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The role of microvesicles in tissue repair
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Microvesicles (MVs) are released by almost all cells in resting
and activated conditions. First described several years ago,
it is only recently that their mechanisms of action are being
elucidated, and their potential role in health and disease is
drawing increasing attention. The main function of MVs is
signaling through specific interactions with target cells and
the transferring of gene products. Gaining further insights into
the molecular specificity of MVs has allowed identification of
the cellular source and may provide new diagnostic tools in
the future. Indeed, an increasing body of evidence indicates
that MVs are capable of mediating tissue repair in models of
acute kidney and liver injury. In this review, we will discuss
the mechanisms through which MVs from stem cells may
act on target cells and may modify the response to injury.
Furthermore, MVs from inflammatory cells are suspected to
be involved in various diseases, such as cardiovascular and
renal diseases, pathological pregnancy, tumors and sepsis.
MVs are no doubt also involved in modulating immunity, and
future studies will clarify their functional role in negatively
modulating the cell response. Their role in physiological and
pathological processes is increasingly appreciated. Depending
on the cell source and the condition, MVs may be either
beneficial or detrimental to the host. The recognition of their
pathogenetic role may suggest new approaches to future
therapies.

Introduction

Extracellular vesicles, such as exosomes, apoptotic blebs,
microvesicles, microparticles, prostasomes and prominosomes
were recognized from all cells."* M Vs were identified to originate
from a large number of cell types in vivo and in vitro: epithelial,
fibroblast, hematopoetic, immune, placental, tumor and stem
cells.>* For long time, MVs were considered to be inert cellular
debris and the vesicles frequently observed by electron micros-
copy in the interstitial space of tissues or in blood were considered
the consequence of cell damage or the result of dynamic plasma
membrane turnover.’” Recent studies assigned specific functions
to vesicles/exosomes released in the microenvironment by various
cell types and in biological fluids, such as blood, urine, exudates.®
The recognition of MVs as carriers of genetic information has
opened a new era in the field of cell biology, pathophysiology,
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diagnostics and therapeutics. The role of MVs has been evoked in
regenerative medicine and several diseases. In this review, we will
delve into the nature of MVs, the mechanisms through which
they are known to act on target cells and the experimental evi-
dence that suggests their role in regenerative medicine. We will
also very briefly describe the evidence for a role of MVs in tumors
and sepsis.

Microvesicles: Biogenesis and Mode of Action

Exosomes are stored as intraluminal vesicles within multivesicu-
lar bodies of the late endosome and are released when these mul-
tivesicular bodies fuse with the cell membrane. Exosomes have
an endosomal origin.” They are released by exocytosis through
a mechanism dependent on cytoskeleton activation and under
the regulation of p53 protein.® While exosomes are a rather
homogenous population, with a size of 30 to 120 nm, shedding
vesicles are usually larger, with a size ranging from 100 nm to
1 wm. Shedding vesicles originate from the budding of small
cytoplasmic protrusions, followed by their detachment from the
cell surface, a process dependent on calcium influx, calpain and
cytoskeleton reorganization.” MVs expose on their surface large
amounts of phosphatydilserine from the inner leaflet to the outer
bilayer of the cell membrane and are enriched in proteins associ-
ated with membrane lipid rafts'® by calcium-dependent mecha-
nisms that modify the asymmetric phospholipid distribution of
plasma membranes by activation of specific enzymes, named as
flippase, floppase and scramblase, and by inhibition of translo-
case.!! Moreover, the intracellular pathways that activate the
reorganization of cytoskeleton induce the detachment of plasma
membrane protrusions from the cortical actin. The release of
MVs occurs from practically all cells in resting state, upon activa-
tion by soluble agonists or upon physical or chemical stress, such
as oxidative stress, hypoxia or shear stress.®

The main function of M Vs is signaling through specific inter-
actions with target cells and the transfer of genetic information
(i.e., mRNA). MVs participate in physiological and pathological
processes. Gaining further insights into the molecular specificity
of MVs may allow the identification of the cellular source and
may provide new diagnostic tools.

MVs influence the behavior of target cells in multiple ways,
such as signaling complexes by direct stimulation of target cells
by transferring receptors between cells, by delivering proteins to
the target cells or by a horizontal transfer of genetic information.

The most recent discovery includes the horizontal transfer of
genetic information by MVs. For years, epigenetic changes were
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frequently reported in co-culture conditions. To explain this phe-
nomenon, the transfer of genetic information between cells was
shown."? M Vs derived from human endothelial progenitors (EPC)
shuttle mRNA to endothelial cells via interaction with a4- and
Bl-integrins expressed on their surface, thus activating an angio-
genic program.'> The molecular analysis of mRNA indicated that
MVs derived from EPC were cargos of a specific subset of cellular
mRNA, including mRNA associated with pathways relevant for
angiogenesis, such as the PI3K/AKT and eNOS signaling path-
ways."> Furthermore, protein expression and functional studies
demonstrated that PI3K and eNOS were upregulated in target
cells after MV incorporation. More recently, we demonstrated
that MVs derived from human stem cells may also deliver in vivo
human mRNA to mouse cells, resulting in protein translation.'*"

Besides mRNA, MVs may transfer microRNAs (miRNAs)
to target cells.'® Since miRNAs are naturally occurring regula-
tors of protein translation, this observation opens the possibility
that stem cells can alter the expression of genes in neighbour-
ing cells by transferring miRNAs contained in MVs. We recently
characterized miRNAs shuttled by M Vs released by human adult
mesenchymal stem cells (MSCs)."” Hierarchical clustering and
similarity analysis of miRNAs showed that miRNA compart-
mentalization and secretion by MVs are both highly regulated
processes. Gene ontology analysis of predicted and validated tar-
gets showed that the highly expressed miRNAs in MVs derived
from MSCs may be involved in multi-organ development, cell
survival, differentiation and immune system regulation. It has
been suggested that transfer of genetic information by MVs play
a pivotal role in stem cell plasticity and tissue regeneration.'®2
This mechanism possibly contributes to the paracrine action of
stem cells in the repair of tissue injury.?!

Effect of Mesenchymal Stem Cell-Derived
MVs in Renal Regeneration

Necrosis and loss of tubular epithelial cells is the most common
event in acute kidney injury (AKI), and the recovery of renal func-
tion following AKI is dependent on the replacement of necrotic
tubular cells with functional tubular epithelium. The possible
sources of new tubular cells could be adjacent survival tubular
cells that re-enter in cell cycle and proliferate, resident kidney
stem and progenitor cells and/or extra-renal cells of bone marrow
(BM) origin that home to the injured kidney. In particular, the
role of MSCs derived from BM in recovery of kidney injury has
been widely investigated (Table 1). Administration of heterolo-
gous MSCs confers a protective effect against AKI and a func-
tional improvement in chronic kidney disease (CKD), but the
explanation for these beneficial effects is still debated. Initially,
it was thought that MSCs home to the kidney and replace dam-
aged renal cells; in particular, in AKI induced by cisplatin®**
and glycerol,*? a tubular engraftment of the injected MSCs has
been observed. Subsequently, in the ischemia-reperfusion injury
(IRI) model, evidence of differentiation of MSCs directly into
tubular cells was not been detected,?** and these data suggested
that the MSCs do not replace renal tubular cells but mitigate
injury by providing a paracrine support to the repair of injured
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tissue. In particular, in ischemia-reperfusion AKI, it was dem-
onstrated that MSCs attached in the renal microvascular circu-
lation and significantly decreased apoptosis of adjacent cells.?®
MSC:s can exert beneficial effects on tubular repair by producing
mitogenic and pro-survival growth factors, such as insulin-like
growth factor 1 (IGF-1), as demonstrated in experiments based
on the administration of IGF-1 gene-silenced MSC in the murine
model of cisplatin-induced AKI.* Moreover, Togel et al.** dem-
onstrated that MSC administration after ischemia-reperfusion
AKI is not associated with adverse events and is renoprotective
in animals with severe renal failure. Interestingly, identical doses
of autologous MSCs are more effective than allogenic, and there
is no long-term fibrotic response in the kidneys attributable to
MSC therapy. Furthermore, this work also establishes that vas-
cular endothelial growth factor (VEGF) could be a critical factor
mediating renal recovery. Indeed, VEGF knockdown by siRNA
reduces effectiveness of MSC infusion.

A paracrine role of MSCs in renal tissue repair is supported by
the beneficial effects of conditioned media, which mimic those
exerted by the cells of origin.®® These authors suggested that
homing is not an absolute requirement for the beneficial effect
of MSC-based therapy, as the intraperitoneal administration
of MSC-conditioned medium to mice with cisplatin-induced
AKI is sufficient to diminish tubular cell apoptosis, to increase
tubular cell survival and to limit renal injury®® These data
indicate that factors secreted by MSCs are responsible for their
renoprotective effect, suggesting an endocrine action. However,
the nature of the factors responsible for the beneficial paracrine
effects of MSCs remains elusive. Beside soluble growth factors,
it has been demonstrated that microvesicles (MVs) derived from
human BM-MSCs stimulate proliferation and inhibit apoptosis
of tubular epithelial cells in vitro and are as effective as MSCs in
accelerating functional and morphological recovery from glyc-
erol-induced acute kidney injury (AKI) in immunodeficient mice
(SCID)" (Figs. 1 and 2). As the efficacy of MVs is comparable to
that of MSC administration in inducing renal regeneration, it is
conceivable that the beneficial effect of MSCs is, at least in part,
due to the release of MVs. In particular, it has been demonstrated
that the injection of MSCs or MSC-derived M Vs had a signifi-
cant protective effect on renal functional recovery, as reflected
by lower BUN and creatinine concentrations, with concomitant
decrease of histopathologic evidence of tubular injury, such as
tubular hyaline casts, vacuolization and widespread necrosis of
tubular epithelium. This protection is also associated with sig-
nificant increase of proliferation in kidneys treated with either
MVs or MSCs. RNA inactivation in MVs, by treatment with
high concentrations of RNase, reduced both the in vitro and the
in vivo effects of MVs, suggesting a mechanism dependent on
RNA delivery. In this context, it seems that the transfer of RNAs
through MVs may stimulate tubular cell regeneration, inducing
dedifferentiation of surviving tubular epithelial cells and trigger-
ing a proliferative program that may contribute to the repair of
renal injury. Similarly, Ratajczak et al.'? showed that MVs derived
from embryonic stem cells may reprogram hematopoietic progen-
itors by an mRNA-dependent mechanism, and Deregibus et al.’?
showed that MVs derived from human endothelial progenitor
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Table 1. Experimental models of acute and chronic kidney injury: Effects of MSCs and their MVs

Type Of Injury Model Intervention Results Refs.
AKI-Cisplatin: subcutaneous - MSCs protected from severe tubular injury
Toxic injection of 12.7 mg/kg in i.v. injection of 2 x 10° cells - MSC engrafted and differentiate into tubular 22
C57BL6/) mice epithelial cells
AKI-Glycerol: intra-muscle - MSCs engrafted and differentiated into tubular
At . injection of 7.5 ml/kg of Lo . epithelial cells
[2latchinic Glycerol (50% in water) in C57/ 7t o (el - MSC promoted the recovery of morphological 24
BL6 mice and functional alterations.
Ischemia- AKI-IRI: in Spr.ague—DawIey 1.5 x 10 cells into the thoracic - MSC enhances recovery of renafl function
. rats by clamping both renal . . - MSC were predominantly located in glomerular 70
reperfusion . . aorta via a carotid artery s
pedicles for 40 minutes. capillaries
AKI-IRI: C57BL/6J mice 0.5 x 16 cells injected
Ischemia- subjected to 30 minutes (male) intracortically in 3 separate - MSC improve renal function 27

locations in the sagittal - No evidence of differentiation into tubular cells

midline

or 45 minutes (female) of left
unilateral kidney ischemia

reperfusion

AKI-IRI: Sprague-Dawley and
Fisher 344 subjcted to
40 minutes of atraumatic
vascular clamps

10° labeled MSC/animal in - . .
. h - None of the administered MSC had differenti-
0.2 ml SFM were given via the . ; 71
. ated into a tubular or endothelial cell phenotype
left carotid artery

Ischemia-
reperfusion

Lo - MSC prevented the loss of peritubular capillaries
i.v. injections 1 x 10° cells at prevented the loss of peritubular capifiarie

Genetic collagene4A3-deficient mice ) and reduced renal fibrosis
. weekly intervals. Treatment . . X 72
disease (Alport syndrome) ) ) - Renal function and survival mice were not
was continued until death
affected
- Improvement of renal function
; fo 2 x 10° of cells injected . . L .
— Anti-Thy1.1 glomerulonephritis : e s - Partial maldifferentiation of MSC in intra-
Antibodies intra-arterially into the 73

(Lewis rats)

AKI-Glycerol: intra-muscle
injection of 7.5 ml/kg of

left kidney

glomerular adipocytes accompanied by
glomerular sclerosis.

- CD44 and hyaluronic acid interactions recruit

Toxic-ischemic : ; i.v injection of 10°cells exogenous MSCs to injured renal tissue and 74
Glycerol (509 in water) in enhance renal regeneration
C57/BL6 mice E :
. AKI-IRI: C57/BL6 mice were sub- - . - MSC were readily detected in the kidney
Ischemia- . . intra-arterially infusion of 10° early after reflow but were only rarely
. jected to clamping of the left 25
reperfusion kidnev for 30 min cells engrafted at 1 week post-AKI
4 - MSC decreased apoptosis of adjacent cells.
. AKI-IRI: Wistar-EPM rats - MSC attenuated renal |n.Jury and improve renal
Ischemia- . . S function
B subjected to nontraumatic i.v. injections of 2 x 10° cells p S 28
reperfusion . - Greater level of anti-inflammatory cytokines in
clamps for 60 minutes .
MSC-treated animals.
AKI-Cisplatin: IGF-1 ilenced MSC limited thei i
Toxic subcutaneous injection of 12.7 i.v. injection of 2 x 10° cells B imited their protective 75

mg/kg in C57BL6/J mice

effect on renal function and morphology

Abbreviations: AKI, acute kidney injury; IRI, ischemia-reperfusion injury, MSC, mesenchymal stem cells.
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Table 1 (continued). Experimental models of acute and chronic kidney injury: Effects of MSCs and their MVs

Type Of Injury

Toxic

Toxic

Sepsis

Ischemia-
reperfusion

Chronic kidney
disease

Toxic-ischemic

Chronic kidney
disease

Ischemia-
reperfusion

Model

AKI-Cisplatin: C57BL/6 mice
intraperitoneal injected with
cisplatin (10 mg/kg) on
2 successive days

AKI-Cisplatin: NOD-SCID mice
subcoutanous injectied with
12.7 mg/kg

Cecal ligation and puncture in
C57 mice

AKI-IRI: Sprague-Dawley and
Fisher 344 subjcted to
40 minutes of atraumatic vas-
cular clamps

Sprague-Dawley rats
underwent 5/6 nephrectomy.
A full nephrectomy was
performed on the right side.

AKI-Glycerol:: intra-muscle
injection of 8 ml/kg of Glycerol
(50% in water) in SCID mice

Female Wistar-EPM rats
underwent 5/6 nephrectomy.
A full nephrectomy was
performed on the right side

AKI-IRI: Male Sprague-Dawley
rats was submitted to the right
kidney nefrectomy and the
left renal artery and vein were
occluded for 45 min by using a
non-traumatic vascular clamp.

Intervention

- L.v injection of 2 x 10° cells
-i. p. injection of 1 ml of
conditioned medium twice
daily beginning at the time of
the first cisplatin injection

i.v.injection of 5 x 10°cells

i.v. injection of 1 x 10° cells

1.5 x 10°immediately after
reflow via the left
carotid artery

i.v. 1 x 106 cells

i.v. injection of 75,000 cells or
15 ng of MVs

i.v. administration of
2 x 10° cells

i.v. injection of 30 g of MV

Results

- |.p. administration of conditioned medium from
MSC diminished tubular cell apoptosis, increased
survival and limited renal injury

- MSC infusion decreased proximal tubular
epithelial cell injury

- MSC ameliorated the resulting in reduced
recipient mortality

- MSC reduced mortality and improved organ
function
- The beneficial effect of MSCs was eliminated
by macrophage depletion or pre-treatment with
antibodies specific for IL-10 or IL-10 receptor.

- Both autologous and allogeneic MSC are safe
and effective in AKI and reduce late renal fibrosis
- VEGF knockdown by small-interfering RNA
reduced effectiveness of MSCs

- MSCs have positive effect against
glomerulosclerosis.

- MV effects on the recovery of AKI was similar to
the effect of human MSCs
- Pre-treatment of MV with RNase abolished the
benefical effects of MVs
-MVs derived from MSCs may activate a
proliferative program in surviving tubular cells

- MSC-treated animals had an amelioration of
renal functional with reduction of fibrosis
- MSC therapy can modulate the inflammatory
response that follows the initial phase of a
chronic renal injury

- MVs reduced the acute injury and also
protected from later chronic kidney disease.

Refs.

29

31

23

76

30

77

78

Abbreviations: AKI, acute kidney injury; IRI, ischemia-reperfusion injury, MSC, mesenchymal stem cells.

cells are able to trigger angiogenesis in human vascular endothe-
lial cells by a horizontal transfer of mRNA.

A recent paper extends the effect of MSC-derived MVs to a
model of kidney injury induced by ischemia-reperfusion (IRI) in
immunocompetent rats. It has been shown that a single adminis-
tration of M Vs derived from adult BM-MSCs immediately after
induction of IRI protects rats against AKI and CKD develop-
ment.*? In this in vivo model, M Vs seem to act by a mechanism
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of renal protection that limits the extent of injury as they sig-
nificantly reduced tubular cell apoptosis and promoted survival
tubular cells to proliferate, indicating that limiting the initial
renal injury may also protect the kidney from development of
chronic injury. The MVs also significantly reduced the impair-
ment of renal function induced by IRI. Also, in this in vivo IRI
model, pre-treatment of MVs with RNase to inactivate their
RNA cargo, abrogated these protective effects (Figs. 1 and 2).
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In conclusion, MVs released from MSCs mimic the effect of
the cells, suggesting that they could be exploited as a new thera-
peutic approach for renal regeneration. There is also evidence
that MSCs have a low immunogenicity and have immunoregu-
latory properties,*

of Treg at co-culture with T lymphocytes** and inhibition of
35,36

such as in vitro increase in the percentage

the proliferative response of antigen-specific memory T cells,
suggesting that MSC infusion might be a novel approach for
immunotherapy. Moreover, infusion of autologous or donor-
derived MSCs in mice induced tolerance to a semi-allogenic
heart transplantation by a regulatory T-cell mechanism.”” A
recent study defined the safety and clinical feasibility of autolo-
gous MSC transplantation in two human recipients of kidneys
from living related donors.®® In this paper, it has been shown
that infusion of MSCs after kidney transplantation is feasible
and restricts T memory cell expansion while enlarging the T
regulatory population, even if graft dysfunction is induced. In
addition, evidence from murine studies has indicated that MSCs
could maldifferentiate in glomerular adipocytes once injected
in a rat model of progressive glomerulonephritis.*” One possible
alternative to the MSC infusion in organ transplantation might
be MV treatment. One advantage of using MVs rather than the
MSCs themselves is to avoid possible long-term maldifferentia-
tion of engrafted cells or tumor generation.*” Although ischemic
and nephrotoxic insults are believed to predominantly target the
tubular epithelium, it has become increasingly clear that renal
endothelial cells in AKI undergo early damage and swelling,”
causing narrowing of the vascular lumen, followed by impaired
microvasculature perfusion.”” The most important consequence
of this “no-reflow” phenomenon is a delayed functional recov-
ery of the damaged kidney due to prolonged hypoperfusion.
Therefore, the renal microvasculature is of significant impor-
tance in terms of tissue regeneration in AKI.

At present, the possibility that endothelial progenitor cells, or
EPCs, might functionally contribute to the renal tubule regen-
eration is poorly studied.

EPCs represent a population of precursors of endothelial cells
circulating in the blood stream. In humans, EPCs may derive
from CD34* hematopoietic stem cells or even from more imma-
ture CD133* stem cells co-expressing endothelial markers, such
as VEGFR2, tie-2 or VE-cadherin, or even from differentiated
CD14* mononuclear cells.®* Mobilization of these cells from
their respective niches is accomplished by mechanical injury
and ischemic stress through generation of hypoxia-inducible
factor-1-regulated release of vascular endothelial growth factor,
erythropoietin and stromal cell-derived factor-1 as well as by
placental growth factor, granulocyte colony-stimulating factor
(G-CSF) and granulocyte macrophage colony-stimulating fac-
tor.**® The mechanism of vascular homing of EPC has been
studied, and the role of L-selectin has been recognized.®® The
main sources of EPC are bone marrow, peripheral blood and the
umbilical cord vein. The advantage in the use of EPCs is the easy
availability of the cells, which can be expanded from the periph-
eral blood of the patient or of selected donors.

Several evidences indicate that specialized EPCs, derived
from either the bone marrow or other sources, participate in the
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Figure 1. Effects of i.v. injection of MVs from human MSCs in rats with
AKl induced by ischemia-reperfusion and in mice with AKl induced by
glycerol injection, treated or not with MVs derived from human MSCs.
Representative micrographs of renal histology (Haematoxylin and Eosin
staining) at day 2 after IRl of rats treated or not with 30 p.g of MVs and at
day 4 after glycerol injection of mice treated or not with 15 g of MVs.
Original magnification: x400. (described in ref. 32).

generation of new blood vessels.”” In particular, several experi-
mental studies, including early clinical studies, have been per-
formed in acute cardiac ischemia.

Not much data has been published on EPC and endothelial
regeneration in the kidney. Bone marrow-mediated repair of the
glomerular endothelium has been reported by several investiga-
tors in anti-Thy-1.1 experimental glomerulonephritis.* The par-
ticipation of donor-derived cells in glomerular endothelial cell
turnover has also been shown in bone marrow-transplanted rats
with unilateral nephrectomy and injection of anti-Thy-1 antibod-
ies.”” As pointed out above, the hemodynamic consequences of
renal hypoperfusion, as a result of endothelial cell swelling and
narrowing of the lumen, are of significant importance in the
course of ARF. In ischemic ARF in immunocompetent mice,
the administration of human umbilical vein endothelial cells
dramatically improved renal function.® Chimeric cells express-
ing endothelial nitric oxide synthase, thus mimicking one of
the functions of endothelial cells, were also partially protective,
although less so than mature endothelial cells. These studies were
extended to EPC, expanded from a skeletal muscle stem cell pool
and injected in mice with acute renal ischemia. This procedure
was associated with significant preservation of renal function.”
On-going studies suggest an important role of MVs from EPCs
in AKI.

Effect of stem cell-derived microvesicles in liver regenera-
tion. Recent findings indicate that liver regeneration triggered
by stem cells depends on the release of paracrine factors.’* We
recently showed that M Vs released by adult stem cells residing
in the liver (HLSCs) may, in turn, transfer genetic information
from stem cells to target cells that may regulate altered functions
and repair damaged tissues without directly replacing paren-
chymal cells.”* HLSCs are a stem cell population resident in the
human adult liver with a mesenchymal phenotype and a partial
commitment in hepatocytes that makes them able to induce liver

regeneration when injected in acetaminophen-treated mice.”
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MVs stimulate proliferation and
resistance to apoptotic stimuli by
human mature hepatocytes. MVs
derived from HLSCs contained
ibonucleoproteins involved in the
intracellular traffic of RNA and
selected patterns of miRNAs asso-
ciated with several cell functions
involved in the control of transcrip-
tion, translation and proliferation.”
This suggested a dynamic regula-
tion of RNA compartmentalization

in MVs and raised the possibility

of MVs. Magnification: x400. (Described in ref. 14).

Figure 2. Renal cell proliferation and apoptosis in rats with AKI induced by ischemia-reperfusion and in
mice with AKl induced by glycerol injection, untreated or treated with MVs derived from human MSCs.
(A) Representative micrographs of PCNA staining and TUNEL assays performed on sections of kidneys

2 days after IR, treated or not with 30 g of MVs. Magnification: x400. (B) Representative micrographs of
PCNA staining performed on sections of kidneys 4 days after glycerol injection, treated or not with 15 pg

that hepatic regeneration depends
on the delivery of exogenous
mRNA and miRNAs by MVs to
hepatocytes. In preliminary stud-
ies, we found that MVs derived
from HLSC are also able to limit

A

BrdU

PCNA %

Figure 3. Proliferative effect of HLSC-derived MVs in experimental
70% hepatectomy. Effect of MVs on liver cell proliferation evaluated as
BrdU (A and B) and as PCNA (C and D) incorporation in 70% hepatec-
tomized rats. (A and B) Representative micrographs of BrdU uptake
performed on sections of liver 24 hrs after 70% hepatectomy in rats
treated with vehicle (A) or treated with 30 g MVs (B). BrdU was injected
intraperitoneally 2 hrs before rats were killed. Original magnification:
x200. (C and D) Representative micrographs of PCNA staining per-
formed on sections of liver 24 hrs after 70% hepatectomy in rats treated
with vehicle (C) or treated with 30 g MVs (D). Original magnification:
x200. (Described in ref. 54).

The in vivo administration of MVs derived from HLSCs was
found to accelerate liver regeneration in 70% hepatectomized
rats, suggesting that the regeneration process also observed with
the administration of HLSCs was due to a paracrine action of
the released MVs (Fig. 3). The regenerative action of MVs has
been related to an in vivo stimulation of residual mature hepa-
tocytes that survived to injury to re-enter into the cell cycle and
undergo proliferation, as indicated by the incorporation of BrdU,
the expression of PCNA and of cyclin Al by hepatocytes. This

mechanism was confirmed by in vitro experiments showing that
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liver injury in the lethal model of

GalN/LPS in mice, significantly
reducing mortality. In this model, while the administration of
HLSC was shown to provide partial functional substitution,
MVs mainly acted by limiting the apoptotic injury (Herrera
et al., manuscript in preparation).

In another study, we showed that after 48 hours in a rotary
bioartificial liver (BAL) (Fig. 4), HLSC acquired markers typi-
cally expressed by mature hepatocytes like cytochrome P450,
maintained the expression of liver tissue-specific markers, such
as CK18, CK8 and albumin, and lost fetal liver markers, that
is, AFP and MSC markers, suggesting that low gravity allows
HLSC:s to spontaneously undergo proliferation and differentia-
tion into mature hepatocytes, a characteristic that was not shown
in standard adhesion culture conditions.’® Contrary to adhesion
culture conditions, the culture in rotary BAL offered a better
microenvironment for the cells, ensuing a more uniform con-
centration of endogenous growth factors due to rotation. This
culture condition also increased the production of MVs from
HLSCs and could justify a potential application for rotary BAL
as a bridge therapy for liver regeneration.

Perspectives of MVs
in Human Pathologic States

Since the introduction of cell therapies, researchers, clinicians
and regulatory bodies have all become aware of the multiple risks
inherent in the administration of heterologous, intact cellular
machinery. Maldifferentiation of mesenchymal cells into adi-
pose cells or transformation of stem cells into tumor cells have
been reported. These events are still unpredictable and represent
a major hindrance to the full and widespread diffusion of cell
therapies. MVs, recently classified by EMEA as advanced therapy
products, are then considered as drugs and likewise regulated.
However, in respect to intact stem cells, MVs provide the great
advantage of being produced in very large concentrations (unpub-
lished results) in highly homogenous preparations. At variance
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Figure 4. Rotary bioartificial liver device. (A) Photograph of the bioarticificial liver used in the experiments described in reference 56. (1) Gas supply:
0,,N,, CO, and pressure air, connected to flowmeter. (2) Pump, regulates media-circulation. (3) Heating device with power supply. (4) Tube system con-
taining bubble traps to avoid air bubbles entering in the circuit. (5) Oxygenator mediates gas flux to media circuit. (6) Chamber containing cells fixed
into the reactor’s rotation unit. (7) Reactor, housing for chamber and central unit of the rotary bioartificial liver provided by Fresenius Medical Care in
cooperation with the University of Innsbruck, Austria. (B) HLSCs are placed in the dialysate compartment followed by their proliferation and aggregate
formation around the hollow fibers (insert). HLSCs produce high concentratons of growth factors (e.g., HGF) that are reinfused into the venous line.
This makes the rotary bioartificial liver device a source of conditioned media capable of exerting important, hepatotropic effects, such as induction of
proliferation and inhibition of apoptosis.

with the originating stem cells, MVs can interact with the target  was established on the basis of several studies. The injection
cells and provide a one-hit stimulus. of LPS into the experimental animal and healthy human sub-

The pathogenesis of sepsis was initially described as an over-  jects reproduces the initial phase of bacterial infection.”” The
production of pro-inflammatory factors in the host. The concept  concept of sepsis as a simply pro-inflammatory event has been
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Table 2. Experimental models of acute and chronic liver injury: Effects of HLSCs and their MVs

Type of injury Model

Tissue Resection 70% Hepatectomy

portal vein

Human amniotic membrane-
derived MSC infusion in spleen

Toxic Hepatic Cirrhosis

Intraportal administration of
autologous bone marrow-derived

Chronic Liver Disease Hepatic Cirrhosis

CD133(+)

Decompensated

Chronic Liver Disease Liver Cirrhosis

Acute Liver Failure

Toxic (ALF)

and G-CSF

Toxic Liver Cirrhosis

Small-for-Size Liver

Transplantation (SFSLT) Lz Flzrreis

Tissue Resection 70% Hepatectomy

Intervention

Platelet-rich plasma infusion via

Human fetal liver-derived stem cells
infusion through hepatic artery

Pharmacologic mobilization of
endogenous HSCs and plerixafor

Rat CD14* monocytes injection via
the portal vein.

Intraportal implantation of the
human HGF (hHGF)-expressing
MSCs into liver grafts

Intravenous injection MVs derived
from HLSCs

Results Refs.
-Increased liver/body weight rat, the Ki-67 label-
ling index was higher in treated rats
- The Akt and ERK1/2 pathways were activated 78
earlier in treated rats. Platelet infusion did not
induce liver damage.

- Reduction of the hepatic fibrosis areas and
amelioration of the liver transaminases
ALT and AST 79
- Decrease of the hepatocyte apoptosis and pro-
motion of liver regeneration

- Safe and feasibible liver cell therapy, suggesting 80
a possible bridge to liver transplantation.
- Clinical and biochemical parameters

- 81
improvement

- 87% survival of mice after administration of
plerixafor and G-CSF following CCl4
- Decreased hepatic injury in animals treated with
plerixafor and G-CSF
- Increase in circulating HSCs in response to 82
plerixafor and G-CSF
- The infiltration of HSCs into the hepatic paren-
chyma after stem cell mobilization was
demonstrated with immunostaining.

- CD14* monocytes contribute to hepatocyte
regeneration and ECM remodeling in rat 83
liver cirrhosis

- The human HGF (hHGF)-expressing MSCs
significantly inhibited the formation of liver
fibrosis in rats undergoing SFSLT, probably due to
“synergistic effects of MSCs and HGF”

84

Activation of a proliferative program in remnant
hepatocytes by a horizontal transfer of specific 54
mRNA subsets that accelerate liver regeneration.

Abbreviations: ECM, extracellular matrix; G-CSF, granulocyte-colony stimulating factor; HGF, hepatocyte growth factor; HSCs, hematopoietic stem
cells; HLSCs, human adult liver stem cells; MSCs, mesenchymal stem cells; MVs, microvesicles.

subsequently challenged.’® In sepsis and SIRS, cell-associated
cytokines in peripheral blood mononuclear cells are decreased
along with the capacity of these cells to produce several cyto-
kines such as TNFa, 1L-10, IL-1B, IL-6, IL-10 and IL-12% but
not IL-1 receptor antagonist.® Terms such as monocyte deac-
tivation, immunoparalysis or, more simply, cell hyporespon-
siveness all indicate the inability of cells to respond ex vivo to
LPS stimuli, due to overproduction of anti-inflammatory cyto-
kines. Hyporesponsiveness is not only present in mononuclear
cells but it occurs in whole blood,® and it is associated with
increased plasma levels of IL-10 and prostaglandin E2, which
are potent inhibitors of the production of proinflammatory
cytokines.®? Adib-Conquy et al. demonstrated that, upon LPS
activation, peripheral mononuclear cells from patients with
SIRS show patterns of NFkB expression that resemble those
reported during LPS tolerance: global downregulation of NFkB
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in survivors of sepsis and trauma patients and the presence of
large amounts of the inactive homodimer in non-survivors of
sepsis. As shown in cancer, M Vs significantly modulate the bio-
logical activity of monocyte subsets with a pattern similar to
tumor cells. Therefore, tumor cell-derived MVs mimic the acti-
vating effect of tumor cells on monocytes as assessed by release
of cytokines, ROI and RNI. Likewise, in sepsis, we hypothetize
that MVs may have a pleiomorphic activity in the course of
sepsis. Initially, MVs may trigger and amplify the inflammatory
and coagulation loops. Endothelial microparticle levels in the
blood, microparticle binding to PMNLs and oxidative activ-
ity in PMNLs increased significantly in patients with severe
SIRS, as compared to the healthy controls.®® Whether and to
what extent MVs might participate in negatively modulating
the pro-inflammatory phase leading to immunoparalyis or cell
hyporesponsiness is, to date, unclear. It is conceivable that the
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identification of selected phenotypes expressed by MVs by spe-
cific diagnostics may show whether pro- or anti-inflammatory
MVs are predominant and change in response to therapy during
the course of the sepsis.®

The recent availability of diagnostics capable of quantifying
MVs of a specific cell origin could be useful for understanding
the cells/organs where injury is occurring. This approach will
overlap what has been done in oncology. The mRNA from
microvesicles is enriched and differentiated so to obtain a result
that is indicative of the condition of tissue or organ from which
the microvesicle originated.

In neoplastic diseases, these diagnostic tools could identify
and stage by differential analysis of one or more distinct miR-
NAs, optionally together, with identification and analysis of a
non-RNA component of the microvesicle (Microvesicle-Based
Compositions and Methods United States Patent Application
20100075315).

An increasing amount of evidence is being accrued on the role
of MVs in tumors. Tumor cells release large amount of MVs,
and the number of circulating M Vs is increased in patients with
cancer and correlates with poor prognosis.”” This may depend on
the pleyotropic effects of MVs. Thrombotic events are common
among different cancer types and stages. In this context, TF is
emerging as one of the main mediators involved in the hyperco-
agulability of cancer patients. MVs expressing TF have a central
role in triggering the coagulation cascade. It has been shown that
the majority of TF-bearing M Vs are of tumor origin.®® MVs may
also have a role in the formation of tumor niche, angiogenesis and
metastasis (reviewed in ref. 69).

Conclusions
The main function of MVs is signaling through specific interac-

tions with target cells and transferring gene products. Therefore,
they may participate in physiological and pathological processes.

Gaining further insights into the molecular specificity of MVs
may allow the identification of the cellular source and may pro-
vide new diagnostic tools. MVs have shown to protect from
acute renal and hepatic injury. MVs derived from stem cells may
reprogram altered functions in target cells suggesting that MVs
could be exploited in regenerative medicine to repair damaged
tissues. Furthermore, the role of MVs in various diseases (e.g.,
chronic inflammation, cardiovascular and renal diseases, patho-
logical pregnancy, tumors and sepsis) may make us consider the
other side of the coin. Novel therapies that selectively reduce M Vs
in body fluids may have in the future a beneficial effect on the
development and the severity of the disease. Many points require
further investigation: (1) the stimuli and the molecular path-
ways that regulate the assembly within MVs of the biologically
active molecules that they shuttle; (2) the stimuli that trigger
their release; (3) the surface receptors that may confer selective
specificity; (4) the full diagnostic potential of MVs in different
pathological conditions; (5) the strategy to inhibit formation or
to remove potentially harmful MVs from circulation; (6) the
therapeutic exploitation in regenerative medicine of MV ability
to modify the phenotype and function of target cells. The rec-
ognition of MVs has opened a new era, and new perspectives of
investigation are at the horizon.
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