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ABSTRACT

Mesenchymal stem/stromal cells (MSCs) present a promising tool in cell-based therapy for treat-
ment of various diseases. Currently, optimization of treatment protocols in clinical studies is com-
plicated by the variations in cell dosing, diverse methods used to deliver MSCs, and the variety of
methods used for tracking MSCs in vivo. Most studies use a dose escalation approach, and attempt
to correlate efficacy with total cell dose. Optimization could be accelerated through specific under-
standing of MSC distribution in vivo, long-term viability, as well as their biological fate. While it is
not possible to quantitatively detect MSCs in most targeted organs over long time periods after
systemic administration in clinical trials, it is increasingly possible to apply pharmacokinetic model-
ing to predict their distribution and persistence. This Review outlines current understanding of the
in vivo kinetics of exogenously administered MSCs, provides a critical analysis of the methods used
for quantitative MSC detection in these studies, and discusses the application of pharmacokinetic
modeling to these data. Finally, we provide insights on and perspectives for future development of
effective therapeutic strategies using pharmacokinetic modeling to maximize MSC therapy and
minimize potential side effects. STEM CELLS TRANSLATIONAL MEDICINE 2017;00:000–000

SIGNIFICANCE STATEMENT

The establishment of optimal dosage and route of administration of mesenchymal stem/stromal
cells (MSCs) requires the ability to quantitatively determine their in vivo distribution, long-term
viability as well as their biological fate. In this Concise Review, studies elucidating the in vivo
kinetics of MSCs are summarized. This article highlights the use of modeling approaches for pre-
cise characterization and prediction for future development of efficacious MSC-based therapies.

INTRODUCTION

While advancements in pharmaceuticals have sig-
nificantly improved the quality of life and lifespans
of millions, there remain a number of pathologies
that are challenging to treat with drugs alone.
Cell-based therapies have emerged as the next
generation major approach to treat a range of
complex pathologies. The first clinical trial using
mesenchymal stem/stromal cells (MSCs) was
described in 1999, and it focused on the treat-
ment of osteogenesis imperfecta, a rare skeletal
condition [1]. Since then, efforts have boomed to
exploit MSCs as emerging therapeutics to regener-
ate damaged tissue and treatment of pathologies
such as cardiovascular disease, liver cirrhosis,
brain spinal cord injury, cartilage and bone injury,
Crohn’s disease, neurodegenerative disease,
ischemic disease, and graft-versus-host disease
[2]. In 2015, there were 493 registered MSC clini-
cal trials, and 2 years later in 2017 this number

has increased to 743 [3]. Currently, MSCs are
being exploited for both their unique multi-
lineage differentiation potential and immunomo-
dulatory properties, which enable a range of
potential applications. While increasingly main-
stream, MSCs are being viewed from a traditional
cell-therapy perspective.We contend that the field
would benefit from viewing MSCs as a pharma-
ceutical, and taking advantage of well-established
pharmaceutical approaches to modeling and pre-
dicting efficacy [4].

The therapeutic mode of action of trans-
planted MSCs may be different for each condition,
with MSCs either directly contributing to new tis-
sue formation through terminal differentiation, or
modulation of endogenous repair processes and/
or of inflammatory responses via paracrine signal-
ing [5]. Based on the assumed mode of action,
the 743 registered trials declared in 2017 will use
a range of total number of MSCs and involve
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different local or systemic delivery strategies. Accumulated data
generated from these clinical trials, and experimental animal mod-
els, could be used to inform pharmacokinetic models. If robust
models were generated, they could form the foundation for future
predictions of efficacy, accelerating clinical research outcomes by
reducing the number of conditions required in dose escalation
studies and informing how to best deliver the cells. Such model
development is normally regarded as a critical step in the develop-
ment of any new therapeutic agent to establish the optimal dos-
age, route of administration, duration of treatment and targeting
strategies to achieve the maximum effectiveness with lowest risk
[6]. MSC pharmacokinetic modeling would require data for MSC
survival in vivo, percentage of cells that actually home to the dis-
eased/damaged tissue, relative cytokine secretion and treatment
outcome. It is possible and important to collect this data using
effective MSC detecting and tracking technology for both the
development of models and for the elucidation of biological
mechanisms that underpin efficacy. MSC homing, distribution,
and detection methods have been discussed in several review
articles. These previous publications described specific aspects of
MSC transplantation including tumor-homing [7], cell-tracking
methods [8], study of dosing regimens [9], and general description
of MSC biodistribution [10, 11]. Similarly, there are an increasing
number of articles describing techniques to quantify MSC in tis-
sues, but few provide actual detailed descriptions of MSC being
tracked using these methods, and importantly their limitations. In
this Review, we pull these pieces together, critically assess tech-
nologies, and describe how they could be used to contribute to
the development of pharmacokinetic modeling of MSC-based
therapies.

METHODS FOR QUANTITATIVE MSC DETECTION

A critical step in generating MSC pharmacokinetic models is track-
ing the fate of cells following transplantation. An ideal quantifica-
tion technique should have the following features: high sensitivity
and specificity; long-term detection and monitoring; and high
spatial-temporal resolution. The advantages and disadvantages of

current available methods for quantitative MSC detection are
summarized in Table 1. Without previous labeling, administered
MSC numbers in tissue can be estimated using polymerase chain
reaction (PCR) to amplify MSC-specific DNA sequences (assuming
that the MSC are labeled or allogeneic, providing a different DNA
sequence than host cells) [12] or by labeling with MSC-specific
antigens in tissue biopsies on histology slices [13]. Because of high
repetition and species specificity, human Alu sequences are an
endogenous marker of choice to detect administered human
MSCs in animal organs in preclinical studies [5, 17]. The assay of
other sequences had similar sensitivity as the Alu assay but
required additional manipulation of samples [5]. The lower detec-
tion limit of quantitative PCR enabled detection of 100 MSCs per
gram of organ tissue [5, 18], which makes it feasible to detect
MSCs in patients using biopsies [12]. Measuring HLA alleles and
expression of SH3 in biopsies or postmortem samples has also
been successfully used in clinical trials for detection of trans-
planted MSCs in tissues [13].

Both flow cytometry and optical imaging require labeling
MSCs with fluorescent dyes/proteins. Flow cytometry enables
estimation of the number of live MSCs per weight unit of tissue
[14], but this requires that it be possible to harvest a portion of tis-
sue for analysis. Flow cytometry is feasible in animal studies, but
may not be feasible in clinical settings. Optical imaging uses a vari-
ety of dyes, such as 40,6-diamidino-2-phenylindole (DAPI) and bro-
modeoxyuridine, that can bind reversibly or irreversibly to the
MSCs, and some studies suggest that these fluorescent dyes have
no impact on cell morphology or function [18]. However, DNA
binding dyes are generally regarded as carcinogens [19] and,
although their use in animal models is feasible, their use in
humans would likely not be considered acceptable.

MSCs transduced with a fluorescent or luciferase reporter
gene using lentiviral or retroviral vectors have been used exten-
sively for tracking MSC in vivo within animal models [20]. Quantifi-
cation of luciferase labeled MSCs is less accurate than flow
cytometry due to limitations in the quality of data that can be col-
lected using live animal in vivo imaging. However, this approach
does enable rapid and full body characterization that is not

Table 1. Comparison of methods used for quantitative mesenchymal stem/stromal cells (MSC) detection

Technique Detection Detection limit (cells) Advantages Disadvantages Reference

PCR/histology MSC specific DNA sequences
or antigens

102 High sensitivity, no need
to label the cells

Need animal sacrifice,
biopsy, or postmor-
tem samples from
patients

[12, 13]

Flow cytometry Fluorescent dyes/proteins 103 High specificity, quantifi-
cation of live cells

Preclinical study only [14]

Optical imaging Fluorescent dyes/proteins 103 High throughput, excel-
lent for longitudinal
studies

Small animals only, low
resolution, low
sensitivity

[8]

MRI Contrast agents 104 High spatial resolution,
whole-body scanning,
clinically useful,
excellent for longitu-
dinal studies

Quantification can be
difficult, cytotoxicity
of certain labeling
agents

[15]

Radionuclear Radioisotope labels 104 Quantification feasible
using SPECT, whole-
body scanning; high
sensitivity,

Limited spatial
resolution; ionizing
radiation

[16]

Abbreviations: MRI, magnetic resonance imaging; PCR, polymerase chain reaction.
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possible with flow cytometry. Luciferase and/or fluorescent cell
labeling each have weaknesses, but in combination they can pro-
vide high-resolution spatial and quantitative data. To date, lucifer-
ase and/or fluorescent cell labeling has only been used in
preclinical studies. It is not likely that these methods will be
extended to clinical quantification of MSC biodistribution in the
near-term due to risk aversion to genetic modification, with the
only benefit being visual tracking of the transplanted cell popula-
tion. Specifically, there is concern that viral vector-mediated trans-
duction of MSCs to produce fluorescence or bioluminescence may
cause immunogenicity and/or insertional mutagenesis [21]. We
note that there is an increasing enthusiasm for gene therapy
approaches, and many such approaches are increasingly regarded
as safe [22, 23]. A growing track record of safety in this space may
influence the viability of genetic labeling approaches in the future.

In animal models, luciferase and/or fluorescent cell labeling
has merit and is increasingly used. Even when cells are labeled,
analysis can present challenges. Tissue harvest can be invasive,
and once tissue is harvested, flow cytometry analysis or histology
is required to quantify cell number. While tedious, this is often
necessary as the quality of whole animal imaging can be limited
by quality of signal that can be derived from cells that are deeper
in the tissue or farther from the surface of the animal. Extrapola-
tion of studies to humans would require amplification as many
MSC-targeted tissues and organs in humans are located much
deeper than in the small animal models used in preclinical studies.
Fluorescent dyes or even bioluminescence would not likely enable
effective cell tracking in many human tissue repair applications.

In clinical settings, noninvasive methods for MSC tracking and
quantification are required to better understand the cell viability,
biodistribution, differentiation, and long-term fate following
engraftment, and thus optimizing MSC-based therapies. Magnetic
resonance imaging (MRI), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT) are
currently used modalities to image, track and quantify MSCs in
patients [16]. MRI has the advantages of a safe profile and 3-
dimensional capacity. Contrast agents bind to or are internalized
by target MSCs ex vivo or in vivo, and high spatial resolution
makes it ideal for tracking MSCs and their homing to organs [15].
However, an important limitation of MRI is that it can be challeng-
ing to distinguish contrast agent-labeled cells from free contrast
agent or dead cells [8]. Transfer of contrast agent from originally
labeled MSCs to macrophages can also lead to false interpretation
of MRI data, which imposes an additional challenge for in vivo
tracking of therapeutic MSCs using MRI [7]. Recently, a number of
caspase-3/7 targeted imaging probes have been developed to dif-
ferentiate live and apoptotic MSCs in vivo with high specificity
[24–26]. Thus, it is conceivable that future agents will use such
biomarkers for quantitative detection of MSCs. PET has the
advantage of the higher sensitivity than SPECT and MRI, which
allows more accurate quantification of cell number. PET is already
capable of detecting administered MSCs over long time periods
and of assessing their viability without the challenges of differenti-
ating endogenous iron from labeled cells that confound MRI stud-
ies. However, PET suffers from limited spatial resolution, and
leakage of radioisotopes from labeled MSCs. The labeling agents
are excreted through renal and hepatobiliary pathways, creating
the illusion that MSCs have homed to these tissues when in fact
they might not have. This artifact can confound studies involving
tracking of MSC to tissues of the liver, bladder, and intestine in
patients [27]. Since each imaging modality has its own strengths

and limitations, novel contrast agents for sole imaging modality
have been developed [28, 29], and multimodal imaging is
expected to achieve more accurate information of the trans-
planted MSCs. For example, MRI and PET are two highly comple-
mentary methods for quantitative MSC detection in vivo, and the
contrast agents for cell tracking with MRI-PET have been devel-
oped to use MRI to localize and PET to measure the MSC number,
viability, and other functional parameters following administration
[30]. Recently, a MRI/SPECT/fluorescent tri-modal probe was syn-
thesized and used to label MSCs preclinically [31]. Multimodal
imaging will provide a powerful approach for combined imaging
of MSC distribution, target delivery, viability, and therapeutic effi-
cacy in humans in the future.

IN VIVO KINETICS OF SYSTEMICALLY APPLIED MSCS

Akin to the use of pharmacokinetics for drug development, the
overall goal of quantitative MSC detection is to elucidate their in
vivo kinetics for enhancing therapeutic efficacy and to decrease
toxicity. In some early qualitative studies, engraftment of MSCs
was found to be saturated after increasing the dose of intravenous
injected cells, suggesting that increasing cell dose may not
improve outcomes [32, 33]. This is an important consideration,
not only from a risk mitigation perspective, but from a cost man-
agement perspective. If a lower cell dose can achieve the same
outcomes, then this understanding may increase the economic
feasibility of the therapy. These studies also suggested that trans-
planted MSCs exhibited limited proliferation and self-renewal
capacity following engraftment [32, 34]. The kinetics of MSCs have
been found to be significantly different between cell sources, dis-
ease models, methods used to derive MSCs, and delivery routes.
Bone marrow-derived MSCs are the most frequently investigated
cell type and often designated as the gold standard, while MSCs
originating from adipose tissue, peripheral blood, the lung, or the
heart are also widely used in preclinical and clinical trials [35].
However, MSCs from different tissues are not equivalent in phe-
notype, function, and biodistribution [36]. For example, less amni-
otic fluid derived MSCs migrated into cryoinjured hearts than that
of bone marrow derived MSCs in the short term (24 hours), but
the long-term (30 days) cell survival rates were similar between
the two types of MSCs [37]. Prolonged time in culture expansion
can also induce a defect in MSCs that affects their engraftment
into target organs [38]. Various administration routes have been
proposed for MSC transplantation ranging from classic intrave-
nous infusion or subcutaneous injection to intra-arterial, intra-
articular, intra-portal, and intraperitoneal injections [11]. Intrave-
nous injection is still the main administration route in preclinical
and clinical settings [39]. Most of intravenously injected MSCs
(>80%) are rapidly trapped in lungs, followed by rapid distribution
of a portion of the injected MSCs to other tissues including liver,
spleen, and inflammatory or injured sites. The accumulation of
MSCs in the lungs is a key determining factor for their biodistribu-
tion, and the time duration of MSCs remaining in lungs is reported
to vary from 7 days to 3 months depending on different detection
methods and models applied [11]. Using a different MSC delivery
route has important effects on their distribution. Intra-arterial
injection provides direct delivery of MSCs to the target organs, as
it bypasses the lung entrapment [17]. Several studies revealed
that the intra-arterial injection could significantly decrease the
number of MSCs that become trapped within the lungs and
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Table 2. Summary of regenerative cell in vivo distribution in clinical studies

First Author/Year Disease Cell type Cell dose % stem cells

Delivery

method

Quantification

modality In vivo distribution

Gholamrezanez-
had/2011 [41]

Liver cirrhosis MSC 2.5–4 3 108 >90 Intravenous
infusion

Planar whole-
body
acquisitions/
SPECT

MSCs accumulated in the
lung first, MSCs in the
liver increased from
0.0%–2.8% to 13.0%–
17.4% in 10 days

Ringden/2006
[12]

Graft-versus-host
disease

MSC 0.7–9 3 106/kg >90 Intravenous
infusion

PCR MSC DNA was detected in
lymph nodes and the
gastrointestinal tract, but
not in liver, spleen, and
lung on day 96

Koc/2000 [13] Breast
cancer

MSC 1–2.2 3 106 >95 Intravenous
injection

Histology Circulating MSC detection
rates were 43% at 15
minutes, and 14% at 1
hour

Kurpisz/2007
[44]

Acute myocardial
infarction

Bone marrow
stem cell

2–4 3 106 — Intracoronary
injection

SPECT 10% of the cells were
retained within the myo-
cardium in 24 hours after

infusion while their
majority migrated to the

spleen and liver

Hofmann/2005
[45]

Acute myocardial
infarction

Bone marrow
cell

2.5 3 109 0.5 Intracoronary
or intrave-
nous
injection

PET 1.3%–2.6% of Bone marrow
cells and 14%–39% of
bone marrow stem cells
were detected in the
infarcted myocardium 60
minutes after intracoro-
nary injection, the
remaining cells were
found primarily in liver
and spleen, after intrave-
nous transfer, no cell was
detected in the infarcted
myocardium

Bone marrow
stem cell

1.7 3 109 66.6

Kang/2006 [46] Chronic
myocardial
infarction

Peripheral
blood stem
cell

4.5 3 108 8.3 Intracoronary
or
intravenous
injection

PET/CT 1.5% of cells accumulated
at the infarcted myocar-
dium at 2 hours after
intracoronary injection,
intravenous injection
showed a high initial
lung uptake with no
myocardial activity

Caveliers/2007
[47]

Chronic ischemic
cardiomyopathy

Peripheral
blood stem
cell

3.4 3 107 89 Intracoronary
injection

Planar
whole-body
acquisitions/
SPECT

6.9%, 23.1%, and 3.1% of
cells were in the heart,
liver, and spleen in 1
hour after injection, and
2.3%, 23.8%, and 3.5%
after 12 hours

Sch€achinger/
2008 [48]

Acute myocardial
infarction

Peripheral
blood pro-
genitor cell

1.5 3 107 — Intracoronary
injection

Planar whole-
body acquis-
itions/SPECT

6.9% of cells were detected
in the heart and declined
to 2% after 3 to 4 days

Goussetis/2006
[27]

Chronic ischemic
cardiomyopathy

Bone marrow
progenitor
cell

1.6 3 107 74—92 Intracoronary
injection

Planar whole-
body acquis-
itions/SPECT

9.2% and 6.8% of cells were
localized in the infarcted
area of the heart in 1
and 24 hours after injec-
tion, the remaining was
distributed mainly to
liver and spleen

Couto/2010 [49] Liver cirrhosis BMMC 2–15 3 106 0.014 Hepatic arterial
infusion

Planar
whole-body
acquisitions

Hepatic BMMC retentions
of 41 and 32% in 3 and
24 hours after injection
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increased uptake in other organs, especially in the liver [40–42].
Despite the benefits of delivery of MSCs to the target organs,
there are increased risks of organ vascular occlusion which may
lead to the development of ischemic lesions and cause mortality
[42], and also one study has revealed the potential that the direct
delivery method may influence MSC differentiation into an unin-
tended lineage [43].

Table 2 summarized the in vivo distribution of therapeutic
regenerative cells in clinical studies [12, 13, 27, 41, 44–54]. Almost
half of the fifteen clinical trials (7 in 15) used unselected bone
marrow mononuclear cells, which represent a heterogenous pop-
ulation of various stem and progenitor cells, stromal cells, and
hematopoietic cells at various stages of maturation. Some others
used progenitor/stem cells from bone marrow or peripheral
blood. Only three trials reported the biodistribution of culture-
expanded and enriched MSCs. The in vivo kinetics of MSCs are
similar to that found in other therapeutic regenerative cells in
terms of lung entrapment following intravenous infusion, with

differences in recirculation and migration that could be related to
the disease. Tissue-specific homing has been demonstrated, indi-
cating a response of all the administered stem cells to injured/
diseased tissue. Compared with unselected bone marrow cells,
more bone marrow stem cells, including MSCs, homed to
infarcted human myocardium [45]. After systemic administra-
tion, the concentration of stem/progenitor cells was greatest
among tissues with acute injury, and progressively decreased in
tissues in an intermediate phase or a chronic stage [54]. How-
ever, variably low long-term engraftment of MSCs was found in
the target organs after systemic administration. For the treat-
ment of liver cirrhosis, there were only 13.0%—17.4% of MSCs
in the liver 10 days after intravenous infusion [41]. Even after
intracoronary injection, only 10% of the administered bone
marrow stem cells were retained within the myocardium within
24 hours in patients with acute myocardial infarction, while the
majority of MSC were found in the spleen and liver [44]. Over-
all, these recent clinical trials suggest that only a small

Table 2. Continued

First Author/Year Disease Cell type Cell dose % stem cells

Delivery

method

Quantification

modality In vivo distribution

Correa/2007
[50]

Acute ischemic
stroke

BMMC 3 3 107 — Cerebral arte-
rial infusion

SPECT BMMCs accumulated in the
ipsilateral hemisphere,
there was liver and
spleen uptake, but no
lung uptake 8 hours after
infusion

Karpov/2005
[51]

Acute myocardial
infarction

BMMC 2–4 3 106 — Intracoronary
injection

SPECT BMMC in the myocardium
were 7.8%, 6.8%, and
3.2% at 30 minutes, 2.5
hours, and 24 hours after
injection, there was liver
and spleen uptake

Barbosa da
Fonseca/2011
[52]

Chronic chagasic
cardiomyopathy

BMMC 1–9.6 3 108 1.6 Intracoronary
injection

Planar
whole-body
acquisitions/
SPECT

5.4%, 4.3%, and 2.3% of
BMMCs in the heart
after 1, 3, and 24 hours,
The remaining cells was
distributed to the liver,
spleen, kidneys, and
bladder. Intestinal uptake
was observed after 24
hours

Barbosa da
Fonseca/2009
[53]

Chronic ischemic
stroke

BMMC 1.25–5 3 106 1.6 Cerebral arte-
rial infusion

Planar
whole-body
acquisitions/
SPECT

1.68% of cells were in the
brain at 2 hours, while
43.56% distributed to
liver, 7.20% to lungs,
3.98 to spleen, 4.35% to
kidneys, and 9.01% to
bladder, BMMCs were
distributed mainly to the
liver and spleen at 24
hours after injection

Penicka/2007
[54]

Acute and chronic
myocardial
infarction

BMMC 2.5 3 109 0.6 Intracoronary
injection

Planar whole-
body acquis-
itions/SPECT

1.31%–5.10% of cells were
in the myocardium at 2
hours, BMMCs occupied
the whole coronary
artery territory at 2
hours, engraftment was
confined to more distal
parts of the infarction
territory at 20 hours

Abbreviations: BMMC, bone marrow mononuclear cell; MSCs, mesenchymal stem/stromal cells; PCR, polymerase chain reaction; PET, positron emis-
sion tomography; SPECT, single-photon emission computed tomography; —, not reported.
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percentage of the original systemically administered therapeutic
regenerative cells are capable of engrafting even under the
best conditions, and of those that do engraft, only a small per-
centage have been shown to convey potent therapeutic
responses.

MODELING THE IN VIVO KINETICS OF THERAPEUTIC MSCS

During the past 30 years, pharmacokinetic modeling approaches
have been successfully applied to systematically analyze and pre-
dict the safety and efficacy of therapeutic agents including small
molecules and biological products such as peptides or antibodies.
Just as these models have been used for pharmaceuticals, it should
be possible to adapt these models to facilitate understanding and
prediction of the effects of MSCs. However, the use of living cells
as therapeutic agents differs in many important ways from tradi-
tional pharmacology. It can be particularly challenging for MSC-
based therapy because of poorly understood pharmacokinetics
and complex pharmacodynamics. MSCs convey therapeutic bene-
fits by both engrafting and differentiating for regenerative applica-
tions, and relinquishing their molecular contents without directly
contributing to new tissue formation. To simplify the explanation
of their in vivo kinetics, the dynamics of systematically adminis-
tered MSCs have previously been considered similar to that of
inert micrometer-scale particles injected into the bloodstream of
animals [55]. Shim et al. calculated the noncompartmental phar-
macokinetic parameters (maximum serum concentration, area
under curve and mean residence time) of MSCs as inert particles
after intravenous and intra-articular injection, and concluded that

mean residence time values for intra-articularly transplanted MSCs
were longer than those for intravenously administered MSCs [17].
In the view of MSC imparting therapeutic benefits by secreting
soluble factors in vivo, MSCs may be better considered as drug
delivery particles. Elman et al. reported the time to reach maxi-
mum serum concentration, the half-life, and the elimination
constant of MSCs and their secreted factors (monocyte chemoat-
tractant protein-1, interleukin-6, and interleukin-8) [56]. This is the
only study of pharmacokinetic analysis of MSC secretome in vivo.
However, no pharmacokinetic model was developed in this study.
Administered cells are not subject to conventional chemical analy-
ses, making it unsuitable to apply standard pharmacokinetic mod-
eling techniques and profiles. A multidisciplinary collaboration
between experimental, modeling and clinical areas will be required
to integrate the concepts of modern pharmacokinetic modeling in
cell therapy, given the complexity of techniques required for
experiments and the expertise needed for imaging, modeling, and
clinical translation. Only recently, the two-compartment pharmaco-
kinetic model of therapeutic MSCs was developed to propose
designs of dosing regimens [4]. As shown in Figure 1A, this model
incorporated four parameters: Ri, injection rate; Rc, clearance rate;
K1, rate of extravasation; and K2, rate of intravasation. The model
analysis suggests that the administered MSCs are only therapeuti-
cally active for a short period of time (less than 24 hours). The
model predicted data are consistent with the cytokine response
associated with MSC transplantation or MSC-derived molecules
(secretome) when the latter were administered to animals with
systemic inflammation [5, 57]. This study revealed that successive
doses of MSCs within a shorter treatment period may allow for the

Figure 1. Modeling the in vivo kinetics of therapeutic mesenchymal stem/stromal cells (MSCs). (A): Schematic diagram of two-
compartment pharmacokinetic model incorporating four parameters: Ri, injection rate; Rc, clearance rate; K1, rate of extravasation; and K2,
rate of intravasation. (B): Schematic diagram of the PBPK model. The whole body was separated into eight compartments: arterial blood,
venous blood, lungs, spleen, liver, kidneys, heart, and the rest of body. Solid arrows indicate blood flow, dashed gray arrows indicate the
depletion of MSCs, and gray boxes indicate the arrested MSCs isolated from blood circulation as in the extravascular space of organ.
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maintenance of MSC-based therapy within a therapeutic window
that can sustain a long-term biological response ultimately. Thus,
MSCs may need to be administered at a greater magnitude and/or
frequency to sustain a long-term biological response. Both clinical
and preclinical studies have demonstrated the safety and efficacy
of multiple deliveries of MSCs [58, 59]. In the treatment of graft-
versus-host disease, smaller MSC doses with multiple infusions
appear to be more promising compared with single bolus adminis-
tration [60, 61]. The question of frequency and timing rather than
just dose as a factor in response for MSC-based therapies remains
to be explored in future studies.

Different to empirical pharmacokinetic models, physiologically
based pharmacokinetic (PBPK) model is based on the anatomical
structure of the living systems, with each important organ
regarded as an individual compartment. All compartments are
connected by blood flow. The complex, yet regulated, in vivo
kinetics of administered therapeutic cells are amenable to PBPK
model building and analysis. The applications of PBPK modeling
for therapeutic cells have appeared as early as 1996 [62]. More
efforts are being made to use PBPK models for the advancement
of cell therapy, including T lymphocytes, tumor-infiltrating lym-
phocytes, and natural killer cells. PBPK modeling has just been
used in MSC-based therapies recently and the first PBPK model
for MSCs was published in 2016 [14]. In this study, the model
development invoked assumptions based on direct visualization
of MSC spatiotemporal disposition by intravital microscopy and
assessment of cell quantity using flow cytometry. As shown in
Figure 1B, the whole body was separated into eight compart-
ments: arterial blood, venous blood, lungs, spleen, liver, kidneys,
heart, and the rest of body. All compartments were intercon-
nected via the systemic blood circulation. Key components
included in the model were species-specific physiological parame-
ters (body weight, organ volume, and blood flow) and MSC-
specific parameters (partition coefficient, arrest rate constant,
release rate constant, and depletion rate constant). The sensitivity
analysis of this PBPKmodel suggest that the targeting efficiency of
MSCs is determined by the lung retention and interaction
between MSCs and target organs, including cell arrest, depletion
and release. The clinical utility of the model was also tested with
data obtained from stem cell-based therapies to patients with
liver cirrhosis [41, 49]. This study suggests that instead of increas-
ing the dose, possible strategies to further improve the target effi-
ciency of MSC-based therapies would be bypassing the initial lung
entrapment and enhancing organ-specific capture by modulating
cell surface properties. Pharmacokinetic model studies have the
potential for interspecies scaling, which allows prediction of the in
vivo kinetics of therapeutic cells in humans using animal data.
While for the other types of preclinical studies on MSC kinetics, it
is not clear to what degree the findings in animals are quantita-
tively transferable to humans. By systematically examining the
effects of changing individual model parameters, models can also
identify key parameters and their values, and suggest possible
strategies for improvements in biodistribution. Thus, we anticipate
that after this theoretical framework of PBPK model for MSCs,
more second-generation pharmacokinetic models will be

developed based on a more comprehensive view of MSCs and
their secretome to reduce experimental costs due to a systematic
minimization of required testing, increase throughput of discov-
ery, and ultimately lead to more efficacious treatment regimens.

CONCLUSION

From both the completed and ongoing clinical trials, MSC-based
therapies represent an exciting approach that could potentially
treat various diseases and maintain the promise of safety. How-
ever, much work remains to be done before MSCs can pass from
clinical trials to the standard treatment protocols; the dosing regi-
men especially can be considered the Achilles’ heel of MSC-based
therapies.With the current dosing regimen, the majority of thera-
peutic regenerative cells cannot be located in target organs by
sensitive quantitative detection techniques over long time periods
after systemic administration. By using the pharmacokinetic mod-
eling approach, researchers and clinicians have attempted to char-
acterize and predict the in vivo kinetics of systemically applied
MSCs in order to maximize their therapeutic activity while mini-
mizing potential side effects. Recently published pharmacokinetic
models for MSCs suggest that MSCs may need to be administered
at a greater magnitude and/or frequency to sustain a long-term
biological response. Other possible strategies to further improve
the target efficiency of MSC-based therapies could be bypassing
the initial lung entrapment and enhancing organ-specific capture
by modulating cell surface properties. More second-generation
pharmacokinetic models will be developed to facilitate design of
new formulations and dosing regimens for cell therapies.
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