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ORIGINAL ARTICLE

Romiplostim (NplateVR ) as an effective radiation countermeasure to improve
survival and platelet recovery in mice

Deborah I. Bunina, James Bakkea, Carol E. Greena, Harold S. Javitza, Mark Fieldenb and Polly Y. Changa

aSRI Biosciences, SRI International, Menlo Park, CA, USA; bAmgen, Thousand Oaks, CA, USA

ABSTRACT
Purpose: Rapid depletion of white blood cells, platelets, and reticulocytes are hallmarks of
hematopoietic injury of acute radiation syndrome (H-ARS) and, if left untreated, can lead to severe
health consequences including death. While the granulocyte colony stimulating factors (G-CSF) fil-
grastim (NeupogenVR ), pegfilgrastim (NeulastaVR ), and sargramostim (LeukineVR ) are approved to
increase survival in patients exposed to a myelosuppressive dose of radiation, no medical counter-
measure is currently available for treatment of the thrombocytopenia that also results following
radiation exposure. Romiplostim (NplateVR ), a thrombopoietin receptor agonist, is the first FDA-
approved thrombopoiesis-stimulating protein for the treatment of low platelet (PLT) counts in
adults with chronic immune thrombocytopenia. Herein, we present the results of an analysis in
mice of romiplostim as a medical countermeasure to improve survival and PLT recovery following
acute radiation.
Materials and methods: Male and female C57BL/6J mice (11� 12 weeks of age, n¼ 21/sex/
group) were total body irradiated (TBI) with 6.8Gy X-rays that reduces 30-day survival to 30%
(LD70/30). Vehicle, romiplostim, and/or pegfilgrastim were administered subcutaneously beginning
24h after TBI for 1–5 days. Evaluation parameters included 30-day survival, pharmacokinetics,
and hematology.
Results: Full or maximal efficacy with an �40% increase in survival was achieved after a single
30 mg/kg dose of romiplostim. No further survival benefit was seen with higher (100 mg/kg) or
more frequent dosing (3 or 5 once daily doses at 30 mg/kg) of romiplostim or combined treatment
with pegfilgrastim. Pharmacodynamic analysis revealed that the platelet nadir was not as low and
recovery was faster in the irradiated mice treated with romiplostim when compared with irradi-
ated control animals (Day 8 versus 10 nadir; Day 22 versus 29 recovery to near baseline). Platelet
volume also increased more rapidly after romiplostim injection. Kinetic profiles of other hematol-
ogy parameters were similar between TBI romiplostim-treated and control mice. Peak serum levels
of romiplostim in TBI mice occurred 4� 24h (Tmax) after injection with a t1/2 of �24h. Cmax
values were at �6 ng/ml after 30 mg/kg± TBI and �200ng/ml after 300 mg/kg. A 10-fold higher
romiplostim dose increased the AUClast values by �35-fold.
Conclusion: A single injection of romiplostim administered 24h after TBI is a promising radiation
medical countermeasure that dramatically increased survival, with or without pegfilgrastim, and
hastened PLT recovery in mice.

ARTICLE HISTORY
Received 10 December 2018
Revised 12 February 2019
Accepted 14 February 2019

KEYWORDS
Thrombocytopenia; medical
countermeasure; hemato-
poietic acute radiation
syndrome; romiplostim

Introduction

Large penetrating doses of total body ionizing radiation,
such as those that could occur during radiological acci-
dents or terrorism, results in well understood acute effects
on the hematopoietic system. This hematopoietic subsyn-
drome of acute radiation syndrome (H-ARS) is character-
ized by dose-dependent bone marrow destruction leading
to rapid depletion of white blood cells, platelets, and retic-
ulocytes (i.e. lymphocytopenia, neutropenia, thrombocyto-
penia, and anemia) (Singh and Seed 2017). Such damage
to the hematopoietic system can lead to lethality from
infections, hemorrhages, and poor wound healing. The

granulocyte colony stimulating factors (G-CSF) filgrastim
(NeupogenVR ) and pegfilgrastim (NeulastaVR ) and the gran-
ulocyte–macrophage colony stimulating factor (GM-CSF)
sargramostim (LeukineVR ) have recently been approved by
the US Food and Drug Administration to increase sur-
vival in patients acutely exposed to myelosuppressive
doses of radiation (NEUPOGENVR (filgrastim) [product
monograph]: Thousand Oaks, CA: Amgen Inc;
NEULASTAVR (pegfilgrastim) [product monograph]:
Thousand Oaks, CA: Amgen Inc; LEUKINEVR (sargramos-
tim) [product monograph]: Bridgewater, NJ: Sanofi-
Aventis US Inc). These three myeloid cytokines are
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currently residing in the United States Strategic National
Stockpile for emergency use in the event of a radiological
incident (U.S. Department of Health and Human Services
Press Office 2016; National Library of Medicine et al.
2018). These three approved cytokines address post-radi-
ation neutropenia (low neutrophil counts) and the
increased risk of infection and febrile neutropenia
(Waselenko et al. 2004; Singh et al. 2015) but do not
address thrombocytopenia (low platelet counts) and exces-
sive bleeding that also occurs in H-ARS. Thus, a radiation
medical countermeasure to address thrombocytopenia
would likely have a positive effect on H-ARS patients
when administered alone or in combination with one of
the G(M)-CSFs.

Romiplostim (NplateVR ) is a thrombopoietin (TPO)
receptor agonist (i.e., a thrombopoietin mimetic) approved
to treat low platelet counts in adults with chronic immune
thrombocytopenia (ITP), an autoimmune disease charac-
terized by low platelet counts (NPLATEVR (romiplostim)
[product monograph]: Thousand Oaks, CA: Amgen Inc). A
recent report using romiplostim as a successful ‘on demand
therapy’ for emergency management of severe ITP with
life-threating bleeding further confirms the usefulness of
romiplostim in life-threating bleeding situations (Gellens
et al. 2017).

Romiplostim is a recombinant fusion protein that binds
the TPO receptor (c-Mpl) to stimulate megakaryocyte-medi-
ated production of platelets activating the same downstream
signaling cascade as endogenous TPO (Broudy and Lin
2004; Provan and Newland 2007). Romiplostim has no
sequence homology to endogenous TPO thereby reducing
the potential for neutralizing antibody production which
halted the clinical development of earlier recombinant TPO
mimetics (Li et al. 2001). Structurally, romiplostim is a pep-
tibody molecule meaning it has two copies of a peptide
domain that binds and activates the TPO receptor and two
copies of a human immunoglobulin Fc carrier domain that
increases the molecule’s circulating half-life (Molineux and
Newland 2010).

Our evaluation of romiplostim as a potential radiation
medical countermeasure to increase survival in an X-ray
irradiated mouse model of H-ARS, with and without co-
administration of pegfilgrastim, is presented herein. The
pharmacodynamic and pharmacokinetic profile of romiplos-
tim in irradiated mice is also presented.

Materials and methods

Animals

Male and female C57BL/6J mice (Jackson Laboratory,
Sacramento, CA) aged 11–12 weeks at study start were
housed at an American Association for Accreditation of
Laboratory Animal Care, international-accredited facility. All
research protocols were approved by the Institutional
Animal Care and Use Committee (IACUC). Males were sin-
gle housed due to the aggressive nature of this strain.
Females were housed � 3 per cage. Housing rooms were
maintained on a 12-h light/dark cycle at 68� 79 �F,

30� 70% relative humidity. Food (Envigo Tekland Chow
#2018C) and purified, reverse osmosis water were provided
ad libitum. Supplemental water-softened chow and
HydroGelVR (ClearH2OVR , Westbrook, ME) were provided to
all mice beginning 4 days after radiation. Mice were
randomized to treatment groups based on body weight 1–3
days before irradiation. Clinical observations were scored on
a three-point scale (slight, moderate, extreme) and were per-
formed daily with an afternoon observation performed for
any mouse with a morning finding scored as moderate or
extreme. Body weights were determined at least 3� weekly
with increasing measurement frequency as body weight loss
occurred (i.e. once and twice daily when body weight loss
reached � 15% and � 20%, respectively, of the pre-irradi-
ation weight).

Radiation and dosimetry

Total body irradiation was performed using a Pantak HF320
X-ray unit to deliver a single 6.8 (LD70/30) or 6.5Gy
(LD30/30) dose to mice placed into individual plastic animal
box holders on a rotating Plexiglas platform (to ensure dose
uniformity at �1 rpm) located 45 cm centered vertically
below the exposure beam. Up to six mice were irradiated at
a time on Day 1 with each irradiation session occurring
between 7:15 and 11:15 am to minimize circadian effects
(Williams et al. 2010; Plett et al. 2012). Exposure energy set-
tings were 230 kVp, 5mA, with 2mm aluminium filtration
that provided a dose rate of 1.09Gy/min.

A PTW-UNIDOS electrometer connected to a controlled
universal field class Farmer-type ionization chamber [PTW
Freiburg GmbH; calibrated annually by an accredited labora-
tory (K&S Associates, Inc Nashville, TN)] was used to deter-
mine the delivered dose. Pre-exposure sessions to evaluate
and confirm the energy and dose rate were performed with
the chamber probe placed sequentially in all six positions of
the box-holder base in an orientation to mimic the mid-
body location of the mouse. The average of these six dose
rate readings taken immediately prior to each exposure ses-
sion was used to calculate the exposure duration time.
Stability of the dose rate was then confirmed at the end of
each session. The pre-session dose rate remained stable at
1.09 ± 0.03Gy/min over the 15-month period in which the 5
studies described herein were conducted.

Dose formulation

Dose formulations were prepared on the day of use in
amber glass vials, maintained on wet ice, and used within
4 h of preparation. Romiplostim (NplateVR , lyophilized pow-
der in vial, stored refrigerated and protected from light;
Amgen, Thousand Oaks, CA) was reconstituted at 500 mg/
ml with sterile water for injection, USP (Fresenius Kabi) and
then diluted with vehicle [sterile saline for injection, USP
(Hospira, Rocky Mount, NC)] to obtain dose formulations
of 0.6, 2, 6, 20 and 60 mg/ml. Pegfilgrastim (NeulastaVR ,
10mg/ml, stored refrigerated and protected from light;
Amgen) was diluted to 60 mg/ml with the vehicle 5%
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dextrose [generated from 50% dextrose for injection, USP
(Hospira) and sterile water for injection]. Mixing was by
gentle, repeated, and round-trip inversions.

Dose regimen

Test and control articles were administered by subcutaneous
(sc) injection to the scapular region 24� 26 h post-irradiation
(Day 1) at 5.0ml/kg based on the Day-1 pre-irradiation body
weight of each mouse. Romiplostim was tested at 3, 10, 30,
100, and 300 mg/kg. Pegfilgrastim was tested at 300 mg/kg as
reported in other studies (Farese et al. 2012; Chua et al. 2014;
Hankey et al. 2015). For repeat dose administration, 30 mg/kg
romiplostim was injected every 24± 2h on Days 1� 3 or
1� 5 with saline administered as the control article such that
all animals received a total of 5 once daily injections.

Euthanasia criteria

Early removal of an animal (unscheduled euthanasia,
moribund sacrifice) occurred when body weight loss was
� 30% relative to Day-1 or when at least three abnormal
clinical observations occurred with at least two of those
findings being scored as moderate or extreme. Along with
weight loss, abnormalities in postural adjustments, appear-
ance, behavior, response to stimuli, physiological func-
tions, or ambulation were clinical observations used in the
early removal criteria (e.g. hunched posture, ruffled fur,
hypoactivity, hypothermia, eye discharge, squinting, swel-
ling, dehydration, thinness, dyspnea, ataxia, and tremors).
Findings observed but not included in the early removal
criteria included alopecia, eschar formation, and skin and
fur discoloration.

Survival analysis

Three separate studies with 21 mice/sex/treatment group/study
were performed to evaluate 30-day survival. Kaplan–Meier sur-
vival analysis used StataSE 14.1 software combining data from
both sexes (n¼ 42/group) and combining animals that were
found dead with those that were sacrificed in moribund condi-
tion. Log rank tests of survivor function used the Stata STS
test to determine statistical significance. Data was plotted using
GraphPad Prism 6.07 (La Jolla, CA).

Blood collection and hematology

For pharmacodynamic (hematology) analysis, 4� 6 mice/sex/
dose were pre-assigned to collection timepoints. Blood was
collected from isoflurane anesthetized mice via the retro-
orbital sinus a maximum of two times per animal at pre-
scheduled times with the final collection being terminal and
the collections spaced to minimize survival bias and the stress
of multiple collections. Collection cohorts were Days 4þ 8,
Days 6þ 10, Days 12þ 18, Days 14þ 25, and Days 22þ 29
such that those in the first cohort of mice were bled before
any mortality was expected, and those in the last cohort were
bled after the critical survival period had passed. An

additional four males and four females non-irradiated, non-
injected mice were bled on Day 4 as baseline control samples.
Standard hematology parameters were analysed using a
Siemens ADVIAVR 2120 Hematology System. Data from both
sexes were combined with the sample size varying from
1 to 11/group/timepoint because of early moribundity espe-
cially in the control and low dose groups. Homogeneity of
variance across groups was tested for platelet count using
the Stata robar test with linear regression analysis and
Benjamini–Hochberg correction for multiple comparisons
(False Discovery Rates) and was plotted using Prism 6.07.

Bio- and pharmacokinetic analysis

Blood was collected at terminal sacrifice from 3 mice/sex/
dose level at 1, 4, 12, 24, 48, 72, and 96 h after romiplostim
administration; processed to serum; and quantified by
enzyme-linked immunosorbent assay (ELISA; Syneos Health,
Princeton, NJ) using a pair of proprietary capture and detec-
tion antibodies and standard blocking, washing, and detec-
tion procedures. The assay range was 0.270 ng/ml (lower
limit of quantification, LLOQ) to 10.9 ng/ml (upper limit of
quantification, ULOQ). The assay was performed 14 times;
method reproducibility was demonstrated during incurred
sample reanalysis using 31% of the total sample size.
Pharmacokinetic parameters and constants using non-com-
partmental modeling were determined using Phoenix

VR

WinNonlin
VR

v6.3 software (Certara, Princeton, NJ).

Results

Survival benefit of romiplostim in a mouse model of
H-ARS

The ability of a single sc administered dose of romiplostim
to provide a 30-day survival benefit in a mouse model of H-
ARS was investigated. In this model, romiplostim was
administered 24 h after the mice received a total body irradi-
ation (TBI) dose that was targeted, based on a yearly institu-
tional lethality profile, to provide 70% lethality over a period
of 30 days (LD70/30). Radiation doses of 6.5Gy for LD30/30
and 6.8Gy for LD70/30 were based on results from 30-day
survival studies conducted at our institution over the past 3
years with combined sexes and the same IACUC approved
early removal criteria. The animal numbers used in each of
these studies (21/sex/group) were designed to have 80%
power (20% probability of making a type II error) to detect
with statistical significance a 30% survival benefit between
groups using combined sexes (e.g. 30% survival in the con-
trol group versus 60% survival in the treatment group).

After a single sc injection of 30 or 100 mg/kg romiplostim
on Day 1 (24 h post-irradiation), 57 and 52% of the mice
survived to Day 30, respectively, compared with 17% sur-
vival in the TBI control mice that received a saline injection
instead of romiplostim (Figure 1(A) and Table 1). This
increase in survival was statistically significant (p� .02,
n¼ 42 per group comprised of 21 males and 21 females).
Lower romiplostim dose levels (3 and 10 mg/kg) resulted in
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41 and 38% of the mice surviving to Day 30 yet did not
show a statistically significant survival benefit over controls.
In other words, a single 30 or 100 mg/kg dose of romiplos-
tim provided the same �40% increase in 30-day survival
compared with controls, whereas lower dose levels provided
a more modest �20% increase that did not reach the level
of statistical significance.

Consistent with our H-ARS model, survival was higher in
each of the female dose groups compared with the males in
this study and in the repeat dose study described below.
Moreover, although these studies were not powered to detect
differences using data from a single sex, statistically signifi-
cant increases in survival compared with sex-matched
controls were seen for both males and females following
administration of 30 mg/kg romiplostim (Table 1).

Repeat dose romiplostim provided no further sur-
vival benefit
The survival benefit provided by three and five consecutive
once daily doses of 30 mg/kg romiplostim was also investi-
gated. As shown in Figure 1(B) and Table 1, administration
of romiplostim on Days 1� 3 or Days 1� 5 provided no
additional survival benefit when compared with a single Day
1 romiplostim injection. Specifically, one, three, or five
injections of romiplostim beginning 24 h post-irradiation
each provided a statistically significant (p� .01) 31� 33%
survival benefit when compared with TBI mice that received
only saline injections on Days 1� 5.

Overall survival levels were higher in this repeat dose
study than those seen in the single dose study for both the
saline control mice (38 versus 17% survival) and the 30 mg/
kg single dose romiplostim-treated mice (71 versus 57% sur-
vival). However, the romiplostim survival benefit was similar
in these two studies (33 and 40% improvement) and shown
to be efficacious in both sexes. Thus, the difference in con-
trol group survival may be due to study-to-study variability
and/or increased hydration from five daily doses of saline,
both of which are known to be confounding variables in
mouse ARS survival studies (Booth et al. 2012; Plett et al.
2012; Plett et al. 2015).

Romiplostim plus pegfilgrastim provided no further sur-
vival benefit
Co-administration of romiplostim and pegfilgrastim was
investigated to determine if the combination would provide

Table 1. 30-Day survival summary.

Treatment Dose (mg/kg) No. male survivors No. female survivors Total survived % survival p-value

Single dose on Day 1
Saline 0 0 7 7 17% NA
Romiplostim 3 1 16 17 41% .0513
Romiplostim 10 5 11 16 38% .1228
Romiplostim 30 8 16 24 57% .0019�
Romiplostim 100 7 15 22 52% .0155

Repeat dose on Day 1, Days 1–3, or Days 1–5
Saline Days 1–5 0 1 15 16 38% NA
Romiplostim Day 1 30 10 20 30 71% .0087�
Romiplostim Days 1–3 30 11 18 29 69% .0131�
Romiplostim Days 1–5 30 9 20 29 69% .0092�

Co-administration on Day 1
Saline 0 2 7 9 21% NA
Romiplostim 30 11 14 25 60% .0032�
Pegfilgrastim 300 15 13 28 67% .0005�
Romiplostim and pegfilgrastim 30 and 300 14 14 28 67% .0016�

All treatment groups were comprised of 21 male and 21 female mice (total n¼ 42) except for the 3 mg/kg romiplostim single dose group which had 20 males
and 21 females (n¼ 41). p-value for hazard equality using log-rank test of survivor function was used to evaluate statistical significance compared with the
control group. Underlined number of male and female survivors indicate those that differed with statistical significance (p< .05) from the control group when
data from the two sexes were evaluated separately. Percent survival and p-value� .01 (�) represent male and female pooled data.

NA: not applicable.
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Figure 1. Kaplan–Meier 30-day survival analysis of single and repeat dose romi-
plostim administration. (A) A single dose of romiplostim 24h post-irradiation at
30 or 100 lg/kg provided a statistically significant (�p� .01) and similar survival
benefit compared with control mice injected with saline. Administration of 3 or
10 lg/kg romiplostim provided a more modest survival increase and did not
reach the level of statistical significance. (B) Administration of 30 lg/kg romiplos-
tim for 3 or 5 consecutive days provided the same statistically significant survival
benefit over saline administration as did a single romiplostim administration.
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an additional survival benefit given that these two pharma-
ceuticals promote differentiation and proliferation of different
cell types—platelets by romiplostim (a TPO mimetic) and
neutrophils by pegfilgrastim (pegylated G-CSF). A single
administration 24 h post-irradiation of 30 lg/kg romiplostim,
300 lg/kg pegfilgrastim, or both 30 lg/kg romiplostim and
300 lg/kg pegfilgrastim provided a similar and statistically
significant (p� .01) �40% survival benefit compared with
mice injected with only saline (Figure 2, Table 1). Specifically,
60% of TBI mice survived to Day 30 when given romiplostim,
67% of TBI mice survived to Day 30 when given pegfilgrastim
alone or pegfilgrastim plus romiplostim, yet only 21% of TBI
mice survived to Day 30 when given a saline injection.

Pharmacodynamics of romiplostim following irradiation

The pharmacodynamic effects of romiplostim on platelets
and other hematology parameters were examined in TBI
mice that received 0, 3, 30, or 300 mg/kg romiplostim 24 h
after a LD30/30 irradiation. A lower level of irradiation
(6.5Gy, LD30/30) was used in this experiment than that
used in the survival experiments (6.8Gy, LD70/30) pre-
sented above because (1) hematopoietic injury occurs across
a wide range of exposure levels including relatively low lev-
els of radiation (Williams et al. 2010), (2) TBI mice become
more susceptible to lethality following blood collection (Plett
et al. 2012), and (3) we wanted to have sufficient numbers
of surviving mice at the later post-dose time points for a
robust analysis. Because romiplostim boosts platelet levels in
humans and animals (Wang B et al. 2004; Krzyzanski et al.
2013) and boosts survival in irradiated mice as shown above,
it was important to investigate if and to what extent romi-
plostim was affecting platelets in this H-ARS mouse model.

Platelet count
As shown in Figure 3(A), platelet levels rapidly dropped after
4 days post-irradiation reaching a nadir in saline injected, irra-
diated mice on Day 10. Mice that received 30 or 300 mg/kg
romiplostim 24h post-irradiation, had an even more rapid

drop in platelet levels post-irradiation reaching a nadir on Day
8 instead of Day 10. Although the drop occurred faster in the
romiplostim-treated higher dose level groups, it was less severe
reaching a Day 8 nadir after 300 mg/kg romiplostim of
22,778± 8843 platelets/ml blood (n¼ 9, 5 males and 4 females)
compared with a Day 10 nadir in the saline injected group of
13,375± 2722 platelets/ml blood (n¼ 8; 4 males and 4 females).
Moreover, in the 30 and 300 mg/kg romiplostim-treated
groups, platelets returned to near baseline levels (�400,000
platelets/ml blood) one week earlier (Days 22 versus 29) than
that seen in the saline control group. These differences in
platelet levels between irradiated romiplostim-treated and
saline control mice were statistically significant (p� .002 with
Benjamini–Hochberg False Discovery Rates of � 4%) from
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Figure 3. Platelet count and volume after romiplostim administration in TBI
mice. (A) When romiplostim was administered 24 h post-irradiation at 30 and
300 mg/kg, platelet levels dropped faster and returned to near baseline levels
sooner compared with irradiated mice injected with saline or 3 mg/kg romiplos-
tim (nadir Day 8 versus Day 10; recovery Day 22 versus Day 29). Statistically sig-
nificant differences in platelet count were observed during Days 8� 22 for the
30 and 300 mg/kg groups when compared with the saline controls. (B) Mean
platelet volume was larger with statistical significance (arrows) on Days 6 and 8
in TBI mice that received 30 and 300 mg/kg romiplostim than it was in the TBI
saline control mice. Non-irradiated untreated control mice (�n¼ 8) were ana-
lysed on Day 4 to provide baseline values; data from male and female mice
were combined to determine the group mean ± SD at each time point.
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Days 6 to 22 for the 300 mg/kg group and from Days 6 to 10
and on Day 22 for the 30 mg/kg group (note: the 30 mg/kg
group also differed with statistical significance from the saline
group on Days 12� 18 although the p value was higher
at �.03). The number of mice in the saline and 3 mg/kg
groups that survived past Day 14 were limited due to the
effects of radiation plus the added stress/trauma of blood col-
lection with none of the mice in the 3 mg/kg romiplostim
group surviving past Day 25 (n¼ 2, 5, 1, and 3 on Days 18,
22, 25, and 29, respectively, for the saline group compared
with n¼ 6� 11/day throughout for the 30 and 300 mg/kg dose
groups). The survival effects of radiation with and without
romiplostim and independent of the confounding effects of
blood collection could be assessed for this study using the
cohort of 6 males and 5� 6 females per group that was preas-
signed to collection on Day 22þ 29. Survival on Day 22 in
this small cohort of 11� 12 mice/group that had not been
previously bled was 42%, 0%, 82%, and 100% in the 0, 3, 30,
and 300 mg/kg romiplostim dose groups, respectively.
Although the sample size was small, these results show yet
again the survival benefit provided by romiplostim and con-
firm a radiation dose level greater than the targeted LD30 (i.e.
LD58 for the saline control group and LD100 for the 3 mg/
kg group).

In summary, without romiplostim, platelet levels pla-
teaued at or near the Day 10 nadir for a few days before
returning to baseline by�Day 29 in the few survivors
whereas with a single Day 1 injection of romiplostim at 30
or 300 mg/kg, there was an earlier return to baseline
by�Day 22 with many survivors yet still a plateau at the
Day 8 nadir in the 30 mg/kg dose group. Moreover, when
3 mg/kg romiplostim was administered, a level that was too
low to promote a statistically significant survival benefit,
platelet levels followed a similar pattern to that seen in the
saline control mice (i.e. Day 10 nadir, plateau, and late
recovery toward baseline).

Mean platelet volume
As shown in Figure 3(B), mean platelet volume (MPV)
increased after TBI in all groups, including the saline control
group, with similar maximum values achieved �10 days
post-irradiation [mean values of 10.7� 13.2 femtoliters (fL)
with standard deviations (SD) of 1.2� 2.3 and n¼ 7� 9/
group]. However, the increase in MPV began and peaked
sooner in TBI mice that also received higher doses of romi-
plostim. Specifically, on Days 6 and 8 post-irradiation, MPV
was greater with statistical significance (p� .01) in mice that
received 30 or 300 mg/kg romiplostim 24 h after TBI than in
the TBI control mice, and peak platelet size was achieved 2
days earlier after 300 mg/kg romiplostim than in the other
groups (Days 8 versus 10).

Other hematology parameters
In contrast to the effects of romiplostim on platelets, romi-
plostim had no notable effect on the level of other hematol-
ogy parameters such as reticulocytes, red blood cells, white
blood cells (WBC), and neutrophils in the irradiated mice

(Figure 4). However, TBI alone affected these parameters,
with large decreases in reticulocytes, white blood cells, and
neutrophils seen on Day 4 in each of the TBI groups com-
pared with untreated, non-irradiated control mice. Similar to
previous results from Plett et al., the rapid decrease in these
other blood cell types following TBI occurred a few days ear-
lier than the platelet level decrease, and the effects of radi-
ation on red blood cells was of a much smaller magnitude
and similarly had a delayed onset (Plett et al. 2012).

Pharmacokinetics of romiplostim following irradiation

To eventually inform a romiplostim dose regimen to treat
humans acutely exposed to myelosuppressive doses of radi-
ation, the pharmacokinetics of romiplostim in irradiated
animals should be compared with the already well character-
ized pharmacokinetics in non-irradiated animals and healthy
human subjects (Wang et al. 2004; Wang et al. 2010;
Krzyzanski et al. 2013). Thus, we used an ELISA to determine
the serum concentrations of romiplostim after a single sub-
cutaneous injection of 3, 30, or 300 mg/kg in male and female
irradiated mice and in non-irradiated mice that received
30 mg/kg romiplostim. Serum romiplostim levels in all mice
injected with 3 mg/kg were less than the assay lower limit of
quantification (LLOQ ¼ 0.270ng/ml or 0.401ng/ml depend-
ing on the assay date). Serum levels of romiplostim were also
below the LLOQ after 30 mg/kg romiplostim in all three mice
at the following time points post-injection: 1 h in irradiated
and non-irradiated males and females; 72 and 96 h in non-
irradiated males; and 48 and 72h in non-irradiated females
(but measurable in 1 of 3 non-irradiated females at 96h). As
shown in Figure 5, the serum concentration after 30 mg/kg
administration with and without irradiation were similar.
Serum from animals treated with the highest romiplostim
dose (300 mg/kg) showed markedly higher levels than those
seen after injection of the 30 mg/kg dose.

The pharmacokinetics of romiplostim were determined
using the serum drug level data and are presented in
Table 2. The Tmax was 12 and 24 h, for males and females,
respectively, after a 30 mg/kg dose with or without irradi-
ation and resulted in mean Cmax values of about 5–7 ng/ml.
The Tmax was earlier at 4 h for males and 12 h for females
after the 300 lg/kg dose and resulted in mean Cmax values
of 201 and 184 ng/ml for males and females, respectively.
Romiplostim was eliminated with t1/2 of 24.3–29.9 h. Given
the small sample size and with some samples below the
LLOQ in the 30 mg/kg dose groups, it remains unclear if
there are sex-based differences in clearance. The differences
in mean AUClast values between the irradiated and non-irra-
diated 30 mg/kg dose groups were likely the result of individ-
ual animal variability rather than due to radiation exposure.
Increasing the dose of romiplostim by 10-fold from 30 to
300 mg/kg resulted in circulating serum drug levels that were
30- to 40-fold higher. In other words, exposure based on
AUClast increased with dose level, although the �35-fold
increase in exposure was higher than the 10-fold increase in
the amount of romiplostim that was administered.
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Discussion

The results presented herein demonstrate that a single sub-
cutaneous dose of romiplostim administered 24h after a
lethal, total body dose of X-ray radiation increased 30-day
survival in mice and hastened platelet recovery. Although
G(M)-CSFs have received regulatory approval to increase sur-
vival and treat neutropenia post-irradiation, romiplostim is a
promising, much needed medical countermeasure because
thrombocytopenia contributes to the increased risk of lethal
bleeding in acute radiation syndrome. Indeed, Stickney et al.
(2007) reported that the duration of thrombocytopenia more
accurately predicted mortality in irradiated rhesus monkeys
than the duration of neutropenia, suggesting that thrombo-
cytopenia may be more clinically relevant to survival in H-
ARS than has been previously recognized.

The survival benefit provided by a single dose of romiplos-
tim to irradiated mice presented herein is consistent with and
extends recently published results (Yamaguchi et al. 2018).
Yamaguchi et al. tested romiplostim following 137Cs c-ray
irradiation in only female mice with administration by the

intraperitoneal route instead of the more clinically relevant sc
route. Like us, they showed that 1, 3 and 5 once daily doses
of romiplostim were all effective. However, in our studies
which delivered 30 mg/kg romiplostim beginning 24h post-
irradiation, there was no further increase in survival following
repeat dose administration while their optimal dose regimen
included administration for three consecutive days at 50 mg/
kg 2 h post-irradiation. Although they showed that adminis-
tration 2 h post-irradiation was more effective than waiting
24h post-irradiation, it is unlikely that romiplostim could be
administered earlier than 24h following radiation exposure
during a mass casualty event. Furthermore, the ability to pro-
mote survival after only a single sc administration is highly
attractive for logistical considerations given the large number
of people that might be exposed following a radiologic inci-
dent. Their result that waiting 48 h post-irradiation to admin-
ister romiplostim provided no survival benefit is worrisome
for practical use but worthy of further exploration and was
not examined in our investigation.

In the studies described herein, survival was almost
always higher in the females than the males of each dose

Figure 4. The levels of other hematology parameters (reticulocyte, red blood cell, white blood cell, and neutrophil counts) in TBI plus romiplostim-treated mice
were not notably different from TBI saline control mice although these parameters were affected by radiation. Non-irradiated untreated control mice (�) were ana-
lysed on Day 4 to provide baseline values; data from male and female mice were combined to determine the group mean ± SD at each time point.
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group. This sex difference is a general feature of the H-ARS
model and not attributed to different effects of romiplostim
on males versus females. Using the same 6.8Gy dose for both
sexes consistently results in more males than females meeting
the early removal criteria. Although the studies were not
powered for single sex analysis, it is curious that survival in
males was equal to or greater than that in females only in the
pegfilgrastim-treated animals and always lower in males than
females in the control and romiplostim-treated animals. This
potential sex difference is worthy of further investigation.

As predicted, a single administration of romiplostim
decreased the severity and duration of thrombocytopenia in
lethally TBI mice in a dose dependent manner. Curiously,
irradiated mice administered efficacious levels of romiplos-
tim (30 and 300 mg/kg) had a quicker drop in circulating
platelet levels than the irradiated control mice. Four days
post-TBI, platelet levels were similar across groups and at

levels seen in non-irradiated animals after which the drop in
platelet levels from Days 4 to 6 appeared to be particularly
steep in the romiplostim treated mice compared to those
that received saline. It remains unknown how romiplostim
might be causing this initial more rapid drop in platelets,
but it is encouraging that platelet levels reach a shallower
nadir in the high dose romiplostim-treated group followed
by a robust and quicker increase to near baseline levels than
that seen in the controls.

The observation of a quicker increase in MPV after romi-
plostim administration in TBI mice is consistent with results
from non-irradiated healthy mice administered TPO or TPO
mimetics (Levin et al. 1982; Daw et al. 1998). For example,
administration of PEG-rmMGDF (a pegylated, truncated,
recombinant form of TPO) to C57BL/6J mice increased
MPV relative to controls with peak values 4 days post-injec-
tion followed by a return to baseline �2 days later (Daw
et al. 1998). Increases in platelet size are also seen in dis-
ease-states associated with increased platelet turnover (e.g. in
patients with immune thrombocytopenia, recovering after
chemotherapy, or with severe arterial disease) (Handtke
et al. 2018). Thus, the quicker increase in MPV following
romiplostim administration in irradiated mice compared
with irradiated control mice is supporting evidence that
romiplostim is acting similarly in irradiated and non-irradi-
ated mice to speed up the release of platelets from the bone
marrow into circulation.

We showed there was no further survival benefit to
lethally irradiated mice when a single dose of romiplostim,
which acts to address thrombocytopenia, is combined with a
single dose of pegfilgrastim, which acts to address neutro-
penia. However, we acknowledge that this experiment did
not closely examine potential changes in hematopoietic cell
lineage in these co-administered mice and that a mechanistic
analysis following co-administration would be important to
understand if there are short or long-term benefits (or detri-
ments) to co-administration. Hirouchi et al. showed 100%
30-day survival in lethally irradiated mice after G-CSF,
erythropoietin, and romiplostim were co-administered each
for 5 days beginning 2 h post-irradiation compared with
63% survival when romiplostim was withheld from the dos-
ing regimen (Hirouchi et al. 2015). These investigators saw
no significant difference in the composition of the periph-
eral blood or bone marrow progenitor cells between these
two groups although they only interrogated surviving mice
on Day 30 which is after the recovery from both thrombo-
cytopenia and neutropenia. Thus, testing the efficacy, per-
forming concurrent hematology assessments, and
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Figure 5. Serum concentrations of romiplostim after a single sc administration
24 h after irradiation (solid line) and in non-irradiated (dashed line) male and
female mice. (�) 30 mg/kg romiplostim, no TBI; (�) 30 mg/kg
romiplostimþ TBI; (�) 300 mg/kg romiplostimþ TBI. Error bars indicate SD of
the mean. N¼ 3 except when values were< LLOQ [n¼ 1 for non-irradiated (�)
males at 24 h and females at 96 h; n¼ 2 for non-irradiated (�) males at 48 h
and 30 mg/kg romiplostimþ TBI (�) males at 4 and 24 h]. Values< LLOQ not
shown and not included in the mean.

Table 2. Pharmacokinetic parameters of romiplostim subcutaneously administered to irradiated and non-irradiated mice.

TBI dose (Gy)
Romiplostim
dose (mg/kg) Sex Tmax (h)

Mean Cmax

(ng/ml)
Std Error Cmax

(ng/ml) t1/2 (h)
Mean AUClast
(h	ng/ml)

Std error
AUClast

(h	ng/ml) AUCinf (h	ng/ml)

0 30 Male 12 7 3.2 NC 92 33 NC
0 30 Female 24 7 1.1 NC 387 48 NC
680 30 Male 12 6 0.5 24.3 228 17 248
680 30 Female 24 5 0.3 NC 219 13 NC
680 300 Male 4 201 58.3 29.9 8912 456 10089
680 300 Female 12 184 21.0 25.8 6903 364 7583

NC: not calculated, insufficient data points.
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monitoring for hemorrhages following administration of
romiplostim, alone and in combination with G(M)-CSFs, in
a larger animal model, such as non-human primates, would
be a critical next step in the development of romiplostim for
eventual clinical use for H-ARS.

In summary, our data indicate that romiplostim is a prom-
ising radiation countermeasure that dramatically increased
survival and hastened platelet recovery in irradiated mice
after a single sc injection delivered 24 h post-irradiation.
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