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TIGIT deficiency promotes autoreactive
CD4+ T-cell responses through a metabolic‒
epigenetic mechanism in autoimmune
myositis

Yimei Lai1,7, Shuang Wang1,7, Tingting Ren 1,7, Jia Shi1, Yichao Qian1,2,
Shuyi Wang1,2, Mianjing Zhou1, Ryu Watanabe3, Mengyuan Li1, Xinyuan Ruan1,
Xin Wang4, Lili Zhuang1, Zunfu Ke2,5,6, Niansheng Yang1, Yuefang Huang4 &
Hui Zhang 1,2

Polymyositis (PM) is a systemic autoimmune disease characterized by mus-
cular inflammatory infiltrates and degeneration. T-cell immunoreceptor with
Ig and ITIM domains (TIGIT) contributes to immune tolerance by inhibiting T
cell-mediated autoimmunity. Here, we show that a reduced expression of
TIGIT in CD4+ T cells from patients with PM promotes these cells’ differ-
entiation into Th1 and Th17 cells, which could be rescued by TIGIT over-
expression. Knockout of TIGIT enhances muscle inflammation in a mouse
model of experimental autoimmune myositis. Mechanistically, we find that
TIGIT deficiency enhances CD28-mediated PI3K/AKT/mTOR co-stimulatory
pathway, which promotes glucose oxidation, citrate production, and
increased cytosolic acetyl-CoA levels, ultimately inducing epigenetic repro-
gramming via histone acetylation. Importantly, pharmacological inhibition of
histone acetylation suppresses the differentiation of Th1 and Th17 cells, alle-
viating muscle inflammation. Thus, our findings reveal a mechanism by which
TIGIT directly affects the differentiation of Th1 and Th17 T cells through
metabolic‒epigenetic reprogramming, with important implications for treat-
ing systemic autoimmune diseases.

Polymyositis (PM), an autoimmune myositis, is characterized by
chronicmuscle inflammation and degeneration. The predominance of
T cells among inflammatory infiltrates in muscle biopsies underscores
the critical role of autoreactive T-cell responses in the pathogenesis of
PM1,2. The underlying mechanisms that drive autoreactive T-cell
responses in PM remain largely unclear.

Two distinct proinflammatory CD4+ T helper (Th) cell subsets, Th1
and Th17 cells, play pivotal roles in tissue inflammation in various
autoimmune diseases. IFNγ-producing Th1 cells activate proin-
flammatory M1-like microglia, thereby promoting the pathogenesis of
multiple sclerosis3. Therapies targeting Th17 cell effector cytokines
have shown clinical efficacy in treating diseases such as psoriasis,
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psoriatic arthritis, and axial spondyloarthritis4–6. IL-17-positive and
IFNγ-positive cells have been detected in muscle infiltrates in patients
with PM7–9. Our previous study revealed significant expansion of Th1
and Th17 cells in the peripheral blood of patients with PM, and the
inhibition of Th1 and Th17 cell differentiation reduced muscle inflam-
mation in mice with experimental autoimmune myositis (EAM)10.

Cellular metabolism is intrinsically linked to T-cell proliferation
and effector functions in health and disease11,12. Naive T cells exhibit
low-level catabolism, fueled by amino acids and fatty acids for ATP
generation. Upon activation, T cells undergo metabolic reprogram-
ming, and glucose metabolism is rapidly increased to meet energy
requirements. In addition, mitochondrial metabolism and oxidative
phosphorylation are increased simultaneously13,14. Glycolysis provides
important metabolic intermediates, which are not only the building
blocks of biosynthesis or energy production but also interact with
important signals in T cells13. It has been shown that cellular metabo-
lism influences Th cell differentiation via epigenetic modifications12.
Recently, it has been reported that polyamine metabolism regulates
acetyl-CoA production and epigenetic remodeling in CD4+ T cells and
thus induces Th-cell differentiation15. Besides, glucose glycolysis could
modify histone acetylation to control Th1 cell differentiation16. Abla-
tion of Glut3 in CD4+ T cells leads to reduced acetyl-CoA production
and histone acetylation, resulting in impaired Th17 differentiation17.
Autoreactive T cells exhibit enhanced glucose metabolism. Inhibition
of glycolysis reduced autoreactive Th1/Th17 responses and amelio-
rated autoimmune diseases in mouse models18–20. How the fates of
these autoreactive T cells are determined metabolically is not clear,
and their underlying mechanisms are poorly understood.

T-cell immunoreceptor with Ig and ITIM domains (TIGIT) is a newly
identified co-inhibitory immune checkpoint that contributes to immune
evasion in cancer21. TIGITbelongs to thepoliovirus receptor family and is
expressed primarily on activated T cells, NK cells, memory T cells, and
Tregs22. Its ligands include CD155 (PVR), CD112 (PVRL2), and CD113,
which are expressed mainly on antigen-presenting cells or tumor cells.
TIGIT binds to CD155with the highest affinity and competes with CD226
and CD96, which bind the same ligands with lower affinity23. TIGIT
contains an immunoreceptor tyrosine-based inhibitorymotif (ITIM) and
an immunoreceptor tail tyrosine (ITT)-like motif24,25. Thus, TIGIT can
exert inhibitory effects on T-cell responses in a cell-intrinsic manner26,27.
In addition, TIGIT exhibits inhibitory effects on T cells by inducing tol-
erogenic dendritic cells (DC) or by indirectly enhancing Treg
function22,28. TIGIT impairs the dimerization of CD226 and prevents
CD226 frombinding toCD155, therebyhinderingCD226-mediatedT-cell
activation29. TIGIT knockout mice develop more severe experimental
autoimmuneencephalitiswhenchallengedwithmyelin oligodendrocyte
glycoprotein26. Soluble TIGIT is also able to ameliorate inflammatory
responses anddisease activities in lupusmice30. Nonetheless, theprecise
role and pathophysiological significance of TIGIT in autoimmune dis-
eases remain elusive. The effects of cell-intrinsic TIGIT on Th cell dif-
ferentiation in autoimmune diseases need to be further elucidated.

Here, we show that reduced TIGIT expression in CD4+ T cells from
patients with PM unleashes the differentiation of Th1 and Th17 cells
through metabolic‒epigenetic reprogramming. Mechanistically, we
find that cell-intrinsic TIGIT inhibits CD28-mediated PI3K/AKT/mTOR
signaling in CD4+ T cells. Thus, these findings implicate TIGIT in the
maintenance of immune homeostasis and suggest that TIGIT could
serve as a critical metabolic‒epigenetic checkpoint to control auto-
reactive CD4+ T-cell responses in autoimmune diseases.

Results
TIGIT deficiency in CD4+ T cells from patients with PM
TIGIT is an immune receptor that is expressed on activated T cells,
Tregs, and NK cells. TIGIT shares the common ligand CD155 with
CD226 and CD96 and exerts inhibitory effects on T-cell responses
(Fig. 1a)21. The role of TIGIT in patients with PM remains elusive. To

explore the potential role of TIGIT in patients with PM, we quantified
the expression of TIGIT, CD226, and CD96 in T cells isolated from
patients with PMand healthy controls (HC) by flow cytometry. Patients
with dermatomyositis (DM) or systemic lupus erythematosus (SLE)
were recruited as disease controls.We found thatTIGIT expressionwas
significantly lower in CD4+ T cells from patients with PM than in those
from HC. Total CD4+ T cells were then activated with anti-CD3/CD28
beads. The expression of TIGIT in CD4+ T cells from both PM and HC
was dramatically upregulatedwhen T cells were activated by anti-CD3/
CD28 beads. Interestingly, TIGIT expression in CD4+ T cells from PM
patients was increased to a notably lesser extent than that in CD4+

T cells from HC (Fig. 1b, c). In contrast, CD4+ T cells from patients with
SLE showed enhanced TIGIT expression. While TIGIT expression in
CD4+ T cells from DM showed a similar level to that of HC (Fig. 1b, c).
No difference was observed in the expression of CD226 and CD96 in
CD4+ T cells from patients with PM, DM, or SLE in the resting state.
Although T-cell activation by anti-CD3/CD28 beads led to profound
upregulation of CD226 and CD96, the expression of CD226 and CD96
was similar in CD4+ T cells from patients with PM, DM, SLE, and HC
(Fig. 1d–g). CD8+ T cells play a role in the pathogenesis of PM. The
expression of TIGIT, CD226, and CD96 in resting or activated CD8+

T cells was comparable between PM patients and HC (Supplementary
Fig. 1a–g). The expression of CD226 and CD96 in CD8+ T cells from
patients with DM and SLE was also unchanged (Supplementary
Fig. 1a–g). We observed slightly reduced TIGIT expression in NK cells
fromPM (Supplementary Fig. 1h, i). CD155 serves as themajor ligand of
TIGIT and is expressedmainly bymonocytes andDCs in the peripheral
blood. However, CD155 expression was similar between monocytes
and DCs from PM compared to that of HC (Supplementary Fig. 2a–e).
The expression of CD155 in T cells was also not different between PM
patients and HC (Supplementary Fig. 2f, g).

TIGIT deficiency drives proinflammatory CD4+ T-cell
responses in PM
TIGIT plays an important role in controlling T-cell responses. The
defect in TIGIT expression could lead to enhanced inflammatory CD4+

T-cell responses in PM. In line with this hypothesis, the activation
markers CD44, CD25, and HLA-DR were induced tomuch higher levels
in CD4+ T cells from PM patients than in those from HC (Supplemen-
tary Fig. 3a, b). In addition, CD4+ T cells from PM patients proliferated
faster than did CD4+ T cells from HC when stimulated with anti-CD3/
CD28 beads (Supplementary Fig. 3c, d). Notably, the percentages of
IFNγ+ and IL-17A+ CD4+ T cells were 2.1 and 1.7 times higher in PM
patients than in HC, respectively (Supplementary Fig. 3e, f). Th2 cell-
associated cytokines were even lower in CD4+ T cells from PM (Sup-
plementary Fig. 3g–k).

Intriguingly, we observed that TIGIT was predominantly down-
regulated in IFNγ- and IL-17A-producing CD4+ T cells in PM (Supple-
mentary Fig. 4a–c). Furthermore, the extent of TIGIT downregulation
was strongly correlated with the frequencies of IFNγ- and IL-17A-
producing CD4+ T cells and disease activities as determined by physi-
cian VAS, patient/parent VAS, myositis disease activity assessment
visual analog scales (MYOACT), extramuscular element31,MMT-831, and
creatine kinase (CK) levels (Supplementary Fig. 4d–f, Supplemen-
tary Fig. 5).

To address whether TIGIT deficiency is causative of hyperin-
flammatory CD4+ T-cell responses in PM, TIGIT was overexpressed in
CD4+ T cells from PM and HC (Fig. 1h–j). The data revealed that over-
expression of TIGIT decreased IFNγ and IL-17A production in HC CD4+

T cells. Intriguingly, the production of IFNγ and IL-17A inCD4+ T cells of
PM patients was similar to that in CD4+ T cells of HC when TIGIT
expression was rescued in patient CD4+ T cells (Fig. 1k, l). We further
cultured CD4+ T cells from PM or HC with recombinant human CD155-
Fc. The data revealed that TIGIT engagement by CD155-Fc decreased
IFNγ and IL-17Aproduction in CD4+ T cells fromHCby 41.1% and64.8%,
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respectively.However, the expressionof IFNγ and IL-17A inCD4+ T cells
from PM was not affected by CD155-Fc (Fig. 1m, n). Consistently, Treg
cells were lower in patients with PM than in HC. And the expression of
FoxP3 was not changed by CD155-Fc in either HC or PM CD4+ T cells
(Fig. 1o). Together, these data suggest that TIGIT deficiency con-
tributes to hyperinflammatory CD4+ T-cell responses in PM.

TIGIT deficiency promotes Th1 and Th17 cell
differentiation in PM
Naive human CD4+ T cells showed negative expression of TIGIT, which
wasupregulateddramatically fromday 3 after stimulation by anti-CD3/
CD28 (Fig. 2a, b). Considering the critical role of T-cell proliferation in
determiningCD4+ cell fate32, the upregulation of TIGIT alongside T-cell
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proliferation suggests that TIGIT might be involved in CD4+ cell dif-
ferentiation. We then isolated naive CD4+ T cells from PM or HC to
explore whether TIGIT has effects on human CD4+ T-cell differentia-
tion. Surprisingly, the upregulation of TIGIT in naive CD4+ T cells from
PMwas notably lower than that in those fromHC stimulated with anti-
CD3/CD28 (Fig. 2a, b). TIGIT was then overexpressed in naive CD4+

T cells from PM and HC (Fig. 2c–i). Our data revealed that over-
expression of TIGIT suppressed the differentiation of human Th1 and
Th17 cells fromnaive CD4+ T cells (Fig. 2f–i). Intriguingly, these patient
naive CD4+ T cells were prone to differentiate into Th1 and Th17 cells.
Importantly, thedifferentiationof IFNγ+ Th1 and IL-17A+ Th17 cells from
PM naive CD4+ T cells was reduced to a level similar to that of those
from HC when TIGIT expression was rescued in patient CD4+ T cells
(Fig. 2f–i).

We further used CD155-Fc to investigate the cell-intrinsic function
of TIGIT in human CD4+ T-cell differentiation. We found that TIGIT
engagement by CD155-Fc led to decreased T-bet expression in CD4+ T
cells from HC under Th1-polarizing conditions. The percentage of
IFNγ+ Th1 cells wasmuch lower in the CD155-Fc-treated cells (Fig. 2j, k).
The percentage of IL-17A+ Th17 cells was significantly lower in HC CD4+

cells treated with CD155-Fc under Th17-polarizing conditions (Fig. 2l,
m). However, neither the differentiation of IFNγ+ Th1 nor that of IL-17A+

Th17 cells from PM naive CD4+ T cells was affected by CD155-Fc
(Fig. 2j–m), which might be due to a cell-intrinsic defect in TIGIT sig-
naling in patient CD4+ T cells.

Knockdown of TIGIT in HC CD4+ T cells recapitulates the
proinflammatory phenotype of patient CD4+ T cells
We next investigated whether knockdown of TIGIT in HC CD4+ T cells
could recapitulate the proinflammatory phenotype of patient CD4+

T cells (Fig. 3a–c). Our data revealed that cell proliferation and cyto-
kine production of IFNγ and IL-17A were both notably enhanced in
CD4+ T cells when TIGIT was knocked down (Fig. 3d–i). Moreover,
these TIGIT-deficient CD4+ T cells showed a tendency to differentiate
into proinflammatory IFNγ+ Th1 and IL-17A+ Th17 cells, resembling
TIGITlow T cells from PM patients. While Th2 cell differentiation was
reduced in TIGIT knocked down CD4+ T cells, leaving FoxP3+ Treg cells
unaffected (Fig. 3j–x). These data suggest the important role of TIGIT
deficiency in driving proinflammatory T-cell responses in PM. TIGIT
controls the differentiation of mouse Th1 and Th17 cells.

We next used Tigit−/− mice to further investigate the role of TIGIT
in CD4+ T-cell differentiation in vitro and in vivo (Supplementary
Fig. 6a). In Naive CD4+ T cells from Tigit+/+ mice, TIGIT expression was
slightly upregulated on day d 1 and d 2 by anti-CD3/CD28 stimulation,
with robust induction on day 3 (Supplementary Fig. 6b, c). To further
dissect whether cell-intrinsic TIGIT exerts direct effects on mouse
CD4+ T-cell differentiation, we isolated naive CD4+ T cells from Tigit−/−

or Tigit+/+ mice and stimulated the cells under different polarizing
conditions. Our data revealed that the expression of T-bet, the master
transcription factor for Th1 cells, was upregulated in Tigit−/− CD4+

T cells under Th1-polarizing conditions. Accordingly, IFNγ production

was profoundly increased in Tigit−/− CD4+ T cells (Fig. 4a–d). In con-
trast, the expression of the transcription factor GATA3 in Th2 cells was
reduced in Tigit−/− CD4+ T cells under Th2-polarizing conditions. The
expression of IL-4 was also lower in Tigit−/− CD4+ T cells (Fig. 4e–h).
Moreover, the expression of RORγt, the key transcription factor for
Th17 cells, was increased in Tigit−/− CD4+ T cells under the Th17-
polarizing condition. Importantly, the number of IL-17A+ Tigit−/− CD4+

T cells was 2.2 times greater than that of Tigit+/+ CD4+ T cells (Fig. 4i–l).
Consistent with human data, no difference in FoxP3 expression was
detected between Tigit−/− and Tigit+/+ CD4+ T cells under Treg-
polarizing conditions (Fig. 4m, n). We then performed RNA-seq to
identify the differentially expressed genes (DEG) in Tigit−/−CD4+ T cells.
The RNA-seq data revealed that inflammatory responses and cytokine
production were upregulated and enriched in Tigit−/− CD4+ T cells
(Supplementary Fig. 6d–k).

Next, Rag1−/− mice were reconstituted with naive Tigit−/− or Tigit+/+

CD4+ T cells and challenged with autologous myosin (Fig. 4o). Flow
cytometry analysis revealed that T-bet+ and RORγt+ CD4+ T cells were
notably expanded in mice that received naive Tigit−/− CD4+ T cells
(Fig. 4p, q). Importantly, the percentages of IFNγ+ Th1 cells and IL-17A+

Th17 cells in mice that received naive Tigit−/− CD4+ T cells were 2.1 and
2.0 times greater than those in mice that received Tigit+/+ CD4+ T cells,
respectively (Fig. 4r, s). Mice received Tigit−/− CD4+ T cells showed
weaker muscle strength and enhanced spleen weight index. Impor-
tantly, mice receiving Tigit−/− CD4+ T cells developed much severe
disease, and muscle infiltrate was significantly increased in these mice
(Fig. 4, Supplementary Fig. 6l–n). As a proof of concept, cell-intrinsic
TIGIT controls the differentiation of CD4+ T cells. The data suggest that
TIGIT deficiency directly promotes the differentiation of Th1 and Th17
cells and thus plays a role in the development of autoimmune myosi-
tis (Fig. 4t).

Knockout of TIGIT drives Th1 and Th17 expansion and promotes
the development of EAM
TIGIT knockout mice were used to further explore the role of TIGIT in
the development of autoimmune myositis. Knockout of TIGIT did not
affect CD226 or CD96 expression in CD4+ T cells in the spleen (Sup-
plementary Fig. 7).Tigit+/+,Tigit+/−, orTigit−/−micewere immunizedwith
autologous myosin to induce EAM as previously described10 (Fig. 5a).
Notably, the muscle strength of Tigit−/− mice was much weaker than
that of Tigit+/+ mice. Of note, muscle strength was similar between
Tigit+/+ and Tigit+/− mice (Fig. 5b). Both the spleen size and the spleen
weight index were increased in Tigit−/− mice. While the spleens of
Tigit+/− micewere not different to that of Tigit+/+ mice (Fig. 5c). Notably,
the frequencies of IFNγ- and IL-17A-producing CD4+ T cells in the
spleens were increased in Tigit−/− mice (Fig. 5d, e). The expression of
CD44, an activationmarker of T cells, was also increased in CD4+ T cells
from Tigit−/− mice (Fig. 5f, g).

Next, bulk RNA-seq was performed on inflamed quadriceps
muscles to reveal the inflammatory states in Tigit−/− and in Tigit+/+ mice.
DEGs identified via RNA-seq were shown in a volcano plot in which the

Fig. 1 | TIGIT deficiency promotes proinflammatory CD4+ T cells in patients
with PM. PBMCs were collected from polymyositis (PM), dermatomyositis (DM),
systemic lupus erythematosus (SLE), or healthy controls (HC). TIGIT, CD226, and
CD96 expression in cells in PBMCs was measured by flow cytometry. a Schematic
employed to visualize TIGIT, CD226, and CD96 on T cells binding to CD155 on
antigen-presenting cells (APC).b–gCD4+ T cells fromHCor PM, DMor SLE patients
were stimulatedwith anti-CD3/CD28beads (αCD3/CD28) for 3 d. The expression of
TIGIT, CD226, and CD96 in pre- and post-activation of CD4+ T cells was measured
by flow cytometry of biological replicates (HC = 27, PM= 27, DM= 23, SLE = 23).
h Naive CD4+ T cells isolated from PBMCs of HC or patients with PM, were stimu-
lated with αCD3/CD28. TIGIT expression was measured by flow cytometry. Data
from four biologically independent replicates. h–l Total CD4+ T cells from patients
with PM or HC were transfected with pcDNA3.1-hTIGIT or pcDNA3.1-Vector by

electroporation. Cells were then stimulated by αCD3/CD28 for 3 d.
h Overexpression of TIGIT was confirmed by Western blot. The experiment was
repeated three times independently with similar results. i, j Overexpression of
TIGIT in CD4+ T cells from HC or PM was confirmed by flow cytometry. Data from
five biologically independent replicates. k, l IFNγ and IL-17A production by CD4+

T cells from PM patients or HC was measured by flow cytometry. Data from five
biologically independent replicates.m–oCD4+ T cells from PMpatients orHCwere
stimulated with αCD3/CD28 in the presence of CD155-Fc (10μg/ml) or control IgG1
for 3 d. IFNγ, IL-17A, and FoxP3 expression in CD4+ T cells from PM patients or HC
was measured by flow cytometry. Data from five biologically independent repli-
cates. All data are mean ± SEM. Statistics were done by one-way ANOVA with
adjustments for multiple comparisons in c, e, g, and two-way ANOVA with adjust-
ments for multiple comparisons in j, l, n, and o.
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expression of a cytokine regulatory gene (Btnl9) and T-cell activation
regulatory genes (Ckmt2,Mapk10) were upregulated in the quadriceps
muscle of Tigit−/− mice (Supplementary Fig. 8a). Pathway enrichment
analysis suggested that TIGIT deficiency induced changes in overall
inflammation (Supplementary Fig. 8b), and the differentiation of T
cells, including Th1, Th2, and Th17 cells, was altered in the muscle

infiltrates of TIGIT knockoutmice (Supplementary Fig. 8c). We applied
qPCR to confirm the T-cell signatures in inflamed muscles and found
that themRNA transcript levels of Ifng, Il17a, Il17f, and Il2were notably
increased in the inflamed quadriceps muscle of Tigit−/− mice (Fig. 5h).
HE staining revealed that inflammatory infiltrates were profoundly
increased in the quadriceps of Tigit−/− mice (Fig. 5i). These data
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revealed that similar disease phenotypes of PM could be repeated in
Tigit−/− mice, suggesting the important role of TIGIT in the
development of PM.

An anti-TIGIT agonistic antibody was used to treat EAM mice to
validate the role of TIGIT in the development of autoimmunemyositis
(Fig. 5j). Consistently, TIGIT stimulation led to reduced disease sever-
ity, and muscle strength was greater in anti-TIGIT-treated mice than in
controlmice (Fig. 5k). Both the size of the spleen and the spleenweight
index were decreased in the anti-TIGIT-treated mice (Fig. 5l). More-
over, the frequencies of IFNγ- and IL-17A-producing CD4+ T cells in the
spleen were notably decreased after treatment (Fig. 5m–o). Accord-
ingly, muscle infiltration was profoundly reduced by TIGIT stimulation
(Fig. 5p, q). Together, TIGIT deficiency unleashes Th1 and Th17 cell
responses and promotes the development of autoimmune myositis.

TIGIT controls Th1 and Th17 cell differentiation in a glycolysis-
dependent manner
Our previous study has shown that glucosemetabolism is upregulated
in CD4+ T cells from patients with myositis10. To determine whether
TIGIT deficiency contributes to enhanced glucose metabolism in PM
CD4+ T cells, we first isolated Tigit−/− or Tigit+/+ CD4+ T cells and incu-
bated them with the glucose analog 2-NBDG and the lipid probes
Bodipy 500 and Bodipy 493 for lipid uptake and lipid content,
respectively. Flow cytometry analysis revealed that glucose uptakewas
notably increased in Tigit−/− CD4+ T cells. No difference in lipid uptake
or lipid content was detected between Tigit−/− and Tigit+/+ CD4+ T cells
(Supplementary Fig. 9).We further performed stable isotope tracingof
polar metabolites to further dissect the role of TIGIT in glucose
metabolism in CD4+ T cells. Tigit−/− and Tigit+/+ CD4+ T cells were
incubated with 13C-glucose and analyzed by gas chromatography (GC)
coupled with mass spectrometry (MS) (Supplementary Fig. 10). 13C-
glucose-derived metabolites in CD4+ T cells can be identified by the
isotopic increase in their specific molecular mass (Fig. 6a). Notably,
mitochondrial isotopologues (m + 2) were increased in Tigit−/− CD4+

T cells, with significant upregulation of citrate, α-ketoglutamate, and
malate (Fig. 6b). Accordingly, the mitochondrial oxygen consumption
rate (OCR) was significantly increased in Tigit−/− CD4+ T cells. Basal
respiration, respiration coupled to ATP generation, maximal respira-
tion, and spared respiratory capacity were all enhanced in Tigit−/− CD4+

T cells (Fig. 6c). We also noticed that extracellular acidification rate
(ECAR) was increased in Tigit−/− CD4+ T cells (Fig. 6d). Glycolysis stress
test further confirmed the overall enhanced glucose glycolysis in
Tigit−/− CD4+ T cells (Fig. 6e–h). However, the mitochondrial mass and
mitochondrial potential did not differ between Tigit−/− and Tigit+/+ CD4+

T cells (Supplementary Fig. 11).
13C-glucose-derived metabolite tracing by liquid chromatography

(LC) coupled withMS revealed that CD4+ T cells from patients with PM
presented increased levels of glycolytic intermediates such as fructose
6-phosphate, fructose bisphosphate, and phosphoenolpyruvate
(Supplementary Fig. 10, Supplementary Fig. 12a, b). Notably, the levels
of mitochondrial isotopologues (m + 2), including citrate, α-ketoglu-
tarate, succinate, and malate, were increased in CD4+ T cells from

patients with PM (Supplementary Fig. 10, Supplementary Fig. 12c),
suggesting that TIGIT deficiency might directly contribute to
enhanced glucose metabolism in CD4+ T cells in PM. To further stress
the effect of TIGIT on human cells, we cultured human CD4+ T cells
isolated from HC peripheral blood mononuclear cells (PBMC) with
anti-CD3/CD28 beads in the presence of CD155-FC for 3 d. The cells
were subjected to a Seahorse analyzer. The addition of CD155-Fc
resulted in a significantly reduced OCR in human CD4+ T cells. Basal
respiration, respiration coupled to ATP generation, maximal respira-
tion, and spared respiratory capacity were decreased in human CD4+

T cells treatedwith CD155-Fc (Supplementary Fig. 12d, e). Consistently,
ECAR was reduced in human CD4+ T cells stimulated with CD155-Fc
(Supplementary Fig. 12f). These data indicate the important role of
TIGIT in controlling glucose oxidation in bothmouse and humanCD4+

T cells.
The differentiation of CD4+ T cells is closely regulated by cellular

metabolism, and glucose glycolysis is required for Th1 and Th17 cell
differentiation33. We thus hypothesized that TIGIT controls Th1 and
Th17 cell differentiation by affecting glucose metabolism in CD4+

T cells. To test this hypothesis, we first excluded the involvement of
fatty acid oxidation (FAO) and glutamine metabolism in TIGIT-
mediated T-cell inhibition. Tigit−/− CD4+ T cells were cultured under
Th1- or Th17-polarizing conditions in the presence of the mitochon-
drial pyruvate carrier (MPC) inhibitors UK5099 and MSDC-0602 to
block the transportation of pyruvate into mitochondria, the carnitine
palmitoyltransferase 1a (CPT1a) inhibitor etomoxir (ETO) to inhibit
FAO, and the glutaminase inhibitor bis-2-(5-phenylacetamido-1, 2, 4-
thiadiazol-2-yl) ethyl sulfide (BPTES) to inhibit glutaminolysis (Fig. 6i),
which did not affect cell viability (Supplementary Fig. 13). Our data
revealed that the inhibition of MPC by either UK5099 or MSDC-0602
completely reversed the increase in T-bet and IFNγ expression in
Tigit−/− CD4+ T cells. Consistently, IL-17A+ cells were found to be
expanded in Tigit−/− CD4+ T cells, which was counteracted by the
inhibition of MPC (Fig. 6i–k). However, inhibition of neither FAO nor
glutaminolysis reversed the increased Th1 and Th17 differentiation in
Tigit−/− CD4+ T cells (Fig. 6i–k). These data suggest that TIGIT controls
Th1 and Th17 cell differentiation through glucose metabolism in both
human and mouse CD4+ T cells.

TIGIT controls Th1 and Th17 differentiation throughmetabolic‒
epigenetic reprogramming
Glucose-derived citrate in the TCA cycle can be used to supply cyto-
solic acetyl-CoA generation for histone acetylation. ATP-citrate lyase
(ACLY) is responsible for cleaving citrate into acetyl-CoA in the
cytosol34 (Fig. 7a). A previous study showed that glycolysis promoted
Th1 cell differentiation through an epigenetic mechanism16, linking
glucose metabolism to CD4+ T-cell differentiation at the epigenetic
level. We thus hypothesized that TIGIT controls acetyl-CoA generation
in the cytosol in an ACLY-dependent manner. We first isolated CD4+

T cells fromPMpatients orHC and activated themwith anti-CD3/CD28
beads for 3 d. Our data revealed that the expression of ACLY was
notably greater in CD4+ T cells from patients with PM than in those

Fig. 2 | TIGIT deficiency promotes Th1 and Th17 cell differentiation in patients
with PM. a,bNaive CD4+ T cells isolated fromPBMCs fromHCor PMpatients were
stimulated with αCD3/CD28 for 5 d. TIGIT expression in CD4+ T cells wasmeasured
by flow cytometry. Representative contour plots were shown. Data from four bio-
logically independent replicates. c–iNaiveCD4+ T cells frompatientswithPMorHC
were transfected with pcDNA3.1-hTIGIT or pcDNA3.1-Vector by electroporation.
Cells were then stimulated by αCD3/CD28 for 5 d. c Overexpression of TIGIT in
CD4+ T cells from HC or PM was confirmed by western blot. The experiment was
repeated three times independently with similar results. d, e Overexpression of
TIGIT in CD4+ T cells from HC or PM was confirmed by flow cytometry. Data from
five biologically independent replicates. f, g Naive CD4+ T cells were cultured and
polarized under Th1 cell conditions for 5 d. IFNγ and T-bet expression in CD4+

T cells were measured by flow cytometry. Data from six biologically independent
replicates. h, i Naive CD4+ T cells were cultured and polarized under Th17 cell
conditions for 5 d. The expressions of FoxP3 and IL-17A were measured by flow
cytometry, and data from five biologically independent replicates. j, k Naive CD4+

T cells were polarized in Th1 condition in the presence of recombinant human
CD155-Fc (10μg/ml) or IgG1 control for 5 d. IFNγ and T-bet expression in CD4+

T cells were measured by flow cytometry. Data from five biologically independent
replicates. l, m Naive CD4+ T cells polarized in Th17 condition in the presence of
recombinant human CD155-Fc (10μg/ml) or IgG1 control for 5 d. IL-17A and FoxP3
expression in CD4+ T cells were measured by flow cytometry. Data from five bio-
logically independent replicates. All data are mean ± SEM. Statistics were done by
two-way ANOVA followed by adjustments for multiple comparisons.
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from HC (Fig. 7b). We then measured the amount of acetyl-CoA in the
subcellular compartments of CD4+ T cells and found that the amount
of acetyl-CoA was dramatically increased in CD4+ T cells from patients
with PM. Most importantly, the amount of acetyl-CoA in the cytosol
was significantly increased in CD4+ T cells from patients with PM.
However, the amount of acetyl-CoA in themitochondria ofCD4+ T cells

did not differ between PM andHC (Fig. 7c). We used theMPC inhibitor
UK5099 to further determine the contribution of glucose-derived
citrate to the increase in cytosolic acetyl-CoA in CD4+ T cells from PM
patients. The data revealed that UK5099 completely reversed the
increased amount of acetyl-CoA in patient CD4+ T cells (Fig. 7c). These
data indicate that the transportation of pyruvate into mitochondria is
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required for the increase in acetyl-CoA in the cytosol of CD4+ T cells
from PM patients.

Acetyl-CoA impacts chromatin structure by providing acetyl
groups for histone acetylation35. We asked whether increased acetyl-
CoA in the cytosol of CD4+ T cells from PM patients would lead to
increased histone acetylation. Immunoblotting analysis revealed that
histone acetylation onH3K27 and H3K9was notably increased in CD4+

T cells from PM patients compared with those from HC (Fig. 7d). To
functionally connect TIGIT to histone acetylation, we cultured CD4+

T cells from PM or HC with CD155-Fc. Our data revealed that the
expression of ACLY and histone acetylation on H3K27 and H3K9 were
dramatically reduced in HC CD4+ T cells cultured with CD155-Fc
(Fig. 7e, f). However, TIGIT stimulation with CD155-Fc failed to reduce
ACLY expression inCD4+ T cells frompatientswith PM. The acetylation
of H3K27 and H2K9 in CD4+ T cells from PM patients was also not
affected by TIGIT stimulationwith CD155-Fc (Fig. 7e, f). Consistentwith
the data frompatient cells, Tigit−/−CD4+ T cells presented greater ACLY
expression than did Tigit+/+ CD4+ T cells (Fig. 7g). Similarly, the amount
of acetyl-CoA in the whole cell or cytosol was significantly increased in
Tigit−/− CD4+ T cells, whichwas reversed byMPC inhibition. Acetyl-CoA
inmitochondria was observed to be similar between Tigit−/− and Tigit+/+

CD4+ T cells (Fig. 7h). The increased acetyl-CoA in Tigit−/− CD4+ T cells
also led to increased acetylation of H3K27 and H3K9 (Fig. 7i). It has
been shown that ACLY produces cytosolic acetyl-CoA andmediates de
novo lipogenesis in B cells in response to LPS stimulation36. However,
we did not identify changed gene expression in the lipogenesis path-
ways in Tigit−/− CD4+ T cells (Supplementary Fig. 14), suggesting that
the increased acetyl-CoA is mainly used for histone modification.

To further exclude the involvement of FAO and glutaminolysis
as sources of acetyl-CoA in Tigit−/− CD4+ T cells, CD4+ T cells were
treated with the FAO inhibitor ETO, the glutaminolysis inhibitor
BPTES, or the MPC inhibitor UK5099. Notably, the increased
expression of ACLY in CD4+ T cells from PM patients was completely
counteracted by treatment with the MPC inhibitor UK5099. Inhibi-
tion of FAO by ETO or inhibition of glutaminolysis by BPTES had no
effect on ACLY expression in patient CD4+ T cells (Fig. 7j). Accord-
ingly, enhanced acetylation of H3K27 and H3K9 in CD4+ T cells from
PMpatients was normalized byMPC inhibition. ETO and BPTES both
failed to decrease the acetylation of H3K27 and H3K9 in CD4+ T cells
from PM patients (Fig. 7k). Similar results were observed in Tigit−/−

CD4+ T cells (Fig. 7l, m). Another route for cytosolic acetyl-CoA
generation is through the activity of acyl-CoA synthetase short-
chain family members (ACSS)37. To exclude the involvement of
ACSS in elevated acetyl-CoA in Tigit−/− or PM CD4+ T cells, the
expression of ACSS1 and ACSS2 was measured by western blot.
Neither ACSS1 nor ACSS2 expression was changed in Tigit−/− or PM
CD4+ T cells compared to Tigit+/+ or HC CD4+ T cells, respectively
(Supplementary Fig. 15), suggesting that increased cytosolic acetyl-
CoA in Tigit−/− or PM CD4+ T cells is mainly due to ACLY-mediated
cytosolic acetyl-CoA conversion. Here, we conclude that glucose-
derived pyruvate is the major source of cytosolic acetyl-CoA gen-
eration for histone acetylation.

To dissect the impacts of TIGIT-mediated histone acetylation on
CD4+ T-cell differentiation, we applied chromatin immunoprecipita-
tion (ChIP) followed by qPCR to identify CD4+ T-cell differentiation-
related genes that are associated with histone acetylation. ChIP‒qPCR
analysis revealed that knockout of TIGIT resulted in increased H3K9
acetylation at the ifng promoter and the CNS22 region. Moreover, the
acetylation of H3K27 at the Il17 promoter, CNS2, and CNS22 regions
was also increased in Tigit−/− CD4+ T cells. Although the difference did
not reach statistical significance, a strong increasing trend was
observed in H3K27 acetylation at the Ifng promoter region in Tigit−/−

CD4+ T cells (Fig. 7n). To study the underlying mechanism of the
inhibitory effects of TIGIT on Th1 and Th17 cell differentiation, naive
Tigit−/− or Tigit+/+ CD4+ T cells were polarized under Th1 and Th17
conditions in the presence of the histone acetylation inhibitor C646.
No cytotoxicity was observed in T cells exposed to either low (1μM)or
high concentrations (5μM) of C646 (Supplementary Fig. 16a–d). We
observed thatTigit−/− CD4+ T cells weremore sensitive to the inhibition
of histone acetylation by C646 than were Tigit+/+ CD4+ T cells. A low
concentration of C646 decreased the percentages of T-bet+ and IFNγ+

CD4+ T cells among Tigit−/− CD4+ T cells under Th1-polarizing condi-
tions (Fig. 7o–q, Supplementary Fig. 16e, f). Similarly, the percentages
of RORγt+ and IL-17A+ CD4+ T cells were reduced in Tigit−/− CD4+ T cells
under Th17-polarizing conditions by 1μM C646 (Fig. 7r–t, Supple-
mentary Fig. 16g, h). Although a high concentration (5μM)ofC646was
able to suppress the differentiation of IFNγ+ Th1 cells and IL-17A+ Th17
cells, a low concentration (1μM)ofC646hadnoeffect on Th1 andTh17
cell differentiation from naive Tigit+/+ CD4+ T cells (Fig. 7o–t, Supple-
mentary Fig. 16). We further investigated the regulation of histone
acetylation during the differentiation of human CD4+ T cells. We found
that 1μM C646 effectively reduced the percentage of T-bet+IFNγ+

Th1 cells when differentiated from patient naive CD4 T+ cells (Sup-
plementary Fig. 17a, b). Similarly, the percentage of IL-17A+ Th17 cells
was profoundly decreased by 1μM C646 when these cells were dif-
ferentiated frompatient naive CD4+ T cells (Supplementary Fig. 17c, d).
Consistently, 1μM 646 was not able to suppress the differentiation of
Th1 and Th17 cells fromHC naive CD4+ T cells (Supplementary Fig. 17).
These data suggest that TIGIT-deficient CD4+ T cells aremore sensitive
to the inhibition of histone acetylation, revealing that histone acet-
ylation is the major downstream target of TIGIT in CD4+ T cells.

Together, these data indicate thatTIGIT controls Th1 andTh17 cell
differentiation by increasing glucose-derived acetyl-CoA generation
for histone acetylation.

TIGIT controls Th1 and Th17 cell differentiation through histone
acetylation in autoimmune myositis
To further address whether TIGIT-controlled Th1 and Th17 cell dif-
ferentiation is histone acetylation-dependent in vivo, we treated
EAMmice with the histone acetylation inhibitor C646. Mice treated
with C646 presented reduced T-bet and RORγt expression in CD4+

T cells. The production of IL-17A and IFNγ was profoundly reduced
by C646 treatment, resulting in decreased inflammatory infiltrates
in the muscle (Supplementary Fig. 18). Next, naive CD4+ T cells from

Fig. 3 | Knockdown of TIGIT in healthy CD4+ T cells recapitulates the proin-
flammatory phenotype of PMTIGITlow CD4+ T cells. a,bKnockdownof TIGITwas
confirmed by flow cytometry. Data from five biologically independent replicates.
c Knockdown of TIGIT in CD4+ T cells from HC or PM was confirmed by western
blot. The experiment was repeated three times independently with similar results.
d–g CD4+ T cells were labeled with CFSE and stimulated with αCD3/CD28 for 3 d.
T-cell proliferation was evaluated by flow cytometry. Data from five biologically
independent replicates. h, i IFNγ, and IL-17A expression in CD4+ T cells was mea-
sured by flow cytometry. Data from five biologically independent replicates.
d–r Naive CD4+ T cells from HC were stimulated by αCD3/CD28 for 1 d, and then
transfected with scramble or TIGIT siRNA by electroporation. Following transfec-
tion, cells were subjected to culture conditions for Th1, Th2, Th17, and Treg cell

differentiation for an additional 4 d, respectively. j–x Naive CD4+ T cells from HC
were stimulated byαCD3/CD28 for 1 d, and then transfectedwith scramble orTIGIT
siRNA by electroporation. Following transfection, cells were subjected to culture
conditions for Th1, Th2, Th17 and Treg cell differentiation for an additional 4 d,
respectively. j, k Knockdown efficacy of TIGIT was confirmed by flow cytometry.
Data from five biologically independent replicates. l–x Th1 condition: T-bet and
IFNγ (l–n), Th2 condition: GATA3 and IL-4 (o–r), Th17 condition: RORγt and IL-17A
(s–v), andTreg condition: FoxP3 (w,x) expression inCD4+ T cellsweremeasuredby
flowcytometry. Representative contourplots or histogramswere shown.Data from
five biologically independent replicates. All data are mean± SEM. Statistics were
done by a two-tailed unpaired Student’s t test.
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Tigit−/− or Tigit+/+ micewere injected intoRag1−/−mice. Themicewere
challenged with autologous myosin and treated with C646 or
vehicle (Fig. 8a). In mice that received Tigit−/− T cells, the expression
of T-bet and RORγt was significantly greater than that in mice that
received Tigit+/+ T cells, which was completely reversed by C646
treatment (Fig. 8b–d). Similarly, the percentages of IL-17A+ and

IFNγ+ CD4+ T cells were notably higher in the mice that received
Tigit−/− T cells than in the mice that received Tigit+/+ T cells. Con-
sistently, C646 decreased the percentages of IL-17A+ and IFNγ+ CD4+

T cells in mice that received Tigit−/− T cells to the same level as those
in mice that received Tigit+/+ T cells (Fig. 8e, f). We did not observe a
difference in FoxP3-expressing CD4+ T cells between mice receiving
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Tigit−/− or Tigit+/+ T cells. C646 treatment had no effect on the
expression of FoxP3 in Tigit−/− T cells (Fig. 8g, h).

A humanized mouse model was adopted to determine whether
histone acetylation is required for the differentiation of CD4+ T cells
from PM patients in vivo. PBMCs from PM patients or HC were adop-
tively transferred into immune-deficient NCG mice. Alternatively, NCG
mice that received patient PBMCswere treatedwith C646 (Fig. 8i).Mice
that receivedpatient PBMCshadmore severedisease thandidmice that
received HC PBMCs. Muscle strength was weaker in the mice that
received patient PBMCs. C646 treatment increased muscle strength in
mice that received patient PBMCs in the control group (Fig. 8j). Tissue
infiltration was also more intense in the mice that received patient
PBMCs, which was completely reversed by C646 treatment (Fig. 8k).
The spleenweight indexof themice that receivedpatient PBMCswas2.1
times higher than that of the mice that received HC PBMCs (Fig. 8l, m).
The percentages of IFNγ+ and IL-17A+ CD4+ T cells in the spleen were
significantly expanded in mice that received patient PBMCs, and the
percentages of IFNγ+ and IL-17A+ CD4+ T cells were 1.7 and 4.6 times
greater than those in HC PBMCs, respectively (Fig. 8n, o). Consistently,
C646 treatment profoundly reduced the proinflammatory CD4+ T-cell
response in mice that received patient PBMCs to levels similar to those
in mice that received HC PBMCs (Fig. 8l–o).

TIGIT impairs CD28 signaling and inhibits CD4+ T-cell responses
The activation of T cells relies on TCR stimulation and costimulatory
signaling through CD2838. TIGIT acts as an inhibitory molecule that
competes with CD226 for its common ligand CD15527. To determine
the underlying signaling pathways by which TIGIT inhibits T-cell
responses, Tigit−/− or Tigit+/+ CD4+ T cells were isolated and activated
with anti-CD3/CD28 beads. Our data revealed that knockout of TIGIT
did not affect the phosphorylation of CD226. The level of phos-
phorylated CD266 was similar between Tigit−/− and Tigit+/+ CD4+ T cells
(Fig. 9a, b). Since CD4+ T cells from PMpatients were deficient in TIGIT
expression, the phosphorylation of CD226 was further assessed in
CD4+ T cells from patients with PM. We did not observe differences in
the phosphorylation of CD226 between CD4+ T cells from PM patients
and those from HC (Fig. 9b). Next, we validated whether TIGIT exerts
direct effects on TCR signaling. The phosphorylation of ZAP70 and
LCK in the TCR signaling pathway was notably induced by TCR sti-
mulation via OKT3. However, the phosphorylation of ZAP70 and LCK
did not differ between Tigit−/− and Tigit+/+ CD4+ T cells (Fig. 9c), sug-
gesting that TCR signaling is not altered by TIGIT knockout. To
determine whether TIGIT affects TCR signaling in human cells, we
stimulated CD4+ T cells from HC with OKT3 in combination with or
without CD155-Fc. We found that the phosphorylation of ZAP70 and
LCK did not change when CD4+ T cells were stimulated with additional
CD155-Fc (Fig. 9d). TCR signaling was not altered in CD4+ T cells from
PM patients or HC, and the phosphorylation of ZAP70 and LCK was
similar (Fig. 9e). TCR-mediated calcium influx was also not different
between Tigit−/− and Tigit+/+ CD4+ T cells (Fig. 9f). CD28 activates the
PI3K-AKT-mTOR pathway and provides strong costimulatory signaling
for T-cell activation39,40. Our data revealed that the phosphorylation of
PI3K, AKT, and S6 was significantly increased in Tigit−/− CD4+ T cells
after anti-CD3/CD28 stimulation (Fig. 9g). Moreover, the

phosphorylation of mTOR and Raptor expression were both notably
increased in Tigit−/− CD4+ T cells after anti-CD3/CD28 stimulation
(Fig. 9h). Consistently, overexpression of TIGIT reduced the phos-
phorylation of AKT and S6 in CD4+ T cells from both PM and HC. The
phosphorylation of AKT and S6was increased in CD4+ T cells from PM,
whichwas counteracted when TIGIT expression in patient CD4+ T cells
was rescued (Supplementary Fig. 19). These data suggest that TIGIT
inhibits T-cell activation by downregulating the CD28-mediated PI3K-
AKT-mTOR pathway. We speculated that TCR signaling is not involved
in TIGIT-mediated T-cell suppression.

To determine whether CD28 signaling serves as a downstream
target of TIGIT, we bypassed the TCR by stimulating CD4+ T cells with
PMAplus anti-CD28.Our data revealed that the proliferation and levels
of the activation markers CD44 and CD69 were significantly higher in
Tigit−/− CD4+ T cells than in Tigit+/+ CD4+ T cells when stimulated with
anti-CD28 plus PMA (Fig. 9i–m).We then tested whether the inhibition
of CD28 signaling by PI3K inhibitor BEZ235 or PI-103 was able to
reverse T-cell activation in Tigit−/− CD4+ T cells. BEZ235 was titrated to
low concentrations (0.1μM) and high concentrations (1μM). We
observed that 0.1μM BEZ235 was able to inhibit proliferation and
decrease CD44 and CD69 expression in Tigit−/− CD4+ T cells to a level
similar to that of Tigit+/+ CD4+ T cells without affecting cell viability
(Fig. 9i–m, Supplementary Fig. 20a, b). Anti-CD28 plus PMA stimula-
tion biased Tigit−/− CD4+ T cells into IFNγ- and IL-17A-producing cells
under polarizing conditions. Notably, 0.1μM BEZ235 not only
decreased the expression of T-bet and IFNγ in Tigit−/− CD4+ T cells but
also reduced the expression of RORγt and IL-17A inTigit−/−CD4+ T cells.
Although a relatively high concentration (1μM) of BEZ235 was able to
inhibit Th1 and Th17 cell differentiation from naive Tigit+/+ CD4+ T cells,
0.1μM BEZ235 had no effect on Th1 and Th17 cell differentiation from
naive Tigit+/+ CD4+ T cells (Fig. 9n–s, Supplementary Fig. 20c-j). Similar
results were found when using another PI3K inhibitor PI-103 (Fig. 9i–s,
Supplementary Fig. 21). Together, these data suggest that TIGIT
dampens CD28 signaling in CD4+ T cells and suppresses the differ-
entiation of Th1 and Th17 cells.

TCR signaling is not involved with TIGIT-mediated T-cell
inhibition
To further exclude the involvement of TCR in TIGIT-mediated T-cell
suppression, the TCR downstream signaling NF-kB was further inves-
tigated, finding out that NF-kB signaling was not different between
Tigit−/− and Tigit+/+ CD4+ T cells as quantified by western blot (Fig. 10a).
We then used PHA, which binds to TCR/CD3 complex to activate CD4+

T cells, mimicking the intracellular activation events triggered by anti-
CD3 antibodies41. In addition, phorbol-12-myristate-13-acetate (PMA)
can bypass TCR to activate T cells through protein kinase C42. As
expected, we did not observe differences in the expression of CD44,
CD69, or CD25 in Tigit−/− CD4+ T cells when stimulated with PMA in
combination with PHA. T-cell proliferation was also not different
between Tigit−/− and Tigit+/+ CD4+ T cells when stimulated with PMA in
combination with PHA. Similar results were found when CD4+ T cells
were stimulated with OKT3 in combination with PMA (Fig. 10b–e). We
further stimulated cells with anti-CD3 or anti-CD3/anti-CD28. Pro-
liferation assay revealed that TIGIT does not significantly impact T-cell

Fig. 4 | TIGIT controls the differentiation of Th1 and Th17 cells in vitro and
in vivo. a–n Naive CD4+ T cells were isolated from Tigit−/− or Tigit+/+ mice. The cells
were subjected to culture conditions for Th1, Th2, Th17 andTreg cell differentiation
for 5 d. a–d Th1 condition: T-bet, GATA3, and IFNγ expression in CD4+ T cells was
measured by flow cytometry, and representative contour plots were shown.
e–h Th2 condition: flow cytometric analysis of GATA3 and IL-4 expression in CD4+

T cells and representative contour plots. i–l Th17 condition: RORγt and IL-17A
expression inCD4+ T cellsmeasured by flowcytometry.m, nTreg condition: FoxP3
expression in CD4+ T cells measured by flow cytometry and representative contour
plots. o Scheme of the mouse experiment. EAMwas induced as described in Fig. 2.

Each Rag1−/− recipient mouse was injected intravenously with 2 × 106 naive CD4+

T cells, and EAM induction was performed. p–s The expression of T-bet, RORγt,
IFNγ, and IL-17A in CD4+ T cells from mice that received Tigit−/− or Tigit+/+ cells was
measured via flow cytometry. Representative contour plots were shown.
t Schematic employed to visualize that TIGIT deficiency enhances Th1 and Th17
differentiation, resulting in severemuscle infiltration. Originalmagnification: ×200.
b, d, j, l, q, s, n = 5; for f, n = 4; and forh, n n = 6 biological independent samples. All
data are presented as the mean± SEM. Statistics were done by two-tailed unpaired
Student’s t test.
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proliferation under anti-CD3 stimulation (Fig. 10f–h). Consistently, IL-2
production was similar between Tigit−/− and Tigit+/+ CD4+ T cells when
stimulated with anti-CD3 alone, while Tigit−/− CD4+ T cells showed
enhanced IL-2 production when stimulated with anti-CD3/anti-CD28
(Fig. 10i, j), excluding the involvement of TCR signaling in TIGIT-
mediated T-cell inhibition.

Discussion
Aberrant activation of autoreactive T cells with inflammatory infiltra-
tion in the muscle is the hallmark of patients with PM2. It has been
shown that Th1 and Th17 cells are notably expanded in the peripheral
blood of patients with PM. The IFNγ and IL-17A signatures are both
enriched in inflamed tissue in PM patients43. TIGIT is an important
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inhibitory receptor that contributes to immune tolerance27. Here, our
data revealed that TIGIT is deficient in CD4+ T cells from patients with
PM. As a result, the engagement of TIGIT by CD155 failed to suppress
IFNγ and IL-17A production by CD4+ T cells from PM patients. TIGIT
deficiency promoted glucose oxidation and pyruvate flux-dependent
cytosolic acetyl-CoA generation and histone acetylation, which biased
CD4+ T cells to differentiate into Th1 andTh17 cells.Our study provides
evidence that cell-intrinsic TIGIT controls the differentiation of Th1
and Th17 cells through a metabolic-epigenetic mechanism, and TIGIT
deficiency could contribute to the pathogenesis of PM.

In autoimmunity, CD4+ T cells are found to exhibit pronounced co-
stimulation signals44. TIGIT represents an important immune check-
point that plays an essential role in maintaining immune tolerance and
preventing autoimmunity27,45. It has been shown that TIGIT expression
in CD4+ T cells was lower in the synovial fluid of patients with active
rheumatoid arthritis (RA), and overexpression of TIGIT decreased the
production of IFNγ and IL-17 by RA CD4+ T cells46. Although TIGIT
expression on CD4+ T cells was increased in patients with SLE, the
administration of CD155 or TIGIT-Fc suppressed CD4+ T cells and
reduced disease development in lupus mice30,47. Consistent with a
previous report48, our data revealed that TIGIT expressionwas impaired
in CD4+ T cells from patients with PM. We further showed that TIGIT
expression was specifically reduced in IFNγ- and IL-17A-producing CD4+

T cells in PM patients. Cell-intrinsic deficiency of TIGIT could lead to
hyper-responses of Th1 and Th17 cells in patients with PM, suggesting
the involvement of TIGIT deficiency in the development and progres-
sion of myositis. For defects in TIGIT expression, CD155-Fc failed to
suppress IFNγ and IL-17A production by CD4+ T cells from PM patients.
Interestingly, overexpression of TIGIT in CD4+ T cells from PM patients
was able to suppress the inflammatory phenotype of patient CD4+

T cells. Comparedwith those in wild-typemice, Th1 and Th17 responses
were enhanced, and muscle inflammation was increased in EAM mice,
highlighting the role of TIGIT in preventing autoreactive T-cell
responses and the development of autoimmune myositis.

Studies have focused on understanding the regulatory effect of
TIGIT on CD8+ T-cell exhaustion in cancers27,49,50. The functions of
TIGIT and the underlying mechanisms in CD4+ T cells are less clear.
Extrinsically, TIGIT can suppress T-cell activation by promoting the
generation of tolerogenic DCs22. In addition, TIGIT can promote its
inhibitory effects by enhancing Treg functions28. Impaired TIGIT
expression on B cells could promote Tfh cell expansion in multiple
sclerosis51. Interestingly, TIGIT can inhibit T-cell activation in a cell-
intrinsic manner25,26. Cell-intrinsic TIGIT signaling reduces the pro-
duction of the proinflammatory cytokines IFNγ and IL-17A by CD4+

T cells and potently prevents the development of autoimmune dis-
eases in mouse models26,52,53. However, the function of TIGIT in CD4+

T-cell differentiation has not been studied. By using Tigit−/− and Tigit+/+

CD4+ T cells, we provide strong evidence that Th1 and Th17 cell dif-
ferentiation from naive CD4+ T cells was enhanced when TIGIT was

knocked out in vitro. In addition to the cytokines IFNγ and IL-17A,
which were profoundly increased in Tigit−/− CD4+ T cells, the master
transcription factors T-bet and RORγt for Th1 and Th17 cells, respec-
tively, were both significantly increased. The knockout of TIGIT had no
effect on the differentiation of Treg cells. By transferring naive Tigit−/−

and Tigit+/+ CD4+ T cells into Rag1−/− mice, we demonstrated that the
differentiation of Th1 and Th17 cells was notably increased inmice that
received TIGIT-deficient CD4+ T cells, resulting in more severe auto-
immunemyositis. The percentage of Treg cells was unaffected. In Treg
cells, TIGIT induces the suppressive mediator Fgl2 to impose a stron-
ger inhibitory effect on TIGIT+ Treg cells than TIGIT− Treg cells do28.
Knockout of TIGIT might also impair Treg cell function. Nevertheless,
we provide direct evidence that TIGIT controls CD4+ T-cell differ-
entiation and that knockout of TIGIT unleashes type 1 and type 17
proinflammatory responses during autoimmune myositis induction.

Cellular metabolism is profoundly reprogrammed during CD4+

T-cell differentiation, and glucose glycolysis is required for the dif-
ferentiation of Th1 and Th17 cells14,54. Both co-stimulatory and co-
inhibitory molecules have been linked to cellular metabolism to con-
trol T-cell fate39,55. CD28-mediated glycolysis is essential for T-cell
activation and proliferation56. PD-1 inhibits glycolysis and promotes
lipolysis and FAO in T cells57. In the tumor setting, TIGIT suppresses
glucose glycolysis in CD8+ T cells and impairs their antitumor
response58. However, whether TIGIT plays a role in CD4+ T-cell meta-
bolism is unknown. Here, we report that both patient TIGITlow and
Tigit−/− CD4+ T cells demonstrated enhanced glucose metabolism. In
normal mouse CD4+ T cells, mitochondrial oxygen consumption was
increased during activation and differentiation when TIGIT was abla-
ted. In addition, TIGIT engagement by CD155 resulted in reduced
mitochondrial oxidation in human CD4+ T cells. [13C]-Glucose isotope
tracing provided direct evidence that the ablation of TIGIT not only
promoted glycolytic influx but also promoted the transportation of
pyruvate into mitochondria to fuel the TCA cycle. Targeting mito-
chondrial respiration was sufficient to inhibit Th1 and Th17 cell
responses and suppress autoimmunity59–61. The data presented here
predict that TIGIT deficiency rewrites glucose metabolism in CD4+

T cells and biases them toward proinflammatory Th1 and Th17 cells in
patients with PM.

Recent findings support the concept thatmetabolites are not only
substrates for energy generation but also directly or indirectly
involved in T-cell differentiation through epigenetic remodeling of
T cells20,54. Acetyl-CoA is the centralmetabolite produced in the cytosol
by ACLY using mitochondria-TCA cycle-derived citrate. Acetyl-CoA
provides acetyl groups for histone acetylation to drive the epigenetic
control of gene expression34. In Th1 cells, deletion of lactate dehy-
drogenase A decreased the cytosolic acetyl-CoA level and inhibited
histone acetylation16. The glucose transporter GLUT3 controlled Th17
cell responses through ACLY-dependent acetyl-CoA generation and
histone acetylation17. In RA patients, SUCLG2 deficiency led to the

Fig. 5 | Knockoutof TIGITpromotes inflammatoryCD4+ T-cell responsesduring
EAM induction. a Scheme for the induction of experimental autoimmunemyositis
(EAM) in Tigit−/−, Tigit+/−, or Tigit+/+ mice. Age- and sex-matched Tigit+/+ mice without
EAM induction served as the Control group. bMuscle strength of Tigit−/−, Tigit+/−, or
Tigit+/+ mice with EAM. c Representative spleen images and the spleenweight index
calculated by dividing the spleenweight (mg) by the bodyweight (g). d, e IFNγ- and
IL-17A-producing CD4+ T cells in the spleens of Tigit−/− or Tigit+/+ mice were mea-
sured by flow cytometry. Representative contour plots were shown (f, g) CD44
expression in CD4+ T cells in the spleens of Tigit−/− or Tigit+/+ mice wasmeasured by
flow cytometry. h Gene expression of Ifng, Il17a, Il17f, and Il2 in the quadriceps of
Tigit−/− or Tigit+/+ mice was quantified by qPCR. i HE staining and histological score
of quadriceps in Tigit−/− or Tigit+/+ mice with EAM.Original magnification: ×200.
j, k TIGIT agonistic antibody (Anti-TIGIT) or an isotype control was used to treat
EAM mice. j EAM was induced as described in a. EAM mice were injected intra-
peritoneally with anti-TIGIT (10mg/kg/Q3d) or an isotype after the second

immunization for 2 weeks (w). Age- and sex-matched C57BL/6 mice without EAM
induction served as the Control group. k Muscle strength of the control mice and
mice with EAM treated with anti-TIGIT or the isotype control. l Size of spleen and
spleenweight. Spleenweight indexwas calculated and summarized inC.m–o IFNγ-
and IL-17A-producing CD4+ T cells in the spleen weremeasured by flow cytometry.
p, q HE staining and histological score of quadriceps sections from control mice
and mice with EAM treated with anti-TIGIT or the isotype control. Original mag-
nification: ×200. ND: not detective. b, c, e, h, i Tigit−/− (n = 11), Tigit+/− (n = 7), and
Tigit+/+ (n = 10) biologically independent replicates, when applicable. g Tigit−/−

(n = 7), and Tigit+/+ (n = 6) biologically independent replicates. k, l, n, o, q Control
(n = 5), Isotype (n = 7), and Anti-TIGIT (n = 7) biological independent samples, when
applicable. All data are presented as the mean± SEM. Statistics were done by one-
way ANOVA with adjustments for multiple comparisons in b, c, k, l, n, o, and two-
tailed unpaired Student’s t test in e, g, h, i, q.
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accumulation of α-ketoglutarate, citrate, and acetyl-CoA in CD4+

T cells, resulting in the generation of tissue-invasive CD4+ T cells62. In
line with these studies, the data reported here revealed that increased
levels of acetyl-CoA in patient TIGITlow and Tigit−/− CD4+ T cells led to
increased H3K9 and H3K27 acetylation in these TIGIT-deficient CD4+

T cells. Importantly, the inhibition of pyruvate transport into

mitochondria completely abrogated the increase in acetyl-CoA levels
and histone acetylation in TIGIT-deficient T cells, indicating the
essential role of glycolysis-derived pyruvate in TIGIT-controlled acetyl-
CoA generation and histone modification. Recently, data have shown
thatMPC ablation or inhibition does not affect epigenome remodeling
or the effector function of CD4+ T cells63. Our data clearly showed that
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MPC inhibition led to significantly reduced cytosolic acetyl-CoA gen-
eration, histone acetylation, and CD4+ T-cell function in patient
TIGITlow and mouse Tigit−/− CD4+ T cells. We speculate that enhanced
glucosemetabolism and pyruvate transportation intomitochondria in
these TIGIT-deficient T cells represent the major source for citrate
generation, which could promote cytosolic acetyl-CoA generation. In
addition, the TPM value of MPC2 in CD4 +T cells is similar to that of
MPC1 (The Human Protein Atlas). The use of MPC1-flox mice in the
present studymight have led to incomplete ablation of MPC activity63.

TIGIT contains an immunoreceptor tyrosine-based ITIM and an
ITT-like motif that is important for its inhibitory effects. Early studies
using NK cell lines revealed that the binding of Grb2 and β-arrestin led
to Fyn- and Lck-mediated phosphorylation of tyrosine residues in both
motifs. SHIP1 was then recruited and interfered with downstream
activation signals24,64. More recently, data have shown that the inhibi-
tory potential of TIGITmight relymoreon the ITT-like domain than the
ITIM in a modified human T-cell line65. How primary CD4+ T cells are
affected by cell-intrinsic TIGIT inhibitory signals remains elusive. TIGIT
actively competes with CD226 for its common ligands52. TIGIT can
directly bind to CD226 in cis and impair the costimulatory signal50.
TIGIT canalso inhibit thephosphorylationofCD226 and thus impair its
costimulation inCD8+ T cells in cancer29. However, we observed similar
phosphorylation levels of CD226 between Tigit−/− and Tigit+/+ CD4+

T cells in this study. ThephosphorylationofCD226was alsonot altered
in patient TIGITlow CD4+ T cells. Moreover, we observed a low fre-
quency of CD226 and TIGIT coexpression in both patient and HCCD4+

T cells (Supplementary Fig. 22), making CD226 unlikely to be affected
by TIGIT. These data are in line with a recent study showing that TIGIT
directly inhibited lymphocyte activation independent of CD22665.

Microarray analysis revealed that TIGIT can act directly on T cells
by attenuating TCR-driven activation signals26. Like PD-1 and CD28,
TIGIT clusters colocalized within nanometers of TCR clusters upon
binding. However, no reduction in the phosphorylation of CD3ζ,
Zap70, or LAT was observed when TIGIT was proximate to TCR65,
suggesting thatTIGIT does not reduceTCR signaling during activation.
Similarly, TCR signalingwasnot alteredwhenTIGITwasknockedout in
CD4+ T cells. We observed similar levels of phosphorylated ZAP70 and
LCK in Tigit−/− and Tigit+/+ CD4+ T cells after TCR stimulation. The
phosphorylation of ZAP70 and LCKwas also not different between the
TIGITlow CD4+ T cells of PM patients and those of HC. Here, we provide
direct evidence that TIGIT deficiency has no effect on TCR signaling in
either primary human or mouse CD4+ T cells. We further excluded the
involvement of TCR in TIGIT-mediated T-cell inhibition, as OKT3 or
PHA stimulation had no effect on T-cell activation or proliferation. In
contrast, stimulation of CD4+ T cells by PMA and an anti-CD28 anti-
body bypassing TCR led to enhanced T-cell activation and Th1/Th17
differentiation in Tigit−/− CD4+ T cells, which was counteracted when
CD28 signaling was inhibited. CD28 costimulation, which acts through
PI3K and AKT, is required for T cells to increase glycolysis in response
to activation56. Our previous study revealed that CD28 blockade
reduced glucose metabolism and autoreactive CD4+ T cells in
vasculitis66. Together, TIGIT impairs CD28 signaling and controls
autoimmune-associated glucose metabolism in CD4+ T cells.

While all PM patients in this study were recruited according to
standardized criteria (2017 European League Against Rheumatism/
American College of Rheumatology Classification Criteria (EULAR/
ACR) classification criteria for adult idiopathic inflammatory myo-
pathies), it should be noted that PM encompasses distinct clinical
subsets including anti-synthetase syndrome, inclusion body myo-
sitis, and immune-mediated necrotizing myopathy, each char-
acterized by unique myositis-specific antibodies and pathogenic
mechanisms. Given this marked clinical and pathophysiological
heterogeneity among PM subgroups, the current findings may have
less generalizability to specific disease subtypes and require cau-
tious interpretation in subtype-specific contexts. In addition, the
EAM model demonstrates substantial face validity through its
recapitulation of key PM features, including characteristic inflam-
matory muscle infiltration patterns, muscle fiber atrophy, and
enhanced CD4+ T-cell accumulation in perimysial and perivascular
regions67. This model provides a valuable platform for investigating
immune-mediated mechanisms in myositis pathogenesis. However,
it is important to acknowledge that the EAMparadigmdoes not fully
replicate the complex clinical-pathological spectrum of human PM.
Consequently, the mechanistic insights derived from this
model may not comprehensively reflect the multifaceted patho-
genesis of human disease. These limitations underscore the need
for future investigations incorporating: 1) expanded clinical cohorts
with precise molecular subtyping, 2) standardized disease classifi-
cation protocols, and 3) development of next-generation animal
models that better capture the immunopathological diversity of
human PM.

In summary, we functionally link TIGIT deficiency to enhanced
autoreactive CD4+ T-cell responses in patients with autoimmune
myositis. Mechanistically, we provide the first demonstration in CD4+

T cells that cell-intrinsic TIGIT directly controls the differentiation of
Th1 and Th17 cells through metabolic‒epigenetic reprogramming
(Supplementary Fig. 23). The data presented in this study could have
significant implications for the treatment of T-cell-mediated auto-
immune diseases.

Methods
Patients
Patients who fulfilled the 2017 EULAR/ACR Classification Criteria for
adult PM68 were recruited from the Department of Rheumatology and
Clinical Immunology, the First Affiliated Hospital of Sun Yat-sen Uni-
versity. All of the recruited patients had active diseases based on
MYOACT and elevated CK in the serum. Patients with DM68 or SLE69

were recruited as disease controls. Patients who were diagnosed with
malignancy, infections, or other autoimmune diseases were excluded
from this study. Age- and sex-matched HC were recruited as controls.
Demographics of the patients and HC are summarized in Supple-
mentary Table 1 and Supplementary Table 2. Informed consent and
written consent formswereobtained before inclusion fromall patients
and HC, with approval from the Institutional Ethical Committee of the
First Affiliated Hospital, Sun Yat-sen University ([2021]824 and
[2021]816).

Fig. 6 | TIGIT deficiency fuels glucose oxidation to promote Th1 and Th17 cell
differentiation. a Isotope tracing of glucose-derived metabolites via GC/MS or LC/
MS.bFractional enrichment of [13C]-glucose-derivedmetabolites in tricarboxylic acid
(TCA) cycle inTigit−/−orTigit+/+ CD4+ T cells. Data from threebiologically independent
replicates. c, d Tigit−/− or Tigit+/+ CD4+ T cells were activated with αCD3/CD28 for 3 d.
Oxygen consumption rate (OCR) and basal extracellular acidification rate (ECAR)
were measured using a Seahorse XF96 analyzer. Parameters of basal respiration,
respiration coupled to ATP production, maximal respiration, respiratory spare
capacity, and basal ECAR were summarized and data from five biologically inde-
pendent replicates. e–h Formetabolic activities evaluation of CD4+ T cells, Glycolysis
Stress Test Kit was used to test ECAR by a Seahorse XF96 analyzer. ECAR tracing

curves and parameters of glycolysis, glycolysis capacity, and glycolysis reserve were
summarized (n=five biologically independent replicates from five individual mice
per group). i–kNaive Tigit−/− or Tigit+/+ CD4+ T cells were cultured under Th1- or Th17-
polarizing condition for 5d. UK5099 (20μM), MSDC-0602 (10μM), Etomoxir (ETO,
1μM), or bis-2-(5-phenylacetamido-1, 2, 4-thiadiazol-2-yl) ethyl sulfide (BPTES, 3μM)
was included for the last 48 h of culture. IFNγ, T-bet, IL-17A, and RORγt expression in
CD4+ T cells were measured by flow cytometry. Data from four biologically inde-
pendent replicates. All data are presented as themean±SEM. Statistics were done by
two-tailed unpaired Student’s t test in (b–d, f–h) or one-way ANOVA followed by
adjustments for multiple comparisons in k.
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Mice
Tigit−/−mice ofC57BL/6 backgroundwere kindly providedby Professor
Xingxu Huang from ShanghaiTech University as described
previously70. NOD-Prkdcem26Cd52Il2rgem26Cd22/Gpt (NCG, Strain#T001475)
and Rag1−/− mice of C57BL/6 background (Strain#T004753) were pur-
chased from GemPharmatech (Nanjing, China). Female 8–10-week-old

mice were used at the time of the experiment and were randomly
assigned to experimental groups. Co-house Tigit+/+ mice served as
controls. All experimental mice were housed under specific pathogen-
free conditions and group-housed in a temperature-controlled envir-
onment (23 °C) on a 12 hours (h) light/dark cycle with ad libitum access
to standard rodent chowat the Experimental Animal Center of SunYat-
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sen University. The ambient humidity was maintained at 40–60%. The
study protocol for themouse experiments was approved by the Ethics
Committee of Sun Yat-sen University (2022000554, 2024003409),
and all experiments were performed in accordance with the National
Institutes of Health Guide for Care and Use of Animals.

Cell isolation
For humanCD4+ T-cell purification, bloodsampleswerecollected from
patients with PM or HC. The samples were processed within 2 h after
collection, and PBMCs were freshly isolated by density gradient cen-
trifugation. Human total and naive CD4+ T-cell enrichment was
achieved by negative selection using EasySep™ Isolation Kit (STEM-
CELL Technologies, Catalog (Cat)# 17952 and 17555). For mouse CD4+

T-cell purification, a single-cell suspension of mouse splenocytes was
prepared as we described previously71. Briefly, mouse spleens were cut
into pieces and smashed with a syringe plunger. The cells were then
filtered through a 70μmcell strainer (BD Bioscience, Cat# BD352350).
Mouse total and naive CD4+ T cells were isolated by negative selection
using magnetic beads (STEMCELL Technologies, Cat# 19852 and
19765). The purity of the cell population was over 95% as confirmed by
flow cytometry (LSR Fortessa, BD Bioscience).

T-cell cultures
For in vitro cell culture, mouse CD4+ T cells were cultured in complete
medium: advancedRPMI 1640medium (ThermoFisher Scientific,Cat#
12633012) supplemented with 10% FBS (Procell, Cat# 164210), 2 mM
L-glutamine (MCE, Cat# HY-N0390), 55μM 2-mercaptoethanol (β-ME,
Gibco, Cat# 21985023), and 1% penicillin/streptomycin (Gibco, Cat#
15140122). Human CD4+ T cells were cultured in complete medium
without β-ME. HumanandmouseCD4+ T cells were cultured at 37 °C in
an incubator with 5% CO2.

T-cell activation and differentiation
For T-cell activation assessment, human and mouse total CD4+ T cells
were activated with anti-CD3/CD28 beads (Thermo Fisher Scientific,
Cat#:11132D, 11453D) at a ratio of 1:2 for the indicated time. The differ-
entiation of human and mouse Th cells was induced as previously
described17,72,73. HumannaiveCD4+ T cellswere stimulatedwith anti-CD3/
CD28 beads and cultured under different Th cell-polarizing conditions:
Th1 cells: anti-IL-4 antibody (Clone# MP4-25D2, 10μg/ml, BioLegend,
Cat# 500838), IL-12 (10ng/ml, Sino Biological, Cat# CT011-H08H), and
IL-2 (20ng/ml, PeproTech,Cat#200-02-10). Th2cells: anti-IFNγantibody
(Clone# B27, 10μg/ml, BioLegend, Cat# 506532), IL-4 (10ng/ml, Pepro-
Tech, Cat# 200-02-20) and IL-2 (20ng/ml, PeproTech, Cat# 200-02-10);
Th17 cells: TGFβ1 (2 ng/ml, PeproTech, Cat# 100-21-2), IL-6 (40ng/ml,
PeproTech, Cat# 200-06-5), and IL-23 (30ng/ml, PeproTech, Cat# 200-
23-2). Treg cells: TGFβ1 (5 ng/ml) and IL-2 (10ng/ml).

Mouse naive CD4+ T cells were stimulated with anti-CD3/CD28
beads and polarized under different conditions: Th1 cells: anti-IL-4
antibody (Clone# 11B11, 5 μg/ml, BioLegend, Cat# 504102), IL-12
(20 ng/ml, PeproTech, Cat# 210-12-2), and IL-2 (20 ng/ml, Sino Biolo-
gical, Cat# 51061-MNAE). Th2 cells: anti-IFNγ antibody (Clone#R4-6A2,
5μg/ml, BioLegend, Cat# 505702), IL-4 (20 ng/ml, Sino Biological,
Cat# 51084-MNAE), and IL-2 (20 ng/ml). Th17 cells: anti-IFNγ antibody
(5μg/ml), anti-IL-4 antibody (5μg/ml), TGFβ1 (2 ng/ml, Sino Biological,
Cat# 80116-RNAH-5), IL-6 (40 ng/ml, Sino Biological, Cat# 50136-
MNAE), IL-23 (30 ng/ml, NovoProtein, Cat#C03U), and IL-1β (20 ng/ml,
Sino Biological, Cat# 50101-MNAE). Treg cells: anti-IFNγ antibody
(5μg/ml), anti-IL-4 antibody (5μg/ml), TGFβ1 (5 ng/ml), and IL-2
(10 ng/ml). In some experiments, UK5099 (Cat# HY-15475), MSDC-
0206 (Cat# HY-108022), ETO (Cat# HY-50202), BPTES (Cat# HY-
12683), PI-103 (Cat# HY-10115, all from MCE), C646 (Cat# S7152), or
BEZ235 (Cat# S1009, both from Selleck) were added to the cell culture
at the indicated concentrations and time points. Alternatively, TIGIT
was stimulated with recombinant human CD155-Fc chimera protein
(Sino Biological, cat# 10109-H02H) plate-bound at 10μg/ml. As an
isotype control, we used IgG1 (Sigma, Cat# I5154).

T-cell proliferation
To analyze T-cell proliferation, purified human or mouse total CD4+

T cells (1 × 105)were labeledwith 5μMcarboxyfluorescein succinimidyl
amino ester (CFSE, Thermo Fisher Scientific, Cat# C34554) and sti-
mulated with anti-CD3/CD28 beads for 3 d. T-cell proliferation rates
were assessed by flow cytometry.

Transfection of T cells
Electroperforation was performed on human T cells using the P3
Primary Cell 4D-Nucleofector X Kit L (Lonza, Cat# V4XP-3024)
according to the manufacturer’s instructions. For TIGIT over-
expression, total CD4+ T cells were transfected with 5 μg of plasmid
DNA using program EO-115. For TIGIT knockdown, naive CD4+

T cells were stimulated with anti-CD3/CD28 beads for 1 d before
transfection with TIGIT siRNA (120 nM, Sangon, Cat# H540013-
0001) under the same conditions. After the transfection, T cells
were allowed to rest for 5 h to recover from electroporation. The
overexpression and knockdown efficiency were validated by Wes-
tern blot and flow cytometry.

Flow cytometry
For cell surface staining, cells were stained with the following anti-
bodies: humanCD3, CD4,CD8, TIGIT, CD226, CD96, CD44, CD25, HLA-
DR, CD28 or mouse CD3, CD4, CD8, TIGIT, CD226, CD96, CD44,
CD62L, CD69, CD25, and CD28 in the dark at 4 °C for 30min. For
intracellular cytokine staining, cells were treated with a cocktail

Fig. 7 | TIGIT controls Th1 and Th17 cell differentiation through acetyl-CoA
generation and histone acetylation. a ATP-citrate lyase (ACLY) controls the
conversion of TCA-derived citrate into acetyl-coenzyme A (CoA) for histone acet-
ylation. b–f CD4+ T cells from HC or PM patients were stimulated with αCD3/CD28
in the presence of UK5099 (20μM), recombinant human CD155-Fc (10μg/ml), or
control IgG1 for 3 d. b Immunoblot analysis of ACLY expression in CD4+ T cells and
representative bands of six biologically independent replicates. cAcetyl-CoA levels
in whole-cell lysates and the cytosolic and mitochondrial fractions of CD4+ T cells
and data from four biologically independent replicates. d Immunoblot analysis of
H3K9 andH3K27 acetylation inCD4+ T cells fromPMpatients orHC. Representative
bands of six biologically independent replicates. e, f Immunoblot analysis of ACLY
and H3K9 and H3K27 acetylation in CD4+ T cells. Representative bands of four
biologically independent replicates. g–i CD4+ T cells from Tigit+/+ or Tigit−/− mice
were stimulated with αCD3/CD28. g Immunoblot analysis of ACLY expression in
mouse CD4+ T cells. hAcetyl-CoA inwhole-cell lysates, cytosolic andmitochondrial
fractions ofmouseCD4+ T cells. Data from four biologically independent replicates.
i Immunoblot analysis of acetylated H3K9 and H3K27 in mouse CD4+ T cells and

representative bands. j, k CD4+ T cells from HC or PM were stimulated with αCD3/
CD28 in the presence of UK5099, ETO or BPTES for 3 d. Immunoblot analysis of
ACLY (j), acetylated H3K9 and H3K27 (k) in CD4+ T cells. l,m Tigit−/− or Tigit+/+ CD4+

T cells were stimulatedwith αCD3/CD28 in the presence of UK5099, ETO, or BPTES
for 3 d. Immunoblot analysis of ACLY (l), acetylated H3K9 and H3K27 (m) in mouse
CD4+ T cells treated with UK5099, ETO, or BPTES. n Quantification of H3K9 and
H3K27 acetylation in CD4+ T cells from Tigit−/− or Tigit+/+ mice at the Il17a, Il17f, and
Ifng promoters and CNS2 and CNS22 by ChIP‒qPCR. o–t Naive CD4+ T cells were
cultured under Th1 or Th17 conditions in the presence of C646 (1μM)or vehicle for
5 d. Flow cytometric analysis of the expression of T-bet, IFNγ (o–q), RORγt, and IL-
17A (r–t) in CD4+ T cells. For c, h, p, q, n = four biologically independent replicates.
n n = three biologically independent replicates. s, t, n = five biologically indepen-
dent replicates. e, f, j–m The experiment was repeated three times independently
with similar results. Data aremean ± SEM. Statistics were performed using one-way
ANOVA followed by multiple comparisons adjustments for c and h, two-tailed
unpaired Student’s t test for (n), and two-way ANOVA followed by multiple com-
parisons adjustments for p, q, s, t.
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containing 50ng/ml PMA (Cat# P8139), 500 ng/ml ionomycin (Cat#
I0634), and 5μg/ml brefeldin A (Cat# B7651, all from Sigma) at 37 °C
for 4.5 h. After surface staining, cellswerefixed andpermeabilizedwith
Fixation/Permeabilization solution (BD Biosciences, Cat# 554722),
followed by incubation with the following antibodies: anti-human PE-
IFNγ, anti-human Brilliant Violet 605-IL-17A, anti-human APC/CY7-TNF,

anti-human Brilliant Violet 421-IL-4, or anti-mouse APC/CY7-IFNγ, anti-
mouse APC-IL-17A, anti-mouse FITC-TNF, anti-mouse PE-IL-4, anti-
mouse APC-IL-2 in the dark at 4°C for 30min. For detection of tran-
scriptional factors, cells were fixed and permeabilized using a FoxP3
Staining Set (eBioscience, Cat# 554714), followed by incubation with
the following antibodies: anti-human/mouse PE/CY7-T-bet, anti-
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mouse/rat/human Alexa Fluor 488-FoxP3, anti-human/mouse Alexa
Fluor 488-GATA3, anti-mouse PE-RORγt, anti-human PE/CY7-RORγt.

To measure the phosphorylation of AKT and S6, cells were fixed
and permeabilized using the Fixation/Permeabilization solution (BD
Biosciences, Cat# 554722). The cells were then stained with antibodies
against p-AKT (Ser473) or p-S6 (Ser235/236), followed by goat anti-
rabbit IgG secondary antibody.

To assess cell viability, cells were stained with the Annexin V-APC/
7-AAD Apoptosis Kit (MultiSciences, Cat# 70-AP101) or Zombie Red
(Biolegend, Cat# 423110) by flow cytometry. Details of all the FACS
antibodies are shown in Supplementary Table 3. All the FACS samples
were analyzed by a flow cytometer (LSR Fortessa, BD Bioscience).

Mitochondrial staining
The mitochondrial mass and mitochondrial potential of T cells were
measured using MitoTracker Green (MTG, 50nM, Invitrogen, Cat#
M7514) and MitoTracker Deep Red (100 nM, Thermo Fisher Scientific,
Cat# M22426), respectively, according to the manufacturers’ instruc-
tions. Cells were analyzed by flow cytometry.

Western blot
T cells were lysed in RIPA lysis buffer, and protein concentrations were
determined via a BCA assay (EpiZyme, Cat# ZJ101). SDS‒PAGE-sepa-
rated proteins were transferred to a polyvinylidene difluoride mem-
brane (Millipore) via the wet transfer method. Membranes were
incubated with antibodies against H3K9ac, H3K27ac, p-PI3K (p85
(Tyr458)/p55 (Tyr199), p-AKT (Ser473), p-S6 (S235/236), p-mTOR
(Ser2448), mTOR, Raptor, TIGIT, IKKα, IKKβ, p-IκBα (Ser32), IκBα,
p-p65 (Ser536), p65, ZAP70, p-ZAP70, LCK, p-LCK, β-actin, ACSS1,
ACSS2, ACLY, p-CD226, and histone H3 at 4 °C overnight. The primary
antibodies used were identified with horseradish peroxidase-labeled
anti-rabbit or anti-mouse secondary antibodies. Signals were visua-
lizedwith a Chemilucent™ PlusWestern Blot Enhancing Kit (Millipore).
Details of all the antibodies used in the western blot are shown in
Supplementary Table 4. Source data are provided as a Source Data file.

Calcium flux
To detect intracellular calcium flux, purified Tight+/+ or Tight−/− naive
CD4+ T cells (2 × 106 cells/ml) were labeled with Fluo-3 AM (5μM,
Solarbio, Cat# F8840) at 37 °C for 30min and monitored by flow
cytometry (LSR Fortessa, BD Bioscience). Following washing with Ca2+-
free buffer, cells were incubated at room temperature (RT) to allow
sufficient cleavage of AM esters, thereby rendering the probe
impermeable to the cells. The cells were subsequently incubated with
an anti-CD3-biotin antibody (10μg/ml, Biolegend, Cat# 100303) at RT
for 20min, washed, and resuspended in 1× PBS. Streptavidin (1μg/ml,
Sigma, Cat# S4762)was added to induce crosslinking andTCR signaling
during the monitoring of calcium influx by flow cytometry. To quantify
Ca²+ flux in CD4+ T cells, FlowJo software (BD Biosciences) was used to
calculate the area under the curve (AUC) of each calcium flux plot. Each
plotwas divided into 19 regions, with the first four representing the pre-
crosslinker baseline. The mean AUC of these regions was subtracted
from the remaining regions to account for background fluorescence.
Region 5, corresponding to the tube removal gap, was excluded.

Glucose uptake
Glucose uptakewas evaluated and analyzed by the fluorescent glucose
analog 2-NBDG (Thermo Fisher Scientific, Cat# N13195). Briefly, CD4+

T cells were cultured in glucose-free RPMI 1640 medium containing
20μM2-NBDG at 37 °C for 30min. The amount of 2-NBDG uptake was
analyzed by flow cytometry.

Lipid uptake and lipid content
To assess lipid uptake by T cells, T cells were incubated with medium
(1% FBS) containing the fluorescent fatty acid analog Bodipy500/510
(1μM, Thermo Fisher Scientific, Cat# D3793) at 37 °C for 30min. To
measure lipid content in T cells, cells were stained with Bodipy 493/503

(2μM, Thermo Fisher Scientific, Cat# D3922) probes at RT for 25min.
Cells were then collected and analyzed by flow cytometry.

Seahorse assay
OCR and ECAR were assessed using the Cell Mito Stress Test Kit and
Glycolysis Stress Test Kit, as previously described (Agilent, Cat#
103015-100, 103020-100)71,72. CD4+ T cells were plated at 2 × 105 cells
per well in a Seahorse XF96 plate (Agilent) and attached using Cell-Tak
(Corning, Cat# 354240). To measure mitochondrial respiration, CD4+

T cells were sequentially treated with oligomycin (1.5μM), carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (1.5μM), and rotenone/
antimycinA (R/A, 1.0μM).Tomeasure glycolytic activity, the cells were
subsequently treated with glucose (10mM), oligomycin (1μM), and
2-DG (50mM). Results were collectedwithWave software version 2.6.1
(Agilent Technologies).

Stable isotope labeling and metabolomics
Stable isotope labeling (SIL) experiments were performed with in
vitro-activated T cells via GC/MS or LC/MS74. Briefly, CD4+ T cells
were activated with anti-CD3/CD28 beads in RPMI containing 2 g/L
12C-glucose for 3 d. T cells were then collected and labeled in mod-
ified RPMI 1640 containing 2 g/L [13C6]-glucose (MCE, Cat# HY-
B0389A) for 24 h. For GC‒MS, cells were plated at 2 × 106 cells/well
in 24-well plates. For LC‒MS, cells were plated at 1 × 107 cells/well in
six-well plates.

For metabolic profiling of mouse CD4+ T cells, GC/MS was per-
formed as previously described74. In brief, metabolites were extracted
using 500μl of ice-cold HPLC-grade 80% methanol and vortexed
briefly, followed by the addition of 200μl of HPLC-grade water and
then 500μl of HPLC-grade chloroform. Themixture was vortexed and
centrifuged to achieve phase separation. The supernatants were
dried by vacuum spin for subsequent derivatization. The remaining
mixture was then incubated with 2% (wt/vol) methoxyamine
hydrochloride in pyridine at 37 °C for 60min and silylated with N-
methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide with 1% tert-
butyldimethylchlorosilane at 45 °C for 30min. The [13C6]-glucose
derivativeswere analyzed using a Thermo 1310 systemcoupledwith an
ISQ QD mass spectrometer. Data processing was performed using
Trace Finder 3.2 software and MATLAB-based INCA software. The
target compounds were qualitatively analyzed by selecting char-
acteristic m/z ions and quantitatively analyzed using valine as internal
standards for polar metabolites.

Fig. 8 | TIGIT controls muscle inflammation by regulating Th1 and Th17 cell
differentiation epigenetically in EAM. a Naive CD4+ T cells from Tigit+/+ or Tigit−/−

mice were adoptively transferred into Rag1−/− mice. EAM was induced as shown in
Fig. 2 and treatedwith C646 (10mg/kg/d) or vehicle.b–f T-bet, RORγt, IFNγ, and IL-
17A expression in CD4+ T cells from the spleens of Tigit+/+ or Tigit−/− mice was
measured by flow cytometry. g, h FoxP3 expression in CD4+ T cells was measured
by flow cytometry. i NCG mice were immune reconstituted with PBMCs from five
independent HCor PM patients. Four weeks later, themice were treated with C646
(10mg/kg/d) for 2 weeks. jMuscle strength of mice that received HC or PM PBMCs
treated with vehicle or C646. k HE staining and histological score of muscle

(quadriceps) sections from mice that received HC or PM PBMCs treated with
vehicle or C646. Original magnification: ×100. l, m Image showing spleen size in
mice that received HC or PM PBMCs treated with vehicle or C646. Spleen weight
index was calculated by dividing spleen weight (mg) by body weight (g). n, o IFNγ
and IL-17A expression in CD4+ T cells from the spleen was measured by flow
cytometry. c, d, f, h n = four biologically independent replicates. j, k, m, n n = five
biologically independent replicates fromfive individualmiceper group.All data are
mean ± SEM. Statistics were done by one-way ANOVA followed by adjustments for
multiple comparisons.
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For metabolic profiling of human CD4+ T cells, LC/MS was per-
formed as previously described74. In brief, 400μl of ice-cold HPLC-
grade 80% methanol was added to each tube containing the cell
samples, and the cellswere sonicated. The tubeswere then centrifuged
at 18,000× g at 4 °C for 15min. The supernatant was collected and
concentrated by centrifugation. The residues were redissolved in

100μl of ice-cold HPLC-grade 80% methanol and then analyzed by
ultrahigh-pressure LC–triple quadrupole mass spectrometer
(UPLC–TQMS). The raw data from UPLC–TQMS were analyzed using
Waters’ MassLynx software (v4.1, Waters) for peak extraction, inte-
gration, identification, and quantification of the metabolites. R lan-
guage (v4.1.1) was used for subsequent statistical analysis.
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Detection of subcellular acetyl-CoA
Acetyl-CoA concentrations in the subcellular fractions were deter-
mined via an acetyl-CoA assay kit (Solarbio, Cat# BC0980). Briefly,
5 × 106 CD4+ T cells were harvested in 200μl of extraction buffer
containing 0.25M sucrose, 20mM HEPES, 10mM KCl, 2mM MgCl2,
1mM EDTA, 1mM EGTA, and 1mM dithiothreitol. Samples were incu-
bated on ice for 30min, followed by homogenization with a Teflon-
glass homogenizer with 20–30 up-and-down passes of the pestle.
Nuclei and unbroken cellswere removed as pellets after centrifugation
at 800× g for 10min at 4 °C. The resulting supernatants were further
centrifuged at 10,000 × g for 15min at 4 °C to collect the cytosolic
fractions. The pellet obtained from this stepwaswashed oncewith ice-
cold PBS and then sonicated for 3 s at 200 watts 30 times, followed by
centrifugation at 13,000× g for 5min at 4 °C to collect the mitochon-
drial fractions. For the quantification of total cellular acetyl-CoA levels,
cells were sonicated and centrifuged at 8000× g at 4 °C for 10min.
Acetyl-CoA levels were quantified according to the manufacturer’s
instructions. The absorbance was recorded with a spectrophotometer
(Shimadzu) at 340 nm.

Plasmid construction
To rescue TIGIT expression in CD4+ T cells from PM patients, a TIGIT
overexpression plasmid was constructed by cloning the human TIGIT
(hTIGIT) gene into the pcDNA3.1 (+) plasmid. The mRNA isolated from
human PBMCs was reverse transcribed into complementary DNA
(cDNA) via reverse transcriptase. TIGIT was then amplified with the
following primers: forward primer (5’-cttggtaccgagctcggatccGCCAC-
CATGCGCTGGTGTctcctcc-3’) and reverse primer (5’-tgctggatatctgca-
gaattcCTAACCAGTCTCTGTGAAGAAGCTGC-3’), using 2× Phanta Flash
Master Mix (Vazyme Biotech, Cat#P510-01). After digestion with the
restriction endonucleases BamHI (Cat# JB101-01) and EcoRI (Cat#
JE201-01) (Both from TransGen Biotech), the pcDNA3.1-hTIGIT over-
expression plasmid was constructed via a MultiS One Step Cloning Kit
(Vazyme Biotech, Cat# C113-01) according to the manufacturer’s
instructions. Genetic components were confirmed by
sequencing (BGI).

Real-time PCR
Real-time PCR (qPCR) was performed to measure mRNA expression.
Briefly, total mRNA was extracted via TRIzol (Invitrogen, Cat#
15596018). Complementary DNA was synthesized with a reverse tran-
scription kit (Accurate Biotechnology, Cat# AG11706). The protocol
for SYBR Green (Accurate Biotechnology, Cat# AG11718)-based qPCR
was set at an initial denaturation of 30 s at 95 °C, followed by 40 cycles
of 5 s denaturation at 95 °C and 30 s annealing/extension at 60 °C. All
the target genes were relative to β-actin. All sequences of the primers
used in the study are listed in Supplementary Table 5.

ChIP‒qPCR
For ChIP followed by qPCR, CD4+ T cells were stimulatedwith anti-CD3/
CD28 beads for 3 d and restimulated with PMA (50ng/ml) and iono-
mycin (500ng/ml) for 3 h. The cells were fixed with 1% formaldehyde
(Macklin, Cat# F809702) at 37 °C for 10min. The reaction was then
quenched by incubationwith glycine (125mM) at RT for 5min. The cells
were washed with cold PBS containing 1mM PMSF three times, and the
nuclei were isolated in SDS lysis buffer from a ChIP Assay Kit (Beyotime
Biotechnology, Cat# P2078). After 10min of incubation on ice, the
nuclear lysates were sonicated via a Biorupter Plus Sonication system
(Diagenode) for 30 cycles at high power (20 s on, 20 s off). Histone‒
DNA complexes were isolated using polyclonal anti-mouse antibodies
against acetylated histone H3 lysine 9 (H3K9ac) and acetylated histone
H3 lysine 27 (H3K27ac). Briefly, protein A +G agarose/salmon sperm
DNA was used to preclear the whole-cell lysate at 4 °C for 30min. After
the 2% input sample was extracted, the samples were divided equally
and incubated with anti-H3K9ac (1:50, Cell Signaling Technology, Cat#
9649) and anti-H3K27ac antibodies (1:100, Cell Signaling Technology,
Cat# 8173) or control IgG (Millipore, Cat# 12-370) at 4 °C overnight with
slow rotation. ProteinA +Gagarose/salmon spermDNAwas then added
and incubated at 4 °C for 1 h. The beads were sequentially washed with
low-salt immune complex washing buffer, high-salt immune complex
washing buffer, LiCl immune complex washing buffer, and TE buffer
(twice) at 4 °Cwith rotation for 5mineach. TheDNA‒protein complexes
were eluted with elution buffer (1% SDS and 0.1M NaHCO3) and
decrosslinked by adding 0.2M NaCl and heating at 65 °C for 4 h. The
proteins were then digested with proteinase K at 45 °C for 1 h. The DNA
segments were purified with a DNA Purification Kit (Beyotime Bio-
technology, Cat# D0033) and used for qPCR. The primers used for
ChIP‒qPCR are listed in Supplementary Table 6. The results were nor-
malized to both the input and the isotype control.

Bulk RNA-seq
CD4+ T cells fromTigit−/−orTigit+/+micewere stimulatedwith anti-CD3/
CD28 beads for 3 d. RNA libraries were sequenced on a BGIseq500
platform (BGI) to generate paired-end 150-base reads. The reads were
aligned against the human reference genome (GRCh38) via HISAT2
(version 2.2.1). By using featureCounts (version 2.0.1), the read counts
of genes were further quantified. Genes with more than 10 reads in
total across all samples were adopted for further analysis. The Sva
package was used for the removal of batch effects by applying the
ComBat-seq function75. DEGsunder different conditionswereanalyzed
using DESeq2 (version 1.28.1) R package76 via a moderated t test of
Benjamini–Hochberg (BH) method. The cutoff values for significant
DEGs were set as adjusted p <0.01 and |log2 (fold change)|>0.05.
ClusterProfiler77 (version 4.1.0) R packagewasused to assign biological
functions, includingGO,KEGG,RPD, andWPsignalingpathways, to the

Fig. 9 | TIGIT dampens CD28 signaling in CD4+ T cells. a Scheme of TIGIT sig-
naling in CD4+ T cells. Red dashed lines: potential downstream targets of TIGIT
(Figure partially created in BioRender. Zhang, H. (2025) https://BioRender.com/
k12l31h).b Immunoblot analysisofp-CD226S329 in CD4+ T cells fromTigit−/−orTigit+/+

mice (upper) orCD4+ T cells fromHCandPMpatients (lower). Bands representative
of three independent experiments with similar results are shown. c CD4+ T cells
from Tigit−/− or Tigit+/+ mice were stimulated with OKT3 for the indicated times.
Immunoblot analyses of p-ZAP70Y319, p-LCKY505, ZAP70, and LCK in CD4+ T cells and
representative bands of three independent experiments with similar results.
d Immunoblot analysis of p-ZAP70Y319, p-LCKY505, ZAP70, and LCK inHCCD4+ T cells
treated with recombinant CD155-Fc or the IgG1 control. Representative bands of
three independent experiments with similar results. e Immunoblot analysis of the
expression of p-ZAP70Y319, p-LCKY505, ZAP70, and LCK in CD4+ T cells from HC and
PM patients. Representative bands of three independent experiments with similar
results. f Calcium influx into Tigit−/− or Tigit+/+ CD4+ T cells was recorded by flow
cytometry as stimulated with anti-CD3-biotin antibody (10μg/ml) followed by
crosslinking (arrow) with Streptavidin. The area under the curve (AUC) was

measured by flow cytometry. g, h Tigit−/− or Tigit+/+ CD4+ T cells were activated with
αCD3/CD28 for 3 d. Immunoblot analysis of p-PI3KP85, p-AKTS473, and p-S6S235/236 (g)
and p-mTOR, mTOR, and Raptor (h). Representative bands of three independent
experiments with similar results. i, j CD4+ T cells from Tigit−/− or Tigit+/+ mice were
labeled with CFSE and stimulated with anti-CD28 plus PMA in the presence of
BEZ235 (1μM), PI-103 (0.5μM), or vehicle for 3 d. The frequency of proliferated
cells was calculated viaflowcytometry anddata from four biologically independent
replicates. k–m Tigit−/− or Tigit+/+ CD4+ T cells were stimulated with anti-CD28 plus
PMA in the presence of BEZ235 (1μM), PI-103 (0.5μM), or vehicle for 48h. CD44
and CD69 expression in CD4+ T cells were measured by flow cytometry, and data
from five biologically independent replicates.n–sNaive CD4+ T cells from Tigit−/− or
Tigit+/+ mice were polarized under Th1 or Th17 conditions for 5 d. IFNγ, T-bet,
RORγt, and IL-17A expression inCD4+ T cellswasmeasured via flowcytometry. Data
fromfivebiologically independent replicates. All data are expressed asmean± SEM.
Statistics were done by one-way ANOVA in j, l, m, or two-way ANOVA in o, q, s.
Multiple comparisons were performed for adjustment.
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DEGs. GSEA78 was also applied to evaluate signaling pathways enriched
in different treatment groups. The normalized enrichment score (NES)
was used for the estimation of enrichment. The enriched signaling
pathway was set at the threshold of p value < 0.05. The RNA-seq data
were analyzed and visualized via R (version 4.0.5) and RStudio (inte-
grated development for R; RStudio).

Adoptive transfer
Naive CD4+ T cells were isolated from the spleens of Tigit−/− or Tigit+/+

mice as described above. Rag1−/− mice were used as recipients
and were injected with 2 × 106 naive mouse CD4+ T cells each
intravenously.
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Mouse experiments
The EAM model was established as described previously67. Briefly, 8-
week-old female Tigit−/− or Tigit+/+ mice or Rag1−/− mice reconstituted
with Tigit−/− or Tigit+/+ CD4+ T cells were injected with 500 ng pertussis
toxin (MCE, Cat# HY-112779) intraperitoneally. The mice were subse-
quently immunized with 100μl of 50% complete Freund’s adjuvant
(Sigma, Cat# F5881) containing 1mg of myosin (or with an equal
volume of PBS in the control group) bilaterally on the sides of the hind
foot pads, tail base, and flanks four times at 1-week intervals.

For TIGIT agonist studies, EAM mice were randomized into an
anti-TIGIT agonistic antibody group or an isotype control group. The
mice were treated with an anti-TIGIT antibody (10mg/kg, BioXcell,
Cat# BE0274) or amouse IgG1 isotype control (BioXcell, Cat# BE0083)
every 3 d via intraperitoneal injection after the second immunization
for 2 weeks. To study the role of histone acetylation in EAM, EAMmice
were randomized into the C646 or vehicle group. After the second
immunization, themicewere treatedwith C646 (10mg/kg) or an equal
volume of vehicle daily by intraperitoneal injection for 2 weeks.

Muscle strengths were assessed via an inverted screen test as
previously described10,79. The inverted screen consisted of a
43 × 43 cm² wire mesh, framed by a 4 cm deep wooden border. The
mesh was made up of 1mm diameter wires, with each square mea-
suring 12mm. To perform the test, the mouse was positioned in the
center of the grid, which was then gradually inverted and held 30 cm
above a cushioned surface. The time taken for the mouse to fall was
recorded. After treatment, the quadriceps muscles were collected for
HE staining, RNA-seq, and qPCR. The sizes of the spleens were eval-
uated, and the spleen weight index was calculated. Spleens were col-
lected for single-cell preparation and analyzed by flow cytometry.

Humanized mouse model
A humanized mouse model of PBMC-NCG chimera was generated as
previously described with modifications62. To establish a humanized
mousemodel ofmyositis, PBMCswere collected frompatients with PM
or HC. Eight-week-old female NCG mice were intravenously injected
with humanPBMCs (1 × 107/mouse) fromPMpatients orHC through the
tail vein. After 4 weeks, NCGmice were treated with C646 (10mg/kg/d)
or an equal volume of vehicle by intraperitoneal injection for 2 weeks.

Statistics
All the data are presented as the mean± SEM. Statistical analysis was
performed via Prism 9.0. Comparisons were assessed by two-tailed
unpaired Student’s t test within two groups. To compare data between
three or more groups, one-way, two-way ANOVA with or without repe-
ated measurements was performed, followed by multiple comparisons
post-test. p<0.05 was considered statistically significant in this study.
Statistical methods are indicated in the figure legends for each panel.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available in the article
and its Source Data, or from the corresponding authors upon request.
The raw sequencing (Bulk RNA-Seq) data generated in this study have

been deposited in Gene Expression Omnibus under accession codes
GSE274668 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) and
GSE275016 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). The
mass spectrometry raw data have been deposited in the iProX repo-
sitory under the series numbers PXD055328 (https://www.iprox.cn//
page/project.html?id=IPX0009539000) and PXD055329 (https://
www.iprox.cn//page/project.html?id=IPX0009540000). Source data
are provided with this paper.
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