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Androgenloss accelerates brain tumour
growth via HPA axis activation
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Many cancers, including glioblastoma (GBM), show a male-biased incidence and
associated worse outcomes’. The mechanisms that underlie this sex difference remain
unclear but may involve animmune response? that is partly driven by sex hormones
such as androgens. Such hormones are thought to suppress antitumour T cellimmunity
and to promote tumour progression®*. However, here we report a previously unreported
tumour-suppressive role for androgens in brain tumours. Using mouse models,

we demonstrate that androgen loss via castration accelerates intracranial tumour
growth, whereas the opposite effect (delayed tumour growth) is observed in
extracranial tumours. Similar effects were observed in male patients with GBM, in
whom testosterone treatment significantly reduced the risk of death. In male mice
with GBM tumours, castration-induced systemic T cell dysfunction driven by
increased levels of serum glucocorticoids, which act on myeloid cells to promote an
immunosuppressive tumour microenvironment. Mechanistically, hyperactivation

of the hypothalamus-pituitary-adrenal axis in castrated mice with GBMis driven by
increased neuroinflammatory signalling through IL-18 and TNF. Spatial transcriptomic
analysis further revealed that androgen loss enhances inflammasome activation
inmicroglia, which promotes this neuroinflammatory state. Together, our

findings demonstrate that brain tumours drive distinct neuroinflammatory and
neuroendocrine pathways in the androgen-deprived setting and highlight organ-
specific regulation of antitumour immunity.

Sexdifferencesincancerhavelongbeenrecognizedinnon-reproductive
organs, such as bladder, colorectal system, lung, skin and brain*°.
Indeed, recent efforts have started to highlight the mechanisms that
underlie these differences. Ingeneral, male individuals exhibit a higher
incidence and poorer outcomes than female individuals across these
cancers. Sex hormones and sex chromosomes, including the loss of the
Y chromosome”®, are the main factors that drive tumour-intrinsic® or
tumour-extrinsic'® sex differences in cancers. Recently, a crucial role
for androgens in antitumour immunity and their impact onimmune

checkpointinhibitor treatment have beenidentified. Specifically, inhi-
bition of androgen receptor (AR) signalling enhances the efficacy of
anti-PD1 treatment in mouse models of castration-resistant prostate
cancer”, bladder cancer*and colon cancer?, which was due toincreased
T cell exhaustion induced by AR signalling®*. Therefore, blocking AR
can synergize with anti-PD1 and PD-L1 blockade to reinvigorate T cell
function.

GBM is the most common and malignant primary brain tumour.
GBMalso displays sex differences, with poorer outcomes observedin
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maleindividuals*™ Consequently, substantial effort has been made to
identify the underlying mechanisms of this effect, including tumour-
intrinsic’®* and tumour microenvironment factors® Y. Androgen
signalling has been reported to promote GBM growth by enhancing
proliferation, migration and invasion in vitro'2°, By contrast, loss
of androgen signalling inhibits tumour growth in immunodeficient
mice andinnon-orthotopic transplantation mouse models*?°. On the
basis of these findings, AR blockade has been suggested as a potential
therapy for GBM. However, the comprehensive effect of androgens on
GBM, especially the involvement of the immune compartment and
organ-specific microenvironments, has not been fully addressed.

Androgens have a crucial role in the sexual differentiation of the
brain, particularly during the prenatal period®, which is more promi-
nent compared with that of almost all other non-reproductive organs.
Androgen signalling masculinizes the male brain by guiding the devel-
opment of male-typical neural structures and functions that regulate
behavioural characteristics of male individuals®*. Furthermore, owing
tothe highandregionally variable expression of aromatase, anenzyme
that converts androgens to oestrogen, androgen signalling in the brain
is uniquely regulated compared with other organs®?*. Considering the
distinctive nature of androgen signalling in the brain, it is probable
that androgen signalling contributes in some capacity to the sex dif-
ferences observed in brain tumours, including GBM. Here we explore
therole of androgensin antitumourimmunity in GBM. We show thatin
combination with the loss of AR signalling, brain tumours specifically
regulateimmune responses via the hypothalamus-pituitary-adrenal
(HPA) axis. Moreover, our findings demonstrate that androgens func-
tionas animmune-based tumour suppressor in brain tumours through
mechanismsinvolving neuroinflammation. Together, our results high-
light the distinct immune microenvironment of the brain.

Androgenloss shortens survival

We previously demonstrated a male-biased increase in T cell exhaus-
tion in GBM that contributes to worse outcomes in male patients'.
To further understand the sex differences in antitumour immunity
that occur with ageing, we analysed T cell abundance in tumour sam-
ples obtained from 58 patients with high-grade gliomas (22 women,
36 men) using image-localized biopsy samples®. Bulk RNA sequencing
(RNA-seq) of tumour samples was performed, and data were decon-
volvedto estimate T cellabundancein each sample. As there were mul-
tiplesamples per patient, the average value of the T cell abundance per
patient was obtained and presented for statistical analyses. Samples
from male patients older than 50 years at diagnosis showed a signifi-
cant decrease in T cell abundance compared with patients younger
than 50 years (Extended Data Fig. 1a). By contrast, age did not show a
significanteffecton T cellabundance in samples from female patients
(Extended Data Fig. 1b). Although multiple biological processes can
exert age-dependent effects on tumour progression®, we were par-
ticularly interested inwhether the gradual reduction in sexhormones
with ageing plays a part”. Thus, we questioned whether the decreased
androgen levels in male individuals affect antitumour immunity in
brain tumours.

Toinvestigate the effect of androgens in brain tumour progression,
5-6-week-old male mice were surgically castrated and survival was
analysed following intracranialimplantation of various mouse synge-
neic GBM models: SB28, GL261, CPA and KR158. Unlike other tumour
modelsinwhich castrationincreased survival**?, castrated mice with
GBM tumours exhibited significantly reduced survival compared with
the sham-surgery group (Fig. 1a and Extended Data Fig. 2a) and the
tumours were larger in size (Fig. 1b). Moreover, in a genetically engi-
neered mouse model (GEMM) of GBM generated via electroporation
of oncogenic plasmid DNA into the neonatal brain®?*°, we observed a
similar accelerated tumour growth with reduced median survival in
castrated mice (Extended Data Fig. 2b). These findings indicated that

androgens suppress the growth of brain tumours, which prompted us
to question whether thisis atumour-cell-specific or site-specific effect.
Toaddressthis question, we intracraniallyimplanted non-GBM cancer
cells, either bladder cancer (MB49) or melanoma (B16-F10), into mice.
For these two cells lines, androgens have been shown to have immu-
nosuppressive and tumour-promoting roles**. In both these tumour
models, we observed shortened survival in castrated mice (Fig. 1c),
which suggested that the tumour-suppressive role of androgens is
site-specific and not cell-type-specific. Furthermore, when mouse
GBM cells (SB28) were subcutaneously implanted, tumour growth was
delayedin the castration group (Fig.1d), aresult that aligns with previ-
ousreports of other tumours>* and supports the brain-specific effect
ofandrogens. Collectively, these results suggest that loss of androgens
hasadistinct role in controlling tumour growth in the brain.

To confirm that the decreased survival observed in castrated mice
with brain tumours is an androgen-dependent effect, we treated
gonadally intact male mice (8-9 weeks old) with enzalutamide, an AR
inhibitor widely used in prostate cancer treatment®. Enzalutamide-
treated mice showed decreased survival compared with the vehicle-
treated group (Fig. 1e), which suggested that AR signalling mediates
this survival difference. Furthermore, administration of exogenous
testosterone extended survivalin castrated mice, rescuing the decrease
insurvival observed with castration (Fig. 1f).

Notably, administration of exogenous testosterone to gonadally
intact male mice further prolonged survival (Fig. 1g). To evaluate the
clinical relevance of these findings, we analysed data from patients
with GBM from the Surveillance, Epidemiology, and End Results (SEER)
database (Fig. 1h). Survival analysis revealed that men with GBM who
received both supplemental testosterone and temozolomide (n = 61,
median overall survival (mOS) = 16 months) had significantly longer
survival (P< 0.001) compared with individuals treated with temozo-
lomide alone (n=1,272, mOS =12 months) (Fig. 1i). Hazard ratio (HR)
analysis showed that men with GBM who received both supplemen-
tal testosterone and temozolomide had a 38% reduced risk of death
(HR =0.62, 95% confidence interval (CI) = 0.48-0.82, P< 0.001) com-
pared with individuals who received temozolomide alone. In the fully
adjusted model, the risk reduction increased to 34% (HR = 0.66, 95%
CI=0.50-0.86, P=0.003). Together, these findings indicate a poten-
tial protective role for testosterone in GBM, which is in contrast to its
effects in tumours outside the brain.

Tumour-extrinsic role of androgens in GBM

To assess the direct effects of androgens on GBM growth, we used
invitroand immunodeficientin vivo models. As previously shown' %,
the addition of testosterone cypionate to mouse GBM cell cultures
increased tumour cellnumber (Extended DataFig. 2c), and both GBM
models (SB28 and GL261) expressed high levels of AR (Extended Data
Fig.2d). Moreover, inimmunodeficient NSG mice intracranially injected
with GBM cells, tumour growth was delayed in castrated mice compared
with the sham-surgery group (Extended DataFig.2e). Thus, these data
suggest that androgen signalling promotes GBM tumour growthin the
absence of an immune compartment.

Next, we sought to understand the mechanistic basis for the
castration-mediated acceleration of brain tumour growth inimmu-
nocompetent mice. First, we assessed the impact of androgens on
tumour growth. Immunofluorescence analyses showed that androgen
depletionvia castration did notinfluence tumour cell proliferation, as
assessed by measuring phosphorylated histone H3 levels (Extended
Data Fig. 3a). Moreover, RNA-seq of tumour tissues showed minimal
gene expression changes between castrated and sham-surgery mice
(Extended Data Fig. 3b and Supplementary Table 1). Notably, Gene
Ontology (GO) term analysis showed that pathways related to cellular
biosynthesis were downregulated in tumours from castrated mice
(Extended DataFig.3c). Theseresults prompted us to question whether
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Fig.1|Loss of testosteroneleads toshortened survival of mice withbrain
tumoursinanandrogen-dependent manner. a-f, Male mice aged 5-6 weeks
oldwere castrated (Cas) or underwent ashamoperation at least 2 weeks
before tumourimplantation. The median survival time and number of mice
areindicated. Datawere combined fromtwo (c,d,f) or three (a,e) independent
experiments. a, Survival analysis of B6 mice after intracranialimplantation

of SB28 tumours. b, Histology of mouse brain tissue 14 days after tumour
implantation. Tubulin (red), eGFP (SB28, green), nuclei (Hoechst, blue). Scale
bar,1 mm. The anatomicrosette indicates the dorsal (D), ventral (V), rostral (R),
caudal (C), medial (M) and lateral (L) directional axes. ¢, Survival analysis of B6
mice afterintracranialimplantation of MB49 or B16-F10 tumours. d, Tumour
growth curve of B6 mice subcutaneously inoculated with SB28 tumours

inthe flank. e, Survival analysis of B6 male mice intracranially implanted
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Survival after diagnosis (months)

with SB28 tumours after enzalutamide (Enza) or vehicle (Veh) treatment.
f.g, Survival analysis of castrated (f) or gonadally intact (g) B6 male mice
intracraniallyimplanted with SB28 tumours and treated with testosterone
cypionate (TC) or vehicle as depicted. The schematicin fshows the
experimental schedule. h,i, Survival analysis of data from patients with
GBM from the SEER-Medicare database (2008-2019). h, Schematic of the
dataanalysis. i, Adjusted Kaplan-Meier curves by treatment group. Median
survival timeand number of patientsineach group areindicated. Dataare
themean +s.d (d). Statistics: log-rank (Mantel-Cox) test (a,c-g), two-way
analysis of variance (ANOVA) analysis (d) or multivariable Cox proportional
hazards model (i). Illustrations in fand hreproduced with permission,
Cleveland Clinic Foundation ©2026.



tumour growth differences are mediated by cell death. Staining for
cleaved caspase-3,amarker for apoptotic cell death, revealed reduced
cell death in tumours from castrated mice (Fig. 2a). This result sug-
gests that impaired antitumour immunity may underlie the increase
in tumour burden. Together, these data highlight a crucial role for
tumour-extrinsic,immune-mediated mechanismsin modulating GBM
growth following androgen depletion.

CastrationinducesT cell dysfunction

To further investigate the role of immune cells, we used Ragl” mice,
whichlack mature T cells and B cells, asamodel. The castration-related
effect on survival was abrogated in Ragl”~ mice after intracranial
implantation of GBM cells (Fig. 2b and Extended Data Fig. 4a). This
result suggests that adaptive immunity and lymphocytes have a crucial
rolein the castration-mediated effects on survival.

Immune cell analyses revealed that the production of antitumour
cytokines such as IFNy and TNF was significantly decreased in cas-
trated mice, not only in tumour-infiltrating T cells (Fig. 2c, Extended
DataFig.4b and Supplementary Fig.1) butalsoin peripheral lymphoid
organssuchaslymphnodes (Fig. 2d) and spleen (Extended Data Fig. 4c).
Nodifferenceinthe frequencies ofimmune cell subsetsinfiltrated into
the tumour was observed (Extended DataFig.4d). Thisdecreased T cell
function could explainthe accelerated tumour growth and decreased
cell death observed in castrated mice. These findings are in contrast
to previous observations in other solid tumours, in which enhanced
T cell function was observed with surgical castration®**?. Indeed, in
mice that received a subcutaneous implantation of GBM cells in the
flank, castrationresulted in either comparable orincreased T cell func-
tionintumours (Fig. 2e), withelevated CD8" T cell tumour infiltration
(Extended Data Fig. 4e). Notably, in mouse models that had tumours
implanted in either the brain or the flank, a decreased frequency of
progenitor exhausted T cells was observed in castrated mice (Fig. 2f,g).
This result supports previous findings of AR-mediated regulation of
TCF1transcription®*. By contrast, terminally exhausted T cells and effec-
tor T cells showed different changes between brain tumours and flank
tumours following castration (Fig. 2f,g). The terminally exhausted
T cell population was increased in castrated mice with brain tumours,
whereas effector T cells were decreased in brain tumours butincreased
inflank tumours.

These data indicate that there are additional mechanisms that
regulate T cell function in brain tumours, beyond those mediated by
androgens, in castration conditions. Collectively, these results demon-
strate that loss of androgens induces systemic T cell dysfunctionin a
brain-tumour-specific manner that ultimately affects tumour growth.

Androgenlossincreases HPA activity

Our findings thus far show that androgens function to constrainbrain
tumour growth. This phenotype is opposite to what has been observed
inother solid tumours outside the brain. Given the systemicimmuno-
suppression we observed, and acknowledging the well-established
role of stress hormones, such as glucocorticoids, in decreasing T cell
function®, we investigated whether these effects could be attributed
to changes in endogenous glucocorticoid levels. Indeed, liquid chro-
matography and tandem mass spectrometry (LC-MS/MS) analyses of
serum from castrated mice revealed asignificantincrease inboth corti-
costerone (CCT), anactive form of glucocorticoid, andits inactive form,
11-dehydrocorticosterone (11-DHC) (Fig. 3a). Notably, the increase
in CCT was observed regardless of brain tumour presence, whereas
11-DHC was furtherincreased by the presence of atumour in castrated
mice (Fig.3a). However, glucocorticoid levels were notincreased in the
brain tissue of castrated mice (Extended Data Fig. 5a). The decreased
testosterone level in castrated mice was confirmed by MS analyses
(Extended Data Fig. 5b,c). After AR blockade with enzalutamide, the

serum concentration of glucocorticoids and testosterone was not
altered (Extended Data Fig. 5d,e). However, the ratio of the active to
inactive form (CCT/11-DHC) was significantly increased inmice inwhich
ARs were blocked (Extended Data Fig. 5d). This result is consistent
with previous reports in patients with prostate cancer treated with
enzalutamide®, These data suggest thatan additional mechanism that
regulates glucocorticoid metabolismis altered after pharmacological
blockade of ARs.

Next, we investigated whether an increase in glucocorticoid levels
contributes to the shortened survival time of castrated mice. To that
end, we blocked glucocorticoid receptor (GR; encoded by Nr3cI) func-
tion during tumour progression using mifepristone. Castrated mice
treated with mifepristone showed significantly extended survival com-
pared with the vehicle-treated group (Fig. 3b). However, this treatment
effectwasnot observedin the sham-surgery group (without castration)
(Fig. 3c). Immune cell analysis revealed that although GRinhibition did
not alterimmune cell infiltration into tumours, it enhanced cytokine
expressionin T cells (Extended Data Fig. 5f,g). These results suggest
thatanincreasein castration-induced glucocorticoid levels promotes
tumour progression by attenuating antitumour immunity.

Glucocorticoid production is tightly controlled by the neuroendo-
crine system via the HPA axis®. As the production of glucocorticoids
in the adrenal gland is regulated by adrenocorticotropic hormone
(ACTH) produced by the pituitary gland, we measured ACTH levels in
the serum. In mice without tumours, there was no difference between
sham-surgery and castrationgroups. By contrast, there was a significant
increase in ACTH levels in castrated mice with brain tumours (Fig. 3d
and Extended Data Fig. 5h). This increase in ACTH levels manifested
acutely 1day after tumour implantation (Extended Data Fig. 5i). Fur-
thermore, intracranial implantation of non-GBM cells led to similar
increases in ACTH levels after castration, which indicated that this
increase is not a tumour-specific but a site-specific effect (Fig. 3e).
Theincreasein ACTH depended on AR signalling, as mice with a brain
tumour and treated with an AR inhibitor also resulted in increased
ACTH production (Fig. 3f). Furthermore, theincreased production of
ACTHwas reversed by exogenous testosterone treatment in castrated
mice (Fig.3g). Notably, hypothalamic neural cell activity was increased
in castrated mice (Fig.3h), aresult that supports the idea that there is
hyperactivation of the HPA axis in castrated mice with brain tumours.

Alterations in AR signalling had different effects in female mice.
Although exogenous testosterone significantly reduced survival in
female mice with brain tumours, it did not affect ACTH levels (Extended
DataFig. 6a-c). Note that endogenous female sex hormones were not
manipulated in these mice. Similarly, AR blockade had no effect on
either survival or ACTH production in female mice (Extended Data
Fig. 6d-f). Theseresults suggest that although testosterone can confer
amale-like phenotype in terms of tumour progression in female indi-
viduals, its effect on the HPA axis may be regulated by more complex
mechanisms, including interactions among multiple sex hormones
and sex-biased, tissue-specific regulations in the HPA axis.

Taken together, our data suggest that brain tumours induce hyper-
activation of the HPA axis in the absence of androgen signalling in male
mice, whichmay lead to decreased antitumour T cellimmunity and to
promote tumour progression.

GRssignalling acts viamyeloid cells

Next, we investigated the mechanisms of glucocorticoid-mediated
immunosuppression in castrated mice with brain tumours. Mac-
rophages exhibited high GR expression, and several immune cell
subsets, including T cells, natural killer (NK) cells and macrophages,
showed increased GR expression following castration (Extended Data
Fig.7a,b). Given thatglucocorticoids can suppress effector T cell activ-
ity either directly through GRs or indirectly via regulatory T (T,.,)
cells®, we first tested the involvement of these pathways. However,
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Fig.2|Castrationinduces asystemicattenuation of T cell function.
a, Immunofluorescence analysis of tumour tissues from castrated mice and from

sham-surgery mice (n = 5per group) at day 14 after intracranialimplantation

of SB28 tumours. Left, representative images from sham-surgery mice and

castrated mice with tumours. Cleaved caspase-3 (red), tumour (eGFP*; green),

nuclei (Hoechst; blue). Scale bars, 100 um. Right, quantification of cleaved
caspase-3 normalized to eGFP* tumour area. P=0.000565.b, Survival analysis
of Ragl” mice after intracranial implantation of SB28 tumours. Datawere

combined from fourindependent experiments. Median survival time and
number of mice areindicated. c,d, Left, flow cytometry analysis of T cells
obtained from sham-surgery mice and castrated mice 14 days after brain
tumour (SB28) implantation. Right, cytokine productioninT cells infiltrated

intotumours (c) (n =5 for sham, n = 8 for castrated) or inguinal lymph nodes (d)
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(n=9 pergroup) was measured after 4 h of incubation with stimulation
cocktail. P=0.000154 (CD4°IFNy*), P=0.000013 (CD4'TNF"). e, Cytokine
productionin T cellsinfiltrated into flank tumours (SB28; n =5 per group)
measured on day 19.f,g, Frequency of CD8" T cell subsets from brain tumours
(f) (n=8forsham, n=7for castrated) or flank tumours (g) (n=9 forsham,n=8
for castrated). The following markers were used to identify T cell subsets:
terminally exhausted, CD8'CD44'PDI'TIM3'TCF1; progenitor exhausted, CD8
*CD44'PDI'TIM3 TCF1*; effector, CD8"'CD44 ' TIM3 TCF1". Datawere combined
fromtwo independent experiments. P=0.000053 (f, progenitor exhausted),
P=0.000301 (g, progenitor exhausted) and P=0.000742 (g, effector). Data
arethemean ts.d. (a,c-g); nindicates the number of biologically independent
animals. Statistics: unpaired two-tailed t-test (a,c-g) or log-rank (Mantel-Cox)

test (b).
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Fig.3|Activity ofthe HPA axisisincreased in castrated mice with brain
tumours. a, Mouse serumwas collected 14 days after intracranial injection of
tumour (SB28) or culture medium, and CCT and 11-DHC levels were measured
by MS.n=10per group.P=0.000661 (CCT; medium +sham versus castrated),
P=0.000102 (CCT; medium + sham versus tumour + castrated), P= 0.000003
(11-DHC; medium + sham versus tumour + castrated), P= 0.000127 (11-DHC;
tumour +shamversus castrated). b,c, Survival analysis of castrated mice (b)
and sham-surgery mice (c) with SB28 (brain) tumours treated with mifepristone
(MFP) or vehicle. Median survival time and number of mice are indicated.
Datawere combined from twoindependent experiments. Experiments for
castration (b) and sham-surgery (c) mice were performed separately.d, Serum
ACTH levels were measured using ELISA. Serum was collected 14 days (brain)
or 20 days (flank) after SB28 tumour implantation or from tumour-free mice.
n=4pergroup forbraintumour + sham, brain tumour + castration, flank
tumour +sham; n=5per group for no tumour +sham, no tumour + castration,
flank tumour + castration. P=0.000415 (brain + castration versus flank
tumour +sham). e, Serum ACTH levels were measured at the end point after
intracranialimplantation with MB49 (n =4 per group) or B16-F10 (n =5 for
sham, n=7for castrated) tumours. f, Serum ACTH levels in gonadally intact
SB28-bearing (brain) mice treated with vehicle or enzalutamide. Serum

Time elapsed (days)

samples were collected at the end point.n=5for vehicle, n =3 forenzalutamide.
P=0.00003.g,Serum ACTH levels at the end point from castrated SB28-
bearing (brain) mice treated with vehicle (corn oil) or TC. n=10 for vehicle,n=9
for TC. Datawere combined from two independent experiments. P=0.000760.
h, Neuralactivity in the hypothalamus of mice with brain tumours (SB28, day 14).
Left, representative images. FOS (red), nuclei (Hoechst; blue). Scale bar,100 pm,
3V, third ventricle. Right, quantification of FOS" nucleated cellsin the
hypothalamus. n=5forsham, n=7for castrated. i, Survival analysis of
LysM*Nr3cI miceintracranially implanted with SB28 tumours after sham or
castrationsurgery. Data are combined from twoindependent experiments.
Mediansurvivallengthand number of mice areindicated in the graph. j, Serum
ACTHevelsin LysMNr3cl”" mice with brain tumours (SB28) euthanized on

day 16.n = 6 for sham, n = 8 for castrated. k, Survival analysis of E8i““Ar mice
intracranially implanted with SB28 tumors. Data are combined from two
independent experiments. Median survivallength and number of mice are
indicatedinthe graph.l,Serum ACTH levels measured at the end pointin
ESi“*Ar mice fromk.n =6 for AF', n="7for ESi"*Ar". Dataare themean +s.d.; n
indicates the number of biologically independent animals. Statistics: two-way
ANOVA analysis with Tukey’s multiple comparison test (a,d), log-rank (Mantel-
Cox) test (b,c,i, k) or unpaired two-tailed t-test (e-h,j,1).
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Fig.4|Castrationenhances HPA axis activation viaincreased
proinflammatory cytokine signalling in brain tumours. a-c, RNA-seq
analysis of hypothalamus samples from castrated mice and sham-surgery mice
atday 14 after intracranial injection of SB28 tumour cells or culture medium.
n=3pergroup.a,PCAplot.b, Shared DEGs between castrated and sham-
surgery groups. ¢, GO term enrichment analysis of shared DEGs from b.

d, Phosphorylation array of hypothalamus samples from castrated mice

and sham-surgery mice on day 14 after intracranial injection of SB28 tumours.
Heatmap shows canonical pathway analysis based on phosphorylated proteins
comparing castration and sham-surgery groups. e, mMRNA expression levels
inbrain tumour (SB28) tissue from sham-surgery mice and castrated mice at
day 7 afterintracranial injection. n = 3 for sham, n = 4 for castrated. f,g, Survival
analysis of /lIr1”~ (f) and Tnfrl/2” (g) miceintracranially implanted with SB28
tumours following sham or castration surgery. Median survival time and
number of mice areindicated. Data were combined from three independent

experiments (f). h, Serum ACTH levels inbrain tumours (SB28) from the
indicated mice measured on day 7 after isotype or anti-IL-1p antibody
treatment.n =4 per group except for n=3forsham +isotype.i, Serum ACTH
levels measured on day 3 after intracranialimplantation of SB28 tumours

in Tnfr1/2”" mice treated with anti-IL-1B antibody. n = 5 per group. j, Serum
ACTH levels measured onday 3 afterintracranial injection of SB28 lysates.
n=9forsham, n=8for castrated. Datawere combined from two independent
experiments. k, mRNAlevelsin brain tumour tissue from castrated mice on
day 7 afterintracranialimplantation of SB28 cells following microglia depletion
viaaPLX3397-supplemented diet.n =4 for control, n = 5for PLX3397. Dataare
themean +s.d. nindicates the number of biologically independent animals.
Statistics: one-sided permutation test (c), right-tailed Fisher’s exact test (d),
multiple unpaired t-test (e,h), log-rank test (f,g), two-way ANOVA analysis with
Tukey’s multiple comparisontest (h) or unpaired two-tailed t-test (i j).

the castration-related effects on survival and ACTH production were
notaltered in T cell-specific Nr3c1 knockout (KO) (Lck““Nr3c?") or T,
cell-specific Nr3c1 KO (Foxp3°Nr3cP") strains (Extended Data Fig. 7c-f).
Previous studies have shown that glucocorticoid-induced immunosup-
pression can be mediated by macrophages®>¢. Notably, specific dele-
tion of Nr3cl in myeloid cells (LysM“Nr3cP") abolished the castration
effect onsurvival (Fig. 3i) despite increased ACTH production (Fig. 3j).
Inthese LysM™*Nr3cI" mice, cytokine expressionin T cells was compa-
rablebetween castrated and sham-surgery control groups (Extended
Data Fig. 7g). These findings indicate that the suppressive activity of
glucocorticoids is mediated by GR-expressing myeloid cells, such as
macrophages, inthe tumour. Moreover, T cellsin the periphery exhib-
ited attenuated cytokine expression in castrated LysM“Nr3c}" mice
(Extended Data Fig. 7h,i), which suggests that there is a site-specific
mechanism of glucocorticoid-mediated immune suppression.

We next evaluated the role of AR signallingin CD8"T cellsin our brain
tumour modelusinga CD8* T cell-specific ArKO (E8i“Ar") strain. Con-
sistent with previous reports of non-brain tumour models>*, ESi"Ar"
mice exhibited prolonged survival compared with littermate controls
(A" following intracranial tumour implantation (Fig. 3k). Notably, this
improvement in survival was not accompanied by changes in ACTH
levels (Fig. 31). Castration did not change survival times of E8i°Ar mice
with brain tumours (Extended Data Fig. 7j) despite increased ACTH
levels (Extended Data Fig. 7k), whichindicated that there is acomplex
interplay between androgen and glucocorticoid-mediated immune reg-
ulation. These results suggest that the increased brain tumour growth
observed in castrated mice cannot be solely explained by AR signal-
linglossin CD8'T cells. Thus, thereis adistinct brain-tumour-specific
mechanisminvolving glucocorticoid-mediated immunosuppression.

To better understand how castration affects immune responses in
our brain tumour model, we performed single-cell RNA sequencing
(scRNA-seq) of CD45" immune cellsisolated from tumours and spleens
of castrated and sham-surgery mice. Clustering analysis confirmed that
there is no difference inimmune cell subsets between these groups
(Supplementary Table 2 and Supplementary Fig. 2a,b). Similarly, sub-
clustering of the T cell population did not show major changes between
the groups (Supplementary Table 3 and Supplementary Fig. 2¢,d).
Gene setenrichment analysis (GSEA) indicated that the corticosterone
response pathway is more enriched in tumour-infiltrating CD8" T cells
from castrated mice. By contrast, this pathway was more prominent
in tumour-associated macrophages and splenic myeloid dendritic
cellsin the sham-surgery group (Extended Data Fig. 8a). This result
suggests that increased glucocorticoid levels exert distinct effects
across immune cell subsets.

CellChat analysis revealed that castration alters immune cell-cell
communication in both the tumour and splenic microenvironments.
In tumours, castration reduced the total number of interactions but
increased the overallinteraction strength, which indicated that fewer
interactions occur but there is stronger signalling among immune

cells (Supplementary Fig. 2e). By contrast, in the spleen, castration
increased the number of interactions while reducing their average
strength (Supplementary Fig. 2e). Effector CD8" T cells emerged as the
primary targets of immune communication, whereas myeloid cells,
such as cells expressing interferon-stimulated genes, macrophages
and myeloid dendritic cells, serve as prominent sources of these signals
(Extended Data Fig. 8b). Pathway-level analysis showed that immune
cells in tumours from castrated mice were enriched for immunosup-
pressive signalling pathways (CD200, CD96, CD52, adenosine, CD39
and macrophage migration inhibitory factor (MIF)), whereas those from
the sham-surgery group were enriched for pro-inflammatory pathways
(TNF, osteopontin (also known as SPP1), 2-arachidonoylglycerol and
cyclophilin A) (Supplementary Fig. 2g). These differences were more
evidentin the spleen (Supplementary Fig. 2h).

Ligand-receptor analysis further indicated that these myeloid cells
communicate with effector CD8" T cells via integrins, secreted fac-
tors, major histocompatibility complex (MHC) class  molecules and
co-receptorsinboth tumours and the spleen (Extended DataFig. 8cand
Supplementary Fig. 2i). Notably, the probability of MHC class I-CD8
interactions and inhibitory receptor-ligand interactions such as PD1
(encoded by Pdcd1) and CTLA4 (encoded by Ctla4) was increased in
castrated mice. This result suggests that there is enhanced myeloid-
CD8" T cellimmune synapse formation and increased immunosup-
pressive signalling in these mice. Reciprocal analysis of CD8" T cells
to myeloid interactions revealed astrong MIF-CD74 interactioninthe
castration group. This result provides further support for enhanced
immunosuppressive crosstalk in these mice given the suppressive role
of this pathway in tumour microenvironments, including gliomas®
(Extended DataFig.8d). Using GBM-associated myeloid cell signatures
(GBmap)*®, we validated that myeloid cells in castrated mice exhibit
decreased expression of pro-inflammatory gene signatures (Extended
DataFig. 8e).

Together, these results suggest that androgen deprivation reshapes
immune cell communication networks towards a more immunosup-
pressive state, which contributes to impaired antitumour immunity
inbrain tumours.

Neuroinflammation mediates HPA activation

To understand how brain tumours induce increased activity of the
HPA axis under an androgen-deprived setting, RNA-seq was per-
formed on hypothalamus tissue isolated from castrated mice and
from sham-surgery mice after intracranial injection with mouse GBM
cells (SB28) or with culture medium. Principal component analysis
(PCA) plots showed that samples from medium-injected mice clus-
tered together regardless of castration condition, which suggests that
brain tumours trigger transcriptional changes in the hypothalamus
after androgen loss (Fig. 4a). Differentially expressed gene (DEG)
analysis (Extended Data Fig. 9a and Supplementary Table 4) and GO
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Fig.5|Enhanced neuroinflammationis mediated by increased microglial
inflammasome activity in castrated mice with brain tumours. a-e, Spatial
transcriptomics using Nanostring Digital Spatial Profiling was performed on
brain tissue samples from sham-surgery mice and castrated mice onday 3 or 7
after tumour (SB28) implantation (n =3 per group). a, Representative image
of ROIs. b, Pathway enrichment analysis of IBA1" cellsacross allROls and time
points (castrated versus sham). ¢, Myeloid cell signatures in IBA1" cells from
intratumoral regions. d, GSEA pathway analysis of IBA1' cells from intratumoral
regions on day 3. e, Heatmap of the top-ranked genesin d.f, mnRNA expression
levelsintumour tissue samples from sham-surgery mice and castrated mice at
day 3 after intracranial tumour (SB28) injection.n =4 per group. g,h, Invitro
ASC speck formationin ASC-mCerulean-overexpressing macrophages. After
72 hof DHT treatment (10 nM) or vehicle (methanol), cells were stimulated
with LPS and nigericin (Ng), GBM (SB28) lysates and Ng (GBM lys + Ng) or left

unstimulated (control).n =4 per group. g, Representative image showing ASC
specks (mCerulean; blue) and nuclei (DRAQS; red). Arrows indicate ASC specks.
Scale bar, 20 um. h, Quantification of speck-positive cells. i-k, In vivo ASC
speck formationinIBA1" microgliain brain tissues from sham-surgery mice

and castrated mice with brain tumours (SB28) at day 3 after tumour implantation.
n=>5pergroup.i, Representative images from sham-surgery mice and castrated
mice with tumours. ASC (white), IBA1(red), SB28 tumour (GFP; green), nuclei
(DAPI; blue). Scale bar, 50 pm. j, Magnified image of box showniniand 3D
reconstruction showing ASC specks inside IBA1* microglia. Scale bar, 10 pm.

k, Quantification of speck-positive cells.],m, Immunoblot analysis of mouse
braintissuelysates for caspase-1.1, Representative blot, m, Quantification of
cleaved caspase-1(p20 subunit).n=3forsham, n =4 for castrated. Dataare the
mean +s.d. Statistics: permutation test (b,d), unpaired two-tailed t-test (f k,m)
or two-way ANOVA analysis with Tukey’s multiple comparison test (g).

term analysis showed that gonadotropin secretion and development
processes were increased in the hypothalamus of castrated mice with
tumours compared with sham-surgery mice with tumours (Extended
Data Fig. 9b). To assess the impact of brain tumours on the hypothal-
amus, we first identified DEGs by comparing tumour-injected and
medium-injected mice in each group (sham or castrated). We then
identified 294 shared DEGs that were consistently altered by tumour
presence across both conditions (Fig. 4b). GO term analysis showed
thatthese shared DEGs are enriched in the pathways related to cytokine
responses (Fig.4c), whichindicated that brain tumours promote inflam-
matory responses in the hypothalamus.

As cytokine signalling involves multiple phosphorylation events
across various pathways, phosphorylation array analysis was per-
formed on hypothalamictissue from castrated mice and sham-surgery
mice with brain tumours. This analysis identified 108 differentially
phosphorylated proteins between the two groups (78 upregulated and
30 downregulatedinthe castration group) (Extended Data Fig.9cand
Supplementary Table 5). Pathway enrichment analysis revealed that
these differentially phosphorylated proteins are associated with proin-
flammatory cytokine signalling, which wereincreased in the hypothala-
mus of castrated mice (Fig. 4d). Upstream regulator analysis further
predicted that TNF and IL-1f3 are key drivers of these phosphorylation
changes (Supplementary Table 5).

Thus, results from both RNA-seq and phosphorylation array analy-
ses point to heightened cytokine signalling in the hypothalamus of
castrated mice with brain tumours. Previous studies have shown that
proinflammatory cytokines can activate the HPA axis®. Consistent with
this finding, /l1b and Tnf mRNA levels were significantly increased in the
brains of castrated mice with tumours (Fig. 4e). To test whether these
cytokines contribute to the castration-induced tumour-promoting
effects, mouse strainslacking IL-1receptor1(/lIr1”") or TNF receptors
1and 2 (Tnfr1/2”") were castrated and implanted with brain tumours.
Notably, castration did not affect survival in either strain, which sug-
gests that IL-18 and TNF mediate the castration-mediated effects on
braintumour growth (Fig. 4f,g). ACTH levels measured at the end point
showed amodestincreasein castrated mice (Extended DataFig.10a,b).
To circumvent possible developmental effects from germline KO mod-
els, we pharmacologically inhibited IL-1f signalling using an anti-IL-13
antibody. IL-1B blockade significantly reduced ACTH levelsin castrated
mice but had no effectin sham-surgery mice (Fig. 4h). Moreover, block-
ing both cytokine signalling pathways by treating Tnfr1/2” mice with
an anti-IL-1f3 antibody completely abrogated ACTH production dif-
ferences between the castrated and sham-surgery groups (Fig. 4i).
Collectively, these findings indicate that increased proinflammatory
cytokine signalling mediates HPA axis hyperactivation in castrated
mice with brain tumours.

The increased cytokine expression observed in castrated mice
occurred only when tumour cells were implanted and notin response
toinjection of medium or without any insult (Extended Data Fig.10c). To
further explore whetherinflammatory triggersinduce changes in ACTH

production, we injected GBM cell lysates into the brain. As expected,
castrated mice showed increased ACTH production (Fig. 4j) and /l1b
mRNA expressionwas significantly increased (Extended Data Fig.10d).
This effect was not due to amass effect, asimplantation of latex beads,
which are similar in size to tumour cells, reduced ACTH productionin
castrated mice (Extended Data Fig. 10e). Thus, the increase in ACTH
and proinflammatory cytokine expressionin castrated miceis induced
by inflammatory stimuli.

Increased ACTH production and elevated /[1b and Tnf mRNA levels
were also observed inimmunodeficient NSG mice (Extended Data
Fig.10f,g), whereas ACTH production was similarly increased in Ragl ™"
mice (Extended Data Fig. 10h). This result suggests that peripheral
adoptive immune cells do not mediate the observed increase in HPA
axis activity. A similar effect was observed in NSG mice injected with
patient-derived GBM cells (L1 and GBM23) (Extended Data Fig. 10i),
and /[1b mRNA levels were increased following castration (Extended
Data Fig. 10j). Microglia, brain-resident immune cells, are critical
mediators of innate immune responses to inflammatory insults. As
NSG mice retain microglia, we proposed that microglia may mediate
this increased neuroinflammatory response observed after castra-
tion. Consistent with this hypothesis, microglia depletion significantly
reduced /l1b and Tnf mRNA expression (Fig. 4k and Extended Data
Fig.10k). These data support the role of microgliain driving elevated
neuroinflammation in castrated mice with brain tumours.

Androgen signalling suppresses inflammasome
activity

Tofurtherinvestigate the mechanisms thatunderlie microglia-mediated
neuroinflammation, we performed spatial transcriptomic of brain tis-
sue samples from castrated mice and sham-surgery mice at two time
points: day 3 and day 7 after tumour implantation. Regions of inter-
est (ROIs) included cortical, intratumoral and hypothalamus areas,
and IBA1 was used to identify myeloid cell compartments (Fig. 5a).
Comparisons of castrated and sham conditionsin IBA1" and IBA1 cell
compartments fromall regions at both time points revealed significant
transcriptional differences, particularly from the intratumoral regions
(Supplementary Table 6 and Supplementary Fig. 3a-d). Pathway analy-
sis of IBA1" cell compartments revealed that immune responses were
downregulated in castrated mice, such as interferon signalling and
related responses, and antigen processing and presentation (Fig. 5b).
Similarly, pathway analysis of IBA1  non-myeloid cells showed that
immune responses were downregulated in castrated mice (Supple-
mentary Fig. 3e), a result consistent with our findings of dampened
immune responses in brain tumours following castration. Next, we
performed myeloid cell signature analysis of IBA1" cell compartments
using published GBM-associated myeloid cell refs. 38,40 and found that
these signatures were more enriched inintratumoral regions regardless
of time points (Supplementary Fig. 3f). To detect castration-induced
differences, datafromintratumoral regions were re-scaled (Fig. 5c). On
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day 3,IBA1" myeloid cells from the sham-surgery group exhibited more
enriched immunosuppressive phenotypes (complement and scaven-
ger) compared with castrated mice. By contrast, on day 7, additional
inflammatory signatures (microglial and systemic inflammatory) were
also more prominent in the sham-surgery condition (Fig. 5c).

To understand how brain tumours initiate neuroinflammation, we
focused ondatafromday 3, atime point early enoughto capture innate
immune responses. Notably, IBA1" myeloid cells showed increased
NOD-likereceptor (NLR) signalling pathway activationin castrated mice
(Fig.5d), and expression of top-ranked genes in this pathway was higher
(Fig. 5e). NLRs sense danger signals from pathogens and cellular dam-
age and initiate inflammatory responses through the inflammasome
complex*. As brain tumours initiate neuroinflammatory responses
through damage-associated molecular pattern (DAMP) signalling*, we
proposed thatandrogen loss heightens microglia-mediated responses
totumour-derived DAMP signals via the NLR-inflammasome pathway.
Indeed, castrated mice exhibited increased expression of Il1b and Nirp3,
key components of the inflammasome pathway (Fig. 5f).

We next tested whether androgen signalling regulates inflamma-
some activity. We treated immortalized macrophages overexpressing
ASC-mCeruleanwith dihydrotestosterone (DHT) invitro, followed by
stimulation with lipopolysaccharide (LPS) and nigericin, a positive
control forinflammasome activation, or with mouse GBM cell lysates
plus nigericin to model GBM-relevant DAMP signals. NLRP3 engage-
ment culminates in the condensation of ASC-mCerulean expression
into ‘specks’ (amarker of inflammasome activation)**, DHT treatment
significantly reduced ASC speck formation, as analysed by confocal
microscopy (Fig. 5g,h) and flow cytometry (Extended Data Fig.101), and
decreased IL-1B secretion (Extended Data Fig.10m). Next, we assessed
inflammasome activationinvivo. Castrationincreased ASC speck for-
mation in IBA1" microglia (Fig. 5i-k) and elevated cleaved caspase-1
levels (Fig. 51,m), which indicated that there is enhanced inflamma-
some activationin castrated mice with brain tumours. Together, these
findingsindicate thatandrogen signalling suppresses inflammasome
activation and neuroinflammation and that androgen loss amplifies
tumour-associated inflammatory responses in the brain.

Insummary, our data demonstrate that androgen loss drives distinct
immunosuppressive mechanisms in brain tumours through elevated
local neuroinflammation and hyperactivation of the neuroendocrine
system to ultimately promote tumour progression (Supplementary
Fig.4).

Discussion

Inthis study, we demonstrated that androgens areimportant regulators
of antitumourimmunity in braintumours andact throughbrain-specific
mechanisms. Althoughimmunotherapies have substantiallyimproved
treatment of certain cancers, clinical trials ofimmunotherapy for GBM
have been unsuccessful. In addition to tumour-intrinsic factors such
as high heterogeneity and low antigenicity, theimmunologically cold
aspect of GBM is partly attributed to its location, which includes the
blood-brainbarrier and the presence of brain-resident microgliaand
infiltrating immunosuppressive myeloid cells*. Therefore, under-
standing the distinct immune environment of the brain is crucial for
the development of effective therapies for GBM. Recent publications
incancerimmunology have highlighted theimmunosuppressive role
of androgens, showing that androgen signalling dampens antitumour
T cellresponses and reduces the efficacy ofimmune checkpointinhibi-
tors*>*!, Here, our findings revealed that the loss of androgen signal-
ling in the context of brain tumours leads to impaired antitumour
immunity and worsened disease outcomes. Although our findings
demonstrated that GR-mediated immune regulation is the key driver
of castration-induced tumour progression, increased glucocorti-
coid may also directly regulate brain tumour growth in a circadian
rhythm-dependent manner®. Considering the complexity of brain
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structures and their role in regulating various functions, our find-
ings underscore the importance of understanding the brain-specific
mechanisms intumourimmunobiology. Furthermore, understanding
how androgen-deprivation therapy or testosterone supplementation
affectsnon-reproductive organ cancers, and whether outcomes differ
in the presence or absence of brain metastasis, remains a critical area
for future clinical investigation.

The median age at diagnosis for GBM is 68-70 years old*®, an age that
negatively affects patient survival*’. Given that serum testosterone
productionin men decreases withage?, itisimportant to consider how
reduced androgen signalling may affect brain tumour progression.
Asimilartrendis observed in multiple sclerosis, for which later disease
onset in men coincides with declining testosterone levels, and lower
androgen levels correlate withincreased disease severity®. Our analysis
of real-world data suggests that supplemental testosterone in older
men (>65 years at the time of diagnosis) is associated with significant
increases in survival after diagnosis with GBM (Fig. 1i). Although this
survival benefit may involve multiple factors, such as anticachexia
effects, the potentialimmunomodulatory role of testosterone war-
rants further investigation. A limitation of the current study involved
the use of young male mice (5-6 weeks old), which does not reflect
age-related changes inimmune system and endocrine functions. Thus,
future studies will focus on evaluating the effect of androgens on brain
tumours in the context of ageing using appropriate animal models.

Although mouse GBM models, including GEMMs, cannot fully cap-
ture the complexity and heterogeneity of human GBM, they remain
valuable foridentifying mechanistic links. Our findings provide a frame-
work toinvestigate how testosterone, neuroinflammation and immu-
nomodulationintersectin human GBM. Meanwhile, patients with GBM
are often treated with dexamethasone for oedema control, especially
around the time of surgery and radiation therapy®'. Dexamethasone
potently suppressesinflammation, with durableimmunosuppressive
effects*®, and the HPA axis. Thus, the combined effect of decreased
serum testosterone and dexamethasone requires further consideration
inaclinical setting. Together, this work highlights the unique aspects
of central nervous system immunity in response to androgen loss and
illustrates how neuroendocrine regulationinfluences the antitumour
immune responseinthe brain. Our results emphasize the importance
of understanding brain tumour biology, considering its distinct ana-
tomical and functional context. By uncovering sex-based immune
mechanisms regulated by hormone signalling, our findings underscore
the need to incorporate sex as a biological variable in brain tumour
research that can potentially inform more personalized approaches
toimmunotherapy for brain tumours.
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Methods

Celllines

The syngeneic mouse GBM model SB28 was provided by H. Okada, and
GL261 was obtained from the Developmental Therapeutic Program,
NCI. CPAwas provided by the Castro-Lowenstein Laboratory, and KR158
was provided by L. Deleyrolle. The mouse bladder cancer cell line MB49
was obtained from the Animal Tumour Core at the Cleveland Clinic.
The mouse melanoma B16-F10 cells were a gift from T. Stappenbeck.
The GBM patient-derived xenograft cell model L1 was obtained from
B. Reynolds (originally from the laboratory of A. Vescovi) and GBM23
was obtained from E. Sulman.

After thawing, all cell lines were treated with 1:100 MycoRemoval
agent (MP Biomedicals) and regularly tested for Mycoplasma spp.
(Lonza). GBM cell lines were maintained in complete RPMI 1640
(Media Preparation Core, Cleveland Clinic) supplemented with 10%
FBS (Thermo Fisher), 1% penicillin-streptomycin (Media Preparation
Core) and GlutaMAX (Gibco). MB49 and B16-F10 cells were cultured in
DMEM (Media Preparation Core, Cleveland Clinic) supplemented with
10% FBS, 1% penicillin-streptomycin, GlutaMAX and sodium pyruvate
(Thermo Fisher Scientific). GBM patient-derived xenograft cells were
cultured in DMEM/F12 medium (ThermoFisher) supplemented with
1% penicillin-streptomycin (ThermoFisher Scientific), 1% B27 without
vitamin A (ThermoFisher), 20 ng mI EGF (R&D Systems) and 20 ng mI™*
FGF (R&D Systems). Cells were cultured in humidified incubators at
37 °Cand 5% CO, and were not allowed to exceed 15 passages.

Mice

Allanimals were keptin aspecific pathogen-free facility of the Biologi-
cal Resource Unit at the Lerner Research Institute, Cleveland Clinic,
witha12-hlight-dark cycle. Allanimal procedures were performed in
accordance with the guidelines and protocols approved by the Insti-
tutional Animal Care and Use Committee at the Cleveland Clinic. All
mouse strains used in the study are listed in Supplementary Table 7.

Castration

Two weeks before tumour implantation, 5-6-week-old male mice
underwent either castration or sham surgery. Mice were maintained
underinhalation anaesthesia (2-2.5% isoflurane) through anose cone
and administered an ophthalmic lubricant to prevent corneal dryness.
The scrotal area was disinfected using betadine and alcohol. A small
horizontal incision was made in the skin of the scrotum and the inner
skin membranes, and the testicles were exteriorized. Using resorb-
able vicryl sutures, testicular arteries were ligated, followed by the
removal of testicles. The incision was closed using surgical clips (Fine
Science Tools). For pain control, subcutaneousinjections of buprenor-
phine (0.1 mg kg™) and bupivacaine (5 mg kg™’) were administered.
Insham-surgery mice, the same procedure was performed, excluding
the ligation and removal of the testis.

Microglia depletion

Two weeks after castration, mice were fed either acontrol diet (AIN-76A)
or a PLX3397-supplemented diet (660 mg kg™; Research Diets) ad
libitum. Mice then received intracranial tumour cell injections and
remained on the assigned diet until the experimental end point.

Tumour implantation and treatments

For intracranial tumour implantation, mice were anaesthetized by
inhalation anaesthesia (2-2.5% isoflurane), secured in a stereotaxis
apparatus and intracranially injected with tumour cells suspended
in 5 pl RPMI-null medium with the following numbers: SB28,10,000-
15,000 cells per mouse; GL261,20,000-25,000 cells per mouse; CPA,
10,000 cells per mouse; KR158, 50,000 cells per mouse; MB49, 5,000
cells per mouse; and B16-F10, 40,000 cells per mouse. Tumour injec-
tions were targeted to the left hemisphere approximately 0.5 mm

rostral and 1.8 mm lateral to the bregma with a depth of 3.5 mm from
the scalp, which does not directly contact or lie near the hypothala-
mus. The needle was held in place an additional 60 s before slow and
measured removal. The animals were monitored to detect the onset
of neurological and behavioural symptoms indicative of the presence
ofabrain tumour.

For the GEMM, we used CRISPR-mediated somatic gene deletion
using a previously described in vivo electroporation approach®. In
brief, plasmids carrying Cas9 and CRISPR guide RNAs targeting NfI,
Ptenand Trp53wereinjected into the lateral ventricle of postnatal day 2
mouse pups, followed immediately by electroporation to enable plas-
mid uptakeinto neural stem cells. Mice were weaned at postnatal day 21,
and only male mice were used in the study.

For subcutaneous tumour implantation, mice were anaesthetized
byinhalationanaesthesia (2-2.5% isoflurane). A total of 500,000 SB28
cellswere suspended in 100 pl RPMI-null medium and subcutaneously
injected into the right flank of the mouse. Tumour size was measured
starting from day 10, when the tumour becomes palpable, and meas-
urements were taken every 2 days.

Insome experiments, gonadally intact 5-6-week-old male or female
mice received intraperitoneal injections of enzalutamide (10 mg kg™;
SellekChem) or vehicle (corn oil) beginning 2 days before tumour
implantation. The injections were repeated every 2-3 days until the
experimental end point was reached. In other experiments, intraperi-
toneal injections of mifepristone (25 mg kg™; Cayman Chemical) or
vehicle (corn oil) wereinitiated 2 days before tumour implantation and
were repeated every 2-3 days until reaching the end point.

Torestore testosterone levels in castrated male mice or female mice,
testosterone cypionate injections (12.5 mg kg’; Hikma Pharmaceuti-
cals) were given subcutaneously 1 week before tumour implantation
and repeated once a week.

GBM cell lysates were prepared by sonicating SB28 cells for 30 min
followed by afreeze-thaw cycle. The concentration of the tumour cell
suspension used for lysate preparation matched that used for tumour
implantation. For the latex beads experiment, FluoSpheres polysty-
rene microspheres (15 pm; Invitrogen) were intracranially implanted
(10,000 beads per mouse).

To inhibit cytokine signalling, mice were intraperitoneally injected
with 200 pg anti-IL-1B, anti-TNF antibody or isotype antibody (BioX-
cell) on day —1and day O of tumour implantation and injections were
repeated every 2-3 days until the experimental end point.

Tumour and tissue dissociation for flow cytometry

Attheindicated time points, mice were euthanized and brain tumour,
spleen and lymph nodes (inguinal) were collected. Brain tumour tis-
sue was minced into small pieces with scalpels and subjected to enzy-
matic digestion in the presence of collagenase D (1 mg ml™}; Roche)
and DNase I (0.1 mg ml™; Roche) at 37 °C. Digested tissue was filtered
through a 70 pm cell strainer. To enrich immune cells, gradient cen-
trifugation was performed using 30% Percoll solution (Sigma). Red
blood cells (RBCs) were lysed using RBC lysis buffer (BioLegend). For
spleenand lymph nodes, tissue was ground onto a40 pm cell strainer,
followed by RBClysis. All single-cell suspension samples were filtered
once more with a40 pm cell strainer before staining for flow cytometry.

Flow cytometry

Cellswerestained with the antibodieslisted in Supplementary Table 8.
In brief, after live/dead staining with LIVEDEAD Blue (Thermo Fisher
Scientific) onice for15 min, cells were washed and incubated with FcR
blocker (MiltenyiBiotech) diluted in PBSand 2% BSA onice for 10 min.
For surface staining, cells were incubated inan antibody mixture diluted
in brilliant buffer (BD Biosciences) at 1:100 to 1:250 on ice for 30 min.
After washing with PBS and 2% BSA buffer, cells were fixed with FOXP3/
transcription factor fixation buffer (eBioscience) at4 °C overnight. For
intracellular staining, antibodies were diluted in FOXP3/transcription



factor permeabilization buffer at a ratio of 1:250, and cells were incu-
bated atroom temperature for 45 min. For intracellular cytokine detec-
tion, cells were stimulated using Cell Stimulation Cocktail plus protein
transport inhibitor (eBioscience) in complete RPMI for 4 h, followed
by the cell-staining procedures described above. Stained cells were
acquired using a Cytek Aurorainstrument with SpectroFlow software
(v.3.3.0, Cytek Biosciences) or aBD Fortessainstrument with FACSDiva
software (v.9.0, BD Biosciences) and analysed using FlowJo software
(v.10,BD Biosciences) following a previously published gating strategy'
(showninExtended Data Fig.4b). t-SNE analysis was performed using
FlowJo software.

Image-localized biopsy deconvolution and analysis

A total of 202 biopsy samples collected from 58 patients (22 women,
36 men) with high-grade glioma were analysed for bulk RNA-seq®*~.
Using CIBERSORTx**and ascRNA-seq reference dataset of the glioma
microenvironment with clustered cell states, including T cells**, decon-
volution of bulk RNA-seq datawas performed to produce estimates of
T cellabundancesineach sample. Owing to the limited storage available
onthe CIBERSORTx onlineinterface, snRNA was downsampled 3 times
to produce 100 of each cell state as input into the algorithm, each run
6 times. We present an average across runs. Statistics presented for
this dataset are aresult of t-test within patient sex. T cell values were
averaged within patients not to violate the assumption ofindependent
samples.

Phosphorylation array

Hypothalamic tissue samples were isolated from castrated mice and
sham-surgery mice 14 days after tumour implantation. Proteins were
extracted following the manufacturer’sinstructions and phosphoryla-
tion events were analysed using a Phospho Explorer Antibody array (Full
Moon Biosystems), with array scanning and quantification performed
by the service provider. Phosphorylation signals with a fold change
greater than 1.3 or less than 0.7 were considered for further analyses.
Canonical pathway analysis and upstream regulator prediction were
conducted using Ingenuity Pathway Analysis (Qiagen).

Immunofluorescence staining and image analysis
Forimmunofluorescence analysis, animals underwent high-pressure
transcardiac perfusion with 4% formalin. Brains were post-fixed in the
calvariumforanadditional 24 hbefore careful dissection and sequen-
tial dehydration, firstin 30% sucrose theninal:1solution of 60% sucrose
and optimal cutting temperature (OCT) compound. Cryoprotected
brains were embedded in OCT compound, and 30 pm fixed-frozen
sections were prepared using a Leica CM1950 cryostat. For staining,
tissue sections were blocked overnight at 4 °Cin a PBS-based blocking
solution of 5% normal donkey serum,1 mg ml* bovine serum albumin
and 0.3% Triton X-100. Primary and secondary antibodies were bound
during sequential overnight incubations at 4 °C in blocking solution.
Nuclei were counterstained using Hoechst 33342 dissolved in PBS
with 0.1% Triton X-100. The following primary antibodies were used
at1:1,000 dilution: chicken anti-GFP (Aves Labs), rabbit anti-cleaved
caspase-3 (Cell Signaling), rabbit anti-phospho-histone H3 (Cell Signal-
ing), rabbit anti-c-FOS (EnCor Biotechnology), goat anti-IBA1 (Abcam)
and rabbit anti-ASC (Adipogen). Donkey or rabbit raised secondary
antibodies were used that were conjugated to Alexa Fluor 488, 555 or
647 fluorescent dyes. To visualize cell death with cleaved caspase-3,
tissue sections underwent heat-induced epitope retrieval in 10 mM
citrate buffer with 0.5% Tween 20 for 45 min at 95 °C before the first
blocking step. Stained tissue was digitized at x10 magnification using
an AkoyaBiosciences Phenolmager HT. Digital fluorescent micrographs
were analysed using the Positive Cell Detection Pipeline in QuPath®.
Fluorescent images were acquired using a Leica Stellaris5 confocal
microscope. IMARIS software (Oxford Instruments) was used to prepare
3D reconstructions of the images.

Tissue mRNA extractionand RT-qPCR

Attheindicated time points, brain tissue was collected and flash-frozen
andstored at -80 °C until processing. Total RNA was isolated using QIA-
zol Lysis reagent (Qiagen) following the standard protocol, including
tissue homogenization. cDNA was synthesized using a High-capacity
cDNA Reverse Transcription kit (Applied Biosystems). qPCR reac-
tions were performed using TagMan probes and Fast Advanced mater
mix (Applied Biosystems) on an Applied Biosystems QuantStudio
5Real-Time PCR system. The threshold cycle (C,) value for each gene
was normalized to the expression levels of Gapdh, and relative expres-
sionwas calculated by normalizing to the average delta C, value of the
control group.

Invitro tumour cell proliferation assessment

Tumour cell proliferation was monitored and quantified using an
IncuCyte Live-Cell Analysis system. For these experiments, 4 techni-
cal replicates of SB28 (500 cells per well, 200 pl) and GL261 (1,000
cells per well, 200 pl) cells were plated in flat-bottom 96-well plates
and treated with testosterone cypionate or vehicle (corn oil, 2 pl per
well). Data were captured for up to 120 h of incubation.

ELISA

Serumwas collected at theindicated time points or at the neurological
end point. ACTH levels were measured using amouse/rat ACTH ELISA
kit (Abcam) following the manufacturer’s instructions. Serum was
diluted ataratio of1:2to 1:4. Serum testosterone levels were measured
using a Testosterone ELISA kit (Cayman chemical) according to the
manufacturer’s protocol. Plates wereread at 600 nm or 450 nm using
aVictor Nivo (Perkin Elmer) multimode plate reader.

Immunoblotting

Braintissue samples were collected and flash-frozen using liquid nitro-
genand keptin—-80 °Cuntil use. Tissue protein lysates were prepared
as previously described*®. In brief, tissue samples were homogenized
in RIPA buffer using a motorized hand-held pestle. Lysates were then
subjected to 3 freeze-thaw cycles and spundown at13,000g for 45 min.
The protein content of the isolated supernatants was quantified using
aBCAKkit (Pierce). A total of 20-25 pg protein lysate was loaded onto
4-20% Tris Glycine gels (Thermo Fisher) and proteins were transferred
to nitrocellulose membranes. After blocking with Intercept Block-
ing buffer (LiCor Biosciences), membranes were incubated with pri-
mary mouse anti-caspase-1antibody (1:1,000; Adipogen), followed by
IR-680-conjugated anti-mouse secondary antibody (1:10,000; LiCor
Bio). Fluorescent western blots were imaged using a LiCor Odyssey CLx
system (LiCor Biosciences). Membranes were re-probed with -actin
antibody (1:10,000; Sigma-Aldrich) and 3-actinbands were visualized
by enhanced chemiluminescence (Thermo Scientific). Unprocessed
immunoblotimages are provided in Supplementary Fig. 5.

Invitro treatment of macrophages overexpressing
ASC-mCerulean

Immortalized macrophages overexpressing ASC-mCerulean®™ were
provided by D. Abbott. Cells were cultured in DMEM supplemented
with 10% charcoal-stripped FBS (Gibco) to avoid residual hormone
effects and 1% penicillin-streptomycin (Media Preparation Core) and
maintained in 5 ug ml™” puromycin until use. To assess the effect of
androgen signalling, cells were plated onto glass coverslips and incu-
bated with either dihydrotestosterone (DHT; Sigma-Aldrich) or vehi-
cle control (methanol) for 72 h. After washing, cells were stimulated
with LPS (500 ng ml™; Sigma) or GBM lysates (SB28) for 4 h. Nigericin
(10 nM; Sigma) was then added during the final 45 min of stimulation.
After stimulation, 2.5 pM DRAQS (Life Technologies) was added to the
cells for 30 min. Cells were then fixed with 4% paraformaldehyde for
20 min and washed with PBS 3 times. Coverslips were mounted onto
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slides using Aqua-Mount (Epredia). For confocal microscopy analysis,
fluorescent images were acquired using a Leica Stellaris5 confocal
microscope. To assess the percentage of ASC-speck-positive cells,
the number of speck-positive cells for each image was divided by the
number of DRAQ5-positive cells. The mCeruleansignal intensity via flow
cytometry was also measured using BDSymphony. Supernatants were
collected, and secreted IL-1f3 levels were quantified by ELISA (Abcam).

MS analysis

Freshly collected mouse serum samples were stored at —80 °C until
analysis. Concentrations of glucocorticoids and testosterone were
measured by LC-MS/MS as previously described®. In brief, 60 pl
thawed serum was spiked with an internal standard mix (androstene-
3,17-dione-2,3,4-*C;, Sa-dihydrotestosterone-16,17,17-D, and cortisol-
9,11,12,12-D,). Protein precipitation was followed by adding acetonitrile,
and the supernatant was collected to extract glucocorticoids and
testosterone using methyl-tert-butyl ether through a liquid-liquid
extraction procedure. The steroid fraction was collected, dried and
reconstituted in 140 pl of 50% methanol. The reconstituted sample
underwent LC-MS/MS analysis on a Shimadzu UPLC system with a
C18 column (Zorbax Eclipse Plus C,s column, 150 mm x 2.1 mm, 3.5 um,
Agilent) coupled to aQTrap 5500 mass spectrometer (AB Sciex). Data
acquisition and processing were performed using MultiQuant (AB
Sciex; v.0.3).

Bulk RNA-seq

For tumour cell sequencing, tumour tissue samples were collected
from castrated mice and sham-surgery mice 14 days after intracranial
implantation of GBM cells (SB28, 15,000 cells per mouse). For hypo-
thalamus sequencing, hypothalamus tissue samples were collected
from castrated mice and sham-surgery mice 14 days after intracra-
nial implantation of SB28 or injection with medium. Total RNA was
isolated using a Maxwell RSC simplyRNA Tissue kit, and RNA quality
and quantity were measured using a Tapestation 4200 (Agilent Tech-
nologies) and a Qubit Flex Fluorometer (Invitrogen), respectively.
Libraries were generated using an Illumina TruSeq Stranded mRNA kit
following the manufacturer’s protocol with 300 ng RNA as input. The
process involved poly-A-containing mRNA purification using poly-T
oligonucleotide-attached magnetic beads, followed by fragmentation
of the mRNA into small pieces using divalent cations under elevated
temperature. First-strand cDNA synthesis was performed using reverse
transcriptase and random primers, with actinomycin D included to
improve strand specificity. Second-strand cDNA synthesis was achieved
using DNA polymerase Iand RNase H, replacingdTTP with dUTPin the
mix to ensure strand specificity. The 3’ ends of the cDNA fragments
were adenylated to prevent self-ligation, and adapters were ligated to
prepare the cDNA for hybridization onto aflow cell. The cDNA libraries
were enriched by PCR and purified. Libraries were quantified using a
Qubit Flex Fluorometer and their size distribution was assessed using
aTapestation 4200 (Agilent Technologies). Samples were sequenced
onanllluminaNovaSeq 6000 for 200 cyclesaccording to the manufac-
turer’s recommendations for a depth of 20 million paired (40 million
total) reads per library.

scRNA-seq

For scRNA-seq, samples were prepared 14 days after intracranial
implantation of GBM cells (SB28, 15,000 cells per mouse). Single-cell
suspensions were prepared from tumour and spleen samples obtained
from castrated mice and sham-surgery mice as described above, and
CD45" immune cells were sorted using a BigFoot Spectral Cell Sorter
(ThermoFisher). The scRNA-seq libraries were prepared fromthe sorted
immune cells following the manufacturer’s Chromium Single Cell 3’
protocol (10x Genomics). Inbrief, we targeted 10,000 single cells using
the10x Genomics Chromium Controller for cDNA synthesis and barcod-
ing, followed by evaluation of the quality and quantity of cDNAineach

sample using a Bioanalyzer High Sensitivity DNA assay. The cDNA was
used as the initial material for the subsequent steps, including fragmen-
tation, end repair, adapter ligation and sample indexing. To ensure the
proper construction of sample libraries, the same Bioanalyzer assay
was used. Once constructed, the libraries were pooled and quantified
using a Quantabio Q cycler. They were then denatured and sequenced
onanllluminaNovaseq 6000 high-throughput sequencing platform.
The sequencing protocolincluded 28 cycles for the forward read and
91cyclesforthereverse read.

Bioinformatic analysis of bulk RNA-seq and scRNA-seq data
Bulk transcriptomic FASTQ data quality was assessed using FastQC
(v.0.11.8)%. Reads were aligned to the GRCm38 (mm10) mouse ref-
erence genome using STAR (v.2.7.3a)%. Expression quantification of
the transcripts was done using Salmon (v.0.14.1)* with the GRCm38
(mm10) mouse reference genome. Gene-level expression quantifi-
cation was calculated using tximeta (v.1.24.0)°?in R (v.4.4.1) with the
Ensembl GRCm38 release 98 GTF file. Differential expression analy-
ses between castrated mice and sham-surgery mice were performed
using DESeq2 (v.1.46.0)%. Volcano plots of DEGs were generated using
EnhancedVolcano (v.1.24.0)%*. Statistically overrepresented GO terms
and pathways were identified using clusterProfiler (v.4.14.6)% and the
PANTHER database®.

scRNA-seq data of CD45-sorted immune cells were mapped to
the mouse reference mm10 (v.1.2.0) using 10x Genomics Cell Range
(v.7.2.0). Filtered feature matrices were loaded to Seurat (v.5.2.1)%.
Sample batch effects were controlled during the integration process
using the reciprocal PCA method with pairwise anchoring in Seurat.
Integrated data were clustered using the Leiden clustering algo-
rithm®® at a resolution of 0.6. The Leiden method was implemented
using the Python module leidenalg (v.0.10.2) in Python (v.3.12.8),
which was loaded with reticulate (v.1.40.0) into R. After clustering,
immune-cell-type classification was done using ScType (v.1.0)*° with
the ‘Immune system’ tissue selection. For each cell type, differential
expression analysis after pseudobulking was performedin Seurat with
the DESeq2 method. Immune cell-cell communications were estimated
using CellChat (v.2.1.2)”°. Subsequently, T cell populationsin the brain
and macrophage populationsinthe spleen were selected, and we per-
formed subclustering to identify finer cell population compositions.
GSEA was performed using clusterProfiler (v.4.14.6) with genome-wide
annotation for mouse org.Mm.eg.db (v.3.20.0) and the Molecular Sig-
natures Database” R implementation msigdbr (v.10.0.1)7.

Spatial transcriptomics

For digital spatial profiling, mice were subjected to cardiac perfusion
with a solution of 4% formaldehyde in PBS. The brain was post-fixed
in the calvarium for an additional 16-24 h before the intact brain was
isolatedinto asolution of 70% ethanol. Preserved brain specimens were
dehydrated with ascending concentrations of ethanol, cleared with
xylene and embedded in paraffin. Formalin-fixed paraffin-embedded
mouse brain samples were sectioned onto four slides for GeoMx digi-
tal spatial profiling slide processing. Each slide contained sections
fromthree biological replicates for each time point per condition. All
slides were processed for GeoMx Mouse Whole Transcriptome Atlas
(MuWTA) collections according to Nanostring protocols. Slides were
baked for18 hat 60 °C before deparaffinizationtoincrease tissue adhe-
sion. After deparaffinization, slides underwent target retrieval in 1x
Tris-EDTA at 99 °C for 20 min, followed by protease K digestion at a
concentration of 1 pg ml™ for 15 min and post-fixation with 10% NBF.
MuWTA probes were added and hybridized overnight at 37 °C. The next
day, slide preparation continued with stringent washes, blocking with
Nanosting Buffer W and then staining with pre-conjugated antibodies.
For this assay, the slides were stained with Syto13 (1:10; Nanostring),
CD45 (1:40; Nanostring, AF594 conjugate) and IBA1 (1:100; Cell Sign-
aling Technologies, AF647 conjugate). The slides were scanned on a



GeoMx instrument (v.3.1.2.12), and ROIs were placed on each slide in
cortical, hypothalamus and intratumoral regions in each replicate. Each
ROlwasdividedintoIBA1"and IBA1 cell segments by thresholding on
thebasis of IBAlantibody fluorescence. For each unique segment, the
barcoded MuWTA probes were collected into a 96-well plate. The col-
lected segment probes were amplified by PCR, pooled based on their
corresponding segment area and sequenced on an [llumina NovaSeq
X Plus platform. Fastq files were converted into digital count conver-
sionfiles using the GeoMx NGS pipeline (v.3.1.3.6) and uploaded to the
GeoMx Analysis suite (v.3.1.2.12) for data analysis.

Raw count datawere normalized using the DESeq2 variance-stabilized
transformation function. Negative control probes were used to estab-
lishavariance threshold, which was defined as the mean plus two stand-
ard deviations of the negative probe variance. Only genes exceeding
this threshold were retained for downstream analyses. Differential gene
expression analysis was performed using the limma package. Linear
models were fitted to normalized expression data using the ImFit func-
tion followed by empirical Bayes moderation with eBayes. The design
matrices incorporated treatment effects while controlling relevant
covariates including spatial regions and time point (Supplementary
Table 6). GSEA was performed using the fgsea package with pre-ranked
gene lists from the MsigDBR package, including Hallmark, KEGG, Reac-
tome, WIKIPATHWAYS and a customized set of ontologies found from
the literature. Results were visualized using GGplot2. Cell signatures
were taken from previous publications®**° and used to score GeoMx
samples for each signature and visualized using Complexheatmap.
No multipletesting correctionwas applied toindividual gene P values
in the limma analysis, but pathway-level statistics were adjusted for
multiple testing using the Benjamini-Hochberg method. R (v.4.4.1)
was used for all analyses.

Real-world data analysis

Real-world data were obtained from linked SEER data and Medicare
claims for male patients with GBM diagnosed from 1 January 2008 to
31 December 2019 with corresponding Medicare claims and follow up
for survival until 31 December 2021. The standard-of-care therapy for
GBM is maximum surgical resection and concomitant chemoradia-
tion””, Therefore, the analysis was limited toindividuals who received
surgical resection (categorized as biopsy only, subtotal resection,
gross total resection and surgery not otherwise specified), radiation
and temozolomide, which led to 1,333 cases for analysis. Survival was
assessed inindividuals receiving temozolomide only compared with
those whoreceived both temozolomide and supplementary testoster-
one using Cox proportional hazard models adjusted for demographics,
extent of resection and Charlson comorbidity scores to estimate HR,
95% Cl and P values. Significance was assessed at an alphalevel 0.05
for the Pvalues. Additional details are provided in the Supplementary
Information.

Statistical analysis

GraphPad Prism (v.9, GraphPad Software) software was used for data
presentation and statistical analyses. Unpaired two-sided ¢-test or
one-way or two-way ANOVA was used with Tukey’s multiple compari-
sonstest, asindicated in the figure legends. Survival analysis was per-
formed using log-rank tests. P < 0.05 was considered significant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The bulk RNA-seq, scRNA-seq data and spatial transcriptomic data
have been deposited, with the following links, into BioProject in the
NCBI BioProject database: PRJNA1254286 (RNA-seq of tumours),

PRJNA1254297 (RNA-seq of hypothalamus samples), PRINA1254695
(scRNA-seq of immune cells) and PRJNA1372687 (spatial transcrip-
tomics). For image-localized biopsy data analyses, data are publicly
available online (https://www.synapse.org/#!Synapse:syn52256644).
Mouse reads were aligned to the GRCm38 (mm10) mouse reference
genome and human reads were aligned to the GRCh37 human reference
genome. All datagenerated in thisstudy are available upon request from
the corresponding author. Source data are provided with this paper.
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Extended DataFig.1|AgedependentT cellabundancein male and female
high-grade glioma (HGG). T cellabundance was measured after deconvoluting
bulk RNA-seq on tumor samples obtained usingimage-guided biopsy. Average
T cell value was obtained for each patient. a, Male HGG patients (n = 36 total),
age <50 (n=8),age>50 (n=28).b, Female HGG patients (n =22 total), age <50
(n=8),age>50 (n=14). Circlesrepresentindividual patients. Box plots show
median, interquartile range and range. Statistics: Unpaired two-tailed Welch’s
t-test.
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Extended DataFig. 2| Effects of androgens on GBM tumor growthin vivo
andinvitro. a, Survival analysis of castrated or sham operated B6 mice after
intracranial injection of murine syngeneic GBM cells. GL261 (25,000 cells),
CPA (10,000 cells), KR158 (50,000 cells). Median survival days and the number
ofanimalsareindicatedin the graph.b, Survival analysis of genetically
engineered mouse model (GEMM) of GBM. ¢, SB28 or GL261 cells were cultured
inthe presence of various concentrations of testosterone cypionate or vehicle
(cornoil) for120 hand 96 h, respectively. Cell number was counted by Incucyte
and normalized to 6 h.n=4biological replicates/group.d, Androgen receptor

(AR) expression in murine GBM cells measured using flow cytometry. AR was
stained after permeabilization. Datashown as meants.d. (left panel) and
representative histogram (right panel). n =3 biological replicates/groupe,
Survivalanalysis of NSG mice afterintracranialimplantation of SB28 cells
(10,000 cells/mouse) or GL261 (20,000 cells/mouse). Median survival days
and number ofanimals areindicated in the graph. Dataare presented as
mean +s.d.; Statistics: Log-rank (Mantel-Cox) test (a,b,e), One-way ANOVA
with Dunnett’s multiple comparisons (c).
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enrichmentanalysis on downregulated DEGs in tumors from castrated mice
compared tosham control. Statistics: Unpaired two-tailed t-test (a).
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Extended DataFig.4|Tumorlocation-dependent effect of castration

on anti-tumor immunity. a, Survival of RAG1” mice after intracranial
implantation of GL261 (25,000 cells/mouse) following sham or castration
surgery. Median survival days and the number of animals are indicated in the
graph. b, Intracellular expression of cytokinesin T cells analyzed on day 17 from
GL261braintumor (25,000 cells/mouse)-bearing mice.n =4/sham, n=10/cas.
¢, Intracellular expression of cytokinesin T cells from spleen of mice bearing
SB28 brain tumor.n=5/sham, n=5/cas.d, Frequency ofimmune cell subsets

inthe SB28 brain tumor measured on day 14 by flow cytometry.n =10/sham,
n=9/cas.Datacombined fromtwoindependent experiments. e, Frequency
ofimmune cell subsetsin the SB28 flank tumor measured on day 19 by flow
cytometry.n=5/sham,n=>5/cas.p=0.000000007 (panT),p=0.0000128
(CD8).Dataare presented asmean + s.d.(b-e); Statistics: Log-rank (Mantel-Cox)
test (a), Unpaired two-tailed t-test (b,c), Two-way ANOVA with Tukey’s multiple
comparisontest(d,e).
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Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Alterationinsteroid hormonelevels and their
effects onimmune responsesinbrain tumor model following castration.
a-c,Serumandbrainsamples were collected from castrated or sham-operated
mice on day 14 post-intracranial implantation with SB28 (15,000 cells/mouse).
n=9/sham, n=10/cas.a. Mass spectrometry analysis of corticosterone (CCT)
and11-dehydrocorticosterone (11-DHC) in brain tissue. b-c, Testosterone levels
measured by mass spectrometry inserum (b) or brain tissue (c). d-e, Mass
spectrometry analysisinserumcollected at the endpoint from tumor-bearing
mice (SB28;15,000 cells/mouse) treated with vehicle (n =10) or enzalutamide
(n=12).d,Serumlevels of CCT,11-DHC, and ratio of CCT/11-DHC. e, Serum
testosterone levels. f-g, Castrated or sham-operated mice bearing brain
tumors (SB28,15,000 cells/mouse) were treated with mifepristone (MFP).

Immune profiling was performed on day 14. n = 4/cas, n = 5/sham. f, Intracellular
cytokineexpressionin T cells. g, Frequency of tumor infiltratingimmune cell
subsets. moDC: monocyte-derived dendritic cells. h, Serum ACTH levels
measured at the endpoint. Data are derived from the same cohortusedin
Extended DataFig.2a,b. GEMM: n=2/sham, n=5/cas, CPAandKR158:n=5/
group.i, Serum ACTH levels measured at indicated time points after intracranial
implantation of SB28 (15,000 cells/mouse). Day 1: n = 3/group, Day 3,5,and 7:
n=4/group.Dataare presented as mean +s.d.; nindicates the number of
biologically independent animals; Statistics: Two-way ANOVA with Tukey’s
multiple comparison test (a-c,g,i), Unpaired two-tailed t-test (d,e,h), One-way
ANOVA with Tukey’s multiple comparison test (f).
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Extended DataFig. 6 |Impact of androgensignaling on brain tumor n=5/veh,n=9/TC.d, Survival analysis of female B6 mice after enzalutamide
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animalsareindicatedinthegraph.b, Serumtestosterone levelsmeasuredatthe  two-tailed t-test (b,c,e,f).
endpoint.n=9/veh,n=7/TC.c,Serum ACTH levels measured at the endpoint.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Increased glucocorticoids mediate
immunomodulatory effect viamyeloid cellsin castrated mice. a-b, Flow
cytometric analysis of tumorinfiltratingimmune cells from castrated or sham-
operated mice 16 days after intracranial implantation of SB28 cells.n = 9/sham,
n=10/cas. a, t-SNE map displaying signal intensity of glucocorticoid receptor
(GR) andimmune cell markers. b, GR expressionlevelsineachimmunecell
subset. ¢, Survival analysis of Lck*Nr3cI” mice after intracranial implantation
of SB28 cells. Datacombined from three independent experiments.d, Serum
ACTH levels measured at the endpoint in Lck*Nr3c1 mice from (). n = 5/sham,
n=6/cas.e, Survival analysis of Foxp3“°Nr3cl” mice after intracranial

implantation of SB28 cells. Data combined from four independent experiments.
f,Serum ACTH levels measured at the endpoint in Foxp3“°Nr3cI mice from (e).
n=3/sham, n=4/cas. g-i, LysM“*Nr3cI" mice bearing brain tumor (SB28) were
sacrificed onday 19.n = 6/sham, n = 8/cas. Intracellular cytokine expressionin
T cells from tumor (g), spleen (h) and lymph nodes (i).j, Survival analysis of
castrated or sham operated E8i“Ar" mice intracranially implanted with SB28
tumors. k, Serum ACTH levels measured at the endpointin E8i*Ar” mice from
(j).n=7/sham,n=7/cas.Dataare presented as mean +s.d.; nindicates the
number of biologicallyindependent animals; Statistics: Unpaired two-tailed
t-test (b,d,f-i,k), Log-rank (Manel-Cox) test (c,e,g,j).
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| scRNA-seqrevealedincreased myeloid-T cell
interactionin castrated mice. scRNA-seqwas performed on CD45*immune
cellsisolated by FACS from tumor and spleen of brain tumor-bearing (SB28, day14)
mice following sham or castration surgery. a, Gene set enrichment analysis
(GSEA) of theimmune cell subsets using the “Response to corticosteroid”
geneset.b-d, Cell-cellcommunication analysis in tumor samples comparing
castrated and sham mice using CellChat. b, Number and strength of interaction
amongimmune cells in tumor. x-axis: receivers, y-axis: senders. c-d, Comparison

ofthesignificant ligand-receptor pairs between castrated and sham tumors,
which contribute to the signaling between myeloid cells (IFN-expressing cells,
macrophages, mDCs) and effector CD8" T cells. Dot color reflects communication
probabilities and dot size represents significance of interactions (p-values).
Empty space means the communication probability is zero. e, Pro- or anti-
inflammatory gene expressionsin eachmyeloid cell subset. Dot size represents
the percentage of cells expressing the gene in the cluster. Dot color represents
average expression level. Statistics: Permutation test (a,c,d).
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Extended DataFig.9 |RNAseqand phosphorylation array analysis of
hypothalamus. a-b, Bulk RNAseq was performed on the hypothalamus tissue
collected from castrated or sham-operated mice 14 days after intracranial
implantation of SB28 cells (15,000 cells/mouse) or media. a, Differentially
expressed genes (DEGs) identified in each comparison (cut-off: Log,FC > 1or
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and sham conditions (FC >1.3 or <0.7). Statistics: Permutation test (b).
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10|Increased proinflammatory cytokinesinthe brain
of castrated mice with brain tumors. a-b, Serum ACTH levels measured at
theendpointin castrated or sham-operated ILIR1”" (a) or TNFR1/27~ (b) mice
bearing SB28 brain tumors. ILIR1”:n= 6/sham, n =9/cas; TNFR1/27:n=4/
group. ¢, Tissue mRNA level measured in the brains of castrated or sham control
mice 7 days after intracranial injection of media or tumor cells, or noinjection.
n=3/group, except for n =5/cas-i.c.(tumor).d, Tissue mRNA levels measuredin
thebrains of castrated or sham control mice 3 days after intracranial injection
with GBM lysates (SB28).n = 7/group. Datacombined from twoindependent
experimentse, ACTH levelinserum samples collected on day 7 post-intracranial
injection with latex beads. n=5/group. f-g, Castrated or sham-operated NSG
micereceived intracranial injection of GBM cells (SB28) and sacrificed onday 7.
f,Serum ACTH level. n = 5/group. g, Tissue mRNA levels.n = 4/group.h, ACTH
level measuredin serum samples from castrated or sham-operated RAG1™"
mice 7 days after intracranial implantation of SB28 cells. n = 3/sham, n = 4/cas.
i-j, NSG mice were implanted with patient-derived human GBM cells (hGBM)

following castration or shamsurgery. i, Serum ACTH levels measured on
day3or10 post-implantation. n=5/group.j, Tissue mRNA levels measured on
day 3 post-implantation of L1cells. n =4/sham, n=5/cas. k, Tissue mRNA level
measured in the brains of castrated mice fed PLX3397-containing or control
diet 7 days after intracranial injection of SB28 cells. n = 4/Ctrl, n = 5/PLX.
p=0.000035.1-m, Immortalized macrophages were cultured in the presence
of dihydrotestosterone (DHT) or vehicle (methanol) for 72 h, followed by
stimulation with LPS or murine GBM lysates and nigericin (Ng) for 4 h.1, ASC
speck formationindicated by mCerulean signal intensity measured by flow
cytometry. Representative data are shown from two independent experiments.
m, Secreted IL-1f in supernatant was measured by ELISA. LPS+Ng:n =3/group,
GBMlys+Ng:n=3/veh,n=2/DHT group.Dataare presented asmean +s.d.;
nindicates the number of biologically independent animals (a-k); Statistics:
Unpaired two-tailed t-test (a,b,e,f,h,k), Two-way ANOVA analysis with Tukey’s
multiple comparisontest (c,l), Multiple unpaired t-test (d,g,j), One-way ANOVA
analysis with Sidak’s multiple comparison test (m).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

& A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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@ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
4~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:] For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:] For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:] Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection SpectroFlo v.3.3.0 (Cytek), FACSDiva v.9.-0 (BD Biosciences) were used for flow cytometry data collection.
Incucyte Live-cell-Analysis system v2023a (Sartorius) was used to track cell count.
Victor Nivo v.4.5.0 (Perkin EImer) was used for reading ELISA plates.
QTrap 5500 mass spectrometer (AB Sciex) was used for mass spectometry analysis.
QuantStudio 5 (Applied Biosystems) was used for real-time PCR analysis.
Phenolmager HT (Akoya Biosciences) was used for Image analysis.
RNA-seq libraries were sequenced on Illumina NovaSeq 6000 (bulk and scRNA-seq) and NovaSeq X Plus (Spatial transcriptomics).

Data analysis FlowJo v.10 (BD biosciences), Incucyte software v2020C (Sartorius), MultiQuant v.3.0.3 (AB Sciex), CIBERSORTx, GraphPad Prism v9 (GraphPad
Prism Software), MultiQuant v.3.0.3. (AB Sciex), QuPath v.0.6.0. (QuPath), Ingenuity Pathway Analysis (Qiagen), Imaria v.10.2 (Imaris).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The bulk RNA-seq, scRNA-seq, and spatial transcriptomics data have been deposited with links to BioProject in the NCBI BioProject database: PRINA1254286 (RNA-
seq on tumor), PRINA1254297 (RNA-seq on hypothalamus), PRINA1254695 (scRNA-seq on immune cells), PRINA1372687 (spatial transcriptomics). For image-
localized biopsy data analysis, data is publicly available at https://www.synapse.org/#!Synapse:syn52256644. Mouse reads were aligned to the GRCm38 (mm10)
mouse reference genome and human reads were aligned to the GRCh37 human reference genome. Analysis details are provided in the Methods. All data
generated in this study are available upon request from the corresponding author, Dr. Justin D. Lathia (lathiaj@ccf.org).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Extended Data Figure 1 shows analysis of previously published dataset including patients' biological sex (Hu, L.S., D’Angelo, F.,
Weiskittel, T.M. et al. Integrated molecular and multiparametric MRI mapping of high-grade glioma identifies regional
biologic signatures. Nat Commun 14, 6066 (2023). https://doi.org/10.1038/s41467-023-41559-1).

Reporting on race, ethnicity, or | In Supplemental information for SEER analysis (Figure 1h-i), demographics of male GBM patients are indicated (Table 3).
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

& Life sciences I:] Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen in excess to show a significant effect based on pilot experiments used to determine mean and spread.
Data exclusions  Data were examined using Grubbs' test and outliers were excluded with the criterion of alpha = 0.05.
Replication All experiments were replicated as indicated in the corresponding figure legends.

Randomization | Mice were randomized for castration surgery or treatment, and for tumor implantation. For the in vitro experiments, samples with identical
pretreatment conditions were randomly assigned to treatment groups.

Blinding Flow experiments were not blinded during data collection or analysis, as tracking each group is critical for data interpretation. In some survival

analysis, experiment groups were blinded to the investigators. Mass spectrometry analysis was blinded during data collection as the samples
were labeled as group 1 and group 2.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [[] chip-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology & D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used Antibodies for immune cell subsets:
For flow cytometry analysis:
CD11b (M1/70), BD Biosciences (#563553), surface 1:250;
CD69 (H1.2F3), BD Biosciences (#741234), surface 1:250;
CD11c (HL3), BD Biosciences (#612796), surface 1:250;
CTLA4 (UC10-4B9), BioLegend (#106312), Intra 1:250;
Ly6G (1A8), BD Biosciences (#560603), surface 1:250;
PD1 (29F.1A12), BioLegend (#135241), surface 1:250;
TIM3 (RMT3-23), BioLegend (#119727), surface, 1:100;
CD45R/B220 (RA3-6B2), BioLegend (#103237), surface 1:250;
Ki67 (16A8), BioLegend (#652413), Intra 1:250
TIM3 (RMT3-23), BioLegend (#119727), Intra 1:100;
CD3 (145-2C11), BD Biosciences (#564379), surface 1:250;
I-A/I-E (M5/114.15.2), BioLegend (#107606), surface 1:250;
CD45 (30-F11), BioLegend (#103132), surface 1:250;
Foxp3 (FJK-16s), eBioscience (#2260608), Intra 1:250;
LAG3 (C9B7W), BioLegend (#125224), surface 1:250;
NK1.1 (PK136), BioLegend (#108716), surface 1:250;
CD4 (GK1.5), BioLegend (#100422), surface 1:250;
CD8 (52-6.7), BioLegend (#100712), surface 1:250;
CD206 (C068C2), BioLegend (#141712), Intra 1:250;
Ly6C (HK1.4), BioLegend (#128024), surface 1:250;
CD68 (FA-11), BioLegend (#137024), intra 1:250;
F4/80 (BMS), BioLegend (#123117), surface 1:250;
IFN-y (XMG1.2), BioLegend (#505846), Intra 1:250;
TNFa (MP6-XT22), BioLegend (#506329), Intra 1:250;
Granzyme B (QA18A28), BioLegend (#396414), Intra 1:250;
GR (NR3CR1) (BuGR2), eBioscience (#53-6189-82), Intra, 1:250
TCF1 (C63D9), cell signaling (#6709), intra, 1:250
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For histology analysis:

1) 1" antibodies - 1:1000 dilution

cleaved caspase-3 (Asp175), Cell Signaling (#9662)
GFP, Aves Labs (#GFP-1020)

phospho-Histone H3 (Ser10), Cell Signaling (#9701)
cFos, EnCor Biotechnology (#RPCA-c-FOS)

Iba-1, Abcam (#ab5076)

ASC (AL,177), Adipogen (#AG-25B-0006-C100)

2) 2" antibodies - 1:500 dilution

Donkey anti-rabbit Alexa Fluor 488, Invitrogen (#A-21206)
Donkey anti-chicken Alexa Fluor 488, Invitrogen (#A-78948)
Donkey anti-rabbit Alexa Fluor 555, Invitrogen (#A-31572)
Rabbit anti-goat Alexa Fluor 647, Invitrogen (#A-21446)

For immunoblotting:

caspase-1 (p20), Adipogen (#AG-20B-0042-C100), 1:1000

beta-actin (AC-15), Sigma (#A5441-100ul), 1:10,000

Goat anti-mouse IR-670 secondary antibody, LiCor Bio (#92668070), 1:10,000

Validation All antibodies used in this study are commercially available and were validated for specificity and applications by the manufacturers.

Eukaryotic cell lines
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Mouse syngeneic glioma cell line SB28: female-derived, obtained from Dr. Hideho Okada (UCSF)




Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Mouse syngeneic glioma cell line GL261: unknown sex-derived, obtained from the Developmental Therapeutic Program (NCI)
Mouse syngeneic glioma cell line CPA: male-derived, obtained from the Castro-Lowenstein laboratory (University of
Michigan)

Mouse syngeneic glioma cell line KR158: unknown sex-derived, obtained from Dr. Loic Deleyrolle (Mayo clinic)

Mouse syngeneic bladder carcinoma cell line MB49: male-derived, purchased from Animal Tumor Core (Cleveland Clinic)
Mouse syngeneic melanoma cell line B16-F10: male-derived, shared by Dr. Thaddeus Stappenbeck (Cleveland Clinic) soon
after they purchased the cells from ATCC (#CRL-6475)

Glioblastoma patient-derived xenograft cell line L1: female-derived, originally from the laboratory of Dr. Brent Reynolds
(University of Florida) (originally from the laboratory of Dr. Angelo Vescovi)

Glioblastoma patient-derived xenograft cell line GBM23: male-derived, originally from the laboratory of Dr. Erik Sulman (MD
Anderson Cancer Center).

B16-F10 cells and MB49 were authenticated by the source. GBM cell lines were not further authenticated.
All cell lines in our laboratory are routinely checked for mycoplasma. All cell lines used were tested negative.

No commonly misidentified cell lines were used in this study.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals All animals were kept in a specific pathogen-free facility of the Biological Resource Unit (BRU) at Lerner Research Institute, Cleveland
Clinic., with a 12-hour light-dark cycle. 5-10 weeks old mice were used for this study. All mouse strains used in the study are listed in
Supplementary Table 8.
Wild animals This study did not involve wild animals.
Reporting on sex Since this study focuses on elucidating the role of androgens in brain tumors, male mice were mostly used. In some experiments,

female mice were used (Extended Data Figure 6).

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal procedures were performed in accordance with the guidelines and protocols approved by the Institutional Animal Care
and Use Committee (IACUC) at the Cleveland Clinic.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

At the indicated time, mice were euthanized as described above, and brain tumor, spleen, and lymph nodes (inguinal) were
harvested. Brain tumor tissue was minced into small pieces with scalpels and subjected to enzymatic digestion in the
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presence of collagenase D (1 mg/ml; Roche) and DNase | (0.1 mg/ml; Roche) at 37°C. Digested tissue was filtered through a
70 um cell strainer. To enrich for immune cells, gradient centrifugation was performed using 30% percoll solution (Sigma).
Red blood cells (RBCs) were lysed using RBC lysis buffer (BioLegend). For spleen and lymph nodes, tissue was ground onto a
40 um cell strainer, followed by RBC lysis. All single-cell suspension samples were filtered once more with a 40 um cell
strainer before staining for flow anlaysis. For cell staining, after live/dead staining with LIVEDEAD Blue (Thermo Fisher
Scientific) on ice for 15 min, cells were washed and incubated with FcR blocker (Miltenyi Biotech) diluted in PBS/2% BSA on
ice for 10 minutes. For surface staining, cells were incubated in an antibody mixture diluted in brilliant buffer (BD
Biosciences) at 1:100 to 1:250 on ice for 30 minutes. After washing with PBS/2% BSA buffer, cells were fixed with Foxp3/
Transcription factor fixation buffer (eBioscience) overnight. For intracellular staining, antibodies were diluted in Foxp3/
Transcription factor permeabilization buffer at a ratio of 1:250, and cells were incubated at room temperature for 45
minutes. For intracellular cytokine detection, cells were stimulated using Cell Stimulation Cocktail plus protein transport
inhibitor (eBioscience) in complete RPMI for 4 hours, followed by the cell staining procedures described above. Stained cells
were acquired with an Aurora (Cytek Biosciences) and analyzed using FlowJo software (v10, BD Biosciences).
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Instrument Cytek Aurora, BDFortessa

Software SpectroFlow, FACSDiva

Cell population abundance N/A

Gating strategy Gating strategy is provided in the supplementary information (supplementary figure 1). After clean-up process, T cells were

defined as CD3+CD45+ and each T cell subset was further identified using CD4, Foxp3, and CD8. Cytokine expression was
defined using negative control without re-stimulation.

& Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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