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Abstract
Cell phenotype alteration by cell-derived vesicles presents a new aspect for consideration of cell
fate. Accumulating data indicates that vesicles from many cells interact with or enter different
target cells from other tissues, altering their phenotype toward that of the cell releasing the
vesicles. Cells may be changed by direct interactions, transfer of cell surface receptors or
epigenetic reprogramming via transcriptional regulators. Induced epigenetic changes appear to be
stable and result in significant functional effects. These data force a reconsideration of the cellular
context in which transcription regulates the proliferative and differentiative fate of tissues and
suggests a highly plastic cellular system, which might underlay a relatively stable tissue system.
The capacity of marrow to convert to non-hematopoietic cells related to vesicle cross-
communication may underlie the phenomena of stem cell plasticity. Additionally, vesicles have
promise in the clinical arenas of disease biomarkers, tissue restoration and control of neoplastic
cell growth.
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2. Introduction
Molecular control of cellular differentiation and phenotype is well established, as is the
central role of transcription factors. However, the cellular context in which this regulation
takes place is less well established and concepts of the stability of cellular phenotypes may
have, in fact, confused the field. The capacity of microvesicle transfer to alter genetic cell
phenotype alters our perceptions of phenotype regulation and will be explored in depth here.
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3. Mechanisms of Cellular Conversion
The capacity of cells to change phenotype has been clearly demonstrated by studies of cell
fusion and nuclear transfer. Formation of heterokaryons by cell fusion showed that dormant
gene expression programs can be activated [1]. Cell fusion has also been invoked to explain
the phenotype shifts seen in experiments where bone marrow stem cells were transplanted
into lethally irradiated mice, so-called “stem cell plasticity” [2]. Nuclear transfer was also
established as another mode of dramatic alteration of cell phenotype, which in the extreme,
could lead to the formation of a whole animal [3–5]. Organ regeneration in newts and
salamanders has also been cited as examples of cellular fate change, although in these
instances, production of differentiated cells from rare stem cell populations was never ruled
out [6,7]. Studies have shown that induced expression of specific transcription factors
impacts function in different cell lineages as forced expression of MyoD results in myotube
formation in a fibroblast cell line [8]. When GATA-1 was ectopically expressed in
monocyte cell lines at high levels, erythroid and megakaryocytic lineage markers were
expressed and expression of PU.1 in an erythroid-megakaryocyte cell line induced a
monocytic phenotype [9]. Further work has shown that cross-antagonism between
transcription factors induces differentiation in specific cell lineages [9,10]. The temporal
sequence of transcription factor induction also has a clear effect on cellular differentiation
[11]. In addition, it is clear that exogenous cytokines can be involved in determining the
final transcriptional outcomes [12]. A lineage instructive function of cytokines has recently
been indicated by work with time-lapse microscopy on bipotent progenitors indicating that
myeloid cytokines are capable of influencing lineage choice [13]. Induced pluripotent stem
cells (IPS) represent an induced conversion of somatic cells into cells with profound
proliferative and differentiative capacity similar in many respects to embryonic stem cells.
The combination of Sox2, Oct4, Klf4 and Myc induces a transition from fibroblasts into
IPS-type cells, indicating a very impressive example of transcriptional transformation of
differentiated cells into stem-like cells. These observations have been extended to
differentiated cells, such as hepatic or islet β-cells. The reprogramming here occurs at a low
frequency and over a relatively long duration, suggesting that cell division may be required
for these conversions.

Thus, in summary, it would appear that conversion of one cell into another cell with a
different phenotype can be orchestrated by a variety of transcription factor transfers. This is
further modulated by the number of interacting transcription factors and the input of
exogenous regulators.

4. Stem Cell Plasticity
These concepts can be considered in the context of “stem cell plasticity.” This has been a
controversial area with much discussion about the necessity for robustness, clonality and the
role of cell fusion [2]. This area of study has led us to insights into the role of microvesicles
in cell fate determination. Many studies have documented that after marrow transplantation
in mice and, in some instances in humans, pulmonary epithelial cells are seen which carry
markers of the donor marrow [14–33]. In many of the murine studies, donor marrow was
marked with green-fluorescent protein (GFP). Alternatively, investigators have identified
donor marrow cells by fluorescence in situ hybridization (FISH) for the Y chromosome in
gender-mismatched transplant studies. Similar results have been seen with many other
tissues. We found that there was a wide range of donor marrow-derived lung cells, from
approximately 1–20 %, when GFP positive murine marrow was engrafted into GFP negative
irradiated host mice [14]. Host irradiation was a prerequisite for conversion events and
events were increased if the host mice were treated with granulocyte colony-stimulating
factor [14]. Further studies showed that pulmonary epithelial conversion of marrow cells
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exposed to cytokines in vitro was markedly different at different phases of cell cycle of the
infused cells [34]. These studies led to studies of the mechanisms underlying marrow cell
conversions to pulmonary epithelial cell phenotypes. We incubated normal or irradiated lung
fragments opposite murine marrow cells, but separated from them by a cell-impermeable
(0.4 micron) membrane and then assessed the marrow cells for expression of pulmonary
epithelial cell-specific mRNA (surfactants A–D, clara cell specific protein and Aquaporin-5)
after 2 or 7 days of co-culture [35]. We found reproducible and marked elevations of
pulmonary cell-specific mRNA in marrow cells under these conditions. If cell-free lung
conditioned media was incubated with marrow cells, similar results were obtained. When
the conditioned media was ultracentrifuged (28,000 or 100,000 g), the inducing activity was
found in the ultracentrifuged pellet, which contained large numbers of vesicles as
demonstrated by electron microscopy. These vesicles were capable of entering marrow cells
in culture and induced expression of lung-specific mRNA and protein in these marrow cells.
Further work showed cells exposed to lung-derived vesicles in cultured were superior to
non-co-cultured cells in their ability to convert to pulmonary epithelial cells after
transplantation. These initial studies indicated that lung-derived vesicles could induce
genetic and functional pulmonary epithelial characteristics in murine marrow cells and
might underlie the phenomena of “stem cell plasticity” (figure 1).

5. Cell-Derived Vesicles
5.1 Basic Definitions and Characteristics

Cell-derived vesicles are spherical structures bound by a lipid bilayer which is similar in
composition to the cell membrane from which the vesicle was derived. Their contents
include a variety of cytoplasmic elements which is also a reflection of their cell of origin.
Consequently, as vesicles are released into the extracellular compartment, other cells are
exposed to these membrane and cytoplasmic elements. Vesicles were first described to be
present in the human circulatory system over 40 years ago [36] and subsequent reports have
helped to elucidate the biological significance of these intriguing particles.

In the literature, generic terms have often been used to describe cell-derived vesicles,
including “microparticles”. However, it is clear that they represent a heterogeneous
population of discrete entities which include exosomes [37], microvesicles [38], ectosomes
[39], membrane particles [40], exosome-like vesicles [41] and apoptotic vesicles [42]. Each
population has its own panel of phenotypic and functional characteristics and is generated by
different mechanisms. Microvesicles are created by direct budding of the plasma membrane
into the extracellular space [43]. Conversely, exosomes are formed via endocytosis,
resulting in the sequestration of plasma membrane proteins and ligands. As endocytic
vesicles fuse to form early endosomes and invaginate to form multivesicular bodies,
cytoplasmic components are incorporated into exosomes. Exosomes are eventually released
into the extracellular space by fusion of multivesicular bodies to the plasma membrane [38].
Vesicles populations have been described to be of different size ranges, with exosome-like
vesicles are (20–50nm in diameter) on one end of the spectrum [44] to microvesicles (up to
1um in diameter) on the other end. Different classes of proteins can be found in different
populations of vesicles including histones in apoptotic vesicles [45] and tetraspanins, which
include CD9, CD63 and CD81 in exosomes [46]. As the density of vesicles can differ,
sedimentation of vesicles by ultracentrifugation of cell-free media or plasma is achieved at
different speeds; ectosomes [47], membrane particles [48], exosomes [49] and exosome-like
vesicles [44] all require 100,000g or greater whereas apoptotic vesicles [50] and
microvesicles [45] can be isolated by ultracentrifugation at 10,000g. Although different
fixatives can alter the appearance of vesicles, exosomes have been described to have a cup-
shaped appearance by transmission electron microscopy, while other vesicle populations
have different morphologies [45].
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An ever-expanding list of cells has been described to be sources of vesicles. Numerous types
of hematopoietic cells, including platelets [51], megakaryocytes [52], monocytes [53],
neutrophils, B and T lymphocytes [54,55], reticulocytes [56] and mast cells [57]. Various
stem/progenitor cell populations create vesicles, including embryonic stem cells [58] and
endothelial progenitor cells [59,60] as do tumors, both as cell lines in vitro [51] and in vivo
[61,62]. More recent reports describe vesicles being generated by epithelial and endothelial
[63] surfaces of non-hematopoietic organs, including the pulmonary epithelium [35].
Vesicle release is mediated by a variety of different mechanisms. For example,
microvesicles and ectosomes are released in response to increases in intracellular calcium,
which may be cell surface receptor-mediated [40,53,64] and results in plasma membrane
remodeling and vesicle shedding. Exosomes may be released by processes that are
independent of changes in intracellular calcium but are still in response to activation of
various cell surface receptors. Exosomes have also been described to be released
spontaneously under certain circumstances, as is the case with many tumor cell lines [51],
and Epstein Barr Virus (EBV)-infected B lymphocytes [65]. Cellular stress and injury,
including radiation [35,66], can also stimulate the release of many different types of
vesicles.

Vesicle content varies depending on the vesicle type and cell of origin and has been
demonstrated to be delivered to target cells both in vitro and in vivo. Contents include
genetic material such as DNA [67], mRNA [35,51,59] and, in more recent reports,
microRNA [35,68]. In some instances, investigators have reported that the genetic
information carried by vesicles represents specific subsets rather than a random assortment.
Deregibus and colleagues [59] identified that mRNA transcripts associated with the
phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway were contained within
endothelial progenitor cell-derived microvesicles. We have shown that murine brain, liver
and heart tissue induce tissue specific expression of mRNAs in target marrow cells (35).
Similarly, specific classes of proteins have been found in certain vesicle populations.
Among the hundreds of proteins found within exosomes derived from various cells include
cytoskeletal, membrane trafficking, chaperone and signaling and T cell-stimulating proteins
[45].

Jin and colleagues [69] determined the whole proteomic profile of plasma-derived
microvesicles from healthy human donors. After isolation by ultracentrifugation at
250,000xg and flow cytometry analysis, proteins from microvesicles were separated by 2D-
electrphoresis and identified by MALDI TOF/TOF, they identified 83 proteins out of 169
spots. Banfi and colleagues [70] analyzed the proteome of endothelial cell-derived
procoagulant microvesicles. They identified approximately 80 cellular proteins, including
cytoskeletal proteins, chaperonins, nucleosomal proteins, enzymes, annexins and proteins
involved in folding and signaling. Annexins had previously been described as a category of
proteins associated with microvesicles [71]. The microvesicle proteome also reflects the
mechanism of particle formation, which explains the presence of cytoplasmic metabolic
enzymes. Garcia and colleagues [72] analyzed the platelet-derived microvesicle proteome.
They identified 578 proteins, 10% of which were plasma membrane proteins. However, the
majority of proteins (48%) are normally located in the cytoplasm. Miguet and colleagues
[71] reported on a thorough proteomic analysis of malignant lymphocyte membrane
microparticles. They identified 390 proteins, 131 (34%) belonging to the plasma membrane
proteins and 216 (54%) being cytoplasmic proteins. The composition of vesicles is
dependent on the cell from which they originate and proteomic studies may allow the
determination of different protein expression in different cell types [71]. In the case of tumor
or other malignancies, they may carry their proteomic “signature” from the affected site into
the blood stream or other body fluids [73,74]. In a recent study, Cho and colleagues [75]
demonstrated that –MS/MS combined with isotope-coded affinity tag (ICAT) labeling
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technique enables quantitative analysis of paired microvesicle samples. This method was
applied to investigate differences in proteome between microvesicles generated from
platelets and those isolated from plasma.

Vesicle-based surface receptors, including CXCR4 [76] and epidermal growth factor
receptor (EGFR) [77], have also been shown to be found in vesicles and can be transferred
to target cells. In addition, vesicles may function as vehicles for the transfer of infectious
agents like the Human Immunodeficiency Virus (HIV) [78] and prions [79]. Vesicle uptake
into target cells is not well-established for all populations of vesicles. Mechanisms may
include direct fusion with the recipient plasma membrane, leading to incorporation of
transferred membrane elements into the recipient plasma membrane and deposition of
vesicle contents into the recipient cytoplasm. Vesicles may be consumed by non-receptor-
mediated internalization and fusion with a recipient cell endosome. Alternatively, vesicles
by be internalized as a result of specific receptor-ligand interactions. These include target
cell binding with vesicle-based phosphatidylserine [80], milk fat globule epidermal growth
factor 8 protein (MFGE8) [46], β1 and β2 integrins [81] and ICAM-1 [82].

Several different vesicle isolation techniques have been described in the literature. Most
begin with centrifugation to create cell free-media or cell and platelet-free serum.
Supernatants are then ultracentrifuged at variable speeds creating a pellet which is enriched
with vesicles. This pellet is then studied without any further processing or used as starting
material for generating more purified populations of vesicles. In our lab, pellets generated by
ultracentrifugation at 100,000g are labeled with the red-fluorescent cell membrane dye
PKH26 and the green-fluorescent dye cell cytoplasm dye CFSE. All red/green fluorescent
events, representing entities with both cell membrane and cytoplasm, are collected by flow
cytometry [35]. Protocols as such are likely to result in preparations enriched with different
vesicle populations, including exosomes and microvesicles. Specific vesicle populations,
such as exosomes, have been isolated by others using sucrose gradient separations [83].
Investigators have also studied vesicle preparations enriched with certain surface epitopes
using various fluorescent antibodies and selection by flow cytometry [84]. Others have used
magnetic activated cell sorting (MACS) procedures to isolate specific populations of
vesicles also based on the presence of certain surface epitiopes [61]. Depending on the speed
of ultracentrifugation, these techniques are likely yield preparations with different vesicle
populations that share a common surface epitope. In addition, storage of vesicles may
further modify the nature of isolated populations. In one study, endothelial cell-derived
vesicles isolated from human peripheral blood were stored at different temperatures. Here,
investigators found that storage at −80°C increased the number of CD31+/CD42b+ and
CD62E+ vesicles whereas CD144+ decreased in number under these conditions [85].

It is clear that cell-derived vesicle populations are inherently heterogeneous, as the literature
is replete with studies using different vesicles populations, isolated and quantified using
different protocols and that have been enriched with different phenotypic characteristics.
Vesicles have been isolated from many different cell types and their functional impact has
been studied under a variety of experimental conditions using different target cell
populations. These observations highlight the importance of careful interpretation and
avoiding generalizations when evaluating the biological relevance of certain vesicles.

5.2 Transfer of Cellular Phenotype
The biological significance of cell-derived vesicles remained largely overlooked until recent
years, but now there is growing evidence that these entities may be important mediators of
cell-to cell communication. Their interactions with target cells appear to directly impact
phenotypic and functional characteristics of these cells and may do so by a variety of
mechanisms. This may be accomplished by direct stimulation of target cells with vesicle-
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based growth factors or bioactive lipids, the transfer of a variety of membrane surface
receptors, epigenetic reprogramming by transfer of genetic material and/or protein based
transcription factors or the transfer of infectious particles [86].

Embryonic stem cell-derived microvesicles have been reported to reprogram hematopoietic
stem/progenitor cells via the horizontal transfer of mRNA and protein [43]. Similarly,
tumor-derived microvesicles have been shown to carry several surface determinants and
mRNA and to transfer some of these determinants to monocytes [42]. Apoptotic bodies from
irradiated EBV-carrying cell lines have been seen to transfer DNA to a variety of co-
cultured cells and integrated, but not episomal, copies of EBV resulted in expression of the
EBV-encoded genes EBER and EBNAI in recipient cells at high copy number [52]. Extracts
from T lymphocytes containing transcription factor complexes can induce fibroblasts to
express lymphoid genes [55]. In addition, microvesicles derived from endothelial progenitor
cells can induce a vascular phenotype both in vitro and in vivo through delivery of
microvesicles [59]. Recently, Prokopi and colleagues have published that the previously-
described endothelial progenitor cell may represent mononuclear cells which have
consumed platelet-derived microvesicles [60]. Cell fate change by vesicle interactions are
summarized in Table 1

Overall, cell-derived vesicles appear to play a significant role in determination of cellular
phenotype especially in the context of cellular injury. The mechanism of the induced genetic
phenotype switch in our lung-to-marrow experiments [35] was initially felt to be due to the
direct transfer of lung-derived mRNA in microvesicles. However, it was determined that
message expression lasted out to three weeks and degradation of the transferred mRNA
would be considered likely over this interval of time. Experiments were carried out where
rat lung was cultured opposite mouse marrow and Surfactant B and C mRNA determined
using primers specific for either rat or mouse surfactant mRNA. We found that after 7 days
of co-culture there were high and relatively equal levels of both rat and mouse surfactant
mRNA, indicating that there had been both direct transfer of mRNA and also transfer of a
transcriptional activator, presumably a protein (35). Furthermore, recent studies has
indicated that in vitro expression of lung-specific mRNA persists out to at least 12 weeks on
in vitro cytokine culture and out to 6 weeks in marrow after marrow transplantation, the
furthest time point accessed. These data indicate that the microvesicle genetic phenotype
shift is relatively stable over time speaking to the potential biologic significance of such cell
fate modulations.

Cell-derived vesicles appear capable of transferring the essential genetic phenotype of one
cell to another. This immediately suggests a cellular system in which the cellular
transcriptional machinery is shuttled from one cell to another, prompted at least in past by
cellular injury. Thus, while cellular populations may be relatively stable there may be a
continuing flux of cellular phenotypes to maintain that stability. Transcriptional regulation is
then a key determinant of the phenotype of a particular cell, but may shift between different
cell types. This indicates that while the models of transcriptional regulation for certain cell
lineages have been well defined, the context in which they operate is not a single stable cell
population but rather a population of cells which continues to change fate and phenotype.
This concept is present in figure 2.

5.3 Cell-Derived Vesicles and Human Disease
Cell-derived vesicles can be isolated from the peripheral blood of healthy humans. However,
elevated levels of certain populations of vesicles have been detected in the setting of a
variety of disease states [87]. For example, elevated levels of platelet-derived vesicles,
which are believed to play a role in thrombosis, are found in patients with diseases
associated with thrombosis, including cerebrovascular [88] and cardiovascular [89,90]
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disease. They are also found in patients with risk factors for developing cardiovascular
disease, including hypertension [91], diabetes mellitus [92], obesity [93] and
hypercholesterolemia [94]. Although it is not known precisely how vesicles contribute to the
pathogenesis of these diseases, they are believed to activate the coagulation cascade by
providing a source of phosphatidyl serine. This is supported by the work of Nieuwland and
colleagues [95], who reported that plasma-derived vesicles isolated from patients with
meningococcal sepsis complicated by disseminated intravascular coagulation (DIC), induced
thrombin formation in vitro. Tumor cells shed greater quantities of vesicles and this can be
detected in patients with a variety of cancers, including ovarian [96,97], prostate [98] and
gastric cancers [99]. Elevated levels of vesicles are found in patients with chronic
inflammatory diseases, including rheumatoid arthritis, where they may participate in the
pathogenesis of this disease not only as a procoagulant but also as a chemoattractant
molecule and inflammatory mediator [100].

One clinical application that has been suggested based on these observations is to use
circulating vesicles as a disease biomarker. Amabile and colleagues [84] isolated peripheral
blood vesicles from 44 patients with end stage renal disease and found that higher levels of
endothelial cell-derived vesicles (CD31+/CD41− or CD144+) correlated with vascular
dysfunction, as evidenced by greater impairment of brachial artery flow-mediated dilation.
Circulating levels of platelet (CD31+/CD41+) and red blood cell (CD235a)-derived vesicles
did not have the same correlation. Others have shown that in patients with pulmonary
hypertension, circulating levels of endothelial cell (CD31+ or VE-cadherin+)-derived
vesicles correlated with hemodynamic severity of the disease, whereas other populations
(CD45+, E-cadherin+, annexin V+) did not [101]. Studies as such could be used as the basis
for developing a non-invasive assay to stage a disease and provide prognostic information.
Similarly, Taylor and colleagues [61] reported that there were higher numbers of circulating
exosomes found in patients with ovarian cancer compared with patients with benign ovarian
disease and healthy controls. Higher numbers of circulating exosomes also appeared to
correlate with more advanced stages of ovarian cancer. In addition, eight microRNA species
isolated from ovarian cancer tumor cells were also found in circulating exosomes of patients
with ovarian cancer but not in patients with benign ovarian disease and healthy controls.
One could envision the development of a screening assay to detect early stages of cancer in
patients who are considered to be at high risk of developing certain cancers.

There is a limited but growing number reports in the literature demonstrating that certain
vesicle populations can alter disease phenotype in clinically-relevant animal models.
Endothelial apoptotic bodies isolated from human umbilical vein endothelial cells (HUVEC)
and human atherosclerotic plaques were found to stimulate the recruitment of bone marrow-
derived progenitor cells to atherosclerotic lesions in a mouse model which, in turn,
participated in the attenuation of these lesions [102]. Progenitor cell recruitment was
believed to be mediated by vesicle-mediated delivery of miR126 to vascular endothelial
cells leading to the upregulation of CXCL12. Human platelet (CD41+)-derived vesicles not
only promoted angiogenesis using bovine aortic endothelial cells in Matrigel, but also lead
to an increase in the number of capillaries after direct injection into infracted rat
myocardium [103]. These findings suggest potential cell-derived vesicle-based approaches
for tissue repair. It is also important to consider that not all vesicle populations may impart a
beneficial phenotype. Microvesicles produced from various human cancer cell lines,
including A431, were found to contain epidermal growth factor receptor (EGFR) [104].
EGFR can be transferred to HUVECs in vitro, and elicit EGFR-dependent responses via
activation of MAPK and Akt pathways. A431 xenografts in SCID mice treated diannexin,
which blocks microvesicular production, lead to a decrease EGFR-dependent responses, and
resulted in reduced tumor angiogenesis and growth. These findings suggest that impairing
vesicle genesis may attenuate unwanted or harmful angiogenesis.
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5.4 A New Stem Cell Biology
We have developed a model of stem cell biology in which marrow stem cells are on a
continuum of change. Our data indicates that long-term renewal marrow stem cells are a
cycling population of cells and thus of necessity are always changing. We have shown that
marrow stem cell in vivo engraftment, homing in vitro differentiation, gene expression and
in vivo conversion to lung cells all reversibly vary with cell cycle phase. Thus the potential
of marrow stem cells is continually changing with cell cycle and will be further modulated
by cell-derived vesicle interactions delivering transcriptional packages. This presents an
extraordinarily flexible model of stem cell biology in which virtually any cell, given the
appropriate phase of cell cycle and vesicle modulation, could become a stem cell.
Obviously, such events would be further influenced by exogenous environmental stimuli.
This model is summarized in figure 3

6. Conclusions
Cell-derived vesicles have the capacity to alter the cell phenotype and fate of other different
cell populations. This has been demonstrated with many different cell and tissue
combinations and the evolution of vesicles is enhanced by different cellular injuries. A
major type of phenotype change appears to be due to modulation of transcription with stable
epigenetic changes. There is great potential for vesicle modulation in areas of tissue
restoration or neoplastic cell growth. In addition, cell-derived vesicles may provide a
relevant biomarker in different diseases.
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Figure 1. Cell-derived vesicles and “stem cell plasticity”
Vesicle release from a pulmonary epithelial cell (blue cell) is augmented by cellular injury.
Vesicles are consumed by a marrow-derived stem cell (yellow cell) which later assumes
phenotypic and functional characteristics of a pulmonary epithelial cell.
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Figure 2. Vesicle-induced epigenetic alteration
Cell-derived vesicles appear capable of transferring the essential genetic phenotype of one
cell to another. They may do so by a variety of mechanisms, including the transfer of
mRNA, microRNA and protein-based transcription factors, which results in epigenetic
alteration of target cells.
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Figure 3. A model of stem cell biology
In this model, virtually any cell, given the appropriate phase of cell cycle and external
influence, including interactions with cell-derived vesicles, could become a stem cell.
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Table 1

Cell fate change induced by microvesicles

Cell of origin Target cell*

Lung Marrow

Brain Marrow

Heart Marrow

T lymphocyte Fibroblast

Platelet Monocyte

Tumor cell Monocyte

Embryonic stem cells Hematopoietic progenitor cells

*
Target cell with altered characteristics towards that of the cell of origin

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 September 30.


