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A Modeling Framework to Characterize Cytokine Release 
upon T-Cell–Engaging Bispecific Antibody Treatment: 
Methodology and Opportunities

Xiaoying Chen1,*, Cris Kamperschroer2, Gilbert Wong3 and Dawei Xuan1

T-cell–engaging bispecific antibodies (T-BsAbs) are an important class of antibody therapeutics in immuno-oncology. 
T-BsAbs simultaneously bind to CD3 on T cells and a tumor-associated antigen on tumor cells, activate T cells, and redirect  
T cells’ cytotoxicity against tumor cells. Cytokine release syndrome (CRS), a common dose-limiting adverse event for 
T-BsAbs, is associated with T-cell activation. A “priming” dose strategy (i.e., a lower initial dose followed by a higher main-
tenance dose) has been implemented in the clinic to mitigate CRS and to achieve efficacious doses with T-BsAbs. So far, the 
selection of the optimal priming dosing regimen is largely empirical. A “fit-for-purpose” semimechanistic pharmacokinetic/
pharmacodynamic model was developed to characterize the cytokine release profiles upon T-BsAb treatment, including the 
priming effect observed with repeated dosing. This model can be utilized to simulate cytokine profiles following various  
dosing regimens and may assist the design of clinical dosing strategies for T-BsAbs programs.

Immuno-oncology has shown tremendous potential to 
treat various cancers by harnessing the power of the human 
immune system to destroy tumor cells. An important class 
of therapeutic antibodies, T-cell–engaging bispecific anti-
bodies (T-BsAbs), was developed over the past 3 decades 
to exploit the ability of T cells to exert antitumor immunity.1 
T-BsAbs can simultaneously engage CD3 on T cells and a 
tumor-associated antigen (TAA) on cancer cells, which acti-
vates T cells and redirects their cytotoxic response to cancer 
cells. During T cell activation, inflammatory cytokines (e.g., 
interferon-γ, tumor necrosis factor, and interleukin (IL)-6) are 
secreted, and can result in a sharp increase in the circulating 
cytokine concentrations.

Cytokine release syndrome (CRS) is a systemic inflam-
matory response driven by cytokine release.2,3 Typical 
CRS symptoms may include fever, fatigue, hypotension/

tachycardia, nausea, capillary leak, and organ dysfunction.2 
Clinical management of CRS is critical, as severe CRS can 
lead to life-threatening complications. Corticosteroids or an 
IL-6 receptor blocking monoclonal antibody (tocilizumab), 
together with vigilant supportive care, can be used to treat 
and manage CRS.2

Importantly, CRS is one of the most commonly observed 
toxicities of T-BsAbs and may limit the ability to achieve 
sufficient drug exposure for efficacy. For example, during 
the early clinical studies of blinatumomab in patients with 
relapsed or refractory non-Hodgkin’s lymphoma (NHL) 
or chronic lymphocytic leukemia, short 2-hour or 4-hour  
i.v. infusions were initially tested.4 These clinical trials were 
terminated early due to the presence of adverse events (AEs; 
e.g., CRS, neurologic AEs, and infections) and the absence 
of clinical responses.4
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  Although many T-cell–engaging bispecific antibodies 
(T-BsAbs) are in clinical development, determining the op-
timal priming dose regimen for mitigating cytokine release 
syndrome (CRS) remains a major challenge.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  How can we efficiently determine optimal dosing regi-
men for T-BsAbs using quantitative cytokine modeling?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  The current study illustrated that a semimechanis-
tic cytokine pharmacokinetic/pharmacodynamic model 

could be applied to support the determination of optimal 
dosing regimens for T-BsAbs to mitigate CRS.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
✔  Empirical approaches for determining the priming 
dose regimen for T-BsAbs can be resource intensive 
and inefficient. The semimechanistic cytokine model 
presented here can integrate the existing knowledge 
from ongoing clinical trials and make predictions to  
enable the conduct of more efficient clinical trials.
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To mitigate toxicities, including CRS, and to achieve 
efficacious doses, an intrapatient “priming” dose strat-
egy has been investigated for T-BsAbs, where a lower ini-
tial dose is followed by higher maintenance doses. It is 
based on the observation that cytokine levels as well as 
CRS severity seem to attenuate upon repeated dosing.5,6 
This “priming” effect enables a higher maintenance dose 
to ultimately be reached. For example, a priming dose of 
9  μg/day followed by a maintenance dose of 28  μg/day 
was established as the dosing regimen for blinatumomab 
to treat patients with relapsed or refractory B-cell precur-
sor acute lymphoblastic leukemia (B-ALL).7 The priming 
dose strategy has been tested for other T-BsAbs in clin-
ical trials (e.g., anti-CD123  ×  anti-CD3 T-BsAb, anti-Ep-
CAM  ×  anti-CD3 T-BsAb).8,9 The phase I study of the 
anti-CD123  ×  anti-CD3 T-BsAb (flotetuzumab) investi-
gated two predetermined priming dose regimens (100 to 
500 ng/kg/day or 30 to 100 to 500 ng/kg), in order to limit 
infusion reaction/CRS events.8 In addition, multiple dosing 
regimens, including a repeated dose, a one-step priming 
dose regimen, or a two-step priming dose regimen, were 
tested for MT110 (anti-EpCAM  ×  anti-CD3 T-BsAb) in a 
phase I study to improve the tolerability.9 Despite the fact 
that there are >20 T-BsAbs in clinical development1 and a 
number of them have adopted the priming dose strategy, 
the optimal dosing regimen is challenging to determine 
and is largely an empirical process.

Positive correlations between cytokine levels and CRS se-
verity have been observed in clinical studies with chimeric 
antigen receptor T-cell treatment.10–13 However, due to large 
intersubject variabilities in patients’ sensitivity to develop 

CRS, a general threshold for cytokine levels associated with 
severe CRS has yet to be established. Nevertheless, serum 
cytokine levels were suggested as biomarkers for CRS due 
to the underlying pathophysiology characterized by elevated 
inflammatory cytokines and systemic inflammation.14 In the 
current report, a quantitative modeling framework was de-
veloped for characterizing the cytokine profiles upon T-BsAb 
treatment, with the goal to facilitate the design of priming 
dose strategies to minimize CRS toxicities.

METHODS
Model overview
A “fit-for-purpose” semimechanistic pharmacokinetic/
pharmacodynamic (PK/PD) model was established for 
characterizing the cytokine release profiles upon T-BsAb 
treatment (Figure 1). The model describes the cytokine 
release as results of formation of trimolecular synapse by 
binding to both CD3 on T cells and TAA on cancer cells. 
A time-variant negative feedback loop was incorporated 
to account for the observed “priming effect” (i.e., atten-
uation of cytokine release following repeated doses). We 
also incorporated mechanistic considerations regarding 
tumor types, specifically hematological vs. solid tumors, 
in modeling the cytokine profiles upon T-BsAb treatment. 
Mechanistically, the trimolecular synapse is considered as 
biologically “active” for stimulating cytokine release.15,16 
Thus, changes in synapse concentration as results of tumor 
cell killing can affect the cytokine release. For hematolog-
ical malignancies, the depletion of target tumor cells was 
incorporated to account for its impact on formation of tri-
molecular synapse (Eqs.9 and 12). In comparison, for solid 

Figure 1 Cytokine pharmacokinetic/pharmacodynamic (PK/PD) model structure. Model details are described in the methods section. 
Briefly, an appropriate PK model accounts for the drug exposure. Depending on the tumor type (hematological or solid), the tumor 
kinetics are accounted for in the model to account for the impact of tumor burden on the active synapse concentration. For the cytokine 
PD model, the synapse exposure then stimulates cytokine release. A time-variant negative feedback loop accounts for the priming 
effect, where the negative inhibition increases with the increasing number of doses. T-BsAb, T-cell–engaging bispecific antibody.
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tumors, depletion of tumor target cells is deemed negligible 
over the time frame for cytokine release (within days cytokines 
return to baseline) and is omitted from the model (Eq. 10). The 
model parameters (Table 1) provide mechanistic informa-
tion about the cytokine release process.

Theoretical: The model
The cytokine PK/PD model components are defined below 
(Figure 1). First, the model describes the PK of T-BsAbs by 
appropriate PK models (e.g., two-compartment PK model). 
The PK model equations were omitted here for conciseness.

For the cytokine PD model, the cytokine (C) profile is 
modeled as the result of release (RL), time-variant negative 
feedback (IH), and degradation, assuming first-order degra-
dation with rate of kdeg (Eq. 1):

The cytokine release (with RL representing cytokine re-
lease rate) was stimulated by T-BsAbs. The trimolecular syn-
apse, formed between the drug, CD3 on T cells, and TAA on 
tumor cells is considered as “active” to stimulate cytokine 
release (Eq. 2).1,15

Syn represents the synapse concentration. Emax and EC50 
represent the maximum cytokine release rate and the syn-
apse concentration to achieve 50% of maximum cytokine 
release rate, respectively. The Hill coefficient H represents 
the steepness of the exposure–response relationship.

Based on quasi-equilibrium approximation, the forma-
tion of the synapse following sequential binding among 

T-BsAb, CD3, and TAA can be described by Eqs. 3, 4, 
and 5. The other sequence of binding (TAA followed by 
CD3) will result in the same final equation (Eq. 5). Here, T 
and Tu represent the unbound concentration of CD3 on T 
cells and TAA on tumor cells, respectively. D represents 
free drug concentration. Kd1 and Kd2 represent the bind-
ing affinity of T-BsAb against CD3 and TAA, respectively. 
It is assumed that the binding affinity of the dimer against 
the targets can be approximated by that of the naked 
T-BsAb.

Because T-BsAbs are generally very efficacious at lower 
doses (e.g., 5 to 15 μg/m2/day for blinatumomab), it is as-
sumed that the bound concentrations of CD3 and TAA 
are negligible so that the unbound concentrations are ap-
proximated by total concentrations (Eq. 6). Here, Ttot and 
Tutot represent the total concentrations of CD3 and TAA, 
respectively.

Shortly after T-BsAb dosing, blood T-cell counts de-
crease first and subsequently increase to baseline levels 
(e.g., to within twofold of baseline for blinatumomab) over 
a period of days.5 This phenomenon is related to redis-
tribution, rather than a loss of the T cells. Therefore, Ttot 
is regarded as a constant, assuming T-cell number does 
not change significantly during the treatment. By taking 
out the constants (“Ttot,” “Kd1,” and “Kd2”) from Eq. 6, 

(1)
dC

dt
=RL ⋅ (1− IH)−kdeg ⋅C

(2)RL=
Emax ⋅Syn

H

(

ECH

50
+SynH

)

(3)Kd1 ⋅Dimer=D ⋅T

(4)Kd2 ⋅Syn=Dimer ⋅Tu

(5)Syn=
D ⋅T ⋅Tu

Kd1 ⋅Kd2

(6)Syn=
D ⋅Ttot ⋅Tutot

Kd1 ⋅Kd2

Table 1 Parameter estimates for cytokine PK/PD model using blinatumomab human data and P-cadherin LP DART cynomolgus monkey data

Parameter Description Unit

Estimate (%CV)

Blinatumomab 
(human)

P-cadherin LP 
DART (monkey)

Emax Maximum cytokine release rate pg/mL/hour 3.59 × 103 (14) 2.10 × 105 (72)

EC50 Exposure of active drug species to achieve half-
maximum cytokine release rate

(ng/mL) × (cell/μL)a or 
ng/mLb

1.00 × 104 (FIXED) 3.00 × 103 (FIXED)

H Hill coefficient for cytokine release N/A 9.20 × 10−1 (3) 1.08 × 100 (6)

Imax Maximum inhibition of cytokine release N/A 1 (FIXED) 1 (FIXED)

IC50 Cytokine exposure to achieve half-maximum cy-
tokine inhibition

pg/mL × hour 1.82 × 102 (12) 1.76 × 101 (107)

kdeg Degradation rate for cytokine hour−1 1.80 × 10−1 (13) 2.5 × 10−1 (16)

K Priming factor for cytokine release upon 2nd dose N/A 2.83 × 100 (36) 7.31 × 100 (92)

kkill Killing rate for tumor cells hour−1 4.80 × 10−3 (FIXED)c N/A

BL Cytokine level at baseline pg/mL N/A 1.66 × 101 (31)

MTT Lag time for cytokine elevation in circulation hour N/A 3.21 × 100 (26)

Res prop err Proportional error N/A 3.10 × 10−1 (5) 3.20 × 10−1 (5)

%CV, percentage of coefficient of variation; N/A, not applicable; PD, pharmacodynamic; PK, pharmacokinetic; Res Prop Err, residual proportional error.
aFor T-cell–engaging bispecific antibody (T-BsAb) with hematological tumor indication (e.g., blinatumomab). bFor T-BsAb with solid tumor indication (e.g., 
P-cadherin LP DART). cFIXED: fixed parameter; estimated separately and then fixed in the cytokine model.
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synapse (Syn) concentration is approximately proportional 
to the product of free drug concentration (D) and total TAA 
concentration (Tutot) (Eq. 7). For hematological tumors, 
such as ALL and NHL, a rapid decline on tumor burden 
was observed shortly after the first dose of T-BsAb.5 For 
hematological tumors, it is reasonable to apply Eq. 7 
to capture the impact of tumor cell kinetics on synapse 
concentration.

In contrast, solid tumors may take longer treatment (e.g., 
months) to have significant impact on tumor burden.17 
Therefore, for solid tumors, synapse concentration is mainly 
determined by the drug concentration during cytokine re-
lease (Eq. 8).

Equation can be rewritten as Eq.9 for hematological tu-
mors using Eq. 7:

and as Eq.10 for solid tumors using Eq. 8:

Cytokine release is tightly regulated by negative feedback 
mechanisms to avoid overactivation of the immune system. 
For example, with T-BsAb treatment, immunomodulatory cy-
tokines, such as IL-10, were secreted.5 IL-10 decreases the 
ability of monocyte and macrophages to produce a variety 
of proinflammatory cytokines.18 Thus, a negative feedback 
loop was incorporated by assuming inhibition on cytokine 
release is a function of cumulative cytokine exposure during 
individual dosing intervals. Furthermore, this negative feed-
back is time-variant, which is related to the number of doses 
administered (Eq. 11).

IH represents inhibition effect (negative feedback) on cyto-
kine release. AUCcytokine,� represents the cumulative cytokine 
exposure during a dosing interval. Imax and IC50 represent 
the maximum inhibition and the cumulative cytokine expo-
sure to achieve 50% of the maximum inhibition, respec-
tively. The time-variant component of the negative feedback 
is described using the term KN − 1. Here, K is the “priming 
factor,” representing the magnitude of priming effect upon 
repeated dosing. N represents the number of doses. The 
current manuscript focused on the first two doses, when 
the most dramatic reduction on cytokine levels is observed. 
Nevertheless, the empirical function KN  −  1 can be further 
modified to capture cytokine profiles upon multiple doses.

Case study with blinatumomab
Blinatumomab cytokine data in patients were  modeled 
using the PK/PD model described above. Specifically, Eqs. 
1, 9, and 11 were applied, because blinatumomab is indi-
cated for treating hematological cancers. In addition, Eq.12 
was applied to describe the tumor cell (CD19+ B cell) kinet-
ics observed in the patients, assuming the tumor cell killing 
follows first-order kinetics upon blinatumomab treatment.

The clinical cytokine data were digitized from a published 
poster.16 It describes the observed cytokine profiles in a 
phase I study (NCT00274742) in patients with relapsed NHL 
treated with blinatumomab. Cytokine profiles of patients 
after blinatumomab treatment (either a step dose of 5 to 
15 μg/m2/day or a single dose of 60 μg/m2/day) were pre-
sented. The B-cell kinetics were reported in a separate pub-
lication19 and were fitted using Eq. 12 to estimate the killing 
rate for the B cells. For the individuals treated at 0.5–5 μg/
m2/day dose, it took 22 days for B cells to decrease from 
453 (± 281) to 36 (± 33) cells/μL. The estimated B-cell killing 
rate was then fixed during model fitting to the cytokine data. 
Once the model parameters were estimated, the established 
model was applied to simulate cytokine profiles under regi-
mens of interest, including short infusion, constant infusion, 
repeated dose, and priming dose designs.

Case study with P-cadherin LP DART
The monkey IL-6 data with P-cadherin LP DART treatment 
were characterized using the cytokine model developed for 
solid tumor indications (Eqs. 10 and 11) with the following 
modifications. First, the pretreatment steady state was set 
up to account for baseline level of IL-6. Second, a transit 
compartmental model with five transit compartments was 
implemented to account for the lag time for IL-6 to rise 
in circulation. The choice of five transit compartments is 
supported by the report of Krzyzanski,20 where the transit 
compartment model approximates lifespan based indirect 
response models when the number of delay compartment 
is at least five. The model equations unique to P-cadherin 
LP DART are provided below.

(7)Syn∝D ⋅Tutot

(8)Syn∝D

(9)
RL1=Emax ⋅ (D ⋅Tutot)

H

(

EC
H

50
+

(

D ⋅Tutot

)H
)

(10)RL2=
Emax ⋅D

H

(

EC
H

50
+DH

)

(11)IH=

Imax ⋅AUCcytokine,�

IC50

KN−1
+AUCcytokine,�

(12)
dTutot

dt
=−kkill ⋅Tutot

(13)dC1

dt
=BL ⋅Kdeg+PR2 ⋅ IH−KTR ⋅C1

(14)
dC2

dt
=KTR ⋅C1−KTR ⋅C2

(15)
dC3

dt
=KTR ⋅C2−KTR ⋅C3

(16)
dC4

dt
=KTR ⋅C3−KTR ⋅C4

(17)
dC5

dt
=KTR ⋅C4−KTR ⋅C5

(18)
dC6

dt
=KTR ⋅C5−KTR ⋅C6
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Here, C1–C7 represent IL-6 concentrations in various com-
partments (C1: release compartment, C2–C6: five transit 
compartments, C7: circulation). KTR represents the transit 
rate, and MTT represents the mean transit time for IL-6.

The IL-6 data come from four nonclinical safety stud-
ies in cynomolgus monkeys. Monkeys (n  =  81) received 
P-cadherin LP DART intravenously (via either bolus injection 
or 3-hour infusion) at a wide range of dose levels (0.3 to 
30 μg/kg) and under 10 different dosing regimens (repeated 
dose or priming dose).

Animal studies
All animal studies were conducted in accordance with an-
imal care and use protocols approved by the Institutional 
Animal Care and Use Committee. The program of hu-
mane animal care and use at Pfizer Global Research and 
Development has been evaluated for its compliance with 
the US Animal Welfare Act and The Guide for Care and 
Use of Laboratory Animals (Institute of Laboratory Animal 
Research, 1996).

Serum cytokine measurements upon P-cadherin LP 
DART treatment
IL-6 was quantified in serum samples using the Milliplex 
MAP Non-Human Primate Cytokine Magnetic Bead Panel 
reagent kit (Millipore, Burlington, MA). Briefly, fluores-
cently coded magnetic beads coated with specific cap-
ture antibody (MagPlex-C microspheres, Luminex, Austin, 
TX) were added to serum samples. After washing, a bi-
otinylated secondary antibody was added, followed by 
washing and then addition of a Streptavidin-Phycoerythrin 
conjugate. After a final wash, the fluorescent reporter sig-
nal from the beads was quantified using a Luminex 100 
instrument (Bio-Rad, Hercules, CA). The limit of IL-6 de-
tection was 3.20 pg/mL.

RESULTS
Case study with blinatumomab
Blinatumomab (Amgen, Thousand Oaks, CA) is an 
anti-CD3  ×  anti-CD19 bispecific antibody indicated 
for the treatment of relapsed and refractory B-ALL.7 
Blinatumomab is administered by continuous infusion to 
provide a sustained drug exposure (blinatumomab has 
a short half-life of ~ 2 hours), which may blunt the peak 
plasma concentration (Cmax) and help mitigate the CRS 
risk.4 In addition, priming dosing regimens were investi-
gated to further mitigate the risk of CRS and other tox-
icities (e.g., neurotoxicity) and to achieve higher doses, 
based on the observations that the severity of CRS  
decreases with repeated dosing.4

The clinical cytokine data from a phase I study in pa-
tients with NHL were used as a case study for hematological 

tumors.16 Cytokine profiles of patients after either a step 
dose of 5 to 15 μg/m2/day (n = 21) or a single dose of 60 μg/
m2/day (n = 9) were available. When a priming dosing dose 
of 5  μg/m2/day followed by a dose of 15  μg/m2/day was 
used, the cytokine levels significantly decreased after the 
second dose despite a threefold increase in dose. Besides 
the “priming” effect of repeated dose, the decreased cyto-
kine level is likely at least in part affected by the rapid de-
pletion of antigen-expressing B-cells following the first dose 
(5 μg/m2/day) of blinatumomab.

Both the cytokine data and the B-cell profiles from the 
blinatumomab clinical study were used to fit the model 
(details in “Methods”). The B-cell killing rate was esti-
mated to be 0.0048  hour−1 and was fixed in the model. 
Log-transformed vs. normal scale data were evaluated 
during model fitting; log-transformed data were deemed 
more appropriate based on model diagnostics. The esti-
mated parameters are presented in Table 1. Due to the 
limited dose levels in the study, the EC50 for cytokine re-
lease could not be accurately estimated, and was fixed 
at 10,000  ng/mL·cell/μL (assuming a linear exposure-re-
sponse relationship for cytokine release in the current 
dose ranges). As shown in Figure 2a,b, the model was 
able to reasonably describe the overall trends in cytokine 
profiles, particularly the attenuation of cytokine level upon 
a priming dose regimen. Model diagnostic plots, includ-
ing the concordance plot between data and model pre-
diction (Figure 2c), and weighted residual error against 
model prediction (Figure 2d) suggest adequate overall 
fitting. There seems to be minor underprediction after the 
first dose and overprediction after the second dose, after 
investigating various error structures and initial parameter 
estimates. The presented final model was selected based 
on its objective function value, ability to converge, and 
overall goodness-of-fit.

Case study with P-cadherin LP DART
P-cadherin LP DART (PF-06671008) is an anti-P-cad-
herin × anti-CD3 bispecific dual affinity retargeting (DART, 
MacroGenics,  Rockville, MD) molecule with a human Fc 
domain fusion developed for the treatment of solid tu-
mors. In nonclinical in vitro studies, it mediated redirected 
T-lymphocyte cytotoxicity toward P-cadherin-expressing 
tumor cell lines and induced release of cytokines.21,22 In 
this manuscript, it was used as a case study for solid tumor 
indications. P-cadherin is a protein involved in cell-cell ad-
hesion and is known to be expressed in epithelial cells of 
some tissues. Accordingly (as indicated above in the Model 
Overview), P-cadherin target concentration was assumed 
to be constant throughout the study.

P-cadherin LP DART was tested in cynomolgus monkeys 
(n  =  81) at a wide range of dose levels (0.3 to 30  μg/kg) 
and in 10 different dosing regimens (e.g., repeated dosing or 
priming dosing). The monkey IL-6 concentrations following 
treatment were fitted using the PK/PD model (details in the 
Method section). IL-6 was chosen because it is one of the 
most prominently increased cytokines in our study. It has 
proinflammatory properties and plays an important role in 
the development of CRS. Log-transformed vs. normal scale 
data were evaluated during model fitting; log-transformed 

(19)
dC7

dt
=KTR ⋅C6−Kdeg ⋅C7

(20)KTR=
5

MTT
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data were deemed more appropriate based on model di-
agnostics. The estimated model parameters are presented 
in Table 1. The model was able to reasonably describe the 
IL-6 profiles with various dosing regimens. For example, 
upon repeated dose regimens (Figure 3), the model was 
able to reasonably capture the attenuation of the cytokine 
upon the second dose. The model was also able to describe 
the observed data with priming dose regimens (Figure 4). 
Model diagnostic plots, including the concordance plot be-
tween data and model prediction (Figure 5a), and weighted  
residual error against model prediction (Figure 5b) were  
presented, suggesting sufficient overall fitting.

Simulated cytokine profiles for blinatumomab
The PK/PD model for blinatumomab, established based on 
the clinical data in patients with NHL, was used to simu-
late cytokine profiles with dosing regimens of interest. First, 
simulated cytokine profiles were compared between short 
intravenous infusion (4 hours) and constant infusion at 5 μg/
m2/day. Based on the simulation (Figure 6a), 4-hour infu-
sion results in about sixfold higher cytokine concentration 
when compared with constant infusion. Next, simulated 
cytokine profiles were compared between single dose and 

priming dose regimens (Figure 6b). Compared with a single 
dose of 15 μg/m2/day, the simulated cytokine peak level is 
lower with priming dose (5 to 15 μg/m2/day).

DISCUSSION

As an important therapeutic modality in immuno- 
oncology, T-BsAbs may cause elevated cytokines and 
CRS in patients. Importantly, priming dose strategies 
were found to mitigate CRS toxicity, based on clinical ex-
perience with blinatumomab. However, the determination 
of the optimal priming dose regimen remains a major chal-
lenge, due to the large number of possible permutations 
of dose levels and priming steps. Quantitative modeling 
is a valuable tool that can help increase the efficiency by 
integrating existing knowledge to make predictions for 
decision making.

The current manuscript provides a quantitative frame-
work for characterizing the cytokine release induced by 
T-BsAb treatment. The model was tailored to account 
for differences in tumor regression between hematolog-
ical malignancies and solid tumors to reflect the impact 
of tumor cell killing on cytokine release. The model cap-
tures the key features of cytokine kinetics with T-BsAb 

Figure 2 Fitting results for blinatumomab in patients. (a) Model predictions and observed data for cytokine concentration with a 
priming dose regimen of 5 μg/m2/day followed by 15 μg/m2/day. Symbols represent individual observations, and lines represent the 
model fit. (b) Model predictions and observed data for cytokine concentration with a single dose at 60 μg/m2/day. Symbols represent 
individual observations, and lines represent the model fit. (c) Concordance plot between the data (DV) and the model prediction 
(PRED). The dotted line is the line of unity. (d) Weighted residual error (WRES) against the PRED.
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treatment, including the priming effect where cytokine 
release was attenuated following repeated doses. It rea-
sonably describes the cytokine data for blinatumomab in 
patients (Figure 2) and for P-cadherin LP DART in cyno-
molgus monkey (Figures 3 and 4) across a wide range of 

dose levels and regimens. The model is intended to be 
parsimonious to allow parameter estimation in scenarios 
where clinical data are limited.

We hypothesize that, some model parameters, including 
Imax, IC50, and kdeg, can be treated as system parameters as 

Figure 3 Fitting results for P-cadherin LP DART in cynomolgus monkeys under repeated dosing regimens. Model predictions and 
observed data for IL-6 concentration with repeated doses at 0.3, 1.5, 7.5, 15, and 30 μg/kg. Symbols (observations); lines (model fit).

Figure 4 Fitting results for P-cadherin LP DART in cynomolgus monkeys under priming dose regimens. Model predictions and observed 
data for IL-6 concentration with priming dose regimens at 1.1/3.3, 3.3/10, 5/30, 10/20, and 10/30 μg/kg. Symbols (observations); lines 
(model fit).
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they reflect the intrinsic properties of the immune system 
within specific context (e.g., in certain patient populations). 
For example, IC50 for cytokine inhibition should be deter-
mined by immune system’s intrinsic feedback mechanisms, 
rather than the specific T-BsAb to trigger the cytokine. This 
hypothesis will need to be tested and, once confirmed, 
these “system parameters” can be fixed to reduce the 
model dimension.

There are many potential applications for the cytokine 
modeling framework described here. Most importantly, it 
can help design optimal dosing regimens to be tested in 
the clinical trials. Currently, identifying the optimal prim-
ing dose regimens for T-BsAbs is highly empirical. For ex-
ample, for blinatumomab, a series of pilot phase I studies 
were conducted to explore different dosing regimen (short 
intravenous  infusion, constant intravenous infusion, and 
priming dose) before a more extensive clinical study was ini-
tiated.23 With the proposed modeling framework, cytokine 
data from an initial clinical study can be utilized to establish 
the model, which can prospectively simulate cytokine pro-
files under various dosing regimens. Examples are provided 

by simulating dosing regimens evaluated during blinatum-
omab’s clinical development. For example, with blinatum-
omab, short infusions of 2–4  hours were not tolerated by 
patients, and drug exposure was not sufficient for achieving 
efficacy. Our model simulations (Figure 6a) suggest the ex-
pected cytokine level with short 4-hour infusion could be 
sixfold higher compared with constant infusion. The high 
level of the circulating cytokines upon short infusion likely 
contributed to the dose-limiting adverse events observed. 
A priming dose strategy was applied for blinatumomab in 
B-ALL. Simulated cytokine levels were compared between 
single dose and priming dose (Figure 6b) and suggest that 
the approved priming dose regimen for blinatumomab with 
threefold escalation could help minimize cytokine release.

At least certain aspects of the current model we estab-
lished for T-BsAb might apply to other immune-agonistic 
drugs that stimulate cytokine release, primarily because 
certain characteristics of cytokine release (e.g., negative 
feedback and priming) seem to be intrinsic to the immune 
system. For example, it is well established that endotoxin, 
such as lipopolysaccharide, stimulates cytokine release 

Figure 5 Diagnostic plots for the P-cadherin LP DART IL-6 data fitting. (a) Concordance plot between data (natural log transformed 
dependent variable (LNDV)) and model prediction (PRED). Dotted line is the line of unity. (b) Weighted residual error (WRES) against 
PRED.

Figure 6 Simulated cytokine profiles for blinatumomab with different dosing regimens. (a) Simulated cytokine profile with 4-hour 
infusion or constant infusion at 5 μg/m2/day. (b) Simulated cytokine profile with single dose at 15 μg/m2/day or a priming dose of  
5 μg/m2/day followed by 15 μg/m2/day.
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in mice and that cytokine release is downregulated upon 
repeated dosing.24 Based on the similarity in the underly-
ing mechanisms, the current model may be adapted for 
characterizing other immune-agonistic therapeutics. With 
future development, the model may also be used as a 
translational tool for predicting cytokine response in hu-
mans based on relevant animal data (e.g., cynomolgus 
monkey). With sufficient data, it is possible to estimate 
the model parameters in both species and derive a scaling 
factor for translation.

The current model can be further extended as needed 
(e.g., expanding to two or more cytokines of interest). 
For example, the anti-inflammatory cytokine IL-10 plays 
important roles in the negative regulation of cytokines. 
Although the dynamic interactions between cytokines are 
very complex and not completely understood, mechanistic 
cytokine models are available in the literature25–28 and rel-
evant model components may be adapted to this current 
framework.

In summary, a semimechanistic PK/PD modeling frame-
work was established for characterizing cytokine profiles 
upon T-BsAb treatment. The established model can be 
utilized to simulate cytokine profiles upon various dos-
ing regimens. Therefore, the model should be of value in  
determining optimal dosing strategies for T-BsAbs 
programs.
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