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Abstract: Background: Human cytomegalovirus (HCMV) is a frequent life-threatening infection of immunocompro-
mised individuals. A commonly observed clinical manifestation of active HCMV infection in these patients is throm-
bocytopenia. Clinical and laboratory evidence suggest that megakaryocytes are a target of HCMV infection, and
that HCMV may actively suppress megakaryopoiesis contributing to loss of platelets. A mechanism for how HCMV
impacts megakaryopoiesis has yet to be uncovered. Results: We found that HCMV infection impaired differentiation
and proliferation of a cell line that is similar to megakaryocyte progenitor cells. Importantly, in this infection system,
we observed a decrease in ¢c-Mpl expression and induction of apoptosis by the mitochondrial-mediated intrinsic
pathway. Furthermore, thrombopoietin treatment prevented HCV-induced apoptosis. Conclusions: Here, we have
shown that HCMV inhibited megakaryocyte differentiation and proliferation with reduction in the c-Mpl positive cell
population. HCMV also induced megakaryocyte apoptosis through the mitochondria-mediated intrinsic pathway.
Therefore, HCMV induced thrombocytopenia is the consequence of interference with multiple processes during
megakaryopoiesis.
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Introduction genital infection in newborns. Systemic HCMV
infection in immunocompetent individuals have
Human cytomegalovirus (HCMV), a member of also been reported recently [2].
the beta-herpesvirus family, is one of the most
common pathogens worldwide. Approximately
50 to 100% of adults are seropositive, which
indicates exposure to HCMV infection at an
early age [1]. The virus maintains a life-long
presence due to its ability to establish a latent
infection with the potential to reactivate. Alth-
ough HCMV primary or reactivated infection is
mostly asymptomatic or mild in immunocompe-
tent individuals, it may lead to fatal complica-

tions in immunocompromised persons, such as

Thrombocytopenia is a regular hematologic pre-
sentation of active HCMV infection, especially
in allogeneic HSCT recipients and newborns
with congenital HCMV infection [3-6]. Large-
scale clinical observation of autologous stem
cell transplantation demonstrated that HCMV
infection was one of two significant risk factors
associated with the secondary failure of plate-
let engraftment [7] and persistent thrombocy-
topenia [8, 9]. Antiviral treatments, such as ga-
nciclovir, have been shown to improve recovery

allogeneic hematopoietic stem cell transplant
(HSCT) or solid-organ transplant recipients and
AIDS patients. It is also a major cause of con-

of peripheral platelet count in these patients,
highlighting the relationship between thrombo-
cytopenia and HCMV infection [6, 8].


http://www.ijcep.com

HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

Circulating platelets come from mature mega-
karyocytes, which are differentiated cells of
myeloid lineage found primarily in the bone
marrow. HCMV establishes latent infection in
myeloid progenitors, and the viral genome is
maintained through differentiation. These cells
serve as the reservoir for viral latency and as
vehicles for viral dissemination [10-12]. Several
observations suggest that inhibition of mega-
karyopoiesis accounts for HCMV-induced th-
rombocytopenia. In patients with congenital
HCMYV infection, examinations of bone marrow
revealed a decreased number of megakaryo-
cytes [5]. Hematopoietic proliferation was inhi-
bited by HCMV infection in some studies, reduc-
ing the number of mature megakaryocytes
and, therefore, platelets [13-16]. Furthermore,
increasing clinical and laboratory evidence sug-
gests that mature megakaryocytes are also
susceptible to HCMV infection. Typical cytopa-
thy of HCMV infection, such as intra-nuclear
inclusion bodies, was found in megakaryocytes
from newborns with congenital HCMV infection
[17]. Viral DNA and gene expression were
detected in megakaryocytes after challenge
with HCMV in vitro [18, 19].

The underlying mechanistic events of HCMV-
induced inhibition of megakaryopoiesis remain
uncertain. Multiple steps are involved in mega-
karyocytic development and platelet produc-
tion and each step could potentially be affected
by HCMV. Most studies examining the effect of
HCMV on megakaryocytes look at inhibition of
proliferation, and do not focus on effects on dif-
ferentiation or maturation processes. Preced-
ent for HCMV interference with differentiation
has been set in neural models of HCMV infec-
tion where the virus inhibits proliferation, differ-
entiation, and maturation of neural stem and
progenitor cells. In the present study, we
explore the impact of HCMV infection on differ-
entiation, proliferation, and survival of two
megakaryocytic cell lines.

Materials and methods
Cells and culture conditions

Human megakaryoblastic cell line CHRF-288-
11 was derived from a metastatic acute mega-
karyoblastic leukemia. M-07e is a human me-
gakaryoblastic cell line [20], also from a leuke-
mia, that is dependent on interleukin-3 or gran-
ulocyte macrophage colony-stimulating factor
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for growth [21]. Both cell lines were obtained
from the American Type Culture Collection
(Manassas, VA, USA).

CHRF-288-11 cells were cultured as suspen-
sion in Iscove’s modified Dulbecco’s medium
(IMDM; GIBCO, Invitrogen, Grand Island, NY,
USA) supplemented with 10% fetal bovine
serum (HyClone, Logan, UT, USA) at 37°C in a
humidified incubator with 5% carbon dioxide.
Passage was done with fresh medium every 3
to 5 days. Granulocyte Macrophage-Colony Sti-
mulating Factor (GM-CSF, 10 ng/ml; Peprotech,
NJ, USA) was added to the culture medium for
M-07e, while other conditions were similar to
those for CHRF-288-11 [22].

Virus and infection

Human cytomegalovirus strain AD169 (4x10*
TCID,/ml) was used for all infections, and it
was obtained from the Virology Laboratory at
the Department of Microbiology, Xiang-Ya Uni-
versity, Hunan province, P.R. China. Inactivated
HCMV was prepared by exposure of virus stock
to ultraviolet (UV) light (Sylvania, G30W, Japan)
at a distance of 15-20 cm for 30 minutes [23].

Differentiation of megakaryocytes and the en-
domitosis assay

Megakaryocyte cultures were seeded at 4x103
cells/mL in a 10-ml culture of growth medium
supplemented with PMA (10 ng/ml dissolved in
DMSO; Sigma-Aldrich, Saint Louis, MO, USA)
and the indicated MOI of HCMV. Culture medi-
um with PMA was refreshed every three days.
At the indicated time points, cell morphology
was determined by in situ Leishman’s staining
or cells were collected by treatment with 0.25%
trypsin for the endomitosis assay. A parallel
culture supplemented with dimethylsulfoxide
(DMSO, 0.02% v/v; Sigma-Aldrich, Saint Louis,
MO, USA) was used as vehicle control.

To visualize endomitosis, DNA content of indi-
vidual cells was determined. Cells were fixed
and permeabilized in 70% ethanol in phosphate
buffered saline (PBS) at -20°C overnight and
stored at -20°C for up to one week [24]. After
washing with PBS, cells were stained with prop-
idium iodide (PI, 0.04 mg/ml; Sigma-Aldrich,
Saint Louis, MO, USA) in PBS for 30 minutes at
37°C. DNA content was measured by flow
cytometry (EPICS Elite ESP, Beckman-Coulter,
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Virgin Islands, USA) and analyzed with WinMDI
software (version 2.9; Joseph Trotter). Histo-
grams of DNA content show cells with various
folds of ploidy (N, x-axis) relative to cell count
(y-axis). The M1 region of the histogram defines
the population with DNA content of 8-ploidy or
above (=8N) [25, 26], termed polyploid cells.

Proliferation assay

Megakaryocyte proliferation was determined
by colony formation in a plasma clot system (1
ml): 4x10? megakaryocytes, IMDM 0.6 ml, 10%
bovine serum albumin (GIBCO, Invitrogen,
Grand Island, NY, USA) 0.1 ml, 10 M 2-mer-
captoethanol (Sigma-Aldrich, Saint Louis, MO,
USA) 0.1 ml, bovine plasma (GIBCO) 0.1 ml and
3.4 mg/ml calcium chloride (Sigma-Aldrich) 0.1
ml. Cells (4x10%/ml into 10 ml-culture systems)
[27] were challenged with HCMV at various MOI
one hour before seeding into the semi-solid cul-
tures. HCMV was added to the culture every day
for 5 days. Infected cultures were incubated
under standard conditions for 6 to 7 days, and
then removed to score colony forming units
with an inverted microscope. One CFU was
defined as a cluster containing greater than 10
cells.

Detection of c-Mpl expression

An immunolabelling procedure for cell surface
antigen was used for c-Mpl detection. Cells
were infected every day with HCMV or UV-HCMV
(MOI 10) or not infected for 5 days. 5x10° cells
were collected and washed in cold PBS. Cells
were incubated with APC-conjugated CD110
(c-Mpl) antibody (FAB1016A, R&D Systems,
Minneapolis, MN, USA) at 4°C for 1 hour and
examined by flow cytometry (FACSAria, BD
Biosciences, San Jose, CA, USA). An APC-
conjugated irrelevant IgG was used in parallel
as an isotope control. Flow cytometric data
were analyzed with FlowJo software (Tree Star
Inc., Ashland, OR, USA). Cells considered to be
expressing c-Mpl are shown in region R1 of the
histogram.

Apoptosis assays

Apoptosis of cells was tested with three differ-
ent assays. Cell cultures (4x10° cells/mL in a
10-ml culture) were infected with the indicated
MOI of HCMV or UV-HCMV every day or not
infected for 5 days, and then harvested for
apoptosis experiments. In order to determine
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the effect of thrombopoietin (TPO) on HCMV
induced apoptosis of megakaryocytes, TPO
(100 ng/ml; PeproTech, NJ, USA) was added to
HCMYV infected cultures (MOI 10) at day 5, col-
lected the next day, and then examined for
apoptosis with the Annexin V assay.

Annexiv V staining combined with Pl staining
was performed using the kit (BD Biosciences,
Franklin Lakes, NJ, USA) according to the man-
ufacturer’s instructions. Apoptotic cells were
detected by flow cytometry (EPICS Elite ESP,
Beckman-Coulter, Virgin Islands, USA) within
one hour of staining. Data were analyzed with
WinMDI software (version 2.9; Joseph Trotter)
and presented in density plots. Apoptotic cells
are located in regions R2 and R3 on the
histogram.

Caspase-3 is activated by both the intrinsic and
extrinsic apoptosis pathways. Activated cas-
pase-3 was detected in fixed megakaryocytes
with a FITC -conjugated antibody provided by
the kit (BD Biosciences, Franklin Lakes, NJ,
USA) according to the manufacturer’s instruc-
tions. Cells were examined by flow cytometry
(EPICS Elite ESP, Beckman-Coulter, Virgin
Islands, USA). An isotope control (irrelevant
FITC-conjugated I1gG) was run in parallel. Data
was analyzed with WinMDI software (version
2.9; Joseph Trotter), and presented as histo-
grams. Region M1 defines the area containing
apoptotic cells with activated caspase-3.

JC-1 (5,5,6,6'-tetrachloro-1,1',3,3-tetraethylb-
enzimidazol-carbocyanine iodide) is a lipophilic
fluorescent probe. Its fluorescence decreases
when aggregates of JC-1 disassemble into
monomers due to impairment of mitochondrial
transmembrane potential, which is a sign of
intrinsic apoptosis pathway activation. JC-1
staining was performed with the kit (BD
Biosciences, Franklin Lakes, NJ, USA) accord-
ing to the manufacturer’s protocol, and exam-
ined by flow cytometry (EPICS Elite ESP,
Beckman-Coulter, Virgin Islands, USA) within
one hour. Data were analyzed with WinMDI
software (version 2.9; Joseph Trotter) and pre-
sented as density plots shown. Apoptotic cells
- indicated by loss of fluorescence - are shown
in Region 2.

Statistical analysis

GraphPad Prism software (version 5.01, Graph-
Pad software Inc.) was used for all statistical
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Figure 1. HCMV slows endomitosis of megakaryocytes. CHRF-288-11 megakaryocyte cells were exposed to HCMV
(MOI 1) for 1 hr followed by PMA stimulation to induce differentiation. A. Morphology of uninfected PMA-stimulated
cells from a representative experiment (Leishman’s stain, 400x). Typical characteristics of megakaryocyte endomi-
tosis were seen at day 6 and day 9. B and C. Polyploidization was determined by DNA content analysis using flow
cytometry of propidium iodide stained DNA at the indicated time points. B. DNA content histograms for infected,
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PMA-stimulated, and control populations from a representative experiment. Region M1 indicates polyploid cells
(=8N). PMA-stimulation led to polyploidy up to 16N in megakaryocytes (upper row), while HCMV reduced megakaryo-
cyte polyploidization (lower row). C. Percent polyploid cells for each condition from 3 independent experiments were
averaged and the data presented as mean percentage + SEM. DMSO, DMSO treatment with no infection or PMA.
HCMYV, infected, but not treated with PMA. PMA, treated with PMA only. PMA+HCMYV, infected and treated with PMA.
Significance was calculated using two-way ANOVA followed by Bonferroni posttests. *P<0.05 versus PMA group,
[OP<0.05 versus HCMV group, and #P<0.05 versus DMSO group. HCMV, human cytomegalovirus; MOI, multiplicity
of infection; PMA, phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide.

analyses. The mean and standard error of the
mean (SEM) were calculated for percent poly-
ploidization, percent apoptotic cells, and
counts of megakaryocyte colonies. Paired t-test
was used for JC-1 assay data comparison, while
two-way ANOVA and Bonferroni posttests were
used for the rest of the data analysis. A differ-
ence was considered to be statistically signifi-
cant when the p-value was less than 0.05.

Results

HCMV impairs PMA-induced megakaryocyte
endomitosis

PMA, a phorbol diester, has been widely used
in cell biology research to stimulate terminal
differentiation of human hematopoietic progen-
itors in vitro. This model has been used for
more than 20 years [28, 29], and it has been
verified by multiple cell biological and morpho-
logical assays [30-33]. One hallmark of termi-
nal differentiation is the phenomenon of endo-
mitosis, where megakaryocytes become poly-
ploid due to multiple duplications of the cellular
genome. Endomitosis is easily assessed by
staining of the DNA and determination of the
total DNA content.

We induced differentiation with PMA of a mega-
karyocyte cell line (CHRF-288-11) that displays
properties of the lineage-committed hemato-
poietic progenitors. Within one hour of expo-
sure, the normally suspended cells were adher-
ent and cell counts stabilized, indicating that
they ceased proliferation. After nine days of
PMA treatment, the cells increased in size (up
to 5x larger than before PMA treatment), cyto-
plasmic volume, number of granules, and
became polyploid (Figure 1A). Further analysis
of DNA content showed the proportion of poly-
ploidy cells (>8N) in PMA-treated cultures con-
tinuously increased over the course of the
experiment (Figure 1B, top row). Ploidy of up to
64N was detected in some cells. DNA content
in the DMSO control (Figure 1B, left column) or
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non-treated (data not shown) cells was mostly
diploid (2N) with some tetraploidy (4N) obse-
rved. We note that shedding of platelets was
rare. After nine days, cell senescence gradually
increased.

To examine the effects of HCMV on differen-
tiation of megakaryocytes, CHRF-288-11 cells
were exposed to HCMV (MOI 1) one hour before
treatment with PMA. The proportion of poly-
ploid cells increased under these conditions;
however, this occurred at a slower rate than in
cells treated with PMA only (Figure 1B). The
proportion of polyploid cells in HCMV-infected
cultures compared to PMA-only cultures was
reduced by 52%, 32% and 16% at day 3, 6, and
9 respectively (Figure 1C). The decrease in
polyploid cells was specific to live virus while
UV-inactivated HCMV did not affect the number
of polyploid megakaryocytes (data not shown).
Also, HCMV alone did not significantly affect
the ploidy of cells without PMA stimulation
(Figure 1B, bottom, left).

HCMV impairs proliferation of megakaryocytes

The colony-forming assay is a widely accepted
method to observe proliferation of hematopoi-
etic stem and progenitor cells. Megakaryocytes
proliferated and began to form colonies after 2
days in suspension (data not shown). The count
and average size of colonies increased up to
day 6, after which it appeared that cells at the
center of the colonies gradually began to die
(data not shown). Figure 2A represents a typi-
cal view of colony morphology at day 7 under
varying conditions.

Two megakaryocyte cell lines, CHRF-288-11
and M-07e, were tested to rule out cell line spe-
cific effects on proliferation. We note that colo-
ny counts of M-O7e were slightly higher than
that of CHRF-288-11 under all conditions
(Figure 2B). Compared with uninfected con-
trols, colony formation of HCMV infected cul-
tures decreased by 26% in CHRF-288-11 cells
and 23% in M-O7e cells (Figure 2B), and the

Int J Clin Exp Pathol 2017;10(5):5063-5077
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Figure 2. HCMV impairs proliferation of megakaryocytes. Two megakaryocyte cell lines, CHRF-288-11 and M-07e,
were cultured in semi-solid medium to visualize proliferation by colony formation. Colonies, defined as clusters of
>10 cells, were scored at day 7. A. Colonies of CHRF-288-11 cells that were uninfected or infected with UV-HCMV or
HCMV (MOI 1) from a representative experiment are shown. The number and size of colonies decreased in HCMV
infected culture. B. The number of colonies formed by CHRF-288-11 and M-O7e under infected (UV-HCMV or HCMV
(MOI 1)) or uninfected (control) conditions from at least 3 independent experiments was averaged. The data is pre-
sented as mean + SEM. C. Colony formation of CHRF-288-11 cells infected with HCMV at various MOI. Results from
3 independent experiments are shown as mean + SEM. Colony formation decreased in HCMV infected cultures with
high viral load (MOI 1, 10), while there was no significant change in cultures with low viral load (MOI 0.1). Signifi-
cance was calculated as described in Figure 1. *P<0.05 versus UV-HCMV group and #P<0.05 versus (uninfected)
control group. UV-HCMYV, ultraviolet-inactivated human cytomegalovirus.

average size of colonies (number of cells)
decreased by roughly 30% in both cell lines
(Figure 2A, bottom image and data not shown).
The morphology of infected cells did not show
any typical pathology of HCMV infection (inclu-
sion bodies, enlarged nuclei or cell size) in
either live culture or H&E staining (data not
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shown). Lower viral load (MOI 0.1) abolished
the effect on proliferation, and a higher viral
load (MOI 10) failed to enhance the effect (at
least after 5 days) (Figure 2C). The decrease in
colony number was not observed when cells
were treated with UV-inactivated HCMV (Figure
2A-C).

Int J Clin Exp Pathol 2017;10(5):5063-5077
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Figure 3. HCMV reduces the c-Mpl positive cell population. c-Mpl expression in CHRF-288-11 cultures was deter-
mined 5 days post infection (MOl 10) by staining cells with APC-conjugated c-Mpl antibody and detection by flow
cytometry. Density plots of c-Mpl expression (c-Mpl-APC) in uninfected (A), HCMV infected (B), and UV-HCMV infected
(C) megakaryocytes from a representative experiment are shown. Populations of c-Mpl positive cells are located in
region R1. (D) The proportion of c-Mpl positive cells is reduced in HCMV-infected cultures. Results from two indepen-
dent experiments were combined and are presented in a histogram of APC fluorescence. CHRF-288-11 cells were
also stained with an APC-conjugated irrelevant IgG as an isotope control (negative control). FSC-A, area of forward

scatter signals.

HCMV reduces the c-Mpl positive population of
megakaryocytes

Expression of the hematopoietic growth factor
receptor, c-Mpl, is essential at all stages of
megakaryopoiesis. Congenital absence or func-
tional impairment of the c-MPL gene results in
severe amegakaryocytic thrombocytopenia or
lethal pancytopenia due to an overwhelming
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reduction of megakaryocytes and multi-lineage
hematopoietic stem and progenitor cells [34-
36]. HCMV is known to down-regulate cellular
surface receptors in other models of infection;
thus, we tested the virus’s ability to affect c-Mpl
expression at the surface of megakaryocytes.

c-Mpl protein expression in UV-HCMV or HCMV
infected megakaryocytes was determined 5

Int J Clin Exp Pathol 2017;10(5):5063-5077
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Figure 4. HCMV induces apoptosis in megakaryocytes. Five days post infection (MOl 10) CHRF-288-11 cells were
harvested for analysis in apoptosis assays. A. Annexin V assay. Density plots from one representative experiment
(left and middle) are shown. Apoptotic cells, defined as the total Annexin V positive population, are found in regions
R2 and R3. Results from 3 independent experiments were averaged (right) and show a 49% increase of apoptotic
cells in HCMV infected cultures compared to uninfected (control) cultures. UV-HCMV did not affect apoptosis. B.
Activated caspase-3 detection. Representative histograms of activated caspase-3 from one experiment are shown
(left and middle). Apoptotic cells are located in region M1. Activated caspase-3 showed an average increase of 94%
among HCMV infected cells compared to uninfected cells (right, average of 3 independent experiments). Signifi-
cance was calculated as described in Figure 1. *P<0.05 versus UV-HCMV group and #P<0.05 versus uninfected
control group.

days after infection by flow cytometry. In rou- tion. Clinical and in vitro studies suggest that
tine cultures, 70% of uninfected CHRF-288-11 HCMV directly induces apoptosis in a spectrum
were c-Mpl positive (Figure 3A). HCMV infected of cells, including hematopoietic stem and pro-
cells exhibited a 29% decrease in the c-Mpl genitor cells [37-41] and megakaryocytes [40,
positive population, while UV-HCMV did not 42, 43]. Using an Annexin V assay, apoptosis
have a significant impact on c-Mpl expression was detected in 5.5% of uninfected and
(Figure 3B, 3C). Also of note, the fluorescence UV-HCMV infected CHRF-288-11 cells (Figure
intensity of c-Mpl staining of the positive popu- 4A, left and right). In contrast, 9.2% of HCMV

lation did not significantly change between
uninfected and HMCYV infected cells (compare
R1 from Figure 3A and 3C).

infected cells were apoptotic, representing a
49% increase over controls (Figure 4A, middle
and right). Apoptosis as determined by activa-

HCMV induces apoptosis in megakaryocytes tion of caspase-3 occurred in 4.2% of UV-HCMV

via the mitochondria-mediated intrinsic path- and 12.3% of HCMV infected cells (Figure 4B,
way left and middle). That is a 94% increase in cas-

pase-3 activated cells in the HCMV infected
Apoptosis of targeted cells is considered a condition compared to controls (Figure 4B,
major pathological event in active HCMV infec- right).

5070 Int J Clin Exp Pathol 2017;10(5):5063-5077



HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

A control
=)
=]
w2
o
R2=3.3%
°
Q
=]
10°
B 8- %k
0 ]
= 6+ & :
@
o I. Iﬁ
& )
= R,
° e
3 S
Q_ II ]
L]
= g
I. IIII
R

10*

control

Mitochondrial permeabilization followed by
cytochrome C release into the cytoplasm is a
characteristic event in the intrinsic apoptotic
pathway. Impaired mitochondrial transmem-
brane potential is a sign of permeabilization,
and can be measured using the lipophilic fluo-
rescent probe, JC-1. JC-1 fluorescence decreas-
es as the membrane potential is lost. In the
uninfected control, approximately 3.6% of cells
had impaired mitochondrial membrane poten-
tial (Figure 5A), while HCMV infected cultures
showed an average of 6.3% (a 78% increase)
(Figure 5B).

Thrombopoietin treatment prevents HCMV in-
duced apoptosis of megakaryocytes

Thrombopoietin (TPO) is a key hematopoietic/

megakaryopoietic regulating growth factor, and
itis the ligand of the c-Mpl receptor. In addition
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Figure 5. HCMV stimulates apoptosis in megakaryo-
cytes via the mitochondria- mediated intrinsic apop-
tosis pathway. At day 5 post HCMV infection (MOI
10), CHRF-288-11 cells were harvested and tested
for loss of mitochondrial membrane potential. The
lipophilic fluorescent probe, JC-1, was added to har-
vested cells and fluorescence was measured by flow
cytometry. A. Apoptotic cells are show in region R2
of the density plots of a representative experiment.
B. The number of apoptotic cells in HCMV infected
cultures increased by an average of 78% compared
to uninfected cultures (control). Data are presented
as mean percentage + SEM of apoptotic cells from
four independent experiments. *P<0.01 versus con-
trol by paired t-test.

to its role in regulating megakaryopoiesis, it
provides protection against apoptosis in neu-
ral, cardiac, hematopoietic stem and progenitor
cells, and megakaryocytes in vitro [44-51].
After short-term TPO treatment, apoptosis of
HCMV infected CHRF-288-11 cells was deter-
mined using the Annexin V assay. Among non-
TPO treated controls, only HCMV infected cul-
tures displayed increased apoptosis as seen
previously (Figure 6A, upper row). TPO treat-
ment inhibited the apoptotic effect of HCMV
infection, bringing apoptotic levels down to that
of the uninfected or UV-HCMV infected cultures
(Figure 6B).

Discussion
Under normal circumstances thrombocytope-

nia should produce signals to stimulate mega-
karyocyte terminal differentiation (and endomi-

Int J Clin Exp Pathol 2017;10(5):5063-5077



HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

un-infected

52%

UV-HCMV

HCMV

78%

R1 R1

10°

R2 R1

10°

L

S
i

10°

R3

.

R3

L
10'

Pl

10*

[ 10°
xin V

R1

10°

TPO

R1 R2

107

R2

e L)
o|a3 ot '

10°

-

R4

10'

R
.

2

' }%@ l_-- R3
g

Y
!W e .

R3

10"

10°
945%

W

-

a
)

% Annexin V positive

tosis) driving platelet production. Yet, in an
immunocompromised person active HCMV
infection induces and allows sustained throm-
bocytopenia, which can lead to serious compli-
cations if left untreated. Although it is known
that HCMV can infect megakaryocytes and
their progenitors, the molecular mechanisms
governing HCMV'’s ability to cause thrombocy-
topenia are still unidentified. We employed cell
lines with properties similar to megakaryocyte
progenitors that can be chemically induced to
terminally differentiate into mature megakaryo-
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Figure 6. Thrombopoietin prevents HCMV in-
duced apoptosis in megakaryocytes. CHRF-288-
11 cells were infected with HCMV or UV-HCMV
(MOI 0.1), and 5 days post infection TPO (100
pg/ml) or DMSO (control) were added. Cells were
harvested the next day, and the apoptotic popu-
lation was determined by the Annexin V assay. A.
Density plots of one representative experiment
are shown. Apoptotic cells are located in regions
R2 and R3. B. TPO treatment reduced HCMV-
induced apoptosis by 34% (compare the right
two columns). Data are presented as the mean
percentage + SEM of apoptotic cells from three
independent experiments. Significance was cal-
culated as described in Figure 1. *P<0.05 ver-
sus control (DMSO) group. TPO, thrombopoietin.

cytes. The effects of HCMV infection of these
cells on various megakaryocyte phenotypes
were evaluated.

When differentiation was stimulated with PMA
normal megakaryocyte endomitosis was obse-
rved in uninfected cells, validating the use of
this system. Our results suggest that HCMV
infection impairs megakaryocyte differentia-
tion induced by PMA, resulting in reduced
endomitosis. Impairment of megakaryocytic
differentiation has been seen with other viral
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infections [34, 52]; however, this is the first
demonstration of inhibition of late-stage differ-
entiation of committed megakaryocytic progen-
itors by HCMV.

In agreement with previous reports of HCMV
infection of undifferentiated bone marrow he-
matopoietic stem cells and cord blood mega-
karyocyte progenitors [15, 53]; proliferation
was inhibited by HCMV infection in our cell cul-
ture system. This effect was not cell line spe-
cific as both CHRF-288-11 and M-07e cell pro-
liferation were similarly reduced. We observed
a plateau of inhibition at MOI 1. This effect is
likely due to limited observation of the infected
cultures. Unfortunately, the in vitro colony-for-
mation assay is not suited for long term experi-
ments since megakaryocytes begin to lose via-
bility after 7 days.

Both of the phenotypes described above could
contribute to HCMV induced thrombocytope-
nia. Several possibilities exist to explain how
HCMV might affect differentiation and prolifer-
ation at the molecular level. Reduced prolifera-
tion and differentiation of megakaryocytes
required the presence of live virus in this study,
suggesting that viral gene expression or repli-
cation is essential. Some HCMV viral gene pr-
oducts have already been implicated in inhibi-
tion of proliferation. Studies from other groups
showed that expression of HCMV matrix protein
pp71 in hematopoietic cells resulted in inhibi-
tion of cellular proliferation [54]. Also, impair-
ment of cellular functions and apoptosis
induced by HCMV infection may involve activa-
tion of several downstream molecular events
[55, 56]. Viral and molecular targets contribut-
ing to the effect on differentiation seen here
are more obscure. This is, in part, due to the
fact that the events of terminal differentiation
and endomitosis are not well characterized at
the molecular level. Though, the possibility
remains that certain HCMV gene products
could directly affect cellular gene expression
associated with megakaryocyte differentiation,
or they could directly block cellular signal trans-
duction induced by growth factors or cytokines
to prevent differentiation.

HCMV has been reported to cause the down-
regulation of important cellular receptor pro-
teins in other systems, for example HLA class Il
antigen in endothelial cells and EGFR in fibro-
blasts [57-64]. Our data demonstrate that pro-
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tein expression of a key receptor for progres-
sion of megakaryopoiesis, c-Mpl, was signifi-
cantly reduced in the total megakaryocyte
population after HCMV challenge. This is a criti-
cal finding to help explain the inhibitory effects
seen on differentiation and proliferation. In a
clinical setting, reduction of c-Mpl would lead to
a poor response to TPO, the major ligand
responsible for inducing platelet production.
The underlying molecular mechanism of this
inhibitory effect on c-Mpl expression is still
uncertain. Evidence from other studies suggest
that viral transcription or expression, such as
US3, UL36, UL37, UL38, IE and E proteins, may
be involved in inhibition of expression of vari-
ous regulatory genes [63, 65, 66].

Another obvious potential cause for both
reduced differentiation and proliferation is
induction of cell death by HCMV infection. This
may include autophagy, necrosis, or apoptosis.
Apoptosis was increased in our HCMV infected
megakaryocytes, interestingly, by a mitochon-
drial-mediated intrinsic pathway. While mito-
chondria- mediated apoptosis has been found
to be a major pathological event in other her-
pesvirus infections [67-70], HCMV-induced
intrinsic apoptosis has seldom been reported.
In fact, the extrinsic apoptotic pathway has
been shown to be activated in HCMV-infected
hematopoietic progenitor cells, which is mainly
triggered by the immune response and has
been considered a mechanism to prevent
spread of HCMV in the body [55, 71, 72]. The
activation of the intrinsic apoptosis pathway by
HCMV in megakaryocytes is a novel finding of
this study and will be pursued further.

Finally, we demonstrate that treatment with
TPO eases HCMV induced apoptosis of mega-
karyocytes. This is not completely without prec-
edent as previous studies have also reported
TPOQO’s protective effect against apoptosis and
other harmful conditions in other systems [46,
47, 50]. Our findings may serve as scientific
support for the potential clinical application of
TPO in HCMV-induced thrombocytopenia [73].

Conclusions

In summary, we found that HCMV inhibited
megakaryocyte differentiation and proliferation
with reduction in the c-Mpl positive cell popula-
tion. HCMV also induced megakaryocyte apop-
tosis through the mitochondria-mediated intrin-
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sic pathway. Therefore, HCMV induced throm-
bocytopenia is the consequence of interfer-
ence with multiple processes during mega-
karyopoiesis. Prophylactic or pre-emptive ther-
apies for HCMV reactivation and direct treat-
ment against viral replication are essential for
clinical management. Growth factors such as
TPO could significantly reduce HCMV induced
apoptosis on megakaryocytes, and it has
potential for use in conjunction with anti-viral
therapy to reverse HCMV induced thrombocy-
topenia.

Acknowledgements

This work was supported by National Natural
Science Foundation of China (81270580 [to
M.Y.]), Nanfang Hospital President Foundation
(2011A001 [to M.Y.), Special Project on the
Integration of Industry, Education and Research
of Guangdong Province (2011B090400036 [to
M.Y.]) and Funding from the Department of
Education of Gung dong Province (C1031142
[to M.Y.]).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Mo Yang, Depart-
ment of Paediatrics, Nanfang Hospital, Southern
Medical University, Guangzhou, P.R. China. Tel
+852-97398509; E-mail: yangm1091@126.com

References

[1]  Frascaroli G, Varani S, Moepps B, Sinzger C,
Landini MP and Mertens T. Human cytomega-
lovirus subverts the functions of monocytes,
impairing chemokine-mediated migration and
leukocyte recruitment. J Virol 2006; 80: 7578-
7589.

[2] Rafailidis Pl, Mourtzoukou EG, Varbobitis IC
and Falagas ME. Severe cytomegalovirus infec-
tion in apparently immunocompetent patients:
a systematic review. Virol J 2008; 5: 47.

[3] Verdonck LF, de Gast GC, van Heugten HG,
Nieuwenhuis HK and Dekker AW. Cytomegalo-
virus infection causes delayed platelet recov-
ery after bone marrow transplantation. Blood
1991; 78: 844-848.

[4] Nash RA, Gooley T, Davis C and Appelbaum FR.
The problem of thrombocytopenia after hema-
topoietic stem cell transplantation. Stem Cells
1996; 14 Suppl 1: 261-273.

[5] Pemde HK, Kabra SK, Agarwal R, Jain Y and
Seth V. Hematological manifestations of con-

5074

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

genital cytomegalovirus infection. Indian J Pe-
diatr 1995; 62: 473-477.

van Spronsen DJ and Breed WP. Cytomegalovi-
rus-induced thrombocytopenia and haemoly-
sis in an immunocompetent adult. Br J Haema-
tol 1996; 92: 218-220.

Bruno B, Gooley T, Sullivan KM, Davis C, Bens-
inger WI, Storb R and Nash RA. Secondary fail-
ure of platelet recovery after hematopoietic
stem cell transplantation. Biol Blood Marrow
Transplant 2001; 7: 154-162.

Dominietto A, Raiola AM, van Lint MT, Lam-
parelli T, Gualandi F, Berisso G, Bregante S,
Frassoni F, Casarino L, Verdiani S and Baciga-
lupo A. Factors influencing haematological re-
covery after allogeneic haemopoietic stem cell
transplants: graft-versus-host disease, donor
type, cytomegalovirus infections and cell dose.
Br J Haematol 2001; 112: 219-227.

Verdonck LF, van Heugten H and de Gast GC.
Delay in platelet recovery after bone marrow
transplantation: impact of cytomegalovirus in-
fection. Blood 1985; 66: 921-925.
Zhuravskaya T, Maciejewski JP, Netski DM,
Bruening E, Mackintosh FR and St Jeor S.
Spread of human cytomegalovirus (HCMV) af-
ter infection of human hematopoietic progeni-
tor cells: model of HCMV latency. Blood 1997;
90: 2482-2491.

Movassagh M, Gozlan J, Senechal B, Baillou C,
Petit JC and Lemoine FM. Direct infection of
CD34+ progenitor cells by human cytomegalo-
virus: evidence for inhibition of hematopoiesis
and viral replication. Blood 1996; 88: 1277-
1283.

Khaiboullina SF, Maciejewski JP, Crapnell K,
Spallone PA, Dean Stock A, Pari GS, Zanjani ED
and Jeor SS. Human cytomegalovirus persists
in myeloid progenitors and is passed to the my-
eloid progeny in a latent form. Br J Haematol
2004; 126: 410-417.

He ZX, Chen JL, Xiong W, Li K, Wang QW, Deng
HZ, Pan SN and Yang M. Human cytomegalovi-
rus induces the suppression of hematopoiesis
by direct infection. Blood 2000; 96: 120b-
120b.

Holberg-Petersen M, Rollag H, Beck S, Overli |,
Tjonnfjord G, Abrahamsen TG, Degre M and
Hestdal K. Direct growth suppression of my-
eloid bone marrow progenitor cells but not
cord blood progenitors by human cytomegalo-
virus in vitro. Blood 1996; 88: 2510-2516.
Sindre H, Tjoonnfjord GE, Rollag H, Ranneberg-
Nilsen T, Veiby OP, Beck S, Degre M and Hest-
dal K. Human cytomegalovirus suppression of
and latency in early hematopoietic progenitor
cells. Blood 1996; 88: 4526-4533.

Sing GK and Ruscetti FW. Preferential suppres-
sion of myelopoiesis in normal human bone

Int J Clin Exp Pathol 2017;10(5):5063-5077



HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

marrow cells after in vitro challenge with hu-
man cytomegalovirus. Blood 1990; 75: 1965-
1973.

Chesney PJ, Taher A, Gilbert EM and Shahidi
NT. Intranuclear inclusions in megakaryocytes
in congenital cytomegalovirus infection. J Pedi-
atr 1978; 92: 957-958.

Crapnell K, Zanjani ED, Chaudhuri A, Ascensao
JL, St Jeor S and Maciejewski JP. In vitro infec-
tion of megakaryocytes and their precursors by
human cytomegalovirus. Blood 2000; 95: 487-
493.

Saxon BR, Blanchette VS, Petric M, Fleming
SM, Brown EJ, Christensen H, Butchart S and
Zipursky A. Human cytomegalovirus can infect
megakaryocyte precursors and inhibit their
growth and differentiation. Blood 1997; 90:
3395-3395.

Fugman DA, Witte DP, Jones CL, Aronow BJ and
Lieberman MA. In vitro establishment and
characterization of a human megakaryoblastic
cell line. Blood 1990; 75: 1252-1261.

Avanzi GC, Brizzi MF, Giannotti J, Ciarletta A,
Yang YC, Pegoraro L and Clark SC. M-O7e hu-
man leukemic factor-dependent cell line pro-
vides a rapid and sensitive bioassay for the
human cytokines GM-CSF and IL-3. J Cell Physi-
ol 1990; 145: 458-464.

Yang M, Li K, Ng MH, Yuen PM, Fok TF, Li CK,
Hogg PJ and Chong BH. Thrombospondin-1 in-
hibits in vitro megakaryocytopoiesis via CD36.
Thromb Res 2003; 109: 47-54.

Johnson RA, Wang X, Ma XL, Huong SM and
Huang ES. Human cytomegalovirus up-regu-
lates the phosphatidylinositol 3-kinase (P13-K)
pathway: inhibition of PI3-K activity inhibits vi-
ral replication and virus-induced signaling. J
Virol 2001; 75: 6022-6032.

Holtfreter HB and Cohen N. Fixation-associat-
ed quantitative variations of DNA fluorescence
observed in flow cytometric analysis of hemo-
poietic cells from adult diploid frogs. Cytometry
1990; 11: 676-685.

Dolzhanskiy A, Basch RS and Karpatkin S. De-
velopment of human megakaryocytes: I. He-
matopoietic progenitors (CD34+ bone marrow
cells) are enriched with megakaryocytes ex-
pressing CD4. Blood 1996; 87: 1353-1360.
Levine RF, Hazzard KC and Lamberg JD. The
significance of megakaryocyte size. Blood
1982; 60: 1122-1131.

Yang M, Chesterman CN and Chong BH. Re-
combinant PDGF enhances megakaryocyto-
poiesis in vitro. Br J Haematol 1995; 91: 285-
289.

Murate T, Hotta T, Tsushita K, Suzuki M, Yoshi-
da T, Saga S, Saito H and Yoshida S. Aphidico-
lin, an inhibitor of DNA replication, blocks the
TPA-induced differentiation of a human mega-

5075

[29]

[30]

(31]

[32]

(33]

(34]

(35]

(36]

[37]

(38]

(39]

karyoblastic cell line, MEG-O1. Blood 1991;
78: 3168-3177.

Greenberg SM, Chandrasekhar C, Golan DE
and Handin RI. Transforming growth factor
beta inhibits endomitosis in the Dami human
megakaryocytic cell line. Blood 1990; 76: 533-
537.

Fuhrken PG, Chen C, Miller WM and Papout-
sakis ET. Comparative, genome-scale tran-
scriptional analysis of CHRF-288-11 and pri-
mary human megakaryocytic cell cultures
provides novel insights into lineage-specific
differentiation. Exp Hematol 2007; 35: 476-
489.

Isakari Y, Sogo S, Ishida T, Kawakami T, Ono T,
Taki T and Kiwada H. Gene expression analysis
during platelet-like particle production in phor-
bol myristate acetate-treated MEG-0O1 cells.
Biol Pharm Bull 2009; 32: 354-358.

Conde |, Pabon D, Jayo A, Lastres P and Gonza-
lez-Manchon C. Involvement of ERK1/2, p38
and PI3K in megakaryocytic differentiation of
K562 cells. Eur J Haematol 2010; 84: 430-
440.

Huang X, Ruan Q, Fang Y, Traganos F, Dar-
zynkiewicz Z and Dai W. Physical and function-
al interactions between mitotic kinases during
polyploidization and megakaryocytic differen-
tiation. Cell Cycle 2004; 3: 946-951.

Zhang M, Evans S, Yuan J, Ratner L and Koka
PS. HIV-1 determinants of thrombocytopenia
at the stage of CD34+ progenitor cell differen-
tiation in vivo lie in the viral envelope gp120
V3 loop region. Virology 2010; 401: 131-136.
Tefferi A. JAK and MPL mutations in myeloid
malignancies. Leuk Lymphoma 2008; 49:
388-397.

Heller PG, Glembotsky AC, Gandhi MJ, Cum-
mings CL, Pirola CJ, Marta RF, Kornblihtt LI,
Drachman JG and Molinas FC. Low Mpl recep-
tor expression in a pedigree with familial plate-
let disorder with predisposition to acute my-
elogenous leukemia and a novel AML1
mutation. Blood 2005; 105: 4664-4670.
Moon MS, Lee GC, Kim JH, Yi HA, Bae YS and
Lee CH. Human cytomegalovirus induces
apoptosis in promonocyte THP-1 cells but not
in promyeloid HL-60 cells. Virus Res 2003; 94:
67-77.

Odeberg J, Wolmer N, Falci S, Westgren M, Sei-
ger A and Soderberg-Naucler C. Human cyto-
megalovirus inhibits neuronal differentiation
and induces apoptosis in human neural pre-
cursor cells. J Virol 2006; 80: 8929-8939.

Li XF, Wang QW, He ZX, Chen H, Chen ML, Chen
JL and Yang M. [Human cytomegalovirus in-
duces apoptosis of human promyelocytic leu-
kemic cells via direct infection in vitro]. Zhong-
guo Shi Yan Xue Ye Xue Za Zhi 2007; 15:
63-66.

Int J Clin Exp Pathol 2017;10(5):5063-5077



HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Sindre H, Rollag H, Olafsen MK, Degre M and
Hestdal K. Human cytomegalovirus induces
apoptosis in the hematopoietic cell line MO7e.
APMIS 2000; 108: 223-230.

van den Berg AP, Meyaard L, Otto SA, van Son
WJ, Klompmaker 1J, Mesander G, de Leij LH,
Miedema F and The TH. Cytomegalovirus infec-
tion associated with a decreased proliferative
capacity and increased rate of apoptosis of pe-
ripheral blood lymphocytes. Transplant Proc
1995; 27: 936-938.

Kong XL, Wang QW, Chen ML, Cai Y, He ZX and
Yang M. [Human cytomegalovirus aggravates
apoptosis of human megakaryocytes via direct
infection in vitro]. Zhongguo Shi Yan Xue Ye
Xue Za Zhi 2004; 12: 70-73.

Pleskoff O, Casarosa P, Verneuil L, Ainoun F,
Beisser P, Smit M, Leurs R, Schneider P, Mi-
chelson S and Ameisen JC. The human cyto-
megalovirus-encoded chemokine receptor
US28 induces caspase-dependent apoptosis.
FEBS J 2005; 272: 4163-4177.

Jacobsen SE, Borge 0J, Ramsfjell V, Cui L, Car-
dier JE, Veiby OP, Murphy MJ Jr and Lok S.
Thrombopoietin, a direct stimulator of viability
and multilineage growth of primitive bone mar-
row progenitor cells. Stem Cells 1996; 14 Sup-
pl 1: 173-180.

Borge 0J, Ramsfjell V, Cui L and Jacobsen SE.
Ability of early acting cytokines to directly pro-
mote survival and suppress apoptosis of hu-
man primitive CD34+CD38- bone marrow cells
with multilineage potential at the single-cell
level: key role of thrombopoietin. Blood 1997;
90: 2282-2292.

Kashiwakura I, Inanami O, Takahashi K, Taka-
hashi TA, Kuwabara M and Takagi Y. Protective
effects of thrombopoietin and stem cell factor
on X-irradiated CD34+ megakaryocytic progen-
itor cells from human placental and umbilical
cord blood. Radiat Res 2003; 160: 210-216.
D’Atri LP, Etulain J, Romaniuk MA, Torres O, Ne-
grotto S and Schattner M. The low viability of
human CD34+ cells under acidic conditions is
improved by exposure to thrombopoietin, stem
cell factor, interleukin-3, or increased cyclic ad-
enosine monophosphate levels. Transfusion
2011; 51: 1784-95.

Chan KY, Xiang P, Zhou L, Li K, Ng PC, Wang
CC, Zhang L, Deng HY, Pong NH, Zhao H, Chan
WY and Sung RY. Thrombopoietin protects
against doxorubicin-induced cardiomyopathy,
improves cardiac function, and reversely alters
specific signalling networks. Eur J Heart Fail
2011; 13: 366-76.

Ratajczak MZ, Ratajczak J, Marlicz W, Pletcher
CH Jr, Machalinski B, Moore J, Hung H and
Gewirtz AM. Recombinant human thrombopoi-
etin (TPO) stimulates erythropoiesis by inhibit-

5076

(50]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

(59]

[60]

ing erythroid progenitor cell apoptosis. Br J
Haematol 1997; 98: 8-17.

Li K, Sung RY, Huang WZ, Yang M, Pong NH,
Lee SM, Chan WY, Zhao H, To MY, Fok TF, Li CK,
Wong YO and Ng PC. Thrombopoietin protects
against in vitro and in vivo cardiotoxicity in-
duced by doxorubicin. Circulation 2006; 113:
2211-2220.

Ritchie A, Vadhan-Raj S and Broxmeyer HE.
Thrombopoietin suppresses apoptosis and be-
haves as a survival factor for the human growth
factor-dependent cell line, MO7e. Stem Cells
1996; 14: 330-336.

Basu A, Jain P, Gangodkar SV, Shetty S and
Ghosh K. Dengue 2 virus inhibits in vitro mega-
karyocytic colony formation and induces apop-
tosis in thrombopoietin-inducible megakaryo-
cytic differentiation from cord blood CD34+
cells. FEMS Immunol Med Microbiol 2008; 53:
46-51.

Pan S, He ZX, Wang Q, Zou XB, Tang XY, Huang
LF and Yang M. Human cytomegalovirus inhib-
its megakaryocytopoiesis via direct infection
on megakaryocytic progenitors. Blood 2000;
96: 626A-+.

Sindre H, Rollag H, Degre M and Hestdal K. Hu-
man cytomegalovirus induced inhibition of he-
matopoietic cell line growth is initiated by
events taking place before translation of viral
gene products. Arch Virol 2000; 145: 99-111.
Mori T, Ando K, Tanaka K, Ikeda Y and Koga Y.
Fas-mediated apoptosis of the hematopoietic
progenitor cells in mice infected with murine
cytomegalovirus. Blood 1997; 89: 3565-3573.
Mayer A, Podlech J, Kurz S, Steffens HP, Mai-
berger S, Thalmeier K, Angele P, Dreher L and
Reddehase MJ. Bone marrow failure by cyto-
megalovirus is associated with an in vivo defi-
ciency in the expression of essential stromal
hemopoietin genes. J Virol 1997; 71: 4589-
4598.

Sedmak DD, Guglielmo AM, Knight DA, Bir-
mingham DJ, Huang EH and Waldman WJ. Cy-
tomegalovirus inhibits major histocompatibility
class Il expression on infected endothelial
cells. Am J Pathol 1994; 144: 683-692.
Beutler T, Hoflich C, Stevens PA, Kruger DH and
Prosch S. Downregulation of the epidermal
growth factor receptor by human cytomegalovi-
rus infection in human fetal lung fibroblasts.
Am J Respir Cell Mol Biol 2003; 28: 86-94.
Shahgasempour S, Woodroffe SB and Garnett
HM. Alterations in the expression of ELAM-1,
ICAM-1 and VCAM-1 after in vitro infection
of endothelial cells with a clinical isolate of
human cytomegalovirus. Microbiol Immunol
1997; 41: 121-129.

Shahgasempour S, Woodroffe SB, Sullivan-Tai-
lyour G and Garnett HM. Alteration in the ex-

Int J Clin Exp Pathol 2017;10(5):5063-5077



HCMV impairs megakaryopoiesis by reducing c-Mpl expression and inducing apoptosis

[61]

[62]

[63]

[64]

[65]

[66]

pression of endothelial cell integrin receptors
alpha 5 beta 1 and alpha 2 beta 1 and alpha 6
beta 1 after in vitro infection with a clinical iso-
late of human cytomegalovirus. Arch Virol
1997; 142: 125-138.

Jafferji |, Bain M, King C and Sinclair JH. Inhibi-
tion of epidermal growth factor receptor (EGFR)
expression by human cytomegalovirus corre-
lates with an increase in the expression and
binding of Wilms’ Tumour 1 protein to the
EGFR promoter. J Gen Virol 2009; 90: 1569-
1574.

Fairley JA, Baillie J, Bain M and Sinclair JH. Hu-
man cytomegalovirus infection inhibits epider-
mal growth factor (EGF) signalling by targeting
EGF receptors. J Gen Virol 2002; 83: 2803-
2810.

Gredmark S, Straat K, Homman-Loudiyi M,
Kannisto K and Soderberg-Naucler C. Human
cytomegalovirus downregulates expression of
receptors for platelet-derived growth factor by
smooth muscle cells. J Virol 2007; 81: 5112-
5120.

Steffens HP, Podlech J, Kurz S, Angele P, Dreis
D and Reddehase MJ. Cytomegalovirus inhibits
the engraftment of donor bone marrow cells by
downregulation of hemopoietin gene expres-
sion in recipient stroma. J Virol 1998; 72:
5006-5015.

Colberg-Poley AM, Santomenna LD, Harlow PP,
Benfield PA and Tenney DJ. Human cytomega-
lovirus US3 and UL36-38 immediate-early pro-
teins regulate gene expression. J Virol 1992;
66: 95-105.

Leis M, Marschall M and Stamminger T. Down-
regulation of the cellular adhesion molecule
Thy-1 (CD90) by cytomegalovirus infection of
human fibroblasts. J Gen Virol 2004; 85:
1995-2000.

5077

[67]

[68]

[69]

[70]

(71]

[72]

(73]

Choi YK, Kim TK, Kim CJ, Lee JS, Oh SY, Joo HS,
Foster DN, Hong KC, You S and Kim H. Activa-
tion of the intrinsic mitochondrial apoptotic
pathway in swine influenza virus-mediated cell
death. Exp Mol Med 2006; 38: 11-17.
Grummer B, Bendfeldt S, Wagner B and Grei-
ser-Wilke I. Induction of the intrinsic apoptotic
pathway in cells infected with cytopathic bo-
vine virus diarrhoea virus. Virus Res 2002; 90:
143-153.

Poole BD, Zhou J, Grote A, Schiffenbauer A and
Naides SJ. Apoptosis of liver-derived cells in-
duced by parvovirus B19 nonstructural pro-
tein. J Virol 2006; 80: 4114-4121.

Vanden Oever MJ and Han JY. Caspase 9 is es-
sential for herpes simplex virus type 2-induced
apoptosis in T cells. J Virol 2010; 84: 3116-
3120.

Tazume K, Hagihara M, Gansuvd B, Higuchi A,
Ueda Y, Hirabayashi K, Hojo M, Tanabe A, Oka-
moto A, Kato S and Hotta T. Induction of cyto-
megalovirus-specific CD4+ cytotoxic T lympho-
cytes from seropositive or negative healthy
subjects or stem cell transplant recipients. Exp
Hematol 2004; 32: 95-103.

Chaudhuri AR, St Jeor S and Maciejewski JP.
Apoptosis induced by human cytomegalovirus
infection can be enhanced by cytokines to lim-
it the spread of virus. Exp Hematol 1999; 27:
1194-1203.

Kaushansky K. Thrombopoietin: from theory to
reality. Int J Hematol 2002; 76 Suppl 1: 343-
345.

Int J Clin Exp Pathol 2017;10(5):5063-5077



