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ABSTRACT
T-cell engaging biologics is a class of novel and promising immune-oncology compounds that leverage 
the immune system to eradicate cancer. Here, we compared and contrasted a bispecific diabody-Fc 
format, which displays a relatively short antigen-binding arm distance, with our bispecific IgG platform. 
By generating diverse panels of antigen-expressing cells where B cell maturation antigen is either tethered 
to the cell membrane or located to the juxtamembrane region and masked by elongated structural spacer 
units, we presented a systematic approach to investigate the role of antigen epitope location and 
molecular formats in immunological synapse formation and cytotoxicity. We demonstrated that diabody- 
Fc is more potent for antigen epitopes located in the membrane distal region, while bispecific IgG is more 
efficient for membrane-proximal epitopes. Additionally, we explored other parameters, including receptor 
density, antigen-binding affinity, and kinetics. Our results show that molecular format and antigen 
epitope location, which jointly determine the intermembrane distance between target cells and T cells, 
allow decoupling of cytotoxicity and cytokine release, while antigen-binding affinities appear to be 
positively correlated with both readouts. Our work offers new insight that could potentially lead to 
a wider therapeutic window for T-cell engaging biologics in general.
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Introduction

T cell receptors (TCRs) on lymphocytes and the major histocom
patibility complex (MHC) on antigen-presenting cells (APCs) 
determine the specificity of T cell response to foreign antigens. 
TCR, composed of two highly variable heterodimeric protein 
chains that render antigen specificity, has a short cytoplasmic 
domain that lacks any known signaling motif. Therefore, upon 
TCR engagement of peptide-loaded MHC (pMHC), transduction 
of intracellular signals depends on non-covalent association of the 
complex with the common cluster of differentiation 3 (CD3) 
chains, composed of four distinct polypeptides, namely CD3ε, γ, 
δ, and ζ chains, paired as three dimers (εγ, εδ, and ζζ).1 The 
cytoplasmic tails of the CD3 chains have a total number of 10 
immunoreceptor tyrosine activation motifs (ITAMs),2 with three 
contributed by one CD3ζ chain and one contributed by each of the 
other CD3 chains. Together with other secondary signals, this 
complexity in ITAMs allows the so-called “scalable signaling” to 
orchestrate diverse T cell responses, including activation, prolif
eration, effector function, or apoptosis.3

The clinical success and approval of blinatumomab 
(BLINCYTO®; anti-CD19/CD3 tandem single-chain variable 
fragment (scFv)) in treating relapsed or refractory acute lym
phoblastic leukemia has opened new avenues for retargeting 

T cells for cancer treatment.4 Termed as Bispecific T-cell 
Engager (BiTE), this type of molecule is designed to bridge 
T cells and tumor cells through interactions with the invariant 
CD3 chain on T cells and a tumor-associated antigen (TAA) on 
cancer cells. On the  molecular basis, through bypassing MHC/ 
TCR recognition, this approach is capable of inducing T cell 
activation with no clonal restriction, as well as overcoming one 
of the tumor escape mechanisms of down-regulating MHC 
expression.5 Encouraged by the ground-breaking efficacy of 
blinatumomab, researchers have expanded upon the tandem 
scFv format to target different TAAs6–8 and have further 
investigated other bispecific formats,9–12 many of which con
tain an Fc domain for extended systemic half-life. It is worth 
noting that, although the interaction is very different from the 
TCR-pMHC ligation under physiological conditions, subse
quent studies revealed that the downstream signaling cascades 
induced by both events resemble each other.13

Previously, through building on our charge-steering Fc hetero
dimerization technology,14 we engineered a bispecific IgG2 plat
form for T-cell engagement and demonstrated its superior 
pharmacological activity and minimal nonspecific activation. In 
this study, we sought to take a deeper dive into how epitope, 
binding affinity, receptor density, and kinetics drive the activity 
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of T-cell-engaging biologics. In light of the finding that geometric 
configurations may play critical roles in forming immunological 
synapses,9 we created a new bispecific diabody-Fc (DbFc) format, 
which adopts a much more compact configuration between the 
two paratopes. More specifically, the distance between the two 
antigen-recognition arms was estimated to be 3–6 nm15,16 and 
9–15 nm17–19 (Figure 1) for our bispecific DbFc and previously 
described IgG-based molecules, respectively. This difference in 
distance between binding sites makes them ideal tools to study 
the effectiveness of synapse formation as a function of distance. By 
using B-cell maturation antigen (BCMA) as the TAA in our model 
system, we first generated a series of artificial antigen-expressing 
cell lines whereby BCMA, a relatively small glycoprotein, is teth
ered to the cell surface via increasing numbers of protein domains 
to gradually extend its distance from the membrane, or in another 
scenario, is anchored to the juxtamembrane region and masked by 
growing numbers of structural spacer units.

We discovered that the DbFc format, due to its short arm 
distance, is more effective in killing cell lines with BCMA with 
a long tether, when compared to IgG2. However, the trend is 
completely the opposite when BCMA is located at the membrane- 
proximal region and masked by additional protein domains. In 
this case, the long arm length of the bispecific IgG2 is generally 
superior in overcoming steric hinderance, and therefore effectively 
bridges both masked BCMA on antigen-expressing cells and CD3 
on T cells. We then explored the potencies of both formats on 
a non-engineered known TAA, FMS-like tyrosine kinase 3 (FLT3), 
whose extracellular domain is composed of five immunoglobulin- 
like (Ig-like) domains. By generating antibodies against different 
domains of FLT3, we validated the aforementioned observations 
on BCMA cell lines. Lastly, we took a combinatorial approach to 
explore the interplay of binding affinity of either arm, receptor 
density, kinetics, and molecular formats in affecting cytotoxicity 

and cytokine release in the multi-dimensional space. Our results 
demonstrated successful decoupling of cytotoxicity and cytokine 
release. Furthermore, we integrated our comprehensive data set 
into a unified mechanistic mathematical model to guide affinity 
selection for optimal pharmacological effects. Our research high
lights the importance of understanding the complexity in devel
oping T-cell recruiting protein therapeutics. As a result, careful 
navigation through the optimization process is required to achieve 
the desired potency and safety profile.

Results

Bispecific DbFc is more potent than full-length bispecific 
IgG when antigen epitope is located in the 
membrane-distal region

In order to compare with full-length IgG, we generated and 
optimized a DbFc fusion molecule by separating cognate vari
able heavy and light domains on two polypeptide chains, which 
during folding are associated through preferential non- 
covalent VH/VL pairing and further stabilized through the 
hinge region and CH3 domains. Like other diabody (Db) 
formats reported in prior studies,20 the linker between the 
variable domains of the same chain was designed to be short 
enough to force pairing with variable domains on the other 
chain. Sequential optimization of hinge and linker sequences 
yielded a bispecific DbFc fusion molecule that displays good 
expression titer, product integrity and thermostability, and 
unaltered binding to both CD3 and TAA (Supplementary 
Tables 1 and Tables 2, Hinge 3, and L2). The final configura
tion of our DbFc format is shown in Figure 1a. Figure 1b 
illustrates the relative geometry of the bispecific IgG2 (our 
preferred full-length IgG platform), DbFc, Db, and BiTE. The 

Figure 1. Generation and optimization of diabody-Fc (DbFc) fusion for T-cell redirection. (a) Schematic diagram of DbFc construct after optimization of the hinge and 
linker sequences between the variable domains; (b) Relative geometric configurations of bispecific IgG2, DbFc, diabody (Db), and BiTE.
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most remarkable difference between IgG and DbFc is that the 
distance between the two antigen-binding arms of IgG mole
cules is usually 9–15 nm17–19 while that of Db or DbFc is 
~3–6 nm,15,16 allowing investigation of the distance effect in 
redirected T cell cytotoxicity. Additionally, the difference in 
structural flexibility of IgG and Db molecules may also play 
a role in antigen recognition.

Epidermal growth factor (EGF)-like domains, originally 
identified in EGF and characterized by three intradomain dis
ulfide bonds, are protein subunits present in a wide variety of 
extracellular proteins such as Notch, fibrillin, and various 
blood factors.21 One of their important functions is to serve 
as relatively rigid structural spacers,22as observed in crystal 
structures of tandem EGF-like domains from Notch 1 receptor 
(PDB ID: 5MWB)23 and Jagged-1 protein (PDB ID: 2VJ2).24 

To investigate the effect of antigen epitope location in T-cell 
redirected lysis in a systematic fashion, we engineered cell lines 
that express BCMA antigen with different EGF-like domains as 
tethers to increase the distance to the target cell membrane. 
Based on the numbers of EGF-like domains used, these cell 
lines were named T0, T1, T2, . . .,T7, with T abbreviated from 
“tether.” Schematic views of these receptors based on structural 
modeling are shown in Figure 2a. Fluorescence-activated cell 
sorting (FACS) analysis revealed similar BCMA expression 
levels (~104 receptors per cell) across all eight cell lines 
(Supplementary Figure 1), making a direct comparison of 
these cell lines feasible.

We then evaluated the in vitro potencies of anti-CD3/anti- 
BCMA bispecific IgG2, DbFc (with optimized hinge and lin
ker), and Db in lysing these cell lines in the presence of purified 
T cells. At the effector-to-target ratio (E:T ratio) of 5:1 at a 24-h 
time point, all three molecules displayed nearly equivalent 
activity in inducing lysis of the T0 cell line, which presents 
BCMA on the cell surface without any tether. As the distance to 
the cell surface increases with the number of EGF-like 
domains, the ability of bispecific IgG2 in inducing T cell redir
ected lysis was quickly dampened, as indicated by EC50 as well 
as maximal killing Emax in cell lines from T0 to T3, shown in 
Figure 2b. In contrast, Db and DbFc displayed comparable and 
robust cytotoxicity in cell lines T0 through T5, with noticeable 
reduction in potency in T6 and very weak activity in T7. Figure 
2c and Figure 2d illustrates the overall correlation of EC50 and 
Emax values as a function of the number of EGF repeats for all 
three molecules. The monotonic decline in cytotoxicity, as the 
distance between the antigen epitope to target cell membrane 
increases due to the tether length, indicated that the efficiency 
of immunological synapse formation could be critically 
affected by the extent bispecific molecules can bring T cells 
and target cells into proximity. The disparity of full-length IgG 
and Db-derived molecules could be explained by the arm 
distance of the two antigen-binding sites, as the more rigid 
and compact structure of Db and DbFc gave rise to a relatively 
shorter distance between T cells and antigen-expressing cells. 
The rapid potency reduction between one cell line to the next 
may indicate a distance threshold for productive engagement 
and subsequent T cell activation, which we measured indirectly 
as cytotoxicity. In the case of the T0 cell line, full-length IgG 
and Db displayed similar potency, suggesting that once the 
distance threshold is met, making the intermembrane distance 

shorter does not seem to provide an additional enhancement in 
cytotoxicity.

In order to rule out the possibility that our observation 
somehow pertained to properties of the EGF-like domains 
rather than the simple distance effect, we engineered another 
series of cell lines by substituting the EGF-like domain with 
a different structural unit, Ig-like domain, as the tether (refer
ring as t1ʹ, t2ʹ, t3ʹ . . .). Unlike the EGF-like domain, which is 
roughly 3 nm per unit in length, the Ig-like domain is esti
mated to add 5 nm per unit based on crystal structures,25 

although the domains may not be oriented in a completely 
linear fashion with respect to each other. As depicted in 
Supplementary Figure 2, the dose-dependent cytotoxicity of 
one of the IgG2-based bispecific molecules on T2 and t1ʹ cell 
lines was nearly identical, with their estimated tether distances 
being 6 nm and 5 nm, respectively. Similarly, the activities on 
T3 and t2ʹ cell lines were also comparable, with their estimated 
tether distances being 9 nm and 10 nm, respectively. This 
suggests that the differences in cytotoxicity were likely entirely 
due to antigen epitope location and the resulting synaptic 
distance between T cells and target cells, regardless of which 
protein domains were used as tethers. Based on these data, we 
propose that the intermembrane breadth between target and 
T cells, which can be contributed by the distance of antigen 
epitope relative to target cell membrane as well as the format of 
the bispecific molecule, plays an important role in forming 
productive immunological synapses and eventually redirected 
T-cell killing.

Full-length bispecific IgG is more potent than DbFc when 
antigen epitope is masked at the membrane-proximal region

We then examined the opposite case, where the antigen epitope 
is located at the membrane-proximal region and masked by 
different numbers of structural units on top of it. To achieve 
this, we engineered another set of BCMA-expressing cell lines, 
with 0, 2, 4, or 7 EGF-like domains stacked above the BCMA 
antigen, respectively (Figure 3a). For simplicity, these cell lines 
will be referred as M0v, M2v, M4v, and M7v, with receptor 
density on the order of 105 per cell (Supplementary Figure 3). 
IgG2- and DbFc-based bispecific molecules were evaluated 
using these cell lines (Figure 3b and Figure 3c). For the cell 
line M0v without any masking, both molecules displayed 
nearly indistinguishable EC50 and Emax, at both 15 h and 24 
h time points, with 24 h data clearly showing higher maximal 
killing and significantly left-shifted EC50. For M2v and M4v at 
the 15 h time point, the DbFc bispecific was considerably 
inferior to the IgG2-based molecule, with Emax reaching less 
than 20% for the former, while nearly complete lysis was 
observed for the latter at high concentration (10 nM). 
However, the dose–response cytotoxicity curves of the two 
molecules converge at the 24 h timepoint, indicating that the 
result we observed at 15 h was likely due to kinetic differences 
in T cell activation. Judging from the fact that two tandem 
EGF-like domains, presumably arranged in a linear fashion, 
would already exceed the arm distance of DbFc, we hypothe
size that there might be some structural flexibility of the EGF- 
like domains that allows exposure of membrane-proximal 
BCMA antigen, given a sufficient amount of time. For M7v 
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cell line, even at 24 h, Emax of DbFc plateaued at ~50%, lower 
than the IgG2-based molecule, indicating that in this case even 
flexibility may not overcome steric hinderance to compensate 
for the low probability of DbFc in bridging of CD3 and BCMA.

In vitro potencies of anti-CD3/anti-FTL3 bispecific IgG and 
DbFc are correlated with the location of epitope

To gain insight on how epitope location could potentially 
influence cytotoxicity in a less artificial setting, we engineered 

and investigated various anti-FLT3/anti-CD3 bispecific mole
cules on the EoL1 acute myeloid leukemia (AML) cell line that 
over-expresses FLT3. FLT3 is a receptor tyrosine kinase with 
an extracellular domain comprising five Ig-like domains. 
Crystal structures of FLT3 in complex with its ligand revealed 
the relative domain orientations,26 as shown in Figure 4a, 
although we cannot rule out the possibility that this conforma
tion may be partially induced by ligand binding. Antibodies 
against different domains of FLT3 were raised and selected to 
pair with the same anti-CD3 clone to yield IgG2- and DbFc- 

Figure 2. Differential cytotoxicity profiles of bispecific anti-BCMA/anti-CD3 IgG2, DbFc, and Db on engineered cell lines where BCMA is tethered to the cell surface with 
increasing distance from the membrane. (a) Schematic diagram of T0-T7 cell lines, with P-cadherin ectodomain structure depicted alongside to show relative 
dimensions; (b) Cytotoxicity of aforementioned four bispecific molecules on the eight cell lines at 24-hour timepoint; (c) EC50 values as a function of the number of EGF- 
like domains; (d) Maximal killing (Emax) values as a function of the number of EGF-like domains.
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based bispecific molecules. As depicted in Figure 4b, binding of 
IgG2 and DbFc molecules to FLT3-positive EoL1 cells are 
comparable, as analyzed by FACS. Consistent with our findings 
using an engineered BCMA-expressing series of cell lines, 
bispecific molecules against different domains of FLT3 dis
played drastically different cytotoxicity that was strongly influ
enced by the molecular format (Figure 4c–g). DbFc targeting 
the membrane-distal domains D1 and D3 mediated consider
ably more potent cytotoxicity than its IgG2 counterpart (Figure 
4c, e), likely due to its ability to bring the two cell membranes 
close together. On the other hand, IgG2 bispecific molecules 
against the membrane-proximal domains D4 and D5 induced 
specific target cell lysis, while no significant cytotoxicity was 
observed at concentrations up to 10 nM for the same anti-FLT3 
antibody clones in DbFc format (figure 4f, g). Figure 4h shows 
a schematic view of a potential explanation of a lack of cyto
toxicity for D4 and D5-targeted DbFc. The same trend holds 
true for another AML cell line MV411, which has relatively 
lower FLT3 expression compared to EoL1. Owing to the lower 
receptor density, EC50 values could not be determined for most 
cases, but a similar pattern of dose-response was observed 

(Supplementary Table 3 and Supplementary Figure 4). 
Collectively, these data support the notion that antigen epitope 
location, and hence the intermembrane spacing generated by 
bispecific molecules of different architectures, may regulate the 
efficiency of redirected T cell killing. It is worth noting that in 
the case of MV411, even at a 48-h timepoint, DbFc fusion was 
not able to overcome the masking effects, as we previously 
observed for the engineered M series of cells, and we hypothe
size that it could be due to the discrepancy in receptor density.

The interplay of receptor density, epitope location, 
molecular format, kinetics and binding affinities in 
cytotoxicity and cytokine release

Some data above may already suggest that, in addition to TAA 
epitope location and molecular format, there are other key 
parameters such as receptor density, kinetics, and affinities of 
both arms that could significantly affect cytotoxicity readout. 
These parameters can be classified into two essential categories: 
intrinsic factors, such as receptor density and time course, that 
cannot be changed; and extrinsic factors, including affinities, 

Figure 3. Differential cytotoxicity profiles of bispecific anti-BCMA/anti-CD3 IgG2 and DbFc engineered cell lines where BCMA is located at the membrane proximal 
region and masked by increasing number of EGF-like domains. (a) Schematic diagram of the M0, M2, M4, and M7 cell lines depicting how BCMA and the masking EGF- 
like domains may potentially orient on the cell surface; (b) Dose-dependent cytotoxicity of the IgG2 and DbFc on the four cell lines at 15-hour timepoint; (c) Dose- 
dependent cytotoxicity of the IgG2 and DbFc on the four cell lines at 24-hour timepoint.
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molecular format, antigen epitope location, that can be poten
tially modulated through engineering designs. Therefore, to 
inform rational design of bispecific T-cell engaging proteins, 
we took a systematic approach to interrogate how these para
meters influence cytotoxicity.

First, we engineered high, intermediate, and low affinity 
variants for both the CD3 and BCMA arms (affinity mutants 
originated from the same antibody clone to ensure binding to 
the same epitope), namely CD3-H, CD3-M, CD3-L, BCMA-H, 
BCMA-M, and BCMA-L. Their binding affinities are 24.4 nM, 
110 nM, 394 nM, 214 pM, 34.1 nM, and 934 nM, respectively 
(as measured in bispecific IgG format, similar results were 
obtained for bispecific DbFc, see Supplementary Table 4). All 
nine permutations were generated for both IgG2 and DbFc 
format, totaling 18 bispecific molecules. To investigate how 
receptor density influences cytotoxicity, a low BCMA- 
expressing cell line, L0, was created in addition to the T0 and 

M0v cell lines, which were used in previous sections. The 
receptor density levels are on the orders of 103, 104, and 105, 
respectively, for these three cell lines. Additionally, two time
points, 24 h and 48 h, were sampled to shed light on the 
kinetics. This comprehensive analysis of dose-dependent cyto
toxicity involves 108 assay conditions, as shown in 
Supplementary Figure 5. In order to account for both EC50 and 
Emax values, especially for dose–response curves that did not 
plateau or plateaued at very different levels, we chose the Area 
Under the Curve (AUC, also known as activity area) approach 
for comparing differential activities of various molecules and 
assay conditions. This data analysis framework was previously 
reported to correlate better than EC50 alone between different 
studies.27 We first examined how IgG and DbFc molecules 
compare on low, medium, and high BCMA-expressing cell 
lines, when the same antigen variable domains were used in 
both molecular formats. As shown in Figure 5a (24 h) and 5B 

Figure 4. Case study using the multi-domain FTL3 as antigen demonstrating that DbFc more potently targets membrane-distal epitopes while IgG2 bispecific is more 
potent for membrane-proximal epitopes. (a) Crystal structure of the FLT3 extracellular region (PDB ID: 3QS9); (b) Binding of DbFc and bispecific IgG (derived from the 
same pairs of anti-FLT3 and anti-CD3 variable domains) to cells expressing FLT3 is equivalent over the concentration ranges tested here; (c-g) T-cell redirected lysis of 
the FLT3-overexpressing AML cell line EoL-1 in the presence of increasing concentrations of DbFc and IgG2-based anti-FLT3/anti-CD3 targeting domains 1, 2, 3, 4, 5 of 
the FLT3, respectively; (h) Schematic diagram illustrating why IgG format gives rise to more effective bridging between the epitopes located at domains 4 or 5 of FLT3 on 
target cell and CD3 on T cell.
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(48 h), at medium and high receptor density, IgG and DbFc are 
nearly equally potent, with data points scattered along the 
diagonal line, irrespective of the timepoints. However, for the 
cell line with low receptor expression L0, DbFc is far superior 
to the IgG format, especially at 24 h, as data points are clustered 
along the Y-axis. To evaluate how binding affinity influences 
cytotoxicity, we conducted pair-wise comparisons by matching 
all other parameters (molecular format, cell line, affinity of the 
other arm) and plotting AUC of cytotoxicity for high, inter
mediate, and low affinity variants against that of the intermedi
ate affinity molecule as the benchmark (X-axis) (Figure 5c–f). It 
is evident that when using the intermediate affinity CD3-M or 
BCMA-M as references, higher affinity, either in the CD3 arm 

or BCMA arm, always resulted in more potent killing (above 
the diagonal line) while lower affinity induced less cell lysis 
(below the diagonal line). Globally, data points are more clus
tered to the origin at 24 h compared to the 48 h timepoint, 
suggesting that T cell activation and subsequent lysis of target 
cells were not saturated within the first day.

We then investigated if it is possible to decouple cytotoxicity and 
cytokine release through any combination of parameters that would 
yield strong T-cell mediated killing and minimal induction of 
cytokine secretion. In this experiment, CD3 binding arms with 
different affinities (CD3-L, CD3-M, and CD3-H) were paired with 
the same high-affinity BCMA arm (BCMA-H) in both IgG2 and 
DbFc format, and their dose-dependent cytotoxicity and cytokine 

Figure 5. The influence of receptor density, antigen-binding affinities, molecular format, and cytotoxicity kinetics, as represented by AUC (raw data in Supplementary 
Figure 5). Dashed lines represent y = x.(a-b) Pair-wise comparison of cytotoxicity of DbFc versus IgG (with the same antigen-binding arms) on cell lines with low, 
medium, and high receptor expression at 24 and 48 h timepoints; (c–d) Pair-wise comparison of cytotoxicity of CD3 affinity variants at 24 and 48 h timepoints, with all 
other parameters (cell line, affinity to BCMA, molecular format, receptor density) being the same; (e–f) Pair-wise comparison of cytotoxicity of BCMA affinity variants at 
24 and 48 h timepoints, with all other parameters (cell line, affinity to CD3, molecular format, receptor density) being the same.
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release (including tumor necrosis factor (TNF), interleukin-2 (IL-2), 
and interferon (IFN)γ) were measured for cell lines T0, T2, T4, and 
T7 (Supplementary Figure 6). AUCs of cytotoxicity and cytokine 
release were obtained based on fitted dose–response curves and 
their correlation were plotted. By grouping the data set by molecular 
format, it is evident that the correlations of TNF, IL-2, and IFNγ 
with respect to cytotoxicity were very similar (Figure 6a–c). To 
reduce the complexity of data analysis, we decided to focus on the 
AUC ratio of cytotoxicity and TNF and generated tables containing 
subsets of data to compare molecular format (Table 1), antigen 
epitope location (as represented by cell lines, Table 2), and CD3 
affinity (Table 3) while fixing all other variables. The larger value of 
the AUC ratio of cytotoxicity and TNF secretion indicates less 
cytokine release. As shown in Table 1, for T0 cell line, IgG2-based 
bispecific molecules produced much lower levels of TNF, in the 
cases of CD3-H and CD3-M, with an AUC ratio of cytotoxicity and 
TNF secretion valued at ~2, in contrast to 0.5 for equivalent mole
cules in DbFc format. However, as listed in Table 2, in the T2 cell 

line, DbFc format achieved similar AUC ratio for both CD3-H and 
CD3-M binders. We observed, given the same CD3 binder, the 
effect of increasing tether length by 2 EGF domains can be fully 
compensated for by decreasing the arm distance of the bispecific 
molecule (IgG2 to DbFc), highlighting the fact that intermembrane 
distance could be contributed by both molecular architecture and 
antigen epitope location. Moreover, in Figure 6a, there are pairs of 
data points that clustered together on these correlation plots (circled 
in dashed green lines), meaning that they conferred similar cyto
toxic activity and generated similar amounts of cytokine. Closer 
examination of these pairs revealed that they were the following 
combinations: (T4, CD3-H, DbFc) and (T2, CD3-H, IgG2); (T2, 
CD3-M, DbFc) and (T0, CD3-M, IgG2); and (T2, CD3-H, DbFc) 
and (T0, CD3-H, IgG2), respectively, further supporting our 
hypothesis that molecular format and antigen epitope location are 
the key determinants in modulating cytotoxicity and cytokine secre
tion (Supplementary Table 5, Figure 7).

Alternatively, if we group the data set by CD3 arm affinity 
(Table 3 and Figure 6d–f), both cytotoxicity and cytokine 
release follow a similar trend with higher affinity molecules 
being more potent, accompanied with more cytokine secretion, 
suggesting that affinity to CD3 may not be a differentiating 
parameter to disentangle the two readouts, at least in the 
affinity ranges we chose. For pair-wise comparison of CD3-H 
and CD3-M, refer to Supplementary Figure 7.

Integration of bispecific IgG and DbFc cytotoxicity data 
into a mechanistic mathematical model that can guide 
optimal affinity selection

As the results above show, the potency of CD3 bispecifics 
depends on multiple target/epitope-specific and drug-specific 
factors. To further understand this multi-factorial dependence, 
we developed a unified mechanistic mathematical modeling 
framework that can explain the observed exposure–response 
relationship (in vitro cytotoxicity results) across the different 
CD3 bispecifics and conditions tested above.

To develop this unified framework, we constructed 
a mechanistic mathematical model to relate CD3 bispecific 
concentration to in vitro cytotoxicity similar to previous pub
lished models.28 Specifically, the model describes the formation 
of TAA-Bispecific-CD3 Trimers, whose number drives tumor 
cell killing by T-cells in the cytotoxicity assay (Figure 8a). The 
formation of these Trimers in our model depends on the target 
receptor density and CD3/target binding affinities. Further, our 
model assumes that the tumor killing rate is a saturable Hill- 

Table 2. AUC Ratios of cytotoxicity versus TNFα when comparing epitope location.

Cell line CD3 Binder Format

AUC

Cytotoxicity TNFα Ratio

T0 CD3-H DbFc 369.1 759.8 0.5
T2 CD3-H DbFc 394.1 176.4 2.2
T4 CD3-H DbFc 251.7 0.0
T7 CD3-H DbFc 197.4 0.0
T0 CD3-M DbFc 188.6 304.9 0.6
T2 CD3-M DbFc 188.0 103.3 1.8
T4 CD3-M DbFc 116.2 0.0
T7 CD3-M DbFc 91.7 0.0
T0 CD3-H IgG 330.6 161.0 2.1
T2 CD3-H IgG 268.0 0.0
T4 CD3-H IgG 132.9 0.0
T7 CD3-H IgG 90.5 0.0
T0 CD3-M IgG 206.0 84.8 2.4
T2 CD3-M IgG 114.0 0.0
T4 CD3-M IgG 76.5 0.0
T7 CD3-M IgG 0.0 0.0

Table 1. AUC Ratios of cytotoxicity versus TNFα when comparing molecular 
format.

Cell line CD3 Binder Format

AUC

Cytotoxicity TNFα Ratio

T0 CD3-H DbFc 369.1 759.8 0.5
T0 CD3-H IgG 330.6 161.0 2.1
T0 CD3-M DbFc 188.6 304.9 0.6
T0 CD3-M IgG 206.0 84.8 2.4
T2 CD3-H DbFc 394.1 176.4 2.2
T2 CD3-H IgG 268.0 0 -

Table 3. AUC Ratios of cytotoxicity versus TNFα when comparing CD3 affinity.

Cell line CD3 Binder Format

AUC

Cytotoxicity TNFα Ratio

T0 CD3-H DbFc 369.1 759.8 0.5
T0 CD3-M DbFc 188.6 304.9 0.6
T0 CD3-L DbFc 35.1 0.0 -
T2 CD3-H DbFc 394.1 176.4 2.2
T2 CD3-M DbFc 188.0 103.3 1.8
T2 CD3-L DbFc 62.9 0.0
T0 CD3-H IgG 330.6 161.0 2.1
T0 CD3-M IgG 206.0 84.8 2.4
T2 CD3-H IgG 268.0 0.0
T2 CD3-M IgG 114.0 0.0
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type function of the Trimer #/tumor-cell thus formed (demon
strated in Figure 8b).

To parameterize the killing rate Trimer dependence in our 
model, we simultaneously fit the data for in vitro cytotoxicity of 
the BCMA-CD3 bispecifics described in the previous section 
and estimated the maximum kill rate (kkill) and the Trimer 
level for threshold for half-maximal killing (Kc50Trimer). Our 
results showed that the model can describe the concentration- 
cytotoxicity relationship for all chosen receptor density and 
CD3/BCMA binding affinity combinations simultaneously 
with a single set of Trimer-based killing parameters (Figure 
8b and Supplementary Figure 8). Crucially, the concentration- 
cytotoxicity relationship for different modalities (DbFc vs 
IgG2) required different Trimer-based killing parameters 

(Figure 8b and Table 4). While the maximum kill-rate for 
both modalities was estimated to be similar, the Trimer thresh
old for DbFc bispecifics was ~20-fold lower than that for the 

Figure 6. Deconvolution of cytotoxicity and cytokine release is achievable through a combination of molecular format and antigen epitope location. (a-c) Correlation of 
cytotoxicity versus the release of cytokines TNFα, IL-2, and IFNγ shown as AUC scatter plots, with data sets grouped based on molecular format; (d-f) Correlation of 
cytotoxicity versus the release of cytokines TNFα, IL-2, and IFNγ shown as AUC scatter plots, with data sets grouped based on CD3 binding affinity.

Table 4. Estimated parameters of the in vitro Cytotoxicity model for CD3 
Bispecifics.

Parameter

DbFc 
Estimate 

(CV%)

hIgG2dA 
Estimate 

(CV%) Description

kmax(1/hr) 0.075 (20) 0.11 (10) Max. Tumor cell kill rate
Kc50Trimer*χ 

(#/nM)
3.4e+05 

(58)
6.75e+06 

(<1)
Half-maximal Trimer threshold for 

killing rate
nk 0.7 (11) 0.74 (6) Hill-coefficient (steepness of 

killing curve)

CV% = Coefficient of Variation for parameter estimates.
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IgG2 bispecifics at comparable CD3/BCMA binding affinities. 
These results suggest two key insights: 1) the exposure– 
response relationship of CD3 bispecifics across variations of 
receptor density and CD3/target binding affinities can indeed 
be predicted by a single relationship that depends on the 
formation of Trimers; and 2) the modality of CD3 bispecifics 
affects their potency in ways different than changes of binding 
affinities by affecting the potency of the Trimers themselves.

Next, we wanted to determine if a general relationship exists 
to describe the dependence of the potency of the bispecific and 
its key drivers, i.e., receptor density and CD3/target binding 
affinities. For this, we defined [Drug]50% as the bispecific con
centration that achieves 50% cytotoxicity and used it as the key 
measure of potency and applied sensitivity analysis to the 
parameterized model to predict this potency. Comparison of 
our model predicted [Drug]50% showed that it was able to 

capture its observed dependence on receptor density and 
CD3/target binding affinities for both DbFc and IgG2 formats 
(Figure 8c). Further analysis of our model equations also sug
gested a simple relationship that could capture these 
dependencies:

Where KDTAA, KDCD3, and nTAA represent the TAA, CD3 
binding affinities, and TAA (here BCMA) receptor density, respec
tively. This model-predicted relationship implies an equivalent 
sensitivity of bispecific potency to TAA and CD3 binding affinities, 
suggesting that any loss of potency via reduction in CD3 affinity, 
for example, can be compensated by a proportional increase in 
TAA affinity. We directly validated this relationship by fitting the 
observed [Drug]50% at different receptor density and CD3/target 
affinities and found that these potencies can indeed be captured in 
a similar scaling relationship (Table 5) with near equivalent sensi
tivity to KDTAA and KDCD3.

Figure 7. Exemplary cytotoxicity and cytokine release profiles for different scenarios. (a) Same cell line (T0) and same antibody clone with the only difference in 
therapeutic modality suggest that it is possible to decouple cytotoxicity and cytokine secretion by modulating therapeutic modality; (b) T0, IgG2 and T2, DbFc 
demonstrated similar potency and cytokine secretion, indicating that the optimal intermembrane distance can be achieved by a combination of modality and antigen 
epitope location.
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These results indicated no specific preference for selecting 
either high CD3 or high target affinities for engineering 
a potent CD3 bispecific in vitro. However, high CD3 affinities 
have been previously shown to affect the in vivo pharmacoki
netics (PK) of CD3 bispecifics.29 To determine if these obser
vations can be accounted for by changes in CD3 affinity alone 
and what impact they have on selection of appropriate target 
and CD3 affinities for efficacy and toxicity, we developed 
a simple PK model that captures the target (CD3)-mediated 

disposition of CD3 bispecifics (Figure 9a). Comparison of this 
model to reported PK data for a CLL1-CD3 bispecific in 
humanized mice29 showed that the inclusion of known T-cell 
number, CD3 density per T-cell and CD3 internalization rates 
can indeed capture the KDCD3 dependent increase in apparent 
in vivo clearance and decrease in half-life of CD3 bispecifics 
in vivo (Figure 9).

We next tried to contextualize the impact of high CD3 
affinity by comparing the trough-level concentrations 
(Ctrough, i.e., drug concentration at the end of a dosing interval 
in vivo) achieved at a particular dose to the relevant in vitro 
reported cytotoxicity EC50s. As expected, the high CD3 affinity 
bispecific (CD3-H) was more potent (lower EC50) than 
a moderate CD3 affinity bispecific (CD3-M). But the shorter 
half-life of this CD3-H bispecific led to a comparable dose as 
the CD3-M needed to maintain trough-level concentrations 
above the cytotoxicity EC50 (Figure 9c). As a result, the Cmax 

Table 5. Estimated parameters of the model-predicted in vitro Cytotoxicity 
potency scaling relationship: Drug½ �50% KdCD3γCD3KdTAAγTAA=nTAAγn .

Parameter
DbFc 

Estimate (CV%)
hIgG2dA 

Estimate (CV%) Description

γCD3 1 (26) 1 (25) KdCD3 scaling exponent
γTAA 0.7 (12) 0.8 (13) KdTAA scaling exponent
γn 1 (17) 1 (32) nTAA scaling exponent

Figure 8. Mathematical model of Trimer-based CD3-bispecific cytotoxicity explains dependence of potency on receptor density and Tumor antigen/CD3 affinities. (a) 
Structure of mathematical model for TAA-Drug-CD3 Trimer formation and tumor cell in vitro cytotoxicity. (b) Model fits for BCMA-CD3 bispecifics with different 
combinations of CD3 and BCMA affinities. Lines and symbols show model fits and observations respectively. Colors indicate DbFc vs IgG2 formats. (c) Model explains 
observed potency [Drug]50% (= concentration to reach 50% cytotoxicity) dependence on BCMA density and Tumor antigen/CD3 affinities. Lines and symbols represent 
model predictions and observations respectively. (d) Model-predicted scaling relationship of (gray surface) explains the observed sensitivity of potency to these 
parameters.
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/Ctrough concentration ratio at the efficacious dose is much 
higher for the CD3-H bispecific than for the CD3-M bispecific. 
This result is critical since high Cmax/Ctrough concentration 
ratio could represent a major risk for exaggerated cytokine 
release and consequent toxicity, suggesting that CD3-H bispe
cifics may have a significantly reduced therapeutic index and 
arguing for a selecting against high CD3 affinity in the design of 
these bispecifics.

Discussion

Here we describe a thorough investigation of the relationship 
between antigen epitope location and in vitro potency of T cell- 
engaging bispecific molecules using two in-house developed 
bispecific formats, IgG2-based and DbFc, with distinctive anti
gen-binding arm distances, in combination with several panels 
of artificial antigen-expressing cells we created. We found that 
the DbFc format is more potent when the antigen epitope is 
located in the membrane-distal region, while the IgG-based 
bispecific is more active for membrane-proximal epitopes 
masked with other domains. Moreover, in a more biologically 
relevant setting, bispecific molecules targeting different 
domains of FTL3 antigen corroborated these findings.

The first evidence that epitope distance to target cell mem
brane is critical in T cell-mediated cytotoxicity was reported in 

2010 by a group of Micromet researchers.30 In their study, they 
chose melanoma chondroitin sulfate proteoglycan (MCSP, also 
known as NG2), which has >2,000 amino acids in its extra
cellular domain, as the TAA. MCSP is a large melanoma sur
face antigen composed of the cysteine-rich globular domain D1 
(30–668), cysteine-free rod-like domain D2 (669–1537), and 
the cysteine-rich globular domain D3 (1538–2221). By gener
ating a panel of BiTE molecules against different subdomains 
of MCSP, they discovered that BiTE molecules targeting the 
most membrane-proximal domain D3 are the most potent in 
lysing cell lines with full-length MCSP antigen. Building on 
these findings, they engineered Chinese hamster ovary (CHO) 
cell lines to express another TAA, epithelial cell adhesion 
molecule (EpCAM), alone and EpCAM fused to different 
combinations of MCSP subdomains and evaluated the ability 
of the anti-EpCAM/anti-CD3 BiTE molecule MT110 to lyse 
these CHO transfectants. More than a 1000-fold difference in 
potency was observed for the cell line expressing EpCAM alone 
and any other cell lines where EpCAM is tethered on top of any 
MCSP domain or domain combinations, further supporting 
the pivotal role of antigen epitope distance in effective T cell 
engagement. One of the major limitations of their system was 
the large sizes of MCSP subdomains – previous electron micro
scopy of rat MCSP revealed that D1 and D3 are ~30 nm in 
diameter and the rod-like D2 ranges from 30 to 110 nm.31 It 

Figure 9. Model of CD3-bispecific pharmacokinetics (PK) shows the benefit of low CD3-affinity on potential efficacy/toxicity tradeoff. (a) Structure of in vivo PK model to 
explain CD3-affinity dependent PK of bispecifics. In this model, typical values of linear two-compartment parameters (V1, V2, CL and Q) are used together with 
physiological/measured values of T-cell number, CD3/T-cell, and CD3 internalization rate are used to predict the effect of different KDCD3 on bispecific PK. (b) Validation 
of model of CD3-bispecific pharmacokinetics (PK) using PK data for CLL1-CD3 bispecifics in humanized CD3 mice (hCD3-Mouse) from Leong et al., Blood 2012. Time- 
concentration profiles predicted by the model are consistent with the observations of CD3 bispecific PK in mice reported by Leong. Lines and circles show model 
predictions and reported data. (c) CD3 internalization driven elimination adversely affects the in vivo therapeutic dose of high CD3 affinity bispecifics. Despite the better 
in vitro CTL assay potency for CD3-H (reported CLL1-CD3 EC50 for CD3-H = 0.1 nM, EC50 for CD3-M = 1 nM), the PK model predicts that due to CD3-M’s better in vivo half- 
life at the same 50ug/kg IV-weekly dose, this lower affinity bispecific is better able to maintain serum concentrations high enough (i.e. >EC50) to ensure efficient killing.
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remained unclear whether there is a gradual or abrupt decrease 
in potency when the antigen epitope distance to the target cell 
membrane is increased. Three more recent publications, using 
other TAAs, including FcRH5,13 ROR1,32 and CD33,33 further 
substantiated the findings that targeting membrane-proximal 
epitopes tends to yield molecules with greater potency. Here, 
using small EGF-like domain of ~3 nm as the structural spacer 
unit and two bispecific molecules with different arm lengths of 
the paratopes, we offer a more detailed picture of how increas
ing antigen epitope distance to target cell membrane affects 
cytotoxicity for both DbFc and IgG-based formats (Figure 2).

We then examined the effects of antigen receptor density, 
affinity of either antigen-binding arm, molecular formats, 
kinetics, and antigen epitope location on T-cell redirected 
cytotoxicity. We evaluated cell lines with 3 BCMA expression 
levels (low, medium, and high), affinity variants for both CD3 
and BCMA arms (low, intermediate, and high affinity, a total of 
9 pairs), 2 formats (DbFc and IgG), and two timepoints (24 and 
48 h), which constituted a total of 108 assay conditions. To 
minimize assay variability and account for both EC50 and 
maximal killing for this complex data set, we adopted the 
AUC approach by integrating between the concentration 
ranges evaluated. In good agreement with previous results,13 

the same molecule is usually less potent on cell lines with lower 
receptor expression, especially at the early timepoint. Notably, 
for the lowest antigen expression cell line (receptor copy num
ber ~103), DbFc is more effective in triggering T cells than the 
IgG-based equivalent molecule, possibly due to its ability to 
form tight immunological synapses. For cell lines with medium 
and high receptor copy numbers, DbFc and IgG-based bispe
cifics often displayed comparable activities. Global analysis of 
the entire data set revealed that the affinity of either antigen- 
binding arm appears to be positively correlated with cytotoxi
city, which is in agreement with previous reports, as reviewed 
recently.34 It is worth noting that the affinity range we chose 
here is very wide, where we investigated the previously unex
plored area of very weak TAA affinities.

The remarkable clinical efficacy and severe toxicity observed 
for some bispecific T-cell engaging biologics or chimeric anti
gen receptor-modified T cells are often viewed as a double- 
edged sword.35 Cytokine release syndrome (CRS), documented 
as the major toxicity in patients treated with novel T cell- 
redirected therapies, can range from mild to life-threatening. 
Early data indicated that development of CRS might be corre
lated with clinical response. However, further study has not 
revealed any strong association between the severity of CRS 
and response to therapy.36 This has been validated by two 
independent studies using CAR T cell therapy,37,38 as well as 
a recent report by Genentech researchers investigating CD3- 
bispecific antibodies in rodent models.39 These observations 
lead to the question: can we somehow modulate the supraphy
siologic signaling induced by T-cell engaging antibodies to 
dampen T cell activation and proliferation in order to maintain 
potency while reducing toxicity?

It was previously reported that there seems to be a dual 
activation threshold for cytotoxic T cells for cytotoxicity and 
cytokine production,40 and only the latter requires the forma
tion of a stable immunological synapse. Here, we used 

a simplified in vitro system to examine cytotoxicity and cyto
kine release readouts while varying CD3 affinity (CD3-H, CD3- 
M, and CD3-L), molecular format (DbFc versus IgG), and 
antigen epitope location (as represented on different engi
neered cell lines) using purified T cells. Cytokines, including 
TNF, IL-2, and IFNγ, were selected as hallmarks of T cell 
activation status. All three cytokines demonstrated very similar 
trends. The most striking result that emerged from this data set 
is that certain combinations of molecular format and antigen 
epitope location may allow strong cytotoxic activity and low 
cytokine secretion. More specifically, taking CD3-H in combi
nation with DbFc format as an example, cytotoxicity EC50 on 
the T0 cell line and T2 cell line were comparable (1.24 pM and 
0.61 pM, respectively, both reaching nearly complete maximal 
killing), while the EC50 of TNF secretion had >40x difference 
(11 pM and 450 pM, respectively) and 2x difference in Emax 
(233 versus 107 pg/mL, respectively). Compared to T0 cell line, 
BCMA was tethered on T2 cell line with two extra EGF-like 
domains, leading to an increased intramembrane distance of 
the immunological synapses between T cells and target cells. 
Interestingly, this antigen epitope location effect can be fully 
compensated by using an IgG-based bispecific molecule on the 
T0 cell line, with EC50 of cytotoxicity 3.7 pM and EC50 of TNF 
secretion 300 pM, Emax 88 pg/mL, similar to the values for 
DbFc on the T2 cell line. This observation can be nicely 
explained by the differences in the distance between the two 
antigen-binding arms for IgG (9–15 nm) and DbFc (3–6 nm).

In contrast, manipulating CD3 binding affinity alone, at 
least in the ranges we chose, did not seem to achieve similar 
results, with higher affinity associated with greater potency and 
increased cytokine secretion, as shown in scatter plots in Figure 
6d–f. In a higher CD3 affinity range that we did not cover here, 
it was reported that Emax of cytokine secretion could be 2x 
higher for a bispecific with 1.9 nM affinity to CD3 than that 
with a 7 nM affinity.41 Though we did not evaluate the impact 
of TAA affinity in cytokine secretion, a recent publication on 
HER2/CD3 bispecific demonstrated that higher HER2 affinity 
leads to stronger cytotoxicity as well as lower tolerability.42 One 
could argue that for a bispecific platform, it is possible to 
optimize the antigen-targeting epitope to achieve potent cyto
toxic activity and relatively low cytokine release, if the antigen 
is large enough to offer epitopes with a range of distances to the 
cellular membrane. On the other hand, in the case when the 
antigen is small, certain bispecific platforms may be inherently 
suboptimal, for example, as demonstrated by the DbFc format 
in the T0 cell line, in which case cytotoxicity always goes hand 
in hand with cytokine release, regardless of the affinity of the 
CD3 binder chosen. Although it is still debatable whether 
a threshold of effector cytokine secretion exists for in vivo 
efficacy, the previous lack of tools to investigate this matter 
makes it difficult to widen the therapeutic window. As far as we 
know, the only other case that appeared to successfully decou
ple in vitro potency and cytokine release was described in 
a recent publication through screening a diverse repertoire of 
CD3 antibodies to identify unique epitopes.43 Coincidently, 
these authors also selected BCMA as the TAA. They observed 
that one of their less potent molecules (EC50 = 364 pM in 
BCMA+ NCI-H929 cell line), binding to a different CD3 
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epitope, induced less IL-2 (600 pg/mL) and IFNγ (3500 pg/mL) 
at saturation killing dose (10 nM), when compared to another 
more potent compound (EC50 = 4.8 pM) with both cytokines 
>6000 pg/mL at its saturation killing dose (0.1 nM). Caution 
needs to be taken in directly comparing the exact values of the 
cytokine release with those we reported here due to differences 
in the assay conditions, such as target cell lines, cell density, E:T 
ratio, donor variabilities, and timepoint.

The kinetic segregation model of T cell activation44 may 
explain why intermembrane distance could be a key determi
nant in T cell signaling. In this model, in resting T cells, TCRs 
are constantly phosphorylated by tyrosine kinase Lck and 
dephosphorylated by tyrosine phosphatase CD45 such that 
the net TCR signal is very low. During T cell activation, the 
immunological synapse formed by TCR and pMHC (or 
bridged by CD3 bispecifics) makes a contact zone that is too 
narrow for relatively large CD45 to fit into, which shifts the 
equilibrium to TCR phosphorylation. The discovery of the dual 
activation threshold for T cell cytotoxicity and cytokine 
secretion40,45 suggested that the number of TCR-pMHC com
plex in the contact region may orchestrate the activation status, 
and that there is a window to induce strong cytotoxicity with
out maximum cytokine secretion. We hypothesize that mod
ulating the intermembrane distance, which potentially 
determines the degree of CD45 exclusion, can lead to decou
pling of the two effects.

Lastly, we incorporated our experimental findings into one 
single unified mathematical model that can be used to predict 
the affinities of both arms needed to achieve certain potency. 
When it comes to the choice of affinity, it is worth noting that 
target-mediated clearance can play an important role. In parti
cular, bispecific molecules with high affinity to CD3 are known 
to display fast clearance and shorter PK.29 Our model further 
validated this observation and could be used to guide selection 
of optimal affinities of bispecifics with desired pharmacological 
activity.

In summary, our data provides a general framework for 
optimization of T-cell engaging protein therapeutics, with 
focuses on antigen epitope location and molecular format. 
Such an approach in screening and ranking different molecular 
architecture was recently used by Cheung’s group, with the 
emphasis mostly on potency and not the safety profile of 
bispecific T cell engaging molecules.46 Further studies need to 
be carried out to investigate whether our deconvolution of 
cytotoxicity and cytokine release can indeed translate into 
wider therapeutic window in vivo, given that only pan-T cells 
were used in our cytokine release assay, and thus the effects of 
other peripheral blood mononuclear cell types were excluded. 
Nevertheless, minimizing supraphysiological cytokine secre
tion from T cells while maintaining strong cytotoxicity could 
have profound impacts on T-cell engaging therapies.

Materials and methods

Bispecific antibody generation

Variable heavy and light domains from in-house developed 
anti-BCMA and anti-CD3 antibodies were cloned into 
human IgG2Δa D265A, Db or DbFc format with IgG2 Fc and 

hinge harboring appropriate mutations to favor Fc heterodi
mer formation.14 During the optimization of DbFc, hinge and 
linker variants, as listed in Supplementary Tables 1 and Tables 
2, were produced by incorporating the sequence elements 
using Gibson Assembly protocol (NEBuild HiFi DNA 
Assembly). For full-length IgG bispecifics, to ensure proper 
heavy and light chain pairing, monospecific IgGs were first 
transiently expressed in Expi293 cells (Thermo Fisher 
Scientific) and purified by protein A capture (MabSelect 
SuRe) followed by size exclusion chromatography before 
undergoing mild reduction and oxidation to form heterodi
mer. For Db and DbFc constructs, co-expression of both chains 
and purification via protein A was sufficient.

The optimal DbFc variant was selected based on 
a combination of expression titer and product integrity. Size- 
exclusion chromatography with in-line multi-angle light scat
tering was conducted on an Agilent 1260 system with a variable 
wavelength UV detector operated at 280 nm (Agilent 
Technologies, Santa Clara, USA), followed by a miniDAWN 
detector (Wyatt Technology, USA). Separation was performed 
with a Superdex 200 Increase 10/30 GL column using phos
phate-buffered saline (PBS) as an aqueous phase. Each sample 
was injected twice, and data were collected and processed using 
the ASTRA® software V7.2 (Wyatt Technology, Santa Barbara, 
USA). Melting temperature (Tm) measurements were per
formed using a VP-Capillary DSC system (Microcal Inc., 
acquired by Malvern Instruments) at 1 mg/mL sample concen
tration in 1xPBS, pH 7.4, where the samples were heated from 
20°C to 90°C at 1°C per min to monitor thermal unfolding. 
Kinetic binding of various bispecific molecules to CD3 and 
TAA was conducted using Biacore T200 using recombinant 
his-tagged CD3 εδ antigen or human BCMA at 37 °C.

Affinity variants of anti-BCMA and anti-CD3 were gener
ated using saturation mutagenesis on critical residues within 
the complementarity-determining regions of the parental 
clones. The affinities between BCMA-CD3 bispecifics and 
BCMA were determined on a Biacore T200 surface plasmon 
resonance (SPR) instrument (Cytiva Life Sciences) equipped 
with a Series S CM4 sensor chip immobilized with anti-human 
-Fc antibody. The sensor chip surface was prepared with HBS- 
P+ (0.01 M Hepes pH 7.4, 0.15 M NaCl, 0.05% v/v Surfactant 
P20) running buffer. All channels and flow cells were activated 
with a 1:1 (v/v) mixture of 0.4 M 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide hydrochloride (EDC) and 0.1 M 
N-hydroxysuccinimide (NHS) for 7 min at 10 µL/min. Anti- 
human-Fc (Southern Biotech, CAT# 2014–01) antibody was 
then injected at 50 µg/mL in 10 mM Acetate pH 4.5 for 7 min at 
20 µL/min to allow for amine-coupling to the surface. The 
surface was then blocked with 0.1 M ethylenediamine (EDA) 
in 0.2 M borate buffer pH 8.5 for 7 min at 10 µL/min, and 
conditioned with three 60-s injections of 75 mM phosphoric 
acid at 10 µL/min. Multicycle kinetic assays were performed at 
37°C with HBS-P+ supplemented with 1 mg/mL bovine serum 
albumin (BSA) as the running and sample dilution buffer. 
Purified BCMA-CD3 bispecifics were captured at 10 µg/mL 
for 2 min at 10 µL/min. Then, BCMA analyte (0, 1.2, 3.7, 11.1, 
33.3, 100, and 300 nM) was injected for 2 min at 30 µL/min for 
kinetic data. Alternatively, BCMA analyte (0, 1.2, 3.7, 11.1, 
33.3, 100, 300, 2700, and 8100 nM) was injected for 1 min 
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30 µL/min for steady-state affinity. After the analyte injections, 
dissociation was monitored for 10 min for kinetic data, and 
2 min for steady-state affinity. The surface was then regener
ated with three 60-s injections of 75 mM phosphoric acid at 
10 µL/min prior to the next analysis cycle. The affinities 
between BCMA-CD3 bispecifics and CD3 were determined 
on a Bicore T200 SPR instrument, with a Series S CM4 chip 
immobilized with anti-His-Tag antibody (R&D Systems, 
CAT#MAB050). The sensor chip surface was prepared with 
HBS-P + . All channels and flow cells were activated with EDC: 
NHS. Anti-His-Tag was injected at 100 µg/mL in 10 mM 
Acetate pH 5.0. The surface was blocked with EDA, and con
ditioned with two 30-s injections of 10 mM glycine pH 1.7. 
Multicycle kinetic assays were performed at 37°C with HBS-P 
+ supplemented with 1 mg/mL BSA as the running and sample 
dilution buffer. CD3εδ antigen was captured at 0.125 µg/mL for 
1 min at 10 µL/min. Then, BCMA-CD3 bispecifics (0,12, 37, 
111, 333, 1000, and 3000 nM) were injected for 1 min at 30 µL/ 
min. After the analyte injections, dissociation was monitored 
for 3 min. The surface was then regenerated with two cycles of 
30-s injections of 10 mM glycine pH 1.7 at 10 µL/min prior to 
the next analysis cycle. Kinetics and affinity data analyses were 
performed with T200 Evaluation software version 2.0.

Cell line generation and receptor density quantification

Reh human lymphoblastic leukemia cell line (non-T, non-B) was 
obtained from American Type Culture Collection (Rockville, 
MD, USA). In light of natural shedding of BCMA by γ- 
secretase in transmembrane domain,47 only the extracellular 
domain of BCMA (aa 1–54) was cloned in frame with trans
membrane domain of human tumor-associated calcium signal 
transducer 2 in a plasmid with cytomegalovirus-driven promo
ter. For T or M series of cell lines, plasmids were constructed by 
inserting an increasing number of EGF-like domains from 
human LRP-1 (uniprot ID: Q07954, aa 4147–4409, EGF-like 
domain 16–22) into corresponding locations, either N-terminal 
or C-terminal to the BCMA extracellular domain. For electro
poration procedure, 2 × 106 cells were centrifuged at 900xg for 
10 min at room temperature (RT). The supernatant was com
pletely removed, and then the cell pellet was resuspended care
fully at RT in 100 μl Cell Line Nucleofector® Solution V (supplied 
by Amaxa® Cell Line Nucleofector® Kit V) with 2 μg DNA. The 
cell/DNA suspension was transferred into certified cuvette, and 
the appropriate Nucleofector® Program L-013 (L-13 for 
Nucleofector® I Device) was selected. The cuvette with cell/ 
DNA suspension into the Nucleofector® cuvette holder was 
then inserted and the electroporation program was applied 
After electroporation was completed, ~500 μL of the pre- 
equilibrated culture medium was immediately added to the 
cuvette, and the sample was gently transferred into the 12-well 
plate and incubated in humidified 37°C/5% CO2 incubator until 
analysis. Gene expression is determined by FACS. After expres
sion confirmed, single-cell clones were selected by FACS sorting.

For BCMA receptor expression quantification, a volume 
containing 106 cells was centrifuged, supernatant removed, 
and cells incubated at 4°C for 30 min with 50 μl of a pure 

mouse monoclonal anti-BCMA mIgG2a (clone 19F2, 
BioLegend). Subsequently, the samples were washed twice 
with PBS/1% BSA/0.1% NaN3 and incubated at 4°C for 
30 min in the dark with 50 μL fluorescein isothiocyanate 
(FITC)-labeled goat anti-mouse IgG diluted 1:50 (QIFIKIT; 
Dako, Glostrup, Denmark). Afterward, cells were washed 
twice with PBS/1% BSA/0.1% NaN3 and resuspended in 1 ml 
of the same solution. Blanks were processed in parallel with the 
samples in the same manner, except that anti-LDL receptor 
antibody in PBS/1% BSA/0.1% NaN3 was used. A calibration 
curve linking the intensity of fluorescence and the number of 
antigenic sites was established using QIFIKIT. Setup and cali
bration beads (50 μl each) were washed as recommended by the 
manufacturer and incubated at 4°C for 30 min in the dark with 
50 μl goat FITC-labeled anti-mouse IgG diluted 1:50. Then, 
they were washed and suspended in PBS before flow cytometer 
analysis. Measurements were performed on a flow cytometer 
(Beckman Coulter) and the FITC signal was recorded for each 
sample. The fluorescence related to specific binding to BCMA 
was obtained by subtracting the mean fluorescence of the blank 
from the mean fluorescence of the sample. The number of 
antigenic sites per cell was calculated from the calibration 
curve derived from QIFIKIT beads. The coefficient of variation 
evaluating the reproducibility of the assay was 5%.

In vitro cytotoxicity assay

Target cell lines were either custom made in-house as 
described in previous section or provided by American Type 
Culture Collection (ATCC). Effector cells used here were 
freshly prepared by first isolating PBMCs from fresh whole 
blood supplied by healthy donors at Stanford hospital or 
a Pfizer-affiliated clinic (donors gave informed consent and 
the donation process followed the regulations and standard 
operating procedures of the clinic) and then purifying with 
a Pan T cell isolation kit (Miltenyi Biotec, Cat. No. 130–096- 
535), which contains a cocktail of antibodies to deplete other 
non-desired cell types. Target and purified T cells were seeded 
in 96-well, round bottom plates in triplicates, at 5:1 effector-to- 
target (E:T) cell ratio, in cell culture medium containing 5% 
fetal bovine serum. Bispecific IgG2 or Db molecules were 
added to the wells as 10-fold dilution series and incubated for 
24 or 48 h at 37°C, supplemented with 5% CO2, before cell 
viabilities were assessed based on lactate dehydrogenase (LDH) 
levels in the supernatant using Promega ONE-Glo™ luciferase 
assay system (Cat. No. E6120). Percentage of specific lysis was 
calculated by benchmarking the LDH level in each well against 
the spontaneous background lysis (without antibody added) 
and total maximal level of LDH release by adding Triton X-100 
to break down all cells. All cytotoxicity assays were at least 
repeated twice.

Measurement of cytokine panel using MSD

Frozen supernatants (−80°C) from incubating T0, T2, T4, T7 
cell lines with freshly isolated human T cells and bispecific 
agents for ~16–20 h were thawed at RT for cytokine analysis 
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using Meso Scale Discovery (MSD) V-PLEX human pro- 
inflammatory panel 1 (CAT# K15049D-2), 10 spot kits. This 
kit can be used to measure IFN- γ, IL-1b, IL-2, IL-4, IL-6, IL- 
8, IL-10, IL-12p70, IL-13, and TNF. V-PLEX plates were 
washed 2x with 150 μL ELISA wash buffer before use. 
Calibrators were prepared per MSD instruction manual (kit 
lot number K0081189, see product information sheet for 
specific pg/mL concentrations per cytokine). Each vial of 
lyophilized calibrator powder was resuspended with 1000 μL 
of Diluent 2. Vials were inverted at least 6x, then incubated at 
RT for 30 min. This resuspended solution was used as the top 
concentration for the calibration series. The resuspended 
calibrators were vortexed and serially diluted 4x. Solutions 
were vortexed between each serial dilution step. This was 
repeated until there were 7 serially diluted solutions and an 
8th diluent only tube. 50 μL/well of calibrators were plated top 
to bottom in duplicate in columns 1 and 2 for all V-PLEX kit 
plates. 25 μL of Diluent 2 was added to columns 3 through 12. 
25 μL of thawed media was then transferred to the plates, so 
that all wells had 50 μL sample. Plates were placed on shaker 
for at least 30 seconds, then incubated overnight at 4°C. 
Detection antibody mixture was prepared by diluting the 10 
provided SULFO-Tag antibodies 50x in Diluent 3. Plates were 
washed 3x with 150 μL ELISA wash buffer. Detection anti
body mixture was added to all wells at 25 μL/well. Plates were 
protected from light and incubated at RT for 2 h with shaking. 
“2x Read Buffer T” was prepare by diluting the provided 4x 
Read Buffer T with equal volume deionized water. Plates were 
washed 3x with 150 μL ELISA wash buffer. 150 μL of “2x Read 
Buffer T” was added per well and read immediately on the 
MSD instrument. Raw data was analyzed on MSD Discovery 
Workbench 4.0 software, using a built-in plate layout for 
human pro-inflammatory panel 1 and inputting calibrator 
information, to obtain results in pg/mL. Results were then 
plotted on GraphPad Prism for Windows (GraphPad 
Software, San Diego, California USA). Each sample was mea
sured in duplicates.
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