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Introduction

Cellular metabolism drives CD4* T cell differentiation and stabil-
ity, and CD4" T cell metabolic pathways are promising therapeu-
tic targets for cancers, autoimmune diseases, and asthma (1-3).
Once activated, effector CD4* T cells substantially increase gly-
colysis to proliferate and undergo clonal expansion (2, 4). How-
ever, the reliance on other metabolic pathways is required for
maximal effector function and varies between the CD4* T cell
subsets of Thl, Th2, Th17, and regulatory T cells (Tregs) (3-6).
Prior research focused on the metabolic pathways required for
Thil, Th17, and Tregs, as these CD4* T cell subsets are critical
in pathogenesis of cancers and autoimmune diseases. Here, we
focus on how androgen signaling through the androgen receptor
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Female individuals have an increased prevalence of many Th17 cell-mediated diseases, including asthma. Androgen
signaling decreases Th17 cell-mediated airway inflammation, and Th17 cells rely on glutaminolysis. However, it remains
unclear whether androgen receptor (AR) signaling modifies glutamine metabolism to suppress Th17 cell-mediated airway
inflammation. We show that Th17 cells from male humans and mice had decreased glutaminolysis compared with female
individuals, and that AR signaling attenuated Th17 cell mitochondrial respiration and glutaminolysis in mice. Using allergen-
induced airway inflammation mouse models, we determined that females had a selective reliance upon glutaminolysis

for Th17-mediated airway inflammation, and that AR signaling attenuated glutamine uptake in CD4* T cells by reducing
expression of glutamine transporters. In patients with asthma, circulating Th17 cells from men had minimal reliance upon
glutamine uptake compared to Th17 cells from women. AR signaling thus attenuates glutaminolysis, demonstrating sex-
specific metabolic regulation of Th17 cells with implications for Th17 or glutaminolysis targeted therapeutics.

(AR) alter metabolic pathways critical for Th17 and Th2 cells, cell
types important in allergic airway inflammation and asthma.
Differential and overlapping metabolic pathways are essential
for Th2 and Th17 cells. Th2 cells rely upon fatty acid oxidation and
PPAR-y signaling (7), and we recently showed that glutaminolysis
was important for Th2 function during allergic airway inflammation
(8). Th17 cells require de novo fatty acid synthesis (9) and one carbon
metabolism (10) for differentiation, effector function, and cytokine
expression (11). Further, glutaminolysis is essential for Th17 cell
differentiation and effector function, and glutaminolysis may also
inhibit Th1 cell differentiation (8, 11-13). Glutaminolysis involves the
uptake and conversion of glutamine to glutamate by glutaminase
(GLS). Glutamate can then be converted to o-ketoglutarate, which
can enter the tricarboxylic acid (TCA) cycle, be converted to gluta-
thione (GSH) for ROS management, modify chromatin methylation
patterns, and/or be used for other metabolic processes (1, 14-16).
While metabolic needs for Thl, Th2, and Thi17-mediated dis-
eases have been examined, it remains unexplored how sex hor-
mones modify these metabolic pathways. Understanding the role
of sex hormones is critical since there is a female predominance in
the prevalence and/or severity of many immune-mediated diseas-
es, including asthma, multiple sclerosis, lupus, rheumatoid arthri-
tis, and type I diabetes (17). This female sex bias has been attribut-
ed to a myriad of reasons, including the impact of sex hormones,
X and Y chromosomal differences, and social and environmental
factors (17, 18). Yet, the role of immunometabolism is unclear.
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Prior research on sex hormone signaling and cell metabolism
in cancer showed androgens signaling through the AR altered cell
metabolism. In prostate cancer cells, AR signaling dysregulated
glycolysis, the TCA cycle, amino acid metabolism, and fatty acid
metabolism through transcriptional, epigenetic, and amino acid
transport changes (19-21). Further, AR signaling increased gluta-
mine metabolism and utilization in gliomas (22). However, can-
cer cells can have dysregulation of normal metabolic patterns and
dysregulation of sex hormone receptor expression, and the impact
of AR signaling on CD4" T cell metabolism during inflammation
is unknown. Various studies described the impact of AR signal-
ing on immune cells and T cells through reductions in function or
increased expression of exhaustion markers (23-26), but defining
how sex hormones affect CD4* T cell metabolism would provide a
foundational mechanism for sex differences in CD4" T cell subset
effector function.

A previous study from our group showed that patients with
asthma had increased numbers of CD4" effector T cells and
increased expression of metabolic enzymes in their CD4* T cells
compared with those of people in the healthy control group (8).
However, the sex of participants and the effect of sex hormones on
these cells was not considered. Given the importance of distinct
metabolic programs on T cell function, we sought to determine the
role of AR signaling in modifying CD4* T helper cell metabolism
in vitro using human and mouse cells and in vivo using a mouse
model of allergen-induced airway inflammation. Here, we show
that AR signaling directly decreased glutamine uptake and gluta-
minolysis in Th17 cells to reduce IL-17A-mediated inflammation.

Results

Metabolic markers in human CD4* T cells from the mediastinal
lymph nodes are decreased in men compared with women. Metabol-
ic markers are differentially expressed based on the metabolic
requirements of CD4" T cells (8, 13, 27). Using excised mediasti-
nal lymph nodes from deceased human male and female donors
(ages 18-55) that did not qualify for lung transplant, we conducted
mass cytometry (CyTOF) using an antibody panel focused on T
cells and metabolic markers (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI177242DS1). Donors chosen were matched for age, race, and
ethnicity (Supplemental Table 2). Surface expression of chemok-
ine receptors, CCR4, and CXCR3, as well as other surface markers
were used to identify CD4" T cells and subset these cells into Th1,
Th2, Treg, and Th17 cells as previously described in PBMCs and
lung-draining lymph nodes (Figure 1A) (28, 29). Gating strategies
and CD4" T cell population definitions are shown in Supplemental
Figure 1. The median expression of metabolic markers was also
determined in CD4" T cell subsets (Figures 1, B-D and Supple-
mental Figure 2). Metabolic markers included Glutl for glycolysis,
GLUDI1 for glutaminolysis, Cptla for fatty acid metabolism, and
Grim19, ATP5a, and cytochrome C as various parts of the elec-
tron transport chain in mitochondrial metabolism. The CD4* T
cells and all subsets of Th1, Th2, Th17, and Tregs had decreased
expression in GLUDI in male compared with female individuals
(Figure 1B). Additionally, Grim19 was decreased in CD4" T cells,
Th17, and Tregs in males compared with females, and ATP5a was
decreased in Tregs from male compared with female individuals
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(Figures 1D and Supplemental Figure 2B). Other metabolic mark-
ers, Glutl, Cptla, and cytochrome C, were not different between
the male and female CD4* T cell subsets that were examined (Fig-
ures 1C and Supplemental Figure 2, A and C). These data show
that effector CD4* T cells from human lung draining lymph nodes
from males are metabolically distinct from T cells from females,
with decreased expression of GLUD1 and Grim19.

AR signaling intrinsically decreases Thl7- but not Th2-medi-
ated inflammation. Reports from our group and others showed
that glutaminolysis increased airway inflammation and IL-17A
production from Th17 cells (8) and that AR signaling decreased
type 2 and nontype 2 inflammation during allergic airway inflam-
mation (25, 26, 30). Specifically, we previously showed a cell-in-
trinsic role of AR signaling in Th17 cell-driven inflammation in
a house dust mite (HDM) model through bone marrow chimera
experiments using T cells from WT male and Ar" male mice
(25). Based on these findings, we next determined if AR signal-
ing in CD4" T cells attenuated HDM-induced airway inflamma-
tion and modified expression of metabolites in CD4* T cells. As
shown in Figure 2A, Ar female, Cd4* Ar/f female, Ar"/° male,
and Cd4°** Ar"/% male mice were challenged with 40 pg of HDM
3 times a week for 3 weeks. Lungs and bronchoalveolar lavage
(BAL) fluid were harvested 1 day after the last challenge to assess
airway inflammation. HDM-challenged A7"? female mice had
increased numbers of eosinophils and neutrophils in the BAL
fluid compared with A#"° male mice, and Cd4%*" A¥"° male mice
had increased neutrophil infiltration and no difference in eosino-
phils compared with A¥¥° male mice (Figure 2B). IL-13 and IL-17
cytokine levels in BAL fluid were also significantly increased in
Ar"f female mice compared Ar”° male mice, and Cd4°< Ar/°
male mice had increased IL-13 and IL-17 levels compared with
Ar"° male mice (Figure 2C). To determine if AR signaling in CD4*
T cells attenuated allergen-induced airway hyperresponsiveness
(AHR) to methacholine, a physiological hallmark of asthma, we
measured airway resistance in response to increasing concentra-
tions of nebulized methacholine via Flexivent. Similar to what we
have previously reported (25, 26), Ar*/ female mice had increased
AHR compared with A#¥° male mice (Figure 2D, solid red versus
solid blue lines). Cd4°** Ar/° male mice had similar AHR com-
pared with A#"? female mice (dotted blue line overlaid with solid
red line) and no significant difference was determined between
Cd4°< Ar"f female and A¥"? female mice (dotted and solid red
lines). These data show that AR signaling in CD4" T cells attenu-
ate HDM-induced airway inflammation and AHR.

Next, we conducted flow cytometry to determine the num-
ber of lung Th2, Th17, and Treg cells (Supplemental Figure 3A).
HDM-challenged Ar"# female mice also had increased numbers
of lung Th2 and Th17 cells compared with A#"° male mice, and
removing AR signaling in the CD4 cells in the Cd4¢* Ar/° male
mice increased numbers of lung Th17 cells (Figure 2, E and F).
However, no differences in lung Th2 cells were observed in the
HDM-challenged Cd4°* A"/’ male mice compared with the A"
male mice (Figure 2, E and F). The lack of difference between
eosinophils and lung Th2 cells in A¥%° male mice and Cd4¢* Ar/°
were consistent with our prior studies using an in vivo adoptive
transfer model showing that AR signaling had no direct effect on
Th2 cells (25). In this study, we also showed AR signaling on all
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Figure 1. CyTOF of lung-draining lymph nodes of deceased donor patients reveals sex differences in T cells and metabolic protein expression. CyTOF
was conducted on human lung draining lymph nodes from deidentified female and male deceased donors. (A) UMAP visualization of cell surface markers
in all samples. (B-D) Median expression of metabolic markers on CD4* T cells, Th1, Th2, Th17, and Treg cells. Gating strategies and population definitions
are shown in Figure S1. Data are expressed as mean + SEM: n = 14 females and n = 177 males *P < 0.05, **P < 0.01; 2-tailed Mann-Whitney U test. See Sup-

plemental Figures 1and 2 and Supplemental Tables 1and 2.

CD4-expressing cells did not attenuate the total number of lung
Treg cells, but did decrease the ratio of lung Tregs to Th2 and Th17
cells (Supplemental Figure 3C). This confirms our previous find-
ings using mice with AR deficiency only in Tregs (26).

Using flow cytometry, we also determined expression levels
of the metabolic markers GLUD1, Glutl, HIF1la, and phospho-S6
(p-S6) in Th2 and Th17 cells (Figure 2, G and H and Supplemental
Figure 3B). p-S6 is a marker for mTORCI activation, a key regula-
tor in T cell activation and metabolism. HIF1-o is a key metabolic
regulator for Th17 cells (31). In Th2 cells, no differences were not-
ed in the mean fluorescent intensity (MFI) of metabolic markers
between any groups (Figure 2G). In Th17 cells, the MFI of GLUD1
and p-S6 were increased in Cd4%* Ar"° males and A"/ females
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compared with A7#/° male mice with no differences detected in
Glutl and HIF1-a (Figure 2H). Together, these data suggest that AR
signaling intrinsically decreased allergen-induced lung Th17 cells
and decreased GLUD1 expression, a marker of glutaminolysis, and
P-S6 expression, a proxy for mTOR activation, in Th17 cells.
Antagonism of the AR via flutamide increases Th17-mediated air-
way inflammation and expression of glutaminolysis-related enzymes.
To determine whether a pharmacological inhibitor of AR, flut-
amide, also increased Thl7-mediated airway inflammation, we
implanted slow-release flutamide or vehicle pellets (50 mg) s.c. in
WT male mice. After 3 weeks, HDM was intranasally administered
as outlined in Figure 2A. Administration of flutamide to WT male
mice increased neutrophils in the BAL fluid, lung Th2 cells, and lung
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Figure 2. AR signaling in CD4* T cells reduces Th17-driven neutrophilic inflammation during airway inflammation. (A) Model of HDM allergen challenge.
Female and male A and Cd4“ Arf mice were challenged intranasally with 40 pug of HDM 3 times per week for 3 weeks. BAL fluid and lungs were harvested
24 hours after the last challenge. (B) Quantification of eosinophils and neutrophils in the BAL fluid from mice after HDM challenge. (C) IL-13 and IL-17A protein
expression in BAL fluid after HDM challenge. (D) Airway hyperresponsiveness as measured by FlexiVent with increasing doses of methacholine was also
conducted on HDM-challenged female and male Ar" and Cd4“ Ar mice 48 hours after last challenge (Data show mean + SEM, n = 4-6 mice per group). (E)
Representative flow diagrams of IL-13* Th2 cells and IL-17A* Th17 cells. (F) Quantification of lung Th2 and Th17 cells after HDM challenge (G and H) Expression
of GLUD1, Glut1, HIF1-0, and pS6 in lung Th2 cells (G) and Th17 cells (H) after HDM challenge. (B, C, and E-H) Data are expressed as mean + SEM: n = 7-9 mice
per group combined from 2 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ANOVA with Tukey's post hoc test. See Supple-

mental Figures 3, 4, and 5.

Th17 cells compared with vehicle-treated WT males (Supplemental
Figure 4, A-C). These increases in neutrophils, lung Th2 cells, and
lung Th17 cells were similar to WT female mice. No differences
in eosinophils in the BAL fluid were determined in WT male mice
administered vehicle or flutamide. Further, flutamide-treated WT
male mice and WT female mice had increased GLUD1 and pS6
expression in Th17 cells, but not Th2 cells, compared with vehi-
cle-treated WT male mice (Supplemental Figure 4, D and E). These

data show that pharmacological inhibition of AR signaling with flut-
amide increased Th17-mediated neutrophilic airway inflammation
and expression of glutaminolysis-related enzymes in Th17 cells.
Estrogen receptor o, signaling in CD4* T cells increases neutrophil
infiltrationand Th17 cellsinthe lung, but does not impact the expression
of metabolic enzymes in Th17 cells. Our data and others have shown
that female individuals have increased allergen-induced airway

inflammation compared with male individuals, and that estrogen

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242
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Figure 3. AR signaling modifies mitochondrial metabolism but not glycolysis in Th17 cells. (A) Seahorse MitoStress Test on differentiated Th17 cells
from WT female, WT male, and Ar"™ male mice to measure mitochondrial respiration using oxygen consumption rate (OCR) (n = 5 mice per group from 2
independent experiments). (B) Quantified measures of basal respiration, maximal respiration, and spare respiratory capacity from panel A. (C) Seahorse
GlycoStress test on Th17 cells from WT female, WT male, and Ar"™ male mice to measure glycolysis using extracellular acidification rate (ECAR) (n = 5-6
mice per group from 2 independent experiments). (D) Quantified measures of basal glycolysis, glycolytic capacity, and glycolytic reserve from panel C. (E
and F) Expression of MitoSOX Red, a mitochondrial superoxide marker, and Mitotracker green (MTG), a stain to measure mitochondrial mass, in differenti-
ated Th17 cells from WT female, WT male, and Ar’™™ male mice (n = 3-4 mice per group, representative of 2 independent experiments). Data show mean +
SEM, *P < 0.05, **P < 0.01; ANOVA with Tukey’s post hoc test. See Supplemental Figure 6 and 7.

signaling through estrogen receptor o (ER-0) increased this inflam-
mation (25, 32, 33). Therefore, we also wanted to determine if ER-a.
signaling specifically in CD4" cells increased HDM-induced neu-
trophil infiltration into BAL fluid, numbers of lung Th17 cells, and
GLUD1and pS6 expressionin Th17 cells by using our HDM protocol
in male and female Cd4%* Esr1"# and Esr1"# mice. Cd4¢* Esr1"/f
female mice had decreased neutrophils in BAL fluid, IL-17A
production in whole-lung homogenates, and numbers of lung
Th17 cells compared with Esr1?# female mice (Supplemental
Figure 5, A-D). No differences in eosinophils in the BAL fluid,
IL-13 production in whole lung homogenates, or numbers of
lung Th2 cells were observed between Cd4°* Esrl"f and Esr1"f
female mice (Supplemental Figure 5, A and B). Additionally, no

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242

differences in the numbers of Th2 and Th17 cells or in expression
of metabolic markers were determined between Cd4%* EsrI#
and Esr1?/ female mice (Supplemental Figure 5, C-F). Interesting-
ly, male Cd4°* Esr1?/ had decreased GLUD1 and pS6 expression
in Th2 cells compared with male Esr1"# mice. The reason for this
difference is unclear and warrants future investigation. These data
show that ER-a signaling in CD4* T cells increased IL-17A produc-
tion and neutrophil infiltration into the airway but that ER-a sig-
naling in CD4" T cells does not affect HDM-induced GLUD1 and
p-S6 in lung Th17 cells.

AR signaling reduces mitochondrial metabolism in differentiated
Thi7 cells. Given our findings that AR signaling decreased meta-
bolic markers in Th17 cells in mice, we next determined if AR sig-
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naling functionally decreases Th17 and Th2 metabolism in vitro.
Naive splenic CD4" T cells from WT male, WT female, and Ar™™
male mice were differentiated into Th2 and Th17 cells. Ar™ mice
have a global mutation in the AR making it nonfunctional. Simi-
lar to our earlier findings, we confirmed that differentiated Th17
cells from WT female mice and Ar™™ male mice had increased
expression of IL-17A production in culture supernatants and
increased numbers of Th17 differentiated cells, defined as ROR-
yT* CD4" T cells, compared with WT male mice (Supplemental
Figure 6A), showing that AR signaling limits Th17 differentiation
in culture (25). Next, we next determined mitochondrial respi-
ration and glycolysis using extracellular flux analysis (34). Th17
cells from WT female and Ar™™ male mice had increased basal
respiration, maximal respiration, and spare respiratory capacity
compared with Th17 cells from WT male mice (Figure 3, A and
B). A similar experiment was conducted using Th17 cells from
WT female, WT male, and Ar™ male mice differentiated using
HPLM media and similar results were observed as in Figure 3,
A and B (data not shown). Consistent with our in vivo allergen
model, AR signaling had no direct effects on Th2 mitochondrial
respiration in vitro (Supplemental Figure 7, A and B). AR signaling
did not significantly impact basal glycolysis, glycolytic capacity,
or glycolytic reserve in Th17 or Th2 cells (Figure 3, C and D and
Supplemental Figure 7, C and D, respectively).

To further characterize the impact of AR signaling on Th17
and Th2 cell mitochondria and understand whether AR signaling
modified the generation of ROS, we measured MitoSox Red via
flow cytometry. ROS suppress Th17 differentiation and effector
function (6, 35, 36). Th17 cells from Ar™™ male mice and female
mice had decreased mitochondrial superoxide production com-
pared with Th17 cells from WT male mice (Figure 3E). We further
measured the role of AR signaling in mitochondrial mass using
MitoTracker Green (MTG) staining via flow cytometry. Thl7
cells from Ar™™ male mice and female mice also had decreased
mitochondrial mass compared with those from WT male mic,e as
detected by MitoTracker Green (Figure 3F). There were no dif-
ferences in MitoSox Red or MitoTracker Green staining in Th2
cells (Supplemental Figure 7, E and F). Next, we determined if AR
signaling modified mitochondrial morphology by transmission
electron microscopy in differentiated Th17 cells. Mitochondria
from Ar™ male mice had decreased area compared with those
from WT males, but no there were no differences in aspect ratio
(a measure of mitochondrial roundness) or internal density (Sup-
plemental Figure 7, G and H). Collectively, these data show AR
signaling specifically restricts oxidative metabolic output in Th17
cells, while increasing mitochondrial mass and area.

AR signaling reduces glutamine metabolism in differentiated Th17
cells. Since AR signaling decreased mitochondrial metabolism in
Th17 cells, we next conducted targeted metabolomics and path-
way analysis on differentiated Th17 cells from WT male and Ar™™
male mice (37). Glutamine metabolic pathways were significantly
increased in Th17 cells from Ar*™ male mice compared with Th17
cells from WT males (Figure 4A and Supplemental Table 3). Th17
cells from Ar™™ male mice also had increased glutamine and glu-
tamate compared with Th17 cells from WT males (Figure 4B).

We next wanted to determine the contribution of glutami-
nolysis to oxidative phosphorylation in Th17 cells from WT and

The Journal of Clinical Investigation

Ar™™ male mice by conducting a Seahorse Substrate Oxidation
Assay using CB-839, an inhibitor of GLS (38). To conduct this
assay, basal respiration was determined during the first 10 min-
utes of the assay. CB-839 (10 uM) or vehicle control (DMSO) was
then injected onto Th17 cells (at 10 minutes) and incubated for 60
minutes prior to starting a standard Seahorse MitoStress assay.
As shown graphically in Supplemental Figure 8, AOCR,  was
determined by subtracting the basal OCR measurement at the
end of the CB839 incubation period from the basal OCR at the
time of CB-839 or vehicle injection. AAOCR, _, was calculated as
AOCR ;¢ 1. ~ AOCR 0\ > Providing a measure of how reli-
ant the cells were on glutaminolysis (Supplemental Figure 8). Th17
cells from Ar™ male mice had a greater decrease in AAOCR, _,
and decreased AOCR___ compared with Thl7 cells from WT
male mice (Figure 4, C-E). These results show that AR signaling
decreased glutaminolysis-dependent oxidative phosphorylation
in Th17 cells, providing a mechanism for AR-dependent decreases
in Th17 differentiation and function.

Disruption of glutaminolysis restricts airway inflammation in
low androgen environments. We next explored if androgens atten-
uated the reliance on glutaminolysis in lung Th17 cells in vivo.
Cd4°< Gls"" and GIs"" male mice underwent sham or gona-
dectomy (GNX) surgery at 4 weeks of age, prior to puberty for
males. At 8 weeks of age, sham and GNX Cd4°** GIs"# and GIs"?
male mice as well as Cd4°* GIs"/" and GIs"" female mice under-
went the HDM protocol outlined in Figure 2A. GNX males and
female Cd4¢** GIs" mice had decreased eosinophils and neu-
trophils in the BAL fluid and decreased lung Th2 and Th17 cells
compared with GNX males or female GIs" mice, respectively
(Figure 4F). No differences in any of these endpoints were deter-
mined between HDM-challenged Cd4¢* GIs"/" and GIs"/ male
mice. Further, Cd4° Gls"f female mice had decreased AHR to
methacholine, a physiological hallmark of asthma, compared
with GIs"? female mice (Supplemental Figure 9). This change
in AHR was not detected in HDM-challenged Cd4°** GIs"# and
GIs"" male mice. These findings show that Th2 and Th17 cells
from males with high AR signaling do not rely on glutamino-
lysis during allergic airway inflammation. Depletion of AR sig-
naling through GNX restored this reliance upon glutaminolysis
in Th2 and Th17 cells of HDM-challenged male mice. Further,
these findings show that glutaminolysis in Th2 and Th17 cells is
required for maximal HDM-induced airway inflammation, pro-
viding an in vivo mechanism for how AR signaling attenuates
HDM-induced airway inflammation.

AR signaling reduces glutamine uptake in Thi7 cells. Based on our
in vitro and in vivo findings of AR signaling differentially impacting
glutaminolysis reliance, we conducted in vivo glutamine metabo-
lism-targeted CRISPR screens. We used OVA-specific Th17-differ-
entiated cells from OT-II Cas9 from GNX males and sham-operated
males (Figure 5) or male and female mice (Supplemental Figure 10)
to test which specific genes in the pathway were responsible for the
sex-specific differences in glutamine reliance (10). Similar to GNX
experiments in Figure 4F, mice underwent sham or GNX surgery
at 4 weeks of age, prior to puberty for males. At 8-10 weeks of age,
Th17 differentiated cells from OT-II Cas9 GNX and sham-operated
male mice were transduced with gRNAs from a glutamine CRISPR
library and then adoptively transferred into Ragl”~ male mice (see

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242
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Figure 4. AR signaling reduces glutamine metabolism in Th17 cells. (A) Pathway analysis on targeted metabolomics from differentiated Th17 cells from

WT male and Ar™ male mice (n = 5-6 mice per group from 2 independent experiments, statistical analysis by MetaboAnalyst Global test, larger circle indi-
cates larger impact, darker shade indicates increased significance). (B) Intracellular glutamine and glutamate levels from differentiated Th17 cells from WT
male and Ar"™ male mice measured by mass spectrometry (Data show mean + SEM, n = 5-6 mice per group). (C) Seahorse Substrate Oxidation Assay using

CB-839, an inhibitor of glutaminase, on differentiated Th17 cells from WT male and Ar™ male mice to measure dependance of mitochondrial respiration
of Th17 cells on glutamine metabolism. (B) Quantified AAOCR from C. AOCR was calculated by determining the difference in measured OCR after DMSO

or CB-839 injection. AAOCR was calculated as follows: AOCR
OCR - 0CR

(B-839 Max

- AOCR

CB-839 basal

DMS0 Max”

DMSO basal”

*P < 0.05, unpaired 2-tailed t test. See Supplemental Figure 5 and Supplemental Table 3. (F and G) HDM-induced airway inflam-

See Supplemental Figure 5A (E) Quantified from C and calculated as

mation in female and sham or gonadectomized (GNX) male G/s"f and Cd4%* GIs" mice were sensitized and challenged with HDM as described in Figure
2A. A day following the last challenge, BAL fluid and lungs were harvested. (F) Eosinophils and neutrophils in BAL fluid and (G) Lung Th2 and Th17 cells
quantified by flow cytometry. Data show mean + SEM, n = 3-4 mice per group, *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; ANOVA with Tukey's

post hoc test. See Supplemental Figure 8 and 9 and Supplemental Table 3.

diagram in Figure 5A). gRNAs from Th17 cells were also isolated pri-
or to adoptive transfer to provide a baseline comparison. Ragl”~-re-
cipient mice were administered OVA protein intranasally to estab-
lish OVA-induced airway inflammation. Lungs were harvested 1 day
following the last OVA challenge and OVA-specific T cells were iso-
lated by cell sorting. The gRNA for TSC2 was enriched in both GNX
and sham-operated males, supporting an inhibitory role in Th17

J Clin Invest. 2024;134(23):e177242

cells. The gRNASs for Ppat and Cad were depleted in both GNX and
sham-operated males supporting that these genes increase Th17 cell
proliferation. Slcla5, a gene that encodes for the glutamine transport-
er ASCT2, and Gls, an enzyme that converts glutamine to glutamate,
were significantly depleted only in GNX males and required for Th17
cell proliferation (Figure 5B). In a separate study, Th17-differentiated
cells from OT-II Cas9 female and male mice were used in the same
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Figure 5. AR signaling reduces glutamine uptake in T cells. (A) Model of targeted CRISPR screen using a glutamine library on differentiated Th17

cells from male and female OT-1l Cas9 mice in an OVA-induced lung inflammation model. (B) Change in gRNA abundance in lung Th17 cells from male
mice (y-axis) and GNX male mice (x-axis) with table showing statistics (Data show mean + SEM, n = 4-5 mice, statistical analysis by MAGeCK affected
represented by color of dot as shown in legend). (C) Model of F18-Glutamine PET studies in HDM-induced lung inflammation as shown in Figure 2A. (D)
Quantification of ®F-Glutamine concentration in whole lung by PET/CT imaging (n = 4-6 mice per group). (E) Quantification of ®F-Glutamine concentra-
tion in lung CD4* T cells by magnetic separation and y counting, normalized to viable cells (Data show mean + SEM, n = 4-6 mice per group). ***P < 0.001,

unpaired 2-tailed t test. See Supplemental Figure 10 and 11.

in vivo CRISPR screen and Slc38al, a gene that encodes for anoth-
er glutamine transporter (SNAT1), was significantly depleted in
females and required for Th17 cell fitness (Supplemental Figure 10).
Collectively, these data show that AR signaling attenuates glutamine
uptake genes in Th17 cells during ongoing airway inflammation.
Next, we wanted to directly test if AR signaling decreased
glutamine uptake in CD4" T cells during ongoing allergic airway
inflammation. We conducted an in vivo ®F-labelled glutamine

uptake assay. As shown in the model in Figure 5C, we used *F-glu-
tamine tracing and magnetic cell separation to determine gluta-
mine uptake in various cell types, as previously shown (39). ¥F-glu-
tamine levels were not significantly different in the whole lung by
whole body PET/CT scan (Figure 5D and Supplemental Figure
11A), but glutamine uptake by CD4* cells in the lungs was increased
in Ar™ male mice compared with the WT male mice (Figure 5E).
Glutamine uptake was not different in CD4* cells or CD4" cells in

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242
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Figure 6. AR signaling reduces glutamine uptake and TCA cycle intermediates. Th17 cells were differentiated from WT male and Ar"™ male mice and
pulsed with ®C_-glutamine for 4 hours. ®C-labelled metabolites were measured by liquid chromatography-tandem mass spectrometry and normalized to
total protein within the sample. Colored bars indicate the number of carbons labelled on each isotopologue for each metabolite. Data show mean + SEM, n

=3-5 samples per group, *P < 0.05, Welch's 2-tailed t test.

Ar™™ male mice compared with the WT male mice in the spleen
(Supplemental Figure 11B), showing tissue localized changes in
CD4* cell metabolism with intranasal HDM challenge. Interesting-
ly, HDM-challenged Ar'™ male mice also had increased glutamine
uptake in other cells, including CD11b-CD4" lung cells compared
with WT male mice, indicating effects of AR signaling on glutami-
nolysis in other cell types in the lung (Supplemental Figure 11C).
In all, AR signaling reduced glutamine uptake in lung CD4"* cells
during allergic airway inflammation, supporting a mechanism for
decreased reliance of glutaminolysis in male Th17 cells.

AR signaling decreases glutaminolysis and flux through the TCA
cycle. To further delineate the significance of glutamine and its
metabolic fate in Th17 cells, we utilized uniformly labelled *C-glu-
tamine tracing to determine the utilization of glutamine in differ-
entiated Th17 cells from WT male and Ar™ male mice (Figure
6). AR signaling decreased glutamate and the flux of glutamine
through TCA intermediates such as succinyl-CoA and malate.
Further, there may also be increased utilization of glutamine in

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242

the malate/aspartate shuttle, with tracing showing that Ar™™ male
mice have increased malate and asparatate levels. Most strikingly,
AR signaling reduces labelled glutamine conversion from reduced
GSH to oxidized glutathione (GSSG), with Th17 cells from ArTfm
male mice having increased GSSG compared with Th17 cells from
WT male mice. GSSG is important in the management of ROS,
and these data are consistent with previous studies showing that
increased ROS decreased Th17 differentiation (12). In all, in vitro
AR signaling decreases glutamine utilization for GSSG as well as
TCA flux during glutaminolysis.

AR signaling decreases accessibility to genes related to glutamine
uptake. Our data show that male sex and AR signaling decrease
glutamine uptake and/or glutaminolysis in Thl7 cells, yet it
remains unclear how AR signaling decreases expression of glu-
tamine transporters and enzymes. Earlier studies showed that
trimethylation at histone 3lysine 27 (H3K27me3) repressed genes
necessary for Th1l7 function (40-42). Therefore, we explored if
AR signaling modified H3K27me3 signatures in Th17 cells differ-
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Figure 7. AR signaling alters H3K27 trimethylation in Th17 cells. CUT & RUN analysis for H3K27me3 was conducted on Th17 cells differentiated from

WT male, WT female, and Ar"™ male mice (n = 3 per group). (A) Heatmaps of H3K27me3 to IgG control ratio in + 10 kb regions around promoters of UCSC
known genes in Th17 cells measured by CUT&RUN. (B and C) Analysis of differentially methylated areas in Th17 cells from male and Ar"™ male mice (panel
B) or Th17 cells from males and females (panel C). (D) GREAT analysis to find differences in gene ontology pathways in Th17 cells from WT male versus
Ar™ male mice. (E) GREAT analysis to find differences in H3K27me3 tagged genomic regions in Th17 cells from WT male versus Ar™ male mice. (D and

E) Pathways and genes shown had a P < 0.05. (F) gPCR analysis of Slc7a5 in Th17 cells. Data show mean + SEM, n = 3-5 samples, ** P < 0.01, ANOVA with

Tukey’s post hoc analysis. See Supplemental Figure 12.

entiated from WT male, WT female, and Ar™™ male mice using
CUT&RUN (cleavage under targets and release using nucle-
ase) sequencing. Principle component analysis indicated that
our samples grouped together depending on sex and AR status
(Supplemental Figure 12A). Overall, Th17 cells from males had
decreased H3K27me3 marks compared with those from female

and Ar™™ male mice (Figure 7A). Analysis of differentially meth-
ylated areas showed significant differences in Th17 cells from
male and Ar'™ male mice with over 2,500 genes differentially
methylated and in Th17 cells from male and female mice with
over 3,000 genes differentially methylated (Figure 7, B and C).
In comparing females to Ar™™ males, 1,326 genes were differen-
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tially methylated genes in Th17 cells (Supplemental Figure 12B).
Using genomic regions enrichment of annotations tool (GREAT)
(43, 44) to find differences in gene ontology (GO) pathways in
Th17 cells from WT male versus Ar™™ male mice, we determined
one of the most enriched pathways for H3K27Me3 in males
was the “promotion of glutamine transport” (Figure 7D). This
pathway was also one of the top hits in the GO analysis of Th17
cells from male versus female mice (Supplemental Figure 12C).
These data indicate that AR signaling altered repressive marks
around genes related to glutamine transport, including Slc38a3
and Slcla5 (Figure 7E). Using quantitative PCR (qPCR), we con-
firmed that expression of Slcla5 was significantly decreased with
in WT males compared with WT females and Ar" males (Fig-
ure 7F). Together, these data indicate that AR signaling modifies
H3K27me3 to decrease expression of genes important in gluta-
mine uptake and glutaminolysis in Th17 cells.

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242

AR signaling reduces Th17 metabolism in human cells. Our murine
in vitro and in vivo data demonstrated that AR signaling decreased
expression of glutamine transporters and decreased glutamino-
lysis in Th17 cells, providing a mechanism for decreased reliance
of glutaminolysis in male Th17 cells. We wanted to confirm this
mechanism in circulating CD4* T cells from men and women with
severe asthma (Supplemental Table 4) using a single-cell metabol-
ic approach, SCENITH (Figure 8A). (45) SCENITH is a flow-based
single cell metabolic technique that relies on puromycin to track
protein synthesis in the presence of metabolic pathway inhibitors
— 2-deoxyglucose (2-DG) inhibiting glycolysis, oligomycin inhib-
iting mitochondrial respiration, and V9302 (46) inhibiting gluta-
mine uptake to calculate the dependence of specific cells on these
metabolic pathways (Supplemental Figure 13A). There were no
significant differences between male and female CD4" T cells in
glucose dependence or mitochondrial dependence, but there was
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a significantly decreased dependence on glutamine uptake from
male CD4" T cells compared with female CD4* T cells (Supplemen-
tal Figure 13B). Circulating CD4" T effector memory cells (TEMs)
had significantly decreased dependence on glutamine uptake via
ASCT?2 in male cells compared with female cells, but there were
no sex differences in glucose or mitochondrial dependence (Fig-
ure 8B). Additionally, total CCR4" cells had no significant differ-
ences in glucose, mitochondrial, or glutamine uptake dependence
between male and female cells (Figure 8C). Circulating Th17 cells,
defined as CCR4* CCR6" TEMs, from male individuals exhibited
a trend toward decreased dependence on glucose and mitochon-
drial metabolism and a significant difference in glutamine uptake
dependence for metabolism compared with Th17 cells from female
individuals (Figure 8D). Other CD4* T cells were examined,
including naive CD4* T cells. Naive CD4" T cells from males had
significantly decreased reliance upon glutamine uptake but no dif-
ference in glucose or mitochondrial dependences compared with
naive CD4" cells from female individuals (Supplemental Figure
13C). These data confirm that Th17 cells from males with asthma
had decreased glutamine uptake compared with Th17 cells from
females with asthma.

Discussion
There is a female predominance in lupus, rheumatoid arthritis,
and severe asthma (17, 18). CD4" T cells are important drivers of
inflammation in these diseases, yet, how sex hormones directly
modify CD4" T cell effector responses remains unclear. In this
study, we employed in vitro and in vivo methods to show that
AR signaling restricted allergen-induced airway inflammation
and AHR as well as Th17 differentiation and effector function by
decreasing glutamine uptake and glutaminolysis. Our findings
identify potential precision medicine targets by elucidating differ-
ential mechanisms of T cell metabolism by sex hormone signaling.
Previous studies by our laboratory and others showed that
AR signaling decreased Thl17- and Th2-mediated inflammation
(25, 26, 30, 47). Additionally, prior studies and our findings in this
study show that AR signaling decreased Th17 cell differentiation
and effector function (25, 26). In this study, we expanded these
findings by showing a foundational mechanism: AR signaling
decreased CD4* T cell glutamine uptake and subsequent glutami-
nolysis, that male mice with normal androgen levels and AR sig-
naling had decreased CD4* T cell dependence on glutaminolysis
pathways, and that CD4-specific deletion of Gls decreased Th2 and
Th17-airway inflammation only in female mice. Further, we found
that AR signaling decreased glutamine uptake transporters, such as
ASCT?2 (Slcla5) or SNATT1 (Slc38al). Glutamine uptake is a process
that utilizes different transporters that are affected by a variety of
environmental factors, providing scenarios that rely more heavily
on Slcla5 or Sle38al. These results provide an intrinsic pathway for
how AR signaling attenuates glutaminolysis leading to attenuated
Th17 cell differentiation and effector function in males.
Glutaminolysis is important for Th17 development as well as
Th17 and Th2 effector function (8, 12, 13). Importantly, we stud-
ied mediastinal lymph nodes collected from deceased donors
and performed CyTOF (thus studying a specific tissue rather
than peripheral blood) and discovered there was a sex bias in
CD4"* T cell metabolic enzyme expression in various subsets. In
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these donors we also determined that GLUD1 expression was
significantly decreased in Th2 and Th17 cells in the lymph nodes
of men compared with women. Due to the nature of the sam-
ples, a direct effect of AR signaling could not be determined;
however, future studies using patients undergoing gender
affirming care (48) or patients with androgen insensitivity syn-
drome could provide this information. As our panel was limited
by the available antibodies and panel size, we acknowledge that
other pathways could potentially be regulated as well. Addition-
ally, our analysis was limited to CD4* T cells, but there are like-
ly many differences in other immune cell types, which can be
explored in future studies.

AR signaling decreasing glutamine uptake in CD4* T cells,
and subsequent glutaminolysis in Th17 cells results in AR signal-
ing shunting glutamine metabolism away from the TCA cycle
and ROS management through GSH. Increased ROS limited the
Th17 differentiation and effector function by promoting a reg-
ulatory phenotype (6, 12, 49, 50). Our glutamine tracing studies
indicate that differentiated WT male Th17 cells are less likely to
have GSSG, reducing their ability to control ROS and thereby
likely reducing Th17 differentiation and effector function. On the
other hand, quantitative analysis on mitochondrial size, area, and
roundness showed that Th17 cells from WT males had a slight but
significant increase in area compared with Th17 cells from Ar™
mice. These results are surprising and a mechanism for increased
mitochondrial size but diminished mitochondrial flux (as mea-
sured by Seahorse) is not clear and warrants further studies.

Nutrient uptake is important in driving T cell differentiation and
effector function (2, 3), but nutrient uptake is also important in other
immune cell populations. **F glutamine-uptake studies showed that
AR-deficient mice had increased glutamine in CD4* T cells as well as
CD11b- CD4cells. It is possible that the CD11b- CD4" cells contain
ILCs and/or yA T cells, providing additional cell subsets important
in airway inflammation where AR signaling attenuates glutamine
uptake. However, the magnetic separation technique used in this
study prevents specific isolation of ILCs and yA T cell populations,
so we cannot be certain what cell types are within the CD11b- CD4~
population. Additional studies focusing on other cell types are war-
ranted to determine how AR signaling, or other sex hormones, are
modifying metabolism during ongoing inflammation.

While glutamine uptake and utilization became the focus of
our study, we acknowledge that AR signaling could be driving dif-
ferential uptake and utilization of other nutrients, as shown in the
other significant hits in our metabolomics studies. Arginine and
serine are important in Th17 effector programs and play a role in
polyamine and carbon metabolism (10, 51). The differences in AR
signaling in these pathways could further affect the Th17 differ-
entiation and effector program and balance of T cells. This would
provide exciting possibilities for future studies.

Increased methylation at H3K27me3 has been reported to
decrease metabolic function in Th17 differentiation (41, 42). Fur-
ther, previous studies showed the accessibility of these genes,
especially regarding H3K27me3 via KDM6, is important in the
differentiation and maintenance of Th17 effector function (42).
This repressor function can impact a multitude of pathways, most
important being mitochondrial biogenesis and respiratory activi-
ty. These findings, along with previous studies on the importance
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of mitochondrial dynamics and function in Th17 cells (52-54)
align with our functional findings regarding decreased mitochon-
drial respiration and increased H3K27me3 marks around gluta-
mine transport pathways. Therefore, it is possible that AR signal-
ing impacts KDM6-mediated H3K27me3 methylation on multiple
Thi17-related pathways and this can be explored in future studies.
Additional studies are also needed on the effect of AR signaling on
acetylation pathways, as previous studies have indicated effects of
polyamine metabolism on acetylation of regions related to CD4*
T helper differentiation (5). Further, we show several differential-
ly methylated regions for cellular function and T cell activation
based on AR signaling, indicating that methylation patterns regu-
lated by AR signaling may be regulating Th17 differentiation and
effector function through multiple pathways.

Many studies have indicated that both ovarian hormones and
androgens directly affect the proliferation and function of macro-
phages, dendritic cells, T regulatory cells, CD8* T cells, and CD4*
T cells (17,18). Here, we show a dichotomized reliance upon a spe-
cific metabolic pathway based on AR signaling. We found that glu-
taminolysis is important in Th17 cell effector function in females
individuals but may not have as large of an impact on Th17 cells
from male individuals. This indicates that AR signaling, while
decreasing glutaminolysis, may force Th17 cells to rely upon differ-
ent metabolic pathways. Thus, exploring sex hormone signaling is
essential in drug development, as more immunometabolism-tar-
geted therapeutics are developed to target disease (55, 56). Our
study indicates that those drugs may be differentially effective
based on sex and the metabolic mechanisms that are driven by sex
hormones. Our metabolomics data and CRISPR screens suggest
glutaminolysis, and other pathways are differentially regulated
by sex hormone signaling in Th17 cells. Future studies on immu-
nometabolism and the targeting of immunometabolism for thera-
peutics should determine the sex-specific effects of the drugs and
how that may impact efficacy. Additionally, the focus of this study
on androgens supports the use of weak androgens, such as inhaled
dehydroepiandrosterone (DHEA) or sulfonated DHEA (DHEA-S),
as possible therapeutics or adjuvant therapy to increase the effec-
tiveness of other therapeutics (57-59). Further studies on the
effect of sex hormones on specific metabolic pathways can lead
to new targets for therapy and increased effectiveness for those
therapeutics, which would further the field of precision medicine.

Methods

Sex as a biological variable. Our study examined immune cells from
human males and females as well as male and female mice. Sexually
dimorphic effects are reported in the text.

Human samples. Single-cell suspensions of deidentified human
lung draining lymph nodes were used with no information on use of
exogenous sex hormones, including birth control medications, preg-
nancy, breastfeeding, and/or phase of menstrual cycle provided.
Patient demographic information and cause of death are provided in
Supplemental Table 2.

Human PBMCs were collected from patients with severe asthma
as defined by the American Thoracic Society criteria (60). Patients
were 18-45 years old and were excluded if they had any symptoms
of infection within the past week, comorbid Th17-associated disease
(e.g., Crohn’s disease), or administration of systemic exogenous
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hormones (e.g., oral contraceptives, estrogen replacement therapy).
Women were excluded if they were pregnant, breastfeeding, meno-
pausal, or had undergone an oophorectomy or hysterectomy. Patient
demographic information is provided in Supplemental Table 4 and
as stated in the text. PBMCs were isolated from whole blood using
SepMate-50 PBMC Isolation Tubes (STEMCELL Technologies) and
Lymphoprep (STEMCELL Technologies) density gradient isolation.
A red blood cell lysis (BioLegend) was performed according to man-
ufacturer instructions. Cells were aliquoted at 10 million cells/mL in
BAMBANKER serum-free cell freezing medium (Bulldog Bio) and
preserved in liquid nitrogen.

Mice. Mice were housed in a pathogen-free facility with a maxi-
mum of 5 mice per cage and ad libitum access to food and water.
C57BL/6] WT (no. 000664), Ar” (no. 001809), Ar"/ (no. 018450),
Esr1"f (no. 032173), and Ragl”- (no. 002216) mice were obtained from
Jackson Laboratories and bred in house. OT-II Cas9 double transgenic
mice, GIs"/" and Cd4°™ Gls"" were provided in-house. Cd4°* mice that
were crossed to A" mice were provided by the lab of Holly Algood
(Vanderbilt University, Nashville, Tennessee, USA). Mice were geno-
typed, and male and female naive mice were used as described below.
For GNX experiments, mice were gonadectomized at 3-4 weeks of
age, around the time of puberty in mice. In select experiments, flut-
amide and vehicle pellets (50 mg, 60-day release) were obtained from
Innovative Research of America and inserted into 8-10 week old mice
for 3 weeks prior to starting HDM challenges. For all other experi-
ments, mice were 8-12 weeks old mice at the start of the experiment.

Cell lines. Plat-E retroviral packaging cell line (ATCC) was main-
tained at 37°C with 5% CO, in DMEM media (Gibco) supplemented
with 10% FBS (R&D Systems), 100 U/mL penicillin/streptomycin
(Gibco), 1 pg/mL puromycin (Gibco), and 10 pg/mL blasticidin (Gib-
co) to maintain expression of viral packaging genes.

CyTOF on human lymph nodes. CYTOF was run by the Vanderbilt
University Cancer and Immunology Core (CIC) on human lung drain-
ing lymph node cells using the panel located in Supplemental Table
1 (with antibody manufacturer in Supplemental Table 5) and analysis
pipeline previously described (8, 61, 62). T cell subsets were identified
using surface markers and metabolic enzyme expression was quanti-
fied using mean expression analysis. Median expression for metabo-
lites was determined by the arcsinh transformed ratio of median ver-
sus the lowest sample in the analysis.

In vivo HDM challenge protocol. Mice were challenged intranasally
with 40 pg of HDM (Greer) 3 times per week for 3 weeks. Twenty-four
hours after the last challenge, mice were sacrificed for endpoint analysis.

BAL collection. BAL was collected using 800 pL of PBS and stain-
ing cells adhered to a slide using the 3-Step Stain kit (Richard-Allen
Science, Thermo Fisher Scientific). (25) Eosinophils, neutrophils,
macrophages/monocytes, and lymphocytes were counted as previ-
ously described. (25)

ELISAs. Homogenized left lungs or BAL supernatants were used
to measure IL-13 and IL-17A levels with Quantikine kits (R&D) per
manufacturer’s instructions. Any value below the limit of detection
was assigned half the value of the lowest detectable standard.

Flow cytometry. Lungs were harvested, minced, and digested as pre-
viously described (8, 26). In select experiments, cells were restimulated
with 1 uM ionomycin (Sigma-Aldrich), 50 ng/mL PMA (Sigma-Aldrich),
and 0.07% Golgi Stop (BD Biosciences) at 37°C for 4 hours, then stained
for flow cytometry analysis as previously described using antibodies in
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Supplemental Table 5 (8, 26). For detection of mitochondrial superox-
ide or MitoTracker Green, Th2 and Th17 cells were washed and stained
with surface markers and MitoSox Red (2.5 pM, Thermo Fisher Scien-
tific) or MitoTracker Green (2.5 uM, Thermo Fisher Scientific). Flow
cytometry was conducted on a Cytek Aurora (Cytek Biosciences) and
data were analyzed using Flow]Jo (BD Biosciences) with mean fluores-
cence intensity (MFI) calculated using the geometric mean.

Airway hyperresponsiveness. Mice were anesthetized with pen-
tobarbital sodium (85 mg/kg) and AHR to methacholine (0-100
mg/mL; Sigma-Aldrich) was conducted using the Sci-Req FlexiVent
machine, as previously described (26).

In vitro CD4* T cell activation and differentiation. Splenic murine
naive CD4" T cells were isolated using the STEMCELL Mouse Naive
CD4" T Isolation Kit (STEMCELL Technologies) instructions. Naive
T cells were plated at 500,000 cells per well in a 24-well nontis-
sue-culture plate coated with anti-CD3 (1 ug/mL, BD Biosciences cat.
553057) and anti-CD28 (0.5 pug/mL, BD Biosciences cat. 553295).
Cells were cultured at 37°C with 5% CO, in IMDM with GlutaMax and
HEPES (Gibco), 10% FBS (R&D Systems), 1% penicillin/streptomycin
(Gibco), 1% sodium pyruvate (Gibco), 50 uM 2-mercaptoethanol (Sig-
ma-Aldrich), and appropriate differentiation cytokines and antibodies
for 3 to 4 days. For Th17 differentiation, differentiation media includ-
ed rhTGF- (0.5 ng/mL; Peprotech cat. 100-21), rmIL-23 (10 ng/mL;
R&D Systems cat. 1887-ML-010/CF), rmIL-6 (40 ng/mL; Peprotech
216.16), anti-IL4 (10 pug/mL; BioLegend cat. 504122), and anti-IFNy
(10 pg/mL; BioLegend cat. 505847). For Th2 differentiation, differen-
tiation media included rmIL-4 (10 ng/mL; Peprotech cat. 214-14) and
anti-IFNy (10 pg/mL; BioLegend cat. 505847).

Seahorse extracellular flux assays. Seahorse extracellular flux assays
were performed on the Seahorse XFe96 Analyzer (Agilent) using the
Seahorse XFe96 Extracellular Flux Assay Kits (Agilent), as previously
described (8, 33). For the Substrate Oxidation Assay, CB-839 (Med-
ChemExpress, 10 uM) was used to determine the acute effects of GLS
inhibition on mitochondrial respiration. All assays were normalized
using cell counts acquired via bright field imaging using a Cytation 5
Imager (BioTek; Supplemental Figure 7).

Mass spectrometry targeted metabolomics. Th17 cells were lysed
and polar metabolites were extracted with 500 pL methanol with the
internal standards (13C2-Tyr and 13C3-Lactate, Cambridge Isotope
Lab). Supernatants were evaporated to dryness under a gentle stream
of nitrogen gas and reconstituted in 100 pL of acetonitrile/water (2:1).
Metabolites were then measured by a targeted HILIC-MS/MS method
developed at the Vanderbilt Mass Spectrometry Research Center (108
individual metabolites). Individual reference standards of all analytes
were infused into the mass spectrometer for the optimization of ESI
and selected reaction monitoring (SRM) parameters. LC-MS analysis
was performed using an Acquity UPLC system (Waters) interfaced
with a TSQ Vantage quadrupole mass spectrometer (Thermo Fisher
Scientific). Pathway analysis and statistical significance was measured
using MetaboAnalyst 5.0 (37).

Transmission electron microscopy. Th17 cells were differentiated
for 3 days, washed with warm PBS 2 times, fixed in 2.5% glutaralde-
hyde in 0.1 M cacodylate for 1 hour at room temperature, and stored
at 4°C for 24 hours. Cells were processed and prepared for transmis-
sion electron microscopy (TEM) as previously described (63). TEM
was performed using a Tecnai T12 operating at 100 kV with an AMT
NanoSprint CMOS camera using AMT imaging software for single
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images. Quantification for mitochondrial area, roundness, and den-
sity was conducted on Fiji by manually segmenting all mitochondria
within cell cross sections from tiled TEM datasets on 100-110 mito-
chondria per sample.

CRISPR Screening. CRISPR screen library design and preparation
were completed as previously described (10). The glutamine library
contained 32 total gene targets with 138 gRNAs. Using Gibson assem-
bly master mix, oligos were cloned with the pMx-U6-gRNA-BFP vec-
tor. Plat-E retroviral packaging cells were transfected with gRNAs to
package DNA into retrovirus. Naive T cells were isolated from male and
female OTII-Cas9 mice and differentiated as above except for T cell
activation occurring through presentation of OVA peptides 323-339
(Sigma-Aldrich) by irradiated splenocytes from WT mice. 2 days after
activation, T cells were retrovirally transduced with retronectin-coat-
ed plates (Takara Bioscience). Transduced OTII-Cas9 Th17 cells were
adoptively transferred into Ragl”~ female mice that were challenged
every other day with 25 pg of OVA protein on day -1 (prior to adoptive
transfer) through day 7. Twenty-four hours after the last challenge,
lungs were harvested, digested, and processed for gRNA frequencies as
above and as previously described (10). All samples maintained at least
1,000-fold representation of the library through all processing. FASTQ
files were analyzed using the Model-based Analysis of Genome-wide
CRISPR/Cas9 Knockout (MAGeCK v0.5.0.3) method to determine
statistically significant gRNA enrichments or depletions (64).

BC Targeted Metabolomics. Th17 cells were plated in glutamine
free RPMI-1640 containing 4.05 mM *C_-glutamine (Cambridge
Isotope Laboratories) for 4 hours. After treatment with heavy labeled
glutamine, cells were washed with PBS, pelleted, flash frozen in liquid
nitrogen, and stored at -80°. Metabolites were extracted, spiked with
100 nmol ®C-1-Lactate (internal standard), and precipitated protein
was dried under nitrogen as previously described (65). Chromatog-
raphy was performed and scheduled MRM using an AB SCIEX 6500
QTRAP with the analyte parameters shown in Supplemental Table 6
and as previously described. All analytes were quantified via LC-MS/
MS using the BC-1-Lactate internal standard and normalized to the
protein in each respective sample’s cell pellet. Outliers were removed
using interquartile range.

BF-Glutamine PET-CT imaging and glutamine uptake assay. WT
female, WT male, and /or Ar”" male mice were challenged with HDM.
PET imaging studies and glutamine uptake in the cell types were per-
formed as previously described using 1 mCi of ¥F-glutamine synthe-
sized at Vanderbilt University Medical Center (39, 66). Twenty-four
hours after their last challenge, the mice were injected with ImCi of
8F-glutamine and rested for 40 minutes before lungs and spleens
were collected, digested, and processed to a single-cell suspension as
described above. Cell suspensions were fractionated using magnet-
ic CD11b-positive selection for depletion followed by CD4-positive
selection (Miltenyi Biotec) (39). Fractions were resuspended in 1 mL
medium and used for viable cell counts using trypan blue, flow cytom-
etry for fraction composition, and radioactivity measurement using
the Hidex Automatic y Counter. To determine per cell *F-glutamine
activity, time-normalized counts per minute (CPM) measured on the y
counter were divided by the number of viable cells.

CUT&RUN. CUT&RUN was performed on Th17 cells using the
CUT&RUN kit with magnetic bead-based method per manufactur-
er instructions (Cell Signaling Technology). Briefly, 200,000 Th17
cells were washed and resuspended in wash buffer and mixed with
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10 pL preactivated ConA beads. The cell-bound beads were rotat-
ed with 2.5 uL of H3K27me3 antibody or 5 uL of IgG control for 2
hours at 4°C. Beads were then washed with 1 mL digitonin buffer,
resuspended in 100 pL digitonin buffer mixed with 1.5 pL pA-MNase
and rotated for 1 hour at 4°C. Cells were washed 2 times with 1 mL
digitonin buffer, resuspended in 150 pL digitonin buffer containing
2 mM CaCl,, and incubated for 30 minutes in an ice/water mix. 150
uL of stop buffer was added and beads were incubated at 37°C for
10 minutes to free fragments from beads. Using the KAPA Hyper-
Prep Kit (Roche), DNA was extracted and constructed into sequenc-
ing libraries. Libraries were sequenced for 150 cycles in paired-end
mode on the Illumina Nova-seq 6000 platform by VANTAGE. Anal-
ysis was performed as previously described (10). Briefly, fragments
were trimmed using Trimmomatic (v0.39) and mapped onto mouse
genome GRCm38.p6 using bowtie2 (v2.3.5.1). Alignment SAM files
were transformed into BAM and bigwig files using samtools (v.9)
and deeptolls (v3.3.1). MACS2 (v2.2.7.1) was used for calling peaks
and DiffBind compared differential peaks between groups to make
the MA plots. GREAT (v4.0.4) was used to determine significantly
different GO pathways and genomic regions based on region-based
binomial q value FDR < 0.05.

Real-time PCR assay. Total RNA was extracted using the RNeasy
Mini Kit (Qiagen). cDNA was prepared using the SuperScript IV First-
Strand Synthesis System (Thermo Fisher Scientific) and normalized to
400 ng of total RNA. Gene expression was determined using TagMan
primers and the TagMan Universal Master Mix purchased from
Applied Biosystems, and relative expression was normalized to Thp
(encoding TATA-box binding protein).

SCENITH. PBMCs were plated at 1 million cells per well in a
24-well nontissue culture-treated plate as described above in the
CyTOF section. T cells were activated overnight at 37°C with 5% CO,
using Human T Cell Activation/Expansion Kit (Miltenyi) contain-
ing antibodies to CD3, CD28, and CD2 with a 1:20 bead to cell ratio.
Cells were then plated in 96-well nontissue culture-treated U bottom
plates at 400,000 cells per well in 100 pL media and allowed to rest
for 1 hour at 37°C with 5% CO,. Cells were then treated with appro-
priate inhibitors or vehicle for 30 minutes (DMSO, Sigma-Aldrich)
as follows: 2-deoxyglucose (100 mM, Cayman Chemical), oligomy-
cin (1.5 pM, Cayman Chemical), and/or V9302 (10 uM, H. Charles
Manning) (46). After 30 minutes, cells were treated with puromycin
(10 pM, Santa Cruz Biotechnology) for 40 minutes. Cells were then
washed with PBS and stained with Live Dead Aqua fixable viabili-
ty dye for 20 minutes at 4°C. Subsequently, cells were washed with
PBS with 3% FBS and stained for surface markers at 4°C as indicated.
Cells were washed again with PBS with 3% FBS and fixed using the
Foxp3 Transcription Factor Fix/Perm Kit (Thermo Fisher Scientific)
per manufacturer instructions. Cells were washed with Perm Buffer
and stained with an anti-puromycin antibody (Sigma-Aldrich cat.
MABE343-AF488) at 1:1,000 at 4°C. Finally, cells were washed with
Perm Buffer and PBS with 3% FBS and flow cytometry was run using
a MACSQuant 16 (Miltenyi Biotec). Analysis was done using Flow]Jo
and as previously described (45).

Statistics. Statistical analyses were performed using Graph-
Pad Prism (v. 9 or 10) unless noted. Data are represented as mean
+ SEM. Data were significant when P was less than 0.05. Outliers
were identified using the GraphPad Prism 9 ROUT method with a
Q of 0.5% (a of 0.005). Comparisons between 2 groups were per-
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formed using a 2-way ¢ test or Mann-Whitney U test for parametric
or nonparametric data, respectively. Comparisons of greater-than 2
groups were made using an ANOVA with Tukey’s post hoc for mul-
tiple comparisons. For targeted metabolomics, pathway analysis
was conducted using MetaboAnalyst 5.0, GlobalTest for pathway
enrichment analysis, and adjusted for multiple testing and the FDR
and pathway impact calculated using pathway topology analysis.
For CRISPR analysis, we used MAGeCK (v0.5.0.3) as previously
described (64). For CUT&RUN, MACS2 (v2.2.7.1) was used for call-
ing peaks and DiffBind compared differential peaks between groups
to make the MA plots. GREAT (v4.0.4) was used to determine sig-
nificantly different GO pathways and genomic regions based on
region-based binomial q value FDR < 0.05.

Study approval. All studies were conducted in accordance with the
Helsinki principles under protocols approved by the VUMC IRB (pro-
tocols 122554 and 202162). All mouse procedures were performed
under VUMC IACUC-approved protocols and conformed to all rele-
vant regulatory standards.

Data availability. All data are available in the Supporting Data Val-
ues file. CUT&RUN sequencing data have been deposited in the Gene
Expression Omnibus (GEO) database (GSE241823).

Author contributions

NUC, DCN, and JCR designed the research. NUC, JYC, EHP,
MZM, MMW, SNK, KEM, EQ]J, ENA, DRH, CC, AS, MTS, KV, XY,
KS, ESK, and VDG performed the research and provided essential
technical support. JCR, RSP, KNC, RDG, and AIS provided essen-
tial expertise, materials, and samples. NUC, JYC, EHP, MMW,
MZM, SNK, KEM, EQJ, ENA, CC, KS, ESK, XY, and DCN ana-
lyzed data. NUC, JYC, and DCN wrote the paper with contribu-
tions from the other authors.

Acknowledgments

We thank members of the DCN, RSP, JCR, and W. Kimryn Rath-
mell laboratories for their constructive input. We thank members
of AIS’s lab, especially Kelly M. Blaine, for their work banking lung
lymph node cells. For providing lung lymph nodes for research, we
thank the Gift of Hope Organ and Tissue Donor Network (Itasca,
Illinois, USA) as well as the families of organ donors. We would
also like to thank Holly Algood for providing mice. For support
with the CyTOF analysis of the lymph nodes, we would like to
acknowledge the Human Immune Discovery Initiative (HIDI)
at VUMC. We would also like to thank Bradley Reinfeld for his
help in establishing *F-nutrient assays and Mohammed Noor
Tantawy for his assistance in analysis of the PET images. We
acknowledge BioRender.com for making the graphical abstract
and Figure 5, A and C and Figure 8A. This work was funded by
the following grants from the NIH: F30 HL159941 (NUC), T32
GMO007347 (NUC, MZM, AS, KEM), F30 CA239367 (MZM), F31
CA261049 (MMW), KOOCA253718 (ENA), T32 DK101003 (KV),
T32 A1138932 (EHP, JCR), T32 GM139800 (EHP), T32HL094296
(MTS), U01AI155299 (KNC), RO1 HL136664 (DCN, JCR), RO1
HL122554 (DCN), and U19AI162310 (AIS).

Address correspondence to: Dawn C. Newcomb, T-2220 Medical
Center North, 1161 21st Avenue South, Nashville, Tennessee 37232,
USA. Phone: 615.875.7782; Email: dawn.newcomb@vumc.org.

= [


https://doi.org/10.1172/JCI177242
https://www.jci.org/articles/view/177242#sd
https://www.jci.org/articles/view/177242#sd
mailto://dawn.newcomb@vumc.org

B

RESEARCH ARTICLE

1. Feng X, et al. Glutaminolysis and CD4" T-cell
metabolism in autoimmunity: From patho-
genesis to therapy prospects. Front Immunol.
2022;13:986847.

. Buck MD, et al. T cell metabolism drives immuni-
ty. ] Exp Med. 2015;212(9):1345-1360.

3. Wei ], et al. Nutrient and metabolic sensing in T

N

cell responses. Front Immunol. 2017;8:247.
Michalek RD, et al. Cutting edge: distinct glyco-
lytic and lipid oxidative metabolic programs are

ke

essential for effector and regulatory CD4+ T cell
subsets. J Immunol. 2011;186(6):3299-3303.
Puleston DJ, et al. Polyamine metabolism is a

o

central determinant of helper T cell lineage fidel-
ity. Cell. 2021;184(16):4186-4202.

6. Gerriets VA, et al. Metabolic programming and
PDHK1 control CD4+ T cell subsets and inflam-
mation. J Clin Invest. 2015;125(1):194-207.

7. Stark JM, et al. The metabolic requirements
of Th2 cell differentiation. Front Immunol.
2019;10:2318.

8. Healey DCC, et al. Targeting in vivo metabolic vul-
nerabilitiesof Th2 and Th17 cells reduces airway
inflammation. J Immunol. 2021;206(6):1127-1139.

9. Berod L, et al. De novo fatty acid synthesis con-
trols the fate between regulatory T and T helper
17 cells. Nat Med. 2014;20(11):1327-1333.

10. Sugiura A, et al. MTHFD2 is a metabolic check-
point controlling effector and regulatory T cell
fate and function. Immunity. 2022;55(1):65-81.

11. Kono M. New insights into the metabolism of
Th17 cells. Immunol Med. 2022;46(1):15-24.

12. Johnson MO, et al. Distinct regulation of Th17 and
Th1 cell differentiation by glutaminase-dependent
metabolism. Cell. 2018;175(7):1780-1795.

13. Kono M, et al. Transcriptional factor ICER
promotes glutaminolysis and the genera-
tion of Th17 cells. Proc Natl Acad Sci US A.
2018;115(10):2478-2483.

14. Wang JB, et al. Targeting mitochondrial glutami-
nase activity inhibits oncogenic transformation.
Cancer Cell. 2010;18(3):207-219.

. Siska PJ, et al. Fluorescence-based measurement
of cystine uptake through xCT shows require-

1

w1

ment for ROS detoxification in activated lympho-
cytes. J Immunol Methods. 2016;438:51-58.

16. Nakajima H, Kunimoto H. TET2 as an epigenetic
master regulator for normal and malignant hema-
topoiesis. Cancer Sci. 2014;105(9):1093-1099.

17. Klein SL, Flanagan KL. Sex differences
inimmune responses. Nat Rev Immunol.
2016;16(10):626-638.

18. Chowdhury NU, et al. Sex and gender in asthma.
Eur Respir Rev. 2021;30(162):210067.

19. Uo T, et al. Androgen receptor signaling and met-
abolic and cellular plasticity during progression
to castration resistant prostate cancer. Front
Oncol. 2020;10:580617.

20. Massie CE, et al. The androgen receptor fuels pros-
tate cancer by regulating central metabolism and
biosynthesis. EMBO J.2011;30(13):2719-2733.

. Barfeld ], et al. Androgen-regulated metabolism
and biosynthesis in prostate cancer. Endocr Relat
Cancer.2014;21(4):T57-T66.

. Sponagel J, et al. Sex differences in brain tumor
glutamine metabolism reveal sex-specific vulner-
abilities to treatment. Med. 2022;3(11):792-811.

23. Kwon H, et al. Androgen conspires with the

2

—_

2

[

CD8(+) T cell exhaustion program and con-
tributes to sex bias in cancer. Sci Immunol.
2022;7(73):eabq2630.

24.Yang C, et al. Androgen receptor-mediated CD8*
T cell stemness programs drive sex differences in
antitumor immunity. Immunity. 2022;55(9):1747.

25. Fuseini H, et al. Testosterone decreases house
dust mite-induced type 2 and IL-17A-me-
diated airway inflammation. ] Immunol.
2018;201(7):1843-1854.

26. Gandhi VD, et al. Androgen receptor signaling
promotes Treg suppressive function during
allergic airway inflammation. J Clin Invest.
2022;132(4):e153397.

27. Ahl PJ, et al. Met-Flow, a strategy for single-cell
metabolic analysis highlights dynamic chang-
es in immune subpopulations. Commun Biol.
202053(1):305.

28. Gosselin A, et al. Peripheral blood CCR4+
CCR6+and CXCR3+CCR6+CD4+ T cells are
highly permissive to HIV-1 infection. ] Immunol.
2010;184(3):1604-1616.

29. Adegunsoye A, et al. Skewed lung CCR4 to CCR6
CD4" T cell ratio in idiopathic pulmonary fibrosis
is associated with pulmonary function. Front
Immunol. 2016;7:516.

30. CephusJY, et al. Testosterone attenuates group 2
innate lymphoid cell-mediated airway inflamma-
tion. Cell Rep. 2017;21(9):2487-2499.

31. ShiLZ, et al. HIFlalpha-dependent glycolytic
pathway orchestrates a metabolic checkpoint for
the differentiation of TH17 and Treg cells. ] Exp
Med. 2011;208(7):1367-1376.

32. Ejima A, et al. Androgens alleviate allergic airway
inflammation by suppressing cytokine production
in Th2 cells. J Immunol. 2022;209(6):1083-1094.

33. Fuseini H, et al. ERa signaling increased IL-17A
production in Th17 cells by upregulating IL-23R
expression, mitochondrial respiration, and prolif-
eration. Front Immunol. 2019;10:2740.

34. van der Windt GJW, et al. Measuring bioenergetics
in T cells using a seahorse extracellular flux analyzer.
Curr Protoc Immunol. 2016;113:3.16B.1-3.16B.14.

35. Mak TW, et al. Glutathione primes T cell
metabolism for inflammation. Immunity.
2017;46(4):675-689.

36. Kaufmann U, et al. Calcium signaling controls
pathogenic Th17 cell-mediated inflammation by
regulating mitochondrial function. Cell Metab.
2019;29(5):1104-1118.

37.Pang Z, et al. ADMETIab 2.0: an integrated
online platform for accurate and comprehensive
predictions of ADMET properties. Nucleic Acids
Res. 2021;49(w1):W5-W14.

38. Voss K, et al. A guide to interrogating
immunometabolism. Nat Rev Immunol.
2021;21(10):637-652.

39. Reinfeld BI, et al. Cell-programmed nutrient
partitioning in the tumour microenvironment.
Nature. 2021;593(7858):282-288.

40. Wei G, et al. Global mapping of H3K4me3 and
H3K27me3 reveals specificity and plasticity in
lineage fate determination of differentiating
CD4+ T cells. Immunity. 2009;30(1):155-167.

41. Li Q, et al. Critical role of histone demethylase
Jmjd3 in the regulation of CD4+ T-cell differenti-
ation. Nat Commun. 2014;5:5780.

42. Cribbs AP, et al. Histone H3K27me3 demethylases

The Journal of Clinical Investigation

regulate human Th17 cell development and effec-
tor functions by impacting on metabolism. Proc
Natl Acad Sci US A.20205117(11):6056-6066.

43. McLean CY, et al. GREAT improves functional
interpretation of cis-regulatory regions. Nat Bio-
technol. 2010;28(5):495-501.

44. Tanigawa Y, et al. WhichTF is functionally
important in your open chromatin data? PLoS
Comput Biol. 2022;18(8):e1010378.

45. Argiiello RJ, et al. SCENITH: a flow cytome-
try-based method to functionally profile energy
metabolism with single-cell resolution. Cell
Metab. 2020;32(6):1063-1075.

46. Schulte ML, et al. Pharmacological blockade of
ASCT2-dependent glutamine transport leads
to antitumor efficacy in preclinical models. Nat
Med. 2018;24(2):194-202.

47. Kalidhindi RSR, et al. Androgen receptor acti-
vation alleviates airway hyperresponsiveness,
inflammation, and remodeling in a murine
model of asthma. Am ] Physiol Lung Cell Mol
Physiol. 2021;320(5):L803-L818.

. Robinson GA, et al. Investigating sex differences
in T regulatory cells from cisgender and transgen-
der healthy individuals and patients with auto-

4

=<

immune inflammatory disease: a cross-sectional
study. Lancet Rheumatol. 2022;4(10):710-724.

49. Won HY, et al. Ablation of peroxiredoxin IT
attenuates experimental colitis by increasing
FoxOl-induced Foxp3+ regulatory T cells.

J Immunol. 2013;191(8):4029-4037.

50. Kim HR, et al. Attenuation of experimental colitis
in glutathione peroxidase 1 and catalase double
knockout mice through enhancing regulatory T
cell function. PLoS 1. 2014;9(4):€95332.

51. Wagner A, et al. Metabolic modeling of single
Th17 cells reveals regulators of autoimmunity.
Cell. 2021;184(16):4168-4185.

52. Buck MD, et al. Mitochondrial dynamics controls
T cell fate through metabolic programming. Cell.
2016;166(1):63-76.

53. Hong HS, et al. OXPHOS promotes apoptotic
resistance and cellular persistence in T ;17 cells in
the periphery and tumor microenvironment. Sci
Immunol. 2022;7(77):eabm8182.

54. Baixauli F, et al. An LKB1-mitochondria
axis controls T 17 effector function. Nature.
2022;610(7932):555-561.

55. Pilsson-McDermott EM, O’'Neill LAJ. Targeting
immunometabolism as an anti-inflammatory
strategy. Cell Res. 2020;30(4):300-314.

56. Makowski L, et al. Immunometabolism: From
basic mechanisms to translation. Immunol Rev.
2020;295(1):5-14.

57. Wenzel SE, et al. Nebulized dehydroepiandros-
terone-3-sulfate improves asthma control in the
moderate-to-severe asthma results of a 6-week,
randomized, double-blind, placebo-controlled
study. Allergy Asthma Proc. 2010;31(6):461-471.

58. Marozkina N, et al. Dehydroepiandrosterone sup-
plementation may benefit women with asthma
who have low androgen levels: a pilot study. Pulm
Ther.2019;5(2):213-220.

59. DeBoer MD, et al. Effects of endogenous sex
hormones on lung function and symptom control
in adolescents with asthma. BMC Pulm Med.
2018;18(1):58.

60. Chung KF, et al. International ERS/ATS guide-

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/JC1177242


https://doi.org/10.1172/JCI177242
https://doi.org/10.3389/fimmu.2022.986847
https://doi.org/10.3389/fimmu.2022.986847
https://doi.org/10.3389/fimmu.2022.986847
https://doi.org/10.3389/fimmu.2022.986847
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1084/jem.20151159
https://doi.org/10.3389/fimmu.2017.00247
https://doi.org/10.3389/fimmu.2017.00247
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1016/j.cell.2021.06.007
https://doi.org/10.1016/j.cell.2021.06.007
https://doi.org/10.1016/j.cell.2021.06.007
https://doi.org/10.1172/JCI76012
https://doi.org/10.1172/JCI76012
https://doi.org/10.1172/JCI76012
https://doi.org/10.3389/fimmu.2019.02318
https://doi.org/10.3389/fimmu.2019.02318
https://doi.org/10.3389/fimmu.2019.02318
https://doi.org/10.4049/jimmunol.2001029
https://doi.org/10.4049/jimmunol.2001029
https://doi.org/10.4049/jimmunol.2001029
https://doi.org/10.1038/nm.3704
https://doi.org/10.1038/nm.3704
https://doi.org/10.1038/nm.3704
https://doi.org/10.1016/j.immuni.2021.10.011
https://doi.org/10.1016/j.immuni.2021.10.011
https://doi.org/10.1016/j.immuni.2021.10.011
https://doi.org/10.1080/25785826.2022.2140503
https://doi.org/10.1080/25785826.2022.2140503
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1016/j.ccr.2010.08.009
https://doi.org/10.1016/j.ccr.2010.08.009
https://doi.org/10.1016/j.ccr.2010.08.009
https://doi.org/10.1016/j.jim.2016.08.013
https://doi.org/10.1016/j.jim.2016.08.013
https://doi.org/10.1016/j.jim.2016.08.013
https://doi.org/10.1016/j.jim.2016.08.013
https://doi.org/10.1111/cas.12484
https://doi.org/10.1111/cas.12484
https://doi.org/10.1111/cas.12484
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1183/16000617.0067-2021
https://doi.org/10.1183/16000617.0067-2021
https://doi.org/10.3389/fonc.2020.580617
https://doi.org/10.3389/fonc.2020.580617
https://doi.org/10.3389/fonc.2020.580617
https://doi.org/10.3389/fonc.2020.580617
https://doi.org/10.1038/emboj.2011.158
https://doi.org/10.1038/emboj.2011.158
https://doi.org/10.1038/emboj.2011.158
https://doi.org/10.1530/ERC-13-0515
https://doi.org/10.1530/ERC-13-0515
https://doi.org/10.1530/ERC-13-0515
https://doi.org/10.1016/j.medj.2022.08.005
https://doi.org/10.1016/j.medj.2022.08.005
https://doi.org/10.1016/j.medj.2022.08.005
https://doi.org/10.1126/sciimmunol.abq2630
https://doi.org/10.1126/sciimmunol.abq2630
https://doi.org/10.1126/sciimmunol.abq2630
https://doi.org/10.1126/sciimmunol.abq2630
https://doi.org/10.1016/j.immuni.2022.07.016
https://doi.org/10.1016/j.immuni.2022.07.016
https://doi.org/10.1016/j.immuni.2022.07.016
https://doi.org/10.4049/jimmunol.1800293
https://doi.org/10.4049/jimmunol.1800293
https://doi.org/10.4049/jimmunol.1800293
https://doi.org/10.4049/jimmunol.1800293
https://doi.org/10.1172/JCI153397
https://doi.org/10.1172/JCI153397
https://doi.org/10.1172/JCI153397
https://doi.org/10.1172/JCI153397
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.4049/jimmunol.0903058
https://doi.org/10.4049/jimmunol.0903058
https://doi.org/10.4049/jimmunol.0903058
https://doi.org/10.4049/jimmunol.0903058
https://doi.org/10.3389/fimmu.2016.00516
https://doi.org/10.3389/fimmu.2016.00516
https://doi.org/10.3389/fimmu.2016.00516
https://doi.org/10.3389/fimmu.2016.00516
https://doi.org/10.1016/j.celrep.2017.10.110
https://doi.org/10.1016/j.celrep.2017.10.110
https://doi.org/10.1016/j.celrep.2017.10.110
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.4049/jimmunol.2200294
https://doi.org/10.4049/jimmunol.2200294
https://doi.org/10.4049/jimmunol.2200294
https://doi.org/10.3389/fimmu.2019.02740
https://doi.org/10.3389/fimmu.2019.02740
https://doi.org/10.3389/fimmu.2019.02740
https://doi.org/10.3389/fimmu.2019.02740
https://doi.org/10.1016/j.immuni.2017.03.019
https://doi.org/10.1016/j.immuni.2017.03.019
https://doi.org/10.1016/j.immuni.2017.03.019
https://doi.org/10.1016/j.cmet.2019.01.019
https://doi.org/10.1016/j.cmet.2019.01.019
https://doi.org/10.1016/j.cmet.2019.01.019
https://doi.org/10.1016/j.cmet.2019.01.019
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1038/s41577-021-00529-8
https://doi.org/10.1038/s41577-021-00529-8
https://doi.org/10.1038/s41577-021-00529-8
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1038/ncomms6780
https://doi.org/10.1038/ncomms6780
https://doi.org/10.1038/ncomms6780
https://doi.org/10.1073/pnas.1919893117
https://doi.org/10.1073/pnas.1919893117
https://doi.org/10.1073/pnas.1919893117
https://doi.org/10.1073/pnas.1919893117
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1371/journal.pcbi.1010378
https://doi.org/10.1371/journal.pcbi.1010378
https://doi.org/10.1371/journal.pcbi.1010378
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1038/nm.4464
https://doi.org/10.1038/nm.4464
https://doi.org/10.1038/nm.4464
https://doi.org/10.1038/nm.4464
https://doi.org/10.1152/ajplung.00441.2020
https://doi.org/10.1152/ajplung.00441.2020
https://doi.org/10.1152/ajplung.00441.2020
https://doi.org/10.1152/ajplung.00441.2020
https://doi.org/10.1152/ajplung.00441.2020
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.4049/jimmunol.1203247
https://doi.org/10.4049/jimmunol.1203247
https://doi.org/10.4049/jimmunol.1203247
https://doi.org/10.4049/jimmunol.1203247
https://doi.org/10.1371/journal.pone.0095332
https://doi.org/10.1371/journal.pone.0095332
https://doi.org/10.1371/journal.pone.0095332
https://doi.org/10.1371/journal.pone.0095332
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1126/sciimmunol.abm8182
https://doi.org/10.1126/sciimmunol.abm8182
https://doi.org/10.1126/sciimmunol.abm8182
https://doi.org/10.1126/sciimmunol.abm8182
https://doi.org/10.1038/s41586-022-05264-1
https://doi.org/10.1038/s41586-022-05264-1
https://doi.org/10.1038/s41586-022-05264-1
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1111/imr.12858
https://doi.org/10.1111/imr.12858
https://doi.org/10.1111/imr.12858
https://doi.org/10.2500/aap.2010.31.3384
https://doi.org/10.2500/aap.2010.31.3384
https://doi.org/10.2500/aap.2010.31.3384
https://doi.org/10.2500/aap.2010.31.3384
https://doi.org/10.2500/aap.2010.31.3384
https://doi.org/10.1007/s41030-019-00101-9
https://doi.org/10.1007/s41030-019-00101-9
https://doi.org/10.1007/s41030-019-00101-9
https://doi.org/10.1007/s41030-019-00101-9
https://doi.org/10.1186/s12890-018-0612-x
https://doi.org/10.1186/s12890-018-0612-x
https://doi.org/10.1186/s12890-018-0612-x
https://doi.org/10.1186/s12890-018-0612-x
https://doi.org/10.1183/09031936.00202013

The Journal of Clinical Investigation RESEARCH ARTICLE

lines on definition, evaluation and treatment of 63. Voss K, et al. Elevated transferrin receptor 65. Patterson AR, et al. Functional overlap of inborn
severe asthma. Eur Respir . 2014;43(2):343-373. impairs T cell metabolism and function in errors of immunity and metabolism genes

61. Kramer KJ, et al. Single-cell profiling of the anti- systemic lupus erythematosus. Sci Immunol. defines T cell metabolic vulnerabilities. Sci
gen-specific response to BNT162b2 SARS-CoV-2 2023;8(79):eabq0178. Immunol. 2024;9(98):eadh0368.
RNA vaccine. Nat Commun. 2022;13(1):3466. 64.LiW, et al. MAGeCK enables robust identifi- 66. Hassanein M, et al. Preclinical evaluation of

62. Finck R, et al. Normalization of mass cytom- cation of essential genes from genome-scale 4-[18F]Fluoroglutamine PET to assess ASCT2
etry data with bead standards. Cytometry A. CRISPR/Cas9 knockout screens. Genome Biol. expression in lung cancer. Mol Imaging Biol.
2013;83(5):483-494. 2014;15(12):554. 2016;18(1):18-23.

J Clin Invest. 2024;134(23):e177242 https://doi.org/10.1172/)CI177242 17



https://doi.org/10.1172/JCI177242
https://doi.org/10.1183/09031936.00202013
https://doi.org/10.1183/09031936.00202013
https://doi.org/10.1038/s41467-022-31142-5
https://doi.org/10.1038/s41467-022-31142-5
https://doi.org/10.1038/s41467-022-31142-5
https://doi.org/10.1002/cyto.a.22271
https://doi.org/10.1002/cyto.a.22271
https://doi.org/10.1002/cyto.a.22271
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1126/sciimmunol.adh0368
https://doi.org/10.1126/sciimmunol.adh0368
https://doi.org/10.1126/sciimmunol.adh0368
https://doi.org/10.1126/sciimmunol.adh0368
https://doi.org/10.1007/s11307-015-0862-4
https://doi.org/10.1007/s11307-015-0862-4
https://doi.org/10.1007/s11307-015-0862-4
https://doi.org/10.1007/s11307-015-0862-4

