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CRITICAL REVIEWS

Mesenchymal Stem Cells
Home to Sites of Injury and Inflammation

Kristine C. Rustad and Geoffrey C. Gurtner*

Department of Surgery, Stanford University, Stanford, California.

Background: Mesenchymal stem cells (MSCs) have shown significant thera-
peutic potential in preclinical animal models of wound healing. However, the
translation of MSC-based therapeutics to clinical practice has been delayed by
questions including the mechanisms of MSC homing, engraftment, and ulti-
mate function.

The Problem: Experimental models of MSC-based wound therapies often in-
volve intravenous injection of cells followed by sacrifice of animals at various
time points and detection of MSCs in wounds by histological methods. How-
ever, this methodology is limited by its sampling of only specific tissue at a
single time point and provides no information about how exogenously trans-
planted MSCs home to the wound environment.

Basic/Clinical Science Advances: Most systemically injected MSCs initially
become entrapped within the lungs before migrating out to the liver and
spleen in the normal state. When an injury is present, after the initial lung
entrapment, MSCs migrate in response to inflammatory mediators and home
to sites of wounding.

Clinical Care Relevance: As MSC-based wound therapies continue to advance
toward clinical trials, the availability of noninvasive methods to track cells
after injection into patients affords the opportunity to monitor stem cell be-
havior post-transplantation.

Conclusion: MSCs have demonstrated great promise as an emerging thera-
peutic for wound management. However, further preclinical studies will be
needed to elucidate the reparative mechanisms of these cells and to determine
how to optimize their regenerative potential.

BACKGROUND

MESENCHYMAL STEM CELLS (MSCs)

dous capacity to repair and regener-
ate injured tissues both through
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Abbreviations

and Acronyms

MRI = magnetic resonance
imaging

PCR = polymerase chain
reaction

PET = positron emission
tomography

are a heterogenous population of
adult multipotent stem cells that can
be isolated from most tissues in the
body, most commonly from bone
marrow and adipose tissue.! MSCs
derived from the bone marrow repre-
sent a relatively rare population of
cells, only 0.001%-0.01% of total bone
marrow cells.? However, these cells
can be relatively easily harvested and
expanded ex vivo to appropriate
numbers before therapeutic delivery.
MSCs have demonstrated a tremen-
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transdifferentiation to tissue-specific
cell types and via the paracrine se-
cretion of key wound healing cyto-
kines.??

MSCs can be therapeutically de-
livered via systemic infusion and
appear capable of homing to sites of
injury and inflammation.*® How-
ever, the dynamics and molecular
mechanisms of MSCs trafficking
to sites of injury have not been
fully elucidated. These unanswered
experimental questions remain a
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significant barrier to clinical translation of MSC-
based wound therapies. Current laboratory meth-
odologies for tracking systemically injected cells in
animal models require harvesting of tissues at
specific time points and are thus subject to sam-
pling errors. The development of technologies to
serially and noninvasively monitor the behavior of
MSCs would not only provide valuable dynamic
information about the basic science of MSC traf-
ficking but would also benefit MSC-based thera-
peutics by providing targets to improve homing
and survival.

TARGET ARTICLE

1. Kidd S, Spaeth E, Dembinski JL, Dietrich
M, Watson K, Klopp A, Battula VL, Weil M,
Andreeff M, and Marini FC: Direct evidence of
mesenchymal stem cell tropism for tumor and
wounding microenvironments using in vivo
bioluminescent imaging. Stem Cells 2009; 27:
2614.

CLINICAL PROBLEM ADDRESSED

Chronic wounds affect approximately 6.5 million
U.S. patients, and this number is expected to rap-
idly rise because of the aging of the population and
the increased incidence of diabetes and obesity.® A
wide array of surgical and nonsurgical manage-
ment options are currently used with variable
success culminating in over $25 billion spent on
treatment of chronic wounds in the United States.”
Cellular therapies have become an emerging
treatment option in the form of tissue-engineered
skin products.® The capacity of MSCs to signifi-
cantly improve wound healing in preclinical stud-
ies suggests that stem cell-based therapeutics may
follow as the future of biologic wound products.

RELEVANT BASIC SCIENCE CONTEXT

The role of bone marrow-derived cells in contrib-
uting to wound repair has been well acknowledged
for many years but has been traditionally limited to
the migration of inflammatory cells to the wound
bed. Over the past decade, discovery of the signifi-
cant part that bone marrow-derived MSCs normally
play in wound healing has greatly expanded our
knowledge of the reparative response to injury.%°
Whether we can harness the body’s innate mecha-
nisms for wound repair by harvesting these MSCs,
expanding them ex vivo, and then therapeutically
delivering them to treat chronic wounds has been of
much interest to both clinicians and scientists.

The therapeutic delivery of MSCs can be per-
formed via systemic injection followed by MSC
homing to and engraftment within sites of inju-
ry. 11 Although it is clear that MSCs have a re-
parative effect on injured tissue, the mechanisms of
action of MSC-related improvements in healing
have not been fully described and may be related to
both local and systemic effects. The contribution of
MSC transdifferentiation into wound cell types is
thought to be relatively minor as engraftment of
exogenous MSCs is extremely low. MSCs have been
shown to enhance the angiogenic response after
wounding likely through the release of proangio-
genic factors.'®!® In addition, intravenously in-
jected MSCs have been shown to exert systemic
anti-inflammatory effects by releasing several
anti-inflammatory proteins including tumor ne-
crosis factor-o—induced protein 6.1*

Experimental evaluation of MSC trafficking to
wounds can be a labor- and time-intensive process
as standard methods to track cells including
immunohistochemistry, immunofluorescence, and
polymerase chain reaction (PCR) require sampling
of multiple tissue types at multiple time points.
Histological methods are also subject to artifacts
that may skew analyses, and PCR techniques are
limited by higher thresholds of detection. The de-
velopment of protocols using noninvasive imaging
modalities to track the biodistribution and traf-
ficking of MSCs to sites of injury in other organ
systems has proven beneficial for serial monitoring
of MSC behavior.'®

EXPERIMENTAL MODEL
OR MATERIAL: ADVANTAGES
AND LIMITATIONS

The authors investigate trafficking of systemi-
cally infused MSCs to two models of cutaneous in-
jury: alinear incision and a needlestick injury. These
models do provide proof-of-concept of MSC homing
to sites of injury and inflammation; however, the
degree of wounding performed in this study is rela-
tively minor. The extent of MSC trafficking to more
clinically relevant wounds including larger exci-
sional wounds, burns, and ischemic and/or infected
wounds remains to be investigated. Further, the
target article demonstrates the dynamic path taken
by exogenous MSCs in a normal animal model.
Many patients who would most benefit from MSC-
based wound therapeutics are elderly or diabetic and
thus are known to have impairments in stem cell
trafficking. Whether systemic infusion of MSCs is an
effective therapeutic option in aged or diabetic ani-
mal models is not addressed in this study.
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Bioluminescence imaging, a commonly
employed imaging modality in basic sci-
ence research, is used in this article to
track cells postinfusion. Although this
imaging tool cannot be used on human
subjects, the authors provide evidence
that commonly used noninvasive imaging
methods such as positron emission to-
mography (PET) and magnetic resonance
imaging (MRI) could be used to track
MSC behavior postimplantation.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

In a nonwounded homeostatic host,
intravenously injected MSCs are rapidly
cleared from the circulation and initially
become entrapped within the lungs.** In
animal models where xenogeneic MSCs
are transplanted into immunodeficient
mice or where allogeneic MSCs are used,
after 1-5 days postinjection, MSCs begin
to exit the lungs and are found within the
liver, spleen, kidneys, and bone mar-
row.*15 MSCs are no longer detected by
bioluminescence imaging in the lungs by
10 days postinjection and in the liver by
14 days postinjection.* When syngeneic
MSCs are injected into a homeostatic
host, the same dynamic path is taken by
the injected cells, but the time frame
during which the changes in biodistribu-
tion occurs is markedly shortened. In the
homeostatic syngeneic model, MSCs exit
from the lungs a few hours postinjection,
and the bioluminescence signal is no
longer detectable in the lungs after only
18h.*

After systemic administration of MSCs
in a wounded animal, MSCs become en-
trapped within the lungs as in a homeo-
static host, but approximately 1-3 days
postinjection MSCs can be found at the
wound site.* Additionally, a small per-

TAKE-HOME MESSAGES
Basic science advances

e The use of bioluminescence imaging to study MSC trafficking in pre-
clinical studies allows for the collection of dynamic information and
obviates the sacrifice of a large number of animals.

e Systemically administered MSCs traverse a dynamic path after injection
that begins with a period of entrapment within the lungs. In the absence
of wounding, MSCs will eventually exit the lungs and can be found in the
liver, spleen, bone marrow, kidneys, and other organs. When a cutaneous
wound is present, MSCs home to the site of injury after the initial lung
entrapment.

e MSC trafficking occurs in response to chemotactic gradients involving
multiple growth factors and chemokines. The migratory response of
MSCs to these gradients can be further stimulated by cytokines locally
released within wounds.

e In a homeostatic, nonwounded host, systemically injected MSCs are no
longer detectable after 2-3 weeks. In a wounded host, a small number of
MSCs engraft at the wound site, become incorporated within the newly
formed tissue, and contribute to the wound repair process through the
secretion of various cytokines and transdifferentiation into tissue-specific
cell types.

Clinical science advances

e MSCs can be administered to a patient with a chronic wound relatively
noninvasively via intravenous infusion as MSCs are capable of homing
from the circulation to sites of injury and inflammation.

o The biodistribution and behavior of MSCs systemically injected can be serially
monitored using noninvasive imaging techniques such as PET and MRI.

Relevance to clinical care

e Asthe U.S. population ages and the incidence of diabetes continues to rise,
new and more effective strategies to manage chronic wounds are needed.

e MSCs have shown substantial potential for treating wounds in preclinical
studies and will likely emerge as a future treatment option for wound
management. Notably, MSCs have a propensity for enhancing neo-
vascularization and thus may be especially useful in the treatment of
wounds with impaired angiogenesis.

e However, before MSC-based therapeutics can be translated to the clinic,
further studies must be done to ensure the safety of systemically admin-
istered stem cell treatments. Further, continued work is needed to deter-
mine how to optimize the reparative and regenerative potential of MSCs.

centage of MSCs that home to the wound engraft
within the newly formed tissue and can be found
there at 2 weeks postinjection. However, the
number of engrafted MSCs is consistently low
across multiple studies. The reported engraftment
efficiency of MSCs into wounds at day 14 post-
wounding ranges from <0.01% when MSCs were
intravenously injected to 3.5% in a study where
MSCs were locally injected.?12

The trafficking of therapeutically injected MSCs
from the circulation to sites of injury involves

myriad cytokines and growth factors. MSC migra-
tion has been demonstrated along chemotactic
gradients of the growth factors platelet-derived
growth factor-AB, insulin-like growth factor-1,
epidermal growth factor, and hepatoctye growth
factor.'® Similarly, the chemokines RANTES,
macrophage-derived chemokine, and stromal-
derived factor-1 have shown significant capacity to
induce chemotactic migration of MSCs. Interest-
ingly, inflammatory cytokines have been shown to
prime MSCs for chemotaxis likely through the
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upregulation of receptors for chemotactic factors.®
Thus, the mechanisms involved in MSC homing to
sites of injury likely involve both local and systemic
inflammatory signals that act in concert to direct
stem cells toward areas of wounding.

Once at the site of injury, MSCs play an active
role in the reparative process. One of their primary
contributions is the secretion of a large number of
paracrine factors that are known to be critical to
wound healing. In a murine excisional wound
healing model, the treatment of wounds with MSC-
conditioned media alone lead to a significant ac-
celeration of wound closure.’® MSCs are known
specifically to secrete large amounts of proangio-
genic cytokines including angiopoietin 1 and vas-
cular endothelial growth factor, which contribute
to the significantly enhanced neovascularization
seen in MSC-treated wounds.'?

The transdifferentiation of MSCs into various cell
types within the wound has also been described.?®
In one study of intravenously injected GFP+ MSCs,
keratinocytes, endothelial cells, pericytes, and
macrophages within the healed wound were found
to be GFP+, suggesting they were derived from
donor MSCs.? Other groups have shown that MSCs
contribute to more regenerative healing through
the restoration of skin appendages including hair
follicles and sebaceous glands.'? However, given

F -

that the number of MSCs engrafting within
wounds is extremely small, the role that MSC
transdifferentiation plays in wound healing is
likely secondary to that of their paracrine effects.

INNOVATION

The target article demonstrates an innovative,
noninvasive method to track MSCs after injection,
which has implications for both basic science and
prospective clinical use of MSC-based treatments.
First, the traditional means of assessing cell traf-
ficking experimentally is expensive and time in-
tensive as it requires the sacrifice of many animals
over many time points. Bioluminescence imaging
has been previously used primarily in cancer re-
search, but this imaging modality serves as an
ideal method for monitoring the dynamic behavior
of transplanted cells. Second, this study demon-
strates the feasibility of using currently practiced,
noninvasive imaging methods for monitoring
MSCs in patients once these stem cell-based
treatments begin to move to clinical trials.

SUMMARY ILLUSTRATION
The dynamic path taken by injected MSCs to
sites of injury is shown. The ability of endogenous

Dynamic Path of Injected MSCs

. MSCs are isolated either autogenously or
1 from a donor, expanded ex vivo and
~ injected intravenously into a patient

.. During the first few days post-injection,
2__,- MSCs are primarily entrapped within the
lungs

.. One to three days after injection, MSCs
.3 ) begin to exit the lung and also are found
within the liver, spleen and other organs

In a patient with a wound, following the
] —initial lung entrapment MSCs traffic to the
I 4 ) site of injury. MSC homing occurs in
\ response to gradients of inflammatory
mediators.
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MSCs to contribute to cutaneous wound healing can
be harnessed by isolating these cells, expanding
them to an appropriate therapeutic dose and infus-
ing them systemically. After an initial entrapment
in the lungs, MSCs home to sites of injury and in-
flammation where they secrete cytokines and can
transdifferentiate into various wound cell types.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

Some caution must be taken as the same mech-
anisms driving MSC homing to wounds are also
seen in MSC tropism for tumors. The authors of the
target article additionally investigated the biodis-
tribution of systemically injected MSCs in various
animal tumor models and demonstrated that
MSCs also traffic to inflammatory tumor microen-
vironments.? These findings raise an important
question about the safety of MSC infusions in the
setting of malignancy. This issue has been pre-
liminarily addressed in a recent study suggesting
that adipose-derived stem cells locally delivered to
awound do not contribute to tumor progression at a
distant site.!” However, the safety of systemic ad-
ministration of MSCs in the setting of malignancy
remains a lingering question that will require
further investigation.

Further investigations of the potential of MSC-
based treatments for wound healing must also
explore the effects of various delivery methods.
Despite the capacity of systemically injected MSCs
to home to sites of injury, it would seem likely that
more localized delivery of stem cells may improve
cell engraftment and thus provide superior thera-
peutic efficacy.

FUTURE DEVELOPMENT OF INTEREST

Although the delivery of MSCs into the systemic
circulation has proven beneficial for wound healing
through the homing mechanisms discussed here,
the number of injected cells that engraft within a
wound is extremely small. The development of
strategies to optimize MSC engraftment within
wounds will likely allow for the full regenerative
potential of MSC-based therapeutics to be realized.
Enhanced engraftment of bone marrow-derived
stem cells has been demonstrated with upregula-
tion of the chemotactic factor monocyte chemoat-
tractant protein-1 at the injury site.'® Genetic
engineering of MSCs to overexpress the prosurvi-
val gene Akt has also been shown to improve MSC
engraftment efficiency.'® Alternatively, tissue en-
gineering paradigms involving the combination of
stem/progenitor cells, a scaffold for cell delivery,
and appropriate small molecules have shown great
promise in other tissue injury models and would
likely prove useful in the development of MSC-
based wound healing therapeutics.?°
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