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Abstract

Background: Graft-versus-host disease (GVHD) is a common fatal complication of hematopoietic stem cell trans-
plantation (HSCT), where steroids are used as a treatment option. However, there are currently no second-line
treatments for patients that develop steroid-resistance (SR). Mesenchymal stem cells (MSCs) have immunomodula-
tory functions and can exert immunosuppressive effects on the inflammatory microenvironment. A large number of
in vitro experiments have confirmed that MSCs can significantly inhibit the proliferation or activation of innate and
adaptive immune cells. In a mouse model of GVHD, MSCs improved weight loss and increased survival rate. Therefore,
there is great promise for the clinical translation of MSCs for the prevention or treatment of GVHD, and several clinical
trials have already been conducted to date.

Main body: In this study, we searched multiple databases and found 79 clinical trials involving the use of MSCs to
prevent or treat GYHD and summarized the characteristics of these clinical trials, including study design, phase, status,
and locations. We analyzed the results of these clinical trials, including the response and survival rates, to enable
researchers to obtain a comprehensive understanding of the field's progress, challenges, limitations, and future devel-
opment trends. Additionally, factors that might result in inconsistencies in clinical trial results were discussed.

Conclusion: In this study, we attempted to analyze the clinical trials for MSCs in GVHD, identify the most suitable
group of patients for MSC therapy, and provide a new perspective for the design of such trials in the future.
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Introduction 2019 according to the statistics from the Center for Inter-

Hematopoietic stem cell transplantation (HSCT) is the
best treatment modality for patients with hematological
diseases that are incurable by conventional therapy [1-3].
HSCT procedures continue to increase annually, with
more than 22,000 procedures performed in the USA in
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national Blood and Marrow Transplant Research (CIB-
MTR), including more than 14,000 cases of autologous
HSCT and more than 8000 cases of allogeneic HSCT [4].
In the same year, nearly 10,000 cases of allogeneic HSCT
were accomplished in China [5]. During HSCT, trans-
planted immunocompetent lymphocytes can extensively
recognize recipient antigens. These immune responses
develop in a proinflammatory microenvironment
resulting in clinical manifestations of GVHD, includ-
ing rashes, elevated serum bilirubin levels, and diarrhea
[6, 7]. In HSCT performed on HLA-identical siblings,
acute GVHD (aGVHD) incidence is approximately 40%,
reaching 80% for HLA-mismatched unrelated donors
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[8]. Acute GVHD is classified into four categories based
on the severity of its manifestation: I (mild), II (moder-
ate), III (severe), and IV (very severe) [9]. Furthermore,
35-50% of patients undergoing HSCT develop chronic
GVHD (cGVHD) [10]. In attempts to control GVHD,
various immunosuppressants have been used in the clini-
cal prophylaxis and treatment of GVHD [11]. A steroid
regimen remains the standard treatment, with less than
50% effectiveness [12] and no standard second-line treat-
ment is currently available [13]. Patients with severe
GVHD have dismal overall survival rates, with 25% for
grade III and 5% for grade IV [14]. GVHD poses a grow-
ing threat to patient survival. Therefore, new effective
treatment methods are warranted.

Mesenchymal stem cells (MSCs; also referred to as
mesenchymal stromal cells) [15] are adherent fibroblast-
like cells, capable of self-renewal and differentiation into
chondrocytes, osteocytes, and adipocytes [16]. In terms
of their phenotype, they are typically identified by their
co-expression of CD29, CD44 [17, 18], CD73, CD90,
CD105, and Sca-1 [19], and their non-expression of
hematopoietic markers CD34, CD45, and CD11b [20].
Sufficiently high levels of proinflammatory cytokines can
induce MSCs to exert immunosuppressive effects, mak-
ing them suitable for controlling aberrant inflammatory
responses [21, 22]. Bartholomew et al. [23] first reported
that MSCs could prolong skin graft survival compared to
the control group. Since then, many in vivo and in vitro
experiments have demonstrated that MSCs have immu-
nomodulatory capacities [24, 25], making them an ideal
alternative to conventional immunosuppressants for
GVHD. Mouse models have shown that injecting MSCs
after bone marrow (BM) transplantation reduces the pro-
gression of GVHD [26-28]. Therefore, substantial clinical
trials have been performed to evaluate the safety and effi-
cacy of MSCs in steroid-resistance (SR) GVHD preven-
tion or treatment.

Overview of clinical trials

To comprehensively analyze clinical trials of MSCs for
GVHD prevention or treatment, firstly, we searched
the keywords "MSCs" OR “mesenchymal stem cells”
OR “mesenchymal stromal cells” AND "GVHD" OR
“graft versus host disease” on http://clinicaltrials.gov
and obtained 67 results. After analyzing every retrieved
result, 14 irrelevant clinical trials were excluded. Next,
we searched the International Clinical Trials Registry
Platform (ICTRP) search portal, the WHO’s interna-
tional clinical trial registration platform, with links to
clinical trial registration platforms of different countries.
Using the same keywords as above, we searched clinical
trial registry platforms in each listed country or region,
excluding 7 trials that had already been registered on
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http://clinicaltrials.gov, and found additional 26 trials (7
trials on Chinese Clinical Trial Registry (ChiCTR), 5 on
Japan Primary Registries Network (JPRN), 1 on Clinical
Research Information Service (CRiS), Republic of Korea,
1 on Iranian Registry of Clinical Trials (IRCT), 9 on EU
Clinical Trials Register, and 3 on Australian New Zealand
Clinical Trials Registry (ANZCTR)) (Additional file 1:
Table S1). Consequently, 79 clinical trials were selected
(Fig. 1) with a total of 4710 subjects enrolled (Additional
file 2: Table S2). We numbered all the retrieved clinical
trials (Additional file 1: Table S1), when a clinical trial is
mentioned again below, we will use its number instead of
its complete NCT or ID number. Except for clinical trials
No.50 and No.51, with expanded access study type, and
trial No.57, with observational study type, all others were
interventional. Except for trial No.12, terminated after
including one male patient, other clinical trials included
both male and female patients. We analyzed the study
design, phase, locations, and other characteristics of the
79 clinical trials.

Fifty-seven clinical trials were open-label; 9 were
double-blinded for the participants and care providers;
3 were triple-blinded for the participants, care provid-
ers, and investigators; 1 was quadruple-blinded for the
participants, care providers, investigators, and outcome
assessors. Thirty-three clinical trials were randomized, 18
were non-randomized. 36 clinical trials were carried out
in one center, and 40 were multi-center studies. The main
intervention models were single-group assignment and
parallel assignment. One study used a crossover assign-
ment, while 3 used sequential assignments (Fig. 2).

As of November 2021, at least one new clinical trial
involving the use of MSCs to mitigate GVHD has been
registered every year from 2004 to 2021, with a peak of 8
studies commencing in 2007. As shown in Fig. 3, clinical
trials of MSCs to prevent or treat GVHD have gradually
increased from 2004 to 2007 and remained steady from
2008 to 2017, but significantly decreased from 2018 to
2020, perhaps due to the increased international scrutiny
of clinical trials using MSCs. In 2018, two clinical tri-
als using MSCs led to blindness in patients in the USA,
resulting in an overall decrease in the number of clinical
trials involving MSCs in the following three years and
the number of clinical trials targeting MSCs for GVHD
prevention or treatment. Figure 4 lists the start and com-
pletion dates for each clinical trial. The duration of clini-
cal trials ranged from 9.5 months to 14 years. The mean
duration was 4.19 £2.70 years.

The clinical trials were conducted in 25 countries.
China hosted the largest number, with 19 trials con-
ducted, followed by the USA, which hosted 14 trials. Bel-
gium was in third place, having hosted or participated in
8 trials. These clinical trials covered all continents except
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Fig. 1 Flow chart of clinical trials involving MSC prevention or therapy for GVHD selected. Others represents Iranian Registry of Clinical Trials (IRCT),
EU Clinical Trials Register, and Australian New Zealand Clinical Trials Registry (ANZCTR)
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Fig. 2 Study design of clinical trials involving MSC prevention or therapy for GVHD. A Masking of clinical trials, B allocation of clinical trials, C
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Africa and Antarctica (Fig. 5). The results are, therefore,
of reference value.

There were 15 phase 1 clinical trials, 22 phase 2 trials,
and 19 phase 1+ 2 trials, accounting for 19%, 28%, and
24%, respectively. The three phases of trials accounted for
71% of all included. Therefore, most trials are in the early

phases, and the results from these trials need to be fur-
ther tested in advanced-phase trials. There were 12 phase
3 trials and 6 phase 2 + 3 trials (Fig. 6A).

The status of clinical trials includes recruiting, ongo-
ing, and completed trials. Among the enrolled 79 tri-
als, 12 were still recruiting, 5 were ongoing, and 27
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were completed. Notably, three trials were terminated:
No.12, due to unavailability of cellular product of bone
marrow-derived MSCs (BMMSCs); No.23, due to new
requirements for study approval by the Swedish Medical
Products Agency; and No.39, due to very slow recruit-
ment. Clinical trials No.29 and No.52 were withdrawn,
while trials No.50 and No.51 were no longer available for
unknown reasons (Fig. 6B).

Patients were categorized as children under 18 years
old, adults between 18 and 60 years old, and adults over
60 years old. Nearly half of the clinical trials had no pre-
defined age limit and included patients of all ages. Four
clinical trials were designed specifically for children,
whereas 20 clinical trials did not enroll children. Ten tri-
als excluded older patients (Fig. 6C).

Although there are reports of MSCs isolated from
patients with active acute lymphoblastic leukemia (ALL),
acute myeloid leukemia (AML), multiple myeloma (MM),
and pre-existing or evolving GVHD [29], it usually takes
several weeks for autologous MSCs to be expanded
in vitro to produce sufficient numbers of cells for thera-
peutic use, indicating infeasibility for use in aGVHD
patients. In contrast, allogeneic MSCs originate from
healthy donors, and physicians can preliminarily predict
the immunosuppressive ability of MSCs from the results
of in vitro potency assays and select batches suitable for
the patient’s condition. Of the 79 clinical trials included
in this study, 53 used allogeneic MSCs, 2 used autolo-
gous MSCs, and 2 used both. Only 2% of the trials used
autologous MSCs in GVHD therapy (Fig. 6D), aligning
with the findings of survey on cellular and engineered tis-
sue therapies in Europe [30]. This represents a shift from
autologous to allogeneic MSCs in clinical trials, since
allogeneic MSCs are instantly available off-the-shelf.

Fifty-five clinical trials elucidated the tissue sources
of their MSCs. Amongst these, BMMSCs were the most
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commonly used, followed by umbilical cord-derived
MSCs (UCMSCs), amnion-derived MSCs, and adipose
tissue-derived MSCs (ATMSCs). Other tissue sources
included Wharton’s jelly (W]), placenta, and fetal tissue
(Fig. 7). Notably, clinical trial No.35 used induced pluri-
potent stem cells (iPSCs)-derived MSCs for the treatment
of aGVHD because the indefinite proliferation of pluri-
potent stem cell lines could overcome the poor scalability
of primary MSCs and help avoid inconsistent clinical trial
results due to inter-donor variability.

There were 79 clinical trials in which MSCs were used
for GVHD; in 17 and 62, MSCs were used to prevent and
treat GVHD, respectively. In trials involving using MSCs
to treat GVHD, there were 41 cases of aGVHD, account-
ing for 52% of all the trials, 10 cases of cGVHD and 10
cases of both acute and chronic GVHD. In trials using
MSCs to prevent GVHD, there were 5 cases of aGVHD,
2 cases of cGVHD and 7 cases of both (Fig. 8). The safety
and efficacy of MSCs in the treatment of aGVHD were
the primary focus of these trials.

Results of clinical trials
Le Blanc et al. [31] reported a case of a 9-year-old boy
with SR grade IV aGvHD who received MSCs twice after
HSCT, with significant relief of symptoms after each
infusion. The boy survived for more than 1 year. In con-
trast, 24 grade IV aGvHD patients from the same center
who did not receive MSCs died an average of 2 months
after HSCT. These encouraging results sparked inter-
est in MSC therapy for GVHD, and a multicenter study
conducted to determine whether MSCs could ameliorate
GVHD yielded satisfactory results [32]. Fifty-five patients
with SR aGvHD were treated, 30 of which showed com-
plete response (CR). Moreover, these CR patients had
a 55% overall survival rate for 2 years. Since then, more
clinical trials using MSCs to prevent or treat GVHD have
been conducted, most with promising results. As sum-
marized in Tables 1 and 2, nearly all enrolled patients
had grade II-IV aGVHD or moderate to severe cGVHD,
and most were SR. Both pediatric and adult patients were
included, with ages ranging from 2 months to 72 years.
The highest 28-day overall response (OR) rate reached
100% (clinical trials No.44 and No.53), and CR reached
87.5% (trial No.44), much higher than that of GVHD with
steroid therapy (OR, ~50%; CR, ~30%) [33]. It is difficult
to compare the overall survival (OS) rate due to differing
deadlines of survival observation in different clinical tri-
als, but in nearly all clinical trials, the OS of patients who
responded to MSCs was significantly higher than that of
those who did not.

In contrast to these desirable outcomes, low response
rates or no benefit over placebo has been documented
in clinical trials, among which, the CR of trial No.7 was
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Fig. 4 Startand completion time of each clinical trial involving MSC prevention or therapy for GVHD. Because the status of clinical trials No.50 and
No.51 is“no longer available”and trial No.52 is “withdrawn’, the start and completion times were not shown in https://clinicaltrials.gov/. Trials No.67,
No0.68, No.69 and No.70 also did not register the start and completion time
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USA. Subsequent subgroup analyses, however, confirmed
that MSCs were more effective than placebo in pediatric
patients. In the following year, clinical trial No.50 using
Remestemcel-L (Prochymal®, Osiris Therapeutics Inc.,
Columbia, MD) to treat pediatric GVHD was conducted
in Canada, New Zealand, and other countries, achieved
satisfactory results, leading to the approval of Prochymal
in Canada for pediatric GVHD on May 17, 2012. Later in
Japan, phase I/II and II/III clinical trials No.64 and No.65
applying this product to treat SR aGVHD achieved satis-
factory results [34, 35]. The Japanese Ministry of Labor
and Welfare approved its marketing on September 15,
2015. However, in the USA and Europe, patients with
aGVHD can obtain MSC treatment only by participating
in clinical trials [36]. In 2015, clinical trial No.27 was con-
ducted in the USA to validate the effectiveness of Remes-
temcel-L in pediatric aGVHD patients. The 28-day OR
reached 70.4% and the 180-day OS reached 68.5% [37].
With publication of these favorable results, Mesoblast,
Inc. applied to FDA for the listing of Remestemcel-L for
SR aGVHD treatment in children [38]. Meanwhile, clini-
cal trial No.44 to confirm the effectiveness of Prochy-
mal in adult patients is ongoing. The complex biological
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variability of MSCs, combined with the complex patho-
genesis of GVHD, diverse patient characteristics, and the
diversity of administration protocols, contributed to the
discrepancies between clinical trial outcomes (Fig. 9).

Reasons for erratic results of clinical trials
Heterogeneity of MSCs
MSC donors
MSC gene expression, proliferation, differentiation, and
colony-forming capacity vary markedly among donors
[39]. The same research team conducted a phase II study
(No.2) and a hospital exemption program. As the two
studies shared the same protocol, researchers pooled the
two cohorts together, covering a total of 102 patients suf-
fering from SR aGVHD receiving MSC infusions derived
from 12 different donors. Researchers observed a sig-
nificant survival benefit for patients treated with MSCs
derived from young (<10 years old) compared to older
(>10 years old) donors. In the multivariate analysis, MSC
donor age remained a significant predictive independent
variable for OS (p=0.025) [40]. Researchers performed
a transcriptome analysis of MSCs derived from young
donors compared with older donors and found 104 dif-
ferentially expressed genes (DEG). Among them, 31
genes were up-regulated and 73 were down-regulated,
suggesting that MSCs from younger donors have unique
molecular characteristics [41]. Further analysis of these
DEGs showed that Eph receptor B2 (EphB2), involved
in the inhibition of T cell activity, SRY-box transcrip-
tion factor 11 (SOX11), and tripartite motif containing
59 (TRIM59), which promotes MSC differentiation, were
associated with the outcomes of GVHD treated by MSCs.
Kuzmina and Shipounova conducted a phase II pro-
spective randomized clinical trial (No.21), to determine
whether MSCs could reduce the incidence of GVHD
after HSCT based on standard prophylaxis. Results
showed that after the administration of MSCs, the inci-
dence of grade II-IV aGVHD 100-days after transplan-
tation was significantly lower than that of the standard
prophylaxis group (p=0.041), while the OS was signifi-
cantly higher than that of the standard prophylaxis group
(p<0.05). This data indicates that MSCs can effectively
prevent the incidence of aGVHD after HSCT [42]. How-
ever, some patients in the standard prophylaxis+MSCs
group developed aGVHD, and researchers compared
these MSCs with those that could effectively prevent
GVHD and found differences in the relative expression
levels of some genes. The expression level of pro-mitotic
fibroblast growth factor receptor 1 (FGFR1) was lower in
MSCs which could not prevent GVHD, and the expres-
sion levels of peroxisome proliferator-activated recep-
tor gamma (PPARG) and insulin like growth factor 1
(IGF1), biomarkers associated with MSC differentiation
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and senescence, were significantly higher, indicating that
senescent MSCs are worse at preventing aGVHD [43].
Thus, the age of the MSC donor can directly affect the
efficacy of MSCs in GVHD prophylaxis and therapy, and
unclear donor profiles could result in inconsistent clinical
trial results.

MSC source

MSCs are mainly divided into BMMSCs, UCMSCs,
ATMSCs, Wharton’s jelly MSCs, placenta MSCs, and
fetal liver MSCs (FLMSCs) [44, 45]. MSCs from differ-
ent sources share common characteristics, but also dis-
play phenotypic and functional differences [46]. The

proportion of BMMSCs is the highest in clinical trials
applying MSCs to prevent or treat GVHD, accounting
for 43% (Fig. 7). However, the process of obtaining BM
is invasive and poses risks to the donor, such as bleed-
ing and infection at the puncture sites. UCMSCs can be
obtained more easily, and express embryonic stem cell
markers such as Tra-1-60, Tra-1-81, and stage-spe-
cific embryonic antigen-1 and 4 [47]. They proliferate
faster in vitro [48] and show reduced immunogenicity
and stronger immunosuppressive effects compared to
BMMSCs [49], making them ideal candidates for GVHD.
Likewise, the broad accessibility and the simple proce-
dure for obtaining ATMSCs make them an attractive
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option for cell therapy [50]. Moreover, in the context of
HSCT, ATMSCs may be more effective than BMMSCs
because although both have similar immunosuppressive
effects on T cell proliferation, ATMSCs preserve NK cell
activity and promote graft versus leukemia (GVL) effect
[51].

So far, no clinical trials have directly compared the effi-
cacy of MSCs from different sources; the most appro-
priate source for GVHD remains unclear. A preclinical
study compared the ability of BMMSCs, ATMSCs, and
UCMSCs to treat GVHD in NSG-HLA-A2 mice infused
with peripheral blood mononuclear cells from non-HLA-
A2 donors. This model mimics GVHD pathogenesis in
humans [52]. The results showed that UCMSCs induce
Tregs more potently than BMMSCs, while BMMSCs
induce higher levels of IL107CD4%, IFNyTCD8" cells
and Th17 cells. Moreover, researchers observed a higher
expression of HLA-DR in Tconv cells in the BMMSCs
group than in the UCMSCs group on day 28. There-
fore, unlike UCMSCs and ATMSCs, BMMSCs in an
inflammatory environment potentially induce a rapid
proinflammatory reaction before exerting their immu-
nosuppressive properties. Thus, the BMMSCs, while
the most widely used MSCs in clinical trials, may not be
optimum.

Yu et al. compared the immunomodulatory proper-
ties of FLMSCs and BMMSCs and demonstrated that
FLMSCs played a more potent and lasting immunosup-
pressive function than BMMSCs by inhibiting the pro-
liferation and activation of CD4" and CD8" T cells and
inducing T regs [45]. However, clinical trials of FLM-
SCs for GVHD prophylaxis or therapy have not been
conducted. Currently, there has been one clinical trial
(No0.36) evaluating the safety and efficacy of fetal MSCs in
the treatment of GVHD, but which fetal tissue was used
in this trial has not been specified, and the results have
not been reported yet. Based on the strong and persistent
immunosuppressive ability of FLMSCs, clinical trials on
the prevention or treatment of GVHD using FLMSCs are
expected to be carried out as soon as possible.

In addition, researchers should continue to compare
the immunosuppressive function of MSCs from differ-
ent sources, clarify the mechanisms of their differences,
and then to verify the findings in clinical trials, and finally
determine the most suitable MSC source for GVHD.

Variability in MSC manufacturing

The quality of MSCs is influenced by many factors dur-
ing isolation and cultivation, among which expansion
conditions, mainly different medium compositions,
are crucial. Researchers compared the most commonly
used media supplements, fetal bovine serum (FBS), and
human-derived blood products, including human serum
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and platelet lysate (PL), and their effects on the immu-
nomodulatory potency of MSCs [47]. The use of PL in
MSC expansion has been shown to maintain its immu-
nomodulatory potential [53]. In clinical trials using MSCs
expanded in human serum and/or PL to treat GVHD,
including No.1, No.7 and No.53, the overall response
(OR) rate measured on day 28 ranged between 58.8 and
71.4% [54-56]. However, a meta-analysis showed that
SR aGVHD patients achieved slightly better OR when
FBS was used for MSC culture than human serum [57],
because human serum contains functional complements,
which bind to MSCs and cause their lysis [56]. Therefore,
researchers searched for more suitable supplements for
MSC resuscitation and culture. In clinical trial No.53,
researchers replaced serum with albumin and found that,
compared with the addition of serum, the cell viability of
albumin group (serum group: 90%; albumin group: 95%;
p<0.001) and the patient’s 28-day OR (serum group:
58.8%; albumin group: 100%; p=0.013) and 1-year OS
(serum group: 47%; albumin group: 76%; p=0.016) were
significantly higher. However, the MSCs used in this
trial came from placenta, and there was no comparison
between albumin and FBS. Therefore, in future clinical
trials, this method should be first applied to BMMSCs or
UCMSCs, more commonly used in trials, and compare
the response rate and survival rate of GVHD patients to
MSCs supplemented with albumin and FBS directly.

The more homogeneous the MSC product, the better
the efficacy, the less treatment dose required, and there-
fore the less likely it is to cause adverse events. However,
MSCs used in current clinical trials are mostly non-clonal;
such MSCs may contain other cell types in the final prod-
uct. There are some concerns regarding the heterogeneity
caused by these non-clonal MSCs. With advancements
in cell isolation and culture technology, researchers can
now generate single-cell-derived clonal MSC lines. Clini-
cal trial No.45, which used bone marrow-derived clonal
MSCs to treat GVHD, was completed. The OR was 40%
at 1 week after treatment with only one dose of MSCs
at 1x10° MSCs/kg. During the 5-week post-infusion,
no serious adverse events occurred and the OS reached
91% [58]. Since iPSC-derived MSCs (CYP-001) can effec-
tively treat the aGVHD model of humanized mice [59],
researchers have conducted a phase 1 multicenter clinical
trial (No.35) to treat SR aGVHD patients with CYP-001,
which was the first clinical trial to be completed using
iPSC-derived MSCs. This has significant implications
for GVHD and other diseases that can be treated with
primary MSCs. The results showed that the 28-day OR
reached 73.3%, and the 100-day OS reached 86.7%, which
was no less than BMMSCs [39]. Other clinical trials
(No.36 and No.48) to evaluate the safety and efficacy of
clonal MSCs in the therapy of GVHD are underway. Even
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small variations in the isolation and culture protocol can
significantly influence the yield, quality, and composition
of the MSC population, leading to inconsistent results in
clinical trials. A better understanding of the impact of
preparation process on the immunomodulatory proper-
ties of clinical-grade MSCs will greatly promote future
therapeutic applications.

Various patient characteristics

The role of MSC recipients in predicting clinical out-
comes is crucial [60]. When MSCs from the same donor
were used to treat several patients, the response level of
patients was different, suggesting a key role of patient
characteristics in determining the response to MSC
treatment [61].

Age of patients

The age profile of patients profoundly influences the out-
come of clinical trials [62, 63]. A multicenter randomized
clinical trial (No.42) was conducted to evaluate the effec-
tiveness of Prochymal (Ex vivo Cultured Human MSCs)
in addition to second-line therapy in the treatment of SR
aGVHD during 2006—-2009 [64]. A total of 260 patients,
ranging from 6 months to 70 years old, were enrolled
and received Prochymal or placebo. The durable com-
plete response (DCR) in the Prochymal group was not
greater than that in the placebo group (35% versus 30%;
p=0.42). The investigators divided the patients into
subgroups, analyzed the outcomes further, and found
that pediatric patients had a higher OR with Prochymal
compared to placebo (64% versus 23%; p=0.05). Upon
comparing the age composition of Prochymal group and
placebo group, we found that children were underrepre-
sented in the former. Patients younger than 18 years old
accounted for 8.6% in Prochymal group and 16.0% in
placebo group. This imbalance between treatment arms
probably resulted in failure of MSCs to show better effi-
cacy than the placebo. Six years after the completion of
trial No.42, trial No.27 of the same ex vivo expansion
MSCs (remememcel-L) for the treatment of SR aGVHD
specifically in children was conducted, which enrolled
only patients aged 2 months to 17 years, showing an
OR of 70.4% at 28 days, higher than 45% of prespecified
control (p=0.0003), and the OS at 180 days was 68.5%.
Therefore, as a choice for children with SR aGVHD,
remememecel-L has a significant effect. Compared with
trial No.42, the doses and frequency of MSCs were iden-
tical in both clinical trials, except for the age composi-
tion of the patients. In both children and adults, MSC
therapy reduced the proportion of pro-inflammatory Th1
cells, but could only increase the level of Treg in children
[65], not in adults [66]. This makes the Th1/Treg ratio
of pediatric patients further develop in the direction of
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anti-inflammatory, explaining why children have a higher
OR to MSCs than adults. In addition, children have a
higher response rate than adults probably because chil-
dren are more likely to receive MSCs as a second-line
therapy directly after SR. In contrast, adults are more
often switched to other immunosuppressants, and are
not usually administered with MSCs until they experi-
ence two to six lines of failure [54]. Patients enrolled in
trial No.27 did not receive any other immunosuppressive
agents after SR, whereas all patients in No.42 received
other second-line therapies. Certainly, trial No.27 still has
some shortcomings in study design, such as open-label,
unknown randomization, no placebo control, and only
54 included patients. Besides trial No.27, clinical trials
specifically for children registered on http://clinicaltrials.
gov were No.12 and No.50. Although the latter achieved
satisfactory results, with the 28-day OR reaching 65.1%
and 100-day OS reaching 66.9% under the background
that 190 (78.8%) patients received > 3 second-line thera-
pies before initiation of MSC therapy, and demonstrated
that OR of patients younger than 10 years old was signifi-
cantly higher than that of pediatric patients aged 10 years
or more (71.2% vs 58.6%; p =0.041) [67], these two clini-
cal trials were terminated and are no longer available.
Only clinical trial No.54 registered on ICTRP was spe-
cifically for children and it is currently recruiting sub-
jects. Therefore, the next step is to conduct large-scale,
randomized, blinded, placebo-controlled clinical trials to
verify the efficacy of MSCs in preventing or treating SR
aGVHD in pediatric patients.

Biomarkers of patients

Dander et al. [65] identified and validated interleukin 2
receptor alpha (IL-2Ra), tumor necrosis factor receptor
(TNFR) I, and elafin as reliable to predict the response
of patients with GVHD to MSCs. After MSC infu-
sion, the patients with CR showed a significantly dif-
ferent variation trend from those with partial response
(PR) or no response (NR). Although some patients had
similar GVHD clinical scores, they had different pre-
MSC treatment biomarker levels. Patients who did not
respond to MSCs had higher levels of TNFRI, IL-2Ra,
elafin, cytokeratin fragment 18 (CK18), and suppression
of tumorigenicity 2 (ST2) than those who responded
prior to MSC infusion, demonstrating that these markers
may be reliable indicators for predicting the response to
MSCs [68]. There are even markers that can predict the
response of the sole GVHD-affected organ to MSCs. For
example, elafin is specific to the skin, regenerating islet-
derived 3a (Reg3a) is specific to the gastrointestinal sys-
tem [69], and CK18 is a tissue damage marker for liver
and intestine [70]. Clinical trial No.1l assessing the feasi-
bility of MSCs in SR GVHD patients, demonstrated the
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predictive value of IL-2Ra. When comparing responders
versus non-responders, a significant difference was found
in IL-2Ra plasma levels, suggesting the valuable role of
IL-2Ra for MSC response evaluation [54]. However, the
above markers can only reflect the degree of tissue dam-
age caused by GVHD, and are not directly related to
the role of MSCs in the therapy of GVHD. The phase II
prospective clinical trial (No.2) evaluating the efficacy
of MSCs in the treatment of SR aGVHD and the predic-
tive value of these biomarkers for the prognosis of MSC
therapy, did not show that the above markers are associ-
ated with 28-day CR [71], and therefore more predictive
markers need to be developed.

Another approach is to monitor cellular pathways that
have been reported to be mediators of MSC immunosup-
pression. Hinden et al. [72] reported that the number of
lymphocytes, especially T cells and NK cells, was sig-
nificantly higher in responders than in non-responders
before MSC administration. The more inflammatory
milieu of responders is conducive to MSC “licensing” and
thus is beneficial for MSCs to play an immunomodula-
tory role [73]. However, clinical trial No.23 detected the
lymphocyte subsets of ¢cGVHD patients before MSC
treatment and found no difference in the number of
lymphocytes or T cells between responders and non-
responders, but found that the number and propor-
tion of naive T and B cells were significantly higher in
responders than in non-responders. Moreover, these
naive lymphocytes were mobilized by thymus rather than
expanded by peripheral lymphocyte pool, suggesting
that patients with better thymus function (higher pro-
portion of CD31% cells among naive CD4™ T cells) were
more likely to respond to MSCs. Investigators of this trial
also tested the levels of chemokines in cGVHD patients
before and after MSC infusion and found that the levels
of pro-inflammatory chemokines CXCL9, CXCL10, and
CXCL2 in non-responders continued to increase from
pre- to 5 months after treatment, while those in respond-
ers remained stable, with a further reduction in the levels
of CXCL2 and CCL2. These changes may not be MSC-
specific, but suggest that the systemic inflammatory envi-
ronment is declining in respondents, while progressing
in non-responders. Clinical trial No.2 reported that the
proportion of immature dendritic cells (DCs) was signifi-
cantly higher in responders than in non-responders fol-
lowing MSC infusion; the decreased ability of immature
DCs to secrete TNF-a suggests a state of immune toler-
ance in MSC-responders [71].

The above findings indicate that patients play an
important role in determining the prognosis of MSC
therapy. Detecting markers to elucidate the ongoing
inflammatory status can identify patients more likely to
respond to MSCs and predict treatment outcomes early.
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Future research should explore the mechanism by which
MSCs exert immunosuppressive effects in the context of
GVHD, search for key markers, and verify the predictive
value of these markers in large-scale prospective clini-
cal trials. In addition, we will continue to explore other
patient-derived reasons that may induce the inconsist-
ency of MSC therapy for GVHD.

Heterogeneity of disease

Subcategory of GVHD

Herrmann et al. [74] performed a phase I clinical trial
(No.69) using BMMSCs to treat patients who developed
SR GVHD. Among twelve patients with aGVHD, seven
achieved CR, four PR, and one had no response. Among
seven patients with cGVHD, two achieved CR, two PR,
and three gave no response. Five deaths occurred in this
group, and the median survival for cGVHD was only
eight months. In contrast, in the acute group, the three-
year survival rate was 55%, indicating that the median
survival for aGVHD was longer than three years, much
longer than that of the chronic group.

However, MSCs are not completely useless against
cGVHD. Clinical trial No.32, evaluating the effect of
MSCs in the treatment of moderate and severe cGVHD,
performed in Spain in 2010, achieved striking results. The
20-week OR was 71.4%, higher than the 28.6% in the his-
torical control group. The 20-week CR was 35.7%, gradu-
ally increased over time, and reached 57.1% at 56 weeks.
Moreover, the OS was 71.4%, indicating that MSCs have
a better therapeutic effect on cGVHD. The following year,
clinical trial No.23, performed in Sweden, also evaluated
the efficacy of MSCs in the treatment of cGVHD [75].
The results were encouraging, with an OR of 54.5% at the
end of treatment with variable number of MSC infusions,
ranging from 20 to 48w. The median follow-up time of
this trial was 76 months. In the last follow-up, 1/3 of all
patients who obtained OR had discontinued all immu-
nosuppressants, 1/3 no longer required steroids, and
calcineurin inhibitors were also being reduced, suggest-
ing that MSC therapy for cGVHD can induce a sustained
response. Clinical trial No.60 evaluated the effect of
MSCs on the prevention of cGVHD. The 2-year-cumula-
tive incidence of cGVHD in MSC group was 27.4%, lower
than the 49% in historical control group (p=0.021). The
analysis of lymphocyte subsets in the two groups showed
that after MSC infusion, production of Treg was induced,
increasing the number and proportion of memory
CD27% B lymphocytes and reducing the number of NK
cells, thereby reducing the incidence of cGVHD. The lung
was the main organ affected in cGVHD; lung damage was
irreversible and often did not respond to treatment, with
fibroproliferative changes associated with increased Th2
cells [76]. The proportion of Th2 cells decreased after
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prophylactic infusion of MSCs, and no patient developed
pulmonary GVHD in MSC group, compared with seven
patients in the control group (P=0.047), indicating that
MSCs have a preventive effect on cGVHD. To elucidate
these seemingly paradoxical results, researchers need
to profoundly understand the pathogenesis of acute and
chronic GVHD and the immunomodulatory mechanisms
of MSCs in various pathological background.

Severity of GVHD

A phase I multicenter clinical trial (No.1) aimed to assess
the feasibility of MSCs in 40 SR grade II-IV aGvHD
patients showed grade II aGVHD had a statistically bet-
ter chance of achieving CR compared to higher grades
(grades III and IV, with 61.5% and 11.1%, respectively;
p=0.002). Moreover, better survival was observed in
patients with grade II disease (p=0.0482). No.64 and
No.65 were two clinical trials carried out in Japan to
determine the efficacy of MSC preparation JR-031 in the
treatment of SR aGVHD. The time, frequency, and dose
of MSCs administered were consistent in both trials; the
former included patients with grade II-III, whereas the
latter included patients with grade III-IV. The results
showed that the 28-day OR and CR of grade II-III
aGVHD patients were 93% and 57%, while the 28-day OR
and CR of grade III-IV aGVHD patients were only 60%
and 24%, which fully indicated that MSCs had better effi-
cacy in patients with milder aGVHD [34, 35]. Dalowski
et al. [77] reported the use of MSCs in salvage therapy
in 58 patients with SR aGVHD, of which only 5 showed
CR, with a 2-year OS of 17%, which were not superior
to those of a historical cohort of patients receiving an
alternative salvage therapy. Analysis of failure of the trial
pointed to the high proportion of critically ill patients.
Most MSC-treated patients (1 =46, 79%) presented with
grade IV aGVHD, whereas the initial aGVHD grade of
patients in the historical control group was less severe,
with only 49% presenting with grade IV. There was a sig-
nificant difference in the severity of aGVHD between the
two groups (p <0.004). The imbalance between the treat-
ment arms in GVHD severity at baseline may induce
poor outcomes. This means that once the disease causes
severe tissue damage, it is difficult to reverse by MSC
therapy.

However, the phase III multicenter clinical trial (No.27)
investigating the efficacy of MSCs in the treatment of
pediatric patients with SR aGVHD, obtained opposite
results [37]. The 28-day OR of grade II GVHD patients
was 50%, lower than that of grade III and IV (69.6% and
76.0%, respectively). This is because higher levels of
inflammatory cytokines elicit stronger anti-inflammatory
and immunosuppressive effects of MSCs. Inflammatory
cytokines stimulated the differentiation of MSCs to an
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immunomodulated phenotype. Comparative proteom-
ics analysis of MSCs stimulated with IFN-y revealed
that the expression levels of indoleamine 2,3-dioxyge-
nase (IDO), programmed cell death 1 ligand 1 (PD-L1),
intercellular adhesion molecule 1 (ICAM-1), and vascu-
lar cell adhesion molecule 1 (VCAM-1) were significantly
up-regulated [78]; the whole transcriptome analysis
of interleukin-13 (IL-1B) stimulated MSCs indicated
that the genes that regulate immune response were sig-
nificantly up-regulated [79]. In mice with aGVHD and
xenogenetic GVHD models, MSCs stimulated by inflam-
matory cytokines showed better efficacy than unstimu-
lated MSCs, with further reduced GVHD scores and
improved survival rate [28, 80]. However, only 6 grade II
GVHD patients were included in this trial, and patients
with skin-only involvement were excluded. The small
sample size and skin involvement, which is an indica-
tor of good prognosis compared with other visceral
involvement, might have had an impact on the results.
In addition to grading GVHD based on clinical mani-
festations, Minnesota risk scoring has also been used
for judging the severity of GVHD [81]. In clinical trial
No.42, a trial comparing the efficacy of Prochymal™ and
placebo in the treatment of GVHD, risk stratification
was performed for all patients according to Minnesota
risk scoring. Among high-risk aGVHD patients, the OR
was significantly higher in MSC group than in placebo
group (58% versus 37%; p=0.03). However, in standard-
risk aGVHD patients, no significant differences were
observed between the two groups, indicating that high-
risk aGVHD patients responded better to MSCs.

Therefore, large-scale clinical trials, which include
stratified comparisons of OR and OS according to dif-
ferent severity of GVHD, are warranted to obtain exact
results and to explore the mechanism of MSCs in GVHD
with various severity.

Organs affected by GVHD

Higher OR and OS are generally observed in cutane-
ous GVHD than in visceral, namely gastrointestinal or
hepatic [8, 67, 82—84]. Ball et al. [85] performed a ret-
rospective analysis of 37 children with SR grade III-IV
aGVHD treated with MSCs. In the 30 children with skin
involvement, the OR reached 80%, with a CR of 57% and
median time to skin resolution of 6 days. Thirty-two chil-
dren with gastrointestinal involvement took an average of
11 days after the first MSC infusion to a relief of gastro-
intestinal symptoms. Hepatic involvement was diagnosed
in 25 children, and OR was achieved in 18, among whom,
reduction in bilirubin levels was evident after a median
period of 14 days, and persistent aminotransferase
abnormalities were evident in 5 patients. Thus, it was evi-
dent that patients with skin involvement responded both
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better and more rapidly to MSC infusion, while a longer
time was needed to observe complete normalization of
liver function and gastrointestinal symptoms. However,
the gut and liver have been reported to be more respon-
sive to MSCs than skin in one review, but the authors
did not cite a clinical trial as an example [36]. Based on
this, clinical trial No.27 was conducted, which excluded
patients with grade II aGVHD and with involvement lim-
ited to the skin, which are considered to be two causes of
low response rate, and satisfactory results were achieved
[37].

Gut is the organ most frequently involved in GVHD,
either alone or simultaneously with skin and/or liver [67,
71, 86]. MSC treatment has a favorable clinical effect on
gut aGVHD. Fourteen patients participated in the mul-
ticenter, phase I/II clinical trial (No.64) using MSCs for
the treatment of SR aGVHD. Of these patients, ten had
gut involvement, and of those, all but one showed CR
after MSC treatment [34]. Other clinical trials, including
No.42, No.44, and No.65 also have yielded satisfactory
results in the treatment of gastrointestinal GVHD with
MSCs [35, 86—88]. This may be due to the rapid healing
effect of MSCs on damaged intestinal epithelium. MSCs
are the source of female intestinal epithelial cells [31]. In
baboons, intravenously injected MSCs, whether autolo-
gous or allogeneic, are distributed in gastrointestinal tis-
sues [89]. Remarkably, although the pathological signs of
aGVHD completely disappeared, the symptoms contin-
ued to appear in a considerable number of patients with
gut aGVHD. These symptoms were caused by villous
atrophy after inflammation. This phenomenon suggests
that when symptoms persist in patients with gut aGVHD,
biopsy is recommended to identify whether the cause is
malabsorption after inflammation or active aGVHD [85].

Galleu et al. [62] conducted a retrospective analysis of
a cohort of 60 SR aGVHD patients treated with MSCs.
Liver involvement was present in 18 patients and absent
in 42 patients. Among patients with liver involvement,
only 22% (n=4) patients responded. The response rate
was 67% (n=28) among those without liver involvement.
The authors also performed multivariate regression
analysis of factors affecting the response rate and found
that liver involvement remained significant (p =0.024),
aligning with other reports that liver involvement is a
significant predictor of poor response rate [57, 67, 84,
86]. However, clinical trial No.42 obtained the opposite
conclusion [64]: patients with liver involvement (n=61)
who received remestemcel-L had higher DCR (29% ver-
sus 5%; p=0.047) and OR (76% vs. 47%, p=0.026) than
those who received placebo. The authors attributed the
distinctive conclusion to the inaccurate diagnosis of
liver involvement, which was based on clinical features,
such as elevated transaminase and bilirubin, without
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histopathological evidence of hepatic lymphocyte infil-
tration. This so-called liver involvement was probably
liver function damage caused by drug toxicity. Therefore,
it can be improved by simple symptomatic treatment,
leading to the mistaken perception that a response to
MSCs is occurring. Whether liver involvement is a good
or poor predictor of prognosis needs to be confirmed
with future clinical trials with more rigorous diagnostic
criteria.

Diversity in clinical trial design

Administration timing

Different MSC administration times appear to have an
influence on the efficacy of MSC therapy. In clinical trial
No.64, the first MSC treatment was performed within
48 h after the diagnosis of steroid resistance, and signifi-
cant efficacy was achieved. The 28-day OR was as high as
93%, and the 2-year OS reached 57% [34]. The advantage
offered by the early use of MSCs is that patients were not
overly pretreated and would have not developed irrevers-
ible tissue damage or life-threatening infections. In this
trial, MSCs were not only used early, but also used as
the only second-line therapy, further demonstrating its
efficacy.

However, what would happen if MSCs were infused
before steroid resistance develops? Clinical trial No.69
reported using MSCs together with steroid therapy at the
onset of aGVHD [74] and trial No.44 used two MSC infu-
sions to treat grades II-IV aGVHD, first given 24—48 h
following the diagnosis of GVHD and the second, given
three days following the first injection [87]. Both treat-
ments resulted in desirable responses. OR exceeded 90%,
notably higher than the OR of MSC treatment for SR
GVHD, which was approximately 70% [32, 39, 85, 90]. In
conclusion, for GVHD treatment, it is better to use MSCs
as soon as possible, preferably before steroid resistance
occurs.

There have also been clinical trials evaluating whether
infusing MSCs before the onset of GVHD or at the same
time of transplantation can prevent GVHD in patients
undergoing HSCT, umbilical cord blood (UCB), or
peripheral blood stem cell (PBSC) transplantation [43,
91, 92]. Clinical trial No.34 is a pilot study conducted to
evaluate whether infusion of MSCs on the same time of
PBSC transplantation can prevent GVHD and its impact
on OS [93]. The results showed that on the 100th day
following transplantation, the incidence of grade II-
IV aGVHD in the MSC group was 45%, lower than the
56% of the historical group, especially grade IV aGVHD,
which was 10% of the MSC group, lower than the 19%
of the historical group. Overall survival at 1 year after
transplantation was 80% in the MSC group, significantly
higher than the 44% in the historical group (p=0.02).
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These results indicated that prophylactic application of
MSC:s resulted in a lower incidence of GVHD, especially
severe GVHD and its associated mortality. No.38 is a
phase I/II clinical trial conducted to determine whether
MSC infusion on the same time of UCB transplantation
can reduce the incidence of GVHD. The trial was divided
into two groups: MSC infusion with UCB transplantation
in MSC group and only UCB transplantation in control
group. Comparing the incidence of GVHD in the two
groups, the results showed that regardless of acute or
chronic GVHD, or grade I-II or grade III-1V aGVHD,
no statistical difference existed between the two groups,
and the 2-year-OS of the two groups was not significant
different, too, suggesting that MSC infusion on the same
time of UCB transplantation cannot prevent the occur-
rence of GVHD [94]. The inconsistent conclusions of the
above two trials may be due to the different sources of
transplanted cells; the former is PBSC, while the latter is
UCB. The influence of the timing of MSC infusion may
be related to time-dependent differences in the inflam-
matory microenvironment in vivo [71]. Therefore, eluci-
dating the mechanism underlying GVHD development
will determine the appropriate timing of MSC infusion
and elucidate the in vivo effects of transplanted MSCs.

Administration dosage

Several studies have compared the efficacy of stratified
MSC doses for the prevention and treatment of GVHD
[62, 95]. Clinical trial No.14, a multicenter phase II study,
was conducted to assess the efficacy of MSCs in the treat-
ment of SR aGVHD. Twenty patients received 1-2 x 10°
MSCs/kg, and 13 patients received 3—4 x 10° MSCs/kg.
The OR and CR were significantly lower in the former
than in the latter (31.6% vs 69.2%; p=0.036 and 15.8%
vs 53.8%; p=0.049). Moreover, when OS was evaluated
at 1 year, all patients receiving 1-2 x 10° MSCs/kg died,
with an OS of 0, significantly lower than the 46.2% of
patients receiving 3—4 x 10° MSCs/kg (p=0.012) [96].
The above results illustrate that the OR, CR, and OS of
patients with aGVHD to MSCs are positively correlated
with the dose of MSCs.

However, these observations are in contrast with other
reports that CR or OS did not differ with respect to the
dose of MSCs delivered [57, 77, 85]. For example, a phase
II, randomized clinical trial (No.44) evaluated the effi-
cacy of MSCs for the treatment of aGVHD. In this trial,
MSCs were injected at 8 x 10°® MSCs/kg in the high-
dose group and 2 x 10® MSCs/kg in the low-dose group;
the results showed no difference in the efficacy between
low and high MSC doses [87]. This contradiction could
be ascribed to the not large enough dose range of MSCs
employed in this trial or the small number of patients
enrolled [62]. Based on this, investigators designed
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No.43, a clinical trial with a comparative dose of 2 x 10°
MSCs/kg and 10 x 10° MSCs/kg to determine whether
differences in the efficacy of aGVHD treatment exist.
The dose of MSCs cannot be increased indefinitely: high-
dose MSCs may reduce the body’s immune response to
infection and increase infectious complications [97]; high
numbers of MSCs may lead to embolism or thrombosis
[98]. Therefore, future clinical trials should determine the
optimum dosage of MSCs that can exert the maximum
clinical effects without serious treatment-related adverse
events.

Administration frequency

In clinical trial No.14, researchers used MSCs once for
the treatment of SR aGVHD. Only half of the patients
with complete response to MSCs could maintain CR for
more than one month, because a single MSC infusion
can only play a role in delaying the progression of GVHD
[96]. In clinical trial No.44, MSCs were used twice to
treat aGVHD. Five patients who had achieved CR had
GVHD relapse and required second-line treatment, indi-
cating that MSCs used twice was insufficient to maintain
CR [87]. In clinical trial No.42, the 28-day OR was sig-
nificantly higher in the MSC group than in the placebo
group among high-risk aGVHD patients, with no differ-
ence between the two groups when evaluating the OS at
day 180 [64], indicating that the initial improvement in
symptoms did not prolong survival time. OR was evalu-
ated just after completion of the MSC infusion schedule,
but OS was evaluated 5 months later than OR. Although
patients with PR or mixed responses could receive a
weekly MSC infusion for an additional 4 weeks, at least
4 months of MSC-free treatment remained before assess-
ing OS, suggesting that more MSC infusion times are
needed to achieve extended survival. Clinical trial No.23
detected the changes in the number and proportion of
lymphocyte subsets of patients after each MSC infu-
sion and found that the number of lymphocytes in the
responders increased significantly on the 1st and 7th days
after each infusion, but not in the non-responders, and
the increase was mainly in naive T/B cells. Moreover, the
number of Tregs in responders has also increased signifi-
cantly, mainly naive Tregs that can exert strong immu-
nosuppressive functions, while the number of Tregs in
non-responders, which were mainly non-Tregs without
immunosuppressive function, has not changed. Thus,
each MSC infusion is a process of inducing immune tol-
erance, although the number of naive lymphocytes and
Tregs will return to the baseline level before the next
infusion, probably due to these regulatory cells leaving
the circulatory system and chemotaxis to inflammatory
tissues, evading detection in the peripheral blood [75].
Other studies have also used multiple MSC infusions
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during the treatment period to maintain its efficacy [32,
67].

Studies have also reported results of multiple MSC
infusions similar to those obtained using only a single
infusion. No.7, a phase I/II clinical trial to evaluate the
efficacy of MSCs for aGVHD, included 10 patients, five of
whom received 2—4 times of MSCs, but none of them had
changed response after receiving the first MSCs. In other
words, PR or NR patients would not completely respond
due to multiple applications of MSCs [55]. Similarly, clin-
ical trial No.66, which evaluated the efficacy of repeated
infusions of MSC in patients with cGVHD, was published
as an abstract at the 45th annual meeting of the Euro-
pean Society for Blood and Bone Marrow Transplan-
tation [99]. All patients with cGVHD showed PR after
four doses of MSCs. That is, despite repeated infusions
of MSCs, no patient achieved CR. To sum up, in GVHD
patients who had obtained CR, multiple MSC infusions
could maintain the efficacy, but did not improve efficacy
in patients who did not obtain CR at the outset.

Overall, the schedule of administration, defined in
terms of the most appropriate infusion timing, the best
cell dose in each infusion, and the frequency of infusions
considerably influenced the results of clinical trials. These
findings provide a foundation for investigators hoping to
improve the design of future clinical studies for the treat-
ment of GVHD with MSCs.

Conclusion

With the increasing number of MSC studies showing
satisfactory results for prevention or treatment of mouse
models of GVHD, the number of clinical trials involving
human subjects is also increasing. Previous reviews have
summarized clinical trials of MSCs for the prevention or
treatment of GVHD, but only 30—40 trials were included
in these reviews [100, 101]. To date, however, no compre-
hensive systematic analysis of clinical trials from multiple
databases has been published. In this paper, a total of 79
trials from multiple databases were analyzed. In addi-
tion to clinical trials conducted in European and Ameri-
can countries, we also analyzed trials from China, Japan,
and Korea, as well as Iran and other Asian countries. This
article provides an overview of clinical trials involving the
prevention or treatment of GVHD by MSCs, including
the study design, duration, geographic location, phase,
status, and subtypes of GVHD, to comprehensively eval-
uate the current status and future development trends of
clinical trials for MSC-based prevention or treatment of
GVHD worldwide.

Certainly, these clinical trials have some limitations.
For example, 72% of clinical trials are open-label, 43%
are single-arm, and 23% are non-randomized. Only 85%
of the completed clinical trials have reported their results
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publicly. The reason why other completed trials have not
reported their results was unknown. If it was because
they were negative, then our statistical analysis of clini-
cal trial results would be missing an important part, and
our current positive attitude toward the prevention or
treatment of GVHD by MSCs will need serious re-eval-
uation. However, one statistic is comforting: among the
27 completed clinical trials, 14 have reported follow-up
results, of which 7 trials went on for more than 1 year,
and the follow-up time of clinical trial No.23 was as long
as 6.3 years [75], making it possible to evaluate the long-
term safety and efficacy of MSCs.

Among the 79 clinical trials included in this paper, 74
were interventional in nature. Therefore, a comprehen-
sive evaluation and detailed analysis of the results of
these trials can help us optimize the usage and dosage
of MSCs, find the most suitable patient group, and lay a
foundation for the future transformation of MSCs into
the clinic. We found that the patients most well-situated
to benefit from MSC therapy have these characteris-
tics: (1) younger patients, especially those younger than
10 years old; (2) GVHD with skin but not liver involve-
ment; (3) the degree of tissue damage is mild, manifested
as lower levels of TNFRI, IL-2Ra, elafin, CK18 and ST2;
(4) a higher proportion of naive T, B cells and imDCs,
better thymic function and lower levels of pro-inflam-
matory chemokines. Furthermore, MSCs from younger
donors, multiple infusions of MSCs, and prompt treat-
ment before SR develops are correlated with maximum
clinical benefits (Table 3).

In summary, accompanied with the in-depth investi-
gation of the disease-specific biological mechanisms of
MSCs and the practice of a large number of clinical trials,
it is believed that MSC-based therapy will further con-
tribute to the prophylaxis and treatment of GVHD clini-
cally in future.
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Table 3 Characteristics of GVHD patients who are more suitable for MSC therapy

Index Remarks
Age Younger than 10 years
GVHD gravity Skin, but not liver involvement

Degree of tissue damage
Immune tolerance state

Timing
MSCs donor selection
Times of MSC administered

Lower levels of TNFRI, IL-2Rq, elafin, CK18, and ST2

Higher proportion of naive T, B cells and imDCs;
Better thymic function;

Lower levels of pro-inflammatory chemokines, such
as CXCLY, CXCL10, CXCL2, and CCL2

Preferably before SR occurs
Poor preventive effect of senescent MSCs
Multiple infusions are beneficial to maintain efficacy

SOX11: SRY-box transcription factor 11; SR: Steroid-resistance; ST2: Suppression
of tumorigenicity 2; TRIM59: Tripartite motif containing 59; TNFR: Tumor necro-
sis factor receptor; UCB: Umbilical cord blood; UCMSCs: Umbilical cord-derived
MSCs; VCAM-1: Vascular cell adhesion molecule 1; WJ: Wharton's Jelly.
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