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ABSTRACT

Mesenchymal stromal cells (MSCs) have demonstrated extensive capacity to modulate a cata-
bolic microenvironment toward tissue repair. The fate, biodistribution, and dwell time of the
in vivo delivered MSCs largely depend on the choice of the cell delivery route. Intramuscular
(IM) delivery of MSCs is clinically safe and has been used for the effective treatment of local
pathologies. Recent findings have shown that the secretome of the IM-delivered MSCs enters
the circulation and provides systemic effects on distant organs. In addition, muscle tissue pro-
vides a safe residence for the delivered MSCs and an extended secretorily active dwell time com-
pared with other delivery routes. There are, however, controversies concerning the fate of MSCs
post IM-delivery and, specifically, into an injured site with proinflammatory cues. This review
seeks to provide a brief overview of the fate and efficacy of IM-delivered MSCs and to identify
the gaps that require further assessment for adoption of this promising route in the treatment
of systemic disease. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:456–465

SIGNIFICANCE STATEMENT

Mesenchymal stromal cells exhibit potent immune-modulatory properties and are used in the
treatment of many diseases. However, the dwell time of the cells in vivo, especially when deliv-
ered intravenously, is short—a matter of a few days. This dwell time can be extended by using
injection into skeletal muscle as the cell delivery route. This route has been shown to be safe
and has the advantage of increased longevity of the secretory activity of the delivered cells. This
article reviews the intramuscular delivery route of such cells and the potential advantage to
treatment regimes.

INTRODUCTION

Mesenchymal stromal cells [1] have demonstrated
extensive capacity to limit injury and promote
regeneration through signaling and secretion of
trophic factors [2]. Indeed, MSCs provide a puta-
tive treatment for immune-related, infectious,
and degenerative diseases, without a require-
ment for engraftment [3]. Despite these benefi-
cial therapeutic effects, one challenge is the
short dwell time of the delivered cells in vivo [4].
However, Braid et al. [5] recently reported the
extended dwell time of human MSCs (hMSCs)
delivered intramuscularly (IM—5 months) in
healthy athymic mice when compared with the
same cells delivered intravenously (IV—3 days),
and either subcutaneously or interperitoneally
(3 to 4 weeks). Thus, skeletal muscle provides a
putative advantage for MSC delivery.

To date, skeletal muscle has been princi-
pally used as a delivery route for local treatment
of myopathic, neurodegenerative, and vascular

related diseases. However, recent studies have
emphasized the opportunity afforded by IM-
delivery to effect systemic changes. The 3 main
advantages of skeletal muscle MSC delivery
are: (a) extended dwell time provided by dense
muscle fibers that retain the MSCs in situ; (b)
high vascular density that provides a conduit
for systemic release of MSC trophic factors;
and (c) an abundance of tissue that provides
for multiple injection sites. Although the IM-
delivery of MSCs has been shown to be clini-
cally safe [6–12], it is important to critically
evaluate the fate of MSCs postdelivery in
skeletal muscle.

Although the trophic factors secreted by
MSCs are often considered to have a paracrine
or local effect, their release into the blood
stream could effect systemic outcomes. We
discuss herein the evidence for engraftment
and differentiation of IM-delivered MSCs, their
secreted factors both local and systemic, their
dwell time, and biodistribution.
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CLINICAL SAFETY OF IM-MSC DELIVERY

Clinical trials that have adopted IM delivery of bone marrow-
derived cells include both bone marrow-mononuclear cells and
MSCs [13]. Clinical IM-MSC delivery has targeted both promo-
tion of angiogenesis in patients with peripheral artery disease
(PAD) and thromboangiitis obliterans (TAO)/Buerger disease,
and amelioration of motor neuron loss in amyotrophic lateral
sclerosis (ALS) patients. Previously, the chosen route of MSC
delivery for PAD and TAO was either IV or intraarterial (IA) in
anticipation that the cells would reach ischemic sites. How-
ever, IV-delivered MSCs are entrapped in the capillary beds of
lungs with minimal engraftment to ischemic sites [14]. Clinical
studies have validated the safety of IM-MSC delivery (Table 1).
Gupta et al. IM-delivered allogeneic BMMSCs in the ischemic
limbs of patients and reported improvement in clinical scores
[6]. To overcome the low frequency of MSCs in BM aspirates,
Bura et al. IM-delivered adipose-derived MSCs (AD-MSCs) in
PAD patients with clinical limb ischemia and reported no sign
of edema or necrosis at the site of injury. Clinical signs such as
leg pain, ulcer size, and pain-free walking were all reported to
be significantly improved—potentially due to revasculariza-
tion [7].

The IM delivery of MSCs has, more recently, been pursued
as an alternative to intrathecal (IT) and/or IV transplantation
in ALS patients. Petrou et al. [12] reported no significant com-
plications, and only slight edema, associated with injection, at
24 sites in the biceps and triceps, of BMMSCS (1 × 106 cells
per site)—induced in culture to express neurotrophic factors
(NTF) to promote regeneration and neuroprotection. Due to
the nature of ALS, direct intrathecal delivery of MSC-NTFs
together with peripheral IM administration of MSC-NTF was
considered to enhance the efficacy of MSC-therapy compared
with the IM-MSC delivery alone [12]. However, the systemic
effects of the release of NTF were not assessed. Although clini-
cal studies have confirmed the safety of IM-MSC delivery only
one, conducted in critical limb ischemia (CLI) patients receiving
allogeneic placenta-derived MSCs (PLX), has reported a sys-
temic effect—modulation of dendritic/natural killer cell inter-
actions [15].

PRECLINICAL STUDIES: IM-DELIVERED MSCS TO TREAT LOCAL
PATHOLOGIES

MSCs have been delivered IM for local treatment or to locally
treat complications associated with systemic diseases (Table 2).
These studies have focused predominantly on the local angio-
genic and neuro-supportive effects of MSCs although the sys-
temic sequalae of the secreted trophic factors have not been
assessed. Diabetic polyneuropathy (DPN), similar to PAD, is a
complication associated with diabetes. Shibata et al. [16] IM-
delivered rat BMMSCs (rBMMSCs) in streptozotocin (STZ)-induced
diabetic Sprague–Dawley (SD) rats. Four weeks postdelivery, the
cells were observed in the gaps between the muscle fibers. In
addition, a significant increase in the levels of bFGF and vascular
endothelial growth factor (VEGF) were observed in the treated
muscle. In a similar model in balbC mice, Kim et al. delivered
mBMMSCs along the sciatic nerve and reported improvement in
motor nerve conduction as early as 2 weeks, whereas no further
improvement was observed after 4 weeks [17]. On the other
hand, Han et al. [18] delivered allogeneic rBMMSCs in the thigh
muscle of DNP-STZ induced Wistar rats near the sciatic nerve, and
reported engraftment along the vasa nervosa after 4 and 8 weeks.
Additionally, upregulation of angiogenic and neurotrophic genes,
myelin protein, and nerve growth factor receptor gene in the
transplanted muscle were all observed.

Following their initial use of neural progenitor cells [29],
Suzuki et al. pursued delivery of glial cell derived growth fac-
tor (GDNF) transfected MSCs into various muscle groups [19].
In a SD-SOD1G93A rat model of ALS—that develops neurode-
generation of spinal motor neurons and progressive motor
deficits—GDNFhBMMSCs were delivered together with daily
cyclosporine (CsA). First, to ameliorate hBMMSC survival, a
focal muscle injury was induced with injection of bupivacaine
hydrochloride prior to cell delivery. MSC delivery into the
muscle led to significant reduction in the number of denervated
endplates, and abrogation of motor neuron loss. IM-transplanted
MSCs were detected after 8 weeks in the muscle at the site of
injection [19].

In other IM-MSC studies, human cells were xenotrans-
planted in animal models of CLI for preclinical and translational

Table 1. Examples of clinical studies of intramuscular-MSC therapy

Disease MSC source Delivery site Cell dose Single/multiple Outcome Complications
Follow-up
period Ref.

CLI Allogenic
BMMSCS

Gastrocnemius 2 × 106

cells per
kilogram

40–60 sites
at proximity

Improvement in
clinical scores (rest
pain scores and
ankle pressure)

Safety without
occurrence of
edema at the site
of injury

24 wk [6]

PAD + CLI Autologous
ADMSCs

Internal and
external
gastrocnemius
andanterior
compartment
of the ischemic
leg

1 × 108 15 sites in
each muscle

Clinical signs such as
leg pain, ulcer size,
and pain-free
walking was
reported as
significantly
improved

No sign of edema, or
necrosis at the site
of injury

24 wk [7]

ALS Autologous
BMMSC-NTF
treated

Biceps and triceps 24 × 106 24 sites at
proximity

Improvement in the
CAMP amplitude

Slight edema at the
site of
transplantation.

No infection. No
tumor formation

24 wk [12]
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assessment of the human MSC functionality in ischemia. Prather
et al. [22] IM-transplanted luciferase expressing PLX, 5 hours after
arterial ligation. Cells were delivered locally at the site of injury in
both immunocompetent (balbC) and immunocompromised (NOD/
SCID) mice. Loss of luminescence signal in the immunocompetent
balbC mice was observed after 4 days, whereas in NOD/SCID mice,
cells were still detected for 3 weeks. Similarly, Francki et al. IM-
delivered placenta-derived adherent cells, luciferase-transduced, in
the ischemia-induced hind limb muscle of BalbC mice 24 hours
after injury, and reported significant improvement in the blood
flow and vascular density by 35–49 days. Furthermore, at 49 days,
the injured muscle showed a reduction of inflammatory infiltrate
and improvement in the structure of the regenerated muscle
fibers [23]. Beegle et al., in a similar CLI model, IM-transplanted
hBMMSCs over-expressing VEGF in the hamstrings of immuno-
compromised NOD/SCID-IL2Rγ−/− (NSG) mice. Significant loss
of MSCs was reported within the first 28 days; a small number
of cells were detected after 4.5 months, but no cells were
detected after 6 months [24]. Although these studies reported
local upregulation of angiogenic growth factors, they showed
model-dependent variations in the dwell time of MSCs. Even
within a single model differences were seen. For example, Braid
et al. [5] showed a 2-log decrease in cells over the first 4 days
following IM delivery, although a secretorily active population
remained at the injection site for up to 5 months.

IM-DELIVERED MSCS TO TREAT DISTANT AND SYSTEMIC

CONDITIONS

MSCs are shown to secrete a plethora of immunomodulatory
factors in response to inflammatory stimuli [30] and also to
stimulate endogenous cell regeneration [31, 32]. IM-MSC deliv-
ery has demonstrated a potential to treat distant or systemic
conditions where the long dwell time of secretorily-active cells
would provide an advantage over the rapid disappearance of
cells from the lungs following IV delivery. The systemic release
of the IM-delivered MSC secretome was first demonstrated in
2001 by Bartholomew et al. who showed that human erythro-
poietin (hEPO) was released for up to 1 month by baboon
MSCs, genetically modified to express hEPO, when IM-delivered
in NOD/SCID mice [33].

Shabbir et al. IM-delivered porcine BMMSCs (pBMMSCs),
two injections 2 weeks apart, into the hamstrings of cardiomyo-
pathic TO2 hamsters. Significant ventricular function improve-
ment (i.e., attenuated chamber dilation) and increased systolic
wall thickening were reported 3 weeks after a second IM-
delivery of MSCs. MSCs were also shown to reduce apoptosis
and myocardial tissue injury, as well as decreased myocardial-
pathological fibrosis by �50%. The systemic increase in the
level of HGF, LIF, and GM-CSF were suggested to be the medi-
ators of myocardial repair, which was concomitant with upre-
gulation of HGF, IGF-II, and VEGF in the myocardium ([34];
Table 3). Similarly, Zisa et al. IM-delivered hBMMSCs in the
hamstrings of TO2 hamsters and reported improved left ventri-
cle ejection fraction (LVEF) by 30%, 4 weeks post-MSC therapy
[40]: VEGF was considered to be the main factor that improved
cardiac repair. Similarly, Mao et al. IM-delivered human umbili-
cal cord Wharton’s jelly MSCs (hWJMSCs) into both fore limb
and hind limbs of doxorubicin-induced SD rats (a model of
dilated cardiomyopathy), two injections 2 weeks apart. ImprovedTa
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cardiac function with increased systemic levels of HGF, IGF-1,
LIF, GM-CSF, and VEGF and cardiac tissue expression level of
HGF, VEGF, and IGF-1 was observed 2 weeks after the second
MSC injection [36]. Furthermore, Liu et al., using human
soluble tumor necrosis factor receptor (hsTNFR) transduced
hBMMSCs demonstrated a prophylactic reduction in joint
inflammation in an antibody-induced/LPS-challenged murine
rheumatoid arthritis (RA) model, although the naïve hBMMSCs
showed no effect [37]. In another study, Braid et al. showed that
a depot of IM-delivered human umbilical cord perivascular cells
(HUCPVCs), genetically modified to secrete an antiviral monoclo-
nal antibody, provided systemic protection against exposure to
Venezuelan equine encephalitis virus (VEEV), with secretorily
active MSCs detectable for 109 days [39]. The engineered
HUCPVCs were IM-delivered in the thigh muscle of balbCnu/nu

mice 24 hours or 10 days prior to intranasal inoculation with
VEEV. No significant difference was observed between 24 hours
or 10 days prophylactic protection. We have also IM-delivered
hBMMSCs, mBMMSCs, or HUCPVCs in the hind limb of immu-
nocompetent CD1 mice, and reported systemic downregulation
of TNF-α and abrogation of neutrophil infiltration at an anatom-
ically distant (contralateral) site of inflammatory injury [38].

These studies provide evidence that factors released from
MSCs are the primary therapeutic mediators independent of
their engraftment and differentiation at the site of injury and
therefore illustrate that IM delivery could be used to treat any
condition where a sustained level of circulating mediators
secreted by the MSCs would be required. Nevertheless, 3
important factors that affect the efficacy of IM-MSC delivery
for a systemic effect are the dwell time of the cells, the cell
dose and frequency of injection.

DWELL TIME OF IM-DELIVERED MSCS

The extended dwell time of transplanted MSCs in the skeletal
muscle (compared with other routes of administration) enables
putative extended therapeutic effects. Nevertheless, the reported
dwell time of MSCs delivered to the skeletal muscle varies from
72 hours to 8 months. Two key factors profoundly affect these
dwell-time variations: (a) immune-rejection and (b) the methods
used for MSC detection. Although autologous MSCs are often
used in clinical trials, they can show disease [41] or age-related
[42] impairments. Therefore, allotransplantation provides an
advantage since MSCs exhibit low immunogenicity, and are
expected to evade the immune system. Although the innate
immune system is known to contribute to skeletal muscle
repair [43]. Davoudi et al. [44] have recently reported that
neutrophils and macrophages are scarce in undamaged mus-
cle, which may contribute to the longer dwell time of alloge-
neic MSCs when compared with lodgment in macrophage-rich
lungs following IV delivery. MSCs in vitro exhibit low expression
of MHC-I, and costimulatory molecules CD40, B7-1 (CD80), and
B7-2 (CD86)—which are involved in T-cell costimulation or
coactivation—and lack expression of MHC-II [45]. However, it
is not clear whether MSCs maintain their low immunogenicity
post-transplantation [20], especially in an inflamed site. Hemeda
et al. demonstrated that MSCs exposed to IFN-γ increased MHC
class I expression and also triggered the expression of MHC-II
cell surface markers [46]. Ishikane et al. showed a significantly
lower number of T-lymphocytes in rBMMSC-transplanted healthy

muscle compared with ischemia-induced MSC-transplanted mus-
cle [47]. Even with autologous transplantation, in vitro cell cul-
ture expansion conditions may cause phenotypic changes that
facilitate innate recognition of the cells when transplanted [48],
resulting in physiological clearance. The only reported preclinical
IM-autologous MSC transplantation study, records a dwell time
of 6 weeks at the transplanted site [49], which is significantly less
than the dwell time of MSCs in immunocompromised animals.
Importantly, even immune-compromised animal models differ in
their reaction to xenotransplanted MSCs. Athymic-nude rodents
do not produce mature T-cells and have high activity of macro-
phages, natural killer (NK) and dendritic cells (DC) [50, 51]. In
contrast, SCID mice have impaired production of mature T-cells,
and severely reduced macrophages NK and DC activity. These fac-
tors all affect the dwell time of exogenously transplanted MSCs
[25, 27, 52].

The majority of the preclinical studies are conducted in
small animals and MSCs are often allotransplanted. Such
studies have shown 17 days to 4 weeks of in situ dwell time
[21, 26, 47, 53, 54], but the length of the study also affects the
reported dwell time. A somewhat extended dwell time, ranging
from less than 4 to more than 8 weeks, is reported when MSCs
are allo-IM transplanted in noninjured muscles in models of
systemic conditions such as STZ-induced DPN [16–18]. MSCs
IM-delivered in immunosuppressed (CsA)-rats exhibited a dwell
time of 8 weeks when transplanted in a knock out ALS model
[19]. It is important to note that CsA blocks recipient T-
lymphocyte reactions [28], and compromises granulocyte
migration during acute inflammation. When hMSCs are IM-
transplanted in immunocompetent animals, a short dwell time
of 4–8 days has been reported by Prather et al. [22], Francki
et al. [23], and Hamidian Jahromi et al. [38]. Exceptions are
the studies by Mao et al. [36] and Shabbir et al. [34] who
reported therapeutic effects for 4 weeks that may infer sur-
vival of IM-transplanted hWJ-MSC or pBMMSCs in immuno-
competent SD-rats and TO2 hamsters respectively, although
more probably reflect the “hit-and-run” mechanism by which
MSCs are considered to have their effects [55]. On the contrary,
some of the studies that have IM-transplanted MSCs in geneti-
cally immunocompromised animal models have reported signifi-
cant dwell times of 3–24 weeks in injured muscle [22, 24, 56],
�4–16 weeks in intact skeletal muscle of animals with sys-
temic disease [37, 39], and �4–32 weeks in intact healthy ani-
mals [5, 33, 57–59]. One factor that was similar in all reports
was the fast decay in cell density over the first 14 days with
further decline up to 28 days. For example, Liu et al. [53]
transplanted mouse AD-MSCs into the hind limb adductor
muscle of ischemic C57BL/6 mice 24 hours postinjury; gradual
loss of the IM-transplanted MSCs was reported over 28 days.
Ishikane et al. IM-delivered rBMMSCs or rat fetal membrane
MSCs (rFM-MSCs) in a CLI model in MHC mismatched rats
[47]. Loss of MSC engraftment was observed 3 weeks post IM-
MSC delivery with a small quantity of cells still present at the
site of injury. The fraction of cells remaining in the muscle for
a longer period has been reported to be 10% of the trans-
planted cells after 8 months [57].

Suzuki et al. have reported a short MSC dwell time when
transplanted into intact muscle. A focal injury in the skeletal
muscle, prior to transplantation, extended the MSCs dwell-
time [19]. The short dwell time of MSCs in intact muscle does
not corroborate the findings of Shibata et al. [16], Kim et al.
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[17], and Han et al. [18] where cells were injected in the intact
muscle of DPN-STZ induced animal models and other studies
that have injected MSCs in healthy mice ([5, 33, 49, 57–59];
Table 4). Interestingly, Laurila et al. reported detection of MSCs
near the needle injury site [60] and Braid et al. [5] reported
accumulation of MSCs around the site of needle injury which
indeed was more pronounced when the density of IM-delivered
MSCs declined over time. Although the discussed work does
not support the notion of extended dwell time of MSCs in an
injured site, it is understood that needle injury itself is a small
focal injury created in every IM-delivery model.

CELL DOSE AND FREQUENCY OF INJECTIONS

To date, MSC dosing, both in clinical trials and animal studies
has been chosen rather arbitrarily. For IV infusion in humans,
1–2 × 106 cells per kilogram body weight is commonly used.
As expected for local delivery, lower cell numbers are reported;
examples of which are from 1 × 106–108 for injection into OA
knee joints [61], and 6 × 106 cells delivered into the interver-
tebral disc for the treatment of lower back pain caused by
degenerative disc disease [62]. Interestingly, the latter clinical
trial showed no therapeutic advantage of using the higher dose,
although the clinical study was based, in part, on a sheep study
employing both a low 0.5 × 106, and high 4 × 106 ovine BMMSCs
in which the higher dose was more effective [63]. In an ex vivo
pig lung dose escalation study using HUCPVCs, Mordant et al. [64]
found a medium dose (5 × 107 cells) to be more effective than
either a lower or higher dose.

For IM delivery of MSCs, little information is currently
available and is contradictory. For example, although Petrou
et al. [12] undertook a dose escalation study in patients with
ALS (see above), no differential effects of the 3 dosing cohorts
of combined IT and IM-delivered autologous BMMSCs were
reported. In preclinical studies, Suzuki et al. [19] delivered
0.12 × 106 gene-modified human neonatal BMMSCs (see above)
either unilaterally or bilaterally into 3 muscle groups (tibialis
anterior, triceps brachii, and dorsal trunk musculature) of rats
at 24 hours, 1 week, and 2 weeks after local muscle injury.
Although the number of surviving cells was reported to increase
with multiple injections, no other differences were attributed to
the multiple dosing. On the contrary, Kang et al. [65] delivered
high and low doses of hBMMSCs in ischemic limbs of Balb/c
mice and reported no dose–effect relationship but enhanced
results were obtained with higher frequency of MSC injection.
Similarly, Mao et al. injected hUCMSCs twice into both fore and
hind limb musculature of DCM rats (see above), 2 weeks apart,
but reported no differences in outcome with low and high dose
(0.25 or 1 × 106 cells) although the second treatment did result
in significant increase in left ventricular ejection fraction [36].
On the other hand, Shabbir et al. reported that the highest
injection dose used, of 0.25, 1, and 4 × 106 pBMMSCs into
bilateral hamstrings, resulted in the most effective cardiac func-
tion improvement in the recipient hamsters [34].

As all MSCs populations are heterogeneous, but to varying
extents, the therapeutically optimum cell dose for a particular
delivery route can be expected to vary with MSC tissue source
and the therapeutic target condition in addition to variations in
the dosing regimen which, for IM administration, can include
the number of IM sites chosen, their anatomical location and

frequency (for multiple deliveries). Furthermore, gene-modified
cells could be expected to be used at different dosing regimens
than unmodified populations. Several authors have shown that
neonatal MSCs are more potent than those derived from adult
tissues including higher MSC frequency, growth rate, life span,
and superior immunomodulatory properties [35, 66–72].

DIFFERENTIATION OF IM-DELIVERED MSCS

Environmental cues can drive the phenotype of transplanted
MSCs. IM-MSC delivery has also been used to treat other local
pathologies in local muscle injuries. De Bari et al. [56], assessed
myogenic differentiation of human synovial membrane (hSM)-
MSCs-LacZ+, delivered either IV or IM, to treat Latoxan-induced
muscle injury in NMRI nu−/− mice. After 4 weeks, cells expres-
sing human myosin heavy chain type IIx/d (MyHC-IIx/d)—a ter-
minal differentiation marker—were found in both injured and
noninjured tibialis anterior (TA) muscles. In addition, human
β2-microglobulin (β2M) was detected between the basal lamina
and muscle fibers at the injured site, but without fusion with
the latter. Similar results were obtained when hSM-MSCs were
IM-transplanted in the TA muscle of Dystrophin-deficient mdx
mice (C57BL/10ScSn DMDmdx/J) immunosuppressed with Tacro-
limus (FK506). After 4 weeks, human dystrophin and MyHC-IIx/d
were detected in the injected muscle implicating differentiation
and contribution of hSM-MSCs to regeneration of myofibers
but without fusion [56]. Similar results were demonstrated by
Suzuki et al. as the hBMMSCs transplanted in focally-induced
skeletal muscle expressed β-actin and hMyHC-IIx/d suggesting
myogenic differentiation [19]. Furthermore, 3 weeks post-IM-
transplantation of rBMMSCs, Iwase et al. reported detection
of double-positive PKH26/von Willebrand (vWF) cells [26]. Sim-
ilarly, in a CLI Lewis rat model, Al-Khaldi et al. demonstrated
that rBMMSCs transplanted in the ischemic limb of rats express
factor VIII, α-SMA actin and desmin, markers of endothelial,
smooth muscle and skeletal muscle cells respectively and con-
cluded that the transplanted cells spontaneously regenerated
the various components of muscular tissues [21]. Ishikane et al.
assessed fusion of MSCs with blood vessel endothelial cells after
1 week of MSC transplantation in the ischemic limb and did not
observe GFP+/Lectin double-positive cells [47] which was similar
to the reported results of Han et al. observed after 4 and
8 weeks [18]. Studies that did not use specific markers reported
that MSCs reside in the gaps between the fibers without differ-
entiation [16, 54]. The collective opinion is that myogenic environ-
mental cues affect the phenotype of exogenously transplanted
MSCs, and that this may happen earlier in an injured site.

BIODISTRIBUTION OF MSCS AFTER IM-DELIVERY

The biodistribution of MSCs is important for both safety and
survival of MSCs. It is important to assess whether MSCs dis-
tribute to unwanted organs postdelivery, cause microembolism,
or disappear which could shorten the duration of therapeutic
effect. Although it has been shown by many that MSCs can
migrate toward the site of injury, this was not demonstrated
with the IM-delivery route, except if the injury site was local as
shown by Han et al. [18], who demonstrated a close spatial rela-
tionship between IM-delivered BMMSCs and vasa nervora. They
considered it likely that the observed increase in angiogenesis
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was due to both secreted cytokines and physical interaction but
provided no evidence for direct cell–cell contact as an effector
mechanism. MSCs transplanted in the skeletal muscle are shown
to reside locally and secrete trophic factors that enter the sys-
temic circulation. Upon loss of the IM-delivered MSCs from
skeletal muscle, either a small (1.5%) portion was found in the
liver [57], or none was observed in any organs other than the
muscle site [5, 22–24, 38, 58, 60]. Furthermore, it has been
shown that if the needle accidently punctures a major blood
vessel, then the IM-delivered MSCs rapidly enter the circulation
and transfer into distal organs. This could cause a problem
more specifically in small animals that is, mice that exhibit
small size muscles.

CONCLUDING REMARKS

The studies reviewed collectively support the notion of broad-
ening the applicability of IM-delivery route from a local ther-
apy to the treatment of systemic disease. Multiple studies
have shown that IM-delivered MSCs safely reside in situ for an
extended dwell time and are secretorily active. Current assess-
ment of the fate of MSCs post IM-delivery is largely limited to
conditions where MSCs are transplanted in an injured site con-
sisting of a significant amount of inflammation. This is a con-
cern, since local injury environmental cues are shown to both
impair MSC viability and functionality while driving phenotypic
change and lineage differentiation.

This raises many questions, of which the following are exam-
ples: What degree of inflammation primes MSCs without affect-
ing their viability and engraftment? What is the degree of
inflammation in which MSCs can survive and still exert an immu-
nomodulatory response? and What is the timeframe for a change
in MSC phenotype? Answers to these questions are vital in deter-
mining the dose of a particular MSC population, and the fre-
quency of their IM-delivery to optimize therapeutic performance.
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