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Abstract

Background T cells play a crucial role in the pathogenesis of systemic lupus erythematosus (SLE), with their functions regu-
lated by various metabolic pathways. This study explores SLE pathogenesis and the therapeutic effects of human umbilical
cord-derived mesenchymal stem cells (hUC-MSCs) via metabolic reprogramming.

Methods Clinical data and peripheral blood samples were collected from 15 SLE patients and matched healthy controls.
CD4" T cells were isolated and activated in vitro with anti-CD3/CD28. Following 72 h of co-culture with hUC-MSCs, CD4"
T cell viability was assessed using the CCK-8 assay. The oxygen consumption rate (OCR) and glycolytic proton efflux rate
(glycoPER) were measured with a Seahorse analyzer. Cytokine levels were detected by multiplex assay, and transcriptome
sequencing was performed. Western blotting analyzed glucose metabolism-related enzymes and signaling pathways in lupus
model mice.

Results Compared to healthy controls, activated CD4" T cells from SLE patients exhibited significantly increased OCR and
glycoPER levels (P<0.05). Following 72 h of co-culture with hUC-MSCs, OCR, glycoPER, cell viability, and pro-inflam-
matory factors in SLE-CD4" T cells decreased markedly (P<0.01). Upregulation of 434 genes and downregulation of 172
genes was observed, particularly in the JAK-STAT and PI3K-Akt pathways. hUC-MSCs inhibited the expression of glucose
metabolism-related enzymes and the JAK-STAT and PI3K-Akt signaling pathways in lupus model mice.

Conclusion hUC-MSCs inhibited the proliferation and function of aberrant CD4" T cells in SLE patients by modulating
glycometabolism and the JAK-STAT and PI3K-Akt signaling pathways, providing new insights into the therapeutic mecha-
nisms of MSCs based on metabolic reprogramming.
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Background

Systemic lupus erythematosus (SLE) is a highly heteroge-
neous autoimmune disease characterized by the activation
of immune effector cells resulting from an imbalance in
immune tolerance, which leads to the production of numer-
ous cytokines and autoantibodies [1]. The generation of
these autoantibodies depends on T cells, particularly auto-
reactive CD4" T cells, which provide co-stimulatory sig-
nals and cytokines to autoreactive B cells [2]. These signals
stimulate B cells to secrete autoantibodies and form immune
complexes that are deposited in target organs, ultimately
causing inflammation and tissue damage [3].

The proliferative and/or functional imbalance of T cells
is vital for the immunopathogenesis of SLE, with several
studies indicating that these anomalies are associated with
aberrant metabolic levels [4, 5]. In 2002, Frauwirth con-
firmed that CD28 co-stimulatory signals promote glucose
uptake by CD4" T cells via the phosphoinositide 3-kinase
(PI3K) pathway [6], which first demonstrated the correla-
tion between metabolism and immune cell activation. SLE-
CD4" T cells exhibit overactivation and increased glycolytic
activity, resembling the Warburg effect observed in tumors
[7]. In addition, CD4" T cells also show mitochondrial dys-
function, membrane hyperpolarization, and elevated levels
of oxidative metabolism [8]. Targeting T cell glycometabo-
lism has been shown to facilitate disease remission in SLE
[9].

The current conventional treatments used for SLE
include glucocorticoids, cyclophosphamide, mycophe-
nolate mofetil, azathioprine, and methotrexate. Although
efficacious in SLE patients, the disease cannot be con-
trolled satisfactorily in some patients due to the serious
side effects of the drugs or poor treatment response. Some
severe patients (involving the kidneys, heart, lungs, and
nervous system) show continual disease advancement, and
the 10-year mortality rate is approximately 10% [10]. In
recent years, several new biologics, including belimumab,
rituximab, and abatacept, have emerged, yet they possess
certain limitations, such as increased risk of infection and
high costs [11]. Moreover, some patients remain non-
responsive or experience recurrence despite these therapies
[12]. Therefore, there is a pressing need to develop effective
treatments with fewer side effects based on new immuno-
modulatory and immunosuppressive treatments. Recently,
mesenchymal stem cells (MSCs) have garnered substantial
attention as a novel treatment for autoimmune diseases due
to their anti-inflammatory properties [13], immunomodu-
latory effects [14], and capacity for tissue repair. Studies
indicate that MSCs inhibit the proliferation and cytokine
secretion of CD3" T cells [15], suppress the proliferation
and autoantibody production of CD19" B cells [16], prevent

@ Springer

the maturation of dendritic cells [17], and block the cyto-
toxic effects of natural killer cells [18]. MSCs demonstrate
promising efficacy and safety in treating SLE by reducing
inflammatory responses and inhibiting the activation of
inflammatory pathways and cells [19]. However, the spe-
cific mechanism of MSCs in the treatment of SLE is yet to
be elucidated.

In this study, we explored the effects of human umbili-
cal cord-derived mesenchymal stem cells (hUC-MSCs)
on the proliferation capacity, function and glucose metab-
olism of peripheral CD4" T cells in patients with SLE.
Also, we elucidated the pathogenesis of SLE and possible
therapeutic mechanism of hUC-MSCs based on metabolic
reprogramming.

Materials and Methods
Study Population

A total of 15 treatment-naive SLE patients and 15 healthy
age- and gender-matched controls were recruited from
the Department of Rheumatology and Immunology of the
Second Hospital of Hebei Medical University between
August 2021 and February 2022. All the patients met the
2019 EULAR/ACR classification criteria [20]. Patients
were excluded if they met any of the following criteria: ©
aged <18 years or >70 years, @ diagnosed with infectious,
metabolic, or other autoimmune diseases, ® diagnosed with
malignancy, @ diagnosed with any other chronic diseases, ®
using metformin, ® having graft-versus-host disease.

Clinical data, demographic characteristics, and labora-
tory findings were collected, including age, gender, body
mass index (BMI), disease duration, systemic involvement
(skin and mucosa, joints, hematological system, serositis,
renal system, and neurological system), immune markers
(e.g., autoantibodies, immunoglobulins, and complements),
and the Systemic Lupus Erythematosus Disease Activity
Index 2000 (SLEDAI-2 K). This study was approved by the
Ethics Committee of the Second Hospital of Hebei Medical
University (2021-R392), and all participants provided writ-
ten informed consent.

Mice

Female MRL/lpr mice and female C57BL/6 mice were
obtained from Beijing Spefo Biotech Co. (Beijing, China).
The mice were housed under specific pathogen-free con-
ditions in the animal facility at Hebei Medical University.
All animal experiments were approved by the Animal
Experimentation Committee of Hebei Medical University
(2023-AE-164).
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Isolation, Culture, and Activation of CD4* T Cells

Peripheral venous blood was collected from all participants.
Peripheral blood mononuclear cells were isolated by den-
sity gradient centrifugation. Peripheral blood CD4" T cells
were obtained by magnetic separation with Cell Separation
Magnet (BD Biosciences, San Jose, CA, USA), followed
by co-culture in the presence of 10ug/mL CD3 and 5ug/mL
CD28 antibody (Leinco Technologies, St. Louis, Missouri,
USA) for 72 h in vitro.

Detection of Glucose and Lactate in Cell Culture
Supernatant

Cell culture supernatant was collected, and the levels of glu-
cose and lactate were measured using the Glucose Assay
Kit and Lactic Acid Assay Kit (Jiancheng, Nanjing, China),
respectively. The procedures were performed according to
the manufacturer’s instructions.

Co-culture of CD4* T Cells in SLE Patients with hUC-
MSCs

SLE-CD4" T cells were co-cultured with third-generation
hUC-MSCs at ratio gradients of 5:1, 10:1 and 50:1 (T cells:
MSCs). CD4" T cells were inoculated at a density of 5x 10°
cells per well in the upper chamber of the transwell (0.4 pm
pore size), while hUC-MSCs were inoculated at densities of
1x10°, 5% 10% and 1 x 10* cells per well in the lower cham-
ber. The hUC-MSCs were obtained from Shandong Qilu
Cell Therapy Engineering Technology Co. Ltd. (Qingdao,
China) and met the criteria set by the International Soci-
ety for Cellular Therapy to define MSCs [21]. To determine
whether the hUC-MSCs met the established criteria, their
morphology was observed under an inverted microscope
(CKX41, OLYMPUS, Tokyo, Japan) during passaging. The
hUC-MSCs were adherent cells exhibiting spindle-shaped
characteristics similar to fibroblasts(Fig. 1a). The results of
osteogenic, adipogenic, and chondrogenic differentiation
were assessed using alizarin red S staining, oil red O stain-
ing, alcian blue staining and safranin O staining (Fig. 1b-e).
Flow cytometry was employed to analyze the expression
of surface markers: CD44"/CD90*/CD73%/CD105" >95%:
CD45%/CD34"/CD19"/CD11b"/HLA-DR'<2% (Fig. 2).

Cell Proliferation Detection by Cell Counting
Kit(CCK)—8 Assay

Cell viability was assessed using the CCK-8 assay (Share-
bio, Shanghai, China) according to the manufacturer’s
instructions.

Energy Metabolism Assay

The Seahorse Bioscience XFe24 Extracellular Flux Ana-
lyzer (Agilent Technologies, California, USA) was used to
measure the mitochondrial pressure by oxygen consumption
rate (OCR) and glycolysis by the extracellular acidification
rate (ECAR) of CD4" T cells. The glycolytic proton efflux
rate (glycoPER), a derivation of ECAR, could be calculated
as a quantitative index of glycolytic rate. The Mito Stress
Test (Mito Stress Test Kit, Agilent Technologies, California,
USA) and Glycolytic Rate Assay (Glycolytic Rate Assay
Kit, Agilent Technologies, California, USA) were con-
ducted according to the manufacturer’s instructions.

Cytokine Detection

A multiplex cytokine assay was conducted to measure the
cytokines in the supernatant using flow microsphere assay
technology and the Human Cytokine Screening Panel (Bio-
Plex Pro™, Shanghai, China).

Transcriptome Sequencing

Transcriptome sequencing was performed on SLE-CD4"
T cells cultured alone or co-cultured with hUC-MSCs for
72 h. Total RNA was extracted from the samples using trizol
reagent, and paired-end libraries were prepared with the
ABclonal mRNA-seq Library Preparation Kit (ABclonal,
Wuhan, China) and sequenced on the Illumina NovaSeq
6000 system following the provided instructions. Dif-
ferentially expressed genes (DEGs) were identified using
DESeq2 with cutoff values of |log,FC| > 1 and Padj<0.05,
followed by analyses of functional enrichment, signaling
pathways, and hub gene identification.

Real-time Quantitative Polymerase Chain
Reaction(q-PCR)

Total RNA was extracted from CD4" T cells before and
after co-culture utilizing trizol solution (Servicebio, Wuhan,
China), according to the manufacturer’s instructions.
g-PCR was conducted using cDNA synthesized with Swe-
Script All-in-One RT SuperMix and Universal Blue SYBR
Green qPCR Master Mix (both purchased from Servicebio,
Wuhan, China), along with specific RNA primers. The rela-
tive expression of RNAs was determined and calculated
using the 2724T method.
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Fig. 1 Identification of morphology and differentiation potential of
hUC-MSCs. (a) The morphology of cultured hUC-MSCs in the third
generation was observed under inverted microscope. (b) Osteogenesis

Mice Grouping and Treatment
Six 8-week-old female MRL/lpr mice were randomly
assigned to the SLE+MSCs group (n=3) or the SLE+phos-

phate buffered saline (PBS) group (n=3). Additionally, three
age-matched female C57BL/6 mice were included as a control
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100 pm

via alizarin red S staining. (¢) Adipogenesis via oil red O staining. (d)
(e) Chondrogenesis via alcian blue staining and safranin O staining

group. At 16 weeks of age, mice in the SLE+MSCs group
received a tail vein injection of 200 pl of PBS containing
8x 10> hUC-MSCs, while the SLE+PBS and control groups
received 200 pl of PBS alone via tail vein injection. A second
injection of the same dose of hUC-MSCs or PBS was admin-
istered at 18 weeks. Mice were euthanized at 20 weeks of age.
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Fig. 2 Identification of surface markers of hUC-MSCs. Flow cytometry was used to determine surface marker expression, including CD44, CD45,

CD90, CD34, CD73, CD19, CD11b, HLA-DR and CD105

Assessment of Urinary Protein in Mice

Urine samples were collected from the mice every two
weeks over a 24-hour period to assess urinary protein lev-
els. Urinary protein concentrations were measured using
the Coomassie Brilliant Blue (CBB) method, following the
instructions provided with the urinary protein detection kit
(Jiancheng, Nanjing, China).

Hematoxylin-Eosin (HE) Staining

Kidney tissues from mice were excised and washed with PBS,
followed by fixation in 4% paraformaldehyde for 24 h. After
paraffin embedding and sectioning, the samples were subjected
to HE staining. The sections were then mounted with neutral
gum and examined under an optical microscope to assess the
pathological morphological characteristics of the kidneys.

@ Springer
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Isolation of CD4* T Lymphocytes from Mouse Spleen

Mouse spleens were harvested and gently crushed using
a 10 ml syringe plunger to prepare a single-cell suspen-
sion, followed by filtration through a 70 um cell strainer to
remove debris then the suspension was centrifuged at 500 g
for 7 min at 4 °C. The supernatant was discarded and 5 ml
of erythrocyte lysis buffer (Solarbio, Beijing, China) was
added to lyse the erythrocytes. The mixture was gently vor-
texed before standing for 5 min at room temperature and
the lysis reaction was terminated by the addition of 10 ml
of PBS. Further, a second centrifugation was conducted as
before and the supernatant was discarded. The white cell
pellet was washed with PBS and resuspended in complete
RPMI 1640 medium. CD4" T lymphocytes were then iso-
lated using a cell separation magnet (BD Biosciences, San
Jose, CA, USA).

Western Blot (WB)

Cells were collected, and total protein was extracted using
RIPA lysis buffer (Solarbio, Beijing, China) and was quan-
tified using a Bradford protein concentration assay kit
(BOSTER, Wuhan, China). The total protein was separated
on a 10% gel using SDS-PAGE, and the separated proteins
were transferred to a PVDF membrane (Millipore, USA).
The membranes were blocked with 5% nonfat milk for 1 h
at room temperature. The transferred PVDF membrane was
then incubated with primary antibodies against Glucose
transporter type 1 (GLUT1), hexokinase 2 (HK2), phospho-
fructokinase-1 (PFK-1), lactate dehydrogenase A (LDHA),
Janus kinase (JAK)1, p-JAKI, signaling transducers and
transcriptional activator (STAT)1, p-STAT1, PI3K, and Akt,
and gently shaken overnight at 4 °C. The membranes were
subsequently incubated with the appropriate secondary anti-
bodies for 1.5 h at room temperature. Finally, the membrane
was treated with an enhanced chemiluminescence detection
kit (Vazyme, Nanjing, China) to visualize the WB bands.

Statistical Analysis

Energy metabolism data analyses were conducted using
Wave software and GraphPad Prism 10.0 software was used
for statistical analyses. Count data were presented as per-
centages (%) and analyzed using either 3> chi-squared test or
Fisher’s exact probability method. Measurement data were
expressed as X+ or M(P25,P75). Student’s t test or Mann-
Whitney U test was performed between the two groups. For
comparisons among multiple groups, one-way analysis of
variance or the Kruskal-Wallis test was performed. P values
<0.05 were considered statistically significant.
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Results
Clinical Characteristics of SLE Patients

A total of 15 treatment-naive SLE patients (12 females
and 3 males) within 1 year were enrolled in this study. The
mean age of the cohort was 29.3+9.9 years with a mean dis-
ease duration of 5.0+3.9 months. Among these patients, 7
(46.7%) exhibited a rash, 7 (46.7%) had joint involvement,
3 (20%) presented with neurological symptoms, 4 (26.7%)
showed signs of serositis, 5 (33.3%) had renal involvement,
4 (26.7%) exhibited leukopenia, 5 (33.3%) had anemia, 7
(46.7%) presented with thrombocytopenia, 12 (80.0%)
tested positive for anti-ds-DNA antibodies, and 14 (93.3%)
demonstrated low levels of complement C3 or C4. The
SLEDAI-2 K score was 10.8+5.0 (Table 1).

Increased Levels of Glucose Metabolism in CD4+ T
Cells in SLE Patients

Overactivated CD4" T cells in the peripheral blood of SLE
patients contribute to the differentiation and proliferation
of these cells. To investigate whether energy metabolism
is altered after activation of CD4" T cells in SLE patients,
we examined OCR and glycoPER of peripheral blood CD4*
T cells in the patients and healthy controls (Fig. 3a and e).
The real-time mitochondrial pressure assay revealed that
the basal and maximal respiration rates of CD4" T cells in

Table 1 Baseline clinical characteristics of SLE patients and healthy
control

Basic characteristics SLE(n=15) Healthy
control(n=15)

Age, mean+SD, years 29.3+£9.9* 31.8+4.9

Female, n (%) 12(80.0%)*  12(80.0%)

BMI, mean=+SD, kg/m2 22.3+2.4% 21.9+1.8

duration of illness, mean+SD, 5.0£3.9 --

months

rash, n (%) 7(46.7%) --

arthritis, n (%) 7(46.7%) --

neurological involvement, n (%) 3(20.0%) --

serositis, n (%) 4(26.7%) --

renal involvement, n (%) 5(33.3%) --

leukopenia, n (%) 4(26.7%) --

anemia, n (%) 5(33.3%) --

thrombocytopenia, n (%) 7(46.7%) --

low complement C3 or C4,n (%) 14(93.3%) -

ds-DNA positive, n (%) 12(80.0%) --

SLEDAI-2 K score, mean+SD 10.8+5.0 -

<6,n (%) 3(20%) --

7-12,n (%) 6(40%) --

>12,n (%) 6(40%) --

BM1I body mass index, ds-DNA anti-double-stranded DNA, SLEDAI-
2K SLE Disease Activity Index-2000

*P>0.1 Compared to healthy controls
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Fig. 3 Glucose metabolism levels of CD4" T cells from SLE patients
were significantly higher than those of healthy controls. (a) Mitochon-
drial stress test curve depicts the OCR changes over time. (b) Basal
respiration, energy requirements of the cell under basal conditions. (c)
Maximal respiration, representing the highest rate of oxygen consump-
tion after adding the uncoupler FCCP. (d) Spare respiratory capacity

SLE patients were significantly higher than those in healthy
controls (381.2£83.9 vs. 223.4+107.6pmol/min, P<0.001;
773.44+227.9 vs. 327.3+£184.9pmol/min, P<0.0001, respec-
tively. Figure 3b and c). The spare respiratory capacity (SRC),
defined as the difference between maximal and basal OCR,
was also markedly higher in SLE patients compared to healthy
controls (348.4(259.3,611.0) vs. 47.4(26.7,150.9) pmol/min,
P<0.0001, Fig. 3d). In the glycolysis rate assay, both basal
glycolysis and compensatory glycolysis levels of CD4" T
cells were substantially elevated in SLE patients compared
to healthy controls (1549+326.7 vs. 659.9+129.9pmol/
min, P<0.0001; 2480+654.1 vs. 1446+380.3pmol/min,
P<0.0001, respectively, Fig. 3f and g). Moreover, the levels
of oxidative phosphorylation (OXPHOS) and glycolysis of
CD4" T cells in SLE patients were increased, suggesting that
abnormal glucose metabolism of CD4" T cells may contrib-
ute to the pathogenesis of SLE.

To validate the above metabolic profile, we collected
CD4" T cell culture supernatants from SLE patients and
healthy controls to measure glucose and lactate levels.
This experiment showed that the glucose levels of SLE

reflects a cell’s ability meeting increased energy demand. (e) Glycoly-
sis rate test curve shows the PER over time. (f) Basal glycolysis, indi-
cating the baseline glycolytic activity. (g) Compensatory glycolysis,
indicating the glycolytic response to the increased energy demand.
(n=15 per group) (All experiments were repeated three times).
(***P<0.001; ****P<0.0001)

patients were substantially lower than those of healthy
controls (9.89+1.68 vs. 12.85+3.39 mmol/L, P=0.0053,
Fig. 4a). The lactate levels of SLE patients were signifi-
cantly higher than those of healthy controls (8.827+2.092
vs. 4.787+1.218 mmol/L, P<0.0001, Fig. 4b).

hUC-MSCs Inhibited the Proliferation of CD4* T Cells
in SLE Patients

As described above, MSCs have immunomodulatory
effects, but the specific immunological mechanisms have
not been elucidated. To investigate the immunomodulatory
effect of h(UC-MSCs on peripheral blood CD4" T cells from
patients with SLE, we assessed CD4" T cell proliferation
after 72 h of co-culture with hUC-MSCs at different ratios
(50:1, 10:1, and 5:1), as well as in cultures without hUC-
MSC:s. The results indicated that cell viability varied across
groups, with the viability of CD4" T cells at the 10:1 and
5:1 ratios being markedly lower than that of the CD4" T
cell-only group (P<0.0001, Fig. 5). Conversely, no signifi-
cant difference was observed between 10:1 and 5:1 groups

@ Springer
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Fig. 4 Glucose and lactate levels of CD4" T cell culture supernatant
in SLE patients and normal controls. (a) The glucose levels of SLE
patients were significantly lower than those of healthy controls. (b)

(P>0.05), suggesting that hUC-MSCs substantially inhib-
ited the proliferation of SLE-CD4" T cells within a specific
ratio range. Due to the limited density of MSCs, we selected
aratio of 10:1 (CD4 " T cells: MSCs) for subsequent studies.

hUC-MSCs Reduced the High Glucose Metabolism Levels of
SLE-CD4* T Cells

To further investigate the effects of hUC-MSCs on the met-
abolic profile of SLE-CD4" T cells, we co-cultured SLE-
CD4" T cells with hUC-MSCs at a ratio of 10:1 and using
only SLE-CD4" T cells as a control. Mitochondrial respira-
tion and glycolysis rates were measured after 72 h of culture
(Fig. 6a and e). Our results indicate that CD4" T cells co-
cultured with hUC-MSCs did not show significant differ-
ences in basal respiration compared to controls (Fig. 6b);
however, maximal respiration was considerably lower in the
co-cultured group (437.3+£155 vs. 761.4+213.1 pmol/min,
P<0.0001, Fig. 6¢). Also, the spare respiratory capacity of
CD4" T cells was substantially decreased after co-culture
with hUC-MSCs (366.1(326.1,611.0) vs. 29.14(22.2,71.1)
pmol/min, P<0.0001, Fig. 6d), indicating that mitochon-
drial OXPHOS levels of SLE-CD4" T cells decreased after
the co-culture. Compared to the control group, both basal
and compensatory glycolysis levels were markedly reduced
in CD4" T cells co-cultured with hUC-MSCs (690.6+170.9
vs. 1679+192.9pmol/min, P<0.0001; 1532(1358,1707)
vs. 2968(2872, 3126) pmol/min, P<0.0001, respectively.
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The lactate levels in SLE patients were significantly higher than those
in healthy controls. (n=15 per group) (¥**P<0.01; ****P<0.0001)

Figure 6f and g), suggesting that co-culture with hUC-
MSCs alleviated the abnormally elevated glucose metabo-
lism levels in SLE-CD4" T cells.

Effect of hUC-MSCs on the Levels of Supernatant
Cytokines in SLE-CD4* T Cells

The proliferation, activation, and differentiation of CD4" T
cells are accompanied by the production of a large number
of cytokines. To further understand the effect of hUC-MSCs
on SLE-CD4" T cells, we collected culture supernatants
from the two groups for multiplex cytokine detection by
flow cytometry. Compared to the control group, hUC-MSCs
markedly inhibited the release of interferon-gamma (IFN-y),
interleukin (IL)—17, and tumor necrosis factor-alpha (TNF-
a) in the supernatant of SLE-CD4" T cells(P<0.01), while
the levels of IL-4 and IL-10 were increased (P<0.0001)
(Fig. 7; Table 2). T helper (Th)1 cells mainly secrete (IFN)-y,
Th2 cells express IL-4, IL-5, and IL-6, Th17 cells produce
IL-17, and Treg cells mainly produce IL-10. The current
results showed that proinflammatory cytokines are down-
regulated in SLE-CD4" T cells after co-culture with hUC-
MSCs, while anti-inflammatory cytokines were drastically
increased in SLE-CD4" T cells with the co-culture. These
changes may be associated with hUC-MSCs promoting the
differentiation of CD4" T cells into various subsets, particu-
larly affecting the Th1/Th2 and Th17/Treg ratios. Further-
more, the T cell subsets have different glucose metabolism
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Fig. 5 hUC-MSCs substantially inhibited the proliferation of
SLE-CD4" T cells within a specific ratio range. The prolif-
eration of CD4" T cells was measured after 72 h co-culture
with hUC-MSCs in vitro via transwell technique at different
ratios (50:1, 10:1, 5:1) by CCK-8 assay. (=15 per group)
(****P<0.0001)

oD

patterns, demonstrating unique metabolic phenotypes that
need to be substantiated by subsequent in vitro experiments.

Transcriptomics

To further understand the effect of hUC-MSCs at the gene
level of SLE-CD4" T cells, we conducted transcriptomic
analysis to evaluate the differences in mRNA expression
between the two groups. Total RNA was extracted from
SLE-CD4" T cells in the two groups. The sequencing results
of all samples were high-quality and had a balanced base dis-
tribution. RNA-sequencing produced an average of 50 mil-
lion raw reads. The differential expression of genes between
the two groups was analyzed using the R software package
DESeq2, and the default screening threshold for DEGs was
[log,FC|>1 and Padj<0.05. A total of 60,693 genes were
analyzed, resulting in the identification of 606 differential
genes. Among these, the mRNA levels of 434 genes were
upregulated, while 172 genes were downregulated (Fig. 8a).
To further visualize these differential genes, we conducted
volcano map and hierarchical clustering heatmap analyses
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(Fig. 8b and c). Among these, the top five downregulated
genes were GJB2, ILIRI, TNFSF14, NPTXI, and NEKG6,
while the top five upregulated genes were ALDOC, ID3,
HICI, SMOX, and TNFRSF18.

Kyoto Encyclopedia of Genes and Genomes (KEGQG)
pathway enrichment and Gene Ontology(GO) analyses
were performed for DEGs (Fig. 8d and e¢). KEGG path-
way enrichment analysis showed that DEGs were mainly
enriched in cytokine-cytokine receptor interaction, virus
protein-cytokine and cytokine-receptor interaction, JAK-
STAT pathway, hematopoietic cell lineage, chemokine
pathway, amino acid biosynthesis, PI3K-Akt pathway,
butyrate metabolism, and others. GO analysis showed
that biological processes mainly included viral response,
viral genome replication defense response, viral immune
response, chemokine-mediated signaling pathway, inflam-
matory response, negative regulation of cell prolifera-
tion, IFN-B production, positive regulation of JAK-STAT
cascade, and positive regulation of cytosolic calcium ion
concentration. Cellular component included the cytoplas-
mic membrane, extracellular region, extracellular space
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Fig. 6 hUC-MSCs improved the abnormally elevated glucose metabo-
lism levels in SLE-CD4™ T cells. Real-time measurements of mito-
chondrial stress and glycolytic rate for only CD4"T and CD4*T+MSCs
groups (CD4" T cells and hUC-MSCs at a 10:1 ratio). (a) The curve
of the mitochondrial stress test. (b) CD4" T cells co-cultured with
hUC-MSCs did not differ significantly from controls in basal respira-
tion. (¢) CD4" T cells co-cultured with hUC-MSCs had significantly

outside of the plasma membrane, components of the
plasma membrane, endoplasmic reticulum lumen, and
perinucleus region of the cytoplasm. Molecular function
mainly included cytokine activity, 2’-5’-oligopoly ade-
nylate synthase activity, double-stranded RNA binding,
cytokine binding, monocarboxylic acid transmembrane
transporter activity, chemokine activity, same protein bind-
ing, very low-density lipoprotein particle binding, protein
binding, CXCR chemokine receptor binding, and growth
factor activity. The genetic analysis tool and Cytoscape
software were employed to construct the protein-protein
interaction network (PPI) of DEGs, followed by molecular
screening to identify the hub genes (Fig. 9a and b). Among
these, VEGFA, IL-10, HSP90AAI, IFNBI, F2R, and NR4A1
were related to the JAK-STAT and PI3K-Akt pathways.
g-PCR validation results showed that after cocultured with
hUC-MSCs, CD4™T cells exhibited upregulated genes of
VEGFA, IFNB1, and NR4A1, followed with downregulated
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lower maximal respiration than that in the control group. (d) The spare
respiratory capacity of CD4™ T cells was substantially decreased after
co-culture with hUC-MSCs. (e) The curve of the glycolysis rate test.
Compared to the control group, the levels of basal (f) and compensa-
tory glycolysis (g) were decreased significantly in CD4" T cells co-
cultured with hUC-MSCs. (n=15 per group) (****P<0.0001)

genes of /L-10, HSP90AAI and F2R, which were consistent
with the sequencing results (Fig. 10; Table 3).

hUC-MSCs Alleviate Disease Manifestations in MRL/
Ipr Mice

To further investigate the effects of hUC-MSCs on SLE,
we administered 8x10° hUC-MSCs via tail vein injec-
tion to the mice of SLE+MSCs group at 16 weeks of age,
while the mice of SLE+PBS group and control group were
received an equivalent volume of PBS. A second injection
of the same dosage was administered at 18 weeks (Fig. 11a).
Skin lesions were first observed in mice of SLE+PBS and
SLE+MSCs groups at 15 weeks. By 20 weeks, the mice of
SLE+PBS group exhibited pronounced skin lesions, while
the SLE+MSCs group demonstrated a modest reduction
in lesion severity (Fig. 11b). The SLE+PBS group mice
showed marked splenic enlargement compared to the control
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Fig. 7 Effect of hUC-MSCs on the levels of supernatant cytokines in
SLE-CD4" T cells. CD4" T cells from SLE patients were co-cultured
with hUC-MSCs at a ratio of 10:1 for 72 h. Compared to the control

group, whereas the mice of SLE+MSCs group exhibited
reduced splenomegaly (Fig. 11c). Regarding renal injury,
urinary protein levels in mice of the SLE+MSCs group
were significantly lower than those in the SLE+PBS group
at both 18 and 20 weeks (P<0.01, Fig. 11d). HE staining
revealed varying degrees of alleviation in inflammatory cell
infiltration and mesangial cell proliferation in the kidneys of
the mice in SLE+MSCs group compared to the SLE+PBS
group (Fig. 11e). These findings provide evidence that hUC-
MSCs can mitigate the immune-mediated organs injury in
MRL/Ipr mice.

Table 2 Cytokines in culture supernatants between the two groups

Cytokines (pg/ CD4'T (n=15) CD4"T+MSCs P value
mL) (n=15)

IFN-y 3995(3521,4772)  2623(2144,2745)  <0.0001
IL-17 18,124+5185 12,087+4286 0.0017
TNF-a 29,258+7799 21,421+4550 0.0023
IL-4 34.87+10.36 95.05+35.95 <0.0001
IL-10 1583+614.50 4361+1228 <0.0001

IFN-y interferon-gamma, /L interleukin, TNF-a tumor necrosis fac-
tor-alph, MSCs mesenchymal stem cells
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group, hUC-MSCs inhibited the release of IFN-y, IL-17, and TNF-a
in the supernatant of SLE-CD4" T cells, while the levels of IL-4 and
IL-10 were increased. (n=15 per group) (**P<0.01; ****P<0.0001)

hUC-MSCs Inhibited the Expression of Glucose
Metabolism Related Enzymes, as well as the JAK-
STAT and PI3K-Akt Signaling Pathways in CD4* T
Lymphocytes of MRL/Ipr Mice

GLUTI1, HK2, PFK-1, and LDHA are key enzymes in
glucose metabolism. To investigate glucose metabolism
in mouse splenic CD4" T lymphocytes, we assessed the
protein expression of these glucose metabolism related
enzymes. The results indicated that the protein expression
levels of GLUTI1, HK2, PFK-1, and LDHA were mark-
edly higher in the SLE+PBS group compared to the con-
trol group (P<0.01). Conversely, the protein expression of
GLUTI, HK2, PFK-1, and LDHA was substantially reduced
in the SLE+MSCs group compared to the SLE+PBS group
(P<0.05) (Fig. 12a).

To determine whether there were alterations in the JAK-
STAT and PI3K-Akt signaling pathways in splenic CD4" T
lymphocytes following hUC-MSCs treatment, we evaluated
the protein expression levels of relevant signaling compo-
nents. The results demonstrated that the protein expression
levels of p-JAK1/JAK1, p-STAT1/STAT1, PI3K, and Akt
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were significantly higher in the mice of SLE+PBS group
compared to the control group (P<0.001). Furthermore,
the protein expression levels of p-JAK1/JAKI1, p-STAT1/
STAT1, PI3K, and Akt were markedly reduced in the
SLE+MSCs group mice compared to the SLE+PBS group
(P<0.05, Fig. 12b).
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Discussion

This study shows that levels of glycolysis and oxidative
phosphorylation in CD4" T cells were considerably elevated
in SLE patients. hUC-MSCs decreased the proliferative
activity, altered the glucose metabolism phenotype, reduced
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Fig. 9 Using STRING database and

Cytoscape software to construct PPI and
identify hub genes.The genetic analysis a
tool and Cytoscape software were used

to construct the PPI (a) of DEGs, fol-

lowed by molecular screening to identify

the hub genes (b). Among these, VEGFA,
IL-10, HSP90AAI, IFNBI1, F2R, and

NR4A1 were related to the JAK-STAT

and PI3K-Akt pathways

pro-inflammatory factor levels, and increased anti-inflam-
matory factor levels in SLE CD4" T cells. The regulatory
effects of hUC-MSCs on the cellular energy metabolism
phenotype may be related to the influence of JAK-STAT
and PI3K-Akt signaling pathways. Our study investi-
gates the relationship between immune regulatory mecha-
nisms and glucose metabolism profiles, as well as the role
of hUC-MSCs in the treatment of SLE. It may reveal the
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pathogenesis of SLE and provide novel strategies for indi-
vidualized precision treatment.

The activation and proliferation of T cells require sub-
stantial upregulation of energy metabolism to induce and
maintain an immune response [22]. Glucose is the primary
source of energy supply, mainly through aerobic oxidation,
anaerobic glycolysis, and pentose phosphate pathway [23].
T cells in SLE exhibit heightened activity and demonstrate
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Fig. 10 The key genes including VEGFA (a), IL-10 (b), HSP90AAI (¢), IFNBI (d), F2R (e), and NR4A! (f) were normalized and validated by
g-PCR, and the validation results were consistent with the sequencing results. (**P < 0.01; ***P < 0.001; ****P < (0.0001)

Table 3 Relative expression of genes between the two groups

Genes CD4'T CD4"T+MSCs P value
VEGFA 2.74+1.91 6.82+1.07 0.0322
IL-10 0.96+0.22 0.55+0.10 0.0436
HSP90AAI 1.09+£0.19 0.52+0.15 0.0171
IFNBI 17.81+£9.35 342.00+180.00 0.0357
F2R 1.24+0.33 0.20+0.10 0.0070
NR4A1 1.06+0.59 12.81+3.92 0.0068

MSCs mesenchymal stem cells

abnormalities across various metabolic pathways, includ-
ing glycolysis, oxidative stress, and mammalian target of
rapamycin (mTOR) pathway [24]. In the present study, the
basal glycolysis, compensatory glycolysis, basal respira-
tion, maximal respiratory capacity, and spare respiratory
capacity of CD4" T cells in SLE patients were markedly
elevated compared to those of healthy controls, indicating
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that their glycolytic and OXPHOS levels were higher than
in the healthy control group. Furthermore, measurements of
glucose and lactate levels in cell culture supernatants con-
firmed a considerable increase in glucose uptake and metab-
olism, particularly glycolysis, in SLE-CD4" T cells.

Naive T cells have relatively low energy requirements and
minimal glucose intake [25]. After activation, T cells rapidly
undergo proliferation and differentiation [22]. In SLE, acti-
vation of CD4" T cells induces the T cell receptor and co-
stimulatory receptors (such as CD28) to upregulate glucose
transporter 1 through the PI3K-Akt pathway. This signaling
cascade, mediated by the transcription factor Myc, further
promotes the expression of glycolytic enzymes, thereby
enhancing glycolysis and supplying the energy required for
T cell growth and proliferation [26]. Chronic activation of T
cells in both SLE patients and mouse models is associated
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Fig. 11 hUC-MSC:s alleviate disease manifestations in MRL/Ipr mice.
(a) Flowchart depicting the animal experiments. (b) Skin lesions in
mice of different groups at 20 weeks. (¢) Spleen morphology in the
various groups of mice at 20 weeks. (d) Changes in urinary protein
levels from week 8 to week 20. At weeks 18 and 20, a statistically

with elevated glycolytic rates and increased glycolytic flux
[27]. Moreover, the degree of glycolytic dependence varies
among different T cell subsets. Th17 and Th1 cells derived
from CD4" T cells provide the energy required for cell pro-
liferation and function via glycolysis pathway, while Treg
and memory T cells supply the energy required by fatty acid
oxidation and OXPHOS [28]. Th17/Treg cell balance is
closely related to the development of SLE, and changes in
the metabolic levels, such as abnormal glycolysis in SLE-
CD4" T cells, promote the differentiation and function of
Th17 cells, which is the cause of Th17/Treg cell imbalance
[29]. Inhibition of glycolytic pathway inhibits the differen-
tiation of Th1, Th17, and Thf cells, promotes the prolifera-
tion and differentiation of Treg cells, restores the balance
of Th17/Treg cells, and induces immune tolerance to treat
SLE [30]. Furthermore, the glucose metabolism of SLE-
CD4" T cells also included markedly increased levels of
OXPHOS. This result showed that the OCR of SLE-CD4"
T cells was higher than that of healthy controls, indicating
enhanced oxidative phosphorylation. This upregulation is
associated with the chronic activation of SLE-CD4" T cells
under long-term stimulation of autoantigens in vivo [27].
Moreover, the mitochondria of SLE-CD4" T cells exhibit
structural changes, including increased volume and mass,
as well as hyperpolarization characterized by mitochondrial
fusion and an elevated potential difference, which upregu-
lates OXPHOS levels [31]. These findings suggest that the

%} © R

SLE+PBS SLE+MSCs

significant difference in urinary protein was observed between the
SLE+PBS and SLE+MSCs groups (n=3 per group) (**P<0.01;
**¥%P<(.001). (e) Representative images of kidney sections stained
with HE. Scale bars: 300 pm and 70 pm

energy metabolism phenotype of T cells is closely related to
their proliferation and differentiation, and SLE pathogenesis
is regulated by SLE-CD4" T cells via metabolism. The pres-
ent study establishes a correlation between energy metabo-
lism of immune cell subsets and SLE activity, suggesting
that alterations in cellular glycolysis and OXPHOS levels
may serve as potential biomarkers for the clinical assess-
ment of SLE activity [32]. Thus, targeting cellular energy
metabolism phenotypes may offer new therapeutic strate-
gies for SLE, and selective inhibitors of energy metabolism
pathways could enhance the efficacy of glucocorticoids and
immunosuppressants, thereby mitigating the adverse effects
associated with these treatments [33].

MSCs are widely distributed in the human body, the rich
sources are the umbilical cord, bone marrow, peripheral
blood, placenta, adipose tissue, and dental pulp [34]. MSCs
have the potential to modulate the immune system and regu-
late inflammation [35]. In recent years, MSCs transplanta-
tion for the treatment of autoimmune diseases, especially
SLE, has gained increasing attention, and many clinical
trials and animal experiments have yielded encouraging
results. Treatment with MSCs can reduce the serum levels
of anti-dsDNA, ANA, proteinuria, and creatinine, improve
renal pathology, and alleviate inflammatory responses [36,
37]. MSCs exosomes inhibit T cell proliferation and dif-
ferentiation by preventing T cells from entering the S and
GO0/G1 phases in a dose-dependent manner via A20 and
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Fig. 12 hUC-MSCs inhibited the expression of glucose metabolism
related enzymes, as well as the JAK-STAT and PI3K-Akt signaling
pathways in CD4" T lymphocytes of MRL/Ipr mice. (a) Protein expres-
sion levels of glucose metabolism related enzymes (SLE+PBS vs.
control group ##P<0.01, ##P<0.001; SLE+MSCs vs. SLE+PBS

TNFalP6 [38—40]. hUC-MSCs inhibit the proliferation of
CD4" T cells and the production of proinflammatory cyto-
kines in SLE while promoting the apoptosis of CD4" T cells
in SLE mice, inducing the differentiation of T cells from
proinflammatory to anti-inflammatory, thereby alleviating
SLE symptoms and improving immune imbalance [41].
Although the above studies have confirmed that hUC-MSCs
have immunomodulatory effects on T lymphocytes in SLE,
the specific regulatory mechanism has not been fully elu-
cidated. In recent years, the field of energy metabolism in
the mechanism of immune regulation has become a new
perspective and a hot spot in the autoimmune diseases.
The increasing evidence shows that the alteration of energy
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group *P<0.05, **P<0.01). (b) Protein expression levels of the JAK-
STAT and PI3K-Akt signaling pathways (SLE+PBS vs. control group
##P<0.01, ##P<0.001; SLE+MSCs vs. SLE+PBS group *P<0.05,
**P<0.01)

metabolism process determines the proliferation, function,
and differentiation of T cells. However, there are few reports
on the effect of MSCs on T cell energy metabolism. Limited
research shows that MSCs and vesicles can regulate Thl
cell differentiation in mice by inhibiting glycolysis [42, 43].
MSCs inhibit the mTOR pathway and regulate T cell pro-
liferation through glycolytic conversion [44]. Nevertheless,
whether MSC-mediated metabolic reprogramming affects
the differentiation and function of lupus T cells as well as
the detailed mechanisms, remains to be addressed.

The present study showed that co-culture with hUC-
MSC:s significantly decreased the proliferation viability of
SLE-CD4" T cells, confirming that hUC-MSCs could inhibit
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the proliferation of CD4" T cells in SLE patients. Further-
more, SLE-CD4" T cells had a reduced glycolysis rate after
co-culture with hUC-MSCs, indicating that hUC-MSCs reg-
ulate the glucose metabolism levels of SLE-CD4" T cells.
According to previous studies, some of the mechanisms that
may be involved are as follows: (1) Differentiation of SLE-
CD4" T cells is abnormal, and there is an immune imbal-
ance between the anti-inflammatory cell subsets (Treg,
Th2) and pro-inflammatory cell subsets (Th17 and Thl)
[45]. Pro-inflammatory T cell subsets exhibit higher glyco-
lytic capacity [29]. Previous studies have shown that MSCs
regulate T cell immunity by modulating antigen-presenting
cells, promoting the expression of indoleamine 2,3-dioxy-
genase, prostaglandin E2, transforming growth factor-beta
1, Fas ligand, and programmed death ligand, thereby pro-
moting the polarization of CD4" T cell subsets from Thl
and Th17 to Th2 and Treg cells, respectively [46]. This
study found that after co-culture with hUC-MSCs, the lev-
els of IFN-y and IL-17, which mainly secreted by Th1 and
Th17 cells, were substantially reduced in the supernatant of
SLE CD4" T cell, while IL-10 and IL-4, secreted by Tregs
and Th2 cells, were significantly increased. It is suggested
that the effect of MSCs on CD4" T cell glycolysis may be
related to the inhibition of proliferation and differentiation
of effector T cells such as Thl and Th17, simultaneously
the promoting of Tregs and Th2 cells. (2) Khan et al. dem-
onstrated that TNF-a in natural killer cells promotes aero-
bic glycolysis via the TNFa/TNFR2 axis [47]. Our study
demonstrated that co-culture with hUC-MSCs reduced the
levels of TNF-a in the supernatant of SLE CD4" T lympho-
cytes, suggesting that hUC-MSCs may inhibit glycolysis by
downregulating TNF-a. (3) MSCs downregulate the levels
of glycolysis affected by monocarboxylic acid transporter 4,
glucose transporter 1, and glycolytic enzymes via inhibition
of the expression of hypoxia-inducible factor-1a (HIF-1a)
in the Akt/mTOR/HIF-1a/Th17 pathway, this phenomenon
has a therapeutic effect similar to sirolimus in SLE [48§].
Besides, the glucose metabolism of SLE-CD4'T cells per-
forms higher levels of OXPHOS. This study suggested that
after co-culture with hUC-MSCs, the levels of enhanced
OXPHOS in SLE-CD4" T cells decreases markedly, which
might be related to hUC-MSCs-reduced chronic activation
of CD4" T cells, weakened mitochondrial remodeling, and
inhibited mitochondrial excessive accumulation [49].

Notably, there was no migration of SLE-CD4" T cells to
the bottom chamber, neither MSCs-T cell interaction directly
in our transwell experiment, hence it could be anticipated
that the secretome from MSCs was imparting the observed
influence on SLE-CD4" T cells. While, the plausible candi-
dates involved in the MSCs secretome reversing the SLE-
CD4'T cells’ glucose metabolism deserve to be explored in
our further research.

To further investigate the mechanism of the effect of hUC-
MSCs on the glucose metabolism of CD4'T cells in SLE
patients, we conducted transcriptomic analysis on SLE-CD4"
T cells cultured alone and in co-culture with hUC-MSCs. This
analysis revealed that differentially expressed genes were
enriched in the JAK-STAT and PI3K-Akt pathways, as deter-
mined by KEGG analysis. Additionally, we conducted animal
experiments, which demonstrated that hUC-MSCs can inhibit
the expression of key enzymes involved in glucose metabo-
lism (GLUTI, HK2, PFK-1, LDHA), as well as the JAK-STAT
and PI3K-Akt signaling pathways in splenic CD4"T lympho-
cytes of MRL/Ipr mice. Janus kinases (JAKSs) are intracellu-
lar protein tyrosine kinases, of these, and four of these have
been identified in mammals: JAK1, JAK2, JAK3, and TYK2.
JAK1, JAK2, and TYK2 are broadly expressed in various
cell types, whereas JAK3 is expressed only in hematopoi-
etic cells [50]. Seven mammalian STAT proteins (STAT1-4,
STATSA, STATSB, and STAT6) are classic transcription fac-
tors that regulate gene transcription via DNA regulatory ele-
ments [51]. The JAK-STAT signaling pathway mediates more
than 50 cytokines, growth factors, and hormones. O’Brien et
al. showed that targeting the JAK-STAT signaling pathway
by JAK inhibitors reduces the levels of glycolysis in synovial
fibroblasts [52]. Feng et al. demonstrated that the glycolytic
levels of glioma cells were inhibited by blocking the glucose
transporter 4-mediated activation of JAK-STAT pathway [53].
Moreover, the JAK/STAT pathway regulates the expression
of key glycolytic genes, including Glut-1, PFK3B, PDKI,
HK2, and GSK3A4 [54]. Thus, the JAK-STAT pathway can
directly or indirectly regulate and affect T cell metabolism.
Direct regulation includes targeting STATs and controlling
the expression of enzymes, transporters, and helper protein-
coding genes associated with the metabolic pathways. Indirect
regulation involves STATs-controlled expression of transcrip-
tion factors, cytokine receptors, and other genes, which in
turn, regulate the expression or function of components in the
metabolic pathway [55]. The PI3K-Akt pathway is involved
in various functions such as cell cycle, apoptosis, angiogen-
esis, and glucose metabolism. Akt is a downstream effector of
PI3K activated by phosphorylation during transport from the
cytoplasm to the cell membrane. The PI3K-Akt pathway is an
upstream pathway of mTOR that regulates glucose metabo-
lism levels through HIF-la [56]. The PI3K/AKT/mTOR
pathway regulates many metabolic pathways, including gly-
colysis, OXPHOS, pentose phosphate, and tricarboxylic acid
cycle [57]. Therefore, this and previous studies suggested that
the mechanism by which hUC-MSCs regulate glucose metab-
olism in SLE-CD4 T cells might be related to the JAK-STAT
and PI3K-Akt pathways.

Our findings suggest that the VEGFA, IL-10, HSP90AAI,
IFNBI, F2R, and NR4A1 genes may contribute to the thera-
peutic mechanism of hUC-MSCs in SLE correlating to the
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JAK-STAT and PI3K-Akt signaling pathways. Neverthe-
less, the exact interactions of these genes require further
investigation through in vivo experiments. Of note, after
co-culturing, the concentration of IL-10 in the supernatant
of CD4" T cells increased, while the mRNA expression of
IL-10 decreased. This discrepancy may arise because mRNA
levels do not always accurately reflect the corresponding
protein levels. Cells may enhance IL-10 protein transport
through post-translational modifications (e.g., phosphoryla-
tion and glycosylation) and post-transcriptional regulatory
mechanisms, thereby increasing its secretion [58]. Further-
more, [L-10 is regulated by a negative feedback mechanism
that allows cells to modulate its gene expression [59].

As an emerging treatment for SLE, hUC-MSCs have
been confirmed to be effective and safe in clinical tri-
als; However, the specific regulatory mechanisms remain
unclear. This study showed pronounced abnormalities in the
glucose metabolism levels of peripheral blood SLE-CD4" T
cells and explored the effects and possible mechanisms of
hUC-MSCs on glucose metabolism in CD4" T cells in vitro.
There are some limitations in this study, such as the small
sample size of SLE patients, only the protein levels of some
key genes in the signaling pathway were verified, and the in
vitro functional verification experiments of the activation or
inhibition of the signaling pathway were not performed. We
intend to further expand the sample size based on this study,
including the inclusion of SLE patients with different lev-
els of disease activity and lupus model mice with different
stages of disease, in order to further clarify the therapeutic
effects, long-term efficacy, and molecular regulatory mecha-
nisms based on glucose metabolism of MSCs.

Conclusion

hUC-MSCs effectively inhibited the proliferation and func-
tion of the aberrant CD4" T cells in patients with SLE, by
regulating cellular glycometabolism and the JAK-STAT and
PI3K-Akt signaling pathways, indicating a new insight into
the therapeutic mechanism of MSCs based on metabolic
reprogramming.
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