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mune and inflammation-related diseases due to their potent immunomodulatory properties. Several
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studies have demonstrated that MSC-mediated immunomodulation is complex and bidirectional, with
the in vivo microenvironment influencing the direction of this modulation. Indoleamine-2,3-
dioxygenase (IDO), an immunosuppressive factor, has been identified as a key “switch” in the immuno-
modulatory role of MSCs. In this review, we explore how IDO functions as a critical regulator of MSC
immunoregulatory plasticity. We delve into the mechanisms by which changes in IDO expression affect
the function of various immune cells, summarize relevant research and clinical advances regarding the
role of IDO expression in MSC-based therapies for various diseases, and discuss potential therapeutic
strategies that target IDO to enhance the stability of MSC therapeutic effects. This provides a theoretical
foundation for optimizing MSCs as safer and more effective clinical therapeutic agents.
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1. Introduction

Mesenchymal stem cells (MSCs) are among the most extensively
studied pluripotent stem cells, known for their self-renewal po-
tential, multilineage differentiation capacity, and immunomodu-
latory properties'. MSCs can be isolated from various tissues,
including the umbilical cord, bone marrow, adipose tissue, and
dental pulp. Compared with embryonic stem cells and induced
pluripotent stem cells®, MSCs have almost no tumorigenicity and
ethical issues and have the advantages of low immunogenicity and
clear efficacy, which make them the most widely used stem cells
in clinical treatment® >,

Regarding the mechanism of action of MSCs, one of the most
frequently addressed questions concerns their ability to home to,
colonize and differentiate at sites of injury. Researchers have
focused on leveraging MSCs homing ability to enable their
migration to the damaged tissue, where they can colonize and
differentiate, and then replace the damaged cells to produce
therapeutic effects on the relevant diseases®. However, recent
studies suggest that the differentiation capacity of MSCs may not
be the primary means by which they exert their powerful thera-
peutic effects, with their immunomodulatory properties playing a
more significant role” '°. Several studies have shown that MSCs
are capable of affecting a wide range of innate immune cells by
direct contact and inhibiting the proliferation and activation of T
and B cells. In addition, MSCs can also exert immunomodulatory
functions through their secretion of chemokines, cytokines, and
extracellular vesicles, which contain transcription factors,
mRNAs, microRNAs, and even mitochondrial regeneration
compounds'' ™', The complexity and bidirectionality of the
MSC-mediated immunomodulation'*, which is largely influenced
by the in vivo microenvironment and can result in either immu-
nosuppressive or immunostimulatory effects, have prompted
further investigation into the immunoregulatory plasticity of
MSCs. Researchers are particularly interested in identifying the
“switch” that determines the direction of MSC-mediated immu-
nomodulation. It has been widely reported that indoleamine-2,3-
dioxygenase (IDO) plays a key role in MSC immunomodulation
and determines the direction of MSCs immune regulation,
whether it is inhibition or promotion'®. Therefore, we believe that
IDO is an important ‘switch’ molecule that mediates the immune
regulation of MSCs.

The potent immunomodulatory capacity of MSCs has led to
their application in the treatment of a variety of diseases. Their
immunomodulatory function is mainly achieved through a series of
immunomodulatory factors, such as interferon-gamma (IFN-v),
IDO, inducible nitric oxide synthase (iNOS), programmed cell
death ligand (PD-L) and prostaglandin E2 (PGE2), among others.
IDO and iNOS are key factors in mediating the immunosuppressive
effects of MSCs in different species. J Su et al. found that in ani-
mals such as mice, rats, hamsters and rabbits, the immunosup-
pression of MSCs is mainly mediated by iNOS, whereas in humans,
monkeys and pigs, the immunosuppressive effects of MSCs mainly
depends on IDO'®!7. This article focuses on IDO’s role in main-
taining MSC-mediated immunomodulatory homeostasis.

The direction of immunoregulation in MSCs depends on the
local inflammatory microenvironment'®. Inflammatory factors
such as IFN-v, tumor necrosis factor « (TNF-«), interleukin-1a
(IL-1a) and interleukin-18 (IL-18), released at sites of tissue
damage, trigger the inflammatory licensing of MSCs, leading to
the expression of chemokines and adhesion factors. These factors
facilitate the aggregation and adhesion of T cells to MSCs'. At
the same time, MSCs after inflammatory licensing suppressed T
cell reactivity through an IDO-mediated process. However, when
IDO production is insufficient to trigger immunosuppression, the
excessive aggregation of T cells can exacerbate inflammation,
attenuating or even reversing MSC-mediated immunosuppression.
Thus, IDO plays a critical role in determining the direction of
immunoregulation'®. The immunoregulatory plasticity of MSCs
highlights the need for an in-depth understanding of the specific
mechanisms governing IDO production and its mode of action.
Such knowledge will enhance our understanding of the immuno-
modulatory mechanisms of MSCs. In addition, MSCs can induce
IDO production in immune cells, leading to a cascade of subse-
quent immunosuppressive responses.

This review discusses the way in which IDO acts as an
immunomodulatory “switch”, from the mechanism of IDO
immunosuppression in MSCs, the effect of IDO expression on
immune cells, the important role and clinical application of IDO
in the treatment of various diseases by MSCs, and the modifica-
tion of MSCs targeting IDO to enrich our understanding of the
mechanism of the immunomodulatory effects of MSCs. Enrich
our understanding of the immunomodulatory mechanism of
MSCs. In addition, the study of the IDO switching factor will help
us adjust the expression level or activity of IDO according to the
specific immune regulation needs in clinical applications, so as to
optimize the immune regulation function of MSCs, and thus
obtain better results in the treatment of inflammatory diseases and
autoimmune diseases.

2. Physiological functions of IDO

IDO is a heme-containing cytoplasmic monomeric enzyme that
plays a key role in the tryptophan (Trp) metabolic pathway?°. It
has a molecular mass of around 45 kDa and consists of two
structural domains, the large and small domains, and the internal
heme. The large domain is a full helical domain composed of 13
a-helices and two 3;g-helices, while the small domain is
composed of six a-helices, two (-helices and three 3;0-helices®!.
IDO is expressed in a variety of cells, including antigen-presenting
cells, epithelial cells and tumor cells. Its immunomodulatory ca-
pacity was first discovered in the placenta, where it mainly
functions to prevent allogeneic fetuses from being rejected by
maternal T cells>>. Subsequent studies on IDO have mostly
focused on its immunosuppressive effects. It is well known that an
uncontrolled immune response can be fatal, and IDO, as an
immunosuppressive factor, plays a crucial role in controlling
excessive immune activation®~*. Furthermore, IDO is implicated
in the pathogenesis of various diseases such as inflammation®,

cancer’®?’, autoimmune diseases®®, graft-versus-host disease
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(GVHD) ?° and infections>®. Beyond that IDO also affects the
vascular’! and nervous systems*2,

The basal expression level of IDO in cells is usually low and is
generally induced by IFN-y. As a pro-inflammatory cytokine,
IFN-v is usually produced by various cell types, including T cells,
natural killer (NK) cells and macrophages. It has been demon-
strated that IFN-y treatment activates the mTOR signaling
pathway, which enhances the expression of IDO and PGE2***,
The upstream signal of IFN-vy-induced IDO expression is mainly
mediated by the STAT1 pathway. Under the premise of sufficient
PI3Ke« signal, STAT1 overexpression can enhance the upregula-
tion of IDO expression by IFN-vy on the one hand, and induce an
inhibitory environment for T cells on the other hand. It is an
essential upstream signal for IDO expression®>¢,

The most important physiological function of IDO is to cata-
lyze Trp metabolism. Trp is an essential amino acid for all ani-
mals, and its metabolic pathway occurs through three main
pathways, namely the kynurenine (KYN) pathway, 5-
hydroxytryptophan pathway and indole pathway (Fig. 1). The
KYN pathway is the principal route of Trp metabolism, ac-
counting for 95% of total Trp metabolism®”*®. As the first rate-
limiting enzyme in the KYN pathway, IDO catalyzes the con-
version of Trp to KYN, which ultimately leads to the production
of nicotinamide adenine dinucleotide (NAD"), a key cofactor
involved in energy metabolism. Furthermore, intermediate me-
tabolites of the KYN pathway such as KYN, Kynurenic acid
(KYNA), and 3-hydroxyanthranilic acid (3-HK) have been shown
to possess immunomodulatory and anti-inflammatory proper-
ties®>*°. Therefore, the Trp metabolic pathway may play a pivotal
role in the regulation of both immune function and inflammatory
responses. In particular, for immune cells, Trp is also an essential
amino acid for cell proliferation, and IDO can also inhibit the
proliferation of immune cells or other cells through local Trp
depletion*’.
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Figure 1
main Trp metabolic pathways: the 5-HT pathway, the KYN pathway
(95% of total Trp metabolism) and the indole pathway. Trp: trypto-
phan; KYN: kynurenine; KYNA: kynurenine acid; 3-HAA: 3-
hydroxyanthranilic acid; 3-HK: 3-hydroxykynurenine; QA: quino-
linic acid; NAD™: nicotinamide adenine dinucleotide; KAT: lysine
acetyltransferase; KMO: Kynurenine-3-monooxygenase; KYNU:
Kynureninase; HAAO:
dioxygenase. Figure created with BioRender.
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IDO not only plays an enzymatic role but also acts as a signal
transduction molecule to participate in immunomodulation. Maria
et al. found that in plasmacytoid DC (pDC), TGF-8 was able to
induce phosphorylation of immunoreceptor tyrosine-based inhib-
itory motifs in the non-catalytic domain of IDO, recruit and
activate tyrosine phosphatases SHP-1 and SHP-2, and then acti-
vate the non-classical nuclear factor-kB (NF-«B) pathway, leading
to upregulation of TGF-£ expression and IDO’s own expression,
and ultimately conferring on pDC an immunosuppressive pheno-
type, promoting the generation of Tregs, and leading to long-term
immune tolerance of the organism®***~**, In summary, IDO has a
dual role as a catalyst and a signal transduction molecule in im-
mune regulation.

IDO1 and IDO2 are two closely related tryptophan catabo-
lizing enzymes encoded by linked genes. It is generally accepted
that IDO2 is less active than IDOI in catalyzing Trp metabolism.
Knocking out Idol will lead to a decrease in serum Kyn levels,
whereas knocking out Ido2 will not cause this phenomenon?.
Furthermore, it has been shown that IDO2 plays a pro-
inflammatory role in B-cell mediated autoimmune diseases*. In
addition to IDO, tryptophan dioxygenase (TDO) is also a key
enzyme in the catabolism of Trp, but TDO is mainly expressed in
the liver and brain®® and is less effective than IDO1 in regulating
peripheral inflammation and immune cells. In summary, since
IDOL1 plays a dominant role in peripheral immunomodulation and
there are currently a large number of reports on its mediation of
MSCs immunoregulation, this article focuses on IDO1. Unless
otherwise specified, the IDO mentioned below refers to IDO1.

3. Mechanisms of IDO-mediated immunosuppression

It is generally accepted that IDO exerts its immunosuppressive
functions through two main mechanisms: (1) Trp depletion, which
inhibits T cell proliferation and, (2) the accumulation of Trp me-
tabolites, which further contribute to immunosuppression*®*’. In
addition, IDO can produce immunosuppressive effects by affecting
cellular energy metabolism, acting as a signal transduction mole-
cule. These immunosuppressive pathways of IDO are also impor-
tant mechanisms for MSCs to exert immunomodulatory effects.

3.1.  IDO-induced Trp depletion impairs T cell proliferation

Some studies have suggested that Trp depletion caused by IDO
expressed by antigen-presenting cells (APCs) leads to the accu-
mulation of uncharged tRNA, which in turn activates the general
regulatory inhibitory protein kinase (GCN2) signal in responding
T cells. GCNZ2 is a stress response kinase that acts as a molecular
sensor of intracellular Trp. It can receive uncharged tRNA signals
and inhibit translation initiation factor 2« (elF2a), blocking pro-
tein production and cell growth, thereby inhibiting T cell prolif-
eration and promoting Treg differentiation, producing
immunosuppressive effects. This process is induced by APCs
through IDO and synergistic with T cell receptor signaling*®*’.
Other studies have shown that Trp depletion caused by high
expression of IDO in tumor cells leads to immunosuppression by
inhibiting the mTOR pathway and causing cell autophagy’®>'.
Trp depletion inhibits mTORCI1 activity, leading to increased
autophagy activating kinase 1/2 (ULK1/2) kinase activity, and
then ULK1/2 phosphorylates key subunits such as autophagy-
related gene 13 (ATG13) and focal adhesion kinase family inter-
acting protein of 200 kD, making the ULK complex active. The
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active ULK complex is transferred to the endoplasmic reticulum,
initiating cell autophagy and producing an immunosuppressive
effect®’. Béttcher et al.>® found that tryptophan depletion caused
by IDO expressed in MSCs leads to mTOR inactivation and thus
suppression of T cell responses. However, the role of the mTOR
pathway in IDO-mediated effects remains controversial. Some
studies have shown that mTOR inhibitors, such as rapamycin, do
not significantly affect IDO-induced proliferative suppression®®.
The result may suggest that IDO’s immunosuppressive mecha-
nisms are not mTOR-dependent. While both GCN2 and mTOR
pathways detect amino acid deprivation, they may respond to
different types of amino acids. GCN2 is able to sense the absence
of multiple amino acids (such as tryptophan), whereas the mTOR
pathway can sense the presence of specific amino acids, especially
leucine™. This distinction could explain why mTOR inhibitors do
not block the IDO-induced suppression of T cell proliferation
(Fig. 2).

3.2.  IDO leads to accumulation of Trp metabolites producing
immunosuppression

It has been proposed that the accumulation of Trp metabolites is
the primary mechanism through by which IDO exerts an immu-
nosuppressive effect. These metabolites include KYN, KYNA,
3-hydroxyanthranilic acid (3-HAA), 3-HK and quinolinic acid
(QA). KYN, the first product of Trp metabolism, has been iden-
tified as an aryl hydrocarbon receptor (AhR) agonist. Studies have
shown that the AhR regulates the differentiation of Treg and
TH17 cells in a ligand-specific manner, and it plays a crucial role
in inflammation control**>*~¢, Under normal tryptophan meta-
bolism, intermediate metabolites such as KYN are weak AhR
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Figure 2 Schematic representation of the mechanism by which Trp
depletion produces immunosuppressive effects. Under Trp-deficient
conditions, uncharged tRNA accumulates, responding to GCN2
signaling and inhibiting downstream elF2«, thereby blocking pro-
teogenesis and cell growth; Trp depletion inhibits mTORC1 activity,
leading to activation of the ULK complex, which is transferred to the
endoplasmic reticulum, triggering cell autophagy and producing an
immunosuppressive effect. ULK1: UNC- 51-like kinase 1; AtglO1:
autophagy-related gene 101; Atgl3: autophagy-related gene 13;
FIP200: focal adhesion kinase family interacting protein of 200 kD.
Figure created with BioRender.

agonists, but in conditions of tryptophan depletion, they strongly
induce AhR*.

Liu et al.”’ found that IFN-y induces dormancy in tumor-
repopulating cells through the IDO—Kyn—AhR—P27 pathway,
leading to immunosuppression and immune evasion by tumour
cells, suggesting that inhibitors of IDO or AhR may target TRCs
to enhance antitumour effects. KYN also induces AhR-mediated
differentiation of Treg, resulting in immunosuppression®®°.
Kuca-Warnawin et al.?® found that adipose-derived stem cells
tumor-repopulating cells exert inhibitory effects on the prolifera-
tion of CD4 and CDS8 T cells mainly through soluble factors such
as KYN and PGE. Li et al.®! reported that IDO-catalyzed KYN in
adipose-derived mesenchymal stem cells (ASCs) production pro-
motes the expression of nuclear factor erythroid 2-related factor 2
(NRF2) via AhR activation, switching macrophages to anti-
inflammatory phenotype. Additionally, KYN has been shown to
enter NK cells via AhR on the cell surface, inhibiting NK cell
function through the STAT1 and STAT3 pathways®>®.

KYNA, a downstream metabolite of KYN, is also an important
immunosuppressive agent. Like KYN, KYNA induces Treg dif-
ferentiation via AhR activation. Sanam et al. demonstrated that
KYNA inhibits the differentiation of Th17 cells and reduces the
expression of inflammatory factors by activating the G-protein-
coupled receptor 35°%%°. Gao et al.® found that KYNA inhibits
lipopolysaccharide-induced macrophage pyroptosis through NRF2
activation, thereby exerting anti-inflammatory effects. Further-
more, Wang et al.*” suggested that KYNA activates AhR signaling
and mediates immunosuppression by increasing tumor necrosis
factor-a-stimulated gene/protein-6 (TSG-6) expression mediates
the anti-inflammatory effects of human mesenchymal stem cells
(hMSCs). Ye et al.’® found that IFN-y and KYNA pre-treated
human ASCs can promote the polarisation of intestinal macro-
phages towards M2, exert an anti-inflammatory effect, induce the
expression of IDO1, and enhance the signal transduction of IDO1.

KYN is metabolized by kynurenine-3-monooxygenase and
Kynureninase to produce 3-HK and 3-HAA. These metabolites
can inhibit the activation and proliferation of CD4" T cells
in vitro, preventing graft rejection® ", Iken et al.”' found that
intraperitoneal injection of 3-HAA prevented lung allograft injury
in mice. They assessed the protective effects of IDO and the Trp
metabolite 3-HAA against lung allograft injury, finding that the
protective effect was achieved through increased IDO activity or
its metabolite, with no significant difference between the treat-
ments. This suggests that 3-HAA has the potential as a therapeutic
agent. Finally, the Trp metabolite QA has been shown to mediate
the formation of an immunosuppressive microenvironment,
inducing a highly immunosuppressive M2 macrophage state via
the NMDAR/PPARY signaling axis’? (Fig. 3).

3.3.  Other mechanisms of immunosuppression by IDO

The immunosuppressive effects of IDO can also be understood in
the context of energy metabolism. Theodoros et al. used the IDO
inhibitor Indoximod (1-MT) and the P53 inhibitor pifithrin-« in a
mixed lymphoid reaction to investigate IDO’s impact on cellular
metabolism. Their findings demonstrated that IDO, by activating
GCN2, reduced glucose flux into T cells, altering key metabolic
enzymes and thereby reducing aerobic glycolysis and gluta-
minolysis, and is unable to satisfy the energy demands of a large
number of activated T cells. Simultaneously, IDO elevated P53
levels, which plays a role in inhibiting cell proliferation, glucose
consumption and glycolysis’>"*. However, there is currently
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Figure 3  Schematic diagram of the mechanism by which accu-
mulation of Trp metabolites produces immunosuppressive effects.
IDO acts as a key Trp-catalysing enzyme, producing the metabolites
KYN, KYNA and QA, which inhibit NK cell function and induce M2
macrophage polarisation via the AhR aromatic receptor; the metab-
olites KYN, KYNA, 3-HK and 3-HAA inhibit T cell reactivity,
thereby mediating immunosuppression. KYN: kynurenine; KYNA:
kynurenine acid; 3-HAA: 3-hydroxyanthranilic acid; 3-HK:
3-hydroxykynurenine; QA: quinolinic acid; NRF2: nuclear factor
erythroid 2-related factor 2; AhR: aryl hydrocarbon receptor; STAT 1:
signal transducer and activator of transcription 1; STAT 3: signal
transducer and activator of transcription 3. Figure created with
BioRender.

insufficient evidence to conclusively demonstrate that IDO regu-
lates immune cell activity through metabolism, warranting further
research in this area. Understanding IDO’s effects on energy
metabolism could provide novel insights with far-reaching im-
plications. In addition, as previously described, in addition to its
catalytic role, IDO also acts as a signal transduction molecule in
pDCs to mediate the TGF-{-triggered immunosuppressive effects
resulting in long-term immune tolerance in the organism>>**~**,

Recently studies have shown that the immunomodulatory
properties of MSCs are not only solely derived from living cells,
but the apoptotic MSCs can also exert immunomodulatory ef-
fect’>7®. Galleu et al.”® found that cytotoxic cells induced the
apoptosis of MSCs, and that phagocytosis of apoptotic MSCs led
to the production of IDO, triggering immunosuppression. Inter-
estingly, direct injection of apoptotic MSCs did not induce the
same immunosuppressive response, suggesting that MSCs can
initiate immunosuppression only by apoptosis at specific sites or
processes in vivo, and that phagocytosis-expressed IDO is a major
mediator in this process. This indicates that IDO continues to play
a critical role in the immunosuppressive capacity of MSCs,
whether they are alive or apoptotic.

In summary, IDO can produce immunosuppressive effects
through a variety of mechanisms. Whether there are corresponding

dominant mechanisms in different kinds of cells and whether there
will be crosstalk between the mechanisms need to be confirmed by
further studies. The clarification of the above issues will help to
develop novel therapeutic tools and treatments for diseases caused
by excessive immune activation, such as GVHD, and autoimmune
diseases, such as systemic lupus erythematosus (SLE) and rheu-
matoid arthritis (RA), especially the further improvement of
MSCs-based treatments.

4. Role of IDO in MSCs on immune cells

The local inflammatory microenvironment at the site of injury is
crucial for initiating immunomodulation in MSCs. During the
acute inflammatory phase, MSCs are first attracted to the damaged
site and then recruited to the inflamed tissue in response to in-
flammatory factors released at the site. MSCs subsequently exert
specific immunoregulatory effects based on the type and con-
centration of these factors. Previous studies have shown that MSC
immunoregulation is highly plastic, producing different effects
depending on the local microenvironment. The key factor that
determines the bidirectional nature of this immunoregulation is
IDO, which is recognized as an important immunosuppressive
factor expressed by MSCs and is considered central to their
immunosuppressive function. However, some studies have shown
that when IDO is underexpressed, it can paradoxically induce
immune activation and exacerbate the inflammatory response’”’S.
MSCs are activated by local inflammation at the site of damage,
producing chemokines that induce the aggregation of nearby T
cells. When IDO is underexpressed, it fails to initiate immune
suppression, leading to a more intense immune response and
increased secretion of inflammatory factors due to the large
number of T cells. As a bidirectional “switch” in MSC immuno-
modulation, IDO not only influences the immune response via T
cells but also affects the immunomodulatory role of MSCs by
acting on multiple immune cells, thereby influencing the disease
progression.

4.1. T cell

T cells originate from lymphoid stem cells in the bone marrow and
primarily mediate cellular immune responses, representing the most
numerous and functionally diverse class of lymphocytes’®. MSCs
suppress T cell reactivity via high expression of IDO, thereby
modulating immune responses, which is a crucial aspect of MSC-
mediated immunoregulation. The inflammatory activation of
MSCs induces the expression of the immune regulatory factor IDO,
a crucially important step. Sudres et al.®® found that transplantation
of MSCs prior to the onset of inflammation did not achieve the
desired therapeutic effect, likely due to insufficient inflammation,
resulting in low levels of IDO expression in MSCs. Additionally,
the expression of IDO in MSCs was found to significantly reduce
Treg cell proliferation, thereby eliminating the immunosuppressive
effect of cocultured MSCs®'. Li et al.”® reported that when IDO
expression was insufficient to activate immunosuppression, T cell
proliferation was no longer inhibited and the immunosuppressive
effects exerted by MSCs were completely reversed. Hence, the level
of IDO expression critically influences the direction of MSC-
mediated immunoregulation (Fig. 4).

Numerous studies have demonstrated that IFN-y plays an
important role in inducing IDO production in MSCs and thus in
mediating immunosuppression®~®*, Tt is widely recognized as a



The functional role of IDO in MSC-mediated immunomodulation

3409

A\ Blood
‘\‘\\ ‘ vessel . m ‘ / ]
/\!/\/\\
» Inflammation
Recruiting
O)
. 500 IFN-y
@ o5 9 IL1a
. by - IL18
o @
~ IFN-y
T cells 0 ®
° 0 .
) ot ; @ cos Teel
0% IFN-y DO T cell proliferation
l % '».'('o Th17 cell > Anti-inflammation
M t. Immunosuppression
~ o Treg cell
’-f;o inflammation Pro-inflammation
DO Q). Immunoactivation

deficient

0
expression

MSC @ Tcell & CD8'T cell Tregcell @ Th17 cell OIFN-y @B Red blood cell -:%: Chemokines

Figure 4 Schematic representation of the bi-directionality of
immunoregulation in MSCs. Inflammatory factors initiated inflam-
matory clearance of MSCs, leading to aggregation of MSCs at the site
of inflammation and expression of chemokines and adhesion factors,
which induced T cells to aggregate near and adhere to MSCs. At the
same time, high IDO expression by MSCs after inflammatory autho-
rization suppressed T cell reactivity and produced immunosuppres-
sion. When IDO production was not sufficient to trigger
immunosuppression, massive T cell aggregation led to an exacerba-
tion of inflammation, at which point the immunosuppressive capacity
of MSCs was attenuated or even reversed. Figure created with
BioRender.

primary inducer of IDO in MSCs. Not only do damaged sites
release inflammatory factors such as IFN-y, but T cells also
spontaneously release IFN-vy, which activates MSCs to produce
high levels of IDO%*¥¢. Wang et al.%® found that elevated levels of
IFN-y produced by CD8" T cells in lupus patients were a key
factor stimulating allogeneic human umbilical cord mesenchymal
stem cells (hUCMSCs) to produce IDO, which subsequently
inhibited T cell proliferation in these patients. High levels of in-
flammatory factors, such as IFN-vy, induce high expression of IDO
in MSCs, leading to the suppression of T-cell activity through
multiple mechanisms. Li et al.*> compared MSCs derived from
bone marrow, adipose tissue, placenta and human umbilical cord,
and found that hUCMSCs had the strongest ability to inhibit T cell
proliferation. They observed that hUCMSCs induced T cell
apoptosis and cell cycle arrest through IDO high expression,
thereby inhibiting T cell proliferation. When treated with the IDO
inhibitor 1-MT, this inhibitory effect was completely reversed,
highlighting the essential role of IDO in MSC-mediated T cell
regulation. Lee et al.®*” demonstrated that Tonsil-derived MSCs
expressing IDO and CD40 after induction by inflammatory factors
(IFN-y and TNF-«) were able to inhibit CD4" T cell activation
and mediate immunosuppression of MSCs. Tatara et al.%® showed
that MSCs inhibit Th17 cell differentiation at least partially
through IDO, and by using the IDO inhibitor 1-MT, they found
that PGE2 and IDO act independently in the mechanisms by
which MSCs inhibit Th17 cell differentiation. In addition, IDO
regulates excessive immune response by promoting Treg cell
proliferation. IDO secreted by MSCs has been found to induce
graft tolerance, in part, by promoting the generation of Treg
production®-?°. Similarly, Kadle et al.®' found that IDO is an
important mediator of Treg cell stimulation by MSCs, particularly

those initiated under hypoxic conditions. Inhibition of IDO
significantly reduced Treg cell proliferation, suggesting that MSCs
exert immunosuppressive effects through IDO high expression,
mediated in part by Treg cells.

In summary, MSCs inhibit T cell proliferation’', induce
apoptosis, and cause cell cycle arrest through high expression of
IDO. Additionally, they suppress the differentiation of Th17 cells
and promote the generation of Treg cells, thereby regulating the
local environment at the site of injury.

4.2.  Macrophages

Macrophages are a key component of the innate immune system,
playing a pivotal role in the immunomodulation of MSCs**?,
with IDO mediating MSC-driven regulation of macrophages
(Fig. 5). The enzymatic activity of IDO is necessary for MSCs to
induce the transformation of monocytes into IL-10-secreting M2-
type macrophages”®. The Trp metabolite KYN plays a role in the
IDO-mediated regulation of macrophages. Li et al.®' found, in
their study on the treatment of experimental periodontitis with
ASC, that the KYN metabolite, catalyzed by IDO, activates AhR
and enhances its binding to the NRF2 promoter in macrophages,
stimulating their polarization to the M2 phenotype. Xie et al.”
found that overexpression of IDO in bone marrow mesenchymal
stem cells (BMSCs)-derived exosomes promoted macrophage
polarization from M1 to M2 and increased the production of anti-
inflammatory factors, thereby improving renal repair in IRI-AKI
mice. Furthermore, high expression of IDO also induces cellular
autophagy through the accumulation of Trp metabolites, thereby
activating phagocytosis by macrophages. Yang et al.”® discovered
that IFN-IDO axis-mediated KYN accumulation enhances
macrophage phagocytosis, contributing to the inhibition of
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Figure 5 Schematic representation of the relationship between

MSCs expressing IDO and the role of immune cells. MSCs expressing
IDO were able to induce polarization of M1 monocytes and macro-
phages towards the M2 phenotype; inhibit NK cell function, induce
tolerogenic DCs; inhibit T cell proliferation and induce Treg and Breg
proliferation to exert immunosuppressive effects. Figure created with
BioRender.
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cervical cancer progression. The macrophage-dominated innate
immune response plays an important role in the immunomodu-
latory process of MSCs, which induces macrophage polarization
towards the M2 type, increases the production of anti-
inflammatory factors and chemokines, alleviates inflammation,
and modulates the immune response®®. Among them, IDO is a
critical mediator in the MSC-driven modulation of macrophages,
inducing an immunosuppressive phenotype in macrophages.

4.3. NK cell

NK cells, derived from hemopoietic stem cells, are cytotoxic
lymphocytes that secrete a variety of cytokines and exhibit potent
anti-tumour and anti-viral effects”’. A previous study has shown
that IDO expression inhibits NK cell activation, thereby attenuating
their anti-tumour responses, although IDO is not the only factor that
affects NK cell function®®'°°. Similar to macrophages, NK cell
activity is modulated by Trp metabolites. Della Chiesa et al.'"!
found that the IDO-induced Trp metabolite KYN inhibited IL-2-
induced NK cell proliferation, by selectively interfering with
upregulation of NKp46 and NKG2D activation receptors. This, in
turn, impaired the NK cells’ killing capacity. This suggests that
IDO-expressing cells within the focal tissue microenvironment can
influence the function of NK cells there via Trp metabolites, thereby
affecting the progression of disease. In addition, it has been found
that IDO is also an important mediator in the inhibition of NK cell
activity in MSCs, and high expression of IDO in MSCs can inhibit

the proliferative activity of NK cells'%%

4.4.  Dendritic cell

Dendritic cell (DC) are important antigen-presenting cells and
crucial mediators between the innate and adaptive immune re-
sponses'®. IDO is typically expressed at low levels in DCs but
can be rapidly induced by IFN-y under pathological conditions.
The IFN-y—IDO axis is highly sensitive to innate or hyper-
inflammatory responses, helping to maintain homeostasis within
the in vivo environment. In addition, IDO serves as a bridge be-
tween DCs and Tregs, facilitating Treg activation and proliferation
through reverse signaling and the activation of the non-classical
transcription factor NF-xkB'%,

MSCs can inhibit DC maturation and function via IDO, con-
verting mature DCs into tolerant DCs®. This process is dependent
on IFN-v induction in the in vivo microenvironment. Hemn et al.
observed a significant increase in IDO expression in MSC-induced
tolerant DCs following IFN-y treatment'®. Similarly, He et al.”
reported a decrease in DC and an increase in Treg numbers
after co-culturing Ido-transfected BMSCs with DCs in a heart
transplant mouse model. These findings suggest that the IDO-
mediated, IFN-vy-responsive immunoregulatory function of
MSCs is, in part, mediated by DCs, which represents a critical
pathway for MSC involvement in innate immunoregulation.

4.5. B cell

Other studies have mainly focused on the immunomodulatory
effects of IDO on T cell proliferative, but there is considerable
evidence regarding the regulation of B cells by MSCs, a process
that also involves IDO'%'% 1t has been suggested that IDO in B
cells plays a crucial role in autoimmunity, allergic response and
protective immunity®. Recently, Li et al.'"® found that MSCs
promoted the proliferation and function of CD5" B cells in MS

patients through the IDO mechanisms. Peng et al."'® also showed

that the IDO pathway was partially responsible for MSCs pro-
moting the survival and proliferation of CD5" regulatory B cells
(Breg), thereby alleviating recalcitrant chronic graft-versus-host
disease (cGVHD). However, direct evidence for the IDO-
mediated regulation of B cells by MSCs remains limited and
warrants further investigation.

5. The key role of IDO in the treatment of autoimmune
diseases by MSCs

MSCs are regarded as a powerful therapeutic tool for immune-
related diseases due to their potent paracrine and immunomodu-
latory properties. Numerous clinical trials have been conducted in
recent years exploring the use of MSCs for the treatment of
autoimmune diseases. According to data reported by the US Na-
tional Institutes of Health, as of January 2025, 1734 MSC-based
clinical trials have been completed or are still ongoing worldwide,
of which a total of 354 have been conducted in China. Most
clinical trials have focused on treating autoimmune diseases,
GVHD, osteoarthritis, diabetes, and other diseases. We listed the
clinical trials of MSCs for autoimmune diseases that have been
conducted in recent years, particularly in common conditions such
as SLE, GVHD and inflammatory bowel disease (IBD)
(Table 1'1'7129 A growing number of clinical trials have shown
that MSCs are safe and effective for the treatment of autoimmune
diseases. Some researchers have suggested that human autoim-
mune diseases are caused by the inability of immune cells and/or
stromal cells to upregulate IDO1 in response to inflammatory
stimuli*!, and IDO also plays a key role in the treatment of
multiple autoimmune diseases by MSCs.

5.1. GVHD

GVHD is triggered by a cascade of immune responses following
T-cell activation by the graft host, and IDO has long been
recognized as a key regulator of this condition, with IDO defi-
ciency accelerating GVHD lethality'?"'?%, IEN-y induced MSCs
to express IDO, thereby suppressing excessive autoimmune re-
sponses and maintaining immune homeostasis, which in turn
ameliorates GVHD. Kim et al.*® demonstrated that co-culture with
IFN-vy-induced MSCs suppressed T-cell proliferation, significantly
improving the survival rate in GVHD mouse models. He et al.'*®
further found that Wharton jelly-derived MSCs treated GVHD by
directly interacting with activated T cells, exerting immunosup-
pressive effects partially via IDO. In the same year, Peng et al.''”
reported that IDO expressed by MSCs helped treat GVHD by
promoting the survival and proliferation of Breg cells. These
findings suggest that IDO plays a key role in the treatment of
GVHD by MSCs.

52. IBD

A substantial body of experimental evidence and clinical trials has
demonstrated that MSCs are a safe and effective treatment for
IBD'?*!?%_ Recent studies have suggested that IDO expression in
MSCs may play an important role in their therapeutic effects on
IBD. Qi et al."?® reported that hUCMSCs increased the proportion
of Trl cells in the spleen and mesenteric lymph nodes at various
stages of colitis, with Tr1 cells playing a key role in the amelio-
ration of IBD. In contrast, the knockdown of IDO expression in
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Table 1  Examples of some recent clinical trials of MSCs for autoimmune diseases.

Diseases MSC source Mode of intervention Phase First posted NCT NO. Ref.

SLE Bone marrow Intravenous injection Phase 2 2022 NCT03673748 111
Bone marrow Intravenous injection Phase 1 2017 NCT03174587 112,113
Umbilical cord Intravenous injection Phase 1 2017 NCTO03171194 114

GVHD Umbilical cord Oral dressing Phase 4 2023 NCT06149832 Not provided
Placenta Intravenous injection Phase 3 2023 NCT06469411 Not provided
Umbilical cord Intravenous injection Phase 3 2021 NCT04738981 Not provided
Bone marrow Intravenous injection Phase 1/2 2015 NCT02379442 115

IBD Adipose Local injection Phase 1/2 2022 NCT05521672 Not provided
Umbilical cord Local injection Phase 1 2022 NCTO05039411 Not provided
Umbilical cord Intravenous injection Phase 1/2 2015 NCT02445547 Not provided
Adipose Local injection Phase 3 2012 NCTO01541579 116

RA Umbilical cord Intravenous injection Phase 1 2021 NCT05003934 117
Umbilical cord Intravenous injection Phase 1/2 2021 NCT04971980 Not provided
Adipose Intravenous injection Phase 1/2 2012 NCT01663116 118

MS Umbilical cord Intravenous injection and Phase 1/2 2023 NCT05532943 Not provided

intrathecal injection

Adipose Intravenous injection Phase 2 2021 NCTO05116540 Not provided
Umbilical cord Intrathecal injection Phase 1/2 2017 NCT03326505 119

IgA Nephropathy Adipose Intravenous injection Phase 1 2020 NCT04342325 120

SS Adipose Local injection Phase 2 2020 NCT04615455 Not provided

The above data are from Clinical Trials (https://clinicaltrials.gov).

hUCMSCs reversed this effect on Trl cells. Additionally, several
studies have demonstrated that pre-treatment with IFN-vy and poly
(I:C) enhances the therapeutic efficacy of MSCs in Dextran Sul-
fate Sodium Salt (DSS)-induced colitis, with IDO identified as a
key mediator of IBD inhibition by IFN-y and poly (I:C)-primed
MSCs'?"'?%_ These findings indicate the crucial role of IDO in the
treatment of IBD. Therefore, preconditioning or combining MSCs
with IDO-targeting strategies may further improve their efficacy in
treating IBD.

53 SLE

SLE is a multi-organ autoimmune disease with an unclear path-
ogenesis. However, reports on the treatment of SLE with MSCs
have increased significantly in recent years'>*~'3! It has also been
reported that allogeneic hUCMSCs secrete large amounts of IDO,
which inhibits the excessive T-cell expansion in lupus patients
through the CD8" T-cell/IFNy/IDO axis®®. This suggests that
IFN-y-primed MSCs can modulate T cell activity via IDO,
potentially slowing the progression of lupus.

5.4.  Other autoimmune diseases

There are other autoimmune diseases, such as multiple sclerosis
(MS), RA and desiccation syndrome. Although there is insuffi-
cient evidence to prove that these diseases are associated with IDO
expression, many reports indicate that they have been treated with
MSCs'!'7+1327135  MSCs treat these autoimmune diseases by
secreting anti-inflammatory and immunomodulatory factors.
While we assume that IDO also plays a role, it does not neces-
sarily dominate the therapeutic effect'®'*®. Consequently, further
research in this area is greatly needed.

5.5.  Cirrhosis

MSCs are proving to be an effective treatment for liver dam-
age®'?"138  Milosavljevic et al.'* found that MSCs inhibit

hepatic Th17 cells in an IDO-dependent manner, thereby attenu-
ating hepatic fibrosis. Zheng et al."* reported that MSCs inhibit
the progression of liver fibrosis via follicle suppressor-like 1,
which promotes MSC immunosuppression by activating the
downstream JAK/STAT1/IDO pathway. We can therefore specu-
late that IDO is an important mediator of liver fibrosis in MSCs.

Other diseases have demonstrated a certain therapeutic effect
from MSC transplantation, such as acute lung injury®’, occlusive
bronchiolitis'*!, and severe acute pancreatitis'*?. This therapeutic
role is associated with IDO. These findings suggest that IDO not
only plays an important role in the treatment of autoimmune
diseases by MSCs but is also involved in the treatment of other
diseases by MSCs.

6. IDO-specific modification enhances immunomodulatory
function and therapeutic efficacy of MSCs

MSCs are capable of secreting a variety of immunomodulatory
factors such as IDO, PGE2, TGF-g, 1L-6, PD-L1, and IFN-vy to
facilitate the treatment of autoimmune diseases. The local
microenvironment determines the direction and function of
immunomodulation in MSCs, with IDO being an important
immunomodulatory factor. Many studies have shown that cellular
modifications targeting IDO (usually upregulation of IDO
expression in cells) can significantly enhance the immunomodu-
latory function and disease therapeutic effect of MSCs.

6.1. Drug/cytokine induction

Since IFN-v induces the production of various immunomodula-
tory factors, including IDO, MSCs pretreated with IFN-y have
been shown to  enhance their = immunomodulatory
capacity*® 437145 hMSCs treated with the inflammatory factors
IFN-y and TNF-« strongly increased IDO secretion and thus
TSG-6 expression, which had a significant attenuating effect on
DSS-induced colitis'*®. Conversely, MSCs inactivated for IDO
were found to have a reduced ability to treat colitis®®. This



3412

Yufei Hui et al.

suggests that IDO is a key factor in controlling abnormal in-
flammatory responses in MSCs and may be a target for treating
inflammation-related diseases'*’. Phipps et al.'*® hypothesized
that targeted delivery of IFN-y to hMSCs via metal—organic
scaffolds could enhance the immunomodulatory capacity of
MSCs. They synthesized the IFN-vy-containing MOF PCN-
333(Fe), which was delivered in a targeted manner to the local
extracellular zone. The results showed that it was able to induce
IDO formation at a lower concentration, enhancing the immuno-
suppressive capacity of MSCs. Park et al.'*® found that the
combination of low doses of IFN-vy and the proteasome inhibitor
bortezomib increased the immunosuppressive activity of MSCs by
upregulating IDO. Other researchers pre-treated MSCs by
increasing IDO expression via the TLR3 ligand polyinosinic-
polycytidylic acid [poly(I:C)], which increased Treg frequency,
reduced inflammation and stimulated epithelial regeneration,
thereby ameliorating IBD'?”. Li et al.">® found that the long non-
coding RNA Malatl can mediate M2 macrophage polarization by
inducing high expression of IDO and enhancing the immuno-
suppressive properties of MSCs. In addition, Chen et al.">' found
that upregulation of IDO expression by pretreatment of MSCs
with Jujuboside A enhanced the immunomodulatory capacity.

6.2. Genetic modification

In addition to induction using drugs and cytokines, research on
overexpressing IDO through genetic modification to enhance the
therapeutic effect of MSCs is also ongoing. Gong et al.'*’ found
that inducing IDO overexpression in hUCMSCs increased anti-
inflammatory Treg and Th2 responses while inhibiting pro-
inflammatory Th1 and Th17 responses in dilated cardiomyopa-
thy rats. The therapeutic effect was significantly reduced or even
reversed after silencing /DO in hUCMSCs, indicating that the
therapeutic effect of hUCMSCs on dilated cardiomyopathy de-
pends on the expression level of IDO. Similarly, several studies
have found that transfection of /do into MSCs to overexpress it
can inhibit allogeneic transplant rejection, including allogeneic
heart, kidney and cornea transplants®®!'52, Xie et al.”® studied
the therapeutic effect of IDO-overexpressing MSCs exosomes on
acute kidney injury. The results showed that IDO overexpression
can amplify the therapeutic effect of MSCs exosomes and promote
renal self-repair in acute kidney injury mice. He et al.'>* found
that exosomes secreted by IDO-overexpressing BMSCs can
reduce inflammation, promote immune tolerance, and improve the
survival time of transplanted hearts.

In recent years, more studies on improving IDO expression by
modifying MSCs have been reported. The upregulation of IDO
expression by these different MSC pretreatment methods has
consistently achieved the goal of improving the immunomodulatory
capacity of MSCs. This suggests that we can look for safer and
more effective ways to focus on IDO to carry out cellular modifi-
cation, thereby enhancing the function and therapeutic effect of
MSCs and providing more potent MSCs drugs for clinical use.

7. Discussion

Early research on MSCs primarily focused on their homing and
differentiation abilities. Researchers anticipated that MSCs would
be home to the injury site and differentiate in a directed manner to
replace the damaged cells. However, the number of MSCs that are
home to the site of injury following systemic administration is

usually limited, and even fewer cells are capable of directed dif-
ferentiation. Therefore, the replacement of damaged cells through
directed differentiation is not the primary mechanism by which
MSCs exert their therapeutic effects'>* ™', It has been found that
MSCs can exert immunomodulatory effects through direct contact
with immune cells or paracrine effects. This immune-modulatory
mechanism is an important reason why MSCs are effective in
treating a variety of diseases'”’, including autoimmune disorders
Consequently, a series of immunomodulatory factors, such as
IDO, have become the focus of research.

As mentioned above, IDO inhibits T cell reactivity and me-
diates immunosuppression in MSCs by inflammatory cues initi-
ated by cytokines such as IFN-y, TNF and IL-18. However, a
certain concentration of these inflammatory factors is necessary
for this process to occur. It has been found that when inflammatory
factors are insufficient, the presence of MSCs can actually pro-
mote inflammation’®. This is related to the inability of low con-
centrations of inflammatory factors to induce MSCs to produce
sufficient amounts of IDO to switch on the immunosuppressive
response. In addition, the expression of IDO in immune cells in
response to inflammatory factors is also critical for the direction of
immunoregulation in MSCs. Thus, IDO plays a pivotal “switch-
like” role in the immunoregulatory balance of MSCs, where the
concentration of IDO can drive the immune regulation mediated
by MSCs in different directions. However, the exact threshold or
critical point of this “switch” effect remains unclear. If this critical
point could be identified, it would allow for more precise control
over the therapeutic effects of MSCs. In this review, we have
described in detail the mechanisms and ways in which IDO exerts
immunosuppression, but the immunomodulatory role of MSCs is
an extremely complex process, and the study of a single immu-
nomodulatory factor cannot fully capture the underlying mecha-
nisms of MSCs’ in vivo actions. Apart from IDO, several other
factors, such as PGE2, HGF, galectin-1, and IL-10, also contribute
to the immunomodulatory functions of MSCs'*®. However, the
important role of IDO as a key ‘switch’ molecule is well-
established. Therefore, cell engineering strategies targeting IDO
to enhance the immunomodulatory function and therapeutic effi-
cacy of MSCs represent a promising and innovative approach in
the development of MSC-based therapies.

The studies of pre-treatment or overexpression of IDO in MSCs
by using the IDO inducer IFN-y have been detailed above, and the
modified MSCs were not only able to reduce T-cell proliferation as
well as induce Treg proliferation to attenuate the immune response,
but also able to produce more IDO-rich exosomes. This enhances
the tissue repair capacity of MSCs and helps control abnormal in-
flammatory reactions®®. However, as an immunosuppressive
factor, IDO can also mediate immune escape from tumour
tissue!® 19" Ling et al.'®* demonstrated that in the tumour
microenvironment, MSCs respond to inflammatory factors and then
mediate immune escape via IDO thereby promoting tumour cell
proliferation and migration. Additionally, Heidari et al.'®® found
that silencing the expression of IDO in ASCs attenuated their
immunosuppressive effects as well as their pro-tumour proliferation
and metastasis. These findings highlight the need for caution during
the modification of MSCs, considering the potential tumor-
promoting effects induced by IDO. A more comprehensive evalu-
ation of the safety of MSC-modified therapies is essential to assess
the risks associated with such modifications.

Given the critical role of IDO in immune regulation and the
immunomodulatory functions of MSC-based therapies, it is
essential to conduct in-depth research into the mechanisms
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governing its expression. For example, in DCs, IDO transcription
is promoted by factors such as IRF-8 and repressed by DAP12'%*,
At the post-translational level, SOCS3 binds IDO and targets the
IDO/SOCS3 complex for ubiquitination and subsequent protea-
somal degradation'®. In the human epithelial cell line RT4, nitric
oxide directly inactivates the heme active site and promotes
proteasome-mediated degradation of IDO proteins'®®. In addition,
although inflammatory factors are usually considered to be in-
ducers of IDO expression, it has been found that inflammatory
signals do not always stimulate IDO expression in APCs. In fact,
certain inflammatory factors can even downregulate IDO expres-
sion in APCs'®’. The expression of IDO is tightly regulated, but
our understanding of this regulatory process remains incomplete.
More follow-up research is needed to comprehensively understand
the processes of IDO production, activation, inhibition, and
degradation. Such research will contribute to a deeper under-
standing of the pathological mechanisms underlying immune-
related diseases and the mechanisms of novel immune-
modulatory drugs, such as MSC-based therapies, thus facili-
tating the development of safer and more effective MSC-based
therapeutics.

It is important to note that the key factors mediating the
immunosuppression of MSCs vary between species. In humans,
monkeys, and pigs, IDO serves as the central “switch” factor for
MSC-mediated immunomodulation, whereas in rats/mice, rabbits,
and hamsters, the corresponding factor is iNOS'®. Recognizing
this species-specific difference is crucial for research on the
immunomodulatory mechanisms of MSCs and drug development.
This is particularly relevant given that rodent models are
commonly used in both physiological and pharmacological
studies. On the one hand, it is important to consider that the
immunomodulatory mechanisms of MSCs derived from rodents
may differ from those of human-derived MSCs. On the other hand,
in the non-clinical research phase of MSC drug development, the
choice of animal species can significantly influence the evaluation
of the therapeutic effects and mechanistic studies of human-
derived MSC drugs.

In the development of immunomodulatory drugs based on
MSCs, a deeper understanding of IDO will help to formulate more
effective administration strategies. While most research has
focused on the effects of IDO-mediated MSCs on immune cells, it
is crucial to recognize that the interaction between MSCs and
immune cells is bidirectional, with immune cells also influencing
MSCs. In a study by Deng et al.'®®, which investigated the use of
human amniotic mesenchymal stem cells (hAMSCs) for treating
liver fibrosis, it was found that Tregs could enhance the secretion
of hepatocyte growth factor HGF and the differentiation potential
of hAMSCs by modulating the TGF-G—IDO signaling pathway.
Additionally, the combined infusion of hAMSCs and Tregs
demonstrated superior therapeutic outcomes compared to the
infusion of either cell type alone'®®. Moreover, exosomes derived
from MSCs have increasingly been utilized in the treatment of
various diseases in recent years, with IDO playing a critical role in
exosome-based therapies. Xie et al.”” discovered that exosomes
derived from IDO-overexpressing MSCs could promote the po-
larization of M1 macrophages to M2 macrophages in a mouse
model of ischemia—reperfusion-induced acute kidney injury,
resulting in the production of more anti-inflammatory factors and
significant recovery of kidney function. These effects were supe-
rior to those observed with exosomes from MSCs that did not
overexpress IDO.  Furthermore, exosomes from IDO-
overexpressing MSCs accelerated renal tubular cell proliferation,

and inhibited apoptosis, fibrosis, and the secretion of inflammatory
cytokines”. Therefore, exosomes from IDO-overexpressing
MSCs hold potential as a novel class of therapeutics, offering an
alternative to MSCs for treating immune-mediated diseases in the
future.

8. Conclusions

MSCs possess robust immunomodulatory capabilities and have
demonstrated promising therapeutic effects in clinical trials for
autoimmune diseases and other conditions as cell-based therapies.
Indoleamine 2,3-dioxygenase serves as a key ‘“switch” factor
mediating the immunosuppressive functions of MSCs and plays a
pivotal role in determining the direction of MSC-mediated im-
mune regulation. In this review, we elucidate the physiological
functions of IDO and the mechanisms through which it mediates
immune suppression. We explore the effects of IDO in MSCs on
various immune cells, including T cells and macrophages, and
summarize its critical role in the therapeutic potential of MSCs in
autoimmune diseases. Based on these discussions, we propose that
targeting IDO for cellular modification may serve as an effective
strategy to enhance the immunomodulatory functions and thera-
peutic efficacy of MSCs. This review aims to provide a compre-
hensive understanding of the mechanisms underlying MSC
therapy, offering insights into the improvement of MSC-based
drugs for the treatment of immune-mediated diseases. Further, a
more thorough and in-depth investigation of IDO-mediated im-
mune suppression is required to better understand the pathogen-
esis of immune diseases, thereby optimizing the therapeutic
effects of MSC-based drugs, minimizing treatment risks, and ul-
timately developing safer and more effective cell-based therapies
for autoimmune diseases.
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