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Abstract

Ultrastructure analysis of immature platelets is difficult because of the lack of a suitable marker
and their relatively low concentration in total platelets.

We investigated the morphological and optical properties of human immature platelets
produced and enriched in immunodeficient mice via human CD34-positive cell administration.
Immunodeficient mice were injected with human CD34-positive cells and administered eltrom-
bopag orally for 14 days (eltro-mice). Some of these mice were maintained for 2-3 months
(steady-state-mice). Platelets were double-stained with a human CD41 antibody and a nuclear
staining dye (Sysmex hematology analyzer XN series reagent), and then analyzed by flowcy-
tometry FCM to identify human immature platelets. Human CD41-positive cells were isolated
from citrated blood by magnetic cell sorting with human CD41 antibody, and examined using
electron microscopy.

Flow cytometric analysis with the XN reagent demonstrated that peripheral blood from eltro-
mice had a higher percentage of immature platelet fraction in human platelets than that from
steady-state-mice. The geometric mean of XN reagent fluorescence for human platelets,
divided with that for mouse platelets, revealed that the ratios in eltro-mice were significantly
higher than those in steady-state-mice, thus indicating that immature platelets were highly
enriched in eltro-mice. Scanning and transmission electron microscopy revealed that human
citrated platelets isolated from eltro-mice tended to be larger (n = 15, p = 0.276) and contained
more mitochondria than those isolated from steady-state-mice (n = 10, p = 0.0002).
Therefore, an increased number of mitochondria, rather than platelet size, is a distinctive
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feature of immature platelets.

Introduction

Platelets are enucleated cells which are derived from megakar-
yocytes in the bone marrow and are present in the blood at
concentrations ranging from 150,000 to 400,000 cells/uL (1).
When blood vessels are damaged, platelets immediately adhere
to the damaged endothelial cells to form a platelet plug and stop
bleeding. Owing to their highly polyploid nuclei, megakaryocytes
in the bone marrow are large cells (~ 60 pm), with one mega-
karyocyte releasing approximately 1000 platelets, which are
derived from its proplatelets and pass through holes in the bone
marrow blood vessels, into the peripheral blood (2). Reticulated
platelets (RP) are reported to be young platelets (i.e. immature
platelets) that have been recently released into the circulation and
are probably analogous to reticulocytes, reflecting erythropoiesis
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(3). RP can be distinguished from mature platelets by their RNA
content, by using flow cytometry (FCM) with an RNA-binding
fluorochrome, such as thiazole orange (4,5). In addition, the
Sysmex hematology analyzer (XN-series) and Abbott CELL-
DYN Sapphire can measure RP as an immature platelet fraction
(3). In a Sysmex hematology analyzer, platelets are exposed to a
reagent which contains a detergent and fluorescent nuclear stain-
ing dye. A two-dimensional scattergram is then plotted, based on
the forward scattering light (FSC) intensity (vertical axis) and
side fluorescent light (SFL) intensity (horizontal axis), using the
principles of FCM. Platelets that display higher intensity of both
FSC and SFL are identified as being in the immature platelet
fraction (IPF) (6,7). Percentage of IPF (IPF%) values correlate
well with RP% values obtained by thiazole orange staining (8). It
has been demonstrated that IPF% values, especially when mea-
sured using the XN series, as well as RP% values, are useful to
determine platelet turnover in thrombocytopenic disorders, and
for predicting platelet recovery after stem cell transplantation
(8-14).

Immature platelets (and RP) have been reported to be larger
than mature platelets (4,15). However, the morphological proper-
ties of immature platelets are difficult to observe, owing to the
lack of suitable markers and their presence at a relatively low
percentage in total platelets. Most previous studies have reported
observations of immature platelets derived from megakaryocytes
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in vitro, but these results cannot accurately represent the mor-
phology of immature platelets in vivo, as they do not take into
account the effects of shear stress that platelets are subjected to in
the body (16).

In this study, we produced and enriched human immature
platelets in the body of NOD/Shi-scid, IL-2Ry KO Jic (NOG)
mice injected with human CD34-positive cells, by concomitant
oral administration of eltrombopag for 14 days. Eltrombopag
stimulates the production of human pluripotent stem cells and
megakaryocytes, but not murine cells (17). The ultrastructural
analysis of human immature platelets isolated using anti-human
CD41 antibody revealed that immature platelets tended to be
larger and contained higher number of mitochondria.

Methods
Animals

Eight-week-old NOD/Shi-scid, IL-2Ry KO Jic (NOG) mice (Central
Institute for Experimental Animals, Kanagawa, Japan) were main-
tained in sterilized cages under a 12-h light/dark cycle. The animals
were fed a pellet chow and sterilized tap water ad libitum. Human
CD34-positive cells (1 X 10%) from cord blood (AllCells, CA, USA)
were transplanted through the tail vein after irradiation with 2.5 Gy.
Eltrombopag at 25 mgkg body weight (Revolade,
GlaxoSmithKline, Middlesex, UK) was orally administrated every
day for 14 days (17). As shown in Figure 1, after 14-day adminis-
tration of eltrombopag, mice were designated as eltro-mice. Some of
the mice were maintained for 2-3 months after the 14-day adminis-
tration, and these mice were designated as steady-state-mice. Mice
that were transplanted with human CD34-positive cells without
eltrombopag were designated as control-mice (Figure 1).

Blood

Citrated or EDTA-anticoagulated peripheral blood was collected from
the hearts of all the mice. Platelet-rich-plasma (PRP) samples were
prepared from the citrated peripheral blood samples by centrifugation
at 160 x g for 20 min. EDTA blood samples were analyzed using an
XN-2000 (Sysmex, Kobe, Japan) and a platelet analysis scattergram
(PLT-F scattergram), to obtain the value of I[PF%.

2.5 Gy of X-rays

NOD/Shi-scid, IL-2Ry KO Jic (NOG)

Figure 1. Procedure using immunodeficiency mice.
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FCM analysis

EDTA-anticoagulated peripheral blood samples were incubated
with FITC-conjugated anti-human CD41 (Platelet Glycoprotein
1Ib) mouse monoclonal antibody (Clone 5B12, F7088, DAKO,
Glostrup, Denmark) solution, at a concentration of 15 p mol/L in
phosphate-buffered saline (PBS) for 30 min at 4°C. FITC-con-
jugated mouse IgG1 antibody (DAKO) was used as a negative
control. Blood samples stained with the antibody were then
exposed to specific reagents: CELLPACK DFL and Fluorocell
PLT of the XN series (Sysmex). Five microliters of the sample,
1000 pL of DFL, and 20 pL of Fluorocell PLT, were gentry
mixed in a manner similar to that in case of XN, and were excited
by a 642-nm laser and detected by a 660-nm filter laser using a
FCM (EC800 Cell Analyzer, Sony Corporation, Tokyo, Japan),
approximately after 2 minutes-incubation at room temperature.

Magnetic cell sorting

The PRP samples were fixed with 1.5% paraformaldehyde in PBS
and stained with biotin-conjugated human CD41 mouse mono-
clonal antibody (Clone P2, IM0718, Beckman Coulter, CA, USA)
at a concentration of 2 mg/L in PBS for 30 min at 4°C. Human
CD41-positive platelets were then isolated from the PRPs by
biotin-positive selection using the magnetic cell sorting system
(STEMCELL Technologies, British Columbia, Canada) as per the
manufacturer’s instructions.

Scanning electron microscopy

Isolated human CD41-positive platelets were fixed in 1% glutar-
aldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS
for 16 h at 4°C. The fixed cells were then attached to poly-L-
lysine-coated glass slides. After fixation and dehydration using
the same method as that used for transmission electron micro-
scopy (TEM), the ethanol was replaced with t-butyl alcohol
(Wako Pure Chemicals, Osaka, Japan). These samples were then
dried using a freeze-dryer (Hitachi High-Technologies) and deco-
rated with osmium using Neoc (MEIWAFOSIS, Tokyo, Japan).
JSM-7500F (Nippon-Denshi, Osaka, Japan) was used for scan-
ning electron microscopy (SEM) analysis. Images of discoid

Injected 10° CD34" cells
through the tail vein

—T—> 14 days (Control-mice)

— Administered eltrombopag

14 days (Eltro-mice)

Maintained for 2-3 months

(Steady-state-mice)

Mice after 14 day-administration of eltrombopag were designated as eltro-mice. Mice maintained for 2—-3 months after the 14-day administration were
designated as steady-state-mice. Mice that were transplanted with human CD34-positive cells without eltrombopag, were designated as control-mice.
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shape platelets were used for measuring the area using Imagel
1.49V (National Institutes of Health, Maryland, USA). 15 images
obtained from 3 different eltro-mice and 17 images obtained from
4 different steady-state-mice were analyzed by two operators
independently.

Transmission electron microscopy

For transmission electron microscopy (TEM) analysis, isolated
human CD41-positive platelets were fixed in 1% glutaraldehyde
(Electron Microscopy Sciences) in PBS for 16 h at 4°C. The fixed
cells were then attached to silanized glass slides using Cytospin®
(Thermo Fisher Scientific, Massachusetts, USA) and post-fixed in
1% osmium tetroxide for 45 min at 4°C. Following osmium
fixation, the samples were dehydrated in a graded series of
ethanol and invert-embedded in Quetol 812 (Nisshin EM,
Tokyo, Japan). The samples were then cut into 80-100 nm sec-
tions wusing an Ultracut UCT ultramicrotome (Leica
Microsystems, Wetzlar, Germany) and imaged using an H-7500
transmission electron microscope (Hitachi High-Technologies,
Tokyo, Japan). We analyzed 10 images obtained from 3 different
eltro-mice and 11 images obtained from 4 different steady-state-
mice. The number of all the mitochondria in stable platelets that
could be recognized by the human eye was counted from the
TEM images by two operators independently.

A
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Statistical analysis

Normal distribution of data was confirmed using the
Kolmogorov-Smirnov test and F test, performed using EZR ver-
sion 1.32 (Jichi medical University, Tokyo, Japan). Welch’s t-test
was employed to compare the two groups.

Results

Analysis for IPF% in eltro-mice and steady-state-mice

The intensity of peripheral blood samples double-stained with
a FITC-conjugated human CD41 antibody (Figures 2(a) and 2(c)
right) or the negative control antibody (Figures 2(a) and 2(c) left),
along with the XN series reagent specific for nucleic acids, was
measured using FCM.

FITC intensity along the vertical axis (Figures 2(a) and 2(c))
indicated that the ratio percentage of human CD41-positive cells
events in the total platelets was 4.95% in eltro-mice, and 17.28% in
steady-state-mice (Figures 2(a) and 2(c), red dots). To examine IPF
% in these mice, human and mouse platelets were stained with XN
reagent as shown in Figures 2(b) and 2(d). Estimated IPF% values
were 18.39% and 6.08% for human platelets in eltro-mice and
steady-state mice, respectively. Geometric means of each red
color fluorescent intensity for human platelets were 331.01 and
295.64, in eltro-mice and steady-state mice, respectively. We cal-
culated the ratios of human geometric mean to mouse geometric
mean, as the total platelet number was markedly different between
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Figure 2. FCM analysis of peripheral blood samples obtained from eltro-mice and steady-state-mice.

Peripheral blood was obtained from eltro-mice (A and B) or steady-state-mice (C and D). The blood samples were double-stained with FITC-conjugated human
CD41 (right of panels) or negative (left of A and C) antibody as well as a Sysmex exclusive reagent of the XN series. FSC intensity is shown on the horizontal
axis and FITC intensity is shown on the vertical axis (A and C). FITC-positive (red) and -negative (blue) platelets were gated in the right panels of A and C, and
represented in B or D. The intensity of the Sysmex exclusive reagent is shown on the horizontal axis and FSC intensity is shown on the vertical axis (B and D).
For the analysis of positive particles in B and D, we set the gate where no positive particles were detected without the Sysmex exclusive reagent (F).The numbers
inred in A and C represent human platelets as a percentage of the total number of observed platelets. The numbers indicated in B and D represent the geometric
mean of specific reagent intensities of red or blue dots, and representative data are shown (n = 4). IPF% of human platelets were estimated (black letters in left of
panels B and D). The geometric mean of specific reagent intensity for human platelets/geometric mean for mouse platelet ratios are described as the dotplots. The

average are shown as lines (n > 4) (E). **p < 0.01.
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eltro-mice and steady-state-mice. The ratio was approximately 1 in
steady-state mice, while it increased by approximately three-times
in eltro-mice (p < 0.01, Figure 2(e)). eltro-mice human thrombo-
poiesis, but not mice thrombopoiesis, could be stimulated by
eltrombopag administration. Thus, these data strongly suggested
that as compared with steady-state-mice, IPF% values for human
platelets were markedly increased in eltro-mice.

In addition, we analyzed peripheral blood samples in eltro-
mice using an XN-2000. In the XN analysis, both human and
mouse platelets were examined, as the XN did not distinguish
human platelets from mouse platelets. IPF% values were signifi-
cantly higher than those obtained from control-mice which had
not received eltrombopag (2.05 + 0.37% vs. 0.38 + 0.05%, n = 4,
p < 0.01).

Taken together, both data strongly suggested that in eltro-mice,
immature platelets are significantly enriched in the peripheral
blood, as compared with those in steady-state-mice or control-
mice. Thus, we further examined the morphological characteris-
tics of immature platelets enriched in peripheral blood obtained
from eltro-mice.

Morphological analysis by electron microscopy

To confirm that we examined human platelets, and not
mouse platelets, magnetic bead (white arrows)-positive plate-
lets, without activation, were observed using SEM (Figure 4).
For the morphological analysis we used citrated blood samples.
Before the analysis, we preliminarily examined IPF% in
citrated samples. Estimated IPF% value was 33.33%, which
was much higher than that in EDTA-samples (33.33% in
citrated samples vs 18.39% in EDTA samples)(data not
shown). The difference was probably because platelet morphol-
ogy is more properly maintained in citrated blood. To compare
platelet size between eltro-mice and steady-state-mice, human
platelets were randomly selected, and the area of each was
calculated from the SEM images. Immature platelet-enriched
samples obtained from eltro-mice appeared larger than those
from steady-state-mice, although the difference was not statis-
tically significant (n = 15, p = 0.276).

We also examined enriched immature platelets by TEM. TEM
samples from the same mice (n = 3) as those used for SEM
analysis. Figure 5 shows the surface connecting systems (SCS),
granules (G), and mitochondria with inner membrane (yellow
arrows), in magnetic bead (white circles)-positive platelets. We
calculated the number of mitochondria in each platelet and found
that the number was significantly higher in human platelets
obtained from eltro-mice than from steady-state-mice (n = 10,
p = 0.0002).
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Discussion

IPF% (and RP%) values are useful biomarkers to distinguish
platelet consumptive disorder, such as primary immune thrombo-
cytopenia (ITP), from hypoplastic thrombocytopenia, such as
aplastic anemia (AA). They are also useful for predicting throm-
bopoietic recovery after stem cell transplantation and/or che-
motherapy (8,9,18,19).

However, the morphological characteristics of immature plate-
lets have not been well documented. In this study, we investigated
the morphological and optical properties of human immature plate-
lets ex vivo, which were produced in immunodeficient mice by the
injection of human CD34-positive cells, with concomitant stimula-
tion with a human-specific thrombopoietin receptor agonist
(eltrombopag). The immunodeficient NOD/Shi-scid, IL-2Ry KO
Jic (NOG) mice lack T cells, B cells, NK cells, and the IL-2
receptor, and possess low activity macrophages (20). When
CD34-positive cells are injected into these mice, stable human
platelets are produced in the body of the mice three months later
(21-23). To stimulate human thrombopoiesis, but not mouse
thrombopoiesis, we orally administered eltrombopag, a thrombo-
poietin receptor agonist, which has been used in patients with
aplastic anemia as well as in patients with primary immune throm-
bocytopenia (17). Histidine residue 499, located in the transmem-
brane domain of the thrombopoietin receptor, c-Mpl, is human-
specific, and is essential for the effects of eltrombopag (17).

We first examined whether oral administration of eltrombopag
for 14 days might increase IPF% for human platelets in peripheral
blood obtained from eltro-mice, compared with that from steady-
state-mice. In eltro-mice the proportion of human platelets was
only 4.95%, while in steady-state-mice it was 17.28%. We also
confirmed that after 14 days post-bone marrow transplantation of
human hematopoietic stem cells into control mice without eltrom-
bopag, human platelets were hardly produced in the mice (data
not shown). The proportion of immature platelets was signifi-
cantly higher in eltro-mice than in steady-state-mice, probably
due to the stimulation of human thrombopoiesis by eltrombopag
administration (Figs. 2 and 3). However, IPF% on Figure 3 was
lower than Figure 2, because XN did not distinguish human
platelets from mouse platelets. To evaluate human immature
platelets more precisely in eltro-mice, we used the mouse geo-
metric mean for the XN reagent as a control. As shown in
Figure 2(e), the ratio of the human geometric mean to the
mouse geometric mean was markedly increased in eltro-mice.
These data confirmed that IPF% was markedly increased in
eltro-mice, compared with steady-state-mice.

The value of IPF% in XN-2000

'
SFL

Figure 3. XN analysis of the peripheral blood samples.

b Eltro-mice Control-mice

Peripheral blood samples were obtained from eltro-mice or control-mice, and were analyzed using the XN series. Representative PLT-F scattergram from the XN-
series is shown (A and B). Red circles indicate IPF area. The values of IPF% are shown as the dotplots. The average are shown as lines (n = 4-6) (C). **p < 0.01.
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Figure 4. SEM observation of human CD41-positive platelets.
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Figure 5. TEM observation of human CD41-positive platelets.
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Human CD41-positive cells were isolated from the PRP from eltro-mice (A) or steady-state-mice (B). Representative magnetic bead-attached human
CD41-positive platelets are shown. The numbers of mitochondria in each platelet observed with TEM are shown as the dotplots. The average are shown
as lines (n = 10-11) (C). Scale Bar = 1 pm. White circles in A and B indicate magnetic beads. Yellow arrows indicate mitochondria. G: granules, SCS:
surface connecting systems. Right panels of A and B are high magnification images of yellow rectangles. ***p < 0.001.

We then performed a morphological analysis of human plate-
lets obtained from eltro-mice and steady-state-mice. Human pla-
telets were isolated by magnetic beads coated with anti-human
CD41. We only examined magnetic bead-positive platelets by
electron microscopy to confirm that the platelets examined were
of human origin. Our ultrastructural analysis suggested that
immature platelets might be larger that mature platelets, which
is consistent with previously published data (4,15). However, our
data did not show a statistically significant difference in platelet
size between eltro-mice and steady-state-mice. This is probably
because we examined immature platelet-enriched blood samples,
and not isolated immature platelet samples. Nonetheless, our data
clearly demonstrated that immature platelet-enriched samples

from eltro-mice contained significantly higher numbers of mito-
chondria than those from steady-state-mice. These data revealed
that the most distinctive feature of immature platelets may be an
increased number of mitochondria, rather than the large size of
platelets. For the morphological analysis, we used citrated blood
samples. Before the analysis, we preliminarily examined IPF% in
citrated samples. The estimated IPF% value was 33.33%, which is
much higher than that in EDTA-samples (33.33% in citrated
samples vs 18.39% in EDTA samples on Figure 2(b)) (data not
shown). The difference was probably because platelet morphol-
ogy is more properly maintained in citrated blood.

Recently, we characterized platelet organelles, stained
using the XN reagent, and revealed that XN reagent staining
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overlapped with anti-Grp75 staining, a mitochondrial marker
protein (7). Thus, the XN reagent mainly stains mitochondria
(probably mitochondrial DNA and RNA) and cytosolic
mRNA in platelets. These data are consistent with the data
presented in this study that immature platelets contain
increased numbers of mitochondria.

In summary, we enriched human immature platelets by employ-
ing a unique experimental model in which human CD34-positive
cells were transplanted into immunodeficient mice with concomitant
stimulation of a human-specific thrombopoietin receptor agonist
(eltrombopag). The protocol of this study had the certain limitations,
because which immature human platelets could not be completely
isolated. However, this ultrastructural analysis demonstrated that the
number of mitochondria is a more useful marker for immature
platelets than the platelet size. Our present data further contributes
to our understanding of the characteristics of immature platelets.
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