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INTRODUCTION

Advances in scientific methods have led to the development 
of new approaches, such as modeling and simulation to facil-
itate medical product discovery as well as safety and efficacy 
evaluation. Model- informed drug development (MIDD) is 
the science of developing quantitative models from preclini-
cal and clinical data sources to help inform decision making 
throughout the drug development process. The MIDD pilot 
program was established as a performance commitment under 
the sixth iteration of the Prescription Drug and User Fee Act 

(PDUFA VI). Through this pilot program, the US Food and 
Drug Administration (FDA) accepts meeting requests for 2 to 
4 sponsors quarterly each fiscal year to discuss the potential 
of quantitative approaches (such as exposure- based, biologi-
cal, or statistical models) to inform product development and 
regulatory decisions.1 The FDA has recently provided per-
spectives on MIDD approaches,2,3 as have industry MIDD 
practitioners.4 In general, there is a shared outlook that MIDD 
can provide insight and supportive evidence for product safety 
and efficacy, and that best practices will continue to evolve and 
mature. When applied in the appropriate context, successful 

Received: 16 September 2020 | Accepted: 29 December 2020

DOI: 10.1002/psp4.12597  

M I N I -  R E V I E W

Opportunities and challenges for applying model- informed drug 
development approaches to gene therapies

Artur Belov1 |   Kimberly Schultz2 |   Richard Forshee1 |   Million A. Tegenge1,2,3

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
Published 2021. This article is a U.S. Government work and is in the public domain in the USA. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals 
LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.

1Office of Biostatistics & Epidemiology, 
Center for Biologics Evaluation and 
Research, US Food and Drug Administration 
(FDA), Silver Spring, Maryland, USA
2Office of Tissues and Advanced 
Therapies, Center for Biologics 
Evaluation and Research, US Food and 
Drug Administration (FDA), Silver 
Spring, Maryland, USA
3Office of Tissues and Advanced 
Therapies, Division of Clinical Evaluation 
and Pharmacology/Toxicology, Center 
for Biologics Evaluation and Research, 
US Food and Drug Administration, Silver 
Spring, Maryland, USA

Correspondence
Million A. Tegenge, Office of Tissues 
and Advanced Therapies, Division of 
Clinical Evaluation and Pharmacology/
Toxicology, Center for Biologics 
Evaluation and Research, US Food and 
Drug Administration, Silver Spring, 
Maryland, USA.
Email: million.tegenge@fda.hhs.gov

Funding information
No funding was received for this work.

Abstract
As part of the US Food and Drug Administration (FDA)’s Prescription Drug User Fee 
Act (PDUFA) VI commitments, the Center for Biologics Evaluation and Research 
(CBER) and Center for Drug Evaluation and Research (CDER) are conducting a 
model- informed drug development (MIDD) pilot program. Sponsor(s) who apply 
and are selected will be granted meetings that aim to facilitate the application of 
MIDD approaches throughout the product development lifecycle and the regulatory 
process. Due to their complex mechanisms of action and limited clinical experience, 
cell and gene therapies have the potential to benefit from the application of MIDD 
methods, which may facilitate their safety and efficacy evaluations. Leveraging data 
that are generated from all stages of drug development into appropriate modeling and 
simulation techniques that inform decisions remains challenging. Additional discus-
sions regarding the application of quantitative modeling approaches to drug develop-
ment decisions, such as through the MIDD pilot program, may be crucial for both the 
sponsor(s) and regulatory review teams. Here, we share some perspectives on the op-
portunities and challenges for utilizing MIDD approaches for product review, which 
we hope will encourage investigators to publish their experiences and application of 
MIDD in gene therapy product development.
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MIDD methods may improve clinical trial efficiency, increase 
the probability of regulatory success, and optimize drug dos-
ing/therapeutic individualization in the absence of dedicated 
trials.1 Although there are a number of regulatory aspects 
MIDD can help facilitate, the FDA has identified three priority 
areas for the pilot program: dose selection/estimation, clinical 
trial simulation, and predictive/mechanistic safety evaluation 
(Figure 1). Indeed, the utility of the guidance documents for 
exposure- response modeling approaches can be appreciated 
by the increasing trend in the application of pharmacokinetic- 
pharmacodynamic (PK- PD) methods to inform product ap-
proval and labeling over the last decade.5

Gene therapies (GTs) are a class of products regulated by 
Center for Biologics Evaluation and Research (CBER) and ex-
hibit unique features compared to traditional small molecules or 
protein therapies. GTs have a complex life cycle starting from 
their manufacturing to clinical application, are often adminis-
tered as a single dose, have unique PK- PD properties, and have 
multifaceted mechanisms of action (MOA). These properties 
pose unique benefits and risks to patients and require additional 
considerations for the manufacturing, dose selection, and clini-
cal trial design to establish the safety and efficacy of the prod-
uct.6– 8 GT products are often studied in small clinical trials, 
which lead to difficulties in assessing the overall benefit- risk 
profile of the treatment and selecting a safe and effective dose. 
As implied in their name, GTs are often composed of many 
cellular and chemical components, giving them an inherently 
larger material mass and structural complexity compared to 
those of small molecules or protein therapies. This makes it in-
creasingly difficult to predict the likelihood of an immunogenic 
response to the therapy, as well as the epitopes responsible for 
immune- mediated adverse events. These factors highlight an 
opportunity where a comprehensive and robust approach for 
integrating relevant data sources into a quantitative model may 
assist the safety and efficacy evaluation of GT products.

Although clinical applications of GTs are still limited, 
there are over 800 active investigational new drug applications 
under review for GTs at the FDA.9 These drug development 
efforts continue to increase the amount of data available to 
investigate GT products from a quantitative perspective, such 
as estimating parameters for informing and validating MIDD 
applications in the regulatory setting. The accumulating data 
may not only help describe the population- level effects of the 
therapies, but also assist in personalizing doses for specific 
patient populations. Traditional quantitative methods used 
to evaluate the safety and efficacy of small molecule drugs 
(i.e., pharmacometric modeling and simulation approaches) 
are difficult to apply to GTs, as typical PK- PD model struc-
tures and parameter paradigms may not be directly applicable 
to these complex products. Common clinical pharmacology 
concepts, such as product plasma clearance and the impact of 
intrinsic and extrinsic factors (such as age, body weight, co-
medications, etc.), are difficult to determine accurately with 
small clinical trials and the uncertainty surrounding in vivo 
processing of GTs. Despite these inherent difficulties, efforts 
are underway to explore and implement MIDD approaches to 
describe GTs in vivo and their PK- PD profile.10– 13 Below, we 
will describe a few GT products and references from the lit-
erature as to how MIDD might be applied for these therapies.

Chimeric Antigen Receptor T cells

Chimeric antigen receptor T cell (CAR T cell) therapies are 
genetically modified T cells that are engineered to recognize 
specific cell surface antigens. The complex manufacturing 
process of autologous CAR T cells generally entails the col-
lection of patient leukapheresis material, ex vivo delivery of 
the CAR transgene, expansion to meet the required dose, and 
administration of the modified T cells back into the patient.14 

F I G U R E  1  Priority areas for the model- informed drug development (MIDD) pilot program. As described in the Federal Register Notice,1 the 
initial MIDD priority areas include dose selection or estimation, clinical trial simulation, and predictive or mechanistic safety evaluation
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CAR T cell MOA includes recognition of specific cell surface 
antigens (e.g., proteins such as CD19 on B cells), leading to the 
production of cytokines and subsequent destruction of the tar-
get cell. CAR T cells’ efficacy (in particular anti- CD19 CAR T 
cells) has been demonstrated in the clinic, but complex safety 
risks also exist. The pro- inflammatory molecules produced by 
the activated CAR T cell can activate neighboring immune 
cells, promote cytokine release syndrome (CRS), and lead to 
severe adverse events.15 Estimating the optimal dose of CAR T 
cells by balancing these efficacy and safety concerns provides 
an intriguing opportunity for MIDD methods development.

Unlike traditional small molecule dose- response relation-
ships, CAR T cells undergo expansion after administration 
leading to a maximal therapeutic cell number several orders 
of magnitude larger than the administered dose.12 These ther-
apies also exhibit atypical clearance, as a certain proportion of 
CAR T cells persist as memory cells for months to years after 
the initial dose. The effects of these two properties on the PK 
profile of CAR T cells were recently explored with a mixed- 
effects model.13 Additionally, the investigators looked at the 
potential covariate effects from concomitant administration 
of anti- inflammatory drugs (corticosteroids and tocilizumab). 
These efforts demonstrate an application of MIDD to better 
understand the safety and efficacy of CAR T cell therapies 
and helped facilitate FDA approval of three CD19- directed 
CAR T cell products: tisagenlecleucel16 and axicabtagene cil-
oleucel17 in 2017, and brexucabtagene autoleucel18 in 2020. 
During the regulatory review of tisagenlecleucel, the FDA 
review team conducted an exploratory model- based analysis 
to address several regulatory questions.16 An MIDD approach 
was explored to investigate the relationship between CAR T 
cells kinetics versus the CRS risk. The analysis indicated that 
a higher CAR T cell expansion rate is associated with higher 
probability of CRS onset. Additionally, an MIDD approach 
was used to characterize the impact of comedication with cor-
ticosteroid on efficacy outcomes. The regression analysis on 
overall remission rate, Kaplan- Meier analysis on duration of 
response, and population PK model- based analysis showed 
no significant impacts of corticosteroid on CAR T cells ex-
pansion and efficacy outcome. However, it was noted that the 
clinical trial data has some limitation for unbiased estimates of 
the impact of corticosteroid use, as the data for steroid exposed 
versus unexposed was unbalanced, as well as other confound-
ing factors.16 Further research into the modeling of the CAR T 
cell MOA is needed to improve the dose recommendations for 
specific patient populations, and also assist in the prediction 
of efficacy and safety outcomes in future CAR T cell studies.

Oncolytic viral therapies

Oncolytic viral therapies (OVs) are another class of GTs that 
are biologically engineered to selectively target tumor cells 

and produce lytic factors to promote cell death.19 Tumor cells 
act as incubators for viral particle production, thereby in-
creasing the concentration of the OVs proximal to the tumor 
microenvironment. In addition to typical clearance pathways, 
many factors can influence the OV titer in patients, such as 
neutralizing antibodies generated by the host, the efficiency of 
virus uptake by tumor cells, and the time- varying tumor bur-
den, all of which make traditional PK- PD analysis difficult. 
Efforts to describe the PK of OVs include using differential 
equations to model the dynamic interactions between OVs 
and tumor cells have been proposed.10,11 These models have 
provided a mathematical perspective of OV biodistribution 
beyond the site of injection, the predicted viral titer over time 
at varying doses, and the optimal times for re- administration 
of OVs. Although these MIDD approaches are exploratory 
and based on simplified concepts, they provide a necessary 
step by incorporating the available knowledge about OVs into 
a quantitative drug evaluation approach. The initial models 
may serve as a foundation to further iterate and develop into 
more comprehensive MIDD approaches for related therapies.

Adeno- associated virus

Adeno- associated viruses (AAVs) are a class of GTs that can 
deliver an exogenous copy of a gene to the patient whose en-
dogenous gene produces a nonfunctional form of the gene. 
Briefly, AAVs can package a corrected cDNA copy of the 
defective gene in a viral capsid. The corrected gene is often 
placed under a tissue- specific promotor to limit off- target pro-
duction of the gene.20 The therapeutic MOA depends on the 
AAV tropism, encoded gene, disease context, and the affected 
biological pathway(s). Examples of AAVs currently being ex-
plored in the clinic include the delivery of modified Factor VIII 
and Factor IX genes for hemophilia A and B, respectively,21– 24 
and delivery of the lipoprotein lipase gene (LPL) for the treat-
ment of associated metabolic diseases.25 There are a growing 
number of AAV clinical trials, and two recently FDA ap-
proved products. The first approved product was voretigene 
neparvovec- rzyl, which is injected into the retina and delivers 
a copy of RPE65 (a retinoid isomerohydrolase), whose defect 
causes type 2 Leber congenital amaurosis.26 The second was 
onasemnogene abeparvovec- xioi, an AAV that delivers a copy 
of survival of motor neuron 1 gene (SMN1), whose aberrant 
function is associated with spinal muscular atrophy (SMA), a 
debilitating and often fatal muscle weakness.27

Although clinical progress has been made, uncertain-
ties remain regarding the short- term and long- term effects 
of AAVs. Immune tolerance to the AAV serotype and each 
transgene remains poorly understood, but may limit thera-
peutic longevity.20 Gene transduction and in vivo expression 
levels have historically not been a concern for toxicity due 
to relatively low levels of transgene production. However, 
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recent improvements in engineered AAV vectors as well 
as gain- of- function and modified gene variants have led to 
supra- physiologic levels of transgene activity.21 Predicting 
transgene expression, protein and enzyme activity levels, 
and the potential for immune responses or other adverse 
events will be critical to help ensure GT products remain 
within a therapeutic range acceptable for efficacy and safety. 
Although efforts to describe in vivo processing of AAV 
vectors have been considered decades before the currently 
available data,28 predicting the above- mentioned features of 
AAVs continue to be a challenging topic for MIDD method 
developments. Improving on the initial modeling efforts may 
prove valuable for AAV product development and remains 
of great interest to the research community. Graphical sche-
matics proposing the theoretical parameters influencing an 
MIDD approach can aid in taking the first steps to build-
ing the quantitative model framework for AAV therapies 
(Figure 2). The development of any valid MIDD approach 
requires the understanding of multiple kinetic processes, such 
as clearance of the AAV vector, fate of the transduced cells, 
and clearance of the expressed transgene (i.e., often the pro-
tein of interest). To our knowledge, much of the published 
preclinical and clinical data, including those referenced in 
this review, have not been fully leveraged to mechanistically 
and quantitatively elucidate the impact on downstream path-
ways that may influence the in vivo processing of AAV ther-
apies. The mechanistic and quantitative insights gained from 
such an MIDD approach may assist in defining the safety and 
efficacy of the product, as well as optimize dosing.

PERSPECTIVES/CONCLUSION

As quantitative methods evolve and are increasingly ap-
plied in the development of biologic therapies, many 

opportunities remain to further refine MIDD approaches to 
new and innovative products. GTs have profound potential, 
such as replacing absent or mutated genes and restoring nor-
mal physiology after a single dose, but also carry unique 
and complex risks. The increasing clinical experience and 
data being generated on GTs can inform the development 
of MIDD methods to assess the benefits and risks of these 
therapies. Quantitative models may help provide insight on 
safety and efficacy to inform innovation, policy, and ulti-
mately benefit the patient. As the use of MIDD by regula-
tors and industry expands, standards and best practices must 
be developed to establish when, where, and what methods 
are appropriate in disparate settings. Further discussions be-
tween stakeholders to establish applied examples will assist 
the field in developing a robust scientific MIDD approach 
for each disease- GT product context. We hope that this re-
view will bring additional context to the FDA MIDD pilot 
program and encourage other stakeholders to share their ex-
perience on the application of quantitative methods for GT 
products.
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