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SUMMARY

Over 50 billion cells undergo apoptosis each day in an adult human to maintain immune homeostasis.
Hydrogen sulfide (H,S) is also required to safeguard the function of immune response. However, it is un-
known whether apoptosis regulates H,S production. Here, we show that apoptosis-deficient MRL/Ipr
(B6.MRL-Faslpr/J) and Bim '~ (B6.129S1-Bcl2111tm1.1Ast/J) mice exhibit significantly reduced H,S levels
along with aberrant differentiation of Th17 cells, which can be rescued by the additional H,S. Moreover,
apoptotic cells and vesicles (apoVs) express key H,S-generating enzymes and generate a significant amount
of H,S, indicating that apoptotic metabolism is an important source of H,S. Mechanistically, H,S sulfhydrates
selenoprotein F (Sep15) to promote signal transducer and activator of transcription 1 (STAT1) phosphoryla-
tion and suppress STAT3 phosphorylation, leading to the inhibition of Th17 cell differentiation. Taken
together, this study reveals a previously unknown role of apoptosis in maintaining H,S homeostasis and

the unique role of H,S in regulating Th17 cell differentiation via sulfhydration of Sep1

INTRODUCTION

An adult human loses 50-70 billion cells each day due to
apoptosis, which plays a pivotal role in the maintenance of tissue
homeostasis.! Accumulating experimental evidence has shown
that apoptotic disorders can cause a variety of anomalies,
such as autoimmune disease, aging, and cancer.”® Apoptosis
deficiency can promote the differentiation of inflammatory lym-
phocytes, which exacerbates the immune disorder and disease
progress.*> However, the details of how apoptosis deficiency
contributes to physiopathological processes of immune re-
sponses are not fully understood. Recent studies show that
apoptotic cells can release metabolites to exert certain physio-
logical functions.’:®

Hydrogen sulfide (H.S), an endogenous gasotransmitter, also
plays a critical role in regulating tissue homeostasis.”® In mam-
mals, H,S is synthesized from L-cysteine through three en-
zymes, namely cystathionine B-synthase (CBS), cystathionine
v-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase
(3-MST)."%"" H,S can induce cellular changes through a process
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known as protein sulfhydration, which is a kind of protein post-
translational modification.'® By converting thiol ~SH groups in
the cysteine residues of target proteins to hydropersulfide —
SSH groups, the structure and functionality of proteins can be
modified.'? Our previous study showed that endogenous H,S
is essential to maintain immune homeostasis, and H,S defi-
ciency has been linked to T cell-related immune disorders.'®
Since both apoptosis deficiency and H,S deficiency can lead
to serious immune disorders, we hypothesize that the apoptosis
process may be associated with endogenous H,S production.

Apoptosis deficiency is closely linked to systemic lupus ery-
thematosus (SLE), which presents with a significantly increased
number of Th17 cells in the circulation and tissues.'*" The infil-
tration of Th17 cells causes tissue inflammation and organ dam-
age.'®"” Suppressing the differentiation and survival of Th17
cells in patients with SLE is a promising approach to alleviate
inflammation injury and stall disease progress.'*

Apoptotic vesicles (apoVs) are metabolic extracellular vesicles
(EVs) released from apoptotic cells.'® ApoVs inherit various com-
ponents from their parent cells, including DNA, RNA, proteins,

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Apoptosis-deficient mice showed reduced H,S levels
(Aand B)
per group.

H,S microelectrode and lead acetate formation test showed that the blood H,S concentration in female MRL//pr and Bim

~/~ mice was decreased; n=5

(C—F) Lead acetate formation test revealed that the HoS concentration in the liver, lung, spleen, and kidney of apoptosis-deficient mice was lower than that in WT

mice; n = 5.

(G) PBMCs from female MRL//pr mice and Bim ™/~ mice showed reduced levels of apoptotic cells and H,S. The yellow arrow indicates H2S, the white indicates

apoptotic cells; n = 5; scale bars: 20 um.

(H and |) STS treatment enhanced the blood H,S concentration in MRL/pr mice, whereas Z-VAD treatment decreased H,S concentration; n = 5.

(J-M) STS treatment increased H,S concentration in the liver, lung, spleen, and kidney of MRL/lor mice, which was inhibited by Z-VAD treatment, n = 5.

(N) STS treatment promoted the apoptosis and H,S generation in PBMCs of MRL/Ipr mice, which was alleviated by Z-VAD. The yellow arrow indicated H,S, the
white indicated apoptotic cells; n = 5; scale bars: 20 um. *p < 0.05; **p < 0.01; ***p < 0.001.

and lipids, which can regulate their recipient organs and tis-
sues.'®? In addition, our previous studies showed that both
mesenchymal stem cells (MSCs) and T cells have the capability
to generate H,S."®?" However, it has remained unknown
whether EVs can inherit their parent cell’s ability to produce H,S.

In this study, we show that apoptosis is required to maintain
endogenous H,S homeostasis. H,S restrains the aberrant acti-
vation of Th17 cells via sulfhydration of selenoprotein F at the
C38 site (Sep15°%).

RESULTS

Apoptotic deficiency results in reduced H,S levels

Apoptosis-deficient MRL//or (B6.MRL-Faslpr/J) and Bim™~
(B6.129S1-Bcl2111tm1.1Ast/J) mice show reduced apoptotic
rates in the spleen and peripheral blood mononuclear cells
(PBMCs) as assessed by terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL) staining and flow cy-
tometry analysis, respectively (Figures S1A and S1B).
Although MRL/Ipr and Bim™~ mice have been widely used
as SLE disease models,?>° the detailed mechanistic link be-
tween apoptotic deficiency and SLE phenotype is not fully
elucidated. H,S, an important gasotransmitter, has emerged
as an endogenous regulator of immune homeostasis,'® but it
is unknown whether apoptotic deficiency results in altered

H,S levels.
Therefore, we examined H,S levels in MRL/pr and
Bim~~“mice and found that the levels of H,S in the blood were

significantly reduced when compared with the wild-type (WT)
group as assessed by microelectrode and lead acetate paper
assays (Figures 1A and 1B). MRL/lpr and Bim™~ mice also
showed significantly reduced levels of H,S in the liver, lung,
spleen, and kidney, but not in the brain, heart, or muscle, when
compared with WT mice (Figures 1C-1F and S1C). In addition,
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PBMCs from MRL/pr and Bim™~ mice showed reduced
apoptotic rates and lower levels of H,S compared with WT
mice (Figure 1G). These data demonstrate that the levels of
H,S in apoptosis-deficient MRL/jor and Bim ™'~ mice are signifi-
cantly reduced.

Next, we assessed whether apoptotic induction could elevate
the levels of H,S in MRL/Ipr mice. Staurosporine (STS) was used
to induce in vivo apoptosis in MRL/Ipr mice, whereas Z-VA-
D(OMe)-FMK (Z-VAD, a pan-caspase inhibitor) was used to
inhibit STS-induced apoptosis.’ Results showed that STS treat-
ment increased the apoptotic rate of the spleen tissue and
PBMCs in MRL/Ipr mice, whereas Z-VAD decreased the STS-
induced apoptotic rate, confirming the effectiveness of STS-
induced apoptosis (Figures S1D and S1E). In MRL/Ipr mice,
STS treatment enhanced H,S levels in the blood, liver, lung,
spleen, and kidney, which was inhibited by the addition of
Z-VAD (Figures 1H-1M). STS also enhanced the apoptotic rate
and H,S generation in PBMCs from MRL/Ipr mice, which was
also inhibited by the Z-VAD treatment (Figure 1N). These data
indicate that in vivo apoptotic induction can rescue decreased
H.S levels in MRLY/Ipr mice.

Apoptotic cells are capable of generating H,S

Since apoptotic induction can enhance the levels of H,S in MRL/
Ipr mice, we examined whether apoptotic cells could generate
H,S. STS and ultraviolet (UV) irradiation were used to induce
apoptosis of mouse bone-marrow stem cells (mMBMSCs),
PBMCs, and CD4* T cells. Z-VAD was used to suppress the
apoptosis process (Figures S2A and S2B). Microelectrode assay
demonstrated that STS- and UV-induced apoptotic cells
showed elevated levels of H,S in cell supernatant (Figures 2A
and 2B). Lead acetate paper assays proved that STS- and UV-
induced apoptosis could elevate H,S levels in the cell superna-
tant (Figures 2C and 2D). However, pretreatment with Z-VAD
decreased the levels of H,S in the apoptotic cell supernatant
(Figures 2A-2D).

In order to further analyze the H,S production in apoptotic cells,
we used STS-induced apoptotic mBMSCs as a model and
defined 3, 6, and 9 h after STS treatment as the early, middle,
and late stages of apoptosis, respectively (Figures S2C and
S2D).>* H,S microelectrode and H,S probe staining showed
that STS treatment generated H,S at the early and middle stages
of apoptosis compared with control cells (Figures 2E and 2F). Dur-
ing the apoptosis process, there was a significantly elevated
expression of CBS, along with a slightly elevated expression of
CSE and 3-MST (Figures 2G and 2H). To evaluate the sulthydra-
tion levels of mBMSCs at different time points, we used Alexa
Fluor 488-conjugated C5 maleimide, which interacts selectively
with sulfhydryl groups of cysteines, labeling both sulfhydrated
and unsulfhydrated cysteines (Figure S2E). Dithiothreitol (DTT)
was used to selectively cleave disulfide bonds and detach the
green signal only from sulthydrated protein, resulting in decreased
fluorescence (Figure S2E). Sulfhydrylation levels of mBMSCs
were increased at the early and middle stages of apoptosis (Fig-
ure 2l). These results indicate that apoptotic mBMSCs generate
H.S mostly at the early and middle stages of apoptosis. Besides,
there was no increased fluorescence signaling in the -DTT at 3 or
6 h compared with 0 h. Previous studies showed that sulfhydryl
(-SH) groups of cysteines are susceptible to the oxidative modifi-
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cation caused by increased concentrations of reactive oxygen
species (ROS) during apoptosis, resulting in the decrease of
-SH contents.?*“° Therefore, the decrease of -SH contents during
apoptotic process may account for the decrease of fluorescence
in the -DTT group at 3 or 6 h.

H,S deficient mice show an SLE-like phenotype

H,S plays a vital role in the maintenance of immune homeostasis
and H,S-deficient CBS™~ and CSE™'~ mice show significantly
impaired immune response.’® Here, we showed that both
CBS™/~ and CSE~~ mice display SLE-like disorders such as
enlargement of the spleen and lymph nodes (Figure 3A); eleva-
tion of serum anti-nuclear antibody (ANA), blood urea nitrogen
(BUN), and double-stranded DNA (dsDNA) levels (Figure 3B);
impairment of kidney function (Figures 3C and 3D); and immuno-
globulin G (IgG) deposition in the spleen and skin (Figure 3E). In
addition, Th17 and Th1 cell ratios were higher in the spleen of
CBS ™/~ and CSE~/~ mice than that in WT mice, whereas the
Treg and Th2 cell ratios were decreased compared with WT
mice (Figure 3F). These data suggest that H,S deficiency may
cause an SLE-like disorder.

Apoptosis induction ameliorates SLE phenotypes via
elevating the levels of H,S in MRL/Ipr mice

STS treatment alleviated the enlargement of spleen and lymph
nodes, decreased the concentration of serum ANA, BUN, and
dsDNA, ameliorated kidney damage, and reduced IgG deposi-
tion in the kidney and skin of MRL/Ipr mice (Figures 4A-4D,
S3A, and S3B). These results suggest that STS treatment can
alleviate SLE phenotype in MRL/Ipr mice. In order to evaluate
whether H,S production contributes to apoptosis-induced ther-
apy for MRL/Ipr mice, hydroxylamine hydrochloride (HA), an
H>S-synthesis inhibitor, and propargylglycine (PAG), a CSE in-
hibitor, were used to block H,S production.?’*® We showed
that pretreatment with HA or PAG abolished STS-induced eleva-
tion of H,S in the blood, liver, lung, spleen, and kidney of MRL/Ipr
mice (Figures S3C-S3H). The addition of HA or PAG increased
the weight of spleen and lymph nodes; enhanced concentrations
of serum ANA, BUN, and dsDNA; exacerbated kidney damage;
and accelerated the IgG deposition in kidney and skin
(Figures 4A-4D, S3A, and S3B). Thus, the apoptosis-induced
therapy for SLE mice was abolished by the addition of H,S inhib-
itors. These data indicate that H,S plays a pivotal role in
apoptosis-induced therapy in SLE mice.

Apoptotic-cell-generated H,S inhibits aberrant Th17

cell differentiation in MRL/Ipr mice

T cell isotype disorder may contribute to the pathogenesis of
SLE.?® Therefore, we evaluated the effects of apoptosis-induced
therapy on T cell isotype distribution in the spleen of MRL/Ipr
mice. STS treatment reduced the level of CD4*IL-17* Th17 cells
and slightly promoted the level of CD4*Foxp3* Treg and CD4*IL-
4% Th2 cells in the spleen of MRL/lpr mice (Figures 4E-4H). How-
ever, HA or PAG treatment blocked the inhibitory effect of STS
induction for Th17 cells (Figure 4E). These data suggest that
apoptosis-induced therapy can inhibit aberrant Th17 cell differ-
entiation in MRL/lor mice while inhibiting the H»S production im-
pairs the inhibitory function of apoptosis-induced therapy for
Th17 cell differentiation.
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Figure 2. Apoptotic cells release H,S in vitro

(A-D) After apoptotic induction (STS and UV treatment), the H,S concentration from the supernatants of different cells was assessed using H,S microelectrode (A
and B) and lead acetate formation test (C and D); n = 5 per group. Both H,S microelectrode results and lead acetate formation test demonstrated that STS and UV
treatment significantly increased the H,S concentration in mBMSCs, PBMCs, and CD4* T cells, whereas the H,S concentration was reduced by the addition of
Z-VAD (a pan-caspase inhibitor).

(E) H2S concentration at different time points during STS stimulation was examined by H,S microelectrode. The H,S concentrations at 3 and 6 h were higher than
control cells; n = 5.

(F) STS induced obvious H,S generation at 3 and 6 h, whereas H,S generation decreased at 9 h postinduction; scale bars: 20 pm.

(G) The expression of H,S-generating enzymes was assessed by quantitative reverse-transcription PCR (RT-gPCR). STS treatment obviously promoted the gene
expression of CBS and CSE at 3 and 6 h of STS treatment; n = 3.

(H and I) (H) CBS expression increased at 3, 6, and 9 h of STS treatment. CSE and 3-MST expression increased at 6 and 9 h of STS treatment, n = 3. (I) Green
maleimide assay was used to detect sulfhydration in mBMSCs lysates after STS induction. STS treatment could enhance the sulfhydration of MBMSCs at 3 and
6 h post-STS treatment; n = 3. NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001.

Next, we evaluated the effects of H,S on Th17 cell differentia-
tion. Flow cytometry analysis showed that treatment with the
H>S donor NaHS directly inhibited Th17 cell differentiation
in vitro, whereas HA treatment promoted Th17 cell differentiation
(Figure 5A). Both treatments showed a dose-dependent effect.
Neither NaHS nor HA treatment affected Th17 cell proliferation
or viability (Figures S4A and S4B). The expression levels of
Th17 cell differentiation genes including interleukin-17 (IL-17),
retinoic acid orphan receptor gamma T (ROR~T), IL-23R, and
chemokine receptor 6 (CCR6) were inhibited by NaHS treatment,

but promoted by HA treatment (Figure 5B). In MRL/Ipr mice,
NaHS treatment reduced the levels of Th17 cells in the spleen
and blood, whereas HA treatment enhanced the differentiation
of Th17 cells (Figures S4C and S4D). These data reveal that
H,S inhibits Th17 cell differentiation both in vitro and in vivo.

H.S regulates Th17 cell differentiation via sulfhydration
of Sep15

H>S exerts biological function and molecular regulation pre-
dominantly via protein sulfhydration (SHY).*® SHY, a type of

Cell Metabolism 36, 78-89, January 2, 2024 81
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Figure 3. H,S deficient mice show SLE-like phenotypes

(A) The spleen and lymph nodes weight in female CBS™~, CSE~/~, and MRL/lor mice were increased compared with WT mice; n = 3 per group.

(B) The concentration of serum ANA, BUN, and dsDNA (IgG and IgM) in CBS™~, CSE~'~, and MRL/jor mice were higher than WT mice; n = 5.

(C and D) H&E and PAS staining results showed the kidney damage in CBS ™~ CSE™~, and MRL//pr mice; the arrow indicates that the glomerular margin is broken
(

(

C); n = 3; scale bars: 200 pm.

E) Confocal assay confirmed IgG deposition in the kidney and skin of CBS™/~, CSE/, and MRL/lpr mice, the arrow indicates the IgG deposition; n = 3; scale

bars: 20 um for kidney, 100 um for skin.

(F) Flow cytometry showed that the ratio of CD4*IL-17* Th17 cells and CD4*IFN-y* Th1 cells increased in the spleen of CBS™~, CSE™'~, and MRL//pr mice,
whereas the ratio of CD4*Foxp3* Treg cells and CD4*IL-4* Th2 cells decreased compared with WT mice; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001.

post-translational modification, is a physiological process in
which HoS adds an additional sulfur to the thiol (-SH) group
of a cysteine, yielding a hydropersulfide (-SSH).>" To explore
the mechanism by which H,S regulates Th17 cell differentia-
tion, we performed quantitative proteomics and specifically
H.S-mediated sulfhydration modification proteomics of low-
pH quantitative thiol reactivity profiling (low-pH QTRP)
(Figures 5C, 5D, and S4E).*? Proteomics showed that 444 pro-
teins were upregulated, 364 proteins were downregulated, and
2641 proteins were unchanged in NaHS-treated Th17 cells
compared with the control (Figure 5C; Table S1). In addition,
we obtained 145 sulfhydration protein targets significantly
increased in NaHS-treated Th17 cells group by low-pH
QTRP (Table S2). Based on the unchanged protein in prote-
omics, low-pH QTRP, and Th17 cell differentiation-related

82 Cell Metabolism 36, 78-89, January 2, 2024

pathways, we selected the top 3 of 10 protein targets for
further analysis: Sep15, pyruvate kinase (PKM), and nuclear
factor NF-xB p105 subunit (Nfkb1) (Figure 5D). According to
the cysteine residues, we generated sulfhydration site
mutant constructs tagged with FLAG (Sep15°%84; PKMC49A;
Nfkb1°15%4) (Figures 5E, 5F, and S4F-S4H) and then evaluated
the inhibitory effects of H,S treatment on Th17 cell differenti-
ation. In vitro differentiation results showed that Sep15°3%4,
but not PKM®4%” or Nfkb1€'%94, impaired the inhibitory effect
of H>S on Th17 cell differentiation after treatment with H,S
(Figures 5G and S4l). In addition, the mutant of Sep15°3A
also impaired the inhibitory function of H,S on the expression
of Th17 cell differentiation-related genes (Figure 5H). These
data indicate that Sep15 is a potential target for the inhibitory
effect of H,S on Th17 cell differentiation. Next, we evaluated
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Figure 4. Apoptotic induction alleviates SLE phenotype via elevation of H,S

(A-D) STS alleviated the enlargement of spleen and lymph nodes (A) (n = 3 per group); decreased the concentration of serum ANA, BUN, and dsDNA (B) (n = 5);
and mitigated the IgG deposition in the spleen and skin (C and D, respectively); the arrow indicates the IgG deposition; n = 3; scale bars: 20 um for kidney, 100 pm
for skin), but the effects of STS on female MRL/Ipr mice were inhibited by HA or PAG pretreatment.

(E-H) Representative flow cytometric plots and the frequencies of CD4*IL-17* Th17 cells, CD4*Foxp3* Treg cells, CD4*IFN-y* Th1 cells, and CD4*IL-4" Th2
cells, respectively, from the spleens of MRL/|pr mice. STS treatment significantly inhibited the levels of Th17 cells, which was rescued by HA or PAG treatment.

n = 5; NS, not significant; *p < 0.05, **p < 0.01, **p < 0.001.

the ratio of Th17 cells in Sep15~~ mice and found that the
CD4*IL-17* Th17 cell ratio was increased in the spleen and
blood of Sep15~/~ mice (Figures S5A and S5B). These results
suggest that Sep15 plays an important role in inhibiting Th17
cell differentiation.

To confirm the sulfhydration modification of Sep15, we used
Alexa Fluor 488-conjugated C5 maleimide (Figure S5C). Th17
cells from WT mice showed green bands representing proteins
with -SH and —-SSH groups in the presence of L-cysteine. DTT
treatment reduced the green Sep15 signal in the presence of
L-cysteine in Th17 cells from WT mice, indicating sulfhydration
modification of Sep15 (Figure 5l). By contrast, DTT treatment
failed to reduce the green signal of Sep15 in CBS™~ Th17 cells,
indicating that CBS-generated H,S is required to maintain Sep15
sulfhydration (Figure 5I). However, NaHS treatment restored the

sulfhydration of Sep15in CBS™~ Th17 cells (Figure 5J), suggest-
ing that Sep15 can be directly sulthydrated by H,S. In addition,
the expression level of Sep15 was not significantly altered in
NaHS-treated or CBS ™~ mice (Figure S5D). These results indi-
cate that H,S inhibits Th17 aberrant differentiation via sulfhydra-
tion of Sep15°%8A,

H.S inhibits Th17 cell differentiation via the Sep15/
STAT1/STATS3 axis

The STAT family is essential for Th17 cell differentiation, and in
particular, signal transducer and activator of transcription 1
(STAT1) and STAT3 have antagonistic effects on Th17 cell differ-
entiation.®® STAT1 inhibits Th17 cell differentiation, whereas
STAT3 promotes it.° STAT1 can heterodimerize with STAT3
and inhibit STAT3-dependent transcription.>** We found that
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Figure 5. Sulfhydration of Sep15 is essential for the inhibitory effect of H,S on Th17 cell differentiation

(A) Flow cytometry analyzed Th17 cell differentiation ratios under NaHS and HA treatment. NaHS (20, 30, 40, and 50 uM) inhibited Th17 cell differentiation,
whereas HA (20, 30, 40, and 50 M) promoted Th17 cell differentiation in a dose-dependent manner; n = 3 per group.

(B) Th17-related gene expression was assessed by RT-qPCR. NaHS (50 uM) treatment inhibited the expression of IL-17, ROR~T, IL-23R, and CCR6, whereas HA
(50 puM) treatment increased their expression; n = 5.

(C) Proteomics showed that 444 proteins were upregulated, 364 proteins were downregulated, and 2,641 proteins were unchanged in NaHS-treated Th17 cells
compared with the control.

(D) The strategy of combining the unchanged protein in proteomics, low-pH QTRP, and Th17-related proteins was used to analyze potential targets, and 9
potential targets were shown.

(E) C38 of Sep15 is a target site of sulfhydration in Th17 cells—fully annotated higher energy collisional dissociation mass spectrometry/mass spectrometry (HCD
MS/MS) spectra of the light and heavy 2-iodo-N-(prop-2-yn-1-yl) acetamide (IPM)-modified disulfide peptides.

(F) The construct of Sep15°%®A mutant tagged with FLAG was assessed by western blotting.

(G) Th17 cell differentiation was analyzed by flow cytometry. H,S inhibited Th17 cell differentiation in vitro, whereas the Sep15°%** mutant abolished the inhibitory
effect of H,S; n = 3.

(H) HzS inhibited the Th17 cell differentiation-related gene expression, which was impaired in the Sep15°%®A cells; n = 3.

(I and J) Protein sulfhydration in Th17 cells, with or without NaHS treatment, was assessed by Alexa Fluor 488-conjugated C5 maleimide. The green signal of
Sep15 protein after L-cysteine treatment (I) or NaHS treatment (J) of Th17 cells from the spleen of WT or CBS ™'~ mice confirm that Sep15 could be modified by
sulfhydration under HoS treatment. n = 3; NS, not significant; “p < 0.05; **p < 0.01; ***p < 0.001.

STAT1 phosphorylation and nuclear translocation were S6A), suggesting that Sep15 might exert its function through
decreased during Th17 cell differentiation (Figures 6A-6C), STAT1. In addition, H,S increased the interaction of Sep15
whereas STAT3 showed the opposite effect, with the augmenta- ~ with STAT1, whereas H,S failed to promote the interaction be-
tion of STAT3 phosphorylation and nuclear translocation tween Sep15°%” and STAT1 (Figures 6E, 6F, and S6B). In the
(Figures 6A and 6B). Immunoprecipitation-mass spectrometry  STAT family, phosphorylation is the essential prerequisite for nu-
(IP-MS) and colP assay confirmed that Sep15 could bind with  clear localization and subsequent biological activity.>® Interest-
STAT1, but not with STAT3, STAT4, or STAT5 (Figures 6D and  ingly, we found that H,S could promote STAT1 phosphorylation
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Figure 6. H.S inhibits Th17 cell differentiation through the Sep15/STAT1/STATS3 signaling axis

(A) The expression of p-STAT1 and p-STAT3 in CD4" T cells during Th17 cell differentiation was evaluated by western blotting. The expression of p-STAT1
decreased during Th17 cell differentiation, whereas p-STAT3 expression increased.

(B) During Th17 cell differentiation, nuclear p-STAT1 expression decreased, whereas nuclear p-STAT3 expression increased.

C) STAT1 staining showed that the amount of nuclear p-STAT1 reduced at 24 h after Th17 stimulation; scale bars: 5 um.

E) H,S promoted the interaction between Sep15 and STAT1, whereas Sep15°%®* mutation impaired this interaction.
F) HoS failed to promote the nuclear STAT1 expression and the interaction between STAT1 and Sep15 in the Sep15°%®* mutant Th17 cells: scale

(
(D) ColP showed that Sep15 interacted with STAT1.
(
(

bars; 5 um.

G) HoS promoted the p-STAT1 expression and inhibited the p-STAT3 expression in Th17 cells, but these effects were not observed in Sep15C38A mutants.

(
(H) H,S failed to inhibit p-STAT3 expression in Th17 cells when STAT1 was knocked down by siRNA.
(I) The knockdown of STAT1 impaired the inhibitory effect of H,S on the Th17 cells; n = 3.

(J) The schematic graph of Sep15/STAT1/STAT3 axis in the inhibitory effect of H,S on Th17 cell differentiation. *p < 0.05, **p < 0.01.

and inhibit STAT3 phosphorylation, but these effects were
impaired when Sep15°® sulfhydration site was mutated to
Sep15°%8A (Figures 6G and S6C-S6E). These results indicate
that H,S sulfhydrates Sep15 at the C38 site and promotes the
interaction between Sep15 and STAT1, which facilitates the
phosphorylation and nuclear localization of STATT.

Next, we further validated the function of STAT1 in the differ-
entiation of Th17 cells by knocking down STAT1 expression

with small interfering RNA (siRNA) (Figure S6F). The result
showed that H,S inhibited the phosphorylation of STAT3, but
the effect was suppressed by the knockdown of STAT1 (Fig-
ure 6H). The inhibitory effect of H,S on Th17 cell differentiation
and related gene expression was also impaired when STAT1
expression was knocked down (Figures 61 and S6G), suggesting
that the inhibitory effect of H,S is associated with the Sep15/
STAT1/STATS axis (Figure 6J).
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Figure 7. H,S is required for apoV-mediated SLE therapy

(A) The expressions of CBS, CSE, and 3-MST in mBMSCs, apoptotic mBMSCs (apoMSCs), and apoVs were assessed by western blotting.

(
(
(
(

B) The expressions of CBS, CSE, and 3-MST in apoVs were evaluated by immunofluorescence; scale bars: 1 um.

C) H,S microelectrode showed that apoVs generated H,S, which was inhibited by HA and PAG treatment; n = 5 per group.

D) The H,S concentration from CBS ™~ and CSE~/~ apoVs was lower than that in apoVs; n = 5.

E and F) ApoVs suppressed IgG deposition in the spleen and skin; the arrow indicates the IgG deposition. n = 3; scale bars: 20 pm for kidney, 100 um for skin),

whereas the function was impaired in CBS™~ apoVs and CSE '~ apoVs. *p < 0.05; **p < 0.01; ***p < 0.001

ApoVs generate H,S

ApoVs are metabolic products of the apoptotic cells that
possess multiple biological functions.®® Our previous study
showed that MSCs express the key H,S-generating enzymes
CBS and CSE and have the capability of generating H,S.”"
Here, we found that apoptotic mMBMSCs (apoMSCs) and apoVs
expressed CBS, CSE, and 3-MST (Figures 7A, 7B, and S7A).
Microelectrode assay showed that apoVs could generate H,S,
whereas HA or PAG treatment inhibited the H,S concentration
generated by apoVs (Figure 7C). In addition, we collected apoVs
from CBS™'~ mBMSCs and CSE~~ mBMSCs, named CBS /~
apoVs and CSE /'~ apoVs, respectively (Figure S7B). Microelec-
trode assay showed the H,S concentration from CBS™~ apoVs
and CSE™'~ apoVs was lower than apoVs (Figure 7D). In addi-
tion, siRNA was used to knock down 3-MST levels in mBMSCs
and the si-3-MST apoVs were collected from cells (Figure S7C).
Results showed that the H,S level in si-3-MST apoVs was lower
than that in apoVs (Figure S7D). Therefore, these studies demon-
strate that apoVs have the ability to generate H,S.

Our previous study showed that apoVs can ameliorate SLE
and arthritis phenotypes.® In order to further explore the rela-
tionship between H,S generation and the therapeutical efficacy
of apoVs for SLE mice, apoVs were collected and systemically
infused into MRL//pr mice. Results showed that apoVs alleviated
SLE phenotypes in MRL/Ipr mice, as evidenced by reducing the
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weight of the spleen and lymph nodes (Figure S7E); decreasing
the levels of serum ANA, BUN, and dsDNA (Figure S7F); relieving
kidney damage; and inhibiting IgG deposition in the kidney and
skin (Figures 7E, 7F, S7G, and S7H). However, both CBS™~
apoVs and CSE ™/~ apoVs failed to exert such therapeutic effects
in MRL/Ipr mice (Figures 7E, 7F, and S7TE-S7H). These data sug-
gest that apoVs can generate H,S, which is required for the ther-
apeutic effect in SLE mice.

DISCUSSION

Apoptosis is an essential process to maintain organ and tissue
homeostasis.>® Apoptotic cells and vesicles are not waste;
rather, they release necessary products and signals to actively
modulate the recipient microenvironment and neighboring
cells." In this study, we identified that apoptotic cells are capable
of generating H,S, suggesting an intrinsic connection between
cell apoptosis and H,S production. In addition, apoVs can
generate H,S with the expression of CBS, CSE, and 3-MST.
Billions of cells undergo apoptosis every day in the human
body to generate significant amounts of apoVs.'®*” ApoVs, a
specific type of EVs, contain a variety of DNAs, RNAs, proteins,
lipids, and nuclear components.®® We identified that apoVs ex-
press specific markers such as Fas, calnexin, and calreticulin
when compared with exosomes.* In addition, our previous
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study showed that apoVs are required to maintain mesenchymal
stem cell homeostasis and rescue osteoporosis phenotype via
transferring miRNA."® ApoVs are capable of promoting wound
healing and hair regeneration via activation of Wnt/p-catenin
pathway in skin and hair follicle MSCs.*° Small EVs inherit the
glutathione-related protein (GSTM2) to ameliorate senescence
and aging by increasing the antioxidant capacity in old mice.*’
A previous study showed that pretreating MSCs with H,S could
enhance the therapeutic effect of MSC-EVs on hypoxic-
ischemic injury, suggesting that H,S is important for the forma-
tion and/or function of EVs.*? Here, we show that apoVs inherit
the H,S-generating ability from their parent cells, which is closely
associated with apoV-mediated therapeutic effect in SLE mice.

H>S homeostasis is important for maintenance of the physio-
logical functions of multiple organs, and endogenous H,S levels
are associated with many biological activities, such as exercise
and dietary restriction.”*® Exercise promotes skeletal muscle
angiogenesis via elevating endogenous H,S levels.® Sulfur
amino-acid restriction increases endogenous H,S production
to protect the liver from ischemic reperfusion injury.7 In this
study, we found that apoptosis is a necessary process for main-
taining endogenous H.S homeostasis while generating a rela-
tively large amount of H,S. Apoptosis defects lead to insufficient
levels of H,S in the blood and multiple organs, thereby affecting
immune homeostasis.

H.S is regarded as a natural buffer for the immune system and
it is known that the deficiency of H,S leads to serious immune
disorders.**** Our previous study indicated that H,S promotes
Treg cell differentiation by sulfhydrating nuclear transcription
factor Y subunit beta (NFYB).'® Here, we revealed that H,S can
sulfhydrate Sep15, a thioredoxin-like oxidoreductase in the
endoplasmic reticulum,*® to inhibit Th17 cell differentiation via
regulating STAT1 and STAT3. The STAT family plays an impor-
tant role in T cell proliferation and differentiation. STAT1 has an
antagonistic effect on STAT3 during Th17 cell differentiation.”
STAT3 phosphorylation promotes the expression of down-
stream genes IL-17 and RORyt.>*” We found that the sulfhydra-
tion of Sep15 facilitates its interaction with STAT1 and promotes
STAT1 phosphorylation and nuclear translocation. The nuclear
STAT1 inhibits STAT3 phosphorylation, leading to the impair-
ment of Th17 cell differentiation. Interestingly, Sep15 knockout
(Sep15~/~) mice show SLE-like phenotypes, including spleno-
megaly and a high concentration of serum 1gG,*® indicating
that Sep15 may be involved in the pathological process of SLE.

This study reveals that apoptosis is required to maintain
H>S homeostasis. In addition, apoVs inherit H,S generation
capacity from their parent cells. These data reveal a previ-
ously unknown H,S production characteristic of apoptotic
cells and apoVs.

Limitations of the study

This study showed that apoptosis is required to maintain endog-
enous H,S homeostasis, which was mainly conducted in MRL/
Ior and Bim™~ mice. But whether other apoptosis-deficient
mice also show decreased H,S levels remains to be assessed.
Moreover, T cell isotype disorder is closely associated with the
pathogenesis of SLE, and this study showed that H,S attenuated
SLE via inhibiting the aberrant differentiation of Th17 cells. In
addition, other immune cells are also involved in the initiation
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and progression of SLE, such as B cells and macrophages.
Therefore, whether H,S can regulate other immune cells of
SLE needs to be further investigated. Finally, this study
demonstrated that apoVs could inherit their parent cell’s ability
to produce H,S. However, the specific mechanism remains un-
clear. Further experiments are required to evaluate whether the
H.S-generating mechanism in apoVs is different from that
in cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD3 Biolegend Cat#100236; RRID: AB_2561456
Percp-Cy5.5 anti-mouse CD4 Biolegend Cat#116012; RRID: AB_2563023
PE anti-mouse CD44 Biolegend Cat#103023; RRID: AB_493686
Pacific Blue anti-mouse CD45 Biolegend Cat#103126; RRID: AB_493535
APC/Fire™ 750 anti-mouse CD62L Biolegend Cat#104449; RRID: AB_2629771
FITC anti-mouse IFN-y Biolegend Cat#505806; RRID: AB_315400
PE anti-mouse IL4 Biolegend Cat#504104; RRID: AB_315318
PE anti-mouse IL17 Biolegend Cat#506904; RRID: AB_315464
PE anti-mouse Foxp3 Biolegend Cat#126404; RRID: AB_1089117
FITC anti-Annexin V Biolegend Cat#640906; RRID: AB_2561291

PE-Cy7 anti-7AAD

BD Biosciences

Cat#559925; RRID: AB_2869266

Alexa Fluor™ 568 goat anti-rat IgG(H+L) Invitrogen Cat#A11077; RRID: AB_2534121
Alexa Fluor™ 488 goat anti-rat IgG(H+L) Invitrogen Cat#A11006; RRID: AB_2534074
Alexa Fluor™ 568 goat anti-rabbit IgG(H+L) Invitrogen Cat#A11036; RRID: AB_10563566
Alexa Fluor™ 488 goat anti-rabbit IgG(H+L) Invitrogen Cat#A11008; RRID: AB_143165
Alexa Fluor™ 568 goat anti-mouse IgG(H+L) Invitrogen Cat#A11004; RRID: AB_2534072
Alexa Fluor™ 488 goat anti-mouse IgG(H+L) Invitrogen Cat#A11001; RRID: AB_2534069
Alexa Fluor™ 568 rabbit anti-goat IgG(H-+L) Invitrogen Cat#A11079; RRID: AB_2534123
Alexa Fluor™ 488 donkey anti-goat IgG(H+L) Invitrogen Cat#A11055; RRID: AB_2534102
Anti-CBS-rab CST Cat#14782S; RRID: AB_2798609
Anti-CSE-rab Abcam Cat#ab136604; RRID: AB_2722603
Anti-3-MST-rab cloud-clone Cat#PAC625Hu01;

RRID: AB_3065106
Anti-FLAG-mouse Servicebio Cat#GB12938; RRID: AB_3065118
Anti-GAPDH-rab CST Cat#5174S; RRID: AB_10622025
Anti-p-STATA CST Cat#7649S; RRID: AB_10950970
Anti-STAT1 CST Cat#14994S; RRID: AB_2799965
Anti-p-STAT3 CST Cat#9145; RRID: AB_2491009
Anti-STAT3 CST Cat#12640; RRID: AB_2629499
Anti-STAT4 CST Cat#2653; RRID: AB_2255156
Anti-STAT5 CST Cat#25656; RRID: AB_2798908
Anti-Sep15 Abcam Cat#ab124840;RRID: AB_10972510
Anti-CD63 Santa Cat#sc-5275; RRID: AB_627877
Anti-CD81 Santa Catitsc-70803; RRID: AB_1120720
Anti-TSG101 Abcam Cat#ab125011; RID: AB_10974262
Anti-Alix Abcam Cat#ab275377; RRID: AB_2943044
Anti-Cleaved-caspase 3 CST Cat#9664s; RRID: AB_2070042
Chemicals, peptides, And recombinant proteins
Purified anti-mouse CD3 Biolegend Cat#100340
Purified anti-mouse CD28 Biolegend Cat#102116
Anti-IL-4 antibody BioXCell Cat#BE0045
Anti-IFNy antibody BioXCell Cat#BE0055
Recombinant Murine IL-6 R&D Cat#406-ML-005
Recombinant Murine IL-23 R&D Cat#1887-ML-010
Recombinant Murine IL-1 PeproTech Cat#211-11B
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant Human TGF-B PeproTech Cat#100-21
NaHS Aladdin Cat#S106641
HA Sigma C#379921

PAG Sigma Cat#P7888

PLP Sigma Cat#P9255
L-cystine Sigma Cat#C7352
WSP-5 MKBio Cat#MX5302
STS Enzo Cat#ALX-380-014
Z-VAD MCE Cat#HY-16658
PMA Sigma Cat#524400
lonomycin Sigma Cat#407952
Monensin BD Biosciences Cat#554724
Alexa Fluor® 488 C5 maleimide Invitrogen Cat#A10254
DTT Invitrogen Cat#D1532
lodoacetamide Sigma Cat#l1149

IPM probe KeraFast Cat#EVU111
Light UV-cleavable azido-biotin KeraFast Cat#EVU102
Heavy UV-cleavable azido-biotin KeraFast Cat#EVU151
Critical commercial assays

Zombie Aqua™ Fixable Viability Kit Biolegend Cat#423101
FoxP3/transcription factor staining kit Thermo Fisher Cat#00-5523-00
PE Annexin V Apoptosis Detection Kit BD Biosciences Cat#559763
10X Annexin V Binding Buffer BD Biosciences Cat#556454
Mouse Naive CD4™ T Cell Isolation Kit Miltenyi Biotec Cat#130-104-453
Pierce MS-Compatible Magnetic IP Kit Sigma Cat#90409
CFSE Cell Division Tracker Kit Biolegend Cat#423801
DeadEnd™ Fluorometric TUNEL kit Promega Cat#G3250
Mouse ANA ELISA Kit MEIMIAN Cat#MM-1042M
Mouse BUN ELISA Kit MEIMIAN Cat#MM-0692M
Mouse IgG ELISA Kit MEIMIAN Cat#MM-0057M
Mouse IgM ELISA Kit MEIMIAN Cat#MM-0058M
Deposited data

Unprocessed raw data DataS1 N/A

Other data (proteomics, low-pH QTRP) Mendeley https://doi.org/10.17632/tzpytt8vzj.1

Experimental models: Mouse Strain

Mouse: B6.MRL-Faslpr/J (MRL/Ipr mice) Jackson Laboratories Cat#000482
B6.129S1-Bcl2l11tm1.1Ast/J (Bim™" mice) Jackson Laboratories Cat#004525
Oligonucleotides

qRT-PCR primers see Table S3 This paper N/A

Point mutant constructs primer see Table S4 This paper N/A

Software and algorithms

Prism 9.0 GraphPad https://www.graphpad.com/
Imaged ImageJ https://imagej.net/ij/

NovoCyte software*

Agilent Technologies

https://www.agilent.com.cn

Other

ChemiDoc™ MP imaging system
NovoCyte flow cytometer
Transmission electron microscopy
Elyra 7 Lattice SIM

H2S microelectrode sensor

BioRad

Agilent Technologies
FEI Company

Zeiss

Unisense

N/A
N/A
N/A
N/A
N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Songtao
Shi (shisongtao@mail.sysu.edu.cn).

Material availability
Plasmids, cell lines and other materials generated in this study are available upon reasonable request to the lead contact.

Data and code availability
o Original data for creating all graphs in the paper are provided in Data S1.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reason-
able request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

B6.MRL-Faslpr/J (MRL/lpr mice, JAX, #000482) and B6.12951-Bcl2l1 1tm1.1Ast/J (Bim”~ mice, JAX, #004525) mice were purchased
from Jackson Lab. B6;129S-Cth™'tue)Smoe (CSE NM-KI-00004, Shanghai Model Organisms Center, China) mice were a gift from
Professor Bin Geng (Chinese Academy of Medical Sciences). B6.129P2-Cbstm1Unc/J (CBS™", JAX, #002461) mice were a gift from
Professor YingHong Shi (Fudan University). Selenoprotein F knockout (Sep15™7) mice were a gift from Professor Jing Tian (Shenzhen
University). The symptoms in the mice of SLE showed significant gender differences. The onset of SLE in female patients and female
mice was earlier than that in males.® In order to avoid the influence of gender differences on the experimental results, female mice
(12-16 weeks) were used in this study. All animal experiments were approved by the Animal Ethical and Welfare Committee of Sun
Yat-Sen University (SYSU-IACUC-2023-000441).

Antibodies and reagents
All antibodies, cytokines, kits, and other resources used in this study are listed in key resource table.

METHOD DETAILS

Apoptosis modulationm

For apoptotic rate analysis in vivo, STS (120 ng/kg body weight) was intraperitoneally (i.p.) administered to mice twice a week for
4 weeks as reported previously.'® For apoptotic inhibition, Z-VAD (3.3 mg/kg body weight) was i.p. administered to mice for 1 h
before STS treatment.®° For in vitro apoptotic induction, STS and UV were used to induce apoptosis of mBMSCs, PBMCs and
CD4* T cells. PBMCs and CD4" T cells were treated with 250 nM STS for 6 h at 37°C, while mBMSCs were treated with 250 nM
STS for 10 h. In UV induction, PBMCs and CD4* T cells were treated with 150 mJ/cm~2 UV-C irradiation (Stratalinker) for 4 h, while
mBMSCs were treated with UV-C irradiation for 6 h. In apoptosis inhibition assays, all cells were incubated for 1 h with 50 yM Z-VAD
before stimulation with STS or UV.

Injection of H,S donor and inhibitor
H>S donor NaHS (5 mg/kg body weight), and CBS inhibitor HA (3 mg/kg body weight) and CSE inhibitor PAG (3 mg/kg body weight)
were i.p. administered into mice twice a week. After 4 weeks, samples were harvested and analyzed.'®?’

Isolation of MBMSCs

Bone marrow cells were flushed out from the bone marrow of femurs with 5% fetal bovine serum (FBS; Gibco BRL, NY, USA) in PBS.
Single-cell suspension was obtained by passing through 70 pm cell strainer (BD Biosciences, CA, USA). Cells were incubated for 48 h
at 37°C in 5% CO,. The nonadherent cells were washed out with PBS and mBMSCs were cultured for 10 days with alpha minimum
essential medium (z-MEM, Gibco BRL) supplemented with 10% FBS, 2 mM L-glutamine (Gibco BRL), 50 uM 2-mercaptoethanol
(Gibco BRL), 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco BRL). CBS”” mBMSCs and CSE”~ mBMSCs were isolated
from CBS™~ mice and CSE™" mice, respectively.

Isolation of apoVs

mBMSCs were incubated with STS (250 nM) to induce apoptosis. Sequential centrifugation (800 g for 10 mins, 2,000 g for 10 mins,
and 16,000 g for 30 mins) was conducted to separate apoVs. ApoVs were characterized by transmission electron microscopy (TEM;
FEI Company, MA, USA), western blotting and ZetaView instrument (Particle Metrix, Ammersee, Germany) as previously reported.”’
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CBS™ apoVs, CSE”" apoVs and si-3-MST apoVs were isolated from CBS”~ mBMSCs, CSE”~ mBMSCs and si-3-MST mBMSCs,
respectively. Exosomes from mBMSCs were collected to compare with apoVs as described previously.?°

Immunofluorescence staining of apoVs

ApoVs were resuspended and blocked with 5% bovine serum albumin (BSA) in PBS for 1 h. Then apoVs were incubated with anti-
CBS, anti-CSE, and anti-3-MST antibody overnight at 4°C, respectively. After incubation, the samples were washed with PBS three
times, and followed by differential centrifugation. ApoVs were incubated in secondary antibody for 1 h at 37°C and subsequently
incubated with membrane dye CellMask DeepRed and Annexin V for 30 mins at 37°C. ApoVs were analyzed by Elyra 7 Lattice
SIM (Zeiss, Jena, Germany).

Th17 cell differentiation

Naive CD4™ T cells (CD4*CD25~CD44"°“CD62L"9") were isolated from the spleen by negative selection using the mouse naive CD4*
T cellisolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s protocol. Cells were activated with
plate-bound anti-mouse CD3 (2 pg/ml) and anti-mouse CD28 (2 pg/ml) in RPMI 1640 medium supplemented with 10% FBS, 1 mM
L-glutamine and 50 uM 2-mercaptoethanol, 100 U/ml penicillin and 100 pug/ml streptomycin. For Th17 cell differentiation, IL-18
(10 ng/ml), IL-6 (20 ng/ml), IL-23 (10 ng/ml), TGFp (1 ng/ml), anti-mouse IL-4 (5 pg/ml) and anti-mouse IFNy (10 pg/ml) were added
to cell cultures.®® Cells were supplemented with fresh media on day 3 and analyzed on day 5.

Flow cytometry

For intracellular cytokine staining, cells were stimulated with phorbol 12-myristate 13-acetate (PMA, 50 ng/mL), ionomycin (1 mg/mL)
and monensin (GolgiStop; 1 mg/mL) for 4 h. After staining for surface markers, cells were permeabilized with a FoxP3/transcription
factor staining kit (Thermo Fisher, CA, USA) and intracellularly stained for corresponding antibodies. The labelled antibodies include:
APC anti-mouse CD4, FITC anti-mouse IFN-vy, PE anti-mouse IL-4, PE anti-mouse IL-17, PE anti-mouse Foxp3. For apoptotic rate
assay, cells were stained with FITC anti-Annexin V and PE-Cy7 anti-7AAD for 15 mins at room temperature. Then cells were analyzed
by flow cytometry (NovoCyte, Agilent Technologies, CA, USA).

H>S microelectrode detection method

Cell supernatants and blood were collected into a temperature-controlled micro-respiration chamber (Unisense, Aarhus, Denmark)
to measure H,S concentration via H,S microelectrode sensor (Model H,S-MRCh; Unisense) coupled with a Unisense PA2000
amplifier.

Lead sulfide detection method

H,S from tissue and blood were detected using the lead acetate/lead sulfide method.** Briefly, fresh tissue was collected and ho-
mogenized. Protein concentration was analyzed with BCA assay. Then, a reaction mixture was prepared with L-cysteine (10 mM) and
Pyridoxal 5’-phosphate hydrate (PLP; 1 mM). Protein (100 mg) from each sample or plasma (20 pL) was added to the reaction mixture
in a 96-well plate. The plate was overlaid with lead acetate paper and incubated at 37°C until lead acetate was detected.

H4S probe staining

Endogenous H,S production of cells and apoVs was detected by Washington State Probe-5 (WSP-5), which is based on the dual-
nucleophilicity of H,S and selectively reacted with H,S to generate a green fluorescence signal.>* Cells and apoVs were cultured with
WSP-5 for 30 mins and washed with PBS three times. The fluorescent of WSP-5 was detected by confocal microscopy.

Western blotting

Co-IP test was performed using Pierce MS-Compatible Magnetic IP Kit. Briefly, cell lysates were incubated with antibody at 4°C
overnight, followed by incubation with protein A/G magnetic beads for 2 h. After washing five times, the precipitates were eluted
for immunoblotting and mass spectrometric detection. Western blotting was performed as previously described.®’ Total protein
was extracted with a total protein extraction kit (Thermo Fisher) following the manufacturer’s protocol. Nuclear protein and cytoplasm
protein were extracted with nuclear and cytoplasmic protein extraction kit (Beyotime, Beijing, China). For western blotting, 20 ng pro-
tein was used for electrophoresis and transferred to PVDF membranes (Millipore, Billerica, MA, USA). After blocking for 1 h, the mem-
branes were incubated with corresponding primary antibody at 4°C overnight, and incubated with HRP-conjugated secondary an-
tibodies for 1 h. Lastly, the membranes were visualized by SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher) and
scanned by ChemiDoc™ MP imaging system (Bio-Rad, CA, USA).

Quantitative PCR analysis

Total RNA was extracted from cells and tissues using TRIzol reagent (Life Technologies, MD, USA) and cDNA was synthesized using
areverse transcriptase M-MLV Kit (TaKaRa, Tokyo, Japan). Gene expression levels were quantified by RT-PCR using a SYBR Green
kit (Roche, Basel, Switzerland) with gene-specific primers (Table S3).
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Sulfhydration assay using maleimide

This assay was designed as previously described.®® Cell lysates were collected and incubated with Alexa Fluor® 488 C5 maleimide
(10 uM) at 4°C for 2 h. For total protein sulfhydration assay, cell lysates were treated with or without DTT (1 mM) at 4°C for 1 h. After
boiling at 95°C for 10 mins, the samples were used for electrophoresis and transferred to PVDF membranes for western blotting anal-
ysis. For specific protein sulfhydration assay, the primary antibody was added to cell lysates and incubated overnight at 4°C; IgG was
used as control. Protein A/G magnetic beads were added at 4°C for 2 h. Immunoprecipitates were collected after centrifugation at
2,500 rpm at 4°C for 5 mins. The beads were pelleted and washed, and then treated with or without DTT (1 mM) at 4°C for 1 h. The
samples were boiled and used for electrophoresis, and then scanned with imaging system.

Click chemistry for H>S-mediated sulfhydration proteomics

Th17 cells were treated by NaHS and lysed with lysis buffer. Cell lysates were labeled with the 2-iodo-N-(prop-2-yn-1-yl) acetamide
(IPM; 100 uM) probe at room temperature for 1 h in the dark. Probe-labeled proteome samples (pH 5.0) were alkylated by adding the
stock solution of iodoacetamide (40 mM). Samples were resuspended in 50 mM ammonium bicarbonate by sonication. 2 mg protein
was used and digested with sequencing grade trypsin (Promega, WI, USA) at a 1:50 (enzyme/substrate) ratio overnight at 37°C. The
tryptic digests were desalted with HLB extraction cartridges (Waters, MA, USA), and evaporated to dryness. Click chemistry was
performed by the addition of 1 mM light (NaHS group) or heavy (Control group) UV-cleavable azido-biotin for 2 h. Light and heavy
isotopic tagged samples were mixed at a ratio of 1:1 after click chemistry. Samples were enriched with streptavidin-sepharose beads
(GE, MA, USA) and irradiated with 365-nm UV light. The supernatant was collected and stored at -20°C until LC-MS/MS analysis.
Quantification of light to heavy ratios (RL/H) was performed using pQuant and RH/L < 0.6 was considered to be true identifications.

LC-MS/MS analysis
Mass spectrometry was performed on Orbitrap Q Exactive HF-X mass spectrometer coupled with an UltiMate 3000 LC system
(Thermo Fisher). Samples were reconstituted in formic acid and transferred into precolumn, and then the precolumn was connected
to a microcapillary analytical column. HCD MS/MS spectra were recorded in data-dependent mode using the top-20 method. Raw
data files were searched against the Mus musculus UniProt canonical database with pFind 3.0 studio (http://pfind.ict.ac.cn/software/
pFind3/index.html).%®

Generation of site mutant construct

Sep15, PKM and Nfkb1 expression construct (Miaolingbio, Wuhan, China) were used as templates to generate site mutant construct
according to the results of sulfhydration proteomics (Sep15°%84; PKMC4*: Nfkb1€'5%4) using a Fast Site-Directed Mutagenesis Kit
(Tiangen, Beijing, China). The mutant clone was confirmed by DNA sequencing. The primers used to generate point mutant con-
structs were as follows (Table S4).

RNA-Mediated Interference and Plasmid Transfection

P3 Primary Cell 4D-Nucleofector'™ kit was used for knockdown of STAT1 via siRNA and site mutant construct in CD4* cells accord-
ing to the manufacturer’s instructions (Lonza, Basel, Switzerland). Naive CD4* T cells were stimulated with anti-CD3 and anti-CD28
and were transduced by electroporation with siRNA or plasmid (10 nM), and cells were cultured and stimulated for further
experiments.

Histology
Renal tissues from different groups were fixed in 10% buffered formalin or cryopreserved in optimal cutting temperature (OCT) com-
pound. Paraffin sections were prepared and stained with H&E and PAS for renal damage evaluation. In H&E staining, the pathological
score was ranged from 0 to 4: 0, normal; 1, a small increase in cells in the glomerular mesangium; 2, a larger number of cells in the
mesangium; 3, glomerular lobular formation and thickened basement membrane; and 4, glomerular crescent formation, sclerosis,
tubular atrophy, and casts. The score for each animal was calculated by dividing the total score for the number of glomeruli
observed.®” PAS staining was used to evaluate mesangial expansion by mesangial index (MI).°® The MI value was calculated by
PAS* area (pixel) of glomerulus / total area (pixel) of glomerulus.

For IgG deposition evaluation, frozen renal and skin tissue sections were prepared and stained with Alexa Fluor 488—conjugated
anti-mouse IgG. For tissue apoptotic rate analysis, frozen spleen tissue sections from different groups were prepared and stained
with DeadEnd™ Fluorometric TUNEL kit (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS
Normal distribution was assessed using the Shapiro-Wilk test. Comparisons between two groups were analyzed using independent

unpaired two-tailed Student’s t tests for normally distributed data. Comparisons between more than two groups were analyzed using
one-way ANOVA with Tukey’s test. P values less than 0.05 were considered statistically significant.
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