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Abstract
Purpose Bintrafusp alfa (BA) is a bifunctional fusion protein composed of the extracellular domain of the transforming 
growth factor-β (TGF-β) receptor II fused to a human immunoglobulin G1 antibody blocking programmed death ligand 
1 (PD-L1). The recommended phase 2 dose (RP2D) was selected based on phase 1 efficacy, safety, and pharmacokinetic 
(PK)–pharmacodynamic data, assuming continuous inhibition of PD-L1 and TGF-β is required. Here, we describe a model-
informed dose modification approach for risk management of BA-associated bleeding adverse events (AEs).
Methods The PK and AE data from studies NCT02517398, NCT02699515, NCT03840915, and NCT04246489 (n = 936) 
were used. Logistic regression analyses were conducted to evaluate potential relationships between bleeding AEs and BA 
time-averaged concentration (Cavg), derived using a population PK model. The percentage of patients with trough concentra-
tions associated with PD-L1 or TGF-β inhibition across various dosing regimens was derived.
Results The probability of bleeding AEs increased with increasing Cavg; 50% dose reduction was chosen based on the integra-
tion of modeling and clinical considerations. The resulting AE management guidance to investigators regarding temporary 
or permanent treatment discontinuation was further refined with recommendations on restarting at RP2D or at 50% dose, 
depending on the grade and type of bleeding (tumoral versus nontumoral) and investigator assessment of risk of additional 
bleeding.
Conclusion A pragmatic model-informed approach for management of bleeding AEs was implemented in ongoing clinical 
trials of BA. This approach is expected to improve benefit-risk profile; however, its effectiveness will need to be evaluated 
based on safety data generated after implementation.

Keywords Clinical pharmacokinetics · Exposure–response relationship · Immune checkpoint inhibitor · Phase 1, 2, 3 
trials · Solid tumors

Introduction

Bintrafusp alfa (BA, also referred to as MSB0011359C 
[M7824]) is a first-in-class bifunctional fusion protein 
composed of the extracellular domain of the transforming 
growth factor-β (TGF-β) receptor II (a TGF-β "trap") fused 
to a human immunoglobulin G1 antibody blocking pro-
grammed death ligand 1 (PD-L1) [1]. BA is thus designed 
to target tumors via colocalized, simultaneous inhibition of 
two key immunosuppression pathways in the tumor micro-
environment: the PD-L1/programmed cell death 1 protein 
immune checkpoint pathway (targeting PD-L1) and immu-
nosuppressive axis of TGF-β during tumor pathogenesis [2]. 
There are three identified isoforms of TGF-β (TGF-β1, -β2, 
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and -β3), which are secreted as inactive polypeptides and 
bind to TGF-β receptors [3]. BA binds to all three isoforms, 
although with different affinity, with lowest affinity towards 
TGF-β2, due to low intrinsic binding affinity between TGF-
β2 and TGF-β receptor [4].

The recommended phase 2 dose (RP2D) of 1200 mg 
every 2 weeks (Q2W) or 2400 mg every 3 weeks (Q3W) 
was selected based on integration of pharmacokinetic 
(PK)–pharmacodynamic (PD) data and exposure–response 
modeling, simulations, and all available data from single-
agent phase 1 studies [5]. Specifically, a dose of 1200 mg 
Q2W was predicted to maintain serum trough concentra-
tions (Ctrough) that inhibit all four targets of BA (PD-L1, and 
TGF-β1, -β2, and -β3) in circulation in > 95% of patients, 
and a dose of 2400 mg Q3W was predicted to have similar 
Ctrough. BA pharmacokinetics were shown to be unaffected 
by concomitant chemotherapies [6], supporting the selection 
of a BA dose of 2400 mg Q3W for combination with chemo-
therapies that are administered on a Q3W cycle.

In multiple expansion cohorts of phase 1 trials 
NCT02517398 and NCT02699515, BA has demonstrated 
antitumor activity and a manageable safety profile when 
administered as a single agent at a dose of 1200 mg Q2W 
[1, 7–11]. In addition, BA is being investigated in combina-
tion with chemotherapies or targeted agents in several tumor 
types (e.g., non-small cell lung cancer [NSCLC], cervical 
cancer [CC], and biliary tract cancer [BTC]) at a dose of 
either 2400 mg Q3W or 1200 mg Q2W (NCT03840902, 
NCT0455195, and NCT04066491), and the safety profile of 
BA with combination regimens is also considered manage-
able based on the data available to date [12].

BA-associated adverse events (AEs) of special interest 
included immune-related AEs (irAEs), anemia, bleeding 
events, infusion-related reactions, and TGF-β inhibition-
mediated skin AEs and were mostly mild to moderate [13]. 
Among the above listed AEs of special interest, bleeding and 
TGF-β inhibition-mediated skin AEs are thought to be asso-
ciated with TGF-β inhibition [13–15], whereas irAEs are 
associated with PD-L1 blockade as seen for other immune 
checkpoint inhibitors interfering with the PD-1/PD-L1 axis 
[16, 17]. Specifically, for bleeding, it has been reported that 
treatment with anti-TGF-β neutralizing monoclonal anti-
body (blocking all three isoforms) was associated with an 
increased risk of bleeding and cardiac toxicity in mice and 
monkeys [18]. Cardiovascular toxicities and systemic bleed-
ing were also reported for small molecule TGF-β receptor 
antagonists [19]; however, cardiac toxicity was not observed 
in the clinical studies of BA.

The observed incidence of bleeding AEs in patients 
treated with BA in phase 1 studies was 39.3% for all grades 
and 10.2% for grade 3 or higher [13]. The most common 
bleeding AEs (overall incidence > 5%) with BA treatment 
were grade 1 or 2 (mild or moderate) epistaxis, hemoptysis, 

gingival bleeding, hematuria, and rectal hemorrhage. The 
most frequent bleeding events of grade 3 or higher (severe) 
were gastrointestinal (GI) hemorrhage (1.3%) and tumor 
hemorrhage (1.7%) [13]. The first onset of bleeding 
events was typically early, within 12 weeks of treatment. 
Initial observations in early clinical development of BA 
suggested a higher frequency of bleeding AEs as seen in 
BA compared with other immune checkpoint inhibitors 
[20] or targeted agents [21]. Accordingly, risk mitigation 
measures (such as specific exclusion criteria related to his-
tory of bleeding, treatment interruption and discontinuation) 
had already been implemented in ongoing phase 1 and 2 
BA studies throughout the program. Of note, as is typical 
for currently approved immuno-oncology biotherapeutics 
(i.e., the immune checkpoint inhibitors), treatment inter-
ruptions rather than dose reductions or modifications were 
recommended for relevant treatment-emergent toxicities, 
including bleeding. The preliminary results from ongoing 
BA/chemotherapy combination studies with 2400 mg Q3W 
dosing suggested that bleeding frequency was higher than 
previously observed in monotherapy studies, especially in 
GI. Thus, additional risk mitigation measures were evalu-
ated based on pharmacological considerations of the dual 
mechanism of action, with the intent to keep patients with 
higher grade bleedings on BA treatment by reducing the risk 
for bleeding recurrences and optimizing BA exposure for 
these patients. Specifically, in this report, we describe a dose 
modification approach for BA-associated bleeding AE man-
agement, informed by population PK modeling, exposure-
safety modeling, PK-PD data, and current understanding of 
the underlying AE mechanisms. To our knowledge, this is 
the first example of model-informed dose modification for 
management of AEs for a bifunctional therapeutic protein 
in immuno-oncology.

Methods

Study designs of each study were previously described [9, 
11, 12] and are summarized in Table 1.

Population PK and exposure derivation

The population PK (popPK) model was developed based 
on data from 873 patients (9792 observations) from clinical 
trials NCT02517398, NCT02699515, and NCT04246489 
who received various doses of BA (shown in Table 1), using 
the nonlinear mixed-effects modeling approach. Covariate 
model development comprised a full covariate modeling 
approach and a subsequent model reduction step via back-
wards elimination (p < 0.05, based on the log-likelihood 
ratio test), as described in Supplemental Methods. The final 
model (shown in Supplemental Table 1, with goodness-of-fit 
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plots and a visual predictive check shown in Supplemental 
Figs. 1 and 2, respectively) was a two-compartment model 
with time-varying linear clearance (CL), baseline body 
weight effect on CL, central volume, peripheral volume, and 
intercompartmental clearance, and the following additional 
baseline covariate effects: antidrug antibody status (ever/
never positive), albumin concentration, C-reactive protein 
concentration, estimated glomerular filtration rate, inter-
national normalized ratio, platelet count, sex, tumor size, 
tumor type, and white blood cell count on CL, and albu-
min concentration, international normalized ratio, platelet 
count, sex, tumor size, and white blood cell count on central 
volume.

Individual patient average concentrations over the dos-
ing interval (tau, which is 336 and 504 h for Q2W and 
Q3W dosing, respectively) after a single dose (Cavg,SD, 
calculated as area under the curve/tau) for exposure-safety 
analyses were predicted using the popPK model. For stud-
ies NCT02517398, NCT02699515, and NCT04246489, 
the final popPK model (Supplemental Table 1) was used, 
while for study NCT03840915, the base popPK model (with 
body weight as the only covariate) was used for predict-
ing Cavg,SD. Seven patients in NCT02517398 received a 
lower dose (either 1 or 0.3 mg/kg) in cycle 1 and were then 
switched to a pharmacologically active dose; these patients 

were excluded from exposure-safety analyses (but included 
in the popPK modeling). The use of BA exposure follow-
ing the first dose was based on typical considerations for 
exposure–response analyses for biologics in oncology drug 
development, designed to minimize the multifactorial deter-
minants of longitudinal changes in systemic exposure in the 
context of potential tumor response to treatment [22, 23].

Target Ctrough levels associated with PD-L1 target occu-
pancy and/or TGF-β neutralization were based on phase 1 
PK-PD data [5]. Specifically, Ctrough of ≥ 11 μg/mL was asso-
ciated with PD-L1 target occupancy and TGF-β1 and TGF-
β3 neutralization, while Ctrough of ≥ 50 μg/mL was associated 
with TGF-β2 neutralization. The popPK simulated Ctrough 
distributions were used to assess the percentage of patients 
who achieved these target Ctrough levels across various dos-
ing regimens.

Definition of bleeding AEs and gastrointestinal 
bleeding AEs

The search list for bleeding AEs is based on the standardized 
MedDRA query (SMQ) ‘Haemorrhage terms (excl labora-
tory terms) (SMQ)’, version 23.0. This sub-SMQ is based on 
the SMQ ‘Haemorrhages (SMQ)’. Details on the selection of 

Table 1  Studies and endpoints included in exposure-safety analysis

BTC biliary tract cancer, DE dose escalation, Exp expansion, NSCLC non-small cell lung cancer, Q2W every 2 weeks, Q3W every 3 weeks, 
bleed_TEAE, treatment-related bleeding events of any grade, bleed_TEAE3 treatment-related bleeding events of grade ≥ 3, bleed_GI gastrointes-
tinal bleeding events of any grade, bleed_GI3 gastrointestinal bleeding events of grade ≥ 3
a See Supplemental Table 1 for additional details

NCT number and reference for 
study results

NCT02517398 [9] NCT02699515 [11] NCT03840915 [12] NCT04246489 [30] Total

Phase 1 1 1 2 –
Tumor type DE: solid tumors

Exp cohorts: various tumor  typesa
NSCLC BTC –

Combination agent – – Chemotherapies – –
N 593 114 70 159 936
Dose level
1 mg/kg Q2W, n 3 – – – 3
3 mg/kg Q2W, n 9 7 – – 16
10 mg/kg Q2W, n 6 9 – – 15
20 mg/kg Q2W, n 10 7 – – 17
30 mg/kg Q2W, n 7 – – – 7
500 mg Q2W, n 40 – – – 40
1200 mg Q2W, n 515 91 – 159 765
2400 mg Q2W, n 3 – – – 3
2400 mg Q3W, n – – 70 – 70
Bleed_TEAE incidence, % 39.3 29.8 55.7 17.6 35.7
Bleed_TEAE3 incidence, % 9.61 10.5 10 2.52 8.55
Bleed_GI incidence, % 16.0 14.0 22.9 11.3 15.5
Bleed_GI3 incidence, % 4.38 6.14 7.14 2.52 4.49
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terms is provided in the ‘Introductory Guide for Standardised 
MedDRA Queries (SMQs) Version 23.0’ [24].

GI bleeding events were identified considering all preferred 
terms on the primary path to the system organ class gastroin-
testinal disorders within this SMQ. The limitation of preferred 
terms to their primary path was driven by the underlying clini-
cal database and allowed a quick and pragmatic identification 
of GI-associated bleeding events.

Exposure‑safety modeling

The data for exposure-safety modeling included 936 patients 
receiving BA monotherapy (clinical trials NCT02517398, 
NCT02699515, and NCT04246489) and combination ther-
apy (clinical trial NCT03840915) (Table 1 and Supplemental 
Table 2).

Outcomes of interest were treatment-emergent adverse 
events (TEAEs), observed any time after the start of treat-
ment until 30 days after the last BA treatment, focusing on the 
following AEs:

• Treatment-emergent bleeding event of any grade (bleed_
TEAE),

• Treatment-emergent bleeding event of grade ≥ 3 (bleed_
TEAE3),

• GI bleeding event of any grade (bleed_GI),
• GI bleeding event of grade ≥ 3 (bleed_GI3).

Outcomes were classified as binary on patient level (AE 
observed, yes or no). Logistic regression analysis was used 
to investigate potential relationships between Cavg,SD and AEs 
of interest. R, version 4.0.5, was used to perform all analy-
ses. First, the exposure-safety relationships were explored 
via univariable modeling; subsequently, other baseline pre-
dictors (Supplemental Tables 2 and 3) were assessed via full 
and stepwise-reduced (p < 0.05, based on log-likelihood ratio 
test) models if a significant univariable relationship with the 
exposure metric was identified. 100 μg/mL was chosen as 
the scaling unit for the odds ratio (OR), based on the median 
and range for Cavg in this dataset (Supplemental Fig. 1); this 
unit is approximately equal to the decrease in Cavg with a 50% 
dose reduction from 1200 mg QTW. Of note, four tumor type 
categories were evaluated (NSCLC, BTC, CC, and “other”), 
based on ongoing clinical trials in these indications at the time 
of the analysis; Asian versus non-Asian categories were also 
evaluated in exposure-safety models.

Results

Exposure‑safety

The analyses included pooled dataset from global mon-
otherapy phase 1 studies (dose escalation and 1200 mg 
Q2W expansion cohort), chemotherapy combination phase 
1 study (2400 mg Q3W), and monotherapy phase 2 study 
(1200 mg Q2W) (Table 1). The observed incidence of 
various treatment-emergent bleeding AEs (such as bleed_
TEAE, bleed_TEAE3, bleed_GI, and bleed_GI3 as defined 
in Methods) in this dataset by study is shown in Table 1. 
The observed incidence of any bleeding event at 1200 mg 
of BA Q2W in this dataset was 34.8% for any grade and 
8.6% for grade ≥ 3.

Based on the univariable model, an association was 
identified between bleed_TEAE and Cavg,SD with an OR 
of 1.67 (95% CI, 1.3–2.14) per 100 μg/mL and between 
bleed_GI and Cavg,SD with an OR of 1.66 (95% CI, 
1.21–2.27) per 100 μg/mL (Fig. 1A and B). As a sensitiv-
ity analysis, the univariable modeling was also performed 
on monotherapy data only (i.e., excluding NCT03840915) 
and similar exposure-safety associations for both bleed 
TEAE and bleed_GI were observed (Supplementary 
Fig. 3). In addition, the visual trend of increase in likeli-
hood of bleeding with exposures was also observed in a 
chemotherapy combination dataset from NCT03840915 
(26% bleed_GI at Cavg,SD ≥ median versus 20% bleed_GI 
at Cavg,SD < median), although the relatively small sam-
ple size (n = 70) precluded meaningful logistic regression 
modeling of these data. The pooling of NCT03840915 
with the monotherapy data was considered justified, based 
on a similar trend of association between exposure and 
likelihood of bleeding compared with that seen with the 
monotherapy dataset. Exposure-safety associations were 
not discernable for bleed_TEAE3 or bleed_GI3, but a vis-
ual trend (not statistically significant) was observed for 
bleed_TEAE3 (Fig. 1C).

Covariate associations with prespecified demographic 
and disease-specific factors in addition to exposure were 
explored using a full and stepwise covariate modeling 
approach for bleed_TEAE and bleed_GI, as described in 
the Methods. The final models for bleed_TEAE and bleed_
GI are shown in Fig. 2 and Supplemental Table 3. The BA 
exposure effect on probability of bleed_TEAE, bleed_GI, 
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Fig. 1  Univariable exposure-
safety analysis for bleed_TEAE 
(A), bleed_GI (B), and 
bleed_TEAE3 (C). Blue line 
and shaded area represent 
model-predicted AE probability 
(median and 95% CI); pink cir-
cles represent observed AE inci-
dence by quartiles of exposure 
and are placed at 12.5th, 37.5th, 
62.5th, and 87.5th percentiles 
of the exposure distribution 
(i.e., median for each expo-
sure quartile); the error bars 
represent 95% CIs; pink dotted 
lines represent boundaries of 
exposure quartiles; purple dots 
individual patient data. Cavg,SD, 
average bintrafusp alfa concen-
tration over the dosing interval, 
bleed_TEAE treatment-related 
bleeding events of any grade, 
bleed_TEAE3 treatment-related 
bleeding events of grade ≥ 3, 
bleed_GI gastrointestinal bleed-
ing events of any grade; CI 
confidence interval

(A) Bleed_TEAE 

(B) Bleed_GI 

(C) Bleed_TEAE3 
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and magnitude and direction did not change after the 
addition of other predictors to the model compared with 
univariable exposure-AE models. For both bleed_TEAE 
and bleed_GI, several covariates were retained in the final 
model in addition to exposure. Notably, BTC tumor type 
was associated with lower probability of bleed TEAE, 
while CC tumor type was associated with higher prob-
ability of bleed TEAE. Tumor type was not associated 
with occurrence of bleed_GI. Increasing age, renal impair-
ment, and hepatic impairment were associated with higher 
probability of bleed_GI, but not bleed_TEAE. Female sex 
was associated with higher probability of both bleed_GI 
and bleed_TEAE.

To evaluate potential benefit of dose modification for 
management of bleeding AEs, the univariable bleed_GI 
model was used to estimate the probability of bleed_GI 
and reduction in this probability for the considered dose 
modifications. The bleed_GI was chosen over bleed_
TEAE, because the estimated ORs in the exposure-safety 
logistic regression analyses were similar for these two 
endpoints, but bleed_GI was deemed of higher clinical 
relevance and its incidence probability was independent of 
tumor type. The doses compared included 1200 mg Q2W, 
2400 mg Q3W, 600 mg Q2W (given that BA was avail-
able in formulation units of 600 mg), and 1200 mg Q3W 
(based on clinical experience with Q2W and the available 
formulation strengths). The model-estimated probabilities 

Fig. 2  Final exposure-safety 
models for bleed_TEAE (A) 
and bleed_GI (B). Numbers 
are odds ratios; horizontal bars 
represent 95% CIs provided by 
reduced models. Cavg,SD average 
bintrafusp alfa concentration 
over the dosing interval, bleed_
TEAE treatment-related bleed-
ing events of any grade, bleed_
GI gastrointestinal bleeding 
events of any grade, BTC biliary 
tract cancer. ***p < 0.001; 
**p < 0.01; *p < 0.05

(A) Bleed_TEAE 

(B) Bleed_GI 
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of bleed_GI for various Q2W and Q3W doses of interest 
and model-predicted reduction in probability of bleed_GI 
are shown in Table 2. For example, based on these esti-
mates, the probability of bleed_GI for a typical patient 
dosed with 1200 mg Q3W was reduced to ≈13% versus 
≈22% with 2400 mg Q3W dosing. This relative decrease 
in probability of bleed_GI upon 50% dose reduction was 
deemed clinically meaningful.

Impact of considered dose reductions on target 
engagement

To evaluate potential loss of pharmacological activity 
with 50% dose reductions, we used popPK-derived Ctrough 
distribution to assess the fraction of patients who main-
tained serum Ctrough levels that are associated with PD-L1 
target occupancy (≥ 11 ug/mL) and with TGF-β neutrali-
zation (≥ 50 μg/mL), based on previously reported phase 
1 PK-PD data [5]. Note that 50 μg/mL target Ctrough for 
selections of RP2D was determined based on complete 
inhibition of all four targets (PD-L1 target occupancy and 
TGF-β1, -2, and -3 neutralization in circulation) in most 
(> 95% at 1200 mg Q2W) patients, with TGF-β2 inhibition 
associated with Ctrough ≥ 50 μg/mL and PD-L1, TGF-β1, 
and TGF-β3 inhibition associated with  Ctrough ≥ 11 μg/mL 
(Table 3). These data suggested that 50% dose reductions 

(i.e., dosing with 1200 mg Q3W and 600 mg Q2W doses) 
maintain PD-L1 inhibition by BA, while losing some of 
TGF-β2 inhibition. For example, with a single 1200 mg 
Q3W dose, ≈30% of patients are projected to have TGF-β2 
inhibition at the end of the dosing interval, with TGF-β2 
inhibition maintained in ≈87% of patients for 2 weeks of 
the 3-week cycle. Thus, the 50% BA dose reduction could 
be viewed as an intermittent TGF-β2 inhibition.

Integration of exposure‑safety modeling 
and available PK‑PD data with safety monitoring 
for management of bleeding AE

Based on available exposure-safety modeling results, 
PK-PD data, and clinical considerations, the prophylactic 
dose modification approach was implemented in ongoing 
monotherapy and combination studies, as shown in Fig. 3. 
The guidance on whether and when to temporarily discon-
tinue treatment, permanently discontinue treatment, restart 
at RP2D or restart at 50% dose depends on type of bleeding 
(tumoral versus nontumoral), the grade of bleeding AE, and 
investigator assessment of risk of additional bleeding. It is 
noted that further dose increase from 50% of RP2D to full 
RP2D was allowed in study protocols, following patient sta-
bilization and consultation with the medical monitor.

We note that the proposal is based on the assumption 
that the exposure-safety relationship observed with the ini-
tial dose is relevant to the probability of recurring episodes 
of bleeding events.

Discussion

Here we report a pragmatic approach for prevention of recur-
rence and management of bleeding AEs for a bifunctional 
therapeutic protein BA. Specifically, the proposed approach 
for management of observed or suspected bleeding AEs of 
grade 3 is temporary treatment discontinuation, followed by 
a restart of the treatment with 50% of the initial dose upon 
the resolution of the initial bleeding event. This approach 
was informed by exposure-safety modeling and PK-PD 
understanding for target engagement by BA and the cur-
rent understanding of the bifunctional mode of action for 

Table 2  Probability of bleed_GI occurrence across dose levels of 
interest based on univariable model

Bleed_GI gastrointestinal (GI) bleeding event of any grade, Cavg,SD 
time-averaged concentration over the dosing interval after a single 
dose, Q2W every 2 weeks, Q3W every 3 weeks

Predicted Cavg,SD Probability 
(95% CI)

600 mg Q2W
Geometric mean: 89 μg/mL 0.103 (0.074–0.137)
1200 mg Q2W
Geometric mean: 178 μg/mL 0.151 (0.128–0.177)
1200 mg Q3W
Geometric mean: 136 μg/mL 0.126 (0.101–0.155)
2400 mg Q3W
Geometric mean: 273 μg/mL 0.222 (0.174–0.281)

Table 3  Percentage of 
participants with various target 
 Ctrough

Ctrough trough concentration, Q2W every 2 weeks, Q3W every 3 weeks, sd single dose, ss steady state

Ctrough,sd ≥ 50 μg/
mL, %

Ctrough,sd ≥ 11 μg/
mL, %

Ctrough,ss ≥ 50 μg/
mL, %

Ctrough,ss ≥ 11 μg/
mL, %

1200 mg Q2W 87.2 100 95.1 100
600 mg Q2W 20.8 100 60.2 100
2400 mg Q3W 82.3 99.9 87.8 100
1200 mg Q3W 30.4 98.7 50.5 98.9
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both efficacy and safety. To our knowledge, this is the first 
example of a dose modification for AE management of a 
therapeutic protein other than antibody–drug conjugate. 
Dose modification strategies were reported for some anti-
body–drug conjugates primarily to mitigate toxicities associ-
ated with the small molecule cytotoxic payload [25].

It is noted that the model-derived numerical estimates 
for the probability of bleeding should be interpreted with 
caution and there are no data available on probability of 
recurrence of bleeding AE upon re-initiation of treatment. 
We acknowledge that the current analysis does not address 
estimation of exposure–AE relationships in individual 
patients, as the protocol recommended to withhold or dis-
continue treatment at the time of analysis and did not allow 
for dose modifications after resolution of AEs. Accordingly, 
separating within- and between-patient sources of variabil-
ity in exposure-safety relationships is not feasible with the 
available data. Dose reductions for treatment-emergent tox-
icities were not specified in this study since the typical AE 

management approach for a therapeutic protein is treatment 
interruption or discontinuation upon first occurrence of an 
AE. Therefore, longitudinal data on recurrent AEs with 
dose modifications are not available to date. Nevertheless, 
with a substantial dataset (n = 936) and the range of sys-
temic exposures observed in the dataset owing to pharma-
cokinetic variability, a robust exposure-safety relationship 
for the first bleeding AE could be described. This indicates 
exposure-relatedness of the observed AE, thereby supporting 
the conclusion from this analysis that implementation of a 
dose-reduction scheme should be expected to mitigate treat-
ment-emergent toxicities. We posit, based on these results, 
that dose reduction without permanent treatment discontinu-
ation would be preferable for managing bleeding toxicities 
so that the patient can have a chance to benefit from the 
drug. Thus, these analyses are considered “fit for purpose” 
for informing whether a dose reduction to ≈50% of the origi-
nal dose for management of bleeding AEs is a reasonable 
approach given the current understanding of exposure-safety 

Start all pt with RP2D

Nontumoral bleeding 
Gr3

Alterna�ve 
explana�on 
iden�fied?

YES
discon�nue un�l 

Gr ≤ 1; restart at 50% 
dose 

NO
permanently 
discon�nue

Tumoral bleeding       
Gr2-3

Inves�gator considers 
the pt to be at risk for 

addi�onal severe 
bleeding?

YES
permanently 
discon�nue

NO 
discon�nue un�l 

recovery to Gr ≤ 1

For Gr3, restart at 50% 
dose

For Gr2, restart at RP2D

Rapid drop in Hg 

Discon�nue and 
perform thorough 

assessment of 
bleeding

Bleeding Gr≥1
observed or 
suspected?

YES: discon�nue un�l 
bleeding and Hg Gr ≤ 1; 

restart at 50% dose

NO: Restart at RP2D when 
Hg recovers to Gr ≤ 1 

Nontumoral bleeding 
Gr2

Following general 
guideline for 

management of ADR, 
restar�ng at RP2D

Fig. 3  Guidance for management of bleeding adverse events in mono-
therapy and combination studies of bintrafusp alfa. Toxicity grading 
is assigned based on National Cancer Institute Common Terminology 
Criteria for Adverse Events version 5.0. Rapid drop in Hg is defined 
as decrease > 3  g/dL in 3  weeks or 2.0  g/dL in 2  weeks. Alterna-
tive explanations for nontumoral bleeding include concomitant use 
of antithrombotic agents, traumatic event. Thorough assessment 
of bleeding includes tests such as lower and upper GI endoscopy, 
enhancement CT. The guidance presented applies regardless of cau-

sality with the study intervention. General grade 2 ADR guideline: 
if a grade 2 ADR resolves to grade ≤ 1 by the last day of the current 
cycle, treatment may continue; if a grade 2 ADR does not resolve to 
grade ≤ 1 by the last day of the current cycle but is manageable and/
or not clinically relevant, the medical monitor should be consulted to 
assess if it is clinically reasonable to administer the following infu-
sion (at RP2D). ADR adverse drug reaction, CT computed tomogra-
phy, Gr grade, Hg hemoglobin, pt participant, Gr ≤ 1 resolved or Gr 1
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and PK-PD considerations for target engagement. The 50% 
dose reduction from RP2D (i.e., from 2400 mg Q3W to 
1200 mg Q3W or from 1200 mg Q2W to 600 mg Q2W) was 
chosen based on the integration of all available information, 
such as (1) clinically meaningful reduction of probability 
of GI bleed, as estimated from exposure-safety model; (2) 
expected reduction in TGF-β trapping at the end of dosing 
interval (especially TGF-β2), with maintained PD-L1 inhi-
bition, aimed at improving benefit-risk profile for patients 
at higher risk of bleeding (based on prior occurrence); and 
(3) ease of implementation, given that the 1200 mg dose is 
already in use in clinical trials and the clinical vial size is 
600 mg.

While TGF-β inhibition has been reported to be associ-
ated with an increased risk of bleeding, the relative con-
tribution of the three TGF-β isoforms to bleeding AE is 
not known. However, it is hypothesized that TGF-β2 may 
be important for at least some of the toxicities associated 
with TGF-β inhibition including bleeding, since TGF-β2 
is thought to be a positive regulator of hematopoiesis and 
normal cardiac function [26, 27]. In fact, there are several 
anti-TGF-β agents in preclinical development that target 
TFG-β1 and -3 but not TFG-β2 [28, 29]. In line with the 
low intrinsic binding affinity between TGF-β2 and TGF-β 
receptor II [4], the phase 1 PK-PD profile indicated that BA 
is more selective in blocking TGF-β1 and -3 compared with 
TGF-β2 [5]. These data supported the notion that a dose 
reduction approach for restarting the treatment may reduce 
the probability of bleeding AEs while retaining pharmaco-
logical activity of PD-L1 axis and some activity for TGF-β1 
and -3 inhibition in most patients.

The proposed BA dose modification for mitigation of risk 
of recurring bleeding AEs is expected to result in the inter-
mittent TGF-β2 inhibition upon re-initiation of dosing in 
≈50% to 70% of the patients. Interestingly, for galunisertib, 
a small molecule TGF-β pathway inhibitor, an intermittent 
dosing schedule, informed by preclinical PK-PD modeling, 
was employed to mitigate the risk of TGF-β-associated car-
diac toxicity observed in animal toxicology studies [19].

Evaluation of sensitivity to ethnic factors is an important 
component of global oncology therapeutic development to 
enable Asia-inclusive development strategies applying Inter-
national Council for Harmonisation E5 and E17 principles 
and Totality of Evidence concepts [31–34]. The present 
analysis was based on a comprehensive dataset including 
both Asian (31.5%) and non-Asian (68.5%) patients rep-
resented across the global clinical development program 
for BA. Covariate analyses in the exposure-safety logistic 
regression models did not identify Asian race as a predictor 
of bleeding AEs. Taken together with the results of previ-
ously reported population PK analyses of BA that concluded 
consistent systemic exposures in Asian and non-Asian popu-
lations [35], these results support continued evaluation of 

a common approach to bleeding risk management across 
global populations in Asia-inclusive clinical development 
of BA.

Finally, it is noted that there were insufficient data to 
evaluate the contribution of chemotherapy to the prob-
ability of bleeding when coadministered with BA, since 
all patients in the chemotherapy combination cohorts in 
NCT03840915 were treated with 2400 mg Q3W, a rela-
tively high dose. However, as demonstrated by the sen-
sitivity analysis (Supplemental Fig. 1), a similar expo-
sure–response relationship for bleed_TEAE and bleed_GI 
was observed with monotherapy-only data compared with 
monotherapy plus chemotherapy combination data. Fur-
thermore, after examining the data from NCT03840915 
alone, which by itself was not sufficient for independent 
exposure-safety modeling, an exposure-related increase 
in the incidence of bleeding AEs was observed. Taken 
together, these observations support confidence in the use 
of the developed exposure-safety model to inform design 
of dose modification guidelines to manage treatment-emer-
gent bleeding, an approach that has now been implemented 
across the BA global clinical development program.

In summary, we have described a pragmatic approach 
for prevention and management of bleeding AEs for a 
bifunctional therapeutic protein BA, which has been 
implemented in ongoing phase 1 to 3 clinical trials. While 
bleeding AEs of grade ≥ 3 are relatively rare (most bleed-
ing observed was mild to moderate) and typically do not 
lead to treatment discontinuation, the incidence of bleed-
ing was higher than that for a typical immunotherapy 
agent and warranted additional prophylactic risk mitiga-
tion measures. Exposure-safety and PK-PD evaluations 
support the proposed 50% dose reduction for restarting 
the treatment after the treatment interruption and resolu-
tion of the initial bleeding event. This dose modification 
approach is expected to improve the benefit-risk profile in 
the patients by retaining pharmacological activity of the 
PD-L1 axis of BA and maintaining patients on treatment, 
while decreasing the recurrence of bleeding AEs. The 
approach for management of bleeding AEs is consistent 
with the current understanding of the bifunctional nature 
of the protein and contribution of each target for efficacy 
and safety. Further investigations are needed to evaluate 
effectiveness of this approach (including longitudinal 
modeling), based on safety data generated after its imple-
mentation. In addition, longitudinal modeling approaches 
(including those accounting for the immortal time bias 
[36]) may be considered to evaluate the exposure-safety 
relationship for re-occurrence of bleeding AEs. This exam-
ple highlights that pragmatic dosing modification strate-
gies may be considered to improve the benefit-risk pro-
file for therapeutic proteins. Exposure-safety and PK-PD 
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modeling and simulations coupled with understanding of 
mechanism of AEs of special interest are critical to inform 
these strategies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00280- 022- 04468-6.
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