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Abstract:  

Erythropoietin (EPO) and thrombopoietin (TPO) have long been known to promote 

erythropoiesis and megakaryopoiesis, respectively. However, the fate-changing role of 

EPO and TPO on megakaryocyte–erythroid progenitors (MEPs) to develop along the 

erythroid versus megakaryocyte (MK) lineage remains unclear. We have previously 

shown that EPO may have fate changing role because EPO treatment could induce 

progenitor cells depletion and resulted in EPO resistance. Therefore, we hypothesize 

that a combination of romiplostim, a TPO receptor agonist that could stimulate the 

expansion of progenitors, with EPO can treat EPO resistance. Using rats with anemia 

due to chronic kidney disease, we demonstrated that romiplostim synergized with 

EPO to promote red blood cells production while EPO inhibited platelet production in 

a dose-dependent manner to reduce the risk of thrombosis. Corroborating findings 

from in vivo, in vitro experiments demonstrated that romiplostim expanded 

hematopoietic stem cells and stimulated megakaryopoiesis, while EPO drove the 

progenitors toward an erythroid fate. We further developed a novel pharmacokinetic-

pharmacodynamic model to quantify the effects of EPO and romiplostim on 

megakaryopoiesis and erythropoiesis simultaneously. The modeling results 

demonstrated that EPO increased the differentiation rate of MEPs into burst-forming 

unit-erythroid up to 22-fold, indicating that the slight increase of MEPs induced by 

romiplostim could be further amplified and recruited by EPO to promote 

erythropoiesis. The data herein support that romiplostim in combination with EPO can 

treat EPO resistance. 
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Significance Statement:  

This study clarified that erythropoietin (EPO) drives the fate of megakaryocyte–

erythroid progenitors (MEP) toward the erythroid lineage, thus reducing their 

megakaryocyte (MK) lineage commitment, whereas romiplostim, a thrombopoietin 

(TPO) receptor agonist (RA), stimulates megakaryopoiesis through the MK-

committed progenitor and MEP bifurcation pathways simultaneously. These findings 

support an innovative combination of romiplostim and EPO to treat EPO-resistant 

anemia, because the combination therapy further promotes erythropoiesis compared to 

EPO monotherapy and inhibits platelet production compared to romiplostim 

monotherapy.  
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Introduction 

The question of whether hematopoietic cytokines can determine the fate of 

bipotent megakaryocyte–erythroid progenitors (MEPs) toward an erythroid versus 

megakaryocyte (MK) lineage has been much debated(Kwon et al., 2021). 

Traditionally, the hematopoiesis model was defined as a classical hierarchy in which 

multipotent hematopoietic stem cells (HSCs) sequentially give rise to common 

myeloid progenitors (CMPs) and MEPs in a stepwise manner. While both MK and 

erythroid lineages are generated from MEPs(Lu et al., 2018), their homeostatic 

regulation is controlled by thrombopoietin (TPO) and erythropoietin (EPO)(Meric, 

Guney Esken, Uslu, & Kocabas, 2020). EPO promotes erythropoiesis, and TPO 

promotes megakaryopoiesis(Kwon et al., 2021). However, whether the fate decision 

of MEPs is governed by EPO or TPO is not yet clear. 

Several studies have reported that EPO is not necessary for erythroid fate 

commitment but is necessary for the proliferation and differentiation of already 

committed erythroid progenitors(Kwon et al., 2021). However, another study found 

that EPO stimulation is a critical factor that determines erythroid versus MK lineage 

fate, because EPO can upregulate the expression of a certain transcription factor that 

impairs MK development and induces a robust erythroid differentiation(Olthof et al., 

2008). Another study indicated that EPO plays a lineage-instructive role in vivo 

through the suppression of non-erythroid fate options(Grover et al., 2014). In 

addition, recent findings from single-cell analyses have challenged the lineage-

restricted hierarchy model, proposing that besides canonical MEP lineage bifurcation, 
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a subset of HSCs or CMPs with a more general MK bias coexists with MEPs and is 

likely to represent the main pathway for megakaryopoiesis(Gekas & Graf, 2013; 

Miyawaki et al., 2017).  

Our studies also suggested that EPO may have fate changing role because EPO 

treatment could induce depletion of progenitor cells and resulted in EPO resistance 

(Nguyen, Li, Yan, & Krzyzanski, 2021; Yan, Ait-Oudhia, & Krzyzanski, 2013). EPO 

resistance is demonstrated by the persistence of anemia despite a high dose of 

recombinant human erythropoietin (rHuEPO), and contributes to the increased risk of 

death or cardiovascular events among anemic CKD patients(Costa et al., 2008). 

Therefore, new treatments for anemic CKD patients with EPO resistance are urgently 

needed (Sankaran & Weiss, 2015). That EPO could deplete progenitor cells by 

recruiting these cells into the erythroid lineage and cause EPO resistance suggested 

that a molecule that can stimulate the expansion of early progenitor cells could be 

used with EPO to treat EPO-resistance anemia. Interestingly, romiplostim, a second-

generation TPO receptor agonist to treat immune thrombocytopenia patients(Kuter et 

al., 2013; Lee et al., 2019; Michel et al., 2015), could stimulate the expansion of 

HSCs in addition to the stimulation of platelets production (Kovtonyuk, Manz, & 

Takizawa, 2016; McElroy et al., 2015). Hence, romiplostim may be able to treat EPO-

resistant anemia. However, romiplostim-induced platelet increase may result in a risk 

of thrombosis. Given that EPO may have a fate-changing effect on MEP, combining 

EPO with romiplostim might be able to recruit more MEP into the erythroid lineage 

and subsequently inhibit platelet production. Researchers have long hypothesized 
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such a stem cell competition between erythroid and platelet precursors (Beguin, 1999).  

In this study, we proposed a novel hypothesis that a combination of EPO and 

romiplostim would correct EPO-induced precursor depletion and treat EPO resistance 

anemia. On the one hand, romiplostim can stimulate the continuous expansion of 

HSCs and progenitors (HSPCs) and thus correct EPO-induced precursor depletion. 

On the other hand, combined rHuEPO treatment not only can stimulate erythroid 

lineage but also mitigate the risk associated with a romiplostim-mediated increase in 

platelet production. By clarifying the role of EPO and romiplostim on lineage 

commitment and investigating the pharmacokinetic-pharmacodynamic (PK-PD) 

relationship of rHuEPO and romiplostim combination in vivo and in vitro for the first 

time, we produced key evidence supporting that this combination to treat EPO-

resistant anemia.  

We used rats with anemia due to chronic kidney disease (CKD) to study the 

dynamic responses of RBCs and platelet to an EPO-RA (rHuEPO) and a TPO-RA 

(romiplostim) administered as monotherapy or combination in a multiple dosing 

regimen. An in vitro culture system of rat HSCs was established to further evaluate 

the effects of romiplostim and rHuEPO on the proliferation and differentiation of 

HSPCs. Based on the data above, we developed a novel mechanism-based PK-PD 

model to decipher and quantify the effects of rHuEPO and romiplostim on lineage 

commitment simultaneously. The established PK-PD model could predict the optimal 

dosing regimen of romiplostim and rHuEPO combination to stimulate the continuous 

expansion of erythroid cells while avoiding a significant increase in platelet 
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production. 

 

 

Materials and Methods 

Materials 

Romiplostim (Romiplate, 250 μg) was bought from Kyowa Kirin (Hong Kong, 

China SAR). RHuEPO (EPOGEN 20,000 units/ml) was bought from Amgen Inc 

(Thousand Oaks, CA, USA). Bovine serum albumin (BSA), Adenine (≥99%), sodium 

carboxymethyl cellulose (CMC-Na), and Ethylenediaminetetraacetic acid (EDTA, 

≥98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Purified grade 

water was prepared from the Millipore water purification system (Millipore, MA, 

USA). The normal chow (Rodent Diet 50 IF/6F) supplemented with 1% (wt/wt) 

carbonyl iron were purchased from Test Diet (St. Louis, MO, USA). The serum 

creatinine assay kit was bought from Nanjing Jiancheng Bioengineering Institute 

(Nanjing, China). 

 

Animals 

The animal studies were conducted after the approval of the Animal 

Experimentation Ethics Committee of The Chinese University of Hong Kong 

(Reference Number 18-247-ECS). Because of the similarities in erythropoiesis 

between rats and humans(J. Zhang et al., 2019) and to mimic clinical condition, the 

anemic CKD rat model was used. Male Sprague-Dawley (SD) rats of weight from 300 
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to 350 g (Provided by the Laboratory Animal Services Centre at The Chinese 

University of Hong Kong at least one week prior to the experiment to acclimate) were 

kept in a controlled environment (25 ± 2 °C; 50% humidity; 12 h light/darkness cycle, 

06:00–18:00 h being the light cycle, two to three rats per cage) and were access to 

water and food ad libitum. To induce stable CKD anemia, we followed the protocol 

published before(Rahman et al., 2018). Briefly, SD rats were orally dosed with 

adenine once a day at 600 mg/kg body weight/10ml CMC-Na for 6 days. Then the 

dose was reduced to 300mg/kg for 6 days, followed by a drug holiday for 1 week. 

Rats in the control group were dosed with the vehicle CMC only. Rats were fed with 

standard food supplemented with 1% (wt/wt) carbonyl iron (Test Diet). To assess the 

CKD model establishment, the level of serum creatinine (CRE) was measured 

followed by the description supplied by the kits’ manufacturer (Nanjing Jiancheng 

Bioengineering Institute), and the representative renal slices were stained using 

hematoxylin-eosin (HE) to observe pathological changes in renal tissue. 

 

Bioanalytical methods 

Serum concentrations of romiplostim (Kyowa Kirin) were determined by 

sandwich enzyme-linked immunosorbent assay (ELISA) developed in-house (Rhodes 

& Stasi, 2010). Specifically, the 96-well flat-bottom polystyrene microtiter plates 

were coated overnight at 4℃ with 100 μL/well of the capture antibody, AffiniPure 

mouse anti-human IgG, Fcγ fragment specific (10 μg/mL; Jackson Immuno Research 

Laboratories), diluted in coating buffer (0.05 M of sodium carbonate-bicarbonate, pH 
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9.6). Subsequently, the plates were washed 3 times with 200 μL/well of phosphate-

buffered saline (PBS; Sigma-Aldrich) containing 0.05% (v/v) Tween®-20 (Sigma-

Aldrich; PBST) for 5 minutes each time, and then blocked with 300 μL/well of 

blocking buffer [PBS-T containing 2% BSA (Sigma-Aldrich) (w/v)] at 37℃ for 1 h. 

The excess blocking solution was removed by washing with PBST at room 

temperature. The standards and quality controls were prepared by spiking rat serum 

with the drug. Samples were diluted in saline prior to loading into plates at 100 

μL/well in triplicate. The plates were covered with sealers and incubated at 37℃ for 2 

h. After a washing step, the detection antibody peroxidase AffiniPure mouse anti-

human IgG, Fcγ fragment specific (Jackson Immuno Research Laboratories), was 

diluted at 1:5000 with PBST and added into the plates at 100 μL/well, which were 

then incubated at 37℃ for 2 h. Subsequently, after a final washing step, color 

development was induced by the addition of the substrate TMB (Sigma-Aldrich) at 

100 μL/well and incubating the plate at 37℃ for 30 min until the desired color 

intensity was reached. The reaction was stopped by adding 2M of H2SO4 at 50 

μL/well. The optical density of the well contents, which was proportional to the 

concentration of romiplostim captured in the antibody sandwich, was measured 

spectrophotometrically at 450 nm using a Benchmark microtiter plate reader (Bio-Rad 

Laboratories). Sample concentrations were then determined by interpolation from the 

standard curve. The collected serum was stored at -20℃ until the assay was 

performed. A commercial ELISA kit (R&D Systems) was used to measure the serum 

concentrations of rHuEPO. 
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PK and PD studies 

The doses were selected based on approximately equivalent doses in 

humans(Krzyzanski et al., 2013; Nguyen, Singh, Wiczling, & Krzyzanski, 2018). The 

study design was based on previous experiments(Ait-Oudhia, Scherrmann, & 

Krzyzanski, 2010b; Krzyzanski et al., 2013; Yan et al., 2013) (as shown in 

Supplementary Fig. S1). For PK study, rats with CKD anemia received rHuEPO 100 

or 1350 IU/kg (thrice weekly [TIW] for 3 weeks) through intravenous (IV) injection 

in the tail vein as monotherapy, or received romiplostim 30 μg/kg monotherapy (once 

weekly [QW] for 3 weeks) through subcutaneous (SC) injection on the upper back 

area, or a combination of the two. After the administration, blood samples were 

collected from two subsets of rats in each treatment group (n=6) in a rotating manner 

to minimize the total blood loss. Each subset contained three rats. Specifically, for rats 

treated with rHuEPO, blood samples were drawn from the tail vein at 0 and 5 min and 

4, 8, 16, 24, 32, and 48 h after the dose. The total volume of blood drawn from each 

rat per 72 h was 400 ± 100 μL, with 80 ± 20 μL drawn at each time point. For rats 

treated with romiplostim, blood was collected at pre-dose and 30 min and 4, 8, 16, 24, 

32, 48, 72, and 120 h post-dose. For rats treated with rHuEPO plus romiplostim, 

blood was collected at pre-dose, 5min, and 30 min and 4, 8, 16, 24, 32, 48, 72, and 

120 h post-dose. Full PK profiles were obtained on days 0, 2, 9, 16, and 18.  

PD study was performed separately from the PK study to avoid the impact of 

blood loss. The PD markers include reticulocyte (RET), red blood cells (RBCs), 
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hemoglobin (Hgb), and platelet. Twenty-one rats were randomized into seven groups 

(n=3 in each group), including rHuEPO 100 IU/kg or 1350 IU/kg monotherapy group, 

romiplostim 30 μg/kg monotherapy group, rHuEPO 100 IU/kg plus romiplostim 30 

μg/kg combination group, and rHuEPO 1350 IU/kg plus romiplostim 30 μg/kg 

combination group, while three anemic rats and three healthy rats were used as 

control groups. The dosing regimen was the same as the PK study. Blood samples for 

PD analysis were drawn on days 0, 2, and 4 every week until the 9th week (Day 60) 

for the rHuEPO 100 IU/kg treated groups, romiplostim monotherapy group, healthy 

control group, and CKD control group. For the rHuEPO 1350 IU/kg treated groups, 

the evaluation lasted two more weeks after day 60, until day 77, on which the value of 

PD markers returned to baseline. Before sampling, rats were anesthetized with 4% of 

isoflurane to collect blood and to stop bleeding. RET counts were measured using 

flow cytometry, and other PD markers were measured using BC2800VET 

Hematology Analyzer (Mindray). 

 

Proliferation and differentiation of rat HSCs 

HSCs were collected from rat BM to establish an in vitro culture system(Dodson, 

Bernard, Kenney, & Carranza, 1996; Y. Zhang et al., 2017) to study the effects of 

rHuEPO and romiplostim on HSPCs. Rats were euthanized by exsanguination under 

anesthesia with isoflurane. Their femurs were excised, and the ends were cut off. BM 

was then gently extracted from the bones with a 21-gauge needle containing 4 mL 

Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 1% penicillin-
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streptomycin solution. The BM cells were collected into a 15-mL centrifuge tube 

filled with 3 mL of Ficoll-Paque PLUS media (Sigma-Aldrich) and then centrifuged 

at 645 g for 20 min at 4℃. Subsequently, the uppermost layers of fat and serum were 

discarded, while the buffy coat that contained the HSCs was retained and washed with 

IMDM. After another round of centrifugation, the HSCs were resuspended in IMDM. 

Mouse anti-rat CD90 (Thy-1.1; BD Bioscience) and the EasySep™ Rat Custom 

Positive Selection Kit (STEMCELL) were used to enrich HSCs(Goldschneider, 

Gordon, & Morris, 1978; Massollo et al., 2010). Cells were cultured in StemSpan™ 

Serum-Free Expansion Medium (SFEM) to induce proliferation and differentiation. 

Enriched HSCs were initially seeded at a density of 1 × 10
5
 cells/mL in T-25 flasks 

(Corning) and incubated at 37℃ with 5% CO2 in a cell incubator (Thermo Fisher). 

The in vitro proliferation and differentiation of burst-forming unit-erythroid 

(BFU-E), colony-forming unit-erythroid (CFU-E), and CFU-MK from HSCs are 

generally divided into two successive steps. In the first step (day 0–5), the 

proliferation of the collected HSCs was induced by adding 100 ng/mL stem cell factor 

(SCF; R&D Systems), 100 ng/mL fms-related tyrosine kinase 3 ligand (FL; 

STEMCELL), and different concentrations of romiplostim. On day 5, the cells were 

stained with trypan blue, and viable cells were counted using the countess 3 

automated cell counter (Invitrogen). To evaluate the effect of rHuEPO on 

differentiation of HSCs into CFU-MK, BFU-E, and CFU-E cell, different 

concentrations of rHuEPO were added in the second step (day 6–10), in addition to 

other cytokines including 100 ng/mL of SCF, 100 ng/mL of FL, 15 ng/mL of rat 
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recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF), 20 ng/mL 

of interleukin (IL)-3, and 2 ng/ml or 4 ng/ml romiplostim. To maintain an optimal 

culture environment, the culture medium was demi-depleted and supplemented with 

fresh medium at regular intervals (1 or 2 days) to achieve a final cell density of 3 × 

10
5
 in a culture flask.  

 

Flow cytometric analysis 

The samples were analyzed for CD90 expression using Fluorescein 

isothiocyanate (FITC)-labeled Mouse Anti-Rat CD90/Mouse CD90.1 (BD 

Bioscience), for which cells were stained in 0.1 M of PBS at a concentration of 5 × 

10
6
 cells/mL. The MK marker CD41 and the erythroid marker CD71 were combined 

and analyzed by flow cytometry to follow the progression of MK and erythroid 

differentiation during in vitro culture of rat HSCs(Lok & Ponka, 2000; Tang, Zhang, 

Naruse, Ohbo, & Suda, 2002). The following antibodies were used: anti-CD71-PE 

antibody (BD Bioscience), CD41 polyclonal antibody, and FITC-conjugated goat 

anti-rabbit IgG secondary antibody (Thermo). For the analysis of CD41 and CD71 

expression, cells were stained first with anti-CD41 polyclonal antibody and then with 

goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, FITC conjugate 

(Thermo), and 0.03 μg of PE-conjugated anti-rat CD71 (BD Biosciences). Staining 

for CD-71 was performed concurrently with the secondary stain. Negative and singly 

stained control samples were prepared concurrently. Cells were gated by forward and 

side scatter to exclude debris and dead cells. Fluorescence compensation was 
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performed by aligning the median fluorescence of singly stained controls against an 

unstained sample. The threshold levels for detecting CD41+ and CD71+ regions were 

determined by adjusting so that the corresponding negative controls contained 99.5% 

negative cells. Flow cytometric analyses were performed using a flow cytometer (BD 

LSR Fortessa).  

 

Colony-forming unit assay 

Colony-forming unit (CFU) assays were performed to test the function of 

progenitors(Pamphilon et al., 2013). Progenitor cells were used for CFU assay on day 

10. MethoCult™ (STEMCELL) was used for the growth of BFU-E and CFU-E 

according to the manufacturer’s instructions(Gore, Bible, Livingston, Mohr, & Sifri, 

2015). For CFU-MK assay, progenitors were seeded at 2 × 10
5 

cells/mL in 6-well 

plates in IMDM containing 20% fetal bovine serum, 1 × 10
4 

mM 2- mercaptoethanol, 

1% BSA, and 2 ng/mL of romiplostim and cultured at 37℃ in 5% CO2 with > 95% 

humidity for approximately 14 days, which is sufficient to allow colonies to grow to 

size for accurate counting and identification. Duplicate samples from each 

concentration were set up. The wells were then dried, fixed for 10 min with 4% 

paraformaldehyde, and washed twice with 0.1 M of PBS. Acetylcholinesterase, a 

relatively specific marker of MK, was stained to detect CFU-MK colonies(Chow, 

Ordóñez, Sutton, & Hamburger, 1993; Williams, Jackson, Ralph, & Nakoinz, 1981). 

BFU-E, CFU-E, and CFU-MK were counted using a bright-field Eclipse Ti 

microscope and NIS-Elements Color Cam Ver. 4.00 (Nikon).  
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Development of mechanism-based PK-PD modeling 

To quantify the erythropoietic and thrombopoietic effects of EPO and 

romiplostim, a mechanism-based PK-PD model was developed. NONMEM 7.5 

(ICON plc) was used for analysis. The model structure was presented in Fig. 1.  

 

PK model 

The PK data of rHuEPO was fitted to a two-compartment disposition model, 

while a one-compartment model was used to describe the time course of romiplostim. 

The differential equations were as follows: 

𝑑𝐴1(𝑡)

𝑑𝑡
= −𝑘𝑎 ⋅ 𝐴1(𝑡) where 𝐴1(0) = 0 

 

     (1) 

𝑑𝐴2(𝑡)

𝑑𝑡
= 𝑘𝑎 ⋅ 𝐴1(𝑡) −

𝐶𝐿𝑅

𝐹
⋅

𝐴2(𝑡)
𝑉2
𝐹

  where 𝐴2(0) = 0 

 

     (2) 

𝑑𝐴3(𝑡)

𝑑𝑡
= 𝑘𝑃𝐶 ⋅ 𝐴4(𝑡) − 𝑘𝐶𝑃 ⋅ 𝐴3(𝑡) − 𝑘𝑒𝑙 ⋅ 𝐴3(𝑡) where 𝐴3(0) = 0      (3) 

𝑑𝐴4(𝑡)

𝑑𝑡
= 𝑘𝐶𝑃 ⋅ 𝐴3(𝑡) − 𝑘𝑃𝐶 ⋅ 𝐴4(𝑡) where 𝐴4(0) = 0       (4) 

where A1(t) and A2(t) are the amounts of romiplostim in the deposition and 

central compartments. Due to the lack of PK data to estimate bioavailability, the PK 

models are parameterized in terms of apparent volume (V2/F) to denote the central 

compartment of romiplostim. A3(t) and A4(t) are the amounts of rHuEPO in the 
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central and peripheral compartments, respectively. CLR/F and ka represent the 

apparent clearance and first-order absorption rate of romiplostim, respectively. kel is 

the linear elimination rate constant of rHuEPO, and kCP and kPC are the 

intercompartmental rate constants for tissue distribution, respectively, which are 

parameterized in terms of the clearance and volumes of distribution of rHuEPO as 

follows: 

𝑘𝑒𝑙 =
𝐶𝐿𝐸

𝑉3
      (5) 

𝑘𝐶𝑃 =
𝑄

𝑉3
      (6) 

𝑘𝑃𝐶 =
𝑄

𝑉4
      (7) 

where V3 and V4 denote the volumes of the central and peripheral compartments 

of rHuEPO, respectively, and Q is the intercompartmental flow of A3 and A4.  

 

PD model 

Maturation-structured cytokinetic transit compartment models based on ordinary 

differential equations were applied to describe erythropoiesis(Yan et al., 2012) and 

thrombopoiesis(Krzyzanski et al., 2013) to mimic delays in the cell maturation 

process from progenitor cells in the BM to particular cells in the blood. Each 

compartment represents a cell population at different development stages(Krzyzanski 

et al., 2013; Pérez-Ruixo et al., 2009).  

For RBCs production, the model comprises a series of compartments, including 
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MEPs, BFU-E, CFU-E, normoblasts (NORs), and RETs that eventually develop into 

RBCs, to mimic erythropoiesis. The stimulatory effect of romiplostim is on the 

production rate of MEPs(Krzyzanski et al., 2013) and the differentiation of MEPs into 

BFU-E cells is controlled by the processes with the first-order rate constant KE, 

which can be stimulated by rHuEPO, as follows (Eq. 8): 

 

𝑑𝑀𝐸𝑃

𝑑𝑡
= 𝐾𝑖𝑛1 ∙ (1 + 𝑆𝑅𝑂𝑀1 ∙ 𝐶𝑅𝑂𝑀) − 𝐾𝐸 ∙ (1 +

𝑆𝑚𝑎𝑥𝐸𝑃𝑂 ∙ 𝐶𝐸𝑃𝑂

𝑆𝐶50𝐸𝑃𝑂 + 𝐶𝐸𝑃𝑂
)

∙ 𝑀𝐸𝑃 ∙ (1 −
𝛥𝐻𝐺𝐵

𝑅𝐻
)𝐺𝐴𝑀 − 𝐾𝑀 ∙ 𝑀𝐸𝑃 

     (8) 

where Kin1 is a zero-order rate constant for producing the MEP. CROM and CEPO 

are the serum concentrations of romiplostim and rHuEPO at time t, respectively; 

SROM1 is the slope parameter for linear stimulation of romiplostim on Kin1; SmaxEPO 

is the maximal stimulus of rHuEPO; and SC50EPO is the concentrations of and 

rHuEPO that induce a half-maximum effect, respectively. MEPs differentiate into 

erythroid and MK lineages according to the first-order rate constant KE and KM, 

respectively. (1 −
𝛥𝐻𝐺𝐵

𝑅𝐻
)𝐺𝐴𝑀  represent the physiological limit, a homeostatic 

mechanism to maintain normal body function(Yao, Krzyzanski, & Jusko, 2006) 

because the synergistic effect was not observed in the 1350 IU/kg rHuEPO + 

romiplostim combination group. ΔHGB = HGB − HGB0, where HGB0 represents the 

baseline HGB concentration. GAM is a power coefficient. RH is the physiological 

limit of HGB(Yao et al., 2006). The highest RH for HGB was fixed to 24 based on a 

previous multiple-dose rHuEPO (1350 IU/kg) PK-PD study in rats(Ait-Oudhia et al., 
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2010b). The overall production rate of HGB then became zero, preventing the 

response from increasing further. In normal rats, endogenous EPO is responsible for 

maintaining the baseline levels of RBCs. However, in CKD rats, the impaired renal 

function results in inadequate endogenous EPO production(Flamme et al., 2014), and 

the concentration of rHuEPO exogenously given greatly exceeds the normal range for 

endogenous EPO levels in rats. Moreover, the baseline level of EPO in CKD rats was 

below the limit of quantification of the assay in the present study. Thus, endogenous 

EPO was assumed to be zero in our model. The effect of rHuEPO is described by a 

precursor-dependent indirect response (IDR) model that has been successfully applied 

in rats and humans(Ait-Oudhia, Scherrmann, & Krzyzanski, 2010a; Yan et al., 2012). 

This precursor-pool depletion mechanism implemented via the stimulatory effect of 

rHuEPO on the differentiation of MEP into BFU-E could explain the depletion of the 

platelet. Moreover, it can also explain both tolerance and rebound phenomena 

observed in RETs and RBCs(Ait-Oudhia et al., 2010a).  

 

𝑑𝐵𝐹𝑈𝐸

𝑑𝑡
= 𝐾𝐸 ∙ (1 +

𝑆𝑚𝑎𝑥𝐸𝑃𝑂 ∙ 𝐶𝐸𝑃𝑂

𝑆𝐶50𝐸𝑃𝑂 + 𝐶𝐸𝑃𝑂
) ∙ 𝑀𝐸𝑃 ∙ (1 −

𝛥𝐻𝐺𝐵

𝑅𝐻
)𝐺𝐴𝑀

−
1

𝑇𝐸𝑃1
∙ 𝐵𝐹𝑈𝐸 

     (9) 

𝑑𝐶𝐹𝑈𝐸

𝑑𝑡
= 2𝑀𝐶𝐹𝑈 ∙

1

𝑇𝐸𝑃1
∙ 𝐵𝐹𝑈𝐸 −

1

𝑇𝐸𝑃2
∙ 𝐶𝐹𝑈𝐸      (10) 

𝑑𝑁𝑂𝑅

𝑑𝑡
= 2𝑀𝑁𝑂𝑅 ∙

1

𝑇𝐸𝑃2
∙ 𝐶𝐹𝑈𝐸 −

1

𝑇𝐸𝑃3
∙ 𝑁𝑂𝑅      (11) 
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𝑑𝑅𝐸𝑇

𝑑𝑡
=

1

𝑇𝐸𝑃3
∙ 𝑁𝑂𝑅 −

1

𝑇𝑅𝐸𝑇
∙ 𝑅𝐸𝑇 ∙ (1 −

𝐼𝑚𝑎𝑥𝐸𝑃𝑂 ∙ 𝐶𝐸𝑃𝑂

𝐼𝐶50𝐸𝑃𝑂 + 𝐶𝐸𝑃𝑂
)      (12) 

𝑑𝑀𝑅𝐵𝐶

𝑑𝑡
=

1

𝑇𝑅𝐸𝑇
∙ 𝑅𝐸𝑇 ∙ (1 −

𝐼𝑚𝑎𝑥𝐸𝑃𝑂 ∙ 𝐶𝐸𝑃𝑂

𝐼𝐶50𝐸𝑃𝑂 + 𝐶𝐸𝑃𝑂
) −

1

𝑇𝑅𝐵𝐶
∙ 𝑀𝑅𝐵𝐶      (13) 

where 2𝑀𝐶𝐹𝑈 and 2𝑀𝑁𝑂𝑅 are factors reflecting the number of CFU-E cells that 

can be produced by one BFU-E and the number of NORs that can be produced by one 

CFU-E cell, respectively(Pérez-Ruixo et al., 2009). TEP represents the average time 

required for precursors to develop into the next cell population. TRET and TRBC 

represent the mean residence time for RETs and mature RBCs, respectively(Yan et al., 

2012). TEP was assumed to be equal to TRET to reduce the number of model 

parameters. It was reported that rHuEPO can stimulate the early release of immature 

RETs from BM into peripheral blood; thus, a part of rHuEPO’s effect on the 

distribution of RET maturation times must be attributed to the release of stress 

RETs(Pérez-Ruixo, Krzyzanski, & Hing, 2008). Hence, in our model, the effect of 

rHuEPO on the age distribution of RETs was written as (1 −
𝐼𝑚𝑎𝑥𝐸𝑃𝑂∙𝐶𝐸𝑃𝑂

𝐼𝐶50𝐸𝑃𝑂+𝐶𝐸𝑃𝑂
), which is 

consistent with the mechanism of action and greatly improved the model fit. ImaxEPO 

is the maximal inhibition of rHuEPO on RETs aging rates, and IC50EPO is the serum 

concentration of rHuEPO that induces half-maximum inhibition(Pérez-Ruixo et al., 

2008). HGB concentrations were derived from the mass of RBCs, which consists of 

mature RBCs (MRBC) and RETs: 

𝑅𝐵𝐶 = 𝑀𝑅𝐵𝐶 + 𝑅𝐸𝑇 
     (14) 
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𝐻𝐺𝐵 = 𝑀𝐶𝐻 ⋅ 𝑅𝐵𝐶/10 
     (15) 

where MCH is the mean corpuscular HGB, which was estimated directly from 

the data(Pérez-Ruixo et al., 2009). The numerator 10 converts the MCH unit to 

pg/cell(Yan et al., 2012). 

For platelet production, in addition to our results obtained from in vitro study, 

several studies have demonstrated that unipotent MK progenitors represent the main 

pathway for megakaryopoiesis, while MEPs mainly differentiate toward the erythroid 

lineage, with a slight bias toward MK differentiation(Draper et al., 2018; Draper et al., 

2016; Lu et al., 2018; Miyawaki et al., 2017; Xavier-Ferrucio & Krause, 2018). 

Therefore, MK1 was assumed to be generated at Kin2 in addition to the MEP 

differentiation pathway; the effect of romiplostim is incorporated as a stimulus on the 

production of both MEPs and MK1. The MK-committed progenitor pathway 

stimulated by romiplostim was included in the Model: 

𝑑𝑀𝐾1

𝑑𝑡
= 𝐾𝑖𝑛2 ∙ (1 + 𝑆𝑅𝑂𝑀2 ∙ 𝐶𝑅𝑂𝑀) + 𝐾𝑀 ∙ 𝑀𝐸𝑃 −

𝑛

𝑇𝑀𝑃
∙ 𝑀𝐾1      (16) 

SROM2 is the slope parameter for linear stimulation of romiplostim on Kin2. A 

previously introduced model that describes the PK-PD of romiplostim was 

adopted(Krzyzanski et al., 2013). A series of aging compartments (MKn, n = 10) 

denoted the MK precursor cells in BM, with the first-order transition rates n/TMP. 

The model equations are as follows: 

𝑑𝑀𝐾𝑖

𝑑𝑡
=

𝑛

𝑇𝑀𝑃
∙ (𝑀𝐾𝑖−1 − 𝑀𝐾𝑖) i = 2, …, n 

     (17) 
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𝑑𝑃𝐿𝑇1

𝑑𝑡
= 𝐶𝐹 ∙

𝑛

𝑇𝑀𝑃
∙ 𝑀𝐾𝑛 −

𝑛

𝑇𝑃𝐿𝑇
∙ 𝑃𝐿𝑇1      (18) 

Similarly, PLTn (n = 10) represents the platelet in blood with the transition rates 

nPLT/TPLT: 

𝑑𝑃𝐿𝑇𝑖

𝑑𝑡
=

𝑛

𝑇𝑀𝑃
∙ (𝑃𝐿𝑇𝑖−1 − 𝑃𝐿𝑇𝑖) i = 2, …, n 

     (19) 

where TMP and TPLP denote the mean lifespan of precursor cells and platelet, 

respectively. CF represents the conversion factor equal to the average number of 

platelet produced by an MK and was fixed at 4000(Krzyzanski et al., 2013). The 

platelet were modeled as the sum of platelet counts in each PLT compartment:  

𝑃𝐿𝑇 = 𝑃𝐿𝑇1+. . . +𝑃𝐿𝑇𝑛 
     (20) 

The secondary parameters and baseline equations defined by the steady-state 

value can be used to reduce the number of model parameters as follows: 

𝑅𝐸𝑇0 = 𝑀𝑅𝐵𝐶 ⋅ 𝑇𝑅𝐸𝑇/𝑇𝑅𝐵𝐶 
     (21) 

𝑁𝑂𝑅0 = 𝑅𝐸𝑇0 ⋅ 𝑇𝐸𝑃3/𝑇𝑅𝐸𝑇 
     (22) 

𝐶𝐹𝑈𝐸0 = 𝑅𝐸𝑇0 ⋅ 𝑇𝐸𝑃2/(𝑇𝑅𝐸𝑇 ⋅ 2𝑀𝑁𝑂𝑅) 
     (23) 

𝐵𝐹𝑈𝐸0 = 𝑅𝐸𝑇0 ⋅ 𝑇𝐸𝑃2/(𝑇𝑅𝐸𝑇 ⋅ 2𝑀𝑁𝑂𝑅 ⋅ 2𝑀𝐶𝐹𝑈) 
     (24) 

𝑀𝐸𝑃0 = 𝐵𝐹𝑈𝐸0/(𝑇𝐸𝑃1 ⋅ 𝐾𝐸) 
     (25) 

𝑀𝐾𝑛 = 𝑇𝑀𝑃 ⋅ 𝑃𝐿𝑇0/(𝐶𝐹 ⋅ 𝑇𝑃𝐿𝑇 ⋅ 10) 
     (26) 
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𝐾𝑖𝑛1 = 𝑀𝐸𝑃0 ⋅ (𝐾𝑀 + 𝐾𝐸) 
     (27) 

𝐾𝑖𝑛2 =
𝑃𝐿𝑇0

𝐶𝐹 ⋅ 𝑇𝑃𝐿𝑇
− 𝑀𝐸𝑃0 ⋅ 𝐾𝑀      (28) 

The interindividual variabilities (IIVs) for fixed-effect parameters were described 

by the exponential error model: 

𝑃𝑖 = 𝜃𝑖 ∙ exp (𝜂𝑃𝑖
) 

     (29) 

where Pi is the ith parameter for the individual, θi is the typical value (estimated 

population geometric mean) for Pi, and ηpi is an independent random variable that is 

normally distributed with zero mean and variance (ω
2
). Random effects were added 

on PLT0, RBC0, TRBC, and TRET, while for other θi, variance of random effect 

parameters were fixed to a small value (0.0225, i.e.15% coefficient of variation cv) to 

improve expectation–maximization (EM) algorithm efficiency in NONMEM. 

The residual variability in RBC, PLT, RET, and HGB were added separately. 

Different residual error models were explored, including an additive error model, a 

proportional error model, and a combined error (proportional plus additive) model. 

Eventually, a combined model of residual error was applied and described as: 

𝑌𝑖𝑗 = Ŷ𝑖𝑗 ∙(1 + 𝜀1) + 𝜀2 
     (30) 

where Yij is the observation of individual i at time tj, Ŷij is the corresponding 

model prediction, ε1 and ε2 are assumed to be independent and normally distributed 

random variables, respectively, with a zero mean and standard deviation (σ). 

The ordinary differential equations were solved by ADVAN13 subroutine, and the 
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EM algorithm (Stochastic Approximation EM [SAEM] followed by importance 

sampling [IMP]) was used for parameter estimation("<Bauer RJ (2020) NONMEM 

Users Guide Introduction to NONMEM 7.5.0  

httpsnonmem.iconplc.comnonmem75b6nm750.pdf (accessed March  2021) .pdf>,"). 

 

Statistical analysis 

The experiments were carried out in a randomized manner. Noncompartmental 

PK parameters were calculated using Phoenix WinNonlin 6.3 (Certara Inc.). 

Comparisons were performed using Student’s unpaired t-test, with P < 0.05 

considered to indicate statistically significant differences. Plotting was performed 

using R software (version 4.1.1, [www.r-project.org])(R Core Team, 2021). 
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Results 

RHuEPO promotes RBCs production and inhibits platelet production 

We first established the anemic CKD rat model. Compared with the healthy rats, 

the biochemical indicators CRE in CKD rats increased significantly (p < 0.01), and 

the renal tissues of the CKD rats exhibited urate deposition and glomerular and 

tubular atrophy (Supplementary Fig. S2). Therefore, the rats that received adenine 

gavage were verified as CKD rats in the present study. Then, the effects of rHuEPO 

on RBCs and platelet production in CKD rats were studied. As shown in Fig. 2, both 

the mean RBCs and Hgb concentration increased in a dose-dependent manner during 

rHuEPO monotherapy and peaked at the end of treatment, consistent with the findings 

of a previous study(Ait-Oudhia et al., 2010b). The platelet count in the rHuEPO 

monotherapy groups showed a transient increase followed by a slow decrease. 

Compared with the CKD and healthy control groups, the platelet count in the rHuEPO 

monotherapy groups showed a dose-dependent decrease from day 9, reaching a nadir 

on day 30 in the 100 IU/kg rHuEPO group (Fig. 2A, red line) while on day 25 in the 

1350 IU/kg rHuEPO group (Fig. 2B, blue line), which were 41.6% and 66.2% below 

the baseline value in the healthy control group, respectively. Moreover, the platelet 

counts in the two combination groups were also lower than that in the romiplostim 

monotherapy group (yellow line), with the magnitudes of the inhibition of platelet 

production being dose-dependent in both groups. Collectively, these results indicated 

that rHuEPO promoted erythropoiesis and inhibited platelet production with or 

without romiplostim. 
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Romiplostim stimulates platelet production and synergizes with rHuEPO to 

promote RBCs production instead of inhibiting it 

We next investigated the effects of romiplostim (30 μg/kg) as monotherapy and 

combination with rHuEPO in vivo. As shown in Fig. 2, romiplostim monotherapy had 

a strong stimulatory effect on platelet production, but no significant effect on Hgb 

concentration, RBCs, and RET count compared with the CKD control group. 

Importantly, the RBCs and Hgb concentration in the 100 IU/kg rHuEPO + 

romiplostim combination group (Fig. 2A, black line) reached 8.86 ± 0.16 × 10
12

 

cells/L and 19.93 ± 4.04 g/dL, respectively, at day 14, both of which were 

significantly higher than the corresponding values in the 100 IU/kg rHuEPO 

monotherapy group. This trend lasted for approximately 41 days, until day 55, when 

the RBCs and Hgb concentration returned almost to baseline levels. Compared with 

the CKD control group, the area under the effect curve (AUEC) of the RBC in the 

romiplostim monotherapy group, 100 IU/kg rHuEPO monotherapy group, and 100 

IU/kg rHuEPO + romiplostim combination group increased 3.21%, 21.4%, and 

29.4%, respectively. According to the response additivity approach, the combination 

index (CI) can be calculated as CI =
ERomi+EEPO

ERomi+EPO
, where ERomi and EEPO are the 

individual effects of romiplostim and EPO, respectively, and ERomi+EPO is the 

combination effect. Therefore, CI=0.837 ˂ 1, which suggested a synergistic effect 

(larger than an additive effect) of rHuEPO and romiplostim on erythropoiesis 

(Foucquier & Guedj, 2015; Niu, Straubinger, & Mager, 2019). Notably, such a 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


27 

 

synergistic effect was not observed in the 1350 IU/kg rHuEPO + romiplostim 

combination group (Fig. 2B, green line), in which the RBCs and Hgb both increased 

in a parallel trend, but with no significant difference. One explanation for this result is 

that the high-dose rHuEPO may have already pushed the RBCs and Hgb 

concentration to their physiological limits(Ait-Oudhia et al., 2010b; Yao et al., 2006). 

A depletion and rebound phenomenon was observed in the 1350 IU/kg rHuEPO 

monotherapy group, wherein the RBCs and Hgb concentration decreased below the 

baseline at the end of the study (Fig. 2B). This is consistent with previous reports and 

is likely due to precursor cell depletion induced by multiple rHuEPO treatment(Piron 

et al., 2001). The depletion phenomenon was alleviated in the combination group. 

This result indicated that romiplostim stimulated the expansion of HSPCs(Kovtonyuk 

et al., 2016), thereby alleviating EPO-induced precursor cell depletion in the 

combination therapy.  

These results, together with the traditional hierarchy hematopoiesis model, 

support the hypothesis that EPO can drive MEPs fate toward the erythroid lineage, 

thus promoting erythropoiesis and inhibiting platelet production. However, the effect 

of romiplostim on MEPs fate cannot be explained directly by the MEP lineage 

bifurcation model. If romiplostim stimulates the proliferation of progenitors, this 

would lead to the simultaneous stimulation of both platelet and RBCs production. The 

fact that romiplostim monotherapy stimulated megakaryopoiesis without increasing or 

decreasing RBCs production supports that MK-biased progenitors coexist with MEPs. 

This pathway could be an important source for megakaryopoiesis directly with the 
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stimulation of romiplostim. 

 

The effect of combination therapy is due to PD interaction instead of PK 

interaction 

One possible explanation for the observed effects in the combination group is 

that combination treatment might have changed the PK of rHuEPO or romiplostim, 

leading to an increase in the rHuEPO concentration and a decrease in the romiplostim 

concentration, and a subsequent increase in the RBCs and a decrease in the platelet 

counts. To test this, we studied the PK of rHuEPO and romiplostim as monotherapy 

and combination. The rHuEPO PK profiles are shown in Fig. 3 left panel. The 

corresponding non-compartmentally PK parameters are listed in Supplementary Table 

S1. Fig. 3 right panel and Supplementary Table S2 present the full PK profiles and 

parameters of romiplostim with or without simultaneous exposure to rHuEPO. It can 

be seen that there is no significant difference in the PK profiles and parameters of 

rHuEPO and romiplostim between the monotherapy and combination groups. These 

results suggested that there was no PK interaction between rHuEPO and romiplostim 

in the combination groups at the dosing regimens adopted for our CKD rats. This 

further suggested that the effects observed in the combination group were due to PD 

interaction rather than PK interaction. 

 

Romiplostim expands HSCs and stimulates megakaryopoiesis, while rHuEPO 

drives progenitors toward erythroid fate to promote erythropoiesis and inhibit 
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megakaryopoiesis through progenitors competition 

To further elucidate the roles of rHuEPO and romiplostim in lineage 

commitment by evaluating their effect on HSPCs, HSCs were collected from rat BM 

and cultured to study megakaryopoiesis and erythropoiesis in vitro. The purity of 

enriched HSCs was 88.4% (Fig. 4A). On day 5, HSC absolute numbers were 

significantly higher in all romiplostim-treated groups than in the control group (Fig. 

4B), and the purity of HSCs was maintained at 88.0%, indicating that TPO-RA can 

stimulate the proliferation of HSCs(Kovtonyuk et al., 2016). To investigate whether 

rHuEPO would induce the expanded HSCs to differentiate into the erythroid lineage, 

different concentrations of rHuEPO were employed with a fixed concentration of 

other cytokines. The results of flow cytometry (Fig. 4C) suggested that the rHuEPO 

increased the CD71+ cells (erythroid) and inhibited the CD41+ cells (MK).  

HSCs differentiation was further examined by CFU assay. The results showed 

that the number of total CFU-E or BFU-E on day 7 and 14 increased with the addition 

of rHuEPO (Fig. 4D). Furthermore, the number of total CFU-MK increased with the 

increasing concentrations of romiplostim, while that of CFU-MK decreased with 

increasing concentrations of rHuEPO up to 50 IU/mL in a dose-dependent manner. 

This suggested that these expanded cells were induced toward the erythroid lineage. 

However, the number of CFU-MK being constant with further increasing rHuEPO 

concentrations, suggested that these colonies were produced from the MK-biased 

progenitors, on which rHuEPO has no effect. Moreover, the colony growth of CFU-

MK in the presence of romiplostim required 12 days compared with 14 days in the 
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control group, which is consistent with the rapid platelet reconstitution observed in 

vivo due to the MK-biased pathway(Nakamura-Ishizu et al., 2018; Woolthuis & Park, 

2016). The total number of colonies was unchanged, indicating that rHuEPO drives 

MEPs toward the erythroid lineage through competition rather than lineage 

suppression. These results confirmed that romiplostim expanded HSCs and stimulated 

megakaryopoiesis simultaneously through MEP and MK-committed progenitor 

pathways. As for rHuEPO, it induced progenitors toward erythroid fate to promote 

erythropoiesis and inhibit megakaryopoiesis indirectly through lineage competition. 

These in vitro results further corroborated our findings in vivo. 

 

PK-PD modeling suggests that MK-committed progenitor pathway plays a major 

role on megakaryopoiesis with the stimulation of romiplostim and explains why 

romiplostim monotherapy is insufficient to promote erythropoiesis 

To quantify the effects of romiplostim and rHuEPO on thrombopoiesis and 

erythropoiesis from the above data, a mechanism-based PK-PD model was 

established (Fig. 1). In the model, romiplostim stimulates the proliferation of 

MEPs(Krzyzanski et al., 2013), followed by rHuEPO recruiting the MEPs into BFU-

E. This joint action characterizes the synergistic effect of the combination therapy on 

erythropoiesis. Moreover, rHuEPO monotherapy inhibits platelet production 

indirectly via recruiting MEP into the erythroid lineage. The stimulatory effect of 

romiplostim on the MK-committed progenitors could explain why romiplostim 

monotherapy stimulates platelet production without influencing RBCs production. 
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These model assumptions are based on our in vivo and in vitro results.  

The proposed PK model well captured the profiles of romiplostim and rHuEPO 

after both monotherapy and combination (Supplementary Fig. S3, Table S3). A 

sequential modeling approach was used(Perez-Ruixo et al., 2009), in which the 

typical PK parameters were obtained from the PK modeling and used to drive the PD 

effect.  

The goodness-of-fit diagnostic plots (Supplementary Fig. S4) of the final model 

showed the random normal scatter around the identity line. The general trend and the 

observed variability were well captured, which confirmed the adequacy of the model 

to describe the data. The visual predictive check results are shown in Fig. 5, 

suggesting that the model adequately described the PD response of both monotherapy 

and combination.  

The parameter estimates of the model are presented in Table 1. The estimates of 

the lineage-related parameters TRBC, TRET, RBC0, MCH, TMP, TPLT, and PLT0 were 

very close to the physiological values(Ait-Oudhia et al., 2010a; Krzyzanski et al., 

2013). The estimated TRBC was 47 days, which was lower than the 60 days in normal 

rats. This is reasonable because shortened erythrocyte lifespan is commonly observed 

in CKD(Li et al., 2019; Yapislar & Taskin, 2014).  

The maximum stimulation of romiplostim on Kin2 was (1 + 𝑆𝑅𝑂𝑀2 ⋅ 𝐶𝑚𝑎𝑥𝑅𝑂𝑀), 

which was 18-fold greater than stimulation on Kin1 (1 + 𝑆𝑅𝑂𝑀1 ⋅ 𝐶𝑚𝑎𝑥𝑅𝑂𝑀) , 

indicating that romiplostim stimulated platelet production mainly through the MK-

biased progenitor pathway. These results are consistent with recent reports based on 
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single-cell analyses(Lu et al., 2018; Miyawaki et al., 2017). 

The MEPs production rate Kin1 was 5.49×10
6 

cells/(L·h), the magnitude of 

which was relatively small considering the MEPs baseline value 0.904×10
10 

cells/L 

(Table 2). This explained why the stimulation of romiplostim monotherapy on Kin1 

was insufficient to stimulate erythropoiesis. However, differentiation of MEPs into 

BFUE would increase up to 22-fold (1 + 𝑆𝑚𝑎𝑥𝐸𝑃𝑂) with the stimulation of rHuEPO, 

indicating that the slight increase of MEPs stimulated by romiplostim could synergize 

with rHuEPO to promote erythropoiesis. Overall, these results explained why 

romiplostim monotherapy had no significant effect on erythropoiesis, while 

combination therapy demonstrated a synergistic effect on erythropoiesis.  
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Discussion 

Previous studies have demonstrated a close relationship between erythropoiesis 

and megakaryopoiesis because both erythroid and MK were considered to stem from 

MEPs in the classical hematopoiesis model(Papayannopoulou & Kaushansky, 2016). 

However, despite the increasing understanding of hematopoiesis lineage commitment 

thanks to advances in single-cell technologies, the role of EPO and TPO in MEPs fate 

determination and lineage commitment remains controversial(Xavier-Ferrucio & 

Krause, 2018). A previous study suggested that EPO is required for already 

committed erythroid progenitors but not for erythroid fate commitment because 

mutant embryos defective in EPO or EPO receptor could still produce both BFU-E 

and CFU-E(Wu, Liu, Jaenisch, & Lodish, 1995). However, the influence of EPO on 

MEPs was not studied, and therefore, the possibility that EPO may also drive MEPs 

toward the erythroid lineage cannot be excluded. A recent study indicated that EPO 

increased erythroid output by suppressing myeloid lineage priming(Grover et al., 

2014). However, that study performed CFU assay only once on day 2 after EPO 

treatment to detect the influence of EPO on myeloid progenitor cells. It drew the 

conclusion based on “snapshots” of the cell populations without temporal 

measurements, thus lacking continuous monitoring information of dynamic processes. 

These pieces of evidence prompted us to study the role of EPO and romiplostim in 

MEPs fate determination and lineage commitment. A detailed understanding of how 

these cytokines control dynamic blood differentiation processes suggested an 

innovative combination of romiplostim and EPO to treat EPO-resistant anemia.   
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We first studied the effects of rHuEPO and romiplostim as monotherapy and 

combination on erythropoiesis and megakaryopoiesis in vivo. The results showed that 

romiplostim and rHuEPO monotherapy in vivo stimulated platelet and RBCs 

production, respectively. The combination therapy promoted RBCs production 

synergistically (Fig. 2). These results could be explained as romiplostim stimulates the 

proliferation of HSCs, and rHuEPO promotes erythropoiesis. However, if romiplostim 

stimulates the proliferation of HSCs, both platelet and RBCs would increase 

according to the classical hematopoiesis hierarchy model. This is contrary to our 

finding that romiplostim monotherapy had no significant effect on the production of 

RBCs, suggesting the existence and contribution of MK-biased progenitor to platelet 

production in addition to MEPs. Moreover, intensive rHuEPO treatment inhibited 

platelet production to induce thrombocytopenia, a phenomenon that has been reported 

previously(Beguin, 1999; Loo & Beguin, 1999). This inhibitory effect of rHuEPO on 

platelet could be explained by rHuEPO driving MEPs toward the erythroid lineage, 

which means that rHuEPO plays a fate-changing role. Overall, in vivo results suggest 

that romiplostim should stimulate HSCs and MK, while rHuEPO drives MEPs into 

BFUE and inhibits megakaryopoiesis. 

To further illustrate the findings from in vivo study, we sought to examine the 

effects of rHuEPO and romiplostim on HSPCs in vitro. The results as shown in Fig. 4 

suggested that romiplostim expanded HSCs and stimulated megakaryopoiesis, while 

rHuEPO promoted erythropoiesis at the expense of MK lineage without influencing 

the total CFU output. This finding indicates that rHuEPO promotes MEPs toward the 
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erythroid lineage through lineage competition rather than direct suppression, which 

differs from the result of a previous study(Grover et al., 2014). Notably, a substantial 

percentage of CFU-MK was not influenced by the increasing concentration of 

rHuEPO, which indicates the existence of an MK-biased progenitor 

pathway(Miyawaki et al., 2017; Xavier-Ferrucio & Krause, 2018). Our in vitro results 

further demonstrated that rHuEPO had a fate-changing effect on MEPs. Romiplostim 

stimulated megakaryopoiesis through the MK-biased progenitor and MEP bifurcation 

pathways simultaneously, which explains why romiplostim monotherapy stimulated 

platelet production in vivo without significantly influencing RBCs production. 

An unanswered question from the in vivo and in vitro studies is the relative 

contribution of MK-committed progenitor and MEP bifurcation pathway to 

megakaryopoiesis. Therefore, the mechanism-based PK-PD modeling was employed 

to quantify the effects of romiplostim and rHuEPO on megakaryopoiesis and 

erythropoiesis from the in vivo data. (Fig. 1). The modeling results demonstrated that 

the maximum stimulation of romiplostim on megakaryopoiesis through MK-

committed progenitor was about 18-fold greater than that through MEP pathway, 

indicating that romiplostim stimulated platelet production mainly through MK-biased 

progenitor pathway. In addition, the model indicates that the differentiation rate of 

MEPs into BFU-E (KE) is about 6-fold greater than the differentiation rate into MK 

(KM), and this rate would increase up to 22-fold with the stimulation of rHuEPO 

(Table 1 and 2). On the one hand, this explained why rHuEPO can deplete platelet to 

some extent through MEPs competition. On the other hand, this shed light on the 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


36 

 

observation that romiplostim monotherapy had no significant effect on erythropoiesis, 

whereas combination therapy showed a synergistic effect on erythropoiesis, as the 

slight increase of MEPs induced by romiplostim could be further stimulated and 

recruited by rHuEPO into erythroid lineage to promote erythropoiesis. 

One potential clinical application of our study is to combine romiplostim and 

rHuEPO to treat EPO-resistant anemia. EPO resistance is demonstrated by the 

persistence of anemia despite treatment with high-dose rHuEPO, which is an 

important contributor to the increased risk of death or cardiovascular events among 

patients with CKD anemia. A lot of efforts have been made to develop new molecules 

that stimulate the expansion of the erythroid progenitor BFU-E and CFU-E to treat 

EPO-resistant anemia (Lodish, Flygare, & Chou, 2010),  although with little success. 

The underlying rationale is that EPO resistance might due to an insufficient expansion 

of EPO-dependent CFU-E even at high concentrations of EPO (Lodish et al., 2010). 

Different from this hypothesis, our previous studies and study from others have 

shown that EPO resistance might be induced by the depletion of erythroid precursor 

cells due to EPO treatment(Piron et al., 2001; Yan et al., 2013). Thus, we believe that 

romiplostim might be able to alleviate precursor cell depletion by stimulating the 

proliferation of HSPCs, thereby treating EPO resistance. Moreover, it is also critical 

to combine romiplostim with rHuEPO because rHuEPO might restore the platelet 

count to the normal physiological range through MEPs competition, thus avoiding the 

risk of thrombosis caused by the romiplostim-induced increase in the platelet count. It 

was also recently reported that the combined administration of EPO-RA darbepoetin 
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alfa and romiplostim for chemotherapy-associated anemia and thrombocytopenia 

could achieve complete remission in the absence of blood product transfusions in a 

patient with acute lymphoblastic leukaemia(Arora, Gupta, Li, & Sadeghi, 2018), 

which supports the potential application of combination treatment. The results of this 

study created a key foundation for the further development of combining rHuEPO and 

romiplostim clinically to treat EPO-resistant anemic patients.  

Our study has one limitation. We did not isolate MEPs and study the effects of 

rHuEPO and romiplostim on MEPs directly as MEP cell surface markers for rat are 

not yet known. Therefore, the specific mechanism of the fate-changing effects of 

rHuEPO on MEPs and the lack of such effects from romiplostim warrant further 

investigation. Despite this limitation, we believe that our in vitro results are 

informative and provide a further understanding of both megakaryopoiesis and 

erythropoiesis processes, because it is well established that CFU-E and CFU-MK are 

derived from MEPs and our cell culture contained MEPs, as demonstrated by the CFU 

assay.  

In conclusion, we clarified that EPO drives the fate of MEPs toward the 

erythroid lineage, while romiplostim stimulates megakaryopoiesis through the MK-

committed progenitor and MEP bifurcation pathways simultaneously. Moreover, we 

quantified the pivotal role of an EPO-RA and a TPO-RA in lineage commitment 

through a mechanism-based PK-PD model. Our findings improve the understanding 

of hematopoietic fate decisions, support the novel combination of romiplostim and 

EPO to treat EPO-resistant anemia.
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Figure Legends 

Fig. 1. Schematic diagrams of the proposed PK/PD model for the effects of 

romiplostim and rHuEPO on RBC and platelet production. The open rectangle 

indicates the stimulatory effects of romiplostim (black) and rHuEPO (red). The solid 

rectangle indicates the inhibitory effect of rHuEPO. Cent = central, Peri = peripheral, 

SC = subcutaneous, TEP represents the average time required for precursors to 

develop into the next cell population. TRET and TRBC represent the mean residence 

time for reticulocytes (RETs) and mature RBCs, respectively. Smax = maximum 

stimulatory effect; SROM1 and SROM2 are the slope of the romiplostim serum 

concentration CROM; SC50 and IC50 = drug concentrations that induce half-

maximum effect; Imax = maximum inhibitory effect. The series of n=10 aging 

compartments (MKi, i=1,…,n ) denotes the MK precursor cells, with the first-order 

transition rates n/TMP; PLTi (i=1,…,n ) represents the platelets with the transition 

rates n/TPLT. BFUE = burst forming unit-erythroid cells, CFUE = colony-forming 

unit-erythroid cells, NOR = normoblasts. Kin1 and Kin2 are Zero-order rate constants 

for producing MEP and MK1, respectively. MEPs proliferate to erythroid and MK 

lineages according to the first-order rate constant KE and KM, respectively. MRBC = 

mature RBCs. RH is the physiological limit of HGB. GAM is a power coefficient. 

 

Fig. 2. Pharmacodynamics of rHuEPO and romiplostim as monotherapy and 

combination therapy in peripheral blood. (A) rHuEPO 100 IU/kg TIW for 3 weeks 

and romiplostim 0.03 mg/kg QW for 3 weeks. (B) rHuEPO 1350 IU/kg TIW for 3 
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weeks and romiplostim 0.03 mg/kg QW for 3 weeks. The arrows represent the dosing 

event of rHuEPO (red) and romiplostim (black). Data are expressed as the mean ± 

standard deviation (n = 3). RBC, HgB, and PLT were compared between combination 

therapy group and rHuEPO monotherapy group. *p < 0.05. 

 

Fig. 3. RHuEPO serum concentration vs time profile during multiple dosing regimens 

in the presence (Comb) or absence (Mono) of romiplostim (left panel, A:100 IU/kg; 

C:1350 IU/kg, third dose PK profile), and romiplostim serum concentration vs time 

profile during multiple dosing regimens in the presence (Comb) or absence (Mono) of 

rHuEPO (right panel, B:100 IU/kg rHuEPO combination group; D:1350 IU/kg 

rHuEPO combination group, second dose PK profile). 

 

Fig. 4. Romiplostim expands HSCs and stimulates megakaryopoiesis, while rHuEPO 

drives progenitors toward erythroid fate to promote erythropoiesis and inhibit 

megakaryopoiesis through progenitor cell competition. (A) Expression of the CD90 

(Thy-1) antigen in one representative experiment on day 0. (B) Absolute numbers of 

total HSCs on day 5. Data are expressed as the mean ± standard deviation (n=3). (C) 

Flow cytometric profiles in step 2 in one representative experiment; the concentration 

of romiplostim was 2 ng/mL. Horizontal axis, CD41; vertical axis, CD71. (D) The 

addition of rHuEPO increased the BFU-E and CFU-E colony growth (left panel) and 

decreased the CFU-MK growth (middle panel), but the total number of colonies 

remained unchanged. R = romiplostim, E = rHuEPO. 
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Fig. 5. Visual predictive check for the platelet counts (PLT, top panels), reticulocyte 

counts (RET, upper middle panels), red blood cell counts (RBC, lower middle panels), 

and hemoglobin concentration (HgB, bottom panels) in the monotherapy and 

combination therapy groups. The solid lines represent the median of the model 

predictions, the dots represent the observed data, and the shaded area is limited by the 

5th and 95th percentile of the 200 simulated model predictions.
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Tables 

Table 1. Model estimates of the fixed- and random-effect PD parameters together 

with their relative standard errors. 

Parameter Description Units Estimate %RSE 

TMP Mean lifespan of megakaryocyte cells  h 29.8 12.1 

TPLT Mean lifespan of platelets  h 178 7.75 

PLT0 Baseline platelets in blood  ×10
12 

cells/L 1.07 5.35 

TRBC Mean residence time for mature RBCs  h 1130 2.73 

TRET Mean residence time for RETs h 63.8 3.39 

RBC0 Baseline RBCs concentration ×10
12 

cells/L 5.75 1.04 

KE 
First-order rate constant of MEPs 

differentiate into BFU-E 
×10

-4
/h 5.2 9.04 

KM 
First-order rate constant of MEPs 

differentiate into MK1 
×10

-4
/h 0.873 16.6 

SRomi1 
The slope of the romiplostim serum 

concentration on MEPs 
(ng/mL)−1 0.0138 48.2 

SRomi2 
The slope of the romiplostim serum 

concentration on MK-committed pathway 
(ng/mL)−1 1.08 36.7 

SmaxEPO Maximal stimulus of rHuEPO on MEPs  Dimensionless 21 10.7 

SC50EPO 
The concentrations of rHuEPO that induce 

a half-maximum effect  
mIU/mL 82.8 8.57 

ImaxEPO 
Maximal inhibition of rHuEPO on RETs 

aging rates 
Dimensionless 0.327 23.5 

IC50EPO 
The concentration of rHuEPO that induces 

half-maximum inhibition 
mIU/mL 2.7 37.0 

MCH Mean corpuscular hemoglobin pg/cell 20.8 3.94 

GAM 
Power coefficient on physiological limit 

function on HGB production 
Dimensionless 5.84 9.11 

ωPLT0 Inter-individual variability of PLT0 Dimensionless 0.00233 1.36 

ωRBC0 Inter-individual variability of RBC0 Dimensionless 0.0294 48.0 

ωTRBC Inter-individual variability of TRBC Dimensionless 0.0718 42.8 

ωTRET Inter-individual variability of TRET Dimensionless 0.0803 45.5 
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σPLT Proportional error of platelets Dimensionless 0.153 3.59 

σRBC Proportional error of RBC Dimensionless 0.355 3.36 

σHGB Additive error of HGB Dimensionless 1.40 4.21 

σRET2 Proportional error of RET Dimensionless 0.0983 5.23 

OBJ Objective function value Dimensionless -1485.2 - 

Note: The use of NONMEM was facilitated with Perl-speaks-NONMEM (version 

4.9.0, [http://psn.sourceforge.net/docs.php]). The PK parameters were fixed at their 

estimated values. Inter-individual variability (ω) and residual error (σ) were expressed 

as coefficients of variation (%). RSE for ω and σ are reported on the approximate 

standard deviation scale (standard error/variance estimate)/2.  
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Table 2. Calculation of the secondary parameters based on the baseline condition and model 

estimation. 

Parameters Description Units Calculation 

RET0 Baseline RET concentration ×10
12 

cells/L 0.307 

NOR0 Baseline NOR concentration ×10
12 

cells/L 0.307 

CFUE0 Baseline CFUE concentration ×10
9 

cells/L 9.59 

BFUE0 Baseline BFUE concentration ×10
8 

cells/L 3.00 

MEP0 Baseline MEP concentration ×10
10 

cells/L 0.904 

Kin1 Zero-order rate constant for producing MEP ×10
6
cells/(L·h) 5.49 

Kin2 Zero-order rate constant for producing MK1 ×10
6
cells/(L·h) 0.714 

MK0 Baseline MK precursor cells concentration ×10
6 

cells/L 4.48 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.122.001130

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Journal of Pharmacology and Experimental Therapeutics 

JPET-AR-2022-001130 

 

Fate determination role of erythropoietin and romiplostim 

in the lineage commitment of hematopoietic progenitors 

 

 

Xiaoqing Fan1, Wojciech Krzyzanski2, Raymond S. M. Wong3, Xiaoyu Yan1* 

 

1School of Pharmacy, Faculty of Medicine, The Chinese University of Hong Kong, 

Shatin, Hong Kong, China SAR 

2Department of Pharmaceutical Sciences, The State University of New York at Buffalo, 

Buffalo, NY, USA 

3Division of Hematology, Department of Medicine and Therapeutics, Faculty of 

Medicine, The Chinese University of Hong Kong, Shatin, Hong Kong, China SAR 

 

 



Supplementary figures 
 

Fig. S1. Schematic representation of the dosing regimen and staggered sampling design (PK) for all the treated groups during the first 4 weeks of 

the study. 

 

 

 

 



 

 

  

Fig. S2. (A) Determination of Serum creatinine (CRE) on day 0 and end point; Data were expressed as the mean ± S.D. (n = 6). *p < 0.05; **p < 

0.01. (B) Histological alterations of the kidney in CKD rats via comparison of representative imagines of the kidney histology by haematoxylin 

and eosin (H&E) staining. Compared with the healthy rats, renal tissues of the CKD rats exhibited urate deposition and glomerular and tubular 

atrophy. Therefore, the model rats that received adenine gavage were verified as CKD rats in the present study. 

 
 



Fig. S3. General goodness-of-fit of the final model for rHuEPO (A) and romiplostim (B). The top panels of (A) and (B) present the observed data 

vs. population predictions (left) and individual predictions (right), respectively. The bottom panels of (A) and (B) present the conditional weighted 

residual (CWRES) vs. time (left) and population predictions (right), respectively. The blue lines are the LOESS smooth lines. The gray diagonal 

(top panels) and horizontal (bottom panels) lines are the identity and zero lines, respectively. 



Fig. S4. General goodness-of-fit of the final model for PD markers. The top panels present the observed data vs. individual predictions for platelet, 



reticulocytes, red blood cells, and hemaglobin. The absolute number of RET were fitted in the model, (RET=RET%×RBC). The middle panels 

present the Conditional weighted residual (CWRES) vs. time, and the bottom panels present CWRES vs. population predictions. The blue lines 

are the loess smooth lines. The gray diagonal (top panels) and horizontal (bottom panels) lines are the identity and zero lines, respectively.



Supplementary Tables 

 

Table S1. Pharmacokinetic parameters of rHuEPO (100 IU/kg or 1350 IU/kg) in 

Sprague-Dawley rats with CKD anemia in the absence or presence of romiplostim after 

intravenous administration TIW for 3 weeks. Data are expressed as the mean ± standard 

deviation (SD) (n = 3). A Student’s t-test was conducted for between-group 

comparisons. No significant difference was found (p>0.05). The baseline level of EPO 

in CKD rats was below the limit of quantification (BLQ) of the assay. Therefore, the 

PK parameters were calculated by using serum EPO concentrations that were not 

corrected to the endogenous baseline. 

 

Parameters AUC (0–∞) 

h·mIU/mL 

t1/2 

h 

MRT (0–∞) 

h 

Vss 

mL/kg 

CL 

mL/h/kg Units 

RHuEPO 100 IU/kg 

(In the absence of 

romiplostim) 

1st PK 8907.18 ± 65.83 5.04 ± 0.21 4.48 ± 0.13 50.32 ± 1.17 11.23 ± 0.08 

2nd PK 9099.94 ± 98.97 5.25 ± 0.25 4.47 ± 0.14 49.09 ± 2.04 10.99 ± 0.12 

3rd PK 9191.01 ± 44.53 5.18 ± 0.38 4.36 ± 0.01 47.41 ± 0.14 10.88 ± 0.05 

4th PK 9384.15 ± 59.96 5.90 ± 0.21 4.50 ± 0.09 47.97 ± 0.69 10.66 ± 0.07 

5th PK 9308.97 ± 82.35 5.23 ± 0.33 4.52 ± 0.20 48.56 ± 1.72 10.74 ± 0.09 

RHuEPO 100 IU/kg 

(In the presence of 

romiplostim) 

1st PK 9040.72 ± 178.24 5.21 ± 0.54 4.35 ± 0.08 48.09 ± 1.86 11.06 ± 0.22 

2nd PK 9233.11 ± 110.42 5.77 ± 0.26 4.41 ± 0.03 47.77 ± 0.94 10.83 ± 0.13 

3rd PK 9165.37 ± 87.36 5.74 ± 0.23 4.44 ± 0.07 48.42 ± 0.41 10.91 ± 0.10 

4th PK 9336.00 ± 59.44 5.62 ± 0.60 4.47 ± 0.17 47.93 ± 1.55 10.71 ± 0.07 

5th PK 9414.49 ± 86.23 5.72 ± 0.53 4.49 ± 0.07 47.72 ± 1.10 10.62 ± 0.10 

RHuEPO 1350 IU/kg 

(In the absence of 

romiplostim) 

3rd PK 
127956.96 ± 

21914.82 
7.12 ± 0.07 5.08 ± 0.66 

55.53 ± 

18.32 
10.78 ± 2.05 

RHuEPO 1350 IU/kg 

(In the presence of 

romiplostim) 

3rd PK 
126146.19 ± 

13984.72 
7.93 ± 0.12 5.46 ± 0.31 

58.83 ± 

10.29 
10.79 ± 1.26 

 

 

 

 

 



Table S2. Pharmacokinetic parameters of romiplostim (30 μg/kg) in Sprague-Dawley 

rats with CKD anemia in the absence or presence of rHuEPO after subcutaneous 

injection of 0.03 mg/kg QW for 3 weeks. Data are expressed as the mean ± standard 

deviation (n = 3). A Student’s t-test was conducted for between-group comparisons. No 

significant difference was found (p>0.05). 

 

Parameters Cmax 

ng/mL 

AUC (0–∞) 

h·ng/mL 

t1/2 

h 

MRT (0–∞) 

h 

Vz/F 

mL/kg 

CLz/F 

mL/h/kg Units 

Romiplostim 

(In the absence of 

rHuEPO) 

1st PK 19.81 ± 1.17 823.87 ± 72.04 19.70 ± 1.39 35.46 ± 1.55 1035.70 ± 19.08 36.59 ± 3.08 

2nd PK 19.81 ± 0.85 798.99 ± 43.38 16.68 ± 1.94 32.20 ± 1.96 905.54 ± 115.50 37.62 ± 2.03 

3rd PK 19.11 ± 1.18 764.66 ± 31.65 19.43 ± 2.02 34.66 ± 1.40 1099.37 ± 98.36 39.28 ± 1.59 

Romiplostim 

(In the presence of  

100 IU/kg rHuEPO) 

1st PK 18.79 ± 0.99 803.76 ± 113.98 21.11 ± 3.08 37.02 ± 4.44 1137.07 ± 38.24 37.82 ± 5.26 

2nd PK 19.22 ± 1.06 779.66 ± 34.57 18.88 ± 2.08 34.02 ± 2.22 1045.91 ± 69.87 38.53 ± 1.67 

3rd PK 17.35 ± 1.69 971.17 ± 35.45 17.35 ± 1.69 32.65 ± 2.06 971.17 ± 35.45 38.96 ± 2.73 

Romiplostim 

(In the presence of  

1350 IU/kg 

rHuEPO) 

2nd PK 18.36 ± 0.99 848.39 ± 168.46 26.32 ± 9.20 43.55 ± 11.44 1317.87 ± 187.97 36.23 ± 6.54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Model estimates of the fixed- and random-effect PK parameters together with 

their relative standard errors. Romi = romiplostim. IIV = inter-individual variability. 

 

Parameter Description Units Estimate %RSE 

CLR/F Clearance of romi mL/h 39.67 1.99 

V2/F Volume of distribution of romi mL 874.5 1.52 

KA Absorption rate of romi 1/h 0.09468 3.55 

ωCL IIV of CLR/F Dimensionless 0.06015 19.4 

σ of romi 
Proportional error in the logarithmic 

domain 
Dimensionless 0.1176 8.19 

CLE Clearance of rHuEPO mL/h 13.46 2.81 

QE Tissue distribution clearance of rHuEPO mL/h 5.424 2.89 

V3 
Volume of distribution of the central 

compartment of rHuEPO 
mL 41.6 2.40 

V4 
Volume of distribution of the peripheral 

compartment of rHuEPO 
mL 29.12 4.67 

ωCLE IIV of CLE Dimensionless 0.1025 12.2 

ωV3 IIV of V3 Dimensionless 0.1785 12.1 

σ of rHuEPO 
Additive error in the logarithmic 

domain 
Dimensionless 0.1927 15.3 

Note: Inter-individual variability (ω) and residual errors (σ) were expressed as 

coefficients of variation (%). RSE for ω and σ are reported on the approximate standard 

deviation scale (standard error/variance estimate)/2.  
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