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Introduction

Mesenchymal stromal cells (MSCs) were originally characterized as stromal com-
ponents of the bone marrow microenvironment that could support hematopoiesis.
The original investigations were based on the seminal work of Friedenstein et al. [1]
who used the colony-forming unit-fibroblast (CFU-F) assay to detect and quantify
the influence of these cells. Subsequently, the critical dependence of normal hema-
topoiesis upon bone marrow stroma was confirmed in mouse models of bone mar-
row failure. Coculture crossover assays of marrow cells obtained from the mutated
W/W" and S1/S1¢ mice were studied [2]. Both murine strains were fated to have
limited survival but in vitro combination of the two cells provided interesting find-
ings. Specifically, adherent marrow microenvironment cells obtained from the S/
SI¢ mice, when cultured with bone marrow from W/WV strains, did not restore
defective hematopoiesis. On the other hand, the reverse combination contributed to
sustained cell proliferation of multiple lineages of hematopoietic cells and growth
in colony assays. Subsequently, the molecular basis of the bone marrow failure was
identified involving stem cell factor (SCF; mutated in the SI/Sld mice locus [3])
which binds to the c-KIT receptor (CD 117; mutated in W/Wv mice [4]). These and
other studies illustrated how marrow stromal cells are critical for the support of mar-
row hematopoietic cells.
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Such seminal studies in murine mouse models led to human investigations. The
original observations of Caplan et al. [5] identified MSCs as having stem cell char-
acteristics as they exhibited a multilineage differentiation capacity. Further, MSCs
could contribute to downstream lineage differentiation pathways of mesodermal
cells that differentiated into striated and cardiac muscle, connective tissue, bone,
adipose tissue, and marrow stroma. Finally, these cells could undergo self-renewal
as well as be transplanted successfully. Immediately thereafter, interesting studies
were reported of patients who experienced damage to the bone marrow microenvi-
ronment secondary to cytotoxic agent treatment with either radiation or alkylating
agents. The stroma from those individuals could not support the growth of healthy
hematopoietic stem cells (HSC) [6]. These observations ultimately led to some of
the first clinical human MSC treatment studies with the original goals to improve
engraftment and support hematopoiesis by regeneration of the marrow microenvi-
ronment, specifically the stromal cell compartment.

Biological Properties of MSCs and Impact on Hematopoiesis

MSC:s can be isolated from a wide variety of tissue sources including adipose tissue,
dental pulp, mobilized bone marrow cells, placenta, and umbilical cord blood
(UCB) cells [5, 7]. Importantly, MSC can be expanded many log-fold in vitro. The
biologic behavior of MSCs differs according to the tissue of origin. For example,
MSCs derived from bone marrow are twice the size, differentiate into bone, fat, and
cartilage, are less immune suppressive in vitro and in vivo, and do not need direct
cell—cell contact for immune suppression when compared to MSCs derived from
placental decidua. Furthermore, marrow-derived MSCs have lower expression of
PD-L1, PD-L2, and CD49d, have less procoagulant activity, and less hemostatic
properties as opposed to those obtained from placental decidua.

MSCs exert their immune-modulating effects via paracrine secretion of many
cytokines and molecules. MSCs polarize the immune system toward type II inflam-
matory response and inhibit type I response [8—10]. Mediators include prostaglan-
din E2, indoleamine-2,3-dioxygenase (IDO), nitric oxide (NO), galectins, HLA-GS,
and other factors. MSCs can stimulate Tregs (directly or indirectly) and inhibit
Th17 differentiation of naive CD4+ cells. Additionally, MSCs can increase IL-10
producing CD5+ regulatory B cells. Other MSCs’ actions are mediated by cell—cell
contact and the induction of effector T-cell apoptosis via the PD-1 and Fas-FasL
pathways resulting in the inhibition of effector T-cell proliferation.

Of interest, MSC appear to be immunologically privileged and exhibit an immune
sanctuary due to minimal expression of MHC class I and no expression of MHC
class II molecules. Further, MSCs have very limited ligand expression for adhesion
molecules expressed by T cells, thus making them nearly ideal for use as both selec-
tive immune-suppressive agents and a product to enhance or regenerate tissue repair.

Given the various tissue sources and some pleomorphic characteristics, the
International Society for Cellular Therapy (ISCT) created a consensus definition of
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MSC to allow more uniform characterization of cell products, as well as to facilitate
comparative studies [11]. The three minimal proposed criteria to define MSC popu-
lations include:

1. Plastic adherence

2. Surface expression of CD105, CD73, and CD90 [in the setting of lack of expres-
sion of CD45, CD34] and at least 1 of 2 macrophage markers (CD14, CD11b)
and B-cell markers (CD79a, CD19)

3. Capacity for trilineage differentiation into mesodermal tissues (such as osteo-
blasts, adipocytes, and chondroblasts)

This unique biology of MSCs contributed to the concept that the marrow itself
was an organ system comprised of HSC as well as marrow stromal cells. Data sup-
porting this concept include the findings that osteoblast monolayers independently
can support granulopoiesis and B-cell lymphopoiesis [12]; osteoprogenitors could
contribute to sinusoid assembly which proved to be a critical step in the generation
of the molecular environment to support HSC [13]. Stromal cells themselves can
construct proangiogenic environments which will recruit and maintain HSC and
progenitors near the vascular sinusoids. Notably, marrow damaging therapies ulti-
mately can damage the sinusoids; it has been shown that osteoblasts and stromal
cells provide sanctuary for HSC while sinusoids are recreated [14].

Recognizing that MSCs are the progenitor population for osteoblasts, there was
interest in determining whether allogeneic hematopoietic cell transplantation (HCT)
could provide a source of donor MSCs. Early investigations suggested that after
allograft, there was little contribution from a bone marrow graft to the donor MSC
compartment. Stromal cells identified in Dexter cultures could become progres-
sively donor in origin over time after transplant [15], but overall, using sex mis-
matched, human leukocyte antigen (HLA)-matched allografts, it was found that the
majority of the stromal cell population was host-derived [16]. Some supporting evi-
dence came from allogeneic HCT in osteogenesis imperfecta, a genetic disease of
osteoblasts [17]. In children with this disease who underwent allograft procedures
of either bone marrow or MSCs alone, over time, bone mineralization increased,
spontaneous fractures decreased, and the subjects experienced enhanced growth.
This clinical benefit appeared to be associated with very low MSC chimerism with
only 1.5-2% donor osteoblast identified.

Almost 20 years ago, Lazarus and colleagues published the first-in-human-
specific MSC clinical trial, a phase I feasibility study trial in 23 hematologic malig-
nancy patients in complete remission [18]. Ten mL bone marrow samples were
obtained, and MSCs were ex vivo culture-expanded over 4—7 weeks, then infused
IV to ascertain safety. No untoward effects were noted, and subsequently, a succes-
sor study was executed to ascertain whether MSC could augment hematopoiesis.
Recognizing that allogeneic HCT was much more complicated, the next investiga-
tion, completed by this same group, was the first-in-human autologous HCT study
to address whether MSC adjunctive grafts could enhance hematopoietic recovery
[19]. Twenty-eight advanced breast cancer patients undergoing myeloablative con-
ditioning and autologous mobilized blood cell grafts also received an infusion of
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1-2.2 x 10° autologous MSC/kg. This pilot study suggested efficacy with median
time to neutrophil recovery documented at 8 days and sustained platelet recovery
above 20,000/mcL at 8.5 days after infusion.

Subsequent studies to augment hematopoiesis targeted situations where HCT
was predicted to be suboptimal. Animal transplant studies using a limiting number
of HSCs demonstrated that MSC infusions resulted in enhancement of granulopoi-
esis and megakaryocytopoiesis [20]. These and other such studies spurred the
undertaking of further human studies to attempt to augment hematopoiesis in poor
engraftment states. Examples included:

1. A single case report of family-directed MSC used alone, more than 2 years
beyond autologous HCT for acute myeloid leukemia was shown to reverse criti-
cal thrombocytopenia and neutropenia [21].

2. 7 patients with either graft failure or suboptimal HSC engraftment underwent
transplantation with HLA-matched or haploidentical MSCs; platelet and neutro-
phil recovery occurred by day 12, suggesting that second transplants after graft
failure may be optimized by use of MSC grafts [22].

3. 2 of 6 patients with delayed engraftment (>30 days after transplant, but still
platelets less than 50,000/mcL and neutrophils less than 1000/mcL) were treated
with haploidentical MSCs and experienced an improvement in hematopoie-
sis [23].

4. 14 children undergoing a haploidentical transplant, a procedure associated with
a historic 15% graft failure rate, additionally received MSC co-transplantation;
all successfully recovered without loss of the hematopoietic graft [24].

5. A single case report presented a child affected by Wiskott-Aldrich syndrome.
The direct implantation of MSCs into one hemipelvis was ineffective in improv-
ing hematopoiesis; however, bilateral marrow biopsies obtained on day 60
showed that the hemipelvis which received with direct implantation of MSC had
a markedly improved marrow cellularity with trilineage hematopoiesis [25].

6. De Lima and colleagues studied engraftment results in 31 adult hematologic
cancer patients who underwent hematopoietic cell transplantation using two
umbilical cord-blood units, one of which was expanded ex vivo 14 days in cocul-
ture with a commercial allogeneic MSC product. Compared to 80 historic con-
trol patients, these patients had significantly faster neutrophil and platelet count
recovery [26].

In summary, studies suggest that MSC products can be manipulated to assist
hematopoiesis. Overall, however, the benefit was modest but potentially could be
targeted to subjects who are predicted or are observed to have suboptimal marrow
recovery. The studies above demonstrated that MSC infusion probably provided a
transient effect via elaboration of cytokine mediators. MSCs constitutively secrete
multiple soluble mediators such as SDF-1, IL-6, IL-7, IL-8, IL-11, IL--12, IL-14,
IL-15, M-CSF, FLT3-L, and SCF. Using various stimuli, MSCs have the capacity to
produce multiple other cytokines, including IL-1a, LIF, G-CSF, CCL2, CCLA4,
CCLS5, CCL20, among others. Detailed proteomic assessments of the MSC secre-
tome have confirmed these findings as well as documented multiple other soluble
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mediators that were capable of inducing angiogenesis and immunosuppression as
well as other mechanisms for these effects including cell—cell interaction [27].
Interestingly, trans-well studies were utilized to separate MSC populations from
other purified cellular populations (such as T cells) and to assess whether the inde-
pendent populations could exert influence without direct cell: cell contact. Using
these technologies, immunologic cross-talk between MSC and T cells demonstrated
both induction and suppression of various tissue-specific gene expression and pro-
tein production. The studies also characterized differential expression and varia-
tions in the immunologic cross-talk between resting and activated T-cell populations
when cocultured in the presence of MSCs [28].

These investigations have generated significant interest in the application of
MSC in two major clinical approaches: as an immunosuppressive agent and to assist
tissue repair. In the former, Caplan and Correa hypothesized that MSCs work as a
drug to deliver multiple soluble factors to suppress an activated immune system
[29]. For the latter, that is, regenerative medicine, the goal was to provide trophic
factors to enhance tissue repair. Ankrum and Karp [30] and Culme-Seymour et al.
[31] have reported the burgeoning use of MSCs in trials all over the world, espe-
cially given the significant safety profile as reported by Lalu et al. [32].

MSC for the Treatment of Acute GvHD

Acute GVHD is a dynamic, inflammatory process that occurs with temporal and
spatial boundaries after an allogeneic HCT procedure. Multiple cell populations
have been implicated as well as multiple cytokine mediators, but the molecular
epicenter of the syndrome is the T-cell receptor: MHC interaction expressed by
the donor T cells recognizing the host MHC molecules. GvHD takes time to
develop as T cells need to proliferate in the host after antigenic challenge and need
to traffic to target tissues where presentation will be at the subclinical or clinical
levels. In the setting of clinically active GvHD, MSCs have been extensively stud-
ied [33].

The application of MSC for management of acute GvHD is often considered to
have its origin with the seminal study of Leblanc et al. [34]. A young male hemato-
poietic cell transplant patient developed severe steroid-refractory grade 4 gastroin-
testinal and hepatic acute GVHD. After failing multiple anti-GvHD interventions,
he was given a family-related, haploidentical, sex-mismatched MSC infusion (2 x
10 cells/kg) from his mother. Over a 3- to 4-week period, his condition improved
but with subsequent immune suppressant taper, symptoms of diarrhea and jaundice
recurred. He again had a dramatic response to a second infusion of MSCs (1 x 10°
cells/kg) achieving a GvHD-free complete remission. Important correlative science
studies demonstrated female cells within the gastrointestinal tract suggesting the
MSCs were able to traffic to the GvHD target organ.

Subsequent small pilot trials were performed as well as large phase 2 studies
with key studies including
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1. Ringden et al. [35] described 9 patients (8 steroid-refractory acute GvHD; 1
chronic GvHD) of which 8 patients attained GVHD complete remission after
receiving either family donor- directed as well as unrelated mismatched donors;
this investigation established unrelated donor MSC as a viable therapeutic
product.

2. European Society for Blood and Marrow Transplantation (EBMT) registry:
[36]. Of 55 patients who had steroid-refractory acute GvHD, 30 attained com-
plete and 9 attained a partial response when treated with related or unrelated
donor MSC.

3. Kebriaei and coworkers [37] reported that of 31 patients affected by GvHD, 24
attained complete and 5 a partial GVHD response after therapy with universal
donor, unrelated MSCs. 19 of 24 patients complete responders had sustained
responses without the need for the addition of second line therapy for 90 days.

4. In a pediatric study, mismatched, third-party donor MSC were administered to
12 patients (median age 6 years) affected by grade III-IV steroid-refractory
acute GvHD. Cells were administered twice weekly for 4 weeks followed by a
weekly maintenance schedule for subjects who achieved only partial or mixed
responses. All patients responded; 7 attained complete response, 2 partial, and 3
a mixed response. Even severe gastrointestinal GVHD appeared to be amenable
to such treatment, and complete response was associated with a with a 2-year
survival of 68% [38].

These and other studies led to 2 large, industry-sponsored phase 3 randomized
(in a 2:1 ratio), placebo-controlled trials using third-party donor mismatch MSC
(remestemcel-L; Prochymal®) both as initial therapy for acute GvHD as well as for
salvage of steroid-refractory acute GvHD. The primary endpoint was complete
remission with 28 days of sustained response without steroid increase and no
second-line therapy; and in the case of the new diagnosis acute GVHD study, 90-day
survival was the target. To date, both studies have been published only in abstract
form [39-41].

1. Steroid-refractory acute GvHD: using an intent-to-treat analysis, no difference
was found in the primary endpoint. Placebo exposure was associated with a 30%
complete remission rate versus 35% with MSC (p = 0.3). However, examining
organ-specific responses, there was a 76% MSC response in patients with hepatic
disease versus 47% on the placebo arm. In those subjects with gastrointestinal
disease, there was an 82% response in the MSC cohort compared to a 68%
response with placebo (p = 0.03). For patients with three organs affected by
acute GvHD, the overall response rate with MSC was 63% versus 0% with pla-
cebo. Notably, in the pediatric patients, not only was there an observed higher
overall response rate (64% vs. 36%), but the 100-day survival was improved (79
vs. 50%).

2. New diagnosis acute GvHD: Similar to the steroid-refractory acute GvHD, no
difference was identified in the primary endpoint when MSCs were added to the
standard of care.
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Failure to achieve primary endpoints has dampened enthusiasm for pursuing
MSCs as GVHD therapy. Multiple post hoc analyses have been performed regarding
these results, including evaluations of the trial design, whether the appropriate MSC
product was used, and whether the ex vivo culture conditions were appropriate [33].
Further, the use of a cryopreserved rather than a fresh cultured MSC product may
have lessened the biologic effect as Francois and associates have reported a “freezer
burn effect” [42]. The complete response to acute GVHD therapy as seen in the stud-
ies were far less than in the smaller phase 2 trials performed previously.

In the absence of further phase 3 trial data, meta-analyses suggest that MSC infu-
sions could remain acceptable therapy for patients affected by steroid-refractory
acute GvHD for whom no other prior approved agents were available [43]. As such,
an open-label pediatric trial examined the use of unrelated MSCs for grade B to D
steroid-refractory GvHD in 75 subjects aged 2 months to 17 years. The data reported
an overall response rate of 61%; complete responses were noted in 26% of gastro-
intestinal GVHD patients, 44% in those with cutaneous GvHD, and 33% in patients
with hepatic GVHD. Responders had 28-day persistence of response, and 100-day
survival was 78% versus 31% for those who failed treatment [44].

Currently, although not approved for use in adults affected by steroid-refractory
acute GVHD, the FDA now has accepted the use of remestemcel-L (Ryoncil™) for
priority review in steroid-refractory acute GvHD in children. The Biologics License
Application currently is under consideration utilizing data from three clinical trials
of a combined 309 children with steroid-refractory acute GvHD. Across trials, after
a 4-week course of twice-weekly treatment, 66% of patients responded; day 28
responders also had improved survival versus nonresponders (83% versus 38% at
day 180). MSC therapy for steroid-refractory acute GVHD in children currently is
approved in Canada and New Zealand.

MSC for Prophylaxis of Acute GvHD

MSC have been used for prophylaxis of acute GVHD based on in vitro and preclini-
cal animal studies demonstrating their potent immunosuppressive capacity [33, 45].
Multiple mechanisms for this immune suppression in HCT models have been dis-
cussed above.

Lazarus et al. [46] reported the first application of related donor, ex vivo-
expanded MSC infusions in the myeloablative allogeneic HCT setting. They dem-
onstrated the feasibility and safety of procuring MSCs as well as hematopoietic
cells from the sibling-matched donor, successful ex vivo expansion and subsequent
infusion of allogeneic MSC into patients undergoing myeloablative and allogeneic
HCT. Specifically, 46 subjects received varying doses of MSCs administered for the
same hematopoietic cell donor with the infusion given 4 hours prior to the hemato-
poietic graft infusion. GVHD prophylaxis was limited to two-drug therapy with a
calcineurin inhibitor and only 3 days of methotrexate. No accelerated neutrophil or
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platelet recovery was seen but notably, there was no increase GvHD seen as a con-
sequence of the MSC infusion despite the 3-day methotrexate exposure only.
Subsequently, a case-match control study compared the data set from this trial
with the EBMT database. The analysis suggested a lower incidence of both acute
and chronic GVHD in patients treated with MSC, and although only small numbers,
there was a survival advantage at 6 months (96% vs. 68%) [47].
Other small studies performed include:

1. Bernardo et al., reported MSC prophylaxis therapy administered to 13 patients
undergoing UCB transplantation. The data suggested a lower degree of grade II1/
IV acute GvHD than anticipated (p = 0.05) [48]

2. Ning and coworkers reported in a small, randomized phase 2 study of patients
undergoing allogeneic HCT using HLA-matched sibling donors. With the co-
transplantation of MSCs, the incidence of grade 2—4 acute GvHD was lessened,
but at the cost of a higher degree of relapse in myeloablative conditioning patients
(n = 10) versus controls (N = 15) [49].

3. Baron et al., reported feasibility with an acceptable nonrelapse mortality at
1 year of only 10% in 20 patients who received HLA mismatched mobilized
blood allografts with co-transplantation of the HLA mismatched HSC with unre-
lated third-party MSC in a phase I/1I trial [50].

4. Maziarz and associates reported a 36 patient, multi-arm phase I co-transplant
study assessing the potential efficacy of an MSC subset, the universal donor
multipotent adult progenitor cell (MAPC), as prophylaxis for acute GVHD unre-
lated donor transplantation. Trial design included a single dose escalation on day
2 or repeat dose escalation over the first 28 days of transplant course. Similar to
other studies, no infusional or drug-related toxicity was reported over the first
30 days of treatment. Engraftment was not affected. The overall grade II-IV
acute GvHD rate was 38% (grade III/IV 15%). The cohort of interest was identi-
fied as the 1 x 107 MAPC/kg dose administered on day 2 where an 11% grade
[I-IV acute GVHD incidence was observed with 0% grade 3 and grade 4 [51].

5. Finally, Kuzmina et al. reported a randomized study comparing 34 patients
treated with standard acute GvHD prophylaxis versus 32 subjects receiving
MSCs, at the time of blood count recovery. At day 100, a threefold decrease in
acute GvHD frequency was seen in the experimental group (9.4% vs. 29.3%;
p = 0.041). Kaplan—Meier survival curves also suggested clinical benefit
(p <0.05) [52].

Conclusions

MSC:s continue to be evaluated for their immunosuppressive properties. GVHD is a
complex syndrome resulting from immunologic interactions developing after tissue
damage from transplant conditioning regimens. Further, balancing the benefit of a
graft versus leukemia versus GVHD remains an area of study. After 20 years, MSC
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therapy has not been confirmed as a standard treatment. However, MSC therapy is
an approved therapy for steroid-refractory acute GVHD in the pediatric population
in other countries and is currently under consideration in the United States [53].

In the last several years, greater attention for the clinical application of MSC
products has focused on regenerative medicine efforts. Multiple phase 2 trials have
been undertaken in various areas such as traumatic brain injury, acute lung injury,
organ transplantation, myocardial infarction, stroke, autoimmune disorders, inflam-
matory bowel disease, and multiple sclerosis. The largest use remains in orthopedic
clinics where MSC products are grown ex vivo for application in degenerative
arthritis. These unproven indications remain under FDA scrutiny and await confir-
mation based on the gold standard of phase 3 randomized, blinded treatment trials.

The MSC remains a provocative pharmaceutical agent with its excellent safety
profile, the multitude of growth factors and small molecules that are secreted, or as
recently demonstrated, that can be transferred to the target cell by endosomes [54].
However, like all drugs, if MSC is to be considered as an effective pharmaceutical
agent, detailed studies still remain necessary to determine optimal timing of appli-
cation, optimal dose, optimal route of delivery, whether MSC should be adminis-
tered as fresh or cryopreserved product, and whether MSC biology will be facilitated
by simultaneous small molecule co-treatment.
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