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Abstract: Purpose of Review Multipotent Mesenchymal stromal cells (MSCs) have recently risen to prominence
in regenerative medicine for their powerful intrinsic properties of self-regeneration, immunomodulation, and
multi-potency. They exhibited an excellent safety profile in early-phase clinical trials. Nevertheless, MSCs-
based therapy suffers reduced efficacy in randomized clinical trials due to a poor understanding of their proper
delivery modalities. Here, we intend to explore the current application of MSCs after tissue injuries. We
specifically focus on tissue source, delivery routes, metabolic fitness, and cell dose. We further discuss potential
approaches to optimize in vivo engraftment. Recent findings MSCs therapeutic effect mediates by paracrine
and contact factors, which are cells' intrinsic physiological processes. The cell culture expansion process does
not destroy MSCs' intrinsic properties. In vivo persistence of administered MSCs determines their therapeutic
potency. Cell viability, fitness, immune match, and delivery route meticulously regulate their in vivo
persistency. Different genetic or chemical modification strategies are currently applied to extend their in vivo
lifespan and boost their pharmaceutical effect. Summary Improving the in vivo persistence of implanted MSCs
could facilitate its clinical translation. This review highlights the pros and cons of different MSCs’ delivery
strategies used in clinical or preclinical studies, emphasizing various modification approaches. These can
promote prolonged graft cell survival.

Keywords mesenchymal stromal cells; route of delivery; dose; immunogenicity; metabolic fitness;
potency assay

Introduction

Mesenchymal stromal cells (MSCs) show great promise as a biological therapeutic for numerous
inflammatory and autoimmune ailments owing to their unique immunoregulatory and regenerative
properties (1). Culture-adopted MSCs secrete a wide range of small molecules, peptides, chemokines,
cytokines, and morphogens, collectively named secretomes. Host immune cells reciprocally interact
with secretomes to modulate the intensity of immune response at the tissue injury site (2). Besides
the immunomodulatory and regenerative capacities, the unique tumor-homing property makes them
an ideal candidate for carrying anti-cancer agents, for which they can participate in the resistance to
various anti-cancer drugs (Table 1).

MSCs were first clinically explored as a cellular therapeutic in 1995 by Hillard Lazarus to
accelerate hematopoietic recovery in human subjects (3). Since then, multiple clinical and preclinical
studies have diligently tried to establish MSCs as a biopharmaceutical for several diseases. Despite
the advancements of MSCs research over time, most of these MSC-based trials are still in early phase
I or II, whereas only a few portions of them (less than 50) are in phase III, and currently, only nine
products (approximately 1%) have been permitted worldwide for market authorization (4). To date,
the European Medicines Agency approved only one MSCs-based product as a living cell
pharmaceutical against perianal fistulas, and the US Food and Drug Administration has not yet
approved any MSCs-related product (5).
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Despite the failure of clinical trials to meet primary efficacy endpoints, numerous preclinical
animal tests identified the promising outcome of MSCs adoptive transfer in several mouse disease
models. Cell drug deployment variables in human clinical trials are the primary hurdle that impedes
the direct translation of MSCs’ effect on murine outcomes to the clinical situation (6). Though it is not
decisive that MSCs engraftment and differentiation convey their in vivo paracrine support, recent
studies evidenced the correlation between MSCs in vivo persistence and clinical potency (5, 7).
Parameters that control the stable in vivo engraftment of implanted MSCs are the route of delivery,
immune compatibility, dosing, and fitness of culture-adapted MSCs (5, 8). Hence the primary target
of future MSCs-based research should be on exploring engineering or priming approaches to
modulate cell drug deployment strategy for inducing graft cell survival. In this review, we reappraise
different MSCs’ delivery strategies so far applied in clinical and preclinical situations and discuss
some future directions for the clinical translation of this therapeutic intervention to promote MSCs’
clinical application.

Table 1. MSCs' role in regenerative medicine.

MSCs Functionality Therapeutic Outcome

reduce tissue inflammation during colitis (9)

I dulat
rmunomoduiatory Resolving acute steroid-refractory graft vs. host disease (10, 11)

Angiogenic/vascular regeneration & and vascular regeneration in ischemic murine skin (12)

tissue healing Angiogenesis in myocardial infarction (13)

MSCs as a drug carrier to deliver chemotherapeutic agent
Docetaxel (DTX) to lung tumors (14)

Anti-cancer drug delivery agent

A. Cell processing and mode of delivery: current status and translational hurdles

To develop MSCs based therapy in human clinical trials, it is pivotal to understand the feasibility
and safety of their current therapeutic modality. A complete understanding of cell manufacturing
variables like processing, fitness, and functionality along with non-manufacturing variables like
handling at the point of Care, route of delivery, dosing of MSCs will aid in the appropriate and safe
use of the cells for clinical therapy.

1. MSCs’ tissue source

Mesenchymal stromal cells (MSCs) can be isolated from multiple organ and tissue sources such
as bone marrow, umbilical cord, adipose tissue, placenta, peripheral blood, periodontal ligament,
amniotic fluid (15). Of these, bone marrow-derived MSCs are the most regularly tested tissue source
in clinical trials. MSCs isolated from different tissue sources have been well characterized by the
presence of common surface antigen such as expression of CD105, CD73, and CD90, and lack of CD45,
CD34, CD14 or CD11b, CD79« or CD19 and HLA-DR (16). MSCs derived from distinct sources
possess similar multipotential differentiation capacities (including osteoblasts, chondrocytes, and
adipocytes). However, their differentiation efficiency varies during specific lineage differentiation for
tissue regeneration (17). MSCs' differentiation potential is regulated by their tissue origin, through
epigenetic regulations such as DNA methylation of important transcription factors. During lineage-
specific differentiation studies, it appears that adult stem cells do not differentiate with the same
efficacy, as the tissue-specific stem cells are generally more effective when differentiating toward
their origin tissues. For instance, bone marrow-derived stem cells (BMSCs) express a higher
magnitude of osteogenic genes, while adipose-derived stem cells (ADSCs) have significant
upregulation of adipogenic genes after in vitro induction (18). Therefore, in a successful clinical trial
suitable tissue source selection is imperative to produce clinical-grade MSCs (Figure 1).
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Figure 1. MSCs therapeutic efficiency depends upon donor source (1) and stromal tissue source
variability (2), and Cell manufacturing process (3). Imnmune matching, metabolic fitness and route of
delivery regulate MSCs persistence inside recipient (5). Before in vivo administration, chemical
licensing/ genetic modification (4) is the key strategy to improve graft cell survival (5b).

2. MSCs’ immunogenicity

Off-the-shelf, cryobanked allogeneic MSCs propose significant logistic and cost-reductive
advantages in clinical arrangement compared to their autologous counterpart. However, to reach the
efficacy endpoint, major pre-clinical mouse data support the use of syngeneic MSCs(5).

Since MSCs express low levels of MHC class I molecules on their surface and lack the expression
of MHC class II, previously MSCs were considered “immunoprivileged”(19). Moreover, in early
studies, researchers identified that allogeneic MSCs significantly delay the proliferation of MHC-
mismatched lymphocytes in in vitro mixed leukocyte reactions (MLR)(20). Therefore, in clinical trials,
mass-produced MSCs from a few donors were extensively used to treat allogeneic unrelated
recipients for a range of diseases, without concern for immune rejection. However, recent studies
showed the antibody production against and immune rejection of allogeneic donor MSCs(21, 22),
raising the question of employing MSCs as the universal donor. Using a mouse model of Colitis,
current findings identified that the administration of both allogeneic and syngeneic MSCs can
improve the disease following the first course of treatment. However, like syngeneic MSCs, allogenic
MSCs are impotent to maintain sustained responsiveness in relapsing colitis(5). Indeed, allogeneic
MSCs protect themselves from immune detection, in some cases, where they exert their therapeutic
activity through a brief “hit and run” mechanism. This is possible in some cases where persistence is
dispensable to exert its therapeutic effect(19). Collective evidence indicates that allogeneic MSCs are
the only reasonable deployment strategy for use in acute tissue injury syndromes such as stroke,
sepsis, or myocardial infarction, where the delays in manufacturing autologous MSCs would forfeit
their efficiency in affecting outcomes. Nonetheless, in chronic degenerative disorders where repeated
long-term infusions are necessary to maintain MSCs therapeutic benefit, there would be a bias in
favor of the syngeneic (autologous) MSCs(5). Despite the immunogenic nature of allo-MSCs, clinical
studies often rely of cryopreserved allogenic cells because of the donor related issues (age or disease
state of patient) and in the need of low-cost immediate care(23). Hence cell modification approaches


https://doi.org/10.20944/preprints202401.1614.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2024

4

to avoid allo-rejection and alleviate transplantation shock would be beneficial to improve MSCs
therapeutic utility in clinical trials (Figure 1).

3. MSCs administration routes:

MSCs delivery route is one of the critical parameters that can dictate an effective and safe
therapeutic outcome(6). Though plenty of pre-clinical and clinical trials are attempting to optimize
specific routes of delivery, presently there is no consensus on the optimal MSCs delivery method in
human clinical trials. Clinical trials frequently select the cost-effective and convenient intravenous
transfusion method, though their therapeutic outcome shows variable effectiveness(5). Depending
on the treatment requirement, MSCs can be implanted through local and systemic administration.

a) Systemic administration: Intravenous (IV) and intra-arterial injection are the major
approaches for systemic MSCs’ delivery, where IV delivery is considered the conventional and safe
approach in human clinical trials. According to a recent survey of human MSC clinical trials, >40% of
studies implant a median of 100 million MSCs IV for a wide range of clinical disorders(5).
Nevertheless, a plurality of reports identified that the IV-transfused MSCs are trapped in lung, which
are cleared shortly afterward. Since the paracrine functions support MSCs’ therapeutic activity,
reduced lifespan of grafted cells debilitates their therapeutic activity. A recent mouse preclinical
study identified that repeated IV delivery of maximally tolerated dose (50 million cells/kg body
weight) of fit MSCs failed to affect colitis clinical outcomes(5). On the contrary, a research group
identified the beneficial effect of intravenously transfused mouse MSCs in reduction of lethal sepsis.
They explained this event by the process of efferocytosis, where more than half of lung-trapped MSCs
is rapidly phagocytosed by lung-resident tissue macrophages. Production of interleukin-10 (IL-10)
by phenotypically altered macrophages reduce tissue inflammation(24). A similar study identified
the role of IP/IV delivered apoptotic MSCs in improvement of mouse GVHD outcomes, which is
mediated by the interaction with host phagocytic cells and a secondary efferocytotic response(25).
Repeated IV administration of adipose derived MSCs into diabetic rat, reduced kidney damage and
induced the secretion of glial cell-derived neurotrophic factor to recover podocyte(26).

Compare to intravenous, intra-arterial (IA) approach is more efficient as it reduces cell-trapping
in the lungs and induces engrafted cell migration at the target tissue injury site(27). Intriguingly, few
studies identified adverse effect associated with IA delivery of MSCs. Though IA injection is
preferable route for efficient cell targeting to the brain, recent survey identified probable risk of
cerebral infarcts associated with IA delivery of MSCs for stroke. Hence, for optimal use of IA
approach, cell size, cell dose and infusion speed must be carefully considered(28).

Though intra-peritoneal (IP) or subcutaneous (SC) delivery is not frequently used in clinical trial
like IV route, preclinical studies identified their therapeutic utility in various disease recovery. IP
delivered MSCs-condition media in a rat model of vaginal distention injury, recovered urethral
sphincter function through increasing leak point pressure(29). A recent study identified that
maximum tolerated IV bolus of MSCs fail to improve toxic colitis in mice, whereas SC or IP delivered
MSCs show significant effect on colitis clinical and pathologic endpoints(5).

b) Local administration

Local administration of MSCs is intended to increase the engraftment of therapeutic cells at the
target sites for immediate generation of local action or differentiation into the functional cells. Topical
approach of MSCs delivery has identified as least invasive method and is efficacious in case of wound
healing, and skin graft survival in burn or diabetic-related wounds, and also to repair injury in solid
organs and their related tissues, such as heart, brain, spinal tissue, liver etc(30).

Intra-muscular infusion (IM), like IV delivery route, is also considered as the minimally invasive
and simple route of MSCs delivery. Additionally, IM route promotes prolonged survival of
implanted MSCs compare to other conventional routes, which is supportive of improved therapeutic
outcomes(31). In the study by Mao et al. IM transfusion of human umbilical cord MSCs in a rat model
of dilated cardiomyopathy led to improved cardiac function(32). In a separate study by Wang et al.,
the combination of small gap neurorrhaphy and bone marrow derived MSCs transfusion through IM
injection in a rat model of peripheral nerve injury showed significant improvement of peripheral
nerve regeneration and recovery of nerve function(33). Though MSCs local injection can promote
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improved therapeutic outcome, sometimes it causes traumatic event and its invasion may cause
massive bleeding and secondary damage.

Collective evidences indicate that each delivery approach has its own advantages and
restrictions. Hence route of cell delivery should be selected according to the study’s aim, size of the
target organ, and animal models to be used.

4. Optimal Timing/ dose/ fitness of MSCs

a) Time: The optimal cell delivery timing is imperative in maximizing MSCs clinical effect, as it
regulates the survival time of engrafted cells. Comparative study is needed to optimize the time of
MSCs delivery at the three phases of the tissue or organ healing process: i.e., injury phase (hours),
repair phase (days), and remodeling phase (weeks) before any successful clinical trial(34). The
cytotoxic environment at the acute injury phase of myocardial infarction, diminish the functional
property of transplanted MSCs(35). Whereas, stem cell delivery at the repair phase i.e., 4 to 7 days
after acute myocardial infarction, showed maximal therapeutic benefits(36). MSCs delivery within
two hours and one week of thoracic irradiation resulted in beneficial outcomes in the treatment of
Radiation-induced lung fibrosis (RILF) through anti-inflammation in the pneumonitic phase and
anti-fibrosis during the whole lung injury period(37).

b) Dose: Number of delivered MSCs is an essential factor that can be modified to achieve optimal
therapeutic benefit. The appropriate number of transplanted MSCs depends upon type of organ,
tissue, and animal species. For instance, large number of cells in a single treatment may not always
bias to positive therapeutic outcome. A very high dose of intravenously transplanted cells may cause
blockages in the capillaries of the lungs, results in poor therapeutic effect(38). In clinical trial optimal
dose range identified for treating spinal injury patient is, 0.5 x 106 - 5 x 106 MSCs/kg body weight of
the recipient(39). Also, in some cases, repeated long-term infusion at certain intervals seems to
stimulate the positive outcome. Although intravenous transfusion of MSCs is the safest mode, the
major disadvantage is the limitation of maximum amount of delivered cells, which differs with the
rodent model. In rodent, the optimal cell concentration is 50M/Kg for intravenous transplantation,
whereas in case of human the optimal dose is 1-2M/Kg body weight. This species-specific variation
of MSCs dosing, would prognosticate a negative bias in outcomes for humans if the functioning
biological mechanisms are comparable between species and are dose-dependent(6).

c) Fitness: Various preclinical mechanistic studies established that the MSCs exert a local and
systemic immunosuppressive effect via the release of multiple paracrine soluble factors. Since
metabolic fitness is essential for paracrine functionality, the major animal studies utilize culture
rescued, log phase MSCs with optimal metabolic fitness and high replication capacity. However,
human clinical trials often use pre-banked cryopreserved allogeneic MSCs thawed immediately and
infused at the point of care. Importantly, in the first 24 h following recovery from cryostorage, MSCs
express different cell injury markers. Previous studies identified that immediate post-thawed MSCs
show defective immune functionality(1), increased susceptibility to lysis by host T cells, and short-
term in vivo persistence(40, 41). In a murine model of Colitis, short in vivo persistence of post-thawed
MSCs led to impaired cell-dependent functionality(5). Besides, human clinical trials regularly use an
industrial-scale expansion of MSCs. Emerging studies identified that prolonged culture expansion of
MSC:s leads to replicative exhaustion/senescence and impairment of immunosuppressive ability(42).
In supporting this notion, researchers identified that the late passage MSCs are clinically less effective
in mitigating GVHD than early passage cells(43, 44). Hence collective evidence indicates that
metabolic fitness is one of the primary factors responsible for the disparity in interspecies outcomes.
The development of strategies to reduce cellular senescence or rescue MSCs from cryoinjury would
improve MSCs clinical application.

B. Improvement of MSCs application in tissue injury

MSCs therapeutic potential is attributed to their capacity to undergo lineage-specific
differentiation, immune modulatory and regenerative response. After in vivo transplantation, MSCs
confront adverse microenvironment of injured tissue, such as oxidative stress, chronic inflammation,
extracellular matrix degradation, which promotes apoptosis or rejection of graft MSCs. Genetic
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modification or preconditioning approaches have been extensively studied to improve MSCs in vivo
persistence and therapeutic utility.

1. Improvement of tissue homing and adhesion property: One of the key features of adoptively
transferred MSCs is their ability to home at tissue injury site in response to chemokine gradient. In
this multistep process, MSCs surface chemokine receptor, CXCR4 or CXCR?7, serves as specific
receptor for stromal cell-derived factor 1 (SDF-1), which is one of the most powerful chemokines
involved in cellular migratory processes(45). It has been identified that the overexpression of
CXCR4/CXCR? in the adipose tissue-derived MSCs, endorses their paracrine, proliferative and
migratory abilities, which has further potent therapeutic impact in liver regeneration and rat renal
transplantation(46, 47). Optimum adhesion of the transplanted MSCs is the primary contributor to
cell engraftment and tissue/organ regeneration, where detachment causes anoikis. Cellular adhesion
is associated with the function of integrins, which regulates cell extracellular matrix (ECM) and cell-
cell adhesion mechanisms via the binding of ECM with adhesion molecules(48). Integrin-linked
kinase (ILK) overexpression in MSCs induced cell survival and hence improved myocardial damage
recovery, when transplanted into an ischemic myocardium model. ILK-overexpression also leads to
rapid angiogenesis through AKT and mTOR signaling pathways in an infarcted myocardium(49).
Since in in vivo condition, MSCs thrive to low oxygen tension environment, one classical method of
enhancing the migratory, proliferative and therapeutic functionality of MSCs is hypoxic
preconditioning. Studies identified that, in murine hind-limb ischemia model, hypoxia
preconditioned (2% O2) MSCs show better proliferation and migration effect through elevated
expression of heat shock protein, 78-kD glucose-regulated protein (GRP78)(50).

2. Immunosuppressive property: Different approaches like cytokine pre-licensing or genetic
modification, have been identified to amplify the immunosuppressive effect of MSCs. Priming MSCs
with TLR3 ligand Poly (I:C), enhanced the therapeutic activity of MSCs in TNBS induced colitis,
through the production of immunosuppressive molecule PGE2(51). Administration of (TNFo/IL1p)-
prelicensed MSCs in rat cornea transplant model, promoted immune-regulatory CD11b+B220+
monocyte/macrophage population and significantly increased Treg cells in the lungs and spleen(52).
In a study by Francois et al. it was identified that the simultaneous treatment of MSCs with TNE-
a and IFN-y leads to increased production of IDO, which contributes in the differentiation of CD14+
monocytes into IL-10 producing anti-inflammatory CD206+ M2 macrophages(53). MSCs
preconditioned with IL-1B produce enhanced level of immunomodulatory cytokines such as TNF-o,
IL-6, IL-8 and IL-23A and chemokines such as CCL5, CCL20, CXCL1, CXCL3, CXCL5, CXCLs,
CXCL10, and CXCL11. Additionally, IL1p prelicensing improved MSCs ability to recruit neutrophils,
monocytes, lymphocytes, and eosinophils in vitro(54).

3. Cellular senescence and graft survival: After in vivo transplantation, the harsh
microenvironment of host tissue often leads to premature death or cellular senescence of MSCs,
followed by reduced MSCs' functions. Graft survival can be improved by genetically modifying the
cells with overexpressing Integrin-linked kinase (ILK) in MSCs via activation of AKT and mTOR
signaling pathways in an infarcted myocardium(49). MSCs overexpressing Hepatocyte growth factor
(HGF) or Hypoxia-inducible factor 1a (HIF1A), also reported to have an anti-apoptotic effect and
hence high therapeutic impact in several disease recovery(55),(56, 57). Prevention of senescence is
another MSCs modification approach that can arrest irreversible cellular proliferation and improve
MSCs' therapeutic functionality. Intriguingly, overexpressing human Oct4 and Sox2 into adipose
MSCs enhances cellular stemness and proliferation capacity(58). In a separate study, telomerase
reverse transcriptase (TERT) transfection was identified as an effective way to delay MSCs senescence
by inducing higher proliferative and cell cycle-related gene expression factors(59), and also improve
neural and osteogenic lineages proliferation(60, 61). IFN-y stimulation is also identified as a cell
apoptosis-prevention approach, which protects MSCs from NK cell-mediated cytotoxicity in
vitro(62).

4. Strategies to prolong allo-MSCs’ persistence: Since preclinical studies identified a direct
correlation between MSCs persistence and therapeutic efficacy(5), approaches that prevent allo-
rejection and extend MSCs persistence would be a demanding tool in clinical research. Modifying
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host or transplanted MSCs is the possible way to avoid Allo-MSCs rejection. Administering specific
doses of immunosuppressive drugs with allo-MSCs, is the most well-studied approach to prevent
graft rejection. In a cardiac allograft mouse model, combinative therapy of low-dose rapamycin with
MHC-mismatched allo-MSCs was found to be effective in the long-term persistence of MSCs and
tolerance (100 days) of a heart graft of MSC donor origin(63). Strategically suppressing the MHC class
I surface expression using viral immunoevasins is the other method of immunogenicity reduction
and boosting MSCs in vivo persistence(64). Deletion of MHC class II surface expression was
advantageous for allo-MSCs persistence. Though MSCs express low MHC II surface antigen, in vitro
or in vivo differentiation of MSCs triggered increased MHC II expression, inducing a transition from
immune privileged to immunogenic phenotype. Researchers developed immunoprivileged MSCs by
knocking out Class II transactivator (CIITA), a known regulator of MHC II expression. CIITA knock-
out MSCs did not rejectafter transplantation into the myocardium, followed by myocardial repair(65).

5. Importance of in vitro potency assay: Advanced clinical trial mandates MSCs’ identity and
potency assay to measure their therapeutic utility. This functionality test ensures the quality or
effectiveness of each of the MSCs manufactured lots, which are diverse at the level of cell source and
manufacturing process(6). MSCs secrete a plurality of immunomodulatory and regenerative
molecules in response to in vivo environmental cues. Hence, the major challenge of developing the
assay matrix approach is identifying the combination of factors critical for MSCs’ regenerative
functionality in humans. According to the International Society for Cell Therapy (ISCT), the assay
matrix approach should capture the aggregate of effector pathways significant to MSCs
immunomodulation, regeneration, and homing properties(66). The regenerative functionality of
donor MSCs partially depends upon host immune cells-mediated licensing process. Hence,
investigation of the intercation between donor MSCs and recipient leukocytes, may serve as a
surrogate measure of potency. Obeying the declaration of ISCT, recently an assay matrix approach
has been developed, which able to test two assay systems to quantify the potency of human MSCs:
MSCs secretome analysis and a quantitative RNA-based array for specific genes responsible for
immunomodulatory and homing properties of MSCs(67).

Although plenty of studies are involved in developing effective MSCs’ potency assay, more
effort is needed to formulate approaches that can define and simplify the multifunctional or matrix
responses of MSCs and serve as a platform for robust potency analysis.

Conclusions

A successful MSCs-based clinical trial relies on MSCs’ intrinsic functionality, such as MSCs’
homing property, effective differentiation, proliferation, and application of paracrine or endocrine
influences. Tissue source, metabolic fitness, dosages, and delivery route are the focal regulatory
factors that maintain MSCs intrinsic functionality.

For an effective and safe MSCs-based clinical trial, it is pivotal to understand the molecular
mechanism of the cross-talk between host immune cells and the MSCs-derived secretomes. The
technical knowledge derived from the successful MSC-based ADMIRE CD clinical trial will increase
MSCs' clinical utility. However, more studies are needed to gain an in-depth understanding of
mechanism of action and the biological properties of MSCs, collected by different manufacturing
processes to enhance their therapeutic potency. Knowledge of proper selection of optimal cell
delivery route, timing, and dosing is also pivotal to improve MSCs survival and overall function.
Additionally, for further progression, methods that combine optimal delivery, dosages,
preconditioning, and tracking should be explored in varying inflammatory disease models that
currently lack effective treatment.
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