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ABSTRACT

Gastrointestinal dysfunction is a common symptom of acute mountain sickness (AMS). The gut
microbiota and y& T cells play critical roles in intestinal disease. However, the mechanistic link
between the microbiota and yd T cells in hypoxia-induced intestinal injury remains unclear. Here,
we show that hypoxia-induced intestinal damage was significantly alleviated after microbiota
depletion with antibiotics. Hypoxia modulated gut microbiota composition by promoting antimi-
crobial peptides angiogenin-4 secretions. The abundance of Clostridium in the gut of mice after
hypoxia significantly decreased, while the abundance of Desulfovibrio significantly increased.
Furthermore, Desulfovibrio-derived phosphatidylethanolamine and phosphatidylcholine promoted
yo T cell activation. In CD1d-deficient mice, the levels of intraepithelial IL-17A and y6 T cells and
intestinal damage were significantly decreased compared with those in wild-type mice under
hypoxia. Mechanistically, phospholipid metabolites from Desulfovibrio are presented by intestinal
epithelial CD1d to induce the proliferation of IL-17A-producing y& T cells, which aggravates
intestinal injury. Gut microbiota-derived metabolites promote hypoxia-induced intestinal injury
via CD1d-dependent y& T cells, suggesting that phospholipid metabolites and y& T cells can be
targets for AMS therapy.
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Introduction . . :
conditions, AMS also presents as intestinal symp-

Acute mountain sickness (AMS) is a potentially
fatal disease closely related to acute hypoxia after
rapid ascent to plateaus above 2500 meters." It is
the leading cause of hypoxia-related disease unique
to plateau areas, with high-altitude cerebral edema
(HACE) and high-altitude pulmonary edema
(HAPE) being the most serious presentations of
the disease.” Despite the recent development of
preventive and therapeutic applications targeting
basal oxyhemoglobin saturation for human AMS
patients,” the overall effect of treatment for the
disease is still not ideal. In addition to the usual
presentation occurring with headache, chest tight-
ness, palpitation, panting and other related

toms such as nausea, vomiting, and diarrhea.®’
However, the detailed mechanisms responsible for
hypoxia-induced intestinal dysfunction have not
been clearly defined. Importantly, as the largest
mucosal tissue among body organs, the intestine
is continually exposed to antigens and metabolites
from the diet and microbiota.>” Intestinal flora
imbalance and immune dysfunction are closely
related to various diseases, such as inflammatory
bowel disease (IBD), colorectal cancer, primary
biliary cholangitis (PBC), immune-mediated liver
injury.'®'? Recent studies with 16S rRNA sequen-
cing analysis indicate that the diversity and compo-
sition of intestinal commensal microbiota in
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individuals from the plains are different from those
in individuals from plateau areas."> Thus, the rela-
tionship between host immune response to the gut
microbiota and intestinal injury in AMS is of parti-
cular interest.

The intestine contains a large number of innate
immune cells, with a large proportion of yd T cells
in intraepithelial lymphocytes (IELs)."* y8 T cells are
believed to protect against the invasion of foreign
pathogens and perform epithelial barrier surveil-
lance under physiological conditions."* However,
many studies have also shown that yd T cells are
responsible for driving the inflammatory response,
which participates in the pathogenesis of infectious
diseases and tumors.'>'® Because of the dual prop-
erties of innate and adaptive immunity, y§ T cells
can recognize specific antigens and rapidly secrete
proinflammatory cytokines, including tumor necro-
sis factor (TNF)-q, interleukin (IL)-17A, and inter-
feron (IFN)-y'” The upregulated deSUMOylase
SENP7 in intestinal epithelial cells contributes to
the expansion of TNF-a-producing and IFN-y-
producing y8 T cells during IBD.'® Moreover, reg-
ulatory T (Treg) cells can maintain intestinal home-
ostasis by inhibiting IL-17A-producing y§ T cells.'®
Although the epithelial layer of the intestine con-
tains a high proportion of y§ T cells involved in
various intestinal diseases, the role of intraepithelial
y6 T cells in the acute hypoxia processes and their
relationship with the gut microbiota are still unclear.

Specifically, y§ T cells can be recognized and
activated by lipid antigens presented by CD1d,
a nonpolymorphic major histocompatibility class
(MHC) I-like molecule.”” CD1d molecules are
mainly expressed on the surface of antigen-
presenting cells, hepatocytes and intestinal epithe-
lial cells.”"** Sulfatide, a lipid antigen, in the blood
can be presented to a specific subset of yd T cells
through CD1d on the surface of antigen-presenting
cells.** Exogenous lipid antigens such as phospha-
tidylethanolamine (PE) and phosphatidylglycerol
(PG) in the liver can also be presented to yd
T cells or natural killer T (NKT) cells through
CD1d expressed by hepatocytes to promote
activation.”*”*” Moreover, y§ T cells in the
mouse intestine can respond to lipid antigens pre-
sented by CD1d, including PE, PG and phosphati-
dylcholine (PC).* Since the intestines constantly
encounter lipid antigens derived from the

commensal microbiota and acute hypoxia can sig-
nificantly change the gut microbiota composition
and structure, we speculate that lipid antigens
derived from the intestinal microbiota may be
related to the host immune response after acute
hypoxia.

Here, we studied the host-microbiota interac-
tions in hypoxia-induced intestinal injury. Our
findings reveal a novel mechanism by which lipid
antigens from intestinal microbiota, especially
Desulfovibrio, are presented to y8 T cells through
CD1d expressed on small intestinal epithelial cells,
which promotes the production of IL-17A and
exacerbates hypoxia-induced intestinal injury.
These findings imply that modifying the intestinal
flora during hypoxia might be a promising method
for the prevention and treatment of AMS.

Results

Gut microbiota alteration during hypoxia
aggravates intestinal damage

We established an acute mountain sickness model
using rearing conditions with 5.0% oxygen concen-
tration for 48 h. To investigate the role of the
intestinal microbiota in the occurrence and devel-
opment of AMS, we first observed phenotypic
changes in lung and intestinal tissues between
hypoxic (5.0% oxygen concentration) and nor-
moxic (20.9% oxygen concentration) conditions
after oral gavage with an antibiotic cocktail
(4Abx) or sterile water (Figure la). As shown in
Figure 1, mice treated with antibiotics were signifi-
cantly protected against intestinal injury and pul-
monary edema by hypoxia. To characterize the
degree of acute altitude sickness, the histological
images and water content of lung tissue were
observed, showing that the degree of pulmonary
edema in the mice treated with antibiotics was
attenuated compared with sterile water-fed controls
(Figure 1b,c). Compared with mice fed sterile
water, antibiotic-fed mice exhibited a mild disease
process with significant reduction in intestinal villi
shortening, inflammatory cell infiltration and
intestinal wall thinning (Figure 1d). Furthermore,
a tendency toward increased expression of tight
junction proteins such as claudin-1, ZO-1 in anti-
biotic-fed mice during hypoxia (Figure le,f). We
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Figure 1. Depletion of the Gut Microbiome Attenuates Intestinal Damage and Pulmonary Edema Caused by Hypoxia. (a)
A schematic diagram of SPF mice was administered combined antibiotics (4Abx) or sterile water (Ctrl) by oral gavage for 7 days
followed by hypoxia (5.0% oxygen concentration) or normoxia (20.9% oxygen concentration) for 48 hours (n = 3-6). (b)
Histopathological analysis of lung tissues from the different groups; representative pictures of H&E staining are shown. Scale
bars, 50 um. (c) The whole lung water content is measured using the (wet-dry)/wet weight ratio. (d) Histopathological analysis
of small intestine tissues from the different groups; representative pictures of H&E staining are shown. Scale bars, 100 pym. (e)
Real-time gPCR analysis of claudin-1, Z0-1 and ZO-2 gene expression in the intestinal epithelium tissues. (f)
Immunofluorescence staining of claudin-1 and ZO-1 was performed to examine intestinal barrier function; representative
images are shown. Green: claudin-1 or ZO-1; blue: DAPI. Scale bars, 100 pm. (g) Serum FITC-dextran concentrations in mice
after gavage administration. (h) ELISA analysis of LPS concentration in the serum of mice. (i) Immunofluorescence staining of
TUNEL was performed to examine apoptotic cells; representative images are shown. Red: TUNEL-positive nuclei; blue: DAPI.
Scale bars, 100 um. (j) Real-time gPCR analysis of IL-6 and IL-17A gene expression in the intestinal epithelium tissues. The data
are representative of three independent experiments and shown by the mean + SEM. *p <0.05, **p <0.01, ***p <0.001,
¥*¥*p <0.0001 by one-way ANOVA test with Tukey’s posttest (c, e, g, h, j). HO, hypoxia; NO, normoxia; Ctrl, control; FD4, FITC-
dextran 4; LPS, lipopolysaccharide; ns, no significance.
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also assessed intestinal permeability using the per-
meability marker FITC-dextran. The results
showed that serum FITC-dextran concentrations
were significantly reduced in antibiotic-treated
mice during hypoxia compared with sterile water-
fed controls (Figure 1g). Meanwhile, serum LPS
levels were significantly reduced in hypoxic mice
treated with antibiotics (Figure 1h). Besides,
a measurable decreased in intestine apoptosis
(Figure 1i) were observed in antibiotic-fed mice
compared with sterile water-fed controls.
Corresponding with their intestinal barrier func-
tion, the pro-inflammatory factors IL-6 and IL-
17A are significantly increased under hypoxic con-
ditions, which can be partially suppressed by com-
bined antibiotic treatment (Figure 1j). The above
results indicate that the elimination of commensal
bacteria can delay the progression of AMS.

To determine whether alteration of the commen-
sal microbiota is responsible for the disease process,
we also examined phenotypic changes in mice fed
fecal microbiota from hypoxic and normoxic mice
(Figure Sla). Mice transplanted with fecal bacteria
from hypoxic mice displayed significantly worse
intestinal damage than their counterparts trans-
planted with fecal bacteria from normoxic mice
(Figure S1b). Similarly, a decrease in tight junction
proteins (Figure S1c,d) and a significant increase in
intestinal cell apoptosis (Figure Sle) and the levels
of proinflammatory factors (Figure S1f) were
observed in mice transplanted with hypoxic
mouse feces. Together with the findings in mice
treated with the antibiotic cocktail or fecal bacteria,
these data indicate that commensal bacteria have
profound effects in promoting AMS development.

Hypoxia significantly reduces the abundance of
Clostridium XIVa and increases Desulfovibrio in the
intestine

To further explore the role of the gut microbiota in
hypoxia-induced intestinal injury, we performed
16S rRNA gene sequencing to analyze the differ-
ence in gut microbial community composition
between hypoxic and normoxic mice. At the phy-
lum level, the abundance of Firmicutes was signifi-
cantly increased in mice exposed to acute hypoxia,
accompanied by a decrease in the abundance of
Bacteroidetes and Proteobacteria (Figure 2a). At

the genus level, Desulfovibrio and Alloprevotella
were more abundant in the hypoxic group than in
the control group, while the abundance of
Clostridium decreased  (Figure 2a).
Unweighted principal component analysis (PCA)
and principal coordinates analysis (PCoA) also
indicated a noticeable difference between hypoxic
and normoxic mice (Figure 2b). Furthermore, vol-
cano plot analysis depicted differences in genera,
including 5 upregulated and 9 downregulated gen-
era (Figure 2¢). It has been previously shown that
Clostridium XIVa (C. XIVa) suppresses intestinal
inflammation by inducing an IL-10-producing
Treg cell population.”® Moreover, as the most
abundant sulfate-reducing bacteria in the intestine,
Desulfovibrio promotes the occurrence and devel-
opment of IBD through the production of hydro-
gen sulfide and acetate.”” Based on these findings
combined with our 16S rRNA gene sequencing
analysis results, we identified a bacterial taxon,
Desulfovibrio, that was significantly overrepre-
sented in hypoxic mouse intestines, while another
taxon, C. XIVa, was enriched in healthy intestines
(Figure 2c-e and Figure S2a). In addition, a similar
trend was also observed in linear discriminant ana-
lysis effect size (LEfSe) analysis (Figure S2b).

was

Hypoxia modulates gut microbiota composition by
promoting angiogenin-4 secretion

Notably, a significant inverse correlation between
the abundances of the genera Desulfovibrio and
C. XIVa (including Clostridium bolteae) in the
intestine was observed according to 16S rRNA
sequencing analysis (Figure S2c). To further con-
firm the relationship, Clostridium bolteae was given
to mice by daily oral gavage for a period of 7 days.
The data demonstrated that the relative abundance
of Desulfovibrio in the intestines of mice receiving
gavage with Clostridium bolteae was significantly
reduced, suggesting that C. XIVa may inhibit the
growth of Desulfovibrio (Figure 2f). Next, we
explored how hypoxia inhibits the growth of
C. XIVa. Since the commensal microbiota is
known to be directly regulated by antibacterial pep-
tides (AMPs),*>*! we first measured the expression
of AMPs in the intestinal epithelial layer. The
expression of mRNA encoding phospholipase A2
(P1A2) and angiogenin-4 (Ang4) was upregulated
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Figure 2. Hypoxia Contributes to the Alteration of Gut Microbiota and Associated with Antimicrobial Peptides. (a-d) 16S rRNA
analysis was performed on the cecal contents from SPF mice under hypoxia (5.0% oxygen concentration) or normoxia (20.9%
oxygen concentration) for 48 hours (n = 6). (a) The relative abundance of intestinal microbiota at the phylum level and genus
level. (b) Principal component analysis (PCA) and Principal co-ordinates analysis (PCoA) analysis based on the relative
abundance of operational taxonomic units (97% similarity). (c) Volcano plot of differentially expressed genera. (d) The relative
abundance of C. XIVa and Desulfovibrio in the cecal contents of normoxic and hypoxic mice was analyzed by 16S rRNA gene
sequencing. (e) The relative abundance of C. XIVa and Desulfovibrio in the cecal contents of normoxic and hypoxic mice was
quantified by Real-time gPCR analysis (n = 6). (f) Real-time gPCR analysis of Desulfovibrio in SPF mice after C. bolteae
administered orally for 7 days (n = 6). (g) Real-time qPCR analysis of antimicrobial peptide Pla2, Ang4, Reg3g and Reg3b
gene expression in the intestinal epithelium tissues (n = 6). (h) Correlation analysis between the relative content of C. X/Va and
the relative expression of Ang4 or Pla2 in the intestine of SPF mice (n = 8). (i) Spectrophotometry of C. bolteae growth at
different time points following recombinant Ang4 (5 pug/ml each) stimulation (n = 3). The data are representative of three
independent experiments and shown by the mean + SEM. *p <0.05, **p <0.01 by unpaired Student’s t-test (d, e, g, i), paired
Student’s t-test (f) or linear regression analysis (h). ns, no significance.
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while the expression of regenerating islet-derived 3
gamma (Reg3g) and regenerating islet-derived 3
beta (Reg3b) was downregulated in the intestinal
epithelial layer of hypoxic mice (Figure 2g). The
expression of Ang4, but not Pla2, was negatively
associated with the relative abundance of C. XIVa
(Figure 2h), and Ang4 significantly inhibited the
growth of Clostridium bolteae (Figure 2i). These
results indicated that the increased Ang4 in the
intestines during hypoxia inhibits the growth of
Clostridium XIVa, which weakens the inhibitory
effect on Desulfovibrio, resulting in an increase in
the abundance of Desulfovibrio.

Y8 T cells-derived IL-17A promotes hypoxia-induced
intestinal injury

IL-17 can not only promote the differentiation and
migration of granulocytes by inducing cytokines
and chemokines and mediating tumor-associated
inflammation,'® but also participate in protective
immunity against infection by regulating the cell-
mediated immune response.’> Previous studies
have shown that the intestinal microbiota can
induce the expression of IL-17A; however, its role
in hypoxia-induced intestinal injury has not been
clearly identified. We have mentioned that IL-17A
production is dramatically increased in the small
intestine of hypoxic mice (Figure 1j). Moreover, IL-
17A-deficient mice exhibited a significant reduc-
tion in intestinal damage (Figure 3a) and increased
tight junction proteins under hypoxic conditions
compared with WT mice (Figure 3b). Meanwhile,
serum FD4 and LPS levels were significantly
reduced in IL-17A-deficient mice compared with
WT mice during hypoxia (Figure 3c-d). Taken
together, these data suggest that IL-17A might
play a major role in hypoxia-mediated intestinal
injury. To further explore the immune mechanisms
mediated by the gut microbiota during hypoxia-
induced intestinal injury, we analyzed IL-17A-
producing immune cells in the small intestine
epithelial layer from hypoxic and normoxic mice
by flow cytometry. Our data showed a notable
increase in the abundance of yd T cells in the
intestines of hypoxic mice, but there was no differ-
ence in the proportion of T helper 17 (Th17), nat-
ural killer (NK), and NKT cells (Figure 3e). In
addition, y8 T cells were dramatically increased in

only the small intestine epithelial layer of mice after
acute hypoxia exposure but not in other immune
organs (Figure S3a). Moreover, y§ T cells in the
small intestine epithelial layer of hypoxic mice
showed elevated T cell activation markers, includ-
ing CD44 and CD69, compared with normoxic
mice (Figure 3f). Expanded and activated yd
T cells showed the maximum capacity for IL-17A
production (Figure 3g). Compared with those in
normoxic mice, a higher proportion of y§ T cells
in the intestinal epithelium of hypoxic mice were
positive for RORyt, a crucial transcription factor
for IL-17A secretion by y8 T cells (Figure 3h). On
the other hand, the production of IFN-y by y6
T cells was not significantly different between
hypoxic and normoxic mice, nor was the expres-
sion of the transcription factor T-bet (Figure 3g and
Figure S3b). Notably, the proportions of CD4" T,
CD8" T, NKT and NK cells among the IL-17-
positive cells did not change significantly after
hypoxia. y T cells were the highest producers of
IL-17A in the small intestine of hypoxic mice but
not normoxic mice (Figure 3i). To assess the func-
tional importance of y§ T cells in intestinal barrier
disruption and promotion of injury, mice were
injected with monoclonal antibodies against yd
T cells prior to exposure to hypoxia. The results
demonstrated that the anti-y/d TCR antibody effec-
tively inhibited yd T cells in the intestine (Figure
S3c) and significantly suppressed the progression of
intestinal damage (Figure S3d-f). Collectively, these
data suggest that y8 T cells, the major producers of
IL-17A during acute hypoxia, accumulate in the
intestinal epithelial layer to aggravate hypoxia-
induced intestinal injury.

y6 T cells are activated by Desulfovibrio to produce
IL-17A

We further studied the genera mentioned in
Figure 2 and found that the abundance of
Desulfovibrio was significantly positively correlated
with the proportion of y§ T cells and IL-17A pro-
duction, and the opposite effect was observed for
C. XIVa (Figure 4a,b). To explore whether the
microbiota might affect the proliferation of yd T
cells and IL-17A production, combined antibiotics
were used to eliminate the intestinal bacteria of
mice as before. The antibiotic-treated mice had
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Figure 3. Proliferation and Activation of y6 T Cells in the Small Intestine Epithelium and Production of IL-17A Promote Hypoxia-induced
Intestinal Injury. (a-d) WT mice and IL-17A-deficient (IL-17A™"") mice were housed in hypoxia (5.0% oxygen concentration) or normoxia
(20.9% oxygen concentration) for 48 hours (n = 6). (a) Histopathological analysis of small intestine tissues from the different groups;
representative pictures of H&E staining are shown. Scale bars, 100 um. (b) Real-time gPCR analysis of claudin-1, ZO-1 and gene
expression in the intestinal epithelium tissues. (c) Serum FITC-dextran concentrations in mice after gavage administration. (d) ELISA
analysis of LPS concentration in the serum of mice. (e-i) WT mice were exposed to hypoxia (5.0% oxygen concentration) or normoxia
(20.9% oxygen concentration) for 48 hours (n = 6). (e) The frequency of y& T, NK, NKT and Th17 cells from the epithelial layer of the
small intestine were identified by flow cytometry. Representative scatter plot and quantitative data are shown. (f) CD44 and CD69
expression in y8 T cells from the epithelial layer of the small intestine of normoxic mice (blue) and hypoxic mice (red) was analyzed.
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a sharp decrease in the proportion of y8 T cells and
IL-17A production (Figure 4c,d). Furthermore,
mice gavaged with Desulfovibrio piger (D. piger)
showed a higher proportion of yd T cells and
more IL-17A production than PBS-treated control
mice (Figure 4e,f and Figure S3g). Simultaneously,
there was a significant increase in the proportion of
yS T cells IL-17A after stimulation with D. piger.
(Figure 4gh). These results indicate that
Desulfovibrio in the intestines promote the prolif-
eration of y8 T cells and the secretion of IL-17A
during acute hypoxia, thereby aggravating hypoxia-
induced intestinal injury.

Desulfovibrio activate intestinal intraepithelial yé
T cells in a CD1d-dependent manner

vy T cells can be activated by the microbiota in
different ways, including direct stimulation by bac-
teria and recognition of lipid antigens from bacteria
presented by CD1d molecules.”” To explore the
mechanism by which Desulfovibrio promote the
proliferation and activation of yd T cells in the
intestinal epithelial layer, we first constructed an
AMS model with CDI1d-deficient mice and
observed the phenotypic changes. The results
demonstrated that the CD1d-deficient mice were
partially resistant to the intestinal damage and
intestinal barrier breakdown caused by hypoxia
(Figure 5a,b). Meanwhile, serum FD4 and LPS
levels were significantly reduced in CD1d-
deficient mice compared with WT mice during
hypoxia (Figure 5c-d). Consistently, the CD1d-
deficient mice had a decreased proportion of yd
T cells and reduced IL-17A production compared
to wild-type mice under hypoxic conditions
(Figure 5e,f). In addition, in the intestinal epithelial
layer of CD1d-deficient mice, the proportion of yé
T cells in IL-17A-producing cells was also down-
regulated (Figure 5g). This finding indicated that
CD1d might participate in the proliferation of yd

T cells. However, we further found that there was
no difference in the proportion of CD1d-positive
cells in CD45-negative cells, representing epithelial
cells, between hypoxic mice and normoxic mice,
and the same was true in CD45-positive cells,
representing intraepithelial leukocytes (Figure 5h).
Notably, the proportion of CD45-negative cells in
CD1d-expressing cells was higher than that of
CD45-positive cells regardless of the oxygen con-
centration (Figure 5i). Furthermore, the corre-
sponding cell numbers also exhibited the same
trend, suggesting that CD1d expressed in small
intestinal epithelial cells may play an irreplaceable
role in hypoxia-induced intestinal injury
(Figure 5j). Next, we confirmed that total cells
derived from the small intestine epithelium of wild-
type mice, but not CD1d-deficient mice, showed
a significant increase in the proportion of yd
T cells after stimulation with D. piger (Figure 5k).
In summary, these results indicate that
Desulfovibrio mediate the expansion and activation
of y8 T cells in the small intestine epithelial layer
mainly through CD1d signaling.

The phospholipid antigens PE and PC derived from
Desulfovibrio are responsible for the expansion
and activation of y6 T cells

To explore the key factors influencing the expan-
sion and activation of intraepithelial y§ T cells
under hypoxic conditions, we further detected
CD1d-associated lipid antigens in the intestine
through lipid metabolomics analysis. PCA and par-
tial least squares discriminant analysis (PLS-DA)
revealed that there were remarkable differences in
lipid metabolites between the hypoxic and nor-
moxic groups (Figure 6a). Heatmap analysis also
illustrated the same phenomenon (Figure 6b). Lipid
antigens derived from bacteria, including PE and
PC, are known to induce the proliferation and
activation of y0T-17 cells through CDI1d

Representative images and quantitative histograms are shown. (g) IL-17A and IFN-y expression in y6 T cells from the epithelial layer of
the small intestine of normoxia mice (blue) and hypoxia mice (red) was analyzed. Representative images and quantitative histograms
are shown. (h) RORyt expression in yo T cells from the epithelial layer of the small intestine of normoxia mice (blue) and hypoxia mice
(red) was analyzed. Representative images and quantitative histograms are shown. (i) The proportion of y§ T, CD4*T, CD8*T, NKT and
NK cells in the IL-17A-positive cells of the small intestine epithelial layer was analyzed by flow cytometry. The data are representative of
three independent experiments and shown by the mean + SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 by one-way ANOVA
test with Tukey’s posttest (b-d) or unpaired Student’s t-test (e-i). FD4, FITC-dextran 4; LPS, lipopolysaccharide; ns, no significance.
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Figure 4. Commensal Microbiota Induces yé T Cells Proliferation and IL-17A Production. (a) Correlation between the relative
abundance of C. XIVa or Desulfovibrio and the numbers of intestinal intraepithelial y6 T cells in SPF wild-type mice (n = 10). (b)
Correlation between the relative abundance of C. XIVa or Desulfovibrio and the numbers of intestinal intraepithelial y6 T17 cells in SPF
wild-type mice (n = 10). (c-d) The frequency of y6 T cells (c) from the small intestinal epithelial layer of mice treated with sterile water or
4Abx and IL-17A production (d) were determined by flow cytometry. Representative pictures and quantitative data are show (n = 6).
(e-f) 4Abx-treated mice were given hypoxia (5.0% oxygen concentration) for 48 hours after intragastric administration of D. piger or
PBS. Representative pictures and quantitative data are show (n = 6). (g-h) Total cells of the small intestine epithelial layer were co-
cultured with D. piger for 3 days. the frequency of y6 T cells and IL-17A production were determined by flow cytometry. Representative
pictures and quantitative data are show (n = 6). The data are representative of three independent experiments and shown by the mean
+ SEM. *p <0.05 by linear regression analysis (a and b) or unpaired Student’s t-test (c-h).

molecules.”” Therefore, we compared PE and PC
expression in the cecal contents of hypoxic and
normoxic mice using metabolomics. The results
showed that PE and PC expression and their corre-
sponding signals were significantly increased in the
gut of hypoxic mice (Figure 6¢c-eand Fig. S4a,b).

Furthermore, we used enzyme-linked immunosor-
bent assay (ELISA) to confirm that the expression
of PE and PC was indeed significantly increased in
the gut of hypoxic mice compared with normoxic
mice (Figure 6f). After administration of exogenous
lipid antigen PE or PC, intestinal intraepithelial y§
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Figure 5. Commensal Microbiota Activate Intestinal Intraepithelial y6 T Cells in a CD1d-dependent Manner. (a-g) WT mice and CD1d-
deficient (CD1d™"") mice were exposed to hypoxia (5.0% oxygen concentration) or normoxia (20.9% oxygen concentration) for
48 hours (n = 6). (a) Histopathological analysis of small intestine tissues from the different groups; representative pictures of H&E
staining are shown. Scale bars, 100 pm. (b) Real-time qPCR analysis of claudin-1, ZO-1 and mRNA expression in the intestinal
epithelium tissues. (c) Serum FITC-dextran concentrations in mice after gavage administration. (d) ELISA analysis of LPS concentration

in the serum of mice.

(e) The frequency of yo T cells from the epithelial layer of the small intestine were identified by flow cytometry.

Representative scatter plot and quantitative data are shown. (f) IL-17A expression in yo T cells from the epithelial layer of the small
intestine were analyzed. Representative histograms and quantitative data are shown. (g) The proportion of y6 T cells in the IL-17A-
positive cells of the small intestine epithelial layer was measured by flow cytometry. (h-j) WT mice were exposed to hypoxia (5.0%
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T cell frequency and IL-17A production were par-
tially recovered in Abx-treated wild-type mice but
not in Abx-treated CD1d-deficient mice (Figure 6g,
h). Notably, consistent with the changes under
hypoxic conditions, the expression of the cytokines
IL-6 and IL-17A in the epithelial layer increased
significantly after intraperitoneal injection of PE or
PC, indicating that PE and PC can be presented by
CD1d molecules to induce proinflammatory
responses and aggravate intestinal damage
(Figure 6i). In an in vitro coculture system, yd
T cells stimulated by CD1d tetramers loaded with
PE or PC showed significant proliferation
(Figure 6j).

Next, we depicted the relationship between the
gut microbiota and lipid antigens through com-
bined 16S rRNA gene sequencing and lipid meta-
bolomics analysis, which showed that Desulfovibrio
is significantly positively correlated with the lipid
antigens PE or PC (Figure S4c). To further confirm
whether the increase in Desulfovibrio abundance
under hypoxia provides more PE or PC for yd
T activation, we used D. piger, the most abundant
Desulfovibrio species, as an example and detected
the lipid metabolite content of D. piger. The ELISA
results showed that D. piger contains high levels of
the lipid antigens PE and PC (Figure 6k).
Collectively, these data indicate that under hypoxic
conditions, the increase in Desulfovibrio in the
intestine provides more PE and PC that can be
presented by CD1d, promoting the proliferation
of y8 T cells and the production of IL-17A and
thereby exacerbating hypoxia-induced intestinal
damage.

Discussion

Altitude sickness is a common high-altitude clinical
syndrome after exposure to low-pressure and low-
oxygen environments and is especially common

when individuals who typically reside in plains
areas quickly enter plateau areas over 2500 meters
above sea level.” Shortness of breath and central
nervous system symptoms such as headache and
dizziness are the main symptoms of acute altitude
sickness, which can lead to life-threatening high
altitude pulmonary edema and high altitude cere-
bral edema if left untreated." However, affected
individuals can also experience gastrointestinal
symptoms such as nausea, vomiting and diarrhea
after entering plateau areas, which may further
worsen dyspnea, dizziness and headache.
Although increasing evidence indicates that intest-
inal mucosal injury is the main cause of gastroin-
testinal  dysfunction, the pathogenesis of
gastrointestinal reactions related to high altitude is
still unclear.

As mucosal tissue exposed to large amounts of
microorganisms is colonized by a variety of bacter-
ial communities under normal physiological con-
ditions, damage to the intestinal mucosa may be
related to an imbalance of the flora.’”>* The intest-
inal commensal microbiota is closely associated
with the pathogenesis of multiple disorders, such
as nervous system diseases and respiratory
diseases.”™*® Previous studies have shown that
Alzheimer’s disease is positively correlated with
Shigella or trimethylamine oxide in the
intestine.””*® In addition, coronavirus disease
2019 is related to the impaired synthesis of bacterial
metabolites such as short-chain fatty acids or
L-isoleucine.”® Furthermore, the development of
pulmonary edema and cerebral edema may be
influenced not only directly by hypoxic stress-
related reactions but also indirectly through sys-
temic immune regulation mediated by the distal
gut microbiota. Our findings demonstrate an
important role of gut microorganisms in AMS
through antibiotic gavage and fecal bacterial trans-
plantation experiments. The results indicated that

oxygen concentration) or normoxia (20.9% oxygen concentration) for 48 hours (n = 6). (h) CD1d expression in the CD45-negative or
CD45-positive cells of the small intestine epithelial layer was measured by flow cytometry. Representative scatter plot and quantitative
data are show (n = 6 per group). (i) The proportion of CD45-positive or CD45-negative cells in the CD1d-positive cells of the small
intestine epithelial layer was measured by flow cytometry. (j) The number of CD45-positive or CD45-negative cells expressing CD1d in
the epithelial layer of the small intestine was measured by flow cytometry. (k) Total cells derived from the small intestine epithelial
layer of WT or CD1d-/- mice were stimulated with D. piger for 3 days, the frequency of yo T cells and IL-17A production were
determined by flow cytometry. Representative scatter plot and quantitative data are show (n = 6). The data are representative of three
independent experiments and shown by the mean + SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 by one-way ANOVA test
with Tukey's posttest (b-g, i and j) or unpaired Student’s t-test (h, k). FD4, FITC-dextran 4; LPS, lipopolysaccharide; ns, no significance.
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intestinal damage and pulmonary edema were sig-
nificantly reduced in mice with antibiotic cocktail
treatment before hypoxia exposure, and intestinal
tight junction proteins, such as claudin-1 and ZO-
1, which are markers of intestinal barrier integrity,
were increased. In addition, the levels of IL-6 and
IL-17A changed in line with disease severity. IL-6
can promote the differentiation of naive T cells into
Th17 cells and is also considered to contribute to
high-altitude pulmonary edema.**** Our results
reveal that IL-17A is functionally important for
the progression and severity of acute mountain
sickness. Moreover, we demonstrated that intragas-
tric administration of bacterial populations isolated
from cecal contents of mice exposed to hypoxia for
48 hours significantly aggravated intestinal damage.
Thus, these findings show a critical link between
the gut microbiota and hypoxia-induced intestinal
damage.

Despite increasing evidence linking the com-
mensal microbiota to hypoxia-related diseases,**
*> the published studies have mainly focused on
oxidative  stress and  active  alveolar
reabsorption.*®*” In contrast, what happens to the
intestinal flora after acute hypoxia and how the
intestinal flora can regulate the balance of intestinal
mucosal protection and injury by regulating
immune cells are still unclear. Our data support
that the composition of the intestinal flora changes
significantly after hypoxia, specifically showing
a decrease in C. XIVa and an increase in
Desulfovibrio. Overcolonization of C. XIVa in the
intestine was found to be responsible for the expan-
sion of Treg cells, which suggests that this species
can inhibit inflammation and protect the integrity
of the intestinal barrier.*® In contrast, Desulfovibrio
have been proven to disrupt the intestinal barrier
because they can reduce sulfate to produce hydro-
gen sulfide.”” Furthermore, our study revealed that
Ang4, an antibacterial peptide produced by intest-
inal epithelial cells, is increased under hypoxia,
inhibits C. XIVa, and affecting the growth of
Desulfovibrio. The abundance of Desulfovibrio was
increased, which aggravated the intestinal damage
induced by hypoxia.

y8 T cells are believed to protect against the
invasion of foreign pathogens and protect the
integrity of the mucosal barrier under physiological

conditions.*® However, many studies have also
revealed that yd T cells are responsible for driving
the inflammatory response, participating in the
pathogenesis of infectious diseases and
tumors."'® Our study revealed a crucial role of
small intestinal intraepithelial y0 T cells in promot-
ing hypoxia-induced intestinal injury upon activa-
tion by intestinal commensal bacteria. We observed
a significant increase in the proportion of intrae-
pithelial y8§ T cells in the hypoxic group compared
with the control group, and intraepithelial y6
T cells are the main source of IL-17A due to upre-
gulation of the nuclear transcription factor RORyt.
Not only did the abundance of yd T cells increase,
but these cells also showed elevated surface expres-
sion of CD44 and CD69 in the hypoxic group
compared to the control group. Interestingly, either
loss of IL-17A or elimination of y§ T cells under
hypoxia partially restored the integrity of the small
intestinal epithelium, indicating that the mice had
the ability to resist hypoxia-induced intestinal
injury. Previous studies have provided strong evi-
dence of a link between the expansion of yd T cells
and the amounts of local bacteria.*> Our data sup-
port that intestinal bacterium, especially
Desulfovibrio, can stimulate the proliferation of
intraepithelial yo T cells and the production of IL-
17A in an AMS model, suggesting that the intest-
inal microbiota may contribute to hypoxia-induced
intestinal damage. Taken together, our data indi-
cate that the amplification of y0 T cell responses
through intestinal bacterial stimulation leads to the
development of hypoxia-induced intestinal injury.

yS T cell activation can be directly stimulated
not only by classical antigens but also by lipid
antigens presented by CD1d, a nonpolymorphic
MHC class I-like molecule.'” CD1d molecules
are mainly expressed on the surface of antigen-
presenting cells, hepatocytes and intestinal
epithelial cells.”’** Lipid antigens derived from
bacteria, such as PE, PC and PG, can be pre-
sented to y§ T cells through CD1d molecules,
thereby promoting proliferation, activation and
the production of cytokines such as IL-17A.>*%
Our research shows that the proportion of
intraepithelial y§ T cells and IL-17A production
under hypoxic conditions in the small intestine
of CD1d-deficient mice are reduced compared
with those in wild-type mice, with CDI1d-
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deficient mice showing an ability to partly resist
hypoxia-induced intestinal damage. A variety of
cells in the intestinal epithelial layer, including
epithelial cells, macrophages and dendritic cells
(DCs), can express CD1d, but the most numer-
ous cells are epithelial cells. Consistently, yd
T cells cultured in vitro cannot be activated or
proliferate without intestinal epithelial cells,
despite the addition of bacterial antigens. The
above result indicates that CD1d expressed on
small intestinal epithelial cells plays an essential
role in triggering acute inflammation during
hypoxia-induced intestinal injury. Nonetheless,
our data show that the abundance of CD1d
expressed on small intestinal epithelial cells
does not change based on oxygen concentration.
Therefore, nontargeted lipid metabolomics ana-
lysis was used to detect lipid antigens in feces
that can be presented by CD1d to activate yd
T cells. The results indicated that lipid antigens
such as PE and PC, and not CD1d, are respon-
sible for the excessive activation of y§ T cells in
the intestinal epithelial layer after hypoxia. To
further determine whether the increase in
Desulfovibrio abundance under hypoxia provides
more PE and PC, we used D. piger, the most
abundant Desulfovibrio species, as an example
and detected its lipid metabolite content. The
results show that Desulfovibrio contain high
levels of the lipid antigens PE and PC, indicating
that Desulfovibrio are an important factor that
drives hypoxia-induced intestinal damage.

Our work shows that the increased Ang4 in
the intestines during hypoxia inhibits the
growth of C. XIVa, thereby weakening the inhi-
bitory effect on Desulfovibrio, resulting in an
increase in their abundance. Desulfovibrio can
provide PE and PC, which are mainly presented
by CD1d expressed on small intestinal epithelial
cells. The lipid antigens generated under
hypoxic conditions are presented to intraepithe-
lial y6 T cells, prompting them to predomi-
nantly produce IL-17A and aggravating
hypoxia-induced intestinal damage. Taken
together, these findings suggest that disrupting
the microbiota-induced activation of y§ T cells
during hypoxia might be a promising method
for the prevention and treatment of AMS.

Materials and methods
Mice

C57BL/6 ] mice were purchased from the
Shanghai SLAC Laboratory Animal Co.,Ltd;
CD1d-deficient and IL-17A-deficient mice were
obtained from the Jackson Laboratory. All the
above mice were kept under the specific patho-
gen-free conditions and the study was approved
by Experimental Animal Ethics Committee of
the First Affiliated Hospital, Zhejiang University
(No. 2021-0019-1).

Mouse treatment

six- to eight-week-old male mice were subjected
to hypoxia (5.0% 0,-95.0% N,) in an automatic
animal hypoxic device (Maworde GC-A01,
China). Then descending to a plain altitude
(20.9% 0,-79.1% N,) at a constant velocity
after 48 hours of hypoxia. For bacterial clear-
ance experiments, mice were intragastrically
administered a mixture of ampicillin (1 g/L,
Sigma, US), neomycin trisulfate (1 g/L, Sigma,
US), metronidazole (1 g/L, Sigma, US), and
vancomycin (500 mg/L, Sigma, US) (4Abx) for
7 days before hypoxia. For the fecal bacterial
transplantation, wild-type SPF mice were
gavaged with antibiotic cocktail for 7 days, fol-
lowed by gut microbiota from hypoxic and
normoxic mice for 7 days. For lipid antigen
recovery experiments, mice were injected intra-
peritoneally with 20 mg PC or PE 6 times every
2 days and experiments were performed after
the last injection. For bacterial suspension
gavage, mice treated with antibiotics were
given 1*10° cfu Clostridium bolteae or
Desulfovibrio for 7 days.

Histology

Intestines and lungs were harvested and fixed in
10% neutral buffered formalin for 24 hours at
room temperature. The tissue was then rinsed
with 70% ethanol, graded dehydrated. Sample
were immersed in paraffin, embedded, sectioned
and stained with H&E.
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Gene 5-3 3-5
Claudin-1 TGCCCCAGTGGAAGATTTACT CTTTGCGAAACGCAGGACAT
Z0-1 GCCGCTAAGAGCACAGCAA GCCCTCCTTTTAACACATCAGA
Z0-2 ATGGGAGCAGTACACCGTGA GCTGAACGGCAAACGAATGG
Bacterial 165 rRNA AGAGTTTGATCMTGGCTCAG CTGCTGCCTYCCGTA
Clostridium XIVa 165 rRNA AAATGACGGTACCTGACTAA CTTTGAGTTTCATTCTTGCGAA
Desulfovibrio165 rRNA CCGTAGATATCTGGAGGAACATCAG ACATCTAGCATCCATCGTTTACAGC
IL-17A TCAGCGTGTCCAAACACTGAG CGCCAAGGGAGTTAAAGACTT
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT
IL-12 CAATCACGCTACCTCCTCTTTT CAGCAGTGCAGGAATAATGTTTC
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Pla2 CTATGCCTTCTATGGATGCCAC CAGCCGTTTCTGACAGGAGT
Ang4 GGTTGTGATTCCTCCAACTCTG CTGAAGTTTTCTCCATAAGGGCT
Reg3b CTCTCCTGCCTGATGCTCTT GTAGGAGCCATAAGCCTGGG
Reg3g TCAGGTGCAAGGTGAAGTTG GGCCACTGTTACCACTGCTT
Water content Quantitative RT-PCR

lungs were harvested and the wet weights were
measured. The whole lung was dried at 65°C for
3 days to obtain the dry weight. The whole lung
water content is measured using the (wet-dry)/wet
weight ratio.

Intestinal permeability

Intestinal permeability was performed using the
FITC-conjugated dextran 4kDa (FD4) method.
Mice were gavaged with PBS containing 600 mg/
kg body weight of FITC-dextran (Sigma, US). Four
hours after gavage, 100 pL serum was collected, and
the fluorescence intensity was detected at an excita-
tion wavelength of 485 nm using a multi-plate
reader (SpectraMax M5/Mb5e, US). Serum FITC-
dextran concentration was calculated from
a standard curve of serially diluted FITC-dextran.

ELISA

After the bacterial solution was centrifuged, the
bacterial pellet was washed 2-3 times with PBS,
and the cells were lysed by sonication at 300 w,
10s/10s, and 20 minutes to obtain a suspension.
cecal contents were grounded with methanol to
obtain a homogenate. The PE and PC levels in the
feces homogenate and bacterial suspension were
generally measured using the ELISA kits according
to the manufacturer’s instructions. Serum LPS
levels were measured using an ELISA kit
(Cusabio, China) according to the manufacturer’s
instructions.

Total RNA was extracted from small intestine tissue
using TRIzol reagent (Invitrogen, US) following
manufacturer’s instruction. cDNA was synthesized
with the HiScript IT 1st Strand cDNA Synthesis Kit
(Vazyme, China). Relative gene expression was
analyzed according to the instructions of the
SYBR Premix Ex Taq kit ChamQ Universal SYBR
qPCR Master Mix (Vazyme, China). The relative
expression of mRNA for each gene was normalized
to that of B-actin. For bacterial identification, geno-
mic DNA of fecal flora was isolated using the
QIAamp DNA Stool Mini Kit (QIAGEN, US) and
qPCR was performed; the relative abundance of
each bacterium was normalized to the amounts of
total bacteria (16S). All primer were synthesized by
Sangon (Shanghai, China). The primers were listed
in Table 1.

Immunofluorescence staining

The paraffin sections of small intestine tissues were
dewaxed, dehydrated with graded alcohol, and then
added with 0.01 mol/L sodium citrate buffer (pH
6.0) for antigen retrieval. Add 10% BSA to the
samples and block for 30 minutes at room tempera-
ture, then remove the supernatant. Primary anti-
bodies (anti-mouse claudin-1, anti-mouse ZO-1;
Abcam) at 1:50 dilution was added dropwise to
the samples, incubated overnight at 4°C, and
washed 3 times with PBS after returning to room
temperature. Next, samples were incubated with
1:100 diluted secondary antibody (FITC-
conjugated anti-rabbit; Abcam) for 30 min at
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Table 2. Antibodies details.

Antibodies Source Identifier

Anti-mouse CD45-PerCP BioLegend Clone: 30-F11; Cat#:103130; RRID:AB_893339
Anti-mouse CD3-PE/Cyanine7 BioLegend Clone: 17A2; Cat#:100220; RRID:AB_1732057
Anti-mouse CD3-FITC BioLegend Clone: 17A2; Cat#:100204; RRID:AB_312661
Anti-mouse TCR y/6-APC BioLegend Clone: GL3; Cat#:118116; RRID:AB_1731813
Anti-mouse TCR y/8-PE BioLegend Clone: UC7-13D5; Cat#:107508; RRID:AB_345266
Anti-mouse TCR y/5-AF488 BioLegend Clone: GL3; Cat#:118128; RRID:AB_2562771
Anti-mouse NK1.1-APC BioLegend Clone: PK136; Cat#:108710; RRID:AB_313397
Anti-mouse CD4-PE BioLegend Clone: GK1.5; Cat#:100408; RRID:AB_312693
Anti-mouse CD4-FITC BioLegend Clone: GK1.5; Cat#:100406; RRID:AB_312691
Anti-mouse CD8-Pacific Blue BioLegend Clone: 53-6.7; Cat#:100725; RRID:AB_493425
Anti-mouse CD8-FITC BioLegend Clone: 53-6.7; Cat#:100706; RRID:AB_312745
Anti-mouse CD25-APC BioLegend Clone: 3C7; Cat#:101910; RRID:AB_2280288
Anti-mouse IL-17A-PE BioLegend Clone: TC11-18H10.1; Cat#:506904; RRID:AB_315464

Anti-mouse CD44-FITC

Anti-mouse CD69-PE BioLegend
Anti-mouse IFN-y-PE BioLegend
Anti-mouse RORyt-BV421 BD Horizon
Anti-mouse T-bet-PE BioLegend
Anti-mouse FoxP3-PE BioLegend
Anti-mouse CD1d-PE BioLegend

PE Mouse IgG1, k Isotype Control
BV421 Mouse 1gG2a, K Isotype Control
PE Rat IgGT1, K Isotype Control

BD Horizon

BD PharMingen

BD PharMingen

BD PharMingen

Clone: IM7; Cat#:553133; RRID:AB_2076224
Clone: H1.2F3; Cat#:104508; RRID:AB_313111
Clone: XMG1.2; Cat#:505810; RRID:AB_315404
Clone: Q31-378; Cat#:562894; RRID:AB_2687545
Clone: 4B10; Cat#:644810; RRID:AB_2200542
Clone: MF-14; Cat#:126404; RRID:AB_1089117
Clone: 1B1; Cat#:123509; RRID:AB_1236547
Clone: MOPC-21; Cat#:556650; RRID:AB_396514
Clone: MOPC-173; Cat#:563464; RRID:AB_2869495
Clone: R3-34; Cat#:553925; RRID:AB_395140

room temperature and washed 3 times with PBS.
Finally, incubate with 5 mL of DAPI staining solu-
tion for 10 min and washed 3 times with PBS.
Stained sections were imaged using an FV3000
confocal microscope (Olympus, Japan) and ana-
lyzed using Olympus confocal software FV31S-SW.

Tunel staining

TUNEL staining was performed using TMR Tunel
Cell Apoptosis Detection Kit (Servicebio, China).
The intestines were washed with PBS and fixed by
immersion in 10% neutral buffered formalin for 24
h. Treat with 0.1% Triton X-100 for 5 minutes, then
incubate with TdT enzyme solution for 1 hour at
37°C. Tunel-positive cells were imaged using
Olympus confocal software FV31S-SW.

16S sequencing analysis

16S sequencing analysis was carried out at Lc-Bio
Technologies Co.,Ltd. Total RNA was isolated from
cecal contents using the QIAamp DNA Stool Mini
Kit (QIAGEN, US) according to the manufacturer’s
instructions. The primers used were 341 F (5'-
CCTACGGGNGGCWGCAG-3’) and 805 R (5'-
GACTACHVGGGTATTCTAATCC-3’) for PCR
amplification of the variable region of 16S rDNA
(V3+ V4). Evaluation of PCR amplification

products by 2% agarose gel electrophoresis and
recovery of target gene fragments using AxyPrep
PCR Clean-up Kit (Axygen, US) according to man-
ufacturers’ instructions. Libraries on purified PCR
products were quantified using the Quant-iT
PicoGreen dsDNA Assay Kit (Invitrogen, US) on
the Qbit Fluorometric Quantitation System. The
QIIME2 process was used to analyze alpha diversity
and beta diversity and the pictures were drawn with
the R (v3.5.2) package.

The antimicrobial testing assays

Recombinant Ang4 (Novoprotein, China) (5 pg/
ml) was added to Reinforced Clostridium
Medium (RCM) containing Clostridium bolteae
(JCM 12243) and incubated at 37°C under anaero-
bic conditions for 6, 12, 24, 48 and 72 hours.
Bacterial growth was then measured by absorbance
at 600 nm using a NanoDrop 2000c
Spectrophotometer (Thermo Fisher Scientific, US).

Cell preparation

Mice were euthanized, and intestines, Peyer’s
patches, spleen, and thymus were collected. Single-
cell suspensions were prepared as previously
described with minor modifications.** Briefly,
spleens, peyer’s patches, and thymi were ground
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and passed through a 200-mesh steel mesh. The
spleen requires an additional step of lysis of red
blood cells. The small intestine was cut into small
pieces with scissors, digested with Hank’s buffer
containing 1 mM EDTA for 25 min at 37°C, and
passed through a 200-mesh steel mesh. silEL and
IECs were obtained by gradient centrifugation with
40% and 60% percoll.

Flow cytometry

For surface staining, add an appropriate amount
of fluorescently labeled primary antibody to the
cell suspension after blocking and incubate at
4°C for 30 minutes. For intracellular staining,
cells were stimulated for 5 hours with 50 ng
ml~' PMA (Sigma, US), 1 mg ml™" ionomycin
(Sigma, US), and 10 mg ml™' monensin (BD
Biosciences, US), followed by surface staining.
Cells were then fixed and permeabilized accord-
ing to the instructions of BD Cytofix/Cytoperm
Fixation/Permeabilization Solution kit (BD
Biosciences, US), and finally incubated with an
appropriate amount of fluorescently labeled
intracellular antibodies at 4°C for 30 minutes.
All samples were collected on a FACSCanto™ II
flow cytometer (BD Biosciences, US) and ana-
lyzed using FlowJo software (Tree Star).
Transcription factor staining was performed
based on the True-Nuclear™ Transcription
Factor Buffer Set (Biolegend, US). The antibo-
dies were listed in Table 2.

In vitro bacterial stimulation in vitro

Mice were euthanized and intestinal intraepithelial
lymphocytes were harvested. After the cells were
plated in 12-well plates, inactivated bacteria were
added to stimulate for 72 hours.

Antibody neutralization

For antibody-mediated depletion experiments, ani-
mals are injected intraperitoneally (i.p.) every 2-
3 days. Inject monoclonal antibody (200 mg/
mouse) against y§-TCR (UC7-13D5, BioXCell,
China) and the same concentration of monoclonal
rat IgG as the control (BioXCell, China).

Metabolite extraction and MS analysis

Untargeted lipid metabolomes detected in cecal
contents was carried out at Lc-Bio Technologies
Co.,Ltd. Metabolite-containing supernatant was
obtained after centrifugation at 4,000 g for 20 min
from 20 pL of feces in 50% methanol. Mix 10 uL of
each sample’s extract as a quality control sample.
The obtained sample was detected by LC-MS sys-
tem according to the machine instructions, and
lipid metabolites in mouse feces were measured
using high-resolution tandem mass spectrometer
TripleTOF5600plus (SCIEX, UK).

In vitro co-culture

The small intestinal epithelial cells (5 x 10° per
well) were plated overnight in 12-well plates and
the lipid antigens PE or PC (2.5 ug ml™") were
added to culture for 24 hours.”> Then, IEC cells
are irradiated and co-cultured with sorted yd
T cells (1 x 10° per well) for 3 days.

In vitro cell proliferation

The Cell Counting Kit-8 (CCK-8) assay was per-
formed to measure the proliferation of y§ T cells
stimulated by CD1d-antigen in vitro. Add 10 pL of
CCKS solution to the cells to be assayed in a 96-well
plate and continue to incubate at 37°C for 30 minutes.
Absorbance at 450 nm was detected with a microplate
reader.

Statistics

Data are presented as mean + SEM and GraphPad
Prism (GraphPad Software) was used to analyze the
data of each group. The values of each group were
tested by Shapira-Wilkinson normal distribution,
P >0.05. Student’s t-test, one-way ANOVA, and
linear regression analysis were used to determine
statistically significant differences. P <0.05 was con-
sidered significant. *P <0.05, **P <0.01, ***P <0.001,
P <0.0001, ns represents not significant.
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