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Abstract
PB2452, a neutralizing monoclonal antibody fragment that binds the antiplatelet 
drug ticagrelor with high affinity, is being developed as a ticagrelor reversal agent. 
To identify a clinically useful intravenous (i.v.) reversal regimen, a semimecha-
nistic exposure-response model was developed during the PB2452 first-in-human 
phase I study. From a randomized, double-blind, placebo-controlled, single-dose 
trial to evaluate the safety, efficacy, and pharmacokinetics (PKs) of PB2452 in 61 
healthy volunteers pretreated with ticagrelor, sequential dose cohort data were 
used to build and refine an exposure-response model that combined population 
PK models for ticagrelor (TICA), ticagrelor active metabolite (TAM), and PB2452, 
and related their binding relationships to the PK of uncomplexed TICA and TAM 
which is predictive of platelet inhibition. Platelet function was assessed by mul-
tiple assays. The model was developed using Bayesian methods in NONMEM. 
Human PK and pharmacodynamic data from sequential dose cohorts were used 
to initially define and then refine model parameters. Model simulations indicated 
that an initial i.v. bolus of PB2452, followed by a high-rate infusion, and then a 
slower-rate infusion would provide immediate and sustained reversal of the anti-
platelet effects of ticagrelor. Based on model predictions, a 6 g i.v. bolus followed 
by 6 g infused over 4 h and then 6 g over 12 h was identified and tested in study 
subjects and shown to provide complete reversal within 5 min of infusion onset 
that was sustained for 20–24 h. The model is predictive of the reversal profile of 
PB2452 and will inform future trials of PB2452.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Ticagrelor (TICA) is a direct acting, reversibly binding, oral P2Y12 receptor an-
tagonist. PB2452 (bentracimab), a neutralizing monoclonal antibody fragment 
that binds the antiplatelet drug TICA with high affinity, is being developed as a 
TICA reversal agent.
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INTRODUCTION

Antiplatelet therapy is a cornerstone of secondary pre-
vention of cardiovascular (CV) events.1 In particular, 
for high-risk patients, such as those with acute coronary 
syndromes, with prior myocardial infarction, or undergo-
ing stenting, the prevailing paradigm is use of dual anti-
platelet therapy, that is, the combination of aspirin plus 
an oral P2Y12 receptor antagonist. Ticagrelor (TICA) is a 
direct acting oral P2Y12 receptor antagonist with revers-
ible receptor binding kinetics.2 The 180 mg loading dose 
followed by 90 mg twice daily, in combination with low 
dose aspirin, has been proven to reduce the composite 
of CV death, myocardial infarction (MI), or stroke in pa-
tients with acute coronary syndromes in the PLATelet 
inhibition and patient Outcomes (PLATO) trial.3 More re-
cently, the THEMIS and THEMIS-PCI trials led to the US 
Food and Drug Administration (FDA) approval of TICA 
for preventing a first MI or stroke in patients with stable 
coronary artery disease as well.4–6

A major limitation of oral P2Y12 receptor antagonists 
is the increased bleeding risk during therapy that per-
sists for several days even after drug therapy ceases. The 
antiplatelet effects can markedly inhibit achievement of 
hemostasis in patients with spontaneous or procedure-
related major bleeding. If an urgent or emergency proce-
dure is indicated, the physician performing the procedure 
must decide whether to proceed and accept the increased 
bleeding risk or whether to postpone the procedure for 
several days and accept the increased ischemic risk after 
discontinuing the antiplatelet therapy and the risk associ-
ated with delaying a medically necessary procedure. The 
American College of Cardiology Foundation–American 
Heart Association, European Society of Cardiology, and 

other society guidelines recommend cessation of oral 
P2Y12 receptor antagonists for 3–7 days before surgery.7,8

PB2452, also known as bentracimab (formerly 
MEDI2452), is a neutralizing monoclonal antibody frag-
ment that binds TICA and its major active circulating 
metabolite (TAM) with high affinity.9 A first-in-human 
clinical trial was conducted to determine if PB2452 could 
reverse rapidly the antiplatelet effects of TICA, and in this 
manner reduce the risk or severity of bleeding.10

A model for PB2452 was developed preclinically,11 
where it was referred to as MEDI2452. The goal of the 
present analysis is to fit a population pharmacokinetic/
pharmacodynamic (PK/PD) model to characterize the re-
lationship between PB2452, TICA, TAM, and change in 
platelet aggregation and P2Y12 receptor signaling, as mea-
sured by light transmittance aggregometry (LTA) which 
assesses inhibition of platelet aggregation, the VerifyNow 
P2Y12 assay, which assesses P2Y12 reactivity units (PRUs), 
and the enzyme-linked immunosorbent assay (ELISA)-
based vasodilator stimulated phosphoprotein (VASP) 
phosphorylation assay, which assesses receptor signaling 
with the platelet reactivity index using clinical data with 
the preclinical model11 as a starting point. This model was 
developed during the conduct of the first-in-human study 
and used to inform dosing decisions throughout the study 
with the aim of finding a dose and regimen that would 
provide complete reversal of TICA’s effect on platelet ag-
gregation within 5 min of infusion onset, that would be 
sustained for 20–24 h. The model was then updated with 
final data from the trial. This semimechanistic model was 
used to predict the PKs of PB2452, TICA, and TAM, as 
well as the PD effect of PB2452 following various dosing 
regimen to develop a dosing regimen to be used in subse-
quent studies.

WHAT QUESTION DID THIS STUDY ADDRESS?
This study mathematically explored the pharmacokinetics (PKs) of PB2452, its 
interaction with ticagrelor and the active metabolite, and the ability of PB2452 to 
reverse the antiplatelet effects of TICA.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A population PK/pharmacodynamic (PD) model describing the PKs of PB2452, 
ticagrelor, an active metabolite, and the platelet function is presented. The model 
was developed using data in human healthy volunteers and was used to deter-
mine potentially effective doses and schedules for administering PB2452 in future 
clinical trials.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The PK/PD model may assist with the development of PB2452 by assisting with 
interpretation of data and providing simulations for experimental designs. The 
model was developed in healthy volunteers but can be updated with patient 
information.
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MATERIALS AND METHODS

Study design

A single-center, randomized, double-blind, placebo-
controlled, single-ascending-dose, phase I trial was con-
ducted to evaluate the safety, efficacy, and PK profiles of 
PB2452 in healthy volunteers 18–50 years of age who were 
pretreated with TICA. The study had 10 cohorts of healthy 
volunteers. Table 1 shows the dosing regimen for each cohort.

Subjects in cohorts 1 through 3 did not receive ticagre-
lor. Subjects in cohorts 4–10 were pretreated with TICA for 
48  h. The first dose of TICA was an oral loading dose of 
180 mg followed by 90 mg administered orally twice daily 
for 2 days. Subjects in cohorts 4 through 6 were adminis-
tered the study drug (PB2452) i.v. immediately after the fifth 
TICA dose, whereas subjects in cohorts 7 through 10 were 
administered the study drug 2 h after the fifth TICA dose at 
the time of peak TICA concentration. Further details on the 
design and conduct of the study are provided in ref. 10

Data assembly

All data used in the PK/PD analysis were obtained from 
subjects in the clinical trial who received TICA and/or 
PB2452. Subjects who received TICA alone (TICA with 
placebo) were included in the development of the model.

TICA concentrations, PB2452 concentrations, TAM 
concentrations, demographic information, and measures 

of platelet aggregation (PRU, LTA, and VASP) were used 
to build NONMEM (version 7.4; ICON Development 
Solutions) input data for the PK/PD analysis. The data 
consist of total TICA (including the PB2452-TICA com-
plex, protein-bound TICA, and free TICA), Total TAM (in-
cluding the PB2452-TAM complex, protein-bound TAM, 
and free TAM), uncomplexed PB2452, and total PB2452 
(including uncomplexed PB2452, the PB2452-TICA com-
plex, and the PB2452-TAM complex) along with the PD 
measures of platelet aggregation and activation (PRU/
LTA/VASP).

Prior to modeling, PB2452, TICA, and TAM concentra-
tions were converted to nanomolar (nM) units using the 
molecular weights for the analytes.

Time is defined as the time following the first admin-
istration of TICA (except for cohorts 1–3, where it is time 
after first administration of PB2452 because TICA was not 
given). Depending on the cohort, PB2452 is administered 
at either 48 h (cohorts 4–6) or 50 h (cohorts 7–10).

Data analysis

Population PK and PK/PD analyses were carried out 
using NONMEM version 7.4 (control file available as 
Supplementary Material S1), PDx-Pop version 5.2 and 
Intel Visual Fortran Compiler version 12 on Microsoft 
Windows 10 Professional.

The models described in the following sections are 
nonlinear hierarchical models that were fit using Bayesian 

Cohort
Pre-PB2452 ticagrelor 
dosing to steady state

PB2452 
dose (g)

PB2452 infusion 
time

N 
(Active:Placebo)

1 0.1 30 min 3:1

2 0.3 30 min 3:1

3 1.0 30 min 3:1

4a 180 mg + 90 mg b.i.d. 1.0 30 min 6:2

5a 180 mg + 90 mg b.i.d. 3.0 30 min 6:2

6a 180 mg + 90 mg b.i.d. 9.0 30 min 6:2

7b 180 mg + 90 mg b.i.d. 18.0 3 g 5 min + 15 
g 8 h

6:2

8b 180 mg + 90 mg b.i.d. 18.0 6 g 15 min + 6 g 3 
h + 6 g 8 h 45 
min

6:2

9b 180 mg + 90 mg b.i.d. 18.0 6 g 15 min + 6 g 4 
h + 6 g 12 h

3:1

10b 180 mg +90 mg b.i.d. 18.0 6 g 10 min + 6 g 3 
h + 6 g 13 h

6:2

aThe last dose of ticagrelor and PB2452 were administered simultaneously.
bThe last dose of ticagrelor was give 2 h prior to the administration of PB2452.

T A B L E  1   Dosing regimen for each 
cohort
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Markov Chain Monte-Carlo (MCMC) techniques. The 
Bayesian analysis involved the estimation of the joint pos-
terior distribution of all parameters conditional on the 
observed data. Generating random samples from the joint 
posterior distribution allows the marginal distribution of 
each parameter to be completely characterized. More de-
tails on Bayesian methods in general may be found else-
where.12 Trace plots were utilized to determine how long 
to run the burn-in phase and how many samples from 
the posterior distribution to generate. For these models, 
a burn-in of 5000 samples was adequate. Samples of be-
tween 10,000 and 20,000 were generated for providing 
posterior distribution estimates. A mix of noninformative 
and informative priors were utilized as discussed below.

The MU referencing technique was utilized in 
NONMEM.13 In particular, MU_1 (for example) was set 
equal to THETA(1). Then a particular model parameter 
was set equal to EXP(MU_1 + ETA(1)). So, THETA rep-
resents the population value of the parameter on the log-
scale. This usually helps to improve the efficiency (speed 
of convergence and reduced autocorrelation) of the algo-
rithms (MCMC, but also applies to other “advanced” algo-
rithms available) utilized.

Covariates were examined for the final PK/PD model 
to identify potential factors affecting the PK/PD of PB2452 
and its relationship to TICA and TAM. Covariates were 
also examined for parameters relating uncomplexed TICA 
and TAM to PRU/LTA/VASP. The covariates considered 
include demographics (age, weight, sex, body mass index, 
and race), liver functions tests (aspartate aminotransfer-
ase, alanine aminotransferase, and Alk. Phos.), baseline 
PRU/VASP/LTA, kidney marker (estimated glomerular 
filtration rate [eGFR]), and hematocrit.

Development of the PK model

A diagram of the model considered is in Figure 1. The 
model is similar to the model developed preclinically,11 
with some adjustments made to better fit the clini-
cal data. TICA is dosed orally and passes through two 
transit compartments prior to entering the central com-
partment. TICA is metabolized to its active metabolite 
TAM, and both TICA and TAM diffuse into peripheral 
compartments. PB2452 is dosed i.v., and directly en-
ters the central compartment. PB2452 can also diffuse 
into a peripheral compartment. PB2452 binds to TICA 
and TAM, forming the PB2452-TICA and PB2452-TAM 
complexes respectively. These complexes render TICA 
and TAM inactive. In the model, it is assumed that the 
complexes are cleared at the same rate as PB2452. An 
important modification from the preclinical model to 
this clinical model was the addition of compartments 

for the complex to enter where TICA and TAM return 
to circulation, whereas PB2452 is removed from the sys-
tem are also included in the model.

PD model

The population PK/PD model relates the model predicted 
PK of uncomplexed TICA and TAM to the PD measures 
through maximum effect (Emax) models. The approach 
here is similar to models for TICA alone,14 except that 
TICA and TAM were included separately in the model as

where Base refers to the baseline (prior to administration 
of TICA) value. Emaxi, EC50i, and the Hill coefficient (γ) are 
parameters to be estimated. The same structural model was 
used for PRU, VASP, and LTA. The complexes PB2452-TICA 
and PB2452-TAM are considered to render TICA and TAM 
inactive, and therefore these complexes do not contribute to 
any PD effects.

RESULTS

A total of 61 (48 treated with PB2452 and 13 with placebo) 
patients who received PB2452 and/or TICA were included 
in the PK/PD analysis.

Initial model structure based on the  
preclinical model and optimization of  
the model

The initial model was as depicted in Figure 1, but it did not 
include the extra PB2452-TICA and PB-2452-TAM com-
partments that were added to allow TICA and TAM to re-
turn to circulation. Those two compartments were added 
later, as described below. The initial model was based on 
the premise that PB2452 formed a complex with TICA and 
TAM that was then presumably removed largely through 
the kidneys. The expected result would be an increase in 
PRU/LTA/VASP toward baseline (pre-TICA administra-
tion) levels. Baseline PRU/LTA/VASP were added in the 
PD models using the observed value from the data for 
each subject. An ETA term was added to allow for poten-
tial measurement error.

Due to the complexity of the model for the data col-
lected, there are potential identifiability issues for esti-
mating all the parameters in the model. Decisions were 

PRU = Base ∗

(

1 −
Emax1 ∗ TICA

�

EC50
�

1
+ TICA�

−
Emax2 ∗ TAM

�

EC50
�

2
+ TAM�

)
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made to either fix or constrain some of the parameters 
based on prior distributions in the Bayesian analy-
sis. After these steps (detailed below) were taken, the 
trace plots with diverse starting values (Supplementary 
Material S2) indicate that the parameters are being es-
timated well.15,16 Because TICA has been studied and 
modeled when administered alone, the PK parameters 

associated with uncomplexed TICA and TAM (and not 
associated directly with their relationship to PB2452) 
were fixed to the model-predicted values of the previous 
model.14

Because subjects from cohorts 1–3 were administered 
PB2452 alone (no TICA was given), data from these co-
horts was used to model the PK of uncomplexed PB2452. 

F I G U R E  1   Schematic illustration of the combined ticagrelor (TICA), metabolite, and PB2452 pharmacokinetic model. Inputs into the 
system for ticagrelor and PB2452 are depicted with dashed lines. The model consists of two-compartment models (central and peripheral) 
for ticagrelor, metabolite, and PB2452. TICA is metabolized to form the active metabolite at a rate of Ktmet. PB2452 binds to TICA and 
the metabolite to form complexes denoted as PB2452-TICA and PB2452-TAM, respectively. These complexes dissociate to return TICA, 
metabolite, and PB2452 to systemic circulation. The model assumes that the clearance for the complexes and PB2452 alone are the same. 
Additional PB2452-TICA and PB2452-TAM compartments were added to account for the process whereby TICA and the metabolite 
are returned to circulation at a later timepoint. PB2452 is removed from the system. When the complexes dissociate from the original 
compartments, PB2452 does not return to systemic circulation in this model (represented by an X on the arrows). CL, clearance; EC50, half-
maximal effective concentration; Emax, maximum effect; LTA, light transmittance aggregometry; PRU, P2Y12 reactivity unit; TAM, ticagrelor 
active metabolite; VASP, vasodilator stimulated phosphoprotein

∗

+

∗

+

TicaTica TAM

PB2452

PB2452-Tica PB2452-TAM

PB2452

Central Compartment

Kon Kon2

Koff Koff

Ktmet
K12

K21 Km21

Km12

K10 Km10

Input of Ticab Input of PB2452

QQ

CLCL CL

Ktr Ktr

Koff2 Koff2

Stomach

Transit 1

Transit 2

Peripheral compartment

x x

PB2452-Ticaa PB2452-TAMa

TAM

Tica

TAM

PRU
VASP
LTA

a. Compartments added that were not part of the preclinical model11

b. Transit compartments were added based on previous modeling of TICA/TAM14

Parameters 
(units) Final estimate

95% CI
Interindividual 
variabilityLower Upper

CL (L/h) = EXP(THETA1)

THETA1 0.632 0.383 0.881 37.8%

V1 (L) = EXP(THETA2)

THETA2 1.05 0.781 1.32 40.4%

Q (L/h) = EXP(THETA3)

THETA3 −0.770 −1.07 −0.470 42.8%

V2 (L) = EXP(THETA4)

THETA4 1.24 0.744 1.74 62.9%

Residual variability: CV = 7.11%

Abbreviations: CI, confidence interval; CL, clearance; CV, coefficient of variation; PK, pharmacokinetic.

T A B L E  2   Population PK parameters 
of final PK model (PB2452 alone)
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A two-compartment model was fit to the concentration of 
PB2452 data versus time. The PK parameters associated 
with this model are in Table 2. PB2452 has a clearance of 
1.88 L/h and central volume of distribution of 2.86 L. The 
half-life for the distribution phase and elimination phase 
are 0.81 h and 6.68 h, respectively. In the PK/PD model, 
the parameters associated with the PK of PB2452 (that 
are not associated with the relationship between PB2452/
TICA/TAM) were fixed to these values.

The Emax parameter relating TICA to PRU (as well as 
VASP and LTA) was fixed to 90%. The EC50 value was es-
timated to be large, especially relative to the concentra-
tions expected for TICA, suggesting that the Emax would 
not be reliably estimated using the current data. It is an-
ticipated that this parameter value would be large,14 so it 
was fixed at a large value. Kd (affinity of PB2452 for TICA 
and TAM) was fixed to EXP(−4) = 0.018. This value was 
chosen based on literature.9,11 Finally, fm was set equal to 
0.30. This corresponds to about 23% metabolism for TICA 
to TAM (when no PB2452 is present), which is consistent 
with literature.14

For parameters that were fixed, ETAs were still added 
to some of them with the OMEGA set to a small value 
(5%–10%) to allow for some exploration of potential pat-
terns and trends, especially related to covariates. The 
choice of which parameters to add an ETA to was based 
on literature.14 Table  3 presents parameter estimates for 
the final (covariates included) model, but also indicates 
which parameters had an ETA added with a small, fixed 
OMEGA value.

For parameters that were to be estimated, most of 
the prior distributions were uninformative or weakly in-
formative. The prior distribution for all THETAs in the 
model (natural log of model parameters) was normal 
with mean = 0 and variance = 25 except for the THETA 
corresponding to the EC50 for the effect of TICA on PRU/
LTA/VASP and the THETA corresponding to the Emax for 
the effect of TAM on PRU/LTA/VASP. For the EC50 re-
lating TICA to the PD measures, the natural log of the 
parameter had a normal prior with mean = 4 and vari-
ance = 100 because that parameter seemed to be large 
based on initial model runs. For the Emax relating TAM 
to the PD measures, the natural log of the parameter had 
a normal prior with mean = −0.10 and variance = 0.25 
because the value was expected for Emax was expected to 
be around 90–99%.

The Hill coefficients for the Emax models relating the 
metabolism of TICA to PB2452 concentrations and relat-
ing TICA and TAM to PRU/LTA/VASP were all set equal to 
2. This provided a slight improvement in model fits versus 
leaving the Hill coefficients set to 1. This parameter was 
estimated to be around 1.59 for the sum of TICA and TAM 
in a model where TICA and TAM were modeled alonel.14

For interindividual variability, the exponential error 
structure was used. For residual variability, proportional 
and additive errors were utilized. Proportional was used 
for uncomplexed PB2452 and total TAM. Proportional plus 
additive was used for total PB2452 and total TICA. The ad-
ditive error was used for PRU/LTA/VASP. When the propor-
tional error alone was used for total PB2452 and total TICA, 
the estimate for the proportional error was excessively large, 
leading to simulations that were not meaningful. The prob-
lem was mitigated by adding the additive error term.

Based on the covariate plots (ETAs vs. covariates) 
during the initial stages of model development, it appears 
that the clearance of TAM has a strong relationship with 
weight. The clearance of TAM (the population value or 
THETA) was estimated instead of being fixed.

A final base model was run with the metabolism of 
TICA as a function of the concentration of PB2452 and 
with the population value (THETA) of clearance for TAM 
being estimated.

Final model structure – updating the 
model to better fit the clinical data

As the study progressed through sequential dose cohorts, 
it became apparent that some aspects of the PB2452 to 
TICA and TAM relationships were unaccounted for in the 
base model. Emerging data suggested that there was po-
tentially some sequestering and recycling of TICA and/or 
TAM post-complexation with PB2452, resulting in these 
analytes returning to circulation and having an effect on 
PRU/LTA/VASP. This is seen in Figure 2 where the data 
along with simulations from the final model for cohorts 4 
through 10 are presented (cohorts 1–3 were administered 
PB2452 without TICA). In cohorts 4, 5, and 6, it may be 
seen that the drug had an early effect (the PRU values were 
increased close to baseline values) that lasted less than 2 h 
before the PRU values decreased back to the levels that 
were seen after TICA administration and before PB2452 
administration. This was anticipated for cohorts 4 and 5 
but was not expected for cohort 6 (9 g PB2452 for 30 min) 
based on initial modeling assumptions. It was anticipated 
that administration of 9  g PB2452 for 30  min would be 
sufficient to increase PRU values to the pre-TICA baseline 
and sustain this increase.

Due to the rapid decrease in PRU following PB2452 ad-
ministration in cohorts 4 through 6, prolonged infusion 
regimens of PB2452 were investigated in subsequent co-
horts. For cohort 7, a bolus plus prolonged infusion was ad-
ministered with the aim to provide a more sustained effect. 
The results from this cohort, and those that followed, re-
vealed that a higher dose and prolonged infusion prolonged 
the increase in PRU. However, an unexpected loss of effect 



74  |      KATHMAN et al.

T A B L E  3   Population PK/PD parameters of final PK/PD model

Parameters (Units) Final estimate

95% CI
Inter-individual 
variability (CV%)Lower Upper

EC50 (nmol/L) = EXP(THETA1) EC50 for relating TICA to PRU

THETA1 10.6 8.76 12.4 23.3%

Emax = EXP(−0.1) Emax for relating TICA to PRU

Fixed in model14

Kon (nmol−1 × h−1) = EXP(THETA2)

THETA2 −5.56 −5.73 −5.39 43.6%

Kd (nmol) = EXP(−4)

Fixed in model11

Kd2 (nmol) = EXP(THETA3)

THETA3 2.04 1.86 2.22 25.9%

Ktr (h−1) = EXP(THETA4 + THETA13*(LOG(WT)−4.35))

THETA4 −1.22 −1.33 −1.11 25.0%

THETA13 1.46 0.841 2.08

Kon2 (nmol−1 × h−1) = EXP(THETA5)

THETA5 −3.74 −3.91 −3.57 30.4%

Emaxf = EXP(THETA6) Emax for relating metabolism of TICA to PB2452 concentrations

THETA6 2.98 2.76 3.20 23.6%

ECf (nmol/L) = EXP(THETA7) EC50 for relating metabolism of TICA to PB2452 concentrations

THETA7 9.36 9.10 9.62 59.8%

EC502 (nmol/L) = EXP(THETA8 + THETA12*(LOG(WT)−4.35)) EC50 for relating TAM to PRU

THETA8 4.59 4.49 4.69 25.3%

THETA12 −0.965 −1.49 −0.442

Emax2 = EXP(THETA9) Emax for relating TAM to PRU

THETA9 0.0181 −0.0421 0.0783 20.7%

KA = EXP(2.3) Absorption parameter for TICA

Fixed in model14 10% Fixed

CL/F (L/h) = EXP(2.81) clearance of TICA

Fixed in model14 10% Fixed

V1/F (L) = EXP(5.04) central volume of TICA

Fixed in model14

V2/F (L) = EXP(4.02) peripheral volume of TICA

Fixed in model14

Q1/F L (h) = EXP(2.34) intercompartmental clearance of TICA

Fixed in model14 10% Fixed

CLM (L/h) = EXP(THETA11 + THETA10*(LOG(WT)−4.35)) clearance of TAM

THETA10 1.31 0.912 1.71 23.9%

THETA11 1.93 1.86 2.00

VM1 (L) = EXP(1.95) central volume of TAM

Fixed in model14

VM2 (L) = EXP(3.74) peripheral volume of TAM 10% Fixed

Fixed in model14

Q2M (L/h) = EXP(1.48) intercompartment clearance of TAM

Fixed in model14

(Continues)
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was observed post-cessation of drug infusion despite dose 
escalation.

To achieve improved fit to the study data, multiple 
adjustments were made to the model. The late loss of ef-
fect was potentially due to recycling of TICA and TAM 
upon elimination of PB2452, so new PB2452-TICA and 
PB2452-TAM compartments were added to the model, 
which assume the complexes move through these new 
compartments at a rate of Ktr and that some amount of 
TICA and TAM eventually return to circulation as PB2452 
is removed from the system. In addition, rather than ini-
tially summing TICA and TAM as had been performed 
in other models,14 these two analytes were modeled sep-
arately against PRU/LTA/VASP. These updates led to 
significant improvements in the fit of the model to the 
data. The model initially was underestimating TAM val-
ues (Supplementary Material S3). To address the apparent 
underestimation of TAM values, the model was further 
modified such that metabolism of TICA to TAM was con-
sidered a function of the concentration of PB2452. This 

was an empirical addition to the model where the fraction 
metabolized is modeled as:

with
Rate of metabolism from TICA to TAM = fm*(elimina-

tion rate of TICA).
where CPB2452 is the concentration of uncomplexed 

PB2452 in the full model.

Examining covariates

The final step in model development was addition of 
significant covariates. Based on examining the covariate 
plots (Supplementary Material S4), weight appeared to 
be a potentially strong covariate for ETA4 (correspond-
ing to Ktr), ETA8 (corresponding to EC50 relating TAM 
to PRU/LTA/VASP), and ETA10 (corresponding to the 

fm = 0.3 ∗
(

1+Emax ∗
(

CPB2452
)�

∕((EC50
)�

+
(

CPB2452
)�
))

Parameters (Units) Final estimate

95% CI
Inter-individual 
variability (CV%)Lower Upper

CL_ant (L/h) = EXP(0.631) clearance of PB2452 5% Fixed

Fixed in modela

Q_ant (L/h) = EXP(−0.765) intercompartmental clearance of PB2452

Fixed in modela 5% Fixed

V_ant (L) = EXP(1.05) central volume of PB2452

Fixed in modela 5% Fixed

V_ant_perp (L) = EXP(1.28) peripheral volume of PB2452

Fixed in modela 5% Fixed

Base = Log(BPRU) baseline PRU

Fixed in model to observed 
baseline values

10% Fixed

fm = 0.3 Metabolism rate of TICA is fm*elimination rate of TICA. This is the value for metabolism when there is 
no PB2452 present.

Fixed in model14

Koff = Kon*Kd

Koff2 = Kon*Kd2

Residual Variability:
PRU: Additive SD = 20.3
Uncomplexed PB2452: 28.2%
Total PB2452: 13.7%
Additive SD = 504
Total TICA: 42.4%
Additive SD = 332
Total TAM: 23.1%

Abbreviations: CI, confidence interval; CL/F, total apparent clearance; CV%, percent coefficient of variation; EC50, half-maximal effective concentration; Emax, 
maximum effect; PD, pharmacodynamic; PK, pharmacokinetic; PRU, P2Y12 reactivity unit; TICA, ticagrelor.
aValues were fixed based on modeling PB2452 alone in using data from the first three cohorts.

T A B L E  3   (Continued)
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clearance of TAM). Weight was added as a covariate for 
these terms and was found to be statistically significant 
for all three. Based on the covariate plots for the final 
model (Supplementary Material S5) with the covariates 
included, no other covariates were added. The impact of 
weight on the overall model for PRU was assessed by sim-
ulating subjects at different weights and plotting them to-
gether. The simulation results (Supplementary Material 
S6) suggests that the practical effect of weight is minimal.

Assessment of the final model

For the final modeling, diagnostic plots were run and ap-
pear to be reasonable for all components of the model, 
including PRU/LTA/VASP, total TICA, total TAM, 
total PB2452, and uncomplexed PB2452 (Figure  3). 
Conditional weighted residuals (CWRES) are displayed in 
(Supplementary Material S7). The model slightly overpre-
dicted the total PB2452 and underpredicted the uncom-
plexed PB2452. For higher values of PRED, the CWRES are 
negative for TICA and total PB2452, suggesting the model 
is underpredicting those values. This could be due to fixing 
population mean values based on literature. However, the 
individual plots suggested that the predictions are close 
to the observed values. Visual predictive checks (simula-
tions from the model for PRU with the data overlaid for 
the cohorts where TICA and PB2452 were both admin-
istered) were then performed and showed that he results 
for LTA and VASP were similar (Figure 2). Additionally, 
the checks indicated that the model was highly predictive 
of the PRU data from the current study in terms of fit and 
variability because the median from the simulations (solid 
lines) typically passed through the middle of the data, and 
most of the data were contained within the 5th and 95th 
percentiles (dashed lines). Figure  4 shows simulations 
from the model with data overlaid for PRU, total TICA, 
total TAM, total PB2452, and uncomplexed PB2452 for the 
cohort where PB2452 was dosed 6 g for 15 min followed by 
6 g for 4 h followed by 6 g for 12 h. This figure shows that 
the model performed well with all of the components of 
the model where observed data was available.

For the final model, different sets of starting values 
were used for the Bayesian algorithm. Trace plots were 
produced to examine autocorrelation and convergence 
(Supplementary Material S2). For all THETAs, the model 
seemed to converge rapidly. THETA1 (corresponding to 
the EC50 for the effect of TICA on PRU) seemed to exhibit 

a high degree of autocorrelation. This is likely attributed to 
the value being arbitrarily large and the model not being 
sensitive to the value of the parameter. All other THETAs 
seemed to have a much lower degree of autocorrelation. To 
minimize any impact of autocorrelation, many posterior 
samples were generated. A burn-in of 5000 was used per 
chain followed by generating a sample of 20,000 per chain.

The parameter estimates for the final population PK/
PD model (PRU) are in Table 3. The parameter estimates 
for the population PK/PD model for LTA and VASP are 
similar.

DISCUSSION

A phase I trial was conducted to evaluate the safety, ef-
ficacy, and PK profiles of PB2452 in healthy volunteers 
18–50 years of age who were pretreated with TICA. The 
data from this trial were used to develop a semimechanis-
tic population PK/PD model. Overall, the model appears 
to capture the key patterns observed in the data over time 
and supports use of a standard three-phase infusion regi-
men in later phase studies. The model fits the data well 
based on diagnostic plots, including visual predictive 
checks. Simulations for the cohorts tested produced re-
sults that mirror the observed data.

Given the complex relationship between PB2452 and 
TICA/TAM, it was important to refine the model to be 
predictive of the standard 18-gram dosing regimen for 
PB2452 for subsequent trials. The model supports a dos-
ing regimen initiated with an initial bolus (or a very short 
infusion) dose to provide immediate reversal, followed by 
a higher rate infusion (loading regimen) and then a slower 
maintenance rate infusion to maintain the values of PRU/
LTA/VASP necessary for the intended patient populations. 
Based on model predictions, a 6 g i.v. bolus followed by 6 g 
infused over 4 h and then 6 g over 12 h was identified and 
tested in study subjects and shown to provide complete 
reversal within 5 min of infusion onset that was sustained 
for 20–24 h (Figure 4).

The model and results suggest that PB2452  may have 
an impact on the metabolism of TICA to TAM. This was 
added to the model empirically. This could potentially be 
due to PB2452-TICA complex being formed and some of 
this TICA being metabolized to TAM. The model without 
this component underestimated the TAM values substan-
tially. It also shows that as PB2452 binds to TICA and TAM, 
more TICA and TAM may rapidly redistribute to the central 

F I G U R E  2   Simulation results for PRU with the observed data overlaid by dosing regimen of PB2452. The solid line depicts the 
median of the simulation while the dashed lines are the 5th and 95th percentiles. The dotted line depicts the median baseline (prior to 
administration of TICA) of PRU for the cohort. The gray box reflects the time from the start of the first administration of PB2452 to the end 
of the last administration of PB2452. PRU, P2Y12 reactivity unit; TICA, ticagrelor
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F I G U R E  3   Observed versus individual prediction plots for various measured components of the model
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compartment from the periphery, causing a rapid return of 
PRU/LTA/VASP to levels observed prior to PB2452 admin-
istration. The apparent sequestering and partial recycling 
of TICA and TAM evident in later timepoints post-PB2452 
infusion could potentially be due to post-glomerular re-
absorption of PB2452-TICA and -TAM complexes into tu-
bular cells, lysosomal degradation of PB2452, and recycling 
of TICA and TAM back into circulation (Supplementary 
Material S8). This possibility for antibody fragments is 
discussed in the literature.17 The addition of extra PB2452-
TICA and PB2452-TAM complex compartments allows for 
this to be represented in the model. They are not necessarily 
physiologic compartments but may depict a process of com-
plex dissociation and TICA (or TAM) return to circulation. 
Some of the recirculated TICA may be metabolized to TAM 
could explain the observed relationship between TAM con-
centration and PB2452 concentrations.

The EC50 for TICA was large (greater than 20,000 nmo-
l/L), which is well beyond the range of uncomplexed TICA 
expected based on the model (less than 2000 nmol/L). This 
suggests that the effect of TICA may be closer to a gradu-
ally increasing log linear model. The EC50 for TAM is much 

lower at 98.5 nmol/L. The model presented here is different 
from others in literature14,18 where the relationship is either 
modeled as a sum of TICA and TAM or just TICA alone. The 
model presented here fits the placebo data (subjects who re-
ceived TICA plus a placebo) well, suggesting that the model 
here performs as well as those used elsewhere. It is possible 
that, in the previous studies, the natural relationship be-
tween TICA and TAM caused it to be difficult to distinguish 
the contribution due to each, whereas in the present study 
with PB2452 added, this relationship is altered.

Because complexes of PB2452 with TICA and TAM 
are expected to be removed in the kidneys, either by deg-
radation or urinary elimination, eGFR was explored as 
covariate. However, no effects with eGFR were observed 
perhaps due to the healthy study population with most 
eGFR values within a normal range (74.75–162.80  ml/
min/1.73 m2 calculated by the abbreviated MDRD equa-
tion). Some simulations were run to explore potential out-
comes for subjects with renal impairment (Supplementary 
Material S9) that may be used for planning purposes.

In conclusion, we developed a semimechanistic model 
to explain the relationships among PB2452, TICA, TAM, 

F I G U R E  4   Simulation results for 
various measured components of the 
model. The solid line depicts the median 
of the simulation, whereas the dashed 
lines are the 5th and 95th percentiles. The 
dosing regimen for PB2452 was 6 g for 
15 min followed by 6 g for 4 h followed by 
6 g for 12 h. PRU, P2Y12 reactivity unit; 
TAM, ticagrelor active metabolite; TICA, 
ticagrelor
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and the effects on PRU/LTA/VASP. The model explained 
the data well and assisted with finding a dose and adminis-
tration regimen subsequent clinical trials. The model may 
be useful to help guide development of PB2452 as an an-
tidote for ticagrelor in hospitalized patients. Updating the 
model with patient data may then help predict whether 
dose adjustments may be needed in different subpopula-
tions (e.g., older patients and different ethnicities) as well.
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