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The antigen specificity and long serum half-life of monoclonal
antibodies have made them a critical part of modern therapeutics.
These properties have been coopted in a number of synthetic for-
mats, such as antibody–drug conjugates, bispecific antibodies, or
Fc-fusion proteins to generate novel biologic drug modalities. His-
torically, these new therapies have been generated by covalently
linking multiple molecular moieties through chemical or genetic
methods. This irreversible fusion of different components means
that the function of the molecule is static, as determined by the
structure. Here, we report the development of a technology for
switchable assembly of functional antibody complexes using
chemically induced dimerization domains. This approach enables
control of the antibody’s intended function in vivo by modulating
the dose of a small molecule. We demonstrate this switchable
assembly across three therapeutically relevant functionalities
in vivo, including localization of a radionuclide-conjugated anti-
body to an antigen-positive tumor, extension of a cytokine’s half-
life, and activation of bispecific, T cell–engaging antibodies.
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Antibodies are multidomain proteins that have become an
important therapeutic platform for a wide range of dis-

eases (1). The key feature of antibodies that enables broad
therapeutic application is their ability to couple selective molec-
ular targeting to a functional output in a single molecule with
long serum half-life. In the example of natural antibodies, tar-
geting of pathogen-associated antigens is coupled to functions
that facilitate an immune response, such as antibody-dependent
cellular cytotoxicity via the recruitment of natural killer cells. In
the case of antibody-based therapeutics, targeting of disease-
specific antigens can be linked in a modular way to a myriad of
desired natural or synthetic effector domains. These can
include radionuclides, cytotoxic payloads, immune cell engag-
ers, cytokines, and engineered cells (2–6).

Historically, genetic and chemical techniques have been used
to generate synthetic combinations of multiple domains that
collectively impart both targeting and function into a single
therapeutic molecule. This is exemplified by the wide array of
antibody and protein fusion formats with unique specificities
and therapeutic mechanisms that have entered the clinic to
date (3–5, 7, 8). Despite the diversity of formats, the functional
properties of these synthetic proteins are intrinsically defined
by their chemical structures (Fig. 1A). Thus, once an antibody-
based drug is infused into a patient, the clinician relinquishes
any control over its activity, potentially for a period of weeks.
The long half-lives can make it challenging to manage toxicities
or to rapidly adjust drug activity in response to efficacy or phar-
macodynamic biomarkers.

Several classes of antibody-based drugs could benefit from a
method of rapidly controlling drug activity and exposure. One
such class is therapeutically active proteins that have been fused

to the Fc-region of human IgG, which imparts a longer serum
half-life (5, 8). The Fc fusion strategy has extended the half-
lives of diverse proteins, including cytokine receptors (e.g.,
etanercept and aflibercept), hormones (e.g., dulaglutide), and
cytokine mimetics (e.g., romiplostim) but at the risk of prolong-
ing their potentially toxic activity for weeks after injection.
Another class of antibody-based drugs, bispecific Tcell–engaging
antibodies (bsTCEs), can potently redirect the immune system
to attack cancer cells but are also associated with unmanageable
toxicities that have been observed in early clinical trials (4, 7, 9).
First-generation bsTCEs had short half-lives (<5 h) that allowed
for rapid termination of treatment in response to toxicities but
necessitated the use of burdensome continuous infusion pumps.
Extended half-life bsTCEs were explored as a way to achieve
more convenient dosing, but physicians lack a mechanism to
quickly terminate activity in response to adverse events. Thus,
efforts to increase the half-life of this powerful modality must be
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paired with approaches for managing toxicity. An ideal solution
to address these challenges would combine the long half-life
advantages of biologic drugs with the precise temporal control of
activity associated with small molecules. An antibody-based drug
with these features would allow for convenient dosing but also
enable a clinician to quickly respond to a patient’s needs by
increasing drug activity or reversing toxicity.

Here, we demonstrate a general approach for ligand-induced
transient engagement (LITE) of multiple antibody domains,
whereby chemically induced dimerization is applied to enable
switchable antibody activity by modulating the dose of an Food
and Drug Administration (FDA)-approved small molecule (Fig.
1B). We provide three examples demonstrating the broad utility
of this approach. First, we show the induced association of a
tumor-targeting domain to reversibly control the biodistribution
and tumor localization of an antibody in vivo. Second, we dem-
onstrate that the inducible transient engagement of a therapeu-
tically relevant cytokine to an Fc domain dramatically increases
its half-life in vivo. Finally, we show small-molecule–regulated
formation of a functional, bispecific Tcell engager complex capa-
ble of redirecting T cells to kill tumor cells in vitro and in vivo. In
summary, the LITE platform enables a new class of biologic drugs
with functions that can be precisely switched on and off after intra-
venous (i.v.) administration.

Results
Generation of a Venetoclax-Inducible LITE Switch. Recently, we
reported a method to rapidly generate antibody-based, chemi-
cally induced dimerizer (AbCID) systems based on existing
small-molecule drugs (10). Conceptually, this approach can be
applied to a large number of small molecules, but we sought to
identify a clinically approved proof of concept molecule that
could be applied to in vivo applications. With this in mind, we
set out to build an AbCID that could be switched on by the
orally available, small-molecule drug, venetoclax (formerly
ABT-199, GDC-0199) (Fig. 2A). Venetoclax, a selective inhibi-
tor of BCL-2, is clinically approved in the United States and
Europe for the treatment of certain leukemias (11). Using an
in vitro antibody–phage display selection approach with a naive
Fab diversity library (10), we identified Fab fragments that
selectively bound to the BCL-2/venetoclax complex over apo
(venetoclax unbound) BCL-2 and did not bind venetoclax alone
(SI Appendix, Figs. S1 and S2 and Table S1). From 26 unique
clones, we identified AZ21, which displayed potent affinity
(KD = 1.79 × 10�9 M) and venetoclax-selective binding (Fig. 2 B
and C and SI Appendix, Figs. S3 and S4 and Table S2). AZ21
showed exquisite chemoselectivity for venetoclax over the close

structural analogs ABT-737 and navitoclax (Fig. 2D). This
strongly supports that AZ21 recognizes a composite epitope that
contains portions of venetoclax and BCL-2.

While the BCL-2/venetoclax/AZ21 complex showed small-
molecule–dependent assembly, we sought a complex with rapid
dissociation kinetics to enable reversible, switch-like behavior
in vivo. However, the half-life of complex dissociation upon
infinite dilution of venetoclax was ∼4 d (SI Appendix, Fig. S5)
with wild-type (WT) BCL-2. As venetoclax binds potently to
BCL-2 with a Ki of <10 pM (12), we reasoned that dissociation
of this interaction was the rate-limiting step for dissociation of
AZ21/BCL-2 complex. Kinetic modeling of the system using
a computational approach supported this hypothesis (SI
Appendix, Fig. S6). We asked whether point mutations in the
venetoclax binding site of BCL-2 could weaken its interaction
with venetoclax and thereby reduce the half-life of the AbCID
complex. Based on inspection of the crystal structure of the
BCL-2/venetoclax complex (13), we identified three residues
for mutagenesis (Fig. 2E) and measured the effects on the asso-
ciation and dissociation kinetics of the AbCID. As anticipated,
several point mutations to BCL-2 decreased the half-life of
the AbCID complex while maintaining similar association
kinetics and affinities of AZ21 for the complex (Fig. 2F and SI
Appendix, Fig. S7). The F103A mutation resulted in an AbCID
with a 3.05-h half-life of complex dissociation. While the
observed half-life of a switch complex for a given therapeutic
application will be dependent on the concentrations, relative
stoichiometries, and binding kinetics of the individual compo-
nents, we selected the F103A mutant for proof-of-concept stud-
ies of reversible switch activity.

Armed with this toolbox of long-lived and rapidly reversible,
venetoclax-based AbCIDs, we next turned our attention to the
application of these molecular switches to control the associa-
tion of antibody domains. We refer to this approach as LITE
and as such will refer to the AbCID domains in this context as
LITE Switches.

LITE Enables the Reversible Assembly and Tumor Localization of an
Antibody Complex In Vivo. To initially investigate whether the
LITE Switch could control the coupling of targeting and func-
tion in vivo, we designed an experiment to monitor venetoclax-
induced recruitment of an antibody–radioligand bioconjugate to
the site of an engrafted tumor. To enable real-time measurement
of the biodistribution of the assembled complex in live mice, we
turned to positron emission tomography (PET) and generated a
switchable, bispecific system consisting of two antibody mole-
cules. The first antibody contained an ACD19 single-chain vari-
able fragment (scFv) and BCL-2 fused to a heterotypic knob/
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Fig. 2. Design and characterization of a reversible, venetoclax-dependent LITE Switch. (A) Schematic depicting the engineering of a venetoclax-inducible
LITE Switch. (B) BLI shows no detectable binding (ND) of Fab AZ21 to BCL-2 in the absence of venetoclax. (C) BLI shows potent binding of Fab AZ21 to
BCL-2 in the presence of 1 μM venetoclax. (D) BLI demonstrates that Fab AZ21 (50 nM) binds potently to BCL-2 in the presence of venetoclax but unde-
tectably in the presence of chemical analogs ABT-737 or navitoclax. These data are consistent with the hypothesis that Fab AZ21 makes direct contacts
with venetoclax when the latter is bound to BCL-2. (E) A crystal structure of BCL-2 in complex with venetoclax depicts sites that were chosen for rational
mutagenesis to weaken the BCL-2/venetoclax interaction with the goal of increasing switch reversibility. (F) The kinetics of LITE Switch reversibility upon
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hole IgG Fc region (Ab01; Fig. 3A). This antibody was designed
to bind to the engrafted tumor and to participate in the LITE
Switch complex, but it intentionally lacked a positron-emitting
radioisotope. The second antibody molecule contained an AZ21
single-chain Fab region (scFab) and was conjugated to 89Zr for
visualization with PET (89Zr-Ab02; Fig. 3A). As 89Zr-Ab02 lacks
a tumor-targeting domain, we anticipated that it would distribute
throughout the mouse without engaging in specific binding inter-
actions. However, in the presence of venetoclax and formation of
the LITE Switch complex, we hypothesized that 89Zr-Ab02 would
specifically bind to Ab01/CD19 in the tumor. To test this hypothe-
sis, mice bearing subcutaneous, CD19-positive K562 tumors were
given sequential i.v. injections of 1) Ab01 and 2) 89Zr-Ab02 and
administered either vehicle or venetoclax twice daily by oral
gavage (Fig. 3B). The antibody injections were intentionally sepa-
rated by 24 h to test if 89Zr-Ab02 could engage the Ab01/CD19
complex after Ab01 had bound to CD19 in the tumor microenvi-
ronment. We avoided coinjection of Ab01 and 89Zr-Ab02 because
of the concern that the complex could form in the blood and pref-
erentially biodistribute to the tumor because of its larger molecu-
lar weight, rather than specific targeting to CD19.

PET imaging showed a dramatic, time-dependent increase in
tumor-localized emission in venetoclax-treated mice relative to the
vehicle-treated mice, strongly supporting formation of the antibody
complex at the tumor site. Tumor-localized radioactivity was evi-
dent 24 h after administration of 89Zr-Ab02 and was further pro-
nounced at 48 h. (Fig. 2C). At 48 h, tumors and organs from both
groups of mice were harvested, and their level of radioactivity was
quantified ex vivo. The venetoclax-treated group showed a statisti-
cally significant increase in PET signal in the tumor tissue but not
in CD19-negative tissues. The absence of venetoclax-dependent
accumulation in CD19-negative tissues underscores that the differ-
ential tumor uptake is likely driven by specific binding of the anti-
body complex to CD19, rather than nonspecific binding due to
slower clearance of Ab01/venetoclax/89Zr-Ab02 versus 89Zr-Ab02
(Fig. 3D and SI Appendix, Fig. S8A).

To determine whether the assembled complex penetrated
beyond the tumor surface, we performed autoradiography on
tumor slices (SI Appendix, Fig. S9A). We observed robust radiola-
bel emissions from tumor cross-sections in venetoclax-treated
mice, supporting that the three-component Ab01/venetoclax/89Zr-
Ab02 complex was capable of penetrating the tumor (Fig. 3E).

To demonstrate the reversibility of the LITE Switch in vivo,
we performed a similar experiment to our initial PET study but
used the rapidly reversible F103A mutant of BCL-2 (Ab01-
rev). In this study, one group of mice was administered veneto-
clax for 48 h following injection of the antibodies (“On”), while
in the other group venetoclax treatment was stopped after 24
h (“On ! Off”) (SI Appendix, Fig. S9B). Because venetoclax
has a serum half-life of ∼2.7 h in mice (14), we anticipated a
reduction in tumor-localized radioactivity at the 48-h time point
in the mice that stopped receiving venetoclax. As predicted, the
group that stopped receiving venetoclax after 24 h (“On !
Off”) showed significantly reduced emission at the tumor (Fig.
3F). These data support that the LITE Switch system enables
temporal control over both the formation and dissociation of
antibody complexes at specific sites in vivo.

The Plasma Half-life of an LITE Switch-Fused Therapeutic Protein
Can Be Controlled Using a LITE Switch. The plasma half-life of a
biologic therapeutic is a key pharmacokinetic property that
often must be optimized during drug development. While anti-
bodies generally exhibit long plasma half-lives due to Fc
domain–mediated FcRn recycling, many therapeutically impor-
tant proteins have very short natural half-lives, leading to a
variety of half-life extension strategies to improve drug expo-
sure and relieve the burden of frequent dosing (5). One such
example of a rapidly cleared protein is interleukin-2 (IL-2).

IL-2 is a critical cytokine that regulates lymphocyte proliferation
and, paradoxically, the formation of immune tolerance. Because
of its ability to stimulate an immune response, treatment with
IL-2 was an early approach for cancer immunotherapy. High-
dose IL-2 was approved for the treatment of melanoma and
renal cell carcinoma, but it is notoriously difficult to dose effec-
tively because of its very short serum half-life (∼6 min) (15) and
severe side effects, which collectively result in a narrow thera-
peutic index (16). Fc fusions and chemical modifications of IL-2
(e.g., PEGylation) have been used to extend its half-life but at
the risk of prolonging toxic side effects.

We wondered if the LITE Switch–mediated assembly of IL-2
into a complex containing an Fc domain would extend its
plasma half-life, with the added benefit of being able to
respond to toxic side effects by withdrawing the venetoclax
dimerizer. To test this approach, we generated an AZ21-IL-2
fusion protein (Ab03) and the companion BCL-2-Fc fusion
protein (Ab04) (Fig. 4A). Biophysical measurements showed
that Ab03 retained the ability to bind BCL-2 in a venetoclax-
dependent manner (Fig. 4 B and C). In cell-based assays, Ab03
stimulated the receptor (measured by phosphorylation of
STAT5 on human Tcells) with a similar potency as recombinant
IL-2 (Fig. 4D and SI Appendix, Fig. S10). Together, these assays
demonstrate that Ab03 maintained IL-2 functionality and a
functional LITE Switch.

We next investigated if activating the LITE Switch would
promote assembly of the Ab03/Ab04 complex in vivo and
thereby extend the plasma half-life of Ab03. Mice were injected
with a single i.v. dose of Ab03 (0.15 mg/kg) and Ab04 (5 mg/kg).
Oral dosing with venetoclax (5 mg/kg) or vehicle began 2 h prior
to the i.v. injection and was repeated daily. Plasma samples
were collected from the mice at 3 min, 30 min, 1 h, 2 h, and 6 h
after the i.v. injection. The concentration of Ab03 in the sam-
ples was measured by an enzyme-linked immunosorbent assay
(ELISA) (Fig. 4E). As anticipated, Ab03 was rapidly cleared
from the bloodstream (half-life: 8.6 min) in mice that received
oral vehicle, exhibiting a half-life comparable to native IL-2
(15). However, in mice that received oral venetoclax, the half-
life of Ab03 was extended by 17-fold (143.8 min: 2.4 h). This
result indicates that LITE Switch–mediated association with
Ab04 was capable of dramatically increasing the half-life of an
otherwise short-lived biologic drug. Further work is needed to
explore how this system could be employed in a therapeutic
such that withdrawal of venetoclax results in accelerated clear-
ance of the biologic drug. Specifically, if the elimination half-life
of Ab03 could be extended much longer than the elimination
half-life of venetoclax and the half-life of LITE Switch dissocia-
tion, then withdrawal of venetoclax would result in profoundly
accelerated clearance of Ab03. Computational modeling sup-
ports that the half-life of Ab03 could be further increased
through higher dosing of Ab04 (SI Appendix, Fig. S11).

LITE Enables the Formation of a bsTCE with Small-Molecule–
Controlled Activity. Bispecific antibodies are molecules in which
two different antibody paratopes, recognizing distinct targets,
are combined in a single molecule. Bispecifics have become a
prominent therapeutic paradigm, as exemplified by the >180
active programs in clinical development as of 2020 (17). In con-
ventional bispecifics, the antibody paratopes are irreversibly
linked, meaning the dual specificity of the molecule is hard-
wired into its structure. In vitro noncovalent assembly of func-
tional, T cell–engaging protein nanorings has previously been
described, supporting that noncovalent, small-molecule–
mediated interactions can maintain a functional immune syn-
apse (18). However, assembly of these rings is based on a
homodimeric assembly mechanism, necessitating their creation
in vitro where stoichiometries of components can be tightly
controlled to create a functional complex. In contrast, we

BI
O
CH

EM
IS
TR

Y

Martinko et al.
Switchable assembly and function of antibody complexes in vivo using a small molecule

PNAS j 5 of 11
https://doi.org/10.1073/pnas.2117402119

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117402119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117402119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117402119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117402119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117402119/-/DCSupplemental


hypothesized that the LITE Switch could be applied to bring
two antibody paratopes together in a transient and reversible
complex, allowing temporal control over the functional activity.
To explore this concept, we applied the LITE technology to cre-
ate a switchable bsTCE (4, 7, 9). The clinical success of bsTCEs
has been stymied by the potentially severe associated toxicities, so

we reasoned that this class of drugs could benefit from the precise
small-molecule control enabled by the LITE Switch technology.

We set about designing a two-antibody system in which a
monovalent binder of the tumor-associated antigen (HER2)
was fused to the BCL-2 half of the LITE Switch (Ab05), while
a monovalent CD3-binding domain was fused to the AZ21 half
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of the LITE Switch (Ab06). In this design, we envisioned that
no T cell redirection or activation should occur in the absence
of venetoclax. Upon addition of venetoclax, the Ab05/Ab06
complex should form a bridge between the two cells, resulting
in activation of the T cell and killing of the HER2+ tumor cell
(Fig. 5A). We refer to this system as T-LITE, for Tcell LITE.

We cloned, expressed, and purified Ab05 and Ab06 and
tested their function in coculture assays. Magnetically isolated,
unactivated T cells from healthy donors were cocultured with
HER2+ SKBR3 target cells. Both T-LITE antibodies were
added at a constant concentration (10 nM) and the concentra-
tion of venetoclax was titrated. We observed venetoclax-
dependent activation and redirection of T cells across multiple
readouts: CD69 up-regulation, production of cytokines, and
target cell killing (Fig. 5 B and D and SI Appendix, Fig. S12).
The amount of venetoclax required for half-maximal target cell
killing (EC50) was 870 pM. To measure the potency of the T-
LITE, we performed a similar coculture assay but titrated Ab06
in the presence or absence of venetoclax (10 nM) and constant
Ab07 (10 nM). We observed T cell–dependent cellular cytotox-
icity (TDCC) with an EC50 of 34 pM in the presence of veneto-
clax but minimal killing in the absence, thus further demon-
strating the switchable activity of the T-LITE complex (SI
Appendix, Fig. S13). We further profiled the kinetics of the
coculture experiments using real-time fluorescent microscopy.
The concentration of venetoclax affected the rate of target cell
killing (e.g., the slope during hours 30 to 60 of coculture) (Fig.
5E). These kinetics suggest that the intermediate killing values,
observed with concentrations of venetoclax near the EC50 in the
66 h coculture assay (Fig. 5D), were the result of slow but steady
rates of infrequent killing events. This is consistent with the idea
that a limiting amount of venetoclax maintains a small concen-
tration of functional, bispecific complex at equilibrium.

To assess the reversibility of T cell activation and cytotoxic
activity, we generated a T-LITE system incorporating the rap-
idly reversible F103A mutant of BCL-2 (Ab06-rev). Again,
using real-time microscopy to follow the kinetics, we asked
whether we could turn on and off target cell killing by changing
the availability of venetoclax in the coculture system. To simu-
late the rapid metabolic clearance of venetoclax that would
occur in an animal, we utilized purified BCL-2(WT) as a
“molecular sponge.” This molecule binds venetoclax with
higher affinity than the F103A mutant, effectively sequestering
venetoclax from the T-LITE antibodies and quenching their
activity. Venetoclax or the molecular sponge were added in a
variety of sequences, beginning 10 min after addition of the
T-LITE antibodies. Consistent with previous experiments, cons-
tant activation of the T-LITE with venetoclax (“Always On”)
resulted in potent killing of the HER2+ SKBR3 cells, while the
inactive complex (“Always Off”) showed no cytolytic activity
(Fig. 5F). Immediate quenching (“On ! Off 30 m”) resulted in
a level of cytotoxicity comparable to Always Off, suggesting
complete inactivation of the T-LITE. Quenching at 24 h
(“On ! Off 24 h”) slowed the killing relative to the Always On
condition, supporting that dissociation of the T-LITE complex,
even at later time points in the assay, was capable of altering
the extent of T cell cytotoxicity. Finally, we tested whether the
system could be reactivated (“On ! Off 30 m ! On 24 h”) by
quenching immediately, then adding a fourfold excess of vene-
toclax 24 h later. Comparing this reactivated condition to the
Always Off condition shows that despite 24 h of binding to the
target cells in an inactive state, the T-LITE system could be
reactivated to drive cell killing.

We next turned our attention to demonstrating T-LITE func-
tionality in vivo. To this end, we characterized the efficacy of
the T-LITE in a BT-474 admixed peripheral blood mononuclear
cell (PBMC) xenograft model of HER2+ human breast cancer.
In this model, venetoclax (or vehicle) administration by daily

oral gavage was initiated on the day of randomization (Day 0),
and a single dose of the HER2/CD3 T-LITE antibodies (Ab05
and Ab06) was administered (i.v.) on Day 1 (Fig. 5G). Consis-
tent with the in vitro performance, the T-LITE caused transient
regression and sustained growth inhibition of established
tumors when venetoclax was coadministered, but tumor growth
continued unabated in the absence of venetoclax (Fig. 5H and
SI Appendix, Fig. S14). This result strongly supports the switch-
like behavior of the T-LITE in vivo and demonstrates that the
assembled T-LITE complex is efficacious in this model.

Taken together, these in vitro and in vivo results demonstrate
that the LITE technology can be used to control the formation
of a potent and reversible T-LITE complex, enabling the devel-
opment of a new and improved class of temporally controlled,
bispecific Tcell engagers.

Discussion
We have demonstrated the use of our LITE platform to enable
rapid, reversible, and tunable assembly of functional antibody
complexes using a small-molecule dimerizer. We used this tech-
nology to control the tumor localization of a radioligand, the
pharmacokinetic properties of a cytokine, and the antitumor
activity of a bsTCE. These three examples demonstrate the flex-
ibility of the LITE platform as a general strategy to regulate
antibody activity on time scales much faster than the natural
metabolic clearance of traditional biologic drugs.

Nearly all antibody-based therapeutics have long half-lives,
allowing them to persist in a patient for weeks after a single
infusion. While this can be desirable because it enables less fre-
quent dosing, it can also extend the duration of side effects.
This double-edged sword is particularly problematic for anti-
body drugs in which patient-to-patient variability is high or in
which side effects are difficult to manage or life-threatening.
The LITE approach may be broadly useful for engineering
more precisely dosed and safer antibody therapeutics. In particu-
lar, we propose that LITE Switch–enabled bsTCEs—T-LITEs—
may help overcome the adverse events reported in early clinical
trials that have derailed otherwise promising therapies. Tempo-
rally controlled bsTCE drugs would enable facile step-up dosing
and rapid reversibility of therapeutic activity. Both of these strat-
egies are used clinically to mitigate toxicities of short-lived
bsTCEs (19) but are difficult to achieve with conventional anti-
bodies. Temporal control would also enable short-term, pulsatile
dosing strategies that are impossible with conventional antibod-
ies. Temporarily deactivating a bsTCE drug for a period of
days could relieve chronic T cell stimulation and prevent T cell
exhaustion, thereby improving the efficacy. This approach has
shown promise preclinically with engineered Tcell therapies (20,
21) and merits investigation with bsTCEs.

A LITE Switch–enabled antibody therapy requires at least
three components (e.g., two antibodies and a small-molecule
dimerizer), which increases the complexity of engineering and
introduces new pharmacokinetic considerations. Complexity
will also increase in terms of clinical development, in which
careful considerations will be required to design a dosing para-
digm to evaluate safety and efficacy. The tradeoff for this
complexity is the power of temporal control and a new way to
modulate therapeutic index. Therapeutic index of an antibody-
based drug is often defined by its affinity for the target and its
biodistribution, which are dictated by the earliest engineering
decisions (e.g., valency, binding affinity, and isotype). The
LITE Switch platform allows temporal control over therapeutic
antibodies that is independent of these protein engineering
constraints, allowing fine-tuning of antibody behavior in vivo.
The pharmacokinetics of each component must be considered,
but this is simplified partly by the sequential process of LITE
Switch complex assembly. Since AZ21 does not bind to free
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venetoclax, there is no “hook effect” at high concentrations of
venetoclax. This design simplifies the dosing of the small-
molecule dimerizer, which can be administered at saturating
levels without diminishing LITE Switch activation.

We chose venetoclax as the small-molecule dimerizer for this
LITE Switch because it is an FDA-approved drug with a
defined safety and pharmacokinetic profile in humans. We
acknowledge that the underlying pharmacology of venetoclax
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Fig. 5. Switchable T cell activation and redirected killing of HER2+ tumors with a bispecific T cell engager. (A) Schematic of a protein design to enable
switchable assembly of a functional HER2/CD3 bispecific T cell engager. The redirection of T cells to kill target tumor cells can be tuned by modulating
the concentration of venetoclax. (B) Activation of T cells in a coculture assay was dependent on the presence of venetoclax, as indicated by CD69 surface
expression measured by flow cytometry. Primary human T cells were mixed with HER2+ SKBR3 target cells at a ratio of 10:1 and treated with 10 nM of
T-LITE antibodies (Ab05 and Ab06) at varying concentrations of venetoclax for 66 h. No activation was observed when only the anti-CD3 T-LITE Ab (Ab06)
was added. Error bars SEM; n = 3 technical replicates. (C) Secretion of interferon gamma (IFNγ) by T cells in the coculture assay was chemically regulated
by the concentration of venetoclax. Error bars SEM; n = 3 technical replicates. (D) TDCC of HER2+ SKBR3 tumor cells is dependent on the concentration of
venetoclax. Error bars SEM; n = 3 technical replicates. (E) The rate of TDCC, as assessed by time course microscopy, was dependent on the concentration
of venetoclax. T cells (added at T = �2 h) and antibodies (added at T = �1 h) were present throughout the experiment; E:T ratio was 3:1. (F) The temporal
flexibility of TDCC was explored using the rapidly reversible BCL-2 mutant F103A (Ab06-rev) and time-lapse microscopy. Different schedules of T cell acti-
vation were tested by changing the times when venetoclax (10 nM) was added to the coculture (“On”) or sequestered by adding WT BCL-2 (“Off”). TDCC
could be rapidly initiated (Always On), prevented (Always Off), and reversed (“On ! Off”). Addition of more venetoclax (40 nM) caused reactivation of
TDCC (“On ! Off ! On”). T cells (added at T = �2 h) and antibodies (added at T = �1 h) were present throughout the experiment; E:T ratio was 10:1.
(G) Study design to evaluate switchable efficacy of an HER2-targeted T-LITE in an established xenograft tumor model. BT-474 breast cancer cells (8 × 106)
were premixed with human PBMCs (8 × 106) and inoculated subcutaneously into the mammary fat pad of NCG mice on Day �9. Antibodies (0.8 mg/kg,
each) were administered intravenously on Day 1, and venetoclax (5 mg/kg) was given by oral gavage (per os [p.o.]) daily beginning on Day 0. (H) In mice
with established tumors (150 to 200 mm3), a single dose of T-LITE antibodies (Day 1) caused tumor regression only when venetoclax was coadministered
(Days 0 to 18). Error bars SEM; n = 5 per group; unpaired two-tailed t test; **P = 0.0010 (Day 14); ***P = 0.0038 (Day 18).
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may not be desirable for some therapeutic applications. Fortu-
nately, the general nature of the LITE Switch approach allows
for the rapid generation of CIDs using a variety of small mole-
cules. The choice of small molecule could be customized for
the desired application.

When thinking about constructing switchable biologics, there
is the possibility that the switch components themselves could
lead to unanticipated immunological effects. We deliberately
built our LITE Switch entirely from human protein compo-
nents to mitigate the risk of immunogenicity. However, the
assembled complex may create novel epitopes at the interface
of the LITE Switch components that elicit an immune
response. While outside the scope of this manuscript, this possi-
bility should be carefully studied as this technology advances.

Chemical regulation of antibody therapeutics has broad
potential and represents a new paradigm for biologic drugs with
remote control. Here, we have shown through several examples
that this approach is easily adapted for customized pairing of tar-
geting modules (e.g., antibodies, receptor ligands, peptides, etc.)
and effector modules (e.g., immune cell engagers, drug conju-
gates, half-life extension domains, etc.) (Fig. 6A). This system
could enable a physician to more precisely control the therapeu-
tic activity of a biologic drug (Fig. 6B). The approach described
here constitutes a conceptual path to integrate the diverse and
potent activities of antibody-based therapeutics with the conve-
nient dosing and pharmacokinetic timescales provided by orally
available and rapidly metabolized small-molecule drugs.

Online Methods
Small-Molecule Reagents. Venetoclax-free base (>99%; LC Lab-
oratories V-3579), ABT-737 (>99%; ChemieTek CT-A737), and
ABT-263 (navitoclax) (>99%; Selleck Chemicals S1001) were
obtained commercially and used without further purification.

Expression, Purification, and Biotinylation of BCL-2 and Mutants.
BCL-2 (residues 2 to 207) in vector pMCSG7 was previously
generated (10). Mutations Y107A, F103A, and G144A were

introduced using site-directed mutagenesis. BCL-2 and mutants
were expressed, purified, and biotinylated as previously
described (10).

Antibody Expression and Purification. All antibodies were
expressed and purified from Expi293F (Thermo Fisher Scien-
tific) or modified Expi293 BirA-KDEL (22) cells, according to
an established protocol from the manufacturer (Thermo Fisher
Scientific). Culturing media for BirA cells was additionally sup-
plemented with 100 μM biotin prior to transfection for in vivo
biotinylation. Fc fusion proteins were purified by Protein A
(MabSelect PrismA) affinity chromatography and His-tagged
proteins were purified by Ni-NTA (Roche cOmplete His-Tag
Resin) affinity chromatography. Eluted proteins from affinity
purification were further separated by size-exclusion chroma-
tography with a Superdex 200 increase 10/300 GL column
(Cytiva) in storage buffer (1× Hepes buffered saline + 5% glyc-
erol) as an aqueous phase. Purity and integrity were assessed
by sodium dodecyl sulphate–polyacrylamide gel electrophoresis
with 4 to 12% Bis-Tris precast gels (Thermo Fisher Scientific).

Phage Display Selections. Phage display selections were per-
formed as previously described (10, 23, 24). Briefly, selections
with antibody phage library F were performed using biotinylated
BCL-2 captured with streptavidin-coated magnetic beads (Prom-
ega). Prior to each selection, the phage pool was incubated with
1 μM BCL-2 immobilized on streptavidin beads in the absence
of venetoclax to deplete the library of any binders to the apo
form of BCL-2. Subsequently, the beads were removed, and ven-
etoclax was added to the phage pool at a concentration of 1 μM.
In total, four rounds of selection were performed with decreas-
ing amounts of BCL-2 antigen (100, 50, 10, and 10 nM).

Binding Kinetics Analysis. Biolayer interferometry (BLI) data
were measured using an Octet RED384 (ForteBio) instrument.
Biotinylated BCL-2 or BCL-2 mutants were immobilized on a
streptavidin biosensor and loaded until a 0.4- to 0.6-nm signal
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was achieved. After blocking with 10 μM biotin, 1 μM small
molecule or 0.05% DMSO vehicle was loaded. Purified Fabs
were used as the analyte premixed with 1 μM small molecule or
0.05% DMSO vehicle. During washout experiments, disassocia-
tion steps were performed in the absence of venetoclax and in
the presence of 50 nM Fab. PBSTB (phosphate buffered saline
[PBS], pH 7.4, 0.05% Tween-20, 0.2% bovine serum albumin
[BSA]) was used for all buffers for BLI. Data were analyzed
using ForteBio Octet analysis software, and kinetic parameters
were determined using a 1:1 monovalent binding model. Unless
otherwise noted, all BLI data presented were generated from
an experiment performed once.

Small-Animal PET and Biodistribution Studies. All PET studies
were conducted in compliance with the Institutional Animal Care
and Use Committee at the University of California, San Fran-
cisco. A 3- to 5-wk-old male nu/nu were obtained from Charles
River and were inoculated with 2 × 106 K562/CD19+ cells subcu-
taneously in the flank as a 1:1 mixture volume percent (vol/vol)
of base media and Matrigel (Corning). Tumors were palpable
within 21 to 28 d after injection. Ab02 (8 μg) was diluted in 100
mL saline and injected into each mouse via tail vein injection at
day �1. Then, the tumor-bearing mice were treated twice daily
via oral gavage with 10 mg/kg venetoclax or vehicle.

Tumor-bearing mice (n = 4 to 5 per treatment arm) received
∼100 μCi of 89Zr-Ab01 in 100 μL volume intravenously using a
custom mouse tail vein catheter with a 28-gauge needle and a
100- to 150-mm long polyethylene microtubing (0.28 mm inside
diameter, 0.64 mm outside diameter, Scientific Commodities,
Inc.). For Ab01, after the injection, the mice were treated twice
daily via oral gavage with 10 mg/kg venetoclax or vehicle. For
the reversibility experiment, the rapidly reversible BCL-2
mutant F103A was used in Ab01 (Ab01-rev). One group of the
mice were treated twice daily via oral gavage with 10 mg/kg
venetoclax, while the other group were not treated with veneto-
clax after 24-h postinjection.

The mice were imaged on a dedicated small animal PET/CT
scanner (Inveon, Siemens Healthcare) at the designed time
points postinjection. Animals were scanned for 20 min for PET
and 10 min for the computed tomography (CT) acquisition.
The coregistration between PET and CT images was obtained
using the rigid transformation matrix from the manufacturer-
provided scanner calibration procedure, since the geometry
between PET and CT remained constant for each of PET/CT
scans using the combined PET/CT scanner. Animals were anes-
thetized with gas isoflurane at 2% concentration mixed with
medical grade oxygen.

Manufacturer-provided, ordered subsets expectation maximi-
zation algorithm was used for PET reconstruction that resulted
in 128’128’159 matrices with a voxel size of 0.776 × 0.776 ×
0.796 mm3. The CT image was created using a conebeam Feld-
kamp reconstruction algorithm (COBRA) provided by Exxim
Computing Corporation. The matrix size of the reconstructed
CT images was 512’512’662 with an isotropic voxel size of
0.191’0.191’0.191 mm3. The photon attenuation correction was
performed for PET reconstruction using the coregistered,
CT-based attenuation map to ensure the quantitative accuracy
of the reconstructed PET data.

To evaluate the uptake of 89Zr-C4 in the xenografts, biodis-
tribution studies were conducted following imaging. Tissues
were weighed and counted on a γ-counter for accumulation of
89Zr radioactivity. A total of 0.5 μCi 89Zr dissolved in 1 mL of
water was used as the reference standard to calculate the
microcurie. The mass of 89Zr-mAb formulation injected into
each animal was then measured and used to determine the total
number of counts per minute by comparison to the reference
vials. The data were background- and decay corrected, and the

tissue uptake was expressed in units of percentage injected
dose per gram of dry tissue.

Autoradiography. For the tumor penetration study, the repre-
sentative tumors of the venetoclax group and vehicle group
were collected and sliced into 20 μm thickness. The signals
were collected by the superresolution storage phosphor screen
(BAS-IP SR 2025E) for overnight exposure. And the film was
read by the Amersham Typhoon phosphor imager at a
resolution of 50 μm.

Measurement of Ab03 Pharmacokinetics in Mice. Mouse pharma-
cokinetics experiments were performed at The Jackson Labora-
tory under Institutional Animal Care and Use Committee
(IACUC) protocol AUS 15006. The 7-wk-old C56BL/6J male
mice were distributed to two groups (n = 5 per group). Ab03
and Ab04 were premixed in sterile PBS and injected intrave-
nously at 0.15 (Ab03) and 5 mg/kg (Ab04), respectively. An
oral formulation of venetoclax (1 mg/mL final) was prepared by
sequentially adding DMSO (2.5% final vol/vol), ethanol (10%
final vol/vol), Cremophor EL (Miltenyi Biotec) (20% final vol/
vol), and 5% dextrose water (67.5% final vol/vol). Oral formu-
lations of venetoclax or vehicle control were administered at 5
mg/kg by oral gavage at seven time points (�2 d, 22 h, 46 h, 70
h, 94 h, 142 h, and 166 h). Blood (25 μL from retroorbital
sinus) was sampled serially at nine time points (�14 d, 3 min,
30 min, 1 h, 2 h, 6 h, 24 h, 48 h, 72 h, and 168 h), processed to
plasma, diluted 1:10 in 50% glycerol + PBS, and then cryopre-
served. Plasma concentrations of Ab03 were quantified by
human IL-2 Quantikine ELISA (R&D Systems) according to
the manufacturer’s instructions. Plasma concentrations of Ab04
were quantified using the human IgG ELISA BASIC kit (ALP)
(Mabtech AB) according to the manufacturer’s instructions.
Noncompartmental pharmacokinetic parameters were calcu-
lated using PK Solutions software (Summit Research Services).

In Vitro Measurement of T Cell Activation, Cytokine Production,
and Cytotoxicity. Coculture assays were used to assess Tcell acti-
vation (CD69 up-regulation), cytokine production, or TDCC of
SK-BR-3 target cells. Flat-bottom 96-well plates were seeded
with 5,000 target cells in complete growth media (Dulbecco’s
modified Eagle medium + 10% fetal bovine serum + 1% peni-
cillin/streptomycin) 16 to 24 h before the assay. Growth media
was removed, and target cells were labeled with carboxyfluores-
cein diacetate succinimidyl ester (CFSE) in PBS (1.5 μM final
concentration, 10 min at 37 °C) (Tonbo Biosciences). PBS was
removed and replaced with 50 μL complete growth media.
Magnetically isolated human T cells were thawed, washed, and
resuspended in complete growth media, then added to target
cells (50,000 T cells per well in 30 μL growth media). The final
effector:target (E:T) ratio was 10:1. Biologic drugs (e.g., Ab05,
Ab06, or CD3 × HER2 bispecific) were added in 10 μL growth
media and incubated for at least 10 min at 37 °C. Venetoclax or
vehicle control was added in 10 μL growth media for a final
assay well volume of 100 μL. Assay plates were incubated at
37 °C with 5% CO2 for 66 to 70 h, depending on the experi-
ment. Culture media and T cells were transferred to a U-bottom
96-well plate and spun (400 rcf × 5 min). Supernatants were
stored at �20 °C for later analysis of cytokines. T cells were
resuspended in CF405M viability dye (0.5 μM, Biotium) in PBS
for 10 min at 37 °C. Target cells were incubated with CF405M
viability dye (0.5 μM, Biotium) diluted in TrypLE Express
(Thermo Fisher Scientific) for 10 min at 37 °C. At the end of
viability staining, cells were fixed by adding methanol-free para-
formaldehyde (Electron Microscopy Sciences) to a final concen-
tration of 1% for 10 min at room temperature. Dissociated
target cells were transferred to the U-bottom 96-well plates con-
taining T cells then spun (600 rcf × 5 min). Fixed cells were
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resuspended in PE-conjugated anti-human CD69 (BioLegend)
at a 1:16 final dilution and stained 30 min at room temperature
before acquisition on an IntelliCyt iQue3 flow cytometer (Sarto-
rius AG). Target cells killed (percentage) were calculated as the
percentage of CF405M-positive events within the CFSE-positive
population. CD69+ T cells (percentage) were calculated as the
percentage of CD69-positive events within the CFSE-negative,
CF405M-negative population. Dose–response curves and EC50

values were calculated in GraphPad Prism 9 software (Graph-
Pad Software). Cytokine production was measured using the
LEGENDplex human Th1 panel (5-plex) (BioLegend) accord-
ing to the manufacturer’s instructions and data acquisition on
the iQue3 cytometer.

Real-Time Measurement of Target Cell Killing by Time-Lapse
Microscopy. Cocultures of magnetically isolated human T cells
and SK-BR-3 target cells were prepared as described in In Vitro
Measurement of T Cell Activation, Cytokine Production, and
Cytotoxicity, with some modifications. Prior to seeding, target
cells were labeled with CellTracker Red CPTMX (1.57 μM final
concentration, 30 min at 37 °C) (Thermo Fisher Scientific),
then washed once with complete growth media. CFSE staining
was not performed. Cocultures with appropriately diluted drugs
were set up in flat-bottom 96-well plates in 150 μL final volume.
E:T ratios were either 3:1 or 10:1, as indicated in the figures.
Plates were imaged on an IncuCyte S3 live-cell analysis system
(Sartorius AG) once per hour starting when venetoclax (10 nM
final concentration) was added. In some wells, a molecular
sponge (WT BCL-2 fused to a human heterodimeric Fc
domain; 20 nM final concentration) was added to sequester-
free venetoclax. In some wells, additional venetoclax (40 nM
final concentration) was added to reactivate the T-LITE. The
molecular sponge, additional venetoclax, or an equivalent vol-
ume of control media was added at the time points indicated
in the figures. The IncuCyte software was used to quantify nor-
malized target cell abundance (red object area per image, nor-
malized to T = 0 h).

Measurement of T-LITE Efficacy in a BT-474 Adoptive Transfer
Mouse Xenograft Model. Mouse efficacy experiments were per-
formed at Crown Bioscience (Taicang). Any procedures involv-
ing the care and use of animals were reviewed and approved by

the IACUC of CrownBio prior to execution and conducted in
accordance with the regulations of the Association for Assess-
ment and Accreditation of Laboratory Animal Care. The
10-wk-old NOD severe combined immunodeficiency gamma
(NCG) female mice (Jiangsu GemPharmatech) were distrib-
uted to six groups (n = 5 per group). Mice were implanted with
one 0.36-mg estradiol pellet in the right flank on Day �10. On
Day �9, they were inoculated in the right mammary fat pad
with 8 million tumor cells premixed with 8 million nonactivated,
freshly isolated human PBMCs in 200 μL PBS + 50% Matrigel
(Corning Life Sciences). Mice were measured twice weekly for
body weight and tumor volume and randomized according to
tumor volumes on Day 0 (when groups reached 150 to 200
mm3 mean tumor volume). T-LITE antibodies (0.8 mg/kg Ab05
+ 0.8 mg/kg Ab06) or conventional HER2 × CD3 bispecific
(1 mg/kg) were administered intravenously on Day 1. Veneto-
clax oral solution (or vehicle control) was formulated as
described in Measurement of Ab03 Pharmacokinetics in Mice
and administered by oral gavage once daily beginning on Day 0.
Statistical tests to compare tumor volumes (unpaired two-tailed t
test) were performed in GraphPad Prism 9 software (Graph-
Pad Software).

Thermodynamic Modeling. All thermodynamic modeling was per-
formed with R in Rstudio utilizing the previously published
deSolve package with the equations described in SI Appendix,
Figs. S6A and S11A. All code is freely available on GitHub at
https://github.com/alexmartinko.

Extended methods can be found in SI Appendix.

Data Availability. Code has been deposited in GitHub (https://github.com/
alexmartinko). All other study data are included in the article and/or
SI Appendix.
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