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Abstract

Inflammatory bowel disease (IBD) includes Crohn’s disease and ulcerative colitis
and is an idiopathic, chronic inflammatory disease of the colonic mucosa. The
occurrence of IBD, causes irreversible damage to the colon and increases the risk
of carcinoma. The routine clinical treatment of IBD includes drug treatment,
endoscopic treatment and surgery. The vast majority of patients are treated with
drugs and biological agents, but the complete cure of IBD is difficult.
Mesenchymal stem cells (MSCs) have become a new type of cell therapy for the
treatment of IBD due to their immunomodulatory and nutritional functions,
which have been confirmed in many clinical trials. This review discusses some
potential mechanisms of MSCs in the treatment of IBD, summarizes the experi-
mental results, and provides new insights to enhance the therapeutic effects of
MSCs in future applications.

Key Words: Mesenchymal stem cells; Inflammatory bowel diseases; Inflammation;
Pretreatment; Gene editing
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Core Tip: Mesenchymal stem cell (MSC) transplantation is a novel treatment method for inflammatory
bowel disease (IBD) that has exhibits certain achievements in clinical trials. Here, we reviewed the
developed strategies for enhancing the therapeutic effect of MSCs, and among these, pretreatment with
MSCs is the most common method. The pretreatments include bioactive substances, hypoxia and
modification of culture methods and are able to enhance the migration ability of MSCs to repair the
damaged intestinal mucosa or upregulate the expression of cytokines. These methods provide new ideas
for the future clinical application of MSCs in the treatment of IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is divided into three types: Chronic IBD, ulcerative colitis (UC) and
Crohn’s disease (CD). Genetic susceptibility, environmental factors, the intestinal microbiota and the
immune system play important roles in the pathogenesis of IBD[1], and immune factors may be the
most direct and important factor[2]. In recent decades, the incidence rate of IBD has increased
worldwide. The increase in the incidence of IBD has led to increased social and economic burdens|3].
IBD is traditionally considered common in the Western world. However, data from the last ten years
showed that the IBD incidence rates in newly industrialized countries, including China and India, are
increasing[4,5]. IBD has developed into a common disease of the digestive system in China. Patients
with IBD may exhibit extracolonic manifestations, such as primary sclerosis cholangitis and arthritis,
and are also more prone to complications, such as colon cancer, coronary artery disease, osteoporosis
and venous thrombosis, than the general population[6,7]. The routine clinical treatment for IBD includes
three categories: Traditional therapeutic drugs, biological agents and new small-molecule drugs. The
traditional therapeutic drugs include 5-aminosalicylic acid (5-ASA), glucocorticoids such as budesonide
and immunosuppressants such as azathioprine (AZA), 6-mercaptopurine (6-MP), ciclosporin and
methotrexate. Anti-tumor necrosis factor (TNF)-a drugs, insulin receptor antagonists, and interleukin
(IL) inhibitors, are biological agents widely used for the treatment of IBD. The new small-molecule
drugs include selective Janus kinase inhibitors, and sphingosine-1-phosphate receptor modulators[8,9].
Although these drugs alleviate IBD, maintaining the effects is difficult, and the expected effect is not
ideal. More importantly, these drugs may lead to various adverse reactions[10], such as a risk of
increased mortality. The use of corticosteroids has been shown to be associated with skin effects, weight
gain, hyperglycaemia, osteoporosis, adrenal insufficiency and cataracts. The use of immunosup-
pressants also increase the risk of opportunistic infection. Intolerance or the potential occurrence of bone
marrow/liver toxicity caused by immunomodulators may result in treatment cessation in one quarter of
patients[11]. Ileocolectomy is the most common surgical strategy used to treat patients with CD, but this
treatment rarely cures the disease; new lesions usually develop rapidly at the anastomosis, and a risk of
urinary incontinence has been documented[12,13]. Therefore, new treatments are needed to improve
this condition without a risk of incontinence. The new era of cell-based therapy in stem cell biology has
provided promising prospects and aroused great interest from scientists, clinicians and patients[14].
Mesenchymal stem cells (MSCs) are heterogeneous spindle-shaped cells with the ability to differentiate
into osteoblasts, chondrocytes and adipocytes in vitro. MSCs originate from various tissues, including
the bone marrow, umbilical cord, placenta, fat and tooth tissue[15]. Considering their immunoregu-
latory and nutritional characteristics, MSCs have become promising candidates for the treatment of
autoimmune diseases and have promoted the development of regenerative medicine. Inflammatory
signals stimulate bone marrow MSCs (BMMSCs) to produce a variety of growth factors, that accelerate
tissue repair by promoting angiogenesis, extracellular matrix remodeling and tissue progenitor cell
differentiation. BMMSCs effectively regulate immune cells in the inflammatory microenvironment.
Interestingly, the immunomodulatory effects of BMMSCs are not inherent but are determined by the
type and intensity of the inflammatory reaction[16]. In this review, we discuss the research progress and
possible molecular mechanism of MSCs in the treatment of IBD, summarize the protocols and improved
technical methods currently being developed to enhance the effect of MSCs on the treatment of IBD and
provide a basis for more promising and safer prospects for MSC applications.
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SEARCH STRATEGY

We conducted a comprehensive literature search of the following databases: PubMed, Google Scholar
and SpiScholar, using Reference Citation Analysis (https:/ /www.referencecitationanalysis.com). Free text
words and database-specific index terms were combined with Boolean operators (“AND” and “OR") to
improve the sensitivity of our search. We searched for multiple combinations of the following
keywords: mesenchymal stem cells, inflammatory bowel disease, hypoxia, inflammatory, pretreatment,
preconditioning, stimulation, priming, regeneration, immunomodulation, secretome, conditioned
medium (CM), paracrine, therapeutic, brain, nervous system, bone, and cartilage, among others. The
identified studies were not constrained by the publication language or publication status. Most of the
publications were published in the last five years, but some classical studies are also cited.

USE OF MSCS AND THEIR DERIVATIVES IN THE TREATMENT OF IBD

MSCs are pluripotent stem cells with the ability to self-renew and differentiate into various cell types.
These cells play a key role in immune regulation and regenerative therapy[17]. According to the
standard definition of MSCs, MSCs express CD73, CD90, CD105 and other markers, but do not express
the haematopoietic markers CD45, CD34, CD14, CD19 and HLA-DR (< 2%) and differentiate into
adipogenic, osteogenic and chondrogenic cells in vitro. The sources of MSCs include the bone marrow,
fat, muscle, peripheral blood, umbilical cord, placenta, foetal tissue and amniotic fluid[18]. BMMSCs are
the most widely used and studied stem cells, but their application is limited due to the possible pain
and the incidence rate caused by bone marrow aspiration, and the limited number of BMSCs obtained
[19]. Adipose-derived mesenchymal stem cells (AMSCs) and umbilical cord derived mesenchymal stem
cells (UCMSCs) have recently received considerable attention. The procedures for collecting UCMSCs
are painless, and these cells exhibit faster self-renewal characteristics[20]. Dental mesenchymal stem
cells have a strong muscle regeneration ability. After combination with appropriate scaffold materials,
these cells provide a favorable alternative treatment for muscle tissue engineering[21]. Human term
placental tissue-derived MSCs and the conditioned medium remaining after cultures of these cells
reportedly enhance angiogenesis[22]. MSCs derived from the amniotic fluid and amniotic membrane
have been introduced as attractive and potent stem cell sources for clinical application due to their easy,
safe, and painless collection procedures with minimal ethical issues[23].

MSCs influence the phenotype and function of innate immune cells (macrophages, dendritic cells,
neutrophils, eosinophils, basophils, natural killer cells, natural killer T cells, and natural lymphocytes)
and acquired immune cells (T and B lymphocytes) through paracrine signalling (secretion of soluble
factors) or cell-cell contact[24] (Figure 1). Clinical trials of MSC treatments as a new cell therapy strategy
for IBD have yielded certain results, but considerable room for improvement remains. According to a
published study, more than 200 patients with refractory fistulas have received local injections of
BMMSCs. More than half of the patients achieved complete remission, and approximately two-thirds of
the patients achieved overall remission. Among patients with refractory luminal CD, 49 cases of
systematic transplantation of MSCs have been recorded, and the results have shown that autologous
BMMSCs generate reduced responses, whereas the use of allogeneic BMMSCs is promising because
approximately 60% of patients exhibited a response, and approximately 40% achieved clinical remission
[25]. In general, bone marrow mesenchymal stem cell transplantation (BMSCT) is presumed to be
markedly safer than haematopoietic stem cell transplantation (HSCT). Although autologous BMSCT
does not show higher efficacy than conventional treatment, allogeneic BMSCT appeared to be more
effective in patients with intracranial CD in a phase II metacentre clinical trial[26]. In addition, clinical
research on the treatment of CD patients with AMSCs has been performed. Panés et al[27] completed a
phase III randomized double-blind trial involving the use of allogeneic AMSC transplantation to treat
patients with complex anal fistulas and observed obvious curative effects. These experiments showed
the prospects of MSCs in the treatment of IBD.

Although the results of clinical trials are promising in terms of safety and efficacy, many problems
remain to be solved, such as the exact working mechanism, dose, mode of administration and optimal
concentration. In a trinitrobenzene sulfonic acid (TNBS)-induced colitis model, intravenously injected
MSCs were cleared nonspecifically by the innate immune system under physiological conditions.
However, local administration may prevent MSCs from directly entering the blood circulation and
thereby significantly reduce spleen and liver clearance, and local administration increases the concen-
tration and duration of MSC engraftment in target organs. However, the disadvantage of local adminis-
tration is that the operation is relatively complex[28]. Similarly, a dextran sulfate sodium (DSS)-induced
colitis model was intravenously injected with human embryonic stem cell-derived MSCs (TMSCs), and
CM-Dil was used for tracking for 12 and 24 h. The injected TMSCs mainly accumulate in the lung, and a
small portion of TMSCs localized to the liver and spleen. However, MSCs expressing fluorescein were
only detected at the injection site 12 and 24 h after intrapulmonary administration. No signal was
detected after intravenous injection, indicating that most of the intravenously injected TMSCs migrated
away from the injection site through the blood circulation, that the number of cells in the target organ
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Figure 1 Immunoregulatory mechanism of mesenchymal stem cells. Mesenchymal stem cells (MSCs) express CD73, CD90 and CD105 and do not
express haematopoietic markers such as CD14, CD34 and CD45 or the costimulatory molecules CD40, CD80 and CD86. MSCs exhibit low expression of major
histocompatibility complex class (MHC) | and do not express MHC Il. MSCs possess a wide range of immunomodulatory properties. Activated MSCs secrete a variety
of soluble factors, such as indoleamine 2,3-dioxygenase, prostaglandin E2, transforming growth factor-@, tumor necrosis factor-a stimulating gene 6, interleukin (IL)-
1Ra, and IL-6. These factors inhibit the differentiation, proliferation and activation of various immune cell subsets, including T cells, B cells, dendritic cells,
macrophages, and natural killer cells. Therefore, MSCs inhibit the immune response to inhibit inflammation. MSCs: Mesenchymal stem cells; MHC: Major
histocompatibility complex; IDO: Indoleamine 2,3-dioxygenase; PGE2: Prostaglandin E2; TGF-p: Transforming growth factor-f; TSG-6: Tumor necrosis factor-a
stimulating gene 6; IL: Interleukin; NK: Natural killer; CCL: CC chemokine ligand.
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was too low for bioluminescence imaging, and that the intravenously injected cells may no longer have
been viable during the observation period[15]. Despite many unsolved problems, the direct injection of
MSCs into target tissues has been indicated to improve the homing efficiency[29]. Arterial MSC infusion
is another option, and the major limitation is the risk of intestinal ischaemia due to embolic events[30].
Consequently, MSCs may interact with resident cells by secreting paracrine factors or through
intercellular communication[31]. In addition to the low survival rates of stem cells that are injected
intravenously into the targeted area to treat intracranial diseases, the injected stem cells may also
migrate to other sites and produce side effects. Therefore, some techniques have been developed to
promote colonic mucosal healing through interventional radiology and an intra-arterial injection of
MSCs into the ileum, and clinical trials have also suggested their safety and efficacy[32]. In a recent
study, a temperature-responsive Petri dish was used to endoscopically transplant MSC sheets into the
inflammatory area of mice with TNBS-induced colitis. The effect of MSC sheet transplantation on ulcer
reduction was then confirmed, verifying that endoscopic MSC transplantation may be a new and
effective method for the treatment of IBD[33]. Many inconsistencies regarding the location and
persistence of MSCs after transplantation have been reported. Therefore, many recent studies have
focused on the paracrine immunomodulatory effects of biological factors secreted by MSCs, particularly
the immunomodulatory potential of soluble factors (cytokines, chemokines and growth factors)[31,34].
Cell-free therapy with these derivatives has been proposed as a treatment for IBD. An important
advantage of these cell-free therapies is that they may reduce the risk of immune rejection.

MSCs have emerged as a new paradigm for IBD treatment, largely due to their multifaceted
biological functions. MSCs secrete numerous factors that target immune cells and affect their functions
[35] (Table 1), such as indoleamine 2,3-dioxygenase (IDO), canine urinary quinoline, prostaglandin E2
(PGE2), CD73, transforming growth factor-p (TGF-B), IL-6 and TNF-a stimulating gene 6 (TSG-6), and
these effects enable MSCs to regulate T cells, B cells, macrophages, natural killer cells, and dendritic cells
[36]. MSCs adjust their immune function in an inflammatory environment, particularly by stimulating
the proinflammatory cytokines interferon-y (IFN-y) and TNF-a. Activated, MSCs upregulate the
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Table 1 Common factors secreted by mesenchymal stem cells[35]

Type Representative factors
Immunomodulatory factor HGF, TGF-$1, PGE2, IDO
Chemokine RANTES, SDF-1a, MIP-1a, MCP-1

Nutritional factors

HGF, NGF, FGF-2, PDGF-AA, PDGF-BB, EGF

Haematopoietic growth factor G-CSF, M-CSF, GM-CSF, EPO
Vascular regeneration factor VEGF, 45, FGF-2, EGF, PDGF
Scar inhibiting factor HGF, FGF-2

Anti-apoptotic factor VEGEF, ¢, FGF-2, HGF

HGEF: Hepatocyte growth factor; TGF-B: Transforming growth factor-B; PGE2: Prostaglandin E2; IDO: Indoleamine 2,3-dioxygenase; SDF-1a: Stromal cell-
derived factor-1o; MCP-1: Monocyte chemoattractant protein-1; NGF: Nerve growth factor; FGF: Fibroblast growth factor; PDGF: Platelet-derived growth
factor; G-CSF: Colony stimulating factor 3; M-CSF: Colony stimulating factor 1, GM-CSF: Colony stimulating factor 2; EPO: Erythropoietin; VEGF,:
Vascular endothelial growth factor-165.
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expression of IL-6, IL-10, IDO, TGF, PGE2, hepatocyte growth factor, nitric oxide and haem oxygenase-1
(HO-1)[31].

In addition to MSCs, cytokines and extracellular vesicles (EVs) released by MSCs exert therapeutic
effects on CD. According to the position statement of the International Society of Exosomes, EVs are
particles with a lipid bilayer, that are naturally released from cells and cannot be replicated. MSC EVs
perform their functions by transferring their contents, such as proteins, mRNAs and microRNAs
(miRNAs), to target cells[37]. EVs have been proven to retain the therapeutic characteristics of MSCs
and thereby stimulate tissue repair, limit oxidative stress, reduce inflammation and regulate the
immune response. Therefore, an increasing number of studies have focused on the paracrine effects of
MSCs[36,38]. In a previous study, researchers compared the effects of MSCs and MSC-derived EVs on
IBD in a DSS-induced colitis model and found that MSCs and EVs exert similar immunosuppressive
and anti-inflammatory effects by decreasing colonic lymphocyte infiltration and reducing disease
severity in DSS-induced mice[39]. Some studies have performed in situ injection of EVs to treat colitis.
The results show that EV injection regulates the balance of proinflammatory and anti-inflammatory
cytokines in colon tissue[40]. As an important paracrine product of MSCs, EVs inhibit the nuclear factor-
kappaB (NF-xB) p65 signaling pathway and TNBS-induced colonic oxidative stress in a TNBS-induced
experimental colitis model, reduce the production of free radicals, enhance the enzyme defense system,
maintain the cellular oxidation/antioxidant balance, and inhibit cell apoptosis through the exogenous
death receptor signaling pathway and inherent mitochondrial signaling pathway, which play important
roles in colon repair[41]. The experimental data show that EVs promote the M2 polarization of
macrophages[42], increase the expression of IL-10, and inhibite IL-1B, TNF-o and IL-6 production. The
treatment of RAW264.7 macrophages with EVs upregulates TGF-B1 expression and thereby increases
the expression of miR-132. Based on these findings, EVs carry TGF-p1 and regulate the miR-
132/mycbp2/TSC2 axis to promote M2 macrophage polarization[43].

ENHANCEMENT OF THE THERAPEUTIC EFFECTS OF MSCS ON IBD

MSCs are typically injected intravenously to treat IBD and may thus remain in blood-rich tissues (liver,
lung and spleen) without reaching the target organs. Many animal studies have reported that the level
of recruitment and persistence of MSCs in vivo is low[44]. Some infusion techniques can be modified or
MSCs can be combined with conventional drugs to combat the problems of the low differentiation
potential and homing of MSCs to the injured site; additionally, the homing to the target organ and anti-
inflammatory effects of MSCs can be enhanced. The enhancement strategies include pretreatment, gene
modification and combination with currently used drugs[45]. The pretreatment of MSCs before use
comprises a large proportion of improvement strategies. The pretreatment reagents include bioactive
substances (cytokines, growth factors and innate immune receptor agonists), hypoxia and modification
of the culture medium (Figure 2).

Combination therapy with MSCs and conventional drugs

Currently, patients with IBD are treated with 5-ASA compounds (mainly mesalamine), glucocorticoids
(conventional and other forms, such as budesonide and beclomethasone), antibiotics (usually
ciprofloxacin and metronidazole), immunomodulators (mainly AZA/6-MP or methotrexate) and
biological agents[32,46]. The aim of these treatments is to inhibit intestinal inflammation and ultimately
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Figure 2 The developed strategies to improve the efficacy of mesenchymal stem cells in the treatment of inflammatory bowel disease
include combined treatment with conventional drugs, pretreatment and gene modification. The tested pretreatments include bioactive factors,
hypoxia and medium modification. The conventional drugs include biological preparations of mesalazine, budesonide, beclomethasone, ciprofloxacin, metronidazole,
6-mercaptopurine, methotrexate, infliximab and adalimumab. For example, the combination of mesenchymal stem cells (MSCs) and the drug sulfadiazine inhibits the
nuclear factor-kappaB pathway, reduces Bax expression, prevents loss of the B cell lymphoma-2 protein, reduces the levels of monocyte chemoattractant protein-1
and CXCLY, increases the levels of interleukin (IL)-10 and Arg-1, and transforms inflammatory M1 macrophages into anti-inflammatory M2 macrophages. Pretreatment
with IL-25 and IL-1B enhances the immunosuppressive abilities of MSCs. MSCs pretreated with Toll-like receptor 3 (TLR3) for a short time in vitro produce
prostaglandin E2 through the TLR3-Jagged-1-Notch-1 pathway. In response to hypoxia, the levels of IL-11, soluble vascular cell adhesion protein-1 and stromal cell-
derived factor-1a are significantly upregulated. MSCs have also been pretreated by modifying the culture medium, such as the addition of fibroblast growth factor, all-
trans retinoic acid and modified neuronal medium. In addition, genetically modified MSCs have been developed. These methods and strategies potentially improve the
immunosuppressive abilities of MSCs by promoting their homing and differentiation abilities. PGE2: Prostaglandin E2; MSCs: Mesenchymal stem cells; IL: Interleukin;
6-MP: 6-mercaptopurine; MCP-1: Monocyte chemoattractant protein-1; TLR: Toll-like receptor; MNM: Modified neuronal medium; sVCAM-1: Soluble vascular cell
adhesion protein-1; ATRA: All-trans retinoic acid; FGF: Fibroblast growth factor.

improve the quality of life of patients with IBD[47]. Biological agents such as infliximab, Odalisque,
anti-TNF therapy, 047 integrin inhibitors and IL-12/23 inhibitors have changed the treatment of
patients with IBD. However, up to 30% of patients with CD and UC do not show a response or do not
receive clinical benefits after treatment. In addition, up to half of patients who initially attained clinical
benefits lost the second response[48]. In addition to these biological treatments, HSCT has been used to
treat some serious gastrointestinal diseases, including IBD[49]. The use of local immunomodulatory cell
therapy is an alternative method to the current treatments for IBD. As mentioned above, a phase I-III
clinical trial of MSCs to treat IBD has achieved good results, which raises the possibility of combining
MSCs with conventional IBD drugs, such as immunosuppressants and anti-inflammatory drugs.
However, this strategy remains questionable because whether MSCs and other conventional drugs will
affect each other or reduce their functions is unclear. Although some studies suggest that these drugs
may affect MSCs, another study showed that MSCs reduce the effects of several immunosuppressive
drugs on T-cell subsets in mouse models[50]. A previous study analysed the interaction of immunosup-
pressive drugs with MSCs in the context of cell proliferation and function[51]. Another study
demonstrated that the aggregation of MSCs into globules (when MSCs were injected into a narrow
space) resulted in loss of their ability to inhibit T cells. Interestingly, the addition of budesonide to the
pellet partially restored the inhibitory effect of MSCs on T-cell proliferation. Although globular MSCs
do not inhibit the proliferation of T cells alone, when combined with budesonide, PGE2 produced by
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globular MSCs act synergistically with budesonide on EP2-/-EP4 receptors of T cells to inhibit T-cell
proliferation[36]. The thiopurine analogues AZA and 6-MP were widely accepted in the early 1980s as
agents for the treatment of IBD. The thiopurine metabolite 6-MP is a purine antagonist that inhibits the
proliferation of T and B lymphocytes by interfering with DNA and RNA synthesis[47]. The differences
in cell polarity and actin organization induced by AZA and dexamethasone (DEX) might reflect the
different effects of immunosuppressive drugs on MSC migration. Because the clearance of allogeneic
MSCs can be delayed, combined treatment with AZA may improve the homing of BMMSCs to the
injured site, to achieve a better therapeutic effect[52]. The combination of AZA and MSCs does not alter
their respective effects. In contrast, the combination may improve the therapeutic effects on IBD. A
molecular analysis showed that steroids and TNF substantially increase vascular endothelial growth
factor C (VEGF-C) production in MSCs, and VEGF-C in turn promote the CD8* T-cell response to
reverse the immunosuppressive effect of MSCs and provide new information for effective MSC therapy
[53]. The T-cell subsets, and the Bax (proapoptotic protein) and B cell lymphoma-2 (Bcl-2) (anti-
apoptotic protein) levels are unbalanced, which results in defects in immune cell apoptosis in the IBD
microenvironment[54]. In a recent study, the NF-xB signaling pathway in the colons of rats with TNBS-
induced colitis was effectively inhibited by the combination of AMSCs and sulfadiazine, and the loss of
Bcl-2 protein expression was prevented by reduction of Bax expression. A decrease in NF-«B signaling
reduces inflammatory, proliferative and proapoptotic activities[55,56]. In addition, the combination of
AMSCs and sulfadiazine transforms inflammatory M1 macrophages into anti-inflammatory M2
macrophages by reducing the levels of monocyte chemoattractant protein-1 (MCP-1) and CXCL9 and
increasing the levels of IL-10 and Arg-1. Therefore, AMSCs combined with conventional IBD drugs may
be a more effective strategy to alleviate the progression of colitis by reducing the levels of inflammatory
and apoptosis markers than individual treatments[57]. In addition to routine medication, some relevant
studies have examined the efficacy of MSCs combined with other drugs as treatments for IBD. MIS416 is
a novel immunomodulatory factor extracted from Propionibacterium acne that is composed of MDP and
bacterial DNA, and activates the cytoplasmic receptors nucleotide-binding oligomerization domain 2
and Toll-like receptor 9 (TLR9)[58]. The effect of MIS416 on mice with 3% DSS-induced experimental
colitis has been analysed. The retro-orbital administration of MIS416 has been followed by subsequent
intrapulmonary injection of umbilical cord blood derived MSCs (human UCMSCs). Compared with
single administration, the combination of MIS416 with UCMSCs significantly alleviate the symptoms of
IBD to improve the treatment efficacy of stem cells. The therapeutic effect is mediated by inhibiting Th1
and Th17 cells, polarization of Th2 cells, and increases in the numbers of Treg and B cells; in particular,
the combination of MIS416 and human UCMSCs shifted the balance from Th1/Th17 to a Treg-oriented
response. In contrast, improper changes in the immune environment promote increases in the levels of
cytokines such as IFN-y, IL-6, and IL-12, and human UCMSCs are stimulated by these cytokines and
subsequently inhibit proinflammatory cells in the inflamed colon. Moreover, MIS416-induced MCP-1
production increases the migration of human UCMSCs, leading to increased colonic infiltration. In
conclusion, MIS416 enhances the therapeutic effect of human UCMSCs on experimental colitis by
improving immunosuppression and regulating immune homeostasis in the intestine[59]. The combined
use of BMMSCs and immunosuppressants may prolong the survival of transplanted BMMSCs and
reduce the adverse reactions to drugs to improve the therapeutic effect. Importantly, the use of bioactive
reagents to promote homeostasis of the immune balance in vivo stabilizes the effects of BMMSCs[54]. A
study showed that combined transplantation of MSCs and tryptophan decarboxylases (TDCs) (dendritic
cells) is more effective than single therapy in alleviating the clinical and histological manifestations of
colitis, particularly compared with MSC transplantation alone. The protective effect of TDC-MSCs is
accompanied by the induction of Treg cells and increased production of anti-inflammatory cytokines in
the spleen and mesenteric lymph nodes (MLNSs). Therefore, the combined transplantation of BMMSCs
and TDCs may be a promising and effective method for treating IBD[60]. MSCs combined with new
immune agents will be a more effective method for IBD therapy than conventional treatment, and
studies exploring agents to enhance the therapeutic effect of MSCs on IBD are urgently needed.

Pretreatment of MSCs

Pretreatment with bioactive substances: Injured or inflamed tissue may release cytokines and growth
factors, such as TGF-B1, TNF-a and IL. IL-1B is a member of the IL-1 family and plays a key role in
innate immunity and inflammation in a variety of tissues and organs. A previous study showed that IL-
1B increases leukocyte migration. Animal experiments have shown that IL-1p increases the migration of
BMMSCs to the inflamed spleen, mesentery and colon, repairs the damaged intestinal mucosa and
exerts an immunosuppressive effect by increasing the expression of chemokine receptor 3 (CXCR3) and
CXCR4[54].

In colitis mice, IL-1B-treated MSCs regulate the balance of immune cells in the spleen and MLNs by
increasing the expression of cyclooxygenase-2 (COX-2), IL-6 and IL-8 and altering the polarization of
peritoneal macrophages. Importantly, IL-1p-induced MSCs exhibit upregulates CXCR4 expression and
better engraftment at the site of intestinal inflammation, which increases the efficacy of IL-1p-induced
MSCs in the treatment of DSS-induced colitis[61]. INF-y induction maintains the classic phenotype of
AMSCs without significantly changing the proliferation or migration of AMSCs. However, compared
with untreated AMSCs, IFN-y treated AMSCs produce significantly increased levels of IDO, exhibited
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higher expression of adhesion molecule family-1 (ICAM-1), and inhibit the proliferation of activated T
cells[62]. Therefore, an experiment using IL-18 and IFN-y combined with human UCMSCs showed that
the pretreated MSCs significantly reduce the proliferation of peripheral blood mononuclear cells,
indicating that their immunosuppressive activity is enhanced. Compared with untreated human
UCMSCs, PGE2 secretion and the expression of COX-2 and IDO are significantly increased in pretreated
human UCMSCs. Thus, DSS-induced colitis might be alleviated by pretreatment with human UCMSCs
[63]. In addition, IL-25, which is a member of the IL-17 cytokine family, stimulates the Th2 cell-mediated
immune response, and increases the recruitment of inflammatory cells to damaged tissues by affecting
epithelial cells[64]. The pretreatment of MSCs with IL-25 may alleviate destructive inflammation in
several autoimmune diseases by inhibiting the Th1 or Th17 immune response[65]. Recently, Wang et al
[66] showed that knocking out IL-25 expression in MSCs eliminates the inhibitory effects of Th17 cells.
In addition, MSCs have been manipulated to express CX3CR1 and IL-25 to promote their delivery to the
inflamed colon and enhance their immunosuppressive activity[67]. These results help to better clarify
the inhibitory potential of AMSCs and their products, and build a foundation for the development of
new therapeutic methods to control the immune response. IL-37 exerts a potent immunosuppressive
effect on both innate and adaptive immunity. The expression of IL-37 in macrophages or epithelial cells
almost completely inhibits the production of proinflammatory cytokines[68]. IL-37-treated MSCs
attenuate the histological damage in mice with DSS-induced colitis by inducing the production of Th2-
related cytokines and inhibiting splenic production of Thl-related cytokines by CD4"cells[69]. TLR
pathway activation in BMSCs changes their inflammatory characteristics and immunomodulatory
effects on cells in the innate and adaptive immune systems[70]. This stimulation of receptors on the cell
surface or cytoplasm with corresponding ligands activates the TLR pathway, which involves various
adaptor molecules and the transcription factors NF-xB and interferon regulatory factor, resulting in a
cytokine response. MSCs express a variety of functional TLRs at high levels, including TLR3 and TLR4,
which change the phenotype and immunophenotype of cells after activation[71]. The activation of TLR3
enhances the immunosuppressive activity of MSCs. If human UCMSCs are pretreated with TLR3 for a
short time in vitro, they produce PGE2 through the TLR3-Jagged-1-Notch-1 pathway and enhance the
protective effect of MSCs on TNBS induced colitis in mice[72]. Granulocyte colony stimulating factor (G-
CSF) is a glycoprotein that is mainly produced by monocytes and macrophages. G-CSF plays an
important role in promoting the differentiation and maturation of haematopoietic cells and the release
of mature blood cells[73]. Clinically, G-CSF is mainly used to treat patients with chemotherapy-induced
leukopenia and patients with poor responses to peripheral blood stem cell transplantation. The
combination of BMSCs and G-CSF in rats increases the number of transplanted MSCs, enhances the
immunosuppressive ability of MSCs, inhibits inflammation and reduces leukocyte activation in the
intestinal mucosa during UC therapy[74,75]. TSG-6 possesses anti-inflammatory, secretory and tissue-
protective properties[76]. The injection of TSG-6 derived from MSC exosomes inhibits the immune
response and repairs the damaged tissue, resulting in the alleviation of IBD in mice[77]. In summary,
stimulation and pretreatment with these factors may enhance the differentiation and migration of MSCs
and exert some immunosuppressive and anti-inflammatory effects. Other researchers have shown that
stem cells responding to different types of injury signals will actively secrete endogenous CSF-2, which
stimulates MSCs through the PI3K/ Akt or FAK/ERK1/2 signaling pathway to increase the differen-
tiation and migration of MSCs. This enhanced therapeutic effect has been proven in an animal model of
endometrial ablation[78]. Experiments must be performed to verify whether these factors stimulate
MSCs to exert enhanced therapeutic effects and whether they are applicable to IBD. Studies have shown
that the intestinal microbiota plays a critical role in IBD[79]. Thus, some experimental models and
clinical trials have attempted to correct changes in the gut microbiota (FMT) using various approaches,
including microbiota transplantation and probiotic administration[80]. As a treatment for IBD, FMT-
MSC transplantation improves the clinical remission rate, enhances the efficacy of radiation therapy
against pathogenic bacteria and ultimately restores the intestinal health of patients with IBD[81].

Hypoxic preconditioning of MSCs: MSCs located in inflammatory tissue release many chemokines,
which upregulate the expression of cell adhesion molecules, such as ICAM-1 and vascular cell adhesion
protein-1 (VCAM-1)[78,82]. These chemokines induce the accumulation of large numbers of CD4+ T
cells and Treg cells in the lesion site and enhance the ability of MSCs to regulate the imbalance in
immune cells. In recent years, hypoxia has become an effective method to control the proliferation,
differentiation and multidirectional differentiation of BMSCs. Hypoxia-treated conditioned medium
(HCM) has been proven to exert numerous beneficial effects on tissue regeneration, such as cell
recruitment, wound healing, angiogenesis and reconstruction[83]. In long-term culture, the proliferation
potential of MSCs cultured under hypoxic conditions is higher than the effect of normobaric oxygen. An
oxygen concentration of 1%-5% has been proven to significantly increase the proliferation of MSCs
while maintaining their normal morphology[84]. IL-11 is a member of the IL-6 cytokine family and has a
structure and function similar to those of IL-6. In recent years, the interest in IL-11 has been renewed
due to its unique biological effects on epithelial cancers and inflammatory diseases[85]. IL-11 plays a
key role in promoting cell proliferation and protecting cells from oxidative stress[86]. The proteolytic
shedding of VCAM-1 also produces soluble VCAM-1 (sVCAM-1), which is present in many cell types of
the haematopoietic lineage, including B and T Ilymphocytes, monocytes, eosinophils and basophils. This
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soluble protein plays an important role by mediating leukocyte adhesion and endothelial cell migration
during inflammation[87]. Stromal cell-derived factor-la (SDF1la) is a widely characterized small
proinflammatory chemokine that binds to the transmembrane receptor CXCR4[88]. The binding of SDF-
la to CXCR4 induces not only the migration of stem cells but also the expression of adhesion molecules
in stem cells. Compared with those in the normobaric oxygen control group, IL-11, the sVCAM-1 and
SDF-1a levels are significantly upregulated by hypoxia, and this upregulation increases chemotaxis and
reveals their key role in human BMMSC migration and in characterizing the HCM chemotactic
components[89,90].

Another experiment showed that BMSCs coated with VCAMI1 antibodies (V-MSCs) can be
successfully obtained. The analysis showed that V-MSCs and uncoated MSCs had similar surfaces and
differentiation potentials. A transwell analysis showed that V-MSCs exhibit higher mobility than
uncoated MSCs. The injection of V-MSCs increases the expression of the SRY gene in the diseased colon
and resulted in rapid recovery of all disease indices [including weight change, Drug Attitude Inventory
(DAI) scores, histological changes and the expression of Ki67 and claudin 1]. The treatment decreases
the proportions of proinflammatory Thl and Th17 cells and increases the proportions of anti-inflam-
matory Th2 and Treg cells. V-MSCs show enhanced homing and regulate the immune balance in experi-
mental colitis models, which suggests that these cells may be useful in the treatment of IBD or other
immune diseases[91]. Similarly, an intravenous injection of MSCs overexpressing ICAM-1 (C3 cells) into
mice with DSS-induced IBD decreases the numbers of Thl and Th17 cells in the spleen while increasing
the number of Tregs. A quantitative polymerase chain reaction analysis showed that the infusion of
ICAM-1-overexpressing MSCs significantly reduces the IFN-y and IL-17 mRNA levels and increases the
Foxp3 mRNA levels. These cells reduce inflammatory damage by promoting MSC homing to target
organs and immune organs to significantly enhance the beneficial effects of MSC treatment[92].

Modification of the culture medium: CM preparations differ from other biological preparations
because they represent a mixture of different factors secreted by cells, including growth factors,
cytokines, enzymes, nucleic acids and bioactive lipids[93]. Various studies have shown that MSC-
derived exosomes or CM exert similar effects on repairing damaged tissues, inhibiting the inflammatory
response and regulating the immune response[36]. CM helps to maintain the increased paracrine factor
gradient between the diseased organ and the stem cell niche to accelerate the recovery process[94]. Kang
et al[95] and Wu et al[96] showed that using different culture media without foetal bovine serum during
the in vitro expansion of BMMSCs enhances the immunomodulatory effect of MSCs in an in vivo model
of IBD. Other researchers then supplemented culture media with different compounds, such as a
combination of aspirin, b-fibroblast growth factor (b-FGF), all-trans retinoic acid and modified neuronal
medium (MNM) or the combination of activin A, b-FGF and platelet lysates. Studies have been designed
to verify whether the therapeutic effect of MSCs in vivo could be enhanced through this modification[32,
97], and the results showed that culturing MSCs with specific pretreated culture media increase cell
survival, migration, differentiation and secretory functions[98]. Yang et al[99] pretreated human
UCMSCs with MNM for 24 h, washed off the MNM and replaced the culture medium with minimum
essential medium. After two days of growth, the cells were labelled deadapted MSCs (De-hUCMSCs).
Compared with human UCMSC treatment, De-hUCMSC treatment resulted in less weight loss in mice
with colitis; specifically, this treatment significantly reduces the ulceration, expansion and DAI score of
the mice with colitis and significantly decreases crypt damage and inflammatory cell infiltration in the
mouse colon. Based on these results, De-hUCMSCs have obvious therapeutic advantages in the
treatment of IBD and better improve the symptoms of colitis than unmodified cells.

Genetic modification enhances the therapeutic effects of MSCs

Genetic or particle modification of BMMSCs potentially improves their immunosuppressive abilities
[100]. IFN-y enhances the immunosuppressive characteristics of MSCs[101], and the basic characteristics
of MSCs are not changed after the transfection of pcDNA3 carrying 1-IFN-y. The transfection of MSCs
with IFN-y induces the overexpression of IFN-y to balance immunity, upregulation of IDO expression
and inhibition of the production of cytokines in subjects with intestinal mucositis to ameliorate intestinal
inflammation in a DSS-induced colitis model[102]. Based on accumulating evidence, miR-146a is an
anti-inflammatory miRNA and a negative regulator of the innate immune response[103]. BMMSCs were
transfected with a lentivirus expressing miR-146a in one study. EVs has been isolated from BMMSCs
after gene modification and then delivered via tail vein injection to the target tissue of TNBS-induced
IBD mice. MiR-146a-carrying EVs significantly inhibite the expression of TNF receptor-related factor 6
(TRAF6) and IL-1 receptor-related kinase 1 (IRAK1) in rats with TNBS-induced colitis. Thus, EVs
containing miR-146a improve TNBS-induced experimental colitis caused by targeting TRAF6 and
IRAK1[104]. 15-LOX-1 is a key regulator of the inflammatory response in the colon and other tissues and
is mainly expressed in macrophages[105]. Notably, miR-148b-5p complementarily binds to the 3’
untranslated region of 15-LOX-1 mRNA, and human UCMSCs transfected with miR148b-5p relieve IBD
by downregulating the expression of 15-LOX-1 in macrophages[106]. SDF-1 has been recognized as one
of the most critical factors for stem cell homing to the bone marrow and other damaged tissues[107]. The
CXCR4 gene has been transfected into BMMSCs with a lentiviral vector, and overexpression of the
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CXCR4 gene does not alter the biological characteristics or viability of BMMSCs but increases the
migration and homing of BMMSCs in vitro and in vivo. The overexpression of CXCR4 may promote the
homing of BMMSCs to the damaged intestinal mucosa and improve its therapeutic effect on colitis[108].
Overexpression of CXCR4 also exerts a more obvious antitumor effect, which is helpful for preventing
and treating the most serious complications of IBD, such as colitis-associated cancer[109]. COX2 is an
enzyme involved in arachidonic acid metabolism that is responsible for the production of PGE2. This
major inflammatory regulator maintains the immune balance and has been proven to play a vital role in
the treatment of IBD with MSCs[110]. COX2 increases the expression of insulin-like growth factor-1
(IGF-1) in the skeletal muscle of MSC-transplanted mice[111,112]. CXCR3 is a G-protein-coupled seven
transmembrane receptor that is expressed in damaged parenchymal cells in lesions of multiple organs
and inflammatory cells, including activated lymphocytes, macrophages and dendritic cells[113]. HO-1
and its metabolites exert antioxidant, anti-inflammatory, antiproliferative and immunomodulatory
effects[114]. The transfection of HO-1 improves the transformation and antioxidant capacity of
BMMSCs. A study also showed that the number of BMMSCs modified by CXCR3 and HO-1 are
significantly increased at the site of injury and that the damage to intestinal function exhibited rapid
recovery. BMMSCs modified with the CXCR3 and/or HO-1 genes were transplanted into the intestinal
epithelial recess cell line-6 injury model, and CXCR3 overexpression improves BMMSC chemotaxis to
induce the early and rapid recruitment of BMMSCs to damaged intestinal epithelial cells[115,116]. Other
experiments have shown that the exogenous or endogenous overexpression of heparin binding
epidermal growth factor-like growth factor (HBEGF) promotes the proliferation and migration of MSCs,
and the synergistic effect of HBEGF and MSCs further restores the function of the intestinal barrier[117,
118]. The transfection of MSCs with an IL-33 overexpression plasmid reduces apoptosis in early MSCs
and further improves the therapeutic effects of MSCs on myocardial infarction (MI) through the
polarization of macrophages and T cells[119]. Similarly, in an animal model of MI, BMMSCs overex-
pressing VEGF and Bcl-2, which inhibit apoptosis and autophagy and enhance paracrine signaling,
significantly improves cardiac function by improving the survival rate and angiogenesis, and these
modified MSCs are more resistant to harsh environments than unmodified cells[120]. In addition,
pioglitazone combined with BMMSC transplantation further enhances the protective effect of BMMSCs
on diabetes and heart damage[121]. These studies showed the improved abilities of MSCs to repair
damaged tissues, but unfortunately, a study of IBD therapy has not been performed. Research on MSC
gene editing in other disease models also provides some insights into the future treatment of IBD with
MSCs.

CONCLUSION

MSCs exist widely in human tissues and organs. They not only exhibit multidirectional differentiation
and proliferation potential but also show a wide range of prospects and applications in medicine
because of their immunoregulatory activity. MSCs represent a safe and effective treatment for IBD.
Although MSC therapy has shown great potential in a large number of animal experiments and clinical
trials, a consensus on the effectiveness of intravenous MSCs in IBD-focused clinical trials has not been
achieved. Many animal studies have suggested that the level of recruitment and persistence of
mesenchymal stem cells in vivo is low, and thus we must improve strategies to enhance their therapeutic
effects. We summarized the strategies to improve the efficacy of MSCs in the treatment of IBD. MSCs
have been combined with current drugs, cultured in different media or pretreated with cytokines and
biological factors, combined with current IBD treatments and subjected to genetic engineering. These
new strategies may increase the efficacy of MSC-based treatments, and further research is ongoing. The
goal of IBD treatment remains the same: To achieve prolonged remission and halt any ongoing disease
progression. In future research, we must strive to improve the safety and feasibility of MSCs in IBD
therapy, improve patient quality of life and maximize the utilization of MSCs.
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