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ABSTRACT
Innovative approaches in the design of T cell-engaging (TCE) molecules are ushering in a new wave of 
promising immunotherapies for the treatment of cancer. Their mechanism of action, which generates an 
in trans interaction to create a synthetic immune synapse, leads to complex and interconnected relation
ships between the exposure, efficacy, and toxicity of these drugs. Challenges thus arise when designing 
optimal clinical dose regimens for TCEs with narrow therapeutic windows, with a variety of dosing 
strategies being evaluated to mitigate key side effects such as cytokine release syndrome, neurotoxicity, 
and on-target off-tumor toxicities. This review evaluates the current approaches to dose optimization 
throughout the preclinical and clinical development of TCEs, along with perspectives for improvement of 
these strategies. Quantitative approaches used to aid the understanding of dose-exposure-response 
relationships are highlighted, along with opportunities to guide the rational design of next-generation 
TCE molecules, and optimize their dose regimens in patients.
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Introduction

Using the body’s immune system to recognize and kill cancer 
cells is an enticing prospect within oncology, showing great 
promise with several different therapeutic approaches. Among 
these are bispecific T-cell engagers (TCE), which can overcome 
some of the limitations of the body’s natural immune system 
by recruiting T cells to the tumor site and stimulating their 
activation and proliferation to help override the immune 
escape mechanisms developed by cancer cells.1 The potential 
of TCE therapy in oncology is beginning to be realized, with 
recent regulatory approvals in the US and EU for tebentafusp 
in uveal melanoma, for teclistamab in multiple myeloma, and 
for mosunetuzumab in follicular lymphoma, adding to the 
worldwide approval of blinatumomab in acute lymphoblastic 
leukemia, first accepted by the FDA in 2014. Emerging data 
from clinical trials of TCEs continue to provide insights on the 
efficacy and safety profiles of this class of therapy, and recent 
efforts have focused on optimizing clinical dose regimens to 
mitigate side effects related to overstimulation of the immune 
system, with particular emphasis on cytokine release syndrome 
(CRS) and neurotoxicity.2

For the currently approved TCEs, a key discovery was that 
by incrementally increasing the dose administered to a patient 
before reaching the target dose level, the body’s immune sys
tem could be primed in a more gradual manner, thereby 
modulating the balance between T cell activation and expan
sion, and cytokine-mediated efficacy and toxicity. This is 
known as step-up dosing, and various forms of this approach 
have been used to optimize TCE dose regimens to reduce the 
incidence or severity of CRS during clinical trials.3,4 However, 
care must be taken in considering this as a “one-size-fits-all” 

approach, since other mechanisms of immune-mediated toxi
city may have different temporal exposure-response relation
ships. For example, localized inflammatory responses and 
subsequent damage to healthy tissues which also express the 
target antigen may not be merely “first-dose” phenomena, and 
thus may not be effectively mitigated by step-up dosing. 
Alternative strategies such as subcutaneous dosing have been 
shown to provide both slower and lower peak drug concentra
tions (Cmax), although it is still unclear whether some on-target 
off-tumor toxicities may be mediated by cumulative rather 
than acute drug exposure. Moreover, phase I studies for 
TCEs are often very protracted compared to a conventional 
biologic, stymying progress for the field and for patients. 
Therefore, a thorough quantitative characterization of the 
relationships between exposure, efficacy, and toxicity is essen
tial to understand their relative contributions to the overall 
benefit-risk profile and enable more rapid progress to clinical 
proof of concept.

Retrospective analysis of the clinical dose-exposure- 
response relationships across different TCE molecules is com
plicated by their wide range of targets and molecular formats, 
which have differing impacts on the various facets of the 
exposure-response relationships for both efficacy and toxicity. 
Innovations in molecular design are continually emerging with 
the goal of improving the therapeutic index (TI) of TCEs and 
providing more convenient dose regimens for patients, but 
major challenges remain in solid tumor indications or for 
TCEs where the clinically evaluated dose regimens have not 
yielded an acceptable balance between efficacy and toxicity.5–8 

A quantitative understanding of the impact of novel molecular 
design characteristics on the exposure-response relationships 
of TCEs, in combination with the underlying biological 
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mechanisms of variability in response, is vital in guiding the 
development of future generations of these molecules.9 

Quantitative modeling approaches can also help enable the 
rational evaluation of different dosing regimens during clinical 
studies, and better anticipate the efficacy and safety of TCEs in 
more diverse patient populations.

This review first examines the impact of molecular design 
characteristics on the pharmacokinetics (PK) and biodistribu
tion of TCEs, along with the subsequent impact on exposure- 
response relationships. Current approaches to select optimal 
dose regimens within clinical studies of TCEs are then evalu
ated, and alternative strategies are considered. Throughout, it 
is highlighted where quantitative modeling and simulation 
approaches have been used at various stages of preclinical 
and clinical development to increase the understanding of 
exposure-response relationships, and to influence clinical dos
ing strategies. Finally, perspectives and challenges for the next 
generation of TCEs are outlined, with the intention of provid
ing more effective and convenient therapies and dose regimens 
to improve the lives of patients with cancer.

Impact of molecular design on the pharmacokinetic 
and pharmacodynamic characteristics of TCEs

The first generation of bispecific T-cell engager (BiTE) mole
cules, including the anti-CD19 TCE blinatumomab, were com
posed of dual single-chain variable antibody fragments (scFv) 
targeting the CD3 component of the T-cell receptor (TCR), 
and a specific tumor associated antigen (TAA). By forming 
a molecular synapse between CD3 and the TAA, BiTE mole
cules were designed to mimic the naturally-occurring interac
tions between the TCR and specific tumor-derived peptides 
presented on the surface of tumor cells, leading to a cascade of 
T cell-mediated functions ultimately resulting in cancer cell 
death.10 As a consequence of their small size, BiTEs typically 
have systemic half-lives of a few hours, requiring frequent 
administration or even continuous intravenous (IV) infusion 
regimens in order to provide sufficient exposure for efficacy 
while minimizing acute peaks in concentration which poten
tially lead to toxicity. The desire to provide more convenient 
dose regimens for patients subsequently led to efforts focused 
on designing TCE molecules with longer systemic half-lives, 
thereby allowing less frequent administration. Additional pro
tein engineering strategies were also carried out with the goal 
of improving the pharmacodynamic (PD) characteristics of 
TCE molecules, but the PK and biodistribution properties of 
TCEs may also potentially be modified as a consequence. This 
in turn can have an impact on the exposure of the TCE at the 
site of action and may thereby influence the appropriate dose 
regimen for patients. Careful consideration of all of these 
aspects must be taken when designing TCEs.

Molecular structure

The wealth of possibilities within the molecular design of 
bispecific antibodies has led to the development of TCEs ran
ging in size and structure, from antibody fragment-derived 
constructs of around 50 kDa to immunoglobulin-like mole
cules of 150 kDa and higher.11,12 Interestingly, it has been 

reported that molecular size and structural conformation of 
the CD3 and TAA binding domains can affect the cytotoxic 
potency of the synapse formed between tumor cells and T cells, 
depending on the location of the TAA binding epitope.13 Since 
the pharmacological activity of a drug depends on both the 
potency and the amount of drug which reaches the target site, 
it is important to understand the impact of molecular structure 
on both the PK and the biodistribution of TCEs to tumor cells, 
in order to fully elucidate their exposure-response 
relationships.14 Although smaller-sized molecules may have 
more rapid or extensive tumor penetration, this could be offset 
by a higher systemic clearance, and therefore the frequency of 
administration required to provide an optimal magnitude and 
duration of exposure, while minimizing resistance through 
T cell exhaustion, requires thorough characterization.

A variety of half-life extension strategies have been devel
oped, including the incorporation of albumin-binding 
domains or fragment crystallizable regions (Fc) into the ori
ginal scFv-derived construct,15 as well as the utilization of 
immunoglobulin (Ig)-like molecular formats. The particular 
Ig subtype (e.g., IgG1, IgG2, IgG4, IgM) selected to form the 
structural backbone may influence its PK through several 
potential mechanisms,16 including via interaction with the 
neonatal Fc receptor (FcRn). The impact of FcRn-mediated 
recycling on the systemic exposure of Fc-containing mole
cules is influenced by the affinity and pH dependency of 
binding of their Fc domain to FcRn within cellular endo
somes. The binding affinity of TCEs to FcRn can be modified 
by engineering within the Fc domain, such as during heavy or 
light-chain heterodimerization, and by the introduction of 
amino acid mutations for humanization or for attenuation of 
Fc-mediated effector functions in an attempt to reduce off- 
target toxicity. Therefore, in addition to carrying out func
tional assays to evaluate the molecular stability and effector 
function as a result of antibody engineering, it is also impor
tant to determine whether modifications to the Fc region 
alter its FcRn binding kinetics, either by using in vitro bind
ing assays, or in vivo using appropriate preclinical species 
such as transgenic FcRn mice. Transgenic FcRn mice have 
a similar abundance and distribution of FcRn compared to 
human, and could potentially enable a better prediction of 
human clearance via allometric scaling compared to non- 
transgenic mice, potentially allowing prediction of human 
PK prior to studies in nonhuman primates.17 In silico phy
siologically based PK (PBPK) models have been developed 
which include FcRn within tissue compartments,18 and, as 
such, could be used to predict the influence of modified FcRn 
binding on the time course of TCE exposure in both blood 
and tissues.

Modifications to the native IgG structure can also result 
in changes in the physicochemical properties of the engi
neered antibody in terms of overall thermal stability, 
hydrophobicity, charge, aggregation, cell-membrane inter
actions and nonspecific binding to cell-surface receptors.19 

To evaluate the net effect of these processes on the PK and 
biodistribution of antibody-derived molecules, data from 
in vitro assays used to evaluate the physicochemical and 
nonspecific binding properties of the molecule can be inte
grated within a PBPK modeling framework, in order to 
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quantitatively predict the time course of drug concentra
tions in blood and tissues.20

CD3-targeting domain

The discovery that different signaling thresholds are required 
for triggering cytotoxicity versus cytokine production by 
T cells in vitro led to the hypothesis that cytokine release 
may be “dispensible” for cytotoxic T cell activity of TCEs.21,22 

Moreover, the natural pMHC/TCR interaction affinity is mea
sured in the order of 1–100 µM as opposed to the low nM 
range for the early CD3-TCEs.23 Therefore, focus has shifted 
toward the development of novel anti-CD3 antibodies for 
TCEs, with optimized affinity for cytotoxic activity while aim
ing to reduce cytokine release in patients.24,25 Several mole
cules with lower affinity to CD3 than the first-generation TCEs 
are currently being evaluated in clinical studies, such as the 
anti-BCMA TCEs CC-93269 and ABBV-383/TNB-383B, the 
anti-CD19 TCE AZD0486/TNB-486, the anti-STEAP1 TCE 
AMG 509, and the anti-PSMA TCE AMG 340/TNB-585. The 
feasibility of this approach to reduce cytokine release and 
improve the tolerability of TCEs in patients, while still yielding 
robust clinical efficacy will be eagerly awaited.

Aside from the ultimate goal of reducing the incidence and 
severity of cytokine-mediated toxicity, modulation of CD3 
binding affinity has also been found to modify the PK and 
biodistribution characteristics of some TCEs in preclinical 
species, affecting their relative distribution to the tumor versus 
to CD3+ T cell-rich lymphoid tissues in mouse models.26 

Furthermore, a two- to three-fold higher serum exposure was 
observed for a weak CD3-affinity TCE compared to moderate 
CD3-affinity version of the same molecule, for both CD20- 
and BCMA-targeting TCEs in cynomolgus monkeys.27 The 
clinical impact of differing CD3-affinities on the exposure, 
efficacy and toxicity of TCEs will be challenging to evaluate 
via meta-analysis, not only due to the complex physiological 
interplay between cytokines, T cell regulation and tumor cell 
death, but also due to the variety in TAAs being targeted by the 
current crop of TCEs, as well as their differing binding affi
nities to each of their target antigens. Interestingly, two 
BCMA-targeting TCEs of the same structural format are 
being evaluated concurrently in clinical trials; one with high 
affinity to CD3 (REGN5458), and one with a 37-fold lower 
affinity to CD3 (REGN5459),28 which could allow differences 
in their clinical PK as a result of CD3 affinity, as well as their 
efficacy and toxicity profiles to be determined.

Tumor-targeting domain

The selection of an appropriate TAA and the affinity of the 
associated target binding domain(s) within the TCE can have 
an impact on the PK and biodistribution of the molecule, 
particularly at doses which result in low drug concentrations 
in comparison with the expression levels of the target. It is also 
important to quantify the contribution of the target-mediated 
components of distribution and clearance, since heterogeneity 
in target expression across species and patients could signifi
cantly influence interspecies translation, as well as the inter- 
individual variability in systemic exposure of the TCE within 

a patient population. For immune agonists such as TCEs, phar
macological activity can occur at lower receptor occupancy 
compared to receptor antagonists, and consequently low doses 
of drug may be administered relative to the levels of both target 
antigens. Therefore, the physiological distribution and expres
sion levels of the TAA and CD3 within the body, along with the 
binding affinity of the drug to each of these targets may have 
a vital impact on its PK and distribution.29 The influence of 
target-mediated disposition on the PK of the molecule can be 
quantitatively characterized using model-based approaches, 
provided that sufficient data concerning the tumor target abun
dance, turnover rate, and binding kinetics to the TCE are 
available.30 If the target antigen is also expressed in healthy 
tissues, this can further impact the biodistribution and PK of 
the TCE, as well as potentially resulting in on-target off-tumor 
toxicity.31 Furthermore, target shedding from either tumor cells 
or healthy cells may also act as a soluble sink for the TCE, and 
therefore could have a detrimental impact on drug exposure in 
blood and at the tumor site.32,33 One strategy which may 
increase the selectivity of TCEs to tumor cells expressing high 
levels of TAA, as opposed to healthy tissues or soluble shed 
antigen, is to increase the valency of the TCE binding domains 
to the tumor antigen, thus prioritizing avidity-driven binding 
over monovalent binding.34 This could potentially result in 
higher potency along with greater efficacy at lower doses com
pared to monovalently binding TCEs, but could also increase the 
contribution of target-mediated clearance to the overall clear
ance of the molecule at these lower doses. Consequently, since 
target antigen loss has emerged as a potential resistance mechan
ism for some immunotherapies, depletion of the TAA- 
expressing tumor cells over time may also impact the time 
course of any target-mediated clearance of the TCE, and could 
thus give rise to time-dependent PK.35 The complex interplay 
between the molecule and its target antigens on T cells, tumor 
cells, healthy cells, and shed antigen can be quantified using in 
silico modeling approaches,36 which could be of value when 
predicting the extent and time course of systemic drug exposure 
and response of TCEs across the range of doses to be evaluated 
in clinical studies. This will be discussed in subsequent sections 
of this review.

Immunogenicity

Immunogenicity can affect the exposure of therapeutic proteins, 
which can potentially have a detrimental impact on their effi
cacy, as well as possible safety issues associated with antibody 
cross-linking. This can be a critical issue for TCEs as the doses 
achieved clinically are often too low to enable “dosing through” 
the anti-drug antibodies (ADA). The likelihood of immunogeni
city is further exacerbated for TCEs as a result of direct CD4+ 

T cell activation supporting a humoral response.37 Additionally, 
the more highly engineered nature of bispecific antibodies com
pared to monoclonal antibodies can lead to a wide range of ADA 
incidence.38 The impact of modifications to the natural structure 
of antibody-derived molecules on the potential for immuno
genicity should be evaluated prior to clinical studies, where 
possible. An integrated approach to characterize the ADA of 
bispecific antibodies has been previously reported using in silico, 
in vitro and in vivo studies to determine which binding epitopes 

MABS 3



or components of the molecule were the main contributors to 
the immunogenic response.39 Immunogenicity of TCEs is often 
apparent in preclinical in vivo PK studies as a reduction in free 
drug concentrations due to the formation of ADA-TCE com
plexes, and can thus pose challenges inunderstanding preclinical 
exposure-response relationships. This was addressed for the 
CD123-targeting Dual-Affinity Re-Targeting (DART) molecule 
flotetuzumab by using a PK/PD modeling approach to charac
terize the impact of ADA on flotetuzumab-mediated T cell 
trafficking and depletion of CD123-expressing cells in non- 
human primates, with the aim of proposing different clinical 
dosing strategies via model simulations.40 Translation of this 
type of PK/PD model to humans could allow the simulation of 
the potential impact of ADA on predicted exposure-response 
relationships in patients, although assumptions regarding dif
ferent theoretical incidence of ADA in patients would be 
required, since this currently cannot be predicted accurately 
from preclinical species.

Overall, it is becoming increasingly clear that modifications 
to the molecular design of TCEs must be evaluated not just in 
terms of their impact on efficacy or toxicity, but also their 
impact on PK, biodistribution and immunogenicity of TCEs, 
which may in turn affect their exposure and thus clinical dose 
regimens. All of the above elements are interconnected within 
dose-exposure-response relationships in patients, and will be 
important to consider when optimizing dosing strategies 
throughout the clinical development of TCEs.

Improving dose selection and anticipating 
therapeutic index prior to clinical studies

The overproduction of cytokines is a common consequence of 
immune agonism by therapeutic agents such as TCEs, and can 
result in potentially severe clinical side effects such as CRS 
which may arise via the complex interactions between the 
body’s immune cells following their stimulation, proliferation, 
and activation by TCE molecules.41 Given the difficulty in 
predicting when and in which individuals CRS will occur, 
conservative approaches have generally been used for the 
selection of first-in-human (FIH) starting doses for TCEs.42 

However, this has often resulted in lengthy dose escalation 
phases, with large differences between the starting dose and 
the recommended phase 2 dose (RP2D). For example, the 
approved dose of the anti-CD20 TCE mosunetuzumab was 
over 1000-fold higher than the starting dose.43 This is in 
contrast to the starting dose approach for chimeric antigen 
receptor (CAR)-T therapies which have a similar mechanism 
of action and toxicity profile, but generally require very few 
dose escalations to reach the clinically efficacious dose.44 To 
try to compensate for this discrepancy, single patient cohorts 
are commonly used in the early phase of dose escalation for 
TCEs, often with criteria based on emerging toxicity signals 
such as grade 2 CRS to inform the switch to multiple-patient 
cohorts. However, insufficient knowledge regarding predictors 
of the incidence and severity of CRS could mean that such 
criteria may trigger the switch from single- to multiple-patient 
cohorts either prematurely, or belatedly. CRS-based criteria 
also do not allow for the possibility that other on-target off- 
tumor toxicities may be more critical to tolerability than CRS, 

so other toxicity-guided criteria such as any grade 2 adverse 
event have sometimes been used as an alternative. Patients 
who are treated at sub-efficacious dose levels are often subse
quently permitted to receive higher dose levels as the dose 
escalation phase progresses; however, the duration of time 
required to reach efficacious dose levels may be too long for 
individuals in late-line settings whose disease has progressed 
or who have dropped out of the trial. A better understanding of 
the interplay between dose, exposure, efficacy, and toxicity of 
TCEs in patients could thus allow efficacious doses to be 
achieved earlier in patients, while maximizing tolerability. 
This understanding can be aided by using a variety of mechan
istic modeling approaches to characterize and predict expo
sure-response relationships for TCEs (Table 1).

Starting dose selection

The minimum anticipated biological effect level (MABEL) 
approach has traditionally been used to select the starting 
dose in FIH studies of CD3-targeting immune agonists.42 

This conservative approach to dose selection is considered to 
be more appropriate than a receptor occupancy (RO)-based 
method for drugs with this mechanism of action, since sig
nificant clinical activity of many TCEs can occur even at low 
RO. For example, clinical activity of mosunetuzumab occurs at 
dose levels corresponding to 0.2 to 10% receptor occupancy of 
CD20.46 Among TCEs using the MABEL approach to select 
the starting dose, a range of values for “minimal biological 
activity” have been reported, determined from a variety of 
different assays and biomarkers. Typically evaluated in vitro 
assays include cytotoxicity assays, T cell activation and prolif
eration assays, and cytokine release assays. For the early TCEs, 
the most sensitive assay was often used to select the FIH dose, 
with the concentration corresponding to 20% of the maximal 
effect (EC20) commonly considered to represent minimal bio
logical activity. Based on the continually evolving clinical 
experience with TCEs, this approach could now be considered 
too conservative given the large orders of magnitude often 
encountered between starting dose levels and the recom
mended phase 2 dose (RP2D).

Using potency measured in in vitro assays as a benchmark 
for minimal biological activity of TCEs is prone to potentially 
high levels of uncertainty, since experimental assay conditions 
can differ substantially from conditions in the in vivo environ
ment. This can in turn have an influence on the starting dose 
selected using in vitro drug potency within the MABEL 
approach. For example, the growth rate of tumor cells cultured 
in vitro is higher than observed clinically, and the ratio 
between the number of effector T cells and tumor cells (E:T 
ratio) used in in vitro cytotoxicity and cytokine release assays is 
often substantially higher than under physiological conditions 
in vivo, which could lead to an overestimation of biological 
activity. The interplay between the various factors leading to 
experimental uncertainty can also confound the interpretation 
of the data generated, as demonstrated by in vitro cytotoxicity 
data for blinatumomab determined at different E:T ratios 
appearing to result in differing levels of maximum cell killing 
after a 24-h incubation.47 A mechanistic model-based analysis 
of these data deduced that the major impact of E:T was on the 
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rate of cell killing, rather than on the maximum cytotoxic 
effect (Emax) or the EC50, and thus the duration of the incuba
tion could affect the apparent Emax value obtained.48 For other 
TCEs, it has been shown that varying the E:T ratio resulted in 
different experimentally determined values of EC50.49–51 

However, if a single time point is used to estimate in vitro 
potency, the particular time point chosen can also highly 
influence the apparent EC50 value. This was shown for the 
anti-CEA TCE cibisatamab, where the apparent EC50 of 
a variety of biological endpoints varied substantially depend
ing on the time point selected to measure the effect. It was then 
demonstrated that a more robust determination of EC50 could 
be obtained when taking into account multiple time points by 
using the area under the effect curve to derive a time- 
independent measure of potency.52 Other factors such as the 
inter-individual variability across peripheral blood mononuc
lear cell (PBMC) donors can also have an impact on the 
potency values determined using these assays. The above ana
lysis for cibisatamab showed that the time-independent 
approach actually gave a similar EC50 value compared to single 
time point approach as long as the most appropriate time point 
was chosen, and the authors proposed a pragmatic workflow in 
which the time course of biological activity could initially be 
used to determine potency using relatively few PBMC donors, 
and then the most relevant time point could be selected and 
EC50 determined with a greater number of PBMC donors in 
order to evaluate inter-donor variability.

It has also been demonstrated that a more rational selection 
and interpretation of data could affect the choice of clinical 
starting dose. As for many of the early TCEs, the starting dose 
of cibisatamab in patients was selected using the EC20 in the 
most sensitive cytotoxicity assay as the minimal biological 
activity.53 However, this starting dose was substantially lower 
than the clinically active dose range, and 7700-fold lower than 
the maximum tolerated dose (MTD) of 400 mg. The authors 
considered that cytokine release measured in a more disease- 
relevant tumor cell line, rather than cytotoxicity measured in 
a hCEA-transfected cell line was the more appropriate surro
gate biomarker for toxicity in patients at early dose levels. 
Additionally, a biological activity threshold of 30% rather 
than 20% was used, based on insights from Saber et al.42 

According to this retrospective analysis, a starting dose of 
450 μg could feasibly have been proposed for cibisatamab, 
which was ninefold higher than the actual starting dose of 

52 µg used in the FIH study. This underlines the importance 
of a rational and robust approach to the determination of the 
relevant biological activity in vitro, and will be especially 
important for next-generation TCEs designed to improve TI 
by generating lower levels of cytokines, and for which the 
“most sensitive assay” may not be the most clinically relevant 
assay.

In addition to considering the relevant in vitro and in vivo 
pharmacodynamic data with which to select the starting dose, 
elucidation of the most appropriate exposure metric with 
which to drive the predicted biological activity in patients is 
also vital. It is generally not the concentrations of the TCE 
itself that drive pharmacological activity, since cytotoxicity 
should theoretically only occur upon dual binding of the 
drug to CD3 on T cells and to the tumor antigen to form 
a CD3-TAA-TCE ternary complex, or trimer. As shown in 
Figure 1, saturation of binding to one or both of the targets 
within the tumor environment can result in a nonlinear rela
tionship between dose and trimer exposure, which can thereby 
give rise to a nonlinear dose-response curve, even when the 
serum exposure of TCE appears to be linear with respect to 
dose. This could ultimately result in a “bell-shaped” relation
ship for trimer formation where the concentration of TCE 
exceeds the concentration of available receptors, which favors 
monovalent binding and the formation of dimers between the 
TCE and its respective targets. A consequent decrease in 
response can frequently be observed in vitro since TCEs gen
erally cannot elicit pharmacological activity in their dimeric 
forms, although this is less commonly observed in vivo since 
the TCE concentrations required to exceed maximal trimer 
formation are rarely reached due to limited tolerability at this 
dose range. For a given concentration of TCE, the extent of 
trimer formation in vitro may also exceed the level of trimer 
formed at the same concentration of TCE in vivo, due to 
differences in E:T ratio. Therefore, relating the trimer concen
tration, rather than the TCE concentration, to biological activ
ity may provide a more appropriate means of scaling 
preclinical in vitro and in vivo data to human.36 This approach 
was carried out for P-Cadherin LP-DART using a mechanistic 
in vitro PK/PD model of trimer concentrations to drive tumor 
cell killing and T cell proliferation.51 Once characterized 
in vitro, simulation of trimer concentrations in human was 
achieved by predicting the human PK and distribution of the 
TCE to the tumor, and the subsequent formation of trimer in 

Figure 1. Schematic representation of the relationship between dose, exposure and pharmacodynamic response for the TCE, and for the trimeric complex (“trimer”) 
formed upon dual target engagement of TCE with CD3 and TAA.
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the tumor microenvironment as a function of the intra- 
tumoral TCE, CD3 and TAA levels. Thus, the human dose 
giving a tumor trimer exposure equal to the estimated EC20 of 
trimer in the chosen in vitro assay was determined as the 
MABEL.

While the above approach used predicted exposure of the 
trimer in tumor cells to drive the biological activity, it may be 
possible to evaluate some PD biomarkers such as cytokines 
in vivo using toxicology studies in species which express the 
target on healthy cells, even in the absence of tumor. As an 
alternative to an in vitro-based MABEL approach, PK/PD 
modeling of in vivo data was carried out to select the starting 
dose for the anti-CD20 TCE glofitamab.54 Cytokine release 
resulting from serum exposure of glofitamab and B cell levels 
in the blood was modeled in the monkey, and translation of the 
relevant model parameters allowed the prediction of systemic 
cytokine levels in patients for different doses of glofitamab, 
assuming a range of B cell counts in patients. Furthermore, this 
approach combined both in vivo and in vitro knowledge, by 
correcting for the 70-fold higher observed in vitro potency for 
cytokine release in human versus monkey whole blood. Such 
holistic translational modeling strategies, which integrate pre
clinical data from various sources, could provide a better over
all prediction of safe starting dose ranges for TCEs by 
accounting for multiple underlying mechanisms of toxicity. 
However, cytokine release resulting in CRS may entail several 
components: binding of the TCE to CD3 in the absence of 
TAA cross-linking, and TAA-mediated cross-linking with 
CD3 which can occur in both tumor cells and healthy tissue 
cells expressing the TAA. Both the off-target and the on-target 
off-tumor toxicity can be evaluated in cross-reactive species 
which express the TAA in healthy tissues, but the on-target on- 
tumor toxicity is not accounted for in commonly used toxicol
ogy species such as non-human primates. Consequently, an 
additional 10-fold safety factor was applied to the model- 
determined starting dose of glofitamab to compensate for 
potential cytokine release from tumor which was not included 
in the translational PK/PD model. Nevertheless, the final start
ing dose was still ~30-fold higher than the dose that would 
have been selected using an in vitro-based MABEL approach. 
Although the PD was driven by glofitamab concentrations and 
B cells in peripheral blood, for other TCEs it is possible that 
trimer exposure within healthy tissues expressing the TAA 
could be more relevant to toxicity, thus the prediction of 
trimer concentrations in these tissues as well as in tumor 
could be a more appropriate approach for interspecies transla
tion, albeit with the significant challenge of obtaining accurate 
values for TAA and CD3 levels within healthy tissues in both 
preclinical species and in patients. Humanized immunocom
petent tumor-bearing mouse models may also be of value since 
they could allow the simultaneous evaluation of toxicity and 
efficacy, provided that the expression levels and function of 
both immune cells and TAA within tumor and healthy tissues 
is similar enough to that in patients, or can be scaled 
appropriately.

The above examples demonstrate that a more rational and 
mechanistic selection of starting dose for TCEs could be 
achieved using appropriate exposure metrics and relevant 
assays for biological activity, as well as by quantitatively 

accounting for differences in experimental conditions or pre
clinical species versus the human in vivo environment. This 
may ultimately provide confidence in selecting starting doses 
which are both tolerable and closer to the efficacious dose 
range in patients, allowing more patients to receive doses 
that are likely to provide clinical benefit. Another key compo
nent of this approach is therefore to predict the potentially 
efficacious dose range in patients, and to anticipate whether it 
can be achieved with acceptable levels of tolerability.

Anticipating the efficacious dose range and therapeutic 
index of TCEs in patients

For some immunotherapeutic molecules such as immune 
checkpoint inhibitors, their mechanism of action relies upon 
a sufficient extent of saturation of the target antigen, and thus 
the clinical activity of these molecules can often be correlated 
to receptor occupancy.55 However, for immune agonists such 
as TCEs, the complex pharmacological cascade downstream of 
dual target engagement means that RO alone cannot reliably 
be used to prospectively determine the clinically efficacious 
dose range. This was illustrated during an exposure-response 
analysis for glofitamab, for which an objective response rate 
(ORR) of 54% in the pivotal phase 2 study corresponded to an 
average CD20 RO of less than 1%.56 The correlation between 
RO and efficacy can vary substantially among different TCEs, 
depending on the potency of the immune synapse formed, the 
abundance and heterogeneity of receptor expression on tumor 
cells, and the nature and magnitude of the downstream med
iators of cytotoxicity. Thus, determining the concentration of 
TCE required to obtain a desired level of pharmacological 
activity, as opposed to a certain receptor occupancy, may be 
a more appropriate approach to predict clinically active doses 
of TCEs. This approach was carried out for the anti-BCMA 
TCE teclistamab during dose escalation, by comparing the 
observed serum concentrations of teclistamab in patients 
with ex vivo potency measured in bone marrow mononuclear 
cells derived from MM patients, co-incubated with human 
PBMCs obtained from a range of donors.57 For the dose 
route and regimen selected as the RP2D, the mean steady- 
state serum concentrations in patients were shown to be main
tained above the maximum ex vivo EC90 value across the 
different PBMC donors.58 Using a similar approach, the 
mean steady-state serum concentrations of the anti-GPRC5D 
TCE talquetamab were also shown to exceed the ex vivo EC90 
in patient-derived multiple myeloma (MM) cells co-incubated 
with PBMCs.59 Since in vitro potency is generally a static value, 
i.e., measured in the presence of non-fluctuating drug concen
trations after a pre-determined incubation duration, as well as 
using artificially high E:T ratios and with drug readily acces
sible to both target cells, these assays may not necessarily 
provide potency values that are reflective of the in vivo envir
onment at the target site, particularly when compared with 
serum concentrations of drug in patients. Therefore, the 
in vivo exposure at efficacious doses in preclinical pharmacol
ogy models was used as an alternative approach to anticipate 
the clinically active dose range during the dose escalation of 
the anti-CD20 TCE odronextamab.60 Serum concentrations of 
odronextamab in patients were compared with the maximum 
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and trough concentrations measured at the efficacious dose in 
a CD20-expressing mouse xenograft tumor model. 
A subsequent retrospective analysis of the translational value 
of these data found that the exposure corresponding to 100% 
inhibition of tumor growth in the mouse model was able to 
give a good agreement with the clinically efficacious exposure 
of odronextamab.61

Although these examples provided useful indicators of the 
therapeutic dose ranges for some TCEs, these approaches are 
prone to the same limitations and assumptions as those used to 
determine the starting dose, in terms of the differences in 
physiological conditions between the human tumor environ
ment and the preclinical systems, so care must be taken when 
applying these approaches to other TCEs. The influence of 
parameters such as E:T ratio on the in vitro cytotoxic potency 
for a range of different TCE molecules was quantitatively 
evaluated using a mechanistic modeling framework, by char
acterizing the potency as a measure of the predicted trimer 
concentrations driving in vitro pharmacological activity across 
a range of E:T ratios and experimental conditions.48 The ana
lysis also demonstrated that by using the trimer potency and by 
translating the relevant physiological model parameters to 
their relevant values in patients, the observed clinical expo
sure-response relationship of blinatumomab was able to be 
predicted by the model. The incorporation of additional bio
markers relevant to the pharmacological pathway within 
a mechanistic modeling framework could help to elucidate 
the key mechanisms driving PD under different experimental 
conditions, and thus further improve the prediction of clinical 
activity in human, while also guiding the selection of potential 
clinical biomarkers. For example, by including activated T cells 
as an intermediate biomarker between trimer formation and 
cell killing within the mechanistic in vitro model for cibisata
mab, the variability in cytotoxicity across cell lines expressing 
different levels of the TAA was able to be accounted for via 
differences in T cell activation downstream of target engage
ment and trimer formation.62

For TCEs in poorly penetrable tumors, the correlation 
between in vitro potency and the clinically efficacious concen
tration range may be further complicated by differences in 
drug exposure within the tumor versus in the bloodstream, 
due to the complex interplay between extravasation, diffusion 
within the tumor interstitial fluid, and interactions with the 
target antigens within the tumor microenvironment.63 

Therefore, physiologically based translational modeling 
approaches may provide a more accurate prediction of the 
PK/PD relationship of the drug-target complex at the site of 
action. An example of this type of physiologically based 
mechanistic modeling approach was reported for P-Cadherin 
LP-DART, in which the tumor concentrations of trimer were 
predicted at the efficacious dose range in mouse xenograft 
models, and the physiological model parameters were then 
scaled to their equivalent human values in order to predict 
the dose which would result in the same tumor trimer expo
sure in patients.64 Translational physiologically based models 
such as these could also potentially allow the simulation of 
various scenarios relating to heterogeneity in the human 
tumor environment, such as tumor burden and immune cell 
enrichment.

Predicting the efficacious dose range is only part of the 
challenge in anticipating the clinical therapeutic window. In 
a similar model-based analysis to those described above, the 
trimer concentration required for efficient in vitro cell killing 
by the anti-Epcam BiTE solitomab was determined to be very 
close to the predicted trimer exposure at the observed MTD in 
the FIH clinical study.65 As such, it is important to anticipate the 
clinical dose range which is expected to result in significant 
toxicity, in order to predict the TI. Preclinical-to-clinical trans
lation of toxicity is a major challenge for TCEs,66 particularly 
given the apparent discrepancy between the maximum tolerated 
dose in human versus in animals reported by Saber et al, albeit 
across TCEs with a variety of targets and molecular formats.42 

The steep and nonlinear dose-toxicity relationship often 
observed for TCEs is challenging to anticipate prior to clinical 
studies, due to interspecies differences in the relative expression 
levels and tissue distribution of the target antigen, as well as 
heterogeneity across patient populations due to disease-related 
factors or prior treatments. In order to characterize and translate 
preclinical exposure-toxicity relationships to patients, PBPK 
models may be of value since they allow the prediction of the 
time course of drug concentrations in different locations within 
the body, and can be customized to include target-mediated 
interactions via incorporation of the tissue-located target anti
gens within the relevant model compartments. However, it is 
currently challenging to quantitatively determine the abundance 
and turnover of the target antigen on the cell surface of these 
tissues in both preclinical species and in patients, which will be 
a key prerequisite for the prediction of on-target off-tumor 
toxicity of TCEs. Additionally, tissue toxicity may not necessa
rily be solely due to on-target off-tumor binding to the target 
antigen, and nonspecific binding to other receptors present 
within tissues could also trigger undesired T cell-mediated 
local inflammatory responses in the presence of T cells. 
Evaluating both on- and off-target toxicity prior to clinical 
studies will be essential to provide an overall assessment of the 
expected safety profile in patients. Since the mechanisms behind 
the pharmacological activity and toxicity of TCEs are inherently 
linked, obtaining the desired balance between efficacy and toler
ability may be finely poised. Therefore, mechanistic modeling 
approaches that incorporate the impact of the pharmacological 
mediators of TCE activity on both efficacy and toxicity within 
the same model framework could be of value in predicting the 
therapeutic window in patients. For example, a quantitative 
systems pharmacology (QSP) model was developed in order to 
characterize the effect of blinatumomab on both target B cell 
depletion and cytokine release in patients, thus providing 
a holistic view of the overall exposure-response relationship 
with respect to both efficacy and toxicity.67 Models such as 
these could indicate whetherthe TI in human is predicted to be 
narrow, and thus help guide the design of appropriate dose 
regimens within the FIH study in order to maximize the benefit- 
risk relationship.

Optimization of efficacy and safety during the clinical 
development of TCEs

The complex interplay between the pharmacodynamic media
tors of both the efficacy and toxicity of TCEs is a key challenge 
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in the selection of an optimal dose regimen. As one of the key 
cytokine-induced side effects, CRS is generally managed in the 
clinical setting by the administration of corticosteroids such as 
dexamethasone, along with antihistamines and antipyretics, 
and prophylactic use of these agents has been incorporated 
into the trial design of many TCEs. Targeted CRS intervention 
strategies such as the interleukin (IL)-6 receptor antagonist 
tocilizumab have also been used to inhibit the activity of key 
individual cytokines which are involved in the inflammatory 
pathways of CRS.68 There is some debate as to whether sup
pression of the immune response via corticosteroid adminis
tration negatively impacts the efficacy of immune stimulatory 
therapies,69,70 therefore it is also desirable to evaluate alterna
tive clinical dosing strategies for TCEs in order to find the 
optimal regimen to reduce the incidence and severity of cyto
kine-mediated toxicity.

Optimization of dose regimen to reduce CRS

During the clinical development of blinatumomab, it was dis
covered that an initial dose regimen of 5 µg/m2/day for the first 
7 days followed by 15 µg/m2/day resulted in lower levels of 
cytokine secretion compared to in patients receiving a fixed 
dose regimen of 15 µg/m2/day.71 This gave rise to the hypoth
esis that step-up dosing could potentially be used to reduce the 
incidence and severity of CRS for other TCEs, a concept which 
was further supported by a 36% increase in the RP2D of the 
gp100-targeting TCE tebentafusp when using a 3-week step-up 
dosing regimen compared with the MTD obtained using 
a fixed weekly dosing schedule.72 A pharmacodynamic analysis 
for mosunetuzumab revealed that cytokine induction was pri
marily associated with the first administration, with no further 
increase in IL-6 levels at the higher doses subsequently admi
nistered within the treatment cycle.73 Therefore as depicted in 
Figure 2, initial doses which are lower than the target dose may 
be administered within the first treatment cycle in order to 
provide a stepwise increase in peak drug concentrations when 
compared to fixed dosing schedules, thus “priming” the 
immune system more gradually in order to prevent an early, 
uncontrolled inflammatory response which could lead to CRS 
or other immune-related toxicities. Fractionated step-up dos
ing (Figure 2c) may also be implemented to provide a similar 
overall first-cycle exposure of drug compared to the exposure 
at the target dose regimen, thus compensating for the lower 
exposure of each individual step-up dose.

The diverse array of step-up dose regimens that have been 
evaluated for TCEs raises the question of how to determine the 
appropriate dose intensity and frequency of the priming doses. 
For some molecules such as the anti-CD20 TCE epcoritamab 
and the anti-MUC16 TCE ubamatamab, step-up dose regi
mens were implemented from the initial dose escalation 
cohort, with the step dose being a “reasonable” multiple of 
the target starting dose (e.g. one-third), and the step dose for 
subsequent cohorts being equal to the target dose for the 
preceding cohort. As target dose levels increased during the 
escalation phase, the step dose was then fixed to a level with 
acceptable tolerability. To “bridge the widening gap” between 
the step dose and the escalating target dose, an additional 
intermediate step dose may then be introduced.74 The 

a priori selection of an appropriate frequency and intensity 
of step-up dosing is not trivial, and may depend upon a variety 
of factors relating to the molecule, the target, and the nature 
and severity of disease. In view of this uncertainty, four differ
ent step-up dose regimens along with a fixed dosing regimen 
were evaluated within the FIH trial of the anti-CD123 TCE 
vibecotamab,75 whereas the dose escalation phase for the anti- 
CD20 TCE plamotamab FIH trial included a three-part design, 
with the goal of establishing appropriate levels for the initial 
priming doses in subsequent parts of the study.76 However, the 
evaluation of different step-up dose regimens during dose 
escalation could pose significant and potentially unnecessary 
challenges in the interpretation of the dose-response relation
ship, particularly if dose levels early in the escalation phase are 
not expected to result in severe CRS, based on translational 
modeling analyses discussed in the previous section. Instead, 
step-up dosing regimens may be triggered based upon certain 
toxicity-related criteria, such as for the anti-BCMA TCE teclis
tamab where step-up dosing was initiated following the first 
incidence of grade ≥2 CRS.77

As clinical development progresses, population PK/PD and 
exposure-response modeling can help to determine appropri
ate step-up and target dose regimens for further evaluation in 
pivotal trials and in additional patient populations, as demon
strated for mounetuzumab, glofitinib, and blinatumomab.
46,5678 These empirical model analyses can provide key 
insights during clinical development, but since they rely on 
using observed data from patients, they can only be developed 
once sufficient clinical data is available. Translational PK/PD 
modeling could allow earlier insights into when and how to 
implement step-up dosing, using predicted exposure-response 
relationships based on preclinical data. For example, a semi- 
physiological PK/PD model was developed to characterize the 
trafficking of CD8 + T cells and CD19- and CD20-expressing 
B cells between the blood and lymphoid tissues in monkeys 
and humans, and to simulate the impact of the immune cell 
dynamics on the magnitude and time course of IL-6 dynamics 
(i.e. safety), and target cell depletion (i.e. efficacy).79 

Simulations using models such as these can aid in determining 
optimal step-up dose regimens, which could provide the 
desired balance between safety and efficacy for TCEs. The 
time course of TCE-induced cytokine production and disposi
tion may differ in solid tumors versus hematologic malignan
cies, due to differences in T cell trafficking and cancer cell 
dynamics within the tumor microenvironment. The impact of 
these differences on cytokine levels within the bloodstream can 
be evaluated using mechanistic modeling approaches which 
account for temporal changes in TAA levels due to differences 
in the dynamics of tumor burden. For example, a model devel
oped to capture the observed clinical cytokine data for blina
tumomab administered at fixed versus step-up dose regimens 
was then modified to characterize the cytokine release of 
P-cadherin LP DART in monkeys, via incorporation of the 
relevant dynamics of target antigen turnover in P-cadherin- 
expressing tissues as a “surrogate” for cytokine release subse
quent to TCE binding in solid tumors.80 However, CRS may 
not be the only immune-related toxicity of concern for some 
TCEs, and tissue damage may occur due to localized cytokine 
release and cytolytic activity within healthy tissues which also 
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express the target antigen. To account for this, the anti-PSMA 
TCE HPN424 and the anti-mesothelin TCE HPN536 incorpo
rated the criteria of grade ≥2 drug-related toxicity, rather than 
CRS-related criteria, to trigger step-up dosing cohorts in par
allel to fixed dosing cohorts during dose escalation. It must be 
noted that an assumption inherent to the step-up dosing 
approach is that the relevant toxicity is an initial-dose phe
nomenon, which may not always be the case. For example, the 
SSTR2-targeting TCE tidutamab included step-up dosing dur
ing the dose escalation phase of the FIH study, but gastro
intestinal toxicity was nevertheless considered to be dose- 
limiting by the fourth dose level, and ultimately development 
of tidutamab was terminated.81 In such cases, it may be ben
eficial to evaluate alternative administration strategies instead 
of, or in addition to step-up dosing, in search of the optimal 
therapeutic window.

Route of administration

As well as providing a more convenient dosing regimen for 
patients, subcutaneous administration has been evaluated in 
the FIH studies of several TCEs with the aim of achieving 
higher drug exposure while minimizing Cmax-driven adverse 
events such as CRS and neurotoxicity. Subcutaneous admin
istration generally results in a lower peak-to-trough ratio of 
drug concentrations, as well as a more gradual release of 
drug into the systemic circulation. This was shown to mark
edly reduce the incidence of grade 2 and grade 3 CRS for 

mosunetuzumab, while achieving lower Cmax and higher 
trough concentrations at the target subcutaneous dose regi
men compared to the previously evaluated IV dose 
regimen.82 Subcutaneous administration has been incorpo
rated within the FIH dose escalation phases of FIH trials 
following initial evaluation of IV administration for some 
TCEs such as teclistamab and talquetamab, resulting in 
higher dose levels being achieved compared to the maxi
mum IV dose levels evaluated.83,84 Subcutaneous dosing 
may also provide the benefit of reducing the frequency of 
administration, since trough concentrations may be main
tained over a longer duration compared to an IV dosing 
regimen. As such, model-based simulations of subcutaneous 
dose regimens based on clinical PK data obtained after IV 
administration for some TCEs such as plamotamab have 
suggested that subcutaneous administration with less fre
quent dosing compared to the IV regimen would allow 
trough concentrations to be maintained, while potentially 
reducing CRS via lower Cmax levels.76 It will be of interest 
to evaluate the impact that a lower peak and longer time 
course of TCE concentrations, as well as less frequent dosing 
may have on efficacy and on resistance mechanisms such as 
T cell exhaustion in both solid and hematological cancers.

The success of subcutaneous dose regimens for TCEs is also 
likely to depend on achieving an appropriately high bioavail
ability, in order to provide higher systemic exposures and limit 
localized sequestration of the molecule within the site of 
administration. For example, the reported bioavailability of 
mosunetuzumab in patients was over 80%.82 But since 

Figure 2. Schematic representation of the impact of fixed and step-up dose regimens on drug concentration versus time profiles (solid black lines). Dose level and 
frequency is indicated by arrows, and the maximum desired peak concentration is indicated by the dashed red lines.
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bioavailability can vary across therapeutic proteins, it cannot 
necessarily be assumed that subcutaneous administration will 
give a similar exposure to IV administration for a given dose. 
In the FIH study for teclistamab, the subcutaneous dosing 
rationale was informed by modeling the early clinical IV PK 
data, and simulating the expected PK assuming 
a bioavailability of 60% after subcutaneous administration.85 

Simulations using this type of modeling approach can guide 
dose selection based on the expected reduction in peak-to- 
trough concentration ratio after subcutaneous compared to 
IV dosing, assuming “plausible” or “worst-case” scenarios for 
bioavailability. Alternatively, some TCEs such as epcoritamab 
have been administered subcutaneously in FIH studies without 
IV dosing ever being evaluated in patients. Although it is 
currently challenging to accurately predict the human bioavail
ability of biotherapeutics during preclinical development, 
initiatives to improve prediction tools such as translational 
PBPK models may ultimately allow the prospective simulation 
of the PK of TCEs in patients in order to guide the choice of 
dose route in the FIH study.86,87

A note of caution is often raised on whether subcutaneously 
administered therapeutic proteins carry a greater risk of 
immunogenicity.88 For TCEs, the impact of route of adminis
tration on ADA incidence can be difficult to elucidate when 
the dose and exposure levels differ substantially between the 
two routes of administration. For example, the ADA incidence 
for the anti-PSMA TCE JNJ-081 after IV administration was 
17% compared to 63% after subcutaneous administration, but 
the differences in JNJ-081 exposure observed for the two 
routes of administration meant that it was considered incon
clusive as to whether the higher ADA incidence was caused by 
subcutaneous administration.89 Further caution must be exer
cised when comparing immunogenicity data across dose 
routes for TCEs targeting tumor antigens expressed on 
B cells, since a low incidence of ADA is generally expected as 
a result of B cell depletion and subsequent suppression of 
immunoglobulin production. The impact of route-dependent 
immunogenicity on efficacy or safety will also depend on 
whether neutralizing or non-neutralizing ADA are generated, 
and the extent to which they impact the exposure of the TCE.

Selection of the optimal clinical dose

The complexity of the various dosing strategies used during 
the dose escalation phase of FIH trials for TCEs may lead to 
difficulties in deciding upon the optimal dose regimen for 
further study in patients. Increasing emphasis on improving 
the process of dose optimization within oncology will require 
a rigorous analysis of the exposure, efficacy and safety data 
across the evaluated dose range, as opposed to merely selecting 
the highest tolerated dose.90 As such, it may be necessary to 
select more than one dose level or regimen for further evalua
tion in the dose expansion phase of the FIH study or in 
subsequent studies, in order to more robustly characterize 
the dose-exposure-response relationship. For example, the 
anti-DLL3 TCE tarlatamab evaluated two different dose levels 
in a randomized phase 2 study in small cell lung cancer 
patients, following the FIH study.91 It may also be necessary 
to consider additional evaluation of different step-up dose 

regimens, as demonstrated by the inclusion of two separate 
expansion cohorts in the FIH study of the anti-FcRH5 TCE 
cevostamab, which aimed to further characterize the impact of 
single step-up versus double step-up dosing on tolerability.92

As well as obtaining additional data in clinical studies, 
quantitative characterization of the relevant PK/PD relation
ships for efficacy and safety can be utilized to guide the 
selection of the optimal dose regimen for TCEs. A model- 
informed approach was proposed to support the selection of 
RP2D of epcoritamab, for which a semi-mechanistic PK/PD 
model was developed during the preclinical stage of develop
ment and further refined using clinical PK, PD and response 
data from the FIH study, in order to thoroughly characterize 
the exposure-response relationship and to determine the 
clinical dose at which efficacy reached an optimal peak.93 

Because the model included prediction of the PK of epcor
itamab within the tumor cell environment, as well as T cell 
and target antigen abundance and dynamics, it was possible 
to predict the concentration of the trimer complex at each 
dose level administered during the study. Using model simu
lations, the clinical dose at which trimer formation reached 
a plateau was able to be determined, with higher doses not 
predicted to result in higher concentrations of trimer. The 
model was also linked to an in silico tumor growth model 
using the baseline tumor size in patients receiving epcorita
mab, to enable the prediction of clinical outcome in terms of 
tumor growth inhibition and objective response rate. Since 
drug concentrations may increase proportionally with dose 
but trimer concentrations may not, depending on the satura
tion of CD3 and/or the tumor antigen, this highlights the 
importance of considering the appropriate driver of effica
cious exposure, i.e., the trimer, as opposed to the TCE itself, 
during modeling and simulation of exposure-response rela
tionships. By using a holistic, translational modeling 
approach, the value of this modeling framework can be 
evaluated as clinical development continues (“learn and con
firm”) and refined for the development of subsequent TCE 
molecules.

Another key component in aiding the selection of optimal 
dose regimens for further clinical development involves the 
identification of dose- or exposure-dependent modulation of 
PD biomarkers, which may be predictive of clinical response. 
For glofitamab, it was demonstrated that the magnitude of 
T cell margination and expansion of effector memory cells 
was dose-dependent, and positively associated with clinical 
benefit.94 In some tumors with low baseline levels of T cells 
residing in the tumor microenvironment, redirection of cyto
toxic T cells from peripheral locations to the tumor may be 
critical for efficacy. For tebentafusp, early drug-dependent 
changes in biomarkers related to the CXCL10-CXCR3 che
moattractant axis involved in T cell redirection were asso
ciated with greater tumor shrinkage and longer overall 
survival.95 Therefore, mechanistic PK/PD modeling 
approaches which incorporate the drug-dependent impacts 
on both the infiltration and proliferation of T cells contribut
ing to tumor growth inhibition could further aid in evaluat
ing the relevant pharmacodynamic predictors of clinical 
response. Additionally, the PD of the tumor target antigen 
may also provide a potentially predictive biomarker for 
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correlation with clinical response. A QSP model developed 
based on the PK and PD characteristics of cibisatamab pre
dicted that a higher tumor mutational burden and higher 
CEA expression on cancer cells corresponded to an increased 
reduction in tumor volume following simulation of cibisata
mab administration in a virtual population of colorectal 
cancer patients, whereas CD3 expression on effector and 
regulatory T cells did not affect the anti-tumor response.96 

This model analysis also deduced that while the amount of 
CEA influenced the simulated ORR, this was much reduced 
above a certain CEA threshold level, after which no further 
clinically relevant change in tumor response was predicted. 
Thus, models which include the influence of tumor antigen 
levels on response rates could potentially help to guide 
patient selection or stratification criteria, based on target 
antigen cutoff values. Furthermore, by including the time 
course of the PD of TAA in response to the drug, these 
models could also be used to characterize potential resistance 
mechanisms such as antigen loss, which has been observed 
for immunotherapies targeting CD19.97 As well as 
a progressive decrease in efficacy, the loss of antigen could 
also manifest as a time-dependent change in clearance of 
drug, as demonstrated by the population PK analysis 
included in the regulatory submission of mozenutuzumab,98 

and it will be important to determine whether this may cause 
confounding effects on exposure-efficacy relationships. 
Additional investigation of T cell-related resistance mechan
isms could be carried out using models such as the one 
developed for cibisatamab, which incorporated different sub
populations of T cells, including immune suppressive regu
latory T cells (Treg). Although the model did not predict 
a substantial impact of Treg levels on tumor growth inhibition 
by cibisatamab, it has been shown that Treg levels in patients 
were predictive of clinical response to other TCEs such as 
blinatumomab, where responders had a lower percentage of 
Treg cells in peripheral blood.99 Therefore, care must be taken 
when extrapolating the interpretations from these types of 
models across different TCEs.

Beyond RP2D

Given the complex temporal relationship between the time 
course of drug exposure and T cell dynamics, phenotype, and 
function, additional consideration may be required regarding 
the refinement of the dosing regimen over a longer duration of 
treatment. It is common for patients with hematological can
cers to receive fixed durations of treatment, and for many of 
the TCEs with once-weekly dose regimens in early cycles, less 
frequent dosing schedules have been implemented in subse
quent cycles. While this can reduce the treatment burden for 
patients, it may also help to reduce T cell exhaustion resulting 
from chronic exposure of the T cells to antigen, which can be 
a major resistance mechanism to immunotherapy in 
oncology.100 Another approach to combat T cell exhaustion 
is to combine TCEs with immune checkpoint inhibitors tar
geting the PD-1/PD-L1 axis, since this has the potential to 
counteract the upregulation of PD-1 as a mediator of T cell 
dysfunction.101,102 Several clinical studies combining TCEs 
with PD-1 or PD-L1 inhibitors are currently ongoing, and 

quantitative modeling approaches have also been carried out 
to characterize the relative contributions of each drug to the 
T cell response.103 These types of mechanistic models could 
also help to rationally select combination drug partners with 
complementary mechanisms of action, and guide the selection 
of appropriate dose intensities and scheduling for evaluation in 
clinical trials. Translational modeling of in vivo data in pre
clinical species may also provide valuable insights into the 
mechanisms driving the combination effect, either in parallel 
or prior to clinical studies. This was recently demonstrated for 
a TCE targeting TYRP1 using an immune-humanized mouse 
model of melanoma, in which higher doses of TCE as mono
therapy resulted in greater tumor cell killing, but also increas
ingly rapid tumor regrowth. Combining the TCE with anti-PD 
-L1 therapy reduced both the rate and time to tumor regrowth, 
and a translational PK/PD model was developed to quantify 
these processes and predict clinical response of the combina
tion versus monotherapy.104

An alternative approach to boost the anti-tumor immune 
response is to combine TCEs with other immune stimulating 
agents such as 4–1BB and CD28 agonists.105,106 Interestingly, 
in one such clinical trial combining the bispecific immune 
engagers REGN4018 and REGN5668 which target CD3 and 
CD28 respectively, both molecules also bind to the same TAA 
(MUC16) on tumor cells.107 Mechanistic modeling could aid 
in characterizing the pharmacokinetic and pharmacodynamic 
interplay between these molecules, including competition for 
the TAA. In addition to pharmacodynamic drug interactions, 
potential pharmacokinetic drug-drug interactions (DDI) may 
sometimes require consideration when TCEs are combined 
with small molecules given as standard of care. It is known 
that elevated cytokine levels can influence the expression and 
function of drug-metabolizing enzymes such as cytochrome 
P450 (CYP450).108 Therefore, the potential for DDI between 
cytokine-modulating TCEs and CYP450-metabolized drugs 
may need to be evaluated, as exemplified by the PBPK model
ing approach carried out to predict the impact of blinatumo
mab-mediated cytokine modulation on CYP450-mediated 
drug metabolism.109 The magnitude of DDI for blinatumomab 
was not predicted to be clinically relevant, so PBPK evaluation 
may be important to help determine whether or not clinical 
DDI studies are required. Some TCEs are also currently being 
evaluated in combination with antibody-drug conjugates,110 

and as such it may be of particular importance to assess the 
potential for cytokine-mediated DDI on the PK of the small 
molecule drug released from the ADC, especially if its meta
bolism is mediated by CYP450 enzymes. Finally, it will also be 
important to consider whether the combination of TCEs with 
chemotherapeutic drugs which cause significant lymphodeple
tion may affect the PK and PD of TCEs via their impacts on 
T cell levels, which may potentially counterbalance their tumor 
debulking effects. This is currently an area which requires 
further investigation and may be critical to the success of 
TCEs as they move into earlier lines of therapy.

Perspectives for the next generation of TCEs

With significant progress being made in evolving clinical dos
ing paradigms (Figure 3), TCE therapies are demonstrating 
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increasingly robust clinical activity in hematological cancers, 
and are beginning to show promise in some solid tumor 
indications. However, fulfilling the potential of TCE therapy 
will rely on addressing several key challenges which further 
expand the scope of the dose-exposure-response paradigm. 
A better understanding of the immune cell-related compo
nents of the PK/PD relationship could help to account for 
factors which may influence not only the variability in ther
apeutic outcomes, but also the disposition of the TCE itself. 
The complexity of the pharmacodynamic cascade elicited by 
TCE therapy requires mechanistic and time-dependent char
acterization of both the number of resident and tumor- 
infiltrating immune cells within the biophase, along with 
their phenotypic differences, all of which may vary over the 
duration of treatment and disease. Physiologically-based mod
els which account for the production, turnover and trafficking 
of immune cells from lymphoid tissues to tumor tissue, as well 
as the dynamics of TAA-expressing cells and the distribution 
of the TCE have previously been developed to aid PD-focused 
molecular design of TCEs.45 Models such as these could also be 
vital in understanding the overall response of patients to TCE 
therapy in a manner which is not solely driven by “input” drug 
concentrations, but by each component of the resulting 
immune synapse. This could ultimately help to elucidate 
which factor – T cells, TAA-expressing cells, or drug levels – 
has the greatest impact on the clinical efficacy and safety 
profile for a given TCE and indication, and may thereby 
guide the implementation of the most appropriate strategy 
for patient selection based on either immune status or TAA 
levels. As demonstrated with a QSP model developed for 
tebentafusp using clinical data for model verification, simula
tion of different dosing scenarios could guide the selection of 
step-up dose regimens which provide an optimal balance 
between efficacy and safety, in order to improve the benefit/ 
risk profile.111

In cases where the micro-environment of the tumor is 
unfavorable to T cell infiltration or proliferation, combination 

therapy may be required to enhance the function of TCEs.112 

As an alternative to combining TCEs with other immune- 
modulating therapies, efforts are underway to design next- 
generation TCE molecules with binding domains to other 
costimulatory immune targets, such as CD28.113 Multi- 
specific antibodies will present challenges for quantitative in 
silico modeling of exposure-response relationships, since the 
respective binding kinetics of each targeting domain will have 
an impact on both the PK and the PD of the molecule. 
A recently published QSP modeling analysis for a TCE target
ing CD3, CD28, and CD38 was carried out to explore the 
hypothesis that co-stimulation of CD28, while not essential 
for the cytotoxic activity of CD3-targeting TCEs, could never
theless be beneficial in increasing the functional capacity and 
durability of effector T cells that are already differentiated into 
an early exhausted state, while potentially also triggering the 
activation of naive T cells.114 Other TCEs have been designed 
to target both PD-1 and CD3, in addition to a specific TAA, 
thereby aiming to mimic the anti-PD-1 combination therapy 
approach to reduce T cell dysfunction or to overcome the 
immunosuppressive tumor microenvironment.115,116 When 
developing molecules with multiple target antigens on 
immune cells, particularly in the case of inhibitory versus 
agonistic mechanisms such as PD-1 and CD3, it will be impor
tant to combine data generated using a range of appropriate 
in vitro assays with modeling and simulation, in order to 
achieve the optimal receptor occupancy balance.

Another strategy to improve the therapeutic index of TCEs 
has been to reduce their off-tumor activity by targeting two 
separate TAAs which are co-expressed on tumor cells, but 
with limited or no co-expression on healthy cells.117 Tumor 
selectivity depends upon sufficiently high receptor density of 
both antigens on tumor cells to permit avidity-driven target 
engagement and CD3 cross-linking, while minimizing T cell 
activation upon monovalent binding to the individual TAAs 
in their respective locations within healthy tissues. Affinity 
optimization may not be straightforward, and model-guided 

Figure 3. Comparison of different clinical dosing strategies for TCEs.
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approaches could provide valuable input into the design of 
appropriate assays to thoroughly characterize the relation
ship between antigen expression, avidity and activity, thus 
improving confidence in predicting PK/PD in patients. 
Alternatively, prodrug-like TCEs designed for reduced off- 
tumor activity via “masked” binding domains to either CD3 
or the TAA have recently entered clinical trials.118,119 Tumor- 
specific activation is achieved by cleavage of the “mask” by 
proteases that are preferentially located or activated within 
the tumor microenvironment. For prodrug-like TCEs, the 
serum concentrations of TCE may not be an appropriate 
surrogate measure of the exposure which drives pharmaco
logical activity, therefore early implementation of bioanaly
tical strategies to allow monitoring of the relevant 
components of the molecule with which to evaluate preclini
cal exposure-response relationships will be essential. 
Furthermore, a more complete mechanistic characterization 
of the processes governing the tumor distribution and clea
vage of the prodrug, including accounting for potential inter- 
patient variability in protease levels, will be required in order 
to translate preclinical in vitro or in vivo efficacy and toxicity 
to patient populations.120 The implementation of these 
model-based approaches as early as possible during the devel
opment of these next-generation TCEs is therefore 
encouraged.

In conclusion, it is essential to develop rational, mechan
istically guided approaches to dose selection and clinical study 
design, in order to facilitate the development of immune 
engaging molecules with a better therapeutic index in patients. 
Significant improvements have been made in characterizing 
dose-exposure-response relationships for efficacy and toxicity 
of TCEs throughout their development, and it will be impor
tant to continue optimizing clinical dosing paradigms in order 
to successfully deliver on the promise of TCE therapy in 
oncology.
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