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Abstract: The T cell-dependent bispecific (TDB) antibody, anti-CD79b/CD3, targets CD79b and
CD3 cell-surface receptors expressed on B cells and T cells, respectively. Since the anti-CD79b
arm of this TDB binds only to human CD79b, a surrogate TDB that binds to cynomolgus monkey
CD79b (cyCD79b) was used for preclinical characterization. To evaluate the impact of CD3 binding
affinity on the TDB pharmacokinetics (PK), we utilized non-tumor-targeting bispecific anti-gD/CD3
antibodies composed of a low/high CD3 affinity arm along with a monospecific anti-gD arm as
controls in monkeys and mice. An integrated PKPD model was developed to characterize PK
and pharmacodynamics (PD). This study revealed the impact of CD3 binding affinity on anti-
cyCD79b/CD3 PK. The surrogate anti-cyCD79b/CD3 TDB was highly effective in killing CD79b-
expressing B cells and exhibited nonlinear PK in monkeys, consistent with target-mediated clearance.
A dose-dependent decrease in B cell counts in peripheral blood was observed, as expected. Modeling
indicated that anti-cyCD79b/CD3 TDB’s rapid and target-mediated clearance may be attributed to
faster internalization of CD79b, in addition to enhanced CD3 binding. The model yielded unbiased
and precise curve fits. These findings highlight the complex interaction between TDBs and their
targets and may be applicable to the development of other biotherapeutics.

Keywords: T cell-dependent bispecific antibody; CD79b; CD3 binding affinity; pharmacokinetics;
pharmacodynamics; target-mediated drug disposition model; internalization; surrogate molecule

1. Introduction

B cell lymphomas are clonal tumors of mature and immature CD20+ B lymphocytes (B
cells) that constitute the majority (80–85%) of non-Hodgkin lymphomas (NHLs) and other

Pharmaceutics 2022, 14, 970. https://doi.org/10.3390/pharmaceutics14050970 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics14050970
https://doi.org/10.3390/pharmaceutics14050970
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-4608-8744
https://orcid.org/0000-0002-5952-3813
https://doi.org/10.3390/pharmaceutics14050970
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics14050970?type=check_update&version=1


Pharmaceutics 2022, 14, 970 2 of 24

leukemias, such as acute lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia
(CLL). Among the emerging molecules for the treatment of hematologic malignancies,
bispecific T cell-dependent antibodies (TDB), which rely on immune-mediated mechanisms,
represent a promising approach [1]. T cell-dependent bispecific antibodies typically bind
to both CD3ε, a subunit of the T cell receptor complex, and a target antigen expressed
on cancer cells in order to recruit and redirect patient T lymphocytes to tumor cells for
elimination [2,3]. Each arm of the bispecific antibody can form a binary complex after
binding to its specific target (i.e., CD3 and the target antigen). The binary complexes can
further bind to the other target to form the ternary complex or synapse [4]. This ternary
complex is the pharmacologically active species that drives the pharmacodynamics (PD)
of the bispecific antibody (e.g., designed to redirect T cells toward tumor cells). Thus,
ternary complex concentration is relevant for elucidating the PD behavior of bispecific
antibodies [5–7].

While bispecific antibodies are not new [8], improvements in engineering have re-
newed interest in this antibody construct, and there are multiple promising drugs currently
in clinical development [9–11]. In this regard, the anti-CD3/CD19 bispecific T cell engager,
blinatumomab, a fusion protein of two single-chain Fv antibody fragments, received FDA
approval in 2014 for the treatment of a rare form of ALL [12,13], and resulted in complete
responses in 26 of 36 (72%) ALL patients [14]. Mosunetuzumab, a humanized full-length
anti-CD20/CD3 T cell-dependent bispecific antibody, with a similar mechanism of action
to that of blinatumomab, demonstrated that concurrent binding to CD20 on malignant B
cells and CD3 on T cells leads to T cell activation and B cell lysis [15,16].

CD79b, a component of the B cell receptor complex, was clinically validated as a safe
and effective therapeutic target for B cell malignancies using an anti-CD79b antibody-drug
conjugate (ADC) [17]. We have demonstrated that an anti-CD79b/CD3 TDB is active
against lymphoma cells, with a wide range of CD79b levels in vitro. In addition, anti-
CD79b/CD3 TDB administration inhibited tumor growth in B cell lymphoma xenograft
models and resulted in potent B cell depletion in the blood and spleens in a humanized
murine model of lymphoma [18].

A challenge for the preclinical pharmacokinetics (PK), PD, and safety assessment
of anti-CD79b/CD3 TDB (clinical candidate) was that this TDB only binds to human
CD79b resulting in the lack of a pharmacologically relevant nonclinical species with which
to evaluate antigen-dependent PK, pharmacology, and safety, prior to first-in-human
clinical trials (ICH S6, 2011 and ICH S9, 2009). In such cases, alternative approaches to the
nonclinical assessment of antibody-based therapeutics can include the use of surrogate
molecules, surrogate animal models, or in vitro pharmacological systems (ICH S6, 2011
and ICH S6 addendum, 2012). Thus, in order to assess the pharmacological effect of
clinical candidate anti-CD79b/CD3 TDB in non-human primates, we generated a surrogate
anti-cyCD79b/CD3 TDB, with comparable in vitro potency to the anti-human CD79b-
expressing TDB antibody. This surrogate TDB has a target arm that recognizes cynomolgus
monkey CD79b and expresses the same anti-CD3 arm as the human TDB antibody, which
cross-reacts with cynomolgus CD3. We also produced anti-gD/CD3 TDB antibodies with
low or with high CD3 binding affinities, to determine the effect of CD3 binding alone on
PKPD and to inform understanding of the PKPD of the anti-CD79b/CD3 TDB. Anti-gD is a
non-targeted antibody which was used to produce anti-gD/CD3 TDB antibodies. Notably,
all TDB antibodies were generated using knob-into-hole (KIH) mutations [19–21].

The development of a mechanistic PKPD model for TDBs is complicated, due to the
differences in kinetics and binding affinities of both targets. Numerous models have been
developed to describe the PK and PD biomarker of TDBs that bind to soluble or membrane
bound targets by incorporating target dynamics (e.g., baseline levels and turnover rates),
affinity, and avidity parameters and have been used to characterize PK, PD, and safety of
TDBs [4,5,16,22,23]. However, all these models use parameters that are difficult to accurately
measure, for example, the rapid processes such as binding reactions and internalization of
the complexes. Thus, there is a need for a reliable approximation of a generic TDB model,
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which can characterize and predict the PK and PD with fewer parameters. Here, we have
presented a full bispecific TMDD model that is applied to investigate the PK behavior of
the TDBs and predict ternary complex concentrations, which was used to drive the PD
biomarker changes.

For this study, we systematically characterized the PK and the changes in B cell
numbers as the PD marker of anti-CD79b/CD3 clinical candidate efficacy in cynomolgus
monkeys using the surrogate anti-cyCD79b/CD3 TDB molecule. We also determined the
effect of CD3 binding affinity on PKPD using anti-gD/CD3 TDBs with a low or a high
affinity CD3 arm. Finally, we developed an integrated PKPD model to characterize the
PK and PD of the surrogate anti-cyCD79b/CD3 TDB in cynomolgus monkeys and help to
translate clinical candidate TDB into patients.

2. Materials and Methods
2.1. Generation of Test Materials

We adopted a KIH antibody format and produced TDBs as full length, humanized
IgG1 antibodies with natural antibody architecture [15,24], which allows one arm to target
CD79b while the other arm recruits T cells by binding to the CD3ε subunit of the T cell
receptor. The surrogate (anti-cyCD79b/CD3) and anti-CD79b/CD3 TDBs bind to the same
N-terminal region on the corresponding CD79b s and express the same high affinity CD3
arm. Bispecific controls, anti-gD/CD3 TDBs, with a low or with a high affinity CD3 arm
(denoted anti-gD/CD3-low affinity and anti-gD/CD3-high affinity), were generated to
test the impact of CD3 binding on PK and PD [25]. An antibody (anti-gD) to HSV-1 viral
coat protein gD (humanized IgG1 5B6) was used as a non-targeted control antibody [26].
Anti-gD was produced and humanized at Genentech, Inc. (South San Francisco, CA,
USA) [26].

2.2. Human and Cyno CD79b Affinity Meaurement

The binding affinity (KD) of the anti-CD79b/CD3 and anti-cyCD79b/CD3 TDB was
determined by surface plasmon resonance (SPR) using a Biacore T200 instrument (GE
Healthcare, Chicago, IL, USA). For kinetics measurements, CD79b protein was coupled to
Biacore research-grade CM5 chips, in accordance with the instructions of the supplier, to
achieve approximately 100 response units in each flow cell. Purified anti-CD79b/CD3 and
anti-cyCD79b/CD3 antibodies or Fab variant (a 2-fold serial dilution of 0.5 to 1000 nM in
PBST) were injected at a flow rate of 30 µL/min. Each sample was analyzed with 4 min
association and 10 min disassociation. After each injection the chip was regenerated using
10 mM glycine pH 1.7. Binding response was corrected by subtracting a control flow
cell from anti-CD79b variant IgG flow cells. All experiments were conducted at 25 ◦C.
Association rates (ka) and dissociation rates (kd) were calculated using a 1:1 Langmuir
binding model (Biacore T200 Evaluation Software version 2.0, Chicago, IL, USA). The
equilibrium dissociation constant (KD) was calculated as the ratio kd/ka.

2.3. Human and Cyno CD3ε Affinity Measurement

Human and cynomolgus monkey CD3ε peptides (Genentech) were used to determine
the KD of anti-CD79b/CD3 TDBs for CD3ε by SPR using a Biacore T200 instrument (GE
Healthcare, Chicago, IL, USA) as described previously [25]. In brief, biotinylated peptides
were immobilized to FC2, FC3, and FC4 of a Series S Sensor Chip Streptavidin (GE Health-
care). No peptide was immobilized to FC1, which was used as an in-line reference for
FC2, FC3, and FC4. Various concentrations of anti-CD79b/CD3 were then injected into
all FCs for 5 min, and dissociation was allowed to proceed for 2 min. At the end of each
association/dissociation cycle, the chip was regenerated using 3M MgCl2. All experiments
were conducted at 37 ◦C. The off-rate for the low-affinity CD3 molecule was too fast to
obtain kinetic information. Therefore, steady-state binding analysis was used to derive
CD3 KD for all anti-CD79b/CD3 molecules using Biacore Evaluation Software (Chicago,
IL, USA).



Pharmaceutics 2022, 14, 970 4 of 24

The CD3 arms of anti-CD79b/CD3 TDBs are cross-reactive with cyno and human CDε
and not cross-reactive to mouse CD3ε. These TDBs binds to the N-terminus of CD3ε in
cyno and humans, and there is significant sequence divergence between rodents (mice
and rats) and humans [27]. Furthermore, an alignment of CD3ε across several species
demonstrates general lack of sequence identity outside of the primate family [28,29].

2.4. Ethics Statement

The authors confirm that they have obtained appropriate institutional review board
approval for all animal experimental investigations at both Genentech and Charles River
Laboratories (Reno, NV, USA). All procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at Genentech and at Charles River Laboratories and were
performed in compliance with the Animal Welfare Act, the Guide for the Care and Use of
Laboratory Animals, and the Office of Laboratory Animal Welfare. The in vivo PK studies in
SCID.beige (SCID.bg) mice were conducted at Genentech, Inc., and all the single and repeat-
dose pharmacokinetics/toxicokinetics studies in cynomolgus monkeys were conducted at
Charles River Laboratories. The four-week repeat-dose study was performed in accordance
with the United States Food and Drug Administration (United States Code of Federal
Regulations, Title 21, Part 58) Good Laboratory Practice (GLP) regulations for Nonclinical
Laboratory Studies and as accepted by regulatory authorities throughout the European
Union (Organization for Economic Co-operation and Development (OECD) Principles
of Good Laboratory Practice) and Japan (Ministry of Health, Labour and Welfare, Tokyo,
Japan). The toxicokinetic analysis of this study conducted at Charles River Laboratories
in Canada (Montreal, QC, Canada, ULC) was performed in accordance with the OECD
Principles of Good Laboratory Practice as accepted by regulatory authorities throughout
the European Union, United States of America, and Japan.

2.5. In Vitro B Cell Killing

B cell killing by the surrogate (anti-cyCD79b/CD3) or the clinical candidate (anti-
CD79b/CD3) TDBs was determined using transfected BJAB (BJAB.PD.cyCD79b.E3) cells, a
Burkitt’s lymphoma-derived B cell line that expresses both human and cynomolgus monkey
CD79b [30]. In brief, CD8+ T effectors cells isolated from two healthy donors and the BJAB
target cells were incubated for 24 h, with a range of concentrations of anti-cyCD79b/CD3
or anti-CD79b/CD3 TDBs with an effector to target cell ratio of 5:1 (E:T = 5:1). At the
end of the incubation, the number of live B cells were counted by gating on CD19+/PI-
population by FACS, and absolute cell count was obtained with fluorescein isothiocyanate
beads added to the reaction mix as an internal counting control. The percent of B cell
killing was calculated as follows: (live B cell number without TDB-live B cell number with
TDB)/(live B cell number without TDB) × 100. BJAB.PD.cyCD79b.E3 cells were obtained
from the Genentech (RRID: SCR_003997) cell line repository and maintained in RPMI-1640
supplemented with 10% FBS (Sigma) and 2 mM L-glutamine.

2.6. In Vivo PK Study in SCID.Beige Mice

Female SCID.bg mice received a single IV dose of 3 mg/kg of clinical candidate
(anti-CD79b/CD3), cynomolgus surrogate (anti-cyCD79b/CD3) TDB, or three control
antibodies: anti-gD (monospecific, bivalent) and two anti-gD/CD3 TDBs (bispecific) with
a low or with a high affinity CD3 arm (denoted as anti-gD/CD3-low affinity and anti-
gD/CD3-high affinity), via the tail vein (sparse sampling approach; n = 9 mice per group;
n = 3 mice/timepoints). Blood samples were collected via retro-orbital bleeds conducted
on alternate eyes, and the terminal blood sample was collected via cardiac puncture. Three
blood samples were taken from each mouse; there were three mice per time point. Samples
were collected at the following time points: pre-dose, 15 min, 6 and 24 h, and 2, 3, 7, 10, 14,
and 21 days post-dose, and processed to collect serum. Group mean serum concentration-
time profiles were constructed to estimate relevant PK parameters.
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2.7. Single-Dose PK of Anti-CD79b/CD3 TDB, and Anti-gD/CD3-Low or -High Affinity TDBs in
Cynomolgus Monkeys

A total of nine male cynomolgus monkeys were assigned to three treatment groups
(n = 3 animals/group). Monkeys in each group received a single IV dose of 1 mg/kg
of anti-CD79b/CD3 (clinical candidate), anti-gD/CD3-low affinity, or anti-gD/CD3-high
affinity TDBs. Blood samples were collected at following time points for PK measurements:
pre-dose, 5 min, 2 and 6 h post-dose, and 1, 2, 4, 7, 10, 14, 21, 28, and 34 days post-dose. Anti-
drug antibodies (ADA) samples were collected at following time points: pre-dose (7 days
prior to dosing), and 14, 21, 28, and 34 days post-dose. PK of anti-gD was characterized
in another study at 3 mg/kg, following IV administration in a cynomolgus monkey. The
dose-normalized PK profile and parameters at 1 mg/kg are reported in the Section 3 below.

2.8. Dose Ranging PKPD of the Surrogate Anti-cyCD79b/CD3 TDB in Cynomolgus Monkeys

Anti-cyCD79b/CD3 TDB is a cynomolgus monkey surrogate of the human anti-
CD79b/CD3 TDB antibody. Male (n = 4/dose group) cynomolgus monkeys were assigned
to each of three treatment groups and given a single IV dose of 0.01, 0.1, or 0.3 mg/kg of
anti-cyCD79b/CD3 TDB each to evaluate the PK over a 30-fold dose range. Blood samples
(1 mL) for PK and ADA analyses were collected from each animal via the femoral vein
and processed for serum. PK samples were collected on day 0 (pre-dose), 5 min, 2 and
6 h post-dose, and 1, 2, 4, 7, 10, 14, 21, and 29 days post-dose, while ADA samples were
collected pre-dose (7 days prior to dosing), and 14, 21, and 29 days post-dose. ADA samples
were not analyzed. Blood samples were collected at designated time points to evaluate the
dose-dependent effect of TDB treatment on CD20+ B lymphocytes.

2.9. Single- or Multiple-Dose Toxicokinetics (TK) of the Surrogate Anti-cyCD79b/CD3 TDB via IV
or Sub-Cutaneous (SC) Administration in Cynomolgus Monkeys

Nine male cynomolgus monkeys were randomly assigned to three groups (n = 3 animals/
group) and were given a single IV dose of vehicle (Group 1) or anti-cyCD79b/CD3
TDB (Groups 2 and 3). Animals in Group 2 received a 1 mg/kg, single IV dose of anti-
cyCD79b/CD3 TDB, while animals in Group 3 received three daily 1.5 mg/kg/dose SC
doses of anti-cyCD79b/CD3 TDB. At selected time points up to 7 days post-dose, serum
samples were collected and analyzed for anti-cyCD79b/CD3 serum concentrations using
ELISA. Serum concentration-time data were used to evaluate TK. Blood samples were
collected at designated time points for flow cytometric evaluation of CD20+ B lymphocytes.

2.10. 4-Week Repeat-Dose GLP Study of Anti-cyCD79b/CD3 TDB Administered via IV Infusion
in Cynomolgus Monkeys with a 7-Week Recovery Period

Naïve male and female cynomolgus monkeys (n = 5 animals/sex/group) were given
an IV infusion (~1 h) of vehicle and 1 mg/kg of anti-cyCD79b/CD3 TDB, once every week
(QW) for a total of four dose cycles (on days 0, 7, 14, and 21). Blood samples (1 mL) for PK
and ADA analyses were collected from each animal via the femoral vein and processed for
serum. The PK of anti-cyCD79b/CD3 TDB was quantified pre-dose, 15 min, 2 and 6 h, and
1, 3, 7 days after the first and fourth (last) QW doses, as well as pre-dose and 0.25 h after
the second and third QW doses. PK samples from recovery animals (n = 4 (2F/2M) of a
total of 10 animals) were collected for 7 weeks (on days 34, 49, 63, and 78) after the fourth
dose of anti-cyCD79b/CD3 TDB. ADA samples were collected pre-dose (two weeks prior
to dosing), and at days 7, 14, 28, 49, and 78 post-dosing. Blood samples were collected at
designated time points for flow cytometric evaluation of CD20+ B lymphocytes.

2.11. Peripheral Blood Immunophenotyping

Blood samples (∼0.6 mL) were collected throughout the study for peripheral blood im-
munophenotyping by flow cytometric analysis for B lymphocytes (CD4−/CD8−/CD20+).
The relative percentages of each phenotype obtained from the flow cytometer were multi-
plied by the absolute lymphocyte count from the hematology analysis in order to enumerate
absolute cell counts.
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2.12. PK/TK Assay Evaluation in Mice and in Cynomolgus Monkeys

Serum samples from SCID.bg mice and from cynomolgus monkeys were analyzed
for anti-CD79b/CD3, anti-cyCD79b/CD3, anti-gD/CD3-low affinity, and anti-gD/CD3-
high affinity TDBs, and anti-gD concentrations using a quantitative ELISA. Briefly, this
ELISA uses a sheep anti-human immunoglobulin (IgG) heavy and light chain antibody
as the capturing reagent and goat anti-human IgG heavy and light chain conjugated to
horseradish peroxidase (HRP) (Cat# 200–032-156, Jackson ImmunoResearch, West Grove,
PA, USA) as the detecting reagent. The lower limit of quantitation (LLOQ) was 1.56 ng/mL,
for both SCID.bg mice and cynomolgus serum assays.

The concentration of anti-cyCD79b/CD3 in repeat-dose GLP TK serum samples was
determined by PPD® Laboratories (Richmond, VA, USA), using a validated liquid chro-
matography with tandem mass spectrometry (LC-MS/MS) method in cynomolgus monkey
serum. An affinity capture approach using streptavidin magnetic beads coupled to biotiny-
lated mouse anti-human IgG antibody was used to enrich anti-cyCD79b/CD3 (IgG1) and
internal standard, SILuMab, from cynomolgus monkey serum. The bound proteins were
subjected to “on-bead” proteolysis with trypsin, following standard protein denaturation,
reduction, and alkylation processing steps. The characteristic peptide fragments produced
by this procedure were then quantified as surrogates of the total antibody concentration
originating from anti-cyCD79b/CD3 by LC/MS/MS (i.e., multiple reaction monitoring or
MRM). The LLOQ for neat samples was 0.0500 µg/mL.

2.13. Anti-Drug Antibody (ADA) Assay

Cynomolgus monkey serum samples were analyzed by a generic immunocomplex
ADA immunoassay to detect ADAs against anti-CD79b/CD3, anti-gD/CD3-low affinity, or
anti-gD/CD3-high affinity TDBs [31–33]. The assay cut point was determined from a panel
of therapeutic-naïve individual serum samples. ADAs against anti-cyCD79b/CD3 were
determined by PPD® Laboratories (Richmond, VA, USA), using a validated ELISA-based
method. The detection of ADAs to anti-cyCD79b/CD3 were performed using a bridging
ELISA assay that utilized a combination of biotin-conjugated anti-cyCD79b/CD3 and
digoxin-conjugated anti-cyCD79b/CD3 to capture ADAs, along with mouse anti-digoxin
antibody conjugated with HRP (Cat# 200–032-156, Jackson ImmunoResearch, West Grove,
PA, USA). for detection. Using a mouse anti-human IgG antibody as a surrogate positive
control, the relative sensitivity was determined to be 75 ng/mL, and the assay was able to
detect 1000 ng/mL positive control source material in the presence of up to 10.0 µg/mL
free anti-cyCD79b/CD3 TDB.

2.14. PK/TK Data Analysis

Serum-concentration-time profiles were used to estimate the PK parameters in mouse
and monkey, using non-compartmental analysis (NCA) (Phoenix™ WinNonlin®, Version
6.4; Pharsight Corporation; Mountain View, CA, USA). For SCID mouse, the plasma
concentration vs. time data were naïve pooled together (sparse sampling approach) to
provide one PK parameter estimate for each dose group, while in monkey, each animal was
analyzed separately, and results for each dose group were summarized as mean ± standard
deviation (SD). Therefore, SD is not provided for all PK parameters, and the reported mean
parameter represents composite value from naïve pooling of animals for SCID mouse study.
The reported parameter variability in Cmax from SCID mice (since observed at first time
point (at 15 min) from n = 3 mice) represents standard error of mean (SEM) and is the
result of a naïve pool approach with non-compartmental analysis. AUC was calculated
using the log-linear trapezoidal rule. Nominal sample collection times and nominal dose
solution concentrations were used in data analysis. For the single-dose studies in mice and
monkeys, Cmax, area under the serum concentration-time curve from the end of infusion to
the last measurable time point (AUC0–last), area under the serum concentration-time curve
extrapolated to infinity (AUC0–∞), systemic clearance (CL), and volume of distribution
at steady state (Vss) were calculated. Additionally, Tmax (Time of observed Cmax) was
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reported for treatment group given three daily SC doses of anti-cyCD79b/CD3 TDB. For
the repeat-dose cynomolgus study, Cmax after first drug administration (TK day 0) and
fourth drug administration (TK day 21), AUC in the first dosing interval (AUC0–7) and
fourth dosing interval (AUC21–28), and from the end of infusion to the last measurable time
point (AUC0–last) were obtained. Descriptive statistics (means and standard deviations)
and accumulation ratios (AUC21–28/AUC0–7) for male and females were generated. No
animals were excluded from the statistical analysis.

2.15. Bispecific TMDD Model Development

A bispecific target-mediated drug disposition (TMDD) model was established to char-
acterize the pharmacokinetics of anti-cyCD79b/CD3 TDB concentrations, following single
or repeat dose IV or SC administrations in cynomolgus monkeys with quasi-equilibrium
assumption [5,7,34–36]. To model the binding kinetics of the bispecific (BsAb), we assume
that free BsAb binds to either of two targets, CD3 or CD79b, to form binary complexes:
Complex1 or Complex2, respectively [4]. Binary complexes can subsequently bind to the
other target to form the ternary complex, Complex3. All reactions are assumed to follow
first-order elementary reversible reaction kinetics. We assumed that the already-bound
(first) arm would not interfere with nor facilitate the BsAb binding to the other arm. The
model consists of four binding events between six species, leading to the formation of bi-
nary and ternary complexes. Targets (CD3 and CD79b) are generated using zero-order rates
ksyn_CD3 or ksyn_CD79b and degraded at first-order rates kdeg_CD3 or kdeg_CD79b. All three
complexes are assumed to internalize with rates kint_Complex1, kint_Complex2, or kint_Complex3.
The drug is assumed to eliminate linearly from the central compartment with kel and
distributes to the peripheral compartment via k12 and k21. For consistency in units of
parameter estimates, all concentration data with microgram per milliliter units (µg/mL)
were converted to equivalent nanomolar concentrations (nM), and doses were converted
to nanomole/kg by using the molecular weight of 150 kDa of a typical antibody. The
model structure is presented in Figure 1, and the equations that describe the model are
shown below:

dCBsAb
dt = kel·CBsAb − kon_CD3·CBsAb·CTarget1+(k on_CD3·kD_CD3)·Complex1

− kon_CD79b·CBsAb·CTarget2+(k on_CD79b·kD_CD79b)·Complex2
− k12·CBsAb+k21·A_Peri

V1
+ka· SC

V1

(1)

dCTarget1
dt = ksynCD3 − kdeg_CD3·CTarget1 − kon_CD3

·CTarget1·CBsAb+(k on_CD3·kD_CD3
)
·Complex1

−kon_CD3·Complex2·CTarget1+
(k on_CD3·kD_CD3

)
·Complex3

(2)

dCTarget2
dt = ksynCD79b − kdeg_CD79b·CTarget2 − konCD79b

·CTarget2·CBsAb+(k on_CD79b·kD_CD79b
)
·Complex2

− kon_CD79b·Complex1·CTarget2 +(k on_CD79b·kD_CD79b
)
·Complex3

(3)

dComplex1
dt = kon_CD3·CTarget1·CBsAb − (k on_CD3·kD_CD3

)
·Complex1 − kint_Complex1

·Complex1
−kon_CD79b·Complex1·CTarget2 +(k on_CD79b·kD_CD79b

)
·Complex3

(4)

dComplex2
dt = kon_CD79b·CTarget2·CBsAb − (k on_CD79b·kD_CD79b

)
·Complex2

− kint_Complex2·Complex2
−kon_CD3·Complex2·CTarget1 +(k on_CD3·kD_CD3

)
·Complex3

(5)

dComplex3
dt

= kon_CD3·Complex2·CTarget1 +kon_CD79b·Complex1·CTarget2 +[((k on_CD79b·kD_CD79b) + (k on_CD3·kD_CD3)+
(k int_Complex3))]·Complex3

(6)
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dAPeri

dt
= k12·CBsAb·V1 − k12·APeri (7)

dSC
dt

= − ka·SC (8)

SC (0) =
F ∗ Dosenmole

V1
(9)

CBsAb =
Dosenmole

V1
(10)
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Figure 1. Model schematic to the described PKPD relationship in cynomolgus monkeys. The systemic
PK of surrogate (anti-cyCD79b/CD3) TDB was described using a bispecific TMDD model, where
anti-cyCD79b/CD3 TDB in systemic (CBsAb, V1) can distribute to peripheral tissue (k12, k21, V2), be
eliminated (kel = CL/V1), and bind to CD3 or CD79b (kon_CD3 or CD79b, Kd_CD3 or CD79b) to form
two binary complexes; both of these binary complexes further binds to other target to form ternary
complex [4,7]. The baseline level of CD3 and CD79b were expressed as ksyn_CD3 or CD79b/kdeg_CD3 or

CD79b. The drug effect is modeled by the indirect response model; the ternary complex concentration
is linked to promotion on B cells (CD20+ B lymphocytes) elimination via a stimulation function (plus
sign indicate E = (Emax × Complex3)/(EC50 + Complex3) [37]. Detailed explanation and model
estimate of the parameters are shown in Table 6.

The B cell counts following IV and SC administration of anti-cyCD79b/CD3 TDB in
the three studies described above were also used to develop the PD model (Figure 1). A
turnover model was developed to describe the life cycle of CD20+ B lymphocytes, including
the effect of TDB on increasing death rate of CD20+ B cells [37]. Specifically, following
anti-cyCD79b/CD3 TDB treatment, formation of ternary complex (concentration) was
assumed to drive peripheral CD20+ B lymphocyte depletion via stimulation of loss of B
cells (R), which represents the response biomarker [5,7]. Peripheral B cell depletion was
described by an indirect response model integrated with the bispecific TMDD model for
the anti-cyCD79b/CD3 TDB described above. Complex-induced stimulation of B cell loss
is modeled with an Emax and EC50, as described in Equation (11), which described the
PD model:

dR
dt

= kin − kout· [1+
Emax·Complex3

EC50+Complex3
]·R (11)

In the above equation, R represents the B cell count, kin is the apparent zero-order rate
constant for production of CD20+ B lymphocytes, kout is the first-order rate constant for
elimination of CD20+ B lymphocytes, Emax is the maximum increase in cell elimination rate
in the presence of TDB (ternary complex), and the EC50 is the ternary complex concentration
that produces 50% of maximum stimulation achieved. In the absence of TDB at steady-
state, the baseline B cell count is given by kin/kout and we estimated baseline and fixed B
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cells turnover (kout) at a value of 0.0126 (1/day) [38], which corresponds to a half-life of
55 days [38]. First, the PK data were used to fit the bispecific TMDD model. Subsequently,
the bispecific TMDD model and the estimated parameters were used to fit the CD20+ B
lymphocyte count data to the PD model.

2.16. Estimation

All model parameters were estimated with the Stochastic Approximation Expectation
Maximization (SAEM) algorithm in Monolix (version 2020R1; http://www.lixoft.com/).
Each model parameter is defined by a typical value and by its variability within the subject
population. Simulations were performed by Simulx 2020R1.

3. Results
3.1. In Vitro Binding Affinity of TDBs

Table 1 shows the binding affinities of each arm of the TDB antibodies used in the
cynomolgus monkey study. Both clinical candidate (anti-CD79b/CD3) and surrogate (anti-
cyCD79b/CD3) TDB contain the same high affinity (14.4 nM to human CD79b and 12.8 nM
to cynomolgus CD3) CD3 arm. The CD79b and cyCD79b arm of each TDB antibody binds to
the same N-terminal region on its target receptor (CD79b), with binding affinities of 17 nM
(clinical candidate) and 1 nM (cynomolgus surrogate), respectively. Control bispecific anti-
gD/CD3 TDB with a low (387 nM; cynomolgus CD3) or a high (12.8 nM; cynomolgus CD3)
affinity CD3 arm (denoted as anti-gD/CD3-low affinity and anti-gD/CD3-high affinity,
respectively) were included in the study to evaluate the impact of CD3 binding affinity on
PKPD and are cross-reactive with cynomolgus CD3ε.

Table 1. Binding affinity (Biacore measurement made at 37 ◦C) for the component antibodies used to
make bispecific in this study.

Monovalent Affinity
CD79b #, KD (nM) CD3ε [25], KD (nM)

Human Cynomolgus Human Cynomolgus

Anti-CD79b 17 * - 14.4 12.8
Anti-cyCD79b - 1 * 14.4 12.8

Anti-CD3-low affinity - - 446 387
Anti-CD3-high affinity - - 14.4 12.8

# CD79b epitope peptide sequence ([30,39]): human CD79b: ARSEDRYRNPKGS; cyno CD79b:
AKSEDLYPNPKGS. Sequence differences are indicated in bold and underlined. * measurements made at 25 ◦C.

3.2. Anti-CD79b/CD3 and Cynomolgus Surrogate Anti-cyCD79b/CD3 TDBs Are Active against
Human and Cynomolgus Monkey CD79b-Expressing B Lymphoma (BJAB) Cell Lines

We tested the clinical candidate and cynomolgus surrogate CD79b TDBs for in vitro
cell killing, using transfected BJAB (BJAB.PD.cyCD79b.E3; 2 donors) cells. The BJAB cell
lines expressed both huCD79b and cyCD79b at similar levels. The TDBs reduced the
number of target cells in a dose-dependent manner, with potency (EC50; half-maximal
effective concentration) in the low ng/mL range. EC50 values were found to range
from 1.0 to 13 ng/mL, and from 0.31 to 2.4 ng/mL following anti-CD79b/CD3 and anti-
cyCD79b.CD3 TDBs treatment, respectively (Figure 2).

3.3. Anti-CD79b/CD3, Cynomolgus Surrogate Anti-cyCD79b/CD3, and Anti-gD/CD3-High
Affinity TDBs Exhibit Comparable PK in SCID.Beige Mice

Anti-CD79b/CD3, cynomolgus surrogate, anti-cyCD79b/CD3, and the monospecific
(anti-gD) and bispecific controls (anti-gD/CD3-low affinity and -high affinity) are not cross-
reactive antibodies in SCID.beige (SCID.bg) mice. Thus, target-independent clearances (CL)
of these antibodies were characterized and compared in SCID.bg mice. The PK profiles of
anti-gD/CD3-low affinity, anti-gD/CD3-high affinity, and the anti-gD control following
a single IV bolus dose of 3 mg/kg are shown in Figure 3A,B, and the PK parameters
are summarized in Table 2. Anti-gD/CD3 TDB with the high affinity CD3 arm showed

http://www.lixoft.com/
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slightly lower exposure compared to the anti-gD control antibody (Table 2), while anti-
gD/CD3 TDB with the low affinity CD3 arm showed comparable PK to the anti-gD control.
Systemic CL of anti-gD/CD3-low affinity was 6.9 mL/day/kg compared to higher CL of
10.9 mL/day/kg for anti-gD/CD3-high affinity, while the CL of the anti-gD control was
5.8 mL/day/kg. Anti-CD79b/CD3 TDB and its surrogate anti-cyCD79b/CD3 TDB (both
TDBs containing the high affinity CD3 arm) showed lower exposure and faster systemic
CL (range: 10–12 mL/day/kg) compared to the anti-gD control (5.8 mL/d/kg) (Table 2,
Figure 3A). Since these antibodies are not cross-reactive with mouse and the antibodies
with the high affinity CD3 arm, all had faster CL and lower exposure compared to the
anti-gD control antibody; these results suggest that faster non-specific clearance of the
anti-CD3-high affinity arm is likely due to the higher Fv charge on the high affinity CD3
arm, as previously described [40].
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Figure 2. Surrogate (anti-cyCD79b/CD3) and clinical candidate (anti-CD79b/CD3) TDBs are potent
in killing cynomolgus lymphoma B cell lines in vitro (note: this cell line express both human and
cynomolgus CD79b at similar levels). CD8+ T cells isolated from two healthy donors and BJAB cells
(E:T ratio = 5:1) were incubated for 24 h with various concentrations of anti-cyCD79b/CD3 TDB and
anti-CD79b/CD3 TDBs, as indicated.

Table 2. Summary of mean PK parameters following a single IV administration of TDBs in
SCID.bg mice.

SCID.bg Mice

PK Parameter Anti-CD79b/CD3 Anti-cyCD79b/CD3 Anti-gD/CD3-Low
Affinity

Anti-gD/CD3-High
Affinity Anti-gD

(3 mg/kg) (3 mg/kg) (3 mg/kg) (3 mg/kg) (3 mg/kg)

Cmax
a (µg/mL) 44.2 ± 10.9 51.2 ± 2.2 47.9 ± 1.1 50.9 ± 2.0 37.9 ± 13.5

AUC0–last (µg·day/mL) 215.1 193.4 289.2 197.6 304.9
AUC0–∞ (µg·day/mL) 292.5 246.0 432.5 274.8 518.4

CL (mL/kg/day) 10.3 12.2 6.93 10.9 5.79
Vss (mL/kg) 161 162.4 132.2 180 136.1

a Reported parameter variability in Cmax represents standard error of mean (SEM) and is result of naïve pool
approach with NCA. The plasma concentration vs. time data was naïve pooled together (sparse sampling
approach) to provide on PK parameter estimate for each treatment group. Therefore, SD is not provided, and the
reported mean parameter represents the composite value from the naïve pooling of animals.
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Figure 3. PK characterization of anti-CD79b/CD3 TDBs in SCID mice following a single IV bolus
administration. (A) PK profiles in SCID.bg mice of clinical candidate anti-CD79b/CD3 (red circle,
solid red line), cynomolgus surrogate anti-cyCD79b/CD3 (blue circle, solid blue line), or controls
anti-gD (monospecific; black diamond, solid black line) and anti-gD/CD3-low affinity (bispecific;
green triangle, dashed green line) and anti-gD/CD3-high affinity (bispecific; green square, solid green
line). (B) Comparative PK profiles of bispecific anti-gD/CD3-low affinity and anti-gD/CD3-high
affinity versus monospecific anti-gD in SCID.bg mice. Samples were collected using sparse sampling
approach from n = 9 mice per group (n = 3 mice/timepoints) and data are presented here are group
mean (±SD) for each treatment group.

3.4. Impact of CD3 Binding Affinity on Anti-gD/CD3 TDB PK in Cynomolgus Monkeys

Bispecific anti-gD/CD3 control antibodies are cross-reactive with cynomolgus CD3ε.
Anti-gD/CD3 TDBs with low (387 nM) or with high (12.8 nM) affinity CD3 arms were
used to test the impact of CD3 binding on PK and PD. Cynomolgus monkeys were ad-
ministered intravenously (IV) with a 1 mg/kg dose of either anti-gD/CD3-low affinity or
anti-gD/CD3-high affinity, and serum PK was measured up to day 34 of post-treatment in
these animals. Figure 4 shows the PK comparison between the two anti-gD/CD3 TDBs
and historical anti-gD data at a comparable dose. NCA parameters of both anti-gD/CD3
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antibodies, human anti-CD79b/CD3, and historical data for anti-gD antibody are shown
in Table 3. In this regard, while anti-gD/CD3 with the high affinity CD3 arm showed a
slightly lower maximum observed concentration (Cmax = 24.0 ± 1.05 µg/mL) compared
to Cmax for the anti-gD/CD3-low affinity TDB (31.1 ± 4.70 µg/mL), both were within
the Cmax range expected for typical IgG1 molecules in cynomolgus, assuming a blood
volume of 40–50 mL/kg [41]. Anti-gD/CD3 TDB with the high affinity CD3 arm showed
faster CL and lower exposure compared to the anti-gD control antibody. Systemic CL
of anti-gD/CD3-high affinity was 21.3 ± 4.2 mL/day/kg, compared to the considerably
lower CL of anti-gD/CD3-low affinity (6.5 ± 0.94 mL/day/kg) and the anti-gD control
(3.9 ± 0.62 mL/day/kg). Anti-gD/CD3 with the low affinity CD3 arm exhibited slightly
higher CL than anti-gD, however, it was within a CL range expected for a typical IgG
(<8 mL/day/kg) [42]. We also characterized the PK of human anti-CD79b/CD3 TDB in
this single-dose cynomolgus study, following 1 mg/kg IV administration. Clinical candi-
date, anti-CD79b/CD3, showed slightly faster CL compared to anti-gD/CD3-high affinity
(30.9 ± 13 vs. 21.3 ± 4.2 mL/day/kg). The inter-animal variability of anti-CD79b/CD3 PK
profiles was high, likely due to the impact of anti-drug antibodies (ADA), as exemplified by
the substantially reduced exposure in one animal with pre-existing ADA (discussed below).
Observed mean Cmax and AUC0–7 for anti-CD79b/CD3 were slightly lower compared to
anti-gD/CD3-high affinity TDB. Faster CL for both anti-CD79b/CD3 and anti-gD/CD3-
high affinity is likely attributable to highly positive Fv charge in the CD3 arm [40] in
addition to high affinity CD3 binding. Since the anti-CD79b arm of human TDB candidate
is not cross-reactive to cynomolgus CD79b, the target arm is not expected to have any
impact upon CL. ADA was measured in serum samples for both anti-gD/CD3 TDBs and
anti-CD79b/CD3 TDB from day 14 to day 34 post-dose (Table S1).
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Figure 4. Impact of CD3 binding affinity on PK in cynomolgus monkey: Single dose PK profiles of anti-
gD/CD3-low affinity (green triangle, dashed green line), anti-gD/CD3-high affinity (green square,
solid green line), and clinical candidate anti-CD79b/CD3 (red circle, solid red line) in comparison
to anti-gD control (black diamond, solid black line), following 3 mg/kg IV bolus administration in
cynomolgus monkeys. Faster CL for both anti-CD79b/CD3 and anti-gD/CD3-high affinity compared
to anti-gD/CD3-low affinity and anti-gD is attributed to higher-than-expected Fv charge in CD3 arm,
in addition to high affinity CD3 binding. The lower limit of quantitation (LLOQ) was 1.56 ng/mL.
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Table 3. Summary of mean (±SD) PK parameter following a single IV (1 mg/kg) administration of
TDBs in cynomolgus monkeys.

PK Parameter Anti-CD79b/CD3 Anti-gD/CD3-Low
Affinity

Anti-gD/CD3-High
Affinity Anti-gD

Cmax (µg/mL) 17.8 ± 5.3 31.1 ± 4.7 24.0 ± 1.05 27.6 ± 3.9
AUC0–7 (µg·day/mL) 25.1 ± 8.6 78.2 ± 4.9 36.9 ± 2.1 86.7 ± 2.2

AUC0–last (µg·day/mL) 36.2 ± 14.0 146 ± 18.1 46.1 ± 7.5 206 ± 17.8
AUC0–∞ (µg·day/mL) 36.3 ± 14.1 157 ± 24.9 48.1 ± 8.6 260 ± 42.4

CL (mL/kg/day) 30.9 ± 13.0 6.46 ± 0.94 21.3 ± 4.2 3.9 ± 0.62
Vss (mL/kg) 154 ± 34.0 72.5 ± 8.1 94.5 ± 32.8 80.1 ± 4.7

All animals (100%) that received anti-gD/CD3-high affinity and anti-CD79b/CD3
TDBs exhibited high titers of ADA by day 14. Pre-dose samples from one anti-CD79b/CD3-
treated animal (1003) were ADA positive and showed reduced exposure compared to the
other two animals (Table S1). The anti-gD/CD3-low affinity TDB was less immunogenic,
with no observed ADA at day 14. Only one out of three animals developed ADA by day 21
post-dose, and even this animal showed only low-titer ADA, and no significant impact on
serum PK was observed.

3.5. Surrogate (Anti-cyCD79b/CD3) TDB Exhibited Target-Dependent Clearance in
Cynomolgus Monkey

In order to assess the PKPD of targeting CD79b with a T cell-recruiting bispecific
antibody in non-human primates, a surrogate anti-cyCD79b/CD3 TDB with comparable
in vitro potency was produced with a target arm that recognizes cynomolgus monkey
CD79b and it has the same high affinity as in humans for the anti-CD3 arm. Figure 5A
shows PK profiles of anti-cyCD79b/CD3 in cynomolgus monkeys, following a single
IV bolus dose of 0.01, 0.1, or 0.3 mg/kg. PK parameters after NCA are summarized in
Table 4. The PK profiles showed a greater than dose proportional increase in Cmax and
AUC0–7 between 0.01 mg/kg to 0.3 mg/kg, whereas the increase in Cmax was approximately
dose proportional between 0.1 to 0.3 mg/kg. Mean total CL in groups dosed at 0.01, 0.1,
and 0.3 mg/kg were 315 ± 80.9, 66.2 ± 16.6, and 41.8 ± 5.1 mL/day/kg, respectively.
The volume of distribution at steady-state (Vss) ranged from 43.3 to 284 mL/kg at the
doses tested. Both total CL (~7.6 fold) and Vss (~6.6-fold) decreased with increasing dose,
suggesting target-mediated drug disposition. These data indicate that anti-cyCD79b/CD3
TDB exhibited nonlinear pharmacokinetics consistent with the expected target-mediated
CL, due to binding to both cynomolgus CD79b and CD3 on the target cells.

In addition, we measured B cells in blood to evaluate the PKPD relationship of anti-
cyCD79b/CD3 TDB in cynomolgus monkeys administered a single dose of 0.01, 0.1, and
0.3 mg/kg. The temporal profile of B cell counts is shown in Figure 5B. We observed a
dose-dependent decrease in B cells, and B cell counts in peripheral blood dropped rapidly
after anti-cyCD79b/CD3 TDB administration (2 h post-dose) for each treatment group.
The B cell counts exhibited a trend to recovery after 24 h for the 0.01 mg/kg group, and
after day 8 for the 0.1 mg/kg and 0.3 mg/kg groups. Generally, all the groups reached a
complete recovery by day 29 post-dose.



Pharmaceutics 2022, 14, 970 14 of 24

Pharmaceutics 2022, 14, x FOR PEER REVIEW 16 of 26 
 

 

 
Figure 5. Surrogate TDB (anti-cyCD79b/CD3) was well tolerated and showed potent B cell depletion, 
exhibited rapid and target mediated clearance; (A) PK profiles of anti-cyCD79b/CD TDB up to 28 
days, following a single IV bolus dose in cynomolgus monkeys at doses of 0.01, 0.1, and 0.3 mg/kg 
(n = 4). (B) Dose-dependent CD20+ B lymphocyte changes (absolute numbers) in cynomolgus blood 
following single IV bolus of the anti-cyCD79b/CD3 TDB at 0.01, 0.1, and 0.3 mg/kg (n = 4). (C) PK 
profiles of anti-cyCD79b/CD3 TDB in cynomolgus monkeys, following single 1 mg/kg IV bolus in-
jection or three daily 1.5 mg/kg SC doses (n = 3). (D) Robust B cell (CD20+ B lymphocyte) depletion 
(absolute numbers) in cynomolgus blood following single 1 mg/kg IV bolus injection or three daily 
1.5 mg/kg SC doses of anti-cyCD79b/CD3 TDB (n = 3). (E) PK profiles of anti-cyCD79b/CD3 TDB 
following weekly IV administration at 1mg/kg (total 4 doses) in a four-week repeat-dose cynomol-
gus GLP study with a seven-week recovery period (n = 10; five males, five females). (F) Pronounced 
B cell (CD20+ B lymphocyte) depletion (absolute numbers) in cynomolgus blood following weekly 
IV administration of anti-cyCD79b/CD3 TDB at 1 mg/kg (total 4 doses) in a four-week repeat-dose 
cynomolgus GLP study with a seven-week recovery period (n = 10; five Males, five Females). 

3.6. Single- and Multiple-Dose PKPD of Anti-cyCD79b/CD3 TDB in Cynomolgus Monkeys 
In a one-week single dose study, we characterized the PKPD of surrogate anti-

cyCD79b/CD3 TDB in cynomolgus monkeys at 1 mg/kg IV bolus injection or after three 
daily 1.5 mg/kg SC doses (Figure 5C,D). The SC administration route was being investi-
gated as a potential alternative to IV dosing to reduce patient burden; therefore, we sought 
to understand the PKPD profile as well as safety relative to IV administration. The ob-
served Cmax values were approximately 40% lower with three daily SC doses of 1.5 mg/kg 
compared to a single IV dose of 1 mg/kg (mean Cmax = 15.4 ± 6.61 and 25.8 ± 2.84 µg/mL, 
respectively). We observed greater exposure, as defined by area under the serum concen-
tration-time curve from the end of infusion to the last measurable time point (AUC0–last), 
after three daily SC doses than after a single IV dose (Table 4; 58.6 ± 34.5 and 19.7 ± 0.95 

Figure 5. Surrogate TDB (anti-cyCD79b/CD3) was well tolerated and showed potent B cell depletion,
exhibited rapid and target mediated clearance; (A) PK profiles of anti-cyCD79b/CD TDB up to
28 days, following a single IV bolus dose in cynomolgus monkeys at doses of 0.01, 0.1, and 0.3 mg/kg
(n = 4). (B) Dose-dependent CD20+ B lymphocyte changes (absolute numbers) in cynomolgus blood
following single IV bolus of the anti-cyCD79b/CD3 TDB at 0.01, 0.1, and 0.3 mg/kg (n = 4). (C) PK
profiles of anti-cyCD79b/CD3 TDB in cynomolgus monkeys, following single 1 mg/kg IV bolus
injection or three daily 1.5 mg/kg SC doses (n = 3). (D) Robust B cell (CD20+ B lymphocyte) depletion
(absolute numbers) in cynomolgus blood following single 1 mg/kg IV bolus injection or three daily
1.5 mg/kg SC doses of anti-cyCD79b/CD3 TDB (n = 3). (E) PK profiles of anti-cyCD79b/CD3 TDB
following weekly IV administration at 1mg/kg (total 4 doses) in a four-week repeat-dose cynomolgus
GLP study with a seven-week recovery period (n = 10; five males, five females). (F) Pronounced B
cell (CD20+ B lymphocyte) depletion (absolute numbers) in cynomolgus blood following weekly
IV administration of anti-cyCD79b/CD3 TDB at 1 mg/kg (total 4 doses) in a four-week repeat-dose
cynomolgus GLP study with a seven-week recovery period (n = 10; five Males, five Females).
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Table 4. Summary of mean (±SD) PK parameter of surrogate anti-cyCD79b/CD3 TDB following a
single- or repeat-dose administration to cynomolgus monkeys.

PK Parameter
Anti-cyCD79b/CD3

Dose Ranging PK (Single Dose) Single (IV) or Multiple (SC) Dose
1-Week TK

(0.01 mg/kg) (0.1 mg/kg) (0.3 mg/kg) (1 mg/kg) (1.5 mg/kg, daily,
SC × 3)

Cmax (µg/mL) 0.10 ± 0.0029 2.4 ± 0.11 7.6 ±0.30 25.8 ± 2.8 15.4 ± 6.6
AUC0–7 (µg·day/mL) 0.030 ± 0.007 1.5 ± 0.38 7.1 ± 0.80 19.7 ± 0.95 58.6 ± 34.5

AUC0–last (µg·day/mL) 0.030 ± 0.0068 1.5 ± 0.38 7.2 ± 0.82 19.7 ± 0.95 58.6 ± 34.5
AUC0–∞ (µg·day/mL) 0.033 ± 0.0074 1.6 ± 0.41 7.3 ± 0.81 NA NA

CL (mL/kg/day) 315 ± 80.9 66.2 ± 16.6 41.8 ± 5.1 50.0 ± 2.3 NA
Vss (mL/kg) 284 ± 52.4 165 ± 105 43.3 ± 10.1 57.2 ± 9.3 NA
Tmax (day) NA NA NA NA 3.0 ± 0.96

NA: Not applicable.

3.6. Single- and Multiple-Dose PKPD of Anti-cyCD79b/CD3 TDB in Cynomolgus Monkeys

In a one-week single dose study, we characterized the PKPD of surrogate anti-
cyCD79b/CD3 TDB in cynomolgus monkeys at 1 mg/kg IV bolus injection or after
three daily 1.5 mg/kg SC doses (Figure 5C,D). The SC administration route was being
investigated as a potential alternative to IV dosing to reduce patient burden; therefore,
we sought to understand the PKPD profile as well as safety relative to IV administra-
tion. The observed Cmax values were approximately 40% lower with three daily SC
doses of 1.5 mg/kg compared to a single IV dose of 1 mg/kg (mean Cmax = 15.4 ± 6.61
and 25.8 ± 2.84 µg/mL, respectively). We observed greater exposure, as defined by area
under the serum concentration-time curve from the end of infusion to the last measur-
able time point (AUC0–last), after three daily SC doses than after a single IV dose (Table 4;
58.6 ± 34.5 and 19.7 ± 0.95 day·µg/mL, respectively). Following SC administration, the
mean time of the observed Cmax (tmax) was 3.03 ± 0.96 days. B cell counts in circulation
were profoundly decreased after dosing for both dose groups. No B cell recovery was
observed for up to seven days (until the end of the study), following both IV and SC dose
groups (Figure 5D). As expected, B cell counts were unaltered in the control treated group.

3.7. PKPD of Surrogate (Anti-cyCD79b/CD3) TDB in a Four-Week Repeat Dose GLP Study (with
Seven-Week Recovery) in Cynomolgus Monkeys

The serum concentration of anti-cyCD79b/CD3 in female and male cynomolgus
monkeys, following weekly IV administration of 1 mg/kg drug, was measured in a four-
week repeat-dose cynomolgus study with a seven-week recovery period (Figure 5E). The
exposure of anti-cyCD79b/CD3 was generally higher after the last dose compared to
the first dose, except for one animal (2501), where the exposure of anti-cyCD79b/CD3
decreased (Table 5). This animal (2501) developed high titer (4.23) ADA on day 28 (Table S2).
No sex differences in exposure (AUC0–7) were observed after first dose. Conversely, a sex
difference was observed after the fourth dose (AUC21–28), and exposure in males was higher
than in females (Table 5). Anti-cyCD79b/CD3 was generally not quantifiable at TK day
49 (recovery phase) except in one animal, which showed a detectable concentration up to
day 77. Nine out of ten treated animals tested positive for ADA (incidence: 90%), on one or
more occasions post-dose. There was not an obvious correlation with the reduced systemic
exposure of anti-cyCD79b/CD3 on TK day 14 and day 28 and during the recovery period
(Table S2). Four out of ten animals in the control group had one or more confirmed positive
ADA samples post-dose, and no treated animals were confirmed positive for ADA prior to
dosing. ADA positivity in the control group cannot be explained but has been observed
previously [43], and it does not preclude an assessment of the impact of ADA positivity
on anti-cyCD79b/CD3 exposure in the treated groups post-dose. A robust reduction in
B cell counts relative to both pre-dose and time-matched control values was noted for all
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anti-cyCD79b/CD3-dosed animals, with a nadir by day 1 that was sustained through day
49 (Figure 5F). The B lymphocyte absolute counts were increased on day 78, compared
to the baseline (pre-dose) average values. As expected, no impact on B cell counts was
observed in the vehicle control group.

Table 5. Summary of PK parameters of surrogate anti-cyCD79b/CD3 TDB, following weekly IV
administration of 1 mg/kg in a four-week repeat-dose cynomolgus study with a seven-week recovery
period (data are represented as mean ± SD).

Cmax Day 0
(µg/mL)

Cmax Day 21
(µg/mL)

AUC0–7
(µg·day/mL)

AUC21–28
(µg·day/mL)

AUC0–last
(µg·day/mL)

Accumulation
Ratio

Male 16.9 ± 4.9 20.5 ± 2.8 23.7 ± 8.96 55.5 ± 22.5 148 ± 30.2 2.34
Female 17.6 ± 2.4 15.5 ± 3.8 21.4 ± 3.5 29.3 ± 16.9 107 ± 23.1 1.37

Combined 17.2 ± 3.6 18.1 ± 4.1 22.5 ±6.5 42.4 ± 123.3 128 ± 33.5 1.88

3.8. Bispecific TMDD Model Characterized Anti-cyCD79b/CD3 Disposition Kinetics and
Peripheral Blood B Cell Decrease

The bispecific TMDD model development for anti-cyCD79b/CD3 TDB was based on
three studies in cynomolgus monkeys (28 representative monkeys PKPD profiles) spanning
a dose range of 0.01–1 mg/kg (single IV dose), 1.5 mg/kg daily (three SC doses), and
1 mg/kg weekly (four total IV doses followed by a seven-week recovery). Figure 1 shows
the schematic of the bispecific TMDD model, which includes PK of anti-cyCD79b/CD3
TDB and changes in B cell counts after anti-cyCD79b/CD3 administration, as the drug
effect (details of its development process is presented in the Section 2).

Figure 6 shows the time courses of observed and predicted anti-cyCD79b/CD3 TDB
concentrations. The PK profiles of anti-cyCD79b/CD3 TDB were best described by a two-
compartment model with linear and target-mediated elimination pathways. Estimated
population pharmacokinetic parameters and residual errors are reported in Table 6. The
majority of the parameter estimates were obtained with reasonable precision (%RSE < 50%)
across three different studies. The only exception was the estimates of kint_complex3, with a
%RSE of >50%. The estimated mean non-specific CL (20 mL/day/kg) was in line with the
observed clearance and consistent with slightly higher range of non-specific CL reported
for bispecific antibodies [5,44]. The central volume of distribution (51 mL/kg) was close
to the reported physiological blood volume of cynomolgus monkeys [41]. Distribution
CL and absorption rate constant (ka; SC administration) were comparable to the observed
values for other bispecific and human IgG1 antibodies in monkeys [5,44,45] (Table 6). The
model-fitted curves captured the data well and yielded unbiased and precise curve fits
(Figures 6, S1 and S2).

B cell count changes were described, with an indirect response model integrated with
the developed bispecific TMDD model for anti-cyCD79b/CD3 TDB (Figure 1). The time
course of observed and predicted B cell counts (individual fits) is shown in Figure 7. The
proposed PD model can predict the general trend of dose-dependent B cell depletion and
recovery for each dose group; however, the model could not capture the B cell counts
on day 14 onwards in the two animals from the 0.3 mg/kg dose group, likely due to the
rebound effect (i.e., B cell counts increased above pre-dose levels). The elimination half-life
of B cells was fixed to 55 days, based on the literature-reported value [38] (Table 6). The
estimated population mean of the baseline count was consistent with observed pre-dose B
cell counts in cynomolgus blood. All estimated parameters are reported in Table 6. The
model-fitted curves captured all of the B cell count profiles well, and all model parameters
were estimated with reliable precision (Figure 7, Figures S1 and S3). The coefficient of
correlation (r) for the observed versus population fitted profiles was ≥0.959 and ≥0.886 for
serum concentrations and B-cell counts profiles, respectively (Figure S1).
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Figure 6. Bispecific TMDD model-based fitting of monkey PK data for surrogate (anti-cyCD79b/CD3)
TDB. Individual PK profiles for 28 representative cynomolgus monkeys receiving anti-cyCD79b/CD3
TDB; 0.3 mg/kg IV PK profiles (A), 0.1 mg/kg IV PK profiles (B), 0.01 mg/kg IV PK profiles (C),
1 mg/kg IV PK profiles (D), 1.5 mg/kg, SC PK profiles (E) and 1 mg/kg IV, QW (total 4 doses
with 7-week recovery) PK profiles (F) [top row represents male PK profiles and bottom row repre-
sents females PK profiles]. Circles represent the observed data. Solid blue lines are the individual
model predictions.
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Table 6. Pharmacokinetic/pharmacodynamic model parameter estimates for surrogate anti-
cyCD79b/CD3 TDB in cynomolgus monkeys. 

Parameter Definition Unit Estimate (%RSE) Source 
CL Clearance mL/day/kg 20.0 (47.3) Model estimated 

CLd Distribution clearance mL/day/kg 22.0 (16.0) Model estimated 
V1 Central volume of distribution mL/kg 51.0 (6.59) Model estimated 
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Figure 7. Bispecific TMDD model-based fitting of monkey PD data for surrogate (anti-cyCD79b/CD3)
TDB. Individual B cell (CD20+ B lymphocyte) counts changes profiles for 28 representative cynomol-
gus monkeys receiving anti-cyCD79b/CD3 TDB. 0.3 mg/kg IV PD profiles (A), 0.1 mg/kg IV PD
profiles (B), 0.01 mg/kg IV PD profiles (C), 1 mg/kg IV PD profiles (D), 1.5 mg/kg, SC PD profiles
(E), and 1 mg/kg IV, QW (total 4 doses with 7-week recovery) PD profiles (F) [top row represents
male PD profiles and bottom row represents females PD profile]. Black circles represent the observed
data. Solid red lines are the individual model predictions.
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Table 6. Pharmacokinetic/pharmacodynamic model parameter estimates for surrogate anti-
cyCD79b/CD3 TDB in cynomolgus monkeys.

Parameter Definition Unit Estimate (%RSE) Source

CL Clearance mL/day/kg 20.0 (47.3) Model estimated
CLd Distribution clearance mL/day/kg 22.0 (16.0) Model estimated
V1 Central volume of distribution mL/kg 51.0 (6.59) Model estimated
V2 Peripheral volume of distribution mL/kg 90.0 (fixed) [5]

kon_CD3 CD3 association constant 1/nM/day 4.45 In vitro data
Kd_CD3 CD3 binding affinity (koff/kon) nM 12.8 In vitro data (Table 1)

kon_CD79b CD79b associate constant 1/nM/day 2.96 In vitro data
Kd_CD79b CD79b binding affinity (koff/kon) nM 1.0 In vitro data (Table 1)

ln(2)/kdeg_CD3 Degradation half-life of CD3 day 0.74 (32.8) Model estimated
ln(2)/kdeg_CD79b Degradation half-life of CD79b day 0.79 (31.7) Model estimated

ln(2)/kint_complex1
elimination half-life for

complex1 day 346.5 (34.2) Model estimated

ln(2)/kint_complex2
elimination half-life for

complex2 day 7.79 (63.6) Model estimated

ln(2)/kint_complex3
elimination half-life for

complex3 day 5.77 (12.9) Model estimated

ka SC absorption rate constant 1/day 0.31 (14.7) Model estimated
F SC bioavailability Fraction 0.84 (fixed) [45]

Emax Maximum stimulation factor unitless 221 (49.3) Model estimated

EC50
Ternary complex concentration

inducing 50% of kout
nM 1.20 (21.0) Model estimated

BSL_B-lymphocyte Baseline of CD20+ B-lymphocyte counts/µL 1223.3 (14.0) Model estimated

ln(2)/kout_B-lymphocyte
Degradation half-life of

B-lymphocyte day 55 (fixed) [38]

4. Discussion

Human biotherapeutic agents display a high degree of species specificity, and identi-
fying a pharmacologically relevant non-clinical species for PKPD and safety assessment
that translates to humans remains a challenge. Nevertheless, several successfully mar-
keted biotherapeutic agents used mouse or cynomolgus surrogate molecules to evaluate
non-clinical PKPD and safety in longer-term general toxicity and developmental and
reproductive toxicity studies, including polatuzumab, efalizumab, infliximab, and IFN-
γ [39,46–49]. Surrogate molecules are typically considered when the clinical candidate is
pharmacologically active only in humans and when the presence of anti-drug antibodies
can affect drug exposure, thereby limiting the ability to conduct a thorough PKPD and
safety evaluation [49,50].

In the case of the anti-CD79b/CD3 bispecific antibody explored in this study, a three
amino acid difference in the human and cynomolgus monkey CD79b receptor conferred
selective binding of the clinical antibody to human CD79b only [30,39]. Therefore, we
generated an anti-cyCD79b/CD3 surrogate TDB that binds to a similar epitope on CD79b
in cynomolgus monkeys as a surrogate clinical antibody, with which to evaluate anti-
CD79b-mediated in vivo pharmacology prior to entry into humans [18].

We hypothesized that CD3 affinity would be a key driver of both efficacy and safety.
Thus, we evaluated anti-gD/CD3 TDBs with low or with high CD3 affinity and a monospe-
cific control in SCID.bg mice (a non-binding species), before evaluating the PKPD behavior
of these antibodies in cynomolgus monkeys (binding species). We selected an immune-
deficient mouse strain, SCID.bg, to avoid any potential ADA impact on the exposure of the
TDBs. TDBs containing a high affinity CD3 arm appeared to clear more rapidly than the
anti-gD antibody, even in the non-binding species (mouse). This observation is consistent
with the previously reported clearance of an anti-CLL/CD3 TDB, with varying CD3 arm
affinities in SCID.bg mice [24,40]. A positively charged patch in the Fv region of the anti-
CD3-high antibody is potentially associated with the higher CL of this TDB [40,51], and
might contribute to the increased CL of both anti-CD79b/CD3 and anti-gD/CD3, compared
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to the bivalent anti-gD lacking a CD3 arm. In cynomolgus monkeys, the PK of these TDBs
behaved in a CD3-affinity-dependent manner. The anti-gD/CD3 TDB with a high-affinity
CD3 arm (Kd = 12.8 nM) exhibited faster clearance and lower drug exposure compared with
the low CD3 affinity anti-gD/CD3 TDB (Kd = 387 nM). These results are consistent with
the PK behavior of CLL-1/TDB containing low or high affinity CD3 arms in cynomolgus
monkeys [24]. Anti-gD/CD3 TDB with a high affinity CD3 arm also showed faster CL
and lower exposure, compared to anti-gD control antibody at 1 mg/kg. This faster CL
potentially reflects both the impact of the positively charged patch on the CD3 arm as
well as the increased binding to the CD3 arm due to higher affinity [40]. In this regard,
a dose-ranging study is needed to determine non-specific CL of the anti-gD/CD3 TDB
containing the high affinity CD3 arm. Taken together, these results demonstrate that an
understanding of the PKPD behavior of CD3-containing monovalent control molecules is
critical in designing cynomolgus safety studies to inform the development of TDBs. Future
work with engineered monovalent control molecules with variable CD79b affinities may
provide an additional insight into their in vivo pharmacology, study design for multi-dose
cynomolgus safety studies, and further development of bispecific antibodies.

The current study also evaluated anti-CD79b mediated in vivo pharmacology in
cynomolgus monkeys using an anti-cyCD79b/CD3 surrogate bispecific antibody (contain-
ing a high affinity CD3 arm) that binds to a similar epitope as the clinical antibody. In
cynomolgus monkeys, the anti-cyCD79b/CD3 TDB exhibited nonlinear pharmacokinetics
consistent with target-mediated CL, likely due to target CD79b antigen internalization
and enhanced binding to CD3. The observed rapid and dose-dependent CL and shorter
elimination of anti-cyCD79b/CD3 were comparable with that of other TDBs [24,25,40,52]
in cynomolgus monkeys, as expected based upon drug structure. In addition, anti-
cyCD79b/CD3 TDB resulted in an anticipated dose-dependent decrease in B cells that was
consistent with the molecule’s mechanism of action [18]. B cell depletion was achieved in
all animals at low doses, suggesting a potent anti-target activity of anti-cyCD79b/CD3. No-
tably, the duration of this decrease in B cell numbers was variable within the dose groups,
and the recovery of B cells was rapid at lower anti-cyCD79b/CD3 doses. At the lowest dose
tested (0.01 mg/kg), B cell counts were minimal immediately after anti-cyCD79b/CD3 TDB
administration, but began to increase after day 1, likely reflecting a low cell-killing activity
at lower concentrations. This dose-ranging PKPD study, including low doses, enabled us
to define the PKPD relationship.

We incorporated an anti-cyCD79b/CD3 binding to both CD3 and CD79b in the PK
model as a target-mediated disposition process. We assumed that anti-cyCD79b/CD3
binds to CD3 and CD79b to form binary complexes, followed by further cross-linking with
either CD3 or CD79b to form a ternary complex, as reported for other bispecific antibod-
ies [4]. For many large molecule therapeutics, including bispecific antibodies, binding to
the pharmacologic target influences drug distribution and elimination, and can result in
nonlinear pharmacokinetics [5,44,45,53]. Model estimates (kint_complex2 and kint_complex3,
Table 6) indicated that a relatively faster internalization rate of CD79b complex and ternary
complex could likely contribute to target-mediated CL of anti-cyCD79b/CD3, in addition
to enhanced CD3 binding. Schropp et al. [7], demonstrated that faster internalization of
target receptor and ternary complex lead to faster elimination of bispecific antibodies and
to nonlinear PK. Due to the cross-linking nature of binding kinetics (i.e., both binary com-
plexes further cross-link with the other target forming the ternary complex; see Figure 1),
the functional ternary complex (i.e., assumed to be drivers of changes in B cell counts
in the model) shows different PK properties, as compared to the classical concentration
effect relationship [7]. The model predicts a delayed buildup of ternary complex concentra-
tions for increasing doses. The predicted ternary complex concentrations are substantially
lower compared to very high serum concentrations at respective doses, however, they are
sufficient to drive B cell depletion (Figure S4). This is consistent with an in vitro study
conducted by co-culturing Jurkat T cells and Daudi B cells in the presence of CD19/CD3
bispecific antibody, where a decrease in ternary complex concentration was observed at
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higher concentrations of the drug [54]. The turnover of B cells was characterized by zero-
order cell proliferation and first-order decay over time, as a simplified representation of
the underlying sequential development steps of B cell maturation in bone marrow [55].
The dose-dependent depletion and recovery of B cells was captured by the model, with
the exception of a few points (days 14 and 21) in 0.3 mg/kg dose group. In the four-week
repeat dose study, B cell depletion and recovery was well described by the model; however,
the model could not capture B cell counts at day 78 in a few animals. In these animals,
B cell counts reached above pre-dose levels, consistent with rebound phenomenon. The
rebound of B cells may be attributed to hematopoiesis that occurred on day 14 in a few
animals from the 0.3 mg/kg dose group and on day 78 in few animals from the 1 mg/kg
repeat dose group. Extending the study and measuring B cell at later time points may
have shown B cells returning to baseline. Additionally, no B cell counts were available
post-day 7 in the 1 mg/kg IV and 1.5 mg/kg SC dose groups. Thus, the target cell rebound
phenomenon was not incorporated into the model. Further evaluation of anti-CD79b/CD3
in an extended duration PKPD study is warranted, to elucidate the dynamics of target cell
rebound using a mechanistic PKPD model.

Minimal, physiologically based PKPD models and pharmacology models for quanti-
tative systems, which include mechanistic and systemic information, have been used to
describe PKPD as well as relevant safety and efficacy markers such as T cell activation,
cytokine increases, and cell killing in vivo [6,16,36]. These models often include the binding
kinetics of ternary complex formation (i.e., of the drug and its two target cells form a
trimer or a synapse that trigger cell killing), coupled with the drug’s in vitro potency in
these models [6,16,36]. T cell activation, target dynamics, and cell trafficking information
are used to calibrate such models, depending on the system used (i.e., mice, non-human
primates, or humans). These models help elucidate mechanisms behind safety and efficacy
and capture T cell activation, cytokine release, and target cell killing, to enable concurrent
prediction of efficacy- and safety-related biomarkers.

On the other hand, our integrated semi-mechanistic PKPD model, while limited in
scope, offers opportunities to aid in bispecific antibody drug discovery, for example, in
early development stages when there is limited data (e.g., design and dose selection in
multiple dose safety pharmacology and toxicity studies) and at the beginning of clinical
development. A limitation of the model is that complex T cell dynamics, trafficking,
and activation driving the peripheral depletion of B cells were not incorporated into the
model. However, we incorporated the sequential binding of surrogate anti-cyCD79b/CD3
to both CD3 and CD79b as an essential step to describe the mechanism of action of the
bispecific antibody, as the starting point of its pharmacological activity is the formation of
the ternary complex between anti-cyCD79b/CD3, CD3, and CD79b. Our model with these
features (e.g., sequential binding and ternary complex formation) was able to adequately
characterize the PK and B cell changes in cynomolgus monkeys, following IV and SC
administrations, and can be leveraged to design and select dose for future preclinical and
clinical studies.

5. Conclusions

In summary, a surrogate anti-cyCD79b/CD3 TDB was highly effective in killing
CD79b-expressing B cells in vitro, well tolerated in cynomolgus monkeys, and exhibited
dose-dependent B cell depletion and recovery as well as nonlinear pharmacokinetics con-
sistent with target-mediated clearance. Our model yielded unbiased and precise curve fits
for PKPD data, following IV and SC administration of anti-cyCD79b/CD3 TDB. Modeling
results indicated that anti-cyCD79b/CD3 TDB’s rapid and target-mediated clearance may
be attributed to faster internalization of CD79b, in addition to enhanced CD3 binding.
Overall, this study highlights the utility of using a surrogate drug candidate to assess the
PKPD and pharmacology of a novel molecule, and emphasizes the complex interaction
between TDBs and their targets. Taken together, the information gained from this study
may be applicable to the development of other biotherapeutics.
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