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IMMUNOLOGY

Regulation of autoimmune disease progression by
Pik3ip1 through metabolic reprogramming in T cells
and therapeutic implications

Wengqgiang Xie't, Juan Fang11', Zhongyan Shan't, Junyi Guo't, Yuan Liao?, Zhaolei Zou’,
Jun Wang3, Shugiong Wen', Lisa Yang1, Yanshu Zhang’, Huanzi Lu', Hang Zhao?,
Dong-Ming Kuang®, Peng Huang®, Qianming Chen’, Zhi Wang'*

Metabolic alterations could profoundly affectimmune functions and influence the progression and outcome of auto-
immune diseases. However, the detailed mechanisms and their therapeutic potential remain to be defined. Here, we
show that phosphatidylinositide 3-kinase interacting protein 1 (Pik3ip1), a newly identified negative immune regu-
lator, is notably down-regulated in several major autoimmune diseases through a previously unidentified mech-
anism mediated by interleukin-21/p38 mitogen-activated protein kinase/a disintegrin and metalloprotease-17
(ADAM17) pathway. Down-regulation of Pik3ip1in T cells causes a major metabolic shift from oxidative phos-
phorylation toward aerobic glycolysis, leading to their overactivation and aggressive disease progression in ex-
perimental autoimmune encephalomyelitis (EAE) mouse model. Suppression of hypoxia-inducible factor 1a (Hif1a)
or pharmacologic inhibition of glycolysis could reverse these phenotypes and largely mitigate EAE severity. Our
study reveals a previously unrecognized role of Pik3ip1 in metabolic regulation that substantially affects the in-
flammatory loop in the autoimmune setting and identifies the Pik3ip1/Hif1a/glycolysis axis as a potential thera-
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peutic target for treatment of autoimmune diseases.

INTRODUCTION
Autoimmune diseases involve a group of disorders characterized
by a condition where the adaptive immune system reacts against
self-antigens, leading to localized or systemized inflammation and
tissue destruction. The underlying mechanisms of autoimmunity
remain still incompletely elucidated, but it appears that autoimmune
diseases initiate or exacerbate due to the loss of immunological
tolerance (1). T lymphocytes are the central players in regulating
adaptive immune responses. The impairment of T cell tolerance,
which polarizes T cells into hyperactive and pathogenic inflamma-
tory phenotypes, will lead to both T cell/autoantibody-mediated
autoimmune diseases (2, 3). Therefore, it is urgent to develop thera-
pies that aim to enhance T cell tolerance and restrain pathogenic
inflammatory T cells to various kinds of T cell-mediated autoimmune
diseases in preclinical and clinical trials (4, 5). However, the mech-
anisms by which T cells turn into inflammatory phenotypes are
poorly understood. A deeper understanding of the external or
intrinsic factors that drive the polarization of T cells will help iden-
tify novel targets in the treatment of autoimmune diseases.
Alterations in metabolic programs of T cells are intricately linked
with their activation and inflammatory status (6, 7). Although growing
evidence has suggested that aerobic glycolysis endows T cells with
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strong proinflammatory phenotype both transcriptionally and epi-
genetically (8, 9), the molecular pathway that switches the oxidative
quiescent T cells toward glycolytic proinflammatory T cells remains
unclear. Negative immune regulators, such as cytotoxic T-lymphocyte
associated protein-4 (CTLA-4), programmed cell death protein-1
(PD-1), and lymphocyte activation gene-3 (LAG-3), are proteins that
conduct negative signals of immune activation and thwart inappro-
priate immune responses. It has been demonstrated that negative
immune regulators are required to suppress glycolysis and drive ox-
idative metabolism in T cells during infection and tumor (10-12).
However, whether they participate in T cell metabolic reprogram-
ming under autoimmune conditions is not thoroughly explored. Up
till now, only one drug (abatacept, a CTLA-4-Fc fusion protein) that
targets negative immune regulators has been given full approval by
the U.S. Food and Drug Administration for treatment of several auto-
immune diseases, but the response rate was unsatisfactory (13). Thus,
it is of great necessity to thoroughly understand the underpinning
metabolic regulation by negative immune regulators and find more
effective alternatives in autoimmune diseases.

Phosphatidylinositide 3-kinase interacting protein 1 (Pik3ip1) is
an upstream inhibitor of phosphatidylinositol 3-kinase (PI3K) sig-
naling with a kringle domain on the cell surface and a cytoplasmic
domain that contains a motif homologous to the PI3K regulatory
subunit p85 (14-16). Previous studies have reported that Pik3ip1,
which is highly expressed on naive T cells (Tn) and rapidly reduced
its expression upon T cell activation, plays an essential role in regu-
lating T cell-mediated responses (16-18). We previously defined
Pik3ip1 as a novel negative immune regulator in the context of tumor
that restrained T cell-mediated antitumor response (18). Nevertheless,
whether Pik3ip1 is involved in T cell metabolic regulation and its
role in the polarization of proinflammatory T cells during auto-
immunity is scarcely explored.

In this study, we demonstrate that the down-regulation of Pik3ip1
in T cells is prevalent in patients with autoimmune diseases, e.g.,
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systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and
multiple sclerosis (MS), and the expression level of Pik3ip1 is highly
associated with disease severity and treatment response. Mechanis-
tically, the loss of Pik3ip1 expression results in reduced oxidative
phosphorylation (OXPHOS) and enhanced glycolysis in T cells, which
promotes inflammatory responses and further exacerbates the auto-
immune diseases upon initial onset in a hypoxia-inducible factor 1o
(Hiflo)-dependent manner. Furthermore, we found that excessive
interleukin-21 (IL-21) production in the autoimmune environment
contributes to the cleavage of the functional domain of Pik3ip1
through p38 mitogen-activated protein kinase (MAPK)-mediated a
disintegrin and metalloprotease-17 (ADAM17) up-regulation. These
findings establish Pik3ip1 as a key regulator of T cell metabolic homeo-
stasis and highlight the importance of the Pik3ip1/Hifla/glycolysis axis
in autoimmune diseases.

RESULTS

Down-regulation of Pik3ip1 correlates with the progression
of multiple autoimmune diseases

To determine the role of Pik3ip1 in autoimmune diseases, we first
sought to examine the expression of Pik3ip1 in patients with auto-
immune disease including SLE, RA, or MS. Peripheral blood mono-
nuclear cells (PBMCs) from a total number of 113 patients with
autoimmune diseases (57 SLE, 28 RA, and 28 MS) and 10 healthy
donors (HDs) were collected for flow cytometric analysis (fig. S1A).
Baseline clinical and laboratory data of all patients are depicted in
table S1. It has been reported that negative immune regulators in-
cluding PD-1, CTLA-4, and V-domain immunoglobulin suppressor
of T cell activation (VISTA) are likely to up-regulate their expression
on T cells in many autoimmune diseases (19, 20). Unexpectedly, we
found that the proportion of Pik3ip1™ T cells was significantly re-
duced in PBMCs from all patient cohorts compared with HDs, irre-
spective of their disease type (Fig. 1A), suggesting a distinct expression
pattern from other classical negative immune regulators during auto-
immunity. In support of this, we observed an inverse correlation be-
tween the percentage of Pik3ip1" T cells and the median fluorescence
intensity (MFI) of VISTA in T cells (fig. S1B). Furthermore, we ana-
lyzed four published bulk RNA sequencing (RNA-seq) datasets for
Pik3ip1 expression to validate our flow cytometric data. Consistently,
Pik3ipI was found to be markedly decreased in patients with SLE,
RA, MS, or Sjogren’s syndrome (SS) compared with HDs (fig. S1C).
These findings led us to investigate the role of Pik3ip] in the auto-
immune setting.

The reduction in Pik3ip1 expression was more pronounced in
patients with later-stage disease. We observed a stepwise reduction
in Pik3ip1 expression as the disease activity of SLE progressed from
one to three. In contrast, the recovery of Pik3ipl expression was
associated with symptom relief in patients with MS. We also assessed
the effect of treatment on the expression of Pik3ip1 in patients with
autoimmune diseases. Patients with RA showed up-regulation in
Pik3ip1 to the level similar in that of HDs after anti-tumor necrosis
factor (TNF) treatment or even higher after disease-modifying anti-
rheumatic drug (DMARD) administration. In patients with MS with
paired PBMC samples, before and after first-line treatment, the treat-
ment also markedly increased the proportion of Pik3ip1™ T cells
(Fig. 1B). Furthermore, we investigated the relationship between
Pik3ip1 expression and clinical parameters in SLE, RA, and MS. Our
results showed that the proportion of Pik3ip1™ T cells was negatively
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correlated with serum C-reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR) levels in patients with SLE, RA, or MS. In pa-
tients with MS, we also observed an inverse correlation between the
proportion of Pik3ip1* T cells in peripheral blood and expanded dis-
ability status scale score, a most common measurement of MS severity.
Reduced Pik3ip1™ T cells were shown to be correlated with increased
level of serum anti-double-stranded DNA (dsDNA) antibody in pa-
tients with SLE (Fig. 1C). In addition, further receiver operating char-
acteristic (ROC) curve analysis demonstrated that down-regulation of
Pik3ip1 served as a strong diagnostic biomarker for SLE, RA, and MS,
with all the area under the curve (AUC) values of >0.9 (Fig. 1D).

Aberrant activation and function of T cells have been implicated
in the development of many autoimmune diseases (fig. S1D) (20-23).
Given the strong relationship between the down-regulation of Pik3ip1
expression and disease progression, we next addressed whether the
reduced Pik3ip1 expression was associated with T cell hyperactivity
under autoimmune condition. In support of our hypothesis, the
percentage of Pik3ip1™ T cells was shown to be proportional to the
percentage of Tn, whereas negatively related to the percentages of
effector memory T cell (Tem) and terminally differentiated effector
memory T cells (Temra) in both CD4" and CD8" compartments. No-
tably, compared to the correlations observed in CD4" T cells, those
in CD8" T cells displayed smaller dispersion (Fig. 1, E and F). How-
ever, there was no significant correlation between the percentage of
Pik3ip1™ T cells and the percentage of central memory T cells (Tcm;
CD45RA"CCR7") in either CD4" or CD8" lineage (fig. S1E). Further-
more, reduced Pik3ip1 expression on T cells was shown to be asso-
ciated with increased production of proinflammatory cytokines by
T cells, including IL-17, TNF-a, interferon-y (IFN-y), and IL-2,
although the difference regarding IL-2 was not statistically signifi-
cant (Fig. 1, E and F, and fig. SIF). In addition, we reanalyzed a pub-
lished single-cell RNA-seq dataset (24) on PBMCs from patients with
SS and HDs to further confirm these findings (fig. S1, G and H). We
found that Pik3ipI was shown to be grouped together with quiescence-
associated genes by unsupervised clustering method, indicating that
Pik3ip1 and these genes were closely related and shared similar ex-
pression profiles, which were opposite to those of effector genes (fig.
S1, H and K). We also noticed that Pik3ip1™ T cells or Tns, which
exhibited the highest Pik3ip1 expression among all clusters, mark-
edly reduced cell abundance in the SS group compared with HDs,
while the proportion of effector T cells with low Pik3ip1 expression
was significantly higher in SS group than HDs (fig. S1, I and J), in
accordance with the role of T cell activation in inducing inflamma-
tory infiltration and tissue damage in SS (25). Together, we observed
a consistent down-regulation of Pik3ip1 expression in multiple auto-
immune diseases and the expression of Pik3ip1 highly correlates with
disease severity, treatment response, and T cell activation status and
proinflammatory profile.

Increased IL-21 expression drives the down-regulation of
Pik3ip1 under autoimmune condition

Next, we investigated the potential mechanisms of autoimmunity-
induced Pik3ip1 reduction. It is well recognized that autoimmune
responses are closely associated with the occurrence of excessive
inflammation. We therefore tested whether proinflammatory cyto-
kines were involved in the down-regulation of Pik3ip1 during auto-
immunity. We found that, in patients with SLE, RA, or MS, Pik3ip1
expression decreased with the increase in IL-21 production in T cells
and that the ability of T cells to produce IL-21 was significantly
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to validate its potential diagnostic value in SLE, RA, and MS. (E and F) Correlation between the percentage of Pik3ip1* CD4" (E) or CD8" (F) T cells with the percentages of
naive T cell (Tn), effector memory T cell (Tem), Temra, IL-17-producing, IFN-y-producing, and TNF-o-producing T cell subsets in PBMC from patients with SLE, RA, and
MS. Data are shown as means + SEM. Each data point represents an individual subject. Differences between groups are analyzed by Student’s t test or one-way analysis of

r=0.8550

% Pik3ip1* of CD4*

% Pik3ip1* of CD4"

P <0.0001 s g r=-06403 =-0.5652
8 o 29 el LaP<0000T gl 4 P<00001
6 S °
e o
o
4 £ o
o 5
2 '_c. =
= =R

0‘0
% Pik3ip1* of CD8*

20

0
% Pik3ip1* of CD8*

20 40 60 80

40

60

20
% Pik3ip1* of CD8*

40 60 80

variance (ANOVA) test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Xie et al., Sci. Adv. 8, eabo4250 (2022)

30 September 2022

% Pik3ip1* of CD4*

80

s cokdm r=-05718
g Satse P <0.0001
G 40

ke

izo

E3

o

% Pik3ip1* of CD4*

o

14 r=-06222

o e P<0.0001
a ® A

O401e o

et

<]

o

204

z

&

B

0 20 40 60 80
% Pik3ip1* of CD8*

o
0 20 40 60 80
% Pik3ip1* of CD8*



SCIENCE ADVANCES | RESEARCH ARTICLE

25 100 - 100 80 u SLE
r=-03532 oy 1704574 s r=-0.2231 . A
& 20 =P =0.0001 a® P<00001 {80{ ¢ : 80{ gu" P =0.0176 s oh o Ms
g . + 60 . o Y o 26014,
5151 @ 1 ) 260 J‘.'. 560 o
s > 5 40 £ M 5 s " 2
§ 10 < 2 40 £ 40 . 5
= . ¥ * 20 * * =
® 5{g § ‘ag® 4 o 20 20 "
L] * A
SR o o+—= o+ ol ’ —— O —————
0 20 40 60 80 100 0 5 10152025 0 5 10152025 0 5 10152025 0 5 10 15 20 25
% Pik3ip1* of CD3* % IL-21* of CD3* % IL-21* of CD3* % IL-21" of CD3" % IL-21* of CD3*
B IL-2 stimulating C Anti-CD3/CD28 stimulating

Pik3ip1| — e — |37kDa F’ik3ip1|- G - - |37kDa
B»Tubulinl e GEED TS S sa—— I55kDa B-Tubulinl S S S S —ISSkDa

0 15 30 45 60 min 0 15 30 45 60 min
IL-21 stimulating

kS 57 kD
IFN-a stimulating Pik3ip1 - .

o { I D S R |- o] o e e |5

0 15 30 45 60 min
p-Tubulin] W S E——— ;0. D o o
IL-21 stimulating + IL-21 signaling inhibitor

0 15 30 45 60 min Pik3ip1| I . |37 ‘on
B—TubulirI o - - .- - |55 kDa

0 15 30 45 60 min

F

Anti-CD3/CD28 — + - + IL-21 - + - +
SB203580  — - + + SB203580 — - + +

PIBMAPK | M M i [ 0102 poeMAPK | o s —— | 40100

p-p38 MAPK - -— 43 kDa p-p38 MAPK -- G - - o 43 kDa

B-Tubulin |  cm— c———— | 55 kDa B-Tubulin | - D - e | 55 kDa

Anti-CD3/CD28  — -
IL-21 -
SB203580

Pik3ip1 ADAM17 DAPI

Merge

Fig. 2. IL-21 stimulation reduces the expression of Pik3ip1 by activating MAPK and up-regulating ADAM17 in T cells. (A) Correlations between the percentage of
IL-21-producing T cells with the percentages of Pik3ip1* T cells and Tn and Tem subsets in CD4" or CD8* T cell compartments in PBMC from patients with SLE (n = 57), RA
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related to T cell activation (Fig. 2A). Up-regulation of IL-21 level has
been detected in the peripheral blood and tissues of patients with
multiple autoimmune diseases (26). To further explore the role of
IL-21 in the regulation of Pik3ip1 expression, we performed in vitro
stimulation using splenic T cells exposure to several inflammatory
cytokines. Our results revealed that IL-2 or IFN-a stimulation alone
had no effect on Pik3ip1 expression in T cells in vitro (Fig. 2B). How-
ever, we found a notable reduction in Pik3ip1 expression in the IL-
21-simulated model, which was similar to those observed under the
anti-CD3/CD28 stimulation, and a marked recovery in the presence of
tofacitinib, an IL-21 signaling inhibitor (Fig. 2, Cand D) (27). Further-
more, we found that the protein expressions of both p38 MAPK and
p-p38 MAPK in T cells showed an up-regulation after stimulation,
and the loss of Pik3ip1 protein expression induced by either anti-CD3/
CD28 or IL-21 stimulation was markedly alleviated by SB203580, a
selective p38 MAPK inhibitor (Fig. 2, E and F). Previous study has
reported that ADAM17 acts as a molecular scissor that proteolyti-
cally cleaves the extracellular domain of Pik3ip1, leading to a loss of
Pik3ip1 on the cell surface (16). Consistently, we observed that con-
trary to Pik3ipl, ADAM17 increased its expression after stimulation
and this alteration was reversed through SB203580 administration
(Fig. 2G), highlighting the role of p38 MAPK in ADAM17-mediated
Pik3ip1 reduction. These results indicate that excessive IL-21 pro-
duction in the autoimmune environment is at least partially respon-
sible for the decreased Pik3ipl in a p38 MAPK-dependent manner.

Pik3ip1 deficiency in T cells exacerbates experimental
autoimmune encephalomyelitis

To investigate the role of Pik3ip1 in autoimmune diseases, we con-
structed CD4™Pik3ip 171 mice [conditional knockout (cKO)]
with Pik3ip1-specific KO on T cells. We found that the deletion of
Pik3ip1 did not detectably affect T cell development in the thymus,
evidenced by the comparable frequencies of CD4~ CD8”, CD4"
CD87,CD8* CD47, and CD4* CD8" thymic T cells between control
and cKO mice at young (2 months) and aged (6 months) mice (fig.
S2A). Meanwhile, there was no significant difference in the activa-
tion status of thymic T cells between cKO mice and control mice at
different ages (fig. S2B). In the periphery, we also noticed that the
distribution of splenic T cells in Tn (CD44~ CD62L") and Tem
(CD44" CD62L") subsets differed only slightly in the CD8" com-
partment (fig. S2C), suggesting that genetical KO of Pik3ipl had
minimal impact on T cell peripheral homeostasis. Next, we tested
the effects of genetic Pik3ip1 disruption in T cells from cKO mice
on the experimental autoimmune encephalomyelitis (EAE) model,
the most commonly used animal model for MS, to further investi-
gate the cause-effect relationship between Pik3ipl expression and
autoimmune pathology (Fig. 3A). As expected, we found that cKO
mice exhibited a more severe course of EAE than the control mice,
characterized by a significant increase in the clinical score (Fig. 3B).
Furthermore, EAE is an autoimmune disease characterized by
chronic inflammatory demyelinating lesions in the central nervous
system (CNS) and the infiltration of activated T helper 1 (Ty1) and
Tu17 cells is thought to play a central role in CNS inflammation and
disease pathogenesis (28). We therefore examined the number of
infiltrated T cell subsets in the CNS and spleen of these two groups
after immunization. We found that cKO mice yielded more CD4"
T cells, Tyl, Tyl7, and CD8" T cells in the CNS and spleen com-
pared to control mice (Fig. 3C). We also examined the sections of
the brain and spinal cord from these two groups by hematoxylin
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and eosin (HE) staining. Consistently, we observed far more inflam-
matory foci in the cKO mice than in the control group (Fig. 3D).

We next compared T cell activation status and the production of
proinflammatory cytokines between these two groups during EAE.
We observed that the frequency of CNS and splenic T cells exhibiting
Tem phenotype was higher in the cKO mice compared with the
control mice. Correspondingly, the frequency of CNS and splenic
T cells exhibiting Tn phenotype was lower in the cKO mice com-
pared with the control mice (Fig. 3E and fig. S2D). Furthermore, the
proportions of IL-17-producing and IFN-y-producing CD4" T cells
in the CNS and spleen were significantly higher in the cKO mice
than in the control mice (Fig. 3, F and G). In addition, we observed
ahigher frequency of TNF-0- and IL-2-producing T cells and IFN-y-
producing CD8" T cells in the CNS of the cKO mice compared with
the control mice, whereas there was no statistical difference in the
spleen (Fig. 3, H and I, and fig. S2, E to G). These data suggest that
Pik3ip1 deficiency leads to a skewed differentiation of T cells toward
proinflammatory T cell subsets, which contribute to unleash auto-
immune responses and promote immunopathology.

The hyperactive phenotype of T cells with Pik3ip1 depletion
results from reduced OXPHOS and increased glycolysis

To illustrate the underlying mechanisms of Pik3ip1 in T cell activation
and function, we sorted paired Pik3ip1™ T cells and Pik3ip1™ T cells
from the spleen of naive wild-type mice for bulk RNA-seq. It was
apparent that Pik3ip1™ T cells exhibited a distinct transcriptional
profile that was largely dissimilar from Pik3ip1~ T cells, as they
mapped far from each other along the first principal component
(PC1) (Fig. 4A and fig. S3, A and B). Consistently, we found that
Pik3ip1~ T cells up-regulated activation-related genes while down-
regulating the quiescence-related genes. Notably, pronounced changes
were observed in genes contributed to metabolic regulation with a
significant down-regulation of genes involved in OXPHOS and up-
regulation of genes involved in glycolysis in Pik3ip1™ T cells (Fig. 4B).
Gene set enrichment analysis (GSEA) from the differential genes
down-regulated in Pik3ip1™ T cells also showed enrichment for
OXPHOS and mitochondrial electron transport pathways, while the
differential genes up-regulated in Pik3ip1™ T cells were enriched of
immune effector and cytokine signaling pathways (Fig. 4C and
fig. S3C). These results suggest a strong relationship between Pik3ip1
expression and metabolic reprogramming in T cells.

To further demonstrate the role of Pik3ip1 in T cell metabolic
homeostasis, we sorted CD4" and CD8" T cells from the spleen of
control or cKO mice to assess their metabolic functions by performing
a seahorse mitochondrial stress test and glycolysis stress test. Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR)
were measured for mitochondrial respiration and glycolysis, respec-
tively. We found that the basal OCR, maximal respiration, spare
respiratory capacity, and adenosine 5’'-triphosphate (ATP) production
of cKO T cells were lower than that of control T cells (Fig. 4D).
In contrast, cKO T cells exhibited increased ECAR compared to
control T cells, which was evident with increased glycolytic capacity
and reserve in cKO T cells (Fig. 4E).

Mitochondria are thought to be the main place of OXPHOS and
cellular ATP production. We next investigated whether the reduced
OXPHOS in Pik3ip1-deficient T cells was attributed to impaired
mitochondrial function. CD4" and CD8" T cells isolated from
the spleen of control or cKO mice were stained with tetramethyl-
rhodamine methyl ester (TMRM), a cell-permeant and fluorescent
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daily using an EAE clinical score. (C) Quantification of T cell subsets in the spleen (SP) and the CNS from control and cKO mice. (D) Histological analysis of brain and spinal
cord in control and cKO mice. Scale bars, 300 um (top) and 100 um (bottom). (E) Activation status of CD4" T cells in the CNS and spleen of control and cKO mice assessed
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dye for labeling active mitochondria. We observed a significant de-
crease in mitochondrial membrane potential in cKO T cells as com-
pared to control T cells, measured by the fluorescence intensity of
TMRM using both fluorescence microscopy (Fig. 4F) and flow
cytometry (Fig. 4G). Consistently, a larger proportion of mitochondria
without cristae was found in cKO T cells compared to control T cells.
The number and length of cristae in each mitochondrion were also
significantly reduced in cKO T cells in comparison with control
T cells (Fig. 4H).

We next dissected the transcriptional profile of T cells after
Pik3ip1 deficiency using real-time quantitative polymerase chain
reaction (RT-qPCR). Consistently, our results showed that the
expression of key OXPHOS genes, such as Chchd3 and Cox4il, was
decreased in ¢cKO T cells compared to control T cells. In contrast,
the expression of PdkI, an important regulator of the mitochondrial
enzyme pyruvate dehydrogenase, which is responsible for the con-
version of pyruvate to acetyl-coenzyme A (CoA), was significantly
higher in cKO T cells when compared to control T cells (Fig. 4I). In
support of this, the level of acetyl-CoA in cKO T cells was shown to
be significantly lower than that in control T cells (Fig. 4]). On
the other hand, glycolysis-related molecules Glut1, Pfkfb3, Hk2, and
Ldha were found to up-regulate their expression in cKO T cells
compared to control T cells. These increases were more pronounced
in T cells after stimulation (Fig. 4K).

Metabolic adaptation toward aerobic glycolysis is one of the
hallmarks of T cell quiescence exit (29). To address the importance
of metabolic reprogramming in the activation-poised state of
Pik3ip1-deficient T cells, we measured the activation status and
cytokine production of T cells from ¢cKO mice after treatment with
2-deoxy-p-glucose (2-DG) or AZ33, both of which are glycolysis
inhibitors. In support of our assumptions, 2-DG or AZ33 treatment
markedly suppressed the aberrant T cell activation and increased
the production of proinflammatory cytokines that resulted from
Pik3ip1 deficiency to the levels even similar to those seen in T cells
from control mice (Fig. 5, A to D, and fig. S3, D and E). Collectively,
these findings strongly indicate that the ablation of Pik3ip1 could
induce T cell metabolic shift from OXPHOS to glycolysis, thereby
leading to a poised state for activation.

Hif1a is required for the metabolic reprogramming in T cells
with Pik3ip1 deletion

We have shown that cKO T cells have reduced OXPHOS while en-
hancing glycolysis compared to control T cells. We then aimed to
address the molecular mechanisms that drive this metabolic repro-
gramming. Using bulk RNA-seq, we demonstrated a significant in-
crease in the expression of several previously reported reprogramming
mediators in Pik3ip1™ T cells, such as Hifla, Myc proto-oncogene
(Myc), Irf4, and high-mobility group box 1 (Hmgb1) (Fig. 6, A and B)
(30-33). Among these, Hiflo tended to exhibit the largest magnitude
(Fig. 6C). Furthermore, in patients with SLE, RA, MS, SS, or systemic
juvenile idiopathic arthritis (SJIA), the expression of Hiflo was sig-
nificantly inversely correlated with Pik3ip1 expression in T cells,
indicating that Hifla is also likely to be negatively affected by the
expression level of Pik3ip1l under autoimmune condition (Fig. 6D
and fig. S4A). As mentioned previously, Pik3ip1 acts as an inhibitor
of PI3K-Akt-mammalian target of rapamycin (mTOR) pathway,
and it has been demonstrated that there is a strong link between
Hifla and mTOR signaling (34). To better understand the relation-
ship between Pik3ip1 and Hifla, we analyzed the Hiflo expression

Xie et al., Sci. Adv. 8, eabo4250 (2022) 30 September 2022

in the presence or absence of rapamycin, a specific mTOR inhibitor,
in control and cKO T cells. As expected, the protein level of Hifla
and PI3K-Akt-mTOR pathway molecules was markedly up-regulated
in cKO T cells compared with control T cells (Fig. 6E). However, the
increase observed in cKO T cells was markedly reduced after rapa-
mycin administration to the level even lower to that observed in
control T cells, demonstrating a direct regulatory role of Pik3ip1 in
Hifla expression mediated by mTOR signaling (Fig. 6F). Hence, we
postulated that Hifla might play an essential role in the metabolic
reprogramming that resulted from Pik3ip1 deficiency.

To test this hypothesis, we assessed the metabolic activities in
control and cKO T cells using the Hifla inhibitor, BAY87-2243
(35, 36). TMRM analysis revealed complete recovery of the severely
dampened mitochondrial membrane potential in cKO T cells in the
presence of BAY87-2243 (Fig. 6, G and H, and fig. 54, B and C).
Furthermore, we found that the difference in the expression of mito-
chondrial genes Pdk1 between control and cKO T cells observed in
our RT-qPCR studies disappeared after BAY87-2243 administration
(Fig. 61), suggesting that the reduced OXPHOS in cKO T cells after
Pik3ip1 deletion primarily relies on the up-regulation of Hiflo/
pyruvate dehydrogenase kinase 1 (Pdk1) axis. On the other hand, the
increase in Hiflo and glycolysis-related genes Glut1, Hk2, Pfkfb3, and
Ldha was attenuated as evidenced by similar levels between control
and cKO + BAY87-2243 group (Fig. 6]). Moreover, we found that the
cKO T cells showed more lactate acid accumulation compared with
control T cells, which could be explained by the elevated glycolysis
in cKO T cells, as lactate acid is an end product of glycolysis. As ex-
pected, BAY87-2243 treatment could partially abolish the effects of
Pik3ip1 deficiency on lactate secretion in T cells (Fig. 6K).

We next explored the impacts of Hifla inhibition on the T cell
activation status and cytokine production by T cells after Pik3ip1
depletion in vitro. As our results indicated, compared to control
T cells, cKO T cells were shown to have larger proportion of Tem
while having smaller proportion of Tns and produced more pro-
inflammatory cytokines upon activation. We also demonstrated
that the ability of Hiflo inhibitor and rapamycin to reduce this hy-
peractive phenotype of cKO T cells was evident, with a reduction to
proinflammatory cell proportions similar to that of control T cells
(Fig. 7, A and B, and fig. S4, D and E). Together, these findings
suggest that the elevated Hiflo is indispensable for the metabolic
reprogramming toward glycolysis in Pik3ip1-deficient T cells and
Hiflo inhibition acts as an effective strategy against this alteration,
thus reversing the proinflammatory T cell phenotype after Pik3ip1
depletion.

Hif1a inhibition effectively reduces the increased EAE
severity in Pik3ip1-deficient mice

To further explore the role of Pik3ip1/Hiflo/glycolysis axis in the
autoimmune setting, we performed the EAE model as described
above on three groups of mice, including control, cKO, and cKO +
BAY87-2243 (Fig. 8A). We found that the clinical score decreased
markedly in cKO + BAY87-2243 mice compared to cKO mice,
suggesting that the administration of Hifla inhibitor on cKO mice
could largely mitigate the clinical disease (Fig. 8B). In addition, the
number of CD4" T cells, Tyl, Tyl7, and CD8" T cells that infiltrated
in the cKO + BAY87-2243 mice, particularly in the CNS of the
cKO + BAY87-2243 mice, was significantly reduced to the level seen
in the control group. However, despite that the Hifla inhibitor
showed a full inhibition effect in the CNS, it was not sufficient to
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Fig. 5. Inhibition of glycolysis by 2-DG or AZ33 reversed the hyperactive phenotype of cKO T cells. (A and B) Activation status of CD4" T cells assessed by CD44 and
CD62L expression (A) and the percentages of IL-17-, IFN-y—, TNF-a~, and IL-2-producing CD4" T cells (B) in the spleen of control, cKO, and cKO + 2-DG (50 mM) mice are
shown. (C and D) Activation status of CD4" T cells assessed by CD44 and CD62L expression (C) and the percentages of IL-17-, IFN-y—, TNF-0—, and IL-2—producing cD4*
T cells (D) in the spleen of control, cKO, and cKO + AZ33 (150 uM) mice are shown. Purified T cells (200,000 cells per well) were cultured with or without 2-DG and AZ33in
a 96-well flat-bottom plate coated with anti-CD3/CD28 antibody (1.5 pug/ml) for 72 hours before fluorescence-activated cell sorting (FACS) staining. Data are presented as
the means + SEM from three independent experiments. Differences between groups were analyzed by one-way ANOVA test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

suppress T cell infiltration in the spleen (Fig. 8C). The reversal of
inflammatory infiltration in EAE lesion has been found to be asso-
ciated with improved disease prognosis (37). HE staining further
demonstrated the reduced proinflammatory cells in the brain and
spinal cord morphologically after BAY87-2243 treatment (Fig. 8D).

Likewise, to determine whether Hifla inhibition could suppress
the hyperactivity of T cells in autoimmune diseases, we compared
the T cell activation status and cytokine production by T cells before
and after BAY87-2243 treatment using the same EAE model. In the
presence of BAY87-2243, the frequency of CNS T cells and splenic
T cells exhibiting Tem phenotype in the cKO mice was reduced,
whereas those exhibiting Tn phenotype showed an opposite trend
(Fig. 8E and fig. S5A). Consistent with this, Hifla inhibition was
also able to reduce the production of IL-17, IFN-y, and TNF-a by
CD4" T cells in the CNS of the cKO mice. Note that the cytokine
production by T cells in the spleen was not altered, suggesting a mini-
mal effect on inflammatory response in the spleen (Fig. 8, F to H).
However, no significant difference was detected between cKO and

Xie et al., Sci. Adv. 8, eabo4250 (2022) 30 September 2022

cKO + BAY87-2243 mice in the percentages of IFN-y- or TNF-o-
producing CD8" T cells and IL-2-producing T cells (Fig. 81 and
fig. S5, B to D). In addition, we observed a significant reduction in
T cell glycolysis in the spleen of the cKO mice following BAY87-2243
treatment as revealed by lactate acid production (Fig. 8]). These
results indicate that the inhibition of Hifla alleviates the increased
EAE severity due to Pik3ip1 deficiency by restoring T cell metabolic
homeostasis and reducing proinflammatory T cell infiltration.

DISCUSSION

Here, we unveil a previously unrecognized role of Pik3ip1, a nega-
tive immune regulator, in maintaining T cell metabolic homeosta-
sis by coordinating the balance between OXPHOS and aerobic
glycolysis through Hifla. Our results have shown that, in auto-
immune patients, consistent down-regulation of Pik3ipl mediated
by IL-21/p38 MAPK/ADAM17 pathway contributes to shifting
the metabolic balance in favor of glycolysis, thereby promoting
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*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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without BAY87-2243 and rapamycin in a 96-well flat-bottom plate coated with anti-CD3/CD28 antibody (1.5 ug/ml) for 72 hours before FACS staining. Data are presented
as means + SEM from three independent experiments. One-way ANOVA analysis was performed to compare control, cKO, cKO + BAY87-2243, and cKO + rapamycin groups.

*P <0.05;**P<0.01; ***P < 0.001; ****P < 0.0001.

proinflammatory activation of T cells. Lower expression level of
Pik3ipl in T cells also indicates more severe disease and worse
treatment response. Our study proposes that targeting Pik3ip1/
Hifla/glycolysis axis could be investigated as a potential therapeutic
strategy for autoimmune diseases.

Despite the success of exploiting negative immune regulators in
tumor immunotherapy, therapeutics that directly target negative
immune regulators in autoimmunity are limited and display an in-
creased risk of infection and tumor (38). We have shown here that
Pik3ip1, a negative immune regulator, suppresses proinflammatory
activation of T cells under multiple autoimmune conditions, providing
a promising therapeutic target without any risk of protumorige-
nicity, as Pik3ip1 is also a negative regulator of PI3K and has been
reported to inhibit the development of hepatocellular carcinoma (15).
Furthermore, Pik3ip1 has been demonstrated to exert its function by
distinct mechanisms. Unlike most negative immune regulators, which
primarily function in activated T cells and tend to up-regulate their
expression to inhibit excessive T cell activation during autoimmu-
nity (19, 20), Pik3ip1 showed significant loss in T cells from patients
with SLE, RA, or MS. It is tempting to speculate that Pik3ip1 shows
substantial impacts on the regulation of early T cell activation and
the profound down-regulation of Pik3ip1 in the autoimmune set-
ting lowers the threshold for T cells to activate when encounter
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self-antigens, thus accelerating the onset of autoimmunity. Consis-
tently, in the murine EAE model, genetical depletion of Pik3ip1 in
T cells could significantly worsen the disease progression. Note that
Pik3ip1 cKO mice under steady state develop no discernable sign of
autoimmune diseases, suggesting that the absence of Pik3ip1 per se
is not sufficient to initiate spontaneous autoimmunity. These obser-
vations were similar to those seen in mice depleted of T cell immu-
noreceptor with Ig and ITIM domains (TIGIT) or LAG-3 but in
contrast to mice with single PD-1 or CTLA-4 depletion, which dis-
played autoimmune-like manifestations at steady state (39-42).

T cells exhibit distinct metabolic activity from other somatic cells
and metabolic plasticity across different stages of differentiation,
which provides the rationale for selectively modulating the metabo-
lism of hyperactive T cells in the treatment of autoimmune diseases
(43). It is known that up-regulation of glycolysis is a major feature of
hyperactive T cells under autoimmune conditions (44). In the light
of this, many glycolytic determinants of great therapeutic potential
have been found. Previous studies have shown that the inhibition of
critical molecules involved in glycolysis, such as glucose transporter 1
(Glutl), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(Ptkfb3), hexokinase 2 (Hk2), and lactate dehydrogenase A (Ldha),
could attenuate the development of autoimmunity in multiple mice
models including SLE, psoriasis, autoimmune arthritis, and a lethal
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autoinflammatory condition (9, 45-48). However, glycolysis-associated
molecules are expressed widely throughout the body, and hence, di-
rectly targeting those proteins may result in an inevitable off-target
side effect. In this study, we identified Pik3ip1 as a key metabolic
regulator specifically in T cells, possibly providing a more effective
therapeutic strategy in a wide range of autoimmune diseases. Fur-
thermore, we found that the metabolic reprogramming observed in
Pik3ip1-deficient T cells was mediated by the consistent up-regulation
of Hifla. Emerging evidence has shown that Hifla has been involved
in the pathogenesis of many T cell-associated autoimmune diseases,
including SLE, RA, MS, psoriasis, type 1 diabetes mellitus (T1DM),
and inflammatory bowel disease (49). Thus, our results have shown
huge promise in modulating Pik3ip1/Hifla/glycolysis axis as a po-
tential therapeutic approach for autoimmune conditions. Although
other negative immune regulators, such as PD-1, CTLA-4,and LAG-3,
also inhibit T cell glycolysis and play an important role in modulat-
ing T cell metabolic fitness (50-52), Pik3ip1 is shown to be the first
identified negative immune regulator that mediates metabolic reg-
ulation in the autoimmune setting.

We also investigated the possible mechanisms that regulated the
expression of Pik3ipl during autoimmunity. Our studies revealed
that neither IL-2, a classical proinflammatory cytokine, nor IFN-a,
which shows significant impact on PD-1 expression (53), was able to
affect the expression of Pik3ip1 in vitro. Unexpectedly, when stim-
ulated with IL-21, T cells showed a rapid decrease in the expression of
Pik3ip1 protein, which was similar to T cells stimulated with anti-CD3/
CD28 antibodies. Mechanistically, this IL-21-mediated Pik3ip1 reg-
ulation was relied on p38 MAPK activation. p38 MAPK has been
found to contribute to the elevation of ADAM17 expression and
activating ADAM17 by phosphorylating its intercellular domain
at tyrosine-735 (54). The ability of ADAMI17 to induce the down-
regulation of Pik3ip1 was reported previously in D10.G4.1 T cells (16).
The clarification of mechanisms underlying Pik3ip1 expression offers
potential targets for manipulating Pik3ip1 under autoimmune con-
ditions. Furthermore, IL-21, mainly produced by Ty;17 and T follicular
helper cells, plays an essential role in inflammatory and autoimmune
diseases, as it contributes to increasing the stochastic opportunities
for self-antigen recognition by T cells and promoting Ty17 differ-
entiation (26, 55, 56). Here, we observed an apparent negative correla-
tion between the percentage of Pik3ip1™ T cells and the percentage
of IL-17-producing CD4" T cells in autoimmune patients and more
Ty17 infiltration in Pik3ipl cKO mice during EAE. These results
might indicate a positive feedback loop, in which the loss of Pik3ip1
enhances IL-21 secretion and, in turn, further dampens the Pik3ip1
level. Thus, targeting Pik3ip1, the critical regulator of this process,
might help to inhibit the amplification of uncontrolled immune re-
sponse and the sustained autoimmune inflammation.

In conclusion, our findings provide previously unidentified in-
sights into the mechanisms underlying the critical metabolic switch
of peripheral T cells in the scenario of autoimmunity. We have demon-
strated that Pik3ip1, a newly reported negative immune regulators
primarily expressed in T cells, contributes to suppressing the develop-
ment of multiple autoimmune diseases via inhibiting Hifla-mediated
metabolic programming, thereby preventing T cells from aberrant
activation and acquiring hyperactive phenotype. Our data support a
Pik3ip1-centered inflammatory loop, where Pik3ip1 is down-regulated
by IL-21/p38 MAPK/ADAM17 pathway and the down-regulation
of Pik3ip1 further exacerbates the autoinflammatory condition.
Collectively, such information paves the way for the use of Pik3ip1/
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Hifla/glycolysis axis as a potential therapeutic approach in the
treatment of autoimmune diseases and for future studies aimed at
clarifying critical factors that block the inflammatory feedback loop,
which is implicated in many autoimmune diseases.

MATERIALS AND METHODS

Clinical samples

Patients with SLE (n = 57), RA (n = 28), and MS (n = 28) were col-
lected at the Third Affiliated Hospital of Sun Yat-sen University in
our study. Patients with hepatitis B virus, hepatitis C virus, HIV, or
other bacterial infections were excluded in this study. Demographic
and clinical characteristics of the patients are shown in table S1.
Meanwhile, age- and sex-matched HDs (# = 10) were enrolled. Whole
blood samples were obtained before the initiation of treatment and
after 4 weeks of treatment (except for six matched posttreatment
patients with MS to assess the effect of treatment on the expression
of Pik3ip1). The study was approved by the ethics committee of
Stomatological Hospital and the Third Affiliated Hospital of Sun
Yat-sen University. Written informed consent was obtained from
all of the participants, according to the Declaration of Helsinki.

Mice

C57BL/6 mice were purchased from the experimental animal center
of Sun Yat-sen University (Guangzhou, Guangdong, P.R. China).
Pik3ip1ﬂ°X/ flox mice (control) were created in C57BL/6 mice by in-
serting LoxP on both sides of the exon of Pik3ip1. CD4“™ mice were
a gift from J. Zhou (Sun Yat-sen University). T cell-specific Pik3ipI-
deficient mice (cKO) were achieved by crossing Pik3ip 17 1% mice
to CD4“" mice. Deletion of Pik3ip1 on T cells was further confirmed
by PCR and Western blotting. All mice were maintained in specific
pathogen-free facilities of the Sun Yat-sen University. All animal
studies were approved and performed according to the Institutional
Animal Care and Use Committee guidelines.

EAE model establishment

To induce EAE, 6- to 8-week-old female cKO and control mice
were immunized with MOG35-55 (2 mg/ml; Sigma-Aldrich) and
Mycobacterium tuberculosis (8 mg/ml; BD Biosciences) and dissolved
in complete Freund’s adjuvant (Sigma-Aldrich) subcutaneously.
Immediately after the immunization and again 2 days later, 250 ng of
pertussis toxin (MedChemExpress) was administered intraperito-
neally. Clinical signs after EAE immunization are according to the
following criteria: 0, no signs of disease; 0.5, loss of tail tip tonicity;
1, loss of whole tail tonicity; 2, mild paralysis of hind limbs; 2.5, one
hind limb paralysis completely; 3, complete paralysis of both hind
limbs; 3.5, hind limbs paralysis and mild paralysis of forelimbs; 4, com-
plete paralysis; and 5, death. Mice were injected with sodium pento-
barbital (100 mg/kg body weight) and euthanized through cardiac
perfusion with 30 ml of phosphate-buffered saline (PBS) at day 28.
After perfusion, the spinal cord, brain, and spleen were dissected and
fixed in 4% paraformaldehyde for paraffin sectioning or mechan-
ically disrupted to obtained single-cell suspensions. Mononuclear
cells were isolated from these cell suspensions using Percoll.

Flow cytometry and cell sorting

Single-cell preparations were incubated in PBS with 2% serum and
Fc block (10 ug/ml; Bio X Cell) for 10 min on ice before staining with
antibodies. Cells were stained for dead cells with Ghost Dye Red 780
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(Tonbo Biosciences) for 15 min at room temperate in PBS. Surface
marker was stained for 30 min at 4°C in PBS with 2% fetal bovine
serum. For the intracellular cytokine staining, cells were stimulated
in vitro with cell stimulation cocktail for 5 hours at 37°C with
5% CO, before staining. Next, cells were fixed and permeabilized
with fixation and permeabilization buffer set (Tonbo Biosciences),
after which they were stained with intracellular cytokine antibodies
according to the manufacturer’s instructions. For intranuclear stain-
ing, the nuclear membranes were permeabilized with the Foxp3/
Transcription Factor Staining Buffer Kit (eBioscience) before tran-
scription factor staining. All analyses were performed on a LSRFortessa
instrument (BD Biosciences). Data were processed using FlowJo soft-
ware. Cell sorting was performed on a FACSAria (BD Biosciences).
The antibodies and commercial assays are displayed in table S2.

Gene signature analysis on single-cell and bulk RNA-seq
data from the Gene Expression Omnibus database

The single-cell sequencing data used were from GSE157278 (www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157278). The supple-
mentary files from the repository were used as input and processed
using the Seurat package. The mitochondrial genes and cells with
fewer than 1000 positive read counts were removed. Module scores
for each of the gene signatures were used to color the cells on the
uniform manifold approximation and projection created from the
Seurat processing. The bulk RNA-seq data of SLE, RA, MS, and SS
(fig. S1B) were from GSE61635, GSE93272, GSE146383, and GSE66795,
respectively. The bulk RNA-seq data of SLE, RA, and MS (Fig. 1B)
were from GSE65391, GSE45291, and GSE146383, respectively.
The bulk RNA-seq data of SLE, RA, and MS (fig. S1J) were from
GSE61635, GSE45291, and GSE24427, respectively. The bulk RNA-seq
data of SLE, RA, SS, and SJIA (fig. S4A) were from GSE61635,
GSE45291, GSE66795, and GSE80060, respectively.

mRNA-RNA sequencing and analysis

Pik3ip1* or Pik3ip1™ T cells in the spleen of three mice were selected
by flow cytometry and then sent to Guangzhou Magigen Biotech-
nology Co. Ltd. for total RNA-seq. PC analysis and GSEA of Pik3ip1*
or Pik3ip1™ T cells transcriptome were performed with OmicStudio
(www.omicstudio.cn/tool). Heatmap of differentiation in gene ex-
pression of selected genes was completed with pheatmap R package.
Venn diagram was completed after removing fragments per kilobase
of exon per million mapped fragments of <1 genes of each group.

Metabolic assays

Mitochondrial stress test and glycolytic stress test were performed
in an XFe96 extracellular flux analyzer. Purity CD4* and CD8" T cells
of control and cKO mice were used for mitochondrial stress test in
Seahorse XF Base Medium (Agilent) added with 10 mM glucose,
2 mM 1-glutamine, and 1 mM sodium pyruvate with XF Cell Mito
Stress Kit (Agilent). Glycolytic stress test was performed on stimu-
lated CD4" and CD8" T cells in Seahorse XF Base Medium added
with 2 mM r-glutamine and 1 mM sodium pyruvate with XF Cell
Glycolytic Stress Kit (Agilent). All XFe96 FluxPaks (Agilent) were
coated with poly-1-lysine (ScienCell) before cell seeding. These plates
were centrifuged at 300¢ for 1 min without brakes. OCR of control
and cKO CD4" and CD8" T cells was measured during sequential
injections of oligomycin, carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP), and antimycin A/rotenone. OCR was
obtained at baseline, maximal OCR was measured after FCCP injection,
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spare respiratory capacity was calculated as the difference between
the maximal and basal OCRs, and ATP production was calculated
as the difference between OCRs before and after oligomycin injec-
tion. ECAR of control and cKO CD4" and CD8" T cells was measured
during sequential injections of glucose, oligomycin, and 2-DG.
Glycolytic capacity was measured after oligomycin injection, and
glycolytic reserve was calculated as the difference between maximal
and basal ECARs. The stimulated T cells were also detected by lactic
acid with lactic acid content detection kit (SolarBio). Acetyl-CoA
detection was performed with liquid chromatography (Agilent).

Function and structure of mitochondria investigation

Purified CD4" and CD8" T cells from cKO or control were stained
with TMRM (US Everbright Inc.) for confocal analysis and flow
cytometry detection to determine mitochondrial membrane potential
(A¥m). Mitochondrial crystal morphology of purified T cells from
cKO and control mice was observed with transmission electron
microscopy (JEOL). Average number and length of mitochondrial
cristae were analyzed by two independent observers blinded to the test.

RNA isolation and RT-qPCR

Total RNA was collected using the RNeasy Mini Kit (Omega) and
quantified with the NanoDrop (Thermo Fisher Scientific). cDNA was
synthesized from isolated RNA with PrimeScript RT Master Mix
(Takara). RT-qPCR was performed using ABI QuantStudio5 System.
All RT-qPCR primer sequences are listed in table S3.

Confocal microscopy

For mitochondrial membrane potential analysis, purified CD4" or
CD8" T cells from cKO or control mice were stained with TMRM and
Hoechst 33342 (Beyotime). For Pik3ipl and ADAM17 detection, puri-
fied CD4" or CD8" T cell from cKO or control mice were treated with or
without anti-CD3/CD28 (BioLegend), IL-21, or p38 MAPK inhibitors
(SB203580, Sigma-Aldrich) for 1 hour before staining with anti-
bodies. The samples were detected by Olympus FV3000 confocal mi-
croscopy. All antibodies for confocal microscopy are listed in table S2.

Western blotting

Purity T cells from the spleen of cKO or control mice were extracted.
Proteins per well were loaded into polyacrylamide gel electrophoresis
and sequentially transferred to polyvinylidene fluoride (PVDF)
membranes (Bio-Rad). After that, PVDF membranes were further
incubated with antibodies. Protein was detected with chemilumi-
nescent substrate system (LumiGLO). All tests were repeated in
triplicate on three different days.

Stimulator and inhibitor

For down-regulating the expression of Pik3ip1, purity T cells were
stimulated with IL-2 (20 U/ml; PeproTech), IFN-o (500 U/ml; Sino
Biological), anti-CD3/CD28 (3 pg/ml; BioLegend), or IL-21 (300 ng/
ml; PeproTech) for 0, 15, 30, 45, and 60 min. For activating T cells
in vitro for flow cytometry, purified T cells (200,000 cells per well)
were cultured in 96-well flat-bottom plates coated with anti-CD3/
CD28 antibody (1.5 pg/ml) for 72 hours before staining with anti-
bodies. For activating T cells in vitro for RT-qPCR, purified T cells
were cultured with anti-CD3/CD28 antibody (3 pg/ml) for 4 hours.
Hifla inhibitor (BAY87-2243, GlpBio) was used at a concentration
of 1 uM in vitro, while BAY87-2243 were given an intragastric ad-
ministration of 4 mg/kg per day in vivo. For mTOR inhibiting,
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10 nM rapamycin (Sigma-Aldrich) was using to treat T cells for
72 hours. For p38 MAPK inhibiting, 20 uM p38 MAPK inhibitor
(SB203580, Sigma-Aldrich) was used in vitro.

Statistical methods

All statistical analyses were performed using Prism software (GraphPad).
Unpaired or paired Student’s tests (two-group comparisons) and
one-way analysis of variance (ANOVA) analysis (multiple-group
comparisons) were used in data analysis. For EAE clinical score
analysis, repeated-measures ANOVA were performed. All tests were
two tailed, and P < 0.05 was considered significant and represented
as *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4250

View/request a protocol for this paper from Bio-protocol.
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