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PDIA3 orchestrates effector T cell program
by serving as a chaperone to facilitate the
non-canonical nuclear import of STAT1 and PKM2
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Dysregulated T cell activation underpins the immunopa-
thology of rheumatoid arthritis (RA), yet the machineries
that orchestrate T cell effector program remain incompletely
understood. Herein, we leveraged bulk and single-cell RNA
sequencing data from RA patients and validated protein disul-
fide isomerase family A member 3 (PDIA3) as a potential ther-
apeutic target. PDIA3 is remarkably upregulated in pathogenic
CD4 T cells derived from RA patients and positively correlates
with C-reactive protein level and disease activity score 28. Phar-
macological inhibition or genetic ablation of PDIA3 alleviates
RA-associated articular pathology and autoimmune responses.
Mechanistically, T cell receptor signaling triggers intracellular
calcium flux to activate NFAT1, a process that is further poten-
tiated by Wnt5a under RA settings. Activated NFAT1 then
directly binds to the Pdia3 promoter to enhance the expression
of PDIA3, which complexes with STAT1 or PKM2 to facilitate
their nuclear import for transcribing T helper 1 (Th1) and
Th17 lineage-related genes, respectively. This non-canonical
regulatory mechanism likely occurs under pathological condi-
tions, as PDIA3 could only be highly induced following aber-
rant external stimuli. Together, our data support that targeting
PDIA3 is a vital strategy tomitigate autoimmune diseases, such
as RA, in clinical settings.

INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disorder char-
acterized by the synovium hyperplasia and joint destruction, which
affects approximately 1% of the population worldwide.1,2 Despite
the remarkable advancement in RA treatment, including the applica-
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tion of biologic agents (e.g., anti-tumor necrosis factor [TNF]-a) and
disease-modifying drugs (DMARDs) to mitigate disease progression;
approximately 20% of RA patients, however, fail to achieve satisfac-
tory remission.3–5 Furthermore, the current therapies are commonly
coupled with a heightened risk of infection, which limits their long-
term use.6 These facts warrant an urgent need for the clarification
of pathoetiologies underlying RA, which would enable the character-
ization of effective targets and the development of novel therapeutic
strategies in clinical settings.

Effector CD4 T cells (Teffs) are the major culprits responsible for RA-
related immune dysregulation; they secrete pro-inflammatory cyto-
kines and coordinate the function of cytotoxic CD8 T cells, B cells,
and myeloid cells.7,8 Naive CD4 T cells (Tn cells) skew into function-
ally distinct effector T cells, such as T helper 1 (Th1), Th2, and Th17,
s.
ne and Cell Therapy.
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https://doi.org/10.1016/j.ymthe.2024.05.038
mailto:tjhdongll@163.com
mailto:phil_sunfei@163.com
mailto:wangcy@tjh.tjmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2024.05.038&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


J

D

H

K

O

M

N

G

I

P

L

C

A B

E

F

(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 8 August 2024 2779

http://www.moleculartherapy.org


Molecular Therapy
and regulatory T (Treg) cells, once they are exposed to a microenvi-
ronment enriched in certain particular cytokines.9–11 Among the
diverse Teff subsets, Th1 and Th17 are found to be the two salient
components in RA pathogenesis.12,13 Th1 cells are a major source
of type 1 cytokines (interferon [IFN]-g, TNF-a, and IL-1b), while
Th17 cells produce large amounts of inflammatory mediators
including IL-17, IL-23, granulocyte macrophage colony stimulating
factor, and receptor activators of nuclear factor k-B ligand.14 Those
pro-arthritic factors collectively contribute to the hyperproliferation
of fibroblast-like synoviocytes (FLSs) and the excessive activation of
osteoclasts, leading to synovium swelling and bone erosion.15,16

Those findings rendered us to assume that some key modulators of
the Teff program could play a critical role in predisposing to RA initi-
ation and progression. To address this notion, we analyzed the bulk
and single-cell RNA sequencing (scRNA-seq) data derived from pe-
ripheral blood mononuclear cells (PBMCs) of RA patients and inter-
rogated the differentially expressed genes between naive and memory
T cells, by which the protein disulfide isomerase family A member 3
(PDIA3) was noted to be highly enriched in pathogenic T cells rele-
vant to RA severity.

PDIA3 was initially discovered as a stress-responsive molecule upre-
gulated upon glucose deprivation, and later re-recognized as a PDI
family member with redox regulation and chaperone activity.17 Endo-
plasmic reticulum (ER)-localized PDIA3 participates in the unfolded
protein response by regulating the correct folding and quality control
of newly synthesized glycoproteins through the interaction with
calnexin and calreticulin.18,19 Previously, we demonstrated that
SUMOylation of PDIA3 exacerbates proinsulin misfolding and ER
stress in islet b cells.20 However, a considerable proportion of
PDIA3 may escape ER retention and get access to other subcellular
compartments, where it exerts non-canonical biological func-
tions.21,22 PDIA3 could also be released into the circulation and func-
tion as a disease biomarker.23 Membrane-associated PDIA3 is an
alternative receptor for the active form of 1, 25-dihydroxyvitamin
D3 [1,25(OH)2D3], which mediates a rapid (seconds to minutes)
ignition of calcium peak.24 Additionally, cytoplasmic PDIA3 assists
in the assembly of the mammalian target of rapamycin C1 complex.25

Although the pathophysiological functions of PDIA3 have been
Figure 1. PDIA3 is upregulated in arthritogenic CD4 T cells and positively corre

(A) UMAP on PBMCs from an RA patient. Cell type annotations were labeled for each cl

cell; pDC, plasmacytoid dendritic cell. (B) Dot plot of key markers used to define the iden

size of the dot represents the percent expression. (C) Dot plot of hallmark genes in PDIA3

CD4 T cells stimulated with anti-CD3/CD28 antibodies at the indicated time points. (E) Q

analysis of PDIA3 expression in CD4 T cells from 8- to 10-week-old control and CIAmice

patients and healthy controls. (H) Quantification of PDIA3mRNA levels in CD4 T cells from

correlation between PDIA3mRNA expression levels in CD4 T cells from RA patients (n =

mice were cultured in the presence or absence of 5 mM TIZ in Th1- or Th17-skewed co

percentages of IFN-g+ Th1 (K, right) and IL-17A+ Th17 (L, right) cells. (M and N) PBMC

CD4+IFN-g+ (M) and CD4+IL-17A+ (N) T cells were then evaluated by flow cytometry. (O)

(n = 15), as well as in the RA synovial fluid (n = 9) measured by ELISA. HC-S, sera from h

The correlation betweenWnt5a expression levels in the serum and PDIA3 expression lev

images are representative of at least three independent experiments. Statistical signifi

Pearson’s correlation analysis was for (I), (J), and (P). *p < 0.05, **p < 0.01, ***p < 0.00
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investigated in several cell types, including neuronal cells, chondro-
cytes, and tumor cells,18,26,27 its immune regulatory roles in disease
settings are less appreciated.27,28 Previous studies suggested feasible
evidence that PDIA3 acts as an autoantigen involved in peptide-
loading onto major histocompatibility complex-I molecules in anti-
gen-presenting cells,28,29 while its impact on other immune compo-
nents remains largely unexplored.

In this study, we characterized that arthritogenic CD4 T cells were
featured by the marked upregulation of PDIA3, which was positively
correlated with RA severity. Depletion of Pdia3 in CD4 T cells or
administration of nitazoxanide (NTZ), an PDIA3 inhibitor approved
by the U.S. Food and Drug Administration, mitigated joint destruc-
tion and autoimmune responses in collagen-induced RAmice. More-
over, studies in co-cultured T cells and adoptively transferred T cells
revealed an intrinsic role for PDIA3 in boosting effector T cell pro-
gram. Mechanistically, T cell receptor (TCR) signaling and Wnt5a
stimulation converge on the calcium (Ca2+)-NFAT1 pathway, thereby
enhancing PDIA3 expression. PDIA3 then acts as a chaperone to
facilitate the nuclear import of STAT1 and PKM2, by which it confers
heightened Th1 and Th17 program. Together, our data support that
suppression of PDIA3 is likely to be a promising therapeutic strategy
against RA and other autoimmune diseases.

RESULTS
PDIA3displays enhanced expression in arthritogenicCD4T cells

and positively correlates with RA severity

We first analyzed the bulk RNA-seq (GSE118829) and scRNA-seq
(GSE159117) datasets of PBMCs derived from RA patients.30,31 Cells
were classified into 13 distinct clusters based on the differential
expression pattern of specific markers (Figures 1A and 1B) in dataset
GSE159117. Indeed, a marked discrepancy in terms of PDIA3 expres-
sion between Tn cells and effector memory CD4 T cells was unraveled
through analysis of bulk RNA-seq data (Figures S1A and S1B). More-
over, scRNA-seq also revealed a biologically notable difference
regarding the expression levels of PDIA3 between Tn (cluster 2)
and memory T cells (cluster 4), although the difference did not reach
a statistical significance due to the enormous heterogeneity brought
by the sequencing approach (Figure S1C). CD4 T cells were next
lates with RA severity

uster. DC, dendritic cell; MAIT, mucosal-associated invariant T cell; NK, natural killer

tified cell populations. The color of dot represents the average expression, while the
low and PDIA3highCD4 T cells. (D) Western blots showing PDIA3 expression inmurine

uantification of Pdia3mRNA in different T cell subsets by qRT-PCR. (F) Western blot

. (G) Representative western blot analysis of PDIA3 expression in CD4 T cells fromRA

healthy controls (HCs) (n = 21) versus those from RA patients (n = 43). (I and J) The

43) with CRP (I) and disease activity score 28 (DAS-28) (J). (K and L) Tn cells fromWT

nditions. Flow cytometry data for IFN-g (K, left) and IL-17A (L, left) staining, and the

s from RA patients were cultured in vitro for 48 h in the presence or absence of TIZ.

The concentration of Wnt5a in the serum from healthy individuals (n = 8), RA patients

ealthy controls; RA-S, sera from RA patients; RA-JF, joint fluid from RA patients. (P)

els in CD4 T cells from RA patients (n = 22). Data are expressed as mean ± SEM and

cance was calculated by unpaired Student’s t test. The correlation determined by

1. ns, not significant.
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stratified into PDIA3high and PDIA3low subgroups based on PDIA3
expressions. As compared with the PDIA3low subgroup, the
PDIA3high CD4 T cells were featured by the increased expression of
Th1 signature genes, such as TBX21, IFNG, TNF, CXCR3, CXCR6,
GBP2, and GBP3, along with higher levels of Th17 markers BCL6
and RORC (Figure 1C). To validate those findings, we determined
PDIA3 expression in murine Tn cells following TCR stimulation
and found a time-dependent upregulation of PDIA3 in TCR-stimu-
lated T cells (Figure 1D). Furthermore, Th1 and Th17 cells manifested
a preferential overexpression of Pdia3 as compared with that of Th2
cells, while Treg cells were characterized by the repressed Pdia3
expression as compared with that of Th0 cells (Figure 1E).

To further confirm the above data, we assessed PDIA3 expression
in CD4 T cells derived from collagen-induced arthritic (CIA) or
control mice. Indeed, CD4 T cells originating from CIA mice dis-
played significantly higher levels of PDIA3 expression (Figure 1F).
We next checked PDIA3 expression in human samples and found
that CD4 T cells from RA patients were characterized by increased
PDIA3 expression at both protein and mRNA levels as compared
with that of healthy controls (Figures 1G and 1H). Moreover,
PDIA3 expression in CD4 T cells was noted to be positively corre-
lated with both C-reactive protein (CRP) and disease activity score
28 (Figures 1I and 1J), the two indicative parameters for RA
severity.

The above results prompted us to check whether PDIA3 inhibition
modulates CD4 T cell polarization. To this end, tizoxanide (TIZ),
the active metabolite of NTZ, was employed for the in vitro study.32

Addition of TIZ significantly attenuated the polarization of Tn cells
toward Th1 and Th17 cells (Figures 1K and 1L). Moreover, treatment
of arthritogenic CD4 T cells from RA patients with TIZ markedly
decreased the proportion of IFN-g+ Th1 cells and IL-17A+ Th17 cells
(Figures 1M and 1N). These findings support that PDIA3 plays a crit-
ical role in the polarization of effector T cells and the maintenance of
their functionality.

Given that Wnt5a was found to be a pivotal inflammatory mediator
causing synovial destruction in RA patients,33,34 we further conducted
an ELISA to assess circulating and synovial Wnt5a levels and their
correlation with PDIA3 expression. As expected, serumWnt5a levels
were markedly higher than those of healthy controls, and the highest
Wnt5a levels were detected in the synovial fluid from RA patients
Figure 2. Pharmacological inhibition or genetic ablation of PDIA3 protects mic

(A) Clinical scores inWT and KOmice after collagen-induced arthritis. (B) Representative

and eosin (H&E) staining of the ankle section from the arthritic mice. (D–F) Plasma IFN-

induction. (G–I) Axillary lymph nodes fromWT and KO arthritic mice were harvested at th

g+ (Th1) (G), CD4+IL-17A+ (Th17) (H), and CD4+Foxp3+ (Treg) (I) subsets are shown as

administration. (K) Clinical scores in control and NTZ-treated mice after collagen-induce

induction. (M) H&E staining of ankle sections from the arthritic mice. (N–P) Plasma IFN-g

induction. (Q–S) Axillary lymph nodes from these arthritic mice were harvested and subj

17A+ (Th17) (R), and CD4+Foxp3+ (Treg) (S) subsets are shown as representative dot p

representative of at least three independent experiments. Statistical significance was c

significant.
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(Figure 1O). Intriguingly, a strong positive correlation was character-
ized between PDIA3 expression in CD4 T cells and circulatingWnt5a
levels in RA patients (Figure 1P). These results suggest that PDIA3
can be combined with Wnt5a to serve as biomarkers for RA
progression.

Ablation of PDIA3 hampers RA progression by restraining Teff

program

Based on the above observations, CD4 T cell-specific Pdia3
knockout (KO) mice, in which the CD4Cre mice were backcrossed
with the Pdia3flox mice to produce the CD4CrePdia3flox/flox mice
(defined as KO thereafter), were generated.35 The KO mice and their
control littermates were next subjected to collagen immunization for
RA induction. The development of arthritis, as assessed by hind paw
swelling, was monitored for 3 weeks. We observed decreased clinical
scores and decreased edema of the hind paws in KO mice
(Figures 2A and 2B). Histological staining confirmed lower inflam-
matory damage in the joints of KO mice (Figure 2C). Consistently,
the circulating IFN-g, IL-17A, and TNF-a levels were markedly
decreased in KO mice as compared with control mice
(Figures 2D–2F). The KO mice were characterized by the reduced
IFN-g-producing Th1 cells, lower IL-17A-producing Th17 cells,
and increased CD4+CD25+Foxp3+ Treg cells as compared with the
control littermates (Figures 2G–2I).

To further test whether inhibition of PDIA3 attenuates RA pro-
gression in CIA mice, the mice were treated with NTZ by intragas-
trical administration every 3 days for four times beginning from
day 22 right after the second collagen challenge (Figure 2J). Lower
disease severity scores along with relieved hind paw swelling were
found in the treatment group (Figures 2K and 2L). Histological ex-
amination showed mitigated damage of joint synovium in NTZ-
treated mice (Figure 2M). Furthermore, we examined pro-inflam-
matory cytokines in the serum of RA mice and found that the
treatment group had significantly lower levels of IFN-g, IL-17A,
and TNF-a (Figures 2N–2P). Given the central role of CD4
T cells in RA pathogenesis, we checked T cell profiles in the axil-
lary lymph nodes and detected reduced IFN-g-producing Th1 and
IL-17A-producing Th17 cells, coupled with increased Foxp3+ Treg
cells in NTZ-treated mice (Figures 2Q–2S). Collectively, these find-
ings support that pharmacological inhibition or genetic ablation of
PDIA3 defers RA progression by impairing the Th1 and Th17
program.
e against collagen-induced arthritis

picture of the ankle ofWT and KOmice at day 42 after CIA induction. (C) Hematoxylin

g (D), IL-17A (E), and TNF-a (F) levels in WT and KO arthritic mice 42 days after CIA

e same time and subjected to flow cytometry analysis. The frequencies of CD4+IFN-

representative dot plot graphs. (J) The scheme for the RA mouse model with NTZ

d arthritis. (L) Representative picture of the ankle of the arthritic mice day 42 after CIA

(N), IL-17A (O), and TNF-a (P) levels in WT and KO arthritic mice on 42 days after CIA

ected to flow cytometry analysis. The frequencies of CD4+IFN-g+ (Th1) (Q), CD4+IL-

lot graphs. Data are expressed as mean ± SEM (n = 5 per group) and images are

alculated by unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not
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Pdia3 deficiency intrinsically impairs Th1 and Th17 program

Next, we investigated how PDIA3 affects the functionality of CD4
T cells. Of note, no discernible phenotypic alterations in terms of
common immunological parameters were observed in KO mice un-
der physiological conditions. Specifically, the sizes of the thymus,
spleen, and lymph nodes were comparable between the KO and con-
trol mice (Figure 3A).We then examined CD4 T cell proliferation and
apoptosis, the two biological processes essential for T cell survival. Tn
cells were traced by carboxy-fluorescein succinimidyl amino ester
(CFSE) labeling or stained with Ki67 to check their proliferative capa-
bility. There was no difference in terms of proliferation between the
KO and control CD4 T cells (Figures 3B and 3C). PDIA3 also failed
to show a perceptible impact on the apoptosis level of CD4 T cells, as
evidenced by a comparable percentage of live cells between the KO
and control cells (Figure 3D). Similarly, no discernable difference
was observed for the number and subsets of splenic CD4 T cells
(Figures S2A, S2B, and S2D–S2F), as well as their activation status
(Figure S2C). Those data suggest that PDIA3 might specifically regu-
late the Teff program upon polarizing stimulation or pathological
insults.

To address the above issue, CD4 T cells were subjected to anti-CD3/
CD28 stimulation in the presence of IL-2 (Th0 condition) for 48 h fol-
lowed by flow cytometry and immunoblotting analysis. Pdia3 defi-
ciency significantly attenuated the production of IFN-g and IL-17A
(Figures 3E and 3F). Interestingly, we noted a marked decrease in the
uptake of the glucose analog 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl) amino)-2-deoxyglucose (2-NBDG), along with reduced expression
of GLUT1 and key glycolytic enzymes in PDIA3-deficient CD4
T cells (Figures S3A and S3C). In contrast, the absence of PDIA3 did
not affect the uptake of fluorescently labelled palmitate (C16
BODIPY), aswell as the expression levels of CD36 andCPT1a, suggest-
ing a relatively limited impact on lipid metabolism (Figures S3B and
S3C). Next, Tn cells were cultured under Th1 and Th17 conditions,
and we noticed that Pdia3 deficiency substantially impaired Th1 and
Th17 differentiation (Figures 3G and 3H). To dissect whether PDIA3
intrinsically impairs the CD4 T cell polarization, cell-trace violet-
labeled KO (CD45.2) and CFSE-labeled wild-type (WT, CD45.1) Tn
cells were mixed at a 1:1 ratio and then co-cultured under either Th1
or Th17 condition for 2–3 days (Figure 3I). Similar to the above find-
ings, noperceptible differencewasnoted incell proliferation (Figure 3J),
yet the Pdia3-deficient CD4 T cells had an impaired capability to skew
into Th1 and Th17 program, respectively (Figures 3K and 3L).

Next, Rag1�/� mice were employed to further explore the impact of
PDIA3 on Th1 and Th17 program, as Rag1�/� mice lack functional
Figure 3. Pdia3 deficiency intrinsically impairs Th1 and Th17 program

(A) Representative pictures of the thymus, mesenteric lymph nodes (mLN), and spleen fr

KOmice aged 10weeks were activatedwith plate-coated anti-CD3/CD28 (10 mg/mL) an

Ki67 staining (B) and CFSE assay (C). (D) Apoptosis of T cells was determined by Anne

activated CD4 T cells. (G and H) Tn cells purified fromWT and KOmice were cultured und

Th17 (H) cell frequencies. (I) The scheme for the co-culture experiments. (J) The percenta

(K and L) The percentage of IFN-g-producing Th1 cells (K) and IL-17A-producing Th17
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T and B cells but are susceptible to colitis once they are adoptively
transferred functional CD4 T cells.36,37 CD4 T cells from WT or
KO mice were transferred into Rag1�/� recipients via tail vein injec-
tion (Figure 4A). The mice receiving KO cells displayed an improved
body weight loss as compared with those mice transferred with WT
cells (Figure 4B). Consistently, the KO cell recipients exhibited a
reduced colon shortening and less pronounced destruction of intesti-
nal villi than WT cell recipients (Figures 4C and 4D). Although both
groups of mice displayed a comparable total number of CD4 T cells
(Figure 4E), decreased proportions of Th1 and Th17 cells along
with elevated Treg cells, however, were noted in the mesenteric lymph
nodes of mice transferred with KO cells (Figures 4F–4H). In consid-
eration of the indispensability of antigen-specific CD4 T cells in adap-
tive immune responses, we then inoculated KO mice and their litter-
mate controls with ovalbumin (OVA)-conjugated Candida albicans
(Figure 4I). In this infectious model, a plunge in I-Ab-restricted
OVA-specific (tetramer+) CD4 T cells was found in the KOmice (Fig-
ure 4J). In particular, the KO mice exhibited a steep decrease in the
productivity of OVA-reactive IFN-g+ Th1 and IL-17A+ Th17 cells
(Figures 4K and 4L). Together, these findings provide convincing ev-
idence that PDIA3 intrinsically coordinates Th1 and Th17 effector
programs.
The TCR/Wnt5a-Ca2+-NFAT1axis promotes PDIA3 expression in

CD4 T cells

We next sought to figure out the upstream pathways that regulate
PDIA3 expression in CD4 T cells, especially under the setting of
RA. Bioinformatic analysis of the Pdia3 promoter sequence identified
a putative NFAT1 binding motif (�617 to �611, start codon as +1)
(Figure 5A). Next, chromatin immunoprecipitation (ChIP) was con-
ducted to enrich NFAT1-bound DNA fragments, and primers flank-
ing the potential NFAT1-binding site on Pdia3 promoter were uti-
lized for PCR analysis. The ChIP-PCR results unequivocally
verified the binding of NFAT1 onto the Pdia3 promoter (Figure 5B).
To further corroborate the above finding, a WT luciferase reporter
plasmid containing the Pdia3 promoter and a mutant plasmid
(MUT) harboring the NFAT1 binding motif-depleted Pdia3 pro-
moter were constructed. Luciferase reporter assays revealed that cells
co-transfected with NFAT1 and MUT Pdia3 exhibited much lower
luciferase signal as compared with those co-transfected with
NFAT1 and WT counterparts (Figure 5C), supporting the role of
NFAT1 as an upstream transcription factor of Pdia3. Moreover,
RA-derived CD4 T cells were featured by the increased NFAT1
expression, which manifested a robust positive correlation with
PDIA3 expression (Figures S4A and S4B). There is evidence that
om 8- to 12-week-old WT and KOmice. (B–F) Splenic Tn cells isolated fromWT and

tibodies for 72 h. (B andC) The percentage of proliferated CD4 T cells was defined by

xin V/PI staining. (E and F) Expression of IFN-g (E) and IL-17A (F) was examined in

er Th1- or Th17-polarized conditions in vitro. Flow cytometry analysis of Th1 (G) and

ge of proliferated CD4 T cells was defined by CFSE or cell-trace violet (CTV) staining.

cells (L) after co-culturing. The experiments were repeated at least three times.
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NFAT1 also transduces signaling elicited by environmental cues and
Wnt ligands,38 other than acting as a mediator of TCR signaling.
Given that Wnt5a was found to be enriched in the joint fluid of RA
patients (Figure 1O), and the circulating Wnt5a was positively corre-
lated with PDIA3 levels (Figure 1P), we thus reasoned that Wnt5a
synergizes with TCR signaling to promote PDIA3 expression in
CD4 T cells. Indeed, Tn cells exhibited a heightened propensity to
differentiate into Th1 and Th17 cells upon treatment with exoge-
nously supplemented Wnt5a (Figures 5D and 5E). However, such
augmenting effects were substantially abrogated following the KO
of Pdia3 (Figures 5D and 5E). In addition, the expression level of
PDIA3 and nuclear accumulation of NFAT1 in CD4 T cells were
both enhanced by Wnt5a treatment in a dose-dependent manner
(Figure 5F).

As Ca2+ flux is an important intermediate of both TCR and Wnt5a
signaling, while b-catenin also mediates the classical pathway down-
stream of Wnt5a, inhibitors for each of the pathways, were, there-
fore, employed to address how TCR signaling synergizes with
Wnt5a to drive PDIA3 expression (Figure 5G).39–41 In line with
our expectation, administration of NFAT1 inhibitor (iNFAT1)
attenuated Wnt5a-induced NFAT1 expression and its nuclear accu-
mulation along with decreased PDIA3 expression (Figure 5H).
Consistently, iNFAT1 potently repressed Wnt5a-potentiated IFN-
g and IL-17A production (Figures 5I–5L). Moreover, flow cytome-
try analysis uncovered elevated Ca2+ flux in the presence of TCR
stimulation alone or in combination with recombinant Wnt5a as
determined by Fluo-4 and RhoD-2 staining (Figures 5M and 5N).
Once Ca2+ was chelated by EDTA, CD4 T cells expressed much
lower levels of NFAT1 and PDIA3 with or without Wnt5a treat-
ment, and NFAT1 nuclear translocation was almost completely
abolished (Figure 5O). Importantly, the addition of MSAB, a b-cat-
enin inhibitor, did not result in a perceptible impact on NFAT1 and
PDIA3 expression following TCR and Wnt5a stimulation (Fig-
ure 5P). Altogether, the enhanced PDIA3 expression under RA set-
tings can be ascribed to the synergistic effect of TCR and Wnt5a
stimulation, which collectively activates the Ca2+-NFAT1 signaling
pathway.

PDIA3 interacts with STAT1 in Th1 cells and PKM2 in Th17 cells

To dissect the mechanisms by which PDIA3 regulates Th1
response, WT and KO Tn cells were skewed to Th1 condition
and then subjected to RNA deep sequencing. Comparative analysis
identified a total of 7,353 differentially expressed genes, among
which 3,374 were upregulated and 3,979 were downregulated in
Figure 4. Pdia3-deficient CD4 T cells are comprised in Th1 and Th17 program

(A) The scheme for the adoptive transfer experiments. (B) The percentage of body weight

9 after adoptive transfer and quantitative analysis of colon length. (D) Hematoxylin and

nodes fromWT and KO colitic mice were harvested and subjected to flow cytometry ana

CD4+Foxp3+ (Treg) (H) subsets are shown as representative dot plot graphs. (I) The sch

KOmice were analyzed by flow cytometry. Frequencies of CD4+ I-Ab OVA323-339 Tetra

shown as representative dot plot graphs. Data are expressed as mean ± SEM. Statisti

***p < 0.001, ****p < 0.0001. ns, not significant.
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KO cells (Figure 6A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses revealed that Th1 cell differ-
entiation ranked among the top pathways of the differentially ex-
pressed genes (Figure 6B), and some of the signature genes were
shown in the heatmap (Figure 6C), confirming the essential role
of PDIA3 in Th1 polarization. Intriguingly, the TNF signaling
pathway, a key pathway involved in the pathogenesis of RA, was
also highly enriched (Figure 6B), and flow cytometry analysis
confirmed that the Pdia3-deficient Th1 cells produced less TNF-
a (Figure 6D). To identify the Th1 program related protein(s)
acting downstream of PDIA3, we constructed a His-PDIA3 fusion
protein to pulldown the interacting protein(s) in Th1 cells. A total
of 274 targets were detected by mass spectrometry analysis. Among
these captured prey proteins, STAT1, a critical transcription factor
in Th1 differentiation, ranked among the top hits (Figure 6E).42

We performed molecular docking with Autodock to detect the po-
tential interaction between PDIA3 and STAT1. There were multi-
ple groups of residues adopted to form stable hydrogen bonds be-
tween them (Figure 6F), indicating the possible binding between
the two proteins. Indeed, western blot analysis of co-immunopre-
cipitated products verified the interaction between PDIA3 and
STAT1 (Figure 6G).

Similarly, to dissect the mechanisms underlying PDIA3-mediated
regulation of Th17 response, Th17-polarized WT and KO cells
were harvested for RNA deep sequencing. A total of 980 differentially
expressed genes were identified, with 180 and 800 mRNAs upregu-
lated and downregulated in KO cells, respectively (Figure 6H).
KEGG pathway enrichment analysis revealed that Th17 differentia-
tion was the top-ranked pathway (Figure 6I). This was corroborated
by the downregulation of hallmark genes related to the Th17 program
in Pdia3-deficient cells (Figure 6J). Strikingly, the TNF signaling
pathway was also identified in Th17 cells (Figure 6I), and flow cytom-
etry analysis confirmed that the KO-derived Th17 cells produced less
TNF-a (Figure 6K). These results provide transcriptomic evidence
supporting the role of PDIA3 in Th17 program. Pulldown assays
were then conducted in Th17 cells, and the resulting products were
analyzed by mass spectrometry. PKM2, an essential regulator for
Th17 differentiation, was identified as the most significant one (Fig-
ure 6L). Molecular docking results indicated a potential interaction
between PKM2 and PDIA3 (Figure 6M), which was further corrobo-
rated by co-immunoprecipitation (Co-IP) assays (Figure 6N). Taken
together, these results indicate that PDIA3 regulates Th1 and Th17
effector program, likely through interacting with STAT1 and
PKM2, respectively.
in vivo

change of WT and KOCD4 T cell recipients. (C) Representative colon images at day

eosin (H&E) staining of representative distal colon sections. (E–H) Mesenteric lymph

lysis. Frequencies of CD4+ T(E), CD4+IFN-g+ (Th1) (F), CD4+IL-17A+ (Th17) (G), and

eme for C. albicans infection mouse model. (J–L) Splenocytes from infected WT and

mer+ CD4 T cells (J), CD4+ IFN-g+ Th1 (K), and CD4+ IL-17A+ Th17 (L) subsets were

cal significance was calculated by unpaired Student’s t test. *p < 0.05, **p < 0.01,
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PDIA3 serves as a chaperone to facilitate STAT1 and PKM2

nuclear import

PDIA3 is considered to primarily localize in the ER in various
cell types, however, confocal microscopy of CD4 T cells demonstrated
that PDIA3 predominantly resides in the nucleus and its presence
increased over time following TCR stimulation (Figure 7A), suggest-
ing a non-canonical role of PDIA3 in T cell function. Indeed, a
nuclear localization signal (NLS) was predicted through the
NLS_Mapper (https://nls-mapper.iab.keio.ac.jp/cgibin/NLS_Mapper_
form.cgi), which is highly conserved across different species (Fig-
ure 7B). These observations prompted us to assume that PDIA3
carries its interacting partners for nuclear shuttling during the course
of effector T cell polarization. To address this assumption, a Pdia3
mutant (PDIA3-MUT) was first employed for the study, in which
lysine residues within the NLS region at position 493–500 were
deleted (Figure 7C), as lysine residues are crucial for the nuclear
import signals and their alterations would trap proteins within the
cytoplasmic compartment.43 Indeed, the transduction of naive
Pdia3-deficient CD4 T cells with retroviruses carrying PDIA3-WT
constructs markedly promoted Th1 and Th17 program (Fig-
ures 7D–7G). In sharp contrast, the PDIA3-MUT-transduced naive
Pdia3-deficient CD4 T cells were characterized by the significantly
attenuated Th1 and Th17 program (Figures 7D–7G). These results
support that PDIA3 regulates effector T cell program dependent on
its nuclear localization.

To further address that PDIA3 mainly forms a cargo for STAT1 and
PKM2 nuclear import, we first checked whether PDIA3 impacts their
polymerization. The patterns of monomeric and dimeric STAT1 or
monomeric, dimeric, and tetrameric PKM2 were identical between
the PDIA3-null and WT CD4 T cells (Figures 7H and 7I), indicating
that PDIA3 does not affect the formation of STAT1 or PKM2 poly-
mers. Immunoblotting was next conducted to check their phosphor-
ylation states. It was noted that Pdia3-deficient Th1 cells were man-
ifested by the reduced phosphorylated STAT1 in the nucleus
(Figure 7J). Unlike STAT1, PKM2 is upstream of STAT3 signaling
in the Th17 program,44 but similar to STAT1 phosphorylation,
Pdia3-deficient Th17 cells were featured by the decreased phosphor-
ylation of both PKM2 and STAT3 in the nucleus (Figure 7K). Those
observations rendered us to postulate that PDIA3 selectively binds to
the activated (phosphorylated) STAT1 and PKM2 without affinity to
the inactive form of STAT1 and PKM2. In contrast with our assump-
tion, PDIA3 not only interacted with the constitutively active form of
STAT1 (STAT1-Y701D) and PKM2 (PKM2-Y105D), but also with
their inactive counterparts (Figures S5A and S5B).
Figure 5. PDIA3 is upregulated in CD4 T cells via the TCR/Wnt5a-Ca2+-NFAT1

(A) The putative binding site in the Pdia3 promoter region for NFAT1 was predicted with a

activity to thePdia3 promoter. (C) Luciferase reporter assays for thePdia3 promoter cond

and Th17(E) cells in the presence of recombinant Wnt5a. (F) The expression of NFAT1 an

the indicated concentrations. (G) The scheme to validate the upstream pathway of PDIA

presence of recombinant Wnt5a and/or iNFAT1. (I–L) Tn cells from WT mice were skew

iNFAT1. (M andN) Flow cytometry analysis of calcium ions by detecting Fluo-4 (M) and Rh

recombinant Wnt5a and/or EDTA. (P) The protein levels of NFAT1 and PDIA3 in the pr
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The next key question is whether PDIA3 facilitates the nuclear import
of STAT1 and PKM2. We first confirmed that PDIA3 lost nuclear
localization once its NLS was disrupted (Figures 7L and 7M). Phos-
phorylation-active STAT1 and PKM2 were barely detectable in the
nucleus of cells co-transduced with PDIA3-MUT as compared with
those co-transduced with PDIA3-WT (Figures 7L and 7M). Of
note, the inactive form of STAT1 (STAT1-Y701F) and PKM2
(PKM2-Y105F) were also detected in the nucleus (Figures S5C and
S5D), implying that PDIA3 also facilitates the nuclear import of
non-phosphorylated STAT1 or PKM2. However, only ectopic expres-
sion of the active form of STAT1 (STAT1-Y701D) rescued the Th1
program in Pdia3-deficient CD4 T cells, but not the inactive form
of STAT1 (STAT1-Y701F) (Figure 7N); similar results of PKM2
were observed in Th17 program in Pdia3KOCD4 T cells (Figure 7O).

Finally, we sought to address whether NTZ represses PDIA3 activity
by inhibiting its nuclear translocation. For this purpose, TIZ, the
active metabolite of NTZ, was used for the study. It was interestingly
noted that TIZ not only repressed PDIA3 nuclear translocation
(Figures S6A and S6B) but also significantly reduced nuclear accumu-
lation of STAT1 (Figure S6A) and PKM2 (Figure S6B). Co-IP assays
further demonstrated that TIZ disrupted the interaction between
PDIA3 and STAT1 (Figure S6C) or PKM2 (Figure S6D). Those re-
sults support that NTZ could be a viable therapeutic drug for the
treatment of RA in clinical settings. Overall, our data pinpointed
PDIA3 as a chaperone to facilitate the nuclear import of STAT1
and PKM2, thereby regulating Th1 and Th17 programs. However,
the phosphorylation of STAT1 and PKM2, induced by cytokine stim-
ulation, serves as a prerequisite for the optimization of the PDIA3 reg-
ulatory effect. Such a two-layered modulatory mechanism might be
evolutionarily important to prevent excessive T cell activation and
explains why PDIA3 expresses at a low level in naive T cells, but ex-
hibits a time-dependent increase upon sustained TCR stimulation
(Figure 1D).

DISCUSSION
RA is a prototypical autoimmune disease, in which multiple hemato-
poietic and non-hematopoietic cell types are engaged at different dis-
ease stages. The etiology and pathogenesis of RA remain largely un-
known but are suggested to rely heavily on the interplay between
FLS and immune cells. Immune-derived cytokines activate FLS,
which in turn produce metalloproteinases and inflammatory media-
tors to damage bone and cartilage.45,46 At the same time, FLS further
activates immune cells, especially macrophages and T cells, to exacer-
bate autoimmune responses. Such a vicious crosstalk explains at least
axis

relative profile score threshold of 80%. (B) ChIP-PCR analysis of the NFAT1 binding

ucted in HEK 293T cells. (D and E) Tn cells fromWT and KOmice polarized to Th1(D)

d PDIA3 wasmeasured by immunoblotting in the presence of recombinant Wnt5a at

3. (H) The expression of NFAT1 and PDIA3 detected by Western blot analysis in the

ed to Th1 (I and J) and Th17 (K and L) in the presence of recombinant Wnt5a and/or

od-2 (N). (O)Western blot results of NFAT1 and PDIA3 expression in the presence of

esence of recombinant Wnt5a and/or MSAB.

https://nls-mapper.iab.keio.ac.jp/cgibin/NLS_Mapper_form.cgi
https://nls-mapper.iab.keio.ac.jp/cgibin/NLS_Mapper_form.cgi
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in part the limited therapeutic effect of strategies that are solely based
on immunosuppressants or biological agents. For example, TNF-a
has been considered the major culprit in RA pathogenesis, yet anti-
TNF-a therapy fails to cure RA, although it can improve the related
symptoms in clinical settings. Worse still, long-term use of existing
immunotherapies bears the risk of infection and/or tumor develop-
ment.47 The dysregulation of immune responses, particularly the
aberrant activation of Th1 and Th17 cells, plays a critical role in
RA initiation and progression. As such, drugs targeting Th1/Th17
cells have shown great translational value in randomized clinical tri-
als.8,48–53 It is, therefore, imperative to investigate the primary path-
ological prompts in the breakdown of immune homeostasis to
advance RA therapy. Thus, in the current study, we scrutinized
bulk and single-cell RNA-seq data from RA patients and discovered
PDIA3 to be a promising target.

NFAT has been recognized as a key driver of inflammatory re-
sponses,54 and the Ca2+-NFAT signaling is hyperactivated in RA sy-
novial inflammatory cells.55 The expression level of PDIA3 is tightly
controlled by NFAT1, and we proved that NFAT1 directly binds to
the Pdia3 promoter, whereby it promotes the transcription of
Pdia3. Intriguingly, Wnt5a, an inducer of NFAT1, was found to be
correlated with PDIA3 expression in CD4 T cells. Based on these ob-
servations, we further confirmed that the surge in calcium ions
evoked by Wnt5a and TCR signaling motivates NFAT1 activity,
thereby leading to the upregulation of PDIA3. Nevertheless, the
source of Wnt5a is worthy of further investigation.

STAT1 and PKM2 were identified as the key downstream effectors
of PDIA3. STAT1 is a fundamental orchestrator for Th1 cell
differentiation by fostering the expression of IL-12R and the master
transcription factor T-bet, both of which are required for Th1 cell
development.56 Additionally, STAT1 also promotes the production
of IFN-g and other Th1 cytokines such as TNF-a.57,58 In general,
STAT1 is retained in the cytoplasm at the quiescent state, while it be-
comes activated and phosphorylated upon cytokine stimulation.
Through the interaction of its SH2 domains, two phosphorylated
STAT1 form a homodimer, which then translocates into the nucleus
to transcribe target genes.59 However, the mechanisms responsible for
the nuclear import of STAT1 dimers remain poorly understood. We
now unveiled that PDIA3 is capable of binding to both active and
inactive forms of STAT1 without affecting STAT1 dimerization.
Upon binding, PDIA3 functions as a molecular chaperone to facilitate
Figure 6. PDIA3 interacts with STAT1 or PKM2 in effector T cells

(A–C) RNA-seq revealed differentially expressed genes (DEGs) in WT vs. KO Th1 cells.

analysis on DEGs between WT and KO Th1 cells. (C) Representative heatmap results fo

staining of INF-g and TNF-a in differentiated Th1 cells from WT and KO mice. (E) Top

autodocking between PDIA3 and STAT1 protein. (G) Immunoprecipitation assay of the

entially expressed genes (DEGs) inWT vs. KO Th17 cells. (H) Volcano plot showing DEGs

KO Th17 cells. (J) Representative heatmap results for selected DEGs between WT vs

differentiated Th17 cells fromWT and KO mice. (L) Top 10 candidate binding partners o

PKM2 protein. (N) Immunoprecipitation assay of the lysates of WT Th17 cells using an

expressed as mean ± SEM. Statistical significance was analyzed by unpaired Student’
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STAT1 nuclear translocation, thereby driving the expression of Th1
lineage-specific genes. Similarly, PKM2 exists in three forms—mono-
mer, dimer, and tetramer—to execute different biological functions.
PKM2 primarily presents as an inactive monomer. In response to
synthetic compounds (e.g., TEPP-46) and endogenous factors
including F1,6BP and certain amino acids, PKM2 is allosterically acti-
vated to form stable tetramers,60,61 which are located in the cytoplasm
and exhibit high glycolytic activity. Beyond its canonical metabolic
function, dimeric PKM2 also coordinates gene expression in the nu-
cleus and shows protein kinase activity.62–64 There is feasible evidence
that PKM2 dimer directly binds to STAT3 (a Th17 key transcription
factor) to enhance its phosphorylation and activation, thereby
enhancing the Th17 program.65 Phosphorylation of PKM2 at tyrosine
105 (Y105) restrains tetramer formation, but promotes PKM2 dimer-
ization.66We now demonstrated that PDIA3 has no impact on PKM2
polymerization and binds to PKM2 regardless of its phosphorylation
state. However, enforced expression of constitutively active STAT1 or
PKM2 is able to rescue the impaired Th1/Th17 program induced by
Pdia3 deficiency, suggesting that PDIA3 only constitutes a part of the
nuclear-importing machineries.

PDIA3 has been documented as a member of the PDI family and ex-
hibits redox regulation and PDI activity in the ER.22 Interestingly,
PDIA3 is also expressed in various subcellular compartments, where
it exerts diverse biological functions.18,28,67–70 The role of PDIA3 in
CD4 T cells, however, is almost undetermined. We unveiled an
altered PDIA3 expression in pathogenic CD4 T cells both in mice
and humans. Pdia3 ablation does not affect the proliferation and
apoptosis of CD4 T cells, but intrinsically impairs Th1 and Th17 po-
larization, demonstrating that elevated PDIA3 in CD4 T cells might
be a key pathological factor in chronic autoimmune settings. Further-
more, we provided experimental evidence in support of PDIA3-tar-
geted therapies. Genetic ablation and pharmacological inhibition of
PDIA3 halted RA progression by repressing Th1 and Th17 differen-
tiation both in the CIA mouse model and in immune cells obtained
from RA patients. Notably, the FDA-approved PDIA3 inhibitor,
NTZ, manifested a good therapeutic effect in CIA model, which
paved the avenue for clinical trials aiming at repurposing NTZ for
RA treatment.

Recent studies revealed that the ER chaperone GRP78/BiP could
translocate to the nucleus, acting as a transcriptional regulator in
response to the stress signals.71 Similarly, we unveiled a nuclear
(A) Volcano plot showing DEGs between WT and KO Th1 cells. (B) KEGG pathway

r selected DEGs between WT and KO Th1 cells. (D) Representative flow cytometry

10 candidate binding partners of PDIA3 in Th1 cells. (F) Representative image of

lysates of WT Th1 cells using anti-PDIA3 antibody. (H–J) RNA-seq revealed differ-

betweenWT vs. KO Th17 cells. (I) KEGG pathway analysis on DEGs betweenWT vs.

. KO Th17 cells. (K) Representative flow cytometry results of IL-17A and TNF-a in

f PDIA3 in Th17 cells. (M) Representative image of autodocking between PDIA3 and

ti-PDIA3 antibody. All in vitro studies were repeated at least three times. Data are

s t test. **p < 0.01.



A

D E

F G I

J

K

L

H

M

ON

C

B

(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 8 August 2024 2791

http://www.moleculartherapy.org


Molecular Therapy
enrichment of PDIA3 in CD4 T cells, particularly following sustained
TCR stimulation. PDIA3 binds to STAT1 or PKM2, by which it facil-
itates their nuclear import to transcribe Th1/Th17 lineage-related
genes. As such, overexpression of PDIA3 boosted Th1 and Th17 pro-
gram, while deletion of the NLS sequence blunted its nuclear presence
and prevented PDIA3 from amplifying Th1 and Th17 program. In
summary, our results support that targeting PDIA3 represents a
promising strategy to attenuate RA progression in clinical settings.
It is worthy of note that the deletion of PDIA3 in CD4 T cells or phar-
macological inhibition of PDIA3 by NTZ only protected mice from
RA to a certain extent. Therefore, it is plausible that strategies
combining PDIA3 inhibitors and other therapies could be more effec-
tive in RA treatment.

MATERIALS AND METHODS
Antibodies and reagents

Recombinant murine PDIA3 and Wnt5a were generated by the
Design Gene Biotechnology (Wuhan, China). BD HorizonTM
Fixable Viability Stain 780 (#565388, RRID: AB_2869673) was ob-
tained from BD Biosciences (San Diego, CA, USA). Purified NA/LE
Hamster Anti-mouse CD3e (#553057, RRID: AB_394590) and ham-
ster anti-mouse CD28 (#553295, RRID: AB_394764), recombinant
mouse IL-2 (#575404), IL-12 (#577004), IL-6 (#575706) and TGF-b
(#763102) , and FITC-conjugated anti-mouse CD4 (#100406,
RRID: AB_312690), Brilliant Violet 421-conjugated anti-mouse
CD4 (#100437, RRID: AB_10900241), APC-conjugated anti-
mouse CD4 (#100412, RRID: AB_312696), APC-conjugated anti-
mouse CD45.1 (#110714, RRID: AB_313502), phycoerythrin
(PE)-conjugated anti-mouse CD44 (#103008, RRID: AB_312958),
APC-conjugated anti-mouse CD62L (#104412. RRID: AB_313099),
PE/Cy7-conjugated anti-mouse CD25 (#101916, RRID: AB_
261676), PE-conjugated anti-human/mouse Ki67 (#151210, RRID:
AB_2716014), PE/Cy7-conjugated anti-mouse IFN-g (#505826,
RRID: AB_2295770), Brilliant Violet 421-conjugated anti-mouse
IL-17A (#506926, RRID: AB_10900442), APC-conjugated anti-
mouse IL-17A (#506916, RRID: AB_536017), PE-conjugated anti-
mouse IL-17A (#506904, RRID: AB_315463), and Alexa Fluor
647-conjugated anti-mouse Foxp3 (#126408, RRID: AB_1089115)
antibodies were purchased from BD Biosciences and BioLegend
(San Diego, CA, USA). Anti-PDIA3 (#2887, RRID: AB_2160837),
anti-STAT1 (#14994, RRID: AB_2737027), anti-Phospho-STAT1
Figure 7. PDIA3 facilitates STAT1 and PKM2 nuclear import to favor the effect

(A) Confocal microscopy of PDIA3 (green) in Tn cells stimulated with anti-CD3/CD28 a

quences of PDIA3 among different species. (C) PDIA3 mutation with deletion of its N

transduced with vector, PDIA3-WT, or PDIA3-MUT retroviruses under Th1- and Th17-po

percentages of IFN-g+ Th1 (E) and IL-17A+ Th17 (G) cells. (H and I) WT and KO CD4 T ce

Western blot analysis of p-STAT1 in nuclear fraction fromWT and KO CD4 T cells followi

the nuclear fraction from WT and KO CD4 T cells following IL-6 stimulation for 30 min.

combinedwith a His tag-labeledWT Pdia3 plasmid (PDIA3WT-His) or a His tag-labeledm

whole cell lysate and nuclear fraction, respectively. (M) HEK 293T cells were transfected

MUT-His, respectively. Western blot analysis of PDIA3 and PKM2 in whole cell lysate and

or Retro-STAT1-Y701F and cultured under Th1 condition for 3 days. The frequencies

transduced with vector, Retro-PKM2-Y105D, or Retro-PKM2-Y105F and cultured und

representative dot plots. All in vitro studies were repeated at least three times.
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(Tyr701, #9167, RRID: AB_561284), anti-Phospho-STAT3 (#9145,
RRID: AB_2491009), anti-PKM2 (#4053, RRID:AB_1904096), anti-
Phospho-PKM2 (#3827, RRID: AB_1950369), and anti-NFAT1
(#4389, RRID: AB_1950418) antibodies were ordered from Cell
Signaling Technology (Danvers, MA, USA). The anti-Lamin B1
(#12987-1-AP, RRID: AB_2136290), anti-His tag (#10001, RRID:
AB_11232228), anti-Flag tag (#20543, RRID: AB_11232216), and
anti-ACTB (#20536-1-AP, RRID: AB_10700003) antibodies were ob-
tained from Proteintech (Wuhan, China). The anti-PDIA3
(#ab13506, RRID: AB_1140700) antibody was obtained from Abcam
(Cambridge, UK). I-Ab OVA323-339 Tetramer-ISQAVHAAHA
EINEAGR were purchased from BML (Tokyo, Japan). The HEK
293T cell line was purchased from the American Type Culture Collec-
tion (Manassas, VA, USA) (CRL-3216). The PDIA3 inhibitor NTZ
(S1627) was obtained from Selleck (Houston, TX, USA) and used
for the in vivo experiments, while TIZ (S5394), the active metabolite
of NTZ, was ordered from Selleck for the in vitro studies.

Human samples

Patients with RA were classified according to the 2010 RA classifica-
tion criteria, and they were all in a naive state regarding the use of the
DMARDs. The disease activity of RA was determined by the DAS-28
andmeasurement of CRP using the clinical and laboratory data. Fresh
anticoagulant peripheral blood samples from RA patients and healthy
volunteers were collected, and serum and blood cells were separated
immediately. The studies were approved by the Institutional Review
Board of Tongji Hospital (TJ-IRB20220973).

Mice

C57BL/6, CD4-Cre (CD45.2), WT (CD45.1), and Rag1 KOmice were
purchased from the Jackson Laboratory (Bar Harbor, ME, USA). The
Pdia3flox/flox mice were generated by BRL Medicine Inc. (Shanghai,
China), followed by crossing with the CD4-Cre mice to generate
the CD4-Cre+Pdia3flox/flox (CD4CrePdia3f/f) KO mice. The littermate
Pdia3flox/flox mice were used as controls. All mice were housed in a
specific pathogen-free facility under climate-controlled conditions
with a 12-h light/12-h dark cycle and were provided with water and
a standard diet at Tongji Medical College. All animal experiments
were conducted under the approval of Tongji Hospital Animal Care
and Use Committee according to the National Institutes of Health
guidelines (TJH-202204016).
or T cell program

ntibodies at the indicated time points. Scale bar, 10 mm. (B) Alignment of NLS se-

LS was established based on the NLS_mapper prediction. (D–G) Tn cells were

larizing conditions. Flow cytometry data for IFN-g (D) and IL-17A (F) staining, and the

lls were exposed to IL-12 (H) or IL-6 (I) for 6 h and then analyzed by native PAGE. (J)

ng IL-12 stimulation for 30 min. (K) Western blot analysis of p-PKM2 and p-STAT3 in

(L) HEK 293T cells were transfected with a Flag tag-labeled STAT1-Y701D plasmid

utant Pdia3 plasmid (PDIA3MUT-His). Western blot analysis of PDIA3 and STAT1 in

with Flag tag-labeled PKM2-Y105D plasmid combined with PDIA3 WT-His or PDIA3

nuclear fraction. (N) KO Tn cells were transduced with Vector, Retro-STAT1-Y701D

of IFN-g+ Th1 cells were shown in representative dot plots. (O) KO Tn cells were

er Th17 condition for 3 days. The frequencies of IL-17A+ Th17 cells are shown in
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Collagen-induced arthritis mouse model

For collagen-induced arthritis, the KO mice and control littermates
were immunized with 100 mg chicken type II collagen (#20011, Chon-
drex, Washington, DC, USA) emulsified in complete Freund’s adju-
vant containing 4 mg/mLMycobacterium tuberculosis (#7001, Chon-
drex) by intradermal injection at the base of the tail, followed by a
booster injection of collagen in complete Freund’s adjuvant 21 days
after the first injection. Three blinded investigators monitored the
development of swelling by measuring clinical scores.
NTZ administration in collagen-induced arthritis mouse model

For NTZ administration, NTZ was suspended in 1% carboxymethyl
cellulose (2.5 mL/kg) and administered freshly via oral gavage
(200 mg/kg body weight) every 3 days following the second immuni-
zation until day 35. The mice in the control group received an equiv-
alent volume of solvent (1% sodium carboxymethyl cellulose). Three
investigators masked to the groups monitored the development of
swelling by measuring clinical scores.72
Adoptive transfer mouse model

Tn cells were purified from the spleen of WT and KO mice using the
naive CD4 T cell Isolation Kit (130-104-453; Miltenyi Biotec, Auburn,
CA, USA) according to the manufacturer’s instructions. CD4 T cells
(1 � 106/mouse) were injected through the tail vein into the 8-week-
old recombination-activating gene 1-deficient (Rag1�/�) mice. All re-
cipients were monitored for body weight and sacrificed on day 9 after
following transfer for histological and flow cytometry analyses.
Candida albicans infection model

OVA-conjugated C. albicans strain SC5314 was a kind gift from Dr.
Haifeng Zhou (Department of Integrated Traditional Chinese and
Western Medicine, Union Hospital, Tongji Medical College, Huaz-
hong University of Science and Technology, Wuhan, China). The
yeasts were grown in lipid yeast extract-peptone-dextrose medium
that was shaken at 150 rpm overnight. After centrifugation and
washes, blastospores were suspended in PBS at an appropriate con-
centration. Mice were kept in a separate room for 7 days before the
experiments. For experimental infections, the mice were intrave-
nously inoculated with 3,000 spores per gram via the tail vein. Spleen
samples were collected 1 week after infection for flow cytometry
analysis.
Cell isolation and in vitro polarization

Naive T cells were enriched with a Naive CD4 T cell Isolation Kit for
mice (130-104-453; Miltenyi Biotec), and CD4 T cells were enriched
with either a mouse CD4 T cell Isolation Kit (130-049-201; Miltenyi
Biotec) or a human CD4 T cell Isolation Kit (130-045-101; Miltenyi
Biotec) according to the manufacturer’s instructions. Th1 and Th17
cell polarization were conducted as previously described.9 Briefly,
Tn cells were activated with plate-coated 10 mg/mL anti-CD3 (145-
2C11) and anti-CD28 (37.51) for 3 days in the presence of Th1 skew-
ing condition (10 ng/mL IL-2 and 10 ng/mL IL-12) and Th17 polar-
izing condition (10 ng/mL IL-2, 20 ng/mL IL-6 and 5 ng/mL TGF-b).
For Wnt5a and TIZ administration, 10 ng/mL Wnt5a or 5 mM TIZ
was added into the medium at the beginning of the cell culture.

T cell proliferation assay

Tn cells purified from the spleens of WT and KO mice were stained
with Cell Tracer CFSE (Life Technologies, Carlsbad, CA) or Cell
Trace Violet (Thermo Fisher Scientific, Waltham, MA, USA). The
cells (1 � 106/mL) were plated in anti-CD3- and anti-CD28-coated
96-well plates in triplicates. Cell proliferation was determined after
72 h by detecting CSFE dye dilution or Cell Trace Violet using a Mil-
tenyi MACSQuant Analyzer 10 flow cytometer.

RNA-seq analysis

Differentiated Th1 and Th17 cells from WT and KO mice were
collected. High-quality total RNA was obtained from these cells using
RNeasy spin column kits and verified using an Agilent 2100 Bio-
analyzer. RNA-seq libraries were prepared using an Illumina
TruSeq Stranded mRNA LT Sample Prep kit according to the manu-
facturer’s instructions. The libraries were subsequently validated for
an average size of approximately 311–328 bp using a 2100 Bio-
analyzer and an Agilent DNA1000 kit. Sequencing of paired-end
reads (75 bp) was performed with a MiSeq Reagent kit V3 150 cycle
on a MiSeq system. Sequence data were mapped on the mouse
genome (mm10) using TopHat and analyzed using Cufflinks.

Pulldown mass spectrometry

Tn cells were isolated from the spleen of WT mice and polarized into
Th1 and Th17 as described above. After washes in ice-cold PBS, the
cells were lysed on ice for 30 min. The cell lysates were then incubated
with His-tagged PDIA3 overnight at 4�C and PDIA3-interacting pro-
teins were enriched with anti-His antibody. The resulting protein
complexes were passed through SPA columns and eluted for mass
spectrometry analysis.

ChIP assay

ChIP assays were performed as previously reported.73 Briefly, 1� 106

WT CD4 T cells were cross-linked with 1% formaldehyde followed by
sonication on ice. The NFAT1-DNA complexes were next precipi-
tated using an anti-NFTA1 antibody. The eluted DNA was subjected
to ChIP-PCR with indicated primers. The primers used for PDIA3 in
the ChIP assay were: forward 50-TTC CAC ATT TGC CTG GTC
TAT-3’ and reverse 50-TGC TGG GCA AGT GAT CCA AC-3’.

Plasmid constructs and luciferase reporter assay

The Pdia3 promoter (�2,000 to �1, the transcriptional start site
as +1, WT), and the mutated promoter (MUT), in which the
NFAT1 binding motif ATGGAAA was deleted, were synthesized
by the Tsingke Biological Technology (Wuhan, China). Both pro-
moters were cloned into the pGL3 vector as reported.73 HEK
293T cells were transfected with either WT or MUT PDIA3 plas-
mids along with the NFAT1 plasmid using a Lipofectamine 3000
kit (Invitrogen, Waltham, MA, USA). After 48 h of transfection,
cell lysates were prepared and subjected to analysis of reporter
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activity using a Dual-Luciferase Reporter Assay System Kit (Prom-
ega, Madison, WI, USA).
Glucose and lipid uptake assays

To evaluate the uptake of glucose and lipids, CD4 T cells activated by
plate-coated anti-CD3 and anti-CD28 were washed and incubated
with 2-NBDG and BODIPY (Thermo Fisher Scientific) at 37�C for
20 min prior to flow cytometry analysis, and their uptake was
analyzed by flow cytometry, respectively.
ELISA

IFN-g, IL-17A, and TNF-a concentration levels in mouse serum were
measured using mouse IFN-g, IL-17A, and TNF-a ELISA kits (Bio-
legend). Absorbance at 450 nm was measured and protein concentra-
tion was calculated with a standard curve according to the manufac-
turer’s instructions.
RNA extraction and quantitative PCR

Total RNA was isolated from murine and human CD4 T cells using
the Trizol reagent (Takara, Osaka, Japan). For mRNA analysis, an
aliquot containing 1 mg of total RNA was reversely transcribed using
a cDNA synthesis kit (Takara). Real-time PCR was performed using
the SYBR Green PCR master mix (Applied Biosystems, South San
Francisco, CA, USA) in the ABI Prism 7500 Sequence Detection Sys-
tem (Applied Biosystems). The relative expression level of each gene
was calculated with the 2�DDCt method as previously reported and
normalized to the b-actin expression level.42
Flow cytometry

Single-cell suspension was prepared from the spleen or lymph nodes
as reported previously.8 The cells were stained for surface markers on
ice for 20 min and washed with FACS buffer (2% BSA in PBS). For
intracellular staining, the cells were cultured for 6 h in a complete me-
dium containing 50 ng/mL PMA and 500 ng/mL ionomycin and
GolgiPlug (BD Bioscience). The lymphocytes were then stained
with mAb to cell surface markers, followed by intracellular staining
of IFN-g, IL-17A, TNF-a, and Foxp3 with the Fixation/
Permeabilization Solution (BD Bioscience). The stained samples
were analyzed with MACSQuant Analyzer 10 flow cytometer (Milte-
nyi Biotec) and FlowJo software, version 8.1.
Immunofluorescence staining

Immunofluorescence staining of CD4 T cells was carried out as
described previously.73 Briefly, CD4 T cells were stained with anti-
CD4 antibody for 20 min on ice, washed and fixed with 4% parafor-
maldehyde (PFA) for 5–10 min, and then permeabilized with 0.5%
Triton X-100 PBS for 5 min before blocking with 1% BSA and
0.02% Triton X-100 PBS. Primary antibodies were added at 1:100
(anti-PDIA3) and incubated for 16 h at 4�C. After washing, secondary
antibodies were incubated with 5 mg/mL DAPI for 30 min at room
temperature. The stained CD4 T cells were imaged and analyzed by
confocal microscopy (FV1000, Olympus, Tokyo, Japan).
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SDS-PAGE and native PAGE for immunoblotting

Cell lysates were prepared using the radio-immunoprecipitation assay
(RIPA) buffer (Servicebio, Wuhan, China) containing a protease in-
hibitor cocktail (Roche, Indianapolis, IN, USA). Immunoblotting
analysis of target proteins was conducted as described using the
appropriate primary antibodies, followed by probing with the corre-
sponding horseradish peroxidase-conjugated secondary antibodies,
respectively.74 For the native PAGE, total proteins were extracted
from cells with mild lysis buffer and not heat-denatured. Non-dena-
tured gel sample loading buffer (Beyotime Institute of Biotechnology,
Nantong, China) was used, and electrophoresis was performed using
native PAGE running buffer (Beyotime Institute of Biotechnology)
and non-denatured gels without SDS and DTT. The remaining exper-
imental steps were the same as those of conventional immunoblotting
experiments. The reactive bands were visualized using ECL plus re-
agents (Servicebio).

Histology

Colonic tissue was harvested and fixed in 4% PFA and then embedded
in paraffin. Ankle tissues were obtained and fixed overnight with 4%
PFA, followed by decalcification with 0.5 M EDTA for 2 weeks. Sec-
tions were prepared and stained with hematoxylin and eosin as pre-
viously reported.9

Retroviral transduction

Tn cells from KO mice were transduced with retroviruses containing
the PDIA3-WT, PDIA3-MUT, STAT1-Y701D, STAT1-Y701F,
PKM2-Y105D, and PKM2-Y105F as described previously.42 Briefly,
Tn cells were first cultured under Th1 or Th17 conditions as described
for 24 h. The concentrated retrovirus was added (multiplicity of infec-
tion = 50) in the presence of 5 mg/mL polybrene. The cells were imme-
diately centrifuged with virus in the plate at 1,800 rpm for 2 h and
then cultured at 37�C and 5% CO2 for 6 h. After washing with culture
medium, the cells were continually cultured under Th1 or Th17 con-
dition as described earlier for 2 days, followed by intracellular staining
for flow cytometry analysis.

Statistical analysis

All in vitro studies were conducted at least three times. Comparisons
between multiple groups were conducted by one-way ANOVA. Cor-
relations were determined by Pearson’s correlation analysis. All other
results were expressed as mean ± SEM, and their comparisons were
accomplished by the unpaired Student’s t test to determine the signif-
icant differences between two groups. A paired Student’s t test was
used to determine the significant differences between human T cell
response upon NTZ treatment. Statistical analysis of the data was
conducted using the GraphPad Prism 8 software (GraphPad Software
Inc., San Diego, CA, USA), and the results were expressed as mean ±

SEM. In all cases, a p value of less than 0.05 was considered statisti-
cally significant.
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