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Abstract
Bispecific antibodies exhibit proven clinical benefit, and many bispecifics are cur-
rently in clinical development for oncology. Cytokine release syndrome (CRS) is 
a common clinical adverse effect observed following CD3-based bispecific dosing. 
However, the pathophysiology of CRS is not fully understood, and no compu-
tational model mechanistically describing clinical cytokine dynamics following 
bispecific dosing in solid tumors exists. Here, a quantitative systems pharma-
cology (QSP) model describing peripheral clinical cytokine dynamics following 
bispecific dosing in solid tumors is presented. Using tebentafusp as a case study, 
a CD3-bispecific approved for uveal melanoma, the model successfully captures 
the dynamics of five cytokines. The QSP model was shown to predict observed 
phenomena, such as cytokine maximum concentration suppression using step-
up dosing regimens and the importance of on-target off-tumor binding toward 
CRS and toxicity. Furthermore, the QSP model provides rationale for these bio-
logical phenomena based on dynamics of immune cell activation and desensitiza-
tion in tumors and healthy tissues. Overall, the QSP model structure presented 
here serves as a basis to infer cytokine dynamics for other CD3-based bispecifics 
or tumor types by altering model parameters to capture the scenario of interest, 
supporting applications including dose selection, candidate nomination, and dis-
ease area selection.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Cytokine release syndrome (CRS) is a common clinical adverse effect following 
CD3-bispecific dosing. However, CRS pathophysiology is not fully understood, 
and no computational model mechanistically describing clinical cytokine dy-
namics following bispecific dosing in solid tumors exists.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study addresses how peripheral cytokine dynamics, a clinical biomarker, 
can be mechanistically modeled for CD3-bispecific treated solid tumors. In 
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INTRODUCTION

Bispecific antibodies are a promising class of therapeu-
tics that are currently being explored for the treatment 
of many different malignancies,1 and many bispecifics 
are currently in clinical development for oncology.2 T 
cell–engager bispecifics for oncology typically work by 
binding a target antigen on the tumor cells and a T cell–
specific antigen, such as CD3. These bispecifics create 
a cytolytic immunologic synapse between T cells and 
tumor cells, resulting in T cell activation and expan-
sion and tumor cell death. Bispecifics are thus attrac-
tive therapies in oncology as they can provide superior 
cytotoxic effects and lower resistance rates, due to anti-
gen recognition by T cell receptors not being necessary,3 
compared with other therapy types.4,5 Cytokine release 
syndrome (CRS) is one of the most common side effects 
observed during CD3 bispecific clinical trials.6 Although 
the pathophysiology of CRS is not fully understood, cur-
rent understanding indicates on-target bispecific bind-
ing activates bystander immune and nonimmune cells 
causing systemic proinflammatory cytokine release.6 
Approaches to better understand CRS risk and reduce 
CRS likelihood for CD3-targeting bispecifics are cur-
rently being explored.7

Currently, four CD3-targeting bispecifics have 
been approved: blinatumomab is US Food and Drug 
Administration (FDA) approved for relapsed or refrac-
tory (R/R) B cell precursor acute lymphoblastic leukemia, 
mosunetuzumab is European Medicines Agency approved 
for R/R follicular lymphoma, tebentafusp-tebn is FDA ap-
proved for metastatic uveal melanoma, and teclistamab-
cqyv is FDA approved for R/R multiple myeloma. CRS was 
a common adverse event for these approved CD3 bispecif-
ics, with overall incidence rates in registrational trials of 

14%,8 44%,9 89%,10 and 72%,11 respectively. CRS severity in 
these trials were graded using a grading system12 based on 
therapy interruption and medical interventions required 
to manage patient response, with higher grade severity 
(Grades 3–4) becoming life threating and requiring hos-
pitalization. Although severe CRS (≥ grade 3) occurred 
at low incidence rates for the approved CD3 bispecifics 
(4.9%, 1%, 1%, and 0.6%, respectively, in the trials cited 
previously), CRS is still an important dose-limiting tox-
icity and should be reduced to provide the best possible 
patient experience.

Tebentafusp-tebn, the only approved CD3 bispe-
cific targeting solid tumors, exhibits the greatest over-
all CRS incidence of all four approved CD3 bispecifics. 
Preliminary studies from nonapproved therapies indicate 
that higher CRS rates may occur in solid tumor–targeting 
bi/trispecifics compared with hematological-targeting 
therapies.13 Therefore, better understanding mecha-
nisms driving CRS in solid tumor–treated therapies is 
desired. Clinical studies with tebentafusp-tebn have 
shown that peripheral cytokines transiently increase 
shortly after dosing and that patients manifesting CRS 
have greater cytokine increases than patients without 
CRS.14 With this observation in mind, this article aims 
to provide a mathematical model to capture periph-
eral cytokine increases following bispecific dosing as a 
first step toward understanding CRS incidence. Such a 
model would allow predictive insight into how cytokine 
dynamics are affected by bispecific dosing, supporting 
dose optimization to reduce CRS risk. Specifically, this 
article focuses on capturing clinical cytokine dynamics 
following tebentafusp-tebn (henceforth termed tebenta-
fusp) dosing. Tebentafusp is chosen for this article as it 
is currently the only CD3 bispecific approved for solid 
tumors.

addition, the model provides insight into biological mechanisms driving cytokine 
biomarker dynamics.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study provides biological rationale for clinical observations in bispecific 
treated tumors. Specifically, clinical observations of cytokine attenuation with 
repeated bispecific dosing and the importance of on-target off-tumor effects to-
ward CRS are linked, through model application, to immune cell activation and 
desensitization in tumors and healthy tissues.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The model presented serves as a basis to predict safety outcomes via cytokine bio-
marker dynamics for CD3-based bispecifics, supporting development decisions 
including dose and regimen selections, candidate nomination, and disease area 
selection.
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Quantitative systems pharmacology (QSP) models seek 
to mathematically represent disease biology and pharma-
cology to provide holistic quantitative predictions of treat-
ment effects.15 Betts et al.16 and Ma et al.17 applied QSP 
modeling to show how processes such as biodistribution, 
target binding, and solid tumor growth dynamics can be 
modeled to capture treatment efficacy in tumor growth in-
hibition. Hosseini et al.18 developed a QSP model to under-
stand how cytokine release from hematological-targeting 
bispecifics can be mitigated. Such previous studies show 
that QSP is well poised to model cytokine dynamics from 
bispecific-treated solid tumors and provide model struc-
ture and parameter precedence (Table  S1) employed in 
model development here.

Here, a QSP model to describe peripheral cytokine 
dynamics following tebentafusp dosing is developed 
(Figure 1). Five cytokines are included in the model (in-
terferon γ [IFNγ], interleukin [IL]-6, IL-10, C-X-C motif 
chemokine ligand [CXCL] 10 [CXCL10], and CXCL11) 
based on the availability of published tebentafusp clinical 
data.19 Because gp100 is expressed both in uveal mela-
noma cells and melanocytes,20 trimer formation and sub-
sequent cytokine release both in tumor and skin tissue 
are modeled. Following successful model calibration, sim-
ulations and sensitivity analysis are performed to glean 
insight into how bispecific and target parameters direct 
cytokine release, contributions of tumor and healthy tis-
sue to cytokine release, and dosing considerations such as 
run-in dosing.

METHODS

Model structure

The model was developed in MATLAB SimBiology 
R2021b. The QSP model contains the following four com-
partments representing physiological spaces: (1) a central 
compartment, (2) a peripheral compartment, (3) a tumor 
compartment, and (4) a skin compartment (Figure  1). 
The central compartment represents systemic circula-
tion where clinical biomarker collection occurs (i.e., 
tebentafusp pharmacokinetics [PK], peripheral biomark-
ers). The peripheral compartment included as a two-
compartment model best captures tebentafusp clinical 
PK based on population PK analysis.21 Tumor and skin 
compartments represent tissues relevant to gp100 expres-
sion,20 where trimer formation and subsequent cytokine 
release occurs. Model equations and parameters are given 
in the supplementary material (Table S1).

In the tumor and skin compartments, tebentafusp 
binds CD3 expressed on T cells and gp100 expressed on 
tumor cells or melanocytes, respectively. Once tebentafusp 

forms a dimer complex with CD3 or gp100, it can bind 
the other antigen to form a trimer complex composed of 
tebentafusp-CD3-gp100. It is assumed that this trimer 
complex is the only species that triggers cytokine secretion 
in both tumor and skin tissue.

In the tumor and skin compartments, immune cells 
are modeled as being present in the following three states: 
nonsecreting, secreting, and refractory. Nonsecreting 
cells represent baseline immune cells prior to tebenta-
fusp dosing that are assumed to be trigger sensitive for 
cytokine secretion. Secreting cells represent immune cells 
that have been triggered and are actively secreting cyto-
kines. Refractory cells represent immune cells that have 
stopped secreting cytokines and are no longer trigger 
sensitive. Once trimer complex forms, nonsecreting cells 
are triggered and become secreting cells based on trimer 
concentration. Secreting cells transition to refractory cells 
rapidly. Refractory cells transition back to nonsecreting 
cells slowly. It is important to note that immune cells are 
classified only with respect to cytokine secretion and do 
not represent potential to perform other functions such 
as antitumor activities. In addition, the model assumes 
generalized immune cells that can represent any immune 
cell (i.e., monocytes, natural killer cells, the T cells them-
selves, etc.).

Once cytokines are secreted in the tumor or skin, they 
are assumed only to move to systemic circulation (central 
compartment) and do not undergo any reactions in tis-
sue. In the central compartment, cytokines undergo basal 
production and degradation. Cytokine distribution from 
the central compartment to tissue compartments was as-
sumed to not occur as these parameters were not identifi-
able and including these processes did not improve model 
optimization to available data. Thus, any changes in cy-
tokine dynamics in the central compartment are strictly 
the result of trimer formation in tumor or skin tissue. The 
following five cytokines are included in the model: IFNγ, 
IL-6, IL-10, CXCL10, and CXCL11. These cytokines were 
chosen based on publicly available clinical tebentafusp 
data.19

Model assumptions and parameterization

Tebentafusp dosing

Tebentafusp is dosed at 50 μg intravenously for 20 min 
once weekly (q.w.) to match the clinical dose regimen.19 
All simulated scenarios use this dosing regimen unless 
otherwise stated. After intravenous administration in the 
central compartment, tebentafusp undergoes biodistribu-
tion to the peripheral, tumor, and skin compartments. 
Parameters describing tebentafusp disposition between 
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central and peripheral compartments were taken from the 
published population PK model.21 Although high antid-
rug antibody titers significantly decrease tebentafusp ex-
posure, safety and efficacy were not impacted by antidrug 
antibody status,21 and thus the model here does not in-
corporate immunogenicity. Tebentafusp biodistributions 
to tumor and skin compartments were assumed to follow 
typical antibody kinetics such that the total tebentafusp 
concentration in tumor and skin is 5% the central com-
partment concentration.22

Target binding

Tebentafusp binds CD3 with an affinity (KD) of 38 nM 
and binds gp100 with an affinity of 24 pM.21 The on and 
off rates of tebentafusp binding to CD3 and gp100 are not 

published, so it is assumed that the off rate of tebentafusp 
binding to CD3 and gp100 is 1 h−1 and the on rate is set 
to provide the respective KD values for each target. All T 
cells present in the model are assumed to express 100,000 
CD3/cell,23,24 and all tumor cells are assumed to express 
100,000 gp100/cell.25 Expression of gp100 on melanocytes 
is assumed to be 100-fold lower than on tumor cells based 
on RNA levels in human normal skin versus melanoma 
measured by Northern blot analysis.26

Tissue parameters

Skin parameters were derived from average adult val-
ues. Skin compartment volume was assumed to be 10% 
of total skin volume,27 as melanocytes are contained 
within the cellular epidermis, which comprises 10% 

F I G U R E  1   Quantitative systems pharmacology model schematic to describe changes in cytokine dynamics following bispecific dosing 
in a solid tumor. The model is built to capture clinical cytokine data from tebentafusp-treated uveal melanoma patients. Tebentafusp binds 
CD3 on T cells and gp100 on tumor cells and melanocytes present in skin. Immune cells in the tumor and skin reside in a nonsecreting, 
secreting, or refractory state. All immune cells reside in the nonsecreting state before bispecific dosing. Once trimer (CD3-tebentafusp-gp100 
complex) forms, immune cells in the nonsecreting state transition through a secreting state to a refractory state. While in the secreting 
state, immune cells release cytokines into the tissue that will undergo distribution to the central compartment, whereas nonsecreting and 
refractory immune cells do not release cytokines. Refractory immune cells transition slowly back to the nonsecreting state. Basal cytokine 
production (Syn), cytokine clearance (CL), and tebentafusp clearance occur in the central compartment, and thus any changes in central 
cytokine dynamics observed from model simulations are solely an effect of bispecific dosing. Five cytokines (interferon γ [IFNγ], interleukin 
[IL]-6, IL-10, C-X-C motif chemokine ligand [CXCL] 10 [CXCL10], and CXCL11) are modeled based on public tebentafusp clinical data.19
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of total skin volume.28 Likewise, the baseline number 
of CD3+ T cells in the skin compartment was taken 
as 10% of the total in skin.29 The baseline number of 
melanocytes was calculated assuming the skin surface 
area is 1.7  m230 and melanocyte skin density is 1000 
melanocytes/mm2.31

Tumor parameters were derived to represent uveal 
melanoma. Tumor volume was calculated by assum-
ing the tumor is spherical with an 11-mm diameter 
(rtumor = 5.5 mm).32 The baseline number of tumor cells 
was calculated assuming the tumor cells have a volume 
of 6 × 10−12 L/cell.33 The baseline number of T cells in the 
tumor was calculated from the CD3+ cell density in the 
tumor being ~1000 cells/mm2.19 CD3+ cells/mm2 is con-
verted to cells/liter in the tumor by assuming the tumor 
is spherical and there are 1000 cells/mm2 at the tumor 
cross-section. Thus, the volume of the tumor is 4 ⋅ rtumor

3
-fold greater than the cross-sectional surface area, or 7.3-
fold greater using an 11-mm diameter.

Immune cell and cytokine parameters

At baseline, all immune cells are assumed to be in the 
nonsecreting state. The baseline number of nonsecreting 
immune cells is assumed to be twofold greater than the 
number of T cells within each tissue. This is derived from 
CD3+ T cells comprising approximately half of peripheral 
blood mononuclear cells (PBMCs)34; here, it is assumed 
that PBMCs represent all immune cells in a tissue and 
CD3+ T cells also comprise half the PBMCs in that tissue.

Each cytokine was modeled undergoing basal pro-
duction and degradation in the central compartment. 
Baseline concentrations for each cytokine were assumed 
to be equal to plasma concentrations in healthy adults, 
and the basal clearance rate for each cytokine was set to 
published plasma half-lives (Table S1). Cytokines were as-
sumed to be at steady state prior to tebentafusp dosing, 
and thus the basal synthesis rate within the central com-
partment is calculated as 

where ksyn is the cytokine synthesis rate, BL is the baseline 
cytokine concentration, and kdeg is the cytokine degradation 
rate.

Parameters describing immune cell transition rates 
(Table  S1) were optimized to the published clinical te-
bentafusp data.19 The rate at which refractory immune 
cells transition back to nonsecreting immune cells (pa-
rameter k_refract) could not be parameterized with avail-
able data; available data are taken across 8 weeks during 
which no dose interruptions occur and cytokine maximum 

concentration (Cmax) values continually decrease. These 
data imply the rate of refractory to nonsecreting immune 
cell transition is so slow that k_refract approaches zero 
or that this transition requires drug washout. Either way, 
this transition rate cannot be parameterized from available 
data, and setting k_refract = 0 provides the best model fit. 
The release rates of the five cytokines from secreting im-
mune cells was also optimized to the published data. Once 
cytokines are released in tumor or skin tissue, they are as-
sumed to undergo no biological reactions other than efflux 
from the tissue to the central compartment. The efflux rates 
from tumor and skin were fixed to a high value (10 h−1) to 
assume cytokine efflux is not a rate-limiting step in periph-
eral cytokine increases following tebentafusp dosing.

Virtual populations

A virtual patient population was established by placing 
variability on 15 model parameters (Table S2). Variability 
for four of the model parameters were taken from the 
tebentafusp population PK model.35 Two model param-
eters represent tumor size and skin surface area, and 
variability was incorporated to capture the range of adult 
values.30,32 Note that tumor size is used to calculate tumor 
volume, number of tumor cells, and number of T cells in 
the tumor. Likewise, skin surface area is used to calculate 
skin volume, number of melanocytes, and number of T 
cells in the skin. Two model parameters represent vari-
ability in CD3 and gp100 expression.23,32 The other seven 
model parameters are related to immune cell dynamics 
and cytokine secretion; these parameters were assumed 
lognormally distributed with means given by parameter 
optimization and percent coefficients of variation chosen 
to reasonably capture the clinically observed variability.19

Model acceptance

To determine whether the model was sufficiently cali-
brated to the observed data, the percent prediction er-
rors (%PEs) between mean observed and simulated peak 
cytokine levels (Cmax) and area under the cytokine curve 
(AUC) after the first, fourth, and eighth tebentafusp doses 
were calculated. Based on model acceptance criteria de-
fined for predicting accuracy of PK parameters,36 a 50% 
target %PE was preselected for goodness-of-fit criteria.

RESULTS

The bispecific cytokine QSP model was able to be suc-
cessfully calibrated to tebentafusp clinical cytokine data 

ksyn = BL ⋅ kdeg,
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(Figure  2, Figure  S1). Based on goodness-of-fit criteria, 
the model successfully captured 13/15 cytokine Cmax and 
12/15 cytokine AUC values (Table S3). The Cmax and AUC 
values that were not successfully captured with the pre-
specified goodness-of-fit criteria are still considered suffi-
ciently represented by the model, discussed in the “Model 
Calibration” section of the supplemental information 
(Appendix S1). Thus, the model is deemed appropriate at 
representing clinical cytokine dynamics following teben-
tafusp dosing.

Contribution of tumor and healthy tissues 
to cytokine release

QSP model simulations predict that increased peripheral 
cytokines following tebentafusp dosing is primarily driven 
by cytokine production in skin rather than tumor tissue 
(Figure  3). Model simulations found that trimer com-
plexes (CD3-tebentafusp-gp100) form in both tumor and 
skin tissue (Figure  3a), causing immune cell transitions 
to secret cytokines (Figure 3b,c). Although there are ap-
proximately threefold as many trimer complexes forming 
in tumor than skin (Figure  3a), a larger quantity of im-
mune cells transition into the secretory state in skin com-
pared with tumor (Figure 3b) due to the larger immune 

cell pool present in skin (~3000-fold greater). This small 
and rapidly refracted immune cell pool in tumor results 
in peripheral cytokine dynamics being driven almost en-
tirely by cytokine formation in skin. Indeed, the maximal 
mass of CXCL10, used as representative of all cytokines, 
produced in the tumor is ~1000-fold lower than the mass 
produced in the skin.

Immune cell dynamics in the tissues reveal that cy-
tokine Cmax attenuation over time is a consequence of 
immune cell desensitization by transitioning to the re-
fractory state (Figure 3c,d). With each tebentafusp dose, 
the number of immune cells sensitive to triggering for 
cytokine release (nonsecreting immune cells) decreases 
via transitioning from secretory to refractory states 
(Figure 3). The number of immune cells that transition 
to the secretory state is based on (1) the number of non-
secreting immune cells available for transitioning and 
(2) the number of trimer complexes formed. In this sce-
nario, tebentafusp is administered at a flat 50-μg dose 
q.w., and the number of trimers does not rapidly accu-
mulate (Figure 3a), whereas the nonsecreting immune 
cell pool rapidly decreases (Figure  3b). This indicates 
that the cytokine Cmax attenuation over time is driven 
by a depleting pool of nonsecreting immune cells, indi-
cating immune cell desensitization to tebentafusp over 
time.

F I G U R E  2   Observed versus model-calibrated peripheral cytokine dynamics given 50-μg tebentafusp once weekly for eight doses. The 
observed data are represented as mean ± standard error of the mean from 15 patients.19 The simulated data are represented as mean (solid 
line) ± standard error of the mean (shaded region) across 100 cohorts of 15 virtual patients. The cytokines included in the model are (a) IFNγ, 
(b) IL-6, (c) IL-10, (d) CXCL10, and (e) CXCL11 based on published data.19 CXCL, chemokine (C-X-C motif) ligand; IFNγ, interferon γ; IL, 
interleukin.
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Dosing considerations: step-up dosing

Step-up dosing is becoming a common dosing regi-
men for bispecific therapies in order to alleviate CRS 
incidence.37–39 To better understand how to select bispe-
cific step-up dosing regimens, and the biological mecha-
nisms driving reduced CRS incidence with step-up dosing, 
the QSP model was used to simulate cytokine dynamics 
across zero to five administered step-up doses (Figure 4a). 
Here, CXCL10 dynamics are shown as representative for 
all five cytokines (the other four cytokines are shown in 
Figure  S2). Model simulations found that CXCL10 Cmax 
decreased as the number of step-up doses increased 
(Figure 4b). CXCL10 Cmax is considered to plateau at three 
step-up doses, as Cmax decreases less than 10% with more 
than three step-up doses. To explore whether step-up dos-
ing may impact treatment efficacy, tumor trimer forma-
tion across these step-up dose regimens was examined 
(Figure S3). Simulations show that although the AUC of 
tumor trimer formation after the first tebentafusp dose is 
reduced 10-fold using five step-ups compared with zero 
step-ups, AUC after the eighth dose is only reduced ~20% 
(Figure S3c).

Interestingly, time to reach maximum concentration 
(Tmax) increased as the number of step-up doses increased 
and always corresponded with the first 68-μg dose ad-
ministered (Figure 4b). For example, zero step-ups gave 
Tmax within Day 1, three step-ups gave Tmax within Day 
22, and five step-ups gave Tmax within Day 36. This Tmax 
elongation is attributed to the number of trimer com-
plexes substantially increasing with each step-up dose 

until the top 68-μg dose is reached (Figure 4c). However, 
cytokine Cmax is decreased with increased step-up dosing 
because fewer nonsecreting immune cells are available 
by the time the top 68-μg dose is reached (Figure  4d). 
Cytokine Tmax can be varied by altering step-up dose 
amounts; using a three step-up dose regimen with a 68-
μg q.w. top dose while increasing the first dose amount 
shifts Tmax lower (Figure  5). A three step-up dose reg-
imen starting at 10  μg gives Tmax  =  22 days (after the 
fourth dose); however, increasing the first dose to 20 μg 
or 32 μg gives Tmax = 8 days (after the second dose), and 
further increasing the first dose to 44 μg or 56 μg gives 
Tmax = 1 day (after the first dose; Figure 5). Importantly, 
a lower shift in Tmax is associated with an increase in 
CXCL10 Cmax, although every simulated three step-up 
dose regimen provided CXCL10 Cmax values lower than 
when no step-up dosing was applied (Figures 4b and 5). 
Furthermore, Tmax is dependent on model parameteriza-
tion; increasing the nonsecreting to secreting immune 
cell transition rate gives Tmax = 1 day for zero, one, and 
two step-up dose regimens (Figure S4). This finding in-
dicates that cytokine release and CRS are highly variable 
based on immune cell dynamics.

Based on findings that cytokine release is based on im-
mune cell parameters, local sensitivity analysis was per-
formed to better understand how disease and bispecific 
characteristics direct cytokine release. Peripheral CXCL10 
Cmax values in response to changing these parameters 
across four orders of magnitude (100-fold lower to 100-
fold higher than baseline values) were calculated from 
model simulations (Figure 6). Sensitivity analysis results 

F I G U R E  3   Impact of bispecific dosing on trimer and immune cell dynamics. In response to a flat, 50-μg, once-weekly tebentafusp dose, 
the dynamics of (a) trimer complex, (b) nonsecreting immune cells, (c) secreting immune cells, and (d) refractory immune cells in tumors 
and skin are given. Simulated outputs are shown as median (solid line) and 5th to 95th coefficients of variation (shaded region) across 1000 
virtual patients.
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for the other four cytokines are provided in the supple-
mental information (Figure S5). Sensitivity analysis found 
that although bispecific PK dictates CXCL10 dynamics, 
PK is less critical than CD3 and tumor antigen parame-
ters. Changing bispecific clearance across four orders of 
magnitude provided an ~15-fold range of CXCL10 Cmax 
values (4.73–72.7 fold change from baseline) compared 
with >90-fold ranges provided from changing CD3 and 
gp100 parameters (affinity and expression per cell). With 
respect to immune cell dynamics, the transition rate from 
nonsecreting immune cells dominates over the transition 
rate from secreting immune cells in determining periph-
eral cytokine dynamics.

DISCUSSION

The QSP bispecific model presented here was shown to 
successfully represent tebentafusp clinical cytokine bio-
marker data. The model structure showcased here can 

be translated to explore cytokine dynamics from other 
CD3-based bispecifics via altering tebentafusp-specific 
parameters to represent the other bispecific of interest. 
In addition, the skin and uveal melanoma tumor com-
partments can be reparameterized to represent other tis-
sues/tumors of interest, and additional cytokines can be 
incorporated using the same equation structure as the 
five cytokines modeled here. One key application of this 
QSP model is dose and dose-regimen selection. Model 
simulations and sensitivity analyses show that cytokine 
response to bispecific therapy in solid tumors is depend-
ent on bispecific parameters (PK, antigen affinity), target 
parameters (expression in tumor and healthy tissue), and 
immune cell parameters (activation and depletion rates). 
All these considerations can be holistically accounted for 
with this QSP model to explore cytokine response to dif-
ferent dosing scenarios. QSP-predicted cytokine dynamics 
can be compared with acceptance thresholds to select the 
dose amount, dosing schedule, and whether run-in dos-
ing should be applied as well as how many step-up doses 

F I G U R E  4   Effect of bispecific step-up dosing on CXCL10 production. (a) Step-up dosing was applied using 0 to 5 step-up dose regimens. 
The step-up dosing was based on the approved recommended tebentafusp dose regimen, which has two step-up doses.21 For regimens with 
greater than two step-up doses, each step-up dose was set as half the proceeding dose. The effect of step-up dosing is shown for (b) simulated 
peripheral CXCL10 dynamics, (c) trimer complex formation in skin, and (d) number of immune cells in the nonsecreting state. Colored 
numbers on the right-hand side of the graph in b indicate CXCL10 maximum concentration for each step-up regimen represented as median 
[5%–95% coefficients of variation]. Simulated outputs are shown as median across 1000 virtual patients for each dose regimen. Variability in 
simulated outputs is not plotted for visualization ease. CXCL, C-X-C motif chemokine ligand; D, Day; QW, once weekly.
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should be selected. Such an application would provide 
stronger scientific rationale for first-in-human study de-
signs and provide additional confidence that administered 
doses will be safe for patients.

A key finding here is that peripheral cytokine dynam-
ics following bispecific dosing is dominated by cytokine 
production in healthy tissue. This finding is consistent 
with current scientific understanding: on-target off-tumor 
effects are a large contributor to toxicity from cell thera-
pies and T cell engagers.40–43 This QSP model thus pres-
ents a modeling framework to predict on-target off-tumor 
binding and cytokine production for CD3 bispecifics. This 
QSP model can be a powerful tool to assist in dose selec-
tion with increased confidence in safety outcomes.

Model application found that the step-up dose regimen 
is a critical consideration for bispecific cytokine release. 
Model simulations show that cytokine Cmax is reduced with 
an increasing number of step-up doses. However, increas-
ing the number of step-up doses may increase cytokine 
Tmax, shifting CRS likelihood and hospitalization require-
ments to later dosing cycles, which would make clinical 
trials more burdensome on patients.44 Model simulations 
showed that Tmax is further impacted by the dose range ap-
plied across step-up dosing; as the range between first and 
top dose increases in a step-up dose regimen, increased cy-
tokine Tmax is likely. Conversely, model simulations imply 
that efficacy is not likely to be impacted by step-up dos-
ing; step-up dosing reduced tumor trimer formation <20% 
at 8 weeks compared with flat dosing, with tumor trimer 
formation between the two dose regimens becoming more 
similar as the number of doses increases. Given the me-
dian follow-up duration for a phase II tebentafusp study 
was 19.5 months,45 it is therefore likely that step-up dos-
ing would not impact tebentafusp efficacy. Indeed, clinical 
studies with tebentafusp and other bispecifics have found 

F I G U R E  5   Effect of dose amount on CXCL10 production using a set step-up dose regimen. Five dose scenarios, all applying three step-
up doses with a 68-μg, once-weekly top dose but varying first dose and step-up dose amounts, were simulated. In each scenario, tebentafusp 
is administered on Days 1, 8, and 15 at different dose amounts, followed by 68 μg once weekly starting on Day 22. CXCL10 Tmax and Cmax 
across the five dose scenarios are given in the table. Cmax, maximum concentration; CXCL, chemokine (C-X-C motif) ligand; D, Day; QW, 
once weekly; Tmax, time to reach maximum concentration.

F I G U R E  6   CXCL10 Cmax values in response to local sensitivity 
analysis across seven parameters related to bispecific or tumor 
characteristics. Seven parameters were changed across four orders 
of magnitude (100-fold lower to 100-fold higher than the baseline 
parameter value), and the peripheral CXCL10 Cmax was determined 
from model simulations. Colored squares and associated numbers 
in the table provide the CXCL10 Cmax given changing a parameter 
(rows) by a fold amount relative to baseline (columns). CXCL10 
Cmax values are the median value across 1000 virtual patients 
administered a single 50-μg tebentafusp dose. Cmax, maximum 
concentration; CL, clearance; CXCL, C-X-C motif chemokine 
ligand; Emax_immune_cell, transition rate from nonsecreting 
immune cells; k_deplete, transition rate from secreting immune 
cells; kon, tebentafusp binding on-rate.
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that step-up dosing improves safety without compromis-
ing efficacy.46,47 Note that tumor trimer formation is used 
as a surrogate efficacy end point here as incorporating 
mechanistic tumor growth inhibition is outside the scope 
of this study. Future work linking tumor trimer formation 
to tumor growth inhibition would provide greater insight 
into the safety–efficacy relationship provided by step-up 
dosing. Overall, the QSP model shows how both the num-
ber of step-up doses and the dose range across step-ups are 
important toxicity considerations and serves as a tool to 
support step-up dose optimization.

Sensitivity analysis found that parameters related 
to CD3 and gp100 affinity and expression highly influ-
enced cytokine dynamics following tebentafusp dosing. 
Particularly, CD3 affinity is the most sensitive parame-
ter influencing cytokine dynamics that can also be con-
trolled during bispecific engineering. This model result 
agrees with preclinical findings that tuning CD3 affinity 
improves bispecific efficacy and safety through reducing 
cytokine release.7,48–50 The agreement between QSP and 
empirically observed findings indicates that the QSP 
model can provide biologically relevant insights into 
the relationship between bispecific characteristics and 
cytokine dynamics. This highlights the QSP model util-
ity during the candidate selection stage, where bispecific 
manufacturing decisions can be made based on model 
projected safety.

The QSP model was shown to successfully represent 
clinical cytokine biomarker data following tebentafusp 
dosing in uveal melanoma. The model was shown to pre-
dict observed biological phenomena, such as cytokine Cmax 
suppression, using step-up dosing and the importance of 
on-target off-tumor binding toward CRS and toxicity. In 
addition, the model provides rationale for these biologi-
cal phenomena that can be explored more experimentally; 
cytokine Cmax suppression with step-up dosing occurs due 
to immune cell desensitization, and skin is the major con-
tributor to cytokine release following tebentafusp dosing 
due to the large immune cell pool present in skin. Overall, 
the QSP model structure presented here serves as a basis 
to infer cytokine dynamics for any bispecific therapy or 
tumor type by altering model parameters to represent the 
scenario of interest.
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