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Editorial on the Research Topic

Safety, Efficacy and Mechanisms of Action of Mesenchymal Stem Cell Therapies

INTRODUCTION

Mesenchymal stromal/stem cell (MSC) therapies have been employed in more than 800 registered
clinical studies across the globe (1) and there are now >55,000 publications readily available
on MSCs (2). Their profound immunomodulatory and regenerative properties have made
MSCs one of the most promising and intensely pursued cellular therapies (3). Although
meta-analysis of clinical trials with first-generation MSC products has demonstrated safety
(4), their clinical efficacy and understanding of the underlying mechanism of action (MoA)
still needs to be improved [(1, 5-10); Caplan et al.]. A better understanding of the role of
patient parameters and adjunct treatment protocols is key to yield an optimal short- and
long-term therapeutic benefit. Indeed, different MSC products, as well as their dosing and
delivery, may be tailored for specific clinical indications according to their individual needs
(6, 8, 11). To optimize next-generation MSC therapies, efforts are now underway to improve
product design and delivery to patients, safety and potency assessment pre- and post-treatment,
and the understanding of the exact MoA. These important topics are covered within this
article collection and in the following sections we will briefly put into context the 20 articles
published within this Frontiers Research Topic: “Safety, Efficacy, and Mechanisms of Action of
MSC Therapies”.

DIVERSIFICATION IN MSC PRODUCTS AND DELIVERY

A great diversification in MSC products, treatment indications, and delivery methods has occurred
over the past decade, raising many regulatory questions, and potentially entailing reevaluation
of safety and efficacy for new products/applications [(1, 12); Caplan et al.]. Adjustments in
manufacturing are manifold, e.g., cell expansion conditions, culture media composition, or cell
priming (10). A key issue is the tissue source the MSCs are derived from, with clinical trials in the
past 5 years utilizing MSCs from bone marrow (BM), adipose tissue (AT), and perinatal tissue (PT)
at almost equal frequency (1).
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Wilson et al. give a great overview on all aspects of
MSC heterogeneity, from donor to tissue source, the role
of cell isolation and in vitro expansion, and the regulatory
considerations related to heterogeneous cell therapy. In line,
Ankrum and coworkers, who recently reviewed the MSC
manufacturing process for therapy (10), newly define isolation
and culture conditions to better prepare MSCs for the challenging
in vivo environments they encounter post transplantation in their
title “Nature vs. Nurture” (Boland et al.).

In their review, Khan and Newsome provide an exemplary
assessment on how the production process can shape the
phenotype and functional properties of BM-derived multipotent
adult progenitor cells (MAPC®, Athersys Inc, Cleveland
Ohio) compared to various conventional BM-MSC products.
Andrzejewska et al. employed multi-parameter analysis to
decipher the relative impact of in vitro culture aging (early vs.
later passage) vs. in vivo donor aging (adult vs. elderly donors and
typically associated mild comorbidities) on BM-MSC properties
in biobanking approaches.

Caplan et al. summarized how delivery methods shape the
outcome of MSC therapy, differentiating between specific types
of local and systemic delivery, and they further elaborate on
the role of innate and adaptive immune responses, in particular
cell product hemocompatibility aspects, on steering the clinical
outcome. Along with earlier studies, the authors emphasize the
need for prior hemocompatibility testing of cell products, if they
are intended to be applied by systemic intravascular delivery
[(1); Caplan et al.]. Today it is well-recognized that intravascular
delivered MSCs get largely trapped in the microvascular network
of the lungs and tissues. Recently developed technology to ex vivo
perfuse transplant organs on machine perfusion allows directly
delivery of MSC via arterial access. To this end, Sierra Parraga
et al. report on the effects of machine perfusion conditions on the
survival and functionality of MSCs.

SAFETY AND EFFICACY OF MSC

Grégoire et al. compared different MSC products derived from
the three most commonly employed tissue sources (AT-, BM-,
and PT-derived) in a mouse model of acute graft-vs.-host disease
(GvHD). Sadeghi et al. present their results on the preclinical
toxicity evaluation of clinical grade placenta-derived decidual
stromal cells (DSCs) in different preclinical models. Masgutov
et al. report their promising preclinical findings on peripheral
nerve regeneration upon local delivery of AT-MSCs in fibrin
glue. A whole different concept is to target endogenous MSC to
induce immunomodulatory and regenerative effects. Ross et al.
explored this concept with an anti-inflammatory extremely-low
frequency pulsed electromagnetic field (PEMF) to reduce chronic
inflammation for treatment of rheumatoid arthritis.

Soria-Juan et al. give a hands-on overview on their many years
of experience in treatment of critical limb ischemia and diabetes
with cell products, in particular AT-derived MSCs, and their
optimal delivery. Avivar-Valderas et al. share their valuable data
on allo-sensitization after local administration of allogeneic AT-
MSCs (Darvadstrocel formerly Cx601, from Takeda/TiGenix)

along with detailed mechanistic side-studies on protection and
susceptibility to attack by the complement system.

MECHANISM OF ACTION (MoA):
MULTIFACTORIAL CROSSTALK

MSC’s regenerative properties and modulation of the immune
system have driven their therapeutic application for a variety
of conditions. Importantly, these effects are not mediated by a
single MoA; Rather, MSCs modulate different tissue and immune
cells through numerous soluble immunomodulatory and trophic
factors, different types of subcellular vesicles, and efferocytosis
mechanisms (Ferreira et al.; Carreras-Planella et al.; Podesta et al.;
Weiss and Dahlke; Weiss et al.). While being mostly studied in
isolation, a better understanding on the interaction of these MoA
in experimental and in vivo contexts remains lacking. In addition,
clarification on the role of host immune cells responding to MSCs
is needed, to enable the better identification of patients likely to
respond to MSC-based therapies (8).

Directionality: Direct Signaling vs.

Secondary Crosstalk
A large portion of MSC’s therapeutic activity is attributed to
direct primary signaling through their secretome, comprising
a multitude of cytokines, chemokines, growth factors, and
subcellular vesicles. Ferreira et al. give a grand overview on
the current knowledge of MSC’s secreted mediators and how
inflammatory priming influences their release. In line with this,
Diedrichs et al. present their results on the clinical development
of cardiac-derived MSC products and in particular the impact
of interferon-gamma (IFN-g) inflammatory licensing on cell
product properties in the context of allogeneic cell therapy.
Another elegant study by Carreras-Planella et al. demonstrated in
mechanistic fashion that the immunomodulatory effect of MSCs
on B-cells is largely independent on extracellular vesicles.
Multiple experts also agree that the MoA of MSCs depends on
the secondary crosstalk of therapeutic MSCs with the host tissues
and in particular the host recipient immune system [(5, 6, 13, 14);
Caplan et al; Podesta et al.; Weiss and Dahlke; Weiss et al.;
Yuan et al.]. Clinical effects may result from a bi-directional
crosstalk between MSCs and host cells (as long as MSCs are
present), and from the initiation of secondary responses of
varying duration, which complicates attempts to model kinetics
and dosing in “cell pharmacology” (11). In their review article,
Podesta et al. decipher the impact of potential MoAs in their
safety and feasibility assessment of MSC therapy for solid
organ transplantation, with the aim to promote tolerance to
the transplant.

Necrobiology: Living, Apoptotic, and Dead

Therapeutic Cells

Several contributed reviews elucidate how the metabolism of
living cells and the physiology of apoptotic and dead cells, and
thus their necrobiology, may contribute to the MoA of MSC
therapeutics in vivo (Podesta et al.; Weiss and Dahlke; Weiss
et al; Yuan et al.). Weiss and Dahlke delineate that direct
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signaling through MSC secreted factors is only part of the
equation and elaborate on the role of T cells and monocytes in
steering the response to viable and non-viable MSCs. A second
review by Weiss et al. further elaborates how the host response to
dead or dying cells and subcellular particles, and the concomitant
processes of autophagy, apoptosis, mitochondrial transfer, and
release of subcellular particles, may affect the therapeutic efficacy
and choice of cellular therapeutics. In addition, Yuan et al. give
interesting new input on the role of cell metabolism as the
missing link between MSC manufacturing and therapy.

Cryobiology: Fresh vs. Freeze-Thawed

Therapeutic Cells
Regarding cell-host immune interaction, it may also be crucial
to differentiate between using fresh from culture-derived
metabolically active cells, as compared to freeze-thawed cells
readily derived from cryostorage, which may show a transient but
reversible impairment of their metabolism and cellular integrity
directly after thawing [(15-19); Sierra Parraga et al.; Yuan et al.].
This is exemplified by a contribution from Sierra Parraga
et al. who found altered activity of freeze-thawed compared to
fresh MSCs in a model of normo-thermic machine perfusion
to support transplant kidneys. Oja et al. shared their hands-on
experience on how freezing steps in MSC manufacturing impact
quality and cell functionality attributes, and how a short-term 24-
h culture recovery post thawing can restore the full functionality
of the cells. In the past years, comparisons on the effect of
fresh vs. freeze-thawed cellular therapeutics have gained greater
interest in the cell therapy field as a whole, since this does not
only seem to be of interest/relevance for MSC therapeutics, but
also for other rapidly expanding fields such as bioengineered
chimeric-antigen-receptor (CAR) T-cell therapies (19, 20).

Modulating Cell-Host Interaction by

Steering Therapeutic Cell Formulation

Not only the general mode of manufacturing, but also the final
steps of clinical cell formulation/delivery (e.g., cell harvesting,
freezing/recovery post cryobanking, or product formulation and
mode of application) could be very decisive for therapeutic safety
and efficacy outcome in clinical trials (1, 8, 10, 19).
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For several decades, multipotent mesenchymal stromal cells (MSCs) have been
extensively studied for their therapeutic potential across a wide range of diseases. In
the preclinical setting, MSCs demonstrate consistent ability to promote tissue healing,
down-regulate excessive inflammation and improve outcomes in animal models. Several
proposed mechanisms of action have been posited and demonstrated across an array of
in vitro models. However, translation into clinical practice has proven considerably more
difficult. A number of prominent well-funded late-phase clinical trials have failed, thus
calling out for new efforts to optimize product delivery in the clinical setting. In this review,
we discuss novel topics critical to the successful translation of MSCs from pre-clinical to
clinical applications. In particular, we focus on the major routes of cell delivery, aspects
related to hemocompatibility, and potential safety concerns associated with MSC therapy
in the different settings.

Keywords: cellular therapy, mesenchymal stromal cell, clinical translation, safety, cell delivery, hemocompatibility,
complement, coagulation

INTRODUCTION

The study of multipotent mesenchymal stromal cells (MSCs) and their usefulness for treating
human injury and disease is almost 40 years old and has evolved through a number of phases
roughly defined by the most commonly proposed mechanisms of action (MoA) at work. Interest
in MSCs began as a study of bone marrow stromal cells in the 1970s by Friedenstein and
contemporaries (1). This grew into an interest in their osteogenic differentiation potential in
the late 1980s, and later broadened to trilineage differentiation (bone, fat, cartilage) (2). Cell
fusion was briefly considered as a possible mechanism of repair (3-6). Aside from MSCs, a
multitude of other stem cell populations with distinct properties have been isolated from adult
rodent and human tissue, including multipotent adult progenitor cells (MAPCs) (7). Today,
many studies focus on paracrine growth and immunomodulatory factors as key mediators of
MSC’s therapeutic effect, identified to protect injured tissue and to encourage endogenous repair
mechanisms (8). In 2006, the International Society for Cellular Therapy (ISCT) published their
first position statement on defining minimal criteria for MSCs (9), followed by several updates
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mainly focusing on the refinement of standards for therapeutic
efficacy (10-12). Efforts to further refine cell pharmacology and
drug delivery are ongoing (13). Thus, it becomes apparent that
MSC research has undergone numerous advancements over time,
in order to understand and benefit from the interesting properties
of these cells. In this review, we will discuss key translational
hurdles to clinical applications of MSCs. We will first outline
popular cell delivery methods specific to their clinical application
and then address newly identified efficacy and safety concerns
regarding specific delivery methods (14).

ROUTES OF THERAPEUTIC CELL
DELIVERY

A number of notable efforts have been made to compare the
efficacy of different routes of MSC administration, which has
become increasingly difficult with the large number of pre-
clinical and clinical studies that are being published daily (14-18).
Despite a number of direct comparisons in animal models and
efforts to compare specific routes in a limited number of clinical
trials, there is no consensus on the optimal method for MSC
delivery (Figure 1), with specific limitations or advantages being
associated with either method in clinical situations. Numerous
methods for delivery of MSCs exist today and it stands to reason
that different clinical indications and pathologies will require
different delivery routes for optimal therapeutic efficacy (19, 20).
Notably, a number of efforts are being made to develop MSC-
derived exosomes or extracellular vesicles as a new “cell-free”
way to recapitulate MSC activity with unique challenges and
considerations (21).

Many investigators and industry driven studies rely on
practical or logistical considerations (22). Nonetheless, new data-
driven approaches for product optimization are currently being
tested that integrate desired therapeutic MSC properties with
representative simulated microenvironment interactions in vitro
in an effort to determine optimal delivery and improve clinical
outcomes (23-25). Selecting a suitable delivery route for future
studies should also include a consideration of the desired MoA,
and whether MSC culture techniques sufficiently highlight that
mechanism, and if MSCs can be better primed by an alternative
method (26).

Here, we will briefly discuss the rationale behind the
most common delivery methods -topical application, intra-
muscular (IM) or direct injection (DI) into tissues/organs, intra-
venous (IV) infusion, and intra-arterial (IA) infusion, followed
by notable considerations and translational challenges from
preclinical to clinical application.

Topical Application and Local Injection

Classically, localized topical application or injection of a cell
therapy into a specific site or target tissue, e.g., intramuscular or
penumbral area of an injury, has been shown to be very useful
for precision delivery of MSCs and to increase the engraftment
of therapeutic cells at a specific site of interest (14, 27). These
strategies are often associated with a tissue replacement strategy
or direct paracrine support as a MoA and can be particularly

useful when combined with specifically tailored exogenous
support systems and biomaterials to guide MSC-host interaction
and encourage endogenous therapeutic actions (28, 29).

While the direct differentiation and replacement of host tissue
by MSCs has been challenged as a result of a different activity,
such as cell fusion or transfer of genetic material (6, 30-34),
there are also some notable recent reports of MSCs directly
contributing to tissue regeneration, such as in recent work in
trachea and esophageal replacement (35, 36).

Topical application of MSCs is the least invasive method of
delivery and has demonstrated great potential in the fields of
burn medicine and wound care. Topically applied MSCs have
improved outcomes, wound healing, and skin graft survival
in burn wounds, diabetic-related wounds, and other chronic
wounds (37, 38). Using a fibrin polymer spray system, Falanga
et al. demonstrated that topically applied MSCs improved wound
closure rates in a preclinical model, as well as in patients with
chronic non-healing lower extremity wounds (39).

Intra-muscular  (IM) delivery of MSCs, like topical
application, presents a safe and simple method for cell delivery
and, furthermore, leads to improved dwell time compared to
other routes such as IV, intra-peritoneal (IP) and subcutaneous
cell delivery (40). In the study by Braid et al. IM delivery of MSCs
in a mouse model led to survival of human MSCs for up to 5
months after injection. In addition to extended dwell time, IM
skeletal muscle fibers provide a highly vascular conduit for local
and systemic release of trophic factors and support for MSC
paracrine actions (27).

In critical limb ischemia (CLI), for example, MSCs may
exert their restorative effects via promotion of angiogenesis and
revascularization of ischemic tissue (41). A recent Cochrane
analysis of autologous cells treatments, including bone marrow
(BM)-MSCs, for CLI found no differences between IA and
IM deliveries (42). Furthermore, Soria et al. found that IM
delivery may be superior to IA delivery regarding the mitigation
of adipose tissue (AT)-derived MSCs prothrombotic properties
(43). Interestingly, work by Lataillade et al. has also shown
promising effects of local IM-injections of MSCs in dosimetry-
guided surgery treatment of radiations burns (44), while both,
local IM and systemic IV delivery of MSCs and MSC-like cells
has led to rescue from lethal radiation in animal models (45, 46).

In addition to topical and IM delivery, early investigative
efforts often focused on the potential of MSCs to repair tissues by
local engraftment and/or differentiation via direct injection (DI)
into the target tissue or organ. Pre-clinical studies in neurological
disease, such as stroke, attributed the beneficial effects of MSCs
to their ability to engraft and differentiate into neurons and/or
glia (47). However, the notion that MSCs can differentiate into
functioning neuronal cells was subsequently challenged and
appears unlikely (48-50).

Others contended that MSC engraftment facilitated
endogenous neurorestorative mechanisms such as promotion of
host neural and glial cell remodeling (51, 52). Regardless of the
MoA, DI has potential advantage of bypassing the blood-brain
barrier to increase delivery of cells into the central nervous
system (CNS). For example, a recent Phase 1/2a clinical trial
investigated intra-cerebral implantation of the SB623 MSC
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MSC Routes of Administration
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FIGURE 1 | Delivery Routes Common for MSC therapies. Depicted above are the main methods that MSC are administered to target tissues, accompanied by some

Transepiltransendo-

_Topical cardial
9,
Wound s %, %
‘?\o oe:“l,/
& %, s, Heart
& % "%
¢
Muscle
Limitations

« Direct differentiation and replacement of host tissue by
MSCs has been challenged.

« Direct injection can prohibit interactions between MSC
and potential secondary signaling systems

« Delivering sufficient cells to the target tissue can require
significant clinical risk due to required surgeries.

cell line in adults with chronic, non-hemorrhagic stroke via
magnetic resonance imaging (MRI) stereotactic guidance into
the peri-infarct area (53). The authors concluded that MSC
implantation was safe, feasible and also improved neurologic
outcomes at 12 months. However, important to note, is that the
study was limited by patient selection (only 4.7% of screened
patients were enrolled) and a lack of a control/placebo group.

Direct injection (DI) of MSCs has also been widely utilized
for the treatment of cardiac disease—both acute myocardial
infarction (AMI) and ischemic heart failure (IHF)—via open
trans-epicardial and catheter-based trans-endocardial injection.
There have been numerous preclinical and clinical trials in
recent years, but here we will highlight only a few selected
studies. Important to note, the notion that MSCs can differentiate
into cardiomyocytes or promote cardiac stem cell proliferation
and differentiation have largely been abandoned in the past
decade. Furthermore, even the existence of resident adult
cardiac stem cells has recently been challenged and appears
unlikely (54, 55).

The PROMETHEUS trial investigated the use of intra-
myocardial MSC injections into non-revascularized ischemic
myocardium in patients undergoing coronary artery bypass
grafting (CABG) for IHF and found improvements in regional
myocardial and global left ventricular (LV) function (56). The
authors rationalized the use of intra-myocardial injections based
on the theory the MSCs exert their effects predominately at the
injection site via release of anti-fibrotic matrix metaloproteases
and stimulation of neovascularization.

Indeed, the authors found that the effect of MSC injection
dropped off as a function of distance from the injection site.
Of note, this study involved only 6 patients and no control

group. However, a recently published, randomized trial of intra-
myocardial injection of mesenchymal precursor cells (MPCs)
in 159 patients with advanced heart failure undergoing left
ventricular assist device (LVAD) placement found that MPC
therapy did not demonstrate improvement in the primary
outcome, weaning from LVAD support within 6 months (57). The
authors also noted that one potential factor for the lack of efficacy
may have been the use of trans-epicardial injections, which can
lead to significant cell loss.

A systematic review and meta-analysis of MSC delivery
methods in preclinical and clinical AMI found that trans-
endocardial injections produced more favorable results in swine
models in comparison to direct implantation (intra-myocardial)
(58). Furthermore, the trans-endocardial approach allows for a
minimally invasive, catheter-based direct implantation of cells
into the myocardium and avoids the invasive thoracotomy,
and thus additional risks for patient harm, required for trans-
epicardial delivery.

There are several significant risks and considerations unique
to DI delivery of MSC. Among them are reports of MSC
differentiating into problematic tissue/ectopic tissue formation
(59, 60), particularly heterotopic ossification into ectopic bone
(61, 62). Additionally, localized DI may prohibit interactions
between therapeutic MSCs and potential host secondary
signaling systems in the lung, spleen, and peripheral blood,
thus limiting their repertoire of therapeutic MoA. Consideration
must also be given to the logistics and feasibility of various DI
approaches, as delivering sufficiently high cell numbers to the
selected target tissue can create significant clinical risk due to
required surgeries, such as laminectomies to treat spinal cord
injuries (63).
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Intra-arterial Infusion

There is substantial evidence that MSCs exert their effects largely
via direct cell contact and local paracrine effects, as opposed
to engraftment and differentiation within the target organ (64,
65). Additionally, upon systemic infusion, the interaction with
endogenous inflammatory and tissue repair signals, such as
immune cells and the innate immune cascade systems in the
bloodstream likely influences MSCs responses, bio-distribution
and homing to injured or diseased tissues (14, 66).

Intra-arterial (IA) delivery may prove the most efficacious
method in one treatment indication, but may be potentially
harmful in another. IA delivery of MSCs allows for infusion
of cells within the local vascular system of the target organ
without the physical risks of direct implantation and pitfalls of
IV administration, especially the trapping of cells within the lung
microvasculature, and may thus allow more cells to reach the
intended target tissue (17, 65, 67).

Importantly, based on a survey of published results (68),
the IA delivery of MSCs for stroke entails the potential risk
of cerebral infarcts, caused by emboli of cells in the cerebral
microvasculature. Factors such as vascular access, cell size, cell
dosage and delivery speed must be considered, especially when
delivering cells into coronary or cerebral arteries (69, 70).

In AMI several clinical trials have demonstrated safety
and improvements in functional outcomes with the use of
intracoronary infusion of MSCs and other BM cell populations
(71-73). Here, IA delivery is likely a valid option, as it avoids
invasive procedures (which are not part of the usual care in AMI)
and ensures delivery of cells to the area of focal tissue injury
and hypoxia.

As mentioned above, the SafeCell Heart study demonstrated
significant improvements in LVEF with intracoronary MSC
delivery (74). IA cell delivery has also been utilized in other
pathologies including, but not limited to intra-carotid delivery
in stroke, intra-renal delivery for renovascular disease, and intra-
hepatic delivery for cirrhosis (75-77). However, the efficacy of IA
MSC delivery in the above examples is still under investigation.

Intra-venous Infusion

The most commonly used method to apply MSCs is via
IV infusion, due to the relative ease and limited risk
(14). This method results in a large number of MSCs
accumulating in the lungs, but also distributing throughout
the body and other organs, such as the spleen, throughout
24-48h (67, 78-80). Similar to intra-arterial delivery of cell
therapies, IV administration is most often associated with
mechanisms involving secondary signaling effector cell systems
and interactions with the host immune system (64, 80, 81).

Most of the attempts at developing a commercial cell therapy
have used IV administration in order to facilitate use at
multiple centers. Perhaps most widely known, the systemically
IV-infused Remestemcel-L (Prochymal) has been developed by
Osiris Therapeutics (Now Mesoblast), to primarily treat graft-
vs.-host disease (GvHD) (82). Other notable efforts also include
the use of Multistem, a multipotent adult progenitor cell that
is somewhat similar to MSCs, to treat ischemic stroke (83) and
our own use of cell therapies to treat traumatic brain injury (84).

Common among these approaches is the use of cell therapies to
modulate inflammation and activation of the immune system in
order to decrease inflammation-related secondary injuries and
restore homeostasis.

Among the considerations specific to IV administration are
the same concerns about cells generating emboli or thrombi,
however, with the advantage of the lung capturing potential
vascular obstructions before they can disrupt other organ
function. IV infusion certainly may result in limited numbers of
cells reaching target tissues, a more transient persistence of cells,
and a dilution of paracrine factors reaching target tissues. Finally,
while it may be part of MSCs MoA in modulating immune
responses (85), IV delivery likely facilitates the rapid removal of
clinical MSCs by innate host immune cells (14, 86).

Additional Routes of Administration

Several additional routes of MSC administration are notable
for consideration for some specific applications. Intra-nasal
(IN) administration of MSCs is promising route to treat
neurologic pathologies that avoids the risks associated with
direct injection of cells into the CNS. Preclinical data has
demonstrated efficacy of IN MSCs across a spectrum of
CNS disorders, including perinatal ischemic brain injury,
subarachnoid hemorrhage, and neurodegenerative disorders
such as Parkinson’s disease (20, 87-90).

Intrathecal (IT) administration of MSCs, often through
lumbar puncture, has shown benefit in preclinical and clinical
studies across a wide array of neurologic disorders, including
chronic neuropathic pain secondary to spinal cord injury
(91-94), amyotrophic lateral sclerosis (ALS) (95-97), and
epilepsy (98, 99).

Intravitreal administration of MSCs has demonstrated
improvement in outcomes in several animal models of retinal
injury and dysfunction (100-104); however, the safety of
intravitreal injection of MSCs in humans is still an area of clinical
concern (105).

Furthermore, the administration of MSCs during ex vivo
perfusion of solid organs, e.g., in kidney transplantation or injury,
avoids the trapping of cells in the lung and spleen and permits
direct interaction of MSCs with the target tissue (106). Gregorini
et al. demonstrated that delivering MSCs during hypothermic
machine perfusion improved outcomes in a rat model of ischemic
kidney injury (107). Recently, Sierra Parraga et al. demonstrated
that machine perfusion of MSCs supports their function and
survival, although more work will be required to determine the
optimal conditions for perfusion (108). Notably, these strategies
may reduce the need for immunosuppression to prevent organ
rejection (109).

TRANSLATIONAL HURDLES WITH
SYSTEMIC AND LOCAL DELIVERY

Any therapeutic modality, whether a new pharmacologic agent
or surgical procedure, must not only be efficacious, but also safe
for the patient. While the vast majority of preclinical and clinical
studies have found MSCs to be safe and well-tolerated (110),
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the rise of unregulated and unproven stem cell interventions
have resulted in several reported clinical adverse events (14, 60).
Here we will highlight mechanisms by which MSCs may cause
unwanted or adverse reactions, including interactions with the
host’s innate and adaptive immune system, as well as their
tumorigenic potential (Figure 2).

Triggering of Innate Immune Responses by
MSCs

Systemically infused MSCs activate the host innate immune
cascade systems, such as complement and coagulation, termed
the instant blood-mediated inflammatory reaction (IBMIR) (14,
66, 111). IBMIR was first used to describe the procoagulant
activity of pancreatic islet cells and hepatocytes in relation to their
expression of procoagulant tissue factor (TF/CD142) (112, 113).

MSCs demonstrate similar effects when they contact human
blood with variable amounts of procoagulant activity when
isolated from different issues (14). They normally reside in
the perivascular space around blood vessels, are predominantly
excluded from direct contact with blood, and express variable
amounts of procoagulant TF, first described on placenta-derived
decidual stromal cells (DSCs) (114).

The effects of ex vivo expanded MSCs administered IV
into patients include a significant increase in complement C3
activation fragment a (C3a) and the coagulation activation
marker thrombin-antithrombin complex (TAT), which was
accompanied by a decrease in platelet counts and a significant
increase in fibrinolysis marker D-dimer (111, 115). Importantly,
MSC’s TF expression was shown to increase as cell passage
increases, and the procoagulant effect of MSCs increases as their
TF expression increases (14).

Furthermore, in a study investigating human BM- and
AT-derived MSCs, TF expression and procoagulant activity were
measured using flow cytometry and calibrated automated
thrombogram  and  thromboelastography,  respectively,
demonstrating large donor and tissue variability (116). A
causal relationship between MSC-associated TF with clot
formation has also been demonstrated in human blood using
flow cytometry to measure the density of TF on different types of
MSCs (24), finding that MSC induce a dose-dependent change in
clotting time and thrombin production based on TF expression.

Several authors demonstrated a reduction in procoagulant
activity in MSCs when the cells were diluted or treated with
TF pathway blocking reagents (24, 111, 117). Multiple authors
also found that heparin can nullify accelerated clotting time
due to MSC associated TF in vitro (115, 117-119). These data
highlight the importance of monitoring MSC’s procoagulant
activity and provide a possible clinical solution. Thus, MSC-
associated TF must be considered as a safety release criterion
prior to administration in patients (14).

While a substantial number of in vitro investigations have
demonstrated that MSCs exert a procoagulant effect after blood
contact, there are limited reports of MSC-associated thrombotic
events in humans in the literature, specifically in established
clinical trials (60). One of the first reports involved the use
of human placenta-derived MSC-like cells in a Phase 1b/2a

study in Crohn’s disease. The authors reported that two patients
suffered from venous thrombosis after infusion (120), and posit
TF expression on clinical-grade therapeutic MSCs as a possible
cause (111).

Furthermore, subsequent in vitro studies comparing placenta-
derived DSCs to BM-MSCs found a 15-fold higher expression of
TF in the DSCs (115), which may help to explain the results from
the above study. The need for increased caution with perinatal
tissue (PT)-derived MSC products is further substantiated by a
recent report of thromboembolism in two patients treated with
umbilical cord MSC products (121).

Another key report of thrombotic events was in a trial
that evaluated the use of autologous AT-derived MSCs to treat
patients with critical limb ischemia (CLI) (122). The investigators
found that two of the patients, both of whom also had diabetes,
developed distal microthrombi after infusion. Interestingly, the
investigators found no cases of thrombotic events when using
autologous AT-MSCs in non-diabetic patients or autologous BM
mononuclear cells (BM-MNCs) from diabetic patients.

It was subsequently demonstrated that AT-MSCs from
diabetic patients release higher levels of plasminogen activator
inhibitor type 1, reduced levels of tissue plasminogen activator,
and lower d-dimer formation in comparison to non-diabetic AT-
MSCs, all of which might lead to blunted fibrinolytic activity.
Furthermore, these diabetic-derived AT-MSCs upregulated TF
expression and displayed altered platelet-derived growth factor
(PDGF) signaling, which was abrogated using PDGF-BB
treatment (123).

There are other case reports of MSC-associated thrombotic
events. A man who presented with chest pain was found to
have small bilateral pulmonary emboli 1 month after receiving
the last of multiple systemic infusions of AT-derived MSC for
herniated cervical discs (124). His parents were reported to
also have had MSC infusion for osteoarthritis, and both were
found to have small pulmonary emboli, although neither was
symptomatic. No evidence of hypercoagulable disease was found
in any family member. There was no clear mention of the
exact source of the clinical MSCs infused, or if these patients
received MSCs in conjunction with a clinical trial. There is an
additional media report of a 73 year old man who died from a
pulmonary embolism after receiving an infusion of AT-derived
stromal cells in Japan (125). It appears that this patient was not
enrolled in any published clinical trial, and the company involved
has come under intense scrutiny. In both of the latter two
cases, there are few details regarding the source, manufacturing
process and testing of the cells, as well as details surrounding the
treating parties.

While the evidence for MSC-associated thrombotic events
is nominal, there is a need to ensure the safety of MSC
therapy, including their procoagulant effects (14). Furthermore,
many patients who may benefit from MSC therapy—those
with inflammatory mediated disorders, diabetes, cancer, cardiac
dysfunction, or trauma-related injuries—are likely to have an
acquired hypercoagulable state or are at high risk of a thrombotic
event secondary to their primary disease process. Therefore, we
must continue to monitor the pro-thrombotic effects of MSCs as
part of release criteria and in clinical trials.
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FIGURE 2 | Translational challenges with systemic and local cell delivery. (A-D) Therapeutic cell production / conditioning (e.g., 2D vs. 3D culture and cytokine
priming) and the mode of cell delivery (e.g., systemic intravascular infusion vs. local injection) have a major impact on the cell product’s immunogenic properties
(shown in A), and consequent rapid triggering of innate and adaptive immune responses (shown in B,C), thus affecting its therapeutic efficacy, engraftment and
tumorigenicity (shown in D). The MSC product’s immunogenic properties are affected by numerous cell-bound and secreted immunoregulatory mediators (e.g.,
complement regulators, coagulation regulator TFPI, or regulators of the adaptive immune response, such as co-stimulatory molecule expression, sHLA-G and
galectin-1). The cells can also exhibit a number of immunogenic features, such as procoagulant TF-expression, cellular stress signals (e.g., PS), and immunogenic
antigens (e.g., allo, xeno, and blood groups). (B) The innate coagulation and complement cascade systems are two of the major effector arms of the instant
blood-mediated inflammatory reaction (IBMIR) that can recognize blood-incompatible therapeutic cell features and thus trigger the detrimental thromboinflammation
compromising cellular therapeutics. The innate immune cascade systems employ multiple sophisticated molecular sensors (e.g., FVII and FXII, or C1g and MBL,
respectively), to recognize aberrant cell surface molecular features on infused therapeutic cells (e.g., TF and PS, respectively), which can trigger innate immune
cascade activation and amplification by effector cells (e.g., platelets, PMNs, monocytes/macrophages, and T/B cells), potentially leading to adverse reactions (e.g.,
cell lysis, inflammation, sequestration and rejection). (C) Innate and adaptive effector cell modulation: triggering of IBMIR and therapeutic cell injury/disintegration
promotes the release of various bioactive molecules, in itself and from dying MSCs, upon crosstalk with the responsive host immune system, such as activated
clotting factors (e.g., thrombin), anaphylatoxins (C3a and Cba), opsonins (iIC3b, and C3d/g), and MSC-derived constituents (e.g., microparticles, cytokines and growth
factors) in a highly conditional manner, thus greatly amplifying the initial signal, leading to modulation of multiple effector cell types. This can result in alloimunization
and consecutive cellular and humoral responses (e.g., T-cells and B-cells alloantibodies), but also in the induction and release of multiple immunoregulatory and
regenerative cell types and mediators (e.g., Tregs, Mregs, TolDCs, MPs, and PMs). (D) A large fraction of the infused therapeutic cells is lost within the first hours to
days of infusion due to the triggering of instant innate immune responses, which can be furthermore aggravated by triggering of adaptive immune responses in case
of allogeneic cell products. Studies on MSC persistence in vivo have shown prolonged survival, dwell-time, and engraftment by alternative routes of delivery (e.g., local
injection in conjunction with biomaterials), although long-term engraftment is very limited and ectopic tissue formation rarely reported. Currently, patient clinical
(Continued)
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immunogerulatory T-cells, myeloid cells, and tolerogenic dendritic cells.

FIGURE 2 | responses are still sub-optimal for many MSC therapeutics leaving room for improvement in long-term survival. AT, antithrombin; FI-FXII / Fla-FXlla; native
and activated coagulation factors |-XIl; TF / TFPI, tissue factor and tissue factor pathway inhibitor; C3/5-9, complement component 3 and 5 to 9; C3a/Cba, activation
fragment a of complement component 3 and 5; C3b/iC3b/C3d(g), complement component 3 sequential degradation fragments b, inactivated fragment b and d(g);
complement regulatory molecules: CD35, complement receptor 1, CD46/MCP, membrane cofactor protein; CD55/DAF, decay accelerating factor; CD59, protectin; Fl
and FH, complement factor | and H; PS, phosphatidyl-serine; MAC, membrane attack complex; and MHC-II, major histocompatibility complex class-II; sHLA-G,
soluble human leukocyte antigen G; MPs and PMs, MSC and immune cell-derived micro-particles and paracrine mediators; Tregs, Mregs and TolDCs,

The complement system, another major part of the innate
immune cascade systems, is one of the first lines of defense
against foreign pathogens. It is not surprising that systemically
infused MSCs activate and interact with the complement system
(126). In fact, the complement system appears to play a critical
role in initiating the immunomodulatory reaction between
infused therapeutic MSCs and host cells (127). What role the
complement system plays in MSC’s MoA and how it affects their
efficacy is currently under investigation.

Early studies by Tu et al. revealed that MSCs constitutively
express factor H, a complement inhibitor (128); however, even
when augmented by the presence of pro-inflammatory cytokines
TNF-a and IFN-vy, the overall production of factor H by MSCs
proved relatively insignificant in comparison to overall systemic
levels. Subsequently, the same group and others demonstrated
that although MSCs express cell-surface complement regulators,
MSCs activate the complement system upon contact with
human sera in vitro, leading to cytotoxicity in a dose-dependent
manner (126, 129, 130).

Blockade of these complement inhibitors led to increased
cytotoxicity, while both upregulation of CD55 (a cell-
surface complement inhibitor) on MSCs via transfection
with recombinant adenovirus, and addition of anti-C5
immunoglobulin significantly reduced MSCs cytotoxicity
after contact with serum. Li et al. also determined allogeneic
MSCs caused increased complement activation, with associated
increased cytotoxicity, in comparison to autologous MSCs (126).

In order to prevent complement-mediated cytotoxicity
against therapeutic cell products, investigators have engineered
complement-resistant MSCs. Heparin is known to inhibit
complement activity, and systemic administration of heparin
reduced MSC cell damage after infusion (131). In order to
prevent unwanted anti-coagulation effects of systemic heparin
administration, the authors then demonstrated that incubation
of MSCs with activated heparin led to binding of heparin to the
surface of MSCs and furthermore, these “heparin-painted” MSCs
showed less surface deposition of complement C3 activation
fragment b (C3b/iC3b) and suffered less cell damage after contact
with serum.

The proposed mechanism of heparin-mediated protection
involves recruitment of factor H binding to the MSC cell-
surface. Subsequent “painting” of factor H onto MSCs via pre-
incubation led to decreased complement deposition onto MSCs
surface, reduced cell damage, and increased cell survival in vitro
and in vivo (132). In addition, MSCs with factor H incubation
attenuated Cba release, which significantly reduced complement-
mediated activation of neutrophils and led to improvement in
MSC function and reduced cell damage.

Investigators have also engineered human MSCs via
transduction of a retrovirus encoding genes from human
cytomegalovirus (HCMV), which downregulated HLA1
expression on MSCs without increased vulnerability to NK
killing (133). Furthermore, HCMV is known to incorporate the
host-encoded complement inhibitor proteins and upregulate
host-encoded CD55 and CD46 in order to evade the innate
immune system. Soland et al demonstrated that induction of
MSCs with the specific HCMV US2 protein led to upregulated
expression of complement inhibitors CD46, CD55, and CD59,
and a reduction in complement mediated MSC lysis (129).

While further investigation into engineered MSCs as
described above is certainly necessary, the ability to evade or
attenuate complement-mediated cell damage and lysis may prove
crucial to the efficacy of future MSC therapeutics (86). Further
investigation has demonstrated a much more complex relation
between MSCs and the complement system, with discrepancies
between pre-clinical and clinical results. In a clinical trial of
patients receiving MSC infusions for treatment-resistant GVHD,
the investigators examined the relationship between complement
activation, immunosuppressive potential of the MSCs in vitro
and the clinical effectiveness of MSC therapy in vivo (127). MSCs
activation of the complement system was found to mediate
effector cell activation and modulate their immunomodulatory
activity in a multifactorial manner.

This finding was mechanistically substantiated by using in
vitro inhibition of complement function, which resulted in
decreased CD11b upregulation on effector cells. Furthermore,
MSC’s ability to activate the complement system was found to
correlate with its immunosuppressive potential in vitro: MSCs
with increased complement activating properties demonstrated
increased suppression of peripheral blood monocyte (PBMC)
proliferation in mixed lymphocyte reactions (MLRs) and
increased ability to trigger CD11b+ effector cells in whole
blood. Surprisingly, the authors found an inverse correlation
between the immunosuppressive potential of the MSCs in
vitro and their clinical effectiveness in human patients, with
average suppressing cells yielding the most beneficial therapeutic
effects in vivo.

Importantly, it appears that substantial differences exist with
respect to complement activation and potential efficacy of fresh
vs. freeze-thawed MSCs upon systemic infusion (86). Freeze
thawed MSCs were found to demonstrate increased activation
of the IBMIR and susceptibility to complement-mediate cell
lysis (130). Similar changes in the immunomodulatory capacity
of MSC due to cryopreservation have also been reported
elsewhere: such as the alteration of MSC-mediated attenuation
of T cell activation, inflammatory cytokine concentrations, and
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an increased susceptibility of MSC to lysis by mixed immune
cells (134, 135).

In the clinical sample evaluated (130), the majority of GvHD
patients were treated with freeze-thawed MSCs with a small
number of fresh culture-derived MSCs being available for
comparison; while the study lacked sufficient power and thus
should be considered with caution, as also emphasized in the
discussion, the authors noted an interesting trend of improved
clinical outcomes with fresh MSCs, especially those delivered at
early passage, in comparison to freeze-thawed MSCs (130, 136).

Opverall, it is now evident that MSCs activate the complement
system upon contact with blood, which appears to be positively
correlated with their immunosuppressive ability in vitro.
Furthermore, freeze-thawed MSCs, in comparison to fresh
MSCs, demonstrated an increased triggering of the IBMIR
and associated complement-mediated lysis in vitro, leading
to a significant reduction in viable cells (130, 137). What
remains unanswered is: (1) how and to what extent complement
activation influences the clinical efficacy of systemic MSC
therapy, and (2) whether fresh MSCs are subject to decreased
complement-mediated lysis and, as a result, are more effective
clinically than freeze-thawed MSCs in vivo.

Triggering of Adaptive Immune Responses:

Autologous vs. Allogeneic MSCs

A comprehensive review of the immunobiology of MSCs and
the many ways that MSCs interact with the local and systemic
immune system in both normal and activated systems is beyond
the scope of this review, and has previously been covered in
several notable efforts to consolidate the literature (138-141). It
would not be an understatement to say that MSCs have extensive
possible interactions with every major component of the immune
system through a combination of paracrine activity, extracellular
matrix remodeling, direct contact-based signaling, and more
recently, through the use of extracellular vesicles.

These wide-ranging putative molecular mechanisms have
made it incredibly difficult for the field to come to a meaningful
consensus regarding the effects of self vs. donor antigens, further
complicated by the additional xenogenic antigens introduced
during common cell culture techniques (such as expansion in
FBS) (137, 142, 143). Until recently, MSCs were widely reported
to be immune privileged, enabling their use as an allogeneic
therapy without concurrent immunosuppression.

As the field increasingly focused on the immunobiology
of MSCs, there was a correlating rise in the number of
studies that found that MSCs were not exempt from immune
recognition. As summarized in a number of more comprehensive
literature reviews (140, 144-146), allogeneic MSCs with poorly
matched HLA can and do generate both innate and humoral
responses from the immune system, albeit responses that
appear to be dependent upon the conditional expression
and balance of both immune-activating antigens (such as
MHCs) and immune-modifying cytokines, molecules and
metabolites, like tumor necrosis factor-inducible gene 6 (TSG-
6), galectin-1, prostaglandin E2 (PGE;), and indoleamine 2,3-
dioxygenase (IDO).

The eventual immune recognition of allogeneic and HLA-
mismatched MSCs has become increasingly implicated as
a barrier to clinical efficacy (140). On the one hand, the
huge number of pre-clinical studies in both xenogeneic and
allogeneic systems and clinical studies using allogeneic cells
without regard to conventional graft-vs.-host compatibility
considerations indicate that MSC efficacy is often independent
of the eventual immune “rejection” of donor MSCs, either by
virtue of MSC activity occurring prior to immune recognition
or perhaps even due to a MoA that includes the host
immune system.

In a recent report it was found that MSCs can modulate the
immune system by being engulfed by antigen presenting cells,
and that the subsequent display of MSC antigens by antigen-
presenting cells (APCs) results in a chain of anti-inflammatory
activity and downstream therapeutic outcomes (85). On the other
hand, the recognition and removal of MSCs by the host immune
system may also limit the duration and possible efficacy of a
number of MSC MoAs.

Among a number of strategies to evade immune recognition,
there is a large amount of interest in the use of biomaterials and
engineering techniques to shield MSCs from immune activity
to prolong paracrine activity (29, 147, 148), efforts to further
decrease the immunogenicity of cells (149-151), sophisticated
banking strategies to allow for autologous or HLA-matched
cells to treat acute injuries in a timely fashion (152, 153),
and conventional pharmaceutical immunosuppression given
temporarily, all to provide a larger window for MSC activity in
vivo (154, 155).

It is our opinion and that of others (86, 136, 140, 156), that
reducing the activity of the host immune system is likely to also
reduce the therapeutic efficacy of MSCs, as we feel that many of
the pleiotropic effects of MSCs require the participation of the
host immune system.

Cell Engraftment and Tumorigenicity

The potential for malignant transformation of MSCs is of obvious
concern. Because MSC therapy involves ex-vivo production and
expansion of cell lines, and even allogeneic MSCs have the
capacity to escape elements of immune recognition, it is crucial
to ensure that transplanted or infused cells do not contain
transformed, potentially tumorigenic cells (157).

Concerns for the tumorigenic potential initially came from
studies of mouse-derived MSCs transplanted into a mouse
model (158). The murine-derived BM-MSCs used in the study
were reported to spontaneously transform into malignant
fibrosarcomas in multiple organs in vivo after systemic infusion
into immunocompromised mice. Of note, this same study also
evaluated human MSCs and found no evidence of malignant
potential in vitro.

Another study demonstrated that the injection of mouse
MSCs with spontaneous p53 mutations led to development of
fibrosarcomas at the site of injection in immunocompetent mice
(159). Yet, there was no evidence that the transfer of MSCs
without such mutations led to tumor formation. Transformed
MSCs have also been identified for other non-human species.
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The authenticity of such findings is difficult to confirm in non-
human cells, as many of such studies lack true verification by
modern stringent methods, such as short tandem repeat (STR)
profiling (160).

Additional reports of spontaneous malignant transformation
of human MSCs further intensified concerns for the tumorigenic
potential of MSCs. Two separate studies identified spontaneous
malignant transformations of human MSCs in culture, and
injection of these transformed cells led the development of
tumors in mice (161, 162). However, the findings from both
of these studies have since been retracted, as the MSC cultures
in both instances were found to have been contaminated with
established malignant human cell lines (163).

While two more recent studies have demonstrated, and
confirmed using STR analysis, the development of malignant
transformation of MSCs in both cynomolgus macaques and
human cell lines (164-166), there are, in contrast, far more
studies that have demonstrated that ex vivo expanded human
MSCs are rather resistant to malignant transformation, even after
long-term culture, development of chromosomal aberrations,
and application of physical and chemical stress (167-169), and
that they undergo senescence rather than becoming tumorigenic.

Further reports concerning the genetic instability of MSCs
appear to be grossly overstated and even misleading (170, 171).
In addition, studies of Good Manufacturing Practices (GMP)
grade MSCs have also demonstrated a lack of malignant potential
in vitro and in vivo (172, 173). While the possibility of rare
tumorigenic transformations in MSCs cannot be ignored, careful
monitoring of cell cultures, minimization of in vitro expansion
length and evaluation for cytogenic aberrations when concerns
rise should be considered (174).

Human MSCs have been used clinically for more than two
decades, the majority from BM, but also increasingly also
from other sources. To date, there are no clinical studies that
have attributed MSC therapy to the development of tumors
or malignancy. A meta-analysis of 36 studies, including 8
randomized control trials (RCTs), involving 1,012 patients found
no evidence of association between MSCs and tumor formation
(110). A 2013 report from the ISCT noted that although the
risk of tumorigenicity of MSCs had yet to be confirmed or
denied, no tumors have been diagnosed in patients that would
originate from administered MSCs (175). While it appears that
MSC therapy is safe and well-tolerated in human subjects, the
risk of tumorigenicity must continue to be studied both in clinical
trials with long-term follow up and during the culture/expansion
process prior to any therapeutic infusion.

COMPARATIVE STUDIES FOR OPTIMAL
DELIVERY

Two important considerations exist in determining optimal cell
delivery. The first consideration is patient safety. The second
consideration is the efficacy of a therapy. If DI, IA, or IV
demonstrate similar clinical effectiveness, then the least invasive
method of cell delivery is preferred. But do MSCs work differently
when delivered DI v. IA v. IV? Here we have selected a few

examples of preclinical and clinical studies that have compared
cell delivery methods head to head in order to demonstrate
potential advantages/disadvantages of one method over another.

In heart disease, DI into myocardium may not provide
improved MSC engraftment rates or outcomes over IA infusion.
In a model of porcine model of ischemic cardiomyopathy,
animals received either surgical implantation, trans-endocardial
injection, or intracoronary infusion of autologous MSCs
and were euthanized 4h after infusion (176). DI of MSCs
via surgical implantation or trans-endocardial injection
led to only 16 and 11% retention of MSCs within the
myocardium, respectively. The majority of the cells, around
45%, accumulated in non-target organs for all three delivery
methods. Intracoronary infusion led to similar rates of intra-
myocardial MSC retention as DI (both 11%). IA delivery
necessitates the need for patent vasculature and, therefore,
may not provide benefit in pathologies such as AMI or
ischemic stroke secondary to occluded internal carotid or
intra-cerebral arteries.

There have also been investigations of IA vs. IV cell
delivery, especially in stroke, as endovascular treatments have
become increasingly utilized (70). Byun et al. demonstrated
that TA delivery leads to improved cerebral engraftment and
outcomes over IV delivery in a rat model of cerebral infarction
(177). A meta-analysis of preclinical studies of MSCs in
ischemic stroke models found that although DI provided
the greatest benefit, all 3 methods of delivery—DI, IA, and
IV— consistently demonstrated significant improvement in
outcomes (178).

Direct comparison of delivery methods is often lacking in
clinical trials due to logistical concerns. Furthermore, pooled
meta-analysis and systematic reviews often combine different cell
types, related pathologies and delivery methods. Therefore, the
following small selection of studies is limited and should not be
considered a representative sample.

In stroke, a pooled analysis of clinical trials using multiple
cells types, largely BM-MNCs and MSCs, Jeong et al. determined
that TA provided increased benefit over DI or IV (179).
Furthermore, the SafeCell Heart study, a systematic review and
meta-analysis of cell therapy in heart disease, found that IA and
intra-myocardial (catheter-directed trans-endocardial) infusions
provided significant improvements in LVEF, which were not seen
with trans-epicardial or IV cell delivery (74).

In another meta-analysis of preclinical and clinical studies
of MSCs in cardiac disease, Kanelidis et al. found that cell
delivery method did have an effect on outcomes in AMI,
and that trans-endocardial and IV delivery improved outcomes
in both swine models and clinical trials, while IA infusion
with subsequent intracoronary delivery did not demonstrate
significant benefit (58).

Clearly, the currently available data, based on few preclinical
studies and limited clinical trials, which are often contradictory,
are not sufficient to make any major conclusions as to whether
one delivery method is superior to another. However, clinical
trials directly comparing cell delivery methods will likely not
happen until MSC therapy, via any delivery method, is proven
efficacious for a particular pathology.
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CONCLUSION

During the past decades, MSC therapeutics have undergone
a continuous transition from proof-of-concept to clinically
approved therapies. In order to improve our ability to utilize
MSCs therapies, great efforts are ongoing to refine potency
assessment, cell pharmacology and drug delivery. Compared to
advancements in cell sorting, manufacturing and biobanking,
the importance of cell delivery methods and the in vivo
effects of MSCs on the human immune and hematologic
systems are still largely underappreciated today. Thus, we
here discussed key aspects related to the effective and safe
delivery of MSCs, in the context of recent clinical studies with
focus on different methods of MSC administration. As the
growth of MSC-based therapeutics accelerates in private, public,
and fringe applications, it is vitally important to remember
historical safety concerns, recognize modern clinical risks, and
use methodology and delivery consistent with the intended MoA,
in order to yield the most effective and safest economically
viable therapeutic approaches. We encourage our colleagues to
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Over the last decade, the acceleration in the clinical use of mesenchymal stromal cells
(MSCs) has been nothing short of spectacular. Perhaps most surprising is how little we
know about the “MSC product.” Although MSCs are being delivered to patients at an
alarming rate, the regulatory requirements for MSC therapies (for example in terms of
quality assurance and quality control) are nowhere near the expectations of traditional
pharmaceuticals. That said, the standards that define a chemical compound or purified
recombinant protein cannot be applied with the same stringency to a cell-based therapy.
Biological processes are dynamic, adaptive and variable. Heterogeneity will always exist
or emerge within even the most rigorously sorted clonal cell populations. With MSCs,
perhaps more so than any other therapeutic cell, heterogeneity pervades at multiple
levels, from the sample source to the single cell. The research and clinical communities
collectively need to recognize and take steps to address this troublesome truth, to ensure
that the promise of MSC-based therapies is fulfilled.

Keywords: mesenchymal stromal cell, heterogeneity, cell subpopulations, cell-based therapy, single cell
technologies

INTRODUCTION

The term “MSCs” is used to describe a heterogeneous population of stromal cells, the exact nature
and composition of which remains the subject of much debate. They are often characterized
using criteria proposed by the International Society for Cell Therapy (ISCT) as plastic-adherent
cells, expressing a distinct set of surface antigens and with the ability to differentiate in vitro into
osteogenic, adipogenic, and chondrogenic lineages (1). This minimal definition, however, is far
from definitive. MSCs exhibit unique immunomodulatory properties, support the hematopoietic
niche and participate in tissue regeneration through diverse biological activities including
engraftment-independent paracrine signaling. Though initially described and sourced from bone
marrow we are now able to isolate MSC-like cells from a variety of tissues including adipose tissue,
dental pulp, placenta, umbilical cord, and umbilical cord blood.

Although MSCs first appeared in the clinic in 1995 (2) and have since become one of the
most clinically studied cell therapy platforms worldwide (3) many fundamental aspects of MSC
biology remain undetermined; primarily a direct consequence of the pervasive heterogeneity that
manifests itself between MSC donors, tissue sources, culture methods and individual cells within a
clonal population. Furthermore, MSCs exhibit a remarkable level of plasticity over time and when
presented with different microenvironments (4, 5). MSC multiplicity, and a lack of consensus in
the scientific community, complicates MSC characterization and their translation into the clinic.
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This review will consider the multilevel origins of heterogeneity
in MSCs (see Figure 1) and how we should be doing more
to identify, track and quantify heterogeneity in MSCs to help
determine its biological importance and impact in in vitro and
in vivo contexts.

CHANGE IS THE ONLY CONSTANT
(HERACLITUS, 535-475 BC)

MSC heterogeneity has certainly obscured our understanding of
MSC biology and, correctly, prompted calls to re-evaluate the use
of MSCs in therapy (6-10). However, the origins of heterogeneity
are complex, fascinating and a constant theme in biology. It
is clear from other work, particularly in microbial systems,
that heterogeneity arising in genetically identical populations
can have a positive impact on overall population fitness (11-
14). Stochastic fluctuations in gene expression, or “noise,” can
lead to phenotypic variability in clonal cell populations (11, 15)
and “bet hedging” can confer survival advantages on individual
cells within mixed communities when faced with environmental
change (16, 17). It has been proposed that stochastic non-
genetic variations (i.e., those not caused by genetic mutations)
contribute to the evolution of tumors using bet hedging-like
strategies (18-20) and the dynamic switching between subtly
different phenotypes has been shown to influence cell fate
in different adult and embryonic stem cell populations (21—
23). Gene expression noise in MSCs is also likely to give rise
to individual cells with different characteristics and therefore
influence the aggregate function of the population. It is also
clear that MSC heterogeneity is due at least in part to the
existence of different subpopulations with distinct expression
profiles and functional properties (24-26). It has not been
determined if discrete stromal subpopulations evolve through
stochastic or deterministic means, but many appear to possess
properties that support general tissue maintenance [for example,
immune control, vascular remodeling, hematopoiesis (25)] that
are unrelated to stem cell function. Therefore, the umbrella
“MSC” descriptor may actually cover a range of related but
distinct cell types that are yet to be fully defined.

IMPACT OF DONOR- AND
TISSUE-DEPENDENT MSC
HETEROGENEITY

Cells that currently meet this broad MSC descriptor have
been identified in virtually all post-natal organs and tissues
(27) and while bone marrow derived MSCs (BM-MSC) are
still considered the gold standard, MSCs are now frequently
also isolated from adipose tissue (AT-MSCs) and umbilical
cord or cord blood (UC/UCB-MSCs) (28-33). There are well-
documented disparities in proliferation, differentiation potential,
surface markers, transcriptional, and proteomic profile of MSCs
from different sources (34-36); an overarching consensus is
hard to come by. For example, prevailing MSC characteristics
such as tri-lineage differentiation potential present contradictory
evidence in terms of lineage preference and full tri-lineage

capacity (29, 30, 32, 37). Even when derived from the same
tissue of origin, MSCs demonstrate prodigious donor-to-donor
variation. This may be a factor of donor health influencing MSC
availability and function (38, 39). Donor age can also affect
self-renewal capacity and differentiation potential, which have
been reported to decline in older donors (40-43). However,
differences are also apparent in healthy donors of a similar
age in proliferation rate, differentiation capacity, and ultimate
clinical utility (44) leading to a further addition of complexity
when directly comparing samples. It is tempting to speculate
that MSC heterogeneity mirrors the diversity of environments
from which they may be isolated, the reality is however that our
understanding of MSCs in vivo is still in its infancy (8).

The multiplicity of MSCs and the absence of a meaningful
consensus on definitions and characterization parameters makes
comparing studies within the field difficult and translating them
into clinical practice even more so. Because heterogeneity is
seldom accounted for, and unique cell populations used in
individual research projects are rarely fully defined, many studies
are not only difficult to reproduce but difficult to evaluate for
comparability and impact within the field. Incomplete knowledge
of the characteristics of MSCs in vivo and how these will
relate to clinical outcomes further exacerbate the problem
when considering quality control requirements for MSCs as
therapeutic agents. Changes in the source materials of clinical
products, e.g., a different donor, prompt regulatory authorities
to require re-characterization and evidence of “comparability.”
In the event that comparability could not be demonstrated,
product from the original and subsequent sources would be
considered to be essentially different products. Thus, during
clinical development, data on early product iterations could
be invalidated, and post-authorization could, in the worst-case
scenario, require re-authorization. In conjunction with the need
for adequate cell numbers, this represents a major challenge to
the acceptance of cell-based therapies as mainstream treatments;
the options of extended culture or multiple donors each imply
unavoidable heterogeneity. Consequently the manufacture of
MSC products using processes that rely on a continuous supply of
new tissue donations run the significant risk of supply constraint,
interruption, and inconsistencies (10).

IN VITRO EXPANSION AND MSC
HETEROGENEITY

A typical bone marrow aspirate contains just 0.01-0.001% MSCs
(45) and trials for the regeneration of bone and cartilage tissue
commonly use in the order of 10 million cells. The need for high
levels of culture expansion adds to the challenge of generating
an MSC population that retains the ability to differentiate
effectively or secrete the appropriate biomolecules to induce
a beneficial paracrine response. Banfi et al. investigated the
growth kinetics and differentiation potential of MSCs, using
fresh isolates from different donors through to passage five,
and showed a dramatic decrease in MSC functionality over
time (46). MSCs from the same donor and same source (iliac
crest marrow aspirate) isolated at different timepoints over a
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FIGURE 1 | Sources of MSC heterogeneity; considerations for the clinical application of culture-expanded MSCs. Significant variation exists in MSC cultures isolated
from different donors and different tissue sites. Unrefined and non-standardized isolation and culture techniques do not select for homogeneous cell populations and
are likely to give rise to a mixture of stromal cell with different functions. Differences in the growth properties of MSC clones can result in cultures being dominated by
the faster-growing lines. Further levels of heterogeneity can be introduced within MSC clones through asymmetric cell division and the effects of stochastic

transcriptional noise, generating cells with modified phenotypes. MSC properties will also be determined by, for example, proximity to neighboring cells and extrinsic

signaling factors.

period of 6 months also show significant variation in growth
rates (44). Other studies have confirmed this loss of MSC
function, demonstrating reduced proliferation, colony-forming
(CFU-f) efficiency, telomere length and differentiation capacity
with increasing time in culture (4, 40, 47). With the mounting
interest in the use of MSCs for their paracrine effect it is
also noteworthy that the secreted output of MSCs has been
shown to differ with number of passages (48). This reduction
in therapeutic potency at the population level can mask changes
within clonal MSCs. Schellenberg et al. assessed MSC clones
following expansion and observed a continual decrease in CFU-
f efficiency and differentiation capacity over time (49). Earlier
analyses identified a complex hierarchy of MSC clones at varying
stages of potency (50), so it may be that the diminishing clonal
potential observed during MSC expansion is driven by subsets of
cells reaching their proliferative limit or by entering the hierarchy
of different stages through which cells pass during differentiation.
Subsequent studies to track individual clones from MSC explant
cultures showed that clonal complexity decreased markedly over
12 passages resulting in the clonal selection of a few dominant
MSC clones (51).

Given the impact that culture expansion has on MSC fate,
the in vitro environment and its influence on MSC properties
is worth considering. In the majority of research laboratories,
MSCs are expanded as a monolayer using standard tissue
culture flasks with a plasma-treated polystyrene surface and
medium containing fetal bovine serum. Surprisingly, given
the detrimental effects on MSC proliferation, differentiation
and paracrine activity of these basic methods, the industrial

expansion of MSCs for clinical applications often still retains
the same basic features (52). Scale-up can be achieved
through the use of multilayered cell culture flasks (cell
factories) or culture vessels specifically tailored for use with
closed-box and automated systems. More advanced systems
use roller bottles, hollow-fiber or stirred tank bioreactors
[reviewed by (53)]. A major problem with this approach
is that that these in vitro conditions are very different
from the in vivo MSC microenvironment, lacking much of
the complexity in terms of matrix composition, geometry,
mechanical properties and interactions with other cell types.
All of these microenvironmental factors are interpreted by the
cell and have been shown to impact upon their behavior (54—
59). At its worst, the non-physiological conditions of typical cell
cultures can cause mutations or cellular defects (60) but even
the best-case scenario results in cells whose behavior is markedly
changed. Together, this results in loss of potential from the whole
population, but MSC heterogeneity may also be driven by cells
responding to local changes in the microenvironment, such as
through poorly controlled substrate properties or local changes
in oxygen and nutrient concentration driven by the static nature
of the setup (61).

It is clear that the requirement for extended in vitro
expansion is a major contributor to the heterogeneity of MSC
populations. A deeper understanding of the impacts of different
environmental cues and the mechanisms by which they drive
change, will be integral to the development of technologies
for the large-scale production of quality MSC populations for
clinical use.
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CLINICAL EXPERIENCE AND
REGULATORY CONSIDERATIONS
RELATED TO HETEROGENEOUS CELL
THERAPY

MSC heterogeneity is multifactorial and functionally influential.
Nonetheless the clinical application of MSCs does not appear
to take this into account, with a selection of recent trial
publications suggesting a comparatively limited assessment of
cellular phenotype (Table 1). The criteria established for MSCs
by the ISCT (1) are sometimes referenced in these studies but not
necessarily met. It is of course possible that additional criteria
were specified during manufacture but not published, however
publication of more detail would increase our understanding of
the MSC phenotypes in clinical use.

Basic requirements for all biological medicines include the
necessity to define the identity, the purity and the potency of
the product. The developers of cell-based medicinal products
must define the “active substance”; the cell type on which
the therapeutic action of the product depends. Specification
limits must be established for unique identification of the
active substance within the product and for quantitation of
its purity. Other phenotypes present, for example those arising
from a tissue biopsy or culture contaminant, and non-viable
cells, are generally regarded as impurities. These impurities
should be reduced as far as possible and their content in the
finished product limited and defined by specifications. Cellular
impurities aside, major regulatory authorities do not always
require cell-based medicinal products to consist of a pure
population of cells. One of the first authorized cellular therapies
was the immunotherapy Provenge (Dendreon Inc), approved
by the US Food and Drug Administration (FDA) in 2010
for treatment of certain prostate cancers. Provenge contains
autologous peripheral blood mononuclear cells (PBMC), which
are cultured with PAP-GM-CSE, a fusion protein combining
granulocyte-macrophage colony-stimulating factor (GM-CSF)
with a prostate cancer antigen (prostatic acid phosphatase, PAP).
Antigen-presenting cells within the PBMC fraction are activated
by the fusion protein, providing a tumor-directed action. The
exact composition of the Provenge dose varies depending on
the cellular composition of each patients leukapheresis sample,
but may contain, amongst others, T and B lymphocytes and
natural killer cells so the therapy is inherently heterogeneous
(77, 78). In 2015 the European Union (EU) authorized its
first stem cell-based product, Holoclar (Chiesi Farmaceutici
SPA, Italy). Holoclar is a population of cultured autologous
human corneal epithelial cells containing limbal stem cells (LSCs)
intended for treatment of ocular burns. The active substance
contains only approximately 3.5% of p63bright LSCs, in a mixed
population with transient amplifying meroclones and paraclones
and terminally differentiated corneal epithelial cells (79). The
extensive heterogeneity of the overall product, which arises
from the inherent cellular variation in the patient’s biopsy, was
justified by evidence of relevant supportive properties provided
by the non-stem majority population; these were therefore not
considered to be cellular impurities (80).

In 2016, the EU approved Strimvelis [Orchard Therapeutics
(Netherlands) BV], a gene therapy for treatment of adenosine
deaminase (ADA) severe combined immunodeficiency (ADA-
SCID), in which autologous CD344 hematopoietic stem cells
(HSCs) were transduced with ADA cDNA to provide the missing
gene sequence. The active substance of Strimvelis includes
not only the transduced CD344 cells, but also the non-
genetically modified CD34+ fraction, based on the fact that
HSC transplantation is itself a standard treatment for ADA-
SCID (81) These examples provide illustrations of the general
acceptability, where justified, of heterogeneous cell populations
within authorized cellular therapies. In the latter two cases,
the heterogeneity specifically contributes to the overall clinical
effect of the product and is not merely a consequence of
the manufacturing process. The complexity associated with
using fundamentally variable starting materials which are then
processed, inducing further heterogeneity, implies that the purity
of most cell-based products will be challenging to define.
The regulators’ expectation of quantitation of the population
being administered in terms of identity and purity (82, 83)
will be difficult to achieve definitively; it is probably more
reasonable to demonstrate a degree of reproducibility across
product batches and to relate the composition of each batch to
those used in clinical trials than to provide exact percentages
of each minor cellular component (84). The identification of
relevant mechanisms of action will be of crucial importance in
determining the acceptability of a degree of heterogeneity, since
MSC activity in a specific clinical application should help inform
selection of an ideal MSC population, whether this may be a
heterogeneous preparation or a specified subset.

The inevitability of MSC heterogeneity and the consequences
of culture expansion for the production of cell therapies,
discussed earlier, raise key questions for developers of
regenerative medicines. Whilst, as illustrated above, there is
no obligation to demonstrate that a product contains only
the specific cell type of interest, the challenges of definition
and identification are accentuated when considering MSCs.
The apparent absence of major concerns around cellular
heterogeneity in whole organ and HSC transplantation is
sometimes highlighted as support for a less rigorous approach to
the characterization and control of cell-based therapies. However,
acceptance of heterogeneity in these situations may be due in
part to the fact that organ and HSC transplants are procedures
which are considered to fall within the practice of medicine
rather than items externally regulated as medicinal products.

FUTURE PERSPECTIVES: EMBRACING
CHANGE

In order to advance the clinical utility of MSCs, it is essential
that strategies to quantify heterogeneity are agreed. As a starting
point, it is important to define the biological properties of the
different stromal cell types within a mixed population. It is
likely that stem-cell and non-stem-cell fractions are co-extracted
using current protocols for MSC isolation. For regenerative
therapies, it would seem logical that the stem-cell component
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TABLE 1 | Sample characterization and release criteria reported in clinical trials using MSCs.

Phase Indication Tissue Source Characterization Stated release criteria Notes References
Myocardial infarction ~ Bone Marrow  Allo Positive: CD105, CD166 limits “Provacel” —became (62)
NS Prochymal
Negative: CD45 limits NS
Crohn’s disease Bone Marrow  Auto HLA Il (DR), CD73, CD90, CD31, CD73, CD90, and CD105 >90% (63)
CD34, CD45, CD80, CD105
Graft vs. Host Bone Marrow  Allo Positive: CD73, CD90, CD105 (64)
Disease limit NS, Negative: CD14, CD34,
CD45 limit NS
Il Graft vs. Host Bone Marrow  Allo CD105, CD59, CD73, CD9O, NS (65)
Disease CD31, CD34, CD14, CD45,
HLA-DR, FSP
Il Multiple sclerosis Bone Marrow  Auto CD90, CD90, CD31, CD34, ISCT criteria Phenotypic analysis (66)
CD45 not consistent with
ISCT
Osteoarthritis (knee) Bone Marrow  Auto Positive for CD90, CD105, ISCT criteria Data not presented 67)
CD106, CD166, KDR (VEGFR2).
Negative for CD34, CD45,
HLA-DR
Transplant rejection Bone Marrow  Auto HLA Il (DR), CD73, CD90, CD31, CD73, CD90, CD105 >90% (68)
CD34, CD45, CD80, CD105
Il Kidney Bone Marrow  Auto HLA Il (DR), CD73, CD90, CD31, CD73, CD90, CD105 >90% Trial design, study (69)
structure/function CD34, CD45, CD80, CD105 not reported
Graft vs. Host Bone Marrow  Allo CD73, CD90, CD105 >80% (70)
Disease CD14, CD34, CD45 <10%
Il Crohn’s disease Bone Marrow  Allo ISCT criteria Data not presented (71)
Il Multiple sclerosis Bone Marrow  Auto Positive: CD90, CD73, CD44 (72)
limits NS. Negative: CD34, CD45
limits NS
Il Myocardial infarction ~ Bone Marrow  Auto Positive: CD73, CD105 >90%. (73)
Negative: CD14, CD34, CD45
<3%
Acute Respiratory Bone Marrow  Allo FC performed but (74)
Distress Syndrome no data presented
Osteoarthritis (knee) Adipose Auto CD73, CD90, CD105, CD14, CD14, CD45 <2% CD34<10% (75)
CD31, CD34, CD45, CD80, IgG1  CD73, CDY0 >90%, CD105
>80%
I/la Meniscus Bone Marrow  Auto Positive: CD90, CD105 >80%. (76)

Negative: CD34, CD45 <10%

is the essential active ingredient, however non-differentiating
stromal cells could play important supporting roles, for example
in immune control; precisely why we need a full biological
understanding that relates to mechanism of action. This can
be achieved by exploiting techniques suitable for phenotyping
individual cells, including flow cytometry, electrophysiology,
microscopy (in various forms), image/morphometric analysis,
lineage tracing, and powerful new single cell-omic technologies.
Effective strategies will be required to ensure data are integrated,
interpreted correctly and shared. The key to clinical translation
will be to develop the most appropriate non-destructive
biomarker identification techniques that provide functional
discrimination. Reliable subtype-specific biomarkers will also
support the development of treatments to target MSCs in situ,
potentially negating the need for culture expansion. Alongside
these, improved methods for MSC expansion that retain, or even
promote selection of the desired MSC properties will be essential

for the production of MSC products with a more defined set of
characteristics and high therapeutic efficacy. Such technologies
will likely incorporate biophysical as well as biochemical cues
and provide platforms for scale-up culture in bioreactors. With
the role of the paracrine effect of MSCs coming to the fore
(85), therapies based on the MSC secretome or MSC-derived
extracellular vesicles (EVs) may emerge to complement the MSC
therapeutic toolkit. However, different MSC populations (or
cells within that population) are still likely to produce different
secretomes and so many of the fundamental challenges relating
to MSC heterogeneity will remain.

Given the challenges associated with providing consistency
in an MSC product from multiple tissue isolates, the generation
of MSCs from pluripotent stem cell populations has garnered
interest (86-92). The expansion capability of pluripotent cells
means that a single clonal population can potentially be
manufactured and subsequently differentiated into a virtually
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limitless supply of MSCs. This type of platform relieves the
need for continuous tissue donations, simplifies the subject of
donor-donor variation and bypasses many of the sources of MSC
heterogeneity that arise when working with ex vivo cells. Induced
pluripotent stem cells (iPSC)-derived MSCs offer the potential
for large-scale production of more homogenous, off-the-shelf
products with limited batch-to-batch variation that could deliver
more consistent clinical outcomes. The first phase I clinical trial
using iPSC-derived MSCs was completed in 2018 with promising
results from Cynata Therapeuticss lead Cymerus™CYP-001
product for the treatment of graft vs. host disease (93), although
the full findings have not yet been published. While the clinical
use of iPSC-MSCs holds promise, an effective comparison of
pluripotent cell-derived MSCs to their adult tissue counterparts is
required, with appropriate safety profiling. Clonal immortalized
MSC lines (both iPSC-derived and genetically modified adult
MSCs) may also be developed for bulk harvesting of secreted
products, proteins, and EV cargoes, which could ultimately
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As MSC products move from early development to clinical translation, culture
conditions shift from xeno- to xeno-free systems. However, the impact of isolation
and culture-expansion methods on the long-term resiliency of MSCs within challenging
transplant environments is not fully understood. Recent work in our lab has shown
that palmitate, a saturated fatty acid elevated in the serum of patients with obesity,
causes MSCs to convert from an immunosuppressive to an immunostimulatory state
at moderate to high physiological levels. This demonstrated that metabolically-diseased
environments, like obesity, alter the immunomodulatory efficacy of healthy donor MSCs.
In addition, it highlighted the need to test MSC efficacy not only in ideal conditions, but
within challenging metabolic environments. To determine how the choice of xeno- vs.
xeno-free media during isolation and expansion would affect future immunosuppressive
function, umbilical cord explants from seven donors were subdivided and cultured within
xeno- (fetal bovine serum, FBS) or xeno-free (human platelet lysate, PLT) medias, creating
14 distinct MSC preparations. After isolation and primary expansion, umbilical cord MSCs
(ucMSC) were evaluated according to the ISCT minimal criteria for MSCs. Following
baseline characterization, ucMSC were exposed to physiological doses of palmitate
and analyzed for metabolic health, apoptotic induction, and immunomodulatory potency
in co-cultures with stimulated human peripheral blood mononuclear cells. The paired
experimental design (each ucMSC donor grown in two distinct culture environments)
allowed us to delineate the contribution of inherent (nature) vs. environmentally-driven
(nurture) donor characteristics to the phenotypic response of ucMSC during palmitate
exposure. Culturing MSCs in PLT-media led to more consistent growth characteristics
during the isolation and expansion for all donors, resulting in faster doubling times and
higher cell yields compared to FBS. Upon palmitate challenge, PLT-ucMSCs showed a
higher susceptibility to palmitate-induced metabolic disturbance, but less susceptibility
to palmitate-induced apoptosis. Most striking however, was that the PLT-ucMSCs
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resisted the conversion to an immunostimulatory phenotype better than their FBS
counterparts. Interestingly, examining MSC suppression of PBMC proliferation at
physiologic doses of palmitate magnified the differences between donors, highlighting
the utility of evaluating MSC products in stress-based assays that reflect the challenges
MSCs may encounter post-transplantation.

Keywords: mesenchymal stromal cells, umbilical cord mesenchymal stromal cells, obesity, palmitate, human
platelet lysate, fetal bovine serum, culture media, cell therapy

INTRODUCTION

Cell bioprocessing, involving the large scale production of high
volumes of consistent and efficacious cellular products, is a
critical component for the translation of mesenchymal stromal
cell (MSC) products from academic laboratories to clinical
application (1-4). However, a mismatch in culture conditions
between basic academic research and clinical translation often
exists, with academic labs often relying on fetal bovine serum
(FBS) supplemented media and small 2D culture systems, while
clinical-grade products are grown in large batches in xeno-free
medias (1, 2, 5, 6). Decisions that may once have seemed trivial
or even arbitrary in the academic research environment [e.g.,
media composition (7-11), cell culture format (2, 12-14), or
substrate-stiffness (15, 16)] become critical parameters to control
in the large-scale industrial production of clinical-grade cellular
therapies (17-19). Increasingly, as cellular therapies have been
used to treat patients in clinical trials, it has become clear
that adopting good manufacturing practices (GMP) early at
the research phase can hasten the transition from the bench
to the clinic (2, 4, 19, 20). With the diversification of the
MSC field to include MSCs harvested from a number of tissue
sources (21-24), it is critical to distinguish variance that is
inherent in the cell source vs. variability that is introduced by
differences in bioprocessing during initial isolation and in vitro
expansion (25).

As findings from the lab transition to the clinic, a number of
process-related changes are often needed to produce a clinical-
grade product (2, 3, 18). One of the most glaring differences
between MSCs studied in research labs to those produced at
an industrial scale for use in patients is a switch from using
animal serum as a growth supplement to xeno-free alternatives
like human platelet lysate or chemically defined serum (6, 26).
There is significant and valid concern surrounding the use of
animal derived products in the generation of clinical-grade cell
therapies (6, 27, 28). Consequently, transitioning to clinical-
grade production often involves transitioning to a xeno-free
culture system (1, 2). Today, a large number of xeno-free
alternatives are available, many of which have associated drug
master files submitted to the FDA, which can make submission
of investigational new drug (IND) applications more streamlined
(6, 26, 29). A number of notable advantages have been reported
for xeno-free culture systems for MSCs, including enhanced cell
yield (9, 10, 30), rapid growth kinetics (5, 10), elimination of
xenogeneic pathogens (27), and improved genetic stability over
extended culture periods (30, 31). In order to ensure that the

transition from pre-clinical to clinical application is successful,
it is important to understand how the process differences related
to culture environments affect MSC function.

Variability in MSC phenotype due to donor age (32-35), sex
(35, 36), tissue of origin (21, 37), and co-morbidities (38-40),
as well as time spent in culture (41-45), has been extensively
documented. A notable example of MSC donor-specific variance
was the observation that certain bioactive secreted factors,
namely tumor necrosis factor-inducible gene 6 (TSG6), show a
sexual dimorphism with higher quantities secreted from female
vs. males bone marrow donors (36). An increasingly important
contributor to MSC phenotype is the presence of metabolic
disease [obesity, type 2 diabetes, atherosclerosis, and metabolic
syndrome (32, 34, 38, 39, 46-51)] within donors. A number
of functional defects have been documented in adipose-derived
MSCs from donors with metabolic disease, including blunted
immunosuppressive potency against activated T cells (32, 38),
reduced fibrinolytic activity (39, 46), and a diminished ability
to halt the progression of neuroinflammation (40). In addition
to the functional defect seen in MSCs isolated from patients
with metabolic disease, recent work in our lab has demonstrated
that healthy donor MSCs exposed to a “metabolically diseased”
environment enriched in the saturated fatty acid, palmitate,
are no longer suppressive, but stimulatory when cultured with
activated peripheral blood mononuclear cells (52). Interestingly,
MSCs from some donors were more sensitive to palmitate
exposure than others, despite similar levels of potency in
traditional palmitate-free co-culture assays. Collectively, this
body of work highlights the need for cell manufacturing processes
that consistently generate high quality MSCs and the need for
in vitro potency assays capable of predicting MSC performance
after transplant into challenging metabolic environments.

Although much of the variance in functional performance
of MSCs has been attributed to intrinsic donor characteristics,
only more recently has attention been focused on how specific
process-related decisions may contribute to variance in MSC
performance (1-3, 18, 20, 23, 25). While benefits have been
reported for xeno-free systems, they have predominately been
focused on improving the cell yield during manufacturing rather
than the functional properties of the cells (17, 18). Additionally,
the interaction of these systems with inherent donor variability
is less well-understood (3, 53). Whether or not xeno-free culture
systems produce MSCs that are more or less resilient for use in
complex metabolic environments has yet to be determined.

In the present study, we investigated how early and late
decisions regarding media supplementation modify the health
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and function of umbilical cord derived MSCs (ucMSCs). By
growing ucMSCs from explant to experiment in one of two
media supplements, either standard FBS or human platelet lysate,
we were able to compare genetically identical cell preparations
that had been acclimated to two different culture environments
from isolation to analysis. Notably, this study design allowed
us to delineate the contributions of donor intrinsic variability
(nature) vs. process-derived variability (nurture). Additionally,
we demonstrate for the first time that adapting an in vitro
potency assay to mimic a disease environment can reveal the
impact of process-related decisions on MSC performance within
challenging metabolic environments.

MATERIALS AND METHODS
Umbilical Cord MSC (ucMSC) Isolation

Human umbilical cords were collected through the University of
Iowa Women’s Health Tissue Repository’s Maternal Fetal Tissue
Bank with consent from the mothers (IRB#200910784). Samples
were provided to the investigators in a coded fashion and this
work was deemed to not be human subjects research by the
University of lowa IRB (IRB# 201708749). After delivery, samples
were placed at 4°C in PBS (Biological Industries, Cat #02-023-1A-
24) supplemented with 2% Penicillin-Streptomycin solution (P/S,
Biological Industries, Cat #03-031-1B) and 2% Amphotericin B
(AmpB, Biological Industries, Cat #03-028-1B). Umbilical cord
tissue explants were plated within 48h of delivery. To begin,
the external wall of the cord was sterilized with 70% ethanol
and pharmacidal spray (Biological Industries, Cat #IC-110100-
05) and placed in sterile PBS. The umbilical cords were then
cut into 3 mm cross-sections with a sterile razor and subdivided
into 1mm pieces. Approximately 60 cord pieces were then
divided into two dry culture dishes (Corning, Cat #430599), with
Wharton’s Jelly placed against the plate. Umbilical cord pieces
were allowed to adhere for 10-15 min before addition of media.
Warm o-minimum essential medium (Biological Industries, Cat
#01-042-1A) supplemented with 1% P/S, 2% AmpB, and either
10% FBS (Biological Industries, Cat #04-121-1A-US) or 5%
PLTGold Human Platelet Lysate (PLT, Biological Industries, Cat
#PLTGOLD100R), was then slowly added before the dishes were
placed in a 37°C incubator. Media was subsequently changed
every 2-3 days. After 9 days of outgrowth the cord pieces were
removed and if the cells were confluent in their colonies the cells
were plated as Passage 1 (P1) in T25s. If not confluent after 9 days,
media was changed, and the cells were cultured an additional
3 days before plating into T25 flasks. P1 cells were grown to
80% confluence and grown for one additional passage before
cryostorage using serum-free cell freezing medium (Biological
Industries, Cat #05-065-1A).

ucMSC Expansion and Growth Kinetics

ucMSCs isolated as described above were counted, plated (P1),
and grown to 70-90% confluence. Cells were then harvested,
counted, plated (P2), and expanded prior to cryopreservation
(P3). Population doubling level at each of these splits was
calculated using the formula PDL = PDL+3.322(logP; —logPy),
where PDL is the population doubling level at seeding, P; is the

total cell yield at harvest, and Py is the initial cell seeding number.
Cells harvested immediately after isolation were declared to have
an initial PDL of 0. Time to population doubling was calculated
from the initial first three cell harvests. Briefly, total cell yields
at each harvest were fit using linear regression in GraphPad
Prism 7 software and the linear regression equations were used
to calculate the average time to population doubling for each
MSC preparation.

Post-cryopreservation, MSCs were thawed at 37°C until ~1
mm? piece of ice remained. The cells were then transferred
immediately into the appropriate pre-warmed media condition
and allowed to attach overnight. Media was switched to remove
cryopreservation media and cells were grown out to 70-
90% confluence. Population doublings after cryostorage were
calculated as before from the total cell yields after each cell
harvest to confirm consistency of growth kinetics in the medias
before and after cryopreservation.

BSA Preparation and Palmitate-BSA
Conjugation

Bovine serum albumin (BSA) and palmitate conjugated to BSA
were prepared according to a previously described protocol (52,
54, 55). Briefly, to prepare the BSA solution, 20% (w/v) fatty
acid free bovine albumin (MP Biomedicals, Cat #0219477205)
was gradually added to Ultra Pure water (Biological Industries,
Cat #01-866-1A) at 52°C with gentle agitation until the BSA
was fully dissolved, yielding a transparent yellow solution.
To prepare a palmitate-BSA solution, 2.6% (w/v) of palmitic
acid (Sigma-Aldrich, Cat #P0500) was added to 0.1 M NaOH
(Sigma-Aldrich, Cat #221465) and heated to 70°C until fully
dissolved, yielding a concentration of 100 mM. To conjugate
palmitate to BSA, the 100mM stock of palmitate in 0.1 M
NaOH was added to 20% BSA at a ratio of 1:9 and heated
at 55°C for 10min. After conjugation, both the 20% (w/v)
BSA solution and 10mM Palmitate-BSA solutions were filter
sterilized using a 0.45um PES filter (Celltreat, Cat #229709).
Solutions were then aliquoted and stored at —20°C. Before use,
solutions were warmed to 37°C. The total amount of BSA was
held constant in all conditions by mixing ratios of fatty acid
free BSA to palmitate-BSA as follows: BSA only (4:0), 0.1 mM
palmitate-BSA (3:1), 0.2 mM palmitate-BSA (2:2), and 0.4 mM
palmitate-BSA (0:4).

ucMSC Validation (Immunophenotyping

and Differentiation)

To validate ucMSC identity via immunophenotyping, cells were
stained to confirm CD105, CD73, and CD90 expression and
the absence of CD45, CD34, CD11b, CD19, and HLA-DR as
defined by the MSC minimal criteria (56). Positive markers
were confirmed using FITC-CD105 antibody (BD Biosciences,
Cat #561443), PE.Cy7-CD73 antibody (BD Biosciences, Cat
#561258), and PE-CD90 antibody (BD Biosciences, Cat
#A15794) with appropriate isotype controls [FITC Mouse
lgG1lk (BD Biosciences, Cat #556649), PE.Cy7 Mouse lgGlk
(BD Biosciences, Cat #557872), and PE-CD90 Mouse IgG1
(Invitrogen, Cat #GM4993)]. A negative marker cocktail
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and isotype staining was performed using the PE hMSC
Negative Cocktail (BD Biosciences, Cat #562530), as per
manufacturer’s instructions.

For trilineage differentiation (56), each preparation of
ucMSCs (seven donors, maintained in either FBS-media or
PLT-media) was differentiated to osteoblasts, chondroblasts, and
adipocytes by culturing in osteogenic (Biological Industries, Cat
#05-440-1B), chondrogenic (Biological Industries, Cat #05-220-
1B-KT), or adipogenic (Biological Industries, Cat #05-330-1B-
KT) differentiation medias, respectively. Briefly, for osteogenic
and adipogenic differentiation, ucMSCs were plated at a density
of 60,000 cells/well in 24-well plates and grown in either FBS- or
PLT-media for 24 h. Cells were then visualized to ensure >80%
confluence and media was exchanged to osteogenic or adipogenic
differentiation medias. Cultures were maintained for 15-18 days
with media exchanges every 3-4 days. Osteogenic lineage was
confirmed using both bright-field imaging and Alizarin Red for
mineral deposition. For adipogenic lineage confirmation, lipid
droplets were identified via AdipoRed staining and fluorescent
microscopy. For chondrogenic differentiation, a micromass
culture (10 uL of 10 million/mL ucMSCs in chondrogenic
differentiation media) was incubated for 2h to allow for
spontaneous spheroid formation in 96-well spheroid plates
(Corning, Cat #4515). After 2h, 200 uL of chondrogenic media
was added for subsequent culture. Spheroid cultures were
maintained for 18 days with media exchanges occurring every
3-4 days. On Day 18, chondrogenic spheroids were fixed for
5min with 10% Formalin then mounted in Optimal Cutting
Temperature (OCT) Compound. Sectioning of the chondrogenic
pellets was performed by the University of Iowa Comparative
Pathology Core and tissues were subsequently stained with
Safranin O.

Metabolic Health and Viability Assays

To assess the metabolic function of ucMSCs exposed to
palmitate, we performed an XTT assay (Cell Proliferation Kit-
XTT based, Biological Industries, Cat #20-300-1000). For each
media condition, 1,000 ucMSCs from every donor were plated
into a 96-well plate. All wells had a total media volume of 100
L. The ucMSCs were treated with 20% (w/v) BSA or 0.1, 0.2, or
0.4-mM palmitate-BSA as described above. After 96 h, Activation
Reagent was added to warmed XTT Reagent at a ratio of 1:5,000
and 50 WL of XTT solution was added to the media of each
well. The plate was read at 475 and 660 nm absorbance at 1
and 2h time points by a microplate reader. The background
reading was subtracted for all wells, and within each media
condition, the background-subtracted reading was normalized to
a media-only control.

To assess changes in viability, ucMSCs were incubated at
37°C with BSA, 0.1, 0.2, or 0.4 mM Palmitate-BSA for 96 h. Both
detached cells in the media and adherent cells were collected and
pooled for analysis. Cells were pelleted, resuspended in prepared
Annexin/PI binding buffer [20 mM HEPES at pH 7.4 (Invitrogen,
Cat #A14291D]J), 150mM sodium chloride (American Bio,
Cat #AB01915-10000), and 2.5mM calcium chloride (Sigma
Aldrich, Cat #C8106-500g)], and stained with 90 pg/mL FITC-
Annexin V (Biolegend, Cat #640945 and 640906) and 1

mg/mL propidium iodide (Invitrogen, Cat #P3566) to final
concentrations of 4.5 and 50 pLg/mL, respectively, in Annexin/PI
binding buffer. Samples were incubated for 30 min in the dark at
room temperature. Samples were then diluted with Annexin/PI
binding buffer and analyzed via flow cytometry (Accuri C6,
BD Biosciences).

MSC:PBMC Co-culture With Palmitate

Challenge

Peripheral blood mononuclear cells (PBMCs) from a de-
identified donor were isolated from a leukapheresis reduction
cone made available by the DeGowin Blood Center at the
University of Iowa Hospitals and Clinics. After isolation,
PBMCs were cryopreserved in a solution consisting of 50%
RPMI (ThermoFisher, Cat #11875093), 40% FBS (VWR, Cat
#97068085), and 10% DMSO (Fisher Scientific, Cat #D128) until
use. PBMCs were thawed at 37°C 1 h prior to staining and plated
in RPMI containing 10% FBS, 1% L-glutamine , and 1% P/S. In
order to track generational proliferation of the PBMCs, PBMCs
were stained with CESE Cell Division Tracker Kit (Biolegend,
Cat #423801) according to the manufacturer’s protocol. Briefly,
PBMCs resuspended in PBS at 1 million cells per mL were stained
with 2 pL of 10 mM CFSE per 10 million cells to yield a final
CFSE concentration of 1 wM. PBMCs were incubated at 37°C for
15 min, centrifuged at 500 g for 8 min, resuspended in RPMI to
neutralize the dye, and incubated at 37°C for 30 min. Cells were
centrifuged again, resuspended at 1 million per mL, and stored at
37°C until plating with the MSCs.

All 14 preparations of ucMSCs were harvested after staining
the PBMCs, and 50,000 cells were plated into 24-well plates.
MSCs were allowed to attach for 1h. Prior to plating, CFSE
stained PBMCs were mixed 1:1 with Human CD3/CD28
Dynabeads (Thermo Fisher, Cat #11132D) to activate T cells
within the mixed population. 200,000 stimulated PBMCs were
added to each MSC condition to yield an MSC to PBMC
ratio of 1:4. Total media volume in each well was set at
750 L and all co-culture conditions were either treated with
BSA alone, or 0.1, 0.2, or 0.4mM palmitate-BSA to simulate
metabolic stress. PBMCs with or without Dynabeads were plated
as positive and negative controls for PBMC activation and
proliferation. After 5 days, PBMCs were isolated by collecting
the non-adherent cell fraction from the plates. These cells were
then centrifuged, the supernatants collected, and resuspended
in RPMI Supernatants were stored at —20°C for future
analysis of Granzyme-B levels using a bead-based ELISA per
the manufacturer’s instructions (BD Biosciences, Cat #560304).
PBMC proliferation was analyzed by flow cytometry (Accuri C6,
BD Biosciences).

Media Exchange Experiments

Two vials of P4 ucMSC from donor 4600 isolated with FBS
media, were thawed and plated in either FBS (FBS-FBS) or PLT
(FBS-PLT) supplemented media. Likewise, two vials of P4 ucMSC
from donor 4600 were thawed and plated in either FBS (PLT-
FBS) or PLT (PLT-PLT) supplemented media. After culturing
for 72 h, the ucMSCs were counted and replated to assess their
growth kinetics. The cells were then cultured for another passage
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(96 h), lifted, counted, and plated for either co-culture or imaging
experiments. For co-culture with PBMCs, each preparation of
ucMSCs were plated at a ratio 1 MSC: 4 PBMCs. PBMCs were
stained with CFSE and stimulated with Dynabeads, as previously
described. The co-culture was incubated for 5 days, followed
by flow cytometry analysis. For morphological analysis, ucMSCs
were plated at 1,000 ucMSCs/cm?2 in 6-well plate and cultured for
an additional 48 h. Cells were then fixed for 5min (10% neutral
buffered Formalin, Sigma-Aldrich, Cat# HT501128-4L), followed
by permeabilization for 5min (0.1% v/v Triton® X-100 in
PBS, Sigma-Aldrich, Cat#19284-500 mL), at room temperature.
After permeabilization, the cells were stained with ActinRed 555
ReadyProbes Reagent (Cat# R37112, Thermo Fisher Scientific)
according to the manufacturer’s protocol. Briefly, for every 1
milliliter of PBS, 2 drops of reagent were added. The cells
were then incubated with 1 mL of reagent in PBS at 37°C for
30 min. During the last 10 min of ActinRed staining, 1 ug/mL of
Hoechst 33342 (Cat# H3570, Invitrogen) was added. Cells were
then imaged using a fluorescent microscope (Leica DMI6000) at
20x magnification.

Statistical Analysis

Statistical analysis was pre-planned prior to collection of data and
performed within GraphPad Prism 7. For all assays involving
multiple donors, each donor was considered an independent
“n.” For assays involving a single donor, independent replicate
experiments were considered as “n.” Specific statistical tests used
for each data set is listed in the caption of each figure.

RESULTS

PLT-Media Enhances ucMSC Growth
Kinetics and Overall Cell Yield Compared
to FBS-Media

To better understand how early choices in culture isolation and
expansion affect growth rates and yield of ucMSCs, equivalent
amounts of umbilical cord explants from the same donor were
plated into two different media formulations (n = 7 umbilical
cord donors), one supplemented with xeno-free 5% PLT (PLT-
media) and one supplemented with traditional 10% FBS (FBS-
media). Umbilical cord tissue explants were incubated to allow
for ucMSC migration out of the cord and onto the underlying
tissue culture plastic. After 11 days, ucMSCs were counted
to determine initial cell yield (Figure 1A) and then culture-
expanded for two additional passages prior to cryopreservation
for subsequent experiments. Growing umbilical cord tissue
explants in PLT-media did not enhance the initial amount of
ucMSCs isolated (Figure 1A). Though the initial cell yield was
not different between media preparations, subsequent outgrowth
of ucMSCs in PLT-media resulted in a higher yield of cells
(Figure 1B) and a significantly lower population doubling time
compared to FBS-media (Figure 1C). To ensure that there were
not large differences in total population doublings between the
two different media preparations, ucMSCs were cryopreserved
once 70-80% confluence was reached leading to an equivalent
number of total population doublings prior to cryopreservation

(Supplemental Figure 1). Additionally, all ucMSC preparations
were characterized and found to meet ISCT minimal criteria
for classification as MSCs (56), including positive staining for
CD105, CD73, and CD90 and negative staining for CD45, CD34,
CD19, CD11b, and HLA-DR, as well as trilineage differentiation
potential (Supplemental Figures 2-4).

Media Supplementation Dictates a
Differential Response to Palmitate-Induced

Metabolic Stress and Apoptosis

In our previous study, we found that increased levels of
palmitate exposure led to a slight increase in levels of apoptosis
and a significant decrease in the metabolic activity of bone
marrow-derived MSCs (as determined by NADT/NADH ratio)
(52). To determine whether media supplementation led to
differences in palmitate-induced apoptosis, we cultured ucMSCs
in FBS- or PLT-media and exposed the cells to a range of
physiological doses (57, 58) of palmitate for 96h. Across all
palmitate conditions, there was a larger overall increase in
the proportion of both early (Annexin V+/Propidium Iodide-,
AV+/PI-) and late (AV+4/PI+) stage apoptotic cells in FBS-
media (Figures 2A,B) compared to PLT-media. Notably, in
FBS-media, ucMSC preparations showed a 2.0-fold increase in
susceptibility to palmitate-induced apoptosis compared to paired
PLT-media preparations as measured by late-stage apoptotic
cells (Figure 2C). Less overall apoptosis was evident in all PLT-
media donors across all tested conditions with FBS-media donors
showing 2.2 and 2.6 times as many AV+/PI4 cells after 96h
of BSA and 0.2 mM Palm-BSA exposure, respectively; however,
only 0.4 mM Palm-BSA achieved a significant difference in the
number of late-stage apoptotic cells.

Next, to determine the effect of palmitate on the metabolic
health of the ucMSCs donors, we cultured ucMSCs in increasing
levels of palmitate and assessed NAD'/NADH ratio, i.e.,
the redox state of the cells, by XTT. Treatment with the
vehicle control (BSA) showed no difference in the baseline
NADT/NADH ratio; however, the mean NADT/NADH ratio
was higher in PLT-media compared to FBS-media (Figure 3A),
which is consistent with the faster overall growth kinetics in PLT-
media observed previously (Figure 1C). Interestingly, though
FBS-media preparations showed a greater overall susceptibility
to palmitate-induced apoptosis, by XTT assay, PLT-media
preparations were affected more by the presence of palmitate at
every dose tested (Figure 3B). Given that NAD/NADH ratio is a
metric of the redox state of the cell which includes both metabolic
health and proliferative ability (59), we compared the doubling
time of each preparation previously calculated to the XTT
absorbance at the highest dose of palmitate tested (0.4 mM Palm-
BSA). As expected, there was a significant positive correlation
(R? = 0.5113, *, p = 0.0040, Pearson correlation coefficient)
between the doubling time of each preparation and the decline in
XTT absorbance observed upon palmitate exposure, with lower
doubling times associated with a larger decline in NAD"/NADH
ratios upon palmitate exposure (Figure 3C).

In addition to altering cellular metabolism, proliferating
cells also increase uptake of fatty acids to produce cellular
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FIGURE 1 | PLT-media accelerates ucMSC growth kinetics and overall cell yield but not initial cell isolation from tissue explant. (A) Total cell number isolated from the
initial umbilical cord tissue explant was determined via hemacytometer after 9-12 days of outgrowth. Donor paired ucMSC preparations [single donor grown in either
FBS-media (red circle) or PLT-media (blue square)] are represented by connected lines. Bar graph displays the mean for all donors (paired t-test, n = 7 ucMSC
donors, n.s., p = 0.662). (B) Cells isolated from the original tissue explant were plated at Day O Post-Isolation (P1) and allowed to grow until 70-80% confluence,
before passaging. Each line represents a different preparation with each node representing the cumulative population doublings determined at P1, P2, and P3. (C) An
average population doubling time was determined via linear regression from P1 to P3 outgrowth data for each donor. Donor paired ucMSC preparations are shown for
FBS-media (red circle) and PLT-media (blue square). Bar graph displays the mean value across all donors (paired t-test, n = 7 ucMSC donors, *, p = 0.0020).
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FIGURE 2 | ucMSCs are largely protected from the pro-apoptotic effects of palmitate exposure in PLT-media. (A) Representative flow cytometry dot plots from a
single donor (3004iA) showing Annexin V (AV, x-axis) and Propidium lodide (PI, y-axis) staining after 96 h of palmitate exposure. Top row shows the FBS-ucMSC
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(AVTPIT, red) at each concentration of palmitate. Donor paired ucMSC preparations are connected by a line between FBS-ucMSC (red circle) and PLT-ucMSC (blue
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membranes (60). To determine whether the higher proliferative ~ ImMmunosuppressive Potency of ucMSCs Is

rate of PLT-media donors led to increased uptake of exogenous Critically Dependent on Media
fatty acids, all 14 ucMSC preparations were incubated with Supplementation

a ﬂuoresa?ent palmitate analog, BODIPY FL C16" and imaged our previous study, we discovered that palmitate exposure
to quantify BODIPY uptake on a per cell basis. The total ., verted FBS-cultured bone marrow derived MSC from an
integrated intensity of the BODIPY signal was quantified using immunosuppressive to an immunostimulatory profile in co-
the image processing software, CellProfiler. The total BODIPY  jyre with stimulated T cells (52). Given the broad range of
signal was then divided by the overall cell area to account for potential alterations precipitated by culturing ucMSCs in FBS-
differences in size between ucMSC grown in FBS- vs. PLT-media. compared to PLT-supplemented media (10, 30, 61), we sought to
All ucMSC preparations showed uptake of BODIPY FL C16  determine whether culturing ucMSCs in a xeno-free, PLT based
(Figure 3D), but the overall uptake was increased in ucMSC  cylture system would rescue the functional immunosuppressive
grown in PLT-media compared to those grown in FBS-media  defect previously seen in co-culture after palmitate exposure.
for nearly every donor (Figure 3E, FBS-media mean = 0.1710  For this study, we used a single PBMC donor in order to focus
+ 0.0181 vs. PLT-media mean = 0.2019 £ 0.0365), suggesting  solely on the contribution of media supplementation on ucMSC
that PLT-media grown ucMSC preparations increase their uptake  potency within PBMC co-cultures.

of exogenous palmitate from the environment compared to Notably, all ucMSC preparations, regardless of previous
FBS-media preparations. growth in FBS- or PLT-media, suppressed the proliferation of
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activated PBMCs (Figure 4A, data points below the dotted line
are immunosuppressive). Both FBS- and PLT-media preparations
showed a large variation in baseline immunosuppressive potency,
suppressing T cell proliferation by 5-42% in FBS-media and 3-
66% in PLT-media. On average, PLT-media preparations were
more suppressive at baseline (FBS-media BSA mean 71
+ 13, PLT-media BSA mean = 59 + 23); however, due to
the large amount of donor-to-donor variation this value did
not reach statistical significance. Interestingly, although PLT-
media preparations showed less variation in growth kinetics,
palmitate-induced apoptosis, and changes in NAD"/NADH,
they had a wider variation in baseline immunosuppressive ability
compared to FBS counterparts. At low physiological levels of
palmitate (0.1 mM Palm-BSA), FBS-media preparations showed
a greater decline in immunosuppressive potency compared to
PLT-media preparations. Transitioning from BSA to 0.1 mM
Palm-BSA resulted in a more rapid loss of PBMC suppression
for FBS-media MSC preparations compared to PLT-media MSC
preparations (27 £ 16% increase in PBMC proliferation for FBS
vs. 11 £+ 6.5% increase for PLT, Figure 4B). At the extreme
0.4 mM Palm-BSA dose, both FBS and PLT-media preparations
showed a strong immunostimulatory profile but differences
between the groups did not reach statistical significance (95%
CI of difference: —85% to +4%, p = 0.09). At 0.2mM Palm-
BSA, a level closer to the average serum level in patients
with obesity and/or type 2 diabetes (57, 62), all FBS-media
preparations and all but one PLT-media preparation converted to
an immunostimulatory phenotype, which is consistent with our
previously published results. However, PLT-media preparations
showed a significantly less severe immunostimulatory profile
compared to FBS-media preparations (Figure 4B, FBS-media
0.2 Palm-BSA mean = 288 vs. PLT-media 0.2 Palm-BSA, mean
= 212, 95% CI of difference: 31% to 120%, p 0.0008).
Growth in PLT-media, therefore, appears to protect ucMSC
immunomodulatory potential from the full extent of damage
inflicted by exposure to low to moderate physiological doses
of palmitate.

In order to better understand the role of the PBMCs within
the co-culture system, supernatants from all of the co-cultures
were collected and analyzed for Granzyme B (GRZ-B), an
immune effector molecule commonly secreted by cytotoxic
T cells and NK cells (63). In agreement with the PBMC
proliferation data (Figures 4A,B), palmitate exposure led to a
significant increase in GRZ-B in co-cultures with FBS-ucMSC,
while co-cultures with PLT-ucMSCs only showed a slight
non-significant increase (Figure4C, Supplemental Table 1).
Interestingly, this inflammatory profile seems to be dependent
on both specific ucMSC donor characteristics, as well as the
media supplementation used during cell expansion. In some
donors, for example donor 3004iA, the preparation in FBS
showed a similar change in PBMC proliferation and GRZ-B
secretion in response to palmitate as the PLT preparation (FBS:
152%, 806 pg/mL GRZ-B vs. PLT: 174%, 719 pg/mL GRZ-
B, Supplemental Table 1). However, with donor 4600, media
supplementation greatly affected the performance of the donor
in co-culture, with the FBS preparation showing 2.69 times
higher PBMC proliferation and 18.33 times higher GRZ-B levels

than the PLT preparation (Supplemental Table 1). This data,
therefore, suggests that certain donors may be more highly
affected by the choice of media supplementation during culture
expansion, while other donors may behave the same regardless of
choice of media supplementation.

Changing Media Supplementation Greatly
Alters the Growth Kinetics of ucMSCs

In the previous series of experiments analyzing how media
supplementation affected MSC immunosuppressive ability in
harsh metabolic environments, we observed that there were
several donors (4600, 3004iB, and 4563) that had a large
change in PBMC suppression depending on their growth in FBS
or PLT supplemented medias (Supplemental Table 1). These
donors, therefore, derived the greatest benefit from isolation and
expansion in PLT-media. We, therefore, sought to determine if
the cells retained a “memory” of the early isolation environment
or if changing the culture environment could alter the cells’
behavior. To this end, we grew FBS-preparations of donor 4600
in FBS (FBS-FBS) or switched the media to PLT (FBS-PLT) and
grew PLT-preparations of 4600 in PLT (PLT-PLT) or switched the
media to FBS (PLT-FBS) (Figure 5A). In order to acclimate the
cells to the new media supplementation and control for passage
effects, we cultured each preparation for 7 days with one passage
event prior to analysis.

Interestingly, we found that switching the media
supplementation had drastic effects on the growth kinetics
of the preparation. Preparations of donor 4600 that were
maintained in their original media supplementation (FBS-FBS
and PLT-PLT) had growth kinetics (Figure5B) similar to
those seen at earlier passages (Figure 1C). Notably, switching a
FBS-preparation into PLT-media greatly improved the growth
kinetics, with FBS-PLT cells growing at an average rate of
0.96 population doublings/day, a rate more similar to PLT-
PLT preparations than FBS-FBS preparations (Figure 5B).
Surprisingly, switching a PLT-preparation into FBS-media
drastically reduced the proliferative ability of the cells resulting
in an average growth rate of just 0.34 population doublings/day,
a rate lower than cells maintained in FBS alone (Figure 5B).
Given that the data represents growth rates after one passage and
7 total days in culture, a growth halt due to shock or adaptation
delay alone does not explain the drastic difference between
PLT preparations maintained in PLT compared to those same
preparations transitioned to FBS-media.

Changes in Media Supplementation Drive
Alterations in Cytoplasmic and Nuclear

Morphological Features of ucMSCs

Recently, several groups have demonstrated the utility of
analyzing complex morphological features of MSCs to
demonstrate phenotypic changes precipitated by changes
in priming conditions or media supplementation (10, 64—
66). During the initial outgrowth of ucMSCs in new media
supplementation, it appeared that ucMSCs took on the
morphological features of the new media (i.e., FBS-PLT looked
more similar to PLT-PLT than FBS-FBS preparations). To
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FIGURE 4 | PLT-media decreases the severity of palmitate-induced decline in immunosuppressive potency compared to FBS-media. (A) PBMCs, stimulated with
CD3/CD28 and stained with CFSE, were exposed to increasing concentrations of palmitate in the absence (PBMC control) or presence of MSCs (1:4 ratio of
MSC:PBMC). All data points in (A) are displayed relative to the proliferation in the PBMC control at that palmitate exposure (dotted line on graph). Each solid line
represents the dose response of an individual donor, with FBS-uMSC donors (left) and PLT-ucMSC donors (right). Data points below the dotted line are
immunosuppressive and data points above the line are immunostimulatory. A single PBMC donor was used. (B) Summary data demonstrating the dose response of
all FBS-ucMSC (red) and PLT-ucMSC (blue) donors [mean + SD, n = 7 ucMSC donors, 2-way ANOVA with Sidak correction for multiple comparisons to FBS-ucMSC,
0 (BSA): n.s., p=0.9111,0.1: n.s., p = 0.3560, 0.2: *, p = 0.0008, 0.4: n.s., p = 0.0914]. (C) Protein levels of Granzyme B within the supernatant of co-cultures as
determined by bead-based ELISA assay. Paired values connected by a solid line represent a single donor exposed to vehicle control (blue circles) or 0.2 mM palmitate
(orange square). Bar graphs represent the mean value across all donors (2-way ANOVA with Sidak correction for multiple comparisons to BSA control, FBS: *, p =
0.0437, PLT: n.s., p = 0.1936).

quantify this morphological transition, we fixed and stained  changes in PLT-PLT cells may be representative of more cells in
cells from each of the media conditions (FBS-FBS, FBS-PLT,  S-phase of the cell cycle due to the higher overall growth rate
PLT-PLT, and PLT-FBS) with an F-actin stain to delineate the  observed (52, 67). However, PLT-FBS cells also showed a larger
cytoplasm and Hoechst 33342 to define the nucleus (Figure 6A).  maximum and minimum feret diameter, area, and perimeter
We then analyzed the features of cells in each media condition  within the nucleus, while the overall growth rate within these cells
with a modified pipeline in CellProfiler (64). Only cytoplasmic or  is highly reduced compared to any other media combination.
nuclear features that showed statistically significant differences ~ Though it would seem logical that FBS-PLT cells might take on a
between media groups by one-way ANOVA were pursued  morphological profile between FBS-FBS and PLT-PLT cells (10),
(Figure 6B, Supplemental Table 2). the morphological profile of FBS-PLT cells was distinct from

Interestingly, in line with the growth kinetic changes, the either of the other preparations. At the cytoplasmic level, FBS-
PLT-FBS transition led to the highest number of morphological ~ PLT cells were of a similar area, perimeter, and max/min feret
changes when compared to any other media combination  diameter compared to both FBS-FBS and PLT-PLT cells; however,
(Figure 6B). In FBS-media, PLT cells showed increased area, = FBS-PLT cells showed a more rounded or spherical morphology
larger maximum and minimum feret diameters, and a larger = than FBS-FBS and PLT-PLT cells with a higher extent and form
overall perimeter in both the cytoplasm and nucleus. Although  factor measurement. Notably, however, at the nuclear level the
originally under bright field, FBS and PLT preparations appeared =~ mean values of most FBS-PLT measures were more similar to
different, there were no cytoplasmic features that showed a  those of the FBS-FBS preparations, while the mean values of most
statistically significant difference between FBS-FBS and PLT-  PLT-FBS measures were more similar to those of the PLT-PLT
PLT. However, at the nuclear level, PLT-PLT cells had a larger  cells (Supplemental Table 2). Cytoplasmic and nuclear changes
overall maximum and minimum feret diameter, as well as  may then be differentially regulated by transitions into new media
higher mean nuclear area and perimeter values (though area  supplementation, with cytoplasmic features being more readily
and perimeter were not statistically significant). These nuclear  plastic than their nuclear counterparts.
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FIGURE 5 | Growth kinetics in ucMSCs are significantly altered by changes in
media supplementation. (A) Schematic of workflow for media exchange
experiments. (B) Daily population doublings were calculated after 7 days in
maintenance media (FBS-FBS, PLT-PLT) or transition media (FBS-PLT,
PLT-FBS) (1-way ANOVA, n = 4 independent experiments, * denotes
significance p < 0.05). Circles represent ucMSC preparations that were initially
isolated and expanded in FBS-media and triangles represent preparations
originally isolated and expanded in PLT-media.

PLT-Media Improves Functional Resiliency

in Challenging Metabolic Environments
Finally, we wanted to determine if transitioning media
supplementation from FBS to PLT could effectively rescue the
function of an ucMSC donor that had performed poorly in a
co-culture potency assay when challenged with palmitate. To
test the ability of media supplementation to effectively rescue a
“poor performing donor,” we used our previous culture scheme
(Figure 6A) to prepare four different ucMSC preparations from
the same donor (4600). These preparations of ucMSCs were
then plated with activated PBMCs from three independent
donors to test for immunosuppressive potency in the presence
or absence of palmitate. Given the significant difference in
functional performance between FBS-media and PLT-media
donors previously observed in co-culture with 0.2 mM palmitate
(Figure 4B, Supplemental Table 1), we chose this dose for the
palmitate exposure condition.

In line with our previous observations, FBS-FBS cells
converted from an immunosuppressive phenotype in BSA
to an immunostimulatory profile when exposed to palmitate
(Figure 7). Interestingly, at baseline, any cell preparation
that had been grown in PLT-media for a period was more
immunosuppressive, on average, than FBS-FBS cells (BSA, mean
+ SEM: FBS-FBS = 65.5 + 1.3, FBS-PLT = 45.1 &+ 7.7, PLT-
PLT = 412 + 8.1, PLT-FBS = 42.2 £ 4.3). Notably, all cell
preparations grown at some stage in PLT-media were also
less susceptible to the palmitate-induced immunostimulatory
conversion than FBS-FBS preparations from the same donor.
Although there were no statistically significant differences
between the immunostimulatory levels in cell preparations
grown at some point in PLT-media, PLT-PLT cells showed the
lowest average level of immunostimulatory behavior compared
to FBS-PLT and PLT-FBS preparations (0.2P, mean £+ SEM:
FBS-PLT = 152.7 £ 314, PLT-PLT = 1179 £ 39.7, PLI-
FBS = 140.0 £ 38.7). Interestingly, though PLT-FBS cells
showed the most striking change in morphological features
and growth kinetics in response to the transition in media
supplement, these changes did not translate into a poorer
performance within an immunosuppressive potency assay. The
lack of synchrony between changes in morphology and changes
in potency performance are particularly noteworthy given the
recent interest in incorporating morphological analysis into MSC
potency matrices (64, 65). PLT-media, therefore, does appear
to prevent some of the damage inflicted by palmitate exposure;
however, it is critical to note that growth in PLT-media does not
fully restore the immunosuppressive function of ucMSCs after
palmitate exposure.

DISCUSSION

The choice of media supplementation for expansion of MSCs
can influence a range of phenotypic characteristics including
growth kinetics, morphology, and multi-lineage differentiation
potential (5, 9, 10, 30, 61). In industrial scale production of
therapeutic MSCs, a high priority has been placed on the ability
of xeno-free supplements to amplify the overall yield of MSCs,
but less focus has been placed on the functional consequences of
different media compositions (3, 53). In agreement with previous
findings in the field (9, 10), we observed that ucMSCs grown
in xeno-free conditions showed both faster growth kinetics and
greater overall yields compared to their paired counterparts
grown in traditional FBS-supplemented media (Figures 1B,C).
An interesting early feature of ucMSC preparations grown
in PLT-supplemented media was a lower overall variance in
performance between donors, which is also consistent with
previous findings (5). Interestingly, because cells from the same
initial donor tissue were isolated and grown in two different
media preparations, the decrease in donor variability suggests
that variance often attributed to “inherent” donor characteristics
(nature) is actually heavily influenced by early bioprocessing
decisions (nurture).

Based on the clear early advantage of using a xeno-free culture
system, we initially hypothesized that PLT-ucMSC preparations
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FIGURE 6 | ucMSCs respond to changes in media supplementation by modifying cytoplasmic and nuclear morphological features. (A) Representative images of
nuclear (Hoechst 3342, blue) and cytoplasmic (ActinRed 555, red) features after 7 days of maintenance (FBS-FBS, PLT-PLT) or transition media (FBS-PLT, PLT-FBS).
Each image was acquired at 20x magnification, Scale = 30 um. (B) Single-cell cytoplasmic morphological features were plotted as violin plots with embedded
box-plots (box: 25th, 50th, and 75th percentiles; whiskers: 10th and 90th percentiles). Only six features that were found to be significantly different between groups by
1-way ANOVA (refer to Supplemental Table 2 for values) are represented. Approximately 10-20 whole cells were detected per image in 10 images for each media
condition, yielding ~150-200 cells per media condition. (C) Single-cell nuclear morphological features were plotted as violin plots with embedded box-plots (10th,
25th, 50th, 75th, and 90th percentiles). Four nuclear features showed statistically significant differences between groups by 1-way ANOVA (refer to

Supplemental Table 2 for values).

would show superior performance in most, if not all, of the  modifier of MSC viability and health (58), and second, that the
functional assessments. However, our assessment revealed a  functional response of MSCs can be modified through process-
much more nuanced effect of growing ucMSCs in PLT-media.  level decisions as simple as media supplementation.

In comparison to FBS-ucMSCs, PLT-ucMSCs showed a decrease Although MSCs are being explored for a range of clinical
in apoptotic induction (Figure2), but a more dramatic drop  indications, the majority of current clinical trials are aiming
in NAD"/NADH ratio (Figure 3B) in response to a metabolic  to capitalize on the immunomodulatory axis of MSC function
stressor (palmitate exposure), while also taking up more of (68, 69). A growing number of studies have demonstrated
the fluorescent palmitate analog, BODIPY C16 (Figures 3D,E).  that MSCs isolated from patients with metabolic disease
A potential explanation for this finding is that although PLT-  have drastically altered immunomodulatory potential (32, 34,
ucMSCs uptake higher levels of palmitate, the actual intracellular ~ 38, 40, 47, 51); however, the potential corollary of the
processing of palmitate might be distinct between the two  immunomodulatory performance of a healthy-donor MSC being
preparations leading to the observed phenotypic differences.  altered in a “metabolically diseased” environment has not been
Future studies involving metabolic tracing of palmitate are  well-established. The unfortunate underlying assumption is that
needed to delineate if process-related decisions, like media  the immunomodulatory potential of MSCs will be sustained,
supplementation, alter the intracellular handling of palmitate = no matter the cues present within the transplant environment.
and contribute to the improved viability of PLT-ucMSCs after =~ However, several cues within serum, including complement (70)
palmitate exposure. These findings are important for two reasons: ~ and TNF-a (71), have been shown to modulate MSC function,
first, in instances in which MSCs are persisting for long periods of =~ which challenges this assumption. Our recent work implicates
time (e.g., bone graft or local injection), these findings identify the =~ metabolic cues, specifically physiologic levels of palmitate, as
composition of the local metabolic environment as an important  an additional and potent modifier of MSC immunomodulatory
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FIGURE 7 | Exposure to PLT-media partially rescues ucMSCs from the
palmitate-induced loss of immunosuppressive potency. CD3/CD28-stimulated
CFSE-stained PBMCs were co-cultured with ucMSCs that had been
maintained in (FBS-FBS, PLT-PLT) or transitioned into a new media
environment (FBS-PLT, PLT-FBS) at a 1:4 ratio of ucMSC:PBMC. A single
ucMSC donor (4600) was used throughout and was co-cultured with three
independent PBMC donors. The dotted line represents the PBMC only control
for the vehicle (BSA) and palmitate condition (0.2 mM Palm) (2-way ANOVA
with Tukey correction for multiple comparisons, n = 3 independent PBMC
donors, * denotes significance p < 0.05). Box-plots show the minimum, mean,
and maximum values.

performance (52). Notably, it has also recently been reported
that the reliance of MSCs on specific metabolic pathways
(highly glycolytic vs. oxidative) is a critical regulator of MSC
immunosuppression of T cells (72). In the present study,
using a broader range of donors and a different tissue source
of MSCs, we have once again found that palmitate converts
MSCs from an immunosuppressive to an immunostimulatory
profile (Figure 4B) when grown in standard FBS-supplemented
media. Notably, we found that although xeno-free culture does
not wholly prevent palmitate-induced damage, it does lessen
the severity of the damage inflicted by a metabolically toxic
environment. This demonstrates that bioprocess decisions have
a lasting impact on the resiliency of MSC’s immunomodulatory
efficacy, and could be used to tailor MSCs for use within
challenging metabolic environments.

The path from cell isolation to translational application of
MSC:s is highly variable and incorporates a number of transition
points, from the choice of isolation method to the extent of
time spent in culture (2). Though industrial production of
MSCs has helped to standardize transition points (18, 20), the
full influence of a cell's “memory” of isolation and culture
conditions remains to be uncovered. In the current study, we
found that ucMSCs exhibited functional memory of their original
environment in some, but not all of the aspects we profiled.
Growth kinetics of ucMSCs appeared to be uniquely affected by
the current growth media (Figure 5B), with little effect rendered
by the original media supplementation. Interestingly, regarding
morphological changes, nuclear features appeared to be heavily

influenced by the original growth media (Figure 6C), while
cytoplasmic features were more variable in their adaptations
to new environments (Figure 6B). Most important to us,
any cell preparation that had ever been cultured in PLT-
media, regardless of the current growth media, showed an
improved suppressive profile in palmitate-rich environments
(Figure 7). Therefore, a range of phenotypic changes may occur
in ucMSCs in response to environmental changes, however,
these phenotypic changes do not all predict functional deficits,
particularly immunosuppressive potency. This finding is a
notable caution for the implementation of high-throughput
strategies, like image-based morphological characterization, for
predicting MSC immunomodulatory performance (64, 65). The
ability of morphology to predict MSC potency appears to
be heavily context dependent and in our current study, the
parameters we assessed proved insufficient to predict potency
within palmitate-rich environments. It appears, therefore, that
ucMSCs are adaptable to culture environments, but that this
adaptability is not free from the “memory” of past environments.
The balance achieved between “memory” and adaptation may be
a result of selective expansion of highly resilient ucMSC clones
isolated early in the preparation of MSCs or the result of a lasting
epigenetic imprint from the early culture environment. Future
studies are needed to determine by what mechanism xeno-free
growth conditions protect ucMSC immunomodulatory function
in challenging metabolic environments.

In conclusion, our present study has determined that
both inherent donor characteristics (nature) and process-level
decisions (nurture) play critical roles in the subsequent resiliency
of ucMSC function in metabolically challenging environments.
Although variance between donors is apparent regardless of
media supplementation, xeno-free culture systems provided
more consistent performance in a number of important
metrics, including overall cell yield and growth kinetics.
Most importantly, culturing ucMSCs in xeno-free conditions
improved viability and immunosuppressive potency in response
to palmitate, a common metabolic stressor present in everyone
and elevated in patients with obesity and type 2 diabetes (52, 62).
As MSC therapies move into clinical use for a diverse and
growingly obese patient base (73), it is more critical than ever
to understand the consequence of bioprocessing decisions on the
subsequent performance of MSCs in complex, pathologic in vivo
environments. By adapting in vitro potency models to account for
disease-relevant environmental changes, critical hidden aspects
of cell health and resiliency become apparent.
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Both Multipotent Adult Progenitor Cells and Mesenchymal Stromal Cells are
bone-marrow derived, non-haematopoietic adherent cells, that are well-known for
having immunomodulatory and pro-angiogenic properties, whilst being relatively
non-immunogenic. However, they are phenotypically and functionally distinct cell types,
which has implications for their efficacy in different settings. In this review we compare
the phenotypic and functional properties of these two cell types, to help in determining
which would be the superior cell type for different applications.

Keywords: multipotent adult progenitor cell, cellular therapy, mesenchymal stromal cell, immunomodulation,
cell biology

INTRODUCTION

Cellular therapy refers to the use of cells to replace or repair damaged tissue/cells. Over the
last decade there has been a tremendous development in cellular therapies for the treatment
of disease. Embryonic stem cells (ESC) can potentially differentiate into cells of all three germ
layers; however, research interest in ESC has been limited by ethical concerns and risk of teratoma
formation. Adult cellular therapies have been widely investigated, and haematopoietic stem cell
transplantation is already a well-established treatment for various malignant and non-malignant
hematological disorders.

Mesenchymal stromal Cells (MSC) and Multipotent Adult Progenitor Cells (MAPC) are both
non-haematopoietic cells found in bone marrow stroma, which play a role in maintenance of
the haematopoietic stem cell niche (1). Following bone fracture in mice, Park et al. demonstrated
mobilization of these cells, and their involvement in fracture repair (2). Great interest in these cells
as a potential cellular therapy arises from evidence that they have immunomodulatory properties,
can promote angiogenesis, and provide protection against apoptosis. Although MAPC and MSC
co-purify, there is evidence that they are phenotypically and functionally distinct cell types.

MSCs were initially described in 1968 by Friedenstein (3), as a subtype of adult fibroblast-like
cells with a high proliferative ability, capacity for self-renewal and ability to undergo tri-lineage
differentiation to become osteoblasts, chondrocytes and adipocytes. Over time, it became clear
that variation in isolation and culture procedures for bone marrow stromal cells contributed to
generation of heterogeneous cell populations. The International Society for Cell Therapy (ISCT)
subsequently published criteria for identifying MSC: (a) Bone marrow stromal cells that show

Frontiers in Immunology | www.frontiersin.org 43

August 2019 | Volume 10 | Article 1952


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01952
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01952&domain=pdf&date_stamp=2019-08-28
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:p.n.newsome@bham.ac.uk
https://doi.org/10.3389/fimmu.2019.01952
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01952/full
http://loop.frontiersin.org/people/711568/overview

Khan and Newsome

Comparison of MAPCs vs. MSCs

plastic adherence under standard culture conditions (b) Positive
for CD105, CD90, and CD73; have low levels of MHC-I; are
negative for MHC-II, CD11b, CD14, CD34, CD45, and CD31
(c) Can differentiate in vitro into osteocytes, chondrocytes and
adipocytes (4). Thirteen human MSC products have gained
marketing authorization, of which nine are for allogeneic therapy
and four are for autologous therapy (5), with indications
including Crohn’s disease, bone and adipose tissue regeneration,
graft-vs.-host disease, and acute myocardial infarction.

MAPC were first described several years later, in 2001, as a
novel progenitor cell in the bone marrow (6), and whilst these
cells meet the ISCT criteria for MSC, they were perceived to
be a more biologically primitive population than classical MSC
and had greater differentiation potential. Whilst MSCs have
been extensively studied, with over 900 clinical trials completed
or ongoing, according to the US National Institute of Health
(https://www.clinicaltrials.gov), there are fewer data published
on MAPC. This review covers a summary of the key similarities
and differences in the phenotypic and functional properties
of these cells and the clinical data supporting their use in
different settings.

SOURCING THE CELLS

Whilst MSC were originally identified as a rare population in
bone marrow (BM) accounting for 0.01-0.001% of cells (7), they
have also been successfully isolated from other tissues including
adipose tissue (AT) (8), synovial membrane (9), skeletal muscle
tissue (10), dental pulp (11), lung tissue (12), Wharton’s jelly (13),
umbilical cord (UC) blood (14), amniotic fluid (AF) (15), and
placenta (16). Studies have compared the biological properties of
MSCs isolated from different sources, and whilst some report that
they have similar biological properties (13, 17, 18), others report
differences in immunomodulatory activity and surface antigen
expression (19-21). Furthermore, UC MSCs have been shown
to have a relatively higher proliferative capacity compared to
cells from other sources (22), which, has been linked to their
having a more primitive phenotype. There is concurrently no
consensus on which source of cells is best for clinical application.
MAPC were originally isolated from the bone marrow of mice,
rats and humans, but subsequently, they were also isolated from
murine muscle and brain tissues (6). However, the clinical studies
published on MAPC so far have all used cells obtained from
human bone marrow.

CELL CULTURE AND GROWTH RATES

MAPC and MSC have distinct culture requirements (23). Whilst
they are both cultured in fibronectin-coated flasks, MAPC culture
medium includes the presence of growth factors (human-platelet
derived growth factor, human epidermal growth factor) that
are not present in many MSC culture media. Moreover, culture
of MAPC takes place in conditions of relative hypoxia (5%
oxygen), which is important in preventing telomerase shortening
in MAPC. The consequence is that MAPC can be expanded
for over 60 doublings without senescence (24), whereas for

MSC, the reported population doublings range between 10
and 38 (25). Current manufacturing strategies for MAPC are
capable of producing over 100,000 clinical doses from a single
donor, sufficient for a clinical trial. Roobrouck et al. (26)
demonstrated that the phenotypic and functional properties of
the cells were influenced by culture conditions; when MAPC
were cultured under MSC conditions, they acquired some of the
phenotypical and functional properties of MSC and vice versa
(26). Nevertheless, it is important to emphasize that MAPC and
MSC are distinct cell types, rather than simply the product of
different culture conditions. Following isolation and expansion,
both MAPC and MSC can be cryopreserved and stored until
needed, although there is evidence that upon thawing, MSCs
show signs of injury even within the first 24 h, which may reduce
their immunomodulatory properties and increase predisposition
to immune clearance (27).

CELL PHENOTYPE AND ISSUES OF
BATCH-TO-BATCH VARIATION

Phenotypically, MAPC and MSC both fulfill the ISCT criteria
for identification for MSC (positive expression of CD44, CD13,
CD73, CD90, and CD105, negative expression of haematopoietic
(CD34, CD45, CD117), and endothelial cell markers (CD34,
CD309). They are also negative for MHC class II and co-
stimulatory molecules. However, MAPC do not express some of
the markers expressed by MSC, such as CD140a and CD140b, for
example, and this could be used to distinguish them (26). MAPC
also have lower levels of MHC class I and CD44 than MSC and
a higher expression of CD49d (28). MAPC and MSC also have
distinct features on transcriptomic analysis, with gene signatures
that correlate with their specific functional properties (26).

MAPC and MSC also have different morphology, with the
former being relatively smaller cells with a trigonal shape,
whereas MSC are larger cells with a “spindle”-like morphology
[(29); Figure 1]. However, the exact size of MSC does vary
according to their source, with placenta-derived MSC being
relatively smaller (mean peak diameter 16 pm) than MSC from
other sources (30), which are typically >20 jum in size. MSC size
is also influenced by their culture conditions. For example, MSC
cultured with human platelet lysate (HPL) or platelet rich plasma
(PRP) can be smaller than those cultured with fetal calf serum
FCS) (30, 31).

Pre-clinical studies of MAPC and MSC have involved a
variety of species, including mice, rats and pigs. The genetic
profile and cell secretome is slightly different between species,
and this has implications for their function. For example, in
vitro, human MSC (hMSC) proliferation is associated with
a very low frequency of oncogenic formation (32), whereas
murine MSC (mMSC) frequently gain chromosomal defects (33).
The frequency of OCT4 gene expression, which is associated
with increased expansion in culture, was found to be relatively
higher in rat MAPC (rMAPC) compared with human MAPC
(hMAPC) (26).

Clinical trials using purified MAPC have all sourced cells from
Athersys. Comparison of MAPC products from different batches
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FIGURE 1 | Phase-contrast morphology of human multipotent adult progenitor cells (MAPC) and human mesenchymal stromal cells (MSC). Images courtesy of

has shown minimal batch-to-batch variation by way of surface
antigen expression (24), growth rates, effect on suppressing T
cell proliferation (34), angiogenic cytokine secretion (25-32%
variance for three cytokines between 15 manufacturing runs) (35)
and methylation status of 1536 CpG islands (34).

With MSC, there is no single epitope marker that can be
reliably used to distinguish them, which results in heterogeneous
cell populations across different studies. This makes it difficult
to determine whether the effects that are seen are due to
an individual cell type from the adherent cell population.
Given the heterogeneity of cell types that fulfill MSC criteria,
it has been suggested that one method of enhancing the
efficacy of these cells would be to sort them on the basis
of their expression of specific markers that are associated
with favorable characteristics. For example, CD73 positivity
on MSC is associated with increased capacity for self-
renewal and differentiation (36). The presence of Syndecan-
2 (CD-3624) on MSC has been associated with enhanced
immunomodulatory properties through downregulation of
CD3+ cells by degradation of the T-cell receptor (37).

MECHANISMS OF ACTION

There is evidence that MAPC and MSC can differentiate into
cells of mesenchymal lineages, including bones, cartilage, fat,
muscles, tendon and bone marrow. Thus, a number of trials
have assessed these cells for the treatment of bone and cartilage
disease, with several pre-clinical studies showing that MSCs have
the potential to stimulate cartilage regeneration and delay joint
destruction in osteoarthritis (38). This was supported by findings
of a phase I clinical trial, in which patients with osteoarthritis also
demonstrated functional improvement (39).

There is also evidence that MSC can trans-differentiate
into cells from other lineages, including pancreatic islet cells
(capable of producing insulin and glucagon) (40), renal tubular
epithelium (41), keratinocytes (42), and hepatocytes although the
biological/clinical significance of this is not clear.

MAPC appear to have greater propensity toward endothelial
differentiation than MSC (26). In an in vitro Matrigel plug

assay, human MAPC, but not MSC, could induce functional
vessel formation (26). On transcriptomic analysis comparing
MAPC and MSC, MAPC had over-representation of genes
involved in differentiation of endothelial cells and promotion
of angiogenesis, whilst MSC had over representation of genes
involved in differentiation of chondrocytes and osteocytes, and in
the genes involved in the development and contraction of smooth
muscle and genes important for neo-vascularization (26).

However, differentiation is unlikely to explain the
predominant functional role of MAPC and MSC. Firstly,
experiments used labeled cells have revealed that both MAPC
and MSC are rapidly cleared from the body after infusion
(43-46), with <1% of MSC retained in the body at 1 week post-
infusion. Secondly, upon intravenous injection, the majority of
MAPC and MSC tend to get trapped in tissue capillary beds,
particularly in the lungs, despite having effects in other organs
(47). Thirdly, whilst cell differentiation into non-mesodermal
lineages does occur, the frequency of this phenomenon is
too low to completely explain the beneficial effects (48). For
example, in a pig model of myocardial infarction, Wang et al.
injected 50 million MAPC into the heart, and 2 weeks after
infusion, only 0.55% of the cells were detectable, and of the
engrafted cells, only 2% stained positive for cardiac markers (49).
Fourthly, the functional properties of the cells produced through
trans-differentiation of MSC and MAPC is questionable. For
example, rat MSC that were induced to differentiate into “neural
cells” were not able to generate normal action potentials (50),
and endothelial cells generated from MSC did not express the
same degree of endothelial cell markers as mature endothelial
cells (51).

Some studies suggested that the rare reports on cross-
germline differentiation of MSC could be ascribed to cell
fusion, which may represent an alternative method by which
MSC/MAPC can rescue injured cells. MSC can also communicate
directly with target cells through delivery of materials, such
as mitochondria, via nanotubes or connexins (52). Although
there is paucity of mechanistic data on mitochondrial transfer
as a putative mechanism of action of MAPC, in a porcine
study of intra-cardiac MAPC infusion, treatment was associated
with improvement in bio-energetic profiles (46). However,
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TABLE 1 | Summary of key proteins identified in the secretome of MAPC and MSC that have therapeutic potential.

Key components of the MAPC secretome

Key components of the MSC secretome

Chemoattraction/cell CXCL1 (55), CXCL3 (55), CXCL5 (35), VEGF (35),

adhesion sICAM1 (55), SDF1 (56), IL-8 (35)

Immunomodulation IDO (62), TSG-6 (63), PGE» (63, 64), NO (63),
semaphorin-7A (55)

Neuroprotection CNF (63), Galectin 1 (55), NO (63)

Anti-fibrosis MMP1 (55), MMP2 (59), TIMP1 (59), TIMP2 (59),

cathepsin B (55), bFGF (56)

bFGF (56), VEGF (35), versican (55)

VEGF (35), CXCL5 (35), IL-8 (35)

Pentraxin (55), vimentin (55), lactotransferrin (55)
IGFBP4 (55), IGFBPS5, IGFBP7, bFGF (56), VEGF (35)

Anti-apoptosis
Angiogenesis
Anti-bacterial
Proliferation

CCL5 (57), SDF-1 (58), HGF (59), LIF (80), G-CSF (61), VEGF (80), CCL-2 (58),
MCP-1 (60), ICAM1 (57), IL-8 (61)

IDO (57), PGE, (57), TGF-beta (65), TSG-6 (66), HGF (59), LIF (60), HLA-G (67),
IL-6 (61), IL-10 (68), PD-L1 (69)

BDNF (70), NGF (70), GDNF (71), galectin 1 (72), NO

MMP1 (72), MMP2 (72), MMP7 (72) MMP9, TIMP1 (72), TIMP2 (72), HGF (59),
bFGF (73), Ang-1 (58)

VEGF (59, 60), IGF (60), HGF (59), TGFbeta, bFGF (73), GM-CSF (61), IL-6 (61)
VEGF (59, 60), HGF (59), Ang-1 (58), bFGF (73), IGF1 (60), PDGF (73), IL-6 (61)
LL37 (74)

FGF2 (73), VEGF (59, 60), IGFBP3 (60), IGFBP7 (60), IGDBP4 (60), PDGF (73),
HGF (59), BMP (72)

Ang-1, angiopoietin 1; bFGF, basic fibroblast growth factor; BONF, brain-derived neurotrophic factor; BMP, bone morphogenic protein; CCL2, C-C motifligand 2; CNF, ciliary neurotrophic
factor; CXCL1, C-X-C motif chemokine ligand 1; CXCL3, C-X-C motif chemokine ligand 3; CXCL5, C-X-C motif chemokine ligand 5; CCL5, C-C motif ligand 5; G-CSF, granulocyte-
colony stimulating factor; GDNF, glial cell-derived neutrotrophic factor; HGF, hepatocyte growth factor; HLA-G, human leukocyte antigen G; IDO, indoleamine 2,3-dioxygenase; IGF,
insulin-like growth factor; ICAM1, intercellular adhesion molecule 1; IGFBP3/4/5/7, insulin-like growth factor binding protein 3/4/5/7; IL-6/8/10, interleukin 6/8/10; LIF, leukemia inhibitory
factor; LMCP-1, monocyte-chemotactic protein 1; MMP1/2/7/9, matrix metalloproteinase 1/2/7/9; TIMP 1/2, tissue inhibitor of metalloproteinase 1/2; NGF, nerve growth factor; NO,
nitric oxide; PDGF, platelet-derived growth factor; PD-L1, programmed death ligand 1; PGE», prostaglandin E2; SDF1, stromal cell derived factor 1, sSICAM1, soluble intercellular adhesion
molecule 1; TGF-beta, transforming growth factor beta; TSG-6, tumor necrosis factor inducible gene 6,VEGF, vascular endothelial growth factor.

whilst in some studies cell-cell contact has been shown to be
important for enhancing activity (53), in a number of studies
the beneficial effects of the cell could be, at least partially,
reproduced by using components from the cell secretome i.e., the
set of factors/molecules released by cells into the extra-cellular
space. These include exosomes (30-100nm), generated from
the endocytic pathway and release through exocytosis, whilst
microvesicles (50-1,000nm) are generated through budding
from the cell surface and are released from the plasma membrane.

Evidence suggests that MSCs produce large amounts of
exosomes in comparison to other cells. These exosomes may be
internalized by other cells, permitting release of their contents
into the cell cytoplasm (54). Whilst a thorough analysis of
the MSC secretome is yet to be performed, it is clear from
numerous studies that they express over a 100 proteins, many
of which can regulate processes such as immune function,
fibrosis, angiogenesis, and apoptosis. Burrows et al. report the
only detailed proteomic analysis of the MAPC secretome, in
which report identification of 97 proteins. A summary of the key
components of each secretome is provided in Table 1.

Use of conditioned media or extra-cellular vesicles from MSCs
had beneficial effects in animal models of myocardial infarction
(75), colitis (76), acute liver failure (65), and Parkinson’s disease
(65). However, clinical experience with exosomes is currently
limited. A preliminary clinical study suggested benefit of MSC
exosomes in the treatment of stage 4 graft vs. host disease
(77), and a clinical trial is underway to test their effect in
increasing beta cell mass in patients with type I diabetes
(NCT02138331). There have not yet been any clinical trials using
cell-free preparations of MAPC, but it would be desirable to
further explore cell-free therapy for various reasons. Firstly, it
overcomes some of the problems associated with delivery of
living cells, including cancer risk, potential for transmission
of infections, and immune compatibility. Cell-free preparations

would also be easier to store, easier to scale-up, and more
cost-effective to prepare. Further, it would be possible to
prepare a biological product with a high concentration of the
desirable molecules.

The secretome of both MAPC and MSC is responsive to
changes in their surrounding microenvironment. For example,
pre-treatment with IFN-gamma was found to enhance the
immunomodulatory activity of MSCs (78), and pre-treatment
with TNF-alpha increases their angiogenic effect (79). Therefore,
it is possible to pre-condition/prime cells in vitro to help
in achieving the targetted effects. Pre-treatment of MSC with
inflammatory molecules, including IL-1 beta, IL-23, IL-6, and
IFN-gamma was found to enhance their immunomodulatory
properties in a number of studies (73, 80, 81). Figure?2
summarizes the key mechanisms by which MSC are hypothesized
to act.

POTENTIAL FOR IMMUNE REJECTION

In most clinical trials of MSC, and all clinical trials using MAPC,
the cells used were allogeneic and were administered without
HLA matching or use of immunosuppressive medication. It is
commonly believed that these cells are “immune privileged,”
leading to the belief that they could be used as a “one-size-
fits-all” or “off-the-shelf” therapy. Indeed, cultured MSC and
MAPC lack expression of MHC class II and key co-stimulatory
surface molecules (CD40, CD80, and CD86), and have low levels
of MHC class I molecules, which would help in protecting
against a host immune response (82). Additionally, in mixed
lymphocyte reactions, both MAPC and MSC do not induce a
T-cell response (83).

However, recent evidence has challenged this view as MAPC
and MSC are cleared rapidly from the body following infusion.
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FIGURE 2 | Potential mechanisms by which mesenchymal stromal cells work for immunomodulation, restoration of cell bioenergetics and restoration of cell function;
(A) differentiation into replacement cell types; (B) cell fusion with target cells for rescue of damaged or dying cells; (C) secretion of paracrine factors (such as growth
factors, cytokines, RNA, and hormones) via micro-vesicles or exosomes. MSC autophagy may help to promote -release of cellular contents; (D) cell-cell contact
mechanisms. MSC can interact with immune cells via various surface receptors. Transfer of organelles (e.g., mitochondria), ribonucleic acid, and chemicals may occur
via nanotubes, or connections; (E) efferocytosis of apoptotic MSCs by monocytes, macrophages and dendritic cells. This process causes the phagocytosing cells to
adopt a tolerogenic/immunomodulatory phenotype. Mechanisms (A-E) are not equivalent, as cell differentiation and cell fusion occur relatively infrequently. MSC,
mesenchymal stromal cell; PD-1L1, programmed death ligand 1; PDGFR, platelet derived growth factor receptor; TLR, toll-like receptor.

There is evidence that upon exposure to IFN-gamma or upon
differentiation, MSC upregulate MHC class I and class II
expression (84). MAPC have even lower levels of MHC class I
than MSC, which makes them susceptible to lysis by NK cells
in their resting state (83). On exposure to IFN-gamma, MAPC
upregulate MHC class I but not MHC class II expression, and
therefore inflammation may promote MAPC persistence (83).

Evidence from in vivo studies also suggests that these cells
are not truly immunologically privileged. Eliopoulos et al.
administered erythropoietin-transfected MSCs from C57/BL6
mice to syngeneic or allogenic mice (85). The cells were seeded
in a collagen scaffold and administered subcutaneously. Whilst
the syngeneic mice had a sustained haematocrit response (in
response to the erythropoietin), the allogeneic mice had a
temporary spike in haematocrit before returning to baseline,
suggesting clearance of the MSCs. Furthermore, allogeneic mice,
but not syngeneic mice, had CD8+ and NK+ cell infiltration in
the scaffolds. In another study, injection of murine luciferase-
labeled MSCs to allogeneic hosts was associated with the
development of memory T-cells (CD4+, CD1224, CD44+,
and CD62L!°%). Tolar et al. used luciferase labeled MAPC to
demonstrate that use of T-cell and B-cell deficient mice with NK
depletion were all associated with longer persistence of MAPC
in mice, suggesting that all three cell types are implicated in
rejecting MAPC (83).

In terms of clinical data, allogeneic MSC infusion was found
to be associated with development of allo-antibodies in 13% of
patients in a phase II clinical trial for GvHD (86). In a phase I
clinical trial of allogeneic MAPC in patients with GvHD, infusion
was associated with increased serum anti-class I titres compared
to baseline, but there was no evidence of MHC class II antibody
induction (87).

It has also been hypothesized that the clearance of MSC
may be due to triggering of innate immunity independently of
HLA-disparity, mediated by a lack of haemocompatibility (88).
An “instant blood mediated inflammatory reaction” (IBMIR)
has been described previously for pancreatic islet cells and
hepatocytes, and is considered to be responsible for loss of
up to 80% of these cells shortly after infusion (89, 90).
IBMIR is triggered by exposure to host red blood cells and
characterized by activation of complement/coagulation cascades,
binding of activated platelets to the cells, and clot infiltration by
neutrophil granulocytes and monocytes, eventually leading to cell
destruction. Moll et al. demonstrated that patients infused with
MSC had increased formation of blood activation markers (88).
Tissue factor/CD142, which is expressed on MSC, was deemed
to be the key determinant of cell haemocompatibility. Tissue
factor expression was higher in cells from a higher passage, and
for cells administered in higher doses, and there was a donor-
to-donor variability. It was also found to vary depending on
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the cell source. George et al. compared the degree of tissue
factor expression for MAPC derived from the bone marrow,
bone marrow mononuclear cells, and MSC obtained from
different sources (bone marrow, adipose tissue, amniotic fluid,
and umbilical cord) (91). They found that tissue factor expression
was significantly higher in MSCs originating from the adipose
tissue and amniotic fluid, compared with MSC originating from
bone marrow and umbilical cord, bone marrow mononuclear
cells and MAPC. This would suggest that use of MAPC would
be significantly advantageous for intravenous infusion because of
the potential for reduced cell clearance/enhanced engraftment.

Thus, MSC are not truly “immunologically privileged,
although rejection occurs slower than it does for other allogeneic
cells; thus Aggarwal and Pittenger suggest a better terminology
would be “immune evasive” (92). The exact timing and severity
of immune rejection is likely dictated by the result of a balance
between their immunogenic and immunosuppressive factors,
which in turn depends on their local microenvironment. For
example, in conditions where there is local immune suppression,
for example due to a tumor, the immunogenic properties of the
MSC may be masked (93).

Whilst an anti-donor response has been observed, it is
reassuring that there have been no adverse events related
to immune rejection reported in clinical trials. Furthermore,
it is unclear if rejection of allogeneic cells has any impact
on efficacy and this is an important area of further work.
Indeed, in mixed lymphocyte reactions in vitro, bone marrow
stromal cells were shown to suppress T-cell proliferation in
in a dose-dependent manner, regardless of whether the cells
were autologous or allogeneic (53). In a phase II clinical
trial of patients with GvHD, there was no difference in
efficacy between third-party and HLA-matched MSCs (94), but
there are relatively few trials with recorded data on antibody
responses. If there is formation of allo-antibodies and T-cell
memory in response to allogeneic cells, repeated administration
of therapy for a chronic condition may be associated with
reduced efficacy.

On the other hand, recent evidence would even suggest
that immune response to MSC is crucial to their function.
For example, release of complement-activation products
following exposure of MSC to host blood can modulate their
immunomodulatory and chemotactic activity (95, 96). Contact
with activated platelets, as part of the IBMIR response, can also
induce extracellular matrix remodeling by MSC, which can
potentially contribute to tissue repair (97). Further research is
needed to determine the relative importance of IBMIR in the
therapeutic efficacy of MSC/MAPC. If the therapeutic benefits
on immunomodulation are outweighed by the disadvantages
of increased cell clearance/reduced engraftment, it would be
helpful to develop strategies to reduce/abolish tissue factor
expression on the cells. In fact, given that tissue factor expression
is so variable between cells and the potential impact this has
on immune clearance, Moll et al. raise the question of whether
haemocompatibility should be considered a release criteria for
intravascular MSC therapies (98).

The term “autophagy” refers to a system of intracellular
degradation that delivers cytoplasmic constituents to the

lysosome. This process can be triggered by endoplasmic
reticulum stress, hypoxia, and immune cell activation for
example. MSC autophagy may serve to either enhance cell
survival or promote cell death, depending on the surrounding
micro-environment. The induction of autophagy in MSC
may promote release of paracrine factors important for their
immunomodulatory function (99). Further, recent work by
by Galleu et al. and de Witte et al. suggests that following
intravenous infusion, MSC accumulate in the lung, where they
undergo apoptosis, after which they are engulfed by monocytes,
which are subsequently transported elsewhere (100, 101). The
process of phagocytosis was demonstrated to induce phenotypic
and functional changes in monocytes which resulted in an
immunomodulatory response (via release of TGF-beta and IL-10)
(101, 102). In contrast, Dang et al. reported MSC autophagy was
associated with dampening of their immunomodulatory efficacy
(103). These conflicting findings highlight the need for additional
studies to investigate this further.

POTENTIAL FOR TUMORIGENESIS

There is some evidence that links MSCs to cancer. Long
term in-vitro culture of murine MSCs was associated with
spontaneous transformation of the cells, which were then
capable of promoting sarcoma formation when inoculated into
immunodeficient mice (33, 104-106). Whilst there were initial
reports of a similar phenomenon occurring in human MSCs in
prolonged culture, some of these findings were considered to be
related it to cross contamination with cancer cell-lines (106, 107).
The vast majority of studies report a lack of spontaneous
transformation of human MSCs despite extensive culture (108-
112). Further, whilst transformation in murine MSCs can be
easily induced, particularly through inactivation of p53 and/or
Rb genes (113, 114), in human cell lines a number of several, non-
physiological, oncogenic events need to be combined for efficient
induction of sarcoma (115). Of course, this does not exclude the
possibility of cancer formation following infusion in patients,
although the risk is low. Rodriguez et al. demonstrated that
after hMSC are induced to undergo oncogenic transformation,
the transformed cells lose their immunomodulatory and anti-
inflammatory properties (116). For example, transformed
cells do not secrete the immunomodulatory molecules
prostaglandin E2 (PGE2) and PGI2, whereas they do
release pro-inflammatory thromboxanes. It is reported that
hMAPC remain genetically stable after prolonged culture
(34); however, the effects of oncogenic transformation of
hMAPC are unknown. In clinical trials, there have been
no reports of cancer formation from delivery of allogeneic
MSC or MAPC.

Some studies have also researched the interaction between
MSC and existing tumors, particularly given that MSC have been
demonstrated to home toward tumor sites (117-119). It appears
that MSC may promote or inhibit tumor growth, depending
on the tumor micro-environment, which as of yet remains
undefined (120). The effect of MAPC on cancer growth has not
been studied.
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POTENTIAL FOR THROMBOSIS

Both MSC and, to a lesser degree, MAPC, express tissue
factor, with the level of tissue factor expression correlating with
pro-coagulant activity (91). The clinical relevance of this for
VTE risk is uncertain. Results of functional coagulation assays
have been shown to correlate with VTE incidence in multiple
patient populations. Thousands of patients have received MSC in
clinical trials and there are case reports of thromboembolic events
in these patients, but the overall incidence is low (121, 122).
Interestingly the case reports of thromboembolism following
MSC infusion are related to umbilical-cord derived and adipose
tissue derived cells rather than bone marrow derived cells. There
have been no published reports of thromboembolic events in
clinical trials of patients receiving MAPC infusions, although
the available data is much more limited. The true incidence
of thromboembolic events with cellular therapies is difficult to
establish, partially because several of the patient populations
receiving the MSC or MAPC received concomitant anti-
coagulation (e.g., low-molecular-weight-heparin, anti-platelet
agents and dextran sulfate) for conditions such as myocardial
infarction, acute respiratory distress syndrome and stroke. There
is also variation in tissue factor activity between cell batches, and
between patients.

CELL HOMING AND BIODISTRIBUTION

One of the challenges with bone marrow stromal cell therapy
has been targeting their delivery to their intended site of action.
Although it is likely that MAPC and MSC exert their effects
through paracrine mechanisms, localization to the target site
may help in enhancing their efficacy and reducing unwanted
peripheral side effects. MSCs are thought to migrate toward
inflammatory cues from sites of tissue injury, and in a study
of hypoxic ischaemic brain injury in rats, labeled MAPC were
detected in the hippocampus regardless of whether they were
administered directly into the hippocampus, or intravenously,
with similar motor and neurological improvement between the
groups (123).

MSC are relatively large cells in comparison to lymphocytes
(diameter 15-30 pm vs. 4-12 pum, respectively) (124, 125), which
means that they become easily entrapped in smaller blood vessels.
The majority of MSC get trapped within the pulmonary capillary
bed shortly after intravenous administration, after which they
accumulate in the spleen and liver over hours to days (126-130).
As MAPC are smaller than MSC, it is unsurprising that, using
labeled cells injected intravenously in rats, it was demonstrated
that twice as many MAPC were able to pass into the pulmonary
circulation compared to MSC (131).

One potential strategy for increasing homing to target organs
is intra-arterial rather than intra-venous injection, which has
been shown to result in superior bio-distribution outside the lung
of both MAPC and MSC (83). However, intra-arterial delivery
may result in the cells becoming mechanically trapped in the
microvasculature elsewhere (132). Of course, if apoptosis and
phagocytosis of MSC in the lung is crucial to their mechanism
of immunomodulation, as the work by Galleu et al. and de Witte

et al. suggested (100, 101) then reducing pulmonary entrapment
may in fact reduce efficacy.

An alternative method to encouraging homing is through
cell priming. For example, pre-treatment with TNF-alpha, IFN-
gamma, and IL-1 was associated with increased expression of
adhesion molecules ICAM and VCAM on MSC (133), and
priming with CXCL9 was associated with increased adherence of
MSC to endothelial cells (134).

ROLE IN IMMUNOMODULATION

There is extensive evidence supporting the role of MSC and
MAPC as modulators of immune responses (Figure 2), with
the most well-established effects being on T-cell responses. In
mixed lymphocyte reactions, bone marrow stromal cells caused
a dose dependent reduction in proliferation of both CD4+
and CD8+ T-cells. When cell-cell contact was prevented, the
effects persisted, but were weaker (53). Studies using purified
MAPC (53, 135, 136) or MSC confirm that these cells can
inhibit T-cell proliferation, with implicated factors including
prostaglandin E2 (PGE2), transforming growth factor beta (TGF-
beta), inducible nitric oxide synthase (iNOS) and hepHGF (53,
63, 135, 137). Both MAPC and MSC have been associated
with changes in the numbers of T-cell subsets, with promotion
of expression of T-reg cells (44, 138, 139). Studies also show
that MSC may interfere with T-cell function, possibly through
secretion of matrix metalloproteinases (MMP), such as MMP-
2 and MMP-9 that can cleave CD25 from T-cells (140). The
effect of MAPC on B cells has not been widely studied. MSCs
have been demonstrated to inhibit B-cell proliferation, alter
B cell surface antigen expression and reduce immunoglobulin
production (141-143).

MAPC and MSC also affect the innate immune system. MSC
have been shown to inhibit NK cell activity, as shown by reduced
secretion of IL-15 and IL-2 from the NK cells, with possible
mediators including PGE-2 and TGF-beta (144). Macrophages
can be crudely classified as being of an M1 (pro-inflammatory)
or M2 (anti-inflammatory) phenotype. Both MAPC and MSC
have been associated with polarization of macrophages from an
M1 (pro-inflammatory) phenotype to an M2 (anti-inflammatory)
phenotype (145). This was shown in MAPC an in vitro model
of axonal dieback (146), and in a murine model of cortical
impact injury, in which the authors attributed the increase in M2:
M1 ratio to be due to increased apoptosis of M1 macrophages
(138). In MSC, this effect is deemed to be due to their secretion
of IL-10 and arginase (147, 148). MSC can regulate dendritic
cells by interfering with their differentiation to monocytes and
inhibiting their activation (149). MAPC can impact immune cell
infiltration. MAPC infusions were associated with a reduction of
the neutrophil numbers in bronchiolar lavage samples in a sheep
model of Acute Respiratory Distress Syndrome (ARDS), and in
ischaemia perfusion injury of donor human lungs (150, 151).

Finally, MAPC and MSC can affect the balance of pro-
inflammatory and anti-inflammatory cytokines. The secretome
of MSC contains both pro-inflammatory (e.g., TNF-alpha,
IFN-gamma, and IL-1B) and anti-inflammatory cytokines (e.g.,
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TGF-beta 1, IL-13, and IL-18 binding protein), with the net effect
likely to be the result of a balance between the two (43, 151-
153). Both MAPC and MSC therapy has been associated with
higher levels of a protein called TNF-alpha gene stimulated
protein-6 (TSG-6), which can bind CD44 on macrophages and
inhibit NfKB activation- the key controller of pro-inflammatory
cytokine responses (63).

Clinical studies have investigated the utility of MAPC and
MSC in a range of inflammatory and auto-immune conditions.
In 2009, the first phase industry-sponsored III trial of MSCs
(Prochymal) was completed to investigate their use in treating
steroid-refractory GvHD (NCT00366145). The study failed to
meet its’ primary end-point (complete remission of GvHD 28
days after infusion). However, it was observed that response
rates were higher in children, in patients who were treated
early, and in patients with gut and liver GvHD. Subsequently
a clinical trial was conducted of MSCs in pediatric, severe,
GvHD (NCT02336230), although the trial results have not
yet been published. Maziarz et al. conducted a phase I dose-
escalation study of allogeneic MAPC in 36 patients undergoing
myeloablative allogeneic haematopoietic stem cell transplant
(87). At day 100, the overall incidences of grade II-IV graft vs.
host disease (GvHD) was 37%, but in the group receiving 10
million cells per kg, incidence was 11.1%.

MSC and MAPC have also been investigated in the context
of IBD. A phase III clinical trial (NCT01541579) found that
allogeneic MSC sourced from adipose tissue were superior to
placebo in the treatment of peri-anal fistulas associated with
Crohn’s disease (154). In a phase II study (NCT01240915)
of MAPC in ulcerative colitis refractory to other medical
treatments, no significant beneficial effect was seen.

Recent phase II trials suggest that a single MSC infusion in
critically ill patients with ARDS is safe, although no impact on
mortality was observed (155). Phase Ila trials are in progress
to investigate whether MAPC can help in resolution of Acute
Respiratory Distress Syndrome (ARDS). A press release from
Athersys has reported that preliminary data show a lower
mortality and a greater number of ventilator-free days in
patients receiving MAPC. Clinical trials of MSC in the context
of systemic lupus erythematosus (SLE) (NCT02633163) and
diabetes (NCT03484741, NCT02893306, and NCT03343782)
are ongoing.

In phase I studies of multiple sclerosis with amyotrophic
lateral sclerosis, intrathecal and intramuscular MSC therapy
was deemed safe, with possible therapeutic efficacy (156-158).
The likely mechanism of benefit is a combination of anti-
inflammatory properties of the MSC as well as release of
neurotrophic factors.

One of the obvious concerns about using therapies with
anti-inflammatory and immunomodulatory properties is the
possibility that they increase incidence of infection; however, in
clinical trials there has been no reported increased incidence
of infection with either MAPC or MSC. To the contrary, there
is evidence that MSC and MAPC have anti-microbial effects.
In pre-clinical studies, MSC were found to provide protection
against sepsis (159-161), whilst MAPC infusions in rats with
spinal cord injury were associated with a reduced incidence of

urinary tract infection (162). Possible mechanisms of MSC anti-
microbial action include release of anti-bacterial peptides (74,
163), and enhancement of the phagocytic activity of neutrophils
and macrophages (164). The mechanisms by which MAPC
may reduce the incidence of infection are unknown, and this
represents an exciting area for future research.

ROLE IN ANGIOGENESIS

Angiogenesis is the process by which new vasculature sprouts
from pre-existing blood vessels. MSC can induce proliferation
and migration of endothelial cells promoting tube formation.
MSC have been shown to promote angiogenesis in a murine
model of cardiac ischaemia reperfusion injury (165). They have
also been used to promote angiogenesis in animal models of
stroke, myocardial infarction, neurogenic bladder, peripheral
artery disease, and stress urinary incontinence (166-168). MSC
can secrete both angiogenic and anti-angiogenic factors, and the
net result is likely determined by signals from the surrounding
environment. For example, exposure to TGF-alpha was shown
to increase levels of pro-angiogenic growth factors VEGE
hepatocyte growth factor (PDGF), IL-6 and IL-8 (169). In a
murine model of acute limb ischaemic, Ryu et al. found that mice
treated with MAPC had higher levels of p-selectin and recruited
more Ly6c® monocytes, which are pro-angiogenic (45). VEGF
is an angiogenic factor, which has been identified in the MAPC
secretome (55). In a study of MI in pigs, Wang et al. found that
conditioned media from the MAPC had higher levels of VEGF,
and levels increased further after hypoxia. The authors proposed
that this could explain their finding of increased cardiac vascular
density in the group treated with MAPC rather than saline (49).
Medicetty et al. had similar findings in their pig model of MI
(170). In models of critical limb ischaemia in mice, an increase
in VEGE, bFGE and IGF-1 were thought to be responsible for
the improved blood flow in mice receiving MAPC injections
(171, 172). In vitro, serum free conditioned media from MAPC
induced endothelial tube formation, but tubes were no longer
formed when CXCL5, IL-8, and VEGF were depleted, suggesting
the critical role of these proteins (35).

In vitro studies suggest that the angiogenic properties of
MAPC are superior to MSC. For example, expression of pro-
angiogenic proteins GRO, IL-8, and VEGF were found in higher
levels in MAPC than MSC, and MAPC had superior functionality
in inducing formation of endothelial tubes from human umbilical
vein endothelial cells (HUVEC) (26, 173).

In clinical studies, both MAPC and MSC have been
investigated in the context of cardiovascular disease. Unsorted
bone marrow mononuclear cells have been shown in meta-
analysis to be associated with a modest but significant
improvement in left ventricular ejection fraction in patients with
ischaemic heart disease (174). A recently published meta-analysis
including data from 950 patients (across 14 randomized placebo-
controlled trials) post-myocardial infarction concluded that
MSC therapy was associated with a 3.84% improvement in left
ventricular ejection fraction (95% CI 2.32-5.35), and reduction
in scar mass by —1.13 (95% CI —1.80 to —0.46) (175). In a
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phase I clinical trial, Penn et al. found that MAPC treatment in
patients following ST-elevation MI was associated with improved
ejection fraction (13.5%) and left ventricular stroke volume
(25.4ml), although the study was not statistically powered to
detect differences in clinical outcomes (136). Differentiation
into cardiomyocytes is a potential mechanism of these effects,
but more likely possibilities are that the bone marrow stromal
cells promote neovascularization and/or secrete molecules that
promote tissue repair (176, 177).

Several clinical trials of bone marrow stromal cells in acute
limb ischaemia have been reported, although these have been
of limited size and are mainly not placebo-controlled (178).
The studies were predominantly of autologous unsorted bone
marrow mononuclear cells, rather than purified MAPC or MSC.
Overall, there is some data from these (phase I/II) trials that
suggests that bone marrow infusions modestly improves ankle-
brachial index and pain-free walking distance, but subgroup
analysis using data from placebo-controlled trials only shows no
significant effect on amputation rate. There is a possibility that
the limited efficacy may be related to dysfunctional angiogenesis
in the autologous bone marrow cells of patients with established
vascular disease (179). Whilst this has been demonstrated in vitro
for endothelial progenitor cells and bone marrow mononuclear
cells, Gremmels et al. showed no difference in angiogenic capacity
in vitro in MSCs from patients with critical limb ischaemia vs.
healthy participants (180). Further work would be needed in the
way of large randomized, placebo-controlled trials to determine
which type of cellular therapy (MAPC vs. MSC vs. unsorted
bone marrow mononuclear cells) would be most efficacious
and whether allogeneic therapy has any therapeutic advantage
over autologous.

ROLE IN FIBROSIS

Fibrosis is associated with organ failure and high mortality. It is
characterized by aberrant accumulation of myofibroblasts, which
secrete extracellular matrix proteins like collgen and fibronectin.
MSCs have been investigated for their role in reducing fibrosis in
the kidney, lung, heart, skin, liver, and bone marrow.

MSCs have been shown to reduce fibrosis in a model of
bleomycin induced lung fibrosis (143), and this effect could be
reproduced using conditioned media from MSC (181). Cahill
et al. showed that MSC promoted fibroblast migration to
areas of lung injury, but also inhibited fibroblast proliferation
and activation (182). Possible mechanisms include secretion
of hepatocyte-growth factor by MSCs, increased levels of
MMP expression, and inhibition of TGF-beta. In pre-clinical
models, MSC have also been demonstrated to improve dermal
fibrosis, with a reduction in alpha-sma-positive myofibroblasts
and downregulation of TGF-beta, type I collagen and heat-
shock protein 47 expression (183). Pre-clinical models also
provide evidence of MSCs having anti-fibrotic effects in the
liver, with associated reductions in TGF-beta and alpha-
sma expression (184). In early phase clinical trials, there is
demonstrable benefit of MSCs on liver biochemistry and MELD
score, although evidence of histological benefits is lacking

(185). Of course, MSCs have the potential to differentiate into
fibroblasts, and so there have been concerned raised about
their potential to worsen liver fibrosis; however, there is no
evidence of worsening of liver fibrosis on adoptive transfer in
clinical trials (185).

In a phase I clinical trial of patients with MI, MAPC were
associated with reduced myocardial scarring (136), however,
there is little else published clinical data of the effects of MAPC on
fibrosis. In vitro data show that MAPC do not secrete hepatocyte-
growth factor, which does play a role in the anti-fibrotic effects
of MSC. However, the MAPC secretome contains a number
of factors that could potentially help in reversing fibrosis. For
example, MAPC secrete a number of inhibitors of TGF-beta, such
as Follistatin-related proteins 1 and 3, and vasorin (55).

CYTOPROTECTIVE/ANTI-APOPTOTIC
EFFECTS

Both MAPC and MSC have been shown to have anti-apoptotic
effects. MSCs can protect against apoptosis by decreasing pro-
apoptotic factors like Bax and cleaved caspase 3 expression, whilst
increasing anti-apoptotic factors such as Bcl-2 (186).

In vitro, MSC and their exosomes have been shown to have
high resistance to oxidative stress due to their constitutive
expression of a number of anti-oxidant enzymes such as catalase
(187). Consistent with this, MSC have been shown to protect
hippocampal neurons against oxidative stress caused by amyloid
oligomers in a rat model of Alzheimer’s disease, which was
considered to be due to release of catalase from extra-cellular
vesicles, as well as secretion of IL-10, IL-6, and VEGF (188).

Traumatic brain injury usually reduces spleen size, yet rats
with traumatic brain injury receiving, MAPC had preservation
of their spleen size, which was associated with increased
splenocyte proliferation and reduced splenocyte apoptosis (as
shown by reduction in caspase 7 and caspase 12 levels on PCR)
(153). Pigs receiving MAPC following induced MI had reduced
cardiomyocyte apoptosis (46, 49), which was associated with
reduced cytochrome C release from cells and downregulation
of mitochondrial oxidative enzymes, suggestive of protection of
oxidative stress. In addition there was differential expression of
genes relating to metabolism and apoptosis detected on gene
array (46, 49). When oligodendrocytes were exposed to sub-
lethal volumes of hydrogen peroxide, subsequent co-culture
with MAPC helped to prolong oligodendrocyte survival, again
suggesting that they can protect against oxidative stress (63).

Conditioned media from MSC and MAPC contains numerous
neurotrophic factors (189, 190). However, MAPC and MSC
have distinct molecular mechanisms for neuroprotection. For
example, in pre-clinical studies, it has been shown that tissue
inhibitor of metalloproteinase 3 (TIMP3), released by MSCs,
plays a critical role in protection against traumatic brain injury
by enhancing neuronal survival and neurite outgrowth (191,
192). However, in a rat model of spinal cord injury, in which
MAPC were administered with or without TIMP3, the presence
of TIMP3 was actually associated with abrogation of MAPC’s
beneficial effects on tissue sparing and functional recovery (162).
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TABLE 2 | Summary of comparison of key characteristics between multipotent adult progenitor cells and mesenchymal stromal cells.

MAPC

MSC

Main sources of cells used in clinical studies

Size
Morphology
Surface markers

Culture conditions

Immunogenicity

Limit of population doublings (whilst maintaining
telomere length and cytogenetic stability)

Number of donors required for clinical dosing in trials
Haemocompatibility

Potential for immunomodulation
Potential for angiogenesis
Potential for anti-fibrotic effects
Potential for anti-apoptotic effects
Safety

Bone marrow

<16 uM
Smaller, triangle-shaped
CD44/°W  CD45-, CD49d-+, MHC 110w

Hypoxia, with platelet-derived growth
factor and epidermal growth factor

Low
~60

Single
Relatively high (associated with low tissue
factor expression)

Yes

Yes (likely more than MSC)
Very limited testing

Yes

Yes (phase | and Il clinical trials)

Bone marrow, adipose tissue,
umbilical cord and placenta

>16 uM
Larger, spindle-shaped

CD44+, CD45-, CD73+, CD90+
CD105+, MHC1+, CD140+

Normoxia, usually without platelet
derived growth factor and epidermal
growth factor

Low
~10-38

Multiple

Relatively low, particularly for
adipose-tissue derived and umbilical
cord derived cells (associated with
high tissue factor expression)

Yes
Yes
Yes
Yes
Yes (phase |, Il, and Il clinical trials)

MSC, mesenchymal stromal cells; MAPC, multipotent adult progenitor cells.

It was hypothesized that this may be because TIMP3 may
interfere with MAPC migration to the site of injury (162).

In phase I clinical studies, MSC infusion was associated with
a variable degree of functional improvement after spinal cord
injury, associated with increased serum levels of brain-derived
neurotrophic factor, glial-derived neurotrophic factor, ciliary
neutrophic factor and neurotrophin 3 and 4 (193-196).

In a phase II double-blinded randomized controlled clinical
trial of MAPC (Multistem) in stroke (MASTERS trial), patients
with anterior circulation infarct received either Multistem (n =
67) or placebo (n = 65) (152). Whilst there was no difference
in global stroke recovery at day 90, patients receiving the
infusions earlier (at <36 h post-stroke) had greater improvement
that those receiving the therapy at 36-48h, and further trials
are planned.

CURRENT CHALLENGES/FUTURE
DIRECTIONS

Bone marrow stromal therapies are a very exciting field
for research at present, with evidence showing a range of
pleiotropic effects on immunomodulation, fibrosis, apoptosis,
and angiogenesis. A summary of the key similarities and
differences between MAPC and MSC are shown in Table 2.

Evidence so far from hundreds of clinical trials suggests
that MAPC and MSC both have a favorable safety profile.
Nevertheless, the concern remains that because the cells” activity
is so dependent on surrounding stimuli, there is a possibility that
they will have unpredictable side effects in vivo.

MSCs have been much more widely studied than MAPC.
However, given the heterogeneity in cell types labeled as MSC,
comparing study results is difficult. There are very few studies
in which properties of MAPC and MSC have been directly
compared in the same hands, using the same lab materials, such
as culture media. Indeed, it may be possible that some of the trials
using early-culture MSC, were in fact MAPC.

Whilst it is become clearer that MSC and MAPC are not
truly immunologically privileged, their immune evasive nature
gives these therapies particular advantage in acute conditions
in which it may not be possible to predict the timing of the
insult, and delays in delivery of cellular therapy could retract
from its potential benefit. However, for use in cases such as bone
transplantation, immune compatibility is more critical. A clear
comparison of the efficacy of autologous vs. alloogeneic therapy
in various clinical conditions is necessary. It would also be
imperative to determine whether the negative impacts of IBMIR
reaction can be overcome through use of low-passage cells, and
what influence this has on the immunomodulatory activity of the
remaining cells.

Whilst there is extensive in vitro and pre-clinical data
supporting the efficacy of MSC and MAPC, the progress
of therapy through clinical trials has been slow. There are
relatively few clinical studies of MAPC, whilst hundreds of
clinical trials are being performed for MSC with many of them
have promising findings, the majority of these are phase I
and IT trials.

So far, data would suggest that the immunomodulatory and
cytoprotective capacity of MAPC is equivalent to that of MSC,
and that MAPC may have superior angiogenic and broader
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differentiation properties. In practical terms, MAPC offer the
distinct advantage over classical MSC that they can be produced
on a large scale, in a reproducible manner.

The use of cell-free preparations would be preferable to the
administration of whole cells, and data with MSC suggests that
this could be done without significant loss of efficacy. However,
such data are not yet available for MAPC and in both cases,
there is a need for good manufacturing practice guidelines for
the large-scale production of MSC and MAPC derived products,
such as exosomes.

The optimal dosing of both cellular therapies is unknown, and
in clinical studies a large variation in dosing has been used. In
a phase II clinical trial of patients with stroke, up to 1.2 billion
cells were administered per patient (152), with no dose-related
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Heterogeneous populations of human bone marrow-derived stromal cells (BMSC) are
among the most frequently tested cellular therapeutics for treating degenerative and
immune disorders, which occur predominantly in the aging population. Currently, it is
unclear whether advanced donor age and commonly associated comorbidities affect
the properties of ex vivo-expanded BMSCs. Thus, we stratified cells from adult and
elderly donors from our biobank (n = 10 and n = 13, mean age 38 and 72 years,
respectively) and compared their phenotypic and functional performance, using multiple
assays typically employed as minimal criteria for defining multipotent mesenchymal
stromal cells (MSCs). We found that BMSCs from both cohorts meet the standard criteria
for MSC, exhibiting similar morphology, growth kinetics, gene expression profiles, and
pro-angiogenic and immunosuppressive potential and the capacity to differentiate toward
adipogenic, chondrogenic, and osteogenic lineages. We found no substantial differences
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BMSC in vivo and in vitro Aging

between cells from the adult and elderly cohorts. As positive controls, we studied the
impact of in vitro aging and inflammatory cytokine stimulation. Both conditions clearly
affected the cellular properties, independent of donor age. We conclude that in vitro
aging rather than in vivo donor aging influences BMSC characteristics.

Keywords: cellular therapy, bone marrow stromal cell, mesenchymal stromal cell, in vivo and in vitro aging,

comorbidity, in vitro potency assay

Donor
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GRAPHICAL ABSTRACT | Overview on the molecular and functional assays used for the characterization of biobanked bone marrow stromal cells (BMSC) with
respect to in vivo and in vitro aging, with primary assessment of starting material composition, cell morphology, immunophenotype, gene expression profile,
multilineage differentiation capacity, immunomodulation, endothelial tube formation and inflammatory response.

@

10
NK

>

0*
Adult  Elderly

INTRODUCTION

Qualifying adult regenerative cell sources in biobanking
approaches is an essential task in order to overcome major
pitfalls in regenerative medicine (1). Donor-intrinsic variation
between different cell batches may influence the safety and
efficacy of bone-marrow stromal cells (BMSCs) (2-4). Our
previous work suggests that multiple parameters, such as tissue
origin (5-7), culture time (8, 9), media supplementation (7, 10),

and mode of cell delivery (4, 9, 11-13) can substantially affect
cellular therapeutic properties. In addition, advanced donor age
and the commonly associated comorbidities are thought to be
another substantial confounder of potentially compromising
BMSC phenotype and function (14-22).

Previous studies investigating the impact of donor age
on BMSCs reported variable or partly inconclusive outcomes
considering their in vivo frequency, their gene expression
profile, and many of their functional parameters, such as
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antioxidant defense, cytoskeleton dynamics, migration behavior,
differentiation capacity, and immunomodulatory and paracrine
activity (Table 1) (14-22). These discrepancies may result from
differences in experimental parameters such as donor species,
cell isolation, and culture protocols and from small sample size
or limited functional characterization. Potential age-dependent
impairments by chronological in vivo aging may be further
aggravated by the process of in vitro aging during serial expansion
in tissue culture (14, 16). Thus, the true impact of advanced donor
age on the therapeutic value of BMSC:s is still rather unclear.

We hypothesized that donor age, in combination with
age-related comorbidities, contributes to the perceived large
phenotypic and functional heterogeneity between individual
donor-derived cellular specimens. Surprisingly, we found no
substantial association between donor age or comorbidities and
BMSC characteristics. In contrast, our analysis revealed that in
vitro aging and inflammatory cytokine stimulation clearly alter
cellular properties.

MATERIALS AND METHODS

Isolation and Culture of Bone Marrow
Stromal Cells (BMSCs)

BMSCs were received from the Core-Facility “Cell Harvesting”
of the BIH Center for Regenerative Therapies (BCRT). The cells
were isolated from metaphyseal bone marrow (BM) biopsies
from patients undergoing hip replacement at Charité University
Hospital, as previously stated (1, 66-68). Written informed
consent was given, and ethics approval was obtained from the
local ethics committee/institutional review board (IRB) of the
Charité University Hospital.

Briefly, the BM mononuclear cell fraction (BM-MNC)
in primary BM and the BMSC fraction post Ficoll-density
gradient centrifugation (Histopaque 1077; Sigma-Aldrich)
were quantified with an automated electrical impedance-based
CASY® Cell Counter (Schaerfe System GmbH). The BMSC-
containing interphase was plated in a 300 cm? tissue culture flask
(ThermoFischer) and cultured under standard conditions (37°C,
5% CO.) in an expansion medium (Dulbecco’s Modified Eagle
Medium-Low Glucose [DMEM-LG; Sigma-Aldrich] containing
10% fetal calf serum [FCS; Biochrom AG], 100 U/mL penicillin,
and 100 ug/mL streptomycin [Biochrom AG], and 2mM
L-alanyl-L-glutamine [GlutaMAX; Gibco]). The non-adherent
fraction was removed by washing with PBS (Gibco), the medium
was changed every 72 h, and the cells were allowed to reach about
80% confluence before passaging.

The BMSCs were then expanded for several passages and were
characterized with multiple functional and molecular assays, in
line with the minimal criteria of the International Society for
Cellular Therapy (ISCT) (69), at passage three (P3, early passage)
and six (P6, late passage), respectively, as also shown in overview
in the Graphical Abstract.

Cell Morphology, Viability, Growth Kinetics,

and Immunophenotyping
Cell morphology was determined at regular intervals by using
bright field light microscopy. Cell number, viability, size, and

volume were determined at each culture passage by using the
CASY® Cell Counter as outlined previously (6, 9). BMSC growth
kinetics were quantified by calculating population doublings
at each passage based on the following equation: PD
log(N/Ng)/log(2). In this formula, N stands for the total number
of viable cells at harvest, and Ny is the initial number of
cells seeded.

Flow cytometric immunophenotyping was conducted
as described earlier (6, 9) using a BMSC Duraclone-panel
(DURAClone SC Mesenchymal Tube; Beckman Coulter)
containing the following antibodies: CD14, CD19, CD31, CD34,
and CD45 (as negative markers) and CD73, CD90, CD105,
and CD146 (as positive markers), or unlabeled control cells.
Upon antibody labeling, the cells were washed with PBS, fixed
with 1% paraformaldehyde, and analyzed on a Cytoflex flow
cytometer (Beckman Coulter), and 5,000-10,000 gated events
were quantified and analyzed with FlowJo v10.3.1 (FlowJo LLC).

Gene Expression Analysis by RNA

Sequencing

The mRNA transcripts of resting or cytokine-stimulated BMSCs
were studied by seeding the cells at 2,000-4,000 cells/cm? in
75 cm? culture flasks and expanding them for 1 week. Before
harvest, the sub-confluent cells were washed twice with PBS and
lysed with 1 mL of RLT-buffer (Qiagen). Total RNA was extracted
by using the Qiagen RNeasy Plus Mini Kit (Qiagen), according
to the manufacturer’s instructions. A total of n = 37 BMSC
samples were analyzed (n = 24 samples for P3 and n = 6 for
P6, which were matched to n = 6 of the P3 donors). A subset
of n = 7 donors was treated for 24 h with or without cytokines
(TNF-alpha and IFN-gamma, both 10ng/mL), which were
matched to the corresponding unstimulated cells and processed
in parallel.

Total RNA was extracted by using the RNeasy Plus Mini Kit,
and the quality was assessed by Bioanalyzer RNA 6000 Nano
assay (Agilent). Only high-quality RNA with RIN scores > 7 was
used for library preparations. The RNA (1 pg of total RNA) from
each sample was converted to complementary DNA (cDNA)
using an iScript™ cDNA Synthesis Kit (Bio-Rad). Sequencing
library preparation was performed using the NEBNext® Ultra™
RNA Library Prep Kit for Illumina® and PolyA mRNA selected
from 500 ng of total RNA with a NEBNextPoly(A) mRNA
Magnetic Isolation Module (both New England Biolabs) followed
by library preparation. Libraries were quantified with a Qubit®
dsDNA HS Assay Kit (Thermo Fischer) and sequenced on a
HiSeq 4000 System (Illumina) in single-read mode with a 50-
cycle read length.

FASTQ-files were quality-controlled with “fastQC” and
trimmed for residual adapter sequences and low-quality reads
with “AdapterRemoval” (70). Reads were aligned to the GRCh38
human genome using “tophat” and “bowtie2” (71, 72). Counts
per gene were calculated using the “featureCounts” algorithm
implemented in the “Rsubread” package in R (73). Genes
were annotated with the “biomaRt” package and Ensembl-
Version 94. Protein-coding genes were selected, expression
values normalized, and variance stabilizing transformed using the
“DESeq2” package in R (74). Principle component analysis (PCA)
was performed for the 1,000 genes with the highest variance
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TABLE 1 | Literature study on in vivo and in vitro aging and/or comorbidities of mesenchymal stromal cells.

Cell type Type of Model, donor source, Age range (Years) Passage Parameters changed by aging and/or comorbidity Ref.
(Tissue) aging donor number number
BMSCs In vivo Human; 16-32, 69-77 N.A. () Proliferation (23)
Healthy individuals; (=) Immunophenotype
N=8 (-) Metabolic activity
() Trophic factor secretion
Therapeutic efficacy in C57/BL6 mouse model
| Wound healing
1 Neovascularization
| Trophic factor secretion
1 Expression of genes involved in regeneration
BMSCs In vivo Human; 21-25, P2-P11 In vivo (24)
In vitro Healthy individuals; 44-55, Altered gene expression
N=12 80-92 () Cell size
(=) Immunophenotype
(-) Osteogenic, adipogenic, chondrogenic potential
In vitro
| Adipogenic potential
1 Osteogenic potential
1 Senescence
BMSCs In vivo Human; <23, >65 P1-P2 } CFU-F (25)
Healthy individuals, 1 Senescence
Patients with hip 1 Cell size
arthroplasty; 1 SASP- cytokine production
N=16 (-) Cell viability
(=) Immunophenotype
BMSCs In vivo Human; 19-70 P2 | Proliferation (26)
Patients with hip OA; | Osteogenic potential
N =19 1 Apoptosis
BMSCs In vivo Human; 2-13, 20-50 < P27 In vivo 27)
In vitro Healthy individuals; | Proliferation
N =25 (=) Immunophenotype
(-) Telomere length
In vitro
J Telomere length
BMSCs In vivo Human; 0-60 N.A. | Proliferation (28)
Healthy individuals; | Adipogenic potential
N =30 1 Osteogenic potential
Altered gene expression
BMSCs In vivo Human; 5-55 P1-P5 } CFU-F (29)
Healthy individuals; | Proliferation
N =33 | Osteogenic potential
| Chondrogenic potential
1 Cell size
1 Apoptosis
Altered immunophenotype (CD44, CD90, CD105,
Stro-1)
(-) Adipogenic potential
BMSCs In vivo Human; 41-86 | Proliferation (30)
Healthy individuals;
N =236
BMSCs In vivo Healthy individuals; 3-70 N.A. | Number of osteoprogenitors (31)
N =41
BMSCs In vivo Human; >18 P1-P3 (=) Cell number/sample weight (32)
Healthy individuals; (=) Immunophenotype
N =46 () Proliferation
(-) Osteogenic, adipogenic, chondrogenic potential
BMSCs In vivo Human Healthy 13-80 P1 Altered immunophenotype, (33)

individuals;
N =53

() Proliferation

(-) Adipogenic, osteogenic, chondrogenic potential
(=) Immunomodulatory activity

() Trophic factor secretion

(Continued)
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TABLE 1 | Continued

Cell type Type of Model, donor source, Age range (Years) Passage Parameters changed by aging and/or comorbidity Ref.
(Tissue) aging donor number number
BMSCs In vivo Human; 1-5, N.A. | CFU-F (34)
Patients with cardiac 50-70 | Proliferation
complications; N.A. (=) Immunophenotype
BMSCs In vitro Human; N.A. P4, P8, P12 | Proliferation (35)
Healthy individuals; | Immunomodulatory activity
N=3 (=) Immunophenotype, telomere length
(-) Metabolic activity
BMSCs In vitro Human; 20-40 P1-P9 | Proliferation (36)
Healthy individuals; 1 Cell size
N=6 4 Senescence
1 Telomere length
(=) Immunophenotype
BMSCs In vitro Human; 23-63 <P10 | Proliferation (37)
Healthy individuals; | Adipogenic potential
N =11 | Osteogenic potential
(=) Immunophenotype
BMSCs In vitro Human; 9,27,36 Early, late Altered gene expression (38)
Healthy individuals; passage (>  (-) Immunophenotype
N=3 38 PD) (-) Adipogenic and osteogenic potential
BMSCs In vivo Mouse; (C57BI/6); 6 to 8-week-old P2-P3 | Proliferation (39)
N=3 >24-week-old | Osteogenic potential
1 Immunomodulatory activity
BMSCs In vivo Mouse; (C57BL/6J); 3-month-old N.A. | Osteogenic potential (40)
N=6 16-month-old 4 Senescence
1 Adipogenic potential
BMSCs In vivo Mouse; 6 to 8-month-old ~ N.A. | Osteogenic potential (41)
(C57BL/6); N.A. 20 to 26-month-old 1 Adipogenic potential
BMSCs In vivo Mouse; (SAMPS, 3to 5-month-old  N.A. | Osteogenic potential (42)
SAMR1); N.A. 1 Adipogenic potential
BMSCs In vivo Mouse; 4 to 5-month-old 22 N.A. } CFU-F (43)
(C57BL/6); N.A. to 25-month-old
BMSCs In vivo Mouse; (C57BI/6); 6 day-old P1-P6 In vivo (44)
In vitro N=38 6 week-old | Proliferation
1-year-old | Adipogenic potential
| Osteogenic potential
J Chondrogenic potential
In vitro
J Adipogenic potential
| Osteogenic potential
J Chondrogenic potential
BMSCs In vivo Mouse; (BALB/c); <4-week-old, P3 - P24 In vivo (45)
In vitro N =20 5 to 12-week-old | CFU-F
13 to 34-week-old (-) Cell size
() Proliferation
(=) Immunophenotype (except CD73)
(-) Adipogenic and osteogenic potential
(=) Immunomodulatory activity
In vitro
| Cell size
+ CFU-F
1 Proliferation
1 Osteogenic potential
(=) Immunophenotype (except Sca-1)
(-) Adipogenic potential
(=) Immunomodulatory activity,
BMSCs In vivo Rat; (Lewis, Brown 4-week-old N.A. Altered immunophenotype (CD29, CD90, CD11, CD45) (46)
AT-MSCs Norway); 15-month-old
N=12
BMSCs In vivo Rat; (Wistar); N.A. 12-month-old 24-  N.A. | Osteogenic potential (47)
month-old
(Continued)
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TABLE 1 | Continued

Cell type Type of Model, donor source, Age range (Years) Passage Parameters changed by aging and/or comorbidity Ref.
(Tissue) aging donor number number
BMSCs In vivo Rat; (Sprague-Dawley); 3-week-old <P100 In vivo (48)
In vitro N.A. 12-month-old | Migration potential
() Proliferation, osteogenic and adipogenic potential, cell
size,
In vitro
| Cell size
J Adipogenic potential
| Osteogenic potential
1 Metabolic activity
1 Gene expression involved in differentiation and
mitochondrial functions
() Proliferation
AT-MSCs In vitro Human; N.A. P5, P10, P15 | Proliferation (49)
Healthy individuals; 1 Cell size
N=38 4 Morphological heterogeneity
(-) Osteogenic, adipogenic, chondrogenic potential
(=) Immunophenotype (except CD105)
AT-MSCs In vivo Human; 0-170-80 P3-P8 | Proliferation (50)
Healthy individuals; | Osteogenic potential
N=8 | Adipogenic potential
1 Senescence
AT-MSCs In vivo Human; 6-12 P1-P5 | CFU-F (51)
Healthy individuals; 22-27 | Proliferation
N =24 60-73 | Osteogenic potential
J Adipogenic potential
| Migration potential
1 Senescence
() Cell viability
(=) Immunophenotype
AT-MSCs In vivo Human; 2-82 P2 | Angiogenic potential (52)
Patients with CAD & | Telomerase activity
healthy individuals; (=) Immunophenotype;
N =95
AT-MSCs In vivo Human; 5-97 PO, P5 | Adipogenic potential (53)
Healthy individuals; (-) CFU-F
N = 260 (-) Proliferation
(-) Osteogenic and chondrogenic potential
UC-MSCs In vitro Human; >37 pregnancy week PO-P16 Altered gene expression (54)
Healthy
individuals; N.A.
Cell type Type of Model, donor source, Age range (Years) Passage Parameters changed by comorbidity Ref.
(Tissue) comorbidity donor number number
BMSCs T1D Human; 18-70 P1-P5 Altered expression of genes involved in wound healing (55)
with T1D Patients & and stress response
renal failure  non-diabetic (-) CFU-F
individuals; (=) Immunophenotype
N=31 () Proliferation
(-) Migration potential
(=) Immunomodulatory activity
BMSCs T1D Human; 23, 31 N.A. () Cell size (56)
T1D Patients and (=) Immunophenotype
non-diabetic (-) Adipogenic differentiation
individuals; N.A. (=) Immunomodulatory activity
(-) Gene expression
BMSCs DM,CLI, CAD Human; N.A. P3-P6 | Proliferation in later passages (57)
Ischemic Patients (=) Immunophenotype
(+DM) and healthy (-) Angiogenic potential
individuals
N=12
(Continued)
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TABLE 1 | Continued

Cell type Type of Model, donor source, Age range (Years) Passage Parameters changed by comorbidity Ref.
(Tissue) comorbidity donor number number
AT-MSCs T2D with CLI' Human; T2D N.A. N.A. | Proliferation (58-60)
Patients; N.A. 1 Migration potential
| CFU
| PDFG signaling
| Osteogenic potential
1 Adipogenic potential
1 Prothrombotic phenotype
(=) Immunophenotype
AT-MSCs T2D Human; N.A. N.A. Altered immunophenotype (CD90, CD105) 61)
T2D and non-diabetic 1 Expression of stemness markers (NANOG, OCT4)
patients; 4 Oxidative stress
N =40 4 Production of pro-inflammatory cytokines
AT-MSCs T2D Human; 60-76 N.A. | CFU 62)
T2D and non-diabetic 1 Apoptosis
patients; 1 Senescence
N =40 () Proliferation
AT-MSCs ATH Human; <65 P2-P3 | Immunomodulatory activity (62)
T2D Patients with/without >65
ATH;
N =50
AT-MSCs Obesity Human; 30-55 P3-P7 | Immunomodulatory activity (63)
T2D Healthy individuals, 1 Metabolic activity
Patients with Obesity & 1 Migration potential
T2D 1 Expression of inflammatory markers
N=12
BM-ECs T1D Mouse; T1D and N.A. N.A. | Angiocrine activity, migration (64)
non-diabetic 1 Angiogenic potential
(CD1); N.A. 1 Transendothelial migration
1 Permeability
BM-ECs T1D Mouse; T1D and N.A. N.A. | Hematopoietic fraction in bone (65)
non-diabetic | Migration
(CD1); N.A | Angiogenic potential

4 Osteopenia in bone
1 Fat cells in bone

1 Senescence

1 Oxidative stress

N.A., not available; Cell types: BMSCs, bone marrow stromal cells; MSC, mesenchymal stromal cells; Tissue sources: AT, adipose tissue; BM, bone marrow; UC, umbilical cord;
R, passage number; Parameters: PD, population doubling; CFU-F, colony-forming unit fibroblast; SASR, senescence-associated secretory phenotype; PDGF, platelet-derived growth
factor; Comorbidities: CLI, critical limb ischemia; T1D/T2D, type 1 and 2 diabetes mellitus; ATH, atherosclerosis; CAD, coronary artery disease; OA, osteoarthritis.

across all samples. Differentially expressed genes between groups
were determined using negative binomial distribution models
as implemented in the “DESeq2” package. Raw p-values were
adjusted for multiple testing with Bonferoni correction, and
an adjusted p-value below 0.05 was used for the selection of
significant genes. Functional annotation and enrichment analysis
were carried out using “DAVID” with the “clusterProfiler”
package in R (75). False discovery rates were used to adjust
raw p-values for multiple testing, and a threshold of p < 0.05
was used for the selection of significant results. Dotplots of top-
ranking results were created with the function implemented in
the “clusterProfiler” package. GOcirc plots were created using the
algorithm in the “GOplot” package in R (76). The raw data on
expression are available at the Gene Expression Omnibus under
the GEO-Accession-ID (GSE139073).

Multilineage Differentiation Analysis
Adipogenic, osteogenic, and chondrogenic differentiation
of BMSCs at P3 and P6 were induced by using specific
differentiation media and evaluated as previously described
(48, 66-68, 77-79). Briefly, BMSCs were plated in 24-
well plates at specific densities for adipogenic (1.44 x 10%
cells/well) or osteogenic (1.28 x 10* cells/well) differentiation
or in V-bottom 96-well plates at higher density (3.0 x
10°  cells/well) for chondrogenic differentiation. Control
cells were exposed to normal culture media, and all
cultures were sustained for up to 22 days. To compare the
differentiation potential of BMSCs among age groups and
comorbidities and between passages, the differentiation
responses from each individual were normalized to their
respective controls.
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Adipogenic Induction

BMSCs were cultured with complete DMEM-HG (High
Glucose) supplemented with 10 WM dexamethasone, 50 puM
indomethacin, 10 mM 3-isobutyl-1-methylxanthine, and 0.1 uM
insulin (all from Sigma-Aldrich, St. Louis, MI, USA). Adipogenic
differentiation was demonstrated by performing Nile Red
staining (Sigma-Aldrich) to visualize lipid droplet formation.
Quantification was achieved by measurement of Nile Red
fluorescence (Ex/Em 485/540), which was normalized to the
cell number quantified by staining with Hoechst 33258 dye
(Life Technologies) and consecutive readout on a multimode
microplate reader (TECAN M200 PRO) (67).

Osteogenic Induction

BMSCs were cultured with complete DMEM-LG supplemented
with 0.1 uM dexamethasone, 50 wM ascorbic acid, and 10 mM
beta-glycerol-phosphate disodium salt hydrate (all Sigma-
Aldrich). Osteogenesis was assessed by Alizarin Red S (Merck)
staining to determine mineralized matrix deposition, which was
quantified at days 14, 18, and 22 by measuring the absorbance
of Alizarin Red S and then normalized to the cell number
determined by Hoechst staining, with consecutive readout of
absorbance on the TECAN reader. The ALP activity level was
quantified by measuring the consumption of p-nitrophenyl
phosphate (pNPP; Sigma-Aldrich), which was normalized to
the amount of viable cell metabolic activity as measured by
PrestoBlue® assay (Life Technologies) (67, 78).

Chondrogenesis

BMSCs (only at passage 6) were placed in V-bottom 96-
well plates, centrifuged and subsequently cultured for up to
21 days in a chondrogenic medium [FBS-free DMEM-HG
supplemented with 6.25pg/mL insulin-transferrin-selenium,
0.1 M dexamethasone, 50 pg/mL L-Ascorbic acid 2-phosphate
sesquimagnesium salt hydrate, 1mM sodium pyruvate,
0.35mM L-proline, 1.25 mg/mL bovine serum albumin, 5.35
mg/mL linoleic acid (all from Sigma-Aldrich), and 10ng/mL
transforming growth factor-beta-3 (TGF-beta; Peprotech)] (78),
and to quantify chondrogenesis, proteoglycan production was
normalized to total protein amount (67).

Immunomodulation, Endothelial Tube

Formation, and Cytokine Measurements
The immunomodulatory effects of BMSCs were assayed as
described previously (80). Human peripheral blood mononuclear
cells (PBMCs) were stained with 5uM carboxy-fluorescein-
succinimidyl ester (CFSE; Life Technologies), stimulated with
anti-CD3 and anti-CD28 0.25pg/mL (Biolegend) or with
phytohemagglutinin (PHA; 0.5 pg/mL; Sigma Aldrich), and co-
cultured with or without BMSCs at a ratio of 10:1. After 5 days,
the CFSE-labeled PBMCs were harvested, stained with antibodies
specific for CD4 and CD8 (anti-CD4-APC; anti-CD8-PE; both
Miltenyi), and subjected to analysis with flow cytometry.

For tube formation assay (81), human umbilical vein
endothelial cells (HUVECs) were plated in 96-well plates
coated with Matrigel (Corning) and co-cultured for 16h with
conditioned culture medium derived from BMSCs or with

unconditioned blank control. Bright-field microscopic images
of each well were taken for computer-assisted quantification
of multiple parameters associated with endothelial network
formation, e.g., total master segment length (TMSL/field)
(Image] 1.51; Bethesda, USA). For the generation of BMSC-
conditioned media, the cells were seeded at a density of 1 x
10* cells/cm? in 24-well plates (DMEM + 10%FCS), allowed to
adhere overnight, washed once to remove residual protein, and
cultured for 24 h with media containing 0.5% FCS to collect the
cells secretome. The conditioned a medium was collected and
centrifuged to remove cell debris and supernatants, filtered, and
stored at —80°C until assayed. Levels of interleukin 6 (IL-6) and
vascular endothelial growth factor (VEGF) were assayed by using
enzyme-linked immunosorbent assays (ELISA; R&D Systems).

Exploratory and Descriptive Statistics
Statistical analyses were performed using ANOVA and the
Student’s t-test. All data sets from individual experiments were
tested for normal distribution with the Shapiro-Wilks test prior
to testing for statistical significance. When performing multiple
pair-wise comparisons, one way or two-way ANOVA was used,
and Bonferroni post-hoc corrections were performed to adjust
the p-values. For single-group testing, statistical significance was
tested by Student’s t-test (paired or unpaired, two-tailed). If the
data did not fit a normal distribution, the Mann-Whitney test or
the Wilcoxon matched-pairs test was used (two-tailed confidence
intervals, 95%; P < 0.05 was considered statistically significant;
Prism 5.0; Graphpad Software, USA).

RESULTS

Donor Stratification, Phenotypic, and

Growth Characteristics of BMSCs

This study included BMSC preparations from 10 adult (38.2 &
11.1years) and 13 elderly (72.2 & 7.5 years) donors, selected upon
stratification of clinical background, to dissect the influence of
donor age and common comorbidities (Table 2). We found that
60% of the adult cohort and 100% of the elderly cohort presented
with comorbidities, with diabetes mellitus in 10% (1/10) and
54% (7/13) of cases (mainly early-stage, 6 non-insulin, and 2
insulin-dependent), respectively, followed by hypertension and
other cardiovascular complications.

For both the adult and elderly cohort, the BM used as
the starting material for cell isolation had a similar sample
weight (Figure 1A, left panel), content of BM-MNCs (Figure 1B,
left panel), and BMSC frequencies (Figure 1C, left panel).
Stratification according to non-diabetic and diabetic donors also
resulted in a comparable sample weight (Figure 1A, right panel),
number of BM-MNCs (Figure 1B, right panel), and BMSC
content (Figure 1C, right panel). Independent of donor age or
diabetic status, the isolated BMSCs exhibited similar growth
kinetics, as quantified by cumulative population doublings at
passages 3 to 6 (Figure 1D). We observed a trend of reduced cell
growth with increasing passage number in some of the BMSC
preparations generated from the elderly diabetic donors with
multiple comorbidities (see below).
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TABLE 2 | Characteristics of bone marrow donors used for isolation of MSCs.

Donor Sex Age Comorbidities Diabetes  Other types of
ID (M/F) (Years) (Number) mellitus potential
comorbidities
diagnosed
p127 F 16 None None None
p264 F 25 None None None
pP276 F 48 Yes (2) Yes (NID) Bone cyst
p285 F 35 None None None
P289 F 45 None None None
P293 M 48 Yes (1) None Hypertension
P308 F 47 Yes (1) None Hypertension
P357 M 37 Yes (1) None Hyperuraemia
P784 M 33 Yes (1) None Hypertension
P819* F 48 Yes (1) None Hypertension
Adults 3/7 382+111 6/10(60%) 1/10 6 /10 (60%)
(10%)
p237 M 61 Yes (4) Yes (NID) Hypertension,
HPLA, and RA
P265 63 Yes (1) None Hypertension
p278 F 82 Yes (2) None Hypertension
and
Hyperuraemia
P316 F 71 Yes (2) Yes (NID) Hypertension
P336 M 80 Yes (3) Yes (NID) Haematuria and
Bradycardia
P354 M 85 Yes (2) Yes (NID) Hypertension
P374 M 68 Yes (1) None Hypertension
P378 M 78 Yes (1) None Hypertension
P386 F 68 Yes (1) None Hypertension
P651 F 69 Yes (1) None Hypertension
P660 F 65 Yes (2) Yes (NID) Hypertension
pP777 F 73 Yes (4) Yes (ID) Hypertension,
CKD3, and HVI
pP821* F 75 Yes (6) Yes (ID) Hypertension,
CKDg, and
HVI/DVT/PE
Eldery 6/7 722+75 12/12 7/13 13 /13 (100%)
(100%) (54%)

The age range is defined as follows: Adults younger than 50 years, and Elderly older than
60 years, and age values are presented as mean + SD. The main type of comorbidity
studied is diabetes mellitus. (*)Patients 819 and 821 were only included in Figures 5,
6. CKD3, chronic kidney disease grade 3; HLFPA, hyperlipoproteinemia;, HVI, heart valve
insufficiency; DVT, deep-vein thrombosis;, PE, pulmonary embolism; RA, rheumatoid
polyarthritis; and NID/ID, non-insulin-/insulin-dependent diabetes mellitus.

Phenotypic profiling revealed that all of the isolated BMSC
cultures had a typical fibroblast-like morphology that was
preserved during in vitro expansion up to passage 6 (Figure 2A
and Figure S1). Regardless of donor age, trypsin-detached
spheroid BMSCs had similar cell diameter and volume values
at passage 3 (Figure 2B and Figure S1). Cells from adult and
elderly donors, however, exhibited an increase in cell diameter
and volume with increasing culture time, though this difference
only reaches static significance between BMSCs derived from
elderly donors at passages 3 and 6 (P < 0.001). BMSCs from
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FIGURE 1 | Primary isolation and growth kinetics of BMSCs. (A-C) Quality
control of BM samples: (A) bone marrow sample weight (in grams) and (B)
number of BM-MNCs per sample (cells/cm®), (C) number of BMSCs per
sample (cells/cm®), and (D) growth kinetics of BMSCs, with population
doublings determined at different passages (P3-6), were quantified for BMSC
preparations from adult vs. elderly (n = 9 vs. 12) and for non-diabetic vs.
predominantly non-insulin-dependent early-stage diabetic donors (n = 14 vs.
n = 7). Data are shown as mean + SD, and the statistics were evaluated with
a Student’s t-test.

diabetic donors showed a similar trend of increased cell size and
volume, especially at higher passages, but this was not significant
(Figure 2B).

Analysis of the cell surface marker pattern revealed that all
of the BMSC preparations exhibited a similar surface marker
phenotype at passage 3, as defined by the ISCT criteria (69),
independent of donor age and disease status (Figure2C).
The isolated cells express typical MSC markers (CD73, CD90,
CD105, and CD146) while being negative for contaminating
cell populations (CD14, CD19, CD31, CD34, and CD45) such
as cells of myeloid, B-cell, endothelial, and hematopoietic
origin, respectively.
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FIGURE 2 | Morphology and immunophenotype of BMSCs. (A) Representative bright-field microscopy images of BMSC cultures at passage 3 and 6, comparing
adult vs. elderly and non-diabetic vs. diabetic donors, showing typical fibroblast-like morphology with a trend toward more irregular morphology in diabetic donors; (B)
analysis of cell size and cell volume of trypsin-detached BMSCs from adult vs. elderly (n = 9 vs. 12) and non-diabetic vs. diabetic donors (n = 14 vs. 7). Adult and
elderly have similar cell size and volume at passage 3, and the cell size of adult donor-derived BMSCs does not increase with passages, while elderly donor-derived
BMSCs display cell enlargement with increasing passage; and (C) flow cytometry analysis of BMSCs (% positive cells; n = 6 random adult or elderly donors at early
passage 1-3) with representative histograms shown to the right (unlabeled controls are shown in solid gray). The cells highly express typical BMSC-associated
markers CD44, CD73, CD90, and CD105 while exhibiting no/weak expression of non-MSC-associated markers CD14, CD31, CD34, and CD45. Data are shown as
mean + SD, and statistical evaluation was performed by Student’s t-test (*P < 0.05 and ***P < 0.001).
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Interestingly, we noted a weak decline in the expression
of CD105 (P < 0.05 to P < 0.001) and CD146 (P < 0.01
to P < 0.001) upon extended culture up to P6 in all BMSC
preparations, suggesting that long-term culture had a negative
impact on the MSC phenotype of the cells. Indeed, a weak
decline in CD105 and a stronger decline in CD106- and CD146-
expression after extended culture, particularly in DMEM-media,
or upon repeated passaging, have been reported previously (82).
Functionally, the altered expression of CD105 was found to be
associated with decreased osteogenic potential and altered Notch
signaling (83).

In vitro Aging, but Not Donor Aging Alters

the Transcriptome of Biobanked BMSCs
Next, we studied whether subgroups of BMSCs under
resting conditions differed in their gene expression profiles
by performing global transcriptome analysis. Multivariate
statistical analysis using principal component analysis (PCA)
was performed to study the variability between the groups
with subsequent visualization of significant differences by
hierarchical clustering heat maps and gene-ontology (GO) term
enrichment analysis.

Our PCA-analysis found no clear separation between
unstimulated BMSCs at P3 either for the comparison of adult
and elderly (n 9 vs. n = 12 donors) or non-diabetic and
diabetic (n = 14 vs. n = 7 donors) donors (Figure 3A, left and
central panel). Our diabetic group consisted of one adult and six
elderly donors, and thus the comparison between non-diabetics
(8 adults and 6 elderly) and diabetics is mainly a comparison
with elderly diabetics (86% of the group), which could potentially
weaken this analysis. To clarify this point, we carried out a sub-
stratified comparison only between elderly diabetic and elderly
non-diabetic donors (n = 6 each) (Figure S2). However, this
analysis came to the same conclusion as the prior comparison
and revealed no apparent differences in transcriptome between
the two groups.

This result could suggest either, that the RNA sequencing-
obtained gene-expression profiles of our isolated and in vitro
expanded BMSCs are not affected consistently enough by
the parameters age or diabetic status to allow for a robust
multivariate statistical separation of these groups under resting
conditions or, alternatively, that the studied in vivo imprint of the
donor (e.g., aging and mild comorbidities) is simply not strong
enough or is not maintained after isolation and in vitro expansion
for several weeks.

Thus, as a positive control, we compared the gene expression
pattern of selected donors from the same cohorts at P3
and P6 (n = 6 per group). We detected a clear difference
between the two groups (Figure 3A, right panel) that confirms
earlier reports (16, 38, 54). Our PCA showed a 32% variance
in PCl and 24% variance in PC2, indicating that PCl
(influence of culture time) accounts for most of the observed
differences in expression pattern between the two groups.
Accordingly, a subsequent hierarchical clustering analysis
separated the transcriptome of BMSC preparations by their

number of passages into two distinct P3 and P6 groups
(Figure 3B).

The “Top 10 Results” from GO-term enrichment analysis
of the biological processes predominantly involved identified
highly significant changes in gene signatures associated with
cell cycle, nuclear cell division, and chromosome segregation
(Figure 3C). Concomitant in-depth delineation of the biological
process and molecular functions involved using a combined
DAVID and GO-database “Top 8 Results” analysis (Figure 3D)
revealed that the altered biological processes were associated
with changes in cytoskeletal proteins and microtubule binding,
tubulin, fibronectin, enzyme, and protein kinase binding and
kinase activity.

In summary, we found that the process of BMSC in vitro
expansion had a strong impact on molecular phenotype, which
may mask any rather weak in vivo imprint from donor aging
and associated mild comorbidities after expansion over several
passages in culture, as is typically done for cell production and
biobanking. This does not generally exclude potential differences
becoming apparent for the assessment of larger age differences
(e.g., when comparing very young vs. elderly donors) or when
studying the impact of stronger comorbidities.

In order to understand the functional heterogeneity of BMSC
preparations, we next analyzed their functional performance
in multiple in vitro assays typically employed for BMSC
characterization (84).

In vitro Aging, but Not Donor Aging Affects
BMSC Differentiation Capacity

In accordance with the prior transcriptome analysis setup, we
studied the differentiation capacity of BMSCs depending on
donor age and diabetic status with adjunct comparison of
passages 3 and 6 (Figure4 and Figures S3, S4). In line with
the prior results, we did not find any major differences in the
differentiation capacity of BMSC preparations with respect to
donor age and the presence of early-stage mild diabetes in the
donor cohort under standard culture conditions (Figures 4A-C
and Figure S4).

Along with the transcriptome changes observed during
replicative in vitro aging, we compared the differentiation
capacity of BMSC toward osteogenic and adipogenic lineages
between P3 and P6 in order to evaluate whether the substantial
transcriptional changes may also reflect alterations in functional
behavior (Figures 4A,B). Indeed, BMSCs from adult and
elderly donors exhibited significantly diminished osteogenic
differentiation at passage 6 compared with passage 3 (P <
0.01 and P < 0.001, Figure 4A), which was also evident for
comparison of non-diabetic and diabetic donors at both
passages (P < 0.001 and P < 0.05). In contrast, adipogenic
differentiation potential only showed minor changes, mainly
reduced lipid formation, when comparing early and late
passages or at later readout (P < 0.05, Figure4B). The
BMSCs from both adult and elderly donors displayed a similar
increase in proteoglycan production upon chondrogenic
differentiation with an induction medium containing
transforming growth factor-beta (TGF-B) (P < 0.01 and P
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FIGURE 3 | Gene-expression-profiing of BMSCs with RNA-sequencing. (A) Principle component analysis (PCA) was employed for the visualization of group
separation. Groups were stratified either according to donor age (left panel; n = 9 adult vs. n = 12 elderly donors), health status (central panel: n = 14 non-diabetic vs.
n = 7 diabetic donors), and passage number (right panel; n = 6 random donors at passage 3 vs. 6). The PCA showed clear separation when comparing passage 3
vs. 6 (right panel), but no separation for the comparison of adult vs. elderly or diabetic vs. non-diabetic donors, with a random dot distribution throughout the graph.
(B-D) passage 3 vs. 6 comparisons: (B) hierarchical clustering heat map with expression values sorted according to donor (rows) and gene (columns), where low
expression is denoted by blue and high expression by red; (C) gene ontology (GO) enrichment analysis, with the “Top 10 Results” for changes in biological process
(e.g., cell cycle, nuclear and cell division, and chromosome segregation) shown on the left y-axis and the size of the dots representing the counts of genes involved,
while the color of the circle (scaled blue/lowest to red/highest) indicates significance expressed as adjusted p-value. (D) Combined David and GO “Top 8 Results”
database analysis for changes in biological process (left panel; e.g., mitotic cell cycle and nuclear division) and molecular function (right panel; e.g., cytoskeletal protein
binding and microtubule binding), with the z-score indicating the overall decrease or increase in expression for certain GO terms and the log-FC analysis indicating the
actual number of down- or up-regulated genes within a certain GO term.

< 0.001, Figure 4C). BMSCs from non-diabetic and early-stage =~ medium, thus excluding any major detectable influence of
diabetic donors displayed similar chondrogenic differentiation  advanced BMSC donor age or diabetic status on chondrogenic
capacity upon induction with the specific differentiation  differentiation capacity.
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FIGURE 4 | Multilineage differentiation potential of BMSCs. The differentiation capacity of MSCs from adult and elderly (n = 9 vs. 12) and non-diabetic and
predominantly non-insulin-dependent early-stage diabetic donors (n = 14 vs. 7) was assessed with different in vitro assays. (A) Osteogenic differentiation was
assessed by quantification of BMSC matrix mineralization upon osteogenic induction for 14, 18, and 22 days, with representative images for Alizarin red staining

shown at the top. Quantification revealed a time-dependent increase in mineralization for all groups (day 14 vs. day 22) both at passages 3 and 6, while there was no
difference between adult vs. elderly or non-diabetic vs. diabetic donors at either time point or passage but a strong reduction in mineralization for higher vs. lower
passage cells (P6 vs. P3). (B) Adipogenic differentiation of BMSCs upon in vitro adipogenic induction for 10 and 14 days was quantified by staining of lipid-rich
vacuoles with Nile Red, with representative images for vacuole formation shown at the top. Quantification revealed similar vacuole formation for both time points (day
10 vs. day 14), with a trend of modest reduction when comparing higher vs. lower passage cells (P6 vs. P3). There was again no difference between adult vs. elderly
or non-diabetic vs. diabetic donors at either time point but a stronger passage-dependent reduction for cells from elderly or diabetic donor donors (P3 vs. P6), though
this was less notable for cells from adult or non-diabetic donors. (C) Chondrogenic differentiation of BMSCs upon induction with TGF-beta was quantified as the ratio
of proteoglycan synthesis relative to protein content, with representative histology images for alcian blue proteoglycan staining of pellet sections shown to the right.
There was no difference between BMSCs from adult vs. elderly or non-diabetic vs. diabetic donors. Data are shown as mean + SD, and statistical evaluation was
performed by using a Student’s t-test or ANOVA followed by post-tests (‘P < 0.05, **P < 0.01, and ***P < 0.001).
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We found that assay readout-time had a considerable
confounding influence on the obtained results, e.g., when
comparing mineralization at day 14 to day 22 for cells at passage
3 and 6 (P < 0.05 to P < 0.001, Figure 4A) or when studying the
optimal time point for the assessment of ALP-activity, which was
found to be highest on day 5 for both adult and elderly and both
non-diabetic and diabetic cohorts at passage 3 and 6 (Figure S3).
This assay-readout time-dependence was less evident for the
assessment of adipogenic differentiation (Figure 4B), e.g., when
comparing day 10 and 14 at passages 3 and 6. Interestingly, we
could detect weakly compromised lipid formation for BMSCs
from elderly donors (P < 0.05, Figure 4B).

Cytokine Challenge in vitro Reveals Altered
Gene Regulation in BMSCs From Select
Elderly Donors With Multiple Comorbidities

Many clinical applications of BMSCs involve the therapeutic
delivery of the cells into challenging in vivo environments
characterized by inflammation or anoxia (13). Thus, it is indeed
advisable to conduct cell-profiling approaches under resting
and stimulating conditions (Figure 5A) (85). Stimulation with a
cytokine cocktail resulted in a clear separation into two distinct
groups in the hierarchical clustering heat map (Figure 5A), with
multiple changes in biological processes such as immune system
process or immune and inflammatory responses, as typically
observed upon cytokine challenge of MSCs, e.g., during potency
analysis of MSC products (85, 86).

Substratified expression analysis focusing only on stimulated
samples found (Figure 5B), that BMSCs from the two elderly
donors with insulin-dependent diabetes and multiple other
comorbidities (P777 and P821, n = 4 and n = 6 comorbidities,
respectively) clustered differently from the elderly and adult
donors with fewer comorbidities (P265 and P374; and P264,
P784, and P819, n = 0-1 comorbidities each). However, this has
to be interpreted with caution since the number of donors with
multiple comorbidities in this analysis was very limited due to
their rare occurrence in our biobank. Indeed, changes in BMSC
transcriptome upon disease progression to a more advanced stage
(e.g., in advanced insulin-dependent diabetes and renal failure)
have been reported earlier (55, 58, 60).

In our study, this was associated with a decline in cell
proliferation and progression from a regular to a more
irregular cell morphology in culture, particularly for BMSCs
from elderly donors with insulin-dependent diabetes and
multiple comorbidities (Figure 5B, lower panel). Analysis
of the biological processes that differ in BMSC specimens
from the two elderly donors with multiple comorbidities
(Figure 5B, right panel) identified the downregulation of
processes associated with cell proliferation (e.g., mitotic cell
cycle, cell division, chromosome organization, and organelle
fission). In contrast, upregulated processes entailed categories
associated with cell differentiation (e.g., multicellular organism
process, anatomic structure development and morphogenesis,
and ECM organization), thus potentially indicating a progressive
loss of the MSC “stem cell” phenotype over time in the
presence of multiple strong comorbidities, although any

conclusions from this analysis are limited due to the small
sample size.

Inflammatory Challenge Affects BMSC
Paracrine Activity

The prior assays involving advanced donor age and the
predominant early-stage diabetic status of the included
patients showed only minor effects on the in vitro expansion
and differentiation capacity, as well as the transcriptome
of unstimulated BMSCs. The subsequent experiment of in
vitro cytokine challenge demonstrated a degree of altered
responsiveness on the transcriptome level in BMSCs with
advanced donor comorbidities.

In line with these transcriptome changes, we observed more
pronounced effects on the secretome and paracrine activity of
cytokine-activated BMSCs upon environmental challenge by an
inflammatory environment (Figure 6), e.g., upon stimulation
with pro-inflammatory cytokines and consecutive readout of
angiogenesis in response to their secretome (conditioned media).
We found that their immunomodulatory activity to suppress
T-cell proliferation was not altered, thus confirming that this
is a rather well-preserved process, even if cells are obtained
from donors with advanced diabetes and renal failure (55).
Nonetheless, the overall impact of these donor parameters on
BMSC function was rather modest.

BMSC preparations from both adult and elderly donors and
both non-diabetic and diabetic donors effectively suppressed
CD8 and CD4 T-cell proliferation in either anti-CD3/CD28
or PHA-stimulated PBMC cultures (Figure 6A). The average
remaining proliferation of CD8-responses for adult and elderly
BMSCs was 15.9 &= 7.2% and 10.3 & 6.0% for anti-CD3/CD28-
stimulated cultures (P < 0.05and P < 0.001) and 17.7 4= 9.0% and
12.1 =+ 8.7% for PHA-stimulated cultures compared to control (P
< 0.05 and P < 0.001), with no significant differences between
adult and elderly groups for the two different stimuli (P = 0.06
and P = 0.16, respectively).

The average suppression of CD4-responses was generally
weaker, with a remaining proliferation of 46.7 £ 28.7% and
27.9 &£ 20.8% for anti-CD3/CD28-stimulated cultures (P < 0.05
and P < 0.001) and 38.0 & 23.3% and 27.6 & 19.8% for PHA-
stimulated cultures compared to control (P < 0.05 and P <
0.001), with no significant differences between adult and elderly
groups for the two stimuli (P = 0.09 and P = 0.3, respectively). A
similar suppression pattern of CD8 and CD4 T-cell proliferation
in anti-CD3/CD28- or PHA-stimulated co-cultures was found
for BMSCs from non-diabetic and diabetic donors (All P < 0.01
and P < 0.05), while again no significant differences were found
between non-diabetic vs. diabetic donors.

Next, we analyzed the secretion of IL-6 and VEGE, two key
paracrine mediators associated with BMSC function (Figure 6B).
Both, adult and elderly donor-derived BMSCs demonstrated
strong secretion of IL-6 compared to the negative control
medium (P < 0.01 and P < 0.001, mean 806 vs. 1,300 pg/mL),
with higher IL-6 secretion in BMSC-conditioned media from
elderly compared to adult BMSC donors (P < 0.05). Similarly,
we detected a strong secretion of VEGF by both types of BMSCs
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FIGURE 5 | Cytokine challenge reveals altered gene regulation in BMSCs from elderly donors with multiple comorbidities. (A) Comparison of unstimulated vs.

cytokine-stimulated BMSCs (n = 7 donors each): hierarchical clustering heat map with expression values sorted according to donors (rows) and genes (columns),
where low expression is denoted by blue and high expression by red, and corresponding gene ontology (GO) enrichment analysis with the “Top 10 Results” for
changes in biological process (e.g., immune system process and immune and defense response) shown on the left y-axis, and the size of the dots representing the
counts of genes involved, while the color of the circle (scaled blue/lowest to red/highest) indicating significance expressed as adjusted p-value. (B) Substratified gene
expression analysis focusing only on stimulated samples (1 = 7 donors): BMSCs from elderly donors with multiple comorbidities (P777 and P821, withn =4 and n =
6 comorbidities, respectively) cluster separately from both elderly and adult donors with few comorbidities (P265 and P374; and P264, P784, and P819, respectively,
n = 0-1 comorbidities), indicating that the accumulation of multiple comorbidities during advanced age results in a detectable in vivo imprint in the transcriptome of
BMSCs. This was accompanied by a decline in cell proliferation and a progression from regular to irregular morphology in culture (representative images at the
bottom), resulting in a progressive loss of contact inhibition and cell aggregation. Analysis of the biological processes, showing that P777 and P821 differ under
stimulating conditions from the other donors, identified significant downregulation of processes associated with cell proliferation (e.g., mitotic cell cycle, cell division,
and chromosome organization), while upregulated processes entailed categories associated with cell differentiation (e.g., multicellular organism process, anatomic
structure development, morphogenesis, and ECM organization).
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FIGURE 6 | Immunomodulatory and paracrine activity of BMSCs. (A) Immunomodulatory activity of BMSCs (n = 9 adult vs. n = 12 elderly and n = 14 non-diabetic
vs. n = 7 diabetic donors, passage 3) to suppress anti-CD3/CD28- or phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cell (PBMC)-proliferation.
The PBMCs were labeled with the cell proliferation-tracker dye CFSE, activated with either of the two different stimuli, and cocultured for 5 days with BMSCs from
adult or elderly donors, in order to assess their capacity to inhibit the proliferation of CD4+ and CD8+ T-cells with flow cytometry, with representative histograms
shown to the right. The quantitative assessment of T-cell proliferation is expressed as the percentage proliferation of CD4+ and CD8+ T cells relative to the positive
control without BMSCs. Both adult vs. elderly and non-diabetic vs. diabetic donor-derived MSCs are equally potent in inhibiting CD4 and CD8 T-cell proliferation.
(B,C) Paracrine and proangiogenic activity of BMSCs (n = 9 adult vs. n = 12 elderly and n = 14 non-diabetic vs. n = 7 diabetic donors) with and without cytokine
stimulation (10 ng/mL of TNF-alpha and IFN-gamma for 24 h): (B) secretion of IL-6 and VEGF (pg/mL) in BMSC-conditioned culture media was assessed with ELISA,
detecting elevated levels of IL-6 secretion by BMSCs obtained from elderly or diabetic donors, and (C) proangiogenic activity of BMSC-conditioned media compared
to blank group (medium only) in an endothelial tube formation assay, with a representative image for the quantification of endothelial network formation by
quantification of the total master segment length (TMSL/field, with 3-5 images assessed per test condition); TMSL/field was slightly increased for adult and
non-diabetic donors. Results are given as box plot £+ min-max whiskers. Statistical analysis was performed using either a Student’s t-test or ANOVA followed by
post-tests (P < 0.05, **P < 0.01, and **P < 0.001).
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compared to negative controls (Both P < 0.001, mean 3,033
vs. 2,840 pg/mL), although there was no significant difference
between the age groups.

Interestingly, IL-6 and VEGF were inversely regulated
upon pro-inflammatory challenge with tumor necrosis factor-
alpha (TNF-a) and interferon-gamma (IFN-g), with significant
upregulation of IL-6 (P < 0.05) but downregulation of VEGF
(P < 0.05) in stimulated cells compared to resting controls,
thus demonstrating an inverse relationship between the two
factors under stimulating conditions. Importantly, both BMSCs
from adult vs. elderly donors and from non-diabetic vs. diabetic
donors showed differential secretion of VEGF upon cytokine
stimulation (P < 0.01 and P < 0.05), which was not the case
for IL-6.

When exposing endothelial cells (ECs) to BMSC-conditioned
culture medium from adult vs. elderly or non-diabetic vs.
diabetic donors (Figure 6C), we found increased proangiogenic
activity with media from adult donors compared to negative
control (P < 0.05, mean 2,551 vs. 4,131 TMSL/field), while
conditioned media from elderly donors and the comparison
of adult and elderly donors did not reveal any differences.
BMSC conditioned medium from non-diabetic donors showed
the most profound proangiogenic activity compared to
control (P < 0.05).

These results taken together indicate a weak but
notable influence of advanced donor age and early-stage
diabetes on BMSC regulation of its paracrine activity in
response to cytokine challenge, while this was less evident
for its immunomodulatory activity to suppress T-cell
proliferation in vitro.

DISCUSSION

The goal of this study was to understand heterogeneity
among BMSC specimens, which are frequently considered
for autologous therapy approaches. We asked whether
the donor-specific  variability in morphological and
functional parameters could be explained by intrinsic
cell-donor attributes such as variations in donor age
and common comorbidities. We thus conducted donor
stratification and multi-parameter analysis in a defined
patient cohort to allow for a robust readout of individual
assay parameters.

Previous studies investigating the impact of donor age
and comorbidities on BMSC properties reported partially
inconclusive or contradictory outcomes (Tablel). We
hypothesized that BMSCs from elderly donors (>60 years),
who commonly suffer from mild comorbidities, display
reduced regenerative function compared to adult donors (<50
years), who were found to have a much lower burden of
common comorbidities. To our surprise, we found that for
our prospective stratification, both adult and elderly donors
demonstrated on average rather similar performance in most
assays and that in vitro aging rather than in vivo aging and the
typically associated mild comorbidities predominantly affected
BMSC properties.

Clinical and Biological Relevance of Donor
Aging for BMSC Biobanking Approaches

Many of the treatment indications targeted by allogeneic and
autologous BMSC therapies are associated with advanced age,
thus making elderly patients with multiple comorbidities one
of the high-demand groups for cell-based therapies. They are
thus frequently found among the cell donors of our biobank
(1). The donor age of BMSC donors is one of the most clearly
defined and readily accessible parameters and has been widely
investigated, while the impact of certain comorbidities associated
with advanced age is more difficult to assess.

Both, autologous and allogeneic BMSC therapies are widely
studied, and it is not clear yet which approach will be favored
for specific treatment indications (87). Allogeneic approaches
provide the great advantage of being able to choose a well-defined
starting material, e.g., from developmentally young tissue such as
placenta or umbilical cord blood. However, they may come at the
cost of immunological incompatibility, which may compromise
efficacy and lead to allo-sensitization of the patient. Thus, a major
advantage of autologous approaches is their neutral immune
profile, but they may be limited by compromised bioactivity of
cells sourced from elderly donors with multiple comorbidities,
complex diseases, and pharmacological regimens (18, 19, 88).

Many studies focusing on BMSCs in the context of
aging have compared various parameters either in cells from
younger vs. elderly donors or the impact on cell expansion.
These were mainly: (1) Cellular phenotype and proliferation
capacity, (2) Gene expression profile, and (3) Various functional
parameters, such as mesodermal differentiation capacity and
immunosuppressive and paracrine properties. A problem with
BMSC characterization is the great number of potentially
confounding experimental variables that may impede the readout
(85, 89).

BM-Sample Cellularity, BMSC Growth,

Morphology, and Immunophenotype

Multiple studies have reported a decline of BM cellularity (e.g.,
BM-MNC and BMSC), CFU-F capacity, and growth kinetics
with advanced donor age (17, 27, 29-31, 34). BMSCs have been
shown to demonstrate a logarithmic decline with increasing age
(31, 90), most evidently in the first years of life (e.g., newborns
1/10.000 and teens 1/100.000 BMSCs per BM-MNC), but this was
less evident in later life, e.g., when comparing adults vs. elderly
donors (e.g., 35-year old 1/250.000, 50-year old 1/400.000, and
60-year old 1/2-million BMSCs per BM-MNC). In our study, we
could not detect an age-related difference in cellularity, showing
that BM aspirates from adult donors had similar cell content
as those from elderly donors (mean 38 vs. 72 years). We could
thereby minimize a major confounding sampling bias in the
starting material that may have caused initial disparities between
the stratified groups.

In prior studies, differences in cell growth were most evident
when comparing pediatric vs. elderly donors (27, 34), e.g., defined
as the age ranges of 1-5 years vs. 50-70 years, respectively (34). In
our study, we found no significant differences in the proliferation
of BMSCs from adult and elderly donors, which may be explained
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by the different time-windows of analysis (Mean 38 vs. 72 years),
since the donor population from our biobank does not include
pediatric patients and contains few young adults. Our findings
are in line with a report by Siegel et al. (33), who also found no
correlation between the growth rate of BMSCs and donor age.
Nonetheless, we could observe a trend of declining proliferation
with successive passages, in particular in BMSCs from elderly
donors with multiple comorbidities, although, surprisingly, this
was not significant for the entire cohort.

Several reviews have summarized the impact of patient-
specific aging and comorbidities on the morphological
parameters of BMSCs (18, 19, 91), highlighting cell enlargement,
decreased proliferation and replicative quiescence- and
senescence-associated f3-galactosidase, as also discussed earlier
(26). Siegel et al. reported an impact of donor aging on cell size
(BMSCs at P1 from younger donors were smaller) and surface
marker expression profile (e.g., increased levels of integrins,
PDGEFR-beta, and CD90 in younger donors).

In contrast to Siegel et al., who assessed the cell size at passage
one, we assessed both cell size and volume of BMSCs at passage
three and found that chronological aging had a rather minor
influence, which may be due to the longer culture period (two
passages longer). Nonetheless, we observed that BMSCs from
elderly individuals, but not the younger donors, were more prone
to an increase in cell size and volume at later passage (P6). This
may support the notion of the so-called “Hayflick limit,” the
earlier reaching of proliferative senescence in cells from aged
donors that is commonly observed in primary cells (16, 49).

Furthermore, a recent review by Baker et al. suggested that
extended in vitro cultivation might alter the immunophenotype
of BMSCs (17). We analyzed the cellular surface markers
proposed by ISCT (69), and found that BMSCs from adult
and elderly donors at both passages express typical MSC-
associated markers, CD73, CD90, CD105, and CD146 and
were negative for CD14, CD31, CD34, and CD45, with a
limited influence of passage (decrease of CD105 and CD146).
However, we observed that the expression of CD105 and CD146
declines with increasing passage number, suggesting a potential
relationship between altered cell surface marker pattern and
reduced functional capacity.

Indeed, reduced expression of CD105, CD106, and CD146
after extended culture and repeated passaging, particularly when
the cells are cultured in DMEM-media, has been reported
previously (82). Surface expression of CD105 can also be affected
by the mode of culture (e.g., flasks vs. bioreactor or enzymatic
detachment) (92). Downregulation of the TGF-beta receptor
endoglin (CD105) and its associated signaling pathways (e.g.,
the Notch pathway) may also partly explain the evident decline
in osteogenic differentiation capacity in BMSCs at increasing
passage number (83).

BMSC Gene Expression Studies

So far, only a small number of studies have comprehensively
studied the influence of advanced donor age and comorbidities
on the transcriptome and methylome of BMSC products, mainly
focusing on the effects of in vitro expansion before entering the
senescent state (38, 93).

Our PCA of RNA-sequencing-derived gene expression
profiles of unstimulated resting BMSC samples at early passage
(P3) showed no clear separation between adult vs. elderly or non-
diabetic vs. early-stage diabetic donors (both analysis of the whole
cohort n = 14 vs. 7 or for the sub-stratified analysis of elderly
non-diabetics vs. elderly diabetics n = 6 each). We compared
non-diabetic vs. diabetic donors, since this was the most common
and well-defined comorbidity in our cohort and is also frequently
studied by others (60).

It should be noted that the majority of our diabetic
donors suffered from non-insulin-dependent early-stage type 2
diabetes and that only two of the donors had more advanced
insulin-dependent type 2 diabetes and multiple other notable
comorbidities, owing to their rare presence in our biobank.
However, the two donors with a more advanced disease stage
in particular demonstrated differential gene expression upon
cytokine challenge, corresponding to gene pathways associated
with cellular decline. Davies et al. reported previously that
BMSCs from late-stage type 1 diabetic donors show significant
alterations in transcriptome compared to healthy controls under
resting conditions (55). Indeed, patients who are affected by
advanced late-stage type 1 or type 2 diabetes often present with
renal failure and other more serious comorbidities and were thus
on average sicker than the donors included in our analysis, which
may explain the difference (60).

Furthermore, a recent methylome analysis of young and aged
adults (n = 5 each, mean 22 vs. 75 years, range 20-24 vs.
62-82 years, respectively) at early and late passage (P4 vs. P8)
was prospectively designed to distinguish between donor-age-
and culture-induced changes (93). The authors found that a
larger number of CpGs were differentially methylated in aged
donors during culture and biological aging while there were fewer
changes in young donors across genic elements, indicating that
younger donors are more refractory to culture-induced changes.
Furthermore, it was found that the majority of methylation
changes appeared to be specific to either young or aged donors,
with a subset being specific to long-term culture irrespective of
adult donor age.

We also found in our second set of experiments under
cytokine-challenge that particular elderly donors with multiple
comorbidities (e.g., insulin-dependent diabetes and renal failure)
demonstrated differential gene-expression profiles to healthy
adults and healthy elderly donors, although these results have
to be interpreted with great caution due to the small number
of available samples that could be included in this analysis.
Analysis of the underlying gene expression pathways indicated
that this was associated with a loss of stemness and increased
differentiation, going hand in hand with the observed methylome
changes in the study above. This may indicate that, while
methylome changes between adult and elderly donors are
already evident in resting cells, transcriptome changes and their
functional impact may become more evident under challenging
environmental conditions.

As a positive control, we also analyzed how replicative aging
upon in vitro expansion influences the expression profiles of
BMSCs by comparing the gene expression pattern of six donors at
P3 and P6. We found a clear separation between the two groups,
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thus confirming earlier findings on the matter and demonstrating
the validity of our approach (16, 38, 54). Hierarchical clustering
heat maps showed distinct gene expression patterns, with a
passage-dependent decline in the expression of genes associated
with cell cycle and cell proliferation. Indeed, earlier studies
have demonstrated continuous and progressive gene-expression
changes in BMSCs upon long-term culture expansion (16, 38).
When comparing BMSCs at culture intervals from P2 up to
P11, gene expression changes accumulated with each additional
passage, with P2-3 vs. P4-5 vs. P6-11 being distinguishable,
demonstrating the great analytic power of the method.

Similarly, a recent study documented accumulating
transcriptome drift in UC-MSCs cultured until replicative
senescence, with transcriptome changes becoming evident at
P5, with a greater increase when reaching senescence at P9-12
(54), thus making it possible to distinguish between early passage
(P2-4), medium passage (P6-8), pre-senescent (P10-12), and
senescent (P14) cells. Both of these examples clearly illustrated
that in vitro expansion influences BMSC gene expression
signatures, which can dilute or mask any consistent in vivo
signatures associated with donor aging and comorbidities.

Functional Assessment: Differentiation,

Paracrine, and Immunomodulatory Activity
Since the key report by Pittenger et al. (84), the majority of studies
on BMSCs have assessed multilineage differentiation potential
as part of the minimal criteria for their characterization (69).
Importantly, those that have studied the impact of aging and
comorbidities often reported a negative impact of advanced
donor age, with differential effects on the individual lineages (e.g.,
osteogenic, chondrogenic, and adipogenic potential). A review
by Baker et al. pointed out that this is disputable and that
approximately half of the studies do not find differences (17).

Multiple reports have shown no effect or that osteogenic
differentiation decreases with increasing donor age (26, 29, 31,
33, 94). D’Ippolito et al. found a reduced ALP-positive CFU-F
number and osteogenic potential in younger vs. elderly donors
(3-36 vs. 41-70 years, respectively) (31). Miiller et al. also
reported a strong donor-age related decline in the osteogenic
potential of BMSCs isolated from total hip arthroplasty patients
(<50 years 7/11 or 63% positive, >60 years 5/19 or 26%
positive) (94).

Furthermore, Stolzing et al. reported that osteogenic and
chondrogenic potential were diminished with advanced age,
while adipogenic differentiation was not (29). However, others
found no age-dependent differences in differentiation capacity
for either lineage (24, 33, 45). This inconsistency between study
results may be explained by differences in methodology, e.g.,
using cells at different passages (26), as also indicated by our
transcriptome analysis.

We thus analyzed the differentiation potential of adult vs.
elderly and non-diabetic vs. early-stage diabetic donor-derived
BMSC:s at both early and late passage (P3 vs. P6). We found that
the differentiation of BMSCs toward osteogenic, adipogenic, and
chondrogenic lineages was mainly independent of the age and

mild comorbidities of the donor and that in vitro aging, rather
than in vivo aging, had a notable impact.

A large share of the therapeutic activity of BMSCs is attributed
to their secretion of trophic and immunomodulatory factors
(95, 96), which can be modulated by the environment the cells
persist in or are brought into. Several reviews have summarized
how these properties are potentially altered in the context of
donor aging and its associated comorbidities (18, 21, 97).

Siegel et al. reported increased expression of IL-6 by BMSCs
in association with aging (33), while Efimenko et al. reported
reduced expression of VEGF and the loss of angiogenic potential
in elderly donors with cardiovascular complications who more
frequently presented with diabetes. We also found that BMSCs
from elderly donors produced higher levels of IL-6, while
both elderly and diabetic donors showed a stronger decline in
VEGEF-production under stimulating conditions, which was also
reflected in lower in vitro angiogenic activity.

Considering their immunomodulatory activity, Siegel et al.
did not find a correlation between increased donor age and a
loss of immunomodulatory activity in BMSCs in a large cohort
of more than 50 donors aged 13-80 years (33). Furthermore,
two studies did not find a negative impact of diabetes when
comparing BMSCs from healthy donors either to early- and late-
stage type 1 diabetic donors (55) or to newly diagnosed type 1
diabetics (56). In contrast, Manchini et al. (n = 27 adult vs. n
= 23 elderly donors, cut-off 65 years) and Serena et al. (n = 4
donors each) reported a negative impact of age, atherosclerosis,
obesity and type 2 diabetes on the immunomodulatory properties
of adipose-derived MSCs.

Similarly to Siegel, Davies, and Yaochite and colleagues, we
did not observe any differences in the capacity of BMSC to
suppress CD4 or CD8 T-cell proliferation in anti-CD3/CD28- or
PHA-stimulated cultures with respect to age and comorbidities.
This may be explained by the rather weak comorbidities in our
patient cohort and the different age cut-offs for stratification of
the groups or by differences in methodology.

STUDY LIMITATIONS

Qualifying adult stem cell sources in biobanking approaches
is of major importance for understanding their behavior in
preclinical and clinical studies (1). Importantly, the results
obtained in most of the studies by other groups and also our
own studies are shaped by the starting material, cell isolation
and expansion protocols, and consecutive analysis methods. In
the following sections, we discuss a few prominent limitations
that are important for the interpretation of the results of this and
other studies.

Starting Material and Baseline

Characteristics of Diabetic Patients

Different outcomes considering an in vivo imprint of the cell
donor and tissue source may be obtained when using different
starting materials (e.g., adipose or placental tissue instead of
BM) (98). We have predominantly banked BM-MSCs at our
facility so far, and we can thus not extend our analysis to
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MSCs derived from other tissue sources in the same depth.
Our study is limited by the absence of control cells from
young and healthy volunteer donors from a commercially
available source, e.g., American Type Culture Collection (ATCC).
However, multiple MSC batches from young, healthy donors
isolated at our facility were included, and we here focused
on the clinically relevant patient population, who are most in
need of autologous BMSC-based therapies. Another important
aspect is the baseline characteristics of the patients and their
comorbidities, in particular the elderly diabetic patients. As
discussed above, the majority of the diabetic donors were non-
insulin-dependent early-stage diabetic (where few differences
were found), while two elderly donors with more progressed
insulin-dependent type 2 diabetes and multiple comorbidities
demonstrated more substantial phenotypic and functional
alterations in line with results from other groups (60), which
should be anticipated when interpreting the results for clinical
use of BMSCs.

Cell Isolation, Expansion, and Enzymatic

Detachment Protocols

Our protocol is based on one of the most commonly
used methods, separation of the BM-MNCs with density-
gradient centrifugation and plastic adherence, with culture
and expansion employing DMEM-LG containing 10% FCS. It
is noteworthy that alternative culture media (e.g., chemically
defined serum-/xeno-free MesenCult-XF medium or StemPro
XF and SF media) and growth supplementation (e.g., MSCGM
SingleQuots instead of 10% FCS) have become popular and
may vyield different results when considering in vitro aging
and donor-specific in vivo imprint. Furthermore, our cell
detachment and passaging protocol is based on the most
commonly used protease trypsin, but other protocols (e.g.,
employing more gentle cell dissociation with dispase instead
of trypsin), may lead to different observations in terms
of in vitro aging, while it is rather unlikely that any in
vivo donor imprint is better preserved by using alternative
enzymatic detachment.

Transcriptome Analysis Method

Gene regulation at the post-transcriptional level is of great
importance in (adult) stem cells, and differences in transcriptome
or the lack thereof have to be interpreted with caution and
should not be equaled with proteome or functional conclusions.
We thus paralleled our transcriptome analysis with multiple
functional in vitro assays, partly under challenging inflammatory
conditions, to mimic the cellsS' responsiveness in a disease
context (85, 86). We also used the known in vitro aging
effect during successive passaging as a positive control to align
transcriptional with functional outcomes. Novel methods such
as epigenetic methylome analysis and Ribo-profiling are of great
interest (93, 99). The latter attempts to better reflect the “active”
proteome by employing analysis of mRNA associated with
polysomes, which may more closely reflect the true levels of the
actively translated transcripts in the cells, although the method
is technically more challenging than the already established
RNAseq (99).

SUMMARY AND CONCLUSION

Our study demonstrates that donor age and its typically
associated mild comorbidities may exert less influence on the
phenotype and functionality of BMSCs than previously assumed
and that these two parameters do not explain the inherent
donor variation in our biobank. In fact, in vitro aging rather
than in vivo aging exerted a strong influence on the cellular
properties in our setting, with prolonged culture expansion
impairing the regenerative functions of BMSCs at later passages,
which should therefore be strongly controlled for in preclinical
and clinical studies. Therapeutic approaches would best require
a large number of minimally expanded cells with optimum
potency. Since sufficient BMSC numbers can only be obtained
by extensive expansion, this might be a limiting factor for
using BMSCs in cellular therapy, unless a sufficient amount of
starting material allowing for limited expansion can be obtained.
Alternative tissue sources with better expansion capacity (e.g.,
perinatal tissue sources such as placenta or umbilical cord), may
thus offer certain advantages, but, similarly to other MSC sources,
bear an additional risk of thromboembolic complications
when applied systemically (4). Therefore, the ideal source of
therapeutic MSCs still needs to be defined, and therapeutic
approaches utilizing BMSCs should critically review in vitro
expansion protocols.
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Ex-situ normothermic machine perfusion (NMP) of transplant kidneys allows assessment
of kidney quality and targeted intervention to initiate repair processes prior to
transplantation. Mesenchymal stromal cells (MSC) have been shown to possess the
capacity to stimulate kidney repair. Therefore, the combination of NMP and MSC therapy
offers potential to repair transplant kidneys. It is however unknown how NMP conditions
affect MSC. In this study the effect of NMP perfusion fluid on survival, metabolism and
function of thawed cryopreserved human (h)MSC and porcine (p)MSC in suspension
conditions was studied. Suspension conditions reduced the viability of pMSC by 40% in
both perfusion fluid and culture medium. Viability of hMSC was reduced by suspension
conditions by 15% in perfusion fluid, whilst no differences were found in survival in
culture medium. Under adherent conditions, survival of the cells was not affected by
perfusion fluid. The perfusion fluid did not affect survival of fresh MSC in suspension
compared to the control culture medium. The freeze-thawing process impaired the
survival of hMSC; 95% survival of fresh hMSC compared to 70% survival of thawed
hMSC. Moreover, thawed MSC showed increased levels of reactive oxygen species,
which indicates elevated levels of oxidative stress, and reduced mitochondrial activity,
which implies reduced metabolism. The adherence of pMSC and hMSC to endothelial
cells was reduced after the thawing process, effect which was particularly profound in in
the perfusion fluid. To summarize, we observed that conditions required for machine
perfusion are influencing the behavior of MSC. The freeze-thawing process reduces
survival and metabolism and increases oxidative stress, and diminishes their ability
to adhere to endothelial cells. In addition, we found that hMSC and pMSC behaved
differently, which has to be taken into consideration when translating results from animal
experiments to clinical studies.

Keywords: mesenchymal stromal cells, normothermic machine perfusion, kidney repair, endothelial cells,
suspension conditions, perfusion fluid, cryopreservation
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INTRODUCTION

As the outcome of kidney transplantation has improved, the
demand for kidney transplantation has increased and the donor
organ pool to date is too small to supply the current need for
transplant organs. The shortage in available donor kidneys (1)
has led to the use of expanded criteria donor organs, that includes
kidneys from older donors or from donors with hypertension,
suboptimal kidney function or death resulting from stroke (2).
This has resulted in a higher decline rate at time of offering and
may also lead to a poorer outcome of the transplantation (3).

Currently, several techniques are being employed to improve
the quality of expanded criteria kidneys and discarded kidneys
to make them suitable for transplantation, including machine
perfusion. Hypothermic machine perfusion of donor kidneys
implies connection of the organ to a pump that perfuses the organ
with a solution that provides the required components needed to
maintain viability while also removing waste products released as
a result of the metabolism and perfusion injury of the organ.

A more physiological way to assess viability of donor organs
is continuous perfusion at normothermic temperature at 37°C
with proper oxygenation and in the presence of necessary
nutrients. A few years ago, the clinical feasibility and safety of 1 h
normothermic machine perfusion (NMP) was demonstrated (4).
Other groups decided to evaluate the feasibility of longer term
NMP at 37°C, allowing more time to observe the kidney as well
as intervene where possible. Recently, NMP has been successfully
tested in a series of discarded donor kidneys for up to 24 h (5, 6).
During NMP, using a bespoke red blood cell (RBC) enriched
oxygenated and nutrient containing perfusate, the metabolism of
the kidney resumes and allows monitoring during perfusion prior
to transplantation (6, 7). Application of NMP for assessment and
targeted intervention (8) to improve kidney quality is appealing
and the effect of the therapy can potentially be monitored before
the organ is transplanted. Thus, NMP is postulated as a promising
platform to reduce kidney damage and initiate regeneration prior
to transplantation.

Mesenchymal stromal cells (MSC) are multipotent cells which
are found in adult tissues where they support function and
repair (9). The International Society for Cellular Therapy has
established the minimum criteria that a cell must meet to be
considered an MSC: in vitro attachment to plastic, expression
of several cell surface markers including CD29, CD44, CD90,
the absence of endothelial and hematopoietic markers and the
capacity to differentiate into cell types of mesodermal origin
(10). MSC provide growth factors to progenitor cells that boost
their regenerative processes (11, 12). More than 800 MSC-related
studies are registered at http://clinicaltrials.gov on December
2018 and some of them have shown promising results in the
treatment of kidney injury from different etiologies (13).

Abbreviations: EC, Endothelial cells; hMSC, Human mesenchymal stromal cells;
HUVEC, Human umbilical cord endothelial cells; MSC, Mesenchymal stromal
cells; NADH, Nicotinamide adenine dinucleotide; NMP, Normothermic machine
perfusion; PAOEC, Porcine aortic endothelial cells; pMSC, Porcine mesenchymal
stromal cells; ROS, Reactive oxygen species; XTT, 2,3-Bis-(2-Methoxy-4-Nitro-5-
Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide.

MSC are usually intravenously (IV) administered, which
inevitably leads to accumulation in the lungs and poor delivery
to target organs (14, 15). Obviously, delivery of MSC to the
target organ while perfused on an ex vivo stand-alone circuit
may overcome this dilemma. The idea to combine NMP and
MSC therapy has generated an interest in the area of kidney
transplantation (16-18). It is however unknown whether MSCs
are compatible with the conditions of NMP.

In addition, a significant difference exists between preparation
of therapeutic MSC for pre-clinical vs. clinical trials. In pre-
clinical experiments, MSC are cultured in vitro and administered
directly from the culture flask to laboratory animals when the
cells are ready for infusion. In the human setting, large numbers
of MSC are needed to treat a patient and cells are often produced
at locations distant from the place of administration. This
requires storage of cells in a frozen state and infusion following
a delicate thawing process (13). Existing literature points out
that frozen-thawed human MSC (hMSC) have an altered gene
expression profile compared to cells directly retrieved from
culture flasks (19), while it also has been shown that MSC
immunoregulatory properties may be impaired by the freeze-
thawing process (20). If the properties of MSC are impaired after
the thawing process, this would mean that the results of human
studies may not have the expected outcome.

It has been described that MSC from different species will
exert the same actions through different mechanisms, which
could affect the efficacy of MSC in various animal models (21, 22).
Human and non-human primate MSC (23, 24) show marked
similarities with respect to their biological properties, but it
is unknown whether their therapeutic effects are comparable.
Porcine models are very suitable for organ transplant and
preservation studies due to the similarity in size and physiology
between human and pig. It is however unknown whether
MSC from human and pig behave in the same manner under
NMP conditions.

With the questions above in mind, it is important to simulate
conditions of NMP and assess their effect on MSC. We have
evaluated the effect of the bespoke perfusate required for NMP in
combination with the condition of fresh vs. frozen-thawed MSC
in suspension using cells from porcine (pMSC) and from human
(hMSC) origin.

MATERIALS AND METHODS

Isolation and Culture of Human and
Porcine MSC and Endothelial Cells

hMSC were isolated from subcutaneous adipose tissue from
healthy human kidney donors (n = 5) that became available
during kidney donation procedures after obtaining written
informed consent as approved by the Medical Ethical Committee
of the Erasmus University Medical Center Rotterdam (MEC-
2006-190). pMSC were isolated from subcutaneous adipose tissue
(n =5) collected from male pigs, which were subjected to surgery
for teaching purposes, as a waste product. hMSC and pMSC
were isolated as described previously (25) and phenotypically
characterized by the expression of CD29, CD44, CD90 and the
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absence of CD31 and CD45. Human umbilical vein endothelial
cells (HUVEC) were purchased from Lonza (Basel, Switzerland)
and porcine aortic endothelial cells (PAOEC) were purchased
from Cell Applications Inc. (San Diego, CA, USA).

Both hMSC and pMSC were cultured in minimum essential
medium-o (MEM-a) (Sigma Aldrich, St. Louis, MO, USA)
supplemented with penicillin (100 IU/ml), streptomycin (100
mg/ml) (1% P/S; Lonza), 2mM L-glutamine (Lonza) and
15% fetal bovine serum (FBS; Lonza). HUVEC were cultured
in endothelial growth medium 2 (PromoCell, Heidelberg,
Germany). PAOEC were cultured in porcine endothelial cell
media (Cell Applications, Inc.). MSC were used at passage 3-6,
HUVEC were used at passage 4-8 and PAOEC at passage 3-6.

Perfusion Fluid

The perfusion fluid was a RBC-based solution with albumin as
colloid adapted from NMP experiments used by several groups
and allowing stable NMP of kidneys (4, 26, 27). The composition
of the perfusion fluid is listed in Table 1.

Survival of MSC in Perfusion Fluid

MSC were trypsinized from the culture flasks at 90% confluency
or thawed after cryopreservation and re-suspended either in
complete culture medium or perfusion fluid at a concentration
of 500,000 MSC/ml. MSC were incubated in perfusion fluid in
polypropylene tubes to avoid attachment of MSC to plastic. After
30 min or 2 h in suspension, MSC were submitted to a RBC lysis
process to remove the large amount of RBC present in perfusion
fluid. MSC incubated in suspension with culture medium were
also subjected to RBC lysis to treat both groups in the same way.
Briefly, 3 ml of red blood cell lysis buffer (Invitrogen, Carlsbad,
CA, USA) was added to MSC and incubated for 20 min at room
temperature (RT). MSC were then washed with PBS and stained
with Annexin-V (PE) and ViaProbe (PercP) to assess the number
of early and late apoptotic cells. Perfusion fluid was also added
to attached MSC and incubated for the same time and then
trypsinized and stained as mentioned. Cells were analyzed by
flow cytometry (FACS Canto II, BD Biosciences, NJ, USA) and
data were analyzed using Kaluza Analysis 1.5a (Beckman Coulter,
Brea, CA, USA).

TABLE 1 | Composition of perfusion fluid.

Red blood cells (Hematocrit 0.4 L/L)
Sodium (94.3 mmol/L)
Calcium (1.46 mmol/L)
Potassium (1.48 mmol/L)
Lactate (5.33 mmol/L)
Bicarbonate (26 mmol/L)
Albumin (19.1 g/L)

Glucose (2.93 mmol/L)
Mannitol (15.87 mg/L)
Creatinine (109.5 mg/L)
Amoxicillin (43.5 mmol/L)
Clavulanic Acid (16.1 mmol /L)

Mitochondrial Activity and Oxidative Stress
of MSC

MSC metabolic activity was measured by a colorimetric
assay based on the reduction of XTT [2,3-Bis-(2-Methoxy-
4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide] ~ by
nicotinamide adenine dinucleotide (NADH) (ThermoFisher,
Manhattan, NY, USA). The reagent is reduced by NADH
produced during mitochondrial metabolism which results
in a color change of the XTT reagent detectable by a
spectrophotometer. The concentration of the reagent is
measured by absorbance measured at a wavelength of
450-500 nm. This assay was performed on MSC that
were in suspension for 30 and 120min in perfusion fluid
or culture medium and on attached MSC. In addition,
oxidative stress of MSC was measured using CellRox
reagent (ThermoFisher) according to the manufacturer’s
manual. CellRox is oxidized by reactive oxygen species
(ROS) and emits a fluorescent signal that is measured by
flow cytometry.

Proliferation of MSC

In order to assess the effects of perfusion fluid on
cell proliferation, MSC were fluorescently labeled with
carboxyfluorescein succinimidyl ester (CFSE) (ThermoFisher)
which was added to the cells at a concentration of 5mM.
The cells were then incubated at 37°C for 15min in the dark.
Staining was stopped by the addition of twice the volume of
FBS-containing culture medium and incubated for 5min at RT.
Cells were washed and exposed to perfusion fluid for 30 and
120 min at 37°C. After incubation with perfusion fluid, MSC
were seeded in a 6-well-plate with regular culture medium and
proliferation was measured at 24, 48, and 72 h by flow cytometry.

Release of Cytokines
A custom-made Luminex Multiplex Assay (R&D Systems,
Minneapolis, MN, USA) was designed to measure the release
of the following cytokines and growth factors by hMSC after
incubation with perfusion fluid:

Angiopoietin-1 ~ (ANG-1),  Angiopoietin-2  (ANG-2),
epidermal growth factor (EGF), hepatocyte growth factor
(HGF), interferon-gamma (IFN-y), interleukin 10 (IL-10),
interleukin 6 (IL-6), monocyte chemoattractant protein 1 (MCP-
1), programmed death ligand 1 (PD-L1), platelet derived growth
factor AA (PDGFAA), Thrombospondin-2, tissue inhibitor
of metalloproteases 1 (TIMP-1), tumor necrosis factor alpha
(TNF-a), soluble tumor necrosis factor receptor 1 (sTNF-RI)
and vascular endothelial growth factor (VEGE).

Subconfluent (90%) cultures of hMSC were washed and
cells were incubated in perfusion fluid for 30 and 120 min.
Wells were washed again and culture medium was added. After
24h supernatants were retrieved and the array was performed
according to the manufacturer’s protocol. Fluorescence was
measured on a Luminex 100/200 system (Luminex, Austin, TX,
USA) using Xponent software. Due to the lack of pig-specific
reagents this assay was only performed in with hMSC.
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Adhesion of MSC to Endothelial Cells

Confluent monolayers of endothelial cells were cultured in 24-
well-plates. Culture medium was replaced by either a 1:1 mix
of MSC and endothelial cell (EC) medium or perfusion fluid.
200,000 MSC were fluorescently-labeled with PKH26 (Sigma)
and added to each well. After 10, 30, 60, 120, and 240 min
supernatant was removed and wells were washed to eliminate all
non-adherent MSC. Attached cells were trypsinized and analyzed
by flow cytometry. Fluorescent signal detected by flow cytometry
allowed the determination of the percentage of MSC attached.

RESULTS

Cryopreserved MSC Show Reduced

Survival in Perfusion Fluid and Medium

To examine the survival of MSC, fresh and cryopreserved MSC
were incubated in suspension in perfusion fluid. Survival rates
of freshly cultured and thawed pMSC were <40% after 30 min
and decreased to 30% after 2h in culture medium. Perfusion
fluid had no negative impact on pMSC survival compared to
culture medium except on thawed MSC after 30 min in perfusion
(Figure 1A). hMSC were more resistant to suspension conditions
than pMSC. Freshly cultured hMSC showed more than 95%
survival in medium and in perfusion fluid. However, a significant
decrease in survival to approximately 70% was observed for
cryopreserved hMSC in perfusion fluid and in culture medium
compared to fresh MSC. Perfusion fluid reduced survival of fresh
hMSC after 2 h only minimally when compared to regular culture
medium (Figure 1B).

MSC Show Impaired Adhesion to
Endothelial Cells in Perfusion Fluid

To assess the function of surviving MSC in perfusion fluid, the
capacity of MSC to adhere to EC was tested. In culture medium,
fresh and thawed pMSC started to attach to PAOEC already
10 min after seeding. After 4h, almost 100% of freshly cultured
pMSC were attached to PAOEC while only 80% of thawed
pMSC adhered (Figure 2A). Perfusion fluid strongly reduced the
capacity of pMSC to attach to PAOEC regardless if they were
fresh or thawed cells. Fresh hMSC adhesion to HUVEC was
higher than 95% after 4h in culture medium. In perfusion fluid,
60% of fresh hMSC were able to attach after 4 h. Cryopreserved
hMSC showed 80% attachment in culture medium after 4h and
<50% of cryopreserved hMSC attached to HUVEC in perfusion
fluid (Figure 2B). In general, thawed MSC showed a decreased
capacity to attach to EC compared to fresh MSC, a difference that
became more prominent in perfusion fluid.

Thawed MSC Express Higher Levels of

ROS

The reduced adhesion of thawed MSC to EC could be explained
by higher oxidative stress of MSC after the thawing process. The
accumulation of ROS derived from the thawing process might
induce damage in thawed MSC. An increased production of ROS
by thawed pMSC and hMSC was observed at 30 min and 2h
after thawing both in medium and perfusion fluid (Figure 3A).

Thawed hMSC produced a higher level of ROS than pMSC
whereas ROS production in hMSC was boosted in perfusion
fluid (Figure 3B). Thawed hMSC had elevated concentrations of
ROS compared to fresh hMSC. These results indicate that freeze-
thawing and perfusion fluid affects ROS production in pMSC and
hMSC in the first hours after thawing.

Metabolic Activity of Mitochondria Is
Reduced in Thawed MSC

ROS production leads to mitochondrial damage which results in
reduced metabolic activity of cells. It is possible that MSC survive
in suspension but are less metabolically active, which may explain
the different capacity of MSC to adhere to EC after thawing
or in perfusion fluid. To determine the effect of perfusion fluid
and the freeze-thawing procedure on MSC metabolic activity,
the conversion of XTT to its reduced state by mitochondria was
measured in MSC. pMSC mitochondrial activity showed to be
very stable and was not affected by cryopreservation (Figure 3C).
However, perfusion fluid induced a small increase in activity
after 30 min. Fresh hMSC showed a 2-fold higher mitochondrial
activity than pMSC. Furthermore, fresh hMSC were more active
than their thawed counterparts. After 30 min in perfusion fluid,
fresh hMSC showed increased mitochondrial activity compared
to culture medium (Figure 3D).

Freeze-Thawing Affects Proliferation of
hMSC but Not pMSC

Proliferation of MSC was measured after initial incubation in
suspension in perfusion fluid or medium for 30 min and 120 min,
followed by 72h culture in culture medium. Incubation in
perfusion fluid did not affect pMSC proliferation (Figures 4A,B).
Freshly cultured hMSC proliferated more than thawed hMSC
after incubation in perfusion fluid or medium (Figures 4C,D).

Perfusion Fluid Increases the Proliferation
of Attached MSC

MSC are adherent tissue cells and the suspension conditions
in the previous experiments may affect their phenotype and
function. To examine how adherent MSC respond to perfusion
fluid, morphology, survival, metabolic activity and proliferation
of attached MSC were studied. The morphology of MSC
in culture was not affected after 30min or 2h culture in
perfusion fluid (Figures 5A-J). Adherent pMSC and hMSC
showed increased survival in perfusion fluid compared to MSC
in suspension. Survival of adherent pMSC was higher than 80%
in culture medium and perfusion fluid (Figures 6A,B) compared
to a maximum of 40% survival in suspension (Figure 1A).
hMSC showed 78% survival after 2h in suspension in perfusion
fluid, but when they were attached, survival after 2h was 93%.
No differences in survival were observed between perfusion
fluid and culture medium on attached MSC (Figures 6A,B). No
significant effect of perfusion fluid on mitochondrial activity
was observed for attached MSC, although there was a trend
toward a decline in activity of pMSC and hMSC over time when
cultured in perfusion fluid (Figures 6C,D). Pre-incubation of
attached pMSC in perfusion fluid increased their proliferation
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FIGURE 1 | Effect of perfusion fluid on survival of fresh and thawed pMSC and hMSC in suspension. (A) Perfusion fluid had minimal effect on pMSC survival
compared to medium. (B) Perfusion fluid had minimal effects on hMSC survival. Thawed hMSC showed a lower survival in suspension compared to fresh hMSC.
Perfusion fluid reduced survival of hMSC after 2 h (n = 5). Results are shown as means + SD. *p < 0.05; **p < 0.01.
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medium. pMSC show reduced binding to PAOEC in perfusion fluid. Thawed pMSC showed a further reduced ability to bind to EC in perfusion fluid. (B) Thawed hMSC
showed reduced attachment to HUVEC compared to fresh hMSC either in culture medium or perfusion fluid (n = 5). Results are shown as means + SD. **p < 0.01.
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after 24 h compared to culture medium. This effect was observed
only after 120 min pre-incubation in perfusion fluid for hMSC
(Figures 6E,F).

Secretory Profile of MSC Is Not Affected by

Culture in Perfusion Fluid

The secretion of growth factors and cytokines is an important
mechanism of action of MSC. To examine whether perfusion
fluid would preserve the secretory profile of adherent h(MSC and
furthermore whether perfusion fluid induced an inflammatory
response in hMSC, hMSC were incubated in perfusion fluid
for 30min or 2h and growth factor and cytokine secretion
was analyzed. We observed that the secretion of the angiogenic
factors VEGE, PDGE, ANG-1, HGF and Thr2 was unaffected
in perfusion fluid (Figures 7A-E). Inflammatory cytokines IL-6
and MCP-1 were increased 2-fold and 10-fold, respectively, in
perfusion fluid (Figures 8A,B).

DISCUSSION

In the present work we have assessed the effect of a period of
incubation in a perfusion fluid required for robust longer term
ex vivo NMP of kidneys on MSC of both pig and human origin.
Our work involved the use of cryopreserved MSC for logistic
purposes, suspension conditions to deliver MSC via the renal
artery using NMP and the use of an RBC-based perfusion fluid
which may affect the survival and function of MSC. In order
to mimic the conditions of a potential novel MSC therapy to
stimulate the repair of injured kidneys while these are connected
to NMP, MSC were thawed after cryopreservation and incubated
in perfusion fluid in suspension. Actual infusion of MSC using
NMP was not carried out as the purpose of the study was to assess
the individual effect of each of the aforementioned conditions
separately. In case that NMP conditions did not support MSC
survival and function, future planned experimentation in the
NMP setup could have been stopped, reducing economic and
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time costs. Nevertheless, the results of this study allow to take
the next step and study MSC infusion through an NMP system,
which is already planned to be carried out.

In the field of «clinical MSC therapy, temporary
cryopreservation and thawing along with vehicle solutions
to deliver the therapy are important factors that can determine
the success of MSC therapy (20, 28-30). The handling time
until administration will have an impact on the survival and
function of MSC. Survival of MSC is affected by the composition
of storage media (31) and cytokine secretion profile of MSC can
be altered, affecting MSC properties such as angiogenic potential
(32). Our results show that the particular perfusion fluid used for
our experiment is not detrimental for the secretion of angiogenic
factors by hMSC.

The bespoke NMP perfusion fluid used in this study supports
the survival of pig and human MSC. However, the function
and metabolism of these cells are affected by the suspension
conditions MSC were kept in. Specifically, perfusion fluid
inhibited the adhesion of pMSC in suspension to PAOEC
and hMSC to HUVEC. MSC have the capacity to adhere to
endothelial cells in vitro under flow conditions as previously
shown, especially when endothelial cells have been treated to
recreate an inflammatory environment. Attachment of MSC to

endothelial cells was shown to be reduced under flow compared
to static conditions (33). Being in suspension in different
clinically used storage solutions such as physiologic saline can
influence the survival of MSC (31) and the composition of the
solution that MSC are kept in modifies their metabolism and
function (34, 35). Therefore, it can be deducted that the effect
of MSC therapy delivered to renal grafts during ex vivo NMP
will depend, among other factors, upon the composition of the
perfusion fluid. A recent study perfused kidneys for 24 h using
NMP. They infused MSC at different concentrations however,
after 24 h they found 95% of infused MSC back in their perfusion
solution (36), which indicate a very diminished adhesion capacity
of MSC toward endothelial cells. Our results are consistent
with existing literature and indicate that the composition of
the perfusion fluid as well as the infusion process affects the
functional properties and delivery efficiency of the final MSC
product. Therefore, further knowledge need to be obtained
regarding the effects of perfusion conditions on MSC delivery to
the injured kidney.

Human and porcine MSC showed a negative response at
several levels to cryopreservation, thawing and re-suspension in
perfusion fluid. The effect of cryopreservation and thawing of
hMSC has been a concern for the community as it can decrease
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FIGURE 5 | Effect of perfusion fluid on morphology of attached MSC. (A) pMSC in regular culture medium. (B,C) pMSC in culture medium or perfusion fluid,
respectively for 30 min. (D,E) pMSC cultured in culture medium or perfusion fluid, respectively for 120 min. (F) hMSC in regular culture medium. (G,H) hMSC cultured
in culture medium or perfusion fluid, respectively for 30 min. (I,J) hMSC cultured in culture medium or perfusion fluid, respectively for 120 min.
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the presumed efficacy of MSC therapy (19, 28, 30, 37). Our
results confirmed this concern. It has recently been published
that freezing-thawing MSC increases the production of ROS
and compromises membrane stability and homeostasis in pMSC
(38), which is also supported by our data. Viability of MSC
is a key factor for treatments that require an active role of
MSC. However, inactive MSC have been shown to retain their

immunomodulatory properties (14, 39, 40). Therefore, the aim
of MSC therapy dictates the required characteristics of MSC.

In vivo, MSC are tissue resident cells and are found in
perivascular niches in a wide variety of tissues (41-43). In vitro,
MSC are strictly grown as adherent cells, and for this reason
MSC are cultured allowing plastic adherence to expand them
(10). We demonstrated that the poor performance of MSC in
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perfusion fluid was primarily due to the fact that they were
in suspension. Survival of both pig and human MSC cultured
in adherent conditions in perfusion fluid was higher than that
of MSC kept in suspension, suggesting a protective effect of
adherence. Mitochondrial activity, however, was similar in MSC
in suspension and attached, suggesting that MSC are active
also in suspension. Proliferation of pMSC was increased after
exposure to perfusion fluid which could be a response to a

specific component of the perfusion fluid (31). These results
suggest that the nature of MSC make them more vulnerable when
they are in suspension and therefore, it should be minimized
when they are administered as therapy. Being in suspension in
perfusion is, however, a transient condition in the process of MSC
delivery using NMP. Presumably, when MSC are delivered to
the injured kidney, the damaged tissue microenvironment will
help the MSC to be retained and produce regenerative factors
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as previously shown (44-46). We have shown that after being
in contact with perfusion solution MSC can recover, proliferate
and be metabolically active. In addition, the secretory profile of
angiogenic factor by hMSC is not affected by perfusion fluid.
Therefore, this is a promising result that hints MSC maintain
their reparative potential after delivery using NMP.

Cryopreservation, thawing and suspension of MSC are
inevitable conditions to infuse GMP-grade MSC to kidney
transplants via NMP. These conditions are necessary to bridge
differences in time and location between MSC preparation
and NMP. The disadvantageous effect of these conditions on
MSC has to be taken into account for the evaluation of the
suitability of MSC therapy for NMP. In order to improve the
viability of MSC in NMP conditions, the composition of the
perfusion fluid may be adapted to provide better support for MSC
survival. Another possibility is to recover MSC after thawing
under favorable conditions to improve the resistance of MSC to
NMP. An alternative would be to take the loss of MSC under
NMP conditions into account and use higher numbers of cells,
although the effect of administering large numbers of non-viable
MSC to the kidney is uncertain.

Pre-clinical work in the field of transplantation is often
performed using porcine models to better understand the
possible behaviors of new therapies in patients. Therefore, we
investigated MSC of porcine and human origin in order to
determine if results can be translated. The response to the
thawing process as well as to suspension conditions and perfusion
fluid was quite different between MSC from both origins for
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Mesenchymal stromal cells (MSCs) have potent immunomodulatory properties that
make them an attractive tool against graft- vs.-host disease (GVHD). However, despite
promising results in phase I/l studies, bone marrow (BM-) derived MSCs failed to
demonstrate their superiority over placebo in the sole phase lll trial reported thus far.
MSCs from different tissue origins display different characteristics, but their therapeutic
benefits have never been directly compared in GVHD. Here, we compared the impact
of BM-, umbilical cord (UC-), and adipose-tissue (AT-) derived MSCs on T-cell function
in vitro and assessed their efficacy for the treatment of GVHD induced by injection
of human peripheral blood mononuclear cells in NOD-scid IL-2Ry™! HLA-A2/HHD
mice. In vitro, resting BM- and AT-MSCs were more potent than UC-MSCs to inhibit
lymphocyte proliferation, whereas UC- and AT-MSCs induced a higher regulatory T-cell
(CD4+TCD25"FoxP3™)/T helper 17 ratio. Interestingly, AT-MSCs and UC-MSCs activated
the coagulation pathway at a higher level than BM-MSCs. In vivo, AT-MSC infusions were
complicated by sudden death in 4 of 16 animals, precluding an analysis of their efficacy.
Intravenous MSC infusions (UC- or BM- combined) failed to significantly increase overall
survival (OS) in an analysis combining data from 80 mice (hazard ratio [HR] = 0.59,
95% confidence interval [CI] 0.32-1.08, P = 0.087). In a sensitivity analysis we also
compared OS in control vs. each MSC group separately. The results for the BM-MSC
vs. control comparison was HR = 0.63 (95% CI 0.30-1.34, P = 0.24) while the figures
for the UC-MSC vs. control comparison was HR = 0.56 (95% CI 0.28-1.10, P = 0.09).
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Altogether, these results suggest that MSCs from various origins have different effects
on immune cells in vitro and in vivo. However, none significantly prevented death from
GVHD. Finally, our data suggest that the safety profile of AT-MSC and UC-MSC need to
be closely monitored given their pro-coagulant activities in vitro.

Keywords: mesenchymal stromal cells, graft-vs.-host-disease, hematopoietic stem cell transplantation,
xenogeneic, NSG, bone marrow, umbilical cord, adipose tissue

INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) has
remained the best therapeutic option for many patients
with hematological or immune disorders (1). Its efficacy
in hematological malignancies depends not only on the
chemo/radiotherapy given in the conditioning regimen, but
also on graft-vs.-tumor (GvT) effects mediated mainly through
donor T cells contained in the graft (2, 3). However, donor T
cells can also recognize the tissues of the recipient as foreign,
causing graft-vs.-host disease (GVHD) (4-6), a life-threatening
complication of allo-HCT (7, 8). The complex physiopathology
of acute GVHD involves both innate and adaptive immune
activation in response to inflammatory triggers such as damage-
associated molecular pattern (DAMP) molecules released from
damaged cells or extracellular matrix, and pathogen-associated
molecular pattern (PAMP) molecules from bacteria, viruses and
fungi. The main effectors of acute GVHD are donor CD4"
and CD8" T cells, the latest causing tissue damages through
expression of FAS ligand and release of granzyme B, perforin and
cytokines such as tumor necrosis factor-alpha (TNFa). CD4™ T-
cell activation, differentiation, and survival require three signals:
(1) interaction of T-cell receptor (TCR) with antigen presenting
cells (APCs) expressing host major histocompatibility complex
(MHC) and/or host minor histocompatibility antigens, (2)
positive costimulatory signals (including CD28, ICOS, CD40L,
0X40, 4-1BB) and (3) cytokines such as interleukin (IL)-2,
IL-7, IL-15, and polarizing T helper 1 (Th1), Th2 and Th17
cytokines (9). Regulatory mechanisms include mainly regulatory
T cells (Tregs; CD4TCD25% FoxP3™), but also type 1 regulatory T
cells (Trl) secreting IL-10, myeloid-derived suppressor cells and
tolerogenic dendritic cells (9).

GVHD has remained a serious limitation of allo-HCT (7, 8).
Only half of the patients respond to first-line steroid therapy,
and the outcome of patients with steroid-refractory GVHD has
remained dismal (10). Therefore, there is a real need for new
effective strategies to treat acute GVHD.

Mesenchymal stromal cells (MSCs) are multipotent
progenitors within the bone marrow capable of differentiating
into various cells and tissues, such as chondrocytes,
osteoblasts and adipocytes (11). In addition to their support
to hematopoiesis, MSCs have demonstrated potent tissue
repair abilities and immunomodulatory properties (12, 13).
Specifically, MSCs interact with lymphocytes, natural killer
(NK) cells and APCs, through release of soluble factors [such
as prostaglandin-E2, transforming growth factor beta-1, or
human leukocyte antigen [HLA]-G but also, as recently

reported, programmed death-ligand [PD-L] 1 and PD-L2 (14)],
induction of indoleamine 2,3 dioxygenase (IDO), and/or cell
contact signaling (12, 13). Importantly, MSCs have similar
immunosuppressive potency against autologous and allogeneic
lymphocytes. All these characteristics make them a promising
tool against GVHD (15-17).

In the last 2 decades, MSC infusions have been evaluated for
both prevention and treatment of GVHD. A number of phase II
trials reported lower incidences of acute GVHD in patients co-
transplanted with MSCs than in historical or concurrent controls
(18-20). However, a meta-analysis of trials of MSC infusion
in the setting of GVHD prophylaxis failed to demonstrate a
significant impact of MSC infusion on GVHD (21). Among the
phase I/II trials assessing the efficacy of allogeneic MSCs for the
treatment of steroid refractory acute GVHD, complete response
(CR) rates varied between 10 and 75% (22-24), providing a
median 6-month survival of 63% (95% CI 50-74%) after MSC
infusion in another large meta-analysis (25). Importantly, the
sole randomized placebo-controlled phase III trial assessing MSC
infusions as treatment for steroid-refractory GVHD reported
thus far failed to reach the primary endpoint (increase in the
rates of durable [>28 days] CR) (26). The heterogeneity in the
design of these studies as well as the heterogeneity in MSC
products used might have participated in the discrepancies
between their results. Based on these observations, a recent
trial aimed at selecting subjects likely to be responders, in light
of the results of the first clinical studies. Early MSC therapy
in pediatric gut and/or liver steroid-refractory GVHD seems
indeed promising with improvement of overall response at day
28 (CR + partial response [PR]: 69%) (27), although the final
results of the trial have not been published yet. MSCs can also
display pro-inflammatory properties (including secretion of pro-
inflammatory cytokines such as IL-6 and IL-8) that may hamper
their efficacy (28). These findings stress the need for more pre-
clinical studies aiming to a more thorough understanding of MSC
mechanisms of action and parameters of efficacy.

Since their first discovery in bone marrow (BM), MSCs
have been successfully isolated from several other tissues,
including adipose tissue (AT), umbilical cord (UC), umbilical
cord blood, and placenta. MSCs from different sources share
many characteristics, but also display many phenotypical and
functional differences (29, 30). Although they all exhibit
immunomodulatory properties, few studies directly compared
their therapeutic benefits. Here, we compared the ability of BM-
MSCs, AT-MSCs, and UC-MSCs to treat GVHD in NOD-scid
IL-2Ry™! HLA-A2/HHD (NSG-HLA-A2/HHD) mice infused
with human peripheral blood mononuclear cells (PBMCs) from
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non-HLA-A2 donors. We recently demonstrated that GVHD in
that humanized model is caused by a limited number of CD4 and
CD8 xeno- as well as probably allo- reactive T-cell clones that
expand via activation of the TCR, costimulation, IL-2/STATS5,
mTOR, and Aurora kinase A pathways and differentiate into
effector cells in GVHD-target organs, secreting high amounts of
interferon gamma (IFNy) and TNFa (31). This model mimics
some important aspects of GVHD pathogenesis in humans and
non-human primates (32).

MATERIALS AND METHODS

Mesenchymal Stromal Cells
BM-MSCs were produced at the Laboratory of Cellular and
Genic Therapy (LTCG, CHU Liége, Belgium) under GMP
condition as previously described (33). UC-MSCs were isolated
in our Hematology Research Unit (GIGA-I3, University of Liége,
Belgium). Umbilical cords were provided by the maternity ward
of the Center Hospitalier du Bois de I’Abbaye (Liége, Belgium),
with informed consent of the mothers. Briefly, umbilical cord
segments of approximately 5cm were cut longitudinally to
increase the contact area and plated onto a plastic surface for
5 days in Dulbecco’s Modified Eagles Medium-Low Glucose
with Glutamax (DMEM-GLX, Fisher-Bioblock, Invitrogen,
Merelbeke, Belgium) supplemented with 10% gamma-irradiated
Fetal Bovine Serum (FBS, Hyclone, Perbio Sciences, Utah, USA)
and antibiotics (Penicillin/Streptomycin [P/S]). After 5 days, the
cord segments were removed and the culture was pursued until
subconfluency. AT-MSCs were provided by the Endocrine Cell
Therapy unit of the Cliniques Universitaires Saint-Luc (Brussels,
Belgium), and produced as previously described (34).

All MSCs were cryopreserved at passage 2 or 3, then thawed
and cultured 1-2 week(s) before trypsinization and injection to
mice or use in in vitro experiments.

MSC / PBSC Co-Cultures

MSCs (1 x 10% or 2 x 10%) were plated in flat-bottom
96-well plates (Becton-Dickinson) in RPMI 1,640 medium
supplemented with 10% FBS, penicillin (100 U/ml), streptomycin
(100 mg/ml), l-glutamine (2mM) (all from Lonza), sodium
pyruvate (100 mM), non-essential amino acids (100 mM), and
B-mercaptoethanol (5 x 10~ M) (all from Gibco, Merelbeek,
Belgium). For inflammatory stimulation, MSCs were incubated
with IFNy 10ng/ml and TNFa 15ng/ml during 40h before
harvest. For PBMC proliferation assays, MSCs were irradiated at
22 Gy using a 137Cs source (GammacCell 40, Nordion, Ontario,
Canada) after 4-h incubation to reduce their proliferation.
Allogeneic human PBMCs were isolated from blood samples
of healthy volunteer donors by Ficoll Paque® Plus density
gradient. For lymphocyte proliferation assays, PBMCs were
stained with CFSE using a CellTrace CFSE Cell Proliferation
Kit (Thermofisher) according to the manufacturer’s instructions.
PBMCs (1 x 10°) were added to wells in a total volume of 200
pl containing or not irradiated MSCs, in the presence of anti-
CD3/CD28 microbeads (Invitrogen, Dynal A/S, Oslo, Norway) at
a bead/cell ratio of 1:1 in proliferation assays and 1:5 in the other
experiments. Recombinant human IL-2 300 U/ml (PeproTech,

USA) was added for the regulatory T-cell (Treg) assays. Cells were
incubated at 37°C during 3-7 days depending on the assay, and
collected at different time points for FACS analysis.

Humanized Mouse Model of Graft-vs.-Host

Disease

All experimental procedures and protocols used in this
investigation were reviewed and approved by the Institutional
Animal Care and Use Committee of the University of
Liege, Belgium (Certification No. 1480). Animal welfare was
assessed at least once per day. We used NOD-scid IL-2Rynull
(NSG) mice expressing the HHD construct designed for the
expression of human HLA-A0201 covalently bound to human 2
microglobuline (NSG-HLA-A2/HHD) (Jackson laboratory) (35),
aged from 8 to 12 weeks at the start of the experiments. Both male
and female mice were used, and their repartition was balanced
between treatment groups in each cohort. They received a sub-
lethal (2 Gy) irradiation (137Cs source gamma-cell irradiator 40,
Nordon, Canada) on day—1, followed on day 0 by an intravenous
(i.v.) injection (lateral tail vein) of 1 or 1.5 X 10° PBMCs obtained
from healthy mismatched (non-HLA-A2) volunteers to induce
GVHD. We previously reported that infusion of PBMCs from
non-HLA-A2 donors induced stronger GVHD than injection
of PBMCs from HLA-A2" donors in NSG-HLA-A2/HHD mice
(31). Hence, in this model, GVHD is both xenogeneic (human
to mouse) and allogeneic (non-HLA-A2 donor to HLA-A2
recipient). We used PBMCs from 3 different donors for the 3
cohorts to account for inter-donor variability (all groups of mice
were transplanted with the same donor within each cohort). Mice
(usually 8 per group) were treated with 3 i.v. injections of BM-,
UC- or AT- MSCs diluted in 200 wL PBS, or the same volume
of PBS (control group) on days 14, 18, and 22. In the second
cohort, one group received i.p. injections of 4 mg tocilizumab
(RoActemra®, Roche) 2h before each MSC infusion. GVHD
severity was assessed by a scoring system that incorporates four
clinical parameters—weight loss, posture (hunching), mobility
and anemia—each parameter receiving a score of 0 (absent) to
2 (maximum), as previously described (31, 36, 37). Mice were
monitored daily during the experiments and assessed for GVHD
score three times a week. Mice reaching a GVHD score of 6/8
were euthanized in agreement with the recommendation of our
ethical committee. Final scores for animals reaching the limit
score were kept in the data set for the remaining time points
(last value carried forward). Blood samples were collected by tail
puncture at day 28 and day 42 after human cell transplantation
for flow cytometry analysis. If enough blood could be harvested
from mice, cells were counted with a Sysmex XS-800i®. In the
third cohort, additional blood samples were collected 1 day after
the 2nd MSC infusion for cytokine measurements.

Flow Cytometry

For peripheral blood collected from mice, samples were first
depleted of erythrocytes using RBC lysis buffer (eBioscience,
San-Diego, CA) according to the manufacturer’s instructions.
Cells were stained with various combinations of fluorescence-
conjugated anti-human antibodies. For surface staining, cells
were incubated with surface antibodies for 20 min at 4°C in the
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dark and washed twice with PBS/3% FBS (Lonza). Intracellular
staining was performed by using the FoxP3 Staining Buffer Set
(eBioscience), according to the manufacturer’s instructions. For
intracellular cytokine staining, cells were first stimulated for 4h
at 37°C and 5% CO2 in RPMI supplemented with 10% FBS and
in the presence of PMA/ionomycin, brefeldin A and monensin
(Cell Stimulation Cocktail + Protein Transport Inhibitors,
eBioscience), according to the manufacturer’s instructions. Data
were acquired on a FACSCanto II or LSRFortessa flow cytometer
(Becton Dickinson) and analyzed with the Flowjo software
v10.0.7r2 (Tree Star Inc., Ashland, OR). Data from the flow
cytometry analyses of blood samples of mice in the third cohort
were also analyzed with FlowSOM. Data were compensated,
then human CD45% cells were manually gated with FlowJo
v10, concatenated within the same group and analyzed with the
Bioconductor package FlowSOM.

Cytokine Measurement

Mouse sera were collected with SST Tubes (BD Microtainer),
centrifuged for 10 min, then stored at —80°C. The concentration
of human cytokines was determined after 2-fold serum dilution,
by using a custom Magnetic Luminex Performance Assay (R&D
Systems, USA). Procedures were performed according to the
manufacturer’s instructions. Results were acquired on Bio-
Plex System and analyzed with Bio-Plex Manager Software 4.0
(Biorad Laboratories).

Rotational Thromboelastometry (ROTEM)
MSCs from 3 different healthy donors (2 donors for AT-
MSCs) were thawed and cultured 1 week before the experiment.
Samples of blood from 3 healthy volunteers were collected in
citrated tubes. PBS was used as a negative control. MSCs were
incubated 10 min in citrated whole blood at a concentration of
10° cells/ml, then CaCl, (Star-TEM) was added to the sample
and measurements of coagulation activation was made using
ROTEM® (NATEM assay) according to the manufacturer’s
procedure. Samples were kept at 37°C during the procedure.

Statistical Analyses

Data are presented as individual observations (with or without
median) or as median with range. For survival analyses,
comparisons between groups were made with the log-rank test
and with multivariate Cox models adjusted for experiment
(one donor PBMC was used per experiment), mouse gender
and mouse weight at transplantation. Survival curves were
plotted using Kaplan-Meier estimates. Evolution of GVHD scores
over time was analyzed with a repeated ordinal logistic model
(GENMOD), with adjustment for experiment, mouse gender, and
mouse weight at transplantation. GVHD score at death were
carried forward after death. For in vivo analyses, comparisons
between control group and either BM-MSC, UC-MSCs, or AT-
MSC groups were made with one-way analysis of variance
tests with Dunnett’s post-hoc procedure. Analyses were adjusted
for experiment. For in vitro analyses, comparisons between
control group and either BM-, UC-, or AT-MSC groups were
made using repeated measure one-way analysis of variance test
with Dunnett’s post-hoc procedure (except for inhibition of

lymphocyte proliferation: comparisons between BM-, UC-, and
AT-MSC groups were made using repeated measure one-way
analysis of variance test with Bonferroni post-hoc procedure)
and comparisons between resting and primed MSC groups were
made with paired t-tests. To normalize their distribution, some
variables underwent prior logarithmic transformation. Results
were considered significant at the 5% level (p < 0.05). Statistical
analyses were carried out with RStudio v1.1.453 and Graphpad
Prism 5.0 (Graphpad Software, USA).

RESULTS

Impact of MSCs on PBMC Proliferation

in vitro

We compared the ability of MSCs to suppress PBMC
proliferation in vitro at two different MSC/PBMC ratios (1/5 and
1/10). Lymphocytes were stimulated with anti-CD3/CD28 beads,
mimicking stimulation by APCs as well as early events occurring
in human PBMCs infused in NSG-HLA-A2/HHD mice (31). We
repeated the experiment with MSCs from 2 to 3 different donors
and PBMCs from 2 to 4 different donors for each MSC donor.
Some of these experiments were realized in triplicate, and mean
values were used for statistical analysis. BM-, UC-, and AT-MSCs
were either resting or primed (BM*, UC*, and AT*) by IFNy and
TNFa. This is relevant since previous reports have demonstrated
that these cytokines have a profound impact on MSCs (38-42)
and since high levels of IFNy and TNFa are present in the sera
of NSG-HLA-A2/HHD mice infused with human PBMCs (31).
The impact of MSCs on PBMC proliferation was calculated as
percentage suppression compared with the proliferative response
in the positive control without MSCs.

After 72h of co-culture, resting BM- and AT- MSCs were
more potent to inhibit PBMC proliferation compared to resting
UC-MSCs at a ratio of 1/5 (median inhibition 51 vs. 48 vs.
9%, p = 0.0001) and 1/10 (median inhibition 30 vs. 27 vs.
3%, p = 0.0005) (Figurel). As previously observed, BM-,
AT- and UC-MSCs primed with IFNy and TNFa were more
potent to inhibit PBMC proliferation than resting MSCs at both
MSC/PBMC ratios. Interestingly, primed MSCs from various
origins had a comparable potency to inhibit PBMC proliferation
(Figure 1). These data suggest that, in the context of CD3/CD28
stimulation, PBMC proliferation is potently inhibited by BM-,
UC-, and AT-MSCs primed with IFNy and TNFa. Without that
inflammatory priming, only BM- and AT-MSCs inhibited PBMC
proliferation at these low MSC/PBMC ratios.

Impact of MSCs on Lymphocyte Activation
in vitro

We also analyzed the effects of BM-, UC-, and AT-MSCs on
lymphocyte activation in vitro. PBMCs were cultured with MSCs,
either resting (BM, UC, and AT-conditions) or primed with IFNy
and TNFa (BM*, UC*, and AT* conditions), or without MSCs
(control condition), at a MSC/PBMC ratio of 1/10. Expression of
early (CD69), late (CD25) and very late (HLA-DR) markers of
activation of CD4™" and CD8™ cells was analyzed after 6, 24, 48,
72, and 96 h. The experiment was repeated twice with MSCs and
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FIGURE 1 | Inhibition of lymphocyte proliferation in vitro. PBMCs were cultured with or without MSCs in the presence of anti-CD3/CD28 microbeads for 3 days, at
MSC/PMBC ratios of 1/5 and 1/10. Proliferation of PBMCs was assessed using a CellTrace CFSE Cell Proliferation Kit. The effect of MSCs on PBMC stimulation
responses was calculated as percentage suppression compared with the proliferative response in the positive control without MSCs. For inflammatory stimulation,
MSCs were incubated with IFNy 10 ng/ml and TNFa 15 ng/ml during 40 h, prior to harvest (BM*, AT*, and UC*). (A) Representative plots of PBMC proliferation in
coculture with MSCs, assessed by CFSE dilution. (B) Inhibition of lymphocyte proliferation. Data are presented as individual observations (or mean value if the
experiment was realized in triplicates). White, light, and dark symbols represents MSCs from different donors; each point represents a different MSC-PBMC couple.
Differences between resting MSC groups and between primed MSC groups are calculated with repeated measure ANOVA with Bonferroni post-hoc procedures (only
results with Bonferroni post-hoc tests are represented). Differences between resting and primed MSC groups were calculated with paired t-test (‘o < 0.05, *p <

0.01; **p < 0.001).

PBMC:s from 2 different donors. The kinetics of PBMC activation
by anti-CD3/CD28 beads resulted, as previously described (43),
in a rapid and brief upregulation of the early activation marker
CD69 within 24 h, followed by a rapidly progressive and lasting
expression of CD25, and a slowly progressive upregulation of
HLA-DR (Supplementary Figure 1).

There was no major impact of MSCs on the kinetics of CD69
and CD25 expression on T cells except for a higher expression of
CD69 in AT-MSC conditions at 96 h (Figures 2A-D). In contrast,
HLA-DR up-regulation on both CD4™ and CD8* lymphocytes
was clearly impacted by MSC co-culture. Specifically, compared
to the control condition, HLA-DR expression on CD4% cells
was significantly lower in the BM condition at 24, 72, and 96 h
and in UC and AT conditions at 24, 48, 72, and 96h. The
effect of MSC coculture on CD8* cells was less pronounced
but was still observed at the latest assessed time point (96 h)
(Figures 2E-G). Interestingly, priming of BM-MSCs with IFNy
and TNFa resulted in an early upregulation of HLA-DR on both
CD4™ and CD8™ T cells, while this effect was not observed with
primed UC- or AT-MSCs (Figures 2E,F).

Taken together, these data suggest that UC- and AT-MSCs
exert a potent inhibitory effect on lymphocyte activation
regardless of inflammatory priming, while BM-MSCs
elicit transient lymphocyte activation when primed by
inflammatory cytokines.

Impact of MSCs on T Helper Subsets in

vitro

We also studied the impact of MSC co-culture on lymphocyte
subset proportions in vitro. We analyzed the effect of BM-, UC-,
and AT-MSCs on T helper subset proportions when PBMCs
were cultured with anti-CD3/CD28 beads, at a MSC/PBMC
ratio of 1/10, for 7 days. For Treg (CD4TCD25"FoxP3™")
subset analyses, we added IL-2 in the culture media. The
experiment was repeated three times with MSCs and PBMCs
from 2 to 4 different donors, and we analyzed the expression of
CD25% and FoxP3% as well as IL-10, IFNy, IL-4, and IL-17 at
day 7 (Supplementary Figure 2).

Co-culture of PBMCs with MSCs increased the percentage
of CD4TCD25"FoxP3" cells (Tregs) at day 7 compared
to controls. This reached statistical significance with UC-
and AT-MSCs (Figure3A). Coculture of PBMCs with
BM- and AT-MSCs increased the proportion of IL-10"
CD4%t  cells (respectively median 6.8 and 6.5 vs. 3.3%
in control condition) (Figure3B). The proportions of
Thl (IFNyTCD4") and Th2 (IL4TCD4%) cells were
not significantly impacted by MSC coculture compared
to the control condition (Figures3C,D). However, the
percentage of Th17 (IL177CD4") cells was lower when
PBMCs cultured with UC-MSCs compared to
controls (Figure 3E).

were
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FIGURE 2 | Lymphocyte activation (measured by CD69, CD25, and HLA-DR expression) in co-culture with MSC. PBMCs were cultured with or without MSCs in the
presence of anti-CD3/CD28 microbeads for 4 days, at a MSC/PBMC ratio of 1/10. For inflammatory stimulation, MSCs were incubated with IFNy 10 ng/ml and TNFa
15ng/ml during 40 h, prior to harvest (BM*, AT*, and UC*). Expression of (A,B) CD69, (C,D) CD25, and (E,F) HLA-DR on CD4* and CD8™ lymphocytes was
analyzed after 6, 24, 48, 72, and 96 h by FACS. (G) Representative plots of HLA-DR expression at H96 in CD4* and CD8™ lymphocytes. Data are presented as
median with range. Differences between control, and BM, AT, or UC groups are calculated with repeated measure ANOVA with Dunnett’s post-hoc procedures (only
results of Dunnett’s post-hoc tests are represented). Differences between resting and primed MSC groups were calculated with paired t-test (o < 0.05, *p < 0.01;
< 0.001).

In summary, co-culture of PBMCs with BM-MSCs increased ~ Impact of MSC Therapy on GVHD in
the proportion of ILI0TCD4™ cells, while UC-MSCs resulted in ~ Humanized Mouse Model
a higher Treg proportion and lower Th17 proportions, and AT-  Mice received sub-lethal (2 Gy) irradiation on day—1, followed
MSCs increased both Tregs and IL10" CD4™" cells proportions. by an i.v. injection of PBMCs obtained from healthy mismatched
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FIGURE 3 | T-helper lymphocyte subsets in co-culture with MSC. PBMCs were cultured with or without MSCs in the presence of anti-CD3/CD28 microbeads (and
IL-2 for Treg analyses) for 7 days, at a MSC/PBMC ratio of 1/10. Proportions of (A) Treg (CD4TCD25%FoxP31), (B) IL10T, (C) Th1 (IFNy™), (D) Th2 (IL-4T), and (E)
Th17 (IL-1771) cells were evaluated at day 7 by FACS. Data are presented as individual observations (or mean value if the experiment was realized in duplicates) with
median. Global p-values (repeated measure ANOVA-1) are shown as well as comparisons between MSC groups and controls with Dunnett’s post-hoc procedure
("p < 0.05; *p < 0.01).

volunteers (non-HLA-A2) on day 0, and 3 i.v. injections of BM-
MSCs (BM group), UC-MSCs (UC group), or AT-MSCs (AT
group) in 200 wL PBS, or the same volume of PBS alone (control
group) on days 14, 18, and 22 (8 mice per group per experiment).
In order to prevent inter-donor variability, the experiment was
replicated three times with three different donors.

In the first cohort, mice received 1 x 10° PBMCs, resulting in
the development of an acute GVHD that was lethal in all control
mice. We started to infuse MSCs (1 x 10° MSCs/dose/mouse)
or PBS at day 14, when mice showed the first signs of GVHD.
Control mice started to die 15 days after the 3rd infusion (from
day 39). We observed an earlier mortality in the MSC groups,
especially in the AT group in which one mice died at the time
of the third MSC infusion, probably of pulmonary embolism
(although no necropsy was performed to prove it). However, UC-
MSC therapy eventually resulted in a trend for a longer median
survival (63 vs. 44, 49, and 43 days in the control, BM and AT
groups, respectively, ns) (Figure 4A).

Given the results of the first cohort, we elected to slightly
increase the number of PBMCs infused in order to induce a
stronger GVHD. Further, we elected to increase the MSC dose
to 2 x 10° MSC/dose/mouse, except for the UC groups in
which we compared 1 and 2 x 10° MSC/dose/mouse (UCI and

UC2 groups). Mice received 1.5 x 10® PBMCs from another
donor and developed GVHD that was lethal (from day 17) in
approximately 75% of the mice. Further, since we had observed
high serum human IL-6 levels following MSC infusion in NSG
mice in a prior study (44), we also assessed the impact of an
i.p. injection of 4 mg tocilizumab, an anti-human IL-6 receptor
antibody, 2 h before each MSC injection, in a sixth group of mice
treated with 2 x 106 UC-MSCs (UC2-T group). Unfortunately, as
observed in the first cohort of mice, AT-MSCs induced injection-
related mortality in 3 mice. Specifically, following the first AT-
MSC injection on day 14, the 2nd mice receiving 2 x 10°
AT-MSCs died of probable pulmonary embolism (unfortunately
no necropsy was performed to confirm pulmonary embolism);
hence the 6 remaining mice received 1 x 10® AT-MSCs. After
the second injection, the 2 first mice given 2 x 10® AT-MSCs
died of probable pulmonary embolism; hence the 5 remaining
mice received 1 x 10° AT-MSCs for the second and the third
injections, and there was no further acute mortality. Focusing
on BM- and UC- MSCs, MSC therapy slightly delayed GVHD
onset and increased median survival, but survival curves were not
statistically different (median survival of 42, 59, and 59 days in
the control, BM and UC2 groups, respectively). No dose effect
was observed since survival was similar between mice treated
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FIGURE 4 | Impact of MSC therapy on GVHD. After 2 Gy total body irradiation, NSG-HLA-A2 mice were transplanted on day O with 1-1.5 x 108 PBMGCs and treated
with 3 i.v., injections (arrows) of 1-2 x 108 MSCs derived from either BM, UC, or AT, or with PBS (control group) on days 14, 18, and 22. (A) Survival curves of mice
from the 1st cohort (1 x 108 PBMCs — 1 x 10° MSCs); n = 8 mice per group. (B) Survival curves of mice from the 2nd cohort (1.5 x 106 PBMCs — 2 x 108 MSCs
in BM, AT, and UC2 groups, 1 x 108 MSCs in UC1 group — IP infusions of tocilizumab in UC2-T group); n = 8 mice per group. (C) Survival curves of mice from the
3rd cohort (1 x 108 PBMCs — 1 x 10° MSCs); n = 8 mice per group. (D-F) GVHD scores of mice from cohorts 1, 2, and 3 (data shown as means).

with 1 or 2 x 10® UC-MSCs (median survival 61 vs. 59 days,
respectively). Finally, the adjunction of tocilizumab failed to
enhance the efficacy of UC-MSC therapy (median survival 49 vs.
59 days in the UC2-T and UC2 groups, ns) (Figure 4B).

Given the high proportion of AT-MSC mice dying from MSC
infusions, we elected to focus on BM-MSC and UC-MSC in
the third cohort. Mice received 1 x 10° PBMCs from a third
donor which induced this time a relatively mild GVHD. They
were treated with 1 x 10° BM- or UC-MSCs, or the same
volume of PBS alone (control group) on days 14, 18, and 22,
as in the first cohort. Only 4 of the 24 mice died of GVHD
(1, 1 and 2 in the control, BM and UC groups, respectively).
One mouse in the control group died on day 6 of unexplained
cause without sign of GVHD, and another mouse died right after
the 2nd UC-MSC injection, probably of pulmonary embolism
(Figure 4C). Blood samples were collected on day 19 (1 day after
the second MSC infusion) and serum levels of human IL-6, IL-
10, IFNy, and TNFa were analyzed by Bio-Plex. We observed
slightly higher human IL-6 serum levels in mice treated with
UC-MSCs compared to controls, but not in mice treated with
BM-MSCs (median 0.0, 0.4, and 3.2 pg/ml in the control, BM
and UC groups, respectively). No differences in serum levels
of human IFNy (a marker of GVHD severity), TNFa and IL-
10 were observed between the 3 groups at this early time-point
(Supplementary Figure 3).

In order to further assess the impact of BM-MSCs or UC-
MSCs on GVHD in the 3 cohorts combined, we built a Cox model
adjusted for experiment (donor), mouse gender and mouse
weight. We elected not to include AT-MSCs in the model given its
high rate of injection-related mortality. We did not either include
the data from the UC-Tocilizumab group. The multivariate
model confirmed that intravenous MSC infusions failed to
significantly increase survival (hazard ratio [HR] = 0.59, 95% CI

0.32-1.08; P = 0.087) (Supplementary Table 1). In a sensitivity
analysis using the same adjustments as described above, we
compared survival in control vs. each MSC group separately. The
results for the BM-MSC vs. control comparison was HR = 0.63
(95% CI 0.30-1.34, P = 0.24) while the figures for the UC-
MSC vs. control comparison was HR = 0.56 (95% CI 0.28-1.10,
P = 0.09) (Supplementary Table 2). In concordance with these
results, GVHD scores were not significantly lower in the MSC
than in control mice (generalized estimating equation [GEE]
estimate —0.7, 95% CI —1.8-0.3, P = 0.18) (Figures 4D-F).

Characterization of Circulating Human
Lymphoid Cells in Mice Treated With MSCs

We also analyzed circulating human lymphocytes in the
peripheral blood of mice on days 28 and 42 post-transplantation.
Proliferation of human lymphocytes was not significantly
influenced by MSC therapy, as percentages of human CD45"
lymphoid cells, CD4/CD8 ratio and expression of Ki67 in
CD4% and CD8™ cells, were not significantly different in MSC
groups compared to the control group (Supplementary Figure 4
including data from the 3 cohorts).

We also analyzed the impact of MSC therapy on Treg
proportions (in all 3 cohorts) and intracellular cytokine
expression in conventional (non-Treg) CD4* (Tconv) and CD8"
cells (in cohorts 2 and 3). Treg frequencies remained low in
all groups, although they were possibly slightly higher in the
UC-MSC group on day 28 after transplantation (Figure 5A and
Supplementary Figure 5). On day 28, there was also a trend
toward a higher expression of IL-10 in CD8™ T cells (but not in
CD4™ T cells) in the BM group (median 5.4% vs. 2.7 and 2.3% in
the control and UC groups). On day 42, we observed a significant
increase in the percentages of IL-10* CD4™ and IL-10T CD8*
cells in the BM group compared to the control group (IL-10™
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FIGURE 5 | Circulating human lymphoid cell subsets in peripheral blood of mice on days 28 and 42 after transplantation. After 2 Gy total body irradiation,
NSG-HLA-A2 mice were transplanted on day O with 1-1.5 x 108 PBMCs and treated with 3 i.v. injections of 1-2 x 108 MSCs derived from either BM or UC, or with
PBS (control group) on days 14, 18, and 22. Peripheral blood samples were collected on days 28 and 42 after transplantation for flow cytometry analyses, including
analyses of the proportions of (A) Tregs (CD251 FoxP31) among CD4* cells, (B,C) human Tconvs and CD8™ cells expressing IL-10, (D-E) human Tconv and CD8F
cells expressing IFNy, and (F) human Tconv expressing IL-17. Data are presented as individual observations with median. Light, medium, and dark-colored symbols
represent cohorts 1, 2, and 3, respectively, with empty symbols representing the lower dose UC group of the 2nd cohort. Global p-values (adjusted for experiment) are
shown as well as comparisons between MSC groups and controls with Dunnett’s post-hoc procedure (‘o < 0.05). Prior logarithmic transformation was applied for
Tregs on days 28 and 42, and for IL101 Tconv and IL10TCD8™ cells on day 42.

CD47: median 3.5 vs. 1.2%; IL-10T CD8™: median 4.4 vs. 1.4%)
(Figures 5B,C).

We also analyzed the impact of MSC therapy on pro-
inflammatory IFNy and IL-17 secreting cells (in cohorts 2 and
3). There was no significant impact of MSC therapy on the
proportion of Thl (IFNy"™ Tconv) cells on days 28 and 42
post-transplantation (Figure 5D and Supplementary Figure 5).
We observed a higher proportion of IFNyt CD8" cells in
the BM group compared to the control group on day 28
post-transplantation (median 91 vs. 85%), while no significant
difference was observed on day 42 (Figure 5E). We also observed
a trend toward a higher proportion of Th17 (IL17" Tconv) cells in
the BM group on day 28 (median 4.7 vs. 3.1 and 2.1% in control
and UC groups, respectively), but no significant difference on
day 42 post-transplantation (Figure 5F). Finally, there was no
difference in the proportions of CD4* and CD8™ cells expressing
TNFa or IL-2 (Supplementary Figure 5).

Overall, these data suggest that UC-MSC therapy resulted in
a trend toward a higher percentage of Tregs that nevertheless

remained infrequent. BM-MSC therapy was associated with
higher proportions and absolute numbers of IL-10" cells, and
also with a trend toward higher percentages of Thl7 and
IFNy*tCDS8™ cells.

In vitro Impact of MSCs on Coagulation

In our in vivo studies, several mice died right after IV injection
of MSCs, mostly AT-MSCs (4 mice), but also UC-MSCs (1
mouse). Since the procoagulant activity of MSCs has been
described (45) and since death by pulmonary embolism has
been reported in MSC-injected mice (46, 47), we compared the
procoagulant activity of MSCs of the 3 origins by performing
rotational thromboelastometry (ROTEM). We used PBS as
negative control. The experiment was repeated 3 times with
MSCs from 2 donors and blood from 3 other healthy donors.
We measured clotting time (CT; time from test start until a
clot firmness amplitude of 2mm is reached), clot formation
time (CFT; time between 2 and 20mm amplitude of the
clotting signal), maximum clot firmness (MCF) and a-angle
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FIGURE 6 | Rotational thromboelastometry (ROTEM) with blood incubated with MSCs. MSCs derived from BM, UC, or AT were incubated 10 min in citrated whole
blood at a concentration of 108 cells/ml, then CaCly (Star-TEM) was added to the sample and measurements of coagulation activation were made using ROTEM®
(NATEM assay). Data are presented as individual observations with median. Global p-values (repeated measure ANOVA-1) are shown as well as two-by-two group
comparisons with Bonferroni post-hoc procedure (*p < 0.05; **p < 0.01; **p < 0.001).

(angle between the baseline and a tangent to the clotting curve
through the 2mm amplitude point). We observed that BM-
MSCs significantly reduced the clotting time when added to
whole blood, but not as much as AT and UC-MSCs (median
831, 477, 117, and 92 s in the control, BM, AT, and UC groups,
respectively). Similarly, we observed a shorter clotting formation
time and a higher maximum clot firmness with AT and UC-
MSCs compared to controls (median CFT 325, 203, 91, and
97s and median MCF 45, 53, 61, and 62mm in the control,
BM, AT, and UC groups, respectively), with a significantly
increased a-angle compared to control and BM-MSCs (median
a-angle 40, 53, 72, and 71° in the control, BM, AT and UC
groups, respectively) (Figure 6). These results show stronger
coagulation activation by AT- and UC-MSCs compared to BM-
MSCs. These data suggest that the higher mortality observed
after AT-MSC infusion compared to UC-MSC infusion is the
result of not only a higher induction of coagulation. Cell
size and/or different expression of adhesion molecules might
be involved.

DISCUSSION

Fifteen years after the first publication of a clinical success of MSC
therapy in acute GVHD by Le Blanc et al. (48), the controversy
about their efficacy still remains. The complexity of the
mechanisms of action of MSCs, as well as their heterogeneity and
plasticity depending on many factors such as their origin, culture
conditions, or inflammatory environment, combined with the
complex pathophysiology of GVHD and the heterogeneity
of administration protocols and patient characteristics have
contributed to the discrepancies between studies. Most clinical
trials have used BM-MSCs, but fetal tissue-derived MSCs have
the advantage of being readily available and easy to collect
from a waste product. Moreover, even though they share
many biological characteristics, MSCs from different origins
differ in several instances, including phenotype, secreatome, or
immunomodulatory properties. MSC from alternative origins
might therefore be a better option than BM-MSCs in GVHD.

In this study, we compared the efficacy of BM-, AT- and
UC-MSCs injected at day 14, 18, and 22 post-transplantation
in a model of mixed xenogeneic and allogeneic GVHD in
NSG-HLA-A2 mice (31). Indeed, although important differences
remain between GVHD in humanized NSG mouse models and in
humans (such as the GVHD-target organs, the lack of interaction
between some mouse cytokines and human cells, or the absence
of donor APC engraftment in the NSG mouse model), important
key mechanisms of GVHD pathogenesis are shared in human
and xenogeneic GVHD. These include expansion of T-cell clones
that recognize genetic disparities with the recipient (including
murine MHC and human HLA-A2 in our model) following
activation of their TCR and co-stimulation with host APCs. This
results in upregulation of IL-2/STAT5, mTOR and Aurora kinase
A pathways, and differentiation toward effector T cells able to
secrete high amounts of TNFa and IFNy (31). Further, in contrast
to mouse-to-mouse models of GVHD, humanized NSG(-HLA-
A2) models take into consideration donor genetic diversity when
different PBMC donors are used. We elected to infuse 1 x
10° or 1.5 x 10° PBMCs from non-HLA-A2 donors following
2 Gy irradiation, since we previously reported that infusion of 1
x 10® PBMCs from non-HLA-A2 donors induced a moderate
GVHD in that model while administration of 2 x 10® PBMCs
resulted in very severe GVHD (31). Indeed, infusion of the same
dose of PBMCs from non-HLA-A2 donors consistently results in
dramatically worse GVHD in NSG-HLA-A2 than in NSG mice
(in which 2 x 10° to 5 x 10° PBMCs are usually infused to induce
GVHD when NSG mice are previously irradiated (31, 49-52).
While the PBMC dose infused appeared adequate for experiment
(donor) #1 and #2, it was suboptimal with the donor for the 3rd
experiment since most of the control mice it that group survived
beyond day 90.

The main observation of our study was that MSC infusions
failed to significantly prevent GVHD-related mortality. We
cannot exclude that this was due to the sample size since the
HR for mortality was in favor of (UC- and BM-) MSC therapy.
However, the number of mice studied (a total of 24 control and 56
UC- or BM-MSC mice) was quite decent and several anti-GVHD
prevention strategies proved to be efficient in NSG (36, 49, 53) or
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NSG-HLA-A2 mice (53) using fewer mice per arm. Interestingly,
despite their different in vitro ability to inhibit T cells, we did not
observe significant differences in term of GVHD prevention by
BM-, UC- or AT-MSCs. However, one may argue that UC-MSCs
appear more efficient than BM-MSCs while the efficacy of AT-
MSCs was difficult to establish since several mice died of probable
pulmonary embolism immediately after injection.

The dose and timing of infusion can always be discussed.
However, we do not believe that the MSC dose was insufficient,
since we infused a much higher dose of MSCs per kilogram
compared to human studies, and since no differences were
observed between the two UC-MSC dose groups in the second
cohort. Although one could argue that the dose of MSC infused
might have been too high, prior experimental studies have
demonstrated better GVHD control with higher doses of MSC
administered (54, 55). We elected to infuse MSCs from day 14,
when mice showed the first signs of GVHD. Indeed, several
previous studies showed the inefficacy of resting unmanipulated
MSCs when infused before GVHD onset, while IFNy primed
MSCs prevented GVHD (39, 56). We hypothesized that the high
circulating levels of TNFa and IFNy on day 14 in the NSG-HLA-
A2 model (31) could activate MSCs in vivo and increase their
efficacy (as observed in vitro). Although starting MSC injection
at day 14 might have been too late to prevent the aggressive and
already engaged GVHD process, most trials of MSC therapy for
acute GVHD have included patients in active (mostly steroid-
refractory) acute GVHD.

Several prior articles have assessed the ability of BM- or cord
blood (CB)-MSC to prevent or treat xenogeneic GVHD, although
none compared the different MSC sources (44, 55-62) (Table 1).
These studies differ in terms of source of MSC, schedule of MSC
infusion as well as type/number/route of injection of human
PBMCs. While some observed longer survival with MSCs (61),
several others failed to demonstrate a significant benefit of MSCs
as treatment of xenogeneic GVHD, as observed in the current
study (44, 57).

Another observation of our in vivo studies was that
intravenous infusion of 1 x 10°® UC-MSCs was followed by a
peak of serum IL-6 while infusion of the same number of BM-
MSCs did not. Our team previously showed that an i.p. infusion
of 3 x 10 BM-MSCs resulted in a peak of serum IL-6 (44),
but it is possible that the rise in IL-6 following the infusion of a
smaller amount of MSCs did not reach the detection limit of the
technique. This finding is consistent with several in vitro studies
that have demonstrated a higher secretion of IL-6 from UC-
MSCs compared to BM-MSCs (63). Unfortunately, co-treatment
with the anti-IL6R tocilizumab did not improve survival in mice
treated with UC-MSCs, suggesting that this pro-inflammatory
signal following UC-MSC infusions does not lessen their efficacy.

Flow cytometry analyses performed at day 28 post-
transplantation revealed a trend toward an increased proportion
of Tregs in mice treated with UC-MSCs, while BM-MSC
therapy was associated with an increased proportion of IL10%
lymphocytes, but also a trend toward an increased proportion
of Th17 cells [whose role in xenogeneic GVHD in humanized
mouse models is increasingly demonstrated (37, 64)] and
IFNyTCD8™ cells. Most of these differences were lost at day 42,

confirming the limited long-term effects of MSC therapy in this
GVHD model. However, a survival bias cannot be ruled out.
Further, it should be emphasized that Treg frequencies, even in
UC-MSC mice, remained low (in the range of 2.5%) compared
to what has been achieved in this model with Treg-promoting
therapies such as azacitidine (53).

In in vitro co-culture, we observed that resting BM- and AT-
MSCs inhibited PBMC proliferation induced by anti-CD3/CD28
beads more potently than resting UC-MSCs. However, UC-
MSC efficacy was significantly enhanced by priming with IFNy
and TNFa. Lymphocyte proliferation was inhibited by primed
BM- and AT-MSCs to a little higher extent than by primed
UC-MSCs, but the difference was not statistically significant.
Conflicting results have been reported in the literature about
the relative potency of BM-, AT- and UC-MSCs to inhibit T-
cell proliferation, which seems to depend on the proliferative
stimulus and priming of MSCs (65-67). In our murine model,
this ability to inhibit lymphocyte proliferation did not translate
into a reduction of CD45" cell chimerism or Ki67 expression
in CD4" and CD8* cells in MSC groups compared to controls,
possibly because MSCs were infused after the early T-lymphocyte
expansion phase. Similarly, a study in patients showed that
Ki67 expression by lymphocytes was not modulated by MSC
infusion (68).

MSCs also modulate the lymphocyte activation status. In
a retrospective study on BM-MSC therapy for GVHD, MSC-
treated patients had lower proportions of HLA-DRTCD4™ cells
at day 90 and of HLA-DRTCDS8"' cells at day 180 post-
MSC infusions (68). We studied lymphocyte activation by anti-
CD3/CD28 beads in co-culture with MSCs, and observed that
UC- and AT-MSCs, whether resting or primed with IFNy and
TNFa, induced the most potent down-regulation of HLA-DR on
CD4™" and CD8™ cells. Importantly, co-culture of PBMCs with
primed BM-MSCs resulted in a higher expression of the early
activation marker CD69 and in a rapid upregulation of HLA-DR
24 h after activation of PBMCs. Similarly, other authors reported
an early and transient upregulation of the co-stimulatory
receptor CD28 on PHA-stimulated lymphocytes in co-culture
with IFNy-primed BM-MSCs but not with resting BM-MSCs
or either resting or primed UC-MSCs (67). Therefore, unlike
UC- and AT-MSCs, BM-MSCs in an inflammatory environment
seem to induce a rapid pro-inflammatory reaction in contact with
PBMCs before exerting their immunosuppressive properties.
Accordingly, we observed at day 28 a higher expression of HLA-
DR on Tconv cells in the BM group compared to the UC group
in the third cohort.

The effects of MSCs on T lymphocytes are thought to
combine not only suppression of pro-inflammatory cells but
also induction of Tregs. In a retrospective study, BM-MSC
treated patients had a higher proportion of Tregs at days 30
and 90 and of IL10TCD4™" cells at day 90, a lower percentage
of Th17 cells at day 30, and a lower serum IFNy/IL-4 ratio
(68). As mentioned above, in our murine model there was a
trend toward a higher proportion of Tregs with UC-MSCs,
while BM-MSCs induced higher levels of IL10TCD4™ cells,
but also tended to induce higher levels of Th17 cells. This
is consistent with our observation that, in vitro, UC-MSCs
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TABLE 1 | Main prior studies of MSC as prevention/treatment of xenogeneic GVHD.

References

Xenogeneic mouse
model

MSC source, dose, and schedule of
administration

Main observations

PREVENTION
Tisato et al. (57)

Gregoire-Gauthier
et al. (58)

Bruck et al. (44)

Tobin et al. (56)

Jang et al. (59)

Girdlestone
et al. (55)

Kim et al. (60)

TREATMENT
Tisato et al. (57)

Jang et al. (59)
Amarnath

etal. (61)
Ma et al. (62)

NOD/SCID, TBI 2.5 Gy,
20 x 108 hPBMCs IV

NSG, TBI 3Gy, 10 x 108
hPBMCs IP

NOD/SCID, TBI 3Gy +
aASGM1 Ab IP, 200 x 108
hPBMCs IP

NSG, TBI 2.5Gy, 30 x 108
hPBMGCs IP

NSG, TBI 2.4 Gy, 6.3 x 10°
hPBMCs/g BW

NSG, TBI2Gy, 1 x 106
hPBMCs IV

BALB/c RAG2~/~ (yo)~/—,
TBI 4Gy, 15 x 100
hPBMCs IV

NOD/SCID, TBI 3.2 Gy,
20 x 108 hPBMCs IV

NOD/SCID, TBI 2.5 Gy,
20 x 108 hPBMCs IV

NSG, TBI2Gy, 1 x 106
hPBMCs IV

NSG, 5 x 108 Th1 cells +
3 x 108 monocytes IV
NOD/SCID, CY + aASGM!1
Ab IP, 10 x 108 hPBMCs IV

3 x 108 CB-MSCs IV, day O

3 x 108 CB-MSCs IV, days 0, 7, 14, and 21
1 x 108 CB-MSCs IV, day O

2 x 108 BM-MSCs IV or IP, day O

3 x 108 BM-MSCs IP, days 0, 7, 14, and 21

3 x 108 IFNy-BM-MSCs IP, days 0, 7, 14,
and 21

3 x 10% BM-MSCs IV, days 0, 7, and 14
4.4 x 10% BM-MSCs/g BW, IV, day 7

4.4x10% IFNy-BM-MSCs/g BW, IV, day 0

5 x 10° CB-MSCs IV, day 0 or days 0, 7,
and 14

5 x 10° CB-MSCs IV, days 0, 3 and 6

0.5 x 108 UC-MSCs IV, day 8

2 x 108 UC-MSCs IV, day 8
0.5 x 108 rapamycin-UC-MSCs IV, day 8

1 x 10 BM-MSCs (normoxia or 1% Oo) IV,
days 0 and 7 or days 0O, 3, and 6

3 x 108 CB-MSCs IV 4 times every 3 days at
GVHD onset

5 x 10% CB-MSCs IV, either day 18, days 18,
21 and 24, or days 18, 25, and 32
2 x 108 BM-MSCs IV, days 22, 26, and 30

1 x 10% placenta-derived MSCs IV, day 11

No change in weight loss and human T-cell expansion.

Decreased T-cell expansion, no GVHD development.

Significant increase in survival and reduction of clinical signs
of GVHD.

No significant increase in survival.

Slight survival advantage.

No significant increase in survival.

No significant increase in survival.
Increased survival, reduction of liver and gut pathology.

Increased survival, reduced liver and gut pathology, and
serum level of TNFa.

No significant increase in survival.

Increased survival, reduced tissue damage, lymphocyte
infiltration, and GVHD clinical scores.

No significant increase in survival.

Trend toward a longer survival.

Increased survival, lower proportion of human cells in the
spleen.

Increased survival, reduced GVHD symptoms (no difference
between normoxia and hypoxia).

No change in weight loss and human T-cell expansion.

Increased survival, reduced weight loss, clinical scores, tissue
damage, and lymphocyte infiltration.

Increased survival, reversal of cutaneous GVHD and weight
loss, decreased proportion of human Th1 cells in the spleen.
Increased survival, reduced weight loss, reduced lung and
intestinal damage, increased serum level of TGFg, decreased
serum level of IL-6 and IL-17, reduced Th17/Tr1 ratio in
spleen and liver.

NOD/SCID, Non-obese diabetic/severe combined immunodeficiency; TBI, total body irradiation; hPBMCs, human peripheral blood mononuclear cells; 1V, intravenous; CB, cord blood,
MSCs, mesenchymal stromal cells;, GVHD, graft- vs.-host disease; aASGM1 Ab, anti-asialo GM1 antibody; IR intraperitoneally; BM, bone marrow; NSG, NOD-scid IL-2Rynull; IFN,
interferon; g BW, gram of body weight UC, umbilical cord; Th1, T helper 1; CY, Cyclophosphamide; Tr1, type 1 regulatory T cells (CD4*IL107).

most efficiently induced Tregs and inhibit Th17 cells, while
BM-MSCs induced higher proportions of CD4TIL10T cells.
AT-MSCs induced both Tregs and CD4TIL10™" cells. We also
observed a lower proportion of Thl cells on day 28 in mice
treated with UC-MSC in the 3rd cohort. Direct comparisons
of the effects of MSCs of different origins on T-lymphocyte
subsets are scarce (29). UC-MSCs were shown to induce Tregs
more potently than BM-MSCs in vitro (69) or to the same
extent in a rat model of sepsis (70). MSCs could also induce
other types of regulatory T cells although conflicting data have
been reported concerning the mechanisms involved (71) and the

comparison between BM- and UC-MSCs (67, 72). Regarding
Th17 cells, most studies demonstrated a suppressive effect of
MSCs, but no comparison between BM-, UC- and AT-MSC
potency has been reported. We did not observe a reduction
in the proportion of CD4™ cells secreting IFNy in co-culture
with MSCs in this experimental setting. This is consistent with
prior observations by De Witte et al. who observed a decrease
in the percentage of CD4™ T cells containing intracellular IFNy
only at higher MSC/PBMC ratios (73), while Ribeiro et al.
observed an upregulation of T-bet mRNA with BM-, UC- and
AT-MSCs (74).
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Finally, we also demonstrated that BM-MSCs are far less
procoagulant than UC- and AT-MSCs. However, despite a similar
activation of coagulation in vitro, UC-MSCs resulted in only
1 death after infusion in mice, while 4 mice infused with AT-
MSCs died, suggesting that other factors than their potential to
activate coagulation may be involved. Cell size and expression of
adhesion receptors are key factors in pulmonary cell trapping, so
the higher size of AT-MSCs might be at least partially responsible.
Similar results have been observed with murine AT-MSCs (46)
and human decidual stromal cells (DSCs) (47). In humans, while
BM-MSCs have demonstrated their safety, there are a few cases of
thrombotic events following infusions of AT-MSCs (75). MSCs
activate coagulation through tissue factor expression, which is
expressed at higher levels on AT- and placenta-derived MSCs
(45). Heparin infusion was shown to prevent this effect in a
porcine model of acute myocardial infarction (76). BM-MSCs
have also been used to treat hemorrhages in a few patients
(gastro-intestinal bleeding, hemorrhagic cystitis) (77). The higher
procoagulant effects of UC- and AT-MSCs might be of interest in
these settings.

There are limitations in our study. First, we did not
include placenta-derived decidua stromal cells (DSCs) among
the sources of stromal cells we compared. Indeed, recent studies
in humans have suggested that these cells could be more
potent than BM-MSCs to treat acute GVHD (78). Secondly, it
has been recently demonstrated that monocytes are important
for induction of Tregs by MSCs in vitro (79). Moreover,
in a murine model of GVHD, apoptosis of MSCs induced
by cytolytic cells (NK and CD8™ cells) and phagocytosis of
apoptotic MSCs by macrophages were necessary to MSC-
induced immunosuppression (80). Given that human monocytes
/ macrophages do not engraft in NSG mice, it is possible that
the humanized NSG mouse model is not the most suitable
model to study the impact of MSCs on GVHD. However,
one could argue that NSG mice have nevertheless functional
autologous macrophage and dendritic cells that are able to
modulate the activity of infused human PBMCs (52). Other
potential limitations of this study are the fact that the timing
of the first MSC administration might have been too late, when
irreversible immunological mechanisms were already in place, or
that the GVHD induced by injection of HLA-A2-negative PBMC
in NSG-HLA-A2 mice (combining xeno- and allo- reactions) is
perhaps too strong to be counterbalanced by immune regulatory
mechanisms. However, one could also argue that the dose of
PBMC infused in our study (1-1.5 x 10° PBMC/mice) was
rather in the lower range of what has been used to induce
GVHD in NSG or NSG-HLA-A2 mice. Finally, in order to
take into consideration genetic variability, we elected to include
different PBMC and MSC donors for each experiment to increase
the robustness of our results. In order to tackle the variability
issue, we performed multivariate Cox models that confirmed a
significant impact of the PBMC donors (as previously reported
(36, 37), no impact of mouse gender and weight, as well as no
impact of MSC infusion on survival (Supplementary Table 1).

In summary, our data show that BM-, AT-, and UC-MSCs
have differential effects on immune cells. UC-MSCs seem to
promote a more “resting” phenotype in lymphocytes, with a

potent down-regulation of HLA-DR, a higher induction of Tregs,
and a decreased proportion of pro-inflammatory cells. On the
other hand, BM-MSCs promote higher IL10 expression by T
lymphocytes, but also more inflammatory features, especially
when primed in inflammatory conditions. In vivo, both BM- and
UC-MSCs failed to significantly delay GVHD mortality. Other
types of MSCs derived from fetal membranes seem promising
for GVHD therapy, and it would be interesting to compare
them to BM- and UC-MSCs in preclinical studies. Also, gene
modification of MSCs (for example in order to force secretion
of regulatory cytokines such as IL-10) might increase their ability
to protect against GVHD (81). Finally, the procoagulant effects
of UC-MSCs and AT-MSCs should be taken into consideration
in further clinical studies.
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Placenta-derived decidua stromal cells (DSCs) are being investigated as an alternative
to other sources of mesenchymal stromal cells (MSCs) for cellular therapy. DSCs are
more effective in treating acute inflammatory diseases in human and this is our preclinical
safety study of human DSCs in Sprague-Dawley rats and Balb/c mice. Human DSCs
were cultured and expanded from fetal membranes obtained from placentas following
cesarean section. In rats, 0.5 x 10° cells/kg were injected intravenously (n = 4) or
intra-aortal (n = 4). In mice, DSCs were given intravenously at doses ranging from 4-40 x
109 cells/kg (total of n = 120 mice). In vivo tracking of human cells in mice was performed
by using transduced DSC with luciferin gene, and in rats by using '8F-FDG PET. Clotting
parameters were determined in vitro and in vivo. All intra-arterially DSC-treated rats had
normal motility and behavior and histological examination was normal for liver, spleen
kidneys and thigh muscles. Mice treated with DSCs showed no immediate or long-term
side effects. None of the mice died or showed acute toxicity or adverse reactions 3 and
30 days after DSC infusion. Murine blood biochemistry profiles related to liver, kidney,
heart, and inflammatory indices was not influenced by DSC infusion and complete blood
counts were normal. In vivo tracking of infused DSCs detected a signal in the lungs for up
to 4 days post infusion. Compared to bone marrow derived MSCs, the DSCs had better
viability, smaller size, but stronger clotting in human blood and plasma. Both MSC- and
DSC-induced coagulation and complement activation markers, thrombin-anti-thrombin
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complex (TAT) and C3a, and in vitro clotting parameters were decreased by heparin
supplementation. In conclusion, DSCs are safe with almost no side effects even with
doses 40 times higher than are used clinically, particularly when supplemented with

low-dose heparin.

Keywords: placenta-derived decidua stromal cells, mesenchymal stromal cells, toxicity, side effects, cellular

therapy
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Conclusion: DSCs are safe with almost no side effects

GRAPHICAL ABSTRACT]| Experimental in vivo studies indicate safety of DSCs infusion in two animal models.

INTRODUCTION

Mesenchymal stromal cells (MSCs), first described by
Friedenstein et al. (1), have the potential to differentiate
into several mesenchymal lineages and are found in many
vascularized human tissues (2, 3). MSCs have multiple
beneficial properties; e.g., they support hematopoiesis and
have potent immunomodulatory property, and have therefore
been in experimental clinical use for treatment of a series
of inflammatory diseases, including graft-vs.-host disease
(GvHD) and hemorrhagic cystitis following hematopoietic

stem cell transplantation (HSCT), autoimmune diseases and
in regenerative medicine (4-10). Galleu et al. demonstrated
that infused MSCs are actively induced to undergo perforin-
dependent apoptosis by recipient cytotoxic cells (11) and this
process appears to be required for MSC-induced immune
suppression (8, 12-14). Galipeau and Sensébé reasoned that the
clearance of apoptotic MSC-like cells and in particular lung-
embolized placental stromal material leads to reprograming of
lung macrophages by efferocytosis, thus promoting fetomaternal
tolerance (8).
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Infusions of placenta-derived decidual stromal cells (DSCs)
may thus mimic a highly conserved biological process in
mammals that induces systemic immunomodulation and feto-
maternal tolerance during pregnancy (8, 15-17). Placental
DSCs differ from bone marrow (BM)-MSCs in several aspects.
Compared to MSCs, the DSCs are only half the size, show less
differentiation into chondrocytes and osteocytes, have a stronger
inhibitory effect on allo-reactive T-cells, and promote stronger
coagulation (18-20).

Systemic or local administration of clinical grade MSCs
derived from various adult and perinatal tissue sources have
been used in both the autologous and allogeneic transplantation
setting for many decades (21). Numerous preclinical and
clinical studies have evaluated the safety and side effects of
therapeutic MSCs (15, 22-24). Nonetheless, some reports on
potential adverse events highlight a general need for better MSC
characterization and handling (15, 24, 25). Multiple research and
clinical groups recently reported that heparin improves both the
safety and efficacy of MSC therapy (18, 26, 27).

Our initial two clinical reports showed that intravenous
infusion of human BM-MSCs and DSCs triggers an
innate immune attack, termed the instant blood-mediated
inflammatory reaction (IBMIR) (15, 18, 28). Liao et al. recently
confirmed this finding demonstrating that BM-MSCs are not
fully compatible with blood due to their intrinsic Tissue Factor
(TF/CD142) expression, particularly after extensive expansion,
which was furthermore found to be conserved among different
species of mammals (27).

Liao et al. found that large doses of MSCs induced symptoms
of respiratory and/or heart failure attributed to the triggering
of intravascular thrombosis promoting cell embolization in
the lungs (27). In contrast, clinically more relevant MSC
doses induced only mild and reversible coagulation, but
anticoagulation with heparin (400 U/kg) effectively prevented
MSC-induced coagulation and concomitant adverse events of
large cell doses.

The most common cell dose infused in patients is 1-2 x 10°
cells/kg, but does up to 10-20 x 10° cells/kg have also been
tested (15). Thus, a major bottleneck is the need for robust ex
vivo expansion of GMP grade cell product to generate clinically
relevant cell doses (25). A practical solution to overcome these
restrictions may be the use of MSCs generated from other tissue
sources with a more favorable amount of starting material and
better growth characteristics during ex vivo expansion, such as
placenta-derived DSCs.

We previously reported on the good safety and efficacy of
DSCs in treatment of GvHD and HC following HSCT (29, 30)
as well as in experimental setting (31, 32). When employed at the
typical low clinical cell doses, DSCs demonstrated a safe toxicity
profile and no side effects in the clinical setting (33) and in an
animal model of BMT and GvHD (31). This is in analogy to
very recent reports by Perlee et al. that the infusion of clinical-
grade TF-bearing adipose tissue (AT)-MSCs is safe at the typically
employed clinical doses (34, 35).

We here report the comprehensive preclinical toxicity study
of systemic DSC infusion in two animal models (rat and mouse)
and in series of in vitro assays employing human blood.

MATERIALS AND METHODS

Isolation, Quality Testing, and

Reconstitution of Stromal Cells

The BM-MSCs and placenta DSCs were isolated and
characterized as described previously (18, 29). The MSCs
were obtained from BM aspirates of adult healthy volunteer
donors and the placentas were collected following elective
cesarean section delivery after obtaining informed consent.
Donors were negative for HIV, hepatitis B and C infection and
syphilis. The cell culture was done in clean rooms and culture
media and cell suspensions were negative for bacteria and fungi
and polymerase chain reaction (PCR)-negative for Mycoplasma.
The cells were expanded for up to four passages in a medium
containing 10% fetal calf serum (FCS; Hyclone, Logan, UT).

Flow cytometric analysis was conducted on cells labeled
with the antibodies outlined in supporting information,
Table S1. The cells were labeled with antibodies, fixed with
1% paraformaldehyde, and analyzed on a FACS Aria (Becton
Dickinson, Franklin Lakes, NJ); 5,000 gated events were
quantified and analyzed with Summit v.4.1 (Dako, Glostrup,
Denmark) as previously described (36). The adipogenic and the
osteogenic differentiation capacities were evaluated as described
previously (37). DSCs did not differentiate well to bone and fat in
contrast to BM-MSCs as previously reported in detail (19). DSCs
were positive for typical MSC markers CD105, CD166, CD73,
CD90, and CD29. They were negative for hematopoietic markers
CD34, CD45, and CD14. A detailed FACS analysis of DSCs was
previously published (37).

The cells were stored in liquid nitrogen and thawed for
intravenous infusion or the in vitro assays and washed twice
in buffer containing 5% human serum albumin (HSA; CSL
Behring, Marburg, Germany). Cell viability, cell size, and other
morphological parameter of the reconstituted products were
assessed by trypan blue exclusion dye, flow cytometry, and
automated electrical impedance-based Cell Counter (CASY-TT;
Roche, Germany), as previously described (18, 36).

Intra-Arterial/Venous Infusion Toxicity

Evaluation in Rats

All animal experiments were conducted with ethical approval
given by the local authority (Stockholms Norra djurfoérsoksetiska
namnd, ethical approval #N138/10). Adult male Sprague-Dawley
rats (mean body weight = 340 £ 4.9 grams) were permitted to
have access food and water ad libitum until surgery. Anesthesia
was induced using 4% isoflurane mixed with 100% O, and
subsequently maintained at 2% isoflurane. The animals were kept
normothermic by means of a rectal thermistor coupled with a
heating pad. For intravenous cell administration the tail vein was
cannulated (n = 4).

For intra-aortal administration a midline incision (5mm)
was made proximally on the ventral side of the tail (n = 4).
The fascia covering the ventral artery was cut, and the exposed
artery was ligated distally. Next, a 7-0 silk ligature was tied
loosely around the proximal part of the exposed artery, and
a microvascular clip was placed over the ventral artery. The
artery was cut and a “0.0157” “Sonic” hydrophilic micro-catheter
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(Balt Extrusion, France) carrying a micro wire was advanced to
a tip position in the thoracic aorta With the catheter in this
position, cell suspensions containing 0.5 x 10® DSC dispersed
in 0.5ml saline with 10% fetal calf serum were infused during
1 min. After infusion, the micro-catheter was retracted and the
proximal ligature on the tail artery was tightened and the incision
was closed.

The animals were returned to their cages with food and water
ad libitum. The animals were weighed before and 24 h after cell
injection. Activity, gait, grooming and motility were evaluated at
2,4, and 24 h for gross evaluation of the animals’ conditions.

Histopathology Evaluation of Rat Organs
Twenty four hours after the transplantation, all animals were
sacrificed by decapitation under identical anesthesia as during the
initial surgery. The left kidney, liver, spleen and left thigh muscles
were snap-frozen and stored at —80°C. Next, 14 jum sagittal cryo-
sections were cut serially throughout the organs and stored at
—20°C. The sections were rehydrated, fixed in formaldehyde and
stained with Hematoxylin-Eosin according to Mayer’s protocol.
Microscopical analysis was performed on a sample of 10 sections
at even intervals throughout the organs to assess presence of
tissue infarction.

Short- and Long-Term Toxicity Assay

Following DSC Administration in Mice
Female Balb/c mice, 10 to 12 weeks old, were purchased
from Scanbur (Sollentuna). The mice were maintained under
pathogen-free conditions with controlled humidity (55% =+ 5%),
12h of alternating light and dark, controlled temperature (21
+ 2°C) and high efficiency particulate air (HEPA)-filtered air.
Groups of 5-10 mice were kept in individually ventilated cages
and were fed autoclaved mouse chow and tap water ad libitum.
The South Stockholm Ethics Committee for Animal Research
approved all the experiments described here (No 8/16).

The DSCs were thawed and washed as outlined above, passed
through a 70 um cell strainer and suspended in sodium chloride
0.9% containing 5% HSA (infusion buffer). Four different doses
of DSC ranging from 0.1-2-10° cells/mouse were reconstituted
in 200 1 of infusion buffer. In some experiments to evaluate the
effect of anticoagulation, 10 Units/animal of heparin were added
to the infusion buffer. In the toxicity study each mouse received
a single infusion of DSC via a lateral tail vein. The mice were
humanly killed 3 or 30 days after cell infusion.

Blood Analysis and Serum Biochemistry
Analysis in Mice

At designated time (2, 8, 24h, +3 and +30 days after cell
infusion) and after giving anesthesia to the animals, peripheral
blood was collected in different type of tubes (EDTA, citrate or
heparin tubes). Blood samples were centrifuged immediately and
serum or plasma was transferred into new tubes and placed in
—80°C until analysis. Frozen serum or plasma was transported
with dry ice to the research section of the central blood-
and biochemistry lab at the Karolinska University Hospital.
Different biochemical indices were analyzed using various
instruments according to the manufacturer instruction. Final

data was sent back to us in Excel files. Formation of the blood
activation markers thrombin-anti-thrombin complex (TAT) and
complement component C3 activation fragment a (C3a) in
murine plasma was measured with ELISA (Cusabio Biotech LTD,
Wuhan, China), at 2, 8, and 24 h after the DSC infusion.

DSC Labeling and in vivo Cell Tracking in

Mice and Rats

Transfection and transduction of DSCs with luciferin gene
containing green fluorescent protein (GFP), was performed as
explained elsewhere (38). Lentiviral vector co-expressed GFP and
luciferin was kindly provided by Joseph C. Wu (University of
California San Francisco, Institute for Regenerative Medicine).
Briefly, the virus supernatant was harvested 24 and 48 h after
transfection and concentrated by centrifugation at 6,000g for
16 h at 4°C. The DSCs were infected with the virus supernatant
overnight in the presence of polybrene (8 mg/mL). Transduced
cells were selected by adding puromycin (1.5 mg/mL) for 48h
Transduced. GFP+ cells were confirmed by use of fluorescence
microscopy. Transfected DSCs were sorted using flow cytometry
and GFP+ cells were isolated. The purity of GFP+ cell was
more than 99%. The surface markers expression profile of
DSC-Lu+ was tested with flow cytometry. The DSC-Lu+
immunomodulatory function was evaluated using the mixed
lymphocyte reaction (MLR) assays (31).

For the in vivo bio-distribution study, a group of Balb/c mice
received 1 x 10 DSC-Lu+ cell via a lateral tail vein. At different
time points, +1, +4, +6h, and 1, 2, 3, 4, and 7 days after
cell infusions the mice were imaged using a Xenogen IVIS100
imaging system, using the manufacturer’s directions. For in vivo
imaging of the cells, mice were anesthetized with isoflurane and
injected intraperitoneally with 50 mg/kg D-luciferin (Caliper,
Hopkintown, MA) at 5-10 min was given before imaging. To
control the background photon emission, the obtained data were
subjected to average background subtraction, using data from
control animals that were only injected with identical doses
of luciferin.

For in vivo bio-distribution studies in rats, Sprague-Dawley
rats were anesthetized and catheterized as described above. Next,
the animals received intra-aortal injections (n = 2) and tail-
vein injections (n = 2) with 1 x 10° DSCs labeled with [2-
18F]-2-fluoro-2-deoxy-D-glucose (\¥F-FDG) for dynamic in-vivo
positron emission tomography of cell trafficking immediately
after injection. The '8F-FDG used was an aliquot obtained
from daily productions for clinical PET at the Karolinska
University Hospital and had passed all quality requirements
for administrations in humans. '3F-FDG (10-20 MBq, 500 pL)
followed by a saline flush of 300 L.

Histopathology Evaluation of Organs in
Mice

Sample preparation was conducted as explained previously (39).
Briefly, at the appropriate time point (day +3 and +30 after cell
infusion), mice (N = 6 in each group/time point) were given
general anesthesia and killed by cervical dislocation. Lung, liver,
kidney, spleen, and GI tract were harvested and placed in a sealed
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container with 4% paraformaldehyde. After harvesting, the lungs
were perfused with 4% paraformaldehyde through the trachea,
and then transferred to the sealed container. After 24 h the tissues
were transferred to 70% ethanol and were thereafter dehydrated
using increasing concentrations of ethanol, cleared with xylene
and embedded in paraffin. The tissues were cut 5 wm thicknesses
and deparaffinized with tissue clear reagent, rehydrated in series
of ethanol in decreased concentrations. The sections were stained
with hematoxylin and eosin, dehydrated in ethanol. Tissue Tek
Prisma (Sakura Finetek Inc., Torrance, CA, USA). An automated
slide-stainer was used for the staining procedure according to
the manufacturer’s recommendations. Samples from different
treatment as well as the control group were observed and scored
by a blinded animal histopathologist.

Clotting Analysis of DSCs in Human Blood

and Plasma in vitro

The clotting time (in seconds) was recorded on a semi-automatic
10-channel ball coagulometer (MC10plus; Merlin Medical ABW
Medizin und Technik GmbH, Lemgo, Germany), as reported
earlier. Frozen aliquots of DSCs were thawed, washed twice,
and re-suspended in buffer containing 10% HSA, with or
without supplementation of low-dose heparin, as indicated in
the figure legends. Sodium citrate anti-coagulated human blood
was obtained from healthy volunteers who had not received any
medication for at least 10 days, and citrated plasma was collected
after centrifugation at 1,000 x g for 10 min. The cuvette was filled
with either 100 ! of citrated blood diluted 1:1 in PBS, or 100 1 of
citrated normal plasma. Blood or plasma was then supplemented
with 50 pl of buffer with or without 3,000 stromal cells to a final
concentration of 15,000 cells/ml corresponding to a dose of 1-2 x
106 cells/kg as typically used in clinical trials. To initiate clotting,
50 w1 of 40 mM Ca* solution was added, to a final concentration
of 10 mM.

Statistical Analysis

All data are expressed as mean + standard error (SE) unless
otherwise stated. Differences between groups were analyzed
by ANOVA and the Student’s t-test was used. If the data
did not fit a normal distribution, the Mann-Whitney test or
the Wilcoxon matched-pairs test was used (two-tailed, 95%
confidence intervals). Any P < 0.05 were considered statistically
significant. Prism software 5.0 was used for analysis and making
the graphs (GraphPad Software, La Jolla, CA).

RESULTS

The Effect of I1A/IV Infusion of DSC in Rat
and Biodistribution and Safety Evaluation

Following Intra-Arterial DSC Infusion

In a first exploratory experiment in rats, a dose of 0.5 x 10°
cells/animal was slowly infused either by cannulation of the tail-
vein or by assistance of a micro-catheter into the abdominal
aorta to assess principal DSC toxicity. All DSC-treated rats were
healthy and no short time adverse effects were observed.

FIGURE 1 | Migration pattern of i.a and i.v. infused human DSCs in the rat.
Nalive Sprague-Dawley rats received intra-aortal (i.a) injections (n = 2) and
tail-vein (i.v) injections (n = 2) with 1 x 108 DSCs labeled with
[2-18F]-2-fluoro-2-deoxy-D-glucose ('8F-FDG). Dynamic in-vivo positron
emission tomography of cell trafficking was done immediately after injection.
(A,B), are cell distribution patterns following i.a and i.v infusion of DSC,
respectively.

No negative effect on body weight was seen in any of
the animals at 24h. All animals showed normal motility and
exploratory behavior at 2, 4, and 24h post cell infusion.
Macroscopic and histological analysis of internal organs did not
reveal any evidence for infarction, hemorrhage or pathologic
lesion (data not shown).

Injections of ¥ F-FDG-labeled DSCs and micro-PET imaging
90 min following DSC i.a. injection in rats showed radioactivity
distribution primarily in the abdominal organs whereas i.v.
infusion resulted in radioactivity distribution almost exclusively
in the lungs (Figure 1).

To examine possible effects on organs if the DSCs were
administered intra-arterially, we performed intra-aortic
infusions of cells proximal to the renal arteries by endovascular
technique and analyzed clinical behavior and possible ischemic
events in the liver, kidney, spleen and muscles in the lower
extremities. During the 24 h follow up, the animals did not lose
weight, showed normal activity, gait, grooming and motility.
H&E staining of liver, kidney, spleen, and muscle sample were
normal and without evidence of ischemic- or other tissue injury
(data not shown).

Short- and Long-Term Toxicity in Mice
All animals tolerated the intravenous cell infusion even
by the dose of 1 x 10° cells/mouse (N = 5-9 in each
group/time point), which is equal to 40 x 10° cell/kg. None
of them showed any immediate side effects including restless,
breathing problem (dyspnea) or any changes in grooming
and activity.

However, the dose of 2 x 10° cell/mouse (equal to 80 x
10® cells/kg) should be infused slowly and carefully otherwise
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FIGURE 2 | The effect of human DSCs infusion on the mice weight, blood and coagulation system. To evaluate the clinical and biological changes in animals, human
DSCs were infused i.v. at different doses (0-1 x 108 cell/mouse). The outcome was measured in short (+3 days after) or long term (430 days after) follow up (N =
3-5 mouse per dose/timepoint). (A) Weight and general health of treated animals was not affected by any dose in short and long term. (B) The frequency of peripheral
blood lymphocyte did not change after human cell infusion. (C) Plasma level of coagulation factors was not influenced by the cell infusion as well.

p-Fibrinogen after 3 days

2727272272

rapid infusion might induce restless, dyspnea and finally death
(2 out of 5 animals). It seems that the problem could be due to
transient lung emboli (observed in few numbers of healthy mice),
as observed by Perlee et al. in their mouse model (35), but which
resolved within 24 h. No changes in body weight were seen in any
of the mice 3 or 30 days after DSC infusion (Figure 2A).

The Effect of DSC Infusion on Blood Count
and Coagulation

None of the complete blood count (CBC) items changed in short-
or long-term follow-up after different doses of intravenous DSC
infusion in mice. Peripheral blood lymphocyte frequency did not

alter by cell dose at different time points (Figure 2B).
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FIGURE 3 | The effect of human DSCs infusion on the inflammatory markers, serum proteins level. Early and delayed inflammatory reaction could be an important and
relevant side effect following systemic cell therapy. Healthy mice received human DSCs i.v. at different doses (0-1 x 10° cell/mouse) (N = 3-5 mouse per
dose/timepoint). (A-C) The acute inflammatory reactions’ protein as well as serum level of immunoglobulin and albumin were measured and showed no significant
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One of the most important issues with intravascular
cell therapy procedures is the evaluation of coagulopathy
and the blood clotting system. We evaluated the effect of
DSC infusion on the mice coagulation system. As shown
in Figure 2C, coagulation cascade proteins or the protease
was not affected by the DSC infusion and different doses
of DSCs did not change activated partial thromboplastin
time (aPTT), prothrombin time/international normalized
ratio (PT-INR) and Fibrinogen level neither in short nor
long term.

Plasma Inflammatory and Hemolysis
Markers and DSC Infusion

Orosomucoid, Haptoglobin, and C-reactive protein that are
indicators for acute inflammation response and hemolysis were
evaluated at 3 and 30 days after different doses of DSC infusion
in mice. As shown in Figures 3A,B none of these indices were
changed following cell infusion. The major plasma complement

C3 levels did not show any significant deviation after different cell
dose infusions (Figure 3B).

We also evaluated other plasma proteins especially
immunoglobulin and albumin levels. DSC infusion did not
induce any changes in plasma protein levels, and it seemed that
up to 1 x 10° cells/mouse are safe for plasma protein balance
both in the short and in the long term follow up (Figure 3C).

Liver and Kidney Function Was Not
Affected by DSC Infusion

Liver and kidney functions tests are crucial toxicity evaluation
for any new medication. As shown in Figure 4, plasma levels
of liver parameters ALAT, ASAT, ALk P as well as creatinine
and Urea were not affected by any cell dose at short or
long-term assays (Figures 4A,B). On the contrary, a high dose
of DSCs infusion significantly decreased the ALAT level in
manipulated animals. DSC infusion did not affect the plasma
lipid profile, although some non-significant decrement in the
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FIGURE 4 | The effect of human DSCs infusion on the liver and kidney function. Organ toxicity is one of the most important concerns in all cell based therapy
protocols. Healthy mice received human DSCs i.v. at different doses (0-1 x 10° cell/mouse) (N = 3-5 mouse per dose/timepoint). (A) Liver enzymes (B) kidney

function biomarkers and (C) serum lipid profile were measured and compared among different group in short and long term following cell infusion. Interestingly, human
cell infusion ranged from 0-40 x 10° cell/kg and did not show any toxicity relevant to these organs.

plasma levels of cholesterol and triglyceride were observed at day  thereafter. We could not detect any significant signals in liver or
+30 (Figure 4C).

spleen at any evaluated time period (Figure 5).

In vivo Tracking of the Infused Therapeutic
Cell Products in Mice

We next evaluated the migration pattern of injected cells in
healthy animals. The infused DSC first moved to the lung
(Figure 5), and the signal continuously faded with time. Signals
in the lungs were detected up to 4 days after cell infusion, but not

Histopathology Evaluation of Liver, Kidney,
and Lung Following DSC Infusion

Histopathology evaluation of the liver at short (43) or long
term (+30) follow up did not show any significant abnormality
related to cell infusion. Mild diffuse glycogenesis, occasional
individual cell with micro vesicular lipidosis, moderate cell
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FIGURE 5 | Migration pattern of i.v. infused human DSCs in healthy mice. Migration pattern of systemic infused stromal cells, in live animals, was done by using
labeled cells. Human DSCs were transduced with Luciferin gene containing GFP using lentivirus vector (methods). 1 x 10° cell/mouse were infused i.v. and after light
anesthesia, live animals (N = 2) were kept in VIS CCD camera and at different time points whole body scan were recorded. Infused cells first pass to the lung and
stayed there up to 4 days. In the Luciferin tracking model, just live cells will be recorded. It means that the human DCs mainly reside it the lung.
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vacuolization; moderate karyomegaly/anisokaryosis; scattered
gray-green pigment in kupffer cells among others were observed
in liver samples. However, none of this observations were related
to cell infusion or even cell dose. Heparin infusion did have any
effect on histopathological manifestation (Figure 6A). Kidney
tissue was not essentially affected by any dose of cell infusion with
or without heparin at any time point (data not shown).

The lungs are the first organs in which the infused cells will
arrest. Thus, histopathology signs for thromboembolic features,
hemorrhage and granulomatous formation were carefully
evaluated among different groups. DSC infusion did not induce
any of the mentioned pathologic features in the short term (+3)
period. Heparin also did not change the histopathology pattern
in short term.
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FIGURE 6 | Histopathology evaluation of lung and liver after i.v. infusion of human DSCs in healthy mice. To assess the effect of cell infusion on vital organs liver, lung
and kidney were prepared for histopathology evaluation 3 and 30 days after different doses of cell infusion (N = 3 mouse per dose/timepoint). (A) Liver tissue with no
cell, 0, 2, and 1 x 10% DSC IV injection (+heparin) 3 days (left column) and 30 days after cell infusion. (B) Lung tissue with no cell, 0, 2, and 1 x 10% DSC IV injection

(+heparin) 3 days (left column) and 30 days after cell infusion.

Moderate diffuse hyperemia; moderately frequent interstitial
foci of unidentified/inflammatory cells; scattered foamy
macrophages and occasional megakaryocytes were seen more
often in the 30 days follow up. Few vessels contain apparently
coagulated material. However, it did not have any correlation to
cell dose or heparin treatment. This finding was also observed in
the control group (Figure 6B).

Cell Morphology, Immunophenotype, and
in vitro Clotting Analysis of Stromal Cells

With and Without Addition of Heparin
Compared to BM-MSCs, the DSCs had 16% better viability post
thawing (Mean 69% vs. 85%, P = 0.05, Figure 7A). The DSCs had
a smaller size than MSCs (Mean peak diameter 16 vs. 20 um, P =
0.05, Figure 7B) and a smaller cell volume (Mean peak volume
2,000 vs. 6,500 fl, P < 0.05, Figure 7C). CD142 expression was
higher for DSCs than BM-MSCs (Mean 43% vs. 5% positive,
P < 0.001, Figure 7D). All parameters were unchanged by the
addition of heparin (Figures 7A-D).

There was a stronger clotting of DSCs compared to BM-MSCs
in human blood and plasma in vitro (P < 0.001, Figures 7E,F).
Clotting was stronger for DSCs (75% reduction) than MSCs (50%

reduction) when compared to the buffer controls (P < 0.0001 and
P <0.001, respectively). Clotting in human blood and plasma was
abrogated for both cell types by the addition of low-dose heparin
(Figures 7E,F).

In vivo Monitoring of Systemic Blood
Parameters After Stromal Cell Infusion
With and Without Heparin in Mice

The peak for the generation of coagulation activation marker
TAT was found at 8 h post BM-MSC and DSC infusion compared
to the buffer control (P < 0.01 and P < 0.001, respectively,
Figure 8A). TAT was still detected following DSCs, but not
following BM-MSCs infusion after 24h (P < 0.05). TAT
generation was decreased by the supplementation of heparin (10
U/animal), with minor TAT formation at 8 h post DSCs infusion
(P < 0.05) (Figure 8A).

Similarly, complement activation marker C3a demonstrated
a peak at 8 h post BM-MSC and DSC infusion compared to the
buffer control (P = 0.06 and P < 0.05, respectively, Figure 8B).
This was still evident for DSCs but not BM-MSCs at 24 h post
cell infusion (P < 0.01), C3a generation was antagonized by
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heparin, with only weak and non-significant C3a formation at the
observed time points (Figure 8B).

DISCUSSION

There is a bulk of data regarding the safety of BM-MSCs (22, 40).
All showed that BM-MSCs are safe to infuse with few if any
side effects (15). DSCs differ in many ways from stromal cells
from other tissues such as bone marrow (18, 19). Therefore,
comprehensive safety analysis is needed for DSCs.

Before treating patients, we injected DSCs to rats, as reported
in this article and in rabbits (32) and found it to be safe with
no side effects. Subsequently, we treated patients with acute
and chronic GvHD, hemorrhagic cystitis and acute respiratory
distress syndrome (30, 33, 41, 42). Side effects were minimal
and severe adverse events were those commonly seen in patients

undergoing allogeneic HSCT, such as infections, hemorrhages,
graft failure and multi-organ failure (29, 33).

DSCs like other cells first go to the lung after i.v. infusion
(41, 43, 44). These findings are confirmed in mice and rats in
the present study, where homing to the lungs is seen up to
several days after i.v. infusion. Special attention should be made
to evaluate possible DSCs induced side-effects in the lungs such as
thrombosis or pneumonias. We found no pulmonary embolism
in the present study where DSC were infused to mice in 40 times
higher dose than used in humans, which is in agreement with
studies on AT-MSCs by Perlee et al. (34, 35).

We previously reported that mice, treated with total body
irradiation prior to high dose DSCs infusion (20 x 106/kg), died
from pulmonary embolism (31). Using BM-MSCs, an increased
risk for pneumonia-related death after HSCT was found at our
center (45). DSCs have a stronger effect on coagulation compared
to BM-MSCs (18). However, DSCs are only half the size of bone
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marrow MSCs as confirmed in the present study. Furthermore,
there was no primary toxicity seen with DSCs doses up to
40 x 10%/kg.

One way of overcoming pulmonary trapping of cells and
facilitate homing is to administer cells intra-arterially upstream
of target tissue. In this study we found that intra-aortal injections
of DSCs in rats does not cause animal morbidity or tissue injury
and result in DSC distribution in the abdominal organs instead
of the lungs.

In patients infused with I-111-marked DSCs, signals were first
found in the lung and after 48 h in liver and spleen. This is in
contrast to the present study in mice where Luciferase-marked
DSCs were found in the lungs of the animals up to 4 days, but
in no other organ (Figure 4). This difference may be due to that
Luciferase is a marker for live cells, whereas I-111 will also appear
on dying cells. This seems reasonable due to the xeno-reactive
mice immune system, which may distract the human DSCs
already in the lung.

In this study, treating animals with doses up to 40 x 10°/kg
we did not see any abnormal changes in laboratory values,

including lymphocytes, hemoglobin, antithrombin, coagulation
parameters, haptoglobin, complement C3, albumin, creatinine,
liver enzymes, triglycerides, cholesterol, and HDL-cholesterol.
This confirms that even extremely high doses of DSCs seem safe
in accordance with clinical safety studies using doses around 1 x
10° DSCs/kg. Histology of all examined organs did not show any
adverse effects by infusion of DSCs.

The results from the clotting experiments confirmed previous
data (18). DSCs had stronger clotting than BM-MSCs. By
the addition of low dose heparin, clotting was entirely
abrogated (Figure 7). Kinetics for in vivo monitoring of systemic
coagulation and complement activation markers using DSCs
and MSCs infusion in mice, revealed a weak triggering of the
coagulation and complement cascades. We found similarly to
our results from in vitro blood exposure, that DSCs without
heparin were slightly more pro-coagulant in vivo than BM-MSCs.
These data support the use of heparin when infusing stromal cells
to patients for clinical use. Heparin also prevented BM-MSCs
induced coagulation and the acute adverse events in experimental
colitis (27).
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In the comparison between BM-MSCs and DSCs, the former
donors were slightly older. BM-MSCs were taken from bone
marrow transplant donors with an age ranging from 30 to 50
years of age. The DSCs were from fertile women ranging in age
between 20 and 35 years of age. The difference in donor age, most
probably had no effect on the differences seen with coagulation
and other parameters. We previously found that donor age had
no impact on GvHD response to MSC therapy (46). We also
reported that DSCs were more effective to treat acute GvHD than
BM-MSCs (29). The differences in efficacy are more likely due to
differences in source of MSC, than to MSC donor age.

As outlined in the introduction, it was demonstrated in mice
that BM-MSCs following contact with activated T cells or NK
cells, activate caspase and undergo apoptosis, which appears
to be critical for MSC-induced systemic immunosuppression
in vivo (11). Apoptosis is induced by the bystander release of
cytotoxic granules by the activated immune cells. The killing
is contact-dependent but not antigen-specific and does not
require the engagement of the immunological synapses. MSCs,
which undergo apoptosis, promote the chemotaxis of monocytes
and macrophages that phagocytose the MSCs (8, 12-14). By
these mechanisms, the macrophages produce anti-inflammatory
activities in vivo, which are dependent, among others, on
host indoleamine deoxygenase. If similar mechanisms are also
induced by DSCs remains to be elucidated.

The present study demonstrates the safety of infusing DSCs
i.v. and i.a. with normal appearing in rats and mice, no side effects
and no toxicity to any organs. Minor effects on coagulation were
normalized by heparin infusion.
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United Kingdom

Mesenchymal stem cells (MSCs) hold a great promise for cell therapy. To date, they
represent one of the best choices for the treatment of post-traumatic injuries of the
peripheral nervous system. Although autologous can be easily transplanted in the injured
area, clinical advances in this filed have been impaired by lack of preservation of graft cells
into the injury area after transplantation. Indeed, cell viability is not retained after injection
into the blood stream, and cells injected directly into the area of injury either are washed
off or inhibit regeneration through scar formation and neuroma development. This study
proposes a new way of MSCs delivery to the area of traumatic injury by using fibrin
glue, which not only fixes cells at the site of application but also provides extracellular
matrix support. Using a sciatic nerve injury model, MSC derived from adipose tissue
embedded in fibrin glue were able to enter the nerve and migrate mainly retrogradely after
transplantation. They also demonstrated a neuroprotective effect on DRG L5 sensory
neurons and stimulated axon growth and myelination. Post-traumatic changes of the
sensory neuron phenotype were also improved. Importantly, MSCs stimulated nerve
angiogenesis and motor function recovery. Therefore, our data suggest that MSC therapy
using fibrin glue is a safe and efficient method of cell transplantation in cases of sciatic
nerve injury, and that this method of delivery of regeneration stimulants could be beneficial
for the successful treatment of other central and peripheral nervous system conditions.

Keywords: rat, sciatic nerve injury, MSCs, ADSCs, fibrin glue

INTRODUCTION

Peripheral neuropathy caused by trauma and prevalent disorders is a major medical problem
worldwide. Due to anatomy of the peripheral nervous system, structure damage of peripheral
nerve trunks is a rather common condition. Although nerve trunk injury is not a life-threatening
condition, it is accompanied by a persistent complex of nociceptive, sensory, and motor as well
as trophic changes that can result in long-lasting disability, with full recovery of lost extremity
functions being difficult (1, 2). Therefore, new translational research is focusing on combined
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methods of tissue engineering and replacement cell therapy along
with the advancements in microsurgical techniques to enable
efficient restoration of damaged peripheral nerves in clinical
practice (3-8).

When facilitating nerve structure recovery to reduce nerve
tissue injury, the main focus is to use various organic glues that
join the ends of the damaged nerve (9) or are part of nerve
conduit (10). The use of fibrin glue is particularly promising as it
has been shown to be non-invasive and not causing inflammation
or granuloma formation in post-traumatic nerve reconstruction
(11-13). Fibrin glue can also induce faster re-innervation and
function recovery due to reduced amount of scar tissue and
directed axon growth (14, 15).

After nerve injury, the release of pro-inflammatory cytokines
causes fibroblast activation and collagen hyperplasia leading to
scars, fibrosis, and neuroma formation. These pro-inflammatory
and nerve growth factors are necessary for axon regeneration
by maintaining the balance between collagen synthesis and
degradation without inducing fibroblast activation (16).
Therefore, targeted delivery of potential neurorestoration
stimulants is extremely important and cell therapy can be used
to accelerate axon growth and help sensory neurons to survive
(17, 18). To this end, mesenchymal stem cells (MSCs) have
been most widely used (19) as an autologous system able to
stimulate nerve tissue regeneration by neurotrophic growth
factor secretion (20) and guided differentiation to the neuronal
and glial lineages (21, 22).

MSC:s can replace damaged tissues, secrete biologically active
compounds, including homing and signaling molecules as well
as myelin components necessary for structural and functional
recovery of nerve fibers (23). Importantly, they do not cause
immune rejection after allogeneic transplantation (24). MSCs can
be easily derived from various tissues and expanded in culture. A
useful source is the adipose tissue as adipose derived stem cells
(ADSCs) have demonstrated MSCs properties (19, 25), together
with ease of availability, derivation, and safety (26).

In order to attain efficient regeneration, transplanted cells
need to survive and function in the area of injury. Cell survival
after their injection is influenced by many factors, including
speed of cell injection, cell density and diameter of the needle
(27, 28). Regardless of the method used to assess the survival rate,
cell type, and transplantation model, it is widely accepted that
only a small portion of transplanted cells survive after injection
(29, 30). Indeed, cells can be lost in the systemic circulation, but
also local cell delivery by injection can cause additional damage
and lead to neuroma development (31). Therefore, it is necessary
to address a number of key issues to improve local cell retention
in the area of injury before cell therapy can become a viable
treatment option for peripheral nerve injury. In this study, we
used fibrin glue for cell delivery. This formulation demonstrates
several advantages, being minimally invasive, helping to retain
cells in the area of injury, providing cells with extracellular matrix
support and additional physical connection of the nerve ends
(glue effect). We show that transplantation of MSCs embedded
in fibrin glue promotes regeneration through a neuroprotective
effect on sensory neurons and stimulation of axon growth. We
also demonstrate for the first time a positive effect on recovery

of motor function after injury, thus paving the way for the use of
fibrin glue and MSC cell therapy in the treatment of peripheral
nerve damage.

MATERIALS AND METHODS

MSC Derivation and Culture

MSC (ADSCs) were derived from the inguinal fold subcutaneous
adipose tissue of healthy female Wistar rats (n = 5), as previously
described (32). Subcutaneous fat tissue from different animals
was obtained in equal volumes and immediately mixed for
subsequent cultivation. Adipose tissue enzymatic disaggregation
was achieved by incubation with type 1 collagenase (Biolot,
Russia) at 37°C on a shaker for 1h. Before and after the
incubation the tissue was washed three times by centrifugation
at 500 rpm for 5 min with DPBS solution (Dulbecco’s Phosphate
Buffered Saline, Paneco, Russia) containing 5% of penicillin
and 5% of streptomycin. The cell pellet was resuspended and
plated in culture in «MEM (Alpha Minimum Essential Medium,
Invitrogen, USA) with 10% of FBS (Fetal Bovine Serum, Sigma,
USA). Cultures were cultured and expanded in oMEM with
10% of FBS, 2mM of L-glutamine (Sigma, USA) and penicillin
and streptomycin (100 U/mL; 100 pg/mL) (Sigma, USA) using a
MCO-15AC incubator (Sanyo, Japan) at 5% CO, and 37°C.

Rat ADSCs immunophenotype was evaluated using flow
cytometry. Cells were trypsinized using 0.25% trypsin (Sigma,
USA) and incubated in phosphate-buffered saline for 45 min with
conjugated antibodies anti-CD29 (BD, USA, 556049), anti-CD44
(BioLegend, USA, 103028), anti-CD90 (SantaCruz, USA, SC-
53456), anti-CD34 (SantaCruz, USA, SC-51540), and anti-CD45
(SantaCruz, USA, SC-70686). Analysis was performed using a
Guava Easy Cyte 8HT flow cytometer (Millipore, United States).

After confirmation of the MSCs immunophenotype, ADSCs
were transduced using a recombinant lentivirus encoding
eGFP (green fluorescent protein). Transdusction efficiency was
assessed 48 h later on the basis of the number of eGFP positive
cells using an Axio Observer Z1 fluorescence microscope (Carl
Zeiss, Germany). eGFP-expressing cells were sorted using a FACS
Aria IIT cell sorter (BD Biosciences, USA) and expanded in
cultured until transplantation. A population of cells expressing
>90% eGFP (ADSCs-eGFP) was used for cell transplantation.

Experiments With Animals

Experiments were conducted using 62 white Wistar rats aged 4-
6 months and weighting 200-300 g (GMBH “Nursery RAMTN,”
Moscow, Russia). For study of regeneration processes on 30 and
60th days after injury experiment was carried out on 35 male rats.
Twenty two male rats used for estimation of MSCs migration on
7 and 14th days after trauma. For obtaining of MSCs we used
5 female rats additionally. All animals were acclimatized for 2
weeks before starting the experiment. Animals were kept under
standard vivarium conditions with the day/night mode 12/12,
with free access to feed and water. Animals were kept and used for
experimental procedures in accordance with the rules accepted
by Kazan Federal University and approved by the Local Ethics
Committee (Permit Number 5 of May 27, 2014). Animals were
used in accordance to international bioethical standards defined
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by the International guiding principles for biomedical research
involving animals (33), the EU directive 2010/63/EC and the
3Rs principles.

The autologous nerve graft (AG) was used as an experimental
nerve model. The rats were deeply anesthetized with
intraperitoneal injection of chloral hydrate solution (AppliChem,
Germany) at a dose of 400 mg/kg in the water for injections.
Surgical approach was made to the left sciatic nerve, then a
5mm long diastasis was formed by transecting the nerve with
two parallel incisions. The ends of the nerve were joined with
an autologous nerve graft, strictly maintaining the nerve fiber
growth cone, and sutured without tension with 4 Prolene 10.0
(Ethicon, USA) interrupted epineural sutures. The nerve was
then covered with 200 pL of Tissucol-Kit fibrin glue (Baxter
AG, Austria).

Stimulation of post-traumatic regeneration was achieved
through intergender allotransplantation of ADSCs-eGFP. To this
end, fibrin glue (FG) containing 1 million ADSCs-eGFP was
applied to the nerve after suturing. After nerve manipulations
the postoperative wound was closed in layers. Animals in 4
groups were compared: (1) experimental group (n = 5 on 7th,
n =5 on 14th, n = 5 on 30th, and n = 5 on 60th days
after injury)—AG+FG+ADSCs—post-traumatic recovery by
regeneration stimulation using ADSCs-eGFP; (2) active control
group (n =3 on 7th, n = 3 on 14th, n =5 on 30th, and n =5 on
60th days after injury)—AG+FG—post-traumatic recovery by
nerve coverage with fibrin glue; (3) control group (n =3 on 7th, n
=3 on 14th, n =5 on 30th, and n = 5 on 60th days after injury)—
AG—post-traumatic recovery under natural conditions with a
autologous nerve graft. The animals in experimental groups were
sacrified on 7th (n = 11), 14th (n = 11), 30th (n = 5), and on 60th
(n = 5) days after injury; (4) intact group (n = 5)—intact animals
with no damage to sciatic nerve.

Antibiotics and analgesics were administered as follows:
1 mL of gentamicin (25 mg/kg, Omela, Russian Federation) was
injected intramuscularly for 7 consecutive days; buprenorphine
(0.5 mg/kg) was injected subcutaneously for about 7 days after
surgery to minimize pain.

Assessment of Motor Function Recovery
To assess the grade of motor function recovery of the operated
extremity, animals of all groups underwent a functional motor
test to define the sciatic functional index (SFI) (34). The
functional test was carried out once a week on day 7, 14, 21,
28, 35, 42, 49, and 56 after the injury. To this end, a run
track with side walls was used (width—12cm, length—45cm,
height—15cm) allowing a rat to move only in one direction.
Animals hind feet were covered in ink and footprints made on the
run track covered with white paper were measured to calculate
the SFI using the formula:

SFI = [((eTOF — nTOF)/nTOF) 4 ((nPL — ePL)/ePL)
~+ ((eTS — nTS)/nTS) + ((eIT — nIT)/nIT)] x55, where

eTOF is the distance from the experimental foot toes to the intact
foot toes of the subsequent footprint;

nTOF is the distance from the intact foot toes to the experimental
foot toes of the subsequent footprint;
PL is the length of the footprint from the heel to the third toe of
the same foot;
TS is the distance between the first and the fifth toes of the
same foot;
IT is the distance between the second and the fourth toes of the
same foot.

All the measurements were made both for the healthy foot
footprint (n—normal) and the operated foot footprint (e—
experimental; Supplementary Figure 1).

Nerve Conduction Studies

Compound muscle action potentials (CMAPs) was used to assess
sciatic nerve conduction of the rats both before and 30 and 60
days after the surgery. Electric muscle responses were registered
using a MG-42 electromyograph (Hungary) combined with data
computer analysis. After sedation, stimulant monopolar needle
electrodes were inserted in the hip joint area and into the area of
sciatic nerve projection. Stimulation was carried out with square-
wave pulses lasting 1-2 ms. Stimulus intensity varied from 0.2 to
2 V. CMAP were registered by the monopolar needle electrodes
inserted into the medial gastrocnemius: cathode was inserted into
the center of the myogaster and the anode—into the tendon.
Latency of the CMAP, response threshold, duration of the CMAP,
and maximal amplitude were analyzed.

Vascularization Assessment

Recovery of blood flow in the distal part of the sciatic nerve was
assessed by the visualization of microcirculation perfusion 14 and
30 days after the surgery using a EasyLDI laser doppler (Aimago).
To this end, small operating room repetitive approach to the
sciatic nerve was carried out in the animals under intraperitoneal
narcosis. The device’s laser beam was pointed at the distal part of
the nerve and changes in microcirculation parameters over time
were analyzed using the function of perfusion unit assessment in
real time. In the evaluation process, the laser beam sequentially
scanned the tissue of the distal stump of the sciatic nerve, while
circulating red blood cells generated Doppler components in
scattered light, were picked up by a photodiode, and converted
into an electrical signal proportional to tissue perfusion at each
measurement point. The parameters were measured in absolute
perfusion units (apu) according to manufacturer’s instructions.

Material Sampling and

Morphological Assessment

Animals were sacrificed on day 7, 14, 30, and 60 after the
surgery. Early periods were used to investigate the survival rate
and migration ability of the transplanted cells. Samples collected
on day 7 and 14 after the surgery were snap-frozen in liquid
nitrogen with Neg50 Frozen Section Medium (Thermo Fisher
Scientific, USA), and transferred and stored at —80°C. Sciatic
nerve samples were cut into 6 mm thick longitudinal sections
using a Cryo-Star HM560 freezing microtome (Thermo Fisher
Scientific, USA). eGFP fluorescence was visualized using a LSM
780 laser scanning confocal microscope (Carl Zeiss, Germany).
DAPI nuclear stain was used to assess the survival rate of

Frontiers in Medicine | www.frontiersin.org

April 2019 | Volume 6 | Article 68


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Masgutov et al.

ADSCs in Sciatic Nerve Regeneration

transplanted cells. Hematoxylin and eosin staining used for
estimation of morphological changes.

Late time points (day 30 and 60 after the injury the sciatic
nerve) were used to investigate post-traumatic recovery by
exposure of the L5 spinal ganglion on the operative side. Distal
parts of sciatic nerves were used to assess the number of
regenerating myelin fibers, whereas L5 spinal ganglia were used
to assess the number of surviving neurons.

The exposed distal segments of the sciatic nerve were fixed
in 2% glutaric dialdehyde, postfixed in 1% OsOj4, embedded in
epoxy resin (9ml of Epon 812, 6 ml of DDSA, 4ml of MNA,
and 0.2 ml of DHP-30) and polymerized at 60°C. The samples
were sliced in 2 um thick semifine cross sections using a LKB
2088 ultramicrotome (Leitz, Germany) and sections stained with
methylene blue. The number of myelin fibers was calculated by
random sample analysis of 4 nerve segments (35) using a ICC50E
light microscope (Leica, Germany) with 63x100 magnification
and oil objective immersion using the Image] 1.48v program.

Totally exposed left L5 spinal ganglia after laminectomy were
fixed in 4% buffered formaline and embedded in Histomix
parafin (Biovitrum, Russia) on a Tissue-Teck® TECTM 5
paraffin embedding station (Sakura Seiki, Japan). Paraffin
blocks were cut into longitudinal 7um thick serial sections
on a HM340E rotary microtome (Thermo Fisher Scientific,
USA). Deparaffinized sections were stained to assess the post-
traumatic reaction of spinal ganglion neurons. Every 5th serial
section was stained with 5% azure and eosin according to
Romanovsky (Minimed, Russia) to visualize neuronal nuclei for
cell survival analysis. To assess the response of small diameter
neurons, every 5th serial section of the spinal ganglion was
stained with Isolectin-B4 fluorescence cytoplasmic marker [lectin
from Bandeiraea simplicifolia (BSi-B4)] (IB-4) (Sigma, L2895,
1:200) and counterstained with the nuclear dye DAPI (Sigma)
before visualization.

Statistical Analysis

For all parameters of the given experimental groups, mean,
and standard deviation were calculated and data presented as
mean =+ standard error of the mean (SEM). Student’s t-test,
one-way analysis of variance (ANOVA) with Tukey’s test or
two-way analysis of variance (ANOVA) were used for multiple
comparisons between all experimental and control groups.
The differences were considered significant if the probability
threshold was <0.05% (p < 0.05). Data were analyzed using the
Origin 7.0 SRO Software (OriginLab, Northampton, MA, USA).

RESULTS

ADSCs isolated from rat adipose tissue had a fibroblast-like
morphology and high proliferative activity. They expressed
CD29, CD34, CD90 but not CD34, and CD45, confirming
their MSC phenotype (Figure 1). Established ADSC cultures
were then genetically modified to express e-GFP in order to
generate a fluorescent line for cell tracing. Fluorescent green
cells were detected 48h after transduction and a population
of ADSCs expressing >90% eGFP was obtained after sorting

(Figure 2) Transplantation of fluorescent sorted cells allowed the
visualization of MSC integration in the injured area.

Examination of the sciatic nerve longitudinal sections after
transplantation demonstrated ADSCs-eGFP on the surface of
epineurium as part of the FG and in the sciatic nerve at day 7 and
14 of the autologous nerve repair. Although it was not possible to
count the absolute number of cells under the epineurium, the e-
GFP fluorescence enabled the assessment of the migration ability
of ADSCs. Cells applied in fibrin glue on the surface sciatic nerve
actively migrated under the epineurium through nerve sutures
and moved mainly retrogradely (Figures 3A,B). After 7 days,
cells migrated on average 1-2mm and cells covered 5-7 mm
distance 14 days after the application. However, ADSCs were not
able to move through the intact epineurium connective tissue
(Figure 3C). No fluorescence was found in the AG+FG group
where the autologous nerve graft was covered with FG without
ADSCs (Figure 3D).

ADSCs applied together with FG on the area of the sciatic
autologous nerve graft stimulated the recovery of extremity
motor function. At the late stages, the parameters of motor
activity in the AG+FG+ADSCs group increased on average by
26% (p < 0.05) as compared to the AG group and by 28% (p <
0.05) as compared to AG+FG group (Figure 4).

Assessment of muscle bioelectric activity did not reveal
significant differences in CMAP threshold and CMAP latency
among the compared groups on the 30th and 60th days after
trauma. Initial CMAP amplitude didn’t differ between the
AGHFG+ADSCs group, the AG+FG-group, and control group.
CMAP amplitude was only 50% from initial on the 30th day after
trauma, showing axonal loss in sciatic nerve, persisting up to
60th day in both groups. The duration of CMAP in the groups
with sciatic nerve injury decreased substantially 30 days after the
injury as compared to the measurements in intact animals but at
the same time the CMAP duration was significantly higher in the
AG+FG+ADSCs group than in the AG4+FG-group. Unlike the
CMAP amplitude, the CMAP duration increased and reached the
control group level in the 60 days after trauma. No differences in
CMAP duration revealed between the AG+FG+ADSCs group
and the AG+FG-group (Figure 5).

When assessing the restoration of blood supply by laser
doppler, the vascularization parameters in the AG+FG+ADSCs
group were already restored at 14 days after the injury to levels
similar to those of intact animals, whereas in the AG+FG group
the blood supply of the distal nerve segment was still decreased.
However, no difference among the groups was found after 30
days (Figure 6).

Morphological examination of the sciatic nerve longitudinal
sections revealed several changes associated with the injury
when compared to the intact nerve (Figure 7A). Myelin fibers
were found degenerated, with myelin breakdown in the area of
the autologous nerve grafting and areas close to graft oedema.
Schwann cell nuclei acquired a damaged round shape and
were displaced to the periphery of the cylinder (Figure7B).
After transplantation, analysis of the anastomosis area revealed
migration of macrophages under the epineurium and areas of
hemorrhage with necrotic changes of small vessels (Figure 7C).
Importantly, the epineurium preserved its integrity and residues
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FIGURE 2 | LV-eGFP transduced rat ADSCs. (A) e-GFP expression 48 h after transduction. Scale bar, 100 um. (B) Flow cytometry analysis of e-GFP 48h after
transduction. (C) Flow cytometry analysis of e-GFP-sorted cells used for transplantation.

of fibrin glue with large-sized cells and clearly visible nuclei onits ~ Here, destructive changes were observed not only in myelin
surface were found in the AG+FG+ADSCs group (Figure 7C).  fibers, but also in elastic fiber that acquired a denser and
Degenerative changes spread both to central and distal directions. ~ more convoluted structure (Figure 7D). The transplantation of
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eGFP/ DAPI

FIGURE 3 | Confocal miscopy images of longitudinal sections of the rat sciatic
nerve after 7 (A,C) and 14 (B) days in the AG+FG+ADSCs group and 14 days
in the AG group (D). (A,B) The area of anastomosis of sciatic nerve after 7
days (A) and 14 days (B) the penetration of ADSCs-eGFP through the suturing
area is shown. (C) The inability of ADSCs-eGFP invasion through the intact
epineurium is shown. (D) Absence of fluorescence in the AG-group is shown.
#, the needle hole; a dotted line, nerve anastomosis. The green fluorescence
indicates transplanted cells expressing e-GFP; blue fluorescence indicates cell
nuclei stained with DAPI. Scale bars: 100 wm.
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FIGURE 4 | Evaluation of motor function restoration of the hind extremity of
rats (Sciatic Functional Index—test). Error bars represent standard error mean.
Differences were statistically significant between the groups (*), between
groups AG+FG+ADSCs and AG; (**), between groups AG+FG+ADSCs and
AGHFG ( **-P < 0.05, one-way ANOVA, Tukey’s test).

ADSCs with fibrin glue significantly improved the described
degenerative changes.
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Duration of CMAP (in milliseconds). Differences were statistically significant
between the groups (*), between AG+FG+ADSCs and AG-groups; (*),
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FIGURE 6 | Indicators of vascularization of the distal stump of the sciatic

nerve at 14 and 30 days after AG. Differences were statistically significant
between the groups *, between experimental groups (*P < 0.05, one-way
ANOVA, Tukey'’s test).

masses with the much smaller diameter than that of
intact animals (Figures 8A,D,G). However, the number of
myelin fibers in the nerve distal segments 30 days after the
surgery in the AG+FG+ADSCs group was increased by
around 18 % (p < 0.05) compared to the AG+FG group.
The number of myelin fibers in the both groups was increased
by a further 20% 60 days after the surgery compared to day 30
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A

A TR

50 um, (C,D) 100 pm.

FIGURE 7 | Longitudinal sections of rat sciatic nerve. Intact nerve (n, nuclei of Schwann'’s cells; v, blood vessel; mf, normal myelin fibers) is shown in (A), sciatic nerve
7 days after the operation is shown in (B-D). (B) Autotlogus nerve graft area showing degenerated myelin fibers with oedema (dmv) with degenerated nuclei of
Schwann'’s cells (n). (C) Location of nerve anastomosis—central part indicated by arrow, *the needle hole, a dotted line separates epineurium from the top-located
fibrin glue with ADSCs, macrophage aggregation, necrotic altered blood vessels (nv) with a hemorrhage area, and degenerated myelin fibers (dmf) under the
epineurium. (D) Distal segment of the nerve with degenerative changes of myelin fibers (dmf) and elastic fibers (ef). Hematoxylin and eosin staining. Scale bar (A,B)

(p < 0.05) (Figure 8]). The number of neurons of the L5 spinal
ganglion decreases in all groups after the injury as compared to
intact animals. The number of neurons decreased even further
by 60 days after the surgery. Although chromatolysis was visible
in the neurons 30 days after the sciatic nerve autografting
(Figures 8B,E,H), the number of neurons of the L5 spinal
ganglion was significantly higher in the AG4+FG+ADSCs groups
compared to AG+FG and AG. The same increase was found 60
days after the surgery, demonstrating the regenerative capacity of
the grafted ADSCs (Figure 8K).

Assessment of the IB4+ neurons after transplantation
demonstrated that IB4 expression was found not only in small
(up to 30pum in diameter) but also in medium-sized (up
to 50 um) neurons (Figures 8C,EI). Although, an expected
decrease in the number of IB4+ positive cells was found
in injured animals, a significant increase of IB4+ neuron
was found in the AG+FG+ADSCs group both at day 30
and day 60 after transplantation compared to the AGH+FG
control group (Figure 8L).

Therefore, altogether the changes observed after autologous
transplantation demonstrated the enhanced regeneration
capacity of ADSCs in fibrin glue that resulted in motor function
recovery after injury.

DISCUSSION

Autologous nerve grafting is the gold standard procedure to
ensure nerve continuity restoration in cases of diastasis after

experimental injury induced to model neurodegenerative and
regenerative post-traumatic processes. Indeed, the autologous
conduit is biocompatibe and contains autologous Schwann
cells and extracellular matrix structural proteins contributing to
neuron survival and stimulating the regeneration of damaged
axons (36, 37). Using functional tests, electroneurophysiology
assessment, vascularization assessment, and morphometric study
of the sciatic nerve and L5 spinal ganglion, in this study we were
able to confirm that surgery aimed at approximating the ends of
an injured nerve is not enough to achieve complete regeneration.
Therefore, regeneration stimulation by means of application
of autologous ADSCs to the area of nerve injury allowed a
significant enhancement of regeneration through stimulation of
angiogenesis and neuroprotection.

The rate and degree of nerve fiber de- and regeneration
after damage is a complex process associated with inflammation,
adhesion, regulation of neurotrophic factors, neurotransmitter
synthesis and release, formation of the nerve growth cone,
neuron survival, growth of axons and myelination, and many
other factors (38, 39). At the same time, immune reactions taking
place in the injury area cause the expression of pro-inflammatory
transmitters around the damaged tissue and contribute to the
development of scar tissue, nerve fibrosis (40), neuromas, and
hyperplasia which impact on nerve damage and on conduction
restoration after injury (41).

During nerve fiber regeneration the central segment of
the neuronal axon interacts with glial components and grows
according to the concentration gradient of chemical factors
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FIGURE 8 | Morphology and number of fibers and neurons in intact and transplanted animals. Top line (A-C), intact animals; second line (D-F), AG + FG + ADSCs
group 30 days after the injury; third line (G-I), AG + FG group 30 days after the injury. Scale bar scale 50 pm. (A,D,G) Light microscopy images of myelinated fibers
fixed in osmium and stained by methylene blue. (B,E,H) Light microscopy images of L5 DRG neurons stained by azure-eosin. (C,F,l) Confocal microscopy images of
IB-44 neurons stained with the fluorescent cytoplasmic marker Isolectin-B4 [lectin from Bandeiraea simplicifolia (BSi-B4)]. (J) Number of myelin fibers in the distal
stump of the sciatic nerve; (K) Number of L5 DRG neurons; (L) Number of IB-4+ neurons L5 DRG. Differences were statistically significant between the groups (*)
between experimental groups, (**) between intact and experimental groups (** **-P < 0.05, one-way ANOVA, Tukey’s test).
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against the background of reactive changes in the sensory
neurons and degenerative processes in the peripheral segment
of the nerve. The success of reinnervation depends on the
ability of axons to reach their target organ. It is known that the
sciatic nerve is comprised of processes of motor and sensory
neurons with trophic function. If there is no contact with the
axon, Schwann cells activate the synthesis of neurotrophic factors
such as nerve growth factor (NGF), fibroblast growth factor
(bFGF), and the ciliary neurotrophic factor (CNTF) (42, 43).
These factors, together with ATP and neuregulin released from
the proximal nerve ends (44, 45) promote the formation of new
Schwann cells (46) and, together with acetylcholine, stimulate
their further proliferation (47).

Functional stimulation of the innervated area stops when the
sciatic nerve is transected, and the secretion or action of co-
transmitters and trophogens is increased (48). From the survival
of neurons directly depends on the speed and quality of recovery
of the motor and sensitive function of the injured extremity.
We demonstrate that on days 7 and 14, the recovery of motor
function in the AG+FG+ADSCs and AG+FG groups is lower
than in the AG group, however, it is very early to talk about any
therapeutic effect on these periods. This fact at this time is due
to the mechanical effect of FG on the sciatic nerve. Normally,
the sciatic nerve passes freely between the muscles, and the
placement of fibrin glue on its surface leads to its adhesion to the
muscles, creating the effect of scarring. The result of the influence
of the ADSCs observed in 14 days after the injury, when the cells
that have penetrated into the nerve thickness begin to show their
therapeutic effect. Neuron regenerative potential is preserved 2
to 15 days after nerve transection and up to several months after
nerve crush. This interval is believed to be the most favorable for
regeneration stimulation and support of neuron survival (49, 50).

Absolute  difference in CMAP  duration between
AG+FGH+ADSCs and AGHFG groups is not big despite
statistical significance that rise the question of biological
meaning of this observation. But they correspond with higher
results of motor activity in AG4+FG+4ADSCs group from 21 to
35 days after trauma. Therefore, we suppose that this difference
reflects higher amount of motor axons of sciatic nerve in
AGHFG+ADSCs group.

Therefore, the assessment of the number of spinal ganglion
neurons after the injury is essential for understanding the
mechanisms of spontaneous sciatic nerve regeneration,
estimation of quality of surgical procedures aimed at nerve
structure restoration, and methods of stimulation of post-
traumatic regeneration. L4-L5 spinal ganglia contain 98-99% of
nerve cell bodies whose axons form the rat sciatic nerve (51). It
is known that sciatic nerve axotomy results in the death of spinal
ganglion neurons (52-55) and we demonstrated low neuron
survival rate in the L5 spinal ganglion up to day 60 after the
injury. When assessing the total neuron count, it was found that
small diameter pain neurons are more vulnerable.

We showed that after sciatic nerve injury IB4 expression is
found not only in small pain neurons but also in medium-sized
neurons. IB4 is believed to be a marker of small nociceptive
neurons that have unmyelinated processes in the sciatic nerve

innervating the epidermis and showing lower survival both
in vitro and in vivo (56). Therefore, this type of neurons is
more prone to cell death as compared to medium and large
diameter neurons, which is consistent with our results. Sensory
IB-4+ neurons are less flexible and grow worse after axotomy.
After sciatic nerve injury, IB4 neuron terminal axons can show
retraction (57) and have substantially lower regeneration ability
(58). It is therefore likely that IB4 expression in some medium
diameter neurons after nerve injury could be due to axon
growth inhibition.

Although molecular mechanisms underlying the death of
spinal ganglion neurons in response to nerve axotomy are
not fully understood, there is enough evidence of the role
played by injury severity on neuron apoptosis and potential
ability of axons to grow to respective distal receptors (59).
Exogenous trophic factors can counteract the post-traumatic
death of sensory neurons. Transplanted ADSCs may produce
neurotrophic factors as cells transplanted into the nerve show
retrograde neuroprotective effect on respective sensory neurons
(52, 53). The beneficial effect of cell therapy can be seen in
as little as the first week after the surgery (60). Therefore, it
can be speculated that the presence in an injured nerve of
exogenous progenitor cells with high paracrine activity in the first
several days after the injury promotes axon growth and survival.
Indeed, we did observe a significant increase in the number of
myelin fibers L5 and IB4+ neurons after ADSCs transplantation,
suggesting a trophic action of MSCs after injury.

In addition, morphological assessment of nerve structure at
early stages after the injury revealed inflammation both in groups
with cell stimulation and in control groups. The severity of
inflammation was, however, much lower in the group treated
with ADSCs.

In order to assess the extent of regeneration and its clinical
relevance, we performed functional tests as the examination of
morphological changes in the injured sciatic nerve often showed
discrepancy between histopathological changes and functional
observations (61).

We showed that nerve reconstruction by means of autologous
nerve repair considerably reduces the ability of the operated
extremity to move. It may be that nerve injuries go hand in hand
with neuropathic pain (62) but we demonstrated that ADSCs can
induce a significant increase in the sciatic functional index and
associated motor function recovery.

Several studies demonstrated that transplanted MSCs can
directly influence angiogenesis by influencing all the stages of
vessel formation and maturation (63). Indeed, MSCs secrete
cytokines and growth factors stimulating survival, growth, and
differentiation of vascular endothelium (64), thus preventing the
formation of neurotrophic ulcers caused by vessel destruction
and ischemia. It is likely that the restoration of blood flow
in the operated sciatic nerve could be associated with the
activation of proangiogenic factor expression by transplanted
ADSCs, such as fibroblast growth factor and endothelial growth
factor (65, 66).

With the help of nerve conduction studies, we were able
to assess the functioning of sciatic nerve motor fibers. Since
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fast-conducting fibers, such as axons of motor neurons (type
Aa) and afferent muscle fibers (type A), are thicker than
slow-conducting, the process of their recovery takes more time.
Unmyelinated neuron axons (type C), such as axons of the spinal
ganglion sensory neurons, involved in the transmission of pain
(67), temperature, and postganglionic sympathethic transmission
are the slowest ones (68). Decreased amplitude and shortened
CMAP duration by day 30 reflected the loss of sciatic nerve axons,
most probably due to wallerian degeneration. In the period from
day 30 to day 60 no increase in the CMAP amplitude was
registered but the CMAP duration increased, thus demonstrating
the increasing number of functionally active axons in the
experimental and control groups. These changes also evidenced
incomplete remyelination of regenerated axons and subsequent
CMAP dispersion, which at early stages of re-innervation
caused increased CMAP duration with unchanged amplitude.
Significantly longer CMAP duration in the experimental group
as compared to the control group by day 30 could be a sign of
earlier regeneration under the influence of ADSCs, which is in
line with the data we obtained for the number of myelin fibers
in the distal nerve segment. The number of myelin fibers in the
distal sciatic nerve segment increased in all studied groups but
this parameter was higher in the group with ADSCs.

Altogether, our morphological and functional data
demonstrate the beneficial effect of cell therapy with ADSCs.
ADSCs transplanted with FG which facilitate the joining of
the segments of the transected sciatic nerve, entered under
the epineurium through the junctions of nerve segments,
directionally migrated predominantly retrogradely, contributed
to the sensory neurons survival through stimulating the growth
of their axons, and promoted conduit vascularization by
restoring the motor function of the injured extremity.

We cannot rule out a possible transdifferentiation of ADSCs
into Schwann cells which could be responsible for the augmented
regeneration observed; this possibility, however, warrants further
investigation. Taking into account that Schwann cells play a key
role in peripheral nerve survival and functioning (68), we believe
that transplantation of ADSCs provides the optimal conditions
for regeneration. Importantly, cell transplantation should be
carried out in the acute traumatic period with minimally invasive
delivery by application of potential regeneration stimulants as
part of fibrin glue in order to achieve effective repair of peripheral
nerve damage.

CONCLUSION

Our data suggest that MSCs transplanted in fibrin glue to the
place of nerve injury have a neuroprotective effect on DRG
L5 sensory neurons, stimulate axon growth, and myelination.
We propose a new method of MSCs delivery to the area of
traumatic injury by using fibrin glue. This method of delivery
of regeneration stimulants could be beneficial for the successful
treatment peripheral nerves injuries and easily translate to
the clinical practice.
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Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic
inflammation of synovium (synovitis), with inflammatory/immune cells and resident
fibroblast-like synoviocytes (FLS) acting as major players in the pathogenesis of this
disease. The resulting inflammatory response poses considerable risks as loss of bone
and cartilage progresses, destroying the joint surface, causing joint damage, joint failure,
articular dysfunction, and pre-mature death if left untreated. At the cellular level, early
changes in RA synovium include inflammatory cell infiltration, synovial hyperplasia, and
stimulation of angiogenesis to the site of injury. Different angiogenic factors promote
this disease, making the role of anti-angiogenic therapy a focus of RA treatment. To
control angiogenesis, mesenchymal stromal cells/pericytes (MSCs) in synovial tissue
play a vital role in tissue repair. While recent evidence reports that MSCs found in joint
tissues can differentiate to repair damaged tissue, this repair function can be repressed by
the inflammatory milieu. Extremely-low frequency pulsed electromagnetic field (PEMF), a
biophysical form of stimulation, has an anti-inflammatory effect by causing differentiation
of MSCs. PEMF has also been reported to increase the functional activity of MSCs
to improve differentiation to chondrocytes and osteocytes. Moreover, PEMF has been
demonstrated to accelerate cell differentiation, increase deposition of collagen, and
potentially return vascular dysfunction back to homeostasis. The aim of this report is
to review the effects of PEMF on MSC modulation of cytokines, growth factors, and
angiogenesis, and describe its effect on MSC regeneration of synovial tissue to further
understand its potential role in the treatment of RA.

Keywords: pulsed electromagnetic field (PEMF), rheumatoid arthritis (RA), mesenchymal stromal cells/pericytes
(MSCs), osteogenesis, chondrogenesis, angiogenesis

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease affecting over 1.3 million Americans,
and as much as 1% of the population worldwide (1). Although RA predominantly affects large and
small joints, it can affect other organs in the body, including those of the cardiovascular, pulmonary,
and ophthalmologic systems (2). The pathophysiology of RA includes abnormal activation of blood

Frontiers in Immunology | www.frontiersin.org 142

March 2019 | Volume 10 | Article 266


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00266
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00266&domain=pdf&date_stamp=2019-03-04
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:chrross@wakehealth.edu
https://doi.org/10.3389/fimmu.2019.00266
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00266/full
http://loop.frontiersin.org/people/603986/overview
http://loop.frontiersin.org/people/684885/overview
http://loop.frontiersin.org/people/138372/overview

Ross et al.

PEMF and MSC for Treatment of RA

cells, namely macrophages, T-cells, and B-cells, which produce
pro-inflammatory mediators (e.g., cytokines and growth factors)
that initiate an inflammatory cascade that leads to joint damage
(i.e., bone erosions) and systemic complications (3). Current
treatments include corticosteroids, traditional disease-modifying
anti-rheumatic drugs (DMARD:s), and anti-cytokines (biologics);
however, these drugs have adverse effects which can be severe,
including osteoporosis, alterations of metabolism, infection,
bone marrow suppression, hepatitis, and an increased risk of
malignancies (4-6). As the disease progresses, joints are damaged
resulting in impaired range of motion, joint deformity, and
dysfunction (7). Although the currently approved drugs are
known to prevent further joint damage, the effect of these drugs
in repairing bone erosions has yet to be demonstrated, and
pro-anabolic agents are needed to promote bone formation at
the erosion sites (8). Therefore, innovative and safe strategies
aimed at both reducing inflammation and promoting tissue
regeneration are urgently needed to inhibit the progression
of RA.

A promising novel strategy for the treatment of RA is the
local or systemic delivery of extremely low frequency pulsed
electromagnetic fields (PEMF) to target mesenchymal stromal
cells/pericytes (MSCs) to improve their ability to modulate
immune responses and repair tissue. PEMF are physical stimuli
that affect biological systems through the production of coherent
or interfering fields that modify fundamental electromagnetic
frequencies generated by living organisms (9, 10). PEMF activate
multiple intracellular pathways, including numerous processes
and biochemical mechanisms within both the immune and
microvascular systems. There are two methods in which PEMF
can be applied to biological tissues: capacitive or inductive
coupling. In direct capacitive coupling, an electrode must be
placed on the tissue (11); however, in non-direct capacitive
coupling/inductive coupling, electrodes do not have to be in
direct contact with the tissue because the electric field produces a
magnetic field that, in turn, produces a current in the conductive
tissues of the body (11-13). PEMF therapy is based on Faraday’s
law, a basic law of electromagnetism that predicts how a
magnetic field will interact with an electric circuit to produce
an electromotive force known as electromagnetic induction. This
law dictates the more charge that is needed, the higher the
intensity of the PEMF signal needs to be. This is represented by
the equation dB/dT, where B is peak magnetic intensity, T is time,
and d is the derivative (or change) in these units. Since the PEMF
signal needs to be able to pass deep enough through the tissue
to produce healing results, field intensity, frequency, and time of
exposure are all important components in the dosimetry. PEMF
follows the inverse square law, so it drops off exponentially from
the distance of the surface of the coil; therefore, the closest tissue
to the coil (applicator) gets the maximum intensity, and furthest
tissue from the coil gets the least intensity.

PEME can alter cell function by triggering the forced vibration
of free ions on the surface of the plasma membrane, causing
external oscillating field disruptions in the electrochemical
balance of transmembrane proteins (ion channels) (9, 14). It has
been suggested that PEMF may be propagated and effectively
amplified along the entire signal transduction pathway, thereby

modifying cell behavior (15-17). Indeed, several studies have
reported that PEMF can modulate both cell surface receptor
expression/activation, and downstream signal transduction
pathways, thereby restoring homeostatic cell functions such
as viability, proliferation, differentiation, communication with
neighboring cells, and interaction with components of the
extracellular matrix (ECM) (18-23).

By modulating the expression of various signaling cascades
and cellular information processing networks to potentially
restore them to homeostatic (healthy) production levels, PEMF
is showing promise as a treatment for autoimmune diseases
such as RA (24-27). Changes in the cells microenvironment
are integrated into a survival response by complex signal
transduction mechanisms (28). Lipid nanopores forming stable,
ion channel conduction pathways in the plasma membrane of
cells (29), explain the conduction of ions into the cell from
the extracellular space, specifically calcium (Ca?*) ion flux (17,
30, 31). It has been postulated that a direct effect of PEMF
on phospholipids within the plasma membrane stimulates the
production of second messengers, initiating multiple intracellular
signal transduction pathways (32-34).

PEMF intensity is dependent upon wave amplitude/field
strength measured in units of Tesla (T), or Gauss (10,000 T).
In order to deliver a therapeutic PEMEF it is necessary to
optimize three important parameters: frequency, intensity, and
duration/time of exposure (9). Previous studies have conclusively
shown that optimization of the frequency, intensity, and time
of exposure is helpful in attaining consistent beneficial results
in experimental arthritis in rats (35-37). A 5Hz frequency, 4
microT (WT) intensity, applied for 90 min to the rat paw was
reported to be the optimal dosimetry for lowering edema, and
reducing swelling, inflammatory cell infiltration, hyperplasia,
and hypertrophy of cells lining the synovial membrane (37).
Preliminary studies in humans have also reported that PEMF
can reduce chronic joint swelling and pain in patients with RA
(25). Further, the beneficial effects of PEMF have been reported
to last up to 3 months or longer in human patients with chronic
inflammatory/autoimmune disorders (38) with no evidence of
adverse effects (39).

PEMF MODULATES RA TISSUE
PATHOGENESIS VIA MODULATION OF
MSCS AND FLS

Normal synovium composition consists of a well-organized
matrix of fibroblast-like cells (FLS) and macrophage-like cells
known as synovial cells or synoviocytes. The joint-lining
synovial membrane consists of a layer of macrophage-like
(type a) synoviocytes, fibroblast-like synoviocytes (FLS-type
b), and mesenchymal stromal cells (MSCs) (40). In RA, the
synovium becomes infiltrated by cells of lympho-hematopoietic
origin, namely T-helper cells, B cells, and macrophages, which
cause synovial hyperplasia and neoangiogenesis (7, 41, 42).
The resulting inflammatory response poses considerable risks
for joint damage, and articular dysfunction if left untreated
(43). Type A synoviocytes are CD163+, CD684, CD141/1°
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cells that localize to the intima and the subintimal layers
of the synovial membrane and proliferate in response to
inflammatory conditions. Under pathological conditions,
Type A (macrophage-like) synoviocytes contribute to cartilage
destruction by producing pro-inflammatory cytokines. They
originate in the bone marrow, like other mononuclear
phagocytes, and are constantly replaced via the circulation.
In rheumatoid synovium sections, 80-100% of the synovial
lining cells are macrophage-like cells functioning as antigen
processing- and antigen-presenting cells to T lymphocytes (44).
Type A synoviocytes also induce the formation of osteophytes
through the release of transforming growth factor-beta (TGF-p)
3 and bone morphogenetic proteins (BMP)-2 and BMP-4 (45).

FLS, a heterogeneous population of fibroblastic cells, express
CD55 and also play a central role in the maintenance of
joint inflammation and the destruction of cartilage (8, 46).
RA joint pathology is characterized by chronic inflammation
of the synovium (synovitis), which causes cartilage and bone
erosion between inflammatory/immune cells and resident FLSs
(47). Under healthy conditions, these cells contribute to the
homeostasis of normal joints by synthesizing extracellular
matrix (ECM) molecules and secreting specific components of
synovial fluid (48). Synovial Fibroblasts respond to inflammatory
cytokines, mainly TNF-a, by producing a large variety of
inflammatory mediators along with tissue destruction (49, 50).

MSCs are also shown to be present in various areas of the joint
(51). Immunoregulatory function of MSCs can be modulated
by proinflammatory cytokines such as IFN-y, TNF-«, and IL-
la or B (52). Synovial MSCs express CD44, CD90, CD271,
and UDPGD, required for hyaluronan synthesis, and possess
high chondrogenic potential (53). Synovial MSCs, which when
healthy, maintain tissues and facilitate the repair process. While
both FLSs and MSCs are part of the synovium, their functional
specialization and diversification may be dependent on their
positional information and environmental cues (54); however
the relationship between MSCs and FLSs remains unclear. MSCs
in the synovial lining could be perhaps stem cells interspersed
between the FLSs and synovial macrophages. Alternatively, the
FLSs could be a stage of differentiation of the MSC lineage,
taking on FLS-specific properties, but still maintaining their MSC
lineage (54).

While immune cells have been extensively investigated in the
pathogenesis of RA, little is known about the in vivo functions
of FLSs/MSCs in the regulation of immune homeostasis in
physiology and their contribution to immune regulation in
RA. Under normal conditions, FLSs/MSCs would control
the degree of immune responses; however, the inflammatory
environmental signals cue inflammatory cells, unsettling the
immunomodulatory functions of FLSs/MSCs, damaging the
pannus, contributing to chronic disease maintenance and
progression (55). Aberrant cross-talk between FLSs/MSCs and
immune cells (T-cells, B cells and macrophages) could be
a vicious cycle of chronic RA progression (54). This could
be due to MSCs ability to express inflammatory mediators
such as prostaglandin E, and IL-6. Also enzymatic production
of arachidonic acid enhanced in MSCs by TNF-a or IFN-
vy have a deleterious effect on immune cells in the RA

microenvironment (56). Thus, heterogeneity of MSCs in terms
of immune and hematopoietic function can either maintain
immune homeostasis or promote RA pathogenesis.

Healthy MSC function has been shown to inhibit
inflammatory responses and improve regeneration (57, 58) by:
(a) inhibiting inflammatory cell infiltration and inflammatory
cytokine release (59); (b) activating regulatory T-cells (Tregs)
(60); and (c) influencing the transition from Th1 cells toward
Th2 cells (61). MSCs exert their regulatory activities through the
release of immunomodulatory molecules such as IL-10, TGF-f,
PGE;, and indoleamine 2,3-dioxygenase (IDO) (62, 63). In
addition, MSCs are able to polarize macrophage differentiation
toward the anti-inflammatory M2 phenotype in vitro and in
vivo (64, 65); inhibit T-cell proliferation (61, 66); and induce
the formation of Tregs (67, 68). As such, MSCs are an attractive
target for immunomodulation, particularly in the treatment of
cartilage injuries and diseases such as RA (54), as modulation
of resident synovial MSCs could lead to the control of the
inflammatory immune response (57) and ultimately decrease the
RA-associated angiogenesis processes.

Stimulation of resident MSCs, or other tissue specific
cells to improve inflammation and/or tissue regeneration, is
a relatively new concept in medicine that could potentially
be achieved by the use of PEMF (10, 69-72). PEMF has
the potential to prevent aberrant and promote healthy MSC
function. PEMF has been shown to induce differentiation of
MSCs to promote immunomodulation and improve cartilage
and bone regeneration in vitro (10) and in vivo (73).
Stimulation of chondrogenesis in situ through PEMF could
lead to an increase of cartilage matrix and collagen levels
in RA damaged joints (24, 26, 27, 30, 74, 75). In addition,
PEMF promotes proliferation of endogenous chondroblasts
(73), supports the enhancement of cartilage regeneration (76),
and potentiates MSCs' anti-inflammatory responses. In RA,
PEMEF also upregulates adenosine receptors to increase anti-
inflammatory effects on both chondrocytes and FLS and reduces
levels of enzymes produced by FLS and osteoclasts that lead to
bone destruction (24, 27, 77) (Table 1).

PEMF AS AN ALTERNATIVE TO
BIOLOGICS IN THE TREATMENT OF RA

The cytokine network in RA is complex and involves an
interplay of both pro-inflammatory and anti-inflammatory
cytokines. Regulating this cellular microenvironment is
essential to maintaining healthy MSC phenotype. In RA, the
macrophage-mediated inflammatory response is the main
source of proinflammatory cytokines, including TNF-a, IL-18,
IL-6, C-X-C motif chemokine ligand 4 (CXCL4), and CXCL7
(83). While data from clinical trials show some efficacy using
biologic drugs, the blockade of these cytokines does not fully
control RA in all patients (84, 85). Interleukin-4 (IL-4) and—10
(IL-10) are pleiotropic cytokines considered to be promising
modulators to control RA, as these regulatory mediators may
have a direct inhibitory effect on the macrophage activity in
the synovium (86, 87). While the targeted suppression of key
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TABLE 1 | Frequency Specific Effects of PEMF on cells and tissues associated with RA.

Authors Frequency Field strength (mT) Time of exposure Outcome
(Hz)

Chen et al. (78) 15 2 8 h/day Increased cartilaginous matrix deposition and enhanced
chondrogenic gene expression in SOX-9, COL II, and
aggrecan in MSCs

De Mattei et al. (79) 75 2.3 At1, 6,9, and 18h for 3 and 6 days Increased proliferation of human articular chondrocytes

Esposito et al. (80) 75 1.80r3 8 h/day for up to 21 days Increased cell division, cell densities, COL Il, and
chondrogenesis in MSCs

Fitzsimmons (73) 15 1 A single 30 min exposure Prevented increases in NO, cGMP, and increased DNA
content in proliferation rates of chondrocytes

Meyer-Wagner et al. (69) 15 5 45min every 8h, 3x/day for 21 days  Increased GAG/DNA and improved chondrogenic
differentiation via COL Il in BM-MSCs

Parate et al. (81) 15 2 1 application for 10 min Increased Sox-9, COL II, and aggrecan. Stimulated
chondrogenesis via calcium homeostasis in MSCs

Varani et al. (82) 75 1.5 Continuously for 1 week Upregulated Aoa and Ag ARs increasing anti-inflammatory

properties in both chondrocytes and FLS

PEMEF, pulsed electromagnetic field; Hz, Hertz; mT, milliTesla; h, hour; d, day; NO, nitric oxide; BM-MSCs, bone marrow mesenchymal stromal cells; GAG, glycosaminoglycans; cGMP,
cyclic guanosine monophosphate; COL, collagen; AR, adenosine receptor; FLS, fibroblast-like synoviocytes.

inflammatory pathways involved in joint inflammation and
destruction allows better disease control, it comes at the price of
elevated infection risk, since blockade of these pathways can lead
to broad immunosuppression (88, 89). In addition, these drugs
are expensive, costing around $1,000-$3000 US per month,
and the risks of prolonged treatment remain uncertain (87).
While biologic drugs for RA work by halting the progression
of joint damage, and sometimes pushing RA into remission,
preliminary evidence shows loss of efficacy over time; therefore,
rotation between available biological drugs is often necessary
to maintain a good clinical response (89). Another unknown
is the appropriate treatment duration for biologic medications.
Once remission of the disease is achieved, it is unclear whether
the drugs need to be maintained, or if they can safely be
suspended (87, 90).

The pro-inflammatory transcription factor nuclear factor
kappa B (NF-kB) plays crucial roles in the regulation of
inflammation and immune responses by controlling the
transcription of multiple cytokine genes (e.g., TNF-a, IL-1, IL-6,
and INF-y), as well as genes involved in cell survival. Given its
central role in the control of inflammation and immunity, it is
not surprising that inappropriate NF-kB activity has been linked
to many autoimmune and inflammatory diseases, including
RA (91-93). Exposure to PEMF induces early upregulation
of adenosine receptors Azp and Aj that reduce PGE, and
pro-inflammatory cytokines such as TNF-a, which combine to
inhibit the activation of transcription factor NF-kB (94, 95).
Specifically, at 5Hz, 0.04 mT, a 1h exposure to PEMF has been
shown to down-regulate both NF-kB and TNF-a in murine
macrophages (75). By inhibiting NF-kB activation (94), exposure
to PEMF led to decreased production of TNF-a, IL-1f, IL-6,
and PGE, in human chondrocytes, osteoblasts, and synovial
fibroblasts (94, 96).

It is important to note inflammatory cytokines can
prevent MSCs differentiation, repressing their stem cell
function. Cytokines, ions, growth factors, and chemokines

modulate physiological processes of MSCs through their
microenvironment (97). In both animal and clinical trials,
TNF-a, IL-1f, IL-6, PGE,, and the anti-inflammatory cytokine
IL-10 have all been shown to be modulated by PEMF (98-101).
Exposure to PEMF has also been shown to stabilize plasma
membrane Ca’* ATPase (PMCA) activity (35). PMCA is
a transport protein that removes Ca’™ from the cell, and
thereby regulates the intracellular concentration of Ca?* in
all eukaryotic cells (102). These extremely low frequencies
have a documented record of long-term safety, and their anti-
inflammatory properties are well-established in animal arthritis
models (35, 37). In double-blind clinical trials in which the knees
and spine of RA patients were exposed to 5Hz, 10-20 Gauss
PEMF exposure for 10-30 min/day, 3-5x/ week for 1 month,
up to a 47% improvement was documented in various clinical
measures such as pain severity, joint tenderness and range of
motion (24, 103). These beneficial clinical effects were attributed
to PEMF’s ability to significantly reduce the production of the
RA-associated inflammatory cytokines IL-1p, IL-6, TNF-a,
and PGE,, while increasing the levels of the anti-inflammatory
cytokine IL-10 in peripheral blood mononuclear cells (PBMCs)
such as T-cells and macrophages (26, 96, 104).

Table 2 provides a summary of the various parameters with
which PEMF has been explored to-date for its ability to modulate
cytokines and growth factors.

ABILITY OF ELF-PEMF TO POTENTIALLY
RESTORE ANGIOGENIC HOMEOSTASIS

Angiogenesis is the formation of new capillaries from pre-
existing vasculature, and this process plays a critical role in the
pathogenesis of several inflammatory autoimmune diseases such
as RA (106). In RA, excessive infiltration of circulating leukocytes
into the inflamed joint induces synovial tissue macrophages
and fibroblasts to produce inflammatory and proangiogenic
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TABLE 2 | Frequency Specific Effects of PEMF on cytokines and growth factors associated with RA.

Authors Frequency Field strength (mT) Time of exposure Outcomes (in vitro?)
(Hz)

Gomez-Ochoa et al. (26) 50/60 15 15 min/day/days 7, 8, 9 Significantly decreased IL-18 and TNF-a, while increasing
IL-10 in human fibroblasts

Ongaro et al. (96) 75 1.5 24h Inhibited release of PGEy, and IL-1p and IL-6 production,
while stimulating release of IL-10 in synovial fibroblasts

Ross and Harrison (75) 5.1 0.04 1h Inhibited production of TNF-a and NF-kB in macrophages

Tang et al. (105) 15 1 6h Significantly decreased production of IL-1a and IL-6 in
vertebral joint cells

Vincenzi et al. (94) 75 15 24h Inhibited NF-kB activation, and decreased the production of

IL-6 and PGE; in chondrocytes

PEMEF, pulsed electromagnetic field; Hz, Hertz; mT, milliTesla; h, hour; TNF-«, tumor necrosis factor alpha; IL, interleukin;, PGEs, prostaglandin E»; VEGF, vascular endothelial growth

factor; NF-kB, nuclear factor kappa B.

factors, such as TNF-a, IL-1B, IL-6, IL-17, and TGF-f that
trigger neoangiogenesis (95, 106, 107). This inappropriate
neoangiogenesis is also known to play a key role in the abnormal
tissue growth, disordered tissue perfusion, abnormal ossification,
enhanced responses to normal or pathological stimuli (108),
and the development of the hyperplasic proliferative pathologic
synovium (7). This area, called “pannus,” destroys articular
cartilage, subchondral bone, and periarticular soft tissue, further
increasing the density of synovial blood vessels required to
develop the hyperplasic and invasive nature of the RA synovium
(41). Although these newly formed blood vessels deliver oxygen
to the augmented inflammatory cell mass, the neovascular
network is dysfunctional and thus fails to restore tissue oxygen
homeostasis. As a result, the rheumatoid joint remains in
a markedly hypoxic environment (109). Hypoxia has been
shown to activate NF-kB, which in turn activates macrophages,
fibroblasts, and endothelial cells (107), stimulating further release
of proinflammatory cytokines and growth factors (110-112) that
directly or indirectly mediate inflammatory angiogenesis (113,
114). Repetitive cycles of hypoxia and reoxygenation, together
with oxidants produced by phagocytic cells, promote a state
of chronic oxidative stress within the microenvironment of the
affected joint, leading to the generation of reactive oxygen species
(ROS), which can further contribute to tissue damage. Given the
central role neoangiogenesis plays in the pathogenesis of RA,
anti-angiogenic therapy appears ideal.

While angiogenesis forms from new capillaries from
pre-existing vessels, vasculogenesis is established capillarity
formation from endothelial precursor cells (EPCs). Current
understanding of the role of angiogensis and vasculogensis in
RA is a focus of therapeutic intervention (115). Angiogenesis
is profuse in RA and causes defective EPC function, leading
to atherosclerosis and vascular disease in arthritis (115).
Angiogenesis is essential for the expansion of synovial tissue
in RA: pre-existing vessels facilitate the entry of blood-derived
leukocytes into the synovial sublining, to generate and potentiate
inflammation. Several steps are involved in angiogenesis, each
of which is modulated by specific factors (10). The process
starts with growth factors such as vascular endothelial growth
factor (VEGF) and fibroblast growth factor (FGF) binding to

their cognate receptors on endothelial cells (ECs) and activation
of these cells to produce proteolytic enzymes (116). Recent
evidence has emerged that implicates VEGF to be one of the key
players in RA pathogenesis and vascular abnormalities (7, 41).
For example, VEGF expression levels in synovial fluid and tissues
have been shown to correlate with the clinical severity of RA,
and with the degree of joint destruction (117). Proangiogenic
factors such as VEGF are modulators of change in vascular
permeability, and studies suggest that capillaries are more deeply
distributed in the RA synovium, compared with normal tissue
(118, 119). The synthesis of VEGF is induced by cytokines
and growth factors (e.g., TNF-a), and through oxidative stress,
and hypoxia (117, 120). Overexpression of VEGF-C in FLS by
stimulation with TNF-alpha may play an important role in the
progression of synovial inflammation and hyperplasia in RA by
contributing to local lymphangiogenesis and angiogenesis (121).
Both oxidative stress and hypoxia are present within the joints of
RA patients (117). TNF-a has also been reported to induce the
release of VEGF from endothelial cells (122), which can lead to
an imbalance between endothelial cells (EC) tube formation and
the parallel development of MSCs/pericytes and thereby altering
angiogenesis and vasculogenesis (107).

MSCs are perivascular cells that are precursors of pericytes
and adventitial cells that envelop microvessels and surround
larger arteries and veins, as well as the myriad of other stromal
cells that act in concert to maintain/restore tissue homeostasis
(123, 124). Aberrant MSCs can release various inflammatory
cytokines and VEGF (85), enhancing tissue inflammation (108),
and promoting angiogenesis, both of which are of direct
relevance to the pathogenesis of RA (125). Pericytes have been
shown to possess stem-like qualities, and have been hypothesized
to be the in vivo counterparts, or precursors, of MSCs (126-
128). MSC/pericytes are recognized for their central role in
blood vessel formation, and they act as a repair system in
response to injury by maintaining the structural integrity of
blood vessels (129). Pericytes have been shown to both stabilize
and promote capillary sprouting (130). Perivascular pericytes
envelop the vascular tube surface of the inner EC layer that lines
the blood vessel wall (131). Because of their close anatomical
and functional association with ECs, pericytes are thought to
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regulate capillary diameter and physically influence EC behavior
(132) via contraction in response to electrical or neurotransmitter
stimulation (133). Homing of endothelial progenitor cells (EPCs)

to an RA injury site is important for repair of vasculature and
angiogenesis. Applied direct current (DC) electric fields has
been reported to guide EPC migration through VEGF receptor
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TABLE 3 | Frequency Specific Effects of PEMF on angiogenesis-associated RA.

Authors Frequency Field strength (mT) Time of exposure Outcome
(Hz)

Delle-Monache et al. (15) 50 2 1,6,and 12h Significantly reduced the expression and activation levels of
VEGF in HUVECs

Leoci et al. (150) 8 1.05 5 min/2x/day for 3 weeks Reduction in peak gradient blood flow in prostatic hyperplasia

Okana et al. (141) Static 120 24/7 for 10 days Significantly promoted tubular formation in area density and
length of tubules and improved gradient force on vessels

Vincenzi et al. (94) 75 1.5 24h Inhibited VEGF activation in chondrocytes

Wang et al. (148) Static 2-4 24h Significantly inhibited the proliferation ability of HUVECs to

treat pathological angiogenesis

PEMF, pulsed electromagnetic field; Hz, Hertz; mT, milliTesla; HUVEC, human umbilical vein endothelial cell; VEGF, vascular endothelial growth factor; ECs, endothelial cells.

signaling in vitro, controlling EPC behavior to heal injury sites in
the vascular (134). PEMF has also been reported to increase the
number and function of circulating EPCs in treating myocardial
ischemia/reperfusion (I/R) injury in rats (135).

Collectively, these data point to EPCs and MSCs as highly
localized modulators of blood flow (130). It has also been
found that MSCs can stabilize blood vessels and contribute
to tissue and immune system homeostasis under physiological
conditions by assuming a more active role in tissue repair in
response to injury (136). As such, MSCs/pericytes represent a
logical target for new in vivo therapeutic approaches to treating
the vascular abnormalities present in RA and halting disease
progression to restore homeostasis (136). Since PEMF have been
shown to stimulate the production of MSCs (137), and MSCs
can stabilize blood vessels and contribute to immune system
homeostasis, the possibility exists that PEMF could provide a
therapeutic application to restore immune balance and bringing
hypoxic conditions and synovial angiogenesis back to a state
of homeostasis.

MSCs represent an ideal target on which PEMF can initiate
their effects on the aberrant immune response that drives
the pathogenesis of RA. MSCs/pericytes down-modulate the
production of synovial macrophages, which trigger production of
cytokines, such as IL-4, that initiate the proliferation of synovial
fibroblasts, promoting the expression of growth factors such as
VEGF and TGF-B (138, 139). Exposure of MSCs/pericytes to
PEMF appears to trigger a cascade of downstream effects on
multiple pathways, affecting macrophages, T-cells, and B cells,
and the cytokines that are produced. The cumulative result
of these varied effects is modulation of VEGF and TGF-,
which ultimately curtails the production of synovial fibroblasts
and osteoclasts and halts bone resorption, while promoting the
production of chondrocytes and osteoblasts to restore cartilage
and bone health/integrity (Figure 1).

The effects of PEMF on vessel growth and development,
both in vitro and in vivo, support the use of this approach
to therapeutically modulate the aberrant angiogenesis present
in RA, (140-142). PEMF has been reported to improve
osteochondral ossification, and modulate nociception (143-146)
through the down-regulation of neovascularization (15, 147, 148)
in both animals and humans with RA (9, 24, 25, 27, 149). It
has also been reported to significantly reduce activation levels of

VEGE (15), to inhibit the proliferative ability of human umbilical
vein endothelial cells (HUVECs) (148), and to reduce the extent
of vascularization in diseased tissue (142). Approximately half
of the cited studies of PEMF application indicate a vasodilatory
effect, the magnitude of which is dependent upon the initial vessel
tone. The remaining half indicates that PEMF has the potential
to trigger vasoconstriction. The ultimate outcome of PEMF
application thus appears to depend on the cellular/mechanistic
basis of the disease in question (140). A summary of some
of the studies that have explored the use of various regimens
of PEMF to potentially restore angiogenic homeostasis appear
in Table 3.

CONCLUSION

Under normal physiological conditions, MSCs in the joint are
believed to contribute to the maintenance and repair of joint
tissues. In RA, however, the repair function of MSCs appears
to be repressed by the inflammatory milieu. In addition to
being passive targets, MSCs could interact with the immune
system and play an active role in the perpetuation of arthritis
and progression of joint damage (54). Achieving homeostasis
in the face of acute inflammatory/immune challenges in
the human body involves maintaining a balance of highly
complex biochemical and cellular interactions. When this
delicate balance is upset, acute inflammatory and immune
responses designed to quickly eliminate a transient threat
become chronic, and inflammatory/autoimmune disease sets
in. RA is a paradigmatic autoimmune disease, and current
RA therapies target inflammatory molecules involved in
autoimmune activation. Despite the therapeutic improvements
in RA, there are still a substantial number of patients who
respond only transiently to these approaches, and others who
do not respond at all. As such, there is an urgent unmet need
to identify complementary and innovative therapies for the
treatment of RA.

PEMF is emerging as a novel and highly promising means
of treating chronic inflammation and aberrant immunity that
exists in diseases such as RA. It can be used to target aberrant
MSCs to potentially bring the inflammatory milieu back to
homeostasis. Cellular electrical properties such as membrane
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surface charge and membrane potential can be readily influenced
by PEMF (151-153), which can affect oscillatory frequencies
of the myriad of enzymes present within the cells. PEMF can
also influence cell membranes, nucleic acids, and bioelectrical
phenomena generated by coherent groups of cells that are
essential to cell-to-cell communication processes (154, 155).
PEMF appears to exert its effects on cellular function and
differentiation by altering the spatial and temporal patterns of
intracellular calcium (Ca?T) concentration (10) and restoring
levels/activity of potassium (K*) channels (17, 156, 157). By
restoring normal Ca* jon flux and Na+/K+ balance, the cell can
begin the process of down-regulating inflammatory cytokines,
heat-shock proteins, and proangiogenic molecules such as VEGF
(157), making it possible for the body to commence rebuilding
healthy cartilage. Using PEMF to modulate inflammation and
immune function is relatively safe in contrast to the broad
immunosuppression currently in clinical favor (39, 158). An
alternative to immunosuppression-healthy immunomodulation
and tissue repair-can be achieved by targeting MSCs with
PEMEF. While traditional approaches target individual molecules
or signaling pathways, PEMF works on all cellular/organismal
systems in a holistic and integrative manner by potentially
bringing the transmission and flow of information (signal
transduction) back to a state of homeostasis via coherence of
sinusoidal pulses (159). There are other potential advantages of
PEMEF including low-cost, easy-to-use at-home, without adverse
effects. While cell therapies or biologics suffer from the possibility
of loss of efficacy over time (87), preliminary clinical studies
with PEMF have shown no loss of efficacy even after exposure
to the field has ended (160). Another key unsolved problem in
the treatment/management of RA is determining the optimal
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Cell therapy is a progressively growing field that is rapidly moving from preclinical model
development to clinical application. Outcomes obtained from clinical trials reveal the
therapeutic potential of stem cell-based therapy to deal with unmet medical treatment
needs for several disorders with no therapeutic options. Among adult stem cells,
mesenchymal stem cells (MSCs) are the leading cell type used in advanced therapies for
the treatment of autoimmune, inflammatory and vascular diseases. To date, the safety
and feasibility of autologous MSC-based therapy has been established; however, their
indiscriminate use has resulted in mixed outcomes in preclinical and clinical studies.
While MSCs derived from diverse tissues share common properties depending on the
type of clinical application, they markedly differ within clinical trials in terms of efficacy,
resulting in many unanswered questions regarding the application of MSCs. Additionally,
our experience in clinical trials related to critical limb ischemia pathology (CLI) shows that
the therapeutic efficacy of these cells in different animal models has only been partially
reproduced in humans through clinical trials. Therefore, it is crucial to develop new
research to identify pitfalls, to optimize procedures and to clarify the repair mechanisms
used by these cells, as well as to be able to offer a next generation of stem cell that
can be routinely used in a cost-effective and safe manner in stem cell-based therapies
targeting CLI.
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Soria-Juan et al.

Safety and Efficacy of MSC-Based-Therapy

INTRODUCTION

Regenerative Medicine is a new paradigm that has driven
the revisiting of our understanding of biological and medical
processes and suggested new treatments. According to the
definition of the European Medicament Agency (EMA) and
the U.S. Food and Drug Administration (FDA), Advanced
Therapies include Cell and Gene Therapy and Tissue
Engineering. Advanced Therapies comprise a large group
of translational fields and targets in areas of unmet medical
needs. Briefly, the application of cells, either alone or engineered,
as a pharmacologically active substance seeks to restore
the functioning of damaged tissues or organs through the
protection of cellular integrity, the replacement of damaged
cells, and the promotion of trophic, anti-inflammatory, and
immunomodulatory effects, among others (Figure1). This
new therapeutic avenue also carries unknown side effects that
must be deeply characterized to improve safety, feasibility,
and efficacy.

In this regard, mesenchymal stem cells (MSCs) are the cell
type commonly used in Regenerative Medicine due to their
unique biological properties, including ease of expansion and
culture. The predominant sources of stem cells are summarized
in Table 1, namely, cells derived from the fetus, and adult tissues
(1). Nine hundred forty-one studies using MSCs have been
reported to date (March 2019) and registered in the database
of privately and publicly funded clinical studies conducted
worldwide at “ClinicalTrials.gov.” MSCs are multipotent non-
hematopoietic progenitor cells with different degrees of stemness,
derived from the mesodermal germ layer and resident in
most tissues (Table 1). This type of cell (MSCs) can be easily
expanded in vitro because of their fibroblastic characteristics
and ability to adhere to plastic and to express specific surface
marker patterns (2, 3). The Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy
(ISCT) first proposed that bone marrow plastic-adherent cells
generally described as “mesenchymal stem cells” should be
defined as “multipotent mesenchymal stromal cells,” while the
designation “mesenchymal stem cells” should be reticent for
a subset of these cells that show stem cell activity based on
clearly stated criteria (3). Since the acronym MSC may be
used to define both cell populations, the combined definition
“mesenchymal stem and/or stromal cells” is probably more
appropriate, especially when the “stemness” of the whole MSC
population has not been demonstrated (4), and it is now
widely accepted that MSCs represent a heterogeneous population
(5) but are considered a cellular medicament. Furthermore,
MSC survival, permanent engraftment and differentiation into
resident cells were initially thought to be necessary to obtain
the beneficial effects of these cells, and clinical experience
and several experiments have shown that one of the primary
functions of MSCs, most likely their key function, is to secrete
several bioactive molecules related to the environmental “niche”
in which these cells are located. Consequently, the secretome
transiently reproduces most of the effects of MSCs, and in
this sense, MSCs secrete a wide variety of pro-inflammatory
and anti-inflammatory cytokines, chemokines, growth factors,

and prostaglandins under resting and inflammatory conditions
(1, 6) (Figure 1).

These molecules are associated with immunomodulation
[indoleamine-2,3-dioxygenase (IDO), prostaglandin-E2 (PGE-
2), transforming growth factor beta (TGF-p), human leukocyte
antigen-G5 (HLA-G5), and hepatocyte growth factor (HGF)],
anti-apoptosis [vascular endothelial growth factor (VEGEF),
granulocyte-macrophage colony-stimulating factor (GM-CSEF),
TGEF-B, stanniocalcin-1 (STC1), and insulin-like growth factor
1 (IGF-1)], angiogenesis [VEGF, monocyte chemoattractant
protein 1 (MCP-1), and IGF-1), local stem and progenitor
cell growth and differentiation support (SCF complex,
angiopoietin-1, and stromal cell-derived factor 1 (SDF-1)],
anti-fibrosis [HGF and basic fibroblast growth factor (bFGF)]
and chemoattraction [chemokine (C-C motif) ligand 2 and 4
(CCL2, CCL4), and C-X-C motif chemokine 12 (CXCLI12 also
called SDF1)] (7). Immunomodulatory properties of MSCs
and their immunoprivileged condition make these cells good
candidates for use in several clinical trials related to chronic,
inflammatory and autoimmune diseases, and in reducing the
incidence and severity of graft-vs.-host disease (GVHD). MSCs
interact with cells of the innate or adaptive immune system
(T cells, B cells, NK cells, monocyte-derived dendritic cells,
and neutrophils). For a cell to be recognized by the immune
system, the expression of major histocompatibility complex
(MHC) and costimulatory molecules is necessary. MHC class
I and class II human leukocyte antigens (HLAs) are master
triggers of robust immunological rejection of grafts because
they present antigens to cytolytic T lymphocytes (CTL). The
interaction between MSCs and immune cells provides insights
into in vivo MSC-mediated induction of tolerance (1, 8). MSCs
display a low expression level of MHC-HLA class I, while they
are constitutively negative for HLA-class II; likewise, they do not
express costimulatory molecules such as CD80, CD86, CD40,
and CD40L (9). However, MSCs share the expression of surface
markers such as vascular cell adhesion protein 1 (VCAM-1),
intercellular adhesion molecule 2 (ICAM-2), and lymphocyte
function-associated antigen 3 (LFA-3 or CD58) with the thymic
epithelium, which are crucial for the interaction with T cells
(9, 10). Whereas, MSCs remain in a quiescent state showing
antiapoptotic properties and contributing to homeostasis, in an
inflammatory environment (presence of IFNy, TNFa, IL-1a, and
IL-1B) they begin to exercise their immunomodulatory abilities,
inhibiting the proliferation of effector cells and their cytokine
production. Similarly, MSCs can block a variety of immune cell
functions (1, 11) (Figure 1).

In addition, there is a complex “cross-talk” interaction between
MSCs and endothelial cells. MSCs increase the proliferation and
migration of endothelial cells to promote the early events of
angiogenesis and to decrease the permeability of the endothelial
cell monolayer. In direct cocultures of MSCs and endothelial
cells, MSCs increase the persistence of preexisting blood vessels
in a dose-dependent manner (12). Additionally, beneficial
therapeutic effects of the use of conditioned media of MSCs have
been reported, which has even been shown to be therapeutically
superior to the cells themselves (13, 14) and to stimulate
the proliferation of local endothelial cells (15). Likewise, in
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FIGURE 1 | Effects of MSCs during therapeutic application. MSCs possess a broad range of paracrine effects, including anti-inflammatory, immunomodulatory,
trophic, antiapoptotic, and anti-fibrotic properties. Most of them are mediated by molecules released by MSCs, but also by direct cell-cell contacts. The paracrine
properties of MSCs have beneficial effects during cell therapy for regenerative medicine. However, the interaction between MSCs and the host may result in
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addition to direct “cell-cell” contact, there has been speculation
of a possible transfer of mitochondria or vesicular components
(secretome) that contain mRNA, microRNA and proteins (16).
Noteworthy, despite the anti-inflammatory, antiapoptotic, and
immunomodulatory characteristics of MSCs, and due to their
ability to migrate to sites of tissue injury and inflammation, many
concerns have been raised about their probable precancerous
activity (17). In this regard, the functions of MSCs can be
influenced by the existing microenvironment, making them
acquire supportive properties toward cancer cells (8, 18). To date,
no cancer has been diagnosed or has recurred in clinical trials
that would originate from experimentally given MSCs. However,
potential risks, related to the growth support and enhancement of
undetected or “resident” cancer cells, do exist, thus the potential
of tumorigenesis should be further explored and monitored
to detect the possibility of tumorigenicity related to MSCs
and likewise, the administration of MSCs-based therapies must
be thoroughly evaluated (8, 17, 18). However, although these
properties are generally attributed to all MSCs derived from
different tissues, preclinical and phase I/IIa safety, and feasibility
data also suggest that MSCs represent a potential therapeutic
option for the treatment of Critical Limb Ischemia (CLI).
Conversely, as mentioned above, evidence from different studies
has suggested that MSCs from diverse sources are not identical
and do not always achieve the same efficacy levels and desired

outcomes. Thus, MSC effects may be influenced by the constant
crosstalk between the graft and the host, which could affect
the MSC fate potential. For instance, autologous MSCs from
patients with inflammatory diseases (e.g., diabetes) may carry
phenotypic modifications, promoting undesirable effects on the
host when they come into contact with host signals (19). Here,
we will provide relevant information and alternatives to possibly
improve the use of MSC-based therapy to benefit type 2 diabetic
patients with CLI.

CRITICAL LIMB ISCHEMIA AND DIABETES

The term CLI is used for all patients with chronic ischemic rest
pain, ulcers, or gangrene in the limbs attributable to objectively
proven peripheral artery disease (PAD). PAD is associated
with several clinical conditions, e.g., diabetes, hypertension,
cardiovascular disease, hyperlipidemia, obesity, and stroke (20).
CLI is an advanced form of PAD, which is responsible for a
high rate of amputations and is a major cause of morbidity and
mortality worldwide. The incidence of CLI ranges from 500 to
1,000 new cases per million every year in Western Europe and
North America (21, 22), and this number is expected to grow
due to the aging population with a longer life expectancy and
progressive increase in the incidence and prevalence of diabetes.
It is estimated that more than 200 million people are living
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TABLE 1 | Human stem cell sources and subtypes.

Source Tissue Stem cells derived and acronyms Brief definitions
Fetal Abortus (fetal tissues) Fetal stem cells (FSCs) Fetal stem cells are multipotent stem cells isolated from
Newborn Extra-embryonic tissues: Umbilical Fetal structures like Wharton'’s jelly-derived two distinct sources, the proper fetus (fetal tissues), and
cord mesenchymal stem cells (WJ-MSCs) the supportive extra-embryonic tissues. These cells are
Wharton'’s jelly Amniotic membrane-derived mesenchymal stem also known as “primordial germ cells” and are isolated
Amniotic membrane Amniotic fluid cells (Am-MSCs) from tissues of 5- to 9-week fetuses obtained by
Placenta Yolk sac-derived mesenchymal stem cells therapeutic abortion. The three most reliable sources to
(YS-MSCs) date of abundant fetal stem cells are the placenta,
Umbilical cord-derived mesenchymal stem cells amniotic fluid, and umbilical cord blood.
(UC-MSCs)
Umbilical cord blood-derived mesenchymal stem
cells (UCB-MSCs)
Amniotic fluid-derived mesenchymal stem
cells (AF-MSCs)
Adult Bone marrow Hematopoietic stem cells (HSCs) Hematopoietic stem cells are the stem cells that give rise

Peripheral blood

Endothelial progenitor cells (EPCs)

to other blood cells (hematopoiesis), a limited number of

Bone marrow-derived mononuclear cells (BM-MNCs) hematopoietic stem cells are multipotent and capable of

Peripheral blood-derived mononuclear cells

(PB-MNCs)

Recombinant human granulocyte colony-stimulating

factor (G-CSF)

Bone marrow stroma
Peripheral blood

Adipose tissues: Fat, liposuction (BM-MSCs)

Mesenchymal stem cells (MSCs)
Bone marrow- derived mesenchymal stem cells

extensive self-renewal.

Endothelial progenitor cells define a group of cell
population types with angiogenic activity. Endothelial
progenitor cells can be obtained from the bone
marrow-derived mononuclear cells fraction or from
peripheral blood, and they can also be found in umbilical
cord blood. Typically, endothelial progenitor cells are
selected by isolation and enrichment strategies focused
on the expression of surface markers CD34 and CD133.
Mesenchymal stem cells are multipotent stem cells that
can differentiate into a variety of cell types, including
osteoblasts, chondrocytes, myocytes, and adipocytes.

Others tissues: skin, gut, hair follicles, Peripheral blood-derived mesenchymal stem cells

skeletal muscle, cartilage, tendon,
synovium, perichondrium, cardiac
tissue, oral cavity, dental pulp,
salivary glands, etc.

(PB-MSCs)

cells (Ad-MSCs)

Adipose tissue-derived mesenchymal stem

Summary of fetal and adult stem cells subtypes. Modified from Hmadcha et al. (1).

with PAD worldwide (21), which is a common complication
in patients with type 2 diabetes (23). These two factors have
driven the development of a more severe degree of PAD. CLI
is not a specific disease per se; rather, it represents a syndrome
that may develop from distinct pathophysiological processes
(24). Although CLI is primarily a clinic-based diagnosis, it
should be confirmed objectively and early in the disease
process, e.g., through the ankle-brachial index (ABI), toe-brachial
index (TBI), first toe pressure (FTP), toe systolic pressure,
or transcutaneous partial pressure of oxygen (tcpO;). Further
computed tomography (CT), digital subtraction angiography
(DSA), Doppler echocardiography and magnetic resonance (MR)
angiography are important non-invasive modalities for assessing
the severity of CLI (20, 25).

PAD is a condition that is characterized by atherosclerotic
occlusive disease of the lower extremities. While PAD is a major
risk factor for lower extremity amputation, it is also accompanied
by a high likelihood for symptomatic cardiovascular and
cerebrovascular disease. Although much is known regarding
PAD in the general population, the assessment and management
of PAD in people with diabetes is less clear and poses some special
issues. Presently, there are no established guidelines regarding
the care of patients with both diabetes and PAD (26), although

revascularization remains the most important therapeutic option
and the main objective of CLI treatment, either by open surgery
or endovascular modalities (27). Diabetic patients habitually
suffer from long-segment vascular obstruction, mainly of the
calf vessels (28) in type 2 diabetic patients, and the anatomic
extension and distribution of atherosclerotic occlusive disease
make these patients poor candidates for revascularization,
resulting in continued disease progression, amputation, and
death (28).

Thus, far, pharmacological treatment for these non-options
patients has not been shown to be effective in the CLI course
(29, 30). In fact, amputation is routinely recommended for these
patients as the only option, despite its obvious dysfunctional
involvement, along with the associated mortality and morbidity
(27, 29). Therefore, there is a need for new effective therapeutic
alternatives for a large number of patients with CLI (31).

In the diabetic patient, leg ischemia develops earlier and
with greater intensity than in other diseases (vasculitis, Buerger
disease). It is estimated that 15% of diabetic patients will
develop CLI, and in most cases, it will lead to amputation
(32). Of even greater importance, arterial lesions usually affect
the more distal vessels (29). This localization of lesions makes
revascularization difficult, either surgically or endovascularly.
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Furthermore, the clinical presentation of diabetic patients is also
different, as it entails a greater component of tissue loss and
gangrene, as well as fewer clinical manifestation of pain due to the
frequently associated diabetic neuropathy. Diabetic patients in
particular have fewer physiological mechanisms of angiogenesis
and reendothelization, and thus the course of the disease is
more severe and accelerated (26). The chronic hyperglycemia
present in diabetic patients results in vascular remodeling
altering neovascularization (30), with deficient and/or aberrant
angiogenesis (33). This phenomenon is partly due to the
associated oxidative stress, underlying endothelial dysfunction,
and lack of regeneration of the vascular endothelium (26,
34). In fact, neovasculogenesis is disrupted in diabetes and
metabolic syndrome due to hyperglycemia and increased
hemoglobin Alc (HbAlc), neuropathy, hypercholesterolemia,
oxidized low-density lipoproteins (Ox-LDL), reactive oxygen
species (ROS) or increased fatty acids (35-38). In healthy people,
homeostatic mechanisms, by which the vascular supply increases
to match metabolic demand, are activated (39). However, these
mechanisms are frequently disrupted in patients with CLI, and
the physiological response is not able to deliver the necessary
amount of blood flow and oxygen to the affected limb, causing
the arterioles of these patients to dilate to the maximum
and become insensitive to provasodilator stimuli (39). This
phenomenon, referred to as vasomotor paralysis, is considered
the result of chronic exposure to vasorelaxation factors in
patients with vascular diseases, which may explain the failure
of most vasodilator therapies to improve functional capacity in
individuals with PAD. Likewise, the blood vessels of patients with
CLI present a decrease in wall thickness, cross-sectional area, and
“wall-to-cell wall” ratio, among others.

The use of different types of stem cells in the treatment of CLI
is aimed at stimulating neovascularization in the area of severe
ischemia. The procedure consists of the administration of cells
in the ischemic tissues, either intravascularly or intramuscularly
(Table 2), to form new vascular structures and/or segregate a
number of angiogenic factors that regulate the process and favor
the recruitment of new cells (25, 40-51). The formation of
collateral blood vessels is promoted in an effort to improve blood
flow in ischemic tissue, as well as alleviate the symptoms of the
disease and, in most cases, prevent amputation of the affected
limb in patients who do not respond to conventional treatments.
The main objective of this process is principally regenerative,
restorative and anti-inflammatory (20, 25, 31). Despite the high
prevalence and incidence of CLI in diabetic patients, most studies
have excluded patients with diabetes or with high HbA1c (44, 47,
49, 50) (Table 2).

CLINICAL TRIALS FOR PAD, ISCHEMIA
AND CLI

The Route of Cell Administration

(Intraarterial vs. Intramuscular)

Since the publication of the Therapeutic Angiogenesis using
Cell Transplantation (TACT) study (52), more than 70 reported
clinical trials have been reported in patients with CLI. Only

25% of those studies included diabetic patients (25, 53). It is
known that several types of stem cells, derived from different
sources, have the propensity for vascular development, and could
potentially be useful in the management of CLI (Table 3). Some
of these cells have been used in preclinical models as well as
clinically to treat this condition. Among them, mononuclear
cells (MNCs) have been the most widely used (1, 8, 20), and
despite significant steps forward in defining their potential
for therapeutic purposes, further progress has been mired by
unresolved questions around their definition, and mechanism of
action and because of their heterogeneity (4, 54, 55).

We conducted a pilot prospective single-center study
(NCTO00872326), phase I/Ila, that aimed to assess the safety
and efficacy of intraarterial administration of autologous bone
marrow-derived MNCs (BM-MNCs) in 20 diabetic patients
with CLI (25). As described by Isner and Asahara (56) and to
guarantee the homing of a great number of cells, BM-MNCs
were administered intraarterially into the most affected leg “target
limb” as close as possible to the ischemic area. One year after
BM-MNC infusion, there was a remarkable improvement in the
clinical status of most of the target limbs. In addition, the infusion
of BM-MNCs induced an unexpected benefit of an improvement
in the healing process, not only for ulcers but even for minor
amputations. Furthermore, early clinical benefits of cell infusion
consisted of patients having a widespread perception of less limb
pain, an increase in pain-free walking, and warmness in the target
limb. Unlike other studies, the cell dose was 10 times smaller than
the dose used by other groups. Moreover, and surprisingly, six
diabetic patients reduced their need to inject insulin, probably
due to a decrease in peripheral insulin resistance (25).

Similarly, the PROVASA study (Intraarterial Progenitor
Cell Transplantation of Bone Marrow Mononuclear Cells for
Induction of Neovascularization in Patients with Peripheral
Arterial Occlusive Disease Study), a multicenter, double-blind,
phase II trial (NCT00282646) with an estimated enrollment
of 40 patients with ischemic rest pain or non-healing ulcers
randomly assigned (1:1) to receive BM-MNC treatment or
placebo, demonstrated that in patients with CLI, intraarterial
administration of BM-MNCs does not increase ABI but promotes
ulcer healing and reduces rest pain. Furthermore, repeated
administration of functional BM-MNCs was required for
successful ulcer healing associated with improved limb salvage
(41). In this context, several studies have demonstrated the
feasibility of intraarterial delivery of BM-MNCs, their beneficial
effect on improving endothelial function (25, 57) and overall
improvements of ischemic pain and ulcer healing (25, 58).
However, the quality of evidence for efficacy is limited, as most
studies lacked a proper placebo or sham group because of the
invasive bone marrow harvesting procedure required to obtain
the cells (59-61).

Although intraarterial and intramuscular injection of
autologous BM-MNCs have shown similar results, and
combined intraarterial and intramuscular transplantation is
clinically feasible (62), to date, an overwhelming majority of
clinical studies targeting PAD have relied upon intramuscular
cell delivery (63). Intramuscular administration is easier and
less invasive, and it results in a transient placement of cells in

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1151


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Soria-Juan et al.

Safety and Efficacy of MSC-Based-Therapy

TABLE 2 | Published studies using cell-based therapy to treat CLI.

Clinical trial ID Phase Cell type Route of Diabetic patients References
(www.clinicaltrials.gov) administration

NCT00872326 I/ BM-MNCs Intraarterial Included (25)
NCT00371371 I/ BM-MNCs Intraarterial There is no data available (40)
NCT00282646 I/ BM-MNCs Intraarterial Included buerger disease (41)
NCT01480414 I/ BM-MNCs Intramuscular There is no data available (42)
NCT00221143 I/ PB-CD34+ Intramuscular There is no data available (43)
NCT00883870 I/l BM-MSCs Intramuscular Type 1 Diabetic patients were excluded (44)
NCT01595776 I/l Bone marrow derived- CD1331 Intramuscular There is no data available (45)
NCT01065337 Il TRC Intraarterial Included (46)

and Intramuscular

NCT00392509 I/ ALDHbr Cells Intramuscular Patients with HbA1c >8% were excluded 47)
NCT00523731 | NMPB-ACPs Intramuscular There is no data available (48)
NCT00468000 Il Ixmyocel-T Intramuscular Patients with HbA1c >10% were excluded (49)
NCT00533104 I/ BM-MNC/PB-MNC Intramuscular Patients with HbA1c >7.5% were Excluded (50)
NCT00721006 Il MESENDO Intramuscular There is no data available (561)

ALDHbr Cells, autologous bone marrow-derived Aldehyde Dehydrogenase-bright cells; Ixmyelocel-T, BM-MNCs (CD90*and CD45%/CD14%); Mesendo, combination of bone marrow-
derived MSCs and EPCs; NMPB-ACPs, non-mobilized peripheral blood angiogenic cell precursors; PB-CD34™, peripheral blood G-CSF-mobilized apheresis CD347 cells; TRC, tissue

repair cells (expanded bone marrow cells enriched in CD90™ cells).

the ischemic tissue, whereas intraarterial infusion is designed to
directly inject cells into peri-ischemic areas, which are considered
to have sufficient oxygen and nutrients to support cellular
functions. Both delivery methods have obtained promising
results in the improvement of angiogenesis (64). Klepanec et al.
(65) compared the therapeutic effects of intramuscular and
intraarterial delivery of BM-MNCs in a randomized manner.
There were no differences among functional parameters in
patients undergoing intramuscular vs. intraarterial cell supply.
Preclinical (66) and clinical (67) data from our group substantiate
these remarks; nevertheless, our humble experience indicates
that the route of administration depends on the type and the dose
of cell to be administered. Deciphering how stem cells manage
the countless signals required for revascularization will improve
CLI recovery, Qadura et al. (31) proposed a combination delivery
of multiple cell types within supportive bioengineered matrices
as a new therapeutic strategy to target CLL.

Comparison of the Cell Type

Apart from the route of administration (intramuscular,
intraarterial, or combined), the most ideal cell type must
be identified, and a better understanding of the effective
subpopulation of stem cells is necessary as stem cells are a
heterogeneous population. Some clinical trials have directly
compared different cell populations (67-69) or used a
combination of angiogenic stem cells. Huang et al. (68)
evaluated the transplantation of peripheral blood-derived MNCs
(PB-MNC:s) in the treatment of diabetic patients with CLI who
had received a subcutaneous injection of recombinant human
granulocyte colony-stimulating factor (G-CSF) to mobilize
progenitor cells, which resulted in clinical improvements
including reduced limb pain and ulcers, as well as no adverse
effects specifically due to cell transplantation and no lower
limb amputation in the transplanted patients. Tateishi-Yuyama

et al. (52) investigated the feasibility and safety of intramuscular
injection of MNCs and showed that in two groups of patients, the
first with unilateral ischemia infused intramuscularly with BM-
MNC:s in the ischemic limb and saline in the less ischemic limb,
and the second with bilateral leg ischemia receiving random
intramuscular injections of BM-MNC:s in one leg and PB-MNCs
in the other as a control, resulted in significant improvements
in patients treated with BM-MNCs compared with those treated
with PB-MNCs in terms of ABI and rest pain. Lu et al. (69)
compared the therapeutic effect of autologous intramuscular
administration of bone marrow-derived MSCs (BM-MSCs)
with BM-MNCs in 20 diabetic patients with CLI and foot ulcer.
The authors demonstrated that the healing rate of ulcers was
significantly higher in the group treated with BM-MSCs than
with BM-MNCs. Likewise, the authors concluded that BM-MSC
treatment was effective and better tolerated than BM-MNCs to
improve lower limb perfusion and to promote foot ulcer healing
in diabetic patients with CLIL. Lasala et al. (51) evaluated the
efficacy and safety of autologous intramuscular administration
of a combination of MSCs and endothelial progenitor cells
(EPCs) in 26 patients with bilateral CLI. They found that
within this phase II clinical trial (NCT00721006), the enrolled
patients experienced an increase in perfusion in the treated limbs
compared with the control legs and improvement in pain-free
walking time and ABI after cell infusion. In this context, our
group proposed a phase I/II clinical trial (NCT02287974)
to study and compare the therapeutic effect of autologous
BM-MNCs, autologous BM-EPCs (CD347/CD133% cells)
and autologous adipose tissue-derived MSCs (Ad-MSCs) on
inflammatory and angiogenic cytokines, resistance to insulin and
a decrease in the need for insulin, as well as evaluating the safety,
viability and efficiency of the intraarterial infusion of these three
stem cells types in patients with type 2 diabetes with CLL. We
aimed to obtain related data on the source of suitable tissue,

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1151


www.clinicaltrials.gov
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Soria-Juan et al.

Safety and Efficacy of MSC-Based-Therapy

TABLE 3 | Registered clinical trials using cell-based therapy to treat CLI.

Clinical trial ID Phase Status Cell type Route of administration  Patient condition
(www.clinicaltrials.gov)
NCT00904501 Il Completed BM-MNC Intramuscular Patients with HbA1c >7.5% were Excluded
NCT01408381 Il Completed BM-MNCs Intraarterial Non-diabetic
NCT00987363 I/ Completed BM-MNCs Intraarterial Diabetic
NCT01867190 I/ Completed BM-MNCs Intramuscular There is no data available
NCT00595257 I/ Completed BM-MNCs There is no data available There is no data available
NCT00498069 - Completed BM-MNCs There is no data available There is no data available
NCT01245335 Il Completed Bone marrow-derived There is no data available Patients with HbA1c >10% were excluded
cells
NCT00616980 I/l Completed CD34+ Intramuscular There is no data available
NCT01584986 Il Completed PB-ACPs Intramuscular There is no data available
NCT01351610 I/ Completed BM-MSCs Intravenous Patients with HbA1c >9% were excluded
NCT01484574 Il Completed BM-MSCs Intramuscular Excluded diabetic patients
NCT01824069 I/ Completed Ad-MSCs Intramuscular There is no data available
NCT01257776 I/ Completed Ad-MSCs Intraarterial Diabetic
NCT01663376 /1l Completed Ad-MSCs Intramuscular There is no data available
NCT00919958 | Completed PLX-PAD Intramuscular Patients with HbA1c >9% were excluded
NCT00951210 | Completed PLX-PAD Intramuscular There is no data available
NCT01483898 1l Completed Ixmyocel-T Intramuscular Patients with HbA1c >10% were excluded
NCT00955669 | Completed BM-MNCs and BM-MSCs  Intramuscular Type 2 diabetic patients
NCT00518401 | Completed Mesendo Intramuscular There is no data available
NCT00913900 | Completed CD133+ Intramuscular There is no data available
NCT01019681 | Completed UCB-MNCs Intramuscular There is no data available
NCT02474121 - Available Bone marrow-derived Intramuscular Patients with HbA1c >10% were excluded
cells
NCT01837264 Active, not BM-MNCs There is no data available There is no data available
recruiting
NCT00956332 I/ Active, not MultiGene Intraarterial There is no data available
recruiting Angio
NCT01049919 = Ongoing, but BM-MNCs Intramuscular Patients with HbA1c >10% were excluded
not recruiting
NCTO01745744 I/ Ongoing, but ~ Ad-MSCs Intraarterial Non-diabetic
not recruiting
NCT01386216 | Recruiting BM-MNCs Intramuscular Patients with HbA1c >10% were excluded
NCT02099500 /11 Recruiting AD-MSCs liposuction Intramuscular Patients with HbA1c >10% were excluded
NCT02915796 | Recruiting G-CSF CD133+ Intramuscular Diabetic
NCT02140931 I Recruiting PB-ACPs Intramuscular There is no data available
NCT01833585 Il Recruiting PB-MNCs G-CSF Intramuscular There is no data available
NCT02551679 Il Recruiting PB-ACPs Intramuscular There is no data available
NCT02089828 - Recruiting CD347 and PB-MNCs There is no data available ~ There is no data available
NCT02234778 - Recruiting Ad-SVF cells Intramuscular There is no data available
NCT02805023 I/l Recruiting BGC101 Intramuscular There is no data available
NCT01456819 Il Recruiting BM-MSCs and BM-MNCs  Intramuscular There is no data available
NCT02454231 /11 Recruiting EPCs and BM-MNCs Intramuscular Patients with HbA1c >7.5% were excluded
NCT02864654 1/ Enrolling with ADRC from lipoaspirate Intramuscular There is no data available
invitation
NCT02863926 Not yet Bone marrow-derived Intramuscular There is no data available
recruiting cells
NCT02538978 Il Not yet BM-MNCs There is no data available There is no data available
recruiting
NCT02501018 Il Not yet CcD34t Intramuscular There is no data available
recruiting

(Continued)

Frontiers in Immunology | www.frontiersin.org

160

June 2019 | Volume 10 | Article 1151


www.clinicaltrials.gov
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Soria-Juan et al.

Safety and Efficacy of MSC-Based-Therapy

TABLE 3 | Continued

Clinical trial ID Phase Status Cell type Route of administration  Patient condition
(www.clinicaltrials.gov)
NCT02477540 Not yet BM-MSCs Intramuscular Type 1 diabetic patients are excluded
recruiting
NCT01686139 Not yet Allogeneic BM-MSCs Intramuscular Type 1 and 2 diabetic patients
recruiting
NCT03042572 I/ Not yet Allogeneic BM-MSCs Intramuscular There is no data available
recruiting
NCT03056742 Il Not yet Allogeneic BM-MSCs Intramuscular Diabetic patients are excluded
recruiting
NCT02993809 Not yet BM-ECs and PRPE Intramuscular Patients with HbA1c >7% were excluded
recruiting
NCT00488020 | Unknown BM-MNCs Intramuscular There is no data available
NCT00434616 I/ Unknown BM-MNCs There is no data available There is no data available
NCT01446055 I/ Unknown BM-MNCs There is no data available Patients with HbA1c >7% were excluded
NCT01903044 I/ Unknown BM-MNCs Intramuscular There is no data available
NCT00539266 /1 Unknown BM-MNCs Intramuscular Diabetic and non-diabetic
NCT00922389 I/l Unknown G-CSF and PB-MNCs Intramuscular YES (controlled)
NCT02336646 | Unknown Allogeneic BM-MSC Intramuscular Type 1 diabetic patients are excluded
NCT01216865 1/ Unknown UC-MSCs Intramuscular Type 2 diabetic patients
NCT01558908 I/l Unknown ERCs Intramuscular Patients with HbA1c >8.5% were excluded
NCT00145262 I Unknown BM-MSCs and BM-MNCs  There is no data available Patients with HbA1c >6.5% were excluded
NCT02287974 I/ Unknown MNCs and CD133" and Intraarterial There is no data available
Ad-MSCs
NCT02145897 /11 Unknown SVF and Ad-MSCs Intramuscular and Patients with HbA1c >7% were excluded

Intravenous

ADRCs, adipose-derived regenerative cells; Ad-SVF, adipose-derived stromal vascular fraction Cells; BGC101, mixture of cells enriched for EPCs and hematopoietic stem cells; BM-ECs,
bone marrow-derived endothelial cells; ERCs, endometrial regenerative cells; Ixmyelocel-T, BM-MNCs (CD90+and CD45%/CD14%); Mesendo, combination of bone marrow-derived
MSCs and EPCs; MultiGeneAngio, endothelial and smooth muscle cells; PB-ACPs, autologous angiogenic cell precursors; PLX-PAD, placenta-derived MSCs; PRPE, platelets rich

plasma; UC-MSCs, umbilical cord-derived MSCs.

the most appropriate cell type, optimal dose of cells, efficient
and low-cost protocols, among others, to be able to offer, in the
near future, a high-quality, economic, and effective therapy for
those patients without current therapeutic options. Despite the
extraordinary and unpaid efforts of the clinical research team
and promising preliminary results obtained during the first
year of follow-up showing beneficial but distinct effects of cell
type treatment, for unknown reasons the sponsor of this study
decided to prematurely terminate patient recruitment, and we
no longer have access to the clinical data.

The Use of MSCs

Regarding the use of MSCs as a cell-based therapy for CLI,
recent data suggest that the therapeutic effects of these cells
in ischemic pathologies are due to the secretion of angiogenic
molecules to bioactive levels and their ability to restore the
microenvironment of the damaged area (70). In preclinical
studies, the administration of autologous, allogeneic, and
xenogeneic MSCs derived from various sources such as bone
marrow, umbilical cord blood, fetal membrane and adipose tissue
have been shown to be beneficial in rat and mouse models
with lower limb ischemia (66). Subsequently, several phase I/Ila
clinical trials have been assayed in a limited number of patients
to demonstrate the safety and feasibility of MSCs obtained from

different sources (71-75). MSCs isolated from healthy donors
have shown uniform and consistent properties, whereas those
from patients affected by degenerative and/or inflammatory
disease differ in their biological and functional characteristics
(8,19, 76). In this regard, other studies using MSCs isolated from
diabetic patients suggest that the hyperglycemic environment as
well as other metabolic disorders associated with diabetes affect
the cellular endogenous reserve and alter their proliferation,
differentiation and angiogenic capacity (19, 77-79). Likewise,
several groups have reported benefits of using autologous MSCs
as a cell-based therapy for a wide variety of diseases, such as
cardiovascular diseases (14, 31, 44, 51, 59, 61, 67, 71-75, 80-82),
diabetic nephropathy (83), and diverse brain injuries including
stroke, neural trauma, and heatstroke (84, 85).

In this regard, we have completed a phase I/Ila open
label, randomized, dose-scalable clinical trial with 30 diabetic
patients with CLI (NCT01257776) to test the safety and
feasibility of the administration of autologous Ad-MSCs. A
unique intraarterial cellular dose of 0.5 x 10° cells/kg (low
dose) or 1 x 10° cells/kg body weight (high dose) was
administered (86). Neovasculogenesis (assessed by MetaMorph®
software quantification of DSA angiographies) (25) and clinical
improvement (evaluated by Rutherford-Becker classification,
University of Texas Diabetic Wound Scale, tcpO,, and ABI)
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were compared at baseline and at follow-up. After cell infusion
and after 1 year of follow-up, 40% of the diabetic patients with
CLI treated with the low, and 60% of the diabetic patients
with CLI treated with the high dose, respectively, experienced
an increase in vascularity in the ischemic areas (Figure 2 and
Table 4), which correlated positively with clinical benefits and
symptomatic improvement in the target limb. No patient suffered
any amputation (86).

Due to the combinatorial potential for inducing angiogenesis
and the immunomodulatory effects in situ of BM-MSCs, Gupta
et al. (44) reported the results of a randomized double-
blind randomized placebo controlled multicenter phase I/II
study examining the efficacy and safety of intramuscular
administration of allogeneic BM-MSCs in 20 patients with CLI
(NCT00883870). The administration procedure of BM-MSCs
at a dose of 2 x 10° cells/kg or placebo (PlasmaLyte A) was
found to be feasible and safe; however, few of the efficacy
parameters (such as ABI) showed significant improvements in
BM-MSC arm transplant patients. Although immunogenicity
may be unpredictable in cases where the administration of cells
is used for a different function in the recipient than in the
donor “heterologous use” or when injected into non-physiological
sites, no evidence of harm or adverse events was detected
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FIGURE 2 | Follow-up of diabetic patients with CLI treated with Ad-MSCs.
Lower limb digital subtraction angiography (DSA) evaluation at 6- and
12-months follow-up after autologous adipose tissue-derived MSCs
(Ad-MSCs) administration showing substantial neovascularization at 12

months in target limb compared to baseline and to contralateral limb.

with allogeneic administration of MSCs obtained from different
source and prepared in different ways (81). This approach could
result in a safe, feasible option to avoid the time involved
in the process of isolation, expansion, and production of the
use of autologous cells. Regardless, it is necessary to continue
investigating this and other associated aspects to determine
which cell type is best and feasible for a specific pathology and
which type of patient health profile can benefit from this kind
of cell-based therapy. Thus, improvements in cell therapy will
benefit from a more precise characterization of cellular subsets
in the therapeutic product.

THE IMPAIRED PROPERTIES OF MSCs
COMPROMISE THEIR EFFICACY

Cell therapy is especially complex due to the nature of
the product. The cellular source, isolation and expansion
procedures, dose, site and procedure of administration define the
cellular medicament, even without a precise knowledge of the
mechanisms of action.

Immunogenicity

The administration of stem cells could interact with the
host immune response (for example, in a proinflammatory
environment) or have an immunomodulatory effect. Although
MSCs have been considered immune-privileged in this regard,
long-term exposure to the culture medium can make them more
immunogenic (MSCs are isolated and expanded in medium
that contains fetal bovine serum (FBS) and/or human platelet
concentrate), for example, by positively regulating the normal
set of histocompatibility molecules (82, 87). Thus, allogeneic
use of the cells may entail a greater risk of rejection by
the immune system. This rejection could lead to a loss of
function of the administered cells, and consequently, their
therapeutic activity could be compromised. Nevertheless, use of
immunosuppressants could limit these risks, but in turn could
cause adverse effects due to immunosuppressive medication.

Coagulation and Fibrinolytic Activity

MSCs have shown significant therapeutic potential due to their
fibrinolytic and antithrombogenic properties (88-92). To date,
several clinical trials have been conducted using autologous
MSC:s for the treatment of diabetes and its complications, which
are presumably safer and more effective than allogenic cells.
However, the therapeutic effects of MSCs have been questioned
when they are derived from a diabetic milieu (19, 93-95).

MSCs isolated from healthy donors have shown uniform and
consistent properties, while those from patients, such as diabetic
patients, differ in their biological and functional characteristics
and can reduce the beneficial therapeutic effects of autologous
MSCs (19, 76, 79). In this regard, studies carried out by our
group and others using Ad-MSCs of diabetic patients suggest that
the hyperglycemic environment and other metabolic disorders
associated with diabetes affect the cellular endogenous reserve
and their proliferation, differentiation, and angiogenic capacity,
among other cellular characteristics (78, 79, 96, 97). Once infused
in the recipient, the cells come into direct contact with the
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TABLE 4 | Improvement of clinical outcomes after implant of Ad-MSCs: Evolution of Rutherford-Becker before (baseline) and 6 and 12 months of follow-up.

Groups (10 patients/group) Rutherford-Becker

Baseline

6 months 12 months

grades cases (%) cases (%) cases (%)
Control 0 - - 1(10%)
| - 2 (25%) 2 (20%)
Il 8 (80%) 5 (62.5%) 6 (60%)
Il 2 (20%) 1(12.5%) 1 (10%)
Low dose 0 - 3 (30%) 4 (40%)*
| - 1 (10%) 1 (10%)
Il 5 (50%) 2 (20%) 2 (20%)
Il 5 (50%) 4 (40%) 3 (30%)
High dose 0 - 4 (40%) 6 (60%)*
| - 3 (30%) 3 (30%)
Il 6 (60%) - _
. 4 (40%) 2 (20%) 1(10%)

Rutherford-Becker grades: Grade 0O includes: Category 0, asymptomatic and Category 1, mild claudication; Grade I: Category 2, moderate claudication and Category 3, severe
claudication; Grade Il: Category 4, ischemic rest pain; Grade lll: Category 5, minor tissue loss and Category 6, major tissue loss, ulceration or gangrene.
*Percent in bold indicates an increase in vascularity in ischemic area of diabetic patients based on Rutherford-Becker improvement.

tissues, bloodstream and other patient cells, and the cell-recipient
interaction process still requires thorough investigation and
characterization. Physiologically, MSCs reside in the perivascular
compartment of almost every tissue (98, 99); however, one of the
hurdles to the sustained therapeutic success of these cells is early
cell loss, which is largely thought to be due to incompatibility
responses after systemic infusion of the cells, a reaction termed
the instant blood-mediated inflammatory reaction (IBMIR) (63,
82, 87, 97-100). This reaction suggests that the immune and
inflammatory system react to cells that normally are not in
contact with the blood circulation (Figure 3). Moreover, it has
been further shown that different MSC products display varying
levels of highly procoagulant tissue factor, a decrease in tissue
plasminogen activator (tPA) or an increase in plasminogen
activator inhibitor type 1 (PAI-1) and may adversely trigger
IBMIR or microthrombosis in the target tissue (19, 97).

MSCs are considered to be safe and even to promote
fibrinolysis (89, 91). Since type 2 diabetes is a systemic
inflammatory disease with a prothrombotic state, intraarterial
infusion of Ad-MSCs in diabetic patients was suggested and
approved by the Ethical Committee and the Regulatory Agency
as the appropriate treatment within a clinical trial conducted
by our group (NCT01257776), but unexpectedly during the
course of this clinical study, two patients developed distal
microthrombosis after intraarterial Ad-MSC infusion (19). These
two patients reported oppression at the infrapopliteal level and
vasomotor reaction of neurogenic origin in the distal third of
the target limb, accompanied by discreet pain, 10h after the
cellular infusion. MR angiography demonstrated indemnity of
the arterial vessels of medium caliber. These two patients were
treated with antithrombotic therapy and discharged 72 h after the
symptoms disappeared (19).

Furthermore, Ad-MSCs induced an increase in expression
and release of PAI-1 and reduced levels of tPA. Likewise, the
quantification of D-dimer also decreased. These responses were
tested with MSCs of different origins exposed to different ex vivo

environment. Effects were more pronounced when Ad-MSCs
were from type 2 diabetic patients exposed to the sera of
same patients (Figure 4). Therefore, the efficacy of fibrinolysis
decreased favoring thrombosis, and these observations were
published (19) and a patent filed to identify these tentative
responses for cellular medicaments (US20160161504).

Altogether, new lines of research are being promoted that
focus on enhancing the therapeutic effects of stem cells by
regulating their biological characteristics (76, 96, 101-105). A
recent study conducted by our group has demonstrated the
beneficial effects of platelet-derived growth factor-BB (PDGF-
BB) in restoring the defective phenotype of Ad-MSCs derived
from type 2 diabetic patients with CLI (76). In particular, this
study showed that pretreatment with PDGF-BB could potentiate
proliferation, migration, and homing of defective MSCs, as
well as recover their impaired fibrinolytic ability (Figure 4).
Furthermore, we demonstrated that PDGF-BB utilized the
ERK-SMAD pathway to exert its beneficial effects. Therefore,
pretreatment with PDGF-BB represents a suitable strategy to
produce more effective MSCs for autologous therapies (76).
In this context, we postulated that either the use of allogenic
MSCs from healthy donors, rescue of the healthy phenotype by
pretreatment of autologous MSCs with PDGF (76), expression
of Akt (104) or angiotensin 1 (105), or the use of early-
passage autologous MSCs (106) will be an option to improve
the therapeutic effect of the cells. While we have clinical data
for the first scenario, the others have only been assessed in
preclinical studies; since a side effect is coagulation, pretreatment
with heparin (103) may overcome this problem.

CONSIDERATIONS FOR AN ADVANCED
THERAPY MEDICINAL PRODUCT

Safety, feasibility, and efficacy are mandatory to determine the
viability of a clinical application for the treatment of any disease.
With the exception of hematopoietic stem cell transplants, stem
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FIGURE 3 | Instant blood-mediated inflammatory reaction. (A) The direct contact between intravascularly infused MSC-based products and blood stream, promotes
inflammatory reaction known as instant blood-mediated inflammatory reaction (IBMIR). Adipose tissue-derived MSCs (AdMSCs) express tissue factor (TF/CD142) that
mediates the activation of blood coagulation cascade and complement system, leading to inflammation and thrombotic reaction. (B) Consequently, multiple
amplification reactions result in the activation of platelets and effector cells of immune system. (C) IBMIR is a multifaceted phenomenon that can compromise the

success of MSC-based cell therapy. CS, complement system; FXII, factor XlII; HK, high molecular weight kininogen; PK, prekallikrein; TF, tissue factor.

cell therapies used for the treatment of any disease are considered
Advanced Therapies Medicinal Products (ATMP); therefore,
their development, approval and use must be in accordance with
specific standards established nationally and internationally for
such products. Thus, regulatory authorities warrant the safety of
the studies (8, 107).

Cell expansion and culture protocol are not yet standardized
(4). Currently, there is no protocol or universal definition
for stem cell culture and expansion Regulatory Agencies.
For example, the Spanish Agency of Medicines and Medical
Devices (AEMPS), the EMA and the FDA recommend a set of
standards to be followed for the production of an ATMP (EMA:
Regulation (EC) No 1394/2007 provides the overall framework
on ATMPs and FDA: designation described in Section 3033
of the twenty-first Century Cures Act; cell therapy medicinal
products are regulated in the Code of Federal Regulations
under Title 21 PART 1271, Human Cells, Tissues and Cellular,
and Tissue-Based Products). The different sources of origin, as
well as the different methodologies for obtaining tissue cells,
make it very difficult to compare research groups in search
of the fastest, most effective, economical, high-yielding, and
quality-required method.

Preclinical studies have shown that cell viability after infusion
is quite limited and that very few cells survive after infusion.
Although the in vivo follow-up in humans is ethically and

technically complicated, it is necessary to continue investigating
in this line to determine the intrinsic mechanisms of the
integration of the infused cells in the specific microenvironment.
Furthermore, the ATMP dose to obtain the desired effects
remains to be determined and defined. Our previous clinical
data (NCT01257776, NCT01745744, and NCT02287974) show
that an intraarterial dose of 1 x 10° cells/kg of body weight
is more effective that a dose of 0.5 x 10° cells/kg of body
weight (86). Experiments using mouse as animal models have
established a minimum dose of 1 x 10° cells/kg of body weight,
a quantity necessary to obtain a quantifiable but weak benefit.
The dose for ATMP treatment is determined by the patients
body weight and the biodistribution of cells and paracrine factors
secreted by the ATMP (MSCs) in the human recipient, and
most clinical trials usually use a similar ATMP dose (108, 109).
In most cases, the doses used for several clinical trials are
likely not sufficient to achieve the desired outcomes and a clear
therapeutic benefit. Therefore, collecting information regarding
ATMP doses obtained from different sources and the influence
of the host (patient recipient) medical conditions are important
for proposing future clinical trials and will undoubtedly assure
the safety and efficacy of ATMP-based therapies. Likewise, the
frequency of administration is currently not yet determined,
and the efficacy of ATMP-based therapy may be related to
a precise number of repeated applications (40, 42, 110), as
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determined for a conventional medicinal product. Similarly, and
in addition to the doses, the duration of ATMP application
remains to be determined. Thus, ATMP-based therapy should
be as close as possible to conventional medicines and thus may
need to be adjusted accordingly. Finally, the method and route

of administration of ATMP remains inconclusive, representing
another variable to be considered in future clinical trials (97).
From our perspective, the most suitable ATMP (defined by
the cell type, culture media and standards, doses and route
of administration) for a particular disease or complication
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remains a challenge for Regenerative Medicine and requires
further investigation.

Therefore, the desired therapeutic effect depends on many
factors since the mechanism of action of an ATMP in tissue
regeneration is likely to be multifaceted; ATMP potency can
be determined by the ability of the injected cells to migrate,
survive, integrate, differentiate, and produce functional paracrine
mediator factor involved in “cell-cell interactions.” As mentioned
above, many diseases, including diabetes, affect the phenotypic
and therapeutic properties of an ATMP, and in the search
for safety and efficacy, the recipient tissue must respond
favorably to the administered ATMP, which would result in
the activation of endogenous regeneration mechanisms (111-
114). Understanding the integration of exogenous mechanisms
(injected ATMP) with the endogenous recipient (host) will play a
decisive role in the future clinical use of adult stem cells (8, 97).

NEW GENERATIONS OF ATMP

Advances in compliance under good manufacturing practice
(GMP) standards of more sophisticated cellular products are

now paving the way for new ATMP generations for use in
clinical trials.

The lack of therapeutic efficacy of the generation (Generation
1) of unmodified, naive, and wild type MSCs rated in clinical
trials can be explained by the observation that, after their
systemic infusion (intravenous), these cells become trapped in
vascular filters (fundamentally liver and lung), with only a small
percentage reaching the target tissues. Therefore, it is essential
that we design strategies that favor their migration, nesting,
and localization in the inflammatory and/or infectious focus to
increase their effectiveness (Generation 2 MSCs) (111, 113).

Biodistribution and long-term follow-up of these cells in
animal models have shown that only a few cells persist after
long periods of transplantation. This phenomenon supports
the idea that most of the effects of MSCs are probably
based on a “hit and run effect.” To increase the implantation
of an ATMP in the injured tissue, Sackstein et al. (113),
developed a method to transiently modify the CD44 antigen
present in the MSC cell membrane by enzymatic fucosylation,
converting this molecule into HCELL glycoform and thus
favoring the migration of MSCs to the inflamed tissues (111,

Intramuscular administration
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FIGURE 5 | NOMA-Project considerations. (A) Intramuscular infusion of stem cells directly into the muscles. Once the targeted muscular injection points of MSCs are
selected (upper panel), repeated administrations of the therapeutic stem cells are directly, easily, and less invasively infused into the lower part of the limb (lower panel).
(B) Flowchart of the phases (enrollment, intervention allocation, follow-up, and data analysis) of NOMA clinical trial.

Frontiers in Immunology | www.frontiersin.org

166

June 2019 | Volume 10 | Article 1151


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Soria-Juan et al.

Safety and Efficacy of MSC-Based-Therapy

115, 116). This method, called glycosyltransferase-programmed
stereosubstitution (GPS) to custom modify cell surface glycans
without affecting cell viability, has been optimized for its clinical
application using an alpha-1,3-fucosyltransferase preparation
and enzymatic conditions specifically designed to treat live cells
and formulated to preserve the cell viability and phenotype. It
has been found that this modification not only increases the
adhesion of the MSCs to the endothelium but also enhances
their transmigration through it by activating integrin a481 (VLA-
4) in the absence of chemokine stimulation. Therefore, this
modification by fucosylation could improve the efficacy of the
treatment with MSCs by increasing their migratory capacity to
the inflamed tissues after systemic administration. More detailed
knowledge of the mechanisms of biodistribution, migration and
specific interaction of MSCs at the damaged loci may be beneficial
to design new ATMP with increased safety and efficacy (111), and
in this regard, our group has collaborated in a patent to classify
these tentative responses for stem cells (W02017032612).

In this context, and as another approach, a new generation
of MSCs can be engineered by increasing both cell migration
and cell potency (Generation 3 MSCs). Targeting the CXCL12
and C-X-C chemokine receptor type 4 (CXCR-4) may improve
the cell migration capacity of transplanted MSCs, and CXCL12
is also highly expressed in injured tissues and contributes to
the recruitment of CXR4-positive cells. As a small proportion
of MSCs express CXCR4 in culture, their capacity to migrate,
and to respond to homing signals in damaged tissue may
be reduced. Therefore, targeting CXCR4 may improve the
migratory and therapeutic effects of MSCs (117). Within this
context, we propose using MSCs modified to overexpress
CXR4 and IL10 and/or IL7 (Generation 3 MSCs). Expression
of the CXCR4 receptor will increase the migration of MSCs
toward the inflammatory focus, while coexpression of the
anti-inflammatory cytokine interleukin 10 (IL-10) and/or the
anti-infectious cytokine interleukin 7 (IL-7) will increase the
anti-inflammatory effect (IL-10) and even the anti-infective
effect (IL-7).

Furthermore, we propose that the extensive use of FBS in
MSC expansion media represents a clear limitation for the
introduction of an ATMP at the clinical level. Currently, cell
expansion is carried out in culture media supplemented with FBS.
Serum use must be of a clinical grade (free of animal pathogens).
Together with the growing demand for MSCs, this feature has
led to a series of technical and ethical conditions for production
(use of a large number of bovine fetuses) and geographic regions
(zones free of prion diseases) with an associated impact on
price (118-124). The substitution of FBS with human serum
and platelet lysate also represents a technical limitation that
is mainly related to the supply of human material and the
absence of uniformity of the lots. Altogether, these considerations
have enforced the development of robust processes of MSC
production in chemically defined culture media free of animal
and human components. These media are supplemented with
recombinant proteins (albumin, insulin, TFGB and bFGF), iron,
selenium, and an antioxidant system (2-mercaptoethanol) (119,
122). The use of serum-free and xeno-free media minimizes
the possible risks of contamination and adverse effects with

respect to clinical application. Although several serum-free
media have been described in the literature, they are chemically
defined and contain known molecular components and are
commercially available for cell manufacturing. We propose using
our patented xeno-free and human component-free medium
(W02017021535) to expand modified MSCs.

COST OF THE PROCESS

After the introduction of CAR-T cell therapies with an actual
cost of ~300,000 to 400,000 € (125) or the prices charged by
PROCHYMAL (an allogeneic bone marrow-derived allogeneic
MSC treatment for graft vs. host disease) or Provenge (an
autologous cell therapy of dendritic cells from metastatic forms
of prostate cancer), with prices between $100,000 and $200,000
US, it seems absolutely necessary to analyze the cost-effectiveness
of a potential treatment to facilitate the universal coverage of
healthcare. A recent survey from the International Society for
Stem Cell Therapy estimates costs for a dose between 10,000 and
25,000 € (126), with additional costs from hospitalization and the
endovascular department, among others, resulting in a total cost
of 30,000 to 40,000 € for a single dose. This cost may be assumed
for rare diseases with a low prevalence, but it seems quite difficult
to extend this treatment to a highly prevalent medical condition.
The only way to reduce the cost is the mass production of
allogeneic doses and facilitation of administration. Intramuscular
administration of allogeneic MSCs will reduce the total cost
and may be as effective as the intraarterial route. The NOMA
(No More Amputations) Project is aimed to address these
points (Figure 5A). Previous cell therapy clinical trials conducted
by our group have used autologous cells (BM-MNCs, BM-
EPCs, and Ad-MSCs) injected intraarterially (NCT00872326,
NCTO01257776, NCT01745744, and NCT02287974). Given the
reported adverse events, such as microthrombosis (19), clot
formation (96), or IBMIR (82, 87, 97), the high cost of the
treatment of complications and our preliminary data suggesting
that allogeneic MSCs administered intramuscularly may be as
safe and effective as intraarterial autologous MSCs, we decided to
promote the NOMA Project. A description of the Project (aims,
endpoint, inclusion, and exclusion criteria, follow-up, indicators
and monitorization) will be published elsewhere (Figure 5B).
The development of a safe and new generation of MSCs expanded
under GMP conditions with media free of FBS and human
platelet lysate (HPL) is currently under development.

We have now treated a huge number of patients with cell
therapies, and the insights that we are gaining concerning
the optimization of the next-generation of cell-based therapies
should not be underestimated. We propose a combination among
the following factors:

- A new source of healthy allogeneic donors (NOMA Project)

- A cost-effective mass production under GMP conditions (to
be developed)

- A safe, friendly and less costly procedure for administration,
for example, via the intramuscular route (NOMA Project)

- A new xeno-free culture medium (to be developed)
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INSTITUTIONAL REVIEW BOARD AND
REGULATORY COMPLIANCE

Clinical Trials

The clinical trials developed and conducted by our group
were promoted by “Fundacién Progreso y Salud” under a non-
commercial investigator-driven grant, were approved by the
local institutional review board (IRB), the regional Andalusian
Ethics Committee, and registered in the Clinical Trials Database
(www.clinicaltrials.gov), except for NOMA Clinical Trial (No-
More-Amputations (NOMA); PIC18/00010; Clinical Trials of
Independent Advanced Therapies).

Regulatory and ATMP Manufacturing

For the clinical trials mentioned above, the donors’ source
for ATMP was appropriately screened and tested for human
pathogens. The therapeutic protocols were approved by the
hospital ethics committee in accordance with Spanish law.
All patients signed a detailed informed consent form before
intervention and provided their consent for publication of the
study results. These studies were conducted in accordance
with the ethical standards of the Helsinki Declaration
(1975). The clinical studies (NCT01257776, NCT01745744,
and NCT02287974) fulfill GMP standards for application
in a clinical setting. All procedures were performed in
a CABIMER-GMP core facility, a certified clean room
(Certificate No: ES/1011/18; inspected in accordance with
Directive 2001/20/EC) that complies with the principles and
guidelines of Good Manufacturing Practice laid down in
Directive 2003/94/EC.

CONCLUDING REMARKS

Considering all the previously findings and despite promising
results, the ATMP-based therapy applied to CLI has led
to important questions regarding safety and efficacy that
can be transferred to its application for other pathologies.
Although MSCs display a series of properties (factor release,
immunomodulation, inflammatory capacity, among others),
we presently do not know how many clinical trials are
necessary before a specific, safe and effective cell-based
therapy can be successfully achieved to offer patients
with no other therapeutic alternatives. Improvements in
personalized cell production in a cost-effective, safe and
effective manner, a correct diagnosis, clinical prognosis
and well-defined patient profile, and the correct route of
administration will undoubtedly improve this advanced cellular
medicine therapy.
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Adipose mesenchymal stem cells (ASC) are considered minimally immunogenic. This is
due to the low expression of human leukocyte antigens | (HLA-), lack of HLA-Il expression
and low expression of co-stimulatory molecules such as CD40 and CD80. The low rate
of observed immunological rejection as well as the immunomodulatory qualities, position
ASC as a promising cell-based therapy for the treatment of a variety of inflammatory
indications. Yet, few studies have addressed relevant aspects of immunogenicity such
as ASC donor-to-patient HLA histocompatibility or assessment of immune response
triggered by ASC administration, particularly in the cases of presensitization. The present
study aims to assess allo-immune responses in a cohort of Crohn’s disease patients
administered with allogeneic ASC (darvadstrocel formerly Cx601) for the treatment of
complex perianal fistulas. We identified donor-specific antibodies (DSA) generation in a
proportion of patients and observed that patients showing preexisting immunity were
prone to generating DSA after allogeneic therapy. Noteworthy, naive patients generating
DSA at week 12 (W12) showed a significant reduction in DSA titer at week 52 (W52),
whereas DSA titer was reduced in pre-sensitized patients only with no specificities
against the donor administered. Remarkably, we did not observe any correlation of DSA
generation with ASC therapeutic efficacy. In vitro complement-dependent cytotoxicity
(CDC) studies have revealed limited cytotoxic levels based upon HLA-I expression
and binding capacity even in pro-inflammatory conditions. We sought to identify CDC
coping mechanisms contributing to the limited cytotoxic killing observed in ASC in
vitro. We found that ASC express membrane-bound complement regulatory proteins
(mCRPs) CD55, CD46, and CD59 at basal levels, with CD46 more actively expressed
in pro-inflammatory conditions. We demonstrated that CD46 is a main driver of CDC
signaling; its depletion significantly enhances sensitivity of ASC to CDC. In summary,
despite relatively high clearance, DSA generation may represent a major challenge
for allogeneic cell therapy management. Sensitization may be a significant concern
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when evaluating re-treatment or multi-donor trials. It is still unknown whether DSA
generation could potentially be the consequence of donor-to-patient interaction and,
therefore, subsequently link to efficacy or biological activity. Lastly, we propose that CDC
modulators such as CD46 could be used to ultimately link CDC specificity with allogeneic

cell therapy efficacy.

Keywords: ASC, cell therapy and immunotherapy, allogeneic, allo-sensitization, CD46, crispr gene editing, HLA
class 1, complement dependent cytotoxicity (CDC)

INTRODUCTION

The use of autologous and allogeneic mesenchymal stem
cells (MSC) for treating a variety of conditions has been
evaluated across several clinical trials (1), including those
focused on the treatment inflammatory bowel disease (2),
sepsis (3), and graft vs. host disease (GvHD) (4), as well
as several autoimmune diseases (5). MSC therapeutic effects
are largely attributed to their capacity to modulate immune
response. MSC interact with both innate and adaptive arms
of the immune system, inhibiting proliferation of T, B and
natural killer (NK) cells and fueling expansion of regulatory
T cells (Treg) (6, 7). MSC are able to hinder a series of
immune cell functions, including: reducing cytokine secretion
of T and NK cells; impairing maturation and activation of
antigen-presenting cells (APC) and maturation and antibody
(ADb) secretion of B cells (8, 9). Lastly, MSC have been shown
to promote monocyte to macrophage transition and facilitate
M1 (pro-inflammatory) to M2 (anti-inflammatory) macrophage
skewing (10). Specifically, the immune modulatory capacities
and therapeutic potential of allogeneic Adipose mesenchymal
stem cells (ASC) have been extensively characterized by us and
others (11-14).

The prevailing paradigm is that MSC in general, and ASC in
particular, are not considered to induce a strong immunogenic
response. This is mainly due to low human leukocyte antigen
(HLA)-I expression, an absence of HLA-II expression, and
a low expression of co-stimulatory molecules, such as CD40
and CD80 (7, 11). In fact, in the majority of clinical trials,
patients have been administered with allogeneic MSC without
the need of major histocompatibility complex (MHC) matching
prior to treatment and without utilizing immunosuppressive
therapies (15, 16), in contrast to other allogeneic cell-based
therapies. Recent data has indicated that although well-tolerated,
allogeneic MSC therapy has shown some signals of immune
response, such as the generation of donor-specific antibodies
(DSA) (17-21). Moreover, during allogeneic administration
HLA-mediated cytotoxicity can potentially contribute to
the elimination of ASC, eventually compromising efficacy.
There are few studies investigating the immunogenicity of
administered allogeneic ASC. The current study aims to address
this issue.

Crohn’s disease (CD) is a chronic inflammation of the
digestive tract characterized by transmural inflammation and
fistula formation (22). Perianal fistulas are a complication of CD
that affects ~28% of patients in the first two decades following

diagnosis (23). They are extremely difficult to treat as there
are not any recognized effective treatment options, and the
condition is associated with a high rate of relapse following
the withdrawal of antibiotic or anti-tumor necrosis factor alpha
(TNFa) therapy (22). ADMIRE CD (global randomized, double-
blind, parallel-group, placebo-controlled trial) demonstrated that
local allogeneic darvadstrocel (Cx601) administration can be an
effective and safe treatment for complex perianal fistulas in adult
patients with non- or mildly active luminal CD (21, 24). A
cohort of ADMIRE CD patients was screened for generation of
DSA, and it was determined that there were no safety signals
associated with the development of DSA (24). A cohort of
patients was screened for generation of DSA through Luminex
solid-phase assays (SPA) using recombinant HLA molecules
bound to beads.

The complement system is a key component of the
innate immune response and serves as a nexus with the
adaptive immune response, but it is primarily involved in
inflammatory processes (25). During allogeneic recognition,
complement-dependent cytotoxicity (CDC) is initiated when
Clq, the initiating mediator of the classical complement
pathway, is fixed to the Fc portion of HLA-I antigen-bound
antibodies resulting in its activation and subsequent complement
cascade signaling (26). Complement activation can be also
triggered in damaged tissues where anaphylatoxins act as
chemotactic factors to amplify the immune response. MSC
express functional anaphylatoxin receptors (27) which facilitates
their recruitment to the injured site and subsequent classic Clq
CDC pathway activation. During the ADMIRE CD1 clinical
trial, ASC were directly delivered into all fistula tracts and
internal openings, which are essentially injured tissues (24). The
prominent role of CDC in safeguarding homeostasis within
damaged tissues (i.e., fistula) prompted us to examine the
impact of the complement activation pathways in the fate
of ASC.

Complement signaling is buffered by regulatory molecules
(i.e., CD46, CD55, CD59) that are found in the membrane of
different cell types, including ASC (28). These molecules function
as decay accelerators and are known as membrane complement
regulatory proteins (mCRP) (29). Despite mCRP expression
being reported in MSC of varying origins, very little is known
about their contribution to complement mediated cytotoxicity
(30-32). Our objective is to evaluate the differential cytotoxic
capacity among plasma samples collected from ADMIRE CD1
patients, using conventional functional assays against donor ASC
in vitro.
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MATERIALS AND METHODS

Monitoring DSA Generation in ADMIRE CD
Patients

We focused in a subgroup of 123 patients enrolled in the
randomized, double-blind, parallel-group, placebo-controlled
study ADMIRE CD (24). All of them were adult patients (>18
years) with CD and treatment-refractory, draining complex
perianal fistulas and selected to a single local injection of 120
million ASC or 24mL saline solution (control). A total of
60 and 63 patients received control or infusion of allogeneic
ASC, respectively, from which 105 (58 ASC, 47 control) were
successfully followed up 52 weeks after administration. Note,
that clinical remission data was missing for 10 naive patients
which explains why number of clinical remission data-points (33)
differs to total number of naive patients in the study (34).

ASC Donors and Bone Marrow (BM)-MSC

Human adipose tissue aspirates from healthy donors were
processed as described elsewhere (35). For the present study we
used ASC from seven different donors, DonA was the donor
used for ADMIRE CD clinical trial. Additionally, we tested
mCRP expression and CDC sensitivity to the following donors:
DonB, DonC, DonD, DonE, DonF, and DonG, manufactured
by Tigenix (Takeda Pharmaceuticals). All ASC donors comply
with International Federation for Adipose Therapeutics (IFATS)
and the International Society for Cellular Therapy (ISCT)
identity and purity criteria (36). ASC culture has been described
elsewhere (11). BM-MSC were purchased to Lonza and cultured
following manufacturer instructions.

HLA Antibodies (Abs) Detection

A plasma sample was obtained by centrifugation of a peripheral
blood tube with ethylenediaminetetraacetic acid (Vacutainer®
spry-coated K2EDTA tubes, BD™), collected from all patients, at
baseline, 12 and 52 weeks after control or ASC administration.
HLA Abs were detected in a Luminex platform using a

LabscreenMixed kit (One Lambda Inc.® Canoga Park, CA,
US) according to manufacturer instructions. All samples with a
signal >800 units of median fluorescence intensity (MFI) were
considered positive, and donor specificities for HLA Abs were

determined using Labscreen Single AntigenTM kit (One Lambda
Inc.® Canoga Park, CA, US). All signals were normalized

according to QuantipleXTM beads fluorescence and specificities
> 20,000 units of standard fluorescent intensity were considered
relevant. Qualitatively, we defined the HLA antibody titer as the
resulting MFI sum of all the determinant beads of the HLA
class I molecules included in the Labscreen Mixed kit. We will
refer to pre-existing HLA Abs detected in patients before ASC
administration as HLA Abs whereas donor ASC-induced HLA
Abs will be referred as DSA.

HLA Typing

The assignment of HLA allele expressed in patients or ASC
donors was determined over DNA samples obtained from
peripheral blood sample or ASC pellets using chemagic
DNA Blood250 KIT (PerkinElmer). After checking purity via

examination of the A260/280 absorbance ratio, all samples
with a DNA concentration of 20 ng/pl or more were tested
by LABType®SSO assay (One Lambda, Canoga Park, CA)
specifically for loci A, B, and C of HLA according manufacturer
instructions. The characterization of the incompatibilities
between patient and donor ASC were defined as an unshared,
unique chain of polymorphic residues, using the algorithm HLA
matchmaker hereafter referred to as eplets (37).

Standardization of Flow Cytometry
Crossmatch (FCXM) Binding With

Recombinant HLA Abs (rHLA)

Standard Curves

We established the level of class I (DonA and DonB) and
class II HLA (DonA) expression in the indicated ASC donors
used, under basal conditions and pre-activated with interferon
gamma (IFNYy) (3 ng/mL for 48 h). We stained 50,000 ASC with
the PE (R-phycoerythrin) anti-human class I HLA Ab (clone
W6/32) and Peridinin Chlorophyll Protein Complex (PerCP)
anti-human class II HLA Ab (clone 1243) (Becton Dickinson,
Franklin Lakes, New Jersey, US) in increasing concentrations
(from 0 to 15ng/ml for clone W6/32, and 0 to 3ng/ml for
clone L243) and incubated 30 min (min) in the dark at room
temperature (RT).

Plasma Samples FCXM Binding Strength and CDC
We tested pre-treatment, week 12 (W12) and week 52 (W52)
plasma samples of all patients who had received the ASC
administration, previously de-complemented at 56°C for 30 min
and washed once with autoMACS Running Buffer (Miltenyi). We
incubated 50 pl of de-complemented plasma with 50,000 ASC in
a final volume of 100 pl during 30 min at RT. Without washing
we added 250 ] of rabbit serum as source of complement anti-
human class I HLA (CABC-1D, One Lambda Inc.® Canoga
Park, CA, US) for 1h. Then cells were washed twice and
incubated with 20 pl FITC anti-human IgG during 20 min and
once washed, adding 5 pl of viability dye 7-Aminoactinomycin D
(7-AAD) by acquisition in a LSR Fortessa flow cytometer (BD™).
The presence of HLA antibodies and the recognition of ASC was
determined by the increase of MFI with respect to the control
serum and the cytotoxic capacity by the percentage of 7-AAD+
cells acquiring 10,000 events in P1 gate (total population of ASC)
per sample. For analysis we used FlowJo software version 9.7.5.

mMCRP Quantification via FACS

ASC were grown in normal or 3ng/mL IFNy conditions for
48h. ASC were then trypsinized and counted for a final
concentration of 50,000 ASC per 100 pL autoMACS Running
Buffer (Miltenyi). For antibody staining we used CD46 (564253,
BD), CD55 (MCA1614PE, Serotec), and CD59 (BRA-10G, Novus
Biologicals) Abs and their respective isotypes as controls (IgG2a-
APC, IgGl-PE, and IgG2b-PE from BD). After 20 min ice
incubation ASC were washed with autoMACS Running Buffer
(Miltenyi) and centrifuged 500 x g for 4 min. Finally, ASC were
resuspended in 100 pL autoMACS Running Buffer (Miltenyi)
transferred to cytometry tubes acquired in a LSR Fortessa flow

cytometer (BD) and analyzed with BD FacsDiva (BD).
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Generation of CD46X° ASC

Guide RNA was designed to target CD46 exon 3 using
the following public genomic tools: https://genome.ucsc.edu/,
https://www.ncbi.nlm.nih.gov/gene. For CRISPR RNA (crRNA)
delivery we used the Alt-RY CRISPR-Cas9 System (IDT
Integrated DNA Technologies) as per manufacturer instructions.
Briefly, ASC were thawed and left overnight. Following this,
we prepared and delivered ribonucleoprotein (RNP) complexes

using LipofectamineIM RNAiIMAX (Thermo-Fisher). We mixed
crRNA and trans-activating crRNA (tracrRNA) in equimolar
concentration in a sterile micro-centrifuge tube at a final oligo
duplex working concentration of 1 wM. Following 20 min at RT
mix incubation, we added the transfection complexes to the
culture plate before adding the ASC suspension. After 24 h we
replaced the ASC medium and verified lipofection efficacy of
labeled tracrRNA-ATTO>® ASC with fluorescence microscope.

RESULTS

Long-Term DSA Presence in ADMIRE CD

Treated Patients

Blood samples were collected from 123 patients (63 ASC and 60
control) at baseline and 12 weeks after treatment administration.
At 52 weeks after treatment administration, 105 patients (58 ASC
and 47 placebo) provided blood samples (Figure 1A). Analysis
by solid phase assay using Luminex technology revealed that 23
patients generated DSA 12 weeks after treatment. As expected,
no patients receiving placebo generated DSA (Figure 1A, right
chart). Additionally, results indicated that 16% (10/63) of
treatment-ASC group and 15% (9/60) of placebo group had pre-
existing HLA abs (pre-sensitized patients) at baseline. Out of the
53 naive patients, 17 generated DSA at W12, and 6 of the 10
pre-sensitized patients generated DSA at W12 (Figure 1A, left
chart). In all cases specificities of DSA were only detected against
class I of HLA and not against HLA class II. Long term follow
up revealed that no additional generation of DSA was detected
52 weeks after treatment and 7 out of the 23 sensitized patients
(30%) cleared DSA at W52. Interestingly, the group of naive
patients generating DSA at W12 showed 35% clearance (6/17),
whereas pre-sensitized patients generating DSA at W12 showed
17% (1/6) clearance at W52. Further, pre-sensitized patients were
prone to sustained humoral response at W52 post-treatment,
indicative for a sort of secondary response in pre-sensitized
patients. In contrast, naive patients generating DSA showed a
trend to return to the initial baseline status as naive patients,
suggesting a primary immune response kinetic. The level of
DSA positivity for a given sample was selected using the most
restrictive threshold of the single antigen results, interpreted by
categorical values (yes or no over a given cut-off). Alternatively,
the amount of antibody bound relative to the total antigen
present on the purified HLA-coated beads can be also quantified
as the sum of MFI HLA class I LSM microspheres. We calculated
time-course curves measuring plasma DSA titer throughout time
(before treatment and 12-52 weeks post-treatment) illustrating
the response kinetics and determining the likelihood of reducing
their DSA levels (Figure 1B). Patients from the treatment group
were clustered in the following groups: Naive patients that

did not generate DSA (where baseline levels will be used for
comparisons), naive patients that generated DSA after allo-ASC
administration, pre-sensitized patients sharing specificities of
the donor ASC administered and pre-sensitized patients not
sharing specificities against the donor used. As expected, naive
patients not generating DSA did not modify their antibody
titer throughout the course of the study (Figure 1B, upper left
panel) whereas naive patients that generated DSA exhibited
an increase of antibody titer at W12 that reduces at W52,
mimicking a primary immune response kinetic. In addition,
baseline MFI values to W12 differed among patients, with certain
patients exhibiting a particularly intense response, patient 92
(Pat92) being the most allo-reactive (Figure 1B, blue circle).
Interestingly, the kinetics of the pre-sensitized group of patients
that shared specificities with donor administered did not show
a consistent reduction of antibody titer at W52 (Figure 1B,
lower left panel), whereas those pre-sensitized patients that
did not share specificities with the donor administered showed
increase of DSA titer at W12 that is reduced at W52 (Figure 1B,
lower right panel) like the primary immune response kinetics
observed in the upper left. We examined a possible connection
between donor-patient HLA matching grade and the probability
to generate DSA (38, 39). We aimed to identify polymorphic
residues present in the ASC donor HLA type (eplets) but absent
in patients as main precursors of the allogeneic recognition. Each
patients HLA allele was aligned with ASC donor HLA allele
for mismatch quantification (37). In our study, allo-sensitization
arose mainly against HLA class I (data not shown), therefore
we focused in characterizing loci A and B of HLA class I.
Total number of eplets correlated with patients’ susceptibility to
generate DSA (Figure 1C).

Finally, we focused on investigating a potential connection
of DSA generation and ASC therapeutic effect. We correlated
DSA generation with clinical remission (closure of all treated
external openings draining at baseline) at W12 and W52
(Supplementary Figure 1A). DSA presence did not affect clinical
remission ratios in naive patients (66.7 against 67.6%) at W12
clinical end-points. Clinical remission levels were slightly higher
in naive patients with DSA vs. patients that did not generated
DSA (55.6 against 50%) at W52 end-point. However, no statistical
difference was observed at this clinical end-point. Due to the low
number of pre-sensitized patients, no statistical analysis could be
performed in this sub-group.

To summarize, the above data suggest that although ASC
could trigger allo-sensitization in a segment of patients, in
most cases we observed a reduction i