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Comparative biodistribution analysis of umbilical cord
mesenchymal stromal cells via different administration routes
in rabbit models
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INTRODUCTION

Mesenchymal stem cell (MSC) therapy is a form of regenerative medicine that utilises
cellular self-renewal, immunomodulatory, anti-inflammatory, signalling, and differentia-
tion properties to repair damaged, diseased, or injured tissues (1). MSCs function in two
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ways. On the one hand, MSCs can secrete a series of paracrine factors (2, 3), which act as
multi-drug “pharmacies” in vivo, and participate in the alleviation of pathological condi-
tions through anti-inflammatory, anti-apoptotic, and immunomodulatory mechanisms
(4). On the other hand, their inherent pluripotency and differentiation potential offer ther-
apeutic options for a variety of diseases. In recent years, the incidence and lethality of renal
diseases have been increasing, posing a serious threat to human health. Renal diseases are
among the leading causes of death globally, with an estimated 1.43 million deaths in 2019.
The burden of renal diseases has increased over time compared to other noncommunica-
ble diseases (5). To date, it is difficult to obtain satisfactory therapeutic effects with tradi-
tional treatment modalities.

MSCs have been recognised as effective and safe treatments for renal diseases in
preclinical and clinical studies, and have played an active role in the treatment of several
types of renal disease. For example, the conditioned media derived from MSCs (MSC-CM)
attenuates experimental anti-glomerular basement membrane glomerulonephritis
through M2 macrophage-mediated anti-inflammatory effects (6). In systemic lupus ery-
thematosus, transplantation of allogeneic MSCs reduces kidney injury (7). One clinical
trial has also shown that treating patients with systemic lupus erythematosus using allo-
geneic MSCs from healthy donors is both safe and feasible (8). In a model of Adriamycin-
induced nephrotic syndrome, MSCs exert their therapeutic effect mainly by modulating
inflammation (9). Moreover, patients with idiopathic nephrotic syndrome (INS) have been
treated with autologous MSC infusions (10). In a Thyl.1 antibody-induced rat glomerulo-
nephritis model, hypoxia-pretreated MSCs reduced glomerular apoptosis, autophagy, and
inflammation through HIF-1a/ VEGF/Nrf2 signalling (11).

Notably, MSCs can also inhibit inflammatory factors in nephritis. For instance, in
focal segmental glomerulosclerosis, MSCs reduce circulating inflammatory factors and
improve renal function (12). Meanwhile, autologous MSCs have been applied to treat
anti-neutrophil cytoplasmic antibody-associated vasculitis (13) and autosomal dominant
polycystic kidney disease (14), with no reported clinical or serious adverse events. In addi-
tion, existing studies have also proposed that MSCs may alleviate focal segmental glomer-
ulosclerosis through the regulation of IL-22. The above-mentioned animal models and
clinical trials provide substantial evidence for the therapeutic potential of MSCs in the
treatment of renal diseases. In brief, MSCs demonstrate great potential to localise to dam-
aged kidneys and promote both morphological and functional recovery.

Migration to the site of tissue injury is the first step in stem cell-mediated tissue regen-
eration. The homing of MSCs in injured tissues is dependent on their ability to migrate to
and interact with the local micro-environment, thus ensuring that they are anchored at
locations where their effector functions are required (15). It is important to achieve cellular
homogeneity, ensure cell survival, and maintain high implantation efficiency during local
or systemic administration (16). However, different routes of drug delivery can affect the
distribution (17), survival and therapeutic effects of MSCs. Therefore, choosing the appro-
priate mode of drug delivery is crucial for the effectiveness of MSC treatment.

It is widely known that tail vein injection is one of the most commonly used modes of
MSC drug delivery (18). Numerous rodent modelling experiments have demonstrated its
effectiveness. For example, tail vein infusion of MSCs in mice with ischemia-reperfusion
kidney injury resulted in decreased serum creatinine and urea nitrogen levels, along with
amelioration of tubular injury (19). Specifically, activation of two mitogen-activated pro-
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tein kinases, p38 and ERK, is inhibited; expression of Bax and cleaved caspase-3 is
down-regulated; and expression of Bcl-2 is up-regulated by intravenous infusion of MSCs
in rats with cisplatin-induced acute kidney injury, which protects renal function and struc-
ture by inhibiting apoptosis (20). However, in vivo imaging confirmed that a large number
of MSCs were present in the lungs and spleen, and only a small number of MSCs were
found in the kidneys (21).

It is noteworthy that localised injection involves delivering cells directly into the kid-
ney under ultrasound guidance, allowing them to remain within a “closed” zone (22). For
example, in a beagle dog model of cisplatin-induced acute kidney injury, localised injec-
tion of MSCs led to decreased serum creatinine and urea nitrogen levels, prolonged sur-
vival time, and the presence of MSCs near the renal tubules was confirmed (23). Another
study in cats with chronic kidney injury reported a slight improvement in glomerular
filtration rate and a corresponding decrease in serum creatinine concentration following
MSC treatment. However, the need for extensive sedation and invasive procedures to per-
form localised injection presents a significant barrier to its clinical application (24).

Interventional target-organ arterial drug delivery is an emerging therapeutic method
that lies between surgical and medical treatments (25). A guide wire is inserted into the
femoral artery, and the drug is delivered directly to the target site under angiographic
guidance, which improves the concentration of the drug at the target site and reduces the
dosage of the drug and its side effects (26). In stem cell therapy, interventional approaches
have also been explored to improve targeted cell delivery. For example, to minimise the
risk of pulmonary complications due to MSC entrapment in the lungs following systemic
infusion, cells were administered distally via the thoracic aorta. This strategy avoided
respiratory distress, and no serious adverse events were observed during a 6-month fol-
low-up period (27). The clinical therapeutic efficacy of MSCs has always been in the spot-
light, and little attention has been paid to the impact of different cell delivery routes on
delivery efficiency. In addition, interventional target organ arterial drug delivery in rodent
models has not been reported due to the limitation of their body size, which makes it dif-
ficult to perform femoral artery puncture surgery (28). Therefore, rabbits, which are larger
than typical rodents, were selected as the experimental subjects in this study.

To examine which delivery route was most suitable for MSC delivery, Dil fluorescent
dye-labelled cells were first injected into experimental rabbits through different delivery
routes. Afterwards, the delivery efficiency of the cells was relatively quantified according
to the percentage of fluorescent cells in the kidney cross-section area, and compared by
evaluating the effects of the three different delivery routes on MSC aggregation targeting
the kidneys. This study aims to provide a reference for choosing the optimal injection
route for MSC delivery in subsequent preclinical and clinical trials.

EXPERIMENTAL

Animals

Twelve-week-old New Zealand white rabbits (weighing 2-2.5 kg) were purchased
from Shandong Shaoda Breeding Co., Ltd. (China). The animals were housed in the animal
facility of Shenzhen Zhongjia Bio-Medical Technology Co., Ltd. under standard condi-
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tions: temperature of 25 + 3 °C, a 12 h light/dark cycle, and free access to food and water.
All animal procedures were performed in accordance with the ethical guidelines for lab-
oratory animal welfare and conformed to the “Administrative Measures for Laboratory
Animal Permits” and the “Regulations on the Administration of Laboratory Animals”.
The experimental protocol was approved by the Animal Ethics Committee (approval num-
ber: BG-AMS-20240314LNO1-Y).

Cells

Human umbilical cord-derived mesenchymal stem cells (UC-MSCs) were obtained
from Shenzhen Zhongjia Bio-Medical Technology Co., Ltd. The cells were used for fluores-
cent labelling and injection experiments as described in subsequent sections.

Reagents and instruments

Dil cell fluorescent dye and wheat germ agglutinin (WGA) were obtained from Solepol
(China). The anti-fade mounting medium and DAPIwere purchased from MedChemExpress
(USA). The 4 % paraformaldehyde solution was purchased from Sigma-Aldrich (USA).
TNF-a, IL-6, IL-10, and GAPDH primers were sourced from Sangon Biotech (China). The
EasyScript® First-Strand ¢DNA Synthesis SuperMix and TransStart® TopGreen qPCR
SuperMix were obtained from TransGen Biotech (China).

The confocal microscope (AIHD25, Nikon, Japan), cryostat (CryoStar NX70, Thermo
Fisher Scientific, USA), NanoDrop Microvolume Spectrophotometer (Thermo Fisher
Scientific), and PCR machine (Thermo Fisher Scientific) were used for the experiments.
The slide scanner was purchased from Shengqgiang Technology Co., Ltd. (China). The
Biomapping 9000 system was provided by Wuhan Woyi Biotechnology Co., Ltd. (China).

UC-MSCs culture procedure

UC-MSCs were thawed in a 40 °C water bath and immediately transferred into pre-
cooled (4 °C) sterile saline. After gentle mixing, the cells were centrifuged at 500 x g for
5 min to remove cryoprotectant. The cell pellet was washed twice with sterile saline, resus-
pended in complete growth medium, and seeded into T175 flasks. Cultures were main-
tained at 37 °C in a humidified incubator with 5 % CO,. The medium was replaced every
2-3 days. When cells reached 80-90 % confluency, they were passaged using 0.25 % tryp-
sin-EDTA. Cells were either expanded for further experiments or cryopreserved (29).

UC-MSCs cell staining

To prepare fluorescently labelled UC-MSCs for injection, 1x107 cells were incubated
with 10 mL of 10 pg mL™" Dil red fluorescent membrane dye (Solepol) at room temperature
for 10 min with gentle mixing every 5 min. Cells were centrifuged at 500 x g for 5 min,
washed twice with sterile saline, and resuspended in saline to obtain suspensions at the
required concentrations for injection. In parallel, another aliquot of 1x107 UC-MSCs was
incubated with 4 mL of 10 pg mL™ WGA green fluorescent membrane dye (Solepol) at
room temperature for 30 min with mixing every 5 min, followed by two washes by centrif-
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ugation under the same conditions. Cell viability post-labelling exceeded 95 % as con-
firmed by the trypan blue exclusion assay.

UC-MSCs administration

Labelled UC-MSCs were administered to the rabbits via the marginal vein of the ear, via
the interventional left renal artery, and via the localised direct injection of the left kidney.

(i) Trans-interventional left renal artery administration: rabbits were anaesthetized
using 20 % urethane (Yanni, 2004) (750 mg kg™) by intraperitoneal injection, and a fixed
indwelling needle in the marginal ear vein was used for intraoperative supplementation
with 0.9 % saline and 20 % urethane to maintain the anaesthesia. The rabbit was dorsalized
at the groin of the hind limb, and the skin was opened to expose the femoral artery. A
guidewire was inserted from the femoral artery to reach the left renal artery of the left
kidney, and then the location of the guidewire was determined by contrast angiography.
Each rabbit was injected with 4 mL of 8x10° red fluorescent-labelled MSCs.

(ii) Localised direct injection in the left kidney: First, the location of the kidney was
visualised by ultrasound imaging on the skin behind the left kidney of the rabbit. Then,
the needle of the syringe was guided to the cortex of the left kidney. Each rabbit was
injected with 1.5 mL of 8x10° red fluorescently labelled UC-MSCs.

(iii) Marginal ear vein injection: the rabbits were immobilised. The skin was prepared
at the ear marginal vein, and alcohol was swabbed to expose the blood vessels. Each rabbit
was injected with 4 mL of 8x10° red fluorescently labelled UC-MSCs. A dry cotton ball was
pressed to stop bleeding.

Renal tissue immunofluorescence staining

Kidney-frozen sections were obtained between 12 and 24 h after cell injection.
Euthanasia was performed on rabbits by injecting 20 mL of air through a marginal ear
vein, and frozen sections were made from the kidneys, lungs, and cerebral hippocampus.
The renal peritoneum was peeled off, and transverse sections were made along the middle
of the kidney. The tissues were embedded in optimal cutting temperature compound and
frozen in a 20 °C cryostat. Sections were cut at a thickness of 6 um. The sections were
fixed by dropwise addition of 200 uL of 4 % paraformaldehyde for 15 min, washed three
times with PBS-T (PBS containing 0.1 % Tween 20) for 3 min each time, and stained with
DAPI for 15 min. DAPI was discarded, and the slices were blocked by dropwise addition
of 20 pL of anti-fluorescent bursting agent. Fluorescence images were captured by confocal
laser scanning microscopy (Olympus, Germany).

Real-time fluorescence quantitative PCR

Kidney tissues from both ends of the organ were collected from rabbits in each group
for real-time fluorescence quantitative PCR (qQPCR) analysis. The procedure involved the
following steps: A suitable amount of kidney tissue was placed in a 1.5 mL centrifuge tube
containing 1 mL of Trizol reagent and then homogenised using a high-speed tissue grinder.
RNA was subsequently extracted using chloroform and isopropanol. Reverse transcrip-
tion was carried out using the EasyScript® First-Strand ¢cDNA Synthesis SuperMix Kit,
following the manufacturer's protocol for reaction system setup and program settings. The
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resulting cDNA was then analyzed via real-time fluorescence qPCR using the TransStart®
TopGreen qPCR SuperMix Kit, with qPCR performed according to the kit instructions to
quantify target gene expression levels.

Laser confocal microscope imaging

Confocal laser scanning microscopy was performed using a 10x objective lens with
bidirectional scanning at a speed setting of 4.8 and a resolution of 1024 x 1024 pixels. A 5 x
5 tile scan was applied for image stitching. The DAPI channel was detected with excitation/
emission wavelengths of 360/470 nm, while the Dil channel was detected at 549/565 nm.

Biomapping processes

Freshly excised kidneys were fixed in 4 % paraformaldehyde (tissue-to-fixative ratio
1:3, V/V) at 4 °C for 24 h. Prior to imaging, the samples were mounted on a three-dimen-
sional (3D) panning platform and immersed in 0.01 mol L™ phosphate-buffered saline
(PBS) to enhance wheat germ agglutinin (WGA) fluorescence. Light-sheet imaging was
performed using a Biomapping 9000 microscopy system, applying a tomographicimaging
strategy with a physical section thickness of 40 pm and excitation/emission wavelengths
of 491/516 nm. The imaging process consisted of four sequential steps: (i) sectioning with
a vibrating blade at 77 Hz and a slicing speed of 0.2 mm s™; (ii) positioning of the platform
at the imaging start point; (iii) light-sheet scanning for image acquisition; and (iv) return-
ing the platform to the preset position in preparation for the next imaging cycle (30).

Data analysis

Cell distribution in the cross-sectional images was quantified using Image] software.
Specifically, the total number of nuclei stained by DAPI (x) and the number of cells
co-stained with DAPI and Dil (y) within each field of view were counted. The proportion
of red fluorescently labelled cells was calculated using the formula: N = (x — y) / x. Statistical
analyses were performed using Prism 8 software.

RESULTS AND DISCUSSION

Homing of UC-MSCs to the target organs

The UC-MSC:s delivery efficiency of different injection routes for the homing or locali-
sation of UC-MSCs to the target organs varied (Fig. 1). The delivery efficiency of UC-MSCs
to the target organs varied depending on the injection route (Fig. 1). Notably, in the localised
injection mode, UC-MSCs were predominantly concentrated at the injection site within the
left kidney cross-section. Specifically, in the localised injection group, UC-MSCs were
mainly confined to the injection region (28.4 %, Fig. 1b), which accounted for only one-quar-
ter of the total left kidney cross-sectional area. Accordingly, calculations indicated that
UC-MSCs in this treatment represented 7.1 % of the entire left kidney cross-sectional area
(Fig. 1d). In contrast, other injection routes showed a more uniform cell distribution, requir-
ing no additional computation. Intravenous injection resulted in the lowest number of red

6



L. Xiao et al.: Comparative biodistribution analysis of umbilical cord mesenchymal stromal cells via different administration routes in
rabbit models, Acta Pharm. 75 (2025) xx-xx.

fluorescently labeled cells in the left kidney cross-section, accounting for less than 1 % (Fig.
1c), whereas the interventional injection route yielded the highest number, reaching up to
12.4 % (Fig. 1a). This difference is likely due to the fact that interventional delivery via the
left renal artery effectively enhances UC-MSCs targeting efficiency: the cells first pass
through the target kidney via the artery, where they are captured by small blood vessels,
extravasate, and colonize, allowing a large number of cells to reach the target organ.
Localised injection can “seal” a substantial number of cells at the injection site. In contrast,
intravenous administration results in only a small fraction of cells reaching the target organ
through systemic circulation, with the majority being lost during circulation.

In contrast to the obvious difference in the left kidney, no statistically significant dif-
ference between the three injection modalities was shown in the laser confocal microscopy
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Fig. 1. Differences in the distribution of labelled UC-MSCs in the cross-sections of the left kidney of
rabbits from different groups: a) interventional injection; b) localised injection zone; c) intravenous
injection; d) percentage of fluorescent areas. * p <0.05, ** p < 0.01.
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Fig. 2. Differences in the distribution of labelled UC-MSCs in the cross-section of the right kidney: a)
interventional injection; b) localised injection; c) intravenous injection.

imaging results of the right kidney cross-section. The number of red fluorescently labeled
cells distributed in the cross-section of the right kidney was <1 % for the interventional
injection (Fig. 2a), the localized injection (Fig. 2b), and the intravenous injection (Fig. 2c). It
was found that there was a large difference in the number of cells distributed in the left
and right kidneys of the same individual. A considerable number of cells were intercepted
by the left renal microvessels in the interventional left renal artery administration mode,
and some of the cells continued to participate in the systemic circulation, allowing red
fluorescently labelled cells to also be detected in the contralateral kidney (31). In addition,
cells could not only spill over into the tissues through the blood vessels but also re-enter
the blood vessels from the tissue mesenchyme, which then circulated throughout the body
and was detected in the contralateral kidney (4).

Impacts of UC-MSCs treatment on inflammatory cytokine expression

RT-qPCR was used to analyze the gene expression of the pro-inflammatory cytokines
TNF-a and IL-6, as well as the anti-inflammatory cytokine IL-10 (Fig. 3). the localized
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Fig. 3. Relative mRNA expression levels of a) TNF-a, b) IL-6, and c) IL-10 in the left kidneys from each
group. Mean = SEM, n=6.* p <0.05.
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injection group exhibited a significant increase in both IL-6 and TNF-a expression (p <
0.05), as well as in IL-10 expression (p < 0.05), suggesting that localized injection may influ-
ence the inflammatory response, potentially through elevated chemokines and immuno-
suppressive factors. Additionally, the expression levels of IL-6, IL-10, and TNF-a in the
interventional group were comparable to those in the intravenous interventional injection
groups (p <0.05). These results suggest that there was a lower level of inflammation in the
intravenous and interventional injection groups as compared to the localised injection
group. IL-6, TNF-a, and IL-10 are key markers of the inflammatory response, and their
expression was significantly altered following UC-MSCs treatment, likely due to the
potent immunomodulatory functions and multipotency of UC-MSCs.

Distribution of UC-MSCs in the kidney via interventional delivery

In previous studies, interventional methods were predominantly applied for can-
cer-targeted drug delivery (32). In this study, UC-MSCs were applied to the New Zealand
rabbit model for the first time via interventional left renal artery administration.
Conventionally, MSCs were delivered either locally or intravenously, but these approaches
resulted in substantial cell loss during systemic circulation, with only a small proportion
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Fig. 4. Laser confocal microscopy imaging of interventional delivery of labeled UC-MSCs in rabbit
kidneys: a) and b) MSC distribution in the left kidney, shown at 200x and 1000x magnification, respec-
tively; ¢) and d) MSC distribution in the right kidney, shown at 200x and 1000x magnification, respec-
tively; e) and f) GFP fluorescence images acquired in SLICE mode and coronal mode, respectively.
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reaching the target tissues (33). The approach employed in this research involved the
delivery of UC-MSCs directly into the left kidney via an interventional guidewire inserted
through the inguinal femoral artery vasculature to the left renal artery, aided by contrast
imaging utilising a contrast agent. The interventional left renal artery delivery mode
significantly improved the efficiency of cell delivery in the target organ, and a cell distri-
bution of 13 + 0.7 % could be achieved (Figs. 4a,b), while the cell number distribution in
the contralateral kidney was unaffected at <1 % (Fig. 4c,d). In contrast to administering
locally, it could minimise tissue damage and decrease the likelihood of infection.
Additionally, when compared to intravenous delivery, it could significantly enhance
delivery effectiveness. The increased delivery efficiency will also improve the effective-
ness and safety of the treatment. Toxicity can be effectively reduced because a lower dose
of cells can be effectively delivered to diseased organs and tissues (34). Previous research
reported that intravenously injected human MSCs produced functional improvements in
mice with myocardial infarction at least partially because cells trapped in the lungs as
emboli were activated to express the anti-inflammatory factor TNF-alpha inducible pro-
tein 6 (35).

To verify whether UC-MSCs could colonise the mesenchymal layer of the kidney,
cells were first stained using WGA Green Cell Membrane Fluorescent Dye to enable their
visualisation and tracking. The labelled cells were then injected into experimental rabbits
via intervention injection. 20 hours post-injection, the rabbits were humanely euthanised,
and kidney samples were collected for imaging and analysis using the Biomapping 9000
system. The imaging results demonstrated that the injected UC-MSCs successfully tra-
versed the circulatory system, migrated to the renal tissue, and infiltrated the mesenchy-
mal layer through blood vessels (Fig. 4e,f). Furthermore, the fluorescence signals con-
firmed that a substantial number of transplanted cells had established a presence within
the kidney microenvironment, indicating effective colonisation.

Distribution of UC-MSCs in the kidney via local injection

The localised injection of the left kidney refers to the injection of UC-MSCs into the
renal cortex under the guidance of ultrasound imaging (Fig. 5f), where the cells are left
in the kidney cortex in the form of a “closed” deposit. An autopsy conducted 20 h after
localised injection of the UC-MSCs into the kidney showed that the “closed” cells par-
tially remained at the injection site (Fig. 5a), with only a small number of cells colonizing
the non-injection site areas of the same kidney (Fig. 5b). Cells also travel throughout the
body with the circulatory system, and a small number of cells can reach the contralateral
kidney (Fig. 5¢c). Cells that circulate with the bloodstream are heavily sequestered by the
pulmonary vasculature (Fig. 5d). In contrast, no red fluorescently labelled cells were
found in the brain (Fig. 5e). Localised injection administration has a better implantation
effect than intravenous administration, such as treatment of myocardial infarction, kid-
ney transplantation, brain injury (36-39). However, clinical applications are less frequent
because they are highly invasive and introduce cells into microenvironments that are not
suitable for survival (40). Similarly, in another study, vein grafting was more effective
than intracranial injection in promoting the survival of cerebellar Purkinje cells in spinal
cerebellar ataxia (41).
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Fig. 5. Laser confocal microscopy imaging of the US-MSCs distribution in the localised injection
group: a) injection site in the left kidney; b) non-injection site part in the left kidney; c) right kidney;
d) pulmonary vasculature; e) brain; f) ultrasound image.

Distribution of UC-MSCs in the intravenous injection group

The findings from the autopsy conducted 20 hours post intravenous injection of
UC-MSCs revealed minimal presence of red fluorescently labelled cells in the left kidney,
with less than 1 % detected (Fig. 6a). Similarly, the distribution of these labelled cells in the
right kidney was notably low, also less than 1 % (Fig. 6b). Conversely, a significant accu-
mulation of red fluorescently labelled UC-MSCs was observed in the lungs (Fig. 6c).
Further, no UC-MSCs were found in the brain (Fig. 6d).

The results indicate that following an intravenous injection, UC-MSCs predominantly
localise in the lungs, with minimal passage to other organs (39). This lung accumulation is
consistent with the “pulmonary first-pass effect” (42—-44), where the cells are trapped in
the lung capillary network due to their relatively large size (43, 45). In contrast, both kid-
neys showed very low levels (< 1 %), suggesting that these organs are not major sites of
UC-MSC engraftment under these conditions (46). Furthermore, the absence of cells in the
brain highlights the blood—brain barrier’s role in preventing MSC entry (47, 48) (Fig. 7).

The above findings are crucial for optimising therapeutic strategies, particularly
when targeting diseases of organs other than the lung, as they underscore the need for
alternative delivery methods or cell modifications to enhance homing beyond the pulmo-
nary circulation (49, 50)
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Fig. 6. Laser confocal microscope imaging of UC-MSCs in rabbit diverse organs in the intravenous
injection group: a) left kidney; b) right kidney; c) lungs; d) brain.

CONCLUSIONS

Local renal injection results in high MSC accumulation at the injection site, creating a
pronounced difference between targeted and contralateral kidneys, but cells outside the
injection site are limited and comparable to intravenous delivery. Marginal ear vein injec-
tion is simple, convenient, and highly reproducible, but yields minimal renal homing and
no significant kidney-specific distribution. Interventional injection provides the most effi-
cient and uniform renal delivery, balancing efficacy and safety. These findings underscore
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Fig. 7. The diagram illustrating the distribution of MSCs in the left and right kidneys of rabbits under
three different injection methods.

that, in preclinical and clinical MSC-based therapies, careful consideration of cell source,
dose, administration route, and timing is essential. The choice of delivery method should
be tailored to the disease context, optimising targeted cell distribution while minimising
adverse effects.
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