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Abstract

Background Multiple sclerosis (MS) is a complex autoimmune disease that affects the central nervous system, causing
inflammation, demyelination, and neurodegeneration. Understanding the dysregulation of Tregs, dynamic cells involved in
autoimmunity, is crucial in comprehending diseases like MS. However, the role of lymphocyte-activation gene 3 (Lag-3) in
MS remains unclear.

Methods In this study, we explore the potential of exosomes derived from human umbilical cord mesenchymal stem cells
(hUMSCs-Exs) as an immune modulator in experimental autoimmune encephalomyelitis (EAE), a model for MS.

Results Using flow cytometry, our research findings indicate that groups receiving treatment with hUMSC-Exs revealed a
significant increase in Lag-3 expression on Foxp3 +CD4 +T cells. Furthermore, cell proliferation conducted on spleen tissue
samples from EAE mice using the CFSE method exposed to hUMSC-Exs yielded relevant results.

Conclusions These results suggest that hUMSCs-Exs could be a promising anti-inflammatory agent to regulate T-cell
responses in EAE and other autoimmune diseases. However, further research is necessary to fully understand the underlying
mechanisms and Lag-3’s precise role in these conditions.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disorder
of the central nervous system (CNS) and spinal cord. It is
characterized by several typical clinical findings, including
muscle weakness, visual impairment, and an unstable gait
[1] The precise triggers of the disease are not fully under-
stood, but immunological, genetic, and environmental fac-
tors are potential contributors [2]. Abnormal activation of T
cells against self-antigens, such as myelin basic protein, is
believed to play a role in disease progression [3]. Current
therapeutic interventions for MS primarily focus on anti-
inflammatory drugs, but their side effects and limited effi-
cacy in some patients highlight the need for new treatment
approaches [4].

Mesenchymal stem cells (MSCs) have emerged as prom-
ising candidates for the treatment of autoimmune diseases,
including MS, due to their unique anti-inflammatory prop-
erties [5, 6]. MSCs can decrease the inflammatory response
through cell-to-cell contact or secretion of anti-inflamma-
tory mediators. Additionally, MSCs can produce macroves-
icles (MVs) and exosomes (Exs), which have various sizes
ranging from 30 to 150 nm and contain proteins, lipids,
and miRNAs with diverse biological effects [7, 8]. MSCs-
Exs possess immunomodulatory properties similar to their
parental cells and can downregulate both innate and adap-
tive immunity through regulatory miRNAs and epigenetic
regulation [9, 10]. Regulatory T cells (Tregs) play a critical
role in maintaining self-tolerance, and their dysfunction has
been observed in MS patients [11]. Tregs exert their immu-
nosuppressive function through cell-to-cell contact and the
production of anti-inflammatory cytokines [12, 13]. How-
ever, high expression of co-inhibitory molecules, such as
CTLA-4, PD-1, Lag-3, and Tim-3, by Tregs can contribute
to their immunosuppressive function [14]. Lag-3, in par-
ticular, has been implicated in directing autoreactive Tregs
in the context of autoimmunity. Studies have shown that
the lack of Lag-3 on Tregs is involved in several autoim-
mune diseases, and antigen-specific Tregs with high levels
of Lag-3 can prevent auto-reactive T cells in experimental
autoimmune encephalomyelitis (EAE) mice [15, 16]. The
impact of Lag-3 on Tregs and autoimmunity is indicated by
studies showing that the lack of this co-inhibitory receptor
on Tregs is involved in several autoimmune diseases [17]. It
has been suggested that Lag-3 can change the functionality
of Tregs in several ways, such as interaction with transcrip-
tion factors including Foxp3, Emes, and Egr, and could also
limit the proliferation and maintenance of Treg cells in auto-
immune conditions [18].

Given the prominent role of co-inhibitory receptors like
PD-1 and Lag-3 in maintaining self-tolerance, this study
aimed to investigate whether human umbilical cord-derived
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MSCs-Exs (hUMSCs-Exs) can modulate the expression
of Lag-3 on the surface of Tregs cells in EAE mice. This
research seeks to further understand the potential immu-
nomodulatory effects of hUMSCs-Exs and their impact on
Lag-3-mediated regulation of Tregs in the context of EAE
mice.

Materials and methods
Culture, and characterization of hUMSCs

Human umbilical-derived mesenchymal stem cells (hUM-
SCs) were obtained from the Bonyakhteh Stem Cell Tech-
nology Center in Iran. Their adipogenic and osteogenic
differentiation capacity and phenotypic characterization
were assessed as previously described [19]. To identify and
characterize the purchased cells, the expression patterns of
CD73, CD90, CD105, CD34, and HLA (all from eBiosci-
ence) were examined, and the differentiation of these cells
into bone and adipocytes was also determined. Cultured
MSCs at passages 2—5 were detached by trypsinization
(Sigma), washed twice with FACS buffer (PBS containing
1% FCS), and stained for 30 min at 4 °C in PBS containing
1% FCS. After washing with FACS buffer, the cells were
fixed with 4% paraformaldehyde and subjected to flow
cytometry examination using FACS Calibur (USA).

Exosome isolation

To obtain exosomes from hUMSCs, the complete DMEM
medium supplemented with 10% fetal bovine serum (FBS)
was replaced by a serum-free medium when the seeded cells
reached 80-90% confluency. After 48 h, the supernatant was
collected and centrifuged at 300 g for 10 min to eliminate
cell debris and apoptotic bodies. The resulting supernatant
was then filtered with a 0.22 pm syringe filter and resus-
pended in kit reagent according to the manufacturer’s proto-
col (Invitrogen). The pelleted exosomes were harvested and
stored in PBS at -80 °C.

For physical analysis, hUMSC-Exs were analyzed using
electron microscopy as previously described [20]. To deter-
mine the size of the peptide-loaded exosomes, they were
subjected to dynamic light scattering (DLS).

EAE induction

For EAE induction, 6 to 8-week-old C57BL/6 mice (pur-
chased from the Pasteur Institute, Iran) were immunized
subcutaneously with 300 ug of MOG (35-55) (Sigma
Aldrich), supplemented with incomplete Freund’s adju-
vant (CFA, Sigma Aldrich/1 mg/mL). Additionally, i.p.
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injections of 300 ng of pertussis toxin (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) were administered on days
0 and 2 post-immunization, as previously described [21].
Clinical scoring and weight assessment were conducted
daily using a 0-5 scoring system as follows: 0 - no disease;
1 - decreased tail tone; 2 - hind limb weakness or partial
paralysis; 3 - complete hind limb paralysis; 4 - front and
hind limb paralysis; and 5 - moribund.

Treatment protocol

For the in vivo mouse experiments, all mice at day 13 post-
immunization (d.p.i) were selected based on the EAE scales
and randomly assigned to three groups: a normal (CTRL)
group, an untreated (PBS treated) group, and a treated group
receiving 30-50 pg of hUMSCs-EXs. The hUMSCs-EXs
were injected intravenously (IV) through the tail in each
mouse. Treatment injections were performed at 16, 19, and
22 days after d.p.i. All mice were euthanized on day 28 d.p.i.

Western blot

To date, several well-known markers, including CD63,
CDS81, CD9Y, TSG-101, and ALIX, have been assigned for
the characterization of MSCs-EVs [22]. For all western
blots, we used 10 pg of total exosome lysate, which was
loaded onto 10% SDS denaturing polyacrylamide gels.
hUMSCs-Exs are characterized by the expression of CD63,
CD9, and CD81 proteins.

To perform immunoblotting, the protein concentration was
determined using the Bradford Protein Assay. Samples were
prepared and boiled for 5 min before loading. Proteins were
separated on 8% or 15% Tris bis-acrylamide gels prepared on
the same day at 120 V for 45 min. Then, the samples were
transferred onto a PVDF membrane at 120 mA for 1.5 h. After
transfer, the membranes were blocked in 5% w/v bovine serum
albumin in Tris-buffered saline with 0.5% Tween-20 (TBS-T).
The membranes were probed with primary antibodies diluted
in TBS-T in 5% w/v skim milk overnight at 4 °C on a rotator.

In this study, we used the following primary antibod-
ies: anti-CD9 (sc-13,118, Santa Cruz Biotechnology, INC),
anti-CD63 (sc-5275, Santa Cruz Biotechnology, INC), anti-
CD81 (sc-166,029, Santa Cruz Biotechnology, INC), and
mouse anti-rabbit IgG-HRP (sc-2357, Santa Cruz Biotech-
nology, INC) and m-IgGkBP-HRP (sc-516,102, Santa Cruz
Biotechnology, INC) both were used as secondary antibod-
ies to determine the monoclonal antibodies. After overnight
incubation, the membranes were washed 3 times for 10 min
in TBS-T. HRP-conjugated secondary antibodies were
applied at room temperature in 5% w/v bovine serum albu-
min for 1 h with rotation. After washing 3 times for 10 min
in TBS-T, the membranes were visualized.

Flow cytometry analysis

For the characterization of human umbilical cord mesenchy-
mal stem cells (hUMSCs), cells were stained with positive
markers, including anti-CD73/PE, anti-CD90/FITC, and
anti-CD105/PE-Cy7, as well as negative markers, including
anti-CD45/FITC and anti-CD34/PE. Briefly, samples were
incubated with monoclonal antibodies (mAb) for 30 min at
4 °C.

To analyze immune cells, spleen cells were harvested
for flow cytometry analysis, and isolated lymphocytes were
washed twice with PBS. The cells were then suspended in
FACS buffer (PBS containing 0.2% FBS), washed two more
times with FACS buffer, and fixated and permeabilized
using fixation/permeabilization buffer (BD Pharmingen) for
30 min at 4 °C.

Next, the cells were stained with anti-CD4/FITC, Lag-3/
BV421 for 30 min at room temperature, and in the case of
Foxp3, anti-Foxp3/Alexa 647 (all from Biolegend) was
used at 37 °C for 30 min in the dark. The cells were washed
with FACS buffer and analyzed by flow cytometry (Becton
Dickinson, Mountain View, CA). The data were analyzed
using Flowjo software (Tree Star Inc., San Carlos, CA).

Cell proliferation assay

Flow cytometry was used to measure cell proliferation and
determine the proliferation index between the different
groups.

To examine cell proliferation, isolated cells were cul-
tured in complete RPMI 1640 medium with 10% FCS
(Gibco), with or without PMA/ionomycin as a mitogen, and
30 ng MOG 35-55 as a specific stimulator. Briefly, 1 X 106
spleen-derived immune cells were suspended with 0.5 mM
CFSE (Biolegend) and incubated in the dark for 15 min at
37 °C. Then, CFSE was quenched with an equal volume
of cold RPMI1640 medium containing 20% FBS. The cells
were washed, re-suspended in complete RPMI1640 media,
and incubated with mitogens and 30 ng of MOG35-55 for 3
days at 37 °C with 5% CO2.

Real-time PCR assay

Total RNA was extracted from the spleen isolated cells
using an RNA extraction kit (favorgene, Taiwan). The qual-
ity of the RNA extracts was assessed using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific). According
to the manufacturer’s instructions, 5 ng of RNA was used
for cDNA synthesis using a cDNA synthesis kit (GeneAll
Biotechnology kit, Korea). SYBR Green Real-Time PCR
method with the Amplicon master mix was conducted using
the MIC mini thermal cycler from Bio Molecular Systems.
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For mRNA expression analysis, we utilized the and the prim-
ers, Metabion in Germany, listed in Table 1. To determine
the relative expression of genes, we employed the 2 —AACt
formula, comparing the results to the control groups.

Histopathological analysis

Brain tissue samples from both EAE and normal mice were
collected in 15 ml centrifugal tubes and fixed with 4% para
formaldehyde. The samples were then embedded in paraffin
and sections were prepared at a thickness of 6 um. Follow-
ing the standard procedure [23], the sections were stained
with hematoxylin and eosin (H&E) to examine the hippo-
campal area of the brain tissues for cell infiltration. All ani-
mal procedures were conducted following Urmia University
of Medical Sciences guidelines on the use and care of exper-
imental animals, and using 100 mg/Kg ketamine and 10 mg/
kg Xylazine per body weight followed by cervical disloca-
tion to confirm euthanasia. In this study we used 4 and 10
magnifications to examine the sections.

Statistical analyses

For statistical analyses, the results of the experiments were
analyzed using GraphPad Prism 6.0 (GraphPad Software,
Inc., La Jolla, CA, USA). One-way analysis of variance
(ANOVA) and Tukey’s Multiple Comparison Test were

Table 1 Characteristics of the primers that are used for real-time PCR
reactions

Gene forward Revers Annealing PCR-
Primer Primer Temperature ~ Prod-
sequences  sequences uct
(5°—>3%) (5°—=3%)

Stat-3 CCTTTCCC CTGAGGG 60c°® 150 bp
ACTTGAC CCTGTAG
CTTGC TCTGAG

Lag-3 AAAGAG CTGTGAT  58c° 125 bp
TGGCAA  GACCGCC
TTTTACC AACG
CTT

CTLA-4 GCAGTGT CATAGTA  56¢° 116 bp
TTGTATGA CTTGTAG
ACCTG GGGGTC

IFN-y ACAATGA TTCCACA 60c° 138 bp
ACGCTAC TCTATGCC
ACACTGC ACTTGAG

TGF-B CGCAACA TTCCACAT 59c°® 162 bp
ACGCCAT GTTGCTC
CTATGA CACAC

NFkb(P65) TGTCAG  ATGAAAC 60c° 95 bp
AGCCCT  ATTTGCCC
TGTAACT AGTTCCG
GGA

GAPDH AACGACC ATGTTAGT 60c® 155 bp
CCTTCATT GGGGTCT
GACCT CGCTC
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used to determine differences between the groups. All data
are presented as the mean+ SD, and a p-value of less than
0.05 was considered statistically significant (*, P <0.05; **,
P<0.005; *** P<0.001).

Results
Characterization of the hUMSCs-Exs

To define the characteristic profile of human umbilical cord
mesenchymal stem cells (hUMSCs) and their exosomes
(hUMSCs-Exs), we assessed the levels of several positive
CD markers, including CD73, CD105, and CD90, as well as
negative markers for hUMSCs, including CD34 and CD45
(Fig. 1A), using flow cytometry. We also confirmed the dif-
ferentiation capacity of isolated hUMSCs (Fig. 1B). After
48 h of culture in serum-free medium, exosomes were iso-
lated using an exosome isolation kit from Invitrogen and
further characterized. Transmission electron microscopy
(TEM) and field emission scanning electron microscopy
(FE-SEM) were used to confirm the size and morphology of
the isolated exosomes (Fig. 1C&D). Western blot analysis
showed that the isolated exosomes expressed CD9, CD63,
and CD81 markers (Fig. 1E). Dynamic light scattering
(DLS) was used to determine the size distribution of the
exosomes (Fig. 1F).

HUMSC-Exs administration increased Lag-3
expression on Foxp3+/CD4 +T cells

Given the significant role of Lag-3 in the suppressive func-
tion of Tregs [16], we investigated the expression level of
Lag-3 on Foxp3+CD4+T cells in hUMSCs-Exs treated
and untreated EAE mice. The expression of Lag-3 in the
hUMSCs-Ex treated group significantly increased compared
with the untreated EAE and CTRL groups. (Fig. 2A&B).

HUMSC-derived exs downregulate the proliferation
of immune cells

To measure the proliferation of T cells, we used CFSE to
assess the impact of hUMSCs-Exo on specific T cell pro-
liferation. CFSE-labeled spleen-derived immune cells were
significantly decreased during the 3-day co-culture with
MOG (35-55) and hUMSCs-Exs (Fig. 3).

HUMSCs-Exs modulate the expression of
inflammatory genes

RT-PCR analysis of spleen isolated lymphocytes demon-
strated that the expression of pro-inflammatory cytokines
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Fig. 1 Characterization of hUMSCs and hUMSCs-EXs. Flow cytom-
etry was used to verify the expression of positive and negative sur-
face markers of hUMSCs, including CD73, CD90, CD44, and CD105,
and CD34 and CD45, respectively (A). Cultured human UMSCs were
stained with Oil Red for adipogenic differentiation (B1) and Alizarin
Red for osteogenic differentiation (B2). Transmission electron micros-
copy (TEM) analysis (C) and field emission scanning electron micros-
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copy (FESEM) were used to determine the size distribution of purified
exosomes from hUMSCs (D). To further characterize UMSCs-EXs,
western blotting was performed to determine the expression of CD9,
CD63, and CDS81 (E), and the density of exosomes was assessed
by dynamic light scattering (DLS) (F). The exosome-treated group
received 50-100 pg of hUMSCs-Exs every 3 days for 3 times (iv)
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Fig. 2 Immuno-phenotyping of Treg marker expression on spleen-
derived immune cells. The frequency of Lag-3-positive Tregs was
analyzed by flow cytometry. Surface staining with antibodies target-
ing CD4, Foxp3, and CD223 (LAG-3) on Tregs at day 28 dpi was
examined using flow cytometry. Lymphocytes were gated for CD4 and

including IFN-y, IL-17, and NFkB(P65), was significantly
decreased following hUMSCs-Exs administration. As
shown in Fig. 4A, the clinical score of the hUMSCs-Exs
significantly lower than in the untreated group, and we
observed that the hUMSC-Exs treated group significantly
enhanced the expression of several inhibitory receptors and
transcription factors on spleen-harvested immune cells, e.g.,
CTLA-4, Lag-3, and STAT3, (Fig. 4B).

Histopathological analysis and clinical outcomes

Using the H&E staining method [23], we next examined the
hippocampal area of brain tissues of all mice in all groups to
evaluate cell infiltration. Notably, histopathologic examina-
tion of the hippocampal area of hUMSCs-EXs treated EAE
mice showed markedly reduced infiltrated cells compared
with the untreated EAE mice (Fig. 5).

@ Springer

Foxp3 expression (A). The percentage of Lag-3-positive cells among
the CD4 +and Foxp3-positive cells is depicted (B). P-values were cal-
culated using one-way ANOVA. Error bars represent mean + SEM. *,
P<0.05

Discussion

In this study, we investigated the therapeutic effects of
hUMSCs-Exs and evaluated the expression of Lag-3 on
Foxp3+CD4+T cells, which could potentially counteract
the activated auto-reactive T cells in EAE mice [11, 24].
Our results indicated that the use of hUMSCs-Exs could be
a powerful anti-inflammatory agent that can modify the T
cell response in established EAE.

We observed that mice treated with hUMSCs-Exs
showed a higher percentage of Lag-3 + Foxp3 + CD4 T cells
compared to the untreated groups. Consistent with previ-
ous studies, we also found elevated expression of Lag-3 on
CD4+T cells in EAE mice [16].

Among the various co-inhibitory receptors on T cells,
Lag-3 is the one with the most controversial role. It is a
complex molecule that plays a crucial role in Treg function
in autoimmune disorders [17]. Despite the important role of
Tregs in maintaining self-tolerance [25], we have limited
knowledge about the complex role of co-inhibitory recep-
tors, particularly Lag-3, on Treg cells. Additionally, patients
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Fig. 3 Cell proliferation analysis. Immune cells were harvested from the spleen, stained with CFSE, and co-cultured with MOG-35-55 and PMA/
ionomycin for 72 h (n=3). Cell proliferation analysis was performed by flow cytometry. P-values were calculated using one-way ANOVA

with MS exhibit decreased and altered Treg function,
although the underlying mechanisms are still unknown [26].
Recent studies have suggested that Lag-3 may be associ-
ated with increased inflammation in autoimmune disorders,
including SLE [27-30]. And decreased Lag-3 expression on
Tregs could reduce pathogenic Tregs in autoimmune condi-
tions like non-obese diabetic (NOD) mice [18]. However,
other studies have demonstrated that Lag-3 deficiency in
Treg cells increases the susceptibility of mice to fatal EAE
[31]. Various studies indicate a strong propensity of Lag-3
to stimulate Treg formation and has been found to play a
crucial role in controlling EAE, with IL-27 and IL-10 sig-
naling [15, 32]. However, the relationship between lag-3
expression and disease severity in MS patients remains
unclear [33].

By understanding the mechanisms that enhance Treg
function, including the role of lag-3, new therapeutic
approaches for autoimmune diseases could be developed
[34, 35]. It has been observed that the inhibitory func-
tion of Lag-3 is tightly regulated by factors such as its
expression levels on the cell surface and various post-
translational modifications. These findings suggest that
lag3 may act as a rheostat rather than a breaker of T cell
activation [36]. Lag-3, unlike other co-inhibitory recep-
tors, has unique characteristics due to its interaction with
diverse ligands. Notably, it has been reported to have
multiple ligands such as FGL1, Galectin-3, LSECtin, and
a-synuclein in addition to MHCII. With various motifs in

its cytoplasmic domain, Lag-3 plays a crucial role in con-
trolling immune cells. Interestingly, Lag-3’s inhibitory
signaling does not rely on the traditional ITIM motif but
instead contains distinctive motifs like FSAL, KIEELE,
and EX-repeat [33]. Particularly intriguing is the poten-
tial role of Lag-3 in Tregs during autoimmunity and its
impact on diseases like multiple sclerosis [37]. To fully
understand the mechanisms at play with Lag-3, further
research is needed to explore factors such as ligands, tis-
sue microenvironment, and timing of expression.

Our results indicated that the hUMSC-Exs treated group
showed stronger inhibition of lymphocyte proliferation than
the untreated group through an in vitro CFSE cell prolifera-
tion assay.

Additionally, we further examined the expression pat-
tern of inhibitory receptors including Lag-3, CTLA-4, the
inflammatory cytokine IFN-y, and the transcription fac-
tor STAT3 within the groups. This was done to delineate
a more pronounced inhibition of lymphocyte regulation
in the group treated with hUMSC-Exs, compared to the
untreated groups - an observation made through an RT-
PCR assay, which indicate that hUMSCs-Exs could play
a crucial role in directing CD4+T cell behavior More-
over, histopathological examinations of the brain tissue of
hUMSCs-Exs treated EAE mice provided relevant find-
ings [38, 39].

The properties of hUMSCs-Exs such as small size, sta-
bility, non-self-renewal property, less or non-tumorigenic
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Fig.4 Clinical score and real-
time PCR. The clinical score of
all EAE mice was monitored
daily, and the results were
analyzed and compared between
groups (A and B). Real-time PCR
was used to verify the expres-
sion of immune-related genes in
the spleen-derived immune cells
of the EAE and treated groups
(n=3). The relative expression
of each gene in the hUMSCs-Exs
treated group compared with the
CTRL (Blue) and untreated group 0
(EAE, orange) is presented. Error

bars represent mean + SEM.

P-values were calculated using

the student’s T-test. *P<0.05,

Clinical score

**P<0.01, ***P<0.001 B
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nature, and long-term storage capability compared to MSCs,
make them an attractive and highly promising alternative
for cell-free therapy and drug delivery approaches [40—42].
A detailed description of the specific properties of MSCs-
Exs in modulating the immune system is essential for future
clinical applications. Several investigations have indicated
that MSCs-Exs have a potent ability to promote Treg forma-
tion [39, 43].

Conclusions
This study provides evidence that hUMSCs-Exs can modu-

late the immune response in EAE mice by promoting Lag-3
expression on CD4+4/Foxp3 Tregs and reducing immune
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cell infiltrations in the hypothalamus. The downregulation
of pro-inflammatory cytokines and transcription factors fur-
ther supports the therapeutic potential of hUMSC-Exs in
EAE mice. Although this study has not addressed the mech-
anisms underlying such effects, future studies are needed
to reveal the exact role of MSCs-Exs in regulating immune
cells. The difficulty in producing large amounts of MSCs-
Exs and the lack of a universal consensus procedure for
reproducibility of MSCs-Exs have compromised the clini-
cal use of MSCs-Exs [44]. In addition to the lack of stan-
dardized isolation and characterization methods, there are
other therapeutic concerns, including mechanisms of action
and safety, that should be considered to encourage clinical
requests.
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We used three sections per group for Brain tissue analyzes. Arrows
under a light microscope with H&E staining. Images show brain sec- highlight the immune cell infiltration in the brain tissue. Results are
tions of CTRL (A), EAE (B), and UMSCs-Exs treated group (C). Brain presented as mean+ SEM and analyzed by ANOVA. *, P<0.05; **,
tissue was examined using 4x (left) and 10x objective (right) images. P<0.01. (D)

Fig.5 Tissue damage and immune cell infiltration in the brains of mice
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