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Summary
Background—Microparticles are submicrometer vesicles that contain RNA and protein derived
from their parent cells. Platelet and megakaryocyte microparticles represent 80% of circulating
microparticles, and their numbers are elevated in diseases such as cancer and type 2 diabetes. The
ability of microparticles to transport protein, lipid and RNA to target cells, as a means of
transcellular communication, remains poorly understood. Determining the influence that
microparticles have on circulating cells is essential for understanding their role in health and in
disease.

Objectives—To develop a novel approach to modify the composition of platelet microparticles,
and understand how such changes impact their transcellular communication.

Methods—This novel model utilizes a lentiviral technology to alter the transcription factor
peroxisome proliferator-activated receptor-γ (PPARγ) content of megakaryoblastic cell lines and
primary megakaryocytes, and also the protein composition of generated platelets and
microparticles. The subsequent microparticles were isolated and added to target cells for
assessment of uptake and resultant signaling events.

Results—We successfully engineered microparticles to contain green fluorescent protein and
elevated levels of PPARγ. We found that these altered microparticles could be internalized by the
monocytic cell line THP-1 and primary human microvascular endothelial cells. Importantly,
microparticle-delivered PPARγ was shown to increase the expression of fatty acid-binding protein
4 (FABP4), which is a known PPARγ target gene in THP-1 cells.
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Conclusion—This proof-of-concept modification of megakaryocyte, platelet and microparticle
composition and subsequent change in target cell physiology is an important new tool to address
transcellular communication of microparticles.
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Introduction
Circulating microparticles are submicrometer vesicles produced by activated vascular cells
such as platelets [1], megakaryocytes [2,3], endothelial cells [4], leukocytes, tumor cells [5],
and red blood cells [6]. Estimates of average microparticle counts range from the hundreds
of thousands to millions, or 5–50 ng of microparticles per microliter of human blood, with
platelet and megakaryocyte microparticles representing 80% of circulating microparticles
[7]. Many inflammatory conditions, such as type 2 diabetes [8], cancers [9] and
cardiovascular diseases [10], have been reported to involve elevated microparticle numbers.
Although the exact mechanism is not yet known, there are many examples of microparticles
being internalized, transferring their contents, and eliciting functional changes within target
cells [11].

Megakaryocytic cell lines have been widely used to study megakaryopoiesis and the
molecular mechanisms of platelet production [12–16]. Circulating human blood platelets can
be readily isolated and purified for study of their composition or functional changes in
response to treatments. We and others have observed that platelet microparticle composition
is dependent on the health of the subject (unpublished from our laboratory), the size class of
the microparticle [17], and the type of platelet activation by which they are formed [18].
However, there are no current working models for studying the compositional effects of
megakaryocyte-derived or platelet-derived microparticles on cells with which they may
interact. Here, we have developed a working platform to modify the composition of platelet
microparticles in order to study the function of microparticles. These modified micro-
particles are used in ‘transcellular’ (delivery from the microparticle-producing cell to a
recipient ‘target’ cell) experiments to better understand how microparticles interact and
functionally influence recipient cells.

Dami and Meg-01 cells are two cell lines of megakaryoblastic leukemic origin, and are
capable of spontaneously producing platelet-like particles [16,19] and, as we report here,
microparticles. The contents of these microparticles can be altered through transduction of
the parent megakaryocyte. These altered microparticles were used to investigate the
transcellular communication capacities of microparticles on recipient target cells.

Research design and methods
Cell culture

Meg-01 and THP-1 cells were obtained from American Type Culture Collection (ATCC,
Rockville, MD, USA), and cultured in RPMI-1640 (Invitrogen, Grand Island, NY, USA)
with 5% Hyclone heat-inactivated fetal bovine serum, which has undergone filtration
through rated filters of pore size 40–0.04 μm, thus removing microparticles (Thermo Fisher
Scientific, Waltham, MA, USA), 10 mM Hepes (Sigma-Aldrich Co., St Louis, MO, USA), 2
mML-glutamine (Invitrogen, Grand Island, NY, USA), 4.5 g L−1 glucose (Invitrogen, Grand
Island, NY, USA), and 50 μgmL−1 gentamicin (Invitrogen, Grand Island, NY, USA). Dami
cells were a generous gift from P. J. Simpson-Haidaris (University of Rochester), and were
cultured according to established conditions [19].
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Bone marrow was isolated from C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME,
USA), and red blood cells were removed by lysis. The remaining cells were cultured in
IMDM (Invitrogen, Grand Island, NY, USA) with 20% BIT 9500 (StemCell Technologies,
Vancouver, British Columbia, Canada), 1% penicillin/streptavidin (Invitrogen, Grand Island,
NY, USA), 100 ng mL−1 human stem cell factor and 50 ng mL−1 recombinant human
thrombopoietin (rhTPO) (R&D Systems, Minneapolis, MN, USA) for 2 days. Half of the
cells were subsequently transduced with a green fluorescent protein (GFP)-expressing
lentivirus at a transducing unit/cell concentration of 20 for 18 h in OPTIMEM (Invitrogen,
Grand Island, NY, USA) in the presence of 6 μgmL−1 polybrene (Sigma-Aldrich).
Lentivirus was removed from culture by centrifugation, and cells were incubated in IMDM,
20% BIT 9500, 1% penicillin/streptavidin and 100 ng mL−1 rhTPO for 4 days. Where
indicated, platelets were isolated by centrifugation, and activated with phorbol-12-
myristate-13-acetate (PMA) (Sigma-Aldrich). Cells were analyzed by flow cytometry using
the rat anti-mouse CD41–phycoerythrin antibody (BD Biosciences, San Jose, CA, USA) and
GFP fluorescence.

Primary human microvascular endothelial cells (HMVECs) from adult dermis were
purchased from Invitrogen (Carlsbad, CA, USA), and cultured as recommended.

Lentiviral production
Lentivirus was made and titered as previously described [20], and the megakaryocytic cell
lines used here had a high transduction efficiency, with a transduction unit/cell ratio of 20.

Microscopy
Live culture megakaryocytes were examined by phase-contrast microscopy with an
Olympus IX81 inverted microscope. Cytospun cells and adherent fixed cells were analyzed
on an Olympus BX51 light microscope (Olympus, Melville, NY, USA). Images were
captured and edited with SPOT RT 4.6 (Diagnostic Instruments Inc., New Hyde Park, NY,
USA). An FV1000 Olympus Laser Scanning Confocal Microscope (Olympus) was used to
capture confocal images, which were subsequently edited with Olympus FV1000 software.
Objective lens magnifications are indicated in the figure legends.

Western blotting
Western blotting was performed as previously described [21]. The primary antibodies used
for this work were as follows: rabbit anti-human peroxisome proliferator-activated receptor-
γ (PPARγ) (Cell Signaling Technology, Boston, MA, USA), mouse anti-Flag (Clonetech
Laboratories, Mountain View, CA, USA), mouse anti-human actin, and mouse anti-human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Calbiochem, Darmstadt, Germany).

Flow cytometry
Cells and microparticles were analyzed on the FACSCanto II, LSR II (BD Biosciences) or
Accuri C6 flow cytometer (BD Biosciences). Data were analyzed with FLOWJO software
(Treestar, Ashland, OR, USA).

Platelet production assay
Megakaryocytes (2 × 105) were plated and cultured with or without the synthetic PPARγ
agonist rosiglitazone (10 μM) (Cayman Chemical Company, Ann Arbor, MI, USA). Cells in
culture were collected, and directly analyzed at the indicated times by flow cytometry.
Platelet-like particles were characterized by size gating, and subgated on GFP-positive
events to differentiate intact platelet-like particles from debris or cytometer noise. GFP-
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positive platelet-like particle counts were normalized to total megakaryocytes to rule out
counting errors of initial megakaryocyte plating from the separate transduced cultures.

Microparticle generation from megakaryocyte cultures
In order to generate enough microparticles for subsequent experiments, a minimum of 100
mL of starting megakaryocyte cultures was plated at a density of 4 × 105 cells mL−1, and
grown for at least 3 days before beginning microparticle isolation by centrifugation (Table
1). When supernatants were transferred to new tubes, at least 1 mL of medium was Culture-
derived microparticles Platelet-derived microparticles left with the undisturbed pellet, to
ensure that pelleted cells were not transferred. All steps were performed at room
temperature, except where otherwise noted. For estimation of relative microparticle quantity,
total lysates of the microparticle pellets were measured with a detergent-compatible protein
assay kit (BioRad, Hercules, CA, USA). Beginning with the cell volume and density
described above, ~ 300 μg of total protein was measured from each culture-derived
microparticle preparation. This amount includes serum proteins that may have accumulated
with microparticles during the preparation step. Nevertheless, protein concentration was
used to standardize microparticle counts from different starting cultures.

Microparticle transfer of functional transcription factors
THP-1 cells (50 000 cells per well) were plated in a 96-well culture plate in a 30-μL
volume. Culture-derived microparticles were isolated as described in Table 1, resuspended,
quantified, and microparticles (20 μg of protein) were added to the THP-1 cells. Half of the
wells received the indicated doses of rosiglitazone, and half of the wells received the same
doses of rosiglitazone plus the PPARγ antagonist GW9662 (Cayman Chemical Company).
After 24 h, cells were lysed in QIAzol Lysis Reagent (Qiagen, Valencia, CA, USA), and
RNA was extracted and quantified. cDNA was synthesized with the iScript cDNA Synthesis
Kit (BioRad) for subsequent quantitative real-time PCR analysis via iQ SYBR Green
Supermix (BioRad). The primers used for PCR were as follows: fatty acid-binding protein 4
(FABP4), 5′-ACAGG AAAGTCAAGAGCACC-3′ and 5′-
AACTTCAGTCCAGGTCAACG-3′; and GAPDH, 5′-TGGGTGGAATCATAT
TGGAAC-3′and 5′-AGGTGAAGGTCGGAGTCAAC-3′.

Statistics
As indicated in the figure legends, one-way and two-way ANOVA analyses with the Tukey
and Bonferroni post tests, respectively, were performed with GraphPad PRISM (Graph-Pad,
La Jolla, CA, USA). Error bars depict standard error of the mean.

Results
In order to alter the protein composition of microparticles, we first modified the composition
of megakaryocytes, the parent cells of platelets and megakaryocytic-derived micro-particles.
Transduction with a lentiviral vector allowed permanent insertion of exogenous genes into
the host cell DNA. Using this technology in the megakaryoblastic cell lines Meg-01 and
Dami, we were able to generate an unlimited source of modified parent cells. A third
megakaryoblastic cell line, MO7e, was poorly transduced under the same conditions, and
was therefore not used for subsequent microparticle generation (data not shown). We
analyzed each transduction through GFP expression by flow cytometry (Fig. 1A), and only
used cultures that had a transduction efficiency of > 95% for subsequent experiments. The
transduction efficiency in Dami cells was slightly better, and Dami cells proliferated faster,
but produced fewer platelet-like particles, than Meg-01 cells (data not shown). Fluorescent
imaging demonstrated that GFP was present throughout the megakaryocytes, including
extended cytoplasmic processes (Fig. 1B), which have been previously characterized in the
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Meg-01 cell line and are similar to proplatelet extensions [15]. To determine whether
platelet-like particles and microparticles produced by the transduced megakaryocytes
contained GFP, we performed flow cytometry analysis of platelet-sized or microparticle-
sized events in culture. The flow cytometry gates used to measure the culture-derived
platelet-like particles and microparticles are of similar size and granularity to gates used to
identify platelets and microparticles from human platelet-rich plasma (Fig. S1).
Theserepresentativeresults show that 74% of platelet-like particles and 51% of
microparticles contained fluorescent GFP; however, these percentages may be
underestimated, as non-platelet or non-microparticle debris could be counted within the
GFP-negative populations (Fig. 1C).

For future applications, this approach of modifying platelet microparticles would be
desirable in a primary megakaryocyte system. As a proof of concept, we demonstrated that it
was possible to transduce primary mouse bone marrow cells, and used additional cytokines
to commit hematopoietic stem cells to the megakaryocytic lineage (represented by CD41+

cells). Megakaryocytes represented a large proportion of the transduced cells (Fig. 2A). We
analyzed the culture-derived platelet (unactivated) and microparticle-sized events by flow
cytometry, and showed they also contained GFP (Fig. 2B,C). We also showed that activated
platelets from transduced cultures could produce GFP-positive platelet microparticles (Fig.
2C). The transduction efficiency of mixed bone marrow cells is lower than in cell lines, and
these primary cells are also short-lived (< 2 weeks). Therefore, we chose to continue our
investigation of microparticle compositional modification in the Meg-01 and Dami cell line
models.

Cell cultures of megakaryoblastic cell lines spontaneously produce platelet-like particles and
microparticle-sized vesicles [16,19]. We therefore investigated two techniques for isolating
microparticles (Table 1). With the use of optimized serial centrifugation, cells and platelet-
like particles were removed from culture, and a final spin isolated culture-derived micro-
particles. These microparticles could conceivably be derived from megakaryocytes and
platelets within the culture. Alternatively, we developed a method that would generate
exclusively platelet-derived microparticles, whereby megakaryocytes are first removed by
centrifugation, and isolated platelet-like particles are subsequently pelleted and resuspended
in an activation buffer to generate fresh platelet-derived microparticles. Activated platelet-
like particles were removed before the microparticles were pelleted. Inevitably,
microparticles that were attached to cells or platelets within culture were removed in early
centrifugation steps, thus lowering the final yield (data not shown). However, this loss of
yield is necessary to obtain a unique microparticle pellet. Because of the relatively low
yields, most experiments began with 100 mL of megakaryocyte culture supernatant, to
produce 200 μL of concentrated microparticles for use in subsequent experiments. We
obtained higher quantities of culture-derived microparticles per original culture volume than
were obtained with platelet-derived microparticles (data not shown). Therefore, we used this
method of culture-derived microparticle isolation for subsequent experiments. We were
unable to obtain absolute counts of microparticles with current flow cytometry technology,
as the cytometers cannot accurately identify microparticles with a diameter of < 0.5 μm.
However, the size of the final micro-particle pellet and the total protein after lysis are
reproducible from the same starting megakaryocyte volume and culture density (300 μg; see
Research design and methods), and equal volumes and protein concentrations of
resuspended microparticles were used from parallel cultures in subsequent transcellular
experiments.

We next wanted to determine whether modified microparticles could interact with target
cells and be taken up. We began by using primary HMVECs as target cells, owing to their
known interaction with microparticles in vasculature [22]. Unlike HMVECs alone, GFP-
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positive microparticle-treated HMVECs exhibited GFP fluorescence (Fig. 3A). Both
punctate and diffuse areas of GFP fluorescence appeared within the cytoplasm of the target
cell. This is a similar pattern of uptake to that seen with fluorescently stained microparticles
derived from circulating blood platelets absorbed by adherent cells (Fig. S2). We have also
previously observed the absorption of platelet-derived microparticles by suspension THP-1
cells [23]. However, despite thorough washing of labeled microparticles, there was the
possibility of free dye integrating into the target cell to falsely display as a microparticle.
This caveat supports the advantage of having an internal fluorescent protein (GFP) as a
superior marker of the presence of microparticles in our model system. In order to determine
whether the GFP-positive microparticles were truly internalized, we examined fluorescence
with confocal microscopy. Although the HMVEC cytoplasmic area was spread very thinly,
stacked layers showed GFP within the cytoplasm (Fig. 3B). The fluorescent signal appeared
to be mostly punctate, but we cannot rule out the existence of a diffuse signal in the
cytoplasm, which would not be as bright, and therefore difficult to discern in the thin slice
images.

In addition to adherent cells, we were interested in the potential interaction of GFP-positive
microparticles with suspension cells, so we tested THP-1 monocytic cells, which are known
to interact with microparticles [22,23]. We found that THP-1 cells were able to take up GFP-
positive microparticles (Fig. 3C). PMA activation of THP-1 cells causes adherence to the
culture dish. These cells were also able to internalize GFP-positive microparticles (data not
shown).

GFP allows microparticles to be easily visualized, but we also wanted to modify the levels
of the anti-inflammatory, proadipogenic transcription factor PPARγ in microparticles, to
determine whether transcription factors delivered by micro-particles can initiate
transcription within a recipient cell. We began by transducing megakaryocyte cell lines as
before with the GFP lentivirus or a lentivirus expressing both GFP and Flag-tagged PPARγ.
Western blots were performed to assess PPARγ levels in megakaryocytes, platelet-like
particles, and microparticle lysates (Fig. 4). All blots showed high levels of the transcription
factor as compared with GFP controls, which express very low levels of PPARγ that were
not detected in the exposures.

Interestingly, the megakaryocytes that overexpressed PPARγ appeared to divide at a slower
rate than GFP-positive control megakaryocytes, causing the percentage of GFP-positive
cells in the culture to decrease over time, as the remaining < 5% non-transduced population
continued to proliferate normally (data not shown). For this reason, new transductions were
performed when the GFP-positive cells in the cultures were reduced to < 85%. Meg-01
cultures had to be freshly transduced more often than Dami cultures. We were interested in
identifying other effects of megakaryocytic overexpression of PPARγ, and were particularly
interested in platelet-related effects. Morphologically, the PPARγ-transduced
megakaryocytes had more cytoplasmic processes and potential platelet-producing
morphology in culture (Fig. 5A). With the addition of a synthetic PPARγ-specific agonist,
rosiglitazone, the morphology of the GFP-transduced culture remained similar to that of the
untreated control, whereas the PPARγ-transduced culture, again, had many visible
cytoplasmic processes (Fig. 5A). In order to investigate the observed morphologic changes,
we quantified GFP-positive platelet-like particles produced in cultures of untreated or
rosiglitazone-treated megakaryocytes via flow cytometry, which is an established method
for identifying platelet-like particles produced from megakaryoblastic cell lines [19].
Platelet-like particles accumulated over time in all conditions, but PPARγ-transduced
megakaryocytes produced more platelet-like particles than GFP controls (Fig. 5B). In
addition, only the PPARγ-transduced megakaryocytes were affected by the rosiglitazone
treatment, which resulted in significantly higher numbers of platelet-like particles at 72 h
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(Fig. 5C). The observed change in morphology correlated with increased platelet-like
particles, but further analyses would be needed to determine causality.

We next wanted to determine whether culture-derived microparticles could transfer the
overexpressed PPARγ to target cells, to potentially influence their function. We used the
THP-1 monocytic cells as target cells, because of their known interaction with
microparticles and their fundamental role in vascular inflammatory conditions, such as
atherosclerosis [22]. During the 24-h incubation, we added various doses of rosiglitazone to
activate any transferred PPARγ, and additionally blocked that activation by cotreatment
with rosiglitazone and 10 μM of the PPARγ-specific antagonist GW9662. To quantify the
effects of PPARγ transfer from microparticles and subsequent function after transfer, we
measured the mRNA levels of the PPARγ-specific target gene, FABP4,and normalized the
starting quantity levels with GAPDH mRNA levels. Next, the values of untreated cells (0
nM rosiglitazone) were subtracted from the normalized FABP4 mRNA values within the
same microparticle treatment group, to control for any direct transfer of RNA. Interestingly,
the level of FABP4 mRNA was increased in a dose-dependent manner after rosiglitazone
treatment in both the GFP-positive and PPARγ-overexpressing microparticle treatment
groups (Fig. 6A). However, the PPARγ-overexpressing microparticle-treated cells produced
significantly more FABP4 than the GFP-positive microparticle-treated cells at the 100 and
1000 nM rosiglitazone dosages. All increases in FABP4 mRNA were abolished by addition
of the antagonist GW9662 (Fig. 6B). Overall, this work supports the hypothesis that PPARγ
can successfully transfer from microparticles into target cells, and translocate to the nucleus
to modulate gene transcription in recipient cells.

Discussion
We present data to support the proof of concept that lentiviral transduction of
megakaryocytes alters the composition of daughter platelets and microparticles. This novel
platform technology will be important for future investigations that seek to uncover
mechanisms of microparticle uptake on target cells, as well as to uncover the influence of
microparticles on cells that internalize them. This is especially important for anucleate cells
such as platelets, which cannot be genetically manipulated with standard methods. We
thoroughly investigated two platelet-like particle-producing and microparticle-producing
megakaryocyte cell line models, Meg-01 and Dami, which were advantageous because of
their spontaneous generation of platelet-like particles, allowing them to provide a continuous
source of megakaryocyte-derived and platelet-derived micro-particles. We believe that the
generation of culture megakaryocyte-derived and platelet-derived microparticles could occur
spontaneously from quiescent cells, as previously described [2], or alternatively during
activation via pipetting-induced shear stress. The transduction of primary megakaryocytes
was also successful, revealing the versatility of our system for the study of megakaryocytes,
platelets, and microparticles.

Circulating microparticles in human blood are mostly thought to originate directly from
megakaryocytes rather than from activated platelets [3]; however, microparticle shedding
from quiescent platelets has not been studied. We speculate that our culture-derived
microparticles could originate from megakaryocytes, activated platelets, or quiescent
platelets, but the proportions of each are not yet known. Besides identifying their origin, we
plan to perform phenotypic and functional comparison tests of culture and blood
microparticles. These analyses, followed by further manipulations, may be pertinent in the
future to achieve a model that most closely mimics blood microparticles.

As demonstrated by flow cytometry and fluorescence microscopy, the modified
microparticles consisted of intact vesicles enclosing native and fluorescently excitable GFP.
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We have also shown that GFP-positive microparticles can be absorbed by target cells (Fig.
3). Images of target cells show both punctate and diffuse GFP fluorescence. We believe that
the punctate areas represent recently internalized intact micro-particles, or, in some cases,
groups of microparticles, and the more diffuse green fluorescence could be GFP from
internalized microparticles whose membranes have degraded, thus causing them to release
their contents into the cytoplasm. However, more mechanistic investigation is needed before
these interpretations can be supported. A recent study demonstrated that the uptake of
endothelial microparticles is annex-in I/phosphatidylserine receptor-dependent [24]. The
same mechanism may be used in the uptake of platelet-derived and megakaryocyte-derived
microparticles, as they are also positive for surface phosphatidylserine, but protein
interactions may also play a role, and further studies will be necessary to delineate the exact
process of uptake and mechanism of content transfer from microparticles into the target cell
cytoplasm. In the future, this platform technology could be used to provide the answers to
these fundamental questions.

The composition of circulating microparticles from person to person is inevitably different.
However, the influence of microparticle composition on maintaining a healthy vasculature,
or even in contributing to an inflamed vasculature, remains poorly understood and is under
active investigation. The hypothetical routes of communication of microparticles with target
cells include surface receptor-driven signal induction and transfer of contents such as
protein, RNA and lipids to influence internal signaling pathways [11]. However, little is
known about these processes, and these forms of microparticle communication were
previously difficult to study. Our new findings demonstrate that the microparticle-delivered
transcription factor PPARγ can enter and initiate transcription of the PPARγ target gene,
FABP4, within the recipient cell (Fig. 6A). Importantly, between the PPARγ-
overexpressing microparticle treatments, FABP4 mRNA increased with rosiglitazone
treatment, but not in the presence of the PPARγ antagonist GW9662 (Fig. 6B). This
indicates that microparticle-derived PPARγ was delivered to recipient cells and was able to
elicit transcription of its target genes, as this increase would only be possible if mRNA were
freshly synthesized from target cell genomic DNA. Interestingly, the GFP-positive
microparticles were also able to deliver functional PPARγ to the target cells (Fig. 6A). Our
laboratory has previously shown transfer of PPARγ from blood platelet-derived
microparticles to THP-1 cells [23]. However, the data presented here show, for the first
time, that target mRNA transcription is enhanced within the recipient cell when PPARγ is
delivered by microparticles. Additionally, these data show that the composition of the
microparticle (expression level of PPARγ) impacts the amount of mRNA that can be
transcribed.

The breakdown of the microparticle membrane would be crucial for internalized
microparticles to release their contents into the cytoplasm to act on machinery within the
target cell. This membrane breakdown has not been previously investigated, and will be a
crucial component of future investigations of transcellular communication. Overall, this
transfer of transcription factors from an altered microparticle to a target cell is of great
interest, and will serve as a unique platform with which to alter the levels of other influential
transcription factors or proteins found within circulating microparticles.

The frequency of microparticle absorption that occurs in the circulation is not known.
Microparticles may specifically be taken up by activated cells, e.g. by cells in inflamed
tissue, or may be continuously absorbed by the endothelium or white blood cells. The
microparticle composition would then determine the message sent to the target cell. In this
manner, microparticles may initiate an inflammatory or, conversely, a resolution response
within the target cell, or they may transmit a homeostatic signal to keep target cells in a
‘quiet’ state. In the condition of Scott syndrome, where phosphatidylserine externalization
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and microparticle shedding are greatly diminished, patients are predisposed to bleeding
complications [25]. In this case, the lack of microparticles could also decrease transcellular
communication in these patients, which could hinder vascular integrity and maintenance.
The overall importance of microparticles is evident in coagulation processes, but the extent
of their roles in the vasculature, particularly in transcellular communication, is only
beginning to be understood.

A second major finding is that overexpression of PPARγ by megakaryoblastic cells
increases platelet-like particle production. Although small amounts of PPARγ are present in
the control cells (data not shown), they were not significantly affected by the PPARγ-
specific agonist rosiglitazone. In this approach, we used a platelet-counting technique in
which GFP-positive platelet-like particles were easily distinguishable from the non-
fluorescent background debris detected by flow cytometers in this size range. This novel
platelet-counting method may be of interest for future thrombopoietic enhancement
investigations. Here, the cells overexpressing PPARγ were not only better platelet
producers, but were also able to respond to rosiglitazone through a further increase in
platelet-like particle production (Fig. 5). This effect, combined with the observed slower
growth rate than that of controls, could result from the ability of PPARγ to cause
differentiation in many cancer cell types [20], thus pushing the megakaryocytes through
thrombopoiesis and ultimately to death faster than their basal rate. The effect of PPARγ
overexpression in primary megakaryocytes was not investigated here; however, on the basis
of our cell line data, we predict that these cells would also produce more platelets. These
data demonstrate a new potential for future investigations into the role of PPARγ in
thrombopoiesis, and introduce the possibility of overexpression and activation of PPARγ as
a therapeutic strategy for the treatment of thrombocytopenia.

For the first time, we show here that: (i) microparticle composition can be manipulated; (ii)
transfer of microparticle-delivered transcription factors from platelet-derived and
megakaryocyte-derived microparticles to target cells is functional, as they translocate into
the nucleus, bind genomic DNA, and turn on specific target mRNA; and (iii) modification of
transcription factor levels within microparticles is reflected in the amount of target mRNA
that is transcribed within the recipient cell (Fig. 6). These exciting conclusions only begin to
reveal the capacities of microparticle transcellular communication. Further studies are
needed to better understand the kinetics and mechanisms integral to this mode of
transcellular signaling. Hereafter, this novel platform technology will provide a useful tool
with which to alter internal and/or surface microparticle composition that will aid in
investigations of how microparticles influence target cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Green fluorescent protein (GFP) lentiviral transduction of megakaryocytes results in GFP-
positive platelets and microparticles. (A) Two megakaryoblastic cell lines were transduced
with a GFP-expressing lentiviral vector. Unstained cells were analyzed by flow cytometry 1
week post-transduction, and GFP fluorescence is shown for untransduced (black line) and
GFP-transduced (green line) megakaryocytes. (B) Cytospun GFP-transduced Meg-01cells
were stained with the nuclear dye 4′,6diamidino-2-phenylindole (DAPI) (blue). From left to
right: the triple-merged DIC bright-field image, GFP fluorescence, and DAPI fluorescence;
× 40 objective. (C) Culture-derived platelet-like particles and microparticles were pre-gated
by size, and analyzed by flow cytometry for GFP fluorescence. Platelet-like particles and
microparticles derived from untransduced or GFP-transduced megakaryocyte cultures are
depicted with black and green lines, respectively.

SAHLER et al. Page 12

J Thromb Haemost. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Primary mouse megakaryocytes can be transduced, and generate green fluorescent protein
(GFP)-positive platelets and microparticles. (A) A mixed bone marrow culture was not
transduced (left) or was transduced with a GFP-expressing lentiviral vector (right). Cells
were stained with anti-mouse CD41–phycoerythrin (x-axis) and analyzed for GFP
fluorescence (y-axis). (B, C) Platelets and microparticles were analyzed directly from
culture (left), or platelets were isolated from culture and activated with phorbol-12-
myristate-13-acetate (right). Platelets and microparticles were first gated on size and CD41
positivity, and then analyzed for GFP expression. Graphs depict the mean fluorescence
intensity (MFI) of GFP from untransduced (white bars) and transduced cultures (black bars).
The data shown are from one representative experiment out of three independent
experiments that yielded similar results.
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Fig. 3.
Green fluorescent protein (GFP)-positive microparticles are taken up by target cells. (A)
Culture-derived microparticles were incubated with preseeded adherent human
microvascular endothelial cells (HMVECs) for 6 h. Chamber slides were thoroughly washed
before fixation, permeabilization, and 4′,6-diamidino-2-phenylindole (DAPI) staining
(blue). Representative examples of HMVECs that were not incubated with microparticles
(top) and GFP-positive microparticles (bottom) are displayed as merged GFP (green) and
DAPI images (left), and again with the fluorescence overlaying the DIC bright-field image
(right); × 40 objective, light microscope. (B) Representative image of confocal microscopy
of a GFP-positive microparticle-treated HMVEC. A magnified DIC and GFP merged image
of the stacked layers of the cell is shown (top). The horizontal white line shows where the
transverse z-stack image is shown below. The white arrow depicts GFP fluorescence within
the transverse image of the cytoplasm; × 60 objective, confocal microscope. (C) THP-1
suspension cells were used as other target cells to internalize microparticles. After the cells
had been incubated with GFP-positive microparticles for 6 h, they were thoroughly washed
before fixation and cytospin centrifugation, followed by Draq5 (red) nuclear staining.
Representative images showing GFP and nuclear stain fluorescence (left) are overlaid onto
the DIC bright-field image (right); × 40 objective, light microscope. MP, microparticle.
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Fig. 4.
Western blot analysis of peroxisome proliferator-activated receptor-γ (PPARγ)-transduced
megakaryocyte culture components. Meg-01 megakaryocytes were transduced with either a
control lentivirus (green fluorescent protein [GFP]) or a GFP/PPARγ-overexpressing
lentivirus (PPARγ). Fractionation of culture components was performed as described in
Table 1. Lysates of megakaryocytes (A), platelet-like particles (B), platelet-derived
microparticles (C) and culture-derived microparticles (D) were analyzed for protein
expression of Flag–PPARγ. Representative western blots were probed with anti-Flag (Flag–
PPARγ) or anti-PPARγ (PPARγ) antibodies, as well as actin or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody as the loading control.
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Fig 5.
Megakaryocytes that overexpress peroxisome proliferator-activated receptor-γ (PPARγ)
respond to rosiglitazone by increasing platelet production. (A) Live culture representative
images depict green fluorescent protein (GFP)-transduced (left) or PPARγ-transduced
(right) Meg-01 megakaryocytes. Cultures were left untreated (top) or treated with 10 μM
rosiglitazone. White arrows highlight cytoplasmic processes; × 40 objective. (B) GFP-
transduced (gray) or PPARγ-transduced (black) Dami megakaryocytes were untreated
(dashed line) or treated with 10 μM rosiglitazone (solid line) for the indicated times. GFP-
positive platelet-like particles were quantified with flow cytometry, and normalized to total
megakaryocytes. (C) Normalized platelet-like particle counts from 72-h cultures are plotted
and analyzed with a two-way ANOVA.***P < 0.001. NS, not significant; Rosi,
rosiglitazone.
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Fig. 6.
Modified microparticles can deliver functional peroxisome proliferator-activated receptor-γ
(PPARγ) to target cells. THP-1 cells were cultured for 24 h with no microparticles (No MP)
or Meg-01 culture-derived green fluorescent protein (GFP)-positive microparticles (GFP
MP) or PPARγ-overexpressing microparticles (PPARγ MP), in the presence of 0, 10, 100
or 1000 nM rosiglitazone alone (A), or with 10 μM GW9662 (B). Quantitative real-time
PCR of mRNA was performed, and starting quantities of fatty acid-binding protein 4
(FABP4) were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
then subtracted from the value for the 0 nM concentration of each microparticle treatment
group. Values were compared by use of two-way ANOVA and the Bonferroni post test. *P
< 0.05, ***P < 0.001, ****P < 0.0001. NS, not significant.
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Table 1

Two processes for the isolation of either culture-derived microparticles or platelet-derived microparticles

Culture-derived microparticles Platelet-derived microparticles

Megakaryocyte cultures Megakaryocyte cultures

↓ ↓

200 ×g, 15 min 200 ×g, 15 min

↓ ↓

Spin supernatant 1200 ×g, 10 min Spin supernatant 1200 ×g, 10 min

↓ ↓

Spin supernatant 3000 ×g, 15 min Resususpend platelet pellet in activation bu3er

↓ ↓

Spin supernatant 10 000 ×g, 60 min Activate for 30 min, 37 °C

↓ ↓

Resuspend microparticle pellet Spin 3000 ×g 15 min

↓ ↓

Add to ‘target’cells Spin supernatant 21 000 ×g, 30 min

↓

Resuspend microparticle pellet

↓

Add to ‘target’cells

Megakaryocyte and platelet origin Platelet origin

Higher yield per culture volume Low yield per culture volume

In order to generate enough microparticles for subsequent experiments, a minimum of 100 mL of starting megakaryocyte cultures was grown at

confluency (4 × 105 cells mL−1) for at least 3 days before beginning isolations by centrifugation. When supernatants were transferred to new
tubes, at least 1 mL of medium was left with the undisturbed pellet to ensure that pelleted cells were not transferred. All steps were performed at
room temperature, except where otherwise noted.
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