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Best Practices and Considerations for Clinical 
Pharmacology and Pharmacometric Aspects 
for Optimal Development of CAR-T and TCR-T 
Cell Therapies: An Industry Perspective
Hardik Mody1, Ken Ogasawara2 , Xu Zhu3, Dale Miles1 , Prathap Nagaraja Shastri4,  
Jochem Gokemeijer5, Michael Z. Liao1, Sreeneeranj Kasichayanula6, Tong-Yuan Yang7 ,  
Nagendra Chemuturi8 , Swati Gupta9 , Vibha Jawa2 and Vijay V. Upreti10,*

With the promise of a potentially “single dose curative” paradigm, CAR-T cell therapies have brought a paradigm 
shift in the treatment and management of hematological malignancies. Both CAR-T and TCR-T cell therapies have 
also made great progress toward the successful treatment of solid tumor indications. The field is rapidly evolving 
with recent advancements including the clinical development of “off-the-shelf” allogeneic CAR-T therapies that can 
overcome the long and difficult “vein-to-vein” wait time seen with autologous CAR-T therapies. There are unique 
clinical pharmacology, pharmacometric, bioanalytical, and immunogenicity considerations and challenges in the 
development of these CAR-T and TCR-T cell therapies. Hence, to help accelerate the development of these life-
saving therapies for the patients with cancer, experts in this field came together under the umbrella of International 
Consortium for Innovation and Quality in Pharmaceutical Development (IQ) to form a joint working group between the 
Clinical Pharmacology Leadership Group (CPLG) and the Translational and ADME Sciences Leadership Group (TALG). 
In this white paper, we present the IQ consortium perspective on the best practices and considerations for clinical 
pharmacology and pharmacometric aspects toward the optimal development of CAR-T and TCR-T cell therapies.

Over the past couple of decades, tremendous research efforts have 
led to accelerated development of adoptive cell therapies (ACTs), 
specifically for cancer therapy. ACTs utilize immune cells isolated 
from the patient (autologous) or a healthy donor (allogeneic), ge-
netically engineered to be antigen-specific, substantially expanded 
ex vivo, and infused into the patient.1,2 ACTs are of various types, 
including tumor infiltrating lymphocytes (TILs), engineered T 
cell receptor T cells (TCR-T), chimeric antigen receptor T cells 
(CAR-T), and chimeric antigen receptor NK cells (CAR-NK), 
along with others. Whereas other cell-based therapies are still 
under development, autologous CAR-T therapy has evolved as 
one of the expanded branches of cancer immunotherapy. Positive 
clinical outcomes in heavily pretreated patients suffering from 
hematological malignancies, such as relapsed/refractory B-cell 
malignancies, including leukemia, lymphoma, and multiple my-
eloma, have led to regulatory approvals of 4 CD19- and 2 BCMA-
targeting CAR-T therapies.3,4 Despite these successes, challenges 
continue to exist for autologous CAR-T therapies including 
relapse, on-target toxicities, less encouraging efficacy for solid 
tumors, long “vein-to-vein” time for terminally ill patients from 

leukapheresis to infusion, lack of flexibility for repeat dosing, high 
cost, and manufacturing hurdles.5

To address the above challenges, efforts are underway to opti-
mize and improve the CAR engineering and design aspects for 
autologous and allogeneic therapies.2 CARs are synthetic T-cell 
receptors with different functional domains. The first generation 
CAR included an extracellular antigen-binding domain (usually 
single-chain variable fragment (scFv) of an antibody) that is fused 
through the hinge and transmembrane domains to the intracel-
lular signaling CD3ζ chain of the TCR complex.6–9 Upon con-
tact with the tumor cells, the CAR scFv recognizes and engages 
with the target antigen in a major histocompatibility complex 
(MHC)-independent manner, which leads to induction of key 
signaling events, including T-cell activation and proliferation, cy-
tokine release, and eventually tumor cell lysis. However, transient 
T-cell proliferation and limited cytokine secretion led to the de-
velopment of second- and third-generation CARs, which included 
co-stimulatory endo domains, such as CD28 or/and 4-1BB to im-
prove in vivo proliferative capacity, persistence, and overall activity 
of CAR-Ts.10–13 Next generation CAR-Ts are further modified to 
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include bispecific or multispecific scFvs to target different tumor 
antigens for improving selectivity and specificity,14 suicidal genes 
to trigger CAR-T depletion in case of toxicity, additional armoring 
to improve T-cell function, and/or to overcome immunosuppres-
sive tumor microenvironment, such as IL-12 expression, along with 
other modifications.15 However, such next generation engineering 
also comes with its own set of challenges (e.g., safety risk due to a 
new mode of action) and hence should be thoroughly investigated 
during the early development stage.

In addition to optimizing CAR design, other cell therapies in-
cluding TCR-T or γδ T-cells, innate cells including natural killer 
(NK) cells, and allogeneic “off-the-shelf ” therapies are under rapid 
investigation.16 This paper is not meant to cover the perspectives 
on all different cell therapies; rather, it is focused on CAR-T thera-
pies, general strategies to be considered for cell therapies, and some 
thoughts on how to adapt one type of therapy to another. For ex-
ample, in contrast to CAR-Ts, which require target antigen on the 
cell surface, TCR-T therapies capitalize on the natural mechanisms 
of T-cells and recognize intracellular proteins presented as peptides 
on MHC (i.e., MHC-dependent mechanism).17 The difference in 
the manner of function leads to specific considerations in the devel-
opment of TCR-T therapy, which will be discussed in this paper.

The dose-exposure and exposure-response (safety and efficacy) rela-
tionships for ACTs is convoluted due to a variety of factors, including 
unique pharmacokinetic (PK) characteristics, intrinsic and extrinsic 
patient-related factors, and product-related factors due to heteroge-
neous T-cell population. Optimal dosing in the context of exposure-
response relationships and identifying appropriate covariates of 
exposure or response are beginning to be explored and reported with 
varying degrees of model complexity.18–21 Lack of relevant preclinical 
models continue to pose a major hurdle for preclinical to clinical trans-
lation that impacts first-in-human (FIH) study design and dose selec-
tion. Traditional quantitative tools in drug development leveraged for 
small molecules or biologics cannot be directly applied but rather re-
quire adaption and optimization for the development of ACTs.

To address clinical pharmacology-related challenges for ACTs, a 
pan-industry group comprising industrial scientists was assembled 
under the umbrella of the International Consortium for Innovation 
and Quality. The main focus of the group was to review clinical 
pharmacology learnings from existing data including approved 
CAR-T therapies, discuss considerations for FIH study design, 
including dose selection, review CAR-T PK/pharmacodynamic 
(PD) models published in the literature, and discuss unique con-
siderations for TCR-T therapies. Although clinical pharmacology 
aspects for CAR-T therapies have been published from a couple of 
individual companies,22,23 this white paper is the first pan-industry 
collective perspective on considerations for clinical pharmacology 
and pharmacometric aspects of CAR-Ts and TCR-Ts.

CHARA​CTE​RIZ​ATION OF MULTIPHASIC CELLULAR 
KINETICS, DOSE-EXPOSURE, AND EXPOSURE-RESPONSE 
RELATIONSHIPS, AND IMPACTFUL FACTORS FOR CAR-T 
CELL THERAPIES
Characterization of cellular kinetics
Due to the “living drug” nature, CAR-T cells undergo in vivo 
expansion after infusion and exhibit unique PK (also termed as 

cellular kinetics (CKs)) behavior. The typical PK characteristics, 
such as absorption, distribution, metabolism, and excretion ob-
served for small and large molecules are not applicable for CAR-Ts. 
Instead, CAR-T CK profile is considered to have up to four dis-
tinct phases: distribution, expansion, contraction and persistence 
with early distribution phase captured only through intensive 
sampling during early timepoints after infusion24 (Figure 1). Such 
multiphasic CK profiles are quantitatively analyzed by polymerase 
chain reaction (PCR)-based methods, which measures T-cell as 
copies of CAR transgene per μg genomic DNA, and/or by flow 
cytometry, which measures the number of T-cells with surface-
expressed transgenic CAR per μL of blood. Pros and cons of the 
two bioanalytical methods and the underlying mechanisms that 
drive the multiphasic CK profile were previously discussed.25,26

The PK terms of CK, exposure, and expansion are often used 
interchangeably for cell therapies, and may be characterized with 
non-compartmental analysis (NCA) or population-based PK ap-
proach. NCA can be used to compute CK parameters, such as 
maximum observed concentration (Cmax), time of Cmax (Tmax), and 
partial area under the concentration-time curve (such as from time 
zero to 28 days after dosing (AUC0-28d)) which characterizes cel-
lular expansion. The first month after infusion was demonstrated 
to sufficiently capture the cell expansion phase and adequately 
reflected the overall exposure,27 although different time inter-
vals for AUC may be used depending on the clinical efficacy and 
safety end points.28 Time of last quantifiable concentration (Tlast) 
and terminal half-life (t1/2) are reported as parameters for cellular 
persistence, however, these parameters should be interpreted with 
caution because they greatly depend on the follow-up time. Thus, 
for large variation in the follow-up time, Tlast should be analyzed by 
appropriate time to event methods (e.g., Kaplan–Meier).29 Other 
key NCA PK parameters, such as clearance and volume of distri-
bution, are not applicable to CAR-Ts. Handling of data below the 
limit of quantification (BLOQ) should also be carefully exam-
ined, as it may introduce bias when characterizing the distribution 
phase followed BLOQ sample or when CAR-T is re-activated 
afterBLOQ. Persistence is also used for safety monitoring in the 
long-term follow-up period/study (up to 15 years after infusion). 
The US Food and Drug Administration (FDA) guidance30 recom-
mends the monitoring of persistence vector sequences until they 
become undetectable. When persistence vector sequences are de-
tected in ≥ 1% of cells, the assessment of the vector integration pat-
tern is recommended. Criteria of stopping the monitoring could 
also be implemented, such as when two consecutive samples be-
come BLOQ. The Cmax and AUC are the exposure metrics that are 
commonly used for exposure-response analyses. Table 1 summa-
rizes dose-exposure and exposure-response relationships observed 
in clinical studies of approved CAR-T therapies.

Dose-exposure-response relationships for efficacy and 
safety

Dose-exposure relationship. A clear dose-exposure relationship 
has not been generally demonstrated for approved CAR-T 
therapies (Table 1). No apparent relationship between dose and 
exposure (AUC or Cmax) was observed across the studied dose 
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range for tisagenlecleucel (tisa-cel)31,32 or among target dose 
levels for lisocabtagene maraleucel (liso-cel),33 with no clear 
relationship between dose and efficacy or safety. Idecabtagene 
vicleucel (ide-cel) exposure increased with increasing dose 
within the evaluated target dose range of 150–450 × 106 CAR+ 
T cells, however, the high interindividual variability resulted 
in substantial overlap of ide-cel exposure across the target dose 
levels.34,35 A positive dose-efficacy/safety relationship was 
suggested for ide-cel based on the simulation of the established 
exposure-response models, which indicated a positive benefit–
risk assessment for the range of exposures associated with the 
target dose range of 150–450 × 106 CAR+ T cells.35 In contrast, 
a positive trend of dose-dependency for exposure or response up 
to a certain dose (beyond which the relationship plateaus) was 
seen in a number of early clinical studies.34,36–38 A recent meta-
analysis of published clinical studies also suggested threshold 
dose for optimal efficacy beyond which dose escalation is 
unlikely to result in improved efficacy but would be associated 
with a higher incidence of adverse events.39 However, it 
is important to note that the described meta-analyses or 
comparison across different studies are difficult to interpret if 
the trials are not randomized, due to dose-exposure or dose–
response relationships for CAR-T therapies being confounded 
by differences in the nature of products, dose ranges, sample 
size, and other patient- and product-related characteristics.

Exposure-response relationship for efficacy. Exposure-response 
relationship for best overall response (i.e., responders vs. 
nonresponders) has been extensively investigated for the 

approved CAR-T therapies (Table 1). Although responders 
typically have higher expansion (Cmax and AUC0-28d) than 
nonresponders, in certain instances, no apparent differences 
in expansion between the two groups have also been observed 
(e.g., tisa-cel in 3L+ large B-cell lymphoma (LBCL)32 and 
3L+ follicular lymphoma (FL),40,41 liso-cel in 2L LBCL42,43). 
Generally, Tmax is similar in responders and nonresponders. 
Although longer persistence was observed in responders of 
tisa-cel for acute lymphoblastic leukemia (ALL)31 and 3L+ 
LBCL,32 this observation may be confounded by longer follow-
up in responders compared with nonresponders and should 
be interpreted with caution. Higher cellular expansion was 
also associated with higher likelihood of achieving minimal 
residual disease negativity for ide-cel.34 Interestingly, data from 
axicabtagene ciloleucel (axi-cel) showed that early expansion, 
rather than CAR-T cell concentrations after 3 months or 
beyond, correlated better with durable response44 (ongoing 
response at least 1 year after axi-cel infusion). Exposure-response 
relationship for time-to-event end points (e.g., progression-free 
survival (PFS), event-free survival , and duration of response 
(DOR)) has also been assessed. Higher expansion is associated 
with longer PFS for liso-cel in 2L LBCL (transplantation not 
intended only)43 and ide-cel in relapsed/refractory multiple 
myeloma.34 Similarly, higher tisa-cel expansion is associated 
with longer DOR among responders in 3L+ FL.41

Overall, discrepant findings among different indications suggest 
that both the disease and product may impact the exposure-response 
relationship for CAR-T therapies (discussed further in the later sec-
tions). The differences across different indications or studies could 

Figure 1  A typical CK (concentration-time) profile for a CAR-T therapy depicting its multiphasic nature and key CK parameters. AUC0-28d, area 
under the concentration-time curve from time zero to 28 days after dosing; CK, cellular kinetic; Cmax, maximum observed concentration; Tmax, 
time of Cmax.
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also be due to small number of nonresponders (because of high over-
all response rate (ORR)) and/or smaller sample size relative to high 
interindividual variability in expansion parameters. Additionally, 
systemic exposure may not be reflective of CAR-T levels at the site 
of action (e.g., lymph nodes for lymphomas), hence, perhaps not re-
flective for possible efficacy responses which further complicates the 
interpretation of exposure-efficacy relationship.

Exposure-response relationship for safety. Cytokine release 
syndrome (CRS), resulting from CAR-T cell activation and 
subsequent release of cytokines, is an on-target primary safety 
concern for CAR-T therapy.45 Additionally, neurological 
events (NEs) are another common safety concern, however, 
the underlying mechanism is not fully understood. Exposure-
response relationships for CRS and NE have been extensively 
evaluated with higher expansion generally associated with higher 
grade or incidence of CRS and/or NE across different CAR-T 
therapies (Table 1). No apparent difference in the Tmax of patients 
experiencing these safety events has been noted.

Dose-exposure-response relationship in solid tumor indication. 
Currently, there are no approved cell therapies in solid tumor 
indications, but clinical data for investigational assets are still 
emerging. Interestingly, some dose-dependency in kinetics has been 
reported,46,47 as well as a trend of better efficacy in patients with 
higher expansion,46,48–50 which is consistent with hematologic 
malignancies. However, cell therapy in solid tumor indications 
is further complicated due to T-cell activation in tumor tissue51 
and trafficking, and the heterogeneous and immunosuppressant 
tumor microenvironment. Another challenge is the potential 
on-target off-tumor toxicities due to expression of the target 
on healthy tissues, which can be lethal and/or observed even at 
starting cohorts during dose escalation in clinical studies. Clinical 
case studies that observed on-target off-tumor toxicities as well as 
potential approaches to address the same, including optimization 
of CAR domain and affinity, logic-gating approaches, controlling 
CAR-T cells postinfusion through safety switches, along with 
others, have been extensively reviewed recently and are beyond the 
scope of this paper.52

Multiple factors affecting dose-exposure-response relationship. The 
impact of patient-related intrinsic factors, such as disease burden, 
target expression, immune condition, and extrinsic factors, such 
as prior treatment, lymphodepletion, or other comedications, as 
well as product-related factors, such as T-cell phenotype, should 
be evaluated for potential impact on the dose-exposure-response 
relationship (Figure 2).

The impact of certain patient demographics (e.g., body weight, 
age, sex, and race) on CK has been evaluated using population 
modeling for tisa-cel (ALL),18 liso-cel (3L+ LBCL),19 and cilt-
acabtagene autoleucel (cilta-cel).20 None of these analyses found 
any patient demographics to have meaningful impact on CK. 
Specifically, body weight (BW) or body surface area (BSA) does 
not seem to be a significant covariate on CK or impact kinetics or 
efficacy,19,24 and yet both fixed and BW-based dosing have been 
used for adults in hematologic malignancies or solid tumors.53
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Tumor burden is generally known as a key baseline characteris-
tic to have an impact on efficacy, safety, or CK of CAR-T thera-
pies.28,33,44 For liso-cel in 3L+ LBCL, patients with a high tumor 
burden had numerically lower response rates, higher incidence of 
CRS and NE, and higher cellular expansion than patients with 
a low tumor burden.33 Exposure-response analysis of liso-cel in 
3L+ LBCL suggested that tumor burden was confounding the 
relationship between cellular expansion and response, and high 
tumor burden does not necessarily translate to better responses.27 
On the other hand, high tumor burden appeared to be associated 
with CRS or NE partially through higher liso-cel expansion by 
high tumor burden.27 For tisa-cel in diffuse large B-cell lymphoma, 
disease burden showed impact on safety while there was no clear 
impact on CKs.32 Such complex impact of tumor burden on ex-
pansion or efficacy has been linked with T-cell exhaustion at high 
tumor burden, whereas there is a lack in antigen stimulation with 
low tumor burden.54 Thus, it is crucial to comprehensively investi-
gate the impact of tumor burden on CK and safety/efficacy in the 
context of exposure-response relationship.

Corticosteroids or tocilizumab are commonly used to mitigate 
CRS or NE caused by CAR-T therapies. Axi-cel data from the 
ZUMA-1 study showed no negative impact of low or high dose of 
corticosteroid use on CKs or efficacy, and prophylactic and earlier 
intervention actually resulted in a lower cumulative corticosteroid 
dose with better safety mitigation.55 Population CK analysis also 
indicated no impact of corticosteroid or tocilizumab on the tisa-cel 
expansion rate.18 On the other hand, lymphodepletion agents used 
as a conditioning regimen are known to improve CAR-T expan-
sion, persistence, function, and efficacy, probably through elimi-
nating sinks for homeostatic cytokines and immunosuppressive 
elements.56–58

T-cell phenotype (e.g., T-cell fitness), in a CAR-T product 
may have a significant impact on CKs or efficacy. Memory stem 
cell phenotype has been associated with higher response in pa-
tients.59 A similar finding was reported for axi-cel, in which T-
cell fitness indicated by shorter ex vivo doubling time and higher 
CCR7 + CD45RA- composition was associated with higher ex-
pansion ability in vivo and more durable response.44 Similarly, in-
trinsic quality of T-cells obtained from patients, which is dependent 

on the age, previous lines of therapy, along with other factors; can 
also impact in vivo CAR-T expansion and response.60 For instance, 
T-cells from patients with naïve and stem cell memory phenotype 
showed higher in vitro expansion. Whereas chemotherapy induced 
reduction of early lineage cells was associated with a decline in the ex 
vivo stimulation response.60 In addition, CD4+:CD8+ ratio in the 
final product is one of the key product characteristics, and a defined 
composition of CD4+ and CD8+ CAR+ T-cells was associated 
with better expansion and efficacy in animal models.61 However, 
among 6 approved CAR T-cell therapies, the CD4+:CD8+ ratio 
is not defined except for liso-cel.29 In addition, for tisa-cel, no ap-
parent association was observed between CD4+:CD8+ ratio in the 
final product and CKs or efficacy and safety.31,32

With the multiple confounders of dose-exposure relationship 
that include the large impact of patient and product characteris-
tics on the CKs or response, dose may not be the most critical fac-
tor in impacting exposure or response, rather various product or 
patient-related factors may be more critical. Clinical decision is not 
limited to dose selection, rather it could also include factors such 
as patient selection, lymphodepletion optimization, and product 
characterization.

TRANSLATIONAL, DOSE SELECTION, AND FIH STUDY 
DESIGN CONSIDERATIONS
Preclinical-to-clinical translation
Immunotherapy poses several translational challenges due to diffi-
culties in interspecies difference in the immune systems, mimick-
ing expression and intrinsic properties of tumor antigens, tumor 
microenvironment, and disease and patient-dependent immune 
conditions including immune suppressive environment. Upon 
that CAR-Ts pose unique translational challenges attributed 
to their complex design that includes multiple domains (such as 
binding region,62 co-stimulatory,63 and activating domains) and 
variable phenotypic composition. Similarly, CK and clinical re-
sponses are dependent on a multitude of patient-specific factors 
(e.g., tumor burden and immune condition) and product-specific 
characteristics.

Relevant preclinical in vitro and in vivo models to character-
ize CAR-T cells in general are provided in the FDA guidance.64 

Figure 2  A schematic summarizing key product- and patient-related characteristics that can impact cellular kinetics and clinical biomarkers 
or end points of efficacy and safety. AUC0-28d, area under the concentration-time curve from time zero to 28 days after dosing; Clast, 
last measurable concentration; Cmax, maximum observed concentration; CR, complete response; CRS, cytokine release syndrome; NE, 
neurological event; ORR, overall response rate; Tlast, time of last quantifiable concentration; Tmax, time of Cmax; VCN, vector copy number.

WHITE PAPER
 15326535, 2023, 3, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.2986, W
iley O

nline L
ibrary on [31/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



VOLUME 114 NUMBER 3 | September 2023 | www.cpt-journal.com536

Specifically, in vitro studies may enable the evaluation of novel 
CAR constructs (binding epitopes / affinities, spacers, and co-
stimulatory domains, etc.) and how these features relate to func-
tion. In vitro functional assays to evaluate antigen-dependent 
CAR-T proliferation, killing potency, and cytokine induction pro-
vide valuable information on product activity or relative activity to 
other products. These studies should be performed across a range 
of effector to target (E:T) ratios to enable the evaluation of CAR-T 
sensitivity to tumor antigen expression. Advancements in building 
organoids and other 3D systems helps to further mimic tumor mi-
croenvironment. CAR-T therapies are often tested in vivo in the 
immune-deficient mice bearing human tumors to demonstrate 
proof of concept, however, the lack of interplay among complex 
human immune components in these mouse models limits its di-
rect translatability to guide the FIH study. Alternate mouse mod-
els, such as syngeneic, genetically engineered, and/or humanized 
models, provide unique advantages and can be particularly help-
ful to elucidate mechanisms in the preclinical setting, but they all 
come with specific limitations. It is recommended that the CK 
features, such as antigen-dependent expansion and contraction, 
are characterized together with pharmacological end points, such 
tumor killing dynamics in preclinical mouse models. Generally, 
long-term persistence is not assessed in such in vivo studies due to 
Graft-vs.-host disease (GvHD). Multiple dose groups should be 
considered to allow early assessment of dose-dependency. Animal 
tumor models with different tumor antigen expression should also 
be considered to assess the antigen-dependency and impact of 
tumor target expression on CAR-T function.

In general, there is a lack of relevant animal models to assess 
CRS or neurotoxicity, which is commonly observed in the clinic. 
Therefore, preclinical safety studies in non-human primates for a 
novel CAR-T product is often not relevant during the preclinical 
evaluation, and such information is not used for FIH dose deriva-
tion either. In vitro / ex vivo assessments to evaluate toxicity and 
target expression using off-tumor tissues may inform the clinical 
safety monitoring plan.

Given there is no one in vitro or in vivo system that is com-
pletely translatable, it is important to carefully select the preclin-
ical models based on the critical question that is addressed in the 
discovery and development of CAR-Ts. More work is necessary to 
understand basic mechanistic differences between in vitro / in vivo 
models and humans to build relevant translational PK/PD tools 
for projecting FIH doses.

FIH starting dose selection
It has been over a decade since the first CAR-T therapy was intro-
duced in human studies and hundreds of clinical trials are cur-
rently active, yet there is no standardized approach toward FIH 
starting dose selection for CAR-Ts. Some of the traditional PK 
and starting dose approaches are not directly applicable due to 
limited relevance of preclinical models to the clinic and the liv-
ing nature of CAR-T products, which are expected to expand at 
varying levels upon administration. The recent FDA guidance on 
development of CAR-Ts highlighted that experience from prior 
clinical studies with other CAR-T products can be used to inform 
starting doses with careful considerations, and preclinical studies 

may be used to inform the intended starting dose where there is 
acceptable risk. Our perspective is in line with the FDA guidance, 
and additional considerations and recommendations toward start-
ing dose selection is provided.

Leveraging prior clinical information. It is important to perform a 
thorough review of internal and externally published information 
on prior clinical trials to inform FIH doses, clinical study design, 
dose limiting toxicities, and efficacy by disease categories and 
tumor target of interest (Figure 3a). An exploratory literature 
survey of FIH starting doses conducted by this IQ Working 
Group found that the FIH starting doses for CAR-T cells in 
hematological and solid tumor indications were generally similar 
(typical starting doses ranging around a million CAR positive  
T-cells per kg as starting dose), although differences were observed 
in the starting doses for TCR-T cell therapies when compared 
with CAR-T cell therapies, with starting doses for TCR-T cell 
therapies being typically higher than CAR-T cell therapies. 
As CAR-T cell therapies for solid tumor indications are still 
evolving and fully optimized dosing and optimal clinical efficacy 
for CAR-T cell therapies remains to be demonstrated for solid 
tumors, we hypothesize that the dose required in solid tumor 
indications to elicit optimal efficacy may trend relatively higher 
due to limited distribution of CAR-Ts to relatively confined, solid 
tumors vs. easier to access, hematological tumors. Additionally, 
the limited distributions of CAR-Ts at the solid tumor site may 
lead to lower E:T ratios that further limit CAR-T activity which 
may necessitate higher dose. Furthermore, there are differences 
even within hematological malignancies that can impact dose 
selection, including immune condition, antigen expression, and 
site of action considerations. Therefore, it is recommended to 
leverage clinical information from prior CAR-Ts with the same or 
similar indication and target expression properties. On top of that, 
product characteristics, such as specific CAR design, phenotype, 
and manufacturing conditions, along with others, may alter its 
activity, in which cases additional preclinical evaluation may be 
helpful.

Leveraging preclinical evaluations. There is a continuous interest in 
exploring preclinical experimental and in silico models to inform 
FIH study design for CAR-Ts. Particularly, use of preclinical 
studies may be helpful when selecting a starting dose for a next 
generation CAR-T product targeting an antigen with limited 
prior experience in the clinic. Potential approaches leveraging 
preclinical results along with prior clinical learnings to select FIH 
starting dose are summarized in Figure 3.

In an empirical approach, attempts can be made to allome-
trically scale CAR-T doses from preclinical models to hu-
mans (Figure 3b). For example, BSA-based scaling to convert 
the mouse efficacious doses to human equivalent dose have 
been considered based on internal discussions within this IQ 
Working Group. Such empirical scaling can serve as a starting 
point for preclinical to clinical efficacious dose translation. 
However, without considering the CK differences expected 
between mouse and patients with cancer this approach can be 
misinformed and there is no current mechanistic hypothesis that 
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would suggest why a BSA-based approach is relevant for CAR-T 
products.

Another approach of scaling preclinical doses to the clinic 
is based on leveraging results from a benchmark CAR-T. This 
approach leverages an “activity factor” determined from prior 
preclinical and clinical data with the benchmark CAR-T and 
the preclinical data of new CAR-T65 (Figure 3c). For this ap-
proach, it is recommended that the benchmark CAR-T should 
bind to the same or functionally similar target and have clin-
ical safety or efficacy data available. The activity factor is de-
rived by statistical analysis or empirical modeling comparing 
the benchmark CAR-T with the new CAR-T in preclinical an-
imal efficacy models. Finally, leveraging the clinical dose-safety 
or dose-efficacy information of the benchmark CAR-T, a dose 
predicted to be tolerable and with some clinical activity can be 
derived for the new CAR-T. This approach was applied to two 
CAR-Ts with different targets and indications, and cellular ex-
pansion, early clinical activity was observed in the first few pa-
tients with tolerability allowing further dose escalation.66,67 The 
major limitation of this approach is that it is applicable only to 
new CAR-Ts when clinical information from other benchmark 
CAR-T therapy with the same or functionally similar target or 
for the same indication is available. In addition, the approach 
assumes that the derived activity factor is translatable from pre-
clinical studies to the clinic and that the preclinical model can 
be used to rank order novel CAR-T products. However, these 
assumptions may not always hold true given the known lack of 
translatability of preclinical animal models. Therefore, extrapo-
lating the approach to other CAR-T products should be made 
with caution based on the totality of information.

With emerging trials of novel targeted products, there is a need 
in establishing a translational approach to characterize the inter-
play between CAR-T expansion and tumor killing and predict 
CAR-T performance in human based on animal data with reason-
able assumptions (Figure 3d). A multiscale, mechanistic PK/PD 
model has been used to describe such interaction between tumor 
and CAR-T.68,69 Certain key model parameters (CAR binding, 
CAR-T expansion, and tumor killing) informed or calibrated 
based on preclinical in vitro and in vivo data were used to capture 
the clinical data. Additional case studies on PK/PD models have 
been summarized later. Although progress made in such mechanis-
tic models are encouraging, these approaches need further valida-
tion with reverse translation assessments.

Overall, selection of FIH starting dose based on prior clin-
ical studies that takes disease category, target properties, and 
CAR design into consideration is commonly used. Application 
of preclinical assessments to de-risk the selected dose for a 
novel target and experiments that benchmark with a CAR-T 
product with prior clinical results can inform FIH doses by 
taking totality of data into consideration. However, one must 
be cautious of the limitations of the preclinical models used to 
compare activity between multiple CAR-T products given the 
limited translatability.

FIH study design considerations
In addition to the starting dose selection, other FIH dosing-
related considerations include (i) dosing based on BW or BSA or 
fixed dose, (ii) dose fractionation or disease burden-based dosing, 
(iii) single dose vs. repeat dosing, (iv) dose escalation strategy, and 
(v) selection of lymphodepletion regimen.

Figure 3  Schematic representation of empirical dose conversion directly from clinical literature (a) or preclinical data (b), activity factor (c), and 
mechanistic PK/PD modeling (d) approaches to project first-in-human starting dose for CAR-Ts. PK/PD, pharmacokinetic/pharmacodynamic.
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The dose of CAR-T therapy can be based on viable, CAR posi-
tive, T-cells as a fixed dose or normalized to BW or BSA of the pa-
tient. Although both strategies have been used in adult patients for 
both hematological and solid tumor indications, BW-based dose is 
more commonly used in pediatric indications for safety consider-
ations. Based on available published clinical data, neither BW nor 
BSA have been found to be significant covariates on cellular expan-
sion or contraction, nor have they been indicated to impact expo-
sure vs. efficacy relationship for CAR-Ts.19,24,53 Hence, a fixed dose 
approach to initiate a FIH trial is the preferred and recommended 
strategy as it can simplify manufacturing process and reduce the 
risk of dosing errors. As clinical data develops using the fixed dos-
ing approach, it is highly recommended to assess the BW or BSA as 
a covariate with emerging clinical data during development to fur-
ther justify the strategy. When body size is identified as a covariate 
for CK and for response (safety and efficacy based on preliminary 
E-R relationships) from early phase trial(s) data, body-size-based 
dosing should be implemented for late phase/registrational trials, 
otherwise late phase development should be continued with fixed 
dosing.

Dose fractionation or tumor burden-based dosing strategy70,71 
may be introduced in patients with high risk of CRS or neurotox-
icity for safety mitigation. A recent meta-analysis across 18 clinical 
studies suggested that dose fractions over 2–3 days may mitigate 
safety risk especially in patients with high disease burden.72 Such 
a risk-based dose fractionation approach may improve safety while 
retaining efficacy. A similar risk-stratified, tumor-burden-based 
dosing was beneficial to balance safety and efficacy in a clinical 
study, with lower dosing in patients with high tumor burden to 
mitigate toxicity and higher dosing in patients with low tumor bur-
den to ensure target engagement and tumor clearance.36 However, 
lower dosing in high tumor burden patients may also result in 
insufficient CAR-T expansion leading to suboptimal efficacy in 
clearing the high tumor burden. Besides, dose fractionation or 
tumor-burden-based dosing may pose operational challenges in 
the clinic or difficulty in assessing the dose-expansion or dose–
response relationships or restrict patient selection. Therefore, it is 
suggested to evaluate and optimize the benefit of risk-based dosing 
strategy through controlled studies.

Autologous CAR-Ts have so far largely been a single dose 
treatment paradigm. Whereas a significant number of patients 
relapse after a single dose of CAR-T therapies, clinical outcomes 
after repeat dosing are not completely understood with variable 
data emerging from limited patients in the clinical studies.37,73 
Interestingly, retrospective analysis on the outcomes after second 
CAR-T infusions, in patients who relapsed or became refractory 
after the first dose, suggested that repeat dosing may be beneficial 
in a subset of patients.74,75 Optimized lymphodepleting regimen 
before the first infusion as well as an increased CAR-T dose for the 
second infusion were associated with higher CAR-T persistence 
as well as higher ORRs and prolonged PFS after the second infu-
sion.74 However, repeat dosing may not be feasible for autologous 
CAR-Ts due to manufacturing challenges, cost of goods, require-
ment of lymphodepletion prior to each dose, and development of 
immunogenicity, along with other factors. As the allogeneic “off-
the-shelf ” cell therapies are being developed, repeat dosing will 

likely be more feasible, and may be become necessary if persistence 
is attenuated relative to autologous CAR-Ts. Clinical pharmacol-
ogy strategies will need to adapt based on emerging clinical learn-
ings to rationalize multiple dosing regimen, dosing frequency, need 
for lymphodepletion prior to each dose, and associated immunoge-
nicity or GvHD risks associated with allogeneic therapies.

Traditional oncology FIH study dose escalation designs based 
only on toxicity may not be informative in guiding cell therapy 
dose escalation.76 For traditional oncology therapeutics, such 
as chemotherapy, toxicity and efficacy are both highly dose cor-
related. However, for cell therapies, the starting dose is often al-
ready within the active dose range and efficacy can be as quickly 
observed as the toxicity. Dose to efficacy and safety relationships 
are not always linear and it is not uncommon to see efficacy and 
safety signals overlap at the starting dose itself or in early cohorts. 
With dose escalation, higher doses may not necessarily link to bet-
ter efficacy, whereas target-related toxicity, such as CRS and neu-
rotoxicity, is overall well-managed, therefore, the dose-efficacy and 
dose-toxicity relationships may be shifted for cell therapy.23,39,77 
Establishing a toxicity and efficacy probability interval (TEPI) 
is one of the optimal approaches for cell therapies as it integrates 
both safety and efficacy data to maximize the therapeutic benefit 
for patients. Similarly, Bayesian Optimal Interval (BOIN)-guided 
escalation strategy perhaps might be more appropriate than using 
Bayesian logistic regression models (BLRMs) or 3 + 3 designs.78

As described in previous sections, CAR-Ts are a complex mo-
dality where dose is just one of the many factors that affect efficacy 
and safety. Dose selection should consider both efficacy and safety, 
and the patient and product factors that potentially impact dose–
response relationships. Due to the large interpatient variability and 
relatively small cohorts, it may be hard to select one optimal dose 
from escalation and more than one cohort could be expanded to 
further optimize the recommended phase II dose (RP2D).38,79 On 
top of that, dose for cellular therapies may not be the most critical 
impact factor always in determining efficacy or safety, therefore 
the decision for clinical development could be based on a vari-
ety of other factors, for example, dose range, exposures, product 
characterization criteria, and/or patient selection based on target 
expression.

Finally, both the lymphodepletion agents and the doses should 
be deliberately selected based on learnings from other CAR-T clin-
ical trials and optimized in early clinical cohorts.

MODELING AND SIMULATION STRATEGIES FOR DISCOVERY 
AND DEVELOPMENT OF CAR-TS
Significant efforts are initiated toward exploring modeling and 
simulation (M&S) approaches through different stages of discov-
ery and development of CAR-T therapies–from characterization 
of leads to supporting FIH to clinical development and beyond 
(Figure 4). Due to the “living nature” of the product, the concept 
of mass-balance does not apply for CAR-T therapies. Hence, the 
traditional compartmental PK models of small or large molecules 
are not directly applicable, but rather adapted to capture the mul-
tiphasic CK profile for CAR-Ts.18 Given the availability of diverse 
datasets related to patient- and product-specific characteristics, 
biomarker, safety, and efficacy, multiple modeling approaches can 
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be applied to integrate the rich multidimensional data. Fit-for-
purpose utilization of different M&S approaches depending on 
the scope, availability of different datasets, stage of the program, 
model assumptions, and limitations while acknowledging the 
gaps in the field, will be useful for the successful implementation 
of model-informed drug development (MIDD) for cell therapies.

The scientific questions should drive the appropriate level 
of complexities in the models. For instance, empirical models 
with concepts of compartmental modeling can describe essen-
tial elements of the CK profile, and infer effector and memory 
subsets based on differential half-life without directly measuring 
them. Supported with additional early or late clinical datasets of 
patient and product characterization, such models can be very 
useful in evaluating and explaining the variability in CKs and 

better assessing the dose-exposure-response relationships. If the 
goal of the modeling is to predict distribution of T-cells to the site 
of action, or to understand various T-cell subsets interplay with the 
tumor, a more mechanistic physiologically-based pharmacokinetic 
(PBPK) or quantitative systems pharmacology (QSP) model can 
provide important additional insights into the complex CAR-T 
and tumor interactions and impact of confounding factors. Yet, 
such approaches also require high amount of T-cell phenotype, 
distribution, binding, activation, and other functional data, which 
may not be always available. Here, semimechanistic models may 
provide a good compromise for describing expansion and activa-
tion of T-cells subsets to optimize phenotypic composition, for 
characterizing cytokine release dynamics to understand CRS, or 
for optimizing lymphodepletion regimen prior to CAR-T therapy, 

Figure 4  Modeling and simulation approaches to inform preclinical and clinical development of CAR-T therapies. PD, pharmacodynamic.
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without requiring a fully bottom-up approach. A combination of 
empirical exposure-response analysis, population CK, and semi-
mechanistic modeling can be used real-time with emerging data 
during early clinical development to better understand large in-
terpatient variability in limited number of patients and making 
informed decisions for dose optimization, mitigating risk, and im-
pacting future study design.

Similar mechanistic modeling approaches can also be used for 
preclinical to clinical (forward) and reverse translation with rele-
vant preclinical and clinical data, or to enable insights from systems 
with complex interdependent interactions (e.g., combination ther-
apy). Once built, such platform models can also potentially guide 
optimization of CAR design and lead selection during early stages 
of discovery when data availability are generally minimal. Table 2 
highlights CAR-T models published in the literature, with model 
structures, key learnings, and potential applications. More techni-
cal modeling details were discussed extensively in recent publica-
tions,80,81 hence only an overview is provided below.

In addition to NCA, nonlinear mixed-effect population mod-
eling can be used to characterize CKs, investigate dose-exposure-
response relationship, and evaluate impact of covariates. Stein et 
al.18 published the first population CK model to characterize the 
clinical CK profiles of tisa-cel and to evaluate the impact of extrin-
sic and intrinsic factors, specifically CRS-treating therapies on in 
vivo expansion kinetics. Similar population modeling and covariate 
assessment was carried out by Ogasawara et al.19 for liso-cel, Wu et 
al.20 for cilta-cel, and Mu et al.21 for CT103A CAR-T therapies. 
Such quantitative model-based approaches supported regulatory 
approvals of CAR-T therapies.82–86 Liu et al.24 further utilized the 
CK model to characterize individual datasets from diverse patient 
population across seven different clinical trials and indications. 
Here, model-based meta-analysis was able to systematically charac-
terize and compare the CK profiles across different targets/tumor 
types and evaluate different factors affecting clinical outcomes in 
humans.

Semimechanistic to mechanistic CK/PD and QSP modeling 
approaches can be used to draw mechanistic insights of tumor-
CAR-T interaction and understand the impact of different vari-
ables (e.g., binding affinity, target density, CAR density, tumor 
burden, etc.) which may be helpful for in vitro to in vivo correla-
tion and preclinical to clinical translation. Sahoo et al.87 developed 
the Chimeric Antigen Receptor T-cell treatment Response in 
GliOma (CARRGO) model to evaluate the kinetics of CAR-T-
mediated killing of glioma tumors. Such model-based analysis can 
be potentially used to project and optimize therapy outcomes/re-
sponses in patients based on individual patient tumor characteris-
tics, including growth rate and antigen expression levels. Similarly, 
a three-compartment mathematical CAR-T model was developed 
to understand the immunotherapy effect of CAR-Ts on tumor sup-
pression and to characterize the long-term immunological memory 
in cancer.88–90 The authors leveraged the model to evaluate the im-
pact of different doses, dose fractionation, and tumor burden on 
tumor responses, including elimination, equilibrium (dormancy), 
and escape. Similar mechanistic modeling approaches have been 
used to understand the impact of the CAR-T, leukemic, and B-
cell dynamics on the treatment outcomes including, responses, 

side-effects, relapses, and associated critical factors in patients with 
B-cell ALL 91,92 or to characterize the BCMA targeting CAR-Ts 
and tumor dynamics in multiple myeloma indication.69 A recent 
publication from Kirouac et al.93 described T-cell activation and 
regulation by tumor to transit among memory, effector, and ex-
hausted status, leading to tumor cell killing by the effectors. The 
model was trained with clinical datasets in a machine learning ap-
proach and was able to accurately predict the clinical responses. 
Overall, such modeling approaches can be further developed 
and explored to predict therapy outcomes (efficacy) for different 
scenarios.

Another good example of QSP model application is in charac-
terizing cytokine release and CRS. It is important to understand 
the dynamics of cytokine release as they are the main drivers of 
CRS, a major anticipated on-target toxicity for CAR-T therapies. 
Hardiansyah et al.94 was able to characterize the clinical CK and 
the associated cytokine release. The model also aimed to investi-
gate the convoluted relationship between CAR-T dose, baseline 
disease burden, CK, and cytokine elevation. Similarly, Hanson 
et al.95 investigated the interactions among CAR-T cells, tumor 
cells, host immune system, inflammatory cytokines, and associated 
toxicity with the help of mechanistic, mathematical modeling. 
In silico-based simulations demonstrated patient’s tumor burden 
(rather than cell dose) to be highly correlated with cytokine release 
and toxicity, which is consistent with Hardiansyah’s findings. Such 
model-based platforms can help in better understanding the im-
pact of different mechanistic aspects or variables (e.g., dose, tumor 
burden, CK, etc) on clinically observed side effects and aiding per-
sonalized dosing.

Different T-cell subsets show different functional features (e.g., 
the naïve population has higher proliferation potency while the 
effector population has cytotoxic potency). Mueller-Schoell et al. 
incorporated different CAR-T phenotypes in a population QSP 
model to characterize the multiphasic CAR-T CK profiles in 
patients with non-Hodgkin’s lymphoma and investigated the im-
pact of CAR-T product phenotypic composition on survival out-
comes.96 Based on modeling analysis, the authors proposed that a 
clinical composite score of maximum naïve CAR-T cells normal-
ized to baseline tumor burden can be used as a potential predictor 
for survival outcomes in patients. Similarly, Paixao et al.97 leveraged 
a CAR-T cell phenotypic model to better understand multiphasic 
CAR-T profile, variabilities associated with patient and product 
heterogeneities, as well as impact on long-term therapy outcomes. 
Such quantitative frameworks can be potentially explored to evalu-
ate impact of T-cell subsets, optimize CAR-T product phenotypic 
composition, and predict clinical outcomes after accounting for 
anticipated variabilities for a patient population.

Lymphodepletion conditioning regimen prior to ACTs is crit-
ical to create immunosuppressive environment for autologous T-
cell expansion. Several models have been published to characterize 
the impact of current preconditioning lymphodepletion regimens 
on CKs and its optimization to improve clinical outcomes, al-
though each model focuses on slightly different mechanisms of the 
lymphodepleting process. Owens et al. assumed the lymphodeplet-
ing effect through saturating fractional cell-kill terms on CAR-T 
cells,98 whereas Kimmel et al. assumed a competitive relationship 
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Table 3  Key differentiators between TCR-T and CAR-T potentially important to clinical pharmacology analyses

Attribute TCR-T CAR-T Clinical pharmacology considerations for TCR-T

Construct for antigen 
recognition

•	 Endogenous TCR (na-
tive or engineered for 
enhanced affinity)

•	 Potential for mispairing 
of alpha or beta chains 
of the new TCR with the 
corresponding cognate 
beta or alpha chains of 
endogenous TCRs.119

•	 Single chain fragment 
variable with antibody 
like binding (although 
alternative constructs 
in development142)

•	 Potentially lower risk of off-target toxicities due to 
TCR negative selection (for fully endogenous TCR), 
which could support higher doses

•	 Potential for a mispaired TCR that is self-reactive 
(if endogenous TCR not knocked out or rendered 
incapable of pairing).119

•	 May need to characterize/monitor TCR-T cells with 
incomplete endogenous TCR knockout.

Targeting •	 Targets rich repertoire 
of intracellular or cell 
surface cell proteins 
presented as MHC pre-
sented peptides143

•	 HLA restricteda

•	 Cut’s target population 
at least in half when 
targeting a single HLA 
haplotype144

•	 MHC restriction may 
favor CD8+ or CD4+ 
T-cells (for a single 
peptide–MHC class I or 
II target).

•	 Requires lower antigen 
density

•	 e.g., minimum of 4+ 
pMHC-TCR complexes118

•	 At least a log-lower for a 
synaptic killing event for 
TCR-T vs. CAR-T118

•	 Lower affinity (1–
100 μM). High impor-
tance of binding half-life 
and avidity103,118,145

•	 Largely limited to cell 
surface antigens (but 
potential to recognize 
peptide–MHC)143,146

•	 MHC independent (No 
HLA restriction)

•	 Requires higher antigen 
density

•	 e.g., 100+ targets/cell 
for cell killing62,118

•	 Potentially even higher 
threshold required 
for cytokine release 
(~ 5,000 targets/cell)118

•	 Antigen targets at 
higher levels for CAR-T 
vs. TCR-T (e.g., 20,000 
to 50,000 sites per cell 
vs. 100–1,000 sites 
per cell)143

•	 Higher affinity 
(< 10–100 nM)103,118

•	 Ability to target intracellular antigens provides 
TCR-T with an advantage in solid tumors, where 
there is the greatest unmet need

•	 Greater need to characterize biodistribution at the 
site of action

•	 Challenging to accurately measure p-MHC target 
expression, which limits ability to model and pre-
dict target interactions

•	 Hard to translate binding affinities form in vitro to 
in vivo. Higher reliance on functional avidity

•	 Low affinity/high avidity makes it challenging to 
quantitate and characterize TCR-T therapies based 
on TCR-antigen interactions

Co-stimulatory signals 
for activation

•	 Endogenous •	 Engineered into the 
CAR-T construct

•	 Potentially lower CRS (due to lower in vivo expan-
sion) supporting higher doses and lowering the 
need for fractionated doses

•	 Larger role for tumor microenvironment considera-
tions in modeling efforts

Cell killing •	 Synapse with classical 
with 3-ring structure118

•	 Relatively slower off-rate

•	 Synapse that is disor-
ganized and multi-focal3

•	 CAR-T cells may directly 
contribute to target cell 
antigen loss resulting 
in lower antigen density 
(eg, trogocytosis)118

•	 Faster proximal signal-
ing, more rapid killing, 
and much faster off-
rate/detachment from 
target118

•	 Involves FAS/FAS-L 
axis for inducing 
apoptosis118

•	 Mechanistic models need to account for poten-
tially lesser signal strength and slower ramp-up of 
the cell killing effect

Stage of development •	 Experimental •	 Experimental and com-
mercial (6 approved 
therapies)

•	 Opportunity to apply learnings from CAR-T to TCR-T

Immunogenicity •	 Lower risk due to fully 
human, native TCR (un-
less affinity enhanced)

•	 Higher risk due to non-
endogenous protein 
constituting the CAR

•	 Although lower risk, still need to assess immune 
response against the engineered TCR and against 
the TCR-T cells, and potentially, any residual biologi-
cal material from the cell processing (eg, Cas9)147

MHC, major histocompatibility complex.
 aExcept for gamma-delta T-cells, which do not require peptide MHC expression.
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between host T-cells and infused CAR-T cells.58 Derippe et al.99 
assumed the suppression effect of host immune system on CD19-
targeting allogeneic CAR-T (UCART19) cells through cytokine 
regulation like IL-7 in adult patients with B-cell ALL and quanti-
tatively captured the beneficial effects of lymphodepletion therapy 
in the context of allogeneic products. Enhancing our understand-
ing on these aspects will be more significant given the emergence of 
allogeneic CAR-T therapies as host immune cells may play a bigger 
role in CAR-T elimination and hence optimization of lymphode-
pletion regimens would be critical, especially considering the early 
clinical trials that are currently exploring feasibility and/or neces-
sity of repeat dosing with allogeneic products.

It is important to investigate the distribution of CAR-Ts to the 
site of action, especially for solid tumor indications and in cases 
where on-target off-tumor toxicities are anticipated due to target 
expression on normal tissues. Khot et al. investigated whole body 
PK as well as Cr-51-labeled mouse T-cell distribution to various 
tissues in a melanoma xenograft mice model,100 and developed 
a full PBPK model to characterize the T-cell distribution data. 
However, the study used untargeted T-cells whose distribution 
patterns to tumors or target expressing tissues may vary as com-
pared with targeted T-cells. The PBPK model further developed 
by Singh et al. was able to characterize antigen-dependent expan-
sion and tissue distribution of multiple, targeted CAR-Ts and sub-
sequently linked to PDs for better understanding the relationship 
between in vivo expansion kinetics and tumor growth inhibition 
in mouse xenograft studies.68 Interestingly, Tsai et al. recently 
further adopted some features of the full PBPK/PD models to 
develop a minimal PBPK/PD model and characterized CAR-T 
distribution, proliferation, and tumor dynamics after local deliv-
ery of CAR-Ts for pleural and liver tumors in mouse models.101 
Although limitation exists due to key model assumptions and data 
requirement, such a modeling framework can further support 
the development of local delivery of CAR-Ts for solid tumors. 
Informed by the minimal PBPK/PD model, the authors suggested 
local delivery to be more effective for CAR-Ts in solid tumors as 
compared with systemic delivery. This is somewhat consistent 
with Brown et al.102 who earlier leveraged PBPK modeling ap-
proaches and suggested that higher human doses may be required 
to drive efficacy for solid tumors based on the comparison of ef-
fective CAR-T delivery rates to tumors in humans as compared 
with mouse models. The authors concluded that quantitation of 
species-specific and organ-specific differences in the delivery rates 
as well as homing of the delivered CAR-T cells to specific organs 
are critical to overcome the challenges associated with the solid 
tumor indications. Thus PBPK/PD modeling approaches can 
help to establish CK/PD relationship in preclinical setting and 
potentially scale for clinical predictions. Given the lack of biodis-
tribution data from the clinic, these research efforts and conclu-
sions rely heavily on mouse models and assumes that such models 
fully recapitulate clinical conditions.

In addition to above, modeling approaches are also being ex-
plored to understand binding kinetics for CAR binder selection 
and optimize CAR design, characterize on-target off-tumor ef-
fects, impact of dual targeting, understand CAR-T signaling, and 
optimize combination with other modalities.59,62,63,102–109

Although various quantitative CAR-T models have been ex-
plored in recent years, to date, their actual utility in real drug devel-
opment remains limited. This is due to lack of relevant preclinical 
models, convoluted dose-exposure-response relationship, wide 
interpatient variability, and many patient-specific and product-
specific factors that impact functionality of CAR-T therapy. So 
far, application of the pharmacometric approaches for CAR-T 
clinical development have been limited to NCA or population 
CK modeling along with dose-exposure-response analysis where 
covariates or sources of variability for exposure are identified in 
guiding dose optimization. However, quantitative translation for 
dose optimization may be more challenging for CAR-Ts given 
the large interpatient variability coming from the multitude of 
factors that impact CAR-T expansion. Here, mechanistic mod-
eling can aid in better understanding of drivers for exposure and 
response and can explain the variability to better guide dose selec-
tion. However, dedicated future efforts are warranted in validating 
mechanistic modeling approaches in dosing recommendations for 
specific patient populations, and a priori predicting clinical out-
comes of CAR-Ts. As discussed earlier, the current starting dose 
selection strategy is highly empirical and based on clinical expe-
rience with existing cell therapies in the clinic. Here, there is an 
opportunity for mechanism-based modeling approaches to enable 
preclinical to clinical translation and guide optimal dose selection 
for FIH study. Besides, accumulating preclinical and clinical data 
from investigational cell therapies can significantly help in building 
the models and validating the parameter estimates for forward and 
reverse translation. Similarly, model-based meta-analysis of exist-
ing preclinical and clinical literature data can also be very helpful 
to leverage learnings for newer CAR-T programs in development 
using totality of evidence approach.24,110 Given the availability 
of rich multidimension datasets from small number of patients, 
especially during early clinical development, it is also essential to 
use advanced analytics, such as machine learning and artificial 
intelligence-based, dimensionality-reduction approaches to dis-
entangle correlated variables, understand the causal relationship 
and key drivers of safety and efficacy, and eventually identify the 
optimal combination of factors that may help predict outcomes 
for a given CAR-T product. Learnings can be leveraged, at least 
partially if not fully, for other cell therapy platforms, such as allo-
geneic or other cell types (such as NK, γδ T-cells, etc.). Overall, 
the clinical pharmacologist and pharmacometrician needs to have 
the expertise and knowledge to work at the interface of the many 
functions associated to propose the right questions, relevant data, 
and integrate models with reasonable assumption and appropriate 
level of details.

UNIQUE IMMUNOGENICITY AND BIOANALYTICAL 
CHALLENGES AND CONSIDERATIONS FOR CAR-T CELL 
THERAPIES
As all bio-therapeutics, CAR-T cells also have the potential to 
elicit immune responses in patients which can impact safety, alter 
the exposure, or neutralize the ability of the CAR domain to en-
gage with the tumor antigen. The different CAR domains that 
can be associated with potential risks include: (i) extracellular 
antigen recognition domain (ECD; e.g., scFv with a linker), (ii) 
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hinge and transmembrane domain (e.g., CD8α and CD28), (iii) 
intracellular CD3ζ domain, and (iv) co-stimulatory domains (e.g., 
CD28 and 4-1BB). Although the ECD can be presented in con-
text of both class I MHC leading to a cellular CTL (cytotoxic T 
lymphocyte) and class II MHC leading to a T-cell effector (CD4 
T helper) mediated immune response; the rest of the intracellular 
domains pose a risk when presented through a class I pathway. 
The nonhuman portions of the chimeric receptor, scFv CDR’s, 
and domain junctions can be associated with neo-epitope content. 
The membrane proximate presentation of the chimeric receptor, 
as well as soluble receptor resulting from regular cell turnover, 
can result in T cell driven humoral/anti-drug antibody (ADA) re-
sponses. The gene editing components and genomes and proteins 
from viral vectors used to introduce genes to further enhance the 
T-cell function and reduce transplantation-related challenges can 
also prime the innate phase immune responses. The gene edited 
cell variants and culture contaminants that carryover from the 
process development (during ex vivo expansion) and aggregated/
clumped cells during infusion have also been implicated in prim-
ing the early phase immune response. Both the cell mediated 
response and ADA mediated complement activation have the po-
tential to decrease expansion and persistence of the CAR-Ts as 
well as neutralize CAR function resulting in decreased efficacy. 
An adaptive cell mediated T-cell response (CTL and effector Th) 
can have a long-term memory component that is more likely to 
have a significant impact on CK and efficacy during retreatment 
or serial treatment with CAR-T of shared sequence.

A risk-based streamlined bioanalytical strategy to assess ADA 
response would include an assessment of binding antibodies to the 
ECD domain comprising of the scFv region of CAR. As the ECD 
domain contains the region that binds to the tumor antigen tar-
get, evaluating any immune reactivity against this domain should 
be adequate to understand impact on efficacy (CAR-T expansion 
and persistence that relates to loss of response). Further characteri-
zation of the binding ADA through onset, kinetics, and magnitude 
may help to understand maturity of the response. ADA is unlikely 
to interfere with CAR-T quantitative PCR (qPCR)-based PK as-
says but have the potential to interfere with flow-based assays that 
are used to monitor CKs. However, in most cases, the latter assay 
is not used for primary PK parameter determination. The devel-
opment of cell based neutralizing antibodies may be challenging 
due to lack of well-characterized cell lines that can evaluate loss of 
functional response subsequent to inhibition of CAR-T binding to 
the target antigen. The cellular (CTL and effector) responses may 
help understand any loss of efficacy due to elimination of CAR-T 
cells. However, such assays have proven difficult to deploy in clin-
ical setting and are challenging to develop due to lack of patient 
derived cells as well as the impact on quality of such samples due 
to processing, shipping, and handling. Besides, these patients have 
gone through multiple lines of debilitating treatments that impacts 
sample integrity. Logistical, sensitivity, variability, and cell viability 
challenges have made it difficult to generate robust cellular immu-
nogenicity data for CAR-Ts.

The immunogenicity of currently approved CAR-T thera-
pies for B-cell targeting hematological malignancies does not 
seem to have an apparent impact on cell expansion, safety, and 

efficacy.29,111–115 The onset of cellular immune response tends to 
be around 3–6 months postinfusion, which does not impact the ex-
pansion phase of the cells and target engagement. Although cellu-
lar immunogenicity may impact the long-term cellular persistence, 
to date, there are no data to indicate that it is associated with any 
impact on clinical responses. Additionally, the overall humoral re-
sponse may be diminished for approved B-cell targeting CAR-T 
therapies due to a reduced likelihood of an ADA-mediated im-
mune response. The immunogenicity rates observed with CD19 
or BCMA targeted CAR-T therapies were similar irrespective of 
murine or humanized scFv regions in the CAR domains. Hence, 
for such indications, a simplified immunogenicity assessment 
would entail evaluating binding antibodies to the ECD domain. 
The lack of impact on efficacy provides a rationale for not perform-
ing neutralizing antibody assessments. Similarly, the lack of CTL 
mediated killing negates the need to perform a cell mediated im-
munogenicity assessments.

Reverse translational approaches evaluating the binding affinity 
of ADAs from clinical subjects as well as cellular immune response 
to probe the memory component of human T-cells help to fur-
ther optimize sample collections and an overall understanding of 
the immune response to CAR-Ts. As the industry moves towards 
next generation multi-domain CARs, non-B-cell targets, and solid 
tumor indications, it will be important to monitor immunogenic-
ity, as humoral responses may be more robust and not influenced 
by inhibiting the B-cell pharmacological targets. The role of innate 
responses in priming the adaptive response due to the extrane-
ous residuals and impacting safety and efficacy also needs further 
delineation.

UNIQUE CLINICAL PHARMACOLOGY CONSIDERATIONS FOR 
TCR-T CELL THERAPIES
Although the cell therapy landscape is dominated by CAR-T cell 
therapies, multiple TCR-T cell therapies are also in active investi-
gation with ~ 214 therapies in development as of April 16, 2021.116 
TCR-T therapies may potentially overcome some of the current 
limitations of CAR-T therapies, including the requirement for 
surface presentation of target antigens. Whereas excellent cell sur-
face antigens have been identified and exploited in hematological 
malignancies, it has been challenging to similarly identify surface 
antigens that are broadly expressed in solid tumors while showing 
minimal or no expression in important normal tissues.117 TCR-T 
cell therapies can recognize intracellular proteins presented 
MHC–peptide complexes, which greatly expands the number of 
potential targets, albeit at in a restricted patient population due to 
genetic polymorphisms in the antigen-presenting HLA. This in-
creased target repertoire may enable identification of antigens that 
are both pervasive within, and selective for, solid tumors.

TCR-T cell and CAR-T cell therapies show many similarities 
in their pharmacology that supports extrapolation of clinical phar-
macology strategies for CAR-T to TCR-T. Both therapies have a 
similar mechanism of action, including target engagement lead-
ing to synapse formation, with the ability to perform serial killing 
via directed release of cytolytic proteins (e.g., perforin and gran-
zymes). Both therapies are subject to regulation via checkpoint 
inhibitors.118
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However, there are key differences between TCR-T and CAR-T 
that are important to consider when developing clinical pharma-
cology strategies (Table 3). These differentiators can impact the 
features incorporated into PK/PD model, including biodistribu-
tion aspects, types, and mechanisms of toxicity, and the degree to 
which nonclinical studies can inform clinical studies (Table 4).

First, TCR-T therapies generally incorporate a native or engi-
neered TCR that relies on endogenous signaling mechanisms, 
which may provide some safety advantages over CAR-T cells. In 
consequence, in order to accurately predict both toxicity and ef-
ficacy, the microenvironment surrounding TCR-peptide–MHC 
interactions may have greater importance in pharmacometric mod-
els of TCR-T therapies. Furthermore, if the endogenous TCR is 
knocked out (e.g., to prevent TCR alpha/beta mispairing119), addi-
tional T-cell populations within the infusion product may need to 
be characterized/monitored (e.g., cells with both endogenous and 
transduced TCR, or cells with neither transduced not endogenous 
TCRs).

Second, a higher proportion of TCR-T therapies are in active 
development for targets in solid tumors, vs. hematological malig-
nancies,116 possibly owing to the greater unmet need and opportu-
nity in solid tumors, coupled with the larger repertoire of potential 
antigens. Given the predominance of TCR-T investigations in 
solid tumors, an understanding of T-cell biodistribution and ac-
tivity at the site of action may play a more critical role in informing 
clinical pharmacology strategies.

Third, the number of infused TCR-T vs. CAR-T cells is gener-
ally higher, with the TCR-T doses frequently consisting of billions 
of infused cells (e.g., 1 × 109 to 100 × 109, see Table 4). Although 
head-to-head studies have not been performed between TCR-T 
and CAR-T, these generally higher doses may be motivated by 
potentially lower postinfusion expansion, biodistributional lim-
itations, and/or differences in the tumor microenvironment for 
TCR-Ts vs. CAR-Ts, especially when native TCRs (as opposed to 
engineered TCRs with enhanced affinity) are used to target solid 
tumors.

To ascertain if either dose-exposure or dose–response relation-
ships could be identified, several key TCR-T studies incorporating 
multiple dose levels with at least 10 or more subjects were selected 
for evaluation (Table 4). Of these, four studies were identified that 
showed apparent trends toward increasing postinfusion transduced 
cell exposure with increasing dose, that were not otherwise im-
pacted by factors that could confound associations of dose with ei-
ther exposure or outcome in these early phase studies (e.g., changes 
across dose levels in lymphodepletion, manufacturing process, IL-2 
co-administration, tumor types, or subject to selection bias such 
that patients with poor ex vivo expansion or inferior T-cell fitness 
are excluded from higher dose cohorts, see Table 4 for examples).

All 4 studies showing positive dose-exposure relationships were 
phase I and used both CD8+ and CD4+ transduced T-cells; 2 
studies used an affinity enhanced or engineered TCR, and 2 used a 
native TCR construct (Table 4). Studies using an affinity enhanced 
TCR investigated a broad range of dose levels, and included trans-
duced cell doses substantially lower than 1 × 109 (MAGE-A4120 
and MAGE-A10121). Overall, 9 of 38 (24%) patients responded 
(all partial response) for the MAGE-A4 targeting TCR with all 

responses occurring at the highest dose levels. There were no tumor 
responses for the MAGE-A10 targeting TCR. For the two native 
TCRs showing positive dose-exposure relationships, one study in-
vestigated a relatively higher transduced cell dose range (HPV-16 
E7, 1 × 109 to 120 × 109122), and the other a low transduced cell 
dose range (MAGE-A4, 0.012–0.015 × 109 to 0.26–0.95 × 109 
cells123). No dose-efficacy relationships were seen for either study, 
although 6 of 12 patients responded using the MAGE-A4 therapy.

Fourth, translating nonclinical in vivo data to inform clini-
cal CK/PD, safety and efficacy is generally more challenging for 
TCR-T vs. CAR-T. Given the requirement for MHC-I peptide 
presentation, syngeneic mouse models cannot recapitulate the 
human TCR-MHC-I interaction, unless humanized. Although ef-
forts to make transgenic humanized mouse models have been made, 
these need further development.124 Without such models, synge-
neic models are limited to elucidating off-target toxicities125 and 
evaluating synergies with other immunotherapies, such as immune 
checkpoint inhibitors.124 Xenograft models can be used to study 
proof of concept TCR-T efficacy and screen mutant neoantigen-
specific TCRs,126 but it can be hard to delineate between rejection 
and actual TCR-T efficacy.124 Given translational limitations, 
there has been a high reliance on in vitro data to support FIH stud-
ies for TCR-T therapies. This includes in vitro pharmacology to 
assess TCR specificity and potency (peptide pulsed and endoge-
nous) and phenotype characterization. Safety assessment may be 
based on target RNA levels in tumor vs. primary cells from various 
organs, altered peptide scans and reactivity against potential off-
target peptides, activity against primary cells from normal tissues, 
and alloreactivity against B-cells expressing a range of HLA com-
plexes. Safety assessment may include events related to gene editing 
(off-target edits and chromosomal translocations).

Fifth, translating and modeling in vitro binding affinity/avidity 
is also more challenging for TCR-T vs. CAR-T, although model-
ing advances have started to elucidate differences between the two 
therapies.103 TCR-T therapies show some divergence between af-
finity and T-cell activity, and the weak affinity of a single TCR-
peptide–MHC interaction often require tetramers or hexamers to 
generate sufficient binding affinity for reliable measurement. It can 
also be very challenging to measure accurately peptide expressed via 
MHC on the cell surface. For these reasons, measure of functional 
avidity (i.e., T-cell fitness/activity at varying concentrations of 
peptide epitope as a half-maximal effective concentration) is often 
used for translating in vitro to in vivo.127 From a modeling perspec-
tive, TCR-T and CAR-T may share common critical mechanisms 
and biology, including cell expansion/retraction in periphery due 
to homeostatic mechanisms, cellular trafficking to tumor, lym-
phoid, and potentially normal tissues expressing target. Both have 
antigen-triggered activation, proliferation, and serial killing. Both 
TCR-T and CAR-T cells may undergo apoptosis/persistence/
biodistribution, with the distribution of T-cell phenotypes being 
potentially important (TSCM, TCM, TEFF, etc.). However, several 
unique aspects should be considered when modeling TCR-T cells. 
TCR-T models relay on functional avidity/cell killing in contrast 
to CAR-T models which can be built based on CAR binding affin-
ity. TCR-T models may need to incorporate features that describe 
endogenous co-stimulatory interactions, leading to a potentially 

WHITE PAPER
 15326535, 2023, 3, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.2986, W
iley O

nline L
ibrary on [31/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 114 NUMBER 3 | September 2023 553

attenuated T-cell response that may be more impacted by the 
tumor microenvironment. TCR-T models may have different bio-
distribution requirements, especially when targeting solid tumors.

Overall, whereas TCR-T and CAR-T therapies share many 
similarities, pharmacometric models for TCR-T may need to in-
clude the higher complexity associated with the tumor microenvi-
ronment and signaling and costimulatory signals, and may have a 
higher reliance on clinical and in vitro data, given the challenges in 
translating TCR interactions with peptide MHC characterized by 
low affinity and high avidity.

SUMMARY AND CLOSING REMARKS
To conclude, cell therapies, such as CAR-Ts and TCR-Ts, are con-
sidered as “living biologics” as they undergo in vivo expansion and 
exhibit unique multi-phasic CK profile.

•	 NCA or population-based PK approach can be used to char-
acterize CK with Cmax and AUC0-28d exposure metrics usually 
used for exposure-response analyses. Other PK parameters, 
such as Tlast and t1/2 should be interpreted with caution, whereas 
other typical PK parameters, such as clearance and volume of 
distribution, are not relevant for cell therapies.

•	 The dose-exposure-response relationship for CAR-T and 
TCR-T is confounded by multiple patient- and product-related 
characteristics. Hence, patient-specific intrinsic (e.g., tumor 
burden, target expression, and immune cell fitness) and extrin-
sic factors (e.g., prior lines of therapy, lymphodepletion, and 
CRS treating therapies), as well as product-specific character-
istics (e.g., cell phenotype and CD4:CD8 ratio) should be eval-
uated for potential impact on dose-exposure-response (efficacy 
and safety) relationship and support clinical decisions.

•	 Prior clinical experience with other relevant CAR-T and 
TCR-T products along with relevant preclinical studies should 
be used to design FIH study and dose selection. More efforts 
are required to build translational PK/PD modeling tools to 
inform FIH doses and understand mechanistic differences be-
tween preclinical models and humans.

•	 The dose of CAR-T therapy should be based on viable, CAR-
positive, T-cells either as a fixed dose or normalized to body 
size. It is recommended to assess BW or BSA as a covariate from 
early phase trials to justify the dosing strategy. It is suggested 
to evaluate the benefits of risk-based dosing strategies, includ-
ing dose fractionation or tumor-burden based dosing where 
applicable.

•	 The selection of specific lymphodepleting agents and their 
doses should be based on prior clinical learnings and further 
optimized during early cohorts.

•	 Traditional oncology FIH dose escalation studies based on 
only toxicity may not be helpful for cell therapies. Instead 
TEPI is one of the optimal approaches as it integrates both 
safety and efficacy data to maximize the therapeutic bene-
fit for patients. Similarly, BOIN-guided escalation strategy 
might be more appropriate than BLRM or 3 + 3. Additionally, 
it may be hard to select an optimal dose from escalation, and 
dose expansion could be extended to more than one cohort 
for RP2D selection.

•	 Fit-for-purpose mindset for the utility of different M&S ap-
proaches depending on the scope, scientific questions, data 
availability, and stage of the program will be the key for the suc-
cessful implementation of MIDD for cell therapies. Although 
empirical compartmental approaches can be used to charac-
terize CK profiles, on the other hand, semimechanistic, PBPK 
or QSP modeling approaches can be leveraged to gain further 
mechanistic insights. Clinical pharmacologist and pharmaco-
metrician should have the expertise to work at the interface of 
cross-functional teams, frame the right questions, and integrate 
models with relevant data and assumptions.

It is the sincere hope of this IQ Working Group that the de-
scribed clinical pharmacology and pharmacometric considerations 
and best practices for optimal development of CAR-T and TCR-T 
cell therapies, will aid in the acceleration of the development and 
availability of these potentially curative therapies for patients with 
cancer.
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