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ARTICLE

Population Pharmacokinetics and Exposure–Response of 
Luspatercept, an Erythroid Maturation Agent, in Anemic 
Patients With Myelodysplastic Syndromes

Nianhang Chen1,*, Nastya Kassir2, Abderrahmane Laadem1, Stephen E. Maxwell1, Priya Sriraman1, Ana Carolina Giuseppi1, Steve 
Ritland1, Peter G. Linde3, Balasubrahmanyam Budda3, Joseph G. Reynolds3, Simon Zhou1 and Maria Palmisano1

Luspatercept is a recombinant fusion protein that enhances late-stage erythroid maturation. This report describes the popu-
lation pharmacokinetics and exposure–response relationship of luspatercept in 260 patients with anemia due to myelodys-
plastic syndromes. Luspatercept displayed linear and time-invariant pharmacokinetics over a dose range of 0.125–1.75 mg/kg  
administered subcutaneously once every 3 weeks. Body weight was the only clinically relevant covariate of luspatercept 
exposure, supporting the weight-based dosing. The probability of achieving transfusion independence ≥ 8 weeks increased 
with time-averaged luspatercept serum exposure, reaching the plateau at doses 1.0–1.75 mg/kg. The probability of achieving 
multiple efficacy end points increased with slower luspatercept clearance, independent of effects of luspatercept exposure 
or disease characteristics. The probability of experiencing severe treatment-emergent adverse events decreased with in-
creasing luspatercept exposure, especially during long-term treatment. These results provide a positive benefit–risk profile 
for the titration-to-response dose regimen (1.0–1.75 mg/kg) recommended for this population.

Myelodysplastic syndromes (MDS) are a heterogeneous 
group of clonal disorders of hematopoietic stem cells 
characterized by ineffective hematopoiesis and progres-
sive cytopenias. Anemia is the most common symptom in 
patients with MDS, often resulting in red blood cell (RBC) 
transfusion-dependence.1,2 Upregulated Smad2/3, down-
stream effector proteins of the transforming growth factor 
beta (TGF-β) superfamily pathway, has been linked to inef-
fective erythropoiesis in MDS.3–5

Luspatercept is a recombinant fusion protein consisting of 
a modified form of the extracellular domain of human activin 
receptor type IIB linked to the human fragment crystallizable 

(Fc) domain of human immunoglobin G1. The activin receptor 
type IIB receptor and its ligands are members of the TGF-β su-
perfamily.6 By binding several endogenous TGF-β superfamily 
ligands, luspatercept led to diminished Smad2/3 signaling and 
enhanced late-stage erythroid maturation in the bone marrow.5 
In clinical trials for MDS, luspatercept treatment led to sus-
tained increases in hemoglobin (Hb) levels as well as reduced 
RBC transfusion frequency.7–10 Luspatercept was well-toler-
ated in these studies, with the maximum tolerated dose not 
reached at the highest clinical dose evaluated (1.75 mg/kg).8

Here, we evaluate the population pharmacokinetics 
(PKs) and exposure–response relationship for luspatercept 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  Luspatercept, a recombinant fusion protein, has dem-
onstrated erythroid improvement in patients with anemia 
associated with ineffective erythropoiesis.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  What is the dose–exposure–response relationship of 
luspatercept in patients with myelodysplastic syndromes 
under a dose-titration regimen (1.0–1.75 mg/kg)?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  The pharmacokinetic are linear and time-invariant, with 
moderate variability. Erythroid response was positively cor-
related with luspatercept serum exposure, although the cor-
relation was partially obscured by dose escalation. Slower 

luspatercept clearance was strongly associated with in-
creased probability of efficacy. Dose escalation to 1.75 mg/
kg was safe; incidence of severe treatment-emergent ad-
verse events decreased at higher luspatercept exposure.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DE-
VELOPMENT, AND/OR THERAPEUTICS?
✔  The titration-to-response regimen has a positive bene-
fit–risk profile and luspatercept clearance may be an early 
marker of efficacy; there may also be a benefit to symp-
tom improvement with long-term luspatercept treatment. 
The impact of dose escalation and baseline luspatercept 
clearance should be considered when evaluating dose 
appropriateness by exposure–response analysis.
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in patients with MDS under a titration-to-response dosing 
regimen. These findings provided support for benefit–risk 
assessments of the proposed dosing regimen for the treat-
ment of MDS.

METHODS
Studies and treatment
This analysis was based on data from patients with 
MDS in three studies: A536-03, A536-05, and ACE-
536-MDS-001. Institutional review boards or ethics 
committees at each site approved the protocols; all 
patients provided written informed consent. More de-
tails about these studies are summarized in Table S1. 
Luspatercept was administered subcutaneously once 
every 3 weeks (q3w). In A536-03 dose escalation cohorts, 
the dose level ranged from 0.125  mg/kg to 1.75  mg/kg 
and each patient received only one dose level. In A536-
03 expansion cohorts, A536-05, and ACE-536-MDS-001, 
the starting dose was generally 1.0 mg/kg and the dose 
could be increased in a step-wise manner (from 1.0 mg/
kg to 1.33 mg/kg, and then to 1.75 mg/kg) if patients had 
RBC transfusions or undesirable Hb response during the 
two most recent prior treatment cycles at the same dose 
level. Patients in A536-03 received luspatercept for up to 
five doses, whereas patients in A536-05 and ACE-536-
MDS-001 could receive luspatercept for up to 5 years.

Population PK analysis
A fully validated enzyme-linked immunosorbent assay was 
used to quantify luspatercept concentration in serum. The 
range of this assay was 50–600  ng/mL in 100% human 
serum with the standard curve fitted through 8 calibration 
standards using a 5-parameter logistics fit. The inter-run 
coefficient of variation was ≤ 12.0% and the inter-run accu-
racy was 97.7–107.6% of the nominal concentration.

The population PK model was developed with nonlinear 
mixed-effects modeling software in three stages: structural 
model selection, covariate analysis, and model evalua-
tion. A small number (0.6%) of postdosing concentrations 
were below the limit of quantitation and excluded from the 
analysis. Luspatercept concentrations were natural loga-
rithm-transformed prior to the analysis. One-compartment 
and two-compartment models as well as nonlinear models 
were tested to identify the structural model. Model selection 
was based on the objective function (change > 10 for one 
additional parameter), goodness-of-fit plots, and scientific 
plausibility. Interindividual variability was modeled using an 
exponential error model. Residual variability was modeled 
using an additive error model. The continuous and categor-
ical candidate covariates tested are summarized in Table 1. 
In addition, effects of antidrug antibodies (positive and neg-
ative) and subcutaneous injection location (upper arm, thigh, 
and abdomen) were tested as a time-varying covariate. The 
full-model approach11 was used in the covariate analysis, in 
which all covariate–parameter relationships of interest were 
simultaneously incorporated into the model. The final model 
was derived from the full model by dropping statistically in-
significant (95% confidence intervals (CIs) of the covariate 
effect parameter included the null value) or clinically unim-
portant (95% CIs of the covariate effect within 25% of the 

null value) covariates. The final model was evaluated using 
the nonparametric bootstrap approach (1,000 replicates) 
and visual predictive check (VPC; 1,000 simulations).

Monte Carlo simulations were performed using the final 
model to evaluate the clinical relevance of significant co-
variates. One hundred clinical trials, with each trial having 
the same number of patients and the same distribution 
of covariates as in three clinical studies, were simulated 
for fixed (133  mg) and weight-based dose (1.75  mg/kg). 
Patients were grouped into three subpopulations ac-
cording to the distribution of their covariates: normal 
(10th–90th percentiles), low (< 10th percentile), and high 
(> 90th percentile). Individual values of area under the con-
centration–time curve (AUC) at steady state (AUCss) and 
maximum concentration at steady state (Cmax.ss) were de-
rived from the simulation. The percentage difference in the 
median exposure at low or high covariate values relative 

Table 1 Summary of patient characteristics in the population PK 
analysis

Characteristic Total (N = 260)

Sex, n (%)

Female 101 (38.8)

Male 159 (61.2)

Ring sideroblasts, n (%)

Positive 216 (83.1)

Negative 30 (11.5)

Unknown 14 (5.4)

IPSS-R risk, n (%)

Very-low/Low 189 (72.7)

Intermediate 60 (23.1)

High/Very-high 11 (4.2)

Renal impairment category, n (%)

No 70 (26.9)

Mild (eGFR 60–89 mL/minute/1.73 m2) 134 (51.5)

Moderate (eGFR 30–59 mL/minute/1.73 m2) 56 (21.5)

Hepatic impairment category, n (%)

No 154 (59.2)

Mild (BIL > 1–1.5 × ULN; ALT or AST > ULN) 82 (31.5)

Moderate (BIL > 1.5–3 × ULN; any ALT or AST) 23 (8.8)

Severe (BIL > 3 × ULN; any ALT or AST) 1 (0.4)

Concurrent use of ICT, n (%)

Yes 100 (38.5)

No 160 (61.5)

Age, median (range), years 72.0 (27.0–95.0)

Weight, median (range), kg 76.3 (46.0–124)

Erythropoietin, median (range), U/L 138 (9.80–2,450)

Transfusion burden, median (range), 
units/24 weeks

15.1 (0.00–43.4)

BIL, median (range), μmol/L 14.0 (4.00–68.0)

Albumin, median (range), g/L 44.0 (31.0–52.6)

AST, median (range), U/L 21.0 (7.00–96.0)

eGFR, median (range), mL/min/1.73 m2 73.1 (29.6–150)

ALT, alanine transaminase; AST, aspartate transaminase; BIL, total biliru-
bin; eGFR, estimated glomerular filtration rate; ICT, iron chelation therapy; 
IPSS-R, International Prognostic Scoring System-Revised; PK, pharma-
cokinetic; ULN, upper limit of normal.
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to median exposure at normal covariate values was com-
puted using the following equation:

where EXP was steady-state exposure (AUCss or Cmax.ss) 
and extreme was either the low or high covariate values.

Exposure–response analysis
Individual measures of luspatercept serum exposure for 
exposure–response analyses were estimated based on 
empirical Bayes estimates of luspatercept apparent clear-
ance (CL/F) from the final population PK model and actual 
dosing records.

Efficacy data for up to 1 year were included in the analy-
sis. The efficacy end point for the pooled analysis was RBC 
transfusion independence (RBC-TI) ≥  8  weeks in weeks 
1–15. The efficacy end points for the phase III study in-
cluded RBC-TI ≥ 8 weeks in weeks 1–24 (primary), RBC-TI 
≥ 12 weeks in weeks 1–24 (key secondary), and modified 
hematologic improvement–erythroid (mHI-E) in weeks 
1–24. The mHI-E was defined by the International Working 
Group as mean Hb increase ≥ 1.5 g/dL from baseline in 
any 8-week interval in patients with baseline transfusion 
burden <  4 RBC units/8  weeks or decrease of ≥  4 RBC 
units from baseline in any 8-week interval in patients with 
baseline transfusion burden ≥  4 RBC units/8  weeks.12 
The exposure end point was average AUC (AUCavg) 
during a given evaluation period (weeks 1–15 or weeks 
1–24), calculated as (cumulative dose/(CL/F)/treatment 
days·21 days). AUCavg was selected for exposure–efficacy 
analyses because it better reflected the exposure associ-
ated with efficacy (RBC-TI often lasted through week 15 or 
24) and considered dose modifications.

The treatment-emergent adverse event (TEAE) records up 
to 60 days after the last dose as the cutoff date were included 
in the analysis. The safety end points included the incidence 
of serious TEAEs, ≥ grade 3 TEAEs, ≥ grade 1 asthenia, bone 
pain, bone pain-like events, dizziness, hypertension, and my-
algia. Selection of these TEAEs was based on the severity of 
TEAEs, imbalance in the incidence between active and pla-
cebo arms, and biologic consideration. The exposure end 
point was AUCss during the dosing interval when the TEAEs 
occurred (AUCTEAE) at the first event, calculated as (actual 
dose/(CL/F)). The actual dose was the last luspatercept dose 
administered prior to or on the start day of the first event for 
patients who had the specified TEAEs, or the last dose during 
the evaluation period for patients who did not have any spec-
ified TEAE. It was assumed that TEAEs were more likely to 
be associated with the most recent exposure level, as the 
frequency or severity of most TEAEs did not increase with ad-
ministration of each higher dose.

Exposure–response modeling was conducted using 
logistic regression in R version 3.5.1 (R Foundation for 
Statistical Computing, Vienna, Austria) or higher. Both 
linear and maximum exposure (Emax) models were initially 
explored for drug effect in exposure–efficacy analyses. The 
linear model was selected for the final exposure–efficacy 

analysis because there were insufficient data at low ex-
posure ranges to characterize the full shape of the 
relationship and the model discriminatory performance 
(area under the receiver operating characteristic curves) 
was similar for linear and Emax models. Model fitting was 
performed by first fitting a univariate base model with the 
luspatercept exposure as the only covariate. The impact 
of risk factors and CL/F was examined by adding the can-
didate covariate one by one to the base model and then 
in a full covariate model, including all potential factors. 
The final model was derived from the full model by drop-
ping statistically insignificant factors. The likelihood ratio 
test was used to assess the significance of the covariate 
effect. In addition, the exposure–safety relationship over 
time was explored by Kaplan–Meier curves stratified by 
luspatercept AUCTEAE groups, followed by Cox propor-
tional hazards regression analysis. The efficacy and safety 
data from 76 patients who received placebo were included 
in the graphs for visual comparison, but they were ex-
cluded from the exposure–response modeling.

RESULTS
Analysis population
The PK population included 260 patients: 107 from a phase 
II dose-finding/expansion study (A536-03 (“PACE-MDS”); 
NCT017495148) and 153 from the pivotal phase III study 
(ACE-536-MDS-001 (“MEDALIST”); NCT0263107010). The 
patients were primarily white (82.3%) and male (61.2%), 
with a median age of 72  years (Table 1). Most patients 
(91.0%) received a starting dose of 1.0 mg/kg and 69.0% 
of them had their dose escalated to a maximum 1.33 mg/kg 
(24.1%) or 1.75 mg/kg (44.9%) during the first year of treat-
ment. The remaining patients (9.0%) received a constant 
dose of 0.125–0.75 mg/kg. The dosing schedule was q3w 
for all patients. There were 2,403 quantifiable luspatercept 
serum concentration records collected at 4–784 days fol-
lowing the first dose.

The efficacy population included 226 patients from the 
above 2 studies who required RBC transfusions, defined 
as average transfusion burden ≥  2 RBC units/8  weeks 
at baseline. The safety population included all patients 
(N = 260) from the above two studies and the safety data 
also included records from a phase II extension study 
(A536-05; NCT02268383) for patients rolled over from 
study A536-03.

Luspatercept population PK model
A one-compartment model with first-order absorption and 
elimination best described the concentration–time profiles 
of luspatercept after subcutaneous injection. The model 
was parameterized in terms of the absorption rate constant, 
CL/F, and apparent volume of distribution (V1/F). The in-
terindividual variability (IIV) was determined for CL/F and 
V1/F (Table 2). Inclusion of IIV for absorption rate constant 
led to large shrinkage, indicating insufficient data to inform 
the numerical estimation of this variable. The PK of luspa-
tercept was linear over the studied dose range, as dose 
did not have a significant effect on CL/F and a model in 
which luspatercept elimination described by a combination 
of linear and nonlinear (Michaelis–Menten) terms did not 

%Difference=
MedianEXPextreme−MedianEXPnormal

Median EXPnormal

×100
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converge. A time-varying CL/F model13 was explored but 
this model led to an extremely large value (~ 108 days) for 
the time at which 50% of maximum changes would occur, 
suggesting a most probable time-invariant CL/F. The mean 
elimination half-life of luspatercept was ~ 13 days. The IIV 
for AUCss was 38.0%.

There was no obvious bias in the prediction of luspater-
cept concentrations at the population and individual levels 
or at any specific time point (Figure S1). Relative differences 
in parameters were < 1% between the final model and boot-
strap estimates (Table 2). The VPC plot (Figure 1a) showed 
that the observed concentration–time course of luspater-
cept at the 5th, 50th, and 95th percentiles fell within the 
corresponding 95% CI of simulated data, indicating that the 
model adequately characterized the main trend and associ-
ated variability of observed data.

Body weight, age, and baseline albumin were identified as 
statistically significant covariates of CL/F. Inclusion of these 
covariates reduced the IIV of CL/F from 41.5% in the base 
model to 36.4% in the final model. The final covariate model 
for CL/F at the population level is described as follows:

Body weight and baseline albumin were statistically signifi-
cant covariates of V1/F. Inclusion of the 2 covariates reduced 
the IIV of V1/F from 29.8% in the base model to 22.5% in the 
final model. The final covariate model for V1/F at the popu-
lation level is described as follows:

The clinical relevance of these covariates was evaluated 
by PK simulation. The exposure difference between light or 
heavy patients and normal weight patients was predicted 

to be < 10% for weight-based dosing but 25–30% for fixed 
dosing (Figure 1b). With weight-based dosing, the exposure 
difference between patients with extreme values of age or 
albumin and patients with normal values of age or albumin 
was predicted to be < 20% (Figure 1b).

Effects of other baseline characteristics of patients or 
MDS disease, such as sex, mild-to-moderate renal impair-
ment, mild-to-moderate hepatic impairment, liver enzymes 
(alanine transaminase and aspartate transaminase), total bil-
irubin, RBC transfusion burden, positive ring sideroblasts, 
serum erythropoietin (EPO), and MDS risk score on CL/F 
or exposure were either insignificant or of low clinical rele-
vance. Locations of subcutaneous injection and concurrent 
use of iron chelation therapy also had no effect on luspater-
cept PK. The effect of antidrug antibodies on CL/F did not 
reach statistical significance in the covariate analysis.

Exposure–response of efficacy
The analysis was conducted in patients pooled from studies 
A536-03 and ACE-536-MDS-001 (N = 226) to allow a broader 
dose range (0.125–1.75 mg/kg) for a better description of the 
exposure–efficacy relationship. It was also conducted spe-
cifically for study ACE-536-MDS-001 (N = 153) to assess the 
adequacy of the phase III doses (1.0–1.75 mg/kg) for efficacy. 
Stratification of the exposure–response curve for RBC-TI 
≥ 8 weeks by dose escalation status (Figure 2a) showed a 
greater response and a better exposure–response relation-
ship in patients who had no dose escalation than those with 
dose escalation. Therefore, two approaches of analyses were 
used: one included only the patients without dose escalation 
and the other included all luspatercept-treated patients.

With both approaches for the pooled analysis, higher lus-
patercept AUCavg during the evaluation period was associated 
with increased probability of achieving RBC-TI ≥ 8 weeks in 
weeks 1–15 after accounting for the effect of baseline risk fac-
tors (Table 3). The effect of luspatercept AUCavg on efficacy 
was more pronounced in patients without a dose escalation 
(odds ratio [OR]  =  1.936) than in all patients (OR  =  1.338). 

CL∕F (L∕day)=0.469×

(

Weight

70

)0.769

×

(

Age

72

)

−0.534

×

(

Albumin

44

)

−1.17

V1∕F (L)=9.22×

(

Weight

70

)0.877

×

(

Albumin

44

)

−0.610

Table 2 Parameter estimates of final population PK model

Parameter (unit) NONMEM estimate

Bootstrap estimatesa

Median 95% CI

Fixed effect

CL/F, L/day 0.469 0.469 0.449, 0.489

V1/F, L 9.22 9.20 8.88, 9.52

Ka, 1/day 0.456 0.456 0.383, 0.652

Weight, kg, on CL/F 0.769 0.768 0.561, 0.986

Age, years, on CL/F −0.534 −0.534 −0.764, −0.315

Albumin, g/L, on CL/F −1.17 −1.18 −1.61, −0.726

Weight, kg, on V1/F 0.877 0.878 0.709, 1.05

Albumin, g/L, on V1/F −0.610 −0.609 −1.01, −0.216

Random effect, %

Interindividual variability of CL/F 36.4 36.0 31.1, 40.9

Interindividual variability of V1/F 22.5 22.3 17.0, 27.6

Residual variability 22.4 22.3 17.8, 27.5

CI, confidence interval; CL/F, apparent clearance; Ka, absorption rate constant; NONMEM, nonlinear mixed-effects modeling; PK, pharmacokinetics; V1/F, 
apparent volume of distribution.
aEstimated from nonparametric bootstrap procedure (1,000 successful replicates).
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The near-maximal response was associated with AUCavg val-
ues ≥  150  day·μg/mL regardless of dose escalation status 
(Figure 2a), corresponding to the mean AUCss values pre-
dicted for the 1.0–1.75 mg/kg dose (151–264 day·μg/mL).

In the analysis including all patients from study ACE-536-
MDS-001, the exposure–response curves for all tested efficacy 
end points were nearly flat (Figure 2c), whereas the proportion of 
responders was considerably greater at all luspatercept AUCavg 
quantiles compared with that of placebo. In the multivariate 
analysis, the effect of AUCavg was statistically insignificant after 
adjusting for effects of baseline risk factors (Table 3).

High baseline transfusion burden (≥ 6 units/8 weeks) and 
EPO levels (> 500 U/L) were frequently associated with de-
creased probability of achieving RBC-TI (Table 3). These two 
factors were also associated with dose escalation (Table S2).

In the dose assessment for responders during the entire 
treatment period of study ACE-536-MDS-001 (Figure 2b), 
68.1% (47/69) of responders achieved their first event of 
RBC-TI ≥ 8 weeks at 1.0 mg/kg; 7.2% (5/69) of responders 
required dose escalation to 1.33 mg/kg, and 10.1% (7/69) 

of responders required dose escalation to 1.75  mg/kg to 
achieve their first response.

A greater probability of achieving erythroid responses was 
observed consistently at slower CL/F (Figure 2d). Although 
CL/F was correlated with body weight, age, and albumin in 
the population PK analysis, a separate effect of body weight 
and albumin on efficacy was insignificant and the occasional 
association of age with efficacy was weaker. Furthermore, 
the effect of CL/F remained highly significant after account-
ing for the effects of serum exposure and/or baseline risk 
factors, including age (Table 3).

Exposure–response of safety
For all TEAEs tested, higher luspatercept AUCTEAE was numer-
ically or statistically associated with decreased probability of 
experiencing TEAEs in a univariate logistic regression analysis 
(Table S3). The relationship between luspatercept AUCTEAE 
and TEAEs ≥ grade 3 was further assessed. A flat relation-
ship (Figure 3a) was observed during the first two treatment 
cycles when no dose escalation was allowed, whereas an 

Figure 1 Luspatercept population PK modeling and simulation. (a) Visual predictive check for the final population PK model of 
luspatercept and (b) clinical relevance of statistically significant covariates. % Difference from normal, % difference in median exposure 
at the low or high covariate values relative to the normal covariate values; AUCss, area under the concentration–time curve at steady 
state; Cmax.ss, maximum concentration at steady state; CI, confidence interval; PK, pharmacokinetics; WT, body weight.
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inverse relationship (Figure 3b) was observed during long-term 
treatment allowing dose escalations. An exposure-dependent 
reduction in TEAEs ≥ grade 3 was more apparent in the Kaplan–
Meier analysis (Figure 3c). As such, the highest AUCTEAE group 
was separated completely from the placebo group or the 
lowest AUCTEAE group. Older age was identified as the only 
baseline risk factor contributing to ≥ grade 3 TEAEs. The expo-
sure-dependent reduction in TEAEs ≥ grade 3 remained highly 
significant (P < 0.0001) after accounting for age effect in the Cox 
proportional hazards regression analysis. Luspatercept CL/F 
was not found to be associated with any TEAEs.

Therapeutic margin of luspatercept under the titration 
dosing regimen
The therapeutic margin under the titration dosing reg-
imen was evaluated by combining exposure–efficacy 
and exposure–safety analyses and adjusting for pla-
cebo effect. As illustrated in Figure 4, the probability 
of achieving RBC-TI ≥  8  weeks reached the plateau 
(predicted ~  25% at 1.0  mg/kg) and the probability of 
experiencing TEAEs ≥ grade 3 was low (predicted < 5% 
at 1.0 mg/kg) and decreased at higher luspatercept AUC 
(up to 1.75 mg/kg).

Figure 2 Association of luspatercept exposure and clearance with erythroid responses. (a) Logistic regression analysis of the 
relationship between RBC-TI and luspatercept serum exposure by dose escalation status (data pooled from phase II and III studies). (b) 
Cumulative response over time for the first event of RBC-TI in responders by dose levels (phase III study only). (c) Logistic regression 
analysis of the relationship between erythroid response and luspatercept serum exposure (phase III study only). (d) Logistic regression 
analysis of the relationship between erythroid response and luspatercept clearance (phase III study only). Observed proportions 
(circles or squares) and 95% CIs (error bars) are presented along with the predicted logistic regression fits (slanting lines) and 95% CIs 
(shaded area). Red square and error bar are data from placebo-treated patients. Vertical ticks at individual values of AUCavg or CL/F 
represent whether the patient achieved a response (at 1) or not (at 0). AUCavg, average area under the concentration–time curve during 
the specified evaluation period; CI, confidence interval; CL/F, apparent clearance; IWG, International Working Group; mHI-E, modified 
hematologic improvement–erythroid; RBC-TI, red blood cell transfusion independence.
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DISCUSSION

The PK of luspatercept in patients with MDS was best 
described by a one-compartment model with first-order ab-
sorption and elimination and time-invariant CL/F. Individual 
concentration–time profiles from 0.125 mg/kg to 1.75 mg/kg 
administered q3w for > 1 year were well-described by the 
current model. Model evaluation with goodness-of-fit plots, 
bootstrap procedures, and VPC demonstrated robust sta-
bility and predictive performance of the final PK model.

Both CL/F and V1/F increased with heavier body weight 
according to an allometric relationship, with the exponent 
value >  0.75. As suggested by PK simulation, the body 
weight-based dosing would perform better than the fixed 
dosing by limiting overexposing or underexposing light or 
heavy patients, respectively. Thus, the effect of weight is 

considered clinically relevant. Both CL/F and V1/F increased 
with decreasing albumin. Hypoalbuminemia could be an in-
dication of decreased efficiency of neonatal Fc receptor14 
or elevated protein catabolism due to other mechanisms,15 
leading to faster clearance of luspatercept and lower expo-
sure (contributing to lower V1/F). Luspatercept CL/F also 
decreased slightly with increasing age. The effect of albu-
min and age on luspatercept serum exposure appeared less 
clinically relevant as <  20% difference in luspatercept ex-
posure was predicted for patients with extreme values of 
albumin or age for weight-based dosing.

In clinical studies, most patients were eligible for two lev-
els of dose escalation (1.33 and 1.75 mg/kg) if the response 
at the initial dose was not desirable. Such a dosing regimen 
better mimicked the real-world clinical practice and better re-
flected benefit–risk considerations. It did, however, introduce 

Table 3 Effect of luspatercept exposure or clearance on the probability of achieving erythroid response after adjusting for significant baseline 
covariates

Study Patients Efficacy end point Covariate adjusteda PK measureb OR (95% CI) P value

Phase II + III No dose 
escalation

RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, EPO AUCavg 1.936 (1.27, 3.105) 0.0017

Phase II + III No dose 
escalation

RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, EPO, AUCavg CL/F 0.699 (0.547, 0.863) 0.0003

Phase II + III All RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, EPO, BIL AUCavg 1.348 (1.017, 1.809) 0.0382

Phase II + III All RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, EPO, BIL, 
AUCavg

CL/F 0.712 (0.558, 0.874) 0.0003

Phase III only All RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, BIL AUCavg 1.167 (0.810, 1.695) 0.4058

Phase III only All RBC-TI ≥ 8 weeks in weeks 1–15 RBCT, BIL CL/F 0.755 (0.605, 0.891) 0.0001

Phase III only All RBC-TI ≥ 8 weeks in weeks 1–24 RBCT, EPO, age AUCavg 0.993 (0.731, 1.346) 0.9628

Phase III only All RBC-TI ≥ 8 weeks in weeks 1–24 RBCT, EPO, age CL/F 0.833 (0.695, 0.961) 0.0082

Phase III only All RBC-TI ≥ 12 weeks in weeks 1–24 RBCT, age, BIL AUCavg 1.103 (0.797, 1.527) 0.5505

Phase III only All RBC-TI ≥ 12 weeks in weeks 1–24 RBCT, age, BIL CL/F 0.620 (0.463, 0.790) < 0.0001

Phase III only All IWG mHI-E in weeks 1–24 BIL AUCavg 1.101 (0.857, 1.422) 0.4505

Phase III only All IWG mHI-E in weeks 1–24 BIL CL/F 0.818 (0.710, 0.919) 0.0003

AUCavg, average area under the concentration–time curve during the evaluation period; BIL, baseline total bilirubin; CI, confidence interval; CL/F, apparent 
clearance; EPO, baseline serum erythropoietin; IWG, International Working Group; mHI-E, modified hematologic improvement–erythroid; OR, odds ratio for 
PK measure; PK, pharmacokinetics; RBCT, red blood cell transfusion burden; RBC-TI, red blood cell transfusion independence.
aOnly statistically significant covariates are included, tested by the likelihood ratio test in the same order as shown.
bAs the last covariate added in the likelihood ratio test.

Figure 3 Association of luspatercept exposure with TEAEs ≥ grade 3. Analysis of luspatercept exposure and TEAEs ≥ grade 3 in (a) 
the first two treatment cycles and in (b) all available treatment cycles. Observed proportions (squares) and 95% CIs (error bars) are 
presented along with the predicted logistic regression fits (slanting lines) and 95% CIs (shaded area). Red square and error bar are  
data from placebo-treated patients. Vertical ticks at individual values of AUCTEAE represent whether the patient achieved an event (at 1) 
or not (at 0). (c) Kaplan–Meier curve of the time to the first event of severe TEAEs. AUC or AUCTEAE, area under the concentration–time 
curve at steady state during the dosing period when the event occurred; CI, confidence interval; TEAE, treatment-emergent adverse 
event.
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selection bias into the exposure–efficacy relationship in uni-
variate analyses, because patients who received higher dose 
levels were more likely to be nonresponders compared with 
patients who stayed at the lower dose levels. The analysis with 
patients who did not have any dose escalations was more sen-
sitive to exposure-dependent events, but this might inflate the 
response rate by excluding nonresponders who had dose es-
calation. The analysis with all patients provided the real-world 
exposure–efficacy relationship, which might be obscured by 
the selection bias due to dose escalation. This bias was largely 
corrected by multivariate analyses, where the effect of expo-
sure was assessed after considering the factors associated 
with dose escalation, mainly higher transfusion burden, and, 
to a less degree, higher EPO at baseline.

Using the above approaches and the pooled data over the 
entire clinical dose range (0.125–1.75 mg/kg), a positive cor-
relation was observed between the probability of achieving 
RBC-TI ≥ 8 weeks and luspatercept AUCavg after accounting 
for effects of baseline risk factors. The near-maximal response 
was seen at AUCavg values ≥ 150 day·μg/mL, the mean AUC 
range predicted for the phase III doses (1.0–1.75 mg/kg). In 
the phase III population over the more effective dose range 
(1.0–1.75 mg/kg), the effect of exposure on any tested effi-
cacy end point was no longer significant after adjusting for 
effects of baseline risk factors, thus confirming the maxi-
mum effective exposure was reached in most patients under 
the phase III regimen. The two factors associated with dose 
escalation, transfusion burden ≥ 6 units/8 weeks and EPO 

> 500 U/L, were also the key baseline risk factors associated 
with lack of achievement of RBC-TI, thereby explaining the 
individual variations in the response to luspatercept in the 
MDS population.

To understand the contribution of each dose level to ef-
ficacy, luspatercept dose associated with the first response 
event was assessed for patients who achieved RBC-TI 
≥  8  weeks in weeks 1–48. The 1.0  mg/kg starting dose 
was sufficient for most early responders (~ 68%); dose es-
calation increased the responders by at least 17%. These 
observations confirmed the appropriateness of the 1.0 mg/
kg starting dose and suggested dose escalation to 1.75 mg/
kg may improve response.

Luspatercept CL/F was strongly associated with effi-
cacy; patients who had a slower CL/F were more likely to 
achieve erythroid responses. This effect was independent 
of luspatercept AUCavg, covariates of CL/F, or MDS disease 
characteristics. Possible hypotheses for the clearance-as-
sociated efficacy are consumption of therapeutic proteins or 
proteolytic cleavage of the hinge region of Fc fusion proteins 
by tumors.16–20 Thus, luspatercept CL/F may be a good es-
timate of catabolic activity, reflecting severity of the disease 
or anemia that impact the response to treatment. Similar hy-
potheses have been used to explain the association of slower 
clearance of several antitumor monoclonal antibodies with 
better antitumor efficacy.13,21–24 Our findings demonstrate 
that clearance-associated efficacy is not limited to mono-
clonal antibodies targeting tumors. Luspatercept is the first 

Figure 4 Observed and predicted therapeutic margin of luspatercept under titration dosing regimen in patients with MDS requiring 
RBC transfusions at baseline. The symbols and error bars represent the estimated difference in proportion relative to placebo (90% 
CI) of patients who experienced the event, grouped by quartiles of AUCss of luspatercept in serum and plotted at the median for each 
AUC quartile group (average AUCss in weeks 1–24 is used for efficacy and AUCss during the dosing interval when the event occurred 
is used for safety). The lines represent the predicted placebo-adjusted probabilities from the final exposure–response models. Where 
the models include categorical covariates, the prediction is taken as the weighted average of the predictions for each combination 
of the categorical covariates, weighted by the relative frequency of each combination in the study population; where the models 
include continuous covariates, the prediction is taken at the median of the covariates. The horizontal box shows the distribution of 
the observed AUCss in weeks 1–48 in the pivotal phase III study or predicted AUCss at the starting dose of 1.0 mg/kg. The interior 
bar represents the median, the ends of the box represent the 25th and 75th percentiles, and the whiskers represent the 5th and 
95th percentiles. AUC, area under the concentration–time curve; AUCss, area under concentration–time curve at steady state; CI, 
confidence interval; MDS, myelodysplastic syndromes; RBC, red blood cell; RBC-TI, red blood cell transfusion independence; TEAE, 
treatment-emergent adverse event.
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therapeutic biologic identified with a clearance-associated 
erythroid response.

During the first two cycles, when no dose modifications 
occurred and all patients had the same treatment dura-
tion, the exposure–TEAE relationship was flat. During the 
entire study, the incidence of TEAEs in the higher AUCTEAE 
groups decreased compared with that in lower AUCTEAE 
groups, leading to an inverse exposure–TEAE relationship. 
The exposure–TEAE relationship for the entire study could 
be confounded by dose increase over time and by individ-
ual variations in the treatment duration during which certain 
TEAEs manifest. Additionally, patients who were tolerant to 
treatment and experienced clinical benefit continued treat-
ment beyond 24 weeks. As indicated by a similar incidence 
in the placebo cohort, TEAEs ≥ grade 3 observed in luspater-
cept-treated patients were more likely to be associated with 
disease, not drug exposure. Thus, the possibility that long-
term luspatercept treatment reduced TEAEs associated with 
patients’ disease (e.g., anemia, comorbidities worsened by 
anemia, and RBC transfusions) cannot be ruled out. Overall, 
these data suggest that increasing luspatercept exposure or 
dose level does not increase the incidence and severity of 
TEAEs.

Collectively, the exposure–response analyses demon-
strated a wide therapeutic margin for luspatercept under the 
phase III dosing titration regimen for patients with MDS, as 
evidenced by the saturated probability of achieving RBC-TI 
≥  8  weeks and the reduced probability of experiencing 
TEAEs ≥ grade 3 at higher luspatercept AUC after adjusting 
for placebo effect. The favorable benefit–risk profile in com-
bination with moderate variability (~ 38%) in serum exposure 
and individual variations in erythroid response support the 
titration-to-response regimen to maximize the efficacy po-
tential of luspatercept. Starting at a lower effective dose 
followed by dose escalation depending on the patient’s 
condition would also limit rapid Hb rise and unnecessary ex-
posure to high drug levels.

In summary, luspatercept PK was well-described by a lin-
ear population model with time-invariant clearance. Body 
weight was the only clinically relevant covariate of luspater-
cept PK, supporting weight-based dosing. No other patient 
characteristics were found to warrant dosing modifications. 
Increasing luspatercept serum exposure was associated with 
an increased probability of achieving erythroid response, 
which plateaued at the phase III dose levels. A slower lus-
patercept CL/F was strongly associated with an increased 
probability of achieving erythroid response, making it a poten-
tial early marker for efficacy. On the contrary, the probability 
of experiencing ≥ grade 3 TEAEs decreased with increasing 
luspatercept AUCTEAE, especially during long-term treatment. 
These analyses provide a positive benefit–risk profile for the 
recommended therapeutic doses (1.0–1.75 mg/kg, q3w).

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).
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