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Abstract: Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease that affects the lining
of the synovial joints leading to stiffness, pain, inflammation, loss of mobility, and erosion of joints.
Its pathogenesis is related to aberrant immune responses against the synovium. Dysfunction of innate
and adaptive immunity, including dysregulated cytokine networks and immune complex-mediated
complement activation, are involved in the progression of RA. At present, drug treatments, including
corticosteroids, antirheumatic drugs, and biological agents, are used in order to modulate the altered
immune responses. Chronic use of these drugs may cause adverse effects to a significant number of RA
patients. Additionally, some RA patients are resistant to these therapies. In recent years, mesenchymal
stem/stromal cell (MSCs)-based therapies have been largely proposed as a novel and promising
stem cell therapeutic approach in the treatment of RA. MSCs are multipotent progenitor cells that
have immunomodulatory properties and can be obtained and expanded easily. Today, nearly one
hundred studies in preclinical models of RA have shown promising trends for clinical application.
Proof-of-concept clinical studies have demonstrated satisfactory safety profile of MSC therapy in RA
patients. The present review discusses MSC-based therapy approaches with a focus on published
clinical data, as well as on clinical trials, for treatment of RA that are currently underway.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects joints and connective tissues
with associated vascular, metabolic, bone and psychological comorbidities. Chronic inflammation in
RA is characterized by altered innate and adaptive immunity including immune responses against
autoantigens, dysregulated cytokine networks, immune complex-mediated complement and osteoclast
and chondrocyte activation [1,2].

The current therapies for RA can be classified into four categories: non-steroidal anti-inflammatory
drugs (NSAIDs), corticosteroids, non-biologic disease-modifying anti-rheumatic drugs (DMARDs) and
biologic DMARDs. Treatment of RA has undergone continuous changes over the past twenty years
in which the development of drugs has been conducted in parallel to a deeper understanding
of the pathogenesis of the disease [2,3]. NSAIDs are the most-frequently used treatments to
mitigate the pain. In addition to this, different combinations of corticosteroids are used due to
their potent anti-inflammatory effects. Non-biologic DMARDs, such as methotrexate, leflunomide,
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hydroxychloroquine, and sulfasalazine, protect joints by slowing down the inflammatory arthritis.
More recently, biologic response modifiers that can be considered a type of DMARDs, aim to stop
inflammation by depleting B cells or by blockade of inflammatory cytokine pathways, such as tumor
necrosis factor α (TNFα) or interleukin (IL) 6 pathways. Fortunately, in the last few years earlier
intervention with DMARDs and the availability of new medications have greatly improved the
outcomes in a large proportion of patients affected by RA. However, despite advances in understanding
the etiology of RA and the advent of novel biologic drugs, a substantial number of individuals with
RA remain intolerant or resistant to these therapies [4,5].

Cell therapy with mesenchymal stem/stromal cells (MSCs) is a very attractive new approach
to address unresolved treatment issues for patients with RA. The interest surrounding the field
of MSCs was initially based on their capacity for self-renewal and regeneration of tissues and
organs [6]. Subsequently, given their immunomodulatory properties, therapies with MSCs extended
their therapeutic potential to chronic inflammatory processes.

Numerous immune responses and mechanisms of action have been described for the
immunomodulatory effect of MSCs. MSCs are able to mediate potent immunoregulatory effects
through induction of factors, such as indoleamine 2,3-dioxygenase, prostaglandin E2 [7], transforming
growth factor β (TGF-β), and IL-10 [8], among others [9–14]. As a result, MSCs can dampen metabolic
reprogramming of different types of immune cells, reduce the proliferation rate of actively dividing
cells and inhibit the secretion of inflammatory cytokines. Furthermore, MSCs can promote monocyte
differentiation into M2 macrophage [15–18]. MSCs can also inhibit monocyte differentiation into
dendritic cells and skew them to a tolerogenic profile [19]. Moreover, effects of MSCs on suppression
of T helper 1 (Th1) cells and Th17 proliferation [20] together with regulatory T cells (Tregs) expansion
have also been documented in many inflammatory conditions [21].

At present, nearly a thousand clinical trials have used MSC-based therapies [22]. Among those
around one hundred trials have been conducted for treatment of immune-mediated disorders.
These trials started in 2004 [23] for immune-mediated diseases, such as graft vs. host disease [24],
inflammatory bowel disease [25], multiple sclerosis [26], systemic lupus erythematosus [27,28],
type I [29–31] and type II [32] diabetes, primary Sjögren syndrome [33], ankylosing spondylitis [34],
and RA [35–43], among others. Currently the clinical application of MSC-based therapies is being
extended to autoimmune hepatitis (NCT01661842 and NCT02997878), chronic autoimmune urticaria
(NCT02824393) and refractory autoimmune thrombocytopenia [44] (NCT04014166) (Table 1).

Table 1. Immune-mediated disorder clinical trials using mesenchymal stem/stromal cell (MSC) therapy.

Immune-Mediated Disorders Number of
Clinical Trials

Year of First
Clinical Trial References

Graft vs. host disease 49 2004 [24]

Inflammatory bowel disease 23 2006 [25]

Multiple sclerosis 29 2006 [26]

Systemic lupus erythematosus 10 2007 [27,28]

Type I diabetes 26 2008 [29–31]

Primary Sjögren syndrome 1 2009 [33]

Type II diabetes 13 2010 [32]

Autoimmune hepatitis 2 2011 NCT01661842 and
NCT02997878

Ankylosing spondylitis 2 2011 [34]

Chronic urticaria 1 2017 NCT02824393

Refractory autoimmune thrombocytopenia 1 2019 NCT04014166
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In addition to their regenerative and immunomodulatory properties, MSCs have the advantage of
being readily isolated and expanded in vitro. MSCs have a unique immunological profile that accounts
for their immune privilege, which allows adoptive transfer in allogeneic recipients with minimal
risk of rejection. This peculiar biological aspect facilitates the allogeneic use of MSCs in the clinic,
thus presenting the possibility of cell bank establishment [45] from a rather limited number of MSC
donors for widespread use in allogeneic unrelated recipients.

In this review we will summarize the extensive use of MSCs for the treatment of RA. First, the most
relevant results achieved so far in preclinical studies that have paved the way for the development
of clinical protocols. A systematic search of the published reports in peer-reviewed journals has
identified nine completed studies related to the safety and efficacy of MSC-based therapy for RA.
We also described the state-of–the-art in clinical trials that are currently underway. The information
used in this review was extracted from ‘www.ClinicalTrials.gov’ and ‘Pubmed’ databases using the
term “mesenchymal” and/or “stem” and/or “stromal” and/or “arthritis” and/or “arthritic” and/or
“rheumatic” and/or “rheumatoid” for clinical trials registered up to June 2020.

2. Preclinical Studies

MSC therapy has been established in nearly one hundred studies using experimental models of
RA. MSC therapy can significantly reduce experimental arthritis induction and progression in the
majority of experimental models tested. Among those, collagen-induced arthritis (CIA) in mice is the
most widely used model to assess the efficacy of MSC therapy [46,47]. These promising results have
paved the way for MSC therapy as a promising new treatment in human RA disease.

In general, based on the experimental data, the most suitable tissue source, major histocompatibility
complex (MHC) context, route of delivery and dosage for MSC therapy in RA preclinical studies
remain inconclusive. By far, the most prevalent source of MSCs is adult bone marrow (BM), followed
by adipose tissue and, more recently, umbilical cord either from whole tissue or more specifically from
umbilical cord blood (UC) [48–50]. Of late, MSCs have been isolated from alternative tissues [51],
such as gingiva [52,53], amniotic fluid [54,55], placenta [56], synovial fluid or membrane [57], and nasal
tissues (https://patentscope.wipo.int; patent number: WO2019022386, [58,59]). In all instances,
the expanded MSCs matched with the minimal criteria defined by the International Society for Cellular
Therapy (ISCT) [60] and have demonstrated similar efficacy in ameliorating experimental arthritis [47].
According to the ISCT criteria, the identification of MSCs relies on the combined expression of surface
markers, such as CD73, CD90, CD105, CD71, CD44, CD106, and the lack of hematopoietic and
endothelial markers (CD34, CD45, CD11b, CD14, and CD31). MSCs are isolated by adherence to plastic
surfaces and are capable of differentiating into osteocytes, chondrocytes, and adipocytes in vitro.

Most of the RA preclinical studies have been conducted under xenogeneic condition followed
by syngeneic MHC context [46,47]. The large majority of the studies claimed that MSC therapy has
a benefit in the RA experimental models regardless of the MHC context. According to Liu L et al.’s
meta-analysis [47], a better outcome was achieved using xenogeneic cells rather than allogeneic or
syngeneic MSCs.

Intravenous (IV) and intraperitoneal (IP) delivery are the most widely used routes of administration
in RA experimental models. Alternative routes of administration have been proposed, such as
intranodal [61], intra-articular (IA) [62–66], peri-articular [67], intra-muscular [68], and subcutaneous [69],
with good results. This supports the idea that MSC-based therapy is mainly mediated by systemic
biological effects [70–72].

Numerous studies have shown that higher efficacy can be achieved when the infusion of MSCs
is done during the early phases of the disease [62,73–75]. Although the most commonly used MSC
dose has been 1 × 106 MSCs per mouse, disagreement exists regarding the optimal cell dosage and a
range of 0.1 × 106 to 30 × 106 MSCs per mouse in single or multiple infusions (up to 5 times) has been
described [46,47].

www.ClinicalTrials.gov
https://patentscope.wipo.int
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In experimental models of RA, a decrease in antibodies against collagen together with a
decline in inflammatory cytokine levels, such as interferon γ (IFN-γ), TNF-α, IL-4, IL-12, IL-1β,
and IL-17, has been described [75–77]. Numerous studies have also demonstrated the key
role played by several chemokines, such as macrophage inflammatory protein 1 (CCL4/MIP-1),
monocyte chemoattractant protein 1 (CCL2/MCP-1), regulated upon activation, normal T cell
expressed and secreted (CCL5/RANTES), and receptor activator of nuclear factor kappa-B ligand
(RANKL) [62,76,78]. In parallel, an increase in IL-10, IFN-γ-induced protein 10 (IP-10) and/or chemokine
receptor 3-alternative (CXCR3) anti-inflammatory cytokine levels in serum and synovium have been
reported [55,79]. Additionally, an increased frequency of Tregs and IL-10 and TGF-β-secreting T cells
with a decrease frequency of IL-17 and IFN-γ-secreting T cells (Th17 and Th1 cells) in spleen and/or
draining lymph nodes have also been observed in vivo [21,78,80]. Recently, extracellular vesicles
(EVs) released from MSCs have emerged as key paracrine messengers that participate in the healing
process influencing the local microenvironment with anti-inflammatory effects. The first evidence
that MSC-derived EVs can exert an immunomodulatory effect in a preclinical model of RA was
demonstrated by Cosenza and collaborators [81]. In this sense, the anti-inflammatory role of the
MSC-derived EVs on T and B lymphocytes was observed regardless of the priming status of the MSCs
used for their isolation. Whilst preclinical studies have demonstrated the therapeutic potential for MSC
therapy in RA, optimization for their clinical use is an ongoing challenge and genetically engineered
MSCs are being proposed to enhance their therapeutic potential [78,82–84].

In summary, MSC-based therapy can decrease the degree of arthritis inflammation down to 30%
in the majority of experimental models of RA used, regardless of the tissue origin of the MSCs and the
route of administration used. In addition to this, early infusion of MSCs during the induction phase
of the disease and an average cell dose of 2–3 × 106 MSCs per mouse using either single or multiple
infusions of MSCs have shown efficient modulation of experimental RA.

3. Clinical Studies

In parallel to the promising results achieved in the preclinical studies, nine clinical trials have been
completed and their results published. In addition to this, nine clinical trials are still active and as a
consequence their clinical data are not publicly available yet. As a whole, these studies aim to evaluate
the safety and the efficacy of MSC-based therapy in RA (Figure 1, Figure 2, Figure 3, Tables 2 and 3).
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Figure 1. Characteristics of the completed rheumatoid arthritis (RA) clinical trials. (A) RA disease status
of patients; (B) major histocompatibility complex (MHC) context (C) MSC tissue source. Umbilical cord
(UC-MSCs), adipose tissue (AD-MSCs), and bone marrow (BM-MSCs); (D) number of doses and (E)
MSC dose expressed as number of cells/kg of body weight (1–10 × 106 or >10–50 × 106). Data are
represented as percentage of the total number of studies.
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Figure 2. Characteristics of the open RA clinical trials. (A) RA disease status of patients; (B) MHC
context (C) MSC tissue source. Umbilical cord (UC-MSCs), adipose tissue (AD-MSCs) and bone marrow
(BM-MSCs); (D) number of MSCs infusions and (E) MSC dose expressed as number of cells/kg of body
weight (1–10 × 106). Data are represented as percentage of the total number of studies.
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Figure 3. Cumulative number and phase of registered clinical trials with MSC-based therapy in RA
patients according to the year of registration in ‘www.ClinicalTrials.gov’ and ‘Pubmed’ databases.
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3.1. Completed Studies

The first pilot RA clinical trial with MSC therapy was conducted in 2010 by the Stem Cell Research
Center in Korea, and the results were published in 2011 [35]. In this study, 10 patients with different
autoimmune diseases were enrolled. Four out of the 10 patients participating in the trial had RA.
The authors developed a protocol to isolate and expand autologous adipose-derived MSCs (AD-MSCs)
to provide sufficient number of cells that allow multiple infusions of AD-MSCs per patient (more
than 109 cells after 3 to 4 passages). MSC-based therapy was used as compassionate-use treatment for
patients with RA for whom no other treatment option was available. Different amount of AD-MSCs
(ranging from 2 × 108 to 3.5 × 108 cells/patient) were infused IV in a single, double, or quadruple
dose. In two patients, in addition to the IV-infused AD-MSCs, a single IA infusion of AD-MSCs
was administered locally (ranging from 1 × 108 to 1.5 × 108 cells per patient). All patients were
monitored for 13 months. Clinical benefit after autologous AD-MSC infusions in RA patients measured
by Visual Analogue Scale (VAS) and Korean Western Ontario McMaster (KWOMAC) scores was
reported. Multiple AD-MSC infusions were associated with a higher efficacy of the MSC-based therapy.
Importantly, the data showed that multiple infusions up to 8 × 108 of AD-MSCs in a period of less than
one month was safe as no adverse effects were observed. This study should be considered as the first
proof-of-concept clinical study that has shown a satisfactory safety profile of autologous MSC therapy
in RA patients with promising trends for clinical efficacy (Table 2).

Another pilot clinical trial with MSC therapy in RA patients was conducted at the Drum Tower
Clinical Medical College of Nanjing Medical University in China, and the results were published in
2012 [36]. In this study, four RA patients with a long history of disease, up to 42 months, were enrolled.
All RA patients were steroid dependent or had failed therapies with methotrexate, hydroxychloroquine,
leflunomide, sulfasalazine, or at least one TNF-α inhibitor. In this case, allogeneic either from BM
or UC tissue were used. RA patients were treated with a single IV infusion of 1 × 106 MSCs/kg of
body weight. The follow-up was extended up to 24 months. The RA patients continued with their
immunosuppressant treatments during the study. No adverse events were observed following the
infusion of the allogeneic MSCs in any of the RA patients. Although none of them achieved remission
after MSC therapy, 3 patients had a European league against rheumatism (EULAR) moderate response
for up to 7, 17, and 23 months, respectively. These patients also had a moderate response for up to
6 months measured by erythrocyte sedimentation rate (ESR), C reactive protein (CRP), disease activity
score (DAS) 28, and VAS score. The fourth patient did not show any sign of EULAR response to MSC
therapy. The authors hypothesized that the low MSC dose used in the study may explain the transient
benefit observed in three out of four patients participating in the study.

The first randomized multicenter double-blind placebo-controlled dose-escalation phase Ib/IIa
clinical trial with allogeneic AD-MSCs in RA was conducted by Tigenix in Spain in 2011 (NCT01663116).
Results were presented in 2013 at the annual meeting of the American College of Rheumatology [85]
and published in 2017 [39]. A higher number of refractory RA patients, up to 53, participated in
the study. These RA patients also had a long history of disease (more than 13 years) and were
resistant to at least two biologics with a DAS28-ESR > 3.2. Enrolled RA patients were grouped in
three cohorts and received allogeneic expanded adipose-derived stem cells (eASCs, named C×611),
with doses of 1, 2, or 4 × 106 cells/kg of body weight, respectively, administered IV, at days 1,
8, and 15. Additionally, a placebo group receiving only Ringer’s lactate solution were included
(randomization 3:1). All patients maintained small dose of DMARD, NSAID, and/or corticosteroid
treatments, but no biologic treatments were administered. Patients were monitored for 6 months.
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Table 2. Summary of completed rheumatoid arthritis clinical trials with MSC therapy.

Clinical Trial
Identifier

Clinical
Phase Source Registration

Year Country RA
Patients

MHC Context;
Route of

Administration

Cells/kg of Body Weight; Number
of Doses and Route of

Administration

Number of
RA Patients

Enrolled

Follow-Up
(Months)

Publication
(Year)

Included
Control
Group

Unknown Pilot AD 2011 Korea Refractory Autologous;
IV and IA

3 × 108/patient; 2 doses
2 × 108/patient; 4 doses

2 × 108/patient; 1 dose IV +
1 × 108/patient; 1 dose IA

3.5 × 108/patient, 1 dose IV
+1.5 × 108/patient; 1 dose IA

4 out of the 10
patients
enrolled

12 [35] No

Unknown Pilot BM/UC 2012 China Refractory Allogeneic;
IV

1 × 106

1 dose
4 19 [36] No

NCT01663116 Ib/IIa AD 2011 Spain Refractory Allogeneic;
IV

1, 2 or 4 × 106;
3 doses, weekly

53 6 [39] Yes

NCT01547091 I/II UC 2013 China Refractory Allogeneic;
IV

4 × 107/patient;
1 dose

172 36 [37,42] Yes

ChiCTR-ONC-
16008770 I UC 2016 China Refractory Allogeneic;

IV
1 × 106;
1 dose

53 12 [40] Yes

NCT03333681 I BM 2016 Iran Refractory Autologous;
IV

1 to 2 × 106;
1 dose

15 12 [43] No

NCT02221258 I UC 2014 Korea Refractory Allogeneic;
IV

2.5, 5 or 10 × 107/patient;
1 dose

9 1 [41] No

NCT01851070 II MPCs 2013 USA Refractory Allogeneic;
IV

1 or 2 × 106;
1 dose

48 3 [38] Yes

ChiCTR-INR-
17012462 I/II UC 2017 China Refractory Allogeneic;

IV
1 × 106;
1 dose

63 3 [86] No

AD, adipose tissue; BM, bone marrow; IA, intra-articular; UC, umbilical cord; IV, intravenous; MPCs, multipotent progenitor cells.
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Table 3. Summary of active RA clinical trials with MSC therapy.

Clinical Trial
Identifier

Clinical
Phase Source Registration

Year Country Status RA Patients
MHC Context;

Route of
Administration

Cells/kg of Body
Weight; Number of

Doses

Estimated
Number of
RA Patients

Follow-Up
(Months)

Included
Control
Group

Estimated
Completion

Date

NCT01985464 I/II UC 2013 Panama Active, not
recruiting DMARD- resistant Allogeneic;

IV Unknown 20 12 No June 2020

NCT03067870 I BM 2016 Jordan Active, not
recruiting Unknown Autologous,

IV and IA Unknown 100 6 No February 2022

NCT03798028 N/A UC 2017 China, Recruiting
Anemia or

pulmonary disease
associated

Allogeneic;
IV 1 × 106; 1 dose 250 6 Yes June 2020

NCT03186417 I MPCs 2017 USA Recruiting During onset Allogeneic;
IV

2, 4 or 6 × 106;
1 dose

20 24 Yes December 2020

NCT03618784 I/II UC 2018 Korea Recruiting Refractory Allogeneic;
IV

5.0 or
10 × 107/patient;

3 doses
33 4 Yes April 2021

NCT03691909 I/II AD 2018 USA Recruiting Stable treatment Autologous;
IV Unknown 15 12 No June 2020

NCT03828344 I UC 2020 USA Active, not
recruiting Refractory Allogeneic;

IV
0.75 or 1.5 × 106;

1 dose
16 12 Yes September 2020

NCT04170426 I/IIa AD 2020 USA Active, not
recruiting DMARD- resistant Autologous;

IV

2.0 or 2.86 × 106;
1 dose or

3 doses, every 3 days
54 12 Yes December 2023

AD, adipose tissue; BM, bone marrow; UC, umbilical cord; MPCs, mesenchymal progenitor cells; DMARD, disease-modifying antirheumatic drug; IV, Intravenous; N/A; Not applicable,
meaning trials without Food and Drug Administration-defined phases.
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Similarly to the previous proof-of-concept studies, the IV infusion of Cx611 was well-tolerated,
with no evidence of dose-related toxicity. The most frequent treatment-related adverse effect observed
in the trial was transient fever. In addition, good response based on the EULAR criteria, low DAS28-ESR,
and CRP, in contrast to the placebo group for up to three months, was reported. As suggested by the
authors, the very refractory profile of the RA patients included in the study may have hindered the
beneficial effects of the MSC therapy. Due to the limited number of RA patients in each cohort no clear
conclusion on the MSC dose-response could be drawn from the study. Additionally, no significant
changes in circulating T cell populations, including FOXP3+CD4+ regulatory T cells, among cohorts
were observed. Interestingly, 19% of RA patients generated MSC-specific anti-human leukocyte antigen
I (HLA-I) antibodies without apparent clinical consequences. Anti-HLA-II antibodies were not found.
This was the first study with allogeneic MSC-based therapy for RA that studied immunogenicity
against the donor MSC cells [39].

In a study conducted at the Hospital of People’s Liberation Army Air Force in China, 172 patients
with RA were recruited between 2010 and 2012 in a phase I/II clinical trial (NCT01547091). A first
report was published in 2013 [37]. Additionally, 64 patients were monitored for three years and the
long-term results were published in 2019 [42]. Similar to the previous studies, the RA patients enrolled
in this trial had a long course of the disease, from 6 months to 35 years, with inadequate responses to
conventional medication. Patients received a single dose of allogeneic UC-MSCs isolated from the
entire UC tissue (4 × 107 cells/patient) IV infused. All patients also maintained low-dose DMARD
treatments (leflunomide, hydroxychloroquine sulfate or methotrexate). MSC-treated RA patients were
compared with RA patients treated only with DMARDs. In this study, no serious adverse effects
were reported. Only 4% of the patients showed mild adverse effects, such as flu-like symptoms,
upon infusion of the MSCs, which disappeared within hours. Interestingly, a significant remission
of disease was observed according to the American College of Rheumatology improvement criteria
(ACR), the DAS-28, ESR, and the Health Assessment Questionnaire (HAQ). This was accompanied
by decreased levels of CRP, rheumatoid factor (RF), and anti-cyclic citrullinated peptide (anti-CCP)
antibodies, as well as TNF-α and IL-6 cytokines in sera. The percentage of regulatory CD4+ T cells
in peripheral blood was increased. No such benefits were observed in the control group of RA
patients treated with DMARDS only. The beneficial effects were observed both in the short-term (up to
8 months) [37], as well as in the longer term, for up to 3 years [42]. This study demonstrated for
the first time the long-term beneficial effects of MSC-based therapy in combination with low dose of
DMARDs for patients with RA. Although a large number of patients with RA were enrolled in this
study, it would be desirable to conduct a multiple-center clinical trial in order to confirm the promising
outcome achieved in the study.

Another Chinese study was conducted at Daping Hospital, where 53 refractory RA patients were
recruited from 2016 to 2017. These patients had failed to respond to DMARDs, NSAIDs, corticosteroids
and biologics or could not tolerate their serious side effects. A control group of 53 patients treated
with saline solution was included in the study. This phase I clinical trial (ChiCTR-ONC-16008770
in the Chinese registry; ‘www.Chictr.org’) aimed to determine the clinical efficacy of MSC therapy
in RA patients and to identify a possible biomarker for predicting the beneficial effects of MSC
therapy. Patients were treated with a single IV dose of 1 × 106 allogeneic UC-MSCs/kg of body
weight isolated from the UC tissue following blood vessel removal. The follow-up was for up to
12 months. The results, which were published in 2018 [40], showed no serious acute adverse events.
Only three patients had chills or fever, which is a common event also observed in previous clinical trials.
This study confirmed the clinical safety and efficacy of MSC therapy for the treatment of RA patients.
Similarly, the clinical efficacy of MSCs varied greatly. Thus, 54% of the RA patients treated with MSCs
achieved a good or moderate response, whereas 46% of RA patients had no clinical response during
12 months of follow-up as compared with the control group. The biological effect of the MSC-based
therapy was measured by CRP, ESR, and the HAQ and DAS28 scores. In contrast to the previous
study (NCT01547091), the effects of MSCs were transient. Around 8% of RA patients experienced

www.Chictr.org
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a relapse in the disease by 24 weeks with good or moderate response. The authors suggested that
an additional MSC infusion 6 months later may be required in order to achieve a sustained effect
upon infusion of the MSCs. The RA patients who had a positive response showed increased levels of
albumin, hemoglobin, and IL-10 in sera. This was accompanied by a decrease in platelet, RF, anti-CCP,
IL-6, and TNF-α cytokines. Additionally, an increased percentage of regulatory CD4+ T cells and
a concomitant decrease in Th17 were observed in the responder RA patients. These results were
similar to what was observed in the previous study conducted in China [37,42]. No significant changes
in IL-1β, IL-2R, and IL-8 levels were reported. High serum IFN-γ levels were observed before and
4 weeks after the infusion of the MSCs in the responder RA patients in comparison to the low levels
observed in the non-responder RA patients. The authors associated the high serum IFN-γ levels
positively with the reduced DAS28 value in the responder RA population, claiming that serum IFN-γ
levels could be used as a biomarker to predict a clinical benefit for the patients. These data are in line
with the preclinical studies suggesting that MSCs exerted their immunosuppressive effects when the
MSCs encounter an inflammatory environment within the host. These encouraging results should be
further confirmed in a multicenter study (Table 2). Based on these observations, the same investigators
conducted a preclinical study where CIA mice were treated with INF-γR−/− MSCs and their in vivo
efficacy at modulating progression of experimental RA was compared to wild-type MSCs. Cell therapy
treatment of arthritic mice with INF-γR−/− MSCs had no therapeutic effects on CIA progression
suggesting that the therapeutic efficacy of MSCs on RA is highly dependent on the IFN-γ levels and
that blockade of IFN-γ signaling on MSCs successfully undermined their immunomodulatory effects.
These observations further agree with the widely accepted concept that MSC immunosuppressive
properties are not constitutive. Instead, their immune regulation depends on a process of “licensing”,
which needs to be acquired in an inflammatory microenvironment. In 2017, Xu and collaborators
registered a second clinical trial (ChiCTR-INR-17012462; Table 2), where 63 refractory patients with RA
were treated with UC-derived MSCs combined with recombinant IFN-γ. The outcome of the study
revealed that combination of MSCs plus IFN-γ greatly improved the clinical efficacy of MSC-based
therapy in RA patients from 53.3% to 93.3%. No unexpected safety issues were observed 1-year
follow-up in any of the patients participating in the study [86].

From 2016 to 2017, 9 RA patients, who were refractory to standard therapies, were recruited
by the Imam Reza Hospital in Iran for a phase I clinical trial (NCT03333681). The enrolled RA
patients were IV-infused with a single dose of autologous BM-MSCs (1 to 2 × 106 cells/kg of body
weight). All patients continued to receive conventional therapy (different combinations of sulfasalazine,
prednisolone, methotrexate, and/or hydroxychloroquine). RA patients were monitored for up to
12 months. No complications or adverse events were observed following the infusion of the BM-MSCs
in any of the RA patients. A significant decrease in DAS28-ESR, VAS, and ESR up to 12 months was
reported [43]. In contrast to previous clinical trials using MSC-based therapy for RA, no statistically
significant differences in serum levels of CRP, anti-CCP, IL-17, and IFN-γ cytokine levels were
observed [43,87]. A significant increase in the percentage of regulatory CD4+ T cells one month after
MSC infusion was observed. The increase of regulatory CD4+ T cells measured by FOXP3 mRNA
levels was maintained in parallel to an increase in T-bet and GATA3 transcription factor mRNA levels
and IL-10 and TGF-β cytokine levels in the sera 12 months after the MSC infusion [87]. The authors
suggested that the decrease in percentage of regulatory CD4+ T cells in the periphery following
MSC infusion suggests that multiple infusions of MSCs or higher dose of MSCs may be required to
sustain expansion of in vivo regulatory CD4+ T cells. Moreover, a year post-infusion of the BM-MSCs,
a significant decrease in the percentage of Th17 cells was observed. These results were in line with
the results found by Wang L et al. [37,42] and Yan Y et al. (ChiCTR-ONC-16008770) [40]. They also
observed an inverse correlation between the IL-4 cytokine levels in the sera and the DAS28 at 6 months
follow-up [87]. Furthermore, in this clinical trial the authors evaluated for the first time the response of
B cells, B-cell activating factor (BAFF), a proliferation-inducing ligand (APRIL), and their receptors
on the surface of B cells, such as B cell activation factor receptor (BR3), transmembrane activator and
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CAML interactor protein (TACI), and B-cell maturation antigen (BCMA). A decrease in the plasma
levels of CD19+ B cells with a decreased expression of BR3, TACI, and BCMA receptors 12 months after
the MSC infusion was observed. Additionally, a decrease in the BAFF plasma levels and APRIL plasma
levels after were also measured months after the infusion of the MSCs. These results indicate that
MSC therapy decreases the levels and proliferation of B cells for at least one year following the MSC
treatment in the RA patients [88]. Furthermore, the plasma levels of CXCL8, CXCL12, and CXCL13
were significantly decreased 6 months after MSCs transplantation, suggesting that the interaction of
MSCs with CXCL8-producing cells could be one of the possible mechanisms causing the reduced levels
of CXCL8 in the joints and, subsequently, in the plasma of RA patients. CXCL8 reduction returned
to pre-treatment levels after 12 months, thus suggesting that an increase dose of MSCs or multiple
injections of MSCs may result in a sustained anti-inflammatory effects of MSCs [89].

Kang Stem Biotech, in Korea, has funded two clinical trials (phase I NCT02221258, named CURE-IV;
and phase II NCT03618784, named FURESTEM-RA; Tables 2 and 3, respectively). These trials were
conducted at Seoul Metropolitan Government-Seoul National University Boramae Medical Center.
In contrast to the clinical trials mentioned above, nine RA patients that had not previously been
treated with any biologic compound were enrolled. RA patients were treated IV with allogeneic
UC-MSCs isolated from UC blood. In the phase I clinical trial, the MSC doses were 2.5 × 107, 5 × 107

or 1 × 108 UC-MSCs per subject [41]. Clinical and safety parameters were monitored for one month
following the infusion of the MSCs. No serious adverse events or major abnormalities in serum
chemical or hematologic profiles were observed. A decline in the DAS28-ESR, HAQ, and VAS score
was reported. Reduced serum levels of ESR and CRP were measured. IL-1β, IL-6, IL-8, and TNF-α
levels were reduced at 24 h in the group infused with the higher dose of MSCs (1 × 108 MSCs
per subject). A statistically significant increase in serum levels of IL-10 was found at 24 h post-infusion
of 5 × 107 MSCs. Reduced serum levels of IL-6 and TNF-α and increase in IL-10 serum levels were also
observed in previous RA clinical trials with MSC therapy [37,40,42]. This study, although interesting,
had some limitations, such as the relatively small number of patients enrolled and the rather limited
4-week follow-up period following the infusion of the MSCs. The same group is currently conducting
a 5-year observational study on these patients. Interestingly, a multicenter randomized double-blind
parallel placebo-controlled phase I/IIa RA clinical trial with MSC therapy (NCT03618784) has been
initiated in the same center (Table 3).

In 2013, Mesoblast Ltd. launched a multicenter randomized double-blind placebo-controlled
sequential dose-escalation phase II clinical trial in the USA (NCT01851070). In this study, the so-called
allogeneic multipotent progenitor cells (MPCs), identified by the surface expression of STRO-1+

or STRO-3+ markers from BM-derived cells, were used. These MPCs had increased clonogenic,
developmental, and proliferative capacity compared with unfractionated MSCs [90]. In this study,
1 × 106 or 2 × 106 MPCs/kg of body weight were IV-infused in 48 patients with active RA who also
received methotrexate or alternative DMARDs for at least 6 months prior to screening and who
had had an incomplete response to at least one TNF-α inhibitor. A placebo group of RA patients
was included in the study. The follow-up period was extended for up to 52 weeks. The safety and
efficacy outcomes of the clinical trial over the 12-week primary evaluation period were presented at the
EULAR annual European congress of rheumatology in June 2017 [38]. A single IV infusion of MPCs
was well-tolerated. The authors also reported improvement in clinical symptoms, physical function,
and disease activity measured by ACR, patient global assessment (PGA), and HAQ. The highest MPC
dose used (2 × 106 MPCs/kg of body weight) showed the earliest and most sustained treatment benefit.
No other data have been published so far. As suggested by the authors, while the efficacy results were
encouraging, further assessment including dose optimization will be required. The current trial is the
only RA clinical trial that has showed results using MPCs as a therapeutic option in biologic-refractory
RA patients. Currently, a clinical trial has been initiated using MPC-based therapy for RA patients in
the USA (NCT03186417) (Table 3).
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Based on the completed and published RA clinical trials using MSC-based therapy, promising
results in terms of safety and efficacy have been observed. Strikingly, these encouraging results
have been obtained in refractory patients with long histories of RA. No adverse effects and only a
moderate response to the MSC therapy have been observed in all the RA clinical trials conducted so far.
Moreover, efficacy observed during 3 years of follow-up [42] pointed out the long-term effect of MSCs
in RA patients in agreement with what has been observed in other immune-mediated diseases [18,91].

Today, there is no optimal protocol for MSC therapy in RA patients, although, in terms of MHC
context, most of them (78%) used allogeneic MSCs due to the difficulty in isolating and expanding a
large enough number of autologous MSCs (Figure 1B). The use of allogeneic MSCs is based on the low
immunogenicity of MSCs that implies the possibility of greater availability via cell banks establishment.
This is in contrast to the general protocol in clinical trials using MSC therapy for treatment of other
types of pathologies in which autologous and allogeneic contexts are used in similar proportion [22].
MSCs from BM, AD, and UC have been used (30%, 20%, and 50%, respectively, Figure 1C) with similar
results in terms of safety and efficacy. In clinical trials using MSC-based therapy for other types of
inflammatory diseases, BM is the main tissue source followed by UC [22]. More than half of the clinical
trials for treatment of RA have infused less than 10 × 106 MSC/kg of body weight in a single infusion
(Figure 1D,E). Although, based on dose-escalation RA clinical trials, both the cell dose and the use
of multiple infusions of MSCs did not seem to correlate to their beneficial effect. Therefore, several
groups have pointed out that cell doses above 1 × 106 cells/kg of body weight could be better in terms
of short and long-term efficacy. This is in line with Kabat et al.′s report [22], in which lower efficacy
was observed with MSC doses lower than 70 million cells/patient (~1 × 106 MSC/kg of body weight).
In the highest MSC dose tested so far (8 × 108 MSCs/patient), no adverse effects have been reported,
thus confirming that a wide range of MSC dosage can be tolerated.

Despite the encouraging results obtained so far, most of the clinical trials conducted have enrolled
low number of patients. A placebo group is also lacking in some of the studies. The large majority
of the patients enrolled in these trials have a long history of RA refractory to conventional treatment.
This is in sharp contrast to the pre-clinical, as well as clinical studies for other inflammatory pathologies
where treatment during the early phases of the disease seems more effective.

3.2. Active Clinical Trials

Based on the study conducted by Wang et al. [37,42], in 2013, the Stem Cell Institute in Panama
has launched a phase I/II clinical trial using allogeneic UC-MSCs from UC tissue for treatment of
20 DMARD-resistant RA patients (NCT01985464; Table 3). The authors of the study aimed to define
treatment-associated adverse events and biological efficacy measure by CRP, ESR, anti-CCP, RF,
HAQ, DAS28, and EULAR response criteria and immunological parameters one-year post-infusion.
This clinical trial is underway and the estimated study completion date is June 2020.

In 2016, an interventional clinical trial sponsored by Stem Cells Arabia (Amman, Jordan) was
registered (NCT03067870). The investigators aimed to define the safety and efficacy of autologous
BM-MSCs administered IV, as well as IA, in the joints of patients with RA. The authors aimed to enroll
100 RA patients. The patients participating in the study will be monitored for a month using VAS
scoring in order to evaluate the systemic efficacy of MSC therapy. The regenerative and repair potential
of BM-MSCs in joints will be monitored for up to 6 months by analyzing the physical activity of the
patient using the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score
and magnetic resonance imaging (MRI). The estimated study completion date is February 2022.

In January 2019, a multicenter randomized controlled clinical study based at the Xijing Hospital
in China was registered and is currently recruiting patients (NCT03798028). This study aims to
evaluate the safety and therapeutic effects of a single-dose of human allogeneic UC-MSCs isolated from
UC blood on adult patients with moderate or severe RA who suffer from anemia or/and interstitial
pulmonary disease. Half of the participants will receive a single dose of 1 × 106 cells/kg of body weight
of allogeneic UC-MSCs together with their present medication, while the other half will receive a
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placebo combined with their present medication. This is a unique clinical trial that is enrolling a specific
group of 250 DMARD-resistant RA patients with an associated disease. The safety and therapeutic
effects of the MSC-based therapy will be monitored for 24 weeks. The estimated study completion
date is June 2020.

A proof of concept phase I clinical trial conducted at the MetroHealth Medical Center Cleveland,
OH, USA, was registered in 2017 (NCT03186417). This is the first multicenter, double-blind,
placebo controlled interventional clinical trial that is recruiting RA patients with new onset of
the disease (diagnosis ≤1 year and symptoms for ≤2 years). A total of 20 RA patients will be enrolled.
RA patients that previously took DMARDs other than non-steroidal, prednisone, hydroxychloroquine,
and methotrexate included leflunomide and biological treatments will be excluded from the study.
This clinical trial will evaluate the safety and efficacy of allogeneic BM-MSCs (2, 4, or 6 × 106 cells/kg
of body weight) over 24 months. This clinical trial aims to infuse the highest allogeneic BM-MSC
dose tested so far in a trial (Table 2 andTable 3). Safety and efficacy will be monitored by PROMIS
computer-adaptive testing (CAT) instruments (pain interference, physical function, sleep disturbance,
and fatigue) and Routine Assessment of Patient Index Data 3 (RAPID3) questionnaires and DAS28-CRP.
Recruitment is currently open and final data collection date for primary outcome is estimated by
December 2020.

In 2018, Kang Stem Biotech Co., Ltd. began a multicenter randomized double-blind parallel
placebo-controlled phase I/IIa RA clinical trial (NCT03618784) in South Korea with IV administration of
allogeneic UC-MSCs isolated from UC blood (called FURESTEM-RA Inj) in 33 RA patients (diagnosed
at least 12 weeks before with DAS28-ESR > 3.2) from the Seoul Metropolitan Government-Seoul
National University Boramae Medical Center. The RA clinical trial characteristics are based on a phase
I clinical trial conducted by the same group in 2014 (NCT02221258). In this study, the authors included
RA patients that were refractory or intolerant to DMARDs and biologic DMARDs. Two doses of
allogeneic UC-MSCs (5.0 × 107 or 10 × 107 cells/patient) infused three times IV with 4 weeks interval
between MSC infusions will be tested. Patients will be monitored for 16 weeks. Safety and efficacy
of MSC-based therapy will be analyzed by ACR, EULAR, DAS28-ESR, Korean Health assessment
questionnaire (KHAQ), clinical disease activity index (CDAI), and VAS scores. Additionally, a panel
of cytokine levels will be monitored in sera. This clinical trial is now active and recruiting patients.
The estimated study completion date is April 2021.

Since 2018, Hope Biosciences in Texas, USA, has been conducting a phase I/II clinical trial
(NCT03691909) using a single dose of autologous AD-MSCs, enrolling RA patients at diagnosis or
RA patients who are on a stable dose of therapy regimen for more than 4 weeks prior to screening.
Together with the NCT04170426 trial registered by Celltex in 2020 that is enrolling DMARD-resistant RA
patients, this is the second active RA clinical trial using autologous AD-MSCs. The study’s purpose is
to evaluate the safety and efficacy of MSC therapy up to 12 months post-infusion. The parameters that
will be used to monitor the efficacy of the MSC-based therapy are CRP, ESR, and 68 joint assessments,
together with TNF-α and IL-6 serum levels. The recruitment of patients has been completed, and the
follow-up is in progress. The estimated study completion date is June 2020.

Baylx Inc. of Irvine, California, USA, has recently launched a phase I, randomized (3:1),
placebo-controlled, double-blind, single-dose clinical trial (NCT03828344) based on the NCT01547091
clinical trial [37,42]. The aim of the study is to define the safety and biological effects of a single dose of
fresh allogeneic UC-MSCs named BX-U001 isolated from entire UC tissue (0.75 or 1.5 × 106 cells/kg of
body weight), given by IV infusion to 16 refractory RA patients. Additionally, RA patients will be
monitored for 12 months. During the study, RA patients will continue to be treated with their previous
conventional DMARDs and NSAIDs, other than biologics. RA patient efficacy will be determined by
HAQ, ESR, CRP, DAS28-CRP, simplex disease activity index (SDAI), and ACR criteria. In addition,
RF and anti-CCP serum levels will be measured. This RA clinical trial is currently opened but recruiting
has not begun yet. The estimated study completion date is September 2022.
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Very recently, Celltex Therapeutics Corporation in Houston, USA, registered a dose escalation
randomized placebo controlled and double-blind phase I/IIa clinical trial (NCT04170426). Up to
54 active DMARD-resistant RA patients will receive one or three doses of 2.0–2.86 × 106/kg of body
weight of autologous AD-MSCs IV on days 1, 4, and 7. The follow-up period will be 12 months.
The efficacy of the MSC-based therapy will be evaluated by ACR, RAPID3, DAS28-CRP, and an
array of peripheral blood inflammatory panel of cytokines. The estimated study completion date is
December 2023.

In summary, 8 RA clinical trials using MSC-based therapy are ongoing with a great heterogeneity
in terms of MHC context, tissue source, and cell dose used (Figure 2 and Table 3), meaning that at
present no consensus on the optimal protocol exists. Although most of these trials are being conducted
in an allogeneic context (62.5%, Figure 2B), the use of autologous cells has increased with respect to
completed RA clinical trials. The main tissue source used to isolate and expand MSCs is umbilical cord
tissue, which is used in nearly 50% of active studies (Figure 2C), although, in the past, bone marrow
was the chosen tissue to generate MSCs for clinical use (Figure 1B,C and Figure 2B,C). Interestingly,
RA patients in the early phases of the disease prior to biological treatments are now being recruited
(Figure 2A). This change in the inclusion criteria may increase the efficacy of MSC therapy since a large
majority of RA patients treated with MSCs were refractory to conventional treatments and had a long
history of disease. In the active RA clinical trials with MSC therapy, control groups are now being
included, which increases the value of the results obtained. In general, the follow-up proposed is up to
12 months. Additionally, no changes in the efficacy criteria are included since the parameters that have
been used until now are widely recognized and accepted by the official RA worldwide associations
(ACR and EULAR).

4. Conclusions

Clinical trial registrations in RA patients with MSC therapy have increased linearly from 2011 to
today (Figure 3). In general, new registrations of clinical trials with MSC-based therapy have reached a
plateau since 2018 [22]. No toxicity and adverse effects have been found in any of the RA clinical trials
conducted. No sufficient data on efficacy have been obtained from the completed studies, most likely
due to the fact that the large majority of the RA patients enrolled in these studies were refractory to
conventional RA treatments with a long history of the disease. Thanks to the good safety profile of
MSC-based therapy for RA at present, there are eight clinical trials using MSC-based therapy registered
and active in ‘clinicaltrials.gov’ where MSC treatment at early stages of the disease are being explored.
For better comparisons of results among RA clinical trials with MSC-based therapy, an improvement in
the standardization of MSC treatment protocols in terms of manufacturing protocols, sources of MSCs,
MHC contexts, routes of delivery, cell dosing, and systematic analysis of the results will be needed.
Additionally, the identification of RA patients most likely to respond to MSC treatment will clearly
benefit the clinical application of MSC-based therapies for RA.
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Abbreviations

AD Adipose tissue
ACR American college of rheumatology improvement criteria
APRIL A proliferation-inducing ligand
BAFF B-cell activating factor
BCMA B-cell maturation antigen
BM Bone marrow
BR3 B cell activation factor receptor 3
CAT Computer-adaptive testing
anti-CCP antibodies against cyclic citrullinated peptide
CDAI Clinical disease activity index
CIA Collagen-induced arthritis
CRP C reactive protein
CXCR3 Chemokine receptor 3-alternative
DAS Disease activity score
DMARDs Disease-modifying antirheumatic drugs
ESR Erythrocyte sedimentation rate
EULAR European league against rheumatism
eASCs expanded adipose-derived stem cells
HAQ Health assessment questionnaire
HLA Human leukocyte antigen
IA Intra-articular
IL Interleukin
IP Intraperitoneal
IP10 IFN-γ-induced protein 10
IV Intravenous
KHAQ Korean health assessment questionnaire
MCP-1 Monocyte chemoattractant protein 1
MIP Macrophage inflammatory protein 1
MHC Major histocompatibility complex
MPCs Multipotent progenitor cells
MSCs Mesenchymal stromal/stem cells
NSAIDs Non-steroidal anti-inflammatory drugs
PGA Patient global assessment
RA Rheumatoid arthritis
RANKL Receptor activator of nuclear factor kappa-B ligand
RAPID3 Routine assessment of patient index data 3
RANTES Regulated on activation, normal T cell expressed and secreted
RF Rheumatoid factor
SDAI Simplex disease activity index
TACI Transmembrane activator and CAML interactor
TGF-β 1 Transforming growth factor β 1
Tregs Regulatory T cells
UC-MSCs MSCs from umbilical cord
VAS Visual analogue scale
WOMAC Western Ontario and McMaster universities osteoarthritis index

References

1. Firestein, G.S.; McInnes, I. Immunopathogenesis of Rheumatoid Arthritis. Immunity 2017, 46, 183–196.
[CrossRef] [PubMed]

2. Smolen, J.S.; Aletaha, D.; McInnes, I. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [CrossRef]
3. McInnes, I.; Schett, G. The Pathogenesis of Rheumatoid Arthritis. N. Engl. J. Med. 2011, 365, 2205–2219.

[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.immuni.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28228278
http://dx.doi.org/10.1016/S0140-6736(16)30173-8
http://dx.doi.org/10.1056/NEJMra1004965
http://www.ncbi.nlm.nih.gov/pubmed/22150039


Cells 2020, 9, 1852 16 of 21

4. Singh, J.A.; Saag, K.G.; Bridges, S.L.; Akl, E.A.; Bannuru, R.R.; Sullivan, M.; Vaysbrot, E.; McNaughton, C.;
Osani, M.; Shmerling, R.H.; et al. 2015 American College of Rheumatology Guideline for the Treatment of
Rheumatoid Arthritis. Arthritis Rheumatol. 2015, 68, 1–26. [CrossRef] [PubMed]

5. Smolen, J.S.; Landewé, R.; Breedveld, F.C.; Dougados, M.; Emery, P.; Gaujoux-Viala, C.; Gorter, S.; Knevel, R.;
Nam, J.; Schoels, M.; et al. EULAR recommendations for the management of rheumatoid arthritis with
synthetic and biological disease-modifying antirheumatic drugs. Ann. Rheum. Dis. 2010, 69, 964–975.
[CrossRef] [PubMed]

6. Owen, M.; Friedenstein, A.J. Stromal Stem Cells: Marrow-Derived Osteogenic Precursors.
Novartis Found. Symp. 2007, 42–60. [CrossRef]

7. Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.; Mingari, M.C.; Moretta, L. Mesenchymal
stem cells inhibit natural killer–cell proliferation, cytotoxicity, and cytokine production: Role of indoleamine
2,3-dioxygenase and prostaglandin E2. Blood 2008, 111, 1327–1333. [CrossRef]

8. Nasef, A.; Chapel, A.; Mazurier, C.; Bouchet, S.; Lopez, M.; Mathieu, N.; Sensebé, L.; Zhang, Y.; Gorin, N.-C.;
Thierry, D.; et al. Identification of IL-10 and TGF-β Transcripts Involved in the Inhibition of T-Lymphocyte
Proliferation During Cell Contact With Human Mesenchymal Stem Cells. Gene Expr. 2006, 13, 217–226.
[CrossRef]

9. Ungerer, C.; Quade-Lyssy, P.; Radeke, H.; Henschler, R.; Königs, C.; Koehl, U.; Seifried, E.; Schüttrumpf, J.
Galectin-9 Is a Suppressor of T and B Cells and Predicts the Immune Modulatory Potential of Mesenchymal
Stromal Cell Preparations. Stem Cells Dev. 2013, 23, 755–766. [CrossRef]

10. Gieseke, F.; Böhringer, J.; Bussolari, R.; Dominici, M.; Handgretinger, R.; Mueller, I. Human multipotent
mesenchymal stromal cells use galectin-1 to inhibit immune effector cells. Blood 2010, 116, 3770–3779.
[CrossRef]

11. Sioud, M.; Mobergslien, A.; Boudabous, A.; Fløisand, Y. Evidence for the Involvement of Galectin-3 in
Mesenchymal Stem Cell Suppression of Allogeneic T-Cell Proliferation. Scand. J. Immunol. 2010, 71, 267–274.
[CrossRef] [PubMed]

12. Nasef, A.; Mazurier, C.; Bouchet, S.; François, S.; Chapel, A.; Thierry, D.; Gorin, N.-C.; Fouillard, L.;
Chapel, A. Leukemia inhibitory factor: Role in human mesenchymal stem cells mediated immunosuppression.
Cell. Immunol. 2008, 253, 16–22. [CrossRef] [PubMed]

13. Selmani, Z.; Naji, A.; Zidi, I.; Favier, B.; Gaiffe, E.; Obert, L.; Borg, C.; Saas, P.; Tiberghien, P.; Rouas-Freiss, N.;
et al. Human Leukocyte Antigen-G5 Secretion by Human Mesenchymal Stem Cells Is Required to Suppress
T Lymphocyte and Natural Killer Function and to Induce CD4+CD25highFOXP3+Regulatory T Cells.
Stem Cells 2008, 26, 212–222. [CrossRef]

14. Chabannes, D.; Hill, M.; Merieau, E.; Rossignol, J.; Brion, R.; Soulillou, J.P.; Anegon, I.; Cuturi, M.C. A role
for heme oxygenase-1 in the immunosuppressive effect of adult rat and human mesenchymal stem cells.
Blood 2007, 110, 3691–3694. [CrossRef] [PubMed]

15. Kim, J.; Hematti, P. Mesenchymal stem cell–educated macrophages: A novel type of alternatively activated
macrophages. Exp. Hematol. 2009, 37, 1445–1453. [CrossRef]

16. Melief, S.M.; Schrama, E.; Brugman, M.H.; Tiemessen, M.M.; Hoogduijn, M.J.; Fibbe, W.E.; Roelofs, H.
Multipotent stromal cells induce human regulatory T cells through a novel pathway involving skewing of
monocytes toward anti-inflammatory macrophages. Stem Cells 2013, 31, 1980–1991. [CrossRef]

17. López-Santalla, M.; Menta, R.; Mancheño-Corvo, P.; Lopez-Belmonte, J.; Delarosa, O.; Bueren, J.A.;
Dalemans, W.; Lombardo, E.; Garín, M. Adipose-derived mesenchymal stromal cells modulate experimental
autoimmune arthritis by inducing an early regulatory innate cell signature. Immun. Inflamm. Dis. 2016,
4, 213–224. [CrossRef]

18. Lopez-Santalla, M.; Hervas-Salcedo, R.; Fernandez-Garcia, M.; Bueren, J.A.; Garín, M. Cell Therapy With
Mesenchymal Stem Cells Induces an Innate Immune Memory Response That Attenuates Experimental
Colitis in the Long Term. J. Crohns Coliti 2020. [CrossRef]

19. Zhang, B.; Liu, R.; Shi, D.; Liu, X.; Chen, Y.; Dou, X.; Zhu, X.; Lu, C.; Liang, W.; Liao, L.; et al. Mesenchymal
stem cells induce mature dendritic cells into a novel Jagged-2–dependent regulatory dendritic cell population.
Blood 2009, 113, 46–57. [CrossRef]

http://dx.doi.org/10.1002/art.39480
http://www.ncbi.nlm.nih.gov/pubmed/26545940
http://dx.doi.org/10.1136/ard.2009.126532
http://www.ncbi.nlm.nih.gov/pubmed/20444750
http://dx.doi.org/10.1002/9780470513637.ch4
http://dx.doi.org/10.1182/blood-2007-02-074997
http://dx.doi.org/10.3727/000000006780666957
http://dx.doi.org/10.1089/scd.2013.0335
http://dx.doi.org/10.1182/blood-2010-02-270777
http://dx.doi.org/10.1111/j.1365-3083.2010.02378.x
http://www.ncbi.nlm.nih.gov/pubmed/20384870
http://dx.doi.org/10.1016/j.cellimm.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18639869
http://dx.doi.org/10.1634/stemcells.2007-0554
http://dx.doi.org/10.1182/blood-2007-02-075481
http://www.ncbi.nlm.nih.gov/pubmed/17684157
http://dx.doi.org/10.1016/j.exphem.2009.09.004
http://dx.doi.org/10.1002/stem.1432
http://dx.doi.org/10.1002/iid3.106
http://dx.doi.org/10.1093/ecco-jcc/jjaa079
http://dx.doi.org/10.1182/blood-2008-04-154138


Cells 2020, 9, 1852 17 of 21

20. Zhou, C.; Wu, X.-R.; Liu, H.-S.; Liu, X.-H.; Liu, G.-H.; Zheng, X.-B.; Hu, T.; Liang, Z.-X.; He, X.-W.;
Wu, X.-J.; et al. Immunomodulatory Effect of Urine-derived Stem Cells on Inflammatory Bowel Diseases
via Downregulating Th1/Th17 Immune Responses in a PGE2-dependent Manner. J. Crohns Coliti 2019,
14, 654–668. [CrossRef]

21. López-Santalla, M.; Mancheño-Corvo, P.; Menta, R.; Lopez-Belmonte, J.; Delarosa, O.; Bueren, J.A.;
Dalemans, W.; Lombardo, E.; Garín, M. Human Adipose-Derived Mesenchymal Stem Cells Modulate
Experimental Autoimmune Arthritis by Modifying Early Adaptive T Cell Responses. Stem Cells 2015,
33, 3493–3503. [CrossRef] [PubMed]

22. Kabat, M.; Bobkov, I.; Kumar, S.; Grumet, M. Trends in mesenchymal stem cell clinical trials 2004–2018:
Is efficacy optimal in a narrow dose range? Stem Cells Transl. Med. 2019, 9, 17–27. [CrossRef] [PubMed]

23. Le Blanc, K.; Rasmusson, I.; Sundberg, B.; Götherström, C.; Hassan, M.; Uzunel, M.; Ringdén, O. Treatment of
severe acute graft-versus-host disease with third party haploidentical mesenchymal stem cells. Lancet 2004,
363, 1439–1441. [CrossRef]

24. Introna, M.; Rambaldi, A. Mesenchymal stromal cells for prevention and treatment of graft-versus-host
disease. Curr. Opin. Organ Transplant. 2015, 20, 72–78. [CrossRef] [PubMed]

25. Dothel, G.; Raschi, E.; Rimondini, R.; De Ponti, F. Mesenchymal stromal cell-based therapy: Regulatory and
translational aspects in gastroenterology. World J. Gastroenterol. 2016, 22, 9057–9068. [CrossRef]

26. Zhou, Y.; Zhang, X.; Xue, H.; Liu, L.; Zhu, J.; Jin, T. Autologous Mesenchymal Stem Cell Transplantation in
Multiple Sclerosis: A Meta-Analysis. Stem Cells Int. 2019, 2019, 1–11. [CrossRef]

27. Wang, D.; Zhang, H.; Liang, J.; Li, X.; Feng, X.; Wang, H.; Hua, B.; Liu, B.; Lu, L.; Gilkeson, G.S.; et al.
Allogeneic Mesenchymal Stem Cell Transplantation in Severe and Refractory Systemic Lupus Erythematosus:
4 Years of Experience. Cell Transplant. 2013, 22, 2267–2277. [CrossRef]

28. Liang, J.; Zhang, H.; Hua, B.; Wang, H.; Lu, L.; Shi, S.; Hou, Y.; Zeng, X.; Gilkeson, G.S.; Sun, L.
Allogenic mesenchymal stem cells transplantation in refractory systemic lupus erythematosus: A pilot
clinical study. Ann. Rheum. Dis. 2010, 69, 1423–1429. [CrossRef]

29. Cai, J.; Wu, Z.; Xu, X.; Liao, L.; Chen, J.; Huang, L.; Wu, W.; Luo, F.; Wu, C.; Pugliese, A.; et al. Umbilical Cord
Mesenchymal Stromal Cell With Autologous Bone Marrow Cell Transplantation in Established Type 1
Diabetes: A Pilot Randomized Controlled Open-Label Clinical Study to Assess Safety and Impact on
Insulin Secretion. Diabetes Care 2015, 39, 149–157. [CrossRef]

30. Carlsson, P.-O.; Schwarcz, E.; Korsgren, O.; Le Blanc, K. Preserved β-Cell Function in Type 1 Diabetes by
Mesenchymal Stromal Cells. Diabetes 2014, 64, 587–592. [CrossRef]

31. Hu, J.; Yu, X.; Wang, Z.; Wang, F.; Wang, L.; Gao, H.; Chen, Y.; Zhao, W.; Jia, Z.; Yan, S.; et al. Long term
effects of the implantation of Wharton′s jelly-derived mesenchymal stem cells from the umbilical cord for
newly-onset type 1 diabetes mellitus. Endocr. J. 2013, 60, 347–357. [CrossRef] [PubMed]

32. Sood, V.; Bhansali, A.; Mittal, B.R.; Singh, B.; Marwaha, N.; Jain, A.; Khandelwal, N. Autologous bone marrow
derived stem cell therapy in patients with type 2 diabetes mellitus - defining adequate administration
methods. World J. Diabetes 2017, 8, 381–389. [CrossRef] [PubMed]

33. Xu, J.; Wang, D.; Liu, D.; Fan, Z.; Zhang, H.; Liu, O.; Ding, G.; Gao, R.; Zhang, C.; Ding, Y.; et al. Allogeneic
mesenchymal stem cell treatment alleviates experimental and clinical Sjögren syndrome. Blood 2012,
120, 3142–3151. [CrossRef] [PubMed]

34. Li, A.; Tao, Y.; Kong, D.; Zhang, N.; Wang, Y.; Wang, Z.; Wang, Y.; Wang, J.; Xiao, J.; Jiang, Y.; et al. Infusion of
umbilical cord mesenchymal stem cells alleviates symptoms of ankylosing spondylitis. Exp. Ther. Med. 2017,
14, 1538–1546. [CrossRef] [PubMed]

35. Ra, J.C.; Kang, S.K.; Shin, I.S.; Park, H.G.; Joo, S.A.; Kim, J.G.; Kang, B.-C.; Lee, Y.S.; Nakama, K.; Piao, M.; et al.
Stem cell treatment for patients with autoimmune disease by systemic infusion of culture-expanded
autologous adipose tissue derived mesenchymal stem cells. J. Transl. Med. 2011, 9, 181. [CrossRef]

36. Liang, J.; Li, X.; Zhang, H.; Wang, D.; Feng, X.; Wang, H.; Hua, B.; Liu, B.; Sun, L. Allogeneic mesenchymal
stem cells transplantation in patients with refractory RA. Clin. Rheumatol. 2011, 31, 157–161. [CrossRef]

37. Wang, L.; Wang, L.; Cong, X.; Liu, G.; Zhou, J.; Bai, B.; Li, Y.; Bai, W.; Li, M.; Ji, H.; et al. Human Umbilical
Cord Mesenchymal Stem Cell Therapy for Patients with Active Rheumatoid Arthritis: Safety and Efficacy.
Stem Cells Dev. 2013, 22, 3192–3202. [CrossRef]

http://dx.doi.org/10.1093/ecco-jcc/jjz200
http://dx.doi.org/10.1002/stem.2113
http://www.ncbi.nlm.nih.gov/pubmed/26205964
http://dx.doi.org/10.1002/sctm.19-0202
http://www.ncbi.nlm.nih.gov/pubmed/31804767
http://dx.doi.org/10.1016/S0140-6736(04)16104-7
http://dx.doi.org/10.1097/MOT.0000000000000158
http://www.ncbi.nlm.nih.gov/pubmed/25563994
http://dx.doi.org/10.3748/wjg.v22.i41.9057
http://dx.doi.org/10.1155/2019/8536785
http://dx.doi.org/10.3727/096368911X582769c
http://dx.doi.org/10.1136/ard.2009.123463
http://dx.doi.org/10.2337/dc15-0171
http://dx.doi.org/10.2337/db14-0656
http://dx.doi.org/10.1507/endocrj.EJ12-0343
http://www.ncbi.nlm.nih.gov/pubmed/23154532
http://dx.doi.org/10.4239/wjd.v8.i7.381
http://www.ncbi.nlm.nih.gov/pubmed/28751962
http://dx.doi.org/10.1182/blood-2011-11-391144
http://www.ncbi.nlm.nih.gov/pubmed/22927248
http://dx.doi.org/10.3892/etm.2017.4687
http://www.ncbi.nlm.nih.gov/pubmed/28781629
http://dx.doi.org/10.1186/1479-5876-9-181
http://dx.doi.org/10.1007/s10067-011-1816-0
http://dx.doi.org/10.1089/scd.2013.0023


Cells 2020, 9, 1852 18 of 21

38. Kafaja, S.; Segal, K.; Skerrett, D.; Itescu, S.; Furst, D. FRI0220 Allogeneic mesenchymal precursor cells (MPCS):
A novel approach to treating biologic refractory rheumatoid arthritis. Ann. Rheum. Dis. 2017, 76, 566–567.
[CrossRef]

39. Álvaro-Gracia, J.M.; Jover, J.A.; Garcia-Vicuna, R.; Carreño, L.; Alonso, A.; Marsal, S.; Blanco, F.;
Martínez-Taboada, V.M.; Taylor, P.; Martín-Martín, C.; et al. Intravenous administration of expanded
allogeneic adipose-derived mesenchymal stem cells in refractory rheumatoid arthritis (Cx611): Results
of a multicentre, dose escalation, randomised, single-blind, placebo-controlled phase Ib/IIa clinical trial.
Ann. Rheum. Dis. 2016, 76, 196–202. [CrossRef]

40. Yang, Y.; He, X.; Zhao, R.-S.; Guo, W.; Zhu, M.; Xing, W.; Jiang, D.; Liu, C.-Y.; Xu, X. Serum IFN-γ levels predict
the therapeutic effect of mesenchymal stem cell transplantation in active rheumatoid arthritis. J. Transl. Med.
2018, 16, 165. [CrossRef]

41. Park, E.H.; Lim, H.-S.; Lee, S.; Roh, K.; Seo, K.-W.; Kang, K.-S.; Shin, K. Intravenous Infusion of Umbilical
Cord Blood-Derived Mesenchymal Stem Cells in Rheumatoid Arthritis: A Phase Ia Clinical Trial. Stem Cells
Transl. Med. 2018, 7, 636–642. [CrossRef] [PubMed]

42. Wang, L.; Huang, S.; Li, S.; Li, M.; Shi, J.; Bai, W.; Wang, Q.; Zheng, L.; Liu, Y. Efficacy and Safety of Umbilical
Cord Mesenchymal Stem Cell Therapy for Rheumatoid Arthritis Patients: A Prospective Phase I/II Study.
Drug Des. Dev. Ther. 2019, 13, 4331–4340. [CrossRef] [PubMed]

43. Ghoryani, M.; Shariati-Sarabi, Z.; Tavakkol-Afshari, J.; Ghasemi, A.; Poursamimi, J.; Mohammadi, M.
Amelioration of clinical symptoms of patients with refractory rheumatoid arthritis following treatment
with autologous bone marrow-derived mesenchymal stem cells: A successful clinical trial in Iran.
Biomed. Pharmacother. 2019, 109, 1834–1840. [CrossRef] [PubMed]

44. Fang, B.; Song, Y.; Li, N.; Li, J.; Han, Q.; Zhao, R. Resolution of Refractory Chronic Autoimmune
Thrombocytopenic Purpura Following Mesenchymal Stem Cell Transplantation: A Case Report. Transplant. Proc.
2009, 41, 1827–1830. [CrossRef]

45. Lechanteur, C.; Briquet, A.; Giet, O.; Delloye, O.; Baudoux, E.; Beguin, Y. Clinical-scale expansion of
mesenchymal stromal cells: A large banking experience. J. Transl. Med. 2016, 14, 145. [CrossRef]

46. Hynes, K.; Bright, R.; Proudman, S.; Haynes, D.; Gronthos, S.; Bartold, M.; Bartold, P.M. Immunomodulatory
properties of mesenchymal stem cell in experimental arthritis in rat and mouse models: A systematic review.
Semin. Arthritis Rheum. 2016, 46, 1–19. [CrossRef]

47. Liu, L.; Wong, C.W.; Han, M.; Farhoodi, H.P.; Liu, G.; Liu, Y.; Liao, W.; Zhao, W. Meta-analysis of preclinical
studies of mesenchymal stromal cells to treat rheumatoid arthritis. EBioMedicine 2019, 47, 563–577. [CrossRef]

48. Mennan, C.; Brown, S.J.; McCarthy, H.S.; Mavrogonatou, E.; Kletsas, D.; Garcia, J.; Balain, B.; Richardson, J.;
Roberts, S. Mesenchymal stromal cells derived from whole human umbilical cord exhibit similar properties
to those derived from Wharton’s jelly and bone marrow. FEBS Open Bio. 2016, 6, 1054–1066. [CrossRef]

49. Valencia, J.; Blanco, B.; Yañez, R.M.; Vázquez, M.; Sánchez, C.H.; Garcia, M.N.V.; Serrano, C.R.; Pescador, D.;
Blanco, J.F.; Hernando-Rodriguez, M.; et al. Comparative analysis of the immunomodulatory capacities
of human bone marrow– and adipose tissue–derived mesenchymal stromal cells from the same donor.
Cytotherapy 2016, 18, 1297–1311. [CrossRef]

50. Mattar, P.; Bieback, K. Comparing the Immunomodulatory Properties of Bone Marrow, Adipose Tissue,
and Birth-Associated Tissue Mesenchymal Stromal Cells. Front. Immunol. 2015, 6, 1418. [CrossRef]

51. Zhang, Q.; Li, Q.; Zhu, J.; Guo, H.; Zhai, Q.; Li, B.; Jin, Y.; He, X.; Jin, F. Comparison of therapeutic effects of
different mesenchymal stem cells on rheumatoid arthritis in mice. PeerJ 2019, 7, e7023. [CrossRef] [PubMed]

52. Gu, Y.; Shi, S. Transplantation of gingiva-derived mesenchymal stem cells ameliorates collagen-induced
arthritis. Arthritis Res. 2016, 18, 1–9. [CrossRef] [PubMed]

53. Chen, M.; Su, W.-R.; Lin, X.; Guo, Z.; Wang, J.; Zhang, Q.; Brand, D.D.; Ryffel, B.; Huang, J.; Liu, Z.; et al.
Adoptive Transfer of Human Gingiva-Derived Mesenchymal Stem Cells Ameliorates Collagen-Induced
Arthritis via Suppression of Th1 and Th17 Cells and Enhancement of Regulatory T Cell Differentiation.
Arthritis Rheum. 2013, 65, 1181–1193. [CrossRef] [PubMed]

54. Shu, J.; Pan, L.; Huang, X.; Wang, P.; Li, H.; He, X.; Cai, Z. Transplantation of human amnion mesenchymal
cells attenuates the disease development in rats with collagen-induced arthritis. Clin. Exp. Rheumatol.
2015, 33.

http://dx.doi.org/10.1136/annrheumdis-2017-eular.1106
http://dx.doi.org/10.1136/annrheumdis-2015-208918
http://dx.doi.org/10.1186/s12967-018-1541-4
http://dx.doi.org/10.1002/sctm.18-0031
http://www.ncbi.nlm.nih.gov/pubmed/30112846
http://dx.doi.org/10.2147/DDDT.S225613
http://www.ncbi.nlm.nih.gov/pubmed/31908418
http://dx.doi.org/10.1016/j.biopha.2018.11.056
http://www.ncbi.nlm.nih.gov/pubmed/30551438
http://dx.doi.org/10.1016/j.transproceed.2008.12.031
http://dx.doi.org/10.1186/s12967-016-0892-y
http://dx.doi.org/10.1016/j.semarthrit.2016.02.008
http://dx.doi.org/10.1016/j.ebiom.2019.08.073
http://dx.doi.org/10.1002/2211-5463.12104
http://dx.doi.org/10.1016/j.jcyt.2016.07.006
http://dx.doi.org/10.3389/fimmu.2015.00560
http://dx.doi.org/10.7717/peerj.7023
http://www.ncbi.nlm.nih.gov/pubmed/31198641
http://dx.doi.org/10.1186/s13075-016-1160-5
http://www.ncbi.nlm.nih.gov/pubmed/27836015
http://dx.doi.org/10.1002/art.37894
http://www.ncbi.nlm.nih.gov/pubmed/23400582


Cells 2020, 9, 1852 19 of 21

55. Parolini, O.; Souza-Moreira, L.; O’Valle, F.; Magatti, M.; Hernandez-Cortes, P.; Gonzalez-Rey, E.; Delgado, M.
Therapeutic Effect of Human Amniotic Membrane-Derived Cells on Experimental Arthritis and Other
Inflammatory Disorders. Arthritis Rheumatol. 2014, 66, 327–339. [CrossRef]

56. Cargnoni, A.; Gibelli, L.; Tosini, A.; Signoroni, P.B.; Nassuato, C.; Arienti, D.; Lombardi, G.; Albertini, A.;
Wengler, G.S.; Parolini, O. Transplantation of Allogeneic and Xenogeneic Placenta-Derived Cells Reduces
Bleomycin-Induced Lung Fibrosis. Cell Transplant. 2009, 18, 405–422. [CrossRef]

57. Lee, W.J.; Hah, Y.-S.; Ock, S.-A.; Lee, J.-H.; Jeon, R.-H.; Park, J.-S.; Lee, S.-I.; Rho, N.-Y.; Rho, G.-J.; Lee, S.-L.
Cell source-dependent in vivo immunosuppressive properties of mesenchymal stem cells derived from the
bone marrow and synovial fluid of minipigs. Exp. Cell Res. 2015, 333, 273–288. [CrossRef]

58. Rui, K.; Zhang, Z.; Tian, J.; Lin, X.; Wang, X.; Ma, J.; Tang, X.; Xu, H.; Lu, L.; Wang, S. Olfactory ecto-mesenchymal
stem cells possess immunoregulatory function and suppress autoimmune arthritis. Cell. Mol. Immunol. 2015,
13, 401–408. [CrossRef]

59. Tian, J.; Rui, K.; Tang, X.; Wang, W.; Ma, J.; Tian, X.; Wang, Y.; Xu, H.; Lu, L.; Wang, S. IL-17 down-regulates
the immunosuppressive capacity of olfactory ecto-mesenchymal stem cells in murine collagen-induced
arthritis. Oncotarget 2016, 7, 42953–42962. [CrossRef]

60. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef]

61. Mancheño-Corvo, P.; López-Santalla, M.; Menta, R.; Delarosa, O.; Mulero, F.; Del Rio, B.; Ramirez, C.;
Büscher, D.; Bueren, J.A.; Lopez-Belmonte, J.; et al. Intralymphatic Administration of Adipose Mesenchymal
Stem Cells Reduces the Severity of Collagen-Induced Experimental Arthritis. Front. Immunol. 2017, 8.
[CrossRef] [PubMed]

62. Gonzalez, M.A.; Gonzalez-Rey, E.; Rico, L.; Büscher, D.; Delgado, M. Treatment of experimental arthritis by
inducing immune tolerance with human adipose-derived mesenchymal stem cells. Arthritis Rheum. 2009,
60, 1006–1019. [CrossRef] [PubMed]

63. Greish, S.; Abogresha, N.; Abdel-Hady, Z.; Zakaria, E.; Ghaly, M.; Hefny, M. Human umbilical cord
mesenchymal stem cells as treatment of adjuvant rheumatoid arthritis in a rat model. World J. Stem Cells
2012, 4, 101–109. [CrossRef] [PubMed]

64. Kehoe, O.; Cartwright, A.; Askari, A.; El Haj, A.; Middleton, J. Intra-articular injection of mesenchymal stem
cells leads to reduced inflammation and cartilage damage in murine antigen-induced arthritis. J. Transl. Med.
2014, 12, 157. [CrossRef] [PubMed]

65. Liu, H.; Ding, J.; Li, C.; Wang, C.; Wang, Y.; Wang, J.; Chang, F. Hydrogel is Superior to Fibrin Gel as Matrix
of Stem Cells in Alleviating Antigen-Induced Arthritis. Polymers 2016, 8, 182. [CrossRef]

66. Kay, A.G.; Long, G.; Tyler, G.; Stefan, A.; Broadfoot, S.J.; Piccinini, A.M.; Middleton, J.; Kehoe, O. Mesenchymal
Stem Cell-Conditioned Medium Reduces Disease Severity and Immune Responses in Inflammatory Arthritis.
Sci. Rep. 2017, 7, 18019. [CrossRef]

67. Zhang, X.; Yamaoka, K.; Sonomoto, K.; Kaneko, H.; Satake, M.; Yamamoto, Y.; Kondo, M.; Zhao, J.;
Miyagawa, I.; Yamagata, K.; et al. Local Delivery of Mesenchymal Stem Cells with Poly-Lactic-Co-Glycolic
Acid Nano-Fiber Scaffold Suppress Arthritis in Rats. PLoS ONE 2014, 9, e114621. [CrossRef]

68. Djouad, F.; Fritz, V.; Apparailly, F.; Bony, C.; Sany, J.; Jorgensen, C.; Noel, D.; Louis-Plence, P. Reversal of the
immunosuppressive properties of mesenchymal stem cells by tumor necrosis factor α in collagen-induced
arthritis. Arthritis Rheum. 2005, 52, 1595–1603. [CrossRef]

69. Hu, J.; Li, H.; Chi, G.; Yang, Z.; Zhao, Y.; Liu, W.; Zhang, C. IL-1RA gene-transfected bone marrow-derived
mesenchymal stem cells in APA microcapsules could alleviate rheumatoid arthritis. Int. J. Clin. Exp. Med.
2015, 8, 706–713.

70. Swart, J.F.; De Roock, S.; Hofhuis, F.M.; Rozemuller, H.; Broek, T.V.D.; Moerer, P.; Broere, F.; Van Wijk, F.;
Kuis, W.; Prakken, B.; et al. Mesenchymal stem cell therapy in proteoglycan induced arthritis. Ann. Rheum. Dis.
2014, 74, 769–777. [CrossRef]

71. Lopez-Santalla, M.; Mancheño-Corvo, P.; Escolano, A.; Menta, R.; Delarosa, O.; Abad, J.L.; Büscher, D.;
Redondo, J.M.; Bueren, J.A.; Dalemans, W.; et al. Biodistribution and Efficacy of Human Adipose-Derived
Mesenchymal Stem Cells Following Intranodal Administration in Experimental Colitis. Front. Immunol.
2017, 8. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/art.38206
http://dx.doi.org/10.3727/096368909788809857
http://dx.doi.org/10.1016/j.yexcr.2015.03.015
http://dx.doi.org/10.1038/cmi.2015.82
http://dx.doi.org/10.18632/oncotarget.10261
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.3389/fimmu.2017.00462
http://www.ncbi.nlm.nih.gov/pubmed/28484460
http://dx.doi.org/10.1002/art.24405
http://www.ncbi.nlm.nih.gov/pubmed/19333946
http://dx.doi.org/10.4252/wjsc.v4.i10.101
http://www.ncbi.nlm.nih.gov/pubmed/23189211
http://dx.doi.org/10.1186/1479-5876-12-157
http://www.ncbi.nlm.nih.gov/pubmed/24893776
http://dx.doi.org/10.3390/polym8050182
http://dx.doi.org/10.1038/s41598-017-18144-w
http://dx.doi.org/10.1371/journal.pone.0114621
http://dx.doi.org/10.1002/art.21012
http://dx.doi.org/10.1136/annrheumdis-2013-204147
http://dx.doi.org/10.3389/fimmu.2017.00638
http://www.ncbi.nlm.nih.gov/pubmed/28642759


Cells 2020, 9, 1852 20 of 21

72. López-Santalla, M.; Mancheno-Corvo, P.; Escolano, A.; Menta, R.; Delarosa, O.; Redondo, J.M.; Bueren, J.A.;
Dalemans, W.; Lombardo, E.; Garín, M. Comparative Analysis between the In Vivo Biodistribution and
Therapeutic Efficacy of Adipose-Derived Mesenchymal Stromal Cells Administered Intraperitoneally in
Experimental Colitis. Int. J. Mol. Sci. 2018, 19, 1853. [CrossRef] [PubMed]

73. Augello, A.; Tasso, R.; Negrini, S.; Cancedda, R.; Pennesi, G. Cell therapy using allogeneic bone marrow
mesenchymal stem cells prevents tissue damage in collagen-induced arthritis. Arthritis Rheum. 2007,
56, 1175–1186. [CrossRef] [PubMed]

74. Papadopoulou, A.; Yiangou, M.; Athanasiou, E.; Zogas, N.; Kaloyannidis, P.; Batsis, I.; Fassas, A.;
Anagnostopoulos, A.; Yannaki, E. Mesenchymal stem cells are conditionally therapeutic in preclinical
models of rheumatoid arthritis. Ann. Rheum. Dis. 2012, 71, 1733–1740. [CrossRef] [PubMed]

75. Kim, J.-H.; Lee, Y.T.; Oh, K.; Cho, J.; Lee, D.-S.; Hwang, Y.-I. Paradoxical effects of human adipose
tissue-derived mesenchymal stem cells on progression of experimental arthritis in SKG mice. Cell. Immunol.
2014, 292, 94–101. [CrossRef] [PubMed]

76. Zhou, B.; Yuan, J.; Zhou, Y.; Ghawji, M.; Deng, Y.-P.; Lee, A.J.; Lee, A.J.; Nair, U.; Kang, A.H.; Brand, D.D.; et al.
Administering human adipose-derived mesenchymal stem cells to prevent and treat experimental arthritis.
Clin. Immunol. 2011, 141, 328–337. [CrossRef]

77. Mao, F.; Xu, W.; Qian, H.; Zhu, W.; Yan, Y.; Shao, Q.-X.; Xu, H.-X. Immunosuppressive effects of mesenchymal
stem cells in collagen-induced mouse arthritis. Inflamm. Res. 2009, 59, 219–225. [CrossRef]

78. Choi, E.W.; Shin, I.S.; Song, J.W.; Lee, M.; Yun, T.W.; Yang, J.; Choi, K.-S.; Kim, S.-J. Effects of Transplantation
of CTLA4Ig-Overexpressing Adipose Tissue-Derived Mesenchymal Stem Cells in Mice with Sustained Severe
Rheumatoid Arthritis. Cell Transplant. 2016, 25, 243–259. [CrossRef]

79. Gao, J.; Zhang, G.; Xu, K.; Ma, D.; Ren, L.; Fan, J.; Hou, J.; Han, J.; Zhang, L. Bone marrow mesenchymal
stem cells improve bone erosion in collagen-induced arthritis by inhibiting osteoclasia-related factors and
differentiating into chondrocytes. Stem Cell Res. Ther. 2020, 11, 1–14. [CrossRef]

80. Luz-Crawford, P.; Tejedor, G.; Beaulieu, E.; Jorgensen, C.; Noel, D.; Djouad, F.; Mausset-Bonnefont, A.;
Morand, E.F. Glucocorticoid-Induced Leucine Zipper Governs the Therapeutic Potential of Mesenchymal Stem
Cells by Inducing a Switch From Pathogenic to Regulatory Th17 Cells in a Mouse Model of Collagen-Induced
Arthritis. Arthritis Rheumatol. 2015, 67, 1514–1524. [CrossRef]

81. Cosenza, S.; Toupet, K.; Maumus, M.; Luz-Crawford, P.; Blanc-Brude, O.; Jorgensen, C.; Noël, D. Mesenchymal
stem cells-derived exosomes are more immunosuppressive than microparticles in inflammatory arthritis.
Theranostics 2018, 8, 1399–1410. [CrossRef] [PubMed]

82. Varkouhi, A.K.; Monteiro, A.P.T.; Tsoporis, J.N.; Mei, S.H.J.; Stewart, D.J.; Dos Santos, C.C. Genetically
Modified Mesenchymal Stromal/Stem Cells: Application in Critical Illness. Stem Cell Rev. Rep. 2020, 1–16.
[CrossRef] [PubMed]

83. Park, N.; Rim, Y.A.; Jung, H.; Kim, J.; Yi, H.; Kim, Y.; Jang, Y.; Jung, S.M.; Lee, J.; Kwok, S.-K.; et al.
Etanercept-Synthesising Mesenchymal Stem Cells Efficiently Ameliorate Collagen-Induced Arthritis. Sci. Rep.
2017, 7, 39593. [CrossRef] [PubMed]

84. Liu, L.N.; Wang, G.; Hendricks, K.; Lee, K.; Bohnlein, E.; Junker, U.; Mosca, J.D. Comparison of Drug and
Cell-Based Delivery: Engineered Adult Mesenchymal Stem Cells Expressing Soluble Tumor Necrosis Factor
Receptor II Prevent Arthritis in Mouse and Rat Animal Models. Stem Cells Transl. Med. 2013, 2, 362–375.
[CrossRef] [PubMed]

85. Alvaro-Gracia, J.M.; Jover, J.A.; Garcia-Vicuña, R.; Carreño, L.; Alonso, A.; Marsal, S.; Blanco, F.J.;
Martínez-Taboada, V.M.; Taylor, P.C.; Díaz-González, F.; et al. Phase IB/IIA study on intravenous
administration of expanded allogeneic adipose-derived mesenchymal stem cells in refractory rheumatoid
arthritis patients. Proceeding of 2013 ACR/ARHP Annual Meeting, San Diego, CA, USA, 25–30 October 2013.
Abstract Number 2644.

86. He, X.; Yang, Y.; Yao, M.; Yang, L.; Ao, L.; Hu, X.; Li, Z.; Wu, X.; Tan, Y.; Xing, W.; et al. Combination of
human umbilical cord mesenchymal stem (stromal) cell transplantation with IFN-γ treatment synergistically
improves the clinical outcomes of patients with rheumatoid arthritis. Ann. Rheum. Dis. 2020. [CrossRef]

87. Ghoryani, M.; Shariati-Sarabi, Z.; Tavakkol-Afshari, J.; Mohammadi, M. The Sufficient Immunoregulatory
Effect of Autologous Bone Marrow-Derived Mesenchymal Stem Cell Transplantation on Regulatory T Cells
in Patients with Refractory Rheumatoid Arthritis. J. Immunol. Res. 2020, 2020, 1–8. [CrossRef]

http://dx.doi.org/10.3390/ijms19071853
http://www.ncbi.nlm.nih.gov/pubmed/29937494
http://dx.doi.org/10.1002/art.22511
http://www.ncbi.nlm.nih.gov/pubmed/17393437
http://dx.doi.org/10.1136/annrheumdis-2011-200985
http://www.ncbi.nlm.nih.gov/pubmed/22586171
http://dx.doi.org/10.1016/j.cellimm.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25460084
http://dx.doi.org/10.1016/j.clim.2011.08.014
http://dx.doi.org/10.1007/s00011-009-0090-y
http://dx.doi.org/10.3727/096368915X688470
http://dx.doi.org/10.1186/s13287-020-01684-w
http://dx.doi.org/10.1002/art.39069
http://dx.doi.org/10.7150/thno.21072
http://www.ncbi.nlm.nih.gov/pubmed/29507629
http://dx.doi.org/10.1007/s12015-020-10000-1
http://www.ncbi.nlm.nih.gov/pubmed/32671645
http://dx.doi.org/10.1038/srep39593
http://www.ncbi.nlm.nih.gov/pubmed/28084468
http://dx.doi.org/10.5966/sctm.2012-0135
http://www.ncbi.nlm.nih.gov/pubmed/23592838
http://dx.doi.org/10.1136/annrheumdis-2020-217798
http://dx.doi.org/10.1155/2020/3562753


Cells 2020, 9, 1852 21 of 21

88. Shabgah, A.G.; Shariati-Sarabi, Z.; Tavakkol-Afshari, J.; Ghasemi, A.; Ghoryani, M.; Mohammadi, M.
A significant decrease of BAFF, APRIL, and BAFF receptors following mesenchymal stem cell transplantation
in patients with refractory rheumatoid arthritis. Gene 2020, 732, 144336. [CrossRef]

89. Shabgah, A.G.; Shariati-Sarabi, Z.; Tavakkol-Afshari, J.; Ghoryani, M.; Mohammadi, M. Possible
anti-inflammatory effects of mesenchymal stem cells transplantation via changes in CXCL8 levels in
patients with refractory rheumatoid arthritis. Int. J. Mol. Cell. Med. 2019, 8, 191–199. [CrossRef]

90. Gronthos, S.; Zannettino, A.C.; Hay, S.J.; Shi, S.; Graves, S.; Kortesidis, A.; Simmons, P.J. Molecular and
cellular characterisation of highly purified stromal stem cells derived from human bone marrow. J. Cell Sci.
2003, 116, 1827–1835. [CrossRef]

91. Panés, J.; Garcia-Olmo, D.; Van Assche, G.; Colombel, J.F.; Reinisch, W.; Baumgart, D.C.; Dignass, A.;
Nachury, M.; Ferrante, M.; Kazemi-Shirazi, L.; et al. Long-term Efficacy and Safety of Stem Cell Therapy
(Cx601) for Complex Perianal Fistulas in Patients With Crohn’s Disease. Gastroenterology 2018, 154, 1334–1342.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.gene.2020.144336
http://dx.doi.org/10.22088/IJMCM.BUMS.8.3.191
http://dx.doi.org/10.1242/jcs.00369
http://dx.doi.org/10.1053/j.gastro.2017.12.020
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Preclinical Studies 
	Clinical Studies 
	Completed Studies 
	Active Clinical Trials 

	Conclusions 
	References

