
Frontiers in Immunology

OPEN ACCESS

EDITED BY

James A. Lederer,
Brigham and Women’s Hospital and
Harvard Medical School, United States

REVIEWED BY

Kimberly Julia Jasmer,
University of Louisville, United States
Fei Liu,
Texas A and M University, United States

*CORRESPONDENCE

Zhifang Wu
dentistwzf01918@mail.ccmu.edu.cn

†These authors have contributed equally
to this work

RECEIVED 06 December 2025
REVISED 03 February 2026
ACCEPTED 19 February 2026
PUBLISHED 12 March 2026

CITATION

Wu Z, Wang C, Ma L and Xia D (2026)
Mesenchymal stem cells ameliorate
Sjögren disease by suppressing B cells
through the Pik3cb/Akt/mTOR pathway.
Front. Immunol. 17:1761950.
doi: 10.3389/fimmu.2026.1761950

COPYRIGHT

© 2026 Wu, Wang, Ma and Xia. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 12 March 2026
DOI 10.3389/fimmu.2026.1761950
Mesenchymal stem cells
ameliorate Sjögren disease by
suppressing B cells through the
Pik3cb/Akt/mTOR pathway
Zhifang Wu1*†, Chunning Wang1†, Linsha Ma2

and Dengsheng Xia1

1Beijing Stomatological Hospital, School of Stomatology, Capital Medical University, Beijing, China,
2Beijing Friendship Hospital, Capital Medical University, Beijing, China
Mesenchymal stem cells (MSCs) hold great promise for the treatment of Sjögren
disease (SjD) owing to their potent immunomodulatory capacity. However, the
precise molecular mechanism by which MSCs regulate the characteristic B cell
dysregulation in SjD remains largely unknown. In this study, we found that Pik3cb
expression was signi�cantly upregulated in submandibular glands (SMGs) of NOD
mice, a well-established SjD model. Notably, genome-wide microarray pro�ling
identi�ed Pik3cb as a pivotal mediator of the therapeutic ef�cacy of allogeneic
MSCs in NOD mice, suggesting it plays a role in SjD pathogenesis and treatment.
Systematic investigation of the role of Pik3cb in MSC therapy and B cell regulation
revealed that MSC administration and pharmacological inhibition of Pik3cb (using
TGX-221) signi�cantly attenuated SjD progression. This attenuation was
characterised by the robust suppression of B cell responses, including
activation, chemotaxis, plasma cell differentiation, and antibody production.
Both interventions effectively restored salivary secretion and alleviated
lymphocytic in�ltration and �brosis in the SMGs. Concurrently, a signi�cant shift
in the cytokine pro�le was observed, with diminished pro-in�ammatory cytokines
(IL-4, IL-6, IFN-g) and upregulated anti-in�ammatory factors (IL-10, TGF-b1) in
the SMGs and spleens. Additionally, Pik3cb overexpression in B cells abrogated
the MSC-induced therapeutic bene�ts, con�rming the speci�city of Pik3cb as a
target. Finally, mechanistic studies revealed that MSC ef�cacy was correlated with
Pik3cb suppression, resulting in the subsequent downregulation of Akt/mTOR
signalling. In conclusion, this study provides mechanistic evidence that MSC
therapy mitigates B cell dysfunction in SjD through the Pik3cb/Akt/mTOR
pathway. Furthermore, our data identi�ed Pik3cb as a hitherto unrecognized
molecular target in SjD pathogenesis, suggesting that its pharmacological
inhibition may represent a promising complementary therapeutic avenue for
SjD meriting further investigation.

KEYWORDS

autoimmunity, B cells, mesenchymal stem cells, phosphoinositide 3-kinase b, Sjögren
disease
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761950/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761950/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761950/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1761950/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1761950&domain=pdf&date_stamp=2026-03-12
mailto:dentistwzf01918@mail.ccmu.edu.cn
https://doi.org/10.3389/fimmu.2026.1761950
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1761950
https://www.frontiersin.org/journals/immunology


Wu et al. 10.3389/fimmu.2026.1761950
1 Introduction

Sjögren disease (SjD), formerly known as Sjögren’s syndrome
(1), is a prototypic chronic systemic autoimmune disorder
characterised by lymphocyte-mediated destruction and
dysfunction of the exocrine glands, primarily affecting the salivary
and lacrimal glands (2). Persistent xerostomia (dry mouth) and
xerophthalmia (dry eyes) are hallmark clinical manifestations of
this syndrome, which substantially affect the patients’ quality of life.

The pathogenesis of SjD involves a complex and dysregulated
crosstalk between innate and adaptive immunity (3). Early-stage
disease is driven by prominent type I interferon (IFN) signatures,
which subsequently induce the overexpression of B cell-activating
factor (BAFF). BAFF serves as a crucial link between innate
immunity and B cell activation (4) by promoting the survival,
differentiation, and autoantibody production of autoreactive B
cells (5–7). Concurrently, T-cell polarisation exhibits stage-
speci�c patterns. While Th1 (IFN-g-producing) and Th17 cells
dominate the initial phases, follicular helper T (Tfh) cells play a
crucial role in sustaining B-cell hyperactivity during disease
progression (8–12). Additionally, the CXCL13/CXCR5 chemokine
axis mediates the recruitment of B and Tfh cells to the salivary
glands, facilitating the formation of ectopic lymphoid structures
(ELS) (13–15). These ELS serve as specialised niches that foster
somatic hypermutation and class-switch recombination in B cells,
thereby driving the sustained production of high-af�nity
autoantibodies (16, 17). Ultimately, these cumulative
immunological abnormalities lead to progressive in�ltration of
lymphocytes. Given that B cells play a central role in SjD
pathogenesis, they are an important therapeutic target (18).

However, current therapeutic strategies for SjD remain largely
limited to symptomatic management (e.g. saliva stimulation),
despite signi�cant progress in elucidating SjD pathogenesis (19,
20). Therefore the development of effective disease-modifying
therapies is urgently required. Emerging evidence positions
m e s e n c h y m a l s t e m c e l l s ( M S C s ) a s a p r o m i s i n g
immunomodulatory therapy for SjD (21). Allogeneic MSC
transplantation attenuates glandular lymphocytic in�ltration,
restores secretory function, and reduces proin�ammatory
cytokines/autoantibodies in animal models of SjD (22, 23).
Additionally, several preliminary clinical trials have suggested the
potential therapeutic bene�ts of MSC transplantation in patients
with SjD (22, 24–27). Studies in NOD mice have also shown that
MSC administration successfully reduces pathogenic B cell
populations, a key pathological driver of SjD. Nevertheless, the
speci�c molecular mechanisms by which MSC therapy directly
regulates and corrects B cell dysregulation in the SjD pathological
microenvironment remain largely unexplored (20).

Previously, our preliminary genome-wide microarray analysis
of the NOD mouse model revealed that Pik3cb and its downstream
PI3K/Akt/mTOR pathway are pivotal regulators of MSC-based SjD
therapy. Therefore, this study aimed to systematically investigate
the role of the PI3K/Akt/mTOR pathway in modulating the
therapeutic bene�ts of MSCs and correcting B cell dysregulation
in SjD. We used pharmacological inhibition (using TGX-221) and
genetic manipulation (Pik3cb overexpression) to validate target
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speci�city. Additionally, we rigorously assessed the therapeutic
outcomes based on functional restoration, immunomodulation,
and histopathological repair. Our results will provide insights into
novel small-molecule druggable targets for SjD-speci�c biologics.
2 Materials and methods

2.1 Animals

Female NOD/Ltj mice (Cdh23ahl, 16 weeks old), a well-
established model of spontaneous SjD-like pathology, were used
in this study, with age-and sex-matched ICR mice serving as healthy
controls. All mice were purchased from Beijing HFK Bioscience Co.,
Ltd. (Beijing, China) and maintained in a speci�c pathogen-free
animal facility with free access to food and water. All animal
experiments and protocols were approved by the Animal Care
and Use Committee of the MDKN Biotech (approval no. MDKN-
2022-094).

2.2 Administration of allogeneic bone
marrow-derived MSCs

Allogeneic bone marrow-derived MSCs were obtained as
validated and characterised products from Fudan Cell
Biotechnology Co., Ltd. (FH-M197; FuHeng, Shanghai, China).
Given that females are predominantly affected by SjD, their MSCs
may exhibit compromised ef�cacy. In order to ensure a consistent
baseline of immunoregulatory potency and minimize doner-related
functional bias, male-derived MSCs were utilized. These cells were
originally isolated from the bone marrow of male BALB/c mice (6–8
weeks old) and were characterised using MSC surface markers.
MSCs at passage 3 (1 × 106 cells/mouse) were administered to the
NOD mice (16 weeks of age) intravenously in 0.15 mL Phosphate-
Buffered Saline (PBS) (28). The control animals received an
equivalent volume of PBS intravenously.

2.3 Pharmacological inhibition of Pik3cb

The Pik3cb-speci�c inhibitor TGX-221 (S1169, Selleck
Chemicals, Houston, USA), was dissolved in 0.5% DMSO
(12611S, Cell Signalling Technology, MA, USA). NOD mice in
the inhibition group (16 weeks of age) received TGX-221 at a dose
of 10 mg/kg (29) via daily intraperitoneal (i.p.) injection. The
control group received an equivalent volume of 0.5% DMSO
vehicle i.p.

2.4 B cell-speci� c Pik3cb overexpression
experiment

An adeno-associated virus 9 (AAV) vector harbouring a B cell-
speci�c promoter (CD19) was used (AAV-CD19-Pik3cb) to achieve
B cell-speci�c Pik3cb overexpression (OE). NOD mice were divided
into three groups for this experiment. (i) OE group: received AAV-
CD19-Pik3cb only, (ii) OE + MSC group: received AAV-CD19-
Pik3cb followed by MSC treatment (for rescue assessment), and (iii)
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AAV + MSC group: received AAV-CD19-Null (empty vector)
followed by MSC treatment (vector control). The mice were
anaesthetized, and the AAV suspension (5 × 1011 vg/mouse) (30)
was injected directly into the spleen glands. One-week post-
injection, B cell infection was con�rmed by RT-qPCR for Pik3cb
and immuno�uorescence staining for Pik3cb and CD19.
Subsequently, mice in the OE + MSC and AAV + MSC groups
received an intravenous injection of 1 × 106 MSCs per mouse.

2.5 Microarray data acquisition and re-
analysis

Transcriptomic pro�ling of SMGs from the PBS- and MSC-
treated NOD mice was performed using the GeneChip Mouse Gene
1.0 ST Array (Thermo Fisher Scienti�c, USA). Total RNA was
extracted from the tissues using TRIzol Reagent (Invitrogen, USA),
puri�ed using the RNeasy MinElute kit (Qiagen, Germany). and
validated for quality via UV spectrophotometry and denaturing
agarose gel electrophoresis. Subsequently, cDNA synthesis,
fragmentation, labelling, hybridisation, and signal scanning were
conducted following the manufacturer’s protocols. Differential
expressed genes (DEGs) were identi�ed based on fold-change
(FC) threshold.

To establish the study’s rationale, a targeted re-analysis of the
dataset was performed. While broader transcriptomic �ndings are
documented elsewhere, the present re-analysis speci�cally focuses
on the PI3K/Akt/mTOR cascade, identifying the Pik3cb-mediated
pathway as a possible central regulatory node in the SMG
immune microenvironment.

2.6 Saliva � ow rate measurement

The salivary secretions were quantitatively assessed using a
previously established protocol (28). Brie�y, the mice were fasted
for 4–6 h (water ad libitum) and mildly anesthetized with ketamine
(100 mg/mL; Beijing Double-Crane Pharmaceutical Co., Ltd.,
China) and xylazine (20 mg/mL; Sigma-Aldrich, St. Louis, MO,
USA; 1 mL/g body weight) i.p. Subsequently, saliva secretion was
stimulated by administration of pilocarpine solution (0.1 mL/kg
body weight, 50 mg/mL; Beijing Double-Crane Pharmaceutical Co.,
China) i.p. At 2 min post-stimulation, a 75-mm haematocrit tube
was carefully placed into the mouse oral cavity and connected to a
pre-weighed microcentrifuge tube. Saliva was collected for 10 min
and gravimetrically analysed. Results are expressed as saliva �ow
rate (mg/10 min).

2.7 Proteinuria detection

Protein concentrations in the urine samples were determined
using a microplate-adapted Bradford assay. Brie�y, each urine
sample was appropriately diluted, and 20 µL aliquots (in
duplicate) were loaded into a 96-well microplate alongside bovine
serum albumin standards. Subsequently, 200 µL of Coomassie
Brilliant Blue G-250 dye reagent (HY-NE458; Sinouk Institute of
Biological Technology, Beijing, China) was added to each well and
mixed gently. The plate was incubated at room temperature for 5
min to allow complete colour development. Optical density at 595
Frontiers in Immunology 03
nm was measured using a microplate reader (HY-YQ-08; Diatek,
Wuxi, China). A standard curve was generated from the absorbance
values of known standards, and sample protein concentrations were
interpolated from this curve. Quality control samples were included
in each run to monitor inter-assay variability.
2.8 Histological analysis

The mice were sacri�ced 4 weeks post-MSC or TGX-221
administration and the SMGs or spleens were harvested and
immediately �xed in 4% paraformaldehyde. The �xed samples
were then paraf�n-embedded and sectioned into 4 mm sections.
The SMG sections were stained with Haematoxylin and Eosin
(H&E). The area of in�ammatory focus, de�ned as a lymphoid
aggregation of more than 50 lymphocytes per 4 mm2, was
quantitatively assessed using Image-Pro Plus 6.0 software (16).
The percentage of lymphocytic in�ltration area was then
calculated based on the total area of foci relative to the entire
section area. Additionally, Sirius Red staining was performed to
evaluate �brosis in the SMGs. The sections were stained with Sirius
Red solution for 20 min and visualised under a polarised light
microscope. The type I collagen �bres exhibited a characteristic
yellowish-orange or bright red birefringence.

Subsequently, Tyramide signal ampli�cation-based multiplex
immuno�uorescence staining (TSA) was performed on SMG
sections using established protocols to simultaneously detect key
markers (31). The primary antibodies (all sourced from Solarbio,
Beijing, China) used were rabbit anti-Pik3cb-Cy5 (1:200,
K016107P), rabbit anti-CD19-Cy3 (1:500, K003431P), rabbit anti-
CD20-FITC (1:200, K016108P), goat anti-IgG-FITC (1:200, SF131),
and goat anti- IgM-Cy5 (1:200, K0055G-AF647). The �uorescence
signals were quanti�ed using Image-Pro Plus 6.0 software.
Percentage of positive area were calculated and de�ned as the
ratio of the antigen-speci�c �uorescence area to the total tissue
area (DAPI-stained area). For each animal, �ve entire sections of
either the salivary glands or the spleen were quanti�ed by an
experienced pathologist in a blinded manner (28).

Immuno�uorescence staining (IF) of splenic plasma cells
(CD138+) was performed separately. Sections were heated in Tris-
EDTA buffer (pH 9.0, C1037, Solarbio, Beijing, China) for antigen
retrieval, followed by incubation with 3% H2O2 and serum blocking.
The sections were incubated overnight with primary antibody
rabbit anti-CD138-FITC (1:100, K012955RR, Solarbio, Beijing,
China), and secondary antibody goat anti-IgG-FITC (1:200,
SF131) for 30 min and washed with PBS three times.

2.9 Flow cytometric analysis

The frequency of splenic Tfh and plasma cells was determined
using �ow cytometry. Brie�y, the cells were stained with the
following antibodies: anti-mouse CD4-PE/Cy7 (100528;
BioLegend, USA), anti-mouse CXCR5-PerCP/Cy5.5 (145508;
BioLegend, USA), anti-mouse B220-FITC (103206; BioLegend,
USA), and anti-mouse CD138-PE (553714; BD Biosciences,
USA). Samples were analysed using the FACS LSR Fortessa (BD
Biosciences) and FlowJo software version 10.8 (BD Biosciences).
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1761950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wu et al. 10.3389/fimmu.2026.1761950
2.10 Enzyme-linked immunosorbent assay

Cytokine and chemokine levels were assessed in tissue lysates
extracted from mouse spleen or SMGs. The levels of IL-4, IL-6, IL-
10, TGF-b1, IFN-g, CXCL13, and BAFF were measured by mouse
enzyme-linked immunosorbent assay (ELISA) kit (Solarbio, Beijing,
China) strictly following the manufacturer’s instructions.

2.11 Real-time quantitative PCR

Total RNA was isolated from samples using TRIzol reagent
(R1100, Solarbio) and reverse transcribed using an M-MLV Reverse
Transcription Kit (RP1105, Solarbio). b-Actin and Gapdh were
used as internal controls. Relative gene expression was calculated
using the 2� DDCt method. All primer sequences are detailed in
Supplementary Table 1 (Supplementary Material).

2.12 Western blotting

Western blotting was performed as described previously (32).
Brie�y, polyvinylidene di�uoride membranes were blocked with 5%
skim milk and incubated with primary antibodies targeting the
Pik3cb/Akt/mTOR signalling cascade: rabbit anti-p110b (1:1000,
K016107P, Solarbio), rabbit anti-phospho-AktS473 (1:1000,
K012735RR, Solarbio) , rabbit anti-phospho-S6S240/244

(phosphorylated ribosomal S6 protein, 1:500, K006232P,
Solarbio), rabbit anti-phospho-mTORS2448 (1:1000, K012737RR,
Solarbio), rabbit anti-Akt (1:2000, 10176-2-AP, Proteintech,
China), rabbit anti-mTOR (1:500, Solarbio) and mouse anti-b-
Actin (1:5000, 66009-1-LG, Proteintech, China). Subsequently,
the membranes were incubated with goat anti-rabbit or anti-
mouse secondary antibodies (1:1000, A0208 or A0216, Beyotime,
China) and visualized using enhanced chemiluminescence (Tanon,
5260Muti, Shanghai, China).

2.13 Statistical analysis

All experimental data and graphs were analysed using
GraphPad Prism 10 software (GraphPad, USA). Quantitative data
are presented as mean ± standard deviation (SD). Statistical
signi�cance between two groups was determined using Student’s
t-test. Comparisons involving three or more groups were analysed
using one-way analysis of variance (ANOVA) followed by Tukey’s
or Dunnett’s tests for post-hoc multiple comparisons. Statistical
signi�cance was set at p < 0.05.
3 Results

3.1 Pik3cb expression is elevated in NOD
mouse salivary glands and suppressed by
MSC treatment

We performed genome-wide transcriptomic pro�ling to
compare MSC-treated and PBS-treated NOD mice and elucidate
the molecular mechanisms by which MSCs ameliorate SjD-
Frontiers in Immunology 04
associated immune dysfunction. Our analysis revealed that MSC
treatment induced robust transcriptional changes in NOD mouse
SMGs, signi�cantly downregulating the key pathogenic mediators
Pik3cb and Mtor, while simultaneously suppressing pro�brotic
genes (Fgf10 and Col1a1) and upregulating markers of glandular
restoration (Smgc, Muc19, and Mup4) (Figure 1A). KEGG pathway
analysis demonstrated that MSCs coordinately inhibited multiple
disease-relevant pathways, notably the mTOR, PI3K-Akt signalling,
and cytosolic DNA-sensing pathways (Figure 1B). Additionally,
network centrality analysis identi�ed Pik3cb as a pivotal regulator of
MSC therapeutic effects (Supplementary Figure 1).

Subsequently, validation experiments demonstrated
signi�cantly elevated Pik3cb (p < 0.001) and Mtor (p < 0.05)
mRNA levels in NOD mice compared to those in healthy
controls (Figure 1C). These �ndings were further supported at the
protein level. Western blotting con�rmed the increased protein
levels of Pik3cb, p-AKT, and p-mTOR in NOD mice compared to
those in controls, all of which were attenuated by MSC therapy
(Figures 1D, E). Collectively, these data suggest that Pik3cb may
serve as an important mediator of the therapeutic effects of MSCs
against SjD.
3.2 Therapeutic effects of MSCs on
glandular function and structure are
dependent on Pik3cb suppression

We utilized in vivo functional rescue and loss-of-function
experiments to functionally validate the hypothesis that Pik3cb
suppression mediates the therapeutic effects of MSCs in SjD. First,
we con�rmed the therapeutic potential of MSCs in NOD mice by
administering MSCs or PBS via tail vein injections. The cohorts
received either the selective Pik3cb inhibitor TGX-221 or DMSO
vehicle i.p. to establish the therapeutic ef�cacy of Pik3cb inhibition
in SjD. Since the spleen is the largest peripheral lymphoid organ and
a primary site for B cell maturation and activation. To target the
systemic source of pathogenic B cells, in the loss-of-function assay,
Pik3cb-overexpressing mice were generated by splenic injection of
AAV encoding Pik3cb, followed by MSC treatment (OE + MSC
group), with parallel controls including OE only and AAV + MSC
groups (Figure 2A). Successful Pik3cb transgene expression was
veri�ed using RT-qPCR and TSA (Supplementary Figures 2A, D).

Therapeutic assessment revealed that MSC transplantation and
TGX-221 administration signi�cantly restored saliva �ow rates in
the NOD mice (p < 0.01 for MSC vs PBS, and p < 0.05 for TGX-221
vs DMSO). Notably, Pik3cb overexpression completely abolished
MSC ef�cacy, resulting in signi�cantly decreased salivary �ow rates
compared to the MSC or AAV + MSC groups (p < 0.05; Figure 2B;
Supplementary Figure 2B). Additionally, parallel improvements
were observed in proteinuria pro�les, where both therapies (MSC
or TGX-221) normalized proteinuria levels, whereas Pik3cb
overexpression prevented therapeutic rescue (p < 0.05; Figure 2C).

Subsequently, histopathological assessments demonstrated that
MSC and TGX-221 treatment signi�cantly reduced lymphocyte
in�ltration foci in SMGs compared to that in vehicle controls (p <
0.01 for MSC vs PBS, and p < 0.05 for TGX-221 vs DMSO).
Notably, the Pik3cb overexpression groups were refractory to MSC-
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mediated immunomodulation, exhibiting exacerbated lymphocytic
in�ltration compared to the MSC and AAV+MSC control groups
(Figures 2D, E; Supplementary Figure 2C). Furthermore, Sirius Red
staining con�rmed that the anti�brotic effects of both MSC and
TGX-221 therapies were similarly compromised by Pik3cb
overexpression, as evidenced by obvious collagen deposition in
OE + MSC SMGs (Figure 2F).

Collectively, these �ndings establish that MSC-mediated
bene�ts in secretory function and SMG architecture critically
depend on the suppress ion of the Pik3cb pathway .
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Overexpression of Pik3cb compromises the therapeutic ef�cacy of
MSCs in restoring salivary function and glandular structures.

3.3 Pik3cb suppression mediates MSC-
induced cytokine recalibration

To delineate the mechanistic role of Pik3cb in MSC-mediated
immunomodulation during SjD therapy, we quanti�ed the levels of
in�ammatory cytokines in the SMGs and spleen tissues using
ELISA. Notably, we observed a “pathological focusing” of the
FIGURE 1

Pik3cb is elevated in NOD mouse salivary glands and suppressed by MSC treatment. (A) Heatmap of microarray results showing some important
DEGs, including Smgc, Muc19, Mup4, Pik3cb, Mtor, Fgf10, and Col1a1 in the SMGs of MSC-treated NOD mice vs PBS controls (threshold: |log2FC| >
1, adjusted p < 0.05, n=5 mice/group). (B) KEGG pathway enrichment of DEGs in the MSC group compared to PBS controls (ranked by p-value). (C)
RT-qPCR analysis of Pik3cb and Mtor mRNA levels in the SMGs of NOD mice and ICR controls. (D) Representative western blots (Left) and
quanti�cation (Right) of Pik3cb and its downstream effectors (p-Akt/p-mTOR) in the SMGs of NOD mice vs ICR controls. (E) Immunoblotting
validation of the Pik3cb/Akt/mTOR pathway in MSC group vs PBS controls. Left: Representative immunoblot bands. b-Actin served as the loading
control. Right: Densitometric quanti�cation of protein levels. Values for Pik3cb and p-S6 were normalized to b-Actin, while p-Akt and p-mTOR were
normalized to their respective total proteins. RT-qPCR and Western blotting data are presented as mean ± SD of three independent biological
replicates (n=3), *p < 0.05, **p < 0.01, ***p < 0.001. (Student’s t-test). MSC, mesenchymal stem cell; NOD, non-obese diabetic mouse; DEGs,
differentially downregulated genes; SMGs, submandibular glands; KEGG, Kyoto Encyclopedia of Genes and Genomes; PBS, phosphate buffered
saline; RT-qPCR, real-time quantitative PCR.
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autoimmune response in SMGs: despite having fewer total immune
cells than the spleen, the SMGs exhibited signi�cantly higher
concentrations of IL-4, IL-6 and IFN-g alongside lower TGF-b1
levels. This distinct compartmentalization re�ects the localized
“cytokine storm” driven by autoimmune epithelitis in the target
gland, contrasting with the more systemic immunoregulatory
capacity of the spleen.

Furthermore, we found that both MSC treatment and TGX-221
administration effectively suppressed the secretion of pro-in�ammatory
cytokines (IL-4, IL-6, and IFN-g). However, Pik3cb overexpression
signi�cantly attenuated MSC-induced suppression of these mediators
(Figures 3A–C). Conversely, MSCs potently enhanced the levels of anti-
in�ammatory cytokines (IL-10 and TGF-b1), an effect largely abrogated
by Pik3cb overexpression (Figures 3D, E). Together, these data
demonstrate that MSCs exert their immunomodulatory effects in
NOD mice by suppressing Pik3cb signalling and simultaneously
curbing pro-in�ammatory cytokines while amplifying anti-
in�ammatory networks.

3.4 MSCs inhibit pathogenic B cell and
plasma cell activity by targeting the
Pik3cb-BAFF axis

B cell hyperactivation is a pathological hallmark of SjD and is
characterized by excessive antibody production and salivary gland
lymphocytic in�ltration (4–7). Therefore, we assessed the effects of
Frontiers in Immunology 06
Pik3cb on B cell subsets and functions. The accumulation of B cells
within the SMGs of the PBS and DMSO groups was markedly
attenuated by either MSC transplantation or TGX-221
administration. Notably, Pik3cb overexpression effectively
reversed this therapeutic effect, leading to a substantial restoration
of CD19+ B-cell populations (Figure 4A). Given that BAFF is
essential for B-cell survival and activation, we next investigated
whether Pik3cb modulates its secretion in spleens. ELISA results
demonstrated that MSC or TGX-221 treatment signi�cantly
reduced spleenic BAFF levels (p < 0.01, MSC vs. PBS; p < 0.05,
TGX-221 vs. DMSO); whereas, this suppression was largely
bypassed in the Pik3cb-overexpression group, where BAFF
remained at levels comparable to disease controls (Figure 4B).

We subsequently evaluated the transition of B cells into the
plasma cell lineage. IF staining revealed that the expansion of
CD138+ plasma cells in the spleen was signi�cantly curbed by
MSC/TGX-221 treatment, an effect again abrogated by Pik3cb
overexpression (Figure 4C). Flow cytometric analysis of mature
plasma cells (CD138+B220-) also showed a similar trend. The MSC
group exhibited a signi�cantly lower percentage of CD138+B220-

cells than the PBS controls (p < 0.01), which increased with Pik3cb
overexpression (Figure 4D; Supplementary Figure 3).

Finally, to assess the functional output of these cellular changes, we
analysed immunoglobulin levels in SMGs. Consistent with the cellular
pro�les, MSC/TGX-221-mediated suppression of IgG/IgM was
similarly negated by Pik3cb overexpression (Figure 4E). Collectively,
FIGURE 2

MSC-mediated Pik3cb suppression restores SMG function and architecture in NOD mice. (A) Schematic diagram of experimental treatments in NOD
mice. (B) The saliva �ow rate; (C) Total proteinuria level. (D) H&E-stained SMG sections showing lymphocytic in�ltration. (E) Quanti�cation of
lymphocytic in�ltrating area in SMGs (% of total tissue). (F) Sirius Red staining showing �brosis in SMGs; OE + MSC: Pik3cb Overexpression + MSC;
Data are presented as mean ± SD (n=6 for B and C, n=3 for E); *p < 0.05, **p < 0.01.
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