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Abstract

Background This study aimed to investigate the therapeutic potential of cell-free Dexamethasone (Dex) primed
Wharton's jelly Mesenchymal stem cells derived conditioned media (DW) in addressing complications associated
with systemic lupus erythematosus (SLE), focusing on its immunomodulatory effects.

Methods Peripheral blood mononuclear cells from 74 SLE patients were stimulated and treated with Dex, DW and W.
Culture supernatant were evaluated for autoantibody levels, IL.-10 and TGF-3 by ELISA, Treg subtypes, Breg sub-

types, TH17 cells Double negative T cells and inflammatory neutrophils by flow cytometry, IL-10 and IL-17A by gPCR.
In vivo studies were performed on 60 pristane induced female BALB/c mice. Dex and DW treatments were evaluated
for autoantibody production, proteinuria, immunomodulation of immune cells, organ function, and histopathology.
In vivo imaging of internal organs was done using Vevol AZR-X photoacoustic imaging system.

Results DW treatment significantly expanded different Treg and Bregs subtypes. DW suppressed pathogenic TH17,
Double negative T cells and inflammatory neutrophils. Comparative analyses with hydroxychloroquine showed
similar effects, with combined treatment enhancing efficacy. Inhibition studies implicated the TGF-3 pathway in DW's
mechanism. In vivo studies using the PIL mouse model showed that DW treatment reduced mortality, prevented
proteinuria, and ameliorated symptoms such as limb inflammation, seizures, and alopecia. Detailed organ-specific
evaluations through live imaging and histopathological analyses revealed DW's protective effects on kidneys, liver,
lungs, heart, and spleen.

Conclusion DW shows promise as a cell-free biological therapy for SLE and related autoimmune disorders, capable
of modulating immune responses effectively without the adverse effects of glucocorticoids.

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disorder characterized by the production of antinuclear
antibodies that target the host nuclear antigens. This con-
dition affects various organs, causing chronic inflamma-
tion, tissue damage, and diverse clinical manifestations.
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fertility and increasing the risk of complications like mis-
carriage and premature birth. Advancements in treat-
ment notwithstanding, SLE remains incurable, with
existing therapies, such as corticosteroids and immuno-
suppressants, often bearing severe side effects. In this
context, stem cell therapy, particularly utilizing mesen-
chymal stem cells (MSCs), has emerged as a promising
approach due to its immunoregulatory properties and
potential for tissue repair. Over the last decade, MSCs
have been reported to possess marked immune-regula-
tory effects against autoimmune disorders and have been
shown to suppress T/B cell proliferation [6].

However, challenges in standardizing protocols and
addressing MSC heterogeneity hinder clinical trial suc-
cess, resulting in low cell survival, migration, and dif-
ferentiation rates of transplanted stem cells. The harsh
microenvironment of damaged tissues further contrib-
utes significantly to poor outcomes in stem cell therapy,
prompting the exploration of preconditioning methods.
Effective preconditioning of MSCs with cytokines [15],
hypoxia [41], oxidative stress [31], or chemicals [27] is
emerging as a promising approach to enhance MSC func-
tion post-transplantation. The primary objective of MSC
priming is to prepare cells for challenging post-transplan-
tation environments and facilitate desired therapeutic
effects. Nonetheless, concerns persist regarding potential
low cell survival, migration, and differentiation rates.

Recognizing these challenges evaluating the immu-
nomodulatory potential a cell-free preconditioned/
primed MSC-derived conditioned media (MSC-CM)
in SLE seems imperative. The secreted factors or the
secretome from the MSCs growing in the culture
medium is harvested as CM. Being cell-free eliminates
inconsistencies associated with MSCs, and simplified
storage and transportation compared to MSCs positions
CM as a novel therapeutic option with improved efficacy
in mitigating disease severity. Various inducers, including
pharmacological, biological, and physical stimuli, can be
employed for preconditioning, and known to positively
impacting cell survival [50], proliferation and differentia-
tion [28], immunomodulation [40], paracrine signaling
[8], and angiogenesis [24]. This preconditioned or primed
MSC-CM offers an alternative to cell-based therapeutic
strategies, leveraging the concept of paracrine signaling.

A new approach of preconditioning MSC-CM with
Dexamethasone (Dex) was used and reported earlier by
members of our research group [37]. This study extends
the use of Dex preconditioned MSC-CM for assessing its
immunomodulatory role in SLE patients. Dex, a synthetic
glucocorticoid with anti-inflammatory and immunosup-
pressant properties, mimics the body’s anti-inflammatory
hormones. While its exact mechanism of action is not
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fully understood, animal studies suggest that Dex acts by
binding to the glucocorticoid receptor [45]. It is well-tol-
erated and effective in treating inflammation in various
parts of the body, autoimmune diseases [5], skin condi-
tions [12] and other lung conditions [38].

The treatment of SLE has been a challenging subject in
medical research. However, a therapeutic approach that
combines immunomodulation with pathological sup-
pression can be a promising intervention. In particular, to
achieve this approach Dex-primed Wharton’s jelly (W7])
derived MSCs CM (DW) garnered significant attention
due to its potential to lower the use of glucocorticoids,
which are known to lead to morbidity owing to their
adverse side effects. Therefore, such an approach repre-
sents an attractive strategy for the treatment of SLE. By
reducing the use of glucocorticoids, patients can experi-
ence better quality of life, and the overall morbidity rates
are expected to decrease. Thus, we used DW as a strategy
to explore it in vitro and in preclinical settings.

With the growing incidence of autoimmune diseases,
particularly SLE, this study focuses on the exploration for
novel therapeutic approach through DW. A comprehen-
sive assessment of the immunomodulatory effects of DW
treatment was conducted employing a pristane-induced
lupus (PIL) mouse model and peripheral blood mononu-
clear cells (PBMCs) from patients with SLE. Examining
diverse patient demographics, including age and autoan-
tibody profiles, the study revealed significant expansions
of different regulatory T cell subtypes assessed pheno-
typically defined as (i) CD4* CD25" CD1277, (ii) CD4*
CD25* CD127- IL-10%, (i) CD4* IL-10%, (iv) CD4*
FOXP3" and (v) CD4* FOXP3* IL-10%, and Bregs pop-
ulation including i) CD19* CD24* CD27%, ii) CD19*
CD24* CD27* IL-10+alongside the concurrent sup-
pression of pathogenic CD4+IL-17A+TH17 immune
cells and Double negative (DN) CD3* CD4~ CD8™ T
cells following DW treatment. Comparative analyses
with hydroxychloroquine (HCQ), a standard treatment
for SLE, indicated similar immunomodulatory effects
of DW, and the combination of the two exhibited better
immunomodulation. Involvement of the TGF-{ pathway
in DW’s mode of action was substantiated by inhibition
studies, elucidating the mechanistic underpinnings of
DW’s effects. Lupus model was developed using female
BALB/c mice. In vivo studies were performed, and the
mice were assessed for improvement of disease specific
histopathology of kidney, spleen, lungs, liver and heart,
autoantibody production, proteinuria, body weights,
limb inflammation, adaptive immune system compo-
nents; cytokines and TGF-B. DW further demonstrated
clinical benefits, such as reversal of symptoms of seizure,
alopecia and inflammation. In vivo PIL mouse model
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studies have highlighted therapeutic efficacy of DW as a
potential disease-modifying intervention. Photoacoustic
imaging (PAI) provided valuable insights into DW’s pro-
tective effects on vital organs including the kidneys, liver,
and heart of lupus mice.

These results suggest DW to be a promising and com-
prehensive cell free biological therapeutic option for SLE
treatment and associated autoimmune conditions. The
diverse advantages observed using DW emphasize the
need for clinical trials, to confirm its effectiveness and
safety in humans.

Materials and methods

Isolation, expansion and characterization of WJ-MSCs
Isolation and expansion of WJ-MSCs

Umbilical cord derived WJ-MSCs were collected and
processed within 24 h of normal or cesarean delivery
from the Department of Obstetrics and Gynecology,
AIIMS, New Delhi. Ethical clearance was obtained from
the Institutional Committee for Stem Cell Research, All
India Institute of Medical Science, Delhi for the collec-
tion of MSCs derived conditioned and pre-conditioned
media (Ref no.: IC-SCR/116/20(R), Dated: 14.06.2021).
Briefly, the umbilical cord was collected in a 50 ml schott
bottle containing phosphate buffered saline (PBS) with
1% antibiotics (Penicillin, Streptomycin and Gentamy-
cin). Upon arrival, the samples were extensively washed
with PBS containing 1% antibiotics. The artery part
of the cord was exposed using a sharp surgical blade
and chopped into smaller pieces (approx.~2 mm). The
exposed jelly part of the cord was placed in a 35 mm cul-
ture dish and kept undisturbed. The cultures were incu-
bated overnight at 37 °C with 1 ml complete medium in
5% CO, that was changed every three-four day. When
the cells started growing and migrating out of the explant
and reached 80% confluence, they were harvested using
0.05% trypsin—EDTA (Invitrogen-Gibco) and transferred
into a 60 mm culture dish.

Characterization of WJ-MSCs

Morphological analysis of cultured WJ]-MSCs Cell cul-
tures were monitored using phase-contrast microscopy
(Olympus) to evaluate cell morphology and confluency.
All assays were performed using WJ-MSCs at passages
three and five.

Measurement of metabolic activity by MTT assay The
proliferation rate of MSCs (n=3) was measured on days
1, 3, 5, 7, and 14 using 3-(4, 5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (5 mg/ml HiMedia).
After four hours of addition of MTT, 0.04 M HCl isopro-
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panol was added to the medium and incubated at 37 °C
for 1 h in dark. The absorbance was measured at 570 nm
using a 96 well microplate reader (Synergy " HT, Bio-Tek
Instruments, Inc.).

Immunophenotyping for MSCs MSCs were charac-
terized at passage three for surface markers using flow
cytometry before being used for any experimental anal-
ysis. Briefly, the cells were incubated with the labelled
antibodies at room temperature (RT) in the dark for 1 h.
The following anti-human antibodies were used: CD73
(PE; Becton Dickinson), CD90 (PECy5; Becton Dickin-
son), HLA Class I (APC; Becton Dickinson), HLA Class
II (FITC; Becton Dickinson), CD29 (FITC; eBioscience)
and CD105 (APC; eBioscience). After incubation, the cells
were washed twice with flow staining buffer, centrifuged
at 800x g for 5 min, and the final cell pellet was resus-
pended in 300 pl of cold flow staining buffer. Unlabeled
cells were used as experimental controls. An isotype con-
trol was included in each experiment and specific staining
was measured from the cross point of the isotype with a
specific antibody graph. Cell fluorescence was evaluated
using a BD FACS LSR II (Becton Dickinson) instrument,
and data were analyzed using BDFACS DIVA software.

Trilineage differentiation

Osteogenic differentiation of WJ-hMSCs MSCs at third
passage and 70-80% confluency was exposed to osteo-
genic differentiation medium containing 1X DMEM-LG
(GIBCO, Invitrogen), 10% FBS (Hyclone), 50 uM ascor-
bic acid-2-phosphate, 0.1 uM dexamethasone and 10 mM
3-glycerophosphate (Sigma) for 4 weeks with intermittent
change of media every 2 days. Uninduced hMSCs were
used as the experimental controls. Differentiation was
confirmed by Alizarin Red S staining (HiMedia).

Adipogenic differentiation of WJ-hMSCs MSCs in the
third passage were exposed to adipogenic differentiation
media containing 1X DMEM- LG, 100 uM indomethacin,
1 pmol/L dexamethasone, 500 uM 3-isobutyl-1-methylx-
anthine, 1 pg/ml insulin (Sigma), and 10% FBS (Hyclone)
for 21 days. Uninduced MSCs were used as experimen-
tal controls. The medium was changed every three days.
Differentiation was confirmed using Oil Red O staining
(HiMedia).

Chondrogenic differentiation of WJ-hMSCs A com-
mercially available kit (GIBCO, Invitrogen) was used for
chondrogenic differentiation. Briefly, a single cell suspen-
sion of third passage MSCs was prepared at a concentra-
tion of 1.6 x 107 viable cells/ml using TrypLE Express to
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detach cells from the monolayer. Micromass culture was
generated by seeding 1X10° cells/10 pul of cell solution
in a 35 mm tissue culture plate and incubated for 2 h at
37 °C with 5% CO,. After this, chondrogenic differentia-
tion medium was added gently, without disturbing the cell
micromass. The medium was changed every 3rd day for
14 days before termination. Uninduced MSCs were used
as the experimental controls. Differentiation was con-
firmed using Alcian Blue staining (Spectrochem).

Preconditioning of MSCs with dex

Harvested cells were incubated in serum-free medium
containing Dex (Sigma Aldrich) (3000 ng/ml; Sigma-
Aldrich). Dex-preconditioned media were collected after
24 h of preconditioning.

Human population and collection of samples

The study subjects were recruited from Sir Sunderlal
Hospital, Banaras Hindu University (BHU), Varanasi,
Uttar Pradesh, India. Ethical clearance was obtained from
the Institutional Ethics Committee of the Institute of
Medical Science, BHU (Ref. Dean/2020/ EC/Ro032, dated:
27.06.2020) for the collection of SLE patients’ (n="74)
blood related studies and provided written informed con-
sent for participation in this study. All participants were
deemed systemically SLE patient based on their detailed
medical history and selected laboratory blood work.
Detailed information regarding age, sex, medical history,
symptoms, medications, and clinical manifestations was
collected on a predesigned proforma. The inclusion cri-
teria for this study were as follows: age > 18 years, SLE or
suspected SLE established by ACR criteria, and glomeru-
lonephritis and pericarditis. The exclusion criteria were
as follows: history of hepatitis B or C, history of HIV,
cancer, pregnancy or lactation, diagnosis of diabetes and/
or HbAI1C level >6%, and any comorbidity of medical,
psychological/psychiatric condition, or treatment.

Isolation and culture of peripheral blood mononuclear
cells (PBMCs)

Blood (10 ml) from SLE patients was collected in hep-
arinized tubes. PBMCs were isolated by density gradient
centrifugation using a HiSep”" LSM 1077 (Himedia). All
procedures were performed at RT. The whole anticoag-
ulated blood was mixed with an equal volume of sterile
PBS solution in a 50 ml conical tube. HiSep was pipetted
into a separate 15 ml conical tube onto which PBS diluted
blood was gently layered on one third of it by volume.
The sample was centrifuged at 400 g for 30 min with no
brake at RT (25 °C). Most of the plasma and platelet-con-
taining supernatants were discarded, and mononuclear
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cells above the interface band (granulocytes and erythro-
cytes) were aspirated and transferred to a separate tube.
Isotonic PBS (10 ml) was added to the mononuclear cell
layer in a centrifuge tube and mixed via gentle aspiration.
The mixture was centrifuged at 200 g with brake off at
RT for 10 min. Washing with isotonic PBS removed the
HiSep LSM and reduced the number of platelets. The
cells were washed again with isotonic PBS and resus-
pended in RPMI medium.

Immunomodulatory impact of W and DW

Isolated PBMCs (1x10° cells/well) were incubated with
40% non-preconditioned MSC-derived conditioned
media (W) or 40% Dex (7.6 pM) primed preconditioned
media (DW) for 24 h. Cells incubated only in RPMI
media served as controls. Further, the cell suspensions
were stimulated with 2 pg/mL cytosine-phosphate-
guanosine oligodeoxynucleotide (CpG ODN; InvivoGen),
50 ng/ml phorbol myristate acetate (PMA; InvivoGen),
and 1 pg/ml ionomycin (InvivoGen) during the last 6 h
of culture.

Comparison of Inmunomodulatory potential of DW

and HCQ

To compare the immunomodulatory effect of DW with
standard drug HCQ and of their combination, 1x10°
PBMCs were incubated with 7.6 pM HCQ (Sigma-
Aldrich), Dex drug (7.6 uM), DW, and W for 24 h and
stimulated as described above.

Inhibition study

SB 431542 hydrate (Sigma Aldrich) was used as an inhibi-
tor of TGEF-P activity to study the functional relevance of
TGF-B in DW mediated immunomodulation. For this,
PBMCs were incubated with SB 431542 hydrate at a con-
centration of 5 pM, then after Dex drug, DW and W was
added for 24 h and stimulated with CpG ODN, PMA and
ionomycin for last 6 h.

Immunophenotyping for SLE associated immune cells

Cell surface staining

For flow-cytometric analysis, PBMCs were extracted
from peripheral blood samples of patients with SLE and
co-incubated with either Dex drug, DW or W. To assess
cell viability PBMCs were stained with Fixable Viability
Stain (BD Biosciences). For cell staining PBMCs were
suspended in PBS containing 0.1% sodium azide (NaNj)
and 1% bovine serum albumin (BSA). For immunophe-
notyping of Tregs cells (1x10%/sample) PBMCs were
stained with CD4 (FITC; BD Biosciences), CD25 (PE;
eBioscience), CD127 (APC; eBioscience), FOXP3 and for
Bregs immunophenotyping, CD19 (APC; eBioscience),
CD24 (FITC; eBioscience), and CD27 (PE; eBioscience)
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antibodies were used to stain for surface antigens for
30 min at 4 °C in dark. DN T cells were stained with
antibodies against surface markers CD3 (APC; BD Bio-
sciences), CD4 (FITC; BD Biosciences), and CD8 (PE; BD
Biosciences). Neutrophils were stained for surface mark-
ers CD3 (APC; BD Biosciences) and CD15 (FITC; BD
Biosciences). CD4* T cells, CD19" B cells, Th17 cells, DN
T cells, and neutrophils were also stained with PD1 anti-
body (PerCP; BD Biosciences) for 30 min at 4 °C in the
dark. Following incubation, cells were stored in 1% para-
formaldehyde (PFA, Sigma-Aldrich) at 4 °C in the dark
until they were acquired by flow cytometer (CytoFLEX,
Beckman Coulter). CytExpert software (Beckman Coul-
ter) was used for data analysis.

Intracellular staining

Intracellular staining was done for FOXP3 (PE; eBio-
sciences), IL-10 (PerCP; eBiosciences) and IL-17A (PE;
eBiosciences). Briefly, Brefeldin A (5 ng/ml) was added
to the PBMCs cultures during last 4 h of culture. The
culture supernatant was isolated and stored until fur-
ther use. Then after, the cells were washed with washing
buffer [PBS, BSA (1%) and NaNj (0.1%)], permeabilized
with FACS Permeabilizing Solution (BD Biosciences) for
10 min according to manufacturer’s protocol and stained
with respective antibodies. Finally, cells were fixed with
PFA; 1% and stored in the dark at 4 °C until further use.
The samples were acquired using a CytoFLEX cytometer
(Beckman Coulter). Data analysis was performed using
the CytExpert software (Beckman Coulter).

IL-10 and TGF-B1 Immunoassay

The supernatant of W or DW treated PBMCs from SLE
patients were assayed for the active form of TGF-B1 using
a Human TGF-P1 specific ELISA kit (Elabscience), as per
the manufacturer’s protocol. This immunoassay system
was designed for the sensitive and specific detection of
biologically active TGF-B1. The antibody in this system
did not recognize the TGF-p1 precursor. To determine
total TGF-P1 in the cell supernatant, samples were pre-
treated with 1N HCIl for 15 min at RT before neutraliza-
tion with 1IN NaOH, as suggested by the manufacturer.
This procedure converted latent TGF-B1 to its active
form.

Detection of autoantibodies

Autoantibodies against dsDNA and ENA in supernatant
of DW or W treated PBMCs from SLE patients were
determined using ELISA (MyBioSource) as per manufac-
turer’s instruction.

Page 5 of 46

Quantitative real time PCR (qRT PCR)
IL-10 and IL-17A gene expressions in Dex drug, DW or
W treated PBMCs from SLE patients were quantified
using qRT PCR. Total RNA was extracted using Trizol
Reagent (Invitrogen) and phenol/chloroform extraction
method. RNA concentration was quantified using a Nan-
oDrop spectrophotometer (ThermoScientific) and RNA
integrity was tested by electrophoresis on a 1.5% agarose
gel. One-step qRT PCR (Applied Biosystems) was car-
ried out according to the manufacturer’s recommenda-
tions. The results were normalized to those of the f-actin
control and are reported as ACT values and fold changes.
Relative gene quantification was performed using the
2744t method following normalization to B-actin in the
respective groups. The primer sequences used were as
follows:

Human IL-10Forward 5- TCTACAGTGGGGAGA
AAGAA -3,

Reverse 5'- CTACATTCGGCTTTAAGGGA -3';

Human IL-17A Forward 5 - CAACCGATCCACCTC
ACCTT -3/,

Reverse 5'- GGCACTTTGCCTCCCAGAT —3’;

The housekeeping gene B-actin was used as an endog-
enous control,

Beta actin Forward 5'- CTTCCTGGGCATGGAGTC
_3”

Reverse 5'- TACAGGTCTTTGCGGATGTC -3’.

Pre-clinical studies using PIL model

Sex as a biological variable

Our study exclusively examined female mice because the
disease modeled is only relevant in females. The work has
been reported in line with the ARRIVE guidelines 2.0

Mice

Female BALB/c mice (n=75, 8 weeks old, 20+ 2 g) were
purchased from the Institute of Medical Science, BHU
(Varanasi, India). The animals were maintained in a bar-
rier system with an alternating 12 h light/dark cycle, a
relative humidity of 50 £ 5%, and a constant temperature
of 25 °C. All experimental protocols involving the care
and use of animals were reviewed and approved by the
Institutional Animal Ethics Committee (IAEC) of the
Institute of Science, BHU, India (Ref no.: BHU/DoZ/
IAEC/ 2022-2023/003).

Mice (n=60) were administered an intraperitoneal
injection of pristane (0.5 ml) (Sigma-Aldrich). Following
4 weeks of pristane treatment, the development of the
PIL model was determined measuring the generation of
anti-dsDNA and anti-ENA autoantibodies, which were
also used as the preferred inclusion criteria for selecting
PIL model. None were excluded as each one tested posi-
tive for either or both autoantibodies. The sample size
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was determined using the resource equation method.
The PIL mice were randomly divided into four groups
(n=15 per group) and, intraperitoneal injections of vari-
ous treatments (1.3 ml) were administered daily for next
6 weeks (group 1: No treatment Lupus group (normal
saline); group 2: Dex drug treated, group 3: DW treated,
4: W treated and healthy mice (n=15) were used as con-
trol and administered normal saline (1.3 ml) for 6 weeks.
Before initiating the study, we planned the research ques-
tion, important design elements, and analysis.

Determination of autoantibodies

For detection of anti-dsDNA and anti-ENA autoanti-
bodies post pristane injection, blood was collected from
the tail vein at 4 and 16 weeks, and serum was isolated.
Using ELISA kits (MyBioSource) the serum levels of IgG
autoantibodies against dSDNA and ENA were measured
following the manufacturer’s instructions.

Body weight, renal function and lifespan analysis

For every mouse, body weight (in grams) was measured
at day 7, 14, 21, 28, and 35 after lupus induction. Urine
was collected on day 7, 14, 21, 28, and 35 from the con-
trol, and the four PIL groups of mice in the morning
into a clean microcentrifuge tube. Urine was dropped
into a urine analysis strip (Uristix, Siemen) and analyzed
according to the manufacturer’s instructions. All groups
described above were closely monitored for 35 weeks
after lupus induction. To calculate the percent survival
rate, Kaplan—Meier survival analysis was performed, and
the animals were euthanized when moribund by carbon
dioxide (CO,) asphyxiation.

Immunophenotyping for disease associated immune cells
Mice splenocyte preparation

Single-cell suspensions of the spleen were prepared and
collected in 10 ml of staining buffer in a conical tube and
filtered through a cell strainer to remove any remaining
debris or clumps. After centrifugation for 5 min (400X g)
at 4 °C the supernatant was removed, and RBC lysis was
performed. The remaining splenocytes were reconsti-
tuted in staining buffer, and live cell counting was per-
formed using the Trypan Blue exclusion assay.

Flow cytometry analysis

Cell surface staining For flow-cytometric analysis, cells
prepared from the spleen of different PIL groups and con-
trol mice were used for cell staining by suspending them
in PBS containing 0.1% NaN; and 1% BSA. For immu-
nophenotyping of Tregs cells (1 x 10®/sample) splenocytes
were stained with CD4 (PerCP; BioLegend), CD25 (APC;
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BioLegend) and for Bregs immunophenotyping, CD5
(PerCP; BioLegend) and CD1d (PE; BioLegend) antibod-
ies were used to stain for surface antigens for 30 min at
4 °C in dark. Following incubation, cells were stored in 1%
PFA (Sigma-Aldrich) at 4 °C in the dark until they were
acquired by flow cytometer (CytoFLEX, Beckman Coul-
ter). CytExpert software (Beckman Coulter) was used for
data analysis.

Intracellular staining Intracellular staining was done
for FOXP3 (PE; BioLegend) and IL-17A (FITC; BioLe-
gend). Then after, the cells were washed with washing
buffer, permeabilized with FACS Permeabilizing Solu-
tion (BD Biosciences) for 10 min according to manufac-
turer’s protocol and stained with respective antibodies.
Finally, cells were fixed with PFA; 1% and stored in the
dark at 4 °C until further use. The samples were acquired
using a CytoFLEX cytometer (Beckman Coulter). Data
analysis was performed using the CytExpert software
(Beckman Coulter).

ELISA analysis

The venous blood samples were allowed to clot at RT for
15-30 min, serum separation was done by centrifugation
at 10,000 % g for 10 min. Serum levels of IL-10 and TGF-
were measured using ELISA kits (Elabscience) according
to the manufacturer’s instructions. The cytokine concen-
trations were quantified using standard curves.

Clinical assessment in PIL mice

Alopecia

Mice with lupus exhibited progressive dorsal alopecia,
and the afflicted areas of skin were very dry and lost pli-
ability. Following PIL induction, they were randomly
divided into four groups as described in 3.2.3.1 and
received treatments during the following 42 days. After
observing hair loss, the marked site of alopecia was
observed for 42 days for hair regrowth.

For in vivo imaging, Fyjifilm VisualSonics’ Vevo 3100
system was utilised, and all images were obtained using
an MX-550D linear-array transducer (25-55 MHz cen-
tre, 15 mm scan depth). The mice were scanned while
lying supine. The dermal layer was seen by positioning
and holding stationary the RMV-706 scanhead utilising
VisualSonics Vevo Integrated Rail System II and B-mode
imaging. At the site of hair loss, an ultrasonic transducer
(Fyjifilm Visual Sonics, Inc.) with a jacket that con-
tained a short (14 mm) optical fibre bundle was placed.
A transparent ultrasonic gel (OXD, Spain) without bub-
bles was utilised to seal the 5 mm space that existed
between the mouse skin and the transducer surface. For
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PAI, the following imaging parameters were chosen: PA
gain=37 dB, power 100%, step size 0.219 mm, and high
sensitivity were maintained. The rats were sedated with
a 2% isoflurane induction dosage and a 1.5-2% mainte-
nance dose prior to imaging. After that, the animals were
put to sleep in the prone position on a table that was kept
at 37°C for the purpose of performing PAI and ultra-
sonography. A baseline recording of the dermal layer’s
power Doppler blood flow was made after a brief time of
stabilisation. All images were processed using the Vevo
LAB software (FUJIFILM VisualSonics).

Paw swelling and inflammation

After lupus induction and treatment with preconditioned
and non-preconditioned media, mice were assessed for
paw edema and redness in the forelimb and hindlimb six
weeks after pristane injection. Animals were observed
blindly for swelling and redness by examining the inflam-
matory joints in each paw; swelling and redness are indi-
cators of inflammation. Unaware of the identities of the
mice, two investigators (specialists in anatomical pathol-
ogy) conducted blinded clinical examinations.

Seizure

Seizure development was monitored and video graphed.
The seizure-prone mice were continually monitored for
improvement.

Measurement of size and weight of organ

Mice were used as experimental subjects, and all pro-
cedures were conducted in compliance with ethical
guidelines approved by the IAEC. At week 35 (5 weeks
following treatment), euthanasia was carried out by CO,
asphyxiation to minimize suffering, and organs were har-
vested to measure the size and weight to assess the effect
of Dex, preconditioned, and non-preconditioned media.
The mice were placed in a supine position for optimal
access to abdominal organs. Abdominal organs, includ-
ing the kidneys, liver, lungs, heart, and spleen, were dis-
sected using sterile surgical instruments. Each organ was
placed in a clean labelled Petri dish. Organ length (cm)
was measured using a ruler. With the organ gently held,
measurements were taken from one end to the other,
ensuring an accurate recording of each length.

A precision balance was used to separately weigh each
organ. Prior to each measurement, the balance was cali-
brated, and a Petri dish was placed and tared to ensure
accuracy. Organ weight was recorded by placing the
organ on a Petri dish on a balance and noting the meas-
urement. For the spleen, the splenic index was calculated
to assess the relative organ size compared with the overall
body weight. Splenic index was determined by dividing
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the weight of the spleen by the body weight of the mouse
and multiplying the result by 100.

Histological analysis

Standard histological procedures were followed for the
processing, embedding, sectioning, and staining of dif-
ferent organs. Furthermore, the cells were analyzed
and evaluated for cellular composition, organization,
and identification of any abnormalities or pathological
changes. At the conclusion of the experimental period,
the mice were euthanized by CO, asphyxiation. Organs,
including the kidneys, liver, lungs, heart, and spleen, were
carefully dissected from each mouse. Freshly harvested
organs were immediately fixed in a suitable fixative solu-
tion (10% formalin) to preserve cellular structures. The
fixed organs were then embedded in paraffin. Paraffin
embedding was performed according to the established
protocols to ensure proper tissue infiltration. Embed-
ded organs were sliced into thin sections with a thick-
ness of approximately 5 um using a microtome. Sections
were collected on glass slides for histological analysis.
Thin rehydrated tissue sections were stained with H & E
to enhance cellular detail and highlight the tissue struc-
tures. Staining was conducted following standard proto-
cols [19]. Blinded evaluation of the stained sections was
performed to minimize bias. The sections were coded
and randomized before evaluation to ensure objectiv-
ity. Morphological changes and inflammatory responses
were assessed based on established criteria. Slides were
observed and images were obtained using a live-cell
imager fluorescence microscope (EVOS FL Cell Imaging
System, Life Technologies, USA).

Organ damage assessment using PAI

Abdominal and cardiac region images were obtained
in live mice using high-resolution US imaging using a
Vevo3100 LAZR-X small animal US in conjunction with
a PAI system equipped with an MX-550D (25-50 MHz,
scan depth of 15 mm) and 250S (15-30 MHz, scan depth
of 30 mm) linear-array transducer. A depilator and hair
removal lotion were used to remove the hair from the
abdomen, and alcohol pads were used to properly clean
the scalp. A transparent, bubble-free ultrasonic gel was
used to bridge the 5 mm gap that existed between the
mouse skin and transducer surface. For PAI, the follow-
ing imaging settings were used: power 100%, step size
0.279 mm, PA gain=37 dB, and high sensitivity. The
mice were given anesthesia with a 2% induction dose
of isoflurane and a 1.5-2% maintenance dose prior to
imaging. After that, the animals were placed supine on
an operating table kept at 37°C so that the ultrasonogra-
phy and PAI could be carried out on a heated platform
while the animals’ body temperatures, heart rates, and
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respiration rates were tracked. B-mode imaging was one
of the main imaging techniques used to see a cross-sec-
tional image of the internal anatomy of the kidneys, liver,
and heart in real time. The size, shape, and location of
the organ may also be seen in this mode. Furthermore,
the method made it possible to create a 3D model of the
kidney, which allowed for a more thorough visualisation
and comprehension of its structure. To gather the area;
2D data, depth volume (3D), and blood flow in the rel-
evant organ, a 3D-mode overlay over the power Doppler
image was utilised. It was possible to evaluate the blood
flow in the kidneys, liver, and heart by using colour Dop-
pler imaging. The oxygen saturation was measured using
the following settings once the system was initialised:
depth, 21-29 mm; width, 13.75 mm; and wavelength,
750 and 850 nm for the total Hbt and sO2, respectively.
The probe was positioned precisely over the abdomen to
obtain all of the photographs. The probe was positioned
precisely over the abdomen to obtain all of the photo-
graphs. The PAI system’s image processing software was
then used to determine the mean value of the PA signals
in each B-mode frame, from which the total PA signals
was derived.

A Vevo LAZR-X Imaging System (Fujifilm VisualSon-
ics Inc., Toronto, Canada) was used to do echocardiog-
raphy. A high-frequency linear array transducer that is
appropriate for imaging tiny animals was installed in
the imaging system. One day before the experiments,
the mice’s anterior chests were depilated. The mice were
anaesthetized with 2.5-3.0% isoflurane at a flow rate of
0.8 L/min and maintained with 1-2.5% isoflurane on the
day of image capture. The mice were then placed supine
on a pad with ECG electrodes, a temperature sensor, and
a heater. Following anaesthesia, it was made sure that the
temperature remained at 37 °C and that the maximum
heart rate was 500 beats per minute. To provide the best
possible acoustic connection between the transducer
and skin, US gel was placed to the chest. Throughout
the imaging procedure, echocardiographic data, such as
heart rate, were continually observed. Initially, 2D imag-
ing was used to evaluate overall heart function and visu-
alise the cardiac architecture. Measurements of cardiac
structures, including stroke volume, ejection percent,
fractional shortening, cardiac output, and left ventricular
mass, were obtained using M-mode imaging. To measure
blood flow patterns and velocities, Doppler imaging—
including colour and pulsed-wave Doppler imaging—
was used. Aortic and mitral flow velocities, among other
characteristics, were measured using pulsed-wave Dop-
pler. Pulsed-wave Doppler was used to measure blood
flow velocities during both systole and diastole. The sys-
tolic and diastolic velocities were measured and averaged
across a number of cardiac cycles. Using the M-mode, the
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left ventricle’s systolic diameter was determined by plac-
ing the cursor perpendicular to the ventricular walls dur-
ing systole. During diastole, the diastolic diameter was
also measured in M-mode. The aortic valve’s peak dias-
tolic and systolic velocities were measured using pulsed-
wave Doppler. Doppler and M-mode echocardiographic
images were recorded and stored for subsequent offline
analysis using Vevo LAB software.

Statistical analysis

Statistical analyses were performed using Prism (Graph-
Pad version 10.1.2). The mean+SEM of at least three
independent experiments was calculated for all the
experiments. The unpaired two-tailed Student’s t-test
was used to compare the means between two independ-
ent groups, one-way ANOVA and two-way ANOVA was
used to compare the means between two or more groups
followed by Tukey’s multiple comparison post-hoc test.
Specific P values are detailed in the figure legends. Cor-
relations were assessed using the Spearman’s rank corre-
lation coefficient. Differences were considered significant
when p-values were < 0.05.

Results

Isolation of WJ-MSCs and preparation of Dex primed MSCs
™M

We acquired W] tissue samples from mothers under-
going either normal vaginal or caesarean delivery after
obtaining informed consent. WJ-MSCs were isolated,
cultured, and analyzed for proliferation, immunopheno-
types, and differentiation capacities. Their trilineage dif-
ferentiation capability towards osteogenic, chondrogenic
and adipogenic cells lineages was evaluated. Isolated WJ-
MSCs formed a homogenous monolayer of adherent,
spindle-shaped cells and exhibited proliferation capacity
of WJ-MSCs (Supplemental Fig. 1A and B). Immunophe-
notyping confirmed the purity of the isolated cells, and
their surface antigen expression revealed the pheno-
typic properties of WJ-MSCs, and surface marker pro-
filing showed >95% positivity for CD105, CD90, CD73,
CD29, and HLA-Class I, and negativity for HLA-class
II and CD34/45 (Supplemental Fig. 1C and D). Isolated
WJ-MSCs successfully underwent trilineage differen-
tiation into osteocytes, adipocytes, and chondrocytes as
evidenced by alizarin red staining, oil red ‘o’ staining and
alcian blue staining respectively (Supplemental Fig. 1E).
After the initial characterization the WJ-MSCs were
primed with Dex for 24 h following which the serum-free
culture supernatant was collected (DW) and preserved
for subsequent use. Unprimed culture supernatant (W)
was collected for comparative studies.
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Table 1 Summary of patient’s characteristics

Description No. of Patients
Total number (n) 74
Gender
Male 4
Female 70
Age
Median 275
Range 60— 15
Autoantibodies
ANA 72
Anti-dsDNA 49
Anti-ENA 8
Anti-dsDNA + Anti-ENA 17
Positive for Coomb's test 7
Elevated RA factor 8
Condition of Raynaud phenomenon 7
Clinical manifestation
Lupus nephritis 21
Systemic sclerosis 9
Hemolytic anemia 13
Hypothyroidism 1
Hepatomegaly 10
Splenomegaly 12
Scleroderma 2
Koch's lung 5
Cardiomegaly with pericardial effusion 6
Seizure disorder 4
Mixed connective tissue disease 11
Alopecia 9
CNS lupus 3
Polyarticular pain 8
Oral ulcer 16
Photosensitivity 14
Malar rash 7
Medication
HCQ 35
Omnacortil 18
HCQ + Omnacortil 17
MMF 8
Rituximab 1

Characteristics of study subjects

The characteristics of the patients with SLE enrolled in
this study are included in Table 1. Total of 74 patients
(males =4, females=70) were enrolled in the study (age
range-15 to 60 years). Overall, 20% of patients with SLE
had active disease. The patients were on corticosteroids
or immunosuppressive drugs, like HCQ (35), omnacortil
(18) or both (17).
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DW treatment promoted regulatory cells expansion,
suppressed Th17, DNT cells, and neutrophils

by upregulating IL-10 and downregulating IL-17A

Tregs

Treg lymphocytes are key cells that control the autoim-
munity process by maintaining immune tolerance and
secreting various immunosuppressive and anti-inflam-
matory cytokines [39]. Treg deficiencies have been linked
to immunological aberrations observed in SLE and other
autoimmune diseases [35]. Different populations of Tregs
exhibit multiple phenotypic features and variable mark-
ers. We assessed five different Treg subtypes, pheno-
typically defined as (i) CD4* CD25" CD1277, (ii) CD4*
CD25* CD127- IL-10%, (iii) CD4* IL-10%, (iv) CD4*
FOXP3* and (v) CD4* FOXP3* IL-10* by flow cytometry
in the isolated PBMCs of SLE patients. The frequency of
all evaluated Tregs significantly increased after 24 h of
DW treatment compared to that of untreated control or
W treated PBMCs (Fig. 1A).

Bregs

Bregs are also crucial for regulating autoimmune
responses and primarily exert their effects by releas-
ing immunosuppressive cytokine IL-10, which prevents
immune cells from differentiating into effector/memory
Breg subsets [23]. We examined two memory Breg popu-
lations (i) CD19" CD24* CD27* and (ii) CD19" CD24*
CD27* IL-10. Further, the B cells of patients with SLE
express PD-1 and correlate with the clinical progres-
sion of the disease (Fig. 1B). Hence, we also measured
the frequency of (i) CD19* IL-10* B cells and (ii) CD19*
PD-1" using SLE patients’ blood PBMCs and studied the
effect of DW and W treatment on these cells. Untreated
cells served as lupus controls. After 24 h of DW treat-
ment, there was a noticeably decrease in frequency of
CD19" cells and increase in frequency CD19* CD24*
CD27%, CD19* CD24* CD27* IL-10* Breg memory cells
and CD19" IL-10" Bregs compared with untreated cells
(lupus). However, the CD19" PD-1" B cell populations
were considerably lower in DW-treated cells as compared
to untreated cells (Fig. 1B).

Th17 cells

T cell populations are altered in lupus, leaning more
towards the inflammatory Th17 phenotype. There is an
increase in the proportion of circulating Th17 cells in
SLE patients. The imbalance between the two T cell sub-
sets (Th17 and Tregs) that has been observed through-
out the course of the disease as an intriguing problem to
be addressed in the pathogenesis of SLE. The patients’
PBMCs were analyzed for the Th17 cell response. Addi-
tionally, CD4* T cells bearing PD-1 accumulate at sites
of inflammation in a variety of human autoimmune
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Fig. 1 DW treatment promoted Tregs and Bregs expansion, suppressed Th17, DN T cells, and Inflammatory neutrophils by upregulating IL-10

and downregulating IL-17A. Isolated PBMCs were stimulated and treated with DW and W for 24 h and checked for the frequency of A CD4*
CD25% CD4* CD25" CD127-, CD4* CD25* CD1277 IL-10%, CD4* IL-10%, CD4* FOXP3* and CD4* FOXP3* IL-10* Tregs B frequency of CD19* B
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values indicate significant changes as follows: non-significant (ns) p>0.05, *P < 0.05, **p < 0.01, ***P <0.001 and ****P<0.0001; One-way ANOVA

disorders, as evidenced by synovitis in rheumatoid arthri-
tis and sialoadenitis in Sjogren’s syndrome [20]. PD-1
plays an important role in the pathogenesis of SLE [30].
Hence, we examined the effect of DW and W treatments
on the differentiation of Th17 cells from CD4" T cells
and the frequency of Th17 and CD4* T cells expressing
PD-1 in vitro in PBMCs from SLE patients. Inflammatory
CD4* cells, expressing both IL-17A and PD-1, and Th17
cells expressing PD-1 were significantly reduced with
DW treatment (Fig. 1C).

DNT cells

In SLE patients and murine models of the disease, there
is a significant increase in the CD3* CD4~ CD8~ (DN)
population of T cells, which normally accounts for less
than 5% of the circulating CD3* T cell population and
is a key source of IL-17 [42]. In our study, we found that
DW treatment had a suppressive effect on the population
of DN T cells (Fig. 1D).

Inflammatory neutrophils

Compared to the healthy individuals, SLE patients’ neu-
trophils show increase in expression of PD1, PD-L1, Tim-
3, CD40, and TIGIT and a notable rise in the prevalence
of PD-L1-expressing neutrophils [29]. This increased
occurrence of CD15" CD3~ PD-L1* neutrophils aligns
with the severity and disease activity in SLE patients [29].
We found that treatment with DW considerably reduced
the frequency of CD15" CD3~ and CD15* CD3~ PD-1*
neutrophils (Fig. 1E).

Correlation analysis has elucidated that DW treatment
has established a positive correlation between various
subtypes of Bregs and Tregs. Additionally, there was a
notable negative correlation observed with TH17, DN T
cells and inflammatory neutrophils (Supplemental Fig. 2).
Consequently, the administration of DW facilitated the
achievement of homeostasis in vitro in the SLE patients.



Priya et al. Stem Cell Research & Therapy

Fig. 1 continued

(x10%

SSC-A

100

50

(2025) 16:158

Unstain : P1

Unstain : P1

Unstain : All Events

100

(x10%

P26(32.62%)

P27(76.28%)

s Viah :P1

§SC-H
Lupus DW treated W treated
a CBR:P1 a DBR: P1 a WBR:P1
E 5 5
< < <
<| 35 Sal Sal
ola P5(66.57%) 2 P3(53.54%) 2 P2(80.24%)
(%]
(%]
' s ] :
- e e o A it . T TR
12 100 10t 0%t gt 0 1100 a0t 0% 1f Ll N [ LA B T4
CD1ORBEOAPCA | CD1GREGO-AFCA | CD1SREGO-AFCA |
»
T >
1
! CD19 i i
1
1
CBR:P5 y DBR:P3 \i/ WBR: P2 Y/
PB(IB.11%) —Y
< < <
& & &
Ee Eq Eq
623 B2y 627
o8 g g
ala & 2
Ol 8 8 8
A
o L o e o
1 H 4 L 1
1 1
T T T T T T
0 10? 1 10° 0 102 PR
CD27 Y505-PE-A | CD27 Y585-PE-A '
! 1
v il ; v
CBR:P10 DBR: P8 WER: P9
1300 80%) P15 65%) 1600 83%)
= =B =R
- - -
o o o
E B E
& 3 -
T B g
= 8% 8%y 8%y
a °
(]
[ 10 ¢ 10 104
110 Y710-PC5 54 110 Y710-PC5 54
IL-10
< CBR:P1 < DBR:F1 < WBR:P1
A = P2201.56% = PI0088%)
g g g
o Ty E
o | 224 2B 2%
| & & &
ol g = =
O] 8% 3ty 3%
10° 10! 10° 10! 10t
IL10Y710-PCE5A ILADY710-PCE5A &
>
Cont: P1 owW:P1 WPt
A PI5(6200%) [ZE PITG125%)
s % s
S 8 8
4 g &
s 2 s
alE £ En
a|a a @
g g g
=3
T T T T v T T ™ T
o 10 10¢ 10° 108 o 10 10¢ 10° 100 10 10¢ 10° 10t
CD19 RE6O-APC-A CD19 REGO-APC-A CD19 RBBO-APC-A e
#

e

Frequency of cells

DW w
treated treated

Lupus

pf®
T s
o
-0
o+ 20
g
o
c
8 Oy
3+
T o
o~ 5
~ 0
516
=
Lupus DW w
treated treated
*
1
kkkk  kkkk
DO
(-]

Frequency of cells
{CD19" CD27" CD24" IL-10%)
wSalR8RE5888

T
Lupus DW w

treated treated

ns
skokokk  kokokok
1 1
2] °
% ~" oo
[ )
=
=3 2 T
= 6
Q o+ 5
c o
o T 4
283
2
8=
S
Lupus DW w
treated treated
ns
1
. % *okkk  Kkkok
= 70
D~
O - g
e R
© Q 50 o
= 0
O+ 40
8 g a0 R
=
T O %o
D g o2
w

<

T T T
Lupus DW w
treated treated

Page 11 of 46



Priya et al. Stem Cell Research & Therapy ~ (2025) 16:158 Page 12 of 46
.8 C U All Events 8 CU:P1 CUP1 E CV:P1
P8(B5 92%)
. v
10t 108 10°
SEC-A (x10% B525-FITC-A
Lupus DW treated W treated
“_ TH17Cant: P1 ©_ THI7DW: P1 o THI7W : P1 .
E P5(1.39%) E PB(0.66%) 3 P4{1.17%) —
] % ] : % ] dokdok Rokkok
3 3 2 4 i
<L ] < | <L ] &~
L o A @ oo
& ] & ] e ] O g 35
A B =3 R S 30
2 3 s 3 ] = 9 1 b3
<[> A > 1 > | 3 4 25
(& = : £ ! £ 20 2
42 g 373 e 374 ! g 2 &
= ] ] ] ] ! T O 10 o
= I ! L ~os °
3 ! ! o
of 1 3 1 0. T T
0 100 10 10° art 105 10° 0 100 10 10° 1t 105 10 0 100 10 100 1t 108 10° treated treated
CD# BS25-FITCIA CD4 BS25-FITC-# CD4 B525-FITC-A
TH17Cant: P5 | THIORAFE | THITW P4 |
~8 T ~8 L +~8 L P
=] 1 = 1 = |
= ] 1 = b 1 > 1 1
z : z i z | kkkk KKKk
1 1 | 1 1 g
50 1 1
1 v 1 Vv 1 v 2 +‘T 45 0
A | ] i 3 E 40
< < <« - 35
<| 887 284 28 S
L@ | o] @ | 3 r‘: 25 R
8 P3(36.04%) P FNE
7} 1 1 1 3= i
' P ] & £g
_ - -0 5
1 1e 6 e g Lo : : ;
o T R R L PR R R = AT Lupus DW w
I 108 0 2 104 10t 108 ] 108 10¢ 108 treated treated
PD-1Y710-PC5 5-A PD-1Y710-PC5 5-A PD-1Y710-PC5 5-A
PD-1
o Cont: P1 o DWW P1 o WP
=3 F13(083% | -7 =3 PT5(062%) | ns
o 3 “ 3 @ 3
A %4 23 23 w 10 RkAK kKK
3 3 3 = o9 | [ —
<B4 <5 <B4 8 —~os )
S 3 &3 &5 o+
E., ] [ ., 1 = T 07 o
Es ] = ] 6] © 0os
w3 w3 w7 3 >0
& & &
2, 2., . Q. 08
alz= 2= z° g &0
Ol e o - [+ g. Q05
= = - =8 @ = -
3 E | - 3 S
3 ] ] w D'l :
1 1 4 -0 T T T
Lupus DW w
S T |||||1|b3 T T .ui]um S T ””1”[,3 —TT ....1”04 S~ |||||1||03 —TT .ui]uEI4 treated treated
PD-1Y710-PC5.5-A PD-1 Y710-PC5.5-A PD-1 Y710-PC5.5-A .‘
PD-1

Fig. 1 continued

Immunomodulation by DW treatment is similar to that of
standard drug HCQ
HCQ is a standard therapy, which is currently the major
long-term treatment recommended for all patients with

SLE barring limitations or side effects. It reduces SLE
activity, particularly in mild and moderate illness, avoid
disease flare-ups, and reduce the long-term require-
ment for glucocorticoids [4]. We therefore intended to
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Fig. 1 continued

compare the immunomodulatory effects of DW with that  of Tregs (CD4* CD25* CD127~ IL-10%), (CD4" IL-17A")
of the HCQ and Dex drug. We compared the effect of Th17, DN T (CD3* CD4~ CD8") cells, Bregs (CD19*
HCQ, Dex drug, DW and W treatments on the frequency ~ CD24* CD27* IL-10%) and neutrophils (CD15* CD3").
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Fig. 1 continued

There was a significant increase in the number of Tregs
(Fig. 2A) and Bregs (Fig. 2B), reduction in Th17 (Fig. 2C),
DN T (Fig. 2D) cells and neutrophils (Fig. 2E) 24 h post-
treatment with HCQ, DW, and W compared to the
untreated group. Interestingly, the changes in frequency
of all these cells were similar with both DW and HCQ-
treatment but not with Dex drug and W treatment. Fur-
ther, the combination of DW +HCQ yielded significantly
better suppression of TH17 cells and neutrophils than
the DW alone (Fig. 2C and E).

Immunomodulatory activity of DW is mediated

through TGF-f3 pathway

HCQ is known to work by inhibiting the release of pro-
inflammatory cytokines, including IFN, TNE, and IL-12,
increasing the release of anti-inflammatory cytokines

treated treated

like TGF- B1 and by promoting Treg differentiation and
activity [22]. HCQ is also known to restore the Th17/Treg
balance, leading to significantly lower expression of IL-17
in Th17 cells and higher levels of Foxp3 and TGF-p [3].
TGEF-p plays a significant role in the regulation of autoim-
munity by Breg and Treg cell development [9]. To investi-
gate whether DW mediated immunomodulation of Tregs
and Bregs is also through TGF-p we used SB431542, an
inhibitor of TGF-f activity [10] for inhibition assays. We
observed that Tregs (Fig. 3A), Bregs (Fig. 3B) significantly
decreased and Th17 (Fig. 3C), DN T cells (Fig. 3D), neu-
trophils (Fig. 3E) significantly increased when SB431542
was added to the DW treated culture for 24 h. This rever-
sal of disease associated cell types was not as remarkable
in other treatment groups.
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Fig.2 DW treatment has a similar immunomodulatory impact as HCQ as both of them promoted Tregs and Bregs expansion, suppressed Th17,
DNT cells, and Inflammatory neutrophils by upregulating IL.-10 and downregulating IL.-17A. Isolated PBMCs were stimulated and treated with Dex
drug, DW and W for 24 h and checked for the frequency of A CD4" CD25% CD127~ IL-10* and CD4* IL-10" FOXP3* Tregs B frequency of CD19*
CD24* CD27* IL-10" Breg € CD3*CD4~CD8™ DN population of T cells, D inflammatory CD4™ cells, expressing IL-17A E CD15" CD3™ inflammatory
neutrophils. The contour plots depict findings from a sample of 9 patients with SLE, and corresponding bar graphs are presented with a sample
size of 9. Error bars show mean +SD. p values indicate significant changes as follows: non-significant (ns) p>0.05, *P < 0.05, **p < 0.01, ***P <0.001

and ****P<0.0001; One-way ANOVA

DW treatment suppressed autoantibodies, IL-17A

and increases IL-10 and TGF-3 expression

We evaluated the effect of DW treatment on autoanti-
bodies generation from SLE patients PBMCs. Levels of
anti-dsDNA and anti-ENA autoantibodies were detected
in the cell supernatant using ELISA in different treat-
ment groups including DW, W, Dex drug and untreated
cells in vitro. Findings revealed that DW and W treat-
ment were associated with a significant decrease in the
supernatant levels of anti-dsDNA (Fig. 4A) and anti-ENA
(Fig. 4B) as compared to that in non-treated cells (lupus).
Levels of cytokines IL-10, and TGF-p were detected in

PBMCs supernatant using ELISA, and mRNA expression
of cytokine IL-10 and Th17 cell-mediated factor IL-17A
were detected by Real Time (RT) PCR. IL-10 cytokines
(Fig. 4C) and TGEF-p (Fig. 4D) were found to be signifi-
cantly increased in the DW and W treated groups com-
pared to the non-treated group. In contrast, there was
non-significant difference in the levels of TGF-f, and
cellular expression of IL-10 (Fig. 4E) in Dex drug treated
cells but there was a significant decrease in the IL-17A
expression (Fig. 4F) when compared to non-treated

group.
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Fig. 2 continued
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Fig. 2 continued

Preclinical studies

Over a period of two months, 75 female BALB/c mice
were raised, with 60 mice received intraperitoneal pris-
tane over the next month to induce lupus-like autoim-
munity [48]. Ten unimmunized mice served as controls.

Following the development of autoantibodies, the pris-
tane-induced mice were divided into four groups (15
mice per group): (i) lupus (treated with normal saline),
(ii) Dex drug (received Dex drug treatment), (iii) DW
(received Dex-primed CM treatment), and W (received



Priya et al. Stem Cell Research & Therapy ~ (2025) 16:158 Page 18 of 46

Without HCQ With HCQ

. C1:P1 < C1:P4 . H1:P1 < H1:P4
A A A A
] g ]
< i . <
v S & @ S S
> E e " E we
o e @ N G 3
=] RS & S R 8
= o = S & z .
=3 9 P5(47.82%) - =3 9 P5(31.69%). -
= oRe ©
w] S s 3
' - & N ,
ERS =35
T .\' m 4 i T T T T 4 'Iv T T T T
0 10° 10% 100 108 0 10° 10t 10 10° 0 10° 104 100 10° 0 10° 10* 10 10°
CD3 RBGO-APC-A CD3 RBG0-APC-A CD3 REBO-APC-A CD3RBB0-APC-A
o DD1:P1 < DD1:P4 o DD+H1:P1 < DD+H1 P4
3| =
= < 5 b
o g i @ 2 g
o B 8 el gy . g
+ 873 % T 873 Y S L A
=) 3 Q P5(42.20%) 2 - PaEs70%) a P5(22.34%)
= AR 5 o 7 it
o) w] T «] -
T i &) T T T T T T o T T T T
0 SL N [T T 0 100 10t ae® 0 SL S [T T 0 100 10t a0t
g CD3 RBAO-APC-A 0 CD3 RBB0-APC-A < CD3 REBO-APC-A 0 CD3RBBO0-APC-A
o o [}
o . DW1:P1 Ol =« DW1:P4 Q| = DW+H1 : P1 Q| = DWW+HT P4
3 | *
x < = <
w© £ ) w4 g I
g gz ) ' & 4] 2
+ a-3 - 7 x 8= z
z (P4(34.54%) a8 b3 2
z [ qew 8 : g
[a] B L ]
o o
3 N T, 3 B
T T T = T T T T T
10° 10% 1 10° 0 10° 10t 10 10° 0 10° 10% 1 10° 0 10° 10t 10 10°
CD3 REGO-APC-A CD3 RB60-APC-A CD3 REBO0-APC-A CD3 RBG0-APC-A
> WP - W1:P4 . WeH1 1 P1 = WeH1 P4
] =y
2 3 i g pas
© £ A £ Fk
9] g ] g gy ] g
s 8= : g= :
3 8 3 8
; 3] 3]
w ] ]
T T T T 4 T T T T T
10° 0 10° 10t 10 10° 0 10° 104 100 108 0 10° 10t 10 10°
CD3 RBGO-APC-A CD3 RB60-APC-A CD3 REBO-APC-A CD3 RB60-APC-A
> > > >
cp3 - CD3 g D3 i CD3 g
3 3k %k 5k
I 1
ok ok %k %k
I 1
ok 3k 5 %k ns
ir___.. 1
ok 3k % %
3% %k %k Xk
kkkok ok ok kK
60 T 11
55 % %k %k k
2~ — *kookok ok ok ok ok k
[}
o R 45 ns
5 O3 '
>
o 0O 30 = H
S O 25 .
Q +
S o 20
[~ =
2 O 10
w 5
0 T T T T T T T
HCQ E ¥ B ¥ - + - ¥
Dex Drug - - + + - - - -
bw - - - - + + - -
w - - - - - - + +

Fig. 2 continued
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Fig. 2 continued

CM treatment). The groups were further categorized
based on distinct autoantibody profiles, such as the pres-
ence of anti-dsDNA™, anti-ENA®, and anti-dsDNA™"
+anti-ENA*' autoantibodies (n=5 in each category).
After 35 days of pristane induction, serum samples
were analyzed for autoantibody levels. Body weight was

monitored, and urine samples were examined weekly
for proteinuria (Fig. 5A). Blood samples were collected
from the tail vein of each mouse (n=60) before and after
30 days of pristane injection. Autoantibodies levels were
measured in the serum and a significant increase in the
levels of anti-dsDNA and anti-ENA autoantibodies was



Priya et al. Stem Cell Research & Therapy ~ (2025) 16:158 Page 20 of 46
Without Inhibitor With Inhibitor
. mer . mer e 1 con 2 mae mee e ce
\ ® Al e \ E Al e Al
v g 3
> g N o
a - o 9
3 Sy & -
-
T e e e o T T e T e e e Do T T e e e e T e e T e e e
colbezsaon Corataesosoe cotesze e L coleazerion Cortrasn en cotesze e (L
N Top. 1 N Teon-72 N N 002 N ooier N Tooe . oo 2
° N = | Jpoees
[ B 2
] B
© Be
g g2
2 £ E s
[=] %
= H
®
| 0 10t 160 10t 10t a0t 0 10t 16 10t 10t 100 0100 100 10'  10f 1 0 10° 104 10° 0 10t 10*  10* 10t 0 1 16 10f 10 0 10° 10 100 1
By corpszenmon ol corTrencs o) corpszeimoa = Fows vissoe o corpszetea o conT Resa Ao ° Fonpavessoza
al | | b o b |
g. — . S ) o A o o, o o - =
v = = = * : = = =
o ® = =
9 b - K
5 g S
£ e
5 £ .- E. &~
2 e - - :
) T e e T T e T e e e T T e e T e e e T e e T e e
coltezstion ot nesoseen cotesze o Hosvdiiren coleszerion Cort e ren cotesze o LA
. wweer N wwe2 N . we N e . w2 N wen N wer
- * = = ®
Q
- o
B e « .
b= . | >
e . .
T T e T e T T e T e e H T T T e e
colbezseon Corasmssomo coepszsno svisioe ora Reso s coeeszsion LN
CD4 CDh127 CD4 CD25 CD127 CD4 CD25
%k %k %k k.
| * ok kK : T . YR
% %k %k %k >k ok % %k 1
T wxxx!
— 30 e | I 0 FoHokk | kkkk
=4 ) 55
® 4 25 *okx = 50
2 ns —i D — ok ok ok %k
3 i S i i
s o 20 ns ns 5 - 40
a i [ Y 35 X
gO 15 3= 30
I < 25
5 i e
280 g a2
2 O o O 15
Wt 5 o 10
2 w 5
=
e —T —T — —
saisaz | L % = -
Dex Drug | . . '
ow R T
w - - - - - - + + . +

Fig. 3 DW treatment mediates its immunomodulatory activity through TGF-f. SB431542 was used to inhibit TGF-(3 activity. It was added to the DW
treated culture for 24 h and treated with Dex drug, DW and W for 24 h and checked for the frequency of A Tregs, B Bregs, CTh17,D DNT cells and E
inflammatory neutrophils. The contour plots depict findings from an individual sample of 20 patients with SLE, and corresponding bar graphs

are presented with a sample size of 20. Error bars show mean + SD. p values indicate significant changes as follows: non-significant (ns) p>0.05,

*P<0.05, **p<0.01,**P<0.001 and ***P<0.0001; One-way ANOVA

observed over a span of one month (post-induction)
(Fig. 5B and C). Twenty-five mice were reported posi-
tive for anti-dsDNA, 25 positive for anti-ENA and 10 had
both the autoantibodies present. No criteria were set for
humane endpoints. All phases of induction and treat-
ment were scheduled according to a specific timeline.

DW treatment reduced autoantibodies, maintained
optimum body weight, reduced proteinuria and mortality
in PIL mice

Autoantibodies

The DW-treated group demonstrated a significant
decrease in autoantibodies (both anti-dsDNA and anti-
ENA) compared to the pre-treatment levels and other

treatment groups. The Dex drug and W treated groups of
mice did not show significant reduction in autoantibody
levels as compared to their pre-treatment levels. Hence,
DW treatment was able to significantly lower the level
of autoantibodies in a span of 35 days. In contrast, PIL
mice receiving only normal saline exhibited a continued
rise in autoantibody levels (anti-dsDNA and anti-ENA)
compared to the pre-treatment levels or other treatment
groups (Fig. 5D and E).

Body weight

Post treatment PIL mice were monitored for body
weight to check if these treatments affected these
parameters differentially in mice with distinct
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Fig. 3 continued

autoantibodies’ responses. There was a significant loss
in body weight starting from 28th day post treatment
in normal saline treated PIL mice in all three distinct
autoantibody subgroups (anti-dsDNA*, anti-ENA* and
anti-dsDNA* +anti-ENA*) as compared to normal
saline treated non PIL control mice. The initial body
weights were 23.45, 23.29 and 20.52 g which reduced

to 12.28, 11.46 and 11.71 g in anti-dsDNA™, anti-ENA*
and anti-dsDNA* +anti-ENA™ respectively. The body
weights of DW treated mice in different autoanti-
body specific subgroups (anti-dsDNA*: 22.40 g, anti-
ENA*: 22.35 g and anti-dsDNA* +anti-ENA*: 22.34 g)
showed significant improvement post 28 days of treat-
ment as compared to normal saline treated PIL mice
(anti-dsDNA™: 12.85 g, anti-ENA*: 13.63 g and anti-
dsDNA™* +anti-ENA*: 13.24 g). Whereas Dex drug and
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Fig. 3 continued

W treated mice showed delay in improvement of body
weight starting only after 35 days post treatment for the
anti-dsDNA" +anti-ENA™ subgroup, and the increase
in body weights in these two treatment groups was sig-
nificantly lower than that of the DW-treatment group
(Fig. 5F).

Proteinuria and mortality

Urinary protein was quantified from urine samples of
individual mice in metabolic cages on 0, 7th, 14th, 21st,
28th and 35th day of treatment. Urinary protein excre-
tion in normal saline treated lupus mice on 21st to 35th,
28th to 35th and 14th to 35th days in anti-dsDNA™, anti-
ENA*, and anti-dsDNA™ +anti-ENA* autoantibodies
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Fig. 4 Immunomodulatory effect of DW treatment on IL-10, TGF-, IL-17A expression and on the autoantibodies secretion. Bar graph showing
the concentration of A IL-10 cytokines (n=12), BTGF-f (n=12) and the relative expression of CIL-10 (n=5), D IL-17A gene expression (n=6)

in Dex drug, DW and W treated PBMC’s with that of non-treated cells (lupus). DW treatment significantly suppressed the E anti-dsDNA F anti-ENA
autoantibody levels in the supernatant as compared to that in lupus (non-treated cells). The bar graphs data represent mean of 6 patients’sample.
All values are represented as mean + SD. non-significant (ns) p>0.05, ***P<0.001 and ****P <0.0001, One-way ANOVA
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groups respectively was significantly higher than that
of the normal saline treated non PIL control mice. Dex
drug, DW and W treated groups showed significant
decrease in proteinuria on 21st, 14th and 28th day of
treatment respectively in the mice positive for anti-
dsDNA* anti-ENA* and anti-dsDNA* +anti-ENA™"
autoantibodies, suggesting that DW treatment kept a
better check on urine protein levels than Dex drug or W
treatment (Fig. 5G).

In the anti-ENA™ group, Dex drug, DW, and W treat-
ment had significantly lowered proteinuria on 28th day of
treatment compared to PIL mice receiving normal saline.
Dex drug and DW treated groups of mice kept the urine
protein levels in check from 21st day of treatment until
the last day of treatment in anti-dsDNA* +anti-ENA™
mice. However, this decrease in urine protein in the DW
treated mice positive for anti-dsDNA, anti-ENA, and
anti-dsDNA +anti-ENA autoantibodies were signifi-
cantly higher than that of Dex drug treated mice. There-
fore, DW treated proteinuria in this PIL model more
effectively than the other two treatments W and Dex drug
in all three autoantibody subgroups setups (Fig. 5G). PIL
mice treated with DW exhibited significantly prolonged
survival compared to normal saline treated PIL mice, Dex
drug treated, or W treated littermates. On the 35th day
of treatment, the survival rate for normal saline treated
PIL mice was 53.33%, whereas it improved significantly
to 93.33% in DW treated mice. There was no significant
difference in the survival percentages between the Dex
drug (73.33%) and W (80%) treatment groups compared
to both lupus and non-lupus control mice (Fig. 5H).

Inhibition of SLE- associated splenic Th17 cells,
upregulation of Tregs, Bregs and anti-inflammatory
cytokine IL-10 through TGF-p with DW treatment

We studied the impact of DW treatment on Treg, Breg
and Th17 population in PIL mice (n=3). PIL mice
showed significantly decreased splenic regulatory cells
(Treg and Breg) and increased Th17 (CD4" IL-17A™)
cells compared to non PIL control mice receiving normal

(See figure on next page.)

Page 26 of 46

saline. Dex drug and W treatment did not affect Tregs
(CD4* CD25" FOXP3") and Bregs (CD5" CD1d") in
lupus mice. However, DW treatment increased regu-
latory cells and decreased Thl7 cells (Supplemental
Fig. 3A). The Th17/Treg ratio was shifted towards Treg
differentiation, with better reduction than Dex drug or
W treatment (Supplemental Fig. 3B). IL-10 cytokine
production by PIL mice upon different treatments was
measured. It was observed that the decreased IL-10 pro-
duction in PIL mice was significantly reversed with DW
treatment, and this improvement was higher than that
achieved with Dex drug or W treatment (Supplemental
Fig. 3C). Next, we determined the TGF-B concentra-
tions in the serum samples of mice, as there is growing
evidence that TGF-B can regulate T-cell immunity in
inflammatory diseases and promote the emergence of
Tregs contributing to the induction and maintenance of
natural and induced immune tolerance [21]. The concen-
tration of TGF-p in the serum of lupus was significantly
lower than that of the control mice which was improved
with DW treatment. Dex drug or W treated mice, did not
show any significant change (Supplemental Fig. 3D).

Alopecia was reversed in DW treated mice

Of the 60 PIL mice, 5 mice developed alopecia (of
which one died), hence 4 mice were isolated and treated
for the next 42 days with either DW, Dex drug, W or
normal saline. On the 42nd day, observations were
made to assess the effect of treatments on the clinical
manifestation of alopecia. PAI was performed using
power Doppler to assess the effect of treatments on the
vasculature changes under the affected alopecia patch
(Fig. 6A). PIL mice developed progressive dorsal alo-
pecia that started dorsally and gradually spread across
the body, resulting in localized baldness. The affected
skin regions were very dry and had lost pliability. After
42 days of treatment there was a visible reversal of hair
loss observed in DW treated mice (Fig. 6B), and the
regrowth of hair was progressive starting from days
7, 14, 21, 28, 35 of DW treatment (Fig. 6C). Reduced

Fig. 5 Generation of autoantibodies in PIL mice and the immunomodulatory effects of different treatments on the autoantibodies post-induction,
proteinuria reduction, maintenance of optimal body weight and mortality in PIL mice. A Experimental outline. There was significant difference

in the level of B anti-dsDNA and C anti-ENA autoantibodies over a span of one month (post-induction). The DW-treated group demonstrated

a significant decrease in D anti-dsDNA and E anti-ENA compared to the pre-treatment levels and other groups post-induction. F Body weight

and G proteinuria was measured weekly till 35th day of various treatment and DW significantly suppressed proteinuria and helped in maintenance
of optimum body weight in all the subgroups (anti-dsDNA*, anti-ENA*, and anti-dsDNA* +anti-ENA*). H Survival rate (percentage) post 7th, 14th,
21st, 28th and 35th day of treatment. Kaplan-Meier survival curves, n=15, analyzed by log-rank test, *p <0.05. The numbers of PIL mice surviving
to 35 weeks of age post-treatment. The line graphs illustrate mean data from a sample size of 5 mice. Error bars show mean +SD. p values indicate
significant changes as follows: non-significant (ns) p>0.05, *P < 0.05, **p <0.01, ***P < 0.001 and ****P <0.0001; One-way ANOVA. In Figure C and D,
* depicts significance compared to control, # depicts significance compared to PIL (normal saline treated) counterparts, $ depicts significance

compared to DW
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peripheral and subcutaneous blood flow contributes to  subcutaneous tissue. Hence, we checked for the sub-
hair loss. The blood supply to the scalp resembles that  cutaneous blood flow by using a power Doppler tool
of the skin elsewhere in the body, originating from the  overlaid with B-mode imaging in the area losing hairs
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Fig.5 continued

and observed loss of vasculature in the PIL mice. Upon
DW treatment restoration of vasculature and increased
blood flow was observed but none to minimal restora-
tion seen in Dex drug or W treated mice (Fig. 6D).

21

28 35

DW treatment reduced limb inflammation in lupus mice

Clinical evidence of arthritis, paw swelling, and loss of
grip strength after pristane injection in BALB/c mice
has been reported earlier [25]. Post 42 days of pristane
induction, in concordance with the earlier reports we
observed a marked increase in redness and swelling
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Fig. 6 DW helps in the reversal of alopecia and reduced limb inflammation. A Experimental outline. Representative images of B, C alopecia, D
power doppler image overlaid on B-mode image of area undergone hair loss and E limb inflammation in PIL mice before and after treatment
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Fig.6 continued

of the hind and fore limbs’ paws in PIL mice which
reduced markedly with DW and W treatment but not
with Dex drug-treatment (Fig. 6E).

(See figure on next page.)

Loss of Vasculatures

Dex Drug DW W
treated treated treated

Seizure developed in PIL mouse was resolved with DW
treatment

In 1999, the ACR established a standard nomenclature
with case definitions for 19 neuropsychiatric conditions,
12 related to central nervous system manifestations
mainly seizures, headache, stroke, depression, cognitive

Fig. 7 Reversal of organ damage and histopathological changes with DW treatment. A Experimental outline. Following a 35-day treatment
regimen, mice were euthanized by CO, asphyxiation and organs like kidneys, liver, lungs, heart, and spleen were collected. B Morphological
changes were observed, and C measurements of size (n=3) and D weight (n=4) were recorded. Additionally, E histological examinations (n=3)
were conducted. Error bars show mean + SD. p values indicate significant changes as follows: non-significant (ns) p > 0.05, *P < 0.05, **p <0.01,

***p<0.001 and ****P <0.0001; One-way ANOVA
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dysfunction, and psychosis [49]. In our study, among
the 60 PIL mice, two mice developed seizures. Seizure
refers to a sudden, uncontrolled electrical disturbance
in the brain that results in abnormal behavior, sensa-
tions, or movements. Seizures in lupus may occur as a

treated treated treated

neurological manifestation of the disease, known as neu-
ropsychiatric lupus. One mouse was administered nor-
mal saline, and the other was treated with DW. Mice that
received normal saline died on the third day of treatment,



Page 36 of 46

(2025) 16:158

Priya et al. Stem Cell Research & Therapy

Before After Before After Before After Before After Before After
treatment treatment treatment treatment treatment treatment treatment treatment treatment treatment

o ~

Fig. 7 continued



Priya et al. Stem Cell Research & Therapy ~ (2025) 16:158

whereas the DW treated mice recovered progressively
from seizures in 7 days (Video 1-3).

Reversal of organ damage and histopathological changes
in DW treated mice

Post 35 days of treatment schedule, the mice were sacri-
ficed under carbon dioxide, and their organs like kidneys,
liver, lungs, heart, and spleen were harvested, morpho-
logical changes were observed, their size and weight were
measured, and histological examination were performed
(Fig. 7A).

Weight and length of organs

Gross observations of the systemic organs in all groups
are shown in Fig. 7B. The PIL mice exhibited disease spe-
cific changes in morphology and swelling compared to
the uninduced healthy control mice. Treatment with DW
significantly normalized lengths and weights of kidney,
liver, lungs, heart and spleen compared to other treat-
ments (Fig. 7C and D).

Histopathological analyses

Kidney Further, when we examined the histological
images of hematoxylin and eosin (H & E) stained sec-
tions of the kidneys, the morphology and structure of
the glomeruli and renal tubules in the mice of the con-
trol group were normal with no obvious abnormalities. In
the PIL group, tubular epithelial cell shedding and base-
ment membrane nudity, vacuolar degeneration of tubular
epithelial cells, protein casting, tubular dilation, loss of
tubular brush border, hyperplasia of mesangial cells, epi-
thelial and endothelial cells, and edema-like degeneration
of renal tubules were observed. However, after treatment
with DW, the above pathological changes in the kidneys
of PIL mice were alleviated majorly, though protein casts
were present at a few sites. In contrast only a minor path-
ological improvement was seen in both Dex drug or W
treated groups, as there still remained obvious intraparen-
chymal hemorrhage, red blood cell extravasation, dilated
vascular spaces, fibrinous deposits, and protein cast in the
renal section in the kidney section of lupus mice (Fig. 7E).

Liver Liver H&E staining showed expansion of the por-
tal tract and activity of the portal inflammatory infiltrate
with extension to the lobule, causing direct damage to the
hepatocytes. Morphological alterations were identified
mainly in the hepatic lobule, with a storage spectrum of
fine droplets. In several visual fields, histiocyte clusters
were observed, conditioning the expansion of the sinusoid
in the form of epithelioid granulomas, without necrosis
or microgranulomas. Not only was intracytoplasmic
accumulation of lipids noticeable, but its association with
inflammatory changes was also observed, for instance,
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degeneration of hepatocytes, satelitosis (hepatocytes cir-
cumscribed by inflammatory cells, here with neutrophils
and histiocytes), and acidophilic bodies (degenerated
hepatocytes with condensed cytoplasm and inconspicu-
ous nuclei). Such histopathological changes in liver have
been reported [17]. DW treatment significantly reduced
the occurrence and severity of liver damage, though
expanded portal tracts and acidophilic bodies were still
present. In contrast, there was no improvement in the
Dex drug and W treated groups (Fig. 7E).

Lungs Histopathological findings suggested that the
lungs of the control mice had normal alveolar walls and
capillaries. Pneumocytes, alveolar lumina, and blood ves-
sels were also normal. Few alveolar macrophages, which
are normally present in the alveolar wall, have been
observed earlier too [36]. Bronchial walls and epithelial
cells were normal. On the other hand, PIL mice and nor-
mal saline treated PIL mice had collapsed alveolar lumina
and accumulation of numerous inflammatory cells in and
around the alveolar lumina and alveolar wall. The PIL
mice treated with DW showed normal alveolar walls,
alveolar lumina, minimal alveolar expansion, and pulmo-
nary blood vessels which could not be observed with Dex
drug or W treatment (Fig. 7E).

Heart In SLE, cardiac manifestations such as coronary
artery disease and myocarditis are the leading causes of
morbidity and mortality. Heart problems commonly asso-
ciated with lupus include pericarditis or pericardial effu-
sion, valve abnormalities, myocarditis, arrhythmias, and
accelerated atherosclerosis [7]. We studied gross histolog-
ical changes in the heart of PIL mice and Dex drug, DW,
W treated groups and compared the results with normal
saline treated PIL mice. The heart of the control group
showed a normal architecture without edema or neutro-
phil infiltration. The histological study of lupus-induced
myocardium showed edema, wavy myocardial fibers due
to slippage of myofibrillar alignment, infarcted zones,
necrosis of widespread area of muscle fiber, separation of
cardiac muscle fibers, and neutrophil infiltration, which
are characteristic of myocardial ischemia as compared to
control. There was no improvement in cardiac histopa-
thology in lupus mice after treatment with normal saline,
but it was significantly improved in DW treated mice with
reduction in hypertrophied cardiomyocytes, inflamma-
tory cell infiltration, wavy myocardial fibers, and necrosis
(Fig. 7E).

Spleen  Splenomegaly has been reported as a manifes-
tation of active SLE [46]. Splenomegaly can be caused
by increased splenic function, congestion, or infiltration
[34]. Although the spleen is not considered a common
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Fig. 8 DW treatment improves anatomical and physiological status of k\dneys, liver, heart and cardiac geometry and function. Representatlve

US and PA overlay scanned images of kidneys, liver and heart from healthy (control), lupus, Dex drug, DW and W treated mice (n=3). AThe
confined red, green and blue lines denote the region of interest (ROI) registered during US, PA and power doppler and colour doppler imaging

and quantitation for the PA images. Cross-view representation of the 3-dimensional volumetric reconstruction of PA imaging in the mice

kidneys based on the ROI as shown in overlay images. B The confined red and green lines denote the ROI registered during PA, power doppler,
colour doppler imaging and quantitation for the PA images. C The confined red and yellow lines denote the ROI registered during PA imaging

and quantitation for the PA images. The graph depicts the 3-D volume of kidney, average sO, and HbT in the kidneys, liver and heart of different
treatment groups. B-mode image show parasternal long-axis view at the level of the papillary muscle. M-mode image of the LV displays dimensions
of the ventricular walls, LV cavity, and cardiac function measurements. y-axis represents the distance (in mm) from the transducer; time (in ms)

is on the x-axis. The M-mode images show the LV AW, LV chamber, and LV PW throughout diastole (d) and systole (s). Echogenic peaks visible

along the PW during systole represent the papillary muscle entering the field of view. The graph depicts the stroke volume, ejection fraction,
fractional shortening, cardiac output and left ventricular mass in the heart of different treatment groups. Error bars show mean + SD. p values
indicate significant changes as follows: non-significant (ns) p>0.05, *P < 0.05, **p <0.01, ***P<0.001 and ****P < 0.0001; One-way ANOVA. rt, right; It,
left; LVID, s, left ventricular internal diameter (systole); LVID, d, left ventricular internal diameter (diastole); SV, stroke volume; EF, ejection fraction; FS,
fractional shortening; CO, cardiac output, and LV, left ventricle.
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target organ in SLE, its function in producing antibod-
ies cannot be neglected. Thus, it is important to under-
stand the effect of treatment on the pathogenesis and
features of splenomegaly and inflammation of the spleen

treated treated treated

in lupus. Histological examination of the spleens of PIL
mice revealed increased cellularity, severe degenera-
tive changes as ill-defined lymphoid follicles with large
necrotic foci by darkly stained cells accompanied with
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edema, and diffused degenerated lymphoid cells com-
pared with that in control mice. Thirty-five days of
DW treatment significantly improved splenic section
whereas Dex and W treated mice still had an ill-defined
spleen architecture with lost and loose cells accompa-
nied by scattered cells (Fig. 7E).

PAI of anatomical and physiological status of organs
Kidney

In PAI brightness Mode (B-Mode) refers to the ensuing
two-dimensional grayscale picture of a region of inter-
est (ROI), which was used to locate the kidneys, right
and left in the abdomen of the mice (Fig. 8A; B-mode). A
scale is located on the right side of each image in the first
row, which shows the distance of structures, those farther
away from the transducer at the bottom, and the tissue
closest to it at the top, while also providing depth and size
information. Both kidneys can be observed in white and
light gray tones because as density increases, more echo
is recorded, resulting in a brighter signal on the screen.
B-Mode provides the best anatomical structure visualiza-
tion; hence it was used to check the effect of treatments
on anatomical differences of both the kidneys. The sec-
ond row depicts the power doppler image that displays
the traced boundary of the outer kidney wall within a
red loop (Fig. 8A; PA signal laid on B-mode). This image
showcases the vascularity of the kidney combined with
3D-Mode, provided volumetric information and spatial
resolution of the kidney (Fig. 8A, rendered volume for
3D surface view with PA signal in wireframe and wire-
frame view of 3D volume). Consistent with Fig. 7B and C,
Fig. 8A also showed a significant increase in the volume
of kidney of the PIL mice. DW treatment normalized the
kidney sizes and volumes significantly.

Power Doppler mode, overlaid on top of B-mode image
for anatomical reference, displays blood flow in the area
of interest in red and blue gradients (Fig. 8A; Power
Doppler mode). Blood flowing towards the transducer
is represented by a gradient between red (lowest veloc-
ity) and white (highest velocity), and blood flowing away
from the transducer is represented by a gradient between
blue (lowest velocity) and white (highest velocity). The
percent renal oxygen saturation (sO,) and average hemo-
globin concentration (HbT) were significantly lower
in the PIL group than in the control group. Analysis of
average blood sO, and HbT in different treatment groups
revealed a significant increase in both these parameters
only in the DW treated group (Fig. 8A; volume, average
blood sO, and HbT concentration graphs).
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Liver

In Fig. 8B, the liver is visible in both ultrasound (US)
(B-mode) and photoacoustic mode (PA signal laid on
B-mode). The red loop in all the figures indicates the
liver ROI, which was drawn manually based on the US
image. The liver had homogeneous echotexture in DW
treated mice and healthy control mice but hyperechoic
in PIL and Dex drug-treated mice. Notably, the aver-
age hepatic oxygen saturation was found to be signifi-
cantly decreased in the PIL, Dex drug, and W groups
of mice compared to the control and DW groups. The
average blood sO, and HbT levels were not significantly
changed in the DW group of mice when compared to
the control (Fig. 8B; average blood sO, and HbT con-
centration graphs).

Heart

Various cardiac parameters were also evaluated, using
US (Fig. 8C; B-mode) and PAI (Fig. 8C; Power doppler
mode). The ROI that was manually generated based on
the US image shows the heart in the mice treated with
lupus, Dex, DW, W and control within the red loop.
Interestingly, compared to control and DW-treated
mice, the average blood sO, and HbT levels were con-
siderably lower in the lupus-, Dex-, and W groups
of mice whereas in the DW group, the average blood
sO, and HbT levels were similar to those in the control
group (Fig. 8C; average blood sO, and HbT concentra-
tion graphs).

Echocardiography was performed to evaluate cardiac
geometry and function. In lupus patients, the direct influ-
ence of heart rate and stroke volume on cardiac output
has been well established. Reduced cardiac output can
lead to inadequate blood supply, compromising essential
physiological processes and potentially causing tissue and
organ damage. Left unaddressed, diminished cardiac out-
put is frequently associated with heart failure, which is a
common diagnosis. In individuals with SLE, cardiac out-
put undergoes modifications, accompanied by alterations
in stroke volume, which represents the volume of blood
expelled from the heart with each contraction [2]. Addi-
tionally, ejection fraction, indicating the proportion of
blood ejected from the ventricle during each contraction,
changes in response to SLE-related factors. Fractional
shortening, an index reflecting the contractile perfor-
mance of the heart, also exhibits variations in individuals
affected by SLE. These intricate adjustments collectively
contribute to the complex cardiovascular manifestations
observed in SLE [13].

Multimode mode (M-mode) images and the accom-
panying graphs (Fig. 8D) demonstrate that compared to
control, PIL and W treated mice had considerably lower
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stroke volume, ejection fraction, fractional shortening,
cardiac output, and left ventricular mass. Stroke volume
and left ventricular mass were considerably lower in the
Dex drug-treated group than in the control group; how-
ever, cardiac output, fractional shortening, and ejection
fraction were significantly greater. In contrast all param-
eters (except fractional shortening and ejection fraction)
in the DW treated group were identical to that of the
healthy control (Fig. 8D).

Discussion

The in vitro and preclinical results obtained using DW
in this study present a promising advancement in the
field of CM based immunomodulation in autoimmunity.
Most prevalent current treatments in SLE, majorly cor-
ticosteroids and immunosuppressants, have severe side
effects and cause generalized immune suppression, war-
ranting a need for a more effective therapy with minimal
adverse effects. Studies have revealed that MSCs induce
immunomodulation through their secretory factors and
bioactive molecules like cytokines, growth factors, and
chemokines [47]. Various studies on stem cell-derived
secreted factors have shown that they alone can cause
immunomodulation [44]. The use of secretome-con-
taining CM has several advantages compared to the use
of stem cells, as CM can be manufactured, freeze-dried,
packaged, and transported more easily. Being devoid of
cells, there is no need to match the donor and recipi-
ent to avoid rejection problems. Therefore, stem cell-
derived CM has promising prospects for the production
of pharmaceuticals for immunomodulatory medicine.
The priming of WJ-MSCs with Dex in this study and fur-
ther analysis has provided insights into its immunomod-
ulatory potential in SLE. Comparative studies with
unprimed CM in parallel allowed for a direct compari-
son between the effects of Dex priming and unprimed
secretory profile of WJ-MSCs. This helped elucidate
the specific effects of Dex priming on the secretome of
WJ-MSCs and its potential implications for therapeutic
applications.

In this study the focus was on examining the immu-
nomodulatory effects of DW treatment on various
immune cell populations, including Tregs, Bregs, Th17,
DN T cells, and inflammatory neutrophils in PBMCs
from patients with SLE. DW treatment led to significant
increase in the frequency of Tregs and Bregs, along with
a reduction in TH17 cells, DN T cells, and inflammatory
neutrophils were in concordance with the standard treat-
ment outcomes in SLE. Significant increase observed
in the frequency of various Treg and Bregs subtypes
and levels of immunosuppressive cytokine IL-10 with
DW treatment, indicated a restoration of immune bal-
ance and tolerance. The decrease in PD-1 expressing a
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B cell further suggested an encouraging role of DW in
reduction in autoimmune responses and disease pro-
gression by promoting immune regulation. Addition-
ally, the observed concurrent suppression of Th17 cells,
DN T cells were attributed to the upregulation of IL-10
and downregulation of IL-17A production. The imbal-
ance between Th17 cells and Tregs in SLE [26] has been
underscored, with Th17 cells being associated with
inflammatory disorders. The increase in the population
of DN T cells in PBMCs from SLE patients finds valida-
tion from earlier reports of high levels of DN T cells in
SLE patients being associated with disease severity [1]
and also that the increased DN T cells act as a source
of inflammatory IL-17 seen upregulated in SLE patients
[11]. Hence, achieving reduction in Th17 cell numbers
and IL-17 with DW treatment in our study both in vitro
and in vivo was an interesting finding. Correlation anal-
ysis revealed a positive correlation between Bregs and
Tregs with DW treatment, indicating a coordinated reg-
ulatory response. Conversely, a negative correlation was
observed with Th17 cells, DN T cells, and inflammatory
neutrophils, highlighting the ability of DW treatment to
restore immune homeostasis in SLE.

HCQ, a standard drug used for SLE [14] exhibited
potent anti-inflammatory effects by inhibiting the release
of pro-inflammatory cytokines, such as IL-17A, while
concurrently promoting the release of anti-inflammatory
cytokines, including IL-10 and TGEF-B1. In vivo studies
in MRL/Ipr mice demonstrated HCQ’s ability to restore
Th17/Treg balance, leading to a reduction in IL-17
expression in Th1l7 cells and an increase in Foxp3 and
TGE-B levels [3]. Comparison of the immunomodulatory
effects of DW with standard drug HCQ, demonstrated
that DW treatment exhibited similar effects as HCQ,
with an increase in regulatory cells, decrease in Th17
cells, DN T cells, and neutrophils. Our investigation
delves into the mechanisms underlying the impact of DW
on the immune system, focusing on the TGF-B-mediated
regulation and modulation of key immune cell popula-
tions. MSC-CM mostly mediates its suppressive effect
through TGF-f, primarily when it pertains to inducing
Tregs and preventing adaptive immunological responses
[16] which was also observed for DW treatment using
TGEF-B inhibitor SB-431542. Findings of the inhibition
studies as decreased populations of Tregs and Bregs and
increase in Th17 cells, DN T cells, and neutrophils align
with the hypothesis that DW contributes to Treg expan-
sion via TGF- secretion. Comparing the immunomodu-
latory effects of DW with standard therapies like HCQ
and Dex drug, proposed similar efficacy of DW as that
of HCQ in promoting regulatory cells and suppressing
pro-inflammatory cells and the combination of DW with
HCQ demonstrated enhanced suppression of Th17 cells
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and neutrophils than HCQ alone, suggesting a potential
synergistic effect of DW. Interestingly, DW performed
better than Dex drug in all immunomodulatory aspects.

As autoantibodies play a pivotal role in lupus patho-
genesis, our study investigated the impact of DW on their
production. The results revealed a significant decrease in
the levels of anti-dsDNA and anti-ENA antibodies in the
DW-treated group, suggesting potential attenuation of
the autoimmune response. Additionally, DW treatment
was associated with a significant increase in IL-10 and
TGF-p cytokine levels, indicating an immunomodulatory
shift towards anti-inflammatory responses. In contrast,
Dex treatment resulted in an increase in autoantibod-
ies and a decrease in IL-10 and TGF-P expression, high-
lighting the differential effects of Dex compared to DW.
Examination of IL-17A and IL-10 gene expression further
supports the immunomodulatory potential of DW. The
treatment was effective in restoring the balance between
elevated IL-10, TGF-p expression and reduced IL-17A.

In our in vivo studies using PIL mouse model, DW
treatment demonstrated positive impact on overall health
by reducing mortality, suppressing autoantibodies, man-
aging proteinuria and maintaining body weight in differ-
ent autoantibody-specific subgroups of the PIL model,
highlighting the potential of DW in improving complete
survival outcomes in lupus-like autoimmunity. DW
treatment increased Treg and Breg populations while
lowering Th17 cells, reversed the decrease in anti-inflam-
matory cytokine IL-10 production, and improved TGE-f3
levels, crucial for regulating T-cell immunity and pro-
moting Tregs. Hence, the findings suggest that DW treat-
ment in PIL mice exerts multi-faceted therapeutic effects
by modulating immune cell populations and cytokine
production, ultimately improving disease outcome. The
study highlights and provide evidence for the efficacy of
DW in reducing limb inflammation and treating alope-
cia, a dermatological symptom of lupus, by restoring vas-
culature and blood flow that is crucial for the reversal of
alopecia. It also effectively resolved seizures in PIL mice,
leading to progressive recovery within 7 days, highlight-
ing its potential neuroprotective effects in addressing
lupus-related neuropsychiatric manifestations.

In SLE, as a result of disease activity, damage to tar-
get organs and unfavourable events, renal involvement
affects up to two-thirds of SLE patients, quite early in the
course of the disease [32]. A range of vascular, glomerular,
and tubulointerstitial lesions can be seen in the morpho-
logic alterations in a kidney biopsy taken from a patient
suffering from SLE [43]. A concomitant condition often
explains the vast morphological range seen in the liver of
an SLE patient which includes fatty liver, portal inflam-
mation, and vascular abnormalities like hemangioma,
congestion, and arteritis [18]. Immune-inflammatory
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process in SLE may have distinct pathogenetic processes
that impact not just the lung parenchyma but also the
pleural layers, respiratory muscles, and pulmonary vas-
cular system [33]. Commonly associated heart problems
with lupus include pericarditis or pericardial effusion,
valve abnormalities, myocarditis, arrhythmias, and accel-
erated atherosclerosis [7]. These organ malfunctions are
the primary cause of the patients’ morbidity and death.
Hence, we studied gross morphological, histological, ana-
tomical and functional changes in the respective organs.
The observed improvements in vasculature, organ mor-
phology and function in kidneys, liver, lungs, heart, and
spleen with the DW treatment highlight its potential on
reversing organ damage and histopathological changes in
a murine model of SLE. DW helped in mitigating patho-
logical changes and abnormalities associated with SLE.

The results of this study provide valuable insights into
the impact of DW treatment on renal, hepatic, and car-
diac parameters in a murine model of SLE. Imaging
modalities, including B-mode, M-mode, color Doppler,
US, and photoacoustic imaging, have been instrumental
in characterizing anatomical and functional changes in
the kidneys, liver, and heart. Interestingly, a significant
improvement in renal, hepatic and cardiac oxygenation as
well as hemoglobin concentration along with improved
compromised organ function was observed with DW
treatment, strongly suggesting its potential therapeutic
effect.

Conclusions

Overall, through a combination of in vitro experiments,
murine lupus model studies, and advanced imaging
techniques, our research demonstrated the multifac-
eted immunomodulatory benefits of DW treatment on
various aspects of lupus pathophysiology. Notably, DW
exhibited significant immunomodulatory effects by
expanding regulatory B-, T-cell subtypes and suppressing
pathogenic immune cell populations from patients with
SLE in vitro. Comparative analyses with HCQ, a standard
SLE treatment, revealed that DW shares similar immu-
nomodulatory effects with HCQ, suggesting comparable
efficacy. In a PIL mouse model, DW showed therapeutic
efficacy by improving survival rates, suppressing autoan-
tibody production, and modulating immune cell popu-
lation. Advanced imaging highlighted organ-protective
effects on the kidneys, liver, and heart, while the reversal
of alopecia and anti-inflammatory effects were added to
DW’s comprehensive therapeutic potential. These find-
ings strongly indicate DW as a potentially effective SLE-
ameliorating strategy, either used in combination with a
standard drug or alone warranting further exploration
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and potential for clinical development, to validate its effi-
cacy and safety in human subjects.
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