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Fate of Intravenously Injected
Mesenchymal Stem Cells and Significance
for Clinical Application

Beate Wagner and Reinhard Henschler

Abstract Mesenchymal stromal cells (MSCs) have initially been characterized as
a fibroblastlike cell population that can be expanded readily in vitro, and is able to
support hematopoiesis in vitro and in vivo. By serendipity it was discovered that
MSCs can also be administered into the bloodstream. This mode of application
formed a major breakthrough in the clinical use of MSCs, because MSC trans-
plantation was found to cure severe immune hyperactivation states such as graft-
versus-host disease after allogeneic bone marrow transplantation, or bacterial
sepsis. However, MSCs were found difficult to trace and consensus to date is
lacking in the scientific community as to where transplanted MSCs end up in the
body and which major principles are responsible for the therapeutic effects of
MSC:s. This chapter gives an overview of the current knowledge on interactions of
freshly transplanted MSCs with the cells in the blood stream and the vessel wall,
with major organs such as lung, liver, gut, and spleen, and discusses the limitations
of the methodologies used to trace transplanted MSCs. The findings will be put
into perspective on how therapeutically applied, culture-expanded MSCs may
exert beneficial effects.
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1 Introduction

For more than three decades, MSCs have been found to play fundamental roles in
supporting ectopic hematopoiesis [28] and replacement of tissues of mesenchymal
origin [55]. The role of MSCs in the replacement of mesenchymal tissues has been
revealed by important work by Arnold Caplan and colleagues, among others, who
discovered and worked out the details of differentiation regimens of MSCs into a
variety of mesenchymal lineages including osteocytic cells, chondroblastlike cells,
adipocytic cells, ligamentlike structures, and cells with smooth muscle charac-
teristics [9, 10]. As a consequence, a multitude of clinical trials using topical
administration of MSCs has been initiated, mainly in surgical patients [11]. These
applications clearly required engraftment of MSCs for their therapeutic effects,
including the incorporation of the transplanted cells into tissues. To date, however,
topical MSC therapy has not entered clinical routine. This is in some contrast to
intravenous application. The intravenous route has gained increasing attention
worldwide and has come up with remarkable therapeutic successes in severely ill
patients. Starting from early milestones in the clinical development of intravenous
MSCs, approaches to reveal the fate of systemically administered MSCs are
discussed below.
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2 Intravenous Therapeutic Use of MSCs: The Case
of Osteogenesis Imperfecta

Intravenously administered MSCs have meanwhile entered clinical studies and are
applied in significant numbers of patients for two major indications: to support
hematopoietic regeneration or accelerate engraftment in hematopoietic stem cell
transplantation, or to cope with severe disorders of immune regulation. These
applications had not initially been foreseen during early clinical development of
MSCs. Indeed, a ground-breaking observation that facilitated this development
was the work of Horwitz and colleagues, performed in a cohort of severely ill
children. In the 1990s, they treated children with an inherited monogenetic disease,
named brittle bone disease or osteogenesis imperfecta, who lack correctly
synthesized collagen type I thus causing formation of fragile bones in the affected
children [33]. The protein defect results in retarded growth, severe malformations,
and eventually premature death. Horwitz and colleagues had recognized that
allogeneic bone marrow transplantation could restore normal bone formation in
these children [33]. In as much as collagen synthesis is a typical function of
stromal cells that are also contained in the bone marrow graft, these authors
reasoned that engrafting of stromal cells could provide the missing enzymatic
activity.

Six children who underwent transplantation of allogeneic culture-expanded
MSCs showed significant clinical improvement, and engraftment of donor-derived
osteoblasts could be demonstrated in bone specimens using microsatellite DNA
markers. Next, Horwitz and colleagues replaced uncultured whole bone marrow by
culture-expanded MSCs. They compared short-term cultured to longer-term
cultured MSCs from the same donor, and used retroviral marking with two dif-
ferent reporters of the transplanted MSCs. In their seminal publication in [34], they
showed that gene-marked MSCs also engraft in the diseased children’s bone
cavities, and that the transplanted children could principally reach growth accel-
erations equal to the ones transplanted with allogeneic complete bone marrow
[34]. The pioneer work of Horwitz’ group work provided essential data for the
further successful application of MSCs through the intravenous route in other
clinical settings.

These authors have in addition made another pivotal observation in the devel-
opment of cellular therapies using culture-expanded cells: They found that thera-
peutic success was not seen in all treated patients. They showed that some patients
had developed antibodies directed against bovine antigens present on the MSCs
grown in media containing fetal bovine serum [34]. Altogether, these studies greatly
encouraged subsequent attempts to use MSCs as an intravenously administered
cellular therapeutic.
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3 Tracking the Fate of Systemically Delivered MSCs

One of the next steps after these discoveries was to investigate the use of MSCs in
patients with tumors along with the application of high-dose chemotherapy
regimens, in an attempt to alleviate side effects of the chemotherapy. Koc et al.
administered around one million MSCs/kg body weight intravenously and
demonstrated that the cells were well tolerated in patients with mammary carci-
noma [40], for example. Before or parallel to their first clinical uses, intravenously
administered MSCs were systematically assessed in a variety of animal models,
including mice, rats, baboons, and dogs. Different methods such as radioactive
labeling, fluorescent dye labeling, reporter gene transduction, or detection of
natural DNA markers such as microsatellite markers of the transplanted cells were
used [3, 20, 30, 7, 41]. The studies in small rodents, and similarly also in non-
human primates in a noninjury situation, showed that MSCs were distributed to
many tissues, however, they were detectable only in minute quantities within the
tissues [20, 21]. These and many other follow-up studies using similar method-
ologies (reviewed in [36] have revealed these major findings: (i) quantification of
MSC:s is difficult, and if at all, transplanted cells are found at only low absolute
levels within tissues. When absolute levels were determined, quantitative recovery
was mostly confined to the lungs [45, 46, 78]. (ii) Engraftment of MSCs is mostly
transient, and only few studies were able to demonstrate long-term maintenance of
intact MSCs. (iii) Systemically applied MSCs can accumulate in certain tissues or
tissue areas, for example, in areas of hypoxia or with inflammation. The following
paragraphs focus on specific aspects of MSC accumulation within a variety of
tissues and under specific pathophysiological conditions. The studies include
attempts to decipher the molecular mechanisms by which MSCs may interact with
the vessel wall, migrate through tissues, and mediate tropism, and the question
whether MSCs may display tissue-specific therapeutic effects.

4 Fate of Intravenously Administered MSCs in the Lungs

The first organs through which intravenously injected MSCs pass are the lungs. The
kinetics of human MSCs injected into mice have been determined as a very rapid
uptake of >80 % of injected cells within a few minutes after injection and for-
mation of emboli of MSCs in lung vessels, and exponentially falling clearance of
the injected cells with a half-life of about 24 h with practically complete elimi-
nation within 100 h [45, 46]. The Alu sequence assay detecting human DNA did not
trace MSCs in any other tissues at significant levels; the MSCs as detected by
chromosomal nucleic acid totalled less than 0.1 % of the injected cells. Similarly,
the lungs are the tissue with the highest uptake of rodent-derived MSCs, as seen, for
example, by the **™Tc label in rats with induced myocardial infarction [3].
In contrast to human MSCs which rapidly disappear from the (murine) lungs,
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murine MSCs, at least in part, have been found to colonize lung tissue. Breitbach
et al. [8] demonstrated the long-term incorporation of intact murine MSCs by the
later-occurring malignant conversion of the transplanted MSCs. The interaction of
transplanted human or murine MSCs with lung endothelial cells has been shown to
depend on the suspension medium in which intravenously applied cells are kept
pre-transplantation, and occur through an interaction of MSCs with the integrin
ligand VCAM-1 [19]. Long-term incorporation of murine MSCs is enhanced by
pre-treatment with bleomycin, which induces damage of lung epithelia [51]. MSCs
have been shown to exert an anti-inflammatory effect in the lungs by the release of
interleukin 1 receptor antagonist [52]. Nemeth et al. [50] in a murine sepsis model
observed that MSCs locate in close proximity to macrophages, and induce
macrophages to produce anti-inflammatory IL-10 through the release of prosta-
glandin E. A number of other hints point to a more complex network of cellular
interactions, which can influence lymphocytes, for example, by induction of
regulatory T cells, or alterations in the functions of monocytic cells as well as
neutrophils. More interactions of MSCs with cells of the immune cells are discussed
further below. Further investigations will have to elucidate the (likely predominant)
role of the lungs enabling direct interactions between intra-vasal or extra-vasated
MSCs with, in particular, cells of the immune system.

5 Elucidation of Mechanistic Steps and Dynamics by which
MSCs may Interact with Endothelial Cells

The MSC research field is still actively working on elucidating the fate of intra-
venously transplanted MSCs within tissues over time. Studies have mainly
explored two major aspects: which specific adhesion molecules may be involved in
interactions of MSCs with endothelial cells, and given their size and the absence of
several typical adhesion molecules that are typically present on leukocytes, is the
interaction of MSCs with the vessel wall rather a passive or an active process?

5.1 Expression of Major Adhesion Receptors on MSCs
Normally Present on Leukocytes

Main candidate receptors for endothelial interactions that are expressed on MSCs
include CD44, the alpha4 betal integrin, and chemokine receptors such as CXCR4
(reviewed in [36]. The latter can be modulated in their expression, for example, by
cytokine stimulation or by culture of MSCs in spheroids [56, 70]. In contrast,
E-selectin ligand, L-selectin, as well as beta2 integrins were mainly found to be
absent on both human and murine MSCs [36, 56, 60, 62, 63, 65, 70]. Therefore, it
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can be expected that, not only due to their enormous cellular volume as compared
to blood leukocytes, but also due to the lack of classical adhesion molecules,
MSCs may show major defects in their coordinated extravasation behaviour.

5.2 Evidence for the Involvement of Specific Leukocyte like
Interaction Patterns in MSC-endothelial Interaction

[68] studied the interaction of MSCs that had been pre-treated with tumor necrosis
factor (TNF)-alpha to heart endothelium. They observed that blockade of VCAM-
1 using function-blocking antibody resulted in a decrease in adhesion of MSCs,
indicating that betal integrins are actively involved in this process. However, their
data were mainly based on in vitro data. [35], in a homing model of murine MSCs
in experimental myocardial infarction, demonstrated that alpha4 integrin was
required, whereas the chemokine receptor CXCR4 was dispensable for the entry of
transplanted cells into ischemic tissue. These findings propose a specific role of
betal integrins in the homing of MSCs in infarct models. Applying a P-selectin
knockout mouse and intra-vital microscopy, [60] showed that human MSCs use a
P-selectin ligand that is not PSGL-1 to affect interaction of MSCs with endothelial
cells in collection venules of the murine ear. [62, 63] went further and engineered
human MSCs by a specific fucosylation procedure, which do not naturally bind
E-selectin at high shear forces, to alter CD44 epitopes to express functional
E-selectin ligand activity, and rendered them fully responsive to E-selectin
expressed on HUVEC endothelial cells in vitro and on bone venules in vivo. This
alteration highly promoted MSC localization into bone tissue. In further work, they
suggested that these engineered MSCs mediate their arrest on endothelial cells via
capturing E-selectin, followed by ligation of alpha4 betal integrin [75].

The ability of human MSCs to adhere reversibly to TNF-alpha pre-stimulated
endothelial cells was compared to human CD34 4 hematopoietic progenitor cells
or freshly isolated human blood mononuclear cells in a flow chamber model
employing integrins alpha4 betal and its ligand, vascular cell adhesion molecule
(VCAM)-1 [60]. In contrast to CD34 + cells and lymphocytes which for the most
part reversibly bound to HUVEC endothelial cells, MSCs were found almost
unable to dissociate at increased shear stresses at any significant rate. This indi-
cates deficiencies in the dynamics of endothelial cell binding of MSCs.

6 Direct Evidence for a Co-ordinated Extravasation of MSCs

If MSCs would successfully interact with endothelial cells, they are expected to be
found in tissue sections. Although numbers of transplanted MSCs in the tissues are
low (a few million cells are maximally injected into a mouse, the per kg dose for
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humans in phase I/II studies was mostly about one million per kg body weight),
[60] described intact MSCs in interstitial areas within the mouse liver. [62, 63]
found that the engineered MSCs that express functional E-selectin ligand activity
accumulate in bone marrow sinusoidal vessels and remain adjacent to endothelial
cells, but within 24 h slowly locate into interstitial areas outside the vessels. This
confirms the principal possibility that MSCs can extravasate. However, in both
models, functional readouts such as a regenerative function of the MSCs were not
investigated.

7 Direct Evidence for Other Fates of MSCs
within the Vasculature

Intra-vital microscopy allows us to follow the fate of injected cells more closely.
It has been performed in mice, partly after intra-arterial injection [29, 76], or after
intravenous administration [78]. In the studies after intra-arterial injection, reap-
pearance of the cells given originally as a bolus has been reported, indicating that
they can passage the lungs. Using the cremaster muscle model, [29] observed
that blood flow and microcirculation were impaired after injection of MSCs, and
that MSCs obstructed small vessels. In addition, lung emboli were also reported.
Occlusion of vessels and entrapment of injected MSCs at the pre-capillary level
were also reported by [76]. Within a period of three days, in situ cell death of
MSCs caught in the microvessels was observed, but also the integration of
transplanted cells into the vessel wall. [78] also reported a clear risk of vascular
occlusion after intravenous injection in the myocardial infraction model.

In contrast to these rather discouraging findings, studies in murine experimental
autoimmune encephalitis also employed intra-vital microscopy and revealed
accumulation of transplanted cells in inflammatory foci using bioluminescence,
and showed a role of alpha4 integrins in this process [18]. Moreover, GFP+
transplanted MSCs have been localized to lymph nodes and to spleen at increased
amounts. Although absolute numbers of transplanted MSCs have not been deter-
mined, these results indicate that active inflammation may switch the fate of
transplanted MSCs from unspecific entrapment to specific recruitment.

The ability of MSCs to break down interstitial matrix (e.g., by gelatinases) has
been demonstrated in mouse myocardium after alpha4 betal, VCAM-1 mediated
adhesion, and transendothelial migration by in situ zymography, and involves
matrix metalloproteinase (MMP)-2 [73].

Still, any specific or unspecific clearance pathway for intravenously injected
circulating MSCs has so far not been determined.
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8 Systemic Reactions after MSC Transplantation

The studies using intra-vital microscopy and intra-arterial delivery of MSCs have
already indicated systemic hemodynamic reactions. Walczak et al. using MSCs
labeled with superparamagnetic iron oxide and laser Doppler measurements along
with MRI imaging, confirmed rheologic perturbations, occlusion of vessels, and an
increased mortality in the cell-treated group [78].

In contrast, intravenous infusion of 1-3 x 10EG6 culture expanded MSCs/kg was
clinically well tolerated in a study comprising 44 patients after hematopoietic stem
cell transplantation. No adverse events were detected, but a slight drop of about
15 % in platelet counts was noted as well as a fivefold increase in the coagulation
marker TAT (thrombin—anti-thrombin complex) and the anaphylatoxin C3a in
serum [49]. In vitro exposure of MSCs to freshly drawn human whole blood in a
closed circuit system demonstrated a potential of MSCs not only to decrease
platelets but also circulating granulocytes and monocytes, except lymphocytes. This
points to an interaction of MSCs with circulating cells. These effects were termed
“instant blood-mediated inflammatory reaction” (IBMIR) and found to be propor-
tional to the expression of tissue factor on human MSCs and the passage number of
MSCs, and varied between individual donors. IBMIR, which was initially described
after pancreatic islet and hepatocyte injection, is thought to be based on the acti-
vation of the complement and coagulation systems, and may to some extent interfere
with clinical efficacy and safety of MSCs as cellular therapeutics.

On the other hand, MSCs have also been found to be able to respond to
complement factors, and to acquire complement factors on their cell surface
[48, 67], indicating that activation of systemic inflammation and of coagulation
may influence the fate of intravenously delivered MSCs and vice versa.

9 Engraftment of MSCs into Bone Marrow

Bone marrow has been the main origin of MSC preparations that have been
investigated in early pre-clinical and clinical work of intravenous administration
regimens. Hence, it was of interest to see whether these cells could reach their tissue
of origin. Work in the course of establishment of autologous and allogeneic bone
marrow transplantation protocols had already shown that stromal cell types, such as
colony-forming units-fibroblast (CFU-F), generally tended not to engraft along with
the hematopoietic stem cells [72]. Until recently, this finding was hardly challenged
and has been confirmed also for stromal cells that have been formally qualified as
MSCs [17, 58]. Rombouts et al. showed in kinetic studies of outgrowing MSCs that
culture time induced an engraftment defect of MSCs into bone marrow [59].
However, the work of Horwitz et al. [34] demonstrated that MSCs engraft in bone
marrow of children with osteogenesis imperfecta, because they were able to grow
donor-type MSCs from bone marrow of transplanted children. On the other hand,
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[39] did not find engraftment of culture-expanded MSCs in patients with Hurler
syndrome or metachromatic leukodystrophy. Direct evidence of bone marrow
engraftment of human MSCs was recently shown to depend on the presence of
functional integrity of a CD44 epitope (hematopoietic cell E selectin ligand) that was
biotechnologically expressed on MSCs [62, 63]. Normal culture-expanded MSCs
display only minimal levels of E-selectin binding activity, which may explain the
low or undetectable numbers of unmanipulated MSCs found in bone marrow fol-
lowing intravenous injection, both after bone marrow transplantation or after high-
dose chemotherapy. Follenzi et al. [25] recently showed that mice suffering from
hemophilia lacking coagulation factor VIII, upon transplantation of normal healthy
bone marrow show engraftment not only of hematopoietic cells, but also of sub-
endothelial mesenchymal stromal cells which contributed to produce functional
factor VIII. This also points to engraftment of at least some functional MSCs in the
course of bone marrow transplantation, at least when performed in certain enzyme
deficiencies.

Still, to date, no substantial donor-type contribution of any intravenously
transplanted MSCs to hematopoiesis, either within the bone marrow, or at ectopic
sites such as the kidney has been established for MSCs or analogous cell types
[12, 13, 28, 42, 61, 66].

10 Role of Local Cues, Including Inflammation, Ischemia,
and Previous Irradiation Influencing the Fate of MSCs

In the classical concept of extravasation of circulating immune cells into tissues, local
cues mediate alterations in the expression of adhesion molecules on endothelial cells,
such as selectins, integrin ligands, and chemokines, This way, circulating cells that are
marginalized can increase contact time with endothelia, for example, through teth-
ering and rolling interactions, and arrest and finally transmigrate through the vessel
wall into tissues. If this would hold true for MSCs, one would expect an increased
accumulation of MSCs in inflamed or ischemic tissues, as observed with phagocytes
or cells or lymphocytes. In several murine or rat models of myocardial infarction,
MSCs have been found to accumulate preferentially in areas of ischemia (e.g.,
[14, 65]. Zhang [84] have demonstrated a link between expression of the chemokine,
stromal-derived factor (SDF)-1 and local accumulation of MSCs. Belema-Bedada
et al. [6], using a transgenic model of the monokine-CC-chemokine ligand (CCL)-2
expressed under a cardiac-specific promotor have observed that intravenously injected
MSCs carrying fluorescence markers accumulate selectively in the heart. They also
showed that migration to the myocardium involves certain components of the intra-
cellular signaling pathway of G protein-coupled receptors, pointing to the ability of
MSCs to respond in a co-ordinated way to chemokines presented on cardiac
vessel endothelia. However, the model also includes chemoattraction of circulating
monocytes into the myocardium, but the influence of additional signals by monocytes
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cannot be ruled out. Together, these data demonstrate an ability of MSCs to enter
tissue in the presence of specific environmental and inflammatory cues.

Kraitchman et al. [41] have confirmed accumulation of intravenously injected
MSCs into myocardial infarction areas using a radioimaging tracer and single-
photon emission computer tomography in a canine model. Some studies trying to
trace MSCs at later stages after infarction tend to find markers of the transplanted
cells in differentiated, newly regenerated cardiomyocytes (e.g., [79]. However, it is
unclear to which cell and tissue types the homed MSCs may directly contribute,
whether cell fusion is also involved, or whether in some cases also only artifacts
were measured. There are also studies that have failed to detect any homed MSCs
in cardiac tissue in the longer term (e.g., [43]).

In favor of some engraftment and tissue incorporation of intravenously trans-
planted MSCs are studies in inflammatory bowel disease models. Parekkadan et al.
[53] have traced MSCs in a murine chemically induced colitis model. They
demonstrated the presence of the live cell label not only in the lungs, spleen, and
gut of the affected animals [53]. Sasaki et al. [64] have assessed whether MSCs
may differentiate into skin cells including keratinocytes, and possibly contribute to
wound repair in a mouse model using intravenously injected green fluorescence
protein (GFP) transgenic MSCs. They found GFP-positive cells associated with
specific markers for keratinocytes, endothelial cells, and pericytes. They suggested
a chemokine CCL21-mediated entry mechanism. Although there is evidence of
preferential attraction of the intravenously injected MSCs into wounded versus
nonwounded skin, numbers of detected cells in the wounded skin areas were low.

MSCs have been demonstrated to migrate into inflamed brain tissue. Wuetal. ina
murine stroke model validated MSC migration into ischemic areas after intravenous
delivery [81]. Yilmaz et al. [83] confirmed and extended these findings by providing
evidence that intravenously administered MSCs that enter ischemic areas in the
brain are recruited through endothelial expressed P- and E-selectin, via CD44
present on the MSCs. In a rat brain ischemia model, [80] showed that intact MSCs
arrive in ischemic zones and deliver neurotrophic factors at a greater rate when they
have been exposed to hypoxia before injection. This correlated with increased
expression of chemokine receptor CXCR4 on the MSCs, or the flk-1 and the
erythropoietin receptors, and at the same time downregulation of pro-inflammma-
tory regulators in the MSCs. Miroglia activity was suppressed in animals after MSC
therapy, and NeuN-positive and Glutl-positive cells were increased, underscoring
the beneficial effects of intravenous delivery of MSCs.

Taken together, MSCs can migrate into ischemic and pro-inflammatory regions
in certain disease stages in murine models. Generally, mostly short-term actions
are reported, and long-term persistence of MSCs is not reported. Also, only
indirect evidence is available to indicate whether the MSCs remain intact cells in
their target environments. A quantification of the amount of active MSCs within a
lesion, compared with the number of originally injected MSCs, is also not avail-
able. Still, these data argue in favor of locally acting, homed MSCs in a part of the
investigated pathologies.
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11 Influence of Local Irradiation on the Fate of Intravenously
Transplanted MSCs

Francois et al. [26] demonstrated in mice that both total body irradiation and also
local irradiation (e.g., on abdomen or legs) affected the distribution of hMSCs after
IV infusion in NOD/SCID mice as compared to untreated animals. Without
irradiation, intravenously infused hMSCs were found only in minimal amounts
exclusively in the lung, bone marrow, and muscles. Fifteen days after the above-
mentioned irradiation procedures, radiation-induced damage of tissues in the
irradiated regions was confirmed by histological examination. TBI-treated animals
exhibited higher absolute numbers of hMSCs in the brain, heart, bone marrow, and
muscles. Moreover, selective radiation of limbs or the abdomen yielded a higher
hMSC engraftment in the exposed field. More hMSCs were detected in the
exposed skin, quadriceps, and other muscles than with TBI alone or additional
abdominal irradiation. hMSC engraftment outside the locally irradiated regions
was also increased, arguing for both local and systemic effects of irradiation for
MSC engraftment. Long-term engraftment was, however, not investigated. Sémont
et al. [69] in an additional study specifically investigated the engraftment, but also
the efficacy of MSCs in a model of radiation-induced gastrointestinal tract failure.
They demonstrated accelerated recovery in the group receiving hMSC in immu-
nodeficient mice, with decreased apoptosis of epithelial cells and increased
proliferation within the small intestinal mucosa. However, the transplanted MSCs
were not detected at significant amounts.

12 Homing and Engraftment of MSCs into Tumors

Tumors of different kinds inherently harbor altered microenvironments with major
alterations in blood flow, blood vessel structure, immune cell activation, and
accumulation of trophic factors; in these processes, endogenous local or blood-
derived mesenchymal stromal cell types are thought to play a major role [24].
Therefore, tumor tissue may represent a potential target for homing of intrave-
nously injected MSCs.

Several studies have recently highlighted the fact that MSC indeed can home
into tumors and that they can have both beneficial and also unwanted effects.
Direct evidence for the migration of intravenously transplanted MSCs into tumors
was provided by lentivirus-transduced MSC expressing eGFP in cells isolated
from human orthotopic pancreatic cancer xenografts in nude mice using intra-vital
microscopy [4]. Microscopical studies confirmed the interaction of MSCs with
endothelial cells of blood vessels.

A more sophisticated method to detect homing of MSCs into tumors was
recently developed by insertion of a trifunctional chimeric reporter into human
adipose tissue-derived MSCs and a chimeric reporter into human glioblastoma
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cells [1]. Because both cell types expressed luciferase reporters they could be
measured noninvasively by bioluminescence both in vitro and in vivo in a SCID
mouse model. Although MSCs were implanted here and not intravenously injec-
ted, the study provides evidence for a concept that treatment with ganciclovir
(GCYV) activates a suicide mechanism in tumor-resident MSCs, resulting in tumor
regression by a factor of 10E4 relative to controls. Using a luciferase reporter
regulated by an endothelial-specific (PECAM, platelet/endothelial cell adhesion
molecule) promoter and in vivo BLI to detect MSC differentiation, a mechanism
was elucidated: implanted MSCs homed to tumor vessels, where they differenti-
ated to endothelial cells [1].

12.1 Pro-Tumorigenic Effects of Tumor Engrafted MSCs

Enhanced angiogenesis as a mechanism of tumor promotion by MSCs was con-
firmed in vitro and in vivo using a murine BM-derived MSC line against B16
melanoma cells expressing LacZ (B16-LacZ) and Lewis lung carcinoma (LLC)
[74]. Both co-culture with MSCs and treatment with MSC-conditioned media led
to enhanced growth of tumor cells, although the magnitude of growth stimulation
in co-cultured cells was greater than that of cells treated with conditioned media.
Co-injection of tumor cells and MSCs into syngeneic mice led to increased tumor
size compared with injection of tumor cells alone. Consistent with a role for
neovascularization in MSC-mediated tumor growth, tumor vessel area was greater
in tumors resulting from co-injection of tumor cells with MSCs than in tumors
induced by injection of cancer cells alone. Co-injected MSCs directly supported
the tumor vasculature by localizing close to vascular walls and by expressing the
endothelial marker CD31. CCL25 was identified as a major chemoattractant for
MSCs which was produced by multiple myeloma cells and has been made
responsible for growth support of multiple myeloma cells through MSCs [82],
providing a rationale to engineer chemokine receptors on MSCs, tailoring them
towards an anti-tumor response profile.

12.2 Anti-Tumor Efficacy of MSCs

In a nude mice model, interleukin-12 (IL-12) expressing MSCs was injected
intravenously to treat established Ewing sarcomas [22]. Although transplanted
MSCs were not directly identified, the ongoing secretion of IL-12 in the tumor
microenvironment strongly suggested homing of the injected MSCs to the tumor
sites. In addition, growth suppression of the Ewing sarcomas was observed. [37]
investigated potential phenotypes of tumor-associated MSCs by multicolored
tissue transplant procedures in mice [37]. In syngeneic ovarian and breast cancer
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subpopulations they showed tumor-associated fibroblasts (TAFs) originated from
MSCs located in the bone marrow, whereas most vascular and fibrovascular
stroma (pericytes, «-SMA(+) myofibroblasts, and endothelial cells) were recruited
from neighboring adipose tissue. These data form a basis that intravenously
injected MSCs follow a path that is already established for endogenous MSCs,
circulating to the tumor through the bloodstream. Grisendi et al. [32] demonstrated
that this process implies epithelial/endothelial mesenchymal transitions in situ, or
occurs through circulating pools of fibroblasts deriving from mesenchymal pro-
genitors. These findings explain the apparent tumor tropism of MSCs, making
them an attractive tool in tumor therapy.

There are some promising approaches to using MSCs as a tumor-suppressing cell
therapy after incorporation of Paclitaxel, a widely used anti-cancer drug that also
inhibits endothelial cell proliferation. Co-injection of tumor cells and a Paclitaxel-
loaded MSC:s cell line showed the anti-tumor efficacy of this approach [54].

13 Tracing of MSCs In Vivo that may Induce Alterations
of the Immune System

MSCs have been shown to affect the immune system and also affect systemic
administration in many ways (reviewed in [44]. However, tracing of MSCs has
been cumbersome. As already indicated by Horwitz et al. for patients, develop-
ment of antibodies against allogeneic MSCs, mostly against bovine antigens after
ex vivo culture in fetal bovine serum-containing media, has given a good expla-
nation of why MSCs are eliminated from transplanted humans or baboons
(Horwitz et al. [5, 34]. The concept of locally acting MSCs to control immune
reactions has been visualized in the lungs in the sepsis model of Nemeth et al. [50],
but otherwise few MSCs have been found both in mice and in patients; Studies in
mice [57, 31] found little evidence of the transplanted MSCs, as did Lee et al. in
the TSG-6-mediated myocardial infarction mouse model [45, 46]. The same
applied to patients who had received MSCs in the course of severe graft-versus-
host disease, in whom it was very rarely possible to trace transplanted MSCs [77].

14 Interactions of i.v. Transplanted MSCs with Other
Cell Types

Recently, the first studies have been published that describe responses in distinct
immune cell types after intravenous application of MSCs. Although not all studies
provide direct evidence for a cellular contact between the MSCs and other cells of
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the immune system, direct interactions between these cell types could be visualized
in vitro, pointing to a realistic possibility that the interactions also occur in vivo. One
study by Chiesa et al. [15] has visualized the almost complete cessation of migrating
dendritic cells (DCs) in mice after intravenous delivery of MSCs. Using an in vitro
system they show that murine MSCs inhibit DCs through toll-like receptor (TLR) 4.
Mechanistic studies using mixed lymphocyte reactions co-culture studies with
monocytes and hMSCs revealed a unique immunophenotype of alternatively acti-
vated human monocytes being CD206-high, IL-10-high, IL-6-high, IL12-low, and
TNF-alpha-low [38]. The immunosuppressive potential of MSCs has been shown to
depend on the inducibility of indoleamine 2,3-dioxygenase (IDO) [27]. Other work
has identified MSC-secreted prostaglandin E2 as a main mediator of inflammation
[47]; Nemeth et al. [50] in their sepsis model have revealed that intravenously
administered MSCs use PGE2 as a mediator. This work put into the middle of its
central hypothesis a direct influence of MSCs and macrophages in the lung.
However, overall, direct interactions have rarely been demonstrated between i.v.
injected MSCs and monocytes/macrophages [71].

Recent work by Akiyama et al. [2] has elucidated a role for fas ligand expressed
on MSCs, by transiently inducing apoptosis in T cells. It has been shown to
involve the secretion of MCP-1 by MSCs, which recruits T cells to apoptosis. The
apoptosing T cells activate macrophages to produce TGF-beta, increasing regu-
latory T cells and thus promoting immune tolerance. More or less direct actions of
MSCs on immune cells also involve the secretion of anti-inflammatory protein
TSG-6 by activated MSCs which in a zymosan-induced mouse peritonitis model
decreased TLR2/NF-xB signaling in resident macrophages [16].

15 Other Fates of MSCs and Outlook

Surprisingly, ectopic tissue formation was not found after systemic administration
of MSCs. Also, fusion of MSCs, as has been shown to occur during tissue culture
(e.g., in the presence of epithelial cells; [23], has not been regularly observed after
MSC administration through the intravenous route. In summary, the terminal fate
of the bulk of intravenously injected MSCs therefore remains elusive, inasmuch as
studies have generally only been able to detect small amounts of injected cells. An
exception is the approximately 80 % of MSCs that have been found transiently in
the lungs of mice by [45, 46]. A natural clearance pathway for circulating MSCs
has not yet been established. Future work will have to continue to trace trans-
planted MSCs, involving more quantitative assessments, in order to reveal what
we do not really know about these scientifically and clinically fascinating cells.
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