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Abstract: Mesenchymal stem cells (MSC) are promising candidates to combat the growing rates of chronic degen-
erative diseases. These cells provide regeneration and/or differentiation into other cell types, and secrete various
trophic factors that participate in migration, proliferation, and immunomodulation. However, the novelty of MSC re-
search has noticeably declined as common barriers and unresolved challenges prevent further progress. Acommon
issue is the low survivability and migration of systemically infused MSC towards targeted regions. Nevertheless, suc-
cessful clinical treatment of various chronic diseases suggests that the MSCs may have an alternative mechanism.
Recent advancements have shown labelling and imaging techniques to be a reliable source of data. These data not
only illustrate the biodistribution but can be referenced to either support and/or improve the specificities of the cel-
lular therapy construct. In this review, we compile recent studies between 2017 and 2021 to determine the homing
and migration of MSCs by specific and peripherally-targeted organs. We also compare the different cell-tracking as-
says with the safety and efficacy of their therapeutic construct. We found that the common route of MSCs occurred
in the lungs, liver, kidney and spleen. Furthermore, MSCs were also able to home and migrate towards targeted or
injured organs such as the heart and lymph nodes. Although the MSCs were not detectable by the end of the study,
the tested animals had significantly improved in terms of the disease symptoms and their related comorbidities.
Thus, we hypothesize that the secretion of exosomes had contributed to this phenomenon.
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Introduction

The emergence of cell-based therapies brought
many novelties and opportunities into the field
of regenerative medicine. Among them, the
applications of mesenchymal stem cells (MSC)
have been triumphant. Although stem cells
remain controversial due to the deliberate
manipulation of a living organism, they produce
a highly regenerative effect [1]. Furthermore,
these cells are known to be immune-privileged
with the extended function of modulating the
recipient’s immunity. The cells act as a direct
replacement for dead or irrecoverable cells
through their large differentiation capacities [2,
3]. MSCs have an innate affinity towards adipo-
genic, chondrogenic, and osteogenic differenti-
ation. However, these cells can transdifferenti-
ate into other cell niches (myocyte, fibroblasts,

neurons) depending on local cues from endog-
enously targeted cells [4]. MSCs also release
a concentrated secretion of their functional
metabolites. Previously thought of as waste
products, these secretory vesicles are an
enriched body of proteins, genes, and other
useful materials. They partake in metabolic
activities, recruitment of immune bodies, cell
cycles, apoptosis, angiogenesis and more [5-7].
The MSCs have been applied to various chronic
and degenerative diseases. Among them were
cardiovascular complications (e.g., stroke),
chronic kidney disease, liver abnormalities (e.g.,
NASH), osteo-degeneration, and cancers [8, 9].

In recent years, there have been shortcomings
in the novelty of research efforts. This indicated
the closure of possible adaptations and evolu-
tionary studies of MSC, and yet, challenges and
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Identification of studies via databases and registers

)

ed from the available access
provided by the Faculty of

barriers for clinical translation remained [10,
11]. In retrospect, most data utilized for clinical
trials rely on rudimentary tests such as toxicol-
ogy or the safety and efficacy of their medical
products [12]. As more complex experimental
drugs and advanced configurations surface,
future progress would demand laborious exam-
inations and/or specific evidence. However,
stem cell therapy remains an innovative and
flexible technique and the continuous develop-
ments in the field have suggested exceptional
therapeutic possibilities. The topic of methods
to introduce drugs or cells has been strongly
debated. While the most convenient route of
administration is the systemic or indirect route,
there are several challenges that suggest
otherwise.

The basic search keywords were derived from
medical subject headings (MESH) from the
vocabulary thesaurus of PUBMED/MEDLINE.
An advanced search and relevant modifications
for common words and terms associated with
each base keyword were added. SCOPUS,
PUBMED and Web of Science (WOS) was select-
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Bl | stucies inciuded in review merging of duplicates was
3 (n=12) also performed. The first
£ screen of articles was per-

formed on title, abstract, and

keywords that were appropri-
ately matched to the topic of interest. The sec-
ond screening involved the retrieval of full-text
research articles. The selection and removal
were performed following the inclusion and
exclusion criteria prepared during the concept
and design of the study. Inclusion criteria: (i)
biodistribution, migration, or homing, (ii) MSC
therapy, (iii) systemic delivery route and (iv)
controlled experimental studies. Exclusion cri-
teria: (i) no biodistribution, migration or homing,
(i) differentiated MSC, (iii) direct or topical
delivery route and (iv) uncontrolled experimen-
tal study. Methods and results were screened
to ensure no false representation or absent
data occurred in the articles. In Figure 1, we
report a total of 646 records compiled from
the three databases; PUBMED (196), SCOPUS
(145), and WOS (305). A total duplication of
247 was merged or removed which left 399
individual research articles. The first screening
process generated 54 candidate reports by
title, abstracts, and keywords and removed
345 reports. The retrieved 54 reports were fur-
ther screened and yielded 12 suitable reports
and 42 excluded reports. Both reviewers indi-
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Table 1. Biodistribution pattern of MSCs in target and peripheral organs of reviewed studies

Organ Reference Studies that detected MSCs
Targeted Organ
Heart [19-23] [19-23]
Lung [24] [24]
Central Nervous System [22, 23, 26, 28] [26]
Brain
Spinal Cord
Kidney [25] [25]
Skin [29] -
Gingiva [27] -
Peripheral Organ
Lungs [19-23, 25, 28, 29] [19-23, 25, 27-30]
Liver [19, 21-23, 25, 27, 28] [19, 21-23, 25, 27, 28]
Kidney [19, 20, 22, 23-25, 27] [19, 20, 22-24, 27]
Spleen [19-22, 25, 28, 30] [20, 21, 22, 25, 28, 30]
Pancreas [21, 25] [21]
Thymus [24, 25, 28] -
Lymph nodes [19, 22, 25, 28] [19, 22, 25]
Mesenteric Lymph Nodes
Inguinal lymph nodes
Gut [19, 23, 25] [19]
Stomach
Small intestine
Colon
Bladder [25] -
Ovaries [25] -
Bone [25] -
Bone marrow [23, 27] [23]
Blood [19, 22, 25, 29] [19, 22]

(-) indicates no results.

vidually screened the articles, discussed and
achieved consensus after the final screen. The
contents of the final accepted articles were
extracted and tabulated in Tables 1-3.

Challenges of systemic delivery vs. topical ad-
ministration

Biodistribution is fundamentally used to identi-
fy the homing and migration properties of
the therapeutic product. Usually, safety and
efficacy studies are unable to directly associate
their results due to unconfirmed status, posi-
tion or engraftment of cells to the targeted site.
The pharmacodynamic and pharmacokinetic
aspects are mostly overlooked in cell therapies
[13, 14]. These are extremely vital concepts
addressing the initial response from biodistri-
bution (or circulation), migration, and homing
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abilities of cells. Furthermore, it analyzes the
modalities of molecular and chemical interac-
tions that determine the efficacy of the cell
therapy model. The primary factor that defines
the overall route of medical products is the
method of administration. While a large majori-
ty of studies prefer the systemic route due
to convenience, its limitations and challenges
can contribute towards an inefficient delivery
system.

Volatility of blood vessel system

The intravenous, intracardiac, or any vascular
route carries the risk of ineffective delivery of
drugs. Hence, drugs are often designed in larg-
er doses to ensure ample particles reach the
targeted site and exert an effect above the
threshold. Furthermore, blood vessels may be
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Table 2. Type and source of MSCs with cell tracing methods in animal models

Biodistribution of mesenchymal stem cells

First Author Animal
and Year Model

Type and source of
MSC

Cell tracking assays and organs involved

Biodistribution, homing and migration of MSC

Islamov etal.  SOD-1 mice
2017 [26]

Liao et al. C57BL/6J mice

2017 [19] and mountain
goats

Gaafar et al. Wistar rats

2017 [20]

Van Linthout C57BL6/)J

etal. 2017 mice

[21]

Fabian etal. APP/PS1 mice

2017 [22] model

Tan et al. F344/NSlc

2018 [28] rats

Gallagher et NOD/SCID

al. 2019 [30] mice
Ueda et al. C57BL/6N
2019 [27] mice
Baer et al. ATM-deficient
2020 [24] mice

Kosaric etal. BALB/CJ mice
2020 [29]

Levy et al. C57BL/6 mice
2021 [23] model
Yudintceva Chinchilla
etal. 2021 rabbits
[25]

Human UCBC

Goat and mouse
BMSCs

Human WJ-MSC

PMSC

Young and aged mice
syngeneic BMSC

F344/NSlc rat BMSCs

Human first-trimester
and term-UCMSC

Green fluorescent pro-
tein (GFP)-transgenic
C57BL/6N mice BMSC

Luciferase transgenic
mice mASC/AMSC

Human BMSC

Human MSCs

Rabbit BMSC

IF microscopy of Hoechst 33258-labeled UCBC and RT-
PCR of transduced NCAM1, VEGF, and GDNF in lumbar

spinal cord, liver, spleen

IF microscopy of Hoechst 33342-stained BMSCs in lung,
heart, liver, kidney, spleen, colon and mesenteric lymph
nodes. FCM of counterstained Hoechst+ BMSC in blood
IF microscopy of PKH-26 fluorescent-labeled MSCs in
the lung, heart, kidney and spleen.

RT-PCR of Alu specific primers with fluorescent probe in
left ventricle, lung, liver, spleen and pancreas

IF microscopy of GFP-labelled cells and RT-PCR of Y-
chromosome specific primers in brain, peripheral organs
(lung, heart, liver, kidney, lymph nodes, spleen, bone

marrow) and blood.

PET/CT imaging and IHC of EdU-labelled BMSCs with
Hoechst 33342 in rat brain, spleen, thymus, and lymph

nodes

IHC and FCM of brain, lungs and spleen. Whole-animal
cryoimaging for Qtracker-625 nanocrystals-labelled

UCMSC

IF microscopy of GFP-labelled BMSC in lung, kidney,

liver, spleen and bone marrow.

Luc* AMSC were tracked via BLI on days 1, 3, 6, and 9
and RT-PCR was conducted later as the signals were too
low at the indicated endpoints (day 15 and 50) of the

lung, kidney, and thymus.

BLI of Luc*GFP* BMSC in mouse. FCM and RT-PCR in
lung, spleen, blood, and wound area of mice

FCM of CFSE-labelled MSC in brain, spinal cord, kidneys,

lungs, spleen, gut, and heart)

BLI, NLR-M2 and IHC of SPION-labelled MSC in kidney,
lungs, liver, spleen, paratracheal lymph nodes, heart,
brain, pancreas, stomach, small intestine, colon, blad-
der, femur, ovaries, inguinal lymph nodes, and blood

RT-PCR confirmed presence of UCBC after 5 days in the lumbar spinal cord. After 1 month,
IF staining detected UCBC after euthanasia of animals. However, spleen and liver did not
detect UCBC.

The BMSCs were successfully detected but also showed improved engraftment after an-
ticoagulant co-treatment as seen in the blood, colon, mesenteric lymph nodes, liver, and
heart but decreasedconcentrations in lungs of the latter group.

WJ-MSC were found primarily located in the ischemic myocardium while minor concentra-
tions were detected in lungs, kidney and spleen.

Engraftment of PMSC was greater in the diabetic group compared to controls as detected
in the left ventricle (4.5-fold, P<0.005), lung (19-fold, P<0.005), kidney (47-fold, P<0.05)
and spleen (2.4-fold, P=0.1694)

Young MSCs were detected in the lung, axillary lymph nodes, blood, kidney, bone marrow,
spleen, liver, heart, and brain of young, aged, and APP-PS1 mice. However, the aged MSC
were not detected in all three mice models.

After 12 hr post-transplantation, much detection of BMSC was found in the lung and some
were distributed in the spleen and liver. Conversely, cells were undetected in the brain
parenchyma throughout the study.

In control and treatment groups, the PET image showed high SUV around the ischemic
area after 3 days. SUV further increased after 10 days but was significantly inhibited in the
BMSC group.

Biodistribution analysis indicated the infused MSCs were distributed in lungs and spleen
but not in the brain at 20 hours and 120 hours in both unstressed control and stressed
mice.

After tail vein injection of MSC, they initially and mainly accumulated in the lungs and
lesser amounts in kidney, liver, spleen and bone marrow.

BLI was able to detect increased retention of ASCs in the lungs. From day 15 to day

50, the ASCs decreased in the lungs by 50% but a minor increase was observed in the
kidneys by 20%. No observable differences were apparent in the thymus throughout the
experiment.

BLI images revealed localization of the BMSCs in the lungs which significantly decreased
during 48 hours and undetected 3 days and thereafter. Similarly, FCM shows similar
outcomes with BLI. RT-PCR confirmed presence of BMSC entrapped in the lungs but also
expression of intrinsic therapeutic proteins.

MSCs were detected in the lung, liver, heart, and kidney, but not the brain. It was noted
that the bio-distribution was not factored by the incorporation of Ro-31-8425 drug into
MSCs since the same distribution was observed in controlled MSCs.

Following the IV administration of the MSCs, there was a large accumulation in the lungs
during the first 72 hours and a shorter retention in the liver and spleen. The NLR-M2 mea-
surements was able to confirm the homing properties of MSC to Mtb-affected kidneys and
paratracheal lymph nodes. Subsequent histologic analysis also confirmed the presence of
nanoparticle-labeled MSCs in the lung parenchyma, liver, spleen, and kidneys.

*Abbreviations: Luc, Luciferase; GFP, Green Fluorescent Protein; CFSE, Carboxyfluorescein Succinimidyl Ester; SPION, Superparamagnetic Iron Oxide Nanoparticles; IF, Immunofluorescence; BLI, Bioluminescence Imaging; IHC, Immunohisto-
chemistry; FCM, Flow Cytometry; RT-PCR, Reverse-Transcription Polymerase Chain Reaction; NLR-M2, Nonlinear Longitudinal Magnetic Response; PET, Positron Emission Tomography; ASC, Adipose-Derived Mesenchymal Stem Cells; BMSC,
Bone Marrow Mesenchymal Stem Cells; PMSC, Placenta-Derived Mesenchymal Stem Cells; UCMSC, umbilical cord mesenchymal stem cells; UCBSC, Umbilical Cord Blood Stem Cells; WJ-MSC, Wharton'’s Jelly Mesenchymal Stem Cell.
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Table 3. Disease and therapeutic outcomes of traced MSC in animal model

First Author and Year

Disease

Therapeutic outcomes of MSC therapy

Islamov et al. 2017 [26]

Liao et al. 2017 [19]

Gaafar et al. 2017 [20]

Van Linthout et al. 2017 [21] Cardiomyopathy related

Fabian et al. 2017 [22]

Tan et al. 2018 [28]

Gallagher et al. 2019 [30]

Ueda et al. 2019 [27]

Baer et al. 2020 [24]

Kosaric et al. 2020 [29]

Levy et al. 2021 [23]

Yudintceva et al. 2021 [25]

ALS

Experimental colitis

Myocardial infarction

Diabetes Mellitus

Alzheimer’s Disease

Transient MCAO

MDD

Wound socket from

tooth extraction

AT

Excisional wounds

Multiple sclerosis

Renal tuberculosis

Successful detection of UCBC in the lumbar spinal cord highlights the survival and homing ability of cells into the CNS. The animal model showed
significant improvements in the physiologic and neurologic functions.

Heparin-induced BMSCs (400 U/kg) displayed lower coagulation rate and greater penetration through the lung capillary network with subsequent
distribution to other organs. In the experimental colitis model, authors confirmed reduced weight loss, inflammation, tissue injury and mortality.

WJ-MSC positively affected the cardiac markers and had differentiated into cardiomyocytes in vivo. This suggests that the cardioprotective function of
the WJ-MSC may serve as therapeutic strategy.

The systemic infusion of PMSC had cardioprotective effects inferenced by the improved diastolic pressure, cardiomyocyte stiffness, and inflammation.
These benefits support the use of PMSC as therapy.

The ageing of BMSC and mice or neuronal status of mice affects the biodistribution and therapy. Transplantation of the young BMSC in young mice
greatly displaces the neuronal defects and still maintain regenerative properties in aged or APP/PS1 mice model. The data also suggest that aged
MSC will not work as therapy.

In both vehicle and BMSC groups, [18F]DPA-714 PET showed a high standardized uptake value (SUV) around the ischemic area 3 days after MCAO. Al-
though SUV was increased further 10 days after MCAO in both groups, the increase was inhibited in the BMSC group, significantly. Histologic analysis
showed that an inflammatory reaction occurred in the lymphoid organs and brain after MCAO, which was suppressed in the BMSC group.

Although the authors did not successfully confirm the presence of MSC in the CNS, they were able to show improved behavioral conditions of the
mice. They inferenced a similar mechanism from previous studies where the infused MSC were able to resolve the stress-induced inflammation and
improve the cognitive conditions in the mice model.

Authors found that MSC administered with scaffold and subcutaneous injection did not accumulate in the lungs compared to systemic administration.
However, they found that MSC-infused scaffold had better homing and wound healing properties with low risk of adverse effects in tooth extraction
sockets.

Author states the efficacy/effects will be explored following this paper. Therefore, no therapeutic results were available to determine safety and ef-
ficacy of the cell therapy.

Similar to other studies, authors demonstrated that the effect of MSC infusion on tissue repair is significant, observing acceleration of time to closure
using an excisional wound model, and show that the therapeutic effect of intravenous infusion is comparable to direct injection of hAMSCs in the
context of excisional wound healing.

The systemic administration of Ro-31-8425-loaded MSCs was able to better alleviate symptoms of EAE compared to control MSCs. Additionally, the
serum levels of EAE mice show sustained drug levels which had immunomodulatory properties in response to the EAE.

This study demonstrates the recruitment of intravenously administered MSCs to the Mtb-affected sites in a preclinical model of renal tuberculosis in
rabbits that can be further explored for the development of novel anti-TB treatment approaches. Furthermore, the study also demonstrates a highly
sensitive method of non-linear magnetic response measurements for a sensitive biodistribution analysis of SPIONs-labeled stem cells and for the
tracing of their state transformation over a period of time into different organs by the change of M2(H) dependencies.

*Abbreviations: ALS, Amyotrophic Lateral Sclerosis; A-T, Ataxia-Telangiectasia; EAE, Experimental Autoimmune Encephalomyelitis; MCAO, Middle Cerebral Artery Occlusion; Mtb, Mycobacterium Tuberculosis; MDD, Major Depressive Disorder;
NOD/SCID, Nonobese Diabetic/Severe Combined Immunodeficient; TB, Tuberculosis; GFP, Green Fluorescent Protein; CNS, Central Nervous System.
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positioned distally from organs or mechanisti-
cally selective to filter the diffusion of specific
particles. Hence, it is not guaranteed that the
therapeutic product may migrate in situ after
successful circulation. The blood is a solvent
for many proteins, chemicals, and genetic
material but also hosts pathogens and toxins.
In a diseased individual, the inflation of the lat-
ter could alter the physicochemical properties
of the product. Additionally, the mechanical
obstruction must also be considered since the
blood vessels are a constantly mobile and puls-
ing entity [15, 16]. Bloodstreams are created
from the pumping of the heart and constriction
of vascular walls. Together, they exert a force
known as blood pressure. Thus, bloodstreams
can easily exert physical forces or cause micro-
collisions with circulating products onto the
product. Otherwise, the surface contact could
also disable a key protein’s recognition and
function. Consequently, the theoretically-supe-
rior approach to minimize all mentioned factors
is through the topical route. Direct administra-
tion limits the need for an expanded dose,
providing only the accurate dose or volume as
necessary. The risk of diffusing into non-target
regions or misrouting, followed by unspecified
changes can be avoided. The only downside
of relying upon this method is the deliberate
invasive procedure and the risk of induced
cytotoxicity due to concentrated physiologic or
chemical activity. These are common issues
with most drug interventions. However, stem
cell therapies seem to have a natural predispo-
sition in overcoming the ordeals of systemic
administration.

Despite that, the number of studies conducted
on MSCs by 2018 registered at approximately
900 total studies [10, 17]. Furthermore, 43%
majority of these studies were administered
systemically in vivo. This is because the MSCs
were seen able to survive and migrate in harsh
micro-environmental factors induced by chron-
ic diseases. These may include hypoxia (insuf-
ficient oxygen supply), cytokine storms (inflam-
mation, pH instability), hyper-immune activity
(macrophagic and apoptotic activity), and more.
While this is an uncommon approach, there
were previous efforts to incorporate state-
of-the-art live-cell imaging, but the unpredict-
ability of MSCs have led to inconsistent results
and poor simplification of its mechanisms [18].
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Homing and migration properties of MSCS

In Table 1, we compiled and distinguished
results between the targeted organs for the cell
therapy from the peripheral organs included
within each study. We categorized the results
based on the organs observed and the pres-
ence of MSC after treatment. We found that the
studies conducted on cardiac, renal, and pul-
monary complications successfully detected
the presence of MSCs in the heart [19-23],
lungs [24] and kidneys [25]. Conversely, only
one study was able to locate MSCs in the CNS
while the rest did not report any significant out-
comes [26]. Additionally, there were no MSCs
detected in the site of the skin and gingiva
wound model of mice [27]. In the peripheral
organs observed, nine of the 12 selected stud-
ies observed the biodistribution of MSCs in the
lungs [19-23, 25, 27-29] and one study did not
conduct a specific analysis of the lungs but
observed through the whole-animal cryo-imag-
ing [22]. We confirmed that all ten individual
studies found a significant volume of MSC in
the lungs across multiple various periods, as
early as hours into treatment to weeks after
[19-23, 25, 27-30]. In several instances, the
number of MSCs had decreased but still main-
tained sufficient levels for detection.

Common biodistribution of systemically in-
fused MSC

Overall, the biodistribution of intravenously
administered MSC has remained unchanged as
previously reported [15, 31]. We report that the
course of migration for MSCs appears most
frequent to the metabolically active organs of
lungs, spleen and kidneys. We identified that
the MSC may also occur in the extension of
those organs such as the heart, liver and lymph
nodes in response to inflammatory markers.
For targeted studies such as the CNS, the
MSCs were not successfully engrafted [22, 23,
28] as depicted in Figure 2. This has been a
common theme and limitation of MSC since
the brain is enclosed by the blood-brain barrier
(BBB) which tightly prevents the influx of most
blood-diffused materials [32]. In most designs,
the endothelial barrier is mechanistically homo-
geneous, so that large matter such as cells are
not permitted any passage. Therefore, the
peripheral organs such as the pancreas [21],
gut [19], and bone marrow [23, 27] have less

Am J Transl Res 2022;14(4):2147-2161
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Endothelial cells

<

Figure 2. Inability of MSCs (irregular-shaped), like RBCs (red discs), to pene-
trate the selective endothelial (elongated-shaped) barriers of CNS. Converse-
ly, the exosomes (yellow beads) are sufficiently small to be able to diffuse

lungs towards various or-
gans. In some cases, a small
percentage of viable cells
may leave the pulmonary ca-
pillaries. Saat et al. (2016)
[35] later confirmed this
hypothesis based on a simi-
lar murine model for isch-
emia-reperfusion injury of
the liver. They further ex-
plained that the labelled
luminescent particles could
remain active despite the
fragmentation of the MSCs,
thus, inferencing a down-
stream detection of the sig-
nals in various organs or tis-
sues of the body. However,
that may not be the case

through and reach various nerve cells (dendritic-shaped).

Q/ Bronchial
epithelium

pneumocyte

co,

A @
(/ B
Trapped 0

7/
S )

from our observation in the
targeted organs and further
findings below. The positive
signals in the heart also sug-
gest that MSCs may operate
through a gradient of migra-
tory potential based on the
proximity of organs to the
lungs. Intravenous adminis-
tration of MSCs has fre-
quently led to embolized
blood capillaries as seen in
Figure 3 [36, 37]. Cells en
masse disrupt micro-circula-
tion inciting ischemic injury,
increased inflammation and
downstream reperfusion in-

ecrete exosomes

jury. Furlani et al. [2009]

Figure 3. Migration and engraftment of MSCs is hindered by coagulation
of MSCs in lung capillaries. Homing of MSCs through lung capillaries (right)
through chemotaxis to source of inflammation or injury. Embolized MSCs in
capillaries in the lungs (left) actively secrete exosomes (yellow) in response to

traced the post-intravascular
administered MSCs [38]. The
authors also illustrated con-
centrated mass in the lungs

accumulated cytokines.

frequent detection from biodistribution analy-
sis of MSC, whereas the gingiva [27], skin [29]
bladder, ovaries and bone [25] did not show
any significant outcomes.

MSC cannot efficiently penetrate lung capillar-
ies

Following up on their 2012 exploration [33],
Eggenhofer et al. (2014) [34] summarized that
no method distinguishes between live or dead
cells after redistribution of MSCs from the
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similar to previous findings.

Drainage of MSC into metabolic spaces such
as liver and kidney

After the lungs, MSCs frequently present in the
liver [19, 21-23, 25, 27, 28] and kidneys [19,
20, 22, 23-25, 27]. The liver requires a larger
than average blood supply as the major meta-
bolic organ of the body. Therefore, it often
aligns with the larger circulatory pathway that
may have led to the accumulation of circulated
MSCs. As shown in Figure 4, MSCs have a natu-
ral affinity for chemotactic migration towards

Am J Transl Res 2022;14(4):2147-2161
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Extravasation of MSC into
spleen and lymph nodes

As the major medium of
transportation, the blood
carries the majority of MSC
[19, 22]. However, there are
also MSCs found in the lym-
phatic system. Several stud-
ies had reported a signifi-
cant volume of MSC detect-
ed in the spleen [20, 21, 22,
25, 28, 30] and lymph [19,
22, 25]. The spleen is also
known to have a large capac-
ity for blood like the liver,
as it qualitatively filters the
healthy from old or dama-

Figure 4. Upon death or injured of cells (black), local lymphocytes (irregular
nucleus) secrete pro-inflammatory markers (triangle) to surrounding area. Dif-
fusion of these cytokines into bloodstream with circulating RBC (red disc),
attracts macrophages (irregular-shaped) and MSCs (spindle-shaped). The
macrophages and MSCs attach and migrate across the endothelial cells
(elongated-shaped) to reach the site of tissue damage. While the macro-
phages actively digest and remove the dead cells, MSCs secrete exosomes
(yellow beads) to stimulate regeneration and reduce inflammation. Further-
more, the drainage of cytokines into the lymph vessels (green) could explain
the detection of MSCs orderivatives in the lymphatic system.

pro-inflammatory markers (i.e., IL-1[3, IFN-y and
TNF-a) [39, 40], that are secreted from dam-
aged tissues, lymphocytes or macrophages.
These cytokines are promptly sent to the liver
for either functional purposes or neutralization
and detoxification for removal.

The notion of MSCs in the renal space immedi-
ately suggests the end process or excretion
from the body through the kidneys. However,
the minimal-to-absent cellular concentration
does not sufficiently justify its presence [19,
20, 22-24, 27]. Likely, most degenerative dis-
eases that resulted in the production of inflam-
matory cytokines would eventually drain into
the kidneys with or without the liver’s interven-
tion. In addition to their adhesive properties,
the MSCs are substantially large and cannot be
excreted through passive diffusion or filtration
of the renal glomeruli. Otherwise, the cells and
their derivatives would have been detected
downstream in the bladder, which was not
reported in the results of studies reported in
this review [25].
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ged erythrocytes. These are
removed by active immune
cells concentrated in the
lymph nodes or spleen. The
lymph nodes act as sedimen-
tary sites and a regulator of
most lymphocytes. In this
scenario, we hypothesize
that the accumulation of
MSC in the lymph nodes
were more likely associated
with increased inflammatory particles from
tissue damage, as opposed to the spleen
that serves as a common blood circulatory
route. This was confirmed when the control
group reported a comparable level of MSCs
in the spleen [25] but the same was not
determined in the lymph nodes [19]. Thejaswi
et al. [2012] proved that allogeneic infusion
of MSCs reduced immune activity in lymph
nodes and spleen of immunocompetent
BALB/c mice model. Moreover, their in-vitro
analysis described that the post-differen-
tiated MSCs still managed to suppress
lymphocytic activities (downregulated TNF-«,
Il and IL-2) of co-cultured PBMCs. Con-
versely, the absence of MSC in the thymus is
very apparent [25, 28] and is perhaps due to its
physiological niche. The thymus is a major
organ mediating its role in the endocrinologic
system and lymphatic system. This gland can
function independently of the lymph circulation
and only acts as a one-way supplier of hor-
mones responsible for priming or regulating
T-cells.
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Methods of tracing MSC biodistribution in ani-
mal model

In Table 2, we briefly list the type and source of
MSCs with the different methods of labelling
and/or pre-treatment of MSC and the subse-
quent in-vivo live-cell imaging and/or cell-track-
ing assays employed in reviewed studies. There
were three commonly applied methods in this
review, namely the direct labelling of the MSC
[19, 20, 23, 28, 30], transduction and/or detec-
tion of cell-specific DNA markers in donor cells
[24, 22, 25, 30] and isolation of cells from
transgenic animal models (i.e., GFP) [22, 25,
27, 29]. The whole animal observation conduct-
ed in reviewed studies were through biolumi-
nescent imaging (BLI) [24, 25, 29] and nonlin-
ear longitudinal magnetic response (NLR-M2)
[24]. Conversely, the most common ex-vivo
assays performed on organs/tissue/blood of
euthanized animals are in order of, immunoflu-
orescent (IF) staining [19, 20, 26, 27], immuno-
histochemistry (IHC) [22, 25, 28, 30], reverse-
transcription polymerase chain reaction (RT-
PCR) [24, 22, 24, 26, 29] and flow cytometry
(FCM) [19, 23, 29, 30]. Less common practices
include positron emission tomography (PET/CT)
scan [28] and whole-animal cryo-imaging [30]
which were present in our review.

Sensitivity of biomarkers and/or tests for bio-
distribution

The act of migration calls forth complex interac-
tions between the medical product and the
host’'s system through chemoattractant and
adhesive molecules (ICAM-1, VCAM-1) [39, 40].
The recipient body is responsible for resisting
the invasion of foreign bodies, which makes it
difficult for medicinal products to penetrate.
Therefore, it is necessary for researchers to
examine and identify a suitable micro-construct
of their therapeutic product that is biocompati-
ble in both healthy and distressed hosts.
Additionally, the internal conditions of a live
organism vary drastically from an in-vitro simu-
lation and may subject endogenous MSC to
stress which translates to either adaptation or
death of cells. This is where visualization and
identification of the medicinal products in-vivo
become a crucial determinant.

The ligation of fluorescent molecules on cells is
considered a traditional method for biodistribu-
tion studies. This can be achieved through
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direct labelling of the MSC [19, 20, 23, 28, 30]
or isolating cells from transgenic animal mod-
els (i.e., GFP) [22, 27]. We report that the for-
mer method is practiced most often but carries
several limitations in today’s application. This
route cannot be followed up with live-cell imag-
ing, and more often, diluted signals and false
positives can occur due to cell division or cell
death [31]. Although radioactive labelling [27]
and nanoparticles [25] offer a solution, the
safety, design and stability of these molecules
require greater consideration towards induced
in-vivo cytotoxicity. In overcoming both limita-
tions, transduction and/or detection of cell-
specific DNA markers in donor cells [21, 22, 25,
30] or cells from a transgenic model [25, 29]
are becoming more applicable due to the con-
tinuous propagation of internalized signals in
new cells. Furthermore, the addition of the
‘proofreading’ function during DNA replication
preserves the stability and accuracy of the
genetic markers [29].

The practice of in-vivo imaging of the cells in a
live model enables a better understanding of
the interaction and mobility of MSC through
various anatomical structures [24, 40]. Bio-
luminescent imaging (BLI) [24, 25, 29] and with
the nonlinear longitudinal magnetic response
(NLR-M2) [24] are some examples for observ-
ing animals as a whole. This method allows con-
tinuous survival which enables chronic evalua-
tion and preservation of minimally conducted
sample size. Even though the availability to con-
duct these tests is strictly dependent on the
resources and access to equipment, we encour-
age the integration of higher sensitivity analysis
(i.e., RT-PCR), taking into account signals (i.e.,
BLI) that diminishes in a short amount of time
[24].

Therapeutic effect of MSC therapy despite
limitations

In Table 3, we list the diseases and therapeutic
outcomes from the MSC therapy employed in
reviewed studies. All studies had reported that
the MSCs recovered lost functions, controlled
inflammation, and prevent further degenera-
tion in animal model. Thus, the MSC was shown
to be versatile as it was able to enhance the
survivability of animals with neurological com-
plications [22, 24, 26, 38, 30], open wound [27,
29], induced-colitis [19], renal damage [21,
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25], and cardiac impairment [20, 21]. However,
only one study did not observe the therapeutic
outcome which was conducted in the ataxia-
telangiectasia (A-T) animal model [24].

Mirror of MSC: exosomes to overcome niche
barriers

Although we find that the infused MSC did not
reach most organs or targeted organs, the ani-
mals in reviewed studies have exhibited signifi-
cant recovery and return of function as tabu-
lated in Table 3. Hence, we propose a second
narrative for the mechanism of MSCs in this
review through secretion of proliferative and
anti-inflammatory cytokines, that were pro-
duced exogenously but function at the site
of tissue damage. Arguably, the regenerative
capacity of MSC is more often referenced to
the extracellular secretions (hereafter referred
to as exosomes) in lieu of the whole cell as the
therapeutic unit [42]. Therefore, MSCs are bet-
ter encapsulated as both a vehicle and genera-
tor of the medicinal products which can have
intracellular (autocrine) or intercellular (proxi-
mal/paracrine or distal/exocrine) functions [4 3,
44]. 1t is highly likely that the MSCs that suc-
cessfully penetrate the lungs would have a
greater reach and more direct effect on the
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wound or injury. A heparin pre-treatment of cul-
tured MSC by Liao et al. in 2017 [19] confirmed
greater penetration and biodistribution of MSC
which eventually reduced mortality of their
experimental colitis mice model. Consequently,
we hypothesized the positive outcomes attrib-
uted by infused MSCs not found in situ, would
have likely been an effect of exosomes [45].

Exosomes carry an abundance of material, as a
care package of various functional proteins and
genetic instructions (Figure 5). Often, they are
an external manifestation of their parent or
derived cell [46]. Interestingly, these nano-
sized particles exist and are secreted by all
types of cells. For example, the tumor-derived
exosomes have been shown to have an abnor-
mally high concentration of anti-apoptotic,
immuno-suppression and growth factors [47,
48]. Other isoforms such as natural killer (NK)
cell-derived exosomes are able to elicit a great-
er immune response from cells that are under-
responsive or impaired against infections. The
NK-derived exosome boasts anti-tumor poten-
tial by delivering and further stimulating key
apoptotic factors (i.e., PD-1, FasL, etc) and sup-
plying cytotoxic proteins (i.e., perforin, gran-
zyme, etc) [49, 50]. Zhu et al. (2018) [51] was
able to demonstrate the suppression of glio-
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blastoma by NK-derived exosomes in their in-
vitro and in-vivo mice model. In the case of
MSCs, we find growth and immunomodulatory
factors which can safely recapture the optimal
homeostatic conditions and recover loss func-
tions [52-54]. Therefore, we propose the simul-
taneous incorporation of the listed or novel
imaging techniques, to confirm the role of
endogenous exosomes materialized in the sce-
nario of coagulated MSCs in lungs.

While most stem cells efforts are consistently
applied in the clinical scene to accomplish
medical board approvals for practical use, exo-
somes present an exciting opportunity for cell-
free therapeutic agents. Owing to the compact
size of exosomes (30-150 nm), this can open
avenues for regenerative medicine in the BBB,
CNS or other related barriers [55-57]. Albeit,
exosomes closely resemble chemical drugs
and the production or sourcing from live cells
presents an even greater challenge. Incidental-
ly, exosomes as a secondary product of cell/
tissue cultures will demand further optimiza-
tion of protocols and more stringent qualitative
tests to ensure uniform therapeutic character-
istics and to divert from any risks of adverse/
side effects [58, 59]. The achieved model must
also be reasonably cost-effective and efficient
in maximizing valuable tissue samples [60].

Challenge of defining exosomes and develop-
ing an optimized protocol

However, these ‘exosomes’ are not without
consequences and challenges. Compared to
the MSCs, these secreted factors are much
more complex and heterogeneous in nature
[58, 61]. Not to mention, its size complicates
quantitative and qualitative solutions. In 2020,
a systematic review by Tieu et al. (2020) com-
piled the exploration of MSC-derived extracel-
lular vesicles (EV) in various pre-clinical models
[62]. At the end, the authors highlighted the
prospects, challenges and limitations to be
addressed. They urge to improve pre-clinical
study designs and optimize manufacturing pro-
tocols for rapidly growing medical innovation.
In the 206 studies, 60% obeyed the size-inclu-
sion factor of exosomes. The remaining studies
determine the identity of EVs isolation tech-
niques like protein markers, morphology, and
others. For isolation techniques, the majority
(70%) performed ultracentrifugation or (23%)
through isolation kits. Each was noted for
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differences in EV yield and purity [63].
Characterization by size-exclusion, antibody
recognition and morphology are diverse, thus
preventing accurate and systematic compari-
son. To further complicate matters, the range
of its content is also not established since an
unknown volume or concentration could exist,
with the interference of other cell-free prod-
ucts. This single variability mixed with the
unpredictability of the MSCs, complicates the
process to establish a set of effective and
translatable doses [64]. Ultimately, the identity,
purity, quality, safety and functionality of exo-
somes are still unknown [65]. Similar to the
beginnings of MSC exploration, the perception
of exosome studies seems overwhelmingly pos-
itive although knowledge gaps and barriers
remain unanswered. These will be critical chal-
lenges to be addressed because the challeng-
es of exosomes are further added onto the pre-
existing challenges of cell manufacturing.

Future considerations

In this review, we did not address the different
MSC sources and their subsequent infusion
into animals. Although, all MSCs do share a
similar characterization profile as standardized
by the International Society for Cellular Therapy
(ISCT) [1] by expression of positive markers
(CD73, CD90 and CD105), and negative mark-
ers (CD11b or CD14, CD19 or CD79a, CD34,
CD45 and HLA-DR) [2]. Note that MSCs from
different sources do not exhibit the same physi-
ological properties. For example, WJ-MSCs
have an age-independent proliferation when
compared to BMSCs. The human MSCs are
also physically larger than rodent MSCs which
could be the reason for lung embolization in the
mice model. Secondly, we did not discuss the
effects of syngeneic, allogeneic, or xenogeneic
infusion of MSC into animal models. However,
MSCs have long-established their innate immu-
nocompatibility to host recipients and have
not illicit any harm or severe illnesses [66].
Fortunately, this review mainly consisted of
syngeneic MSC [19, 22, 24, 25, 27, 28] and the
xenogeneic or pre-clinical models were based
on human-derived MSC [20, 21, 23, 26, 29, 30]
for the purpose of clinical and translational
medicine. Lastly, we did not compare our
results to the topical/direct route of MSC.
Perhaps this administration may have better
efficacy in confined spaces with access to pro-
tected organs compared to the systemic route.
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Conclusions

We report that the common biodistribution of
systemically infused MSC occurs most fre-
quently in the lungs, liver, spleen, and kidneys.
The MSCs can also migrate towards the heart
and lymph nodes in response to inflammation.
Meanwhile, MSC are less frequent in the blood,
gut, bone marrow, pancreas and lumbar spinal
cord. In any case, the external detection and/or
identification of MSC outside the pulmonary
space were not necessarily live cells. The
incorporation of greater sensitivity or specific
imaging for viable cells will help to solve this
conundrum. Lastly, we hypothesize that the
therapeutic success of undetected MSC
towards targeted regions may be an effect of
released exosomes.
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