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Abstract

Inflammatory bowel disease (IBD) belongs to the group of diseases characterized
by idiopathic inflammation of the gastrointestinal organs. Two basic IBD types
are distinguished: ulcerative colitis and Crohn’s disease. The IBD symptoms
including vomiting and diarrhea, abdominal pain, rectal hemorrhage, and anemia
have a significant negative impact on the general patient’s state of health. More
than four million people in the USA and Europe suffer from IBD, while the
general incidence of this disease in the developed countries exceeds 0.5% of the
population. Besides, IBD is associated with a significant risk of colitis-associated
malignancy. In the last decades, considerable progress has been achieved in the
IBD therapy due to application of drugs suppressing the local gastrointestinal
tract inflammation, such as antibodies to TNF-a (infliximab and adalimumab),
corticosteroids, salicylates, etc. At the same time, this strategy, unfortunately,
does not result in the repair of the damaged tissues, primarily ulcers of the colon,
in many IBD patients. To achieve the mucosa healing and stable remission in IBD
patients, novel approaches are required, cell therapy, actively used since the
beginning of 2000s, being one of them. In our book chapter, we discuss the
advantages and problems of application of mesenchymal stem cells (MSCs)
which are most actively used in the cell therapy of IBD. The results of the most
important preclinical and clinical studies are covered.
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Abbreviations

5-ASA 5-Aminosalicylic acid

APC Antigen-presenting cells

ASC Adipose tissue—derived stem cells
AZA Azathioprine

BM Bone marrow

CCL-2 C-C-chemokine ligand 2

CDh Crohn’s disease

CDAI Crohn’ Disease Activity Index
CI Confidence interval

DC Dendritic cells

DSS Dextran sodium sulfate

GCS Glucocorticosteroids
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GI Gastrointestinal

HBI Harvey-Bradshaw Index

HGF Hepatocyte growth factor

HLA-G  Human leukocyte antigen-G

hUuC Human umbilical cord

/A Intra-arterial

v Intravenous

IBD Inflammatory bowel disease
IBDQ Inflammatory Bowel Disease Questionnaire
ICG Lindocyanine green

IDO Indoleamine-2,3-dioxygenase
IFN Interferon

IL Interleukin

iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide

MHC Major histocompatibility complex
miR MicroRNA

MMP Matrix metalloproteinases

MSCs Mesenchymal stem cells
NK-cells Natural killer cells

PDAI Perianal Disease Activity Index
PGE2 Prostaglandin E2

PSC Primary sclerosing cholangitis

RR Relative risk

SMA Smooth muscle actin

SVF Stromal vascular fraction

TGF-p B-transforming growth factor

TNBS Trinitrobenzenesulfonic acid

TNF Tumor necrosis factor

ucC Ulcerative colitis
Introduction

Inflammatory bowel disease (IBD) is a group of chronic inflammatory conditions of
the gastrointestinal (GI) tract characterized by the augmented immune response of
the mucosa. Crohn’s disease (CD) and ulcerative colitis (UC) are the two basic types
of IBD. Long-lasting IBD results in GI tract damage. CD may affect any part of the
GI tract from the mouth to the anus. The terminal part of the small intestine (ileum) is
most frequently affected near the place where it joins the large intestine. CD may
manifest itself in the form of “patches,” involving some parts of the GI tract and
leaving the other parts intact. The inflammation in CD may spread through the whole
colon wall thickness (Sairenji et al. 2017). In UC, only the colon and rectum are
affected. The inflammation appears only in the innermost layer of the colon mucosa.
It usually starts in the rectum and lower parts of the colon, but may also spread
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continuously and affect the entire large intestine. IBD shares some symptoms such as
persistent diarrhea, abdominal pain, rectal bleeding/bloody stool, weight loss, and
fatigue. In some cases, it is difficult to determine whether a patient has CD or
UC. Such cases are classified as indeterminate colitis (Guindi and Riddell 2004).

The exact cause of IBD is unknown, but there is an assumption that it results from
a defective immune system. The immune system of an IBD patient wrongly reacts to
the environmental triggers that cause the GI tract inflammation. Such a wrong
reaction of the immune system arises, supposedly, in people with a corresponding
family history who inherited genes determining the susceptibility to IBD (Khor et al.
2011).

More than four million people in the USA and Europe suffer from IBD, while the
general incidence of this disease in the developed countries exceeds 0.5% of the
population. Seventy thousand new IBD cases are diagnosed yearly in the USA only,
and in general, the yearly financial burden of IBD in the USA exceeds 31 billion
dollars (CCFA 2014; GBD 2020). The majority of patients receive the diagnosis of
IBD at the age of less than 35 years. In particular, 80,000 children suffer from IBD in
the USA. These lifelong chronic conditions essentially affect the quality of life and
medical expenses of patients. Besides, IBD patients are susceptible to the risk of
developing of other serious diseases such as colon cancer, thrombosis, and primary
sclerosing cholangitis (PSC).

In some cases, surgical removal of the damaged GI parts is required for the
therapy of severe IBD forms. However, due to the achieved success of the drug
therapy of IBD, it has been generally used in the last decades, with five basic types of
drugs (CCFA 2014).

Aminosalicylates such as sulfasalazine, balsalazide, mesalamine, and olsalazine
administered per os or rectally reduce the colon wall inflammation and are applied
primarily for the UC treatment. At the same time, they are less efficient in the CD
treatment.

Corticosteroids, such as prednisone, prednisolone, and budesonide, keep the
immune system under control. Therefore, they are efficient in the short-term man-
agement of exacerbations. But unfortunately, their side effects include infections,
weight gain, sleep disorders, etc.

Immunomodulators, such as azathioprine, 6-mercaptopurine, and methotrexate,
influence the immune system activity; they are toxic and usually used to sustain the
remission in those patients who do not respond to other drugs, or respond to
steroids only.

Antibiotics, such as ciprofloxacin and metronidazole, are of moderate use in
treating CD patients with the affected colon or perianal region. In particular, antibi-
otics are administered in the case of infections, e.g., abscesses.

TNF inhibitors include adalimumab, certolizumab pegol, golimumab, and
infliximab. These drugs have a pronounced anti-inflammatory effect and are used
in the therapy of patients suffering from severe forms of IBD in the absence of a
satisfactory and sound effect from the standard treatment. However, the application
of these drugs, regretfully, is not always efficient, as well. In particular, the long-term
infliximab administration has shown that up to one-third of patients do not respond
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to the anti-cytokine therapy, either due to primary resistance to the drug or the
development of secondary resistance (Magro and Portela 2010). Besides, severe
complications may occasionally emerge, including bacterial, viral, and fungal infec-
tions, increased risk of lymphoma, colorectal cancer, and other oncological diseases.

IBD Therapy with MSCs

According to estimates, application of contemporary methods of IBD therapy leads
to a 20-30% rate of remission, with a maximum of 50% when using a combinatorial
therapy approach (Ocansey et al. 2020). Furthermore, cell therapy has shown to be
very effective and extremely promising in treating IBD (Cassinotti et al. 2012;
Irhimeh and Cooney 2016; Lopez-Santalla et al. 2020). Therefore, the use of
mesenchymal stem cells (MSCs) is of particular interest regarding this approach.

MSCs Properties

MSCs are multipotent stromal cells which may be derived from the bone marrow,
adipose tissue, dental pulp, skeletal muscle, etc. (Lei et al. 2006; Tolar et al. 2010;
Williams et al. 1999; Zuk et al. 2001; Gronthos et al. 2011). MSCs express molecules of
the major histocompatibility complex (MHC) class I at a low level and do not express
molecules of MHC class II, hence they may be used in allogeneic transplantation
(Prockop 2009; Haider et al. 2011). They constitute a heterogeneous population of cells
and are characterized by the expression of specific surface markers including CD73,
CD90, and CD105 markers, while lacking the expression of CD14, CD11b, CD79 and
Cd19, CD34 and CD45 hemopoietic stem cell-specific markers, as well as CD31
endothelial markers (Lv et al. 2014; Haider 2018). Besides surface marker expression,
they show specific adherence to the plastic surface and possess trilineage differentiation
potential to adopt adipocyte, osteoblast, and chondrocyte phenotypes (Caplan and
Correa 2011; Wang et al. 2018). This criterion of characterization has been set forth
by the International Society of Cell Therapy (ISCT) which has significantly helped in
harmonizing the nomenclature and biological characterization of the cell preparations
being used in the experimental and clinical studies. Their autologous availability and
robust nature, therefore, can be genetically manipulated to delivery genes of interest to
the target organ for angiomyogenic repair as well as to enhance their therapeutic
potential (Jiang et al. 2006; Haider et al. 2008) and reprogramming in to pluripotency
(Buccini et al. 2012). They have also been combined with other stem cell types for
combinatorial cell therapy approach (Hosseini et al. 2018).

Mechanisms of MSCs’ Action

The first and the primary mechanism of MSCs’ action is their transdifferentiation
into morphofunctionally competent cell types and achieve the phenotype of interest,
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which allows the replacement of damaged cells and contribute to the repair and
restoration of damaged tissues (cartilage, bones, etc.). The second mechanism of
MSCs’ action is associated with the ability of MSCs to move to the sites of damage
and inflammation, and secrete cytokines and growth factors, and lipid vesicles rich
in bioactive cargo of proteins, lipids, and RNA as part of their paracrine activity to
reduce inflammation and restore the damaged tissues (Caplan and Correa 2011;
Caplan 2016; Bernardo and Fibbe 2013) (Fig. 1). Besides the abovementioned two
primary mechanisms, MSCs also have immunosuppressive and anti-inflammatory
effects via the suppression of proliferation and differentiation of T cells (CD4+ and
CD8+ lymphocytes), reducing the activity of NK cells and activating T regulatory
cells. In addition, MSCs reduce the secretion of pro-inflammatory cytokines
(IL-1B, IL-6, TNFa, and IFN-y) and boost the secretion of anti-inflammatory
IL-4 and IL-10 (Spaggiari et al. 2008; Ghannam et al. 2010). More recently,
MSCs surface markers including PDL1, Gal-9, CXCR4 etc., have been implicated
as part of the immunosuppressive activity of MSCs (Siyu et al. 2020). Concomi-
tantly, proangiogenic activity of MSCs induces neovascularization regionally at
the site of engraftment to restore regional blood flow (Maacha et al. 2020), while
apoptosis and oxidative stress are inhibited (Terai and Tsuchiya 2017). Put
together, the mechanism of MSCs’ therapeutic benefits is multifactorial as sum-
marized in Fig. 1.
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Fig. 1 General MSCs’ effects grouped by the two fundamental mechanisms: (1) direct trans-
differentiation of the transplanted MSCs (into cells of adipose, bone, cartilage, and muscle tissues)
to replace damaged cells and (2) induction of cytokines secreted by MSCs as a part of their
paracrine activity into the inflammatory medium, affecting the recipient’s immune system. Abbre-
viations: (IL-6: Interleukin-6; PGE2: Prostaglandin E2; TGF-f: -transforming growth factor; IDO:
Indoleamine-2,3-dioxygenase; CCL-2: C-C-chemokine ligand 2; IL-10: Interleukin —10; HGF:
Hepatocyte growth factor; MMP: Matrix metalloproteinases; HLA-G: Human leukocyte antigen-G)
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Preclinical Studies

Yabana et al. demonstrated that in rats with dextran sodium sulfate (DSS)-induced
colitis, MSCs, administered intravenously to the animals, migrated to the lamina
propria of the damaged colon, where they activated the expression of alpha-smooth
muscle actin (a-SMA), which facilitated the restoration of the epithelium (Yabana
et al. 2009). It was also shown that MSCs participated in sustaining the epithelial
barrier function by the repeated assembly of claudins, apical proteins of tight
junctions.

The most critical role in the IBD pathogenesis is evidently played by enhanced
proliferation and defective apoptosis of immune cells, which is likely related to the
imbalance of Bcl-2 and Bax, essential proteins controlling apoptosis (Dias et al.
2014).

Akiyama et al. showed that systemic infusion of bone marrow—derived MSCs
(BM-MSCs) induced apoptosis of T cells via the Fas-ligand (FasL)-dependent
pathway and could improve the disease course in experimental murine
DSS-induced colitis (Akiyama et al. 2012). However, FasL/MSCs did not induce
apoptosis of recipients’ T -cells and could not positively influence the colitis course.
It was shown that Fas-regulated secretion of MCP-1 protein by BM-MSCs recruited
T cells for FasL-mediated apoptosis. Apoptosis of T cells, in turn, leads to the
induction of macrophages producing a high level of TGFf. This results in an
increased number of T-regulatory cells and, finally, in the immune tolerance of the
organism.

IBD is also associated with the imbalance in subpopulations of T cells. As a
result, the pro-inflammatory cytokines level grows: in CD — due to differentiation of
Thl and Th17 cells, and in UC — due to differentiation of Th2 cells. In contrast, the
level of T-regulatory (Treg) cells is depressed in the peripheral blood of IBD patients
(Sisakhtnezhad et al. 2017). Among Treg cells, the crucial role in the immune system
suppression and sustaining the tolerance belongs to CD4+CD25+FoxP3+ cells
(Akiyama et al. 2012).

Chen et al. demonstrated that intravenous MSCs administration significantly
reduced the clinical severity of murine UC (weight loss, diarrhea, and inflammation)
induced by trinitrobenzene sulfonic acid (TNBS) and enhanced the survival of
animals (Chen et al. 2013). It was shown that MSCs reached the damaged colon
and facilitated the proliferation of intestinal epithelial cells and differentiation of
intestinal stem cells (determined by detecting Lgr5+-cells). Furthermore, it was
mediated by suppressing both Thl and Th17 cell-induced autoimmune and inflam-
matory reactions (IL-2, TNF-a, IFN-y, T-bet; IL-6, IL-17, RORYt), as well as by
enhanced activity of Th2 cells (IL-4, IL-10, and GATA-3). Besides, it was shown
that MSCs induced activated CD4+CD25+Foxp3+ T-regulatory cells (TGF-B,
IL-10, Foxp3).

Macrophages, dendritic cells, and B cells, known as antigen-presenting cells
(APC), are also involved in the IBD pathogenesis due to their specialization in
presenting an antigen to T cells and the subsequent generation of the T cell response.
Macrophages play a critical role in sustaining normal intestinal homeostasis, but they



200 M. Konoplyannikov et al.

may also participate in the IBD pathogenesis (Han et al. 2021). In a healthy colon,
resident macrophages exhibit an M2 phenotype, while inflammatory M1 macro-
phages dominate in the inflamed intestinal mucosa. In this regard, changing the
balance of macrophage population to the M2 phenotype is being adopted as a novel
approach in IBD therapy (Ahluwalia et al. 2018). Numerous preclinical studies have
shown that MSCs can induce immunomodulating macrophages and macrophages
mediate their therapeutic efficiency in experimental UC with an M2-like phenotype
(Hidalgo-Garcia et al. 2018).

Jo et al. cocultured immature dendritic cells and lipopolysaccharide (LPS)-treated
mature dendritic cells with MSCs for 48 h, and then analyzed the profiles of surface
markers and cytokines and the regulatory role of those DC for primary splenocytes
(Jo et al. 2018). Besides, the therapeutic effects of MSCs and DC cocultured with
MSCs were compared for UC-affected mice. The authors demonstrated that follow-
ing the coculture of MSCs with immature dendritic cells (MSCs-DC) or LPS-treated
mature dendritic cells (LPS + MSCs-DC), the expression of CD11c, CD80, CDS6,
IL-6, TNF-a, and IFN-y was significantly decreased. In contrast, the expression of
CDl1b, IL-10, and TGF-B was elevated. Besides, MSCs-DC and LPS + MSCs-DC
induced CD4, CD25, and Foxp3 in primary mice-derived splenocytes. In mice with
DSS-induced UC, MSCs and MSCs-DC increased the length of the colon, body
weight, and survival, and caused a histological improvement. Moreover, in the
MSCs and MSCs-DC groups, the expression of IL-6, TNF-0, and IFN-y in the
colon tissues was also inhibited, while the expression of IL-10, TGF-B, and Foxp3
was elevated. These data assumed that MSCs stimulate differentiation of dendritic
cells into regulatory dendritic cells leading to improved chronic colitis therapy.

It was also shown that administration of MSCs could suppress activation and
proliferation of B cells secreting IgG and, oppositely, stimulate the formation of CD5
+ regulatory B cells (Bregs) producing IL-10. Besides, it was shown that MSCs
could depress the proliferation of NK cells secreting pro-inflammatory cytokines
(Liu et al. 2020).

MSCs-Derived Exosomes for Experimental IBD Therapy

MSCs-derived exosomes — extracellular vesicles obtained from MSCs — contain a
large number of essential factors (Haider and Aramini 2020). In intercellular com-
munication, exosomes are identified as efficient carriers for nucleic acids, functional
proteins, lipids, mRNA, and microRNA (Samoylova et al. 2017). Thus, MSCs-
derived exosomes, similar to MSCs themselves, have a potent physiological action
affecting the damaged tissue repair (Zhao et al. 2019; Haider and Aramini 2020). At
the same time, exosomes are more stable than MSCs and in principle are
nonimmunogenic.

It was demonstrated earlier by several research groups that exosomes secreted by
MSCs had a pronounced regenerative effect in the therapy of many diseases causing
tissue damage, including IBD (Mianehsaz et al. 2019; Mendt et al. 2019; Mao et al.
2017). For instance, Mao et al. showed that exosomes released from human
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umbilical cord—derived MSCs (hUC-MSCs) positively influenced the treatment of
DSS-induced colitis and studied the primary mechanism of their effect (Mao et al.
2017). Similarly, exosomes labeled with indocyanine green (ICG) reached the colon
tissue of IBD-affected mice 12 h after the injection. The IL-10 gene expression was
increased, while the expression of TNF-a, IL-1f, IL-6, iNOS, and IL-7 genes was
decreased in the colon and spleen tissues of mice treated with MSCs-derived
exosomes. Besides, macrophages infiltration in the colon tissues was significantly
reduced. It was also shown that coculturing in vitro with exosomes suppressed the
expression of iNOS and IL-7 in macrophages isolated from the peritoneal cavity of
normal mice. In addition, the researchers found that IL-7 expression in the colon
tissue was higher for colitis patients than healthy participants of the control group. In
general, the data obtained have demonstrated a potent effect of hUC-MSCs-derived
exosomes on the relief of DSS-induced experimental IBD. The observed effects may
be mechanistically mediated via the modulation of IL-7 expression in macrophages
at molecular levels.

In a study by Yang et al., exosomes derived from MSCs preconditioned with
IFN-y were transplanted in an experimental mice model of DSS-induced colitis that
essentially improved the index of activity and histological assessment of colitis, as
well as reduced the fraction of Th17 cells and augmented the fraction of Treg cells
(Yang et al. 2020). Molecular studies revealed that the administration of exosomes
markedly inhibited the expression of Stat3 and p-Stat3, suppressing differentiation
of Th17 cells. Interestingly, treatment with exosomes derived from MSCs pre-
conditioned with IFN-y showed the highest inhibition. Furthermore, the preliminary
treatment with IFN-y increased the level of miR-125a and miR-125b in MSCs-
derived exosomes, which directly targeted Stat3, suppressing differentiation of Th17
cells. Moreover, concomitant infusion of miR-125a and miR-125b also demon-
strated a therapeutic effect in colitis, accompanied by a simultaneous decrease in
the Th17 cell fraction. In general, this study demonstrated that the IFN-y treatment
enhanced the efficiency of MSCs-derived exosomes in the relief of colitis, owing to
increasing the level of miR-125a and miR-125b, which are bound to 3'-UTR of
Stat3, to suppress differentiation of Th17 cells.

Clinical Studies
Completed Clinical Studies

Due to their therapeutic properties, MSCs (obtained mainly from the bone marrow
and adipose tissue) have been actively used in numerous clinical trials on IBD
therapy, with both local injections of cells and intravenous (systemic) infusions
(Table 1).

Local MSCs Injections
Local administration of MSCs is used primarily for the therapy of fistulizing (extra-
luminal) form of CD (Ko et al. 2021). For example, Panes et al. have conducted a
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double-blind, randomized, placebo-controlled study (ADMIRE CD Study) to estab-
lish the safety and study the long-term efficiency of a single local administration of
allogeneic adipose tissue—derived MSCs (Cx601), for the treatment of CD patients
with hard-to-treat draining complicated perianal fistulas (Panés et al. 2018). The
study was conducted in 49 clinical centers of Europe and Israel. The trials enrolled a
total of 212 patients (ClinicalTrials.gov: NCT01541579). The patients were ran-
domly distributed (1:1) into groups, which received either a single local injection of
Cx601 (120 x 10° cells) or placebo (control group) in addition to the standard care.
The final indices of efficiency, estimated in the modified population of intended to
treat (randomly assigned, receiving the treatment, with one or several efficiency
estimations after the basic level) at week 52, including a combined remission
(closure of all the treated external fistula tracts, draining at the initial level in the
absence of accumulations of >2 cm, confirmed by magnetic resonance imaging;
MRI) and clinical remission (absence of draining fistulas). Earlier, the same
researchers reported a primary endpoint of a study at week 24 (combined remission
in 51.5% patients receiving Cx601, compared to 35.6% in the control group, the
difference being 15.8%; 97.5% confidence interval 0.5-31.2; P = 0.021) (Panés
et al. 2016). At week 52, a significantly larger section of the patients receiving
Cx601 reached the combined remission (56.3%, as compared to the control group
with 38.6%, 17.7%difference; 95% confidence interval 4.2-31.2; P = 0.010) and the
clinical remission (59.2% vs. 41.6% of the control group with the 17.6% difference;
95% confidence interval 4.1-31.1; P = 0.013). The safety was sustained for
52 weeks; side effects were observed in 76.7% of group Cx601 patients and
72.5% of the control group patients.

The researchers concluded that according to the results of the phase 3 study of CD
patients with treatment-resistant perianal fistulas, the researchers have concluded
that Cx601 is safe and efficient for closures of external fistulas, compared to placebo,
in one year of the study. Based on the ADMIRE CD Study results, Darvadstrocel
(Alofisel), a medication based on MSCs derived from the adipose tissue, has been
developed (Scott 2018). This is the first MSCs-based cell preparation approved in
the EU to treat complicated perianal fistulas in adult patients with nonactive/moder-
ately active luminal CD when fistulas do not respond to one or more standard
therapies.

Herreros et al. have published the data of a clinical study that assessed 45 patients
with 52 surgically resistant anal fistulas of various etiology (of them 18 patients with
perianal fistulas caused by CD) (Herreros et al. 2019). The patients’ response to
MSCs therapy of different types was monitored, with cells, including allogeneic
MSCs from the adipose tissue (ASCs), autologous ASCs, and a stromal vascular
fraction (SVF), which were believed to contain ASCs with a minimal addition of
adipocytes and erythrocytes.

In 40 out of 42 cases of perianal fistulas (95.2%), either healing or improvement
was shown in 6.6 weeks on average (in the observation time of 2—-36 weeks). The
cure occurred in 22 out of 42 cases (52.4%). Most of the patients were cured in
5.8 months on average (in the observation time of 0.5-24 months). The disecase
course in the 42 patients was assessed depending upon the applied cell preparations.
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The degree of cure reached 13/23 (56.5%) for SVF, 3/9 (33.3%) for autologous
ASCs, and 6/10 (60%) for allogeneic ASCs. The administered cell dose was also
analyzed, with the average value of 43.9 million (in the range of 3-210 million cells)
for the cases of cure.

If to focus on perianal fistulas caused by CD, 18/18 patients (100%) demonstrated
healing or improvement/partial response, beginning from 5.3 weeks on average
(in the observation time of 2—12 weeks). The cure occurred in 10/18 (55.5%)
cases. Most of the patients were cured in 6.5 months (in the observation time of
0.5-24 months).

The disease course in those 18 patients was also assessed depending on the cell
preparations used. The degree of cure reached 40% for SVF, 66.6% for autologous
ASCs, and 55.5% for allogeneic ASCs. The mean administered dose in the cure
cases was 43.9 million (in the range of 3-210 million cells). In all the cases of
CD-associated perianal fistulas, the surgical technique was applied: the curettage,
closing of the fistula tract, and injection of cells (Herreros et al. 2019).

The phase 2 clinical trial on the application of autologous ASCs for
CD-associated perianal fistulas with a high rate of recurrence has shown their safety
and therapeutic potential with a stable response for 2 years (Cho et al. 2015). In this
phase 2 study, 41 patients initially participated. In 24 months, the complete cure was
observed in 27 out of 36 patients (75.0%) (the data from 5 patients were absent in
24 months). No ASCs-based treatment-related adverse effects were observed. More-
over, the complete closure of the fistula was stable after the initial treatment. These
results also testified that autologous ASCs were efficient in the treatment of
CD-associated fistulas.

De la Portilla et al. have conducted an open-label, single-arm clinical trial which
included 24 CD patients with perianal fistulas from six hospitals in Spain (de la
Portilla et al. 2013). Twenty million ASCs were administered locally in one draining
fistula tract. At week 12, if the fistula had not completely closed, 40 million more
ASCs were administered. The patients were monitored up to week 24 after the first
treatment.

During 6 months of follow-up, no serious adverse events were observed, attesting
the treatment as sufficiently safe. At week 24, the number of fistulas was reduced in
69.2% of patients, the complete closure of treated fistulas was observed in 56.3% of
the patients, and in 30% of the cases all the fistulas were completely closed. The
criteria used to grade the extent of closure were the following: absence of draining
and complete re-epithelization, and the MRI-confirmed absence of accumulations.
The MRI Score of Severity showed a noticeable reduction at week 24. Thus, the
applied ASCs-based therapy appeared safe and fairly efficient for CD-associated
perianal fistulas.

A double-blind dose-finding study on the allogeneic BM-MSCs treatment of
refractory perianal fistulizing CD was conducted at Leiden University Medical
Center in 2012-2014 (Barnhoorn et al. 2020). The study involved 21 patients;
three regimes of local MSCs administrations were applied: cohort 1 — five patients,
1 x 107 cells, cohort 2 — five patients, 3 X 107 cells, and cohort 3 — five patients,
9 x 107 cells. The patients were assessed for 4 years, with the registration of
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clinical events, monitoring the fistula closure, and measuring the level of anti-HLA
antibodies, pelvic MRI, and rectoscopy.

The long-term follow-up was performed in 13 patients (four from cohort 1, four
from cohort 2, and five from cohort 3). No serious side effects of the therapy were
observed. In two patients, malignancies were observed; however, these were
reported as unrelated to the cell-based therapy. During 4 years of follow-up, the
closure of fistulas was observed in all the cohort 2 patients, in 63% of cohort
1 patients, and in 43% of cohort 3 patients. No anti-HLA antibodies were detected
in 24 weeks and 4 years of posttreatment follow-up. The fistula tracts became
notably smaller, according to the MRI data. This study demonstrated that local
application of BM-MSCs was safe and efficient for fistula closures.

A promising variation of the MSCs treatment for perianal fistulas is the use of a
bioabsorbable matrix as a carrier for the cells. A Gore BioA Fistula Plug based on a
bioabsorbable material was earlier tried in a multicenter study of high anal fistulas,
including those in CD patients (Ommer et al. 2012). The study showed a rather high
efficiency of such plugs in the treatment of fistulas; in particular, two out of four
study participants with CD had complete healing in 6 months. Another development
of the plug technique was its combined use with MSCs. A six-months-long study at
Mayo Clinic (ClinicalTrials.gov Identifier: NCT01915927), including 12 patients,
was dedicated to the treatment of fistulas with autologous ASCs deposited onto a
Gore BioA Fistula Plug (Dietz et al. 2017). ASCs were harvested from the patients
for autologous transplantation, and 6 weeks later the fistula plug loaded with
autologous ASCs (named MSCs-MATRIX) was placed during a surgical interven-
tion. Before the surgical procedure, ASCs were thawed and cultured on a Gore
Bio-A Fistula Plug for 3—6 days in a polypropylene bioreactor. Each plug contained
about 20 x 10° cells.

The primary study objective was to establish the safety and efficacy of autologous
MSCs-MATRIX in the treatment of recurrent anal fistulas. The criteria for the
secondary endpoint of the study were both clinical and radiographical. The former
included: (1) partial response, when the drainage and symptoms reported by a patient
were notably reduced, and (2) complete healing, when the drainage was not seen
either without any action or with a mild pressure in 6 months after the treatment. The
latter criterion included the narrowing and shortening of the fistula tract, as well as
the absence of an abscess, as visualized by MRI (T2-weighted hyperintense fistula
tract on a T2-weighted fast spin echo image). Quantitatively, the MRI results were
presented in percent difference from the baseline and using the Van Assche perianal
fistula severity score.

The applied MSCs-MATRIX plug for a fistula did not cause any serious effects
during the 6 months of observation. Ten of the twelve patients (83%) in 6 months
had clinical and radiographic signs of the complete healing. Thus, the bioabsorbable
plugs containing MSCs proved themselves safe and efficient for chronic perianal
fistulas.

A recently published systematic review and meta-analysis by Cao et al. have
estimated the efficiency of stem cells (MSCs derived from the bone marrow and
adipose tissue) in the treatment of CD-associated fistulas of any form (Cao et al. 2021).
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In total, a total of 29 clinical studies involving 1252 patients were included in the
review and analyzed. It was shown that the group of patients with CD-associated
fistulas, to whom stem cells were transplanted, demonstrated a higher degree of fistula
healing as compared to the placebo-treatment group (61.75% vs. 40.46%, or 2.21,
95% CI 1.194.11, P < 0.05). The group of patients who received stem cells in the
dose of 3 x 107 cells/mL had a 71.0% acceleration of fistula healing vs. the groups of
stem cell treatment with other doses (RR 1.3, 95% CI 0.76-2.22). The percentage of
cured patients with perianal and trans-sphincteric fistulas was higher than patients with
rectovaginal fistulas (77.95% vs. 76.41%). It is of interest that Crohn’s Disease
Activity Index (CDAI) and Perianal Disease Activity Index (PDAI) temporarily
increased 1 month after stem cell-based therapy; however, they returned to the initial
level 3 months after the treatment. Moreover, the incidence of side effects related to the
treatment was significantly lower in the MSCs-treated group than in the placebo-
treatment group (RR 0.58, 95% CI 0.30-1.14). The conducted study has shown that
the application of stem cells, especially ASC, is a promising approach in the treatment
of CD-associated fistulas, based on its higher efficiency and lower incidence of
adverse events.

Intravenous MSCs Administration
Systemic (intravenous) administration of MSCs is used mainly in the therapy of
luminal (inflammatory) forms of IBD (Ko et al. 2021).

In a randomized placebo-controlled clinical trial (ClinicalTrials.gov:
NCT01221428), Hu et al. studied the safety and efficiency of hUC-MSCs in treating
moderate and severe UC (Hu et al. 2016). Thirty-four UC patients were included in
group I and received an MSCs infusion in addition to the basic treatment, while
36 patients in group II received saline in addition to the basic treatment. One-month
post-treatment, the incidence of diffuse and deep ulcers and severe inflammatory
processes in the mucosa was essentially reduced in 30 patients of group 1. During the
following observation, the average score of the Mayo scale and the histological score
were decreased in group I, while the IBDQ score was significantly improved as
compared to before the treatment and group II (P < 0.05). Furthermore, in compar-
ison with group II, no apparent adverse reactions were observed after MSCs infusion
in group I patients. Again, no chronic or long-lasting side effects were observed
during the entire observation period. Thus the authors demonstrated that MSCs
infusion was a safe and efficient strategy to treat UC.

Zhang et al. studied the safety and efficiency of hUC-MSCs to treat CD (Zhang
et al. 2018). Eighty-two patients with diagnosed CD who had received the
supporting steroid therapy for more than 6 months were included in the study.
Forty-one patients were randomly assigned for administering four peripheral intra-
venous infusions of 1 x 10° hUC-MSCs/kg, one infusion per week. The patients
were observed in the dynamics for up to 12 months. CDAI, Harvey-Bradshaw Index
(HBI), and the dosage of corticosteroids were evaluated. As a result of the treatment,
CDAL HBI, and the dosage of corticosteroids decreased by 62.5 + 23.2,3.4 + 1.2,
and 4.2 4+ 0.84 mg/day, respectively, in the hUC-MSCs group, and by 23.6 + 12.4,
1.2 + 0.58, and 1.2 £ 0.35 mg/day, respectively, as compared to the control group
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(» < 0.01, p < 0.05, and p < 0.05 for the hUC-MSCs group vs. the control,
respectively). Four patients developed fever after the cell-based infusion. No serious
adverse events were observed. The researchers concluded that hUC-MSCs were
efficient in CD treatment, though occasionally may cause mild side effects.

In one of our studies, 22 patients with exacerbation of moderate and severe UC
were treated with allogeneic BM-MSCs (Knyazev et al. 2016). The patients were
divided into two groups. Patients of group I (n = 12), in addition to the standard anti-
inflammatory therapy, received MSCs according to the following protocol: 0 (first
infusion), week 1, and week 26, followed by every 6 months for the subsequent
years of observation. Patients of group 2 (n = 10) received the standard anti-
inflammatory therapy with 5-aminosalicylic acid (5-ASA) and glucocorticosteroids
(GCS). Of group I patients, 58.3% had a severe UC exacerbation, and 41.7% had
moderate UC exacerbation; in group II, the severe and moderate UC patients
constituted 60% and 40%, respectively. Total colitis was established in 33.3% of
group I patients and in 40% of group II patients; left-sided colitis was observed in
66.7% and 60% patients, respectively. The efficiency criterion for the therapy was a
no-relapse course of the disease for 12 months. The UC clinical activity was
estimated by the Rahmilevich score, endoscopic activity — by the Mayo score. The
control over the dynamics of clinical, laboratory, and endoscopic indices was
performed in 2, 6, and 12 months, then yearly for 3 years. During the first year of
observations, in group I, a UC relapse occurred in two patients (16.7%), in group I —
in three patients (30%). The relative risk (RR) was 0.3 (95% CI 0.08-1.36; p = 0.2;
x* = 1.47). The Rahmilevich Clinical Activity Index was 3.33 £ 0.54 points in
group I, 4.4 & 1.13 points in group 2 (p = 0.81), the Mayo score was 3.1 & 0.85 and
3.9 + 1.06, respectively (p = 0.66). In 2 years of observation, the risk of a UC
relapse in group I was three times lower than that in group 2 (p = 0.03). The average
duration of remission in group I was 22 months, in group II — 17 months (p =
0.049). In 3 years of observation, the duration of remission was 22 and 20 months,
respectively (p = 0.66). The Rahmilevich Clinical Activity Index was 4.75 £ 1.13
points in group I, 8.1 & 1.1 points in group II (p = 0.001). In conclusion, the study
reliably demonstrated that MSCs infusions enhanced the efficiency of anti-
inflammatory therapy in patients with the acute UC.

In another study (Lazebnik et al. 2010), we used intravenous administration of
allogeneic BM-MSCs to treat 39 UC patients and 11 CD patients (with the control
groups of 30 UC patients and 10 CD patients). A statistically significant decrease in
the indices of the clinical and morphological activities of the inflammatory process
was noted after the MSCs transplantation in 39 patients with UC and in 11 patients
with CD as compared to the control groups. A clinico-morphological remission
occurred in 40 patients (80%). In addition, the use of MSCs made it possible to
discontinue GCS in 34 out of 50 patients (68%) with the hormone-dependent and
hormone-resistant forms of UC and CD and reduced the dose of prednisolone to
5 mg/day in 7 patients, with administering 5-ASA only.

Our later study estimated the efficiency of BM-MSCs therapy of CD patients
receiving azathioprine (AZA) (Knyazev 2018a). The study included 34 patients with
the inflammatory (luminal) CD form. Group I (n = 15) received an anti-inflammatory
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therapy with the use of MSCs culture in combination with AZA. Group II (n = 19)
received MSCs without AZA. The severity of attack was estimated in CDAI points.
The blood serum was studied, including immunoglobulins (IgA, IgG, IgM), interleu-
kins (IL) 1B, 4, and 10, tumor necrosis factor-o. (TNF-a), interferon-y (INF-y),
transforming growth factor-1 (TGF-1p), C-reactive protein (CRP), thrombocytes,
and erythrocyte sedimentation rate (ESR) in 2, 6, and 12 months from the MSCs
therapy beginning. The initial mean CDAI was 337.6 4+ 17.1 points in group I and
332.7 £ 11.0 points in group II (p = 0.3). In both groups, a significant decrease in
CDAI was noted in two and 6 months from the therapy beginning: in 2 months — to
118.9 £ 12.4 in group I and to 120.3 =+ 14.1 in group II (p = 0.7), in 6 months — to
110.3 £ 11.1 in group [ and to 114.3 & 11.8 in group II (p = 0.8). In 12 months, the
CDAI was 99.9 + 10.8 in group I and 100.6 £ 12.1 in group II (p = 0.8); in
24 months — 133.2 4+ 28.3 in group I and 120.8 £ 15.5 in group II (p = 0.2); in
36 months — 139.9 £ 23.4 and 141.7 & 20.8 (p = 0.9) in group I and II, respectively.
The IgA, IgG, and IgM levels were significantly lower in the group of patients with a
more extended history of the disease and prolonged use of AZA. After the MSCs
infusions, in both groups, we observed a tendency to the increase in the pro- and anti-
inflammatory cytokines, with a significantly lower level of pro-inflammatory cyto-
kines (INF-y, TNF-a, and IL-1B) in group I. The latter indicates potentiation of the
immunosuppressive effect of MSCs and AZA, which provides a more pronounced
anti-inflammatory effect. Moreover, it has been demonstrated that MSCs transplanta-
tion stimulates elevation of the initially reduced concentration of immunoglobulins
and cytokines in the blood serum and restoring their balance with the setting-in of the
clinical remission.

Interesting results were obtained when comparing the effects of combined (local and
systemic) administration of BM-MSCs, anti-cytokine therapy (infliximab, IFL) and
antibiotic, and immunosuppressive therapy on the healing of CD-associated simple
perianal fistulas (Knyazev 2018b). The first group of CD patients aged from
19-58 years (Me — 29; n = 12) received MSCs systemically according to a scheme
and locally. The second group aged from 20-68 years (Me — 36, n = 10) received IFL
according to a scheme. The third group aged from 20-62 years (Me — 28, n = 14)
received antibiotics and immunosuppressants. According to the study results, in
12 weeks the cure of simple fistulas was noted in eight patients (66.6%) of group I, in
six patients (60%) of group II, and in one patient (7.14%) of group III. In 6 months, the
simple fistulas were still healed in eight patients (66.6%) of group I, in six patients (60%)
of group II, and in one patient (7.14%) of group III. In 12 months, the healing was
sustained in seven patients (58.3%) of group I, in six patients (60%) of group II, and in
two patients (14.3%) of group III. During 24 months follow-up, the closure of fistulas
was sustained in five patients (41.6%) of group I, in four patients (40%) of group II, and
no patient (0%) in group III. In conclusion, it was demonstrated that combined cell and
anti-cytokine therapy of CD with perianal lesions reliably provided more frequent,
sustained, and prolonged closure of simple fistulas, as compared to antibiotic and
immunosuppressive therapy, and reduction of the relapse incidence as well (Fig. 2).
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Fig. 2 Colonoscopy of a 38-year-old female patient with CD, before and after MSCs-based cell
therapy [50]. (a) The internal opening of the fistulous tract in the lower part of the rectum ampulla
before the treatment; (b) Twelve weeks post-treatment, healed fistula

In their recent publication, Ko et al. have provided an extensive analysis of the
safety and efficiency of MSCs-based cell therapy of IBD involving on 24 studies, in
17 of which MSCs were administered locally while in the remaining 7 studies MSCs
were administered systemically (Ko et al. 2021). The authors concluded that local
MSC:s injection-based protocol for fistulizing (extra-luminal) CD form demonstrated
long-term efficiency, with the good safety level. However, regarding the efficiency
of systemic MSCs infusion, the evidence was ambiguous, in the authors’ opinion.
They noted the marked methodological heterogeneity of the studies (first of all, due
to different MSCs sources), along with the absence of facts confirming that MSCs
reach the colon after an intravenous injection, and found that the safety profile was
not always clearly demonstrated. At the same time, in our studies mentioned above,
unequivocal pieces of evidence have been obtained for the efficiency of systemic
allogeneic MSCs infusions in the IBD therapy (Lazebnik et al. 2010; Knyazev et al.
2016; Knyazev et al. 2018a, b).

In a larger and a more extensive study with a 5-year follow-up, we compared the
safety profile of BM-MSCs and a standard treatment using 5-ASA, GCS, and
immunosuppressive agents (Knyazev et al. 2015). The study included 103 IBD
patients (56 UC patients and 47 CD patients) who received the MSCs therapy and
208 patients receiving the standard anti-inflammatory therapy (but not anti-TNF
therapy). All the participants were similar in their demographic characteristics and
disease features. No differences were found in the development of acute posttrans-
fusion toxicity, infectious complications, exacerbation of chronic inflammatory
diseases, serious infectious complications, malignancy, and death, with the excep-
tion of fever in some patients treated with MSCs. Thus, cell-based therapy was
considered safe for the clinical practice.
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Proceeding Clinical Studies

Currently (by March 2021), 14 proceeding clinical trials involving MSCs-based cell
therapy for the IBD treatment have been registered at Clinicaltrials.gov (Table 2).
Included in these clinical studies are autologous MSCs-based cell therapy (two studies)
and allogeneic MSCs-based cell therapy (12 studies). BM-MSCs are used in seven
studies, MSCs derived from the adipose tissue will be used in five studies, one study will
use MSCs derived from the umbilical cord blood, while one study will use Wharton’s
jelly—derived cells. Ten clinical trials are dedicated to the treatment of CD, while the
other four trials will focus UC treatment. Local MSCs administration protocol will be
used in 12 studies while systemic administration will be used in the other two studies.

The mentioned above Mayo Clinic study of MSCs-impregnated plugs for perianal
fistulas (Dietz et al. 2017) has a very promising development with young patients
(Pediatric MSCs-AFP Sub-Study for Crohn’s Fistula, NCT03449069). A single dose
of 20 million autologous MSCs is suggested to use in five pediatric patients aged from
12—17 with CD-associated perianal fistulas. The treatment will begin with a standard
therapy of infection drainage and placement of a draining seton. In 6 weeks after the
placement of a draining seton, it will be removed and replaced with a fistula plug
(MSCs-coated Gore Bio-A Fistula Plug). The follow-up period will be 24 months,
with the treatment safety and the fistula response being monitored.

Table 2 The ongoing clinical trials on the MSCs therapy of IBD (according to clinicaltrials.gov by
March, 2021)

Title, Cell type and

No. | ClinicalTrials.gov ID | Disease | source Delivery Location

1. Use of Mesenchymal | UC Allogeneic Intravenous | Cell Therapy
Stem Cells in MSCs, Center, Amman,
Inflammatory Bowel Wharton’s Jordan
Disease; jelly
NCT03299413

2. Angiographic ucC Autologous Intraarterial | Mayo Clinic in
Delivery of ASC Rochester,
AD-MSCs for Minnesota, USA
Ulcerative Colitis;
NCT04312113

3. Adipose ucC Allogeneic Local Liaocheng City
Mesenchymal Stem ASC People’s Hospital,
Cells (AMSCs) for Liaocheng,
Treatment of Shandong, China
Ulcerative Colitis
(AMSCs_UC);
NCT03609905

4. Study of ucC Remestemcel- | Local Cleveland Clinic,
Mesenchymal Stem L (Allogeneic Cleveland, Ohio,
Cells for the BM-MSCs) USA
Treatment of
Medically Refractory

Ulcerative Colitis
(UC); NCT04543994

(continued)
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Table 2 (continued)

No.

5.

10.

11.

12.

Title,

ClinicalTrials.gov ID | Disease

Mesenchymal Stem
Cells for the
Treatment of Perianal
Fistulizing Crohn’s
Disease;
NCT04519671

Study of
Mesenchymal Stem
Cells for the
Treatment of Ileal
Pouch Fistula’s in
Participants with
Crohn’s Disease
(IPAAF);
NCT04519684
Mesenchymal Stem
Cells for the
Treatment of
Rectovaginal Fistulas
in Participants with
Crohn’s Disease;
NCT04519697

Mesenchymal Stem
Cells for the
Treatment of Pouch
Fistulas in Crohn’s
Disease;
NCT04073472

Study of
Mesenchymal Stem
Cells for the
Treatment of
Medically Refractory
Crohn’s Colitis;
NCT04548583

A Follow-Up Study
to Evaluate the Safety
of ALLO-ASC-CD in
ALLO-ASC-CD-101
Clinical Trial,
NCT03183661
MSCs Intratissular
Injection in Crohn’s
Disease Patients;
NCT03901235

A Study to Evaluate
the Safety of ALLO-
ASC-CD for

CD

CD

CD

CD

CD

CD

Cell type and

source Delivery
Allogeneic Local
BM-MSCs

Allogeneic Local
BM-MSCs

Allogeneic Local
BM-MSCs

Allogeneic Local
BM-MSCs

Allogeneic Local
BM-MSCs

Allogeneic Local
ASC

Allogeneic Local
BM-MSCs

Allogeneic Local
ASC
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Location

Cleveland Clinic,
Cleveland, Ohio,
USA

Cleveland Clinic,
Cleveland, Ohio,
USA

Cleveland Clinic,
Cleveland, Ohio,
USA

Cleveland Clinic,
Cleveland, Ohio,
USA

Cleveland Clinic,
Cleveland, Ohio,
USA

Anterogen Co.,
Ltd., Seoul,
Republic of Korea

CHU de Liege,
Liege, Belgium

Yonsei University
College of

(continued)


http://clinicaltrials.gov

216 M. Konoplyannikov et al.

Table 2 (continued)

Title, Cell type and
No. | ClinicalTrials.gov ID | Disease | source Delivery Location
Treatment of Crohn’s Medicine, Seoul,
Disease; Korea, Republic of
NCT02580617
13. | Long-Term Safety CD Allogeneic Local Inje University
and Efficacy of MSCs, UC Haeundae Paik
FURESTEM-CD Inj. Hospital, Busan,
in Patients with Korea, Republic of
Moderately Active Yeungnam
Crohn’s Disease University Medical
(CD); NCT02926300 Center, Daegu,
Korea, Republic of
Seoul National
Universty Bundang
Hospital,
Seongnam-si,
Korea, Republic of
(and 4 more. . .)
14. | Pediatric MSCs-AFP | CD MSCs-AFP Local Mayo Clinic in
Sub-Study for (Patch coated Rochester,
Crohn’s Fistula; with ASC) Rochester,
NCT03449069 Minnesota, USA

Abbreviations: CD Crohn’s disease, UC ulcerative colitis, ASC adipose tissue—derived stem cells,
MSCs mesenchymal stem cells, BM-MSCs bone marrow—derived mesenchymal stem cells, A7UC
human umbilical cord, MSCs-AFP mesenchymal stem cell-coated anal fistula plug

Conclusion

The numerous open and randomized clinical studies on MSCs in the IBD therapy have
unequivocally shown the safety of this approach and its potential efficiency, including
the traditional treatment-resistant cases. The therapeutic action of MSCs originates
from the potent immunomodulating effect resulting in the reduction of the autoim-
mune inflammation and stimulation of reparative processes in the intestinal mucosa. In
turn, it prolongs the duration of remission, decreases the risk of relapses, and the
frequency of hospital admissions. Based on the conducted clinical trials, a first
medication based on allogeneic MSCs derived from the adipose tissue, Darvadstrocel
(Alofisel, Takeda), has been approved in the EU for the therapy of complicated
perianal fistulas in patients with luminal CD. A promising approach in the treatment
of fistulizing CD is the use of biomaterials as carriers for MSCs (fistula plugs coated
with MSCs). Firstly, the donor cell survival is higher on a biomaterial. Secondly, the
application of autologous MSCs enhances the therapeutic effect of fistula plugs.
However, presently there is no single established optimal protocol for MSCs
transplantation in IBD therapy. Additional studies are warranted on the optimal
MSCs source, dosage, delivery method, and optimal treatment frequency. Despite
the achievement of positive results, further preclinical and clinical studies are
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required to enhance the efficiency of both local and systemic MSCs transplantation.
Along with BM-MSCs and ASC, the use of MSCs from the placenta appears
promising. With the techniques enhancing the efficacy of MSCs production, such
as 3D culturing and application of large-volume bioreactors, it may essentially lower
the price of MSCs production and make this unique therapy available for a wide
circle of patients.
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