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Abstract: With a deepening understanding of cancer treatment, immune checkpoint inhibitors are recognized
widely as a novel fundamental remedy for various malignancies with effectiveness and safety. With the develop-
ment of pharmacometrics, model-informed drug development (MIDD) has emerged to accelerate the process of
clinical research for new drugs and improve the accuracy of decision-making in new drug research, especially for
immune checkpoint inhibitors. As a typical illustration, the research development of pembrolizumab is presented in
this review to highlight the application of MIDD, which may provide a reference for the development of other new
antitumor drugs.
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Model-informed Drug Development (MIDD)

>< Late phase >< Post-approval phase >

Early phase

+ Finding suitable dosing range for subsequent
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+ Evaluating benefit-risk balance &
influence of covariate effects on
PK/PD to verify label dosage regimen

* Dosing regimen re-
evaluation & adjustment
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Figure 1  Application of model-informed drug development (MIDD) in different stages of immune checkpoint inhibitors (ICIs) drug devel-

opment. M&S: modeling and simulation; PK/PD: Pharmacokinetics/pharmacodynamics

Table 1 Application of MIDD in early phase of drug development - effective dose determination of subsequent clinical research in human.

PopPK: Population pharmacokinetics

ICIs MIDD exemplification
Ipilimumab A phase 2, dose-ranging study showed that about 95% patients with 10 mg-kg* Q3W were expected to achieving the target
trough concentration of 20 pg-mL™*, which lending support to further investigations of ipilimumab efficacy and safety by
10 mg-kg* Q3w
Nivolumab Significantly lower tumor progression rate and higher objective response rate were observed in patients with dosing regimen

Pembrolizumab

Avelumab

Durvalumab

of 3 mg-kg™* Q2W, while peripheral receptor occupancy was saturated at 3 mg-kg, according to a large phase 1b study. Dosing
regimen of 3 mg-kg* Q2W was recommended in several further clinical researches?,

O Atranslational PK/PD model from mouse to man exhibited that receptor occupancy is saturated at 2 mg-kg™* Q3W with
maximum 60%, and the probability of achieving a >30% reduction in tumor size reached a plateau®!. @ In terms of the phase
1 clinical study, 2 mg-kg™* Q3W was needed to reach 90% probability of 95% target engagement and meet 95% saturation of ex
vivo target engagement in blood®!, comparing to lower single dose. The aforementioned two studies supported that 2 mg-kg*
Q3W was the preferred dosing regimen.

In the phase 1 dose escalation trial, receptor occupancy was over 95% at 10 mg-kg* Q2W and significant correlation between
clearance of avelumab and body-size metrics could not be proved by covariate analysist?®.

The exposure-efficacy and exposure-safety analysis indicated that 10 mg-kg* Q2W regimen was an appropriate dose for
durvalumab®, which could completely saturate serum receptors in over 90% patients and maintain target trough concentration
(50 ug-mL™) throughout the dosing interval by PopPK model simulation results .
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Table 2 Application of MIDD in late phase of drug development - confirmation and verification of availability of recommended dosing

regimen. PopPK/PD: Population pharmacokinetics/pharmacodynamics; 1IgG: Immunoglobulin G

ICls MIDD exemplification
Ipilimumab PopPK analysis was conducted in phase 2 clinical study to reveal that linear PK characteristics was emerged in dose range from
0.3 to 10 mg-kg. Besides, clearance of ipilimumab increased with increasing body weight, which implied that a body weight-
normalized dosing regimen was rational for ipilimumab treatment!*%.
Nivolumab Volume of distribution and clearance could be elevated with increasing body weight by PopPK model. Other covariates did not

have clinically relevant effect on PK, which suggested that dose adjustment was not required®.

Pembrolizumab

(O Multiple intrinsic and extrinsic covariates had no clinically relevant impact on pembrolizumab PK characteristics, which

supported 2 mg-kg™* Q3W in various patient subpopulations without dose adjustment, as the PopPK analysis was performed(!.
@ PopPK/PD model of tumor size dynamics was developed to find that increasing exposure could not clinically increase tumor
response rate. Dosing range in 2-10 mg-kg* Q3W could induce maximal response similarly, which was in favor of 2 mg-kg*

Q3W as effective dosel*.
Atezolizumab

@ A linear pharmacokinetics was displayed in the dose range of 1-20 mg-kg™, including label dosage of 1 200 mg. Dosage

adjustment was not needed because none of statistically significant covariates was found in this PopPK research . @ A
similar exposure-safety and PK profile of atezolizumab in pediatric and young adult patients was demonstrated in the PopPK
study, which suggested a weight-based regimen of 15 mg-kg™* Q3W as an appropriate dosage in the pediatric populationt!.

Avelumab
PopPK model®™,
Durvalumab

Dose adjustment was not necessary because no corresponding covariate was found out affecting time-varying clearance in the

On the basis of PopPK modeling and simulation results, both patients with solid tumors and hematologic malignancies had

similar exposure when identical dosing regimen was given. Moreover, IgG level was identified as a critical covariate to affect

PK in patients with multiple myelomat®®!,

Table 3 Application of MIDD in post-approval phase of drug development - re-evaluation and adjustment of current dosing regimen.

FDA: Food and Drug Administration

ICls

MIDD exemplification

Nivolumab

FDA approved label dosage alteration from 3 mg-kg* Q2W to 240 mg Q2W and finally 480 mg Q4W based upon PopPK

modeling development by data from previous clinical researches and analysis of the benefit-risk ratio among various dosing

regiment“,

Pembrolizumab  PopPK modeling analysis of exposure and clearance from various dosage supported FDA approval from 2 mg-kg* Q3W to

200 mg Q3WE42 then 400 mg QBW3L,
Atezolizumab

As for the PopPK modeling and simulation result, the predicted exposures, efficacy and safety for 840 mg Q2W and 1 680 mg

Q4W were similar as the approved regimen of 1 200 mg Q3W, which provided reliable decision-making evidence for approval

of aforementioned two alternative dosing regimenst4,
PopPK analysis showed that no significant difference of exposure in the weight-based dose of 10 mg-kg™* Q2W and flat dose of

Avelumab

800 mg Q2W. In addition to the similarity of benefit-risk profiles between these two regimens, it provided the basis for FDA

approval of 800 mg Q2W!l,
Durvalumab

Comparison of 1 500 mg Q4W, 750 mg Q2W and referential dose of 10 mg-kg™ Q2W was carried out by PopPK analysis. The

result reflected that three dosing regimens had comparable exposure and no dose adjustments were needed in accordance with
any patient or disease characteristics, which verified the feasibility of approving the above-mentioned two flat dose regimenst®4€l,
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Figure 2 The effective dose confirmation of pembrolizumab
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Figure 3  Various covariates have no clinically relevant impact
on pembrolizumab exposure %, eGFR: Estimated glomerular
filtration rate; CL: Clearance; BSLD: Baseline tumor burden; ALB:
Albumin; IPI: Ipilimumab; ECOG: Eastern cooperative oncology
group; NSCLC: Non-small cell lung cancer
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