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A B S T R A C T

Primary immune thrombocytopenia (ITP) is a serious medical disorder that has the potential for maternal and
fetal mortality. Corticosteroids, intravenous immunoglobulin, or both are the first-line treatments for ITP in
pregnancy, but choices are limited if patients fail to respond. Recombinant human thrombopoietin (rhTPO) has
been proved effective and safe in management of chronic ITP. However, the efficacy and safety of rhTPO for
pregnant ITP patients still need to be explored. Here we developed an ideal murine model that simulated human
ITP in pregnancy and evaluated the efficacy and safety of rhTPO in management of ITP in pregnancy. Model
mice were subcutaneously administered with 0, 150, 1,500 and 15,000 U/kg rhTPO for 14 days. Significant
higher platelet counts were noted in rhTPO-treated groups on Day 7, 10 and 14. On Day 20, half the maternal
mice were sacrificed. Frequencies of Tregs in CD4+ T cells in rhTPO-treated groups were statistically higher than
control. Significant higher plasma levels of TGF-β1 were observed in rhTPO-treated groups than control. There
was no significant abnormality in gross or visceral examination of fetuses. The remaining half maternal mice and
their pups were observed for at least three weeks to assess vital signs. No abnormal signs were noted.

Furthermore, we investigated the underlying mechanisms. Results showed that Tregs were negative for c-Mpl
and rhTPO had no direct effect on Tregs. Additionally, the Treg frequency in splenic CD4+ T cells in LY2109761-
treated model mice was statistically lower than control. Thus, rhTPO may be a safe and effective option for
treatment of pregnant ITP patients.

1. Introduction

Primary immune thrombocytopenia (ITP) is an autoimmune disease
characterized with a low platelet count and mucocutaneous bleeding
[1,2]. The incidence of ITP in the adults is 5–10/100,000, while among
pregnant women the incidence increases to 10–100/100,000 [3–5].
Thrombocytopenia affects 6% to 10% of all pregnant women and is the
most common hematologic disorder in pregnancy other than anemia
[6]. Although only about 3% of these cases are due to ITP [7], ITP in
pregnancy affects maternal, fetal or neonatal outcomes, so it is im-
portant to accurately diagnose and appropriately manage ITP in preg-
nancy.

The pathologic mechanism of ITP in pregnancy is the same with ITP
in adults, which is primarily due to autoantibody-mediated platelet
destruction [8]. A growing body of evidence suggests that impaired
production of platelets also contributes to ITP [9,10]. The anti-platelet
antibodies can directly bind to megakaryocytes, causing destruction of
megakaryocytes and decrease of platelet production [11–13]. Throm-
bopoietin (TPO) is the main factor that promotes the production of
platelets. It binds to its receptor c-Mpl on the megakaryocyte membrane
to stimulate megakaryocyte proliferation and differentiation as well as
platelet production [14–18]. However, instead of compensative in-
crease, TPO keeps at an inappropriately low level in ITP patients, which
may further contribute to the impaired platelet production [19–22].
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These findings suggest that TPO has the potential to become a treat-
ment option for ITP in pregnancy.

The management of ITP in pregnancy is quite complex, and to reach
optimum therapeutic effect requires collaboration of obstetricians, he-
matologists and neonatologists. Primary treatment options for ITP in
pregnancy are similar to those for adult ITP patients [23]. Corticos-
teroids, intravenous immunoglobulin, or both are the first-line treat-
ments for ITP in pregnancy, but choices are limited if the patients fail to
respond.

A series of domestic researches have confirmed the efficacy and
safety of recombinant human full-length glycosylated TPO (rhTPO) in
management of chronic ITP [24]. And rhTPO has been recommended
for the treatment of chronic adult ITP patients by the experts in China
for many years [25,26]. There are some related reports on rhTPO in
management of ITP in pregnancy, which demonstrated it is effective,
fast-onset and has no side effects on mother and fetus [27,28]. How-
ever, the efficacy and safety of rhTPO in management of ITP in preg-
nancy still need reliable support by study on murine model.

In this study, we established a murine model of ITP in pregnancy
and treated with different doses of rhTPO for 14 consecutive days. We
evaluated the health conditions of dams and pups, the teratology of
fetuses and monitored the platelet counts of both dams and pups. In
addition, many recent studies have reported that, besides their direct
role in stimulating platelet production from megakaryocytes, TPO-re-
ceptor agonists (RAs) have demonstrated additional effects on immune-
regulation [29,30]. Regulatory T cell (Treg) and regulatory B cell (Breg)
activity has been identified to be remarkably enhanced in TPO-RA
treated ITP patients [31,32]. We previously observed a considerable
increase of transforming growth factor (TGF)-β1 in TPO-RAs treated
ITP patients [33]. Thus we further examined Tregs in spleen as well as
TGF-β1 levels in plasma of the murine model. Additionally, the un-
derlying mechanism was investigated.

2. Materials and methods

2.1. Mice

All the mice were purchased from the Laboratory Animal Center of
Shandong University. Eight-week-old female wild type mice (C57BL/6J
background) weighing about 20 g were mated with the same-age male
wild type mice (C57BL/6J background). The presence of sperm in the
vaginal smear and/or a mating plug were considered evidence of suc-
cessful mating, and the day was recorded as Day 0 of gestation. The rest
of female mice remained in cohabitation with males until the desired
number (40 per group) of mated females was reached. Another 30
model mice were used for assessment of ITP murine model and in-
vestigation of rhTPO's effect on Tregs. Animal studies were approved by
the Shandong University Ethics Committee for Animal Experiments.

2.2. Induction of immune thrombocytopenia in pregnant mice

We established the passive ITP pregnant mouse model by adminis-
tering rat anti-CD41 antibody (MWReg30) (BD PharMingen; CA, USA)
at a dose that was adjusted depending on the platelet counts to achieve
a relatively stable platelet destruction mouse model [34]. Briefly, the
ITP group received tail intravenous injection of MWReg30 diluted in
200 μL of phosphate buffer saline (Yuan da jing mei; Jinan, China)
every other day. The dose of MWReg30 was 5 μg/mouse on Day 0 and
2, 7.5 μg/mouse on Day 4 and 6, and 10 μg/mouse from Day 8 to Day
14. The isotype control group received injection of an equal volume and
dose of rat IgG1 (BD PharMingen; CA, USA).

2.3. Treatment regimen of rhTPO on mice

The rhTPO (3SBIO; Shenyang, China) was diluted in normal saline.
The pregnant mice with ITP were randomly assigned to four groups

receiving the following treatments: the control groups were treated
with normal saline; the low-dose group were treated with 150 U/kg
rhTPO; the mid-dose group were treated with 1500 U/kg rhTPO; and
the high-dose group were treated with 15,000 U/kg rhTPO. The test
items were administered subcutaneously for 14 consecutive days be-
ginning from Day 1 on which day platelet counts reached nadir. Platelet
counts were determined in maternal mice on Day 0, 1, 3, 7, 10, 14 and
after delivery, as well as in pups on post-natal day 21. On Day 20, half
the maternal mice of each group were sacrificed for gross examination
and bone narrow samples were acquired for smear and reticular fiber
staining. The whole blood and spleen samples of sacrificed maternal
mice in each group were acquired for further analysis. The fetuses were
checked for external and visceral abnormalities as previously described
[35]. The remaining half maternal mice and their pups were observed
for at least three weeks to assess their vital signs.

2.4. Identification of Tregs by flow cytometry

Single cell suspensions of spleen from the sacrificed maternal mice
on Day 20 were prepared. To determine the frequency of
CD4+CD25hiFoxp3+ Tregs, the freshly obtained splenocytes from the
mice (1×106/tube) were incubated with fluorescein isothiocyanate
(FITC)-labeled monoclonal anti-CD4 and allophycocyanin (APC)-la-
beled anti-CD25 (Biolegend; CA, USA). Then the samples were fixed,
permeabilized, and stained for intracellular Foxp3 (clone PCH101) and
an isotype control using the phycoerythrin (PE) anti-mouse/rat/human
FOXP3 Flow kit (Biolegend; CA, USA) following the manufacturer's
instructions. Tregs were examined on a FACS 3GalliosTM flow cyt-
ometer (Beckman Coulter; CA, USA) and analyzed using Flowjo soft-
ware. CD25hiFoxp3+ cells gated in the CD4+ cell fraction were re-
corded as Tregs.

2.5. Detection of TGF-β1 plasma levels

The peripheral blood from the sacrificed pregnant mice were cen-
trifuged at 3000×g for 10min to obtain the plasma. The TGF-β1
plasma levels of the samples were determined by enzyme-linked im-
munosorbent assays (ELISA) using a Mouse/Rat/Porcine/Canine TGF-
β1 Immunoassay kit (R&D systems; MN, USA) following the manufac-
turer's instructions. The lower detection limit was 15.4 pg/mL.

2.6. Investigation into the effect of rhTPO on Tregs in model mice

We detected the presence for c-Mpl, the receptor of TPO, on CD4+ T
cells. Single-cell suspension of model mice spleen was incubated with
FITC labeled anti-CD4, and then stained with anti-mouse c-Mpl biotin
(IBL; Gunma, Japan) and PE anti-biotin antibody (Biolegend; CA, USA)
for flow cytometry analysis.

Mouse splenic CD4+ T cells were sorted using CD4 magnetic beads
(Miltenyi Biotec; Bergisch Gladbach, Germany) and cultured with or
without 2 μg/L rhTPO for 3 days. Afterwards, the frequency of Tregs
was assessed by flow cytometry.

Model mice were administered with a TGF-β receptor inhibitor
(LY2109761) (AbMole BioScience; TX, USA) at a dose of 100mg/kg or
vehicle (0.5% carboxymethyl cellulose sodium solution) (Sigma
Aldrich; MO, USA) by gavage for 14 days beginning from Day 1. At the
same time, all the mice were injected with 1500 U/kg rhTPO sub-
cutaneously. Fourteen days later, the model mice were sacrificed. The
platelet count was recorded and the proportion of Tregs in splenic
CD4+ T cells was detected by flow cytometry.

2.7. Statistical analysis

All data were expressed as mean ± standard deviation (SD). The
statistical significance among different groups was determined by one-
way ANOVA test followed by Tukey's multiple comparisons test, unless
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the data was not normally distributed, in which case the Kruskal-Wallis
test followed by Dunn's multiple comparison test was used. The dif-
ference in platelet counts in model mice of the four groups over time
was assessed by two-way ANOVA test followed by Tukey's multiple
comparisons test. For comparison between two groups, t-test (for nor-
mally distributed variables) or Mann-Whitney U test (for non-normally
distributed variables) was used. All tests were performed by SPSS 19.0.
P value< 0.05 was considered statistically significant.

3. Results

3.1. The murine model of ITP in pregnancy

As shown in Fig. 1, platelet counts of the pregnant mice adminis-
tered with MWReg30 sharply declined to the lowest level on Day 1, and
remained at a relatively stable low level until Day 10. However, the
platelets of control mice which were injected with IgG1 remained stable
at the baseline level throughout the study. Although the platelet counts
recovered slowly, on Day 14 the platelet counts of the model group
were still significantly lower than the control group (P < 0.05), which
indicated that we successfully established the murine model of ITP in
pregnancy.

3.2. Efficacy and safety of rhTPO on the murine model of ITP in pregnancy

The platelet counts of mice in rhTPO-treated group were sig-
nificantly elevated compared with normal saline-treated group. The
effect of platelet elevating was enhanced with the increased rhTPO
dosage, and the platelet counts in all the three rhTPO-treated groups
were statistically higher than control group on Day 7, 10 and 14. After
delivery, statistical significance was only observed between high-dose
group and control group (P < 0.05). (Fig. 2).

The general condition, appetite and mental condition of the female
mice in the four groups had no obvious differences during the rhTPO
injection as well as the withdrawal period. There was no redness or
swelling at the local injection site. No abnormality was noted in ex-
ternal and visceral examination of fetal mice in rhTPO-treated groups.
There was no significant difference in the results of biochemistry and
bone marrow fibrosis between the maternal mice of normal saline
group and the three rhTPO-treated groups. No statistical effect of rhTPO
on the average litter size was noted. No abnormality of pups was ob-
served within 3 weeks after birth (data not shown).

There was no statistical difference in platelet counts of pups among
the four groups on post-natal day 21 (P > 0.05; Fig. 3).

3.3. Frequency of Tregs in model mice splenic CD4+ T cells

As shown in Fig. 4, the frequency of Treg cells in splenic CD4+ T
cells in the three rhTPO-treated groups was statistically higher than
control group (control group: 5.47 ± 1.48; low-dose group:
11.22 ± 2.30, P < 0.001; mid-dose group: 12.28 ± 2.36,
P < 0.001; high-dose group: 11.35 ± 2.57, P < 0.001).

3.4. Plasma levels of TGF-β1

The plasma levels of TGF-β1 in the maternal mice after treatment
were determined by ELISA. As indicated in Fig. 5, the plasma levels of
TGF-β1 were significantly elevated in rhTPO-treated groups when
compared with control group (control group: 685.73 ± 226.07; low-
dose group: 1248.27 ± 275.87, P < 0.001; mid-dose group:
1186.53 ± 311.46, P < 0.001; high-dose group: 254.07 ± 404.81,
P < 0.001). However, there was no statistical difference in the TGF-β1
levels among the three rhTPO-treated groups.

3.5. The effect of rhTPO on Tregs in model mice

Flow cytometry analysis showed that CD4+ T cells in spleen were
negative for c-Mpl (Fig. 6A). After 3-day culture of sorted splenic CD4+

T cells with administration of 2 μg/L rhTPO, the proportions of Tregs

Fig. 1. Platelet counts in pregnant mice during antibody/isotype administra-
tion. Pregnant mice were injected with MWReg30 (●) or the same volume of
IgG1 (■). The platelet counts of the MWReg30 group decreased to the lowest
level on day 1, and kept at a quite low level until Day 10 (P < 0.01).

Fig. 2. Platelet counts in pregnant ITP murine models treated with different
doses of rhTPO. Platelet counts were recorded in pregnant mice with ITP
treated with normal saline (n= 20, ●), low-dose rhTPO (n= 20, ■), mid-dose
rhTPO (n=20, ▲) or high-dose rhTPO (n=20, ▼). The platelet counts of all
mice showed an increasing tendency during rhTPO treatment period. The data
is expressed as platelet count (×109/L; mean) over time (days).

Fig. 3. Platelet counts of the pups in the four experimental groups on post-natal
day 21. No statistical differences in platelet counts of pups among the groups
(normal saline (n= 16, ●), low-dose rhTPO (n=16, ■), mid-dose rhTPO
(n= 16, ▲) and high-dose rhTPO (n=16, ▼)) were seen (P > 0.05).
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remained comparable with untreated CD4+ T cells (Fig. 6B; P > 0.05).
Additionally, after subcutaneous administration of rhTPO and in-
tragastric administration of TGF-β receptor inhibitor (LY2109761) or
vehicle for 14 days, the frequency of Tregs in splenic CD4+ T cells in
model mice was analyzed by flow cytometry and platelet counts were
recorded. Results showed no significant difference in platelet count
between the two groups (Fig. 6C; P > 0.05). Notably, the Treg fre-
quency in splenic CD4+ T cells in LY2109761-treated model mice were
significantly lower than control mice (Fig. 6D; P < 0.05).

4. Discussion

The goal of medical treatment for ITP in pregnancy is to minimize
the risk of hemorrhage during delivery associated with thrombocyto-
penia. Current consensus guidelines recommend that, except for the
delivery period, treatment indications for pregnant women are similar
to those recommended for adult ITP patients [1,26,36]. At the time of
delivery, the minimum platelet counts recommended are 80×109/L
for epidural anesthesia and 50×109/L for cesarean delivery [37].
Corticosteroids, intravenous immunoglobulin, or both are the first-line
treatments for ITP in pregnancy. Treatment should be adapted to the
individual patient, taking into account the occurrence and severity of
bleeding, the desired increase speed of platelet count, and possible side
effects to mother or fetus. Once failing first-line therapy, few other
therapeutic options could be chosen.

More recently, with the development of study on pathogenesis of

Fig. 4. Frequency of CD4+CD25hiFoxp3+

Tregs in splenic CD4+ T cells. Splenocytes
from the mice treated with normal saline or
different doses of rhTPO were stained with
FITC-conjugated anti-CD4 and APC-con-
jugated anti-CD25, followed by intracellular
staining using PE-conjugated anti-Foxp3.
(A) Representative dot plots demonstrating
the gating of CD4+CD25hiFoxp3+ Tregs.
The cells were first gated on the CD4+

lymphoid population in splenocytes, then
the frequency of CD25hiFoxp3+ cells was
measured based on the shown gating
strategy. (B) Percentage of CD25hiFoxp3+

cells in the CD4+ population in model mice
treated with normal saline (n=15, ●),
low-dose rhTPO (n= 15, ■), mid-dose
rhTPO (n= 15, ▲) and high-dose rhTPO
(n= 15, ▼). No statistical difference was
noted among rhTPO-treated groups.
However, the frequencies of Tregs in all the
three rhTPO-treated groups were sig-
nificantly higher than that in control mice
treated with normal saline (all P < 0.001).
Data are shown as mean ± SD.

Fig. 5. Plasma levels of TGF-β1 in the maternal mice on Day 20. Plasma sam-
ples from mice treated with normal saline (n=15, ●), low-dose rhTPO
(n=15, ■), mid-dose rhTPO (n=15, ▲) and high-dose rhTPO (n= 15, ▼)
were collected to assess the concentration of plasma TGF-β1 by ELISA. The
plasma levels of TGF-β1 in all the three rhTPO-treated groups were significantly
higher than that in control mice treated with normal saline (all P < 0.001).
Data are shown as mean ± SD.
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ITP, the relative decrease of TPO was found to play a crucial role in ITP
[19–22]. A number of thrombopoietic agents have been developed and
shown to be highly effective in the treatment of ITP [27,31,36,38,39].
rhTPO has been used for the treatment of corticosteroid-resistant and
relapsed ITP patients in China for many years [24,26]. However,
whether rhTPO can be used safely and effectively for pregnant patients
is still unknown.

In this study we successfully established a murine model of ITP in
pregnancy which simulated the process of ITP induced by anti-platelet
antibody. Then we studied the safety and efficacy of rhTPO using the
murine model by subcutaneously administration of rhTPO for 14 con-
secutive days. Our result showed that rhTPO could increase the platelet
count effectively without evident side effects to maternal, fetal or
neonatal mice.

The immune-pathogenesis of ITP has been extensively investigated
in the last decade, and it appears that one of the major contributing
factors in the development of this disorder is Treg deficiency [40–44].
Tregs are a subpopulation of T cells marked with CD4+CD25hiFoxp3+

which modulate the immune system, maintain tolerance to self-anti-
gens, and prevent autoimmune disease [45]. Many autoimmune dis-
eases, such as rheumatoid arthritis, type I diabetes and multiple
sclerosis, are associated with Treg deficiencies [38,39,46]. The reasons
for Treg deficiency in active ITP are still unknown, but several therapies
that successfully raise platelet counts have been shown to be associated
with normalization of Treg deficiency [42,47].

c-Mpl is the receptor for TPO and the expression of c-Mpl is re-
stricted to cells of the megakaryocytic lineage, CD34+ hematopoietic

progenitors and stem cells [48]. Consistent with the results in our study,
CD4+ T cells were negative for c-Mpl. Moreover, sorted splenic CD4+ T
cells cultured with rhTPO showed no significant difference in fre-
quencies of Tregs compared with untreated control. These results sug-
gest that rhTPO cannot act directly on CD4+ T cells.

It was reported that thrombopoietic agents treatment rescued the
peripheral splenic Treg deficiencies and elevated the serum levels of
TGF-β1 [31,49]. TGF-β1 acts as a mediator of feedback signal from
platelets, the end product of megakaryocyte, and it is highly con-
centrated in platelets [50,51]. TGF-β1 can be released by platelet ac-
tivation/degranulation [50,52]. TGF-β1 plays an integral role in reg-
ulating the immune response, especially in adaptive immunity. TGF-β1
also contributes to the suppression of the T cell responses by regulating
Tregs [47]. The percentage of Tregs and serum level of TGF-β1 were
found decrease in a passive murine model of ITP [53]. The data in our
recent study suggested that the frequency of Tregs in the splenocytes
and the serum levels of TGF-β1 both increased after thrombopoietic
agents treatment [54]. In this study, rhTPO-treated model mice had a
significantly higher plasma level of TGF-β1 and frequency of Tregs in
splenocytes as well as a higher platelet count compared with untreated
control group. TGF-β1 was reported to play an important role in the
peripheral induction of Tregs [55–57]. We speculated that elevated
TGF-β1 released by increased platelets contributed to the induction of
Tregs in model mice.

In order to further investigate the underlying mechanisms of
rhTPO's effect on Tregs, we treated model mice with subcutaneous
administration of rhTPO and intragastric administration of LY2109761

Fig. 6. The effect of rhTPO on Tregs in model mice. (A) CD4+ T cells in spleen were negative for c-Mpl detected by flow cytometry. (B) After 3-day culture of sorted
splenic CD4+ T cells with administration of 2 μg/L rhTPO, the proportions of Tregs remained comparable with untreated controls (P > 0.05). (C) No significant
difference in platelet count was noted between LY2109761-treated model mice (n=6) and control mice (n=6) (P > 0.05). (D) The Treg frequency in splenic CD4+

T cells in LY2109761-treated model mice (n= 6) were significantly lower than control mice (n=6) (P < 0.05).
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or vehicle for 14 days. Platelet counts at Day 14 showed no significant
difference between LY2109761-treated group and control group, while
the Treg frequency in splenic CD4+ T cells was significantly lower in
LY2109761-treated group, which indicated that TGF-β was important
for Tregs induction.

Taken together, we conclude that rhTPO binds to its receptor c-Mpl
on megakaryocyte and promote platelet production, resulting in an
elevated TGF-β1 level, which results in Tregs stimulation and may
possess tolerance-inducing effects (Fig. 7).

In conclusion, rhTPO can effectively increase the platelet counts of
ITP in pregnancy murine models without evident side effects. Besides,
rhTPO may have immune tolerance-inducing effect associated with
Treg induction. However, the long-term safety and efficacy of rhTPO in
treatment of ITP in pregnancy still need to be studied in further re-
searches.
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