeated-measures ANOVA found no significant main
258 effects of sex, region, or their interaction. The large effect sizes in the ACA and ILA
259 indicate that despite non-significance, these differences are not trivial; a power
260 analysis for g = 1.91 at 80% power and a = 0.05 indicates approximately n = 6 per sex
261 would likely be sufficient to detect such a difference. When examining the three
262 subregions individually, the data show a directional trend consistent with lower
263 glial density in the dorsal ACA relative to the ventral ILA and PL, but this pattern
264 does not constitute a statistically demonstrable monotonic gradient across all three
265 regions at this sample size (see Limitations).

266 Table 1. Mean glial cell density by mPFC subregion and sex (ordered dorsal to ventral).

Region Female Male mean | AFvs | Hedges’' | **p-value**
mean (SEM) (SEM) M g
ACA (dorsal 132.9 (17.1) 78.3 (1.2) +70% 1.91 0.226 (ns)
mPFC)
PL (ventral 96.0 (18.5) | 89.9 (33.4) +1% 0.29 0.995 (ns)
mPFC)




ILA (ventral 124.6 (9.2) 85.9(18.1) | +45% 118 0.438 (ns)
mPFC)

267 Note. Values in objects per 100,000 px2. Two-way RM ANOVA with Sidak’s multiple
268 comparisons. n = 3 per sex. ns = not significant at a = 0.05. Subregions ordered
269 dorsal to ventral: ACA, PL, ILA. Values in parentheses are SEM.

Figure 1. mPFC glial density by subregion and sex
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271 Figure 1. Mean glial cell density across three mPFC subregions by sex (n = 3 per
272 sex). Red = female; blue = male. Subregions are ordered dorsal to ventral (ACA, PL,
273 ILA). Females showed consistently higher mean glial density (non-significant)
274 than males in all subregions, with the ACA and ILA comparisons showing large
275 effect sizes (Hedges’ g = 1.91 and 1.18, respectively). Pairwise sex comparisons by
276 subregion (Sidak post-hoc): ACA p = 0.226 ns, PL p = 0.995 ns, ILA p = 0.438 ns.
277 Box: median and IQR; whiskers: min-max; dots: individual animals. Two-way RM
278 ANOVA.

279 To more directly test dorsal-to-ventral organization, ILA and PL were pooled into a
280 single ventral mPFC composite measure and compared to the dorsal ACA (Figure 2).
281 This pooling approach was used to consolidate the two anatomically connected



282 ventral subregions and increase statistical resolution. A two-way ordinary ANOVA
283 revealed a significant main effect of region (F(1,8) = 9.883, p = 0.014), with sex not
284 significant as a main effect (F(1,8) = 2.856, p = 0.129) and no interaction (F(1,8) = 0.027,
285 p = 0.874). Post-hoc comparisons showed that male ACA density (78.3 objects per
286 100,000 px?) was significantly lower than pooled male ventral composite measure
287 (summed ILA + PL = 175.7; p = 0.047), establishing a statistically detectable
288 dorsal-to-ventral difference in glial density within males. In female rats, a
289 directionally comparable pattern was present (ACA = 132.9 vs. ILA + PL = 220.6) but
290 narrowly missed significance (p = 0.068). Sex comparisons within each zone were
291 non-significant (ACA: p = 0.226; ILA + PL: p = 0.312).

Figure 2. Dorsal vs. pooled ventral mPFC glial density by sex
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293 Figure 2. Dorsal ACA glial density versus pooled ventral mPFC composite measure
294 (summed ILA + PL) by sex. Red = female; blue = male. Male rats showed a
295 statistically significant dorsal-to-ventral difference (p = 0.047, Fisher’s LSD), with
296 substantially lower glial density in the ACA than in ventral subregions. Female
297 rats showed a comparable directional pattern that narrowly missed significance



298 (p = 0.068). Box: median and IQR; whiskers: min-max; dots: individual animals.
299 Note: ventral values are summed ILA + PL densities (composite burden measure)
300 and are not directly equivalent to single-region ACA density. Two-way ordinary
301 ANOVA. n = 3 per sex.

302 The female dorsal-to-ventral difference is numerically comparable in magnitude (A
303 = 87.7 units vs. 974 in males) but individual values are more variable across animals,
304 which may have contributed to the non-significant result. However, insufficient
305 sample size alone cannot be confirmed as the sole explanation. Because the male
306 dorsal-to-ventral p-value (0.047) and the female value (0.068) straddle the
307 conventional a = 0.05 threshold at a very small sample size, the apparent
308 sex-specific organizational difference should be interpreted cautiously, and the
309 difference between sexes is itself modest rather than categorical. The pattern
310 appears to be present directionally in both sexes; what may differ is the consistency
311 with which it is expressed across individuals, an issue that could reflect hormonal
312 variability given that estrous cycle stage was not confirmed at tissue collection.

313 Study 2: GFAP and AIF1 Expression in Human Glioblastoma

314 Table 2. [vy GAP cohort composition by EGFR amplification status and sex (n = 28).

Variable EGFR+ Male | EGFR- Male EGFR+ EGFR-
(n=15) (n=28) Female (n = 9) | Female (n = 6)
log?(GFAP/AIF1) 1.420 0.319 0.876 0.658
mean
+ SEM 0.158 0.238 0.179 0.423

315 Note. Blocks with unavailable EGFR status (n = 9) excluded from ratio analysis. EGFR
316 amplification rate in this cohort (50% female vs. 26% male) likely reflects sampling
317 variation in this small dataset.

318 Study 2 uses gene expression data from resected human glioblastoma tissue. Unlike
319 Study 1, it does not measure baseline architecture in the healthy brain; it examines
320 whether sex shapes the astrocytic-to-microglial transcriptional balance within
321 established tumors, and whether EGFR amplification shifts that balance differently
322 depending on sex. Female patients in this Ivy GAP subset survived longer than
323 males (median 493 vs. 351 days; Cliffs 8 = -0.367; Mann-Whitney p = 0.097),
324 consistent with published registry data (Ostrom et al., 2018), confirming that this
325 cohort reflects the broader sex survival pattern in GBM.



326 When GFAP and AIF1 were examined individually, neither differed significantly by
327 sex. Mean GFAP expression was 6.08 log? FPKM in males versus 5.85 in females
328 (Mann-Whitney p = 0.347), and mean AIF1 was 4.98 in males versus 5.01 in females (p
329 = 0.909). This is consistent with prior work showing that bulk-level expression of
330 individual glial markers does not reliably capture sex differences without a
331 stratifying variable (Villa et al., 2018; Guneykaya et al., 2018). These null results are
332 informative: if sex shapes not the quantity of each glial population but how those
333 populations respond to an oncogenic perturbation, no single-marker comparison
334 will detect it. The ratio analysis was designed specifically to test that possibility.

335 EGFR Amplification Modifies the GFAP/AIF1 Ratio Differently by Sex

336 A two-way ANOVA of the log?(GFAP/AIF1) ratio (n = 28 blocks: five EGFR-amplified
337 males, eight non-amplified males, nine EGFR-amplified females, six non-amplified
338 females) revealed a significant main effect of EGFR amplification (F(1,24) = 6.117, p =
339 0.021) but not of sex (F(1,24) = 0.148, p = 0.704). The sex-by-EGFR interaction was not
340 significant (F(1,24) = 2.738, p = 0.111). Post-hoc comparisons are summarized in Table
341 3 and Figure 3.

342 In male patients, EGFR amplification was significantly associated with a higher
343 log?(GFAP/AIF1) ratio (amplified: 1.420 vs. non-amplified: 0.319; p = 0.010). In female
344 patients, the same comparison produced no significant difference (amplified: 0.876
345 vs. non-amplified: 0.658; p = 0.552). The same genetic alteration produced a large,
346 significant shift in one sex and essentially no shift in the other. Within
347 EGFR-amplified tumors, males showed a higher mean ratio than females (1.420 vs.
348 0.876), although this comparison did not reach statistical significance (p = 0.169).
349 Within non-amplified tumors, the direction reversed: non-amplified males showed
350 a lower ratio (0.319) than non-amplified females (0.658; p = 0.370), though this
351 comparison is notably underpowered given that the majority of non-amplified
352 patients are male in this cohort.

353 Table 3. log?(GFAP/AIF1) ratio by EGFR amplification status and sex.

Group comparison Male mean Female **p-val | Interpretation
(SEM) mean (SEM) | ue**
EGFR-amplified (5M, 9F) 1420 + 0.876 + 0.169 ns
0.158 0.179
Non-amplified (8M, 6F) 0.319 + 0.658 + 0.370 ns
0.238 0.423




Males: EGFR-amp vs. — — 0.010 Significant *
non-amp
Females: EGFR-amp vs. — — 0.552 ns
non-amp

354 Note. Two-way ANOVA with Fisher’s LSD post-hoc. n = 28 blocks (nine excluded for
355 unavailable EGFR status). p* < 0.05. EGFR amplification rate in this cohort (50%
356 female vs. 26% male) is atypical of larger GBM registries and likely reflects sampling
357 variation in the small Ivy GAP dataset.

Figure 3. GFAP/AIF1 ratio by EGFR amplification status and sex
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359 Figure 3. log?(GFAP/AIF1) ratio by EGFR amplification status and sex. Red
360 female; blue = male. EGFR amplification was a significant main effect overall (p
361 0.021). Within males, EGFR-amplified tumors showed a significantly higher ratio
362 than non-amplified tumors (p = 0.010). Within females, no significant shift was
363 observed (p = 0.552). Two-way ANOVA, Fisher’s LSD post-hoc.

364 Discussion



365 Taken together, these findings suggest that sex shapes glial biology primarily as an
366 Organizing variable, not as a scaling one. In both datasets, the sex difference was
367 invisible in direct male-versus-female comparisons of any single measurement. It
368 only became detectable when a reference gradient was introduced: a spatial
369 dorsal-to-ventral contrast in the rat brain, and EGFR amplification status in human
370 tumor tissue. That the same structural pattern emerged across two independent
371 datasets, two species, and two entirely different types of biological measurement
372 points toward a consistent organizing principle: sex-dependent glial biology
373 appears to be expressed through how populations are arranged and how they
374 respond to perturbation, rather than through their absolute quantity. This
375 resonates with the transcriptomic work of Villa et al. (2018) and Guneykaya et al.
376 (2018), in which male and female microglia differed not in total cell number but in
377 gene expression profiles and inflammatory signaling pathways. These differences
378 were measurable only when comparing activation states, not bulk marker levels.

379 The Study 1 finding of a significant dorsal-to-ventral glial density difference in
3ge males and a parallel but non-significant pattern in females is consistent with the
381 known functional architecture of the rodent mPFC. The ventral ILA and PL are
382 densely connected to subcortical stress-response systems including the amygdala,
383 hypothalamus, and brainstem (Heidbreder & Groenewegen, 2003), and are
384 established sites of elevated glial reactivity. This is consistent with the higher glial
385 density observed in these ventral regions in both sexes. The dorsal ACA, by
386 contrast, connects primarily to cortical executive circuits and may have lower
387 baseline glial activity. Sex differences in glutamatergic and microglial signaling
388 within these circuits have been further described by Knouse et al. (2022). In males,
389 the density difference between dorsal and ventral regions is sharp enough to reach
390 statistical detection at n = 3. In females, the numerical magnitude of the difference
391 is comparable but individual values are more variable across animals, compressing
392 the signal below significance at this sample size. One candidate explanation is that
393 estrogen receptor signaling exerts anti-inflammatory effects on microglia through
394 ERa and ERB-mediated mechanisms (Villa et al., 2016; Acaz-Fonseca et al., 2015),
395 which could dampen and desynchronize ventral glial density across individual
396 female animals depending on hormonal state. Because estrous cycle stage was not
397 confirmed at tissue collection, this cannot be tested directly from the current data.

398 An observation that extends beyond group mean differences is the pattern of
399 individual variability across both studies. Male animals and patients showed more
400 consistent, rigid responses to biological organization cues, both spatial (the



401 dorsal-to-ventral density difference) and oncogenic (EGFR amplification shifting
402 the GFAP/AIF1 ratio). Female subjects showed greater intragroup variability in both
403 cases: the female dorsal-to-ventral pattern missed significance partly due to
404 greater individual spread, and female tumor GFAP/AIF1 ratios did not shift
405 significantly in either EGFR-amplified or non-amplified groups. This raises the
406 possibility that sex differences in glial biology are not primarily differences in
407 means but differences in the structure of variance. Female glial populations may be
408 subject to more dynamic, hormonally modulated regulation that varies across
409 individuals and contexts. If this interpretation is correct, the female survival
410 advantage in GBM (Ostrom et al., 2018) may partly reflect this regulatory flexibility:
411 female tumor microenvironments may be more capable of dynamic adjustment
412 under oncogenic pressure, maintaining a more balanced astrocyte-to-microglial
413 ratio even under EGFR-driven perturbation. This is broadly consistent with the
414 higher baseline inflammatory responsiveness and maintained homeostatic profiles
415 documented in female microglia under perturbation by Villa et al. (2018) and
416 Guneykaya et al. (2018).

417 The sex-specific EGFR amplification finding has specific implications for
418 understanding male vulnerability in glioblastoma. Non-amplified male tumors in
419 this cohort showed the lowest mean GFAP/AIF1 ratio of any group (0.319),
420 consistent with prior evidence that male GBM tumors exhibit higher baseline
421 microglial and macrophage infiltration when major tumor-intrinsic
422 immunosuppressive mechanisms are not fully active (Hambardzumyan et al., 2016;
423 Villa et al., 2018). The addition of EGFR amplification in males then dramatically
424 shifts this balance toward an astrocyte-dominant state (ratio 1.420, p = 0.010 vs.
425 non-amplified males), creating a particularly unfavorable combination: EGFR-driven
426 GFAP expression from the tumor cells themselves (Brennan et al., 2013; Verhaak et
427 al., 2010) dominates over the microglial compartment. Astrocyte-dominant tumor
428 microenvironments are specifically associated with suppression of cytotoxic T cell
429 infiltration through TGF-f secretion and physical barrier formation (Sofroniew &
430 Vinters, 2010), which are primary immunosuppressive mechanisms in GBM and key
431 barriers to immunotherapy efficacy. Female patients with EGFR-amplified tumors
432 showed no equivalent ratio shift, suggesting their microglial compartment is not
433 equivalently displaced by the EGFR-driven GFAP increase. This resistance may
434 reflect estrogen receptor-mediated maintenance of microglial homeostasis (Villa et
435 al., 2016; Acaz-Fonseca et al., 2015). If confirmed in larger datasets, EGFR-amplified
436 male GBM patients may represent a biologically distinct subgroup with an



437 astrocyte-dominant TME that is specifically resistant to checkpoint inhibitor-based
438 immunotherapy. This subgroup may benefit from combined EGFR-targeted and
439 microenvironment-directed therapies. Many current glioblastoma trial designs do
440 not routinely stratify patients by both EGFR status and sex, leaving this potential
441 subgroup distinction largely unexamined.

442 The Study 2 finding has a straightforward mechanistic interpretation grounded in
443 the canonical function of EGFR amplification. In the Classical GBM subtype, EGFR
444 amplification drives GFAP upward through the tumor cells’ own astrocytic gene
445 programs, not through reactive astrocyte activity (Brennan et al., 2013; Verhaak et
446 al., 2010). In male patients, this EGFR-driven GFAP increase is sufficient to
447 significantly elevate the GFAP/AIF1 ratio relative to non-amplified male tumors. In
448 female patients, the same EGFR-driven GFAP increase does not produce a
449 detectable ratio shift. The most likely explanation is that female microglia maintain
450 2 more homeostatic transcriptional state under oncogenic stress (Villa et al., 2018;
451 Guneykaya et al., 2018), potentially through estrogen receptor-mediated pathways
452 in microglial cells (Villa et al,, 2016). If female microglia maintain higher AIF1
453 expression in the presence of EGFR-driven tumor expansion, the ratio stays more
454 stable even as GFAP rises. The sex-by-EGFR interaction term did not reach
455 significance (p = 0.111), so this sex-dependent pattern should be treated as a
456 hypothesis to test in larger datasets rather than a confirmed finding.

457 The directional reversal in non-amplified tumors, where males show a lower ratio
458 (0.319) than females (0.658), is noteworthy and not contradictory. In non-amplified
459 tumors, EGFR is not driving GFAP upward in tumor cells. The ratio therefore
460 reflects the native balance between host astrocytic activity and microglial activity
461 without the EGFR-driven GFAP boost. That non-amplified male tumors appear
462 more AlF1-dominant than any other group is consistent with prior reports of higher
463 microglial infiltration in male GBM tumors in the absence of major
464 immunosuppressive oncogenic drivers (Hambardzumyan et al., 2016; Villa et al.,
465 2018). However, with n = 8 non-amplified males in this cohort, including one outlier
466 patient (W34) with a ratio of -0.907, the mechanistic interpretation of this group is
467 premature.

468 Across both studies, sex-dependent glial biology appears to be expressed primarily
469 as a difference in organizational consistency and perturbation responsiveness, not
470 as a global difference in cell quantity or baseline marker levels. In the healthy brain,
471 this is reflected in spatial differences in glial density that are detectable by



472 dorsal-to-ventral contrast but not by region-by-region comparison. In tumor
473 tissue, it emerges as a difference in how the GFAP/AIF1 balance responds to an
474 oncogenic driver that directly amplifies the GFAP compartment.

475 Several limitations affect the interpretation of both studies. In Study 1, n = 3 per sex
476 is underpowered; a power analysis for the ACA effect size (g = 1.91) at 80% power
477 and a = 0.05 indicates approximately n = 6 per sex would likely be sufficient, while n
478 = 8 to 10 provides more stable estimates. Estrous cycle stage was not confirmed,
479 introducing potential hormonal variability in female animals. Counting was not
a0 performed blind to the animal’s sex, which introduces potential observer bias.
481 Nuclear morphology counting using the kit-supplied proprietary counterstain
482 identifies all glial subtypes collectively and cannot resolve astrocytes, microglia,
483 and oligodendrocytes separately, which limits the direct comparability to Study 2’s
484 astrocyte/microglial  gene  expression ratio. Additionally, the term
485 “dorsal-to-ventral gradient” refers specifically to the pooled ACA versus ILA + PL
486 comparison; when examining all three subregions individually, the pattern is
487 directional but not a monotonically increasing gradient. In Study 2, within-group
488 sample sizes are as small as n = 5 (EGFR-amplified males), and the EGFR
489 amplification rate in this cohort (50% of females vs. 26% of males) is atypical of
490 larger GBM registries, most likely reflecting sampling variation. This imbalance
491 means the non-amplified group is predominantly male, which limits the power of
492 within-non-amplified sex comparisons. Across both studies, p-values were not
493 corrected for multiple comparisons, which increases the risk of type I error across
494 the multiple post-hoc tests performed. Specifically, Study 1's three-region post-hoc
495 comparisons used Sidak’s correction, which controls the family-wise error rate;
496 however, the dorsal-to-ventral Fisher’s LSD comparisons in Study 1 and all Fisher’s
497 LSD post-hoc comparisons in Study 2 rely on the protection afforded by a
498 significant omnibus F-test rather than a per-comparison alpha adjustment, leaving
499 some residual multiple comparisons risk for those specific tests. In this revision, all
soo0 three figures have been re-rendered as box plots with individual data points
so1 overlaid, replacing the original bar graphs; this addresses the distributional
502 representation concern and allows the individual variability in female responses to
s03 be directly visible, particularly the high-variance non-amplified female group in
504 Figure 3.

505 Conclusion



so6 Both studies showed that sex shapes glial biology through differential
507 responsiveness to spatial and oncogenic gradients, not through differences in
s08 absolute cell quantity or individual marker expression. In the rat medial prefrontal
509 cortex, a significant dorsal-to-ventral glial density difference was detectable in
510 males and showed a directionally similar but non-significant pattern in females,
511 suggesting sex-dependent differences in how glial cells are spatially organized
512 within this region. In human glioblastoma, EGFR amplification significantly elevated
513 the GFAP/AIF1 expression ratio in male patients but produced no detectable shift in
514 female patients, indicating that female tumors appeared to maintain a more stable
515 glial balance in this cohort even when a major oncogenic driver was pushing the
516 GFAP compartment upward.

517 Several specific next steps would build directly on these findings. Replication of the
518 sex-by-EGFR interaction in the GFAP/AIF1 ratio in TCGA-GBM, which contains over
519 150 patients with EGFR amplification data, would determine whether the
520 sex-dependent ratio response is robust. If confirmed, examination of cytotoxic T
521 cell marker expression (e.g., CD8A) stratified by both sex and EGFR status would
522 directly test whether EGFR-amplified male patients carry a more
523 immunosuppressed TME. Integration with single-cell RNA sequencing data would
524 allow the relative contributions of tumor-cell GFAP and reactive astrocyte GFAP to
525 be disentangled. For Study 1, addressing whether the glial density differences
526 detected here are driven primarily by astrocytes, microglia, or both would require
527 replication with n = 8 to 10 per sex using combined IBAl and GFAP immunostaining
528 alongside the nuclear counterstain, with estrous cycle stage confirmed at tissue
529 collection. Including an ovariectomy group with defined hormone replacement
530 would allow direct testing of whether estrogen suppresses ventral mPFC glial
531 density and increases individual variability in females. If sex shapes the spatial
532 organization of astrocytes and microglia differently in the healthy brain, and if that
533 organizational difference persists into the tumor microenvironment, it may prove
s34 to be one of the biological foundations of the female survival advantage in
535 glioblastoma (Ostrom et al., 2018).

536 Sex is not just a demographic variable in glioblastoma. It appears to change the
537 molecular architecture of the tumor microenvironment in ways that interact with
538 specific oncogenic drivers. Treating sex as a variable to adjust for rather than a
539 biological question to investigate directly leaves part of the disease’s biology
s40 unexamined, and may help explain why some treatment approaches have not
s41 produced durable outcomes across patient populations. Several specific



542 therapeutic directions follow from these observations. First, the apparent
543 astrocyte-dominant tumor microenvironment in EGFR-amplified male patients
544 suggests that this subgroup may benefit from combined treatment strategies that
s45 pair EGFR-targeted agents with microenvironment-directed therapies, in particular
s46 those that disrupt astrocyte-derived immunosuppressive signaling (for example,
547 TGF-p pathway inhibitors) or restore microglial immune function. Second, the
s48 differential response of male and female tumors to EGFR amplification implies that
549 checkpoint inhibitor-based immunotherapy may require sex-stratified evaluation: if
sso female tumors maintain a more balanced glial compartment under oncogenic
ss1 pressure, female EGFR-amplified patients may show a different baseline
552 immune-suppression  profile, and therefore a different response to
553 immune-checkpoint blockade, than their male counterparts. Third, prospective
554 glioblastoma trials should consider stratifying enrollment by both EGFR
555 amplification status and sex, an analytical step that many current trial designs omit,
556 and that could clarify whether sex-specific dosing strategies, response biomarkers,
557 or combination regimens may help narrow the male-female survival gap. Even
558 modest improvements in identifying patients most likely to benefit from specific
559 therapeutic combinations could meaningfully contribute to closing the 3- to
s60 >-month survival difference that has persisted despite two decades of stable
561 median survival in glioblastoma.
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