SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

CANCER

Interdomain spacing and spatial configuration drive
the potency of IgG-[L]-scFv T cell bispecific antibodies

Brian H. Santich?, Jeong A. Park? Hoa Tran?, Hong-Fen Guo?, Morgan Huse?, Nai-Kong V. Cheung®*

Copyright © 2020
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

T cell-bispecific antibodies (BsAbs) couple cytotoxic T lymphocytes to tumor cells, inducing their destruction.
Although there are more than 60 classes of BsAbs in development, the relative importance of parameters such as
interdomain spacing or spatial configuration is largely unknown. Here, we dissected a symmetric dual bivalent
BsAb platform (IgG-[L]-scFv: antitumor IgG with anti-CD3 scFv fused to the light chains) to explore the importance
of valency and spatial configuration for BsAb-induced T cell cytotoxicity. Our results revealed that placing tumor
and T cell binding domains on the same side of a BsAb (cis-configuration) elicited substantially stronger antitumor
activity, in vitro and in vivo, compared to positioning them on opposite sides (trans-configuration). Moreover, using
two cis-modules in the same BsAb further improved cytotoxicity (up to 2000-fold). In addition, separating antigen-
binding components with a single Ig domain (C;) markedly enhanced cytokine release and in vivo tumor responses
compared to smaller (G4S+) or larger (Chy1-Cy2-Chis) spacers. These findings provide guidelines for improving BsAb
function and highlight the importance of spatial configuration and dual bivalency as development parameters.

INTRODUCTION

In recent years, bispecific antibody (BsAb) development has emerged
as a promising strategy for the treatment of clotting deficiency (I)
and cancer (2-4). Although only two different formats have been used
in U.S. Food and Drug Administration (FDA)-approved BsAbs to
date (1, 2), there are more than 60 currently in preclinical and clinical
development (5-7). This proliferation of different BsAb formats has
generated a panoply of designs with distinct sizes, valencies, and
interdomain configurations. Although studies have suggested that
molecular size and tumor binding affinity can influence biodistribu-
tion (8) and cytotoxicity (9), respectively, the importance of other
structural features remains largely unknown. Systematic efforts to
identify the parameters that most influence in vitro and in vivo BsAb
potency are critical for developing the best therapeutics to improve
outcomes in the clinic.

We have previously described several highly potent T cell-
engaging BsAbs using the symmetric and dual bivalent IgG-[L]-scFv
platform (10-13), in which a single-chain variable fragment (scFv)
recognizing human CD3e (huCD3g) is fused to the C termini of each
antitumor Immunoglobulin G (IgG) antibody light chain (Fig. 1A).
Although this design has consistently provided exceptionally strong
in vitro and in vivo antitumor activity against multiple tumor antigens
[ganglioside GD2 (13), CD33 (10), GPA33 (11), and HER2 (12)], the
basis for its efficacy is poorly understood.

In the present study, we examined a particularly powerful GD2-
specific IgG-[L]-scFv reagent and identified architectural features
that explain its robust antitumor activity. First, we confirmed the
importance of valency for improving in vitro cytotoxicity. Next, we
demonstrated that separation of tumor and T cell binding domains
using a single Ig domain (Cp) drastically improved in vitro cytokine
secretion and in vivo antitumor responses compared to smaller (G4S;)
or larger (Cyy;-Cyz-Cus) spacers. Last, through systematic reengineering
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of the IgG-[L]-scFv design, we showed that placing tumor and T cell
binding domains on the same side of a BsAb (cis-configuration)
improved cytotoxic potencies 50-fold and that uniting two such
cis-modules together in one dual bivalent format increased in vitro
cytotoxicity an additional 30-fold, markedly enhancing naive T cell
responses both in vitro and in vivo. Hence, the potency of a BsAb
results not only from its valency but also from the spacing and spatial
configuration of its antigen-binding domains.

RESULTS

IgG-[L]-scFv format is substantially more potent than

other common BsAb designs

We began our study by comparing the IgG-[L]-scFv format to
two BsAb formats widely used for T cell redirection applications: the
bispecific T cell engager (BiTE; same format as the FDA-approved
blinatumomab) and the IgG heterodimer (Fig. 1A and table S1).
Each BsAb was engineered to recognize ganglioside GD2 (GD2)
on tumor cells and huCD3e on T cells using the variable domain
sequences of humanized 3F8 (hu3F8) (14) and humanized OKT3
(huOKTS3) (15), respectively. Both the BiTE and the IgG-[L]-scFv
BsAbs were produced using standard mammalian expression and
affinity purification, whereas the IgG heterodimer was made through
the controlled Fab-arm exchange (16) of two distinct IgG homodimers
(hu3F8 IgG and huOKT3 IgG). For each of these parental IgG mol-
ecules, one of two Fc mutations was introduced (hu3F8 with K409R
or huOKT3 with F405L) to facilitate their monomerization and
preferential heterodimerization under reducing conditions (Fig. 1B
and table S1).

We measured the binding kinetics of each BsAb format against
GD2 and huCD3e using surface plasmon resonance (SPR) (tables S2
and S3). Expectedly, the IgG-[L]-scFv, hereafter called 2+2 (for
two anti-GD2 and two anti-huCD3e domains), displayed higher
apparent affinity for both antigens (3 nM equilibrium dissociation
constant (Kp) for GD2 and 6 nM for huCD3e) when compared to both
the BiTE (11 nM Kp for GD2 and 13 nM for huCD3¢) and IgG
heterodimer (15 nM Kp for GD2 and 130 nM for huCD3¢), hereafter
called 1+1B and 1+1H (for one anti-GD2 and anti-huCD3e domain),
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Fig. 1. In vitro comparison of IgG-[L]-scFv to common BsAb designs. (A) Schematic of BsAb panel: IgG-[L]-scFv
(2+2), BiTE (1+1B), and IgG heterodimer (1+1H). Orange domains represent anti-huCD3e domains (derived from huOKT3),
and blue domains represent anti-GD2 domains (derived from hu3F8). (B) Schematic of the IgG heterodimerization
by controlled Fab arm exchange. (C) Representative cell-binding activity of each BsAb against GD2* human M14
melanoma cells (left) and CD3* huATCs (right), measured by flow cytometry. Geometric mean fluorescence intensity
(MFI) was normalized to 2+2 (100%) for each BsAb. (D) Representative T cell-dependent cytotoxicity for each BsAb.
For reference: 2+2 is purple, 1+1B is blue, and 1+1H is red. Each curve represents one BsAb, and each point rep-
resents a single concentration, with two (flow cytometry) or three (cytotoxicity) technical replicates. Data are shown as

means + SD.

respectively. Binding to antigen-expressing cells was evaluated by
flow cytometry (Fig. 1C and data file S1), detecting bound BsAbs with
anti-idiotypic antibodies that recognized either the anti-huCD3e
domains (to measure GD2 binding) or the anti-GD2 domains (to mea-
sure CD3 binding) of each BsAb. Here, 2+2 bound GD2" human
M14 melanoma cells much more effectively than 1+1H or 1+1B,
both in terms of maximum and half-maximal effective concentra-
tion (ECsg), whereas all three formats bound similarly to activated
human T cells (huATCs).

To assess the potency of each format, we performed in vitro cyto-
toxicity assays where the BsAbs engaged huATCs against M14 human
melanoma cells (Fig. 1D and table S1). 2+2 (9 fM ECsy) was more
than 500-fold more potent than 1+1H (4 pM ECs) and more than
20-fold more potent than 1+1B (230 fM ECs). To confirm that these
differences were not specific to the hu3F8 sequence, two additional
anti-GD2 sequences (GD2.2 and GD2.3) were used to build both
2+2 and 1+1H formats (table S4). Both constructs recapitulated the
in vitro cytotoxicity differences seen with the hu3F8-based 2+2 and
1+1H formats (857- and 1959-fold, respectively), suggesting that
the markedly enhanced potency of 2+2 was not unique to the hu3F8
sequence. These results were also consistent with prior studies showing
that a 2+2 BsAb directed against CD33 was 100-fold more cytotoxic
than its 1+1H counterpart (10), indicating that this major difference
in cytotoxicity was not restricted to GD2 or membrane-proximal
antigens. We also prepared 1+1B-formatted BsAb using the GD2.2
and GD2.3 sequences. Although only one of these (GD2.2) could
express at high enough purity (>80% monomer) to make meaningful
interpretations, it too showed reduced potency compared to the
analogous 2+2 (table S4). Last, to determine whether the enhanced
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We next investigated whether the
enhanced in vitro potency of 2+2 would
translate into superior antitumor activity
in vivo (Fig. 2 and figs. S2 and S3). First,
we used a xenograft mouse model in im-
munodeficient IL-2rg '~ Rag2™~ BALB/c
double knock out (DKO) mice (Fig. 2A)
(12). DKO mice were implanted subcu-
taneously with human melanoma tumors
(M14) and then treated intravenously with
huATCs and BsAbs. 2+2 elicited strong
antitumor activity, shrinking large tumors
(up to 1000 mm?®) in all treated mice (Fig. 2B), whereas 1+1H failed
to confer any benefit relative to a control BsAbs (an IgG-[L]-scFv
directed against an irrelevant tumor antigen).

Comparing 2+2 with 1+1B in vivo was complicated by their vastly
different pharmacokinetic properties; 1+1B had a short serum half-
life of ~15 min (18) compared to ~3 days for 2+2 (table S6). To
circumvent this issue, we used an ex vivo-“armed” T cell (EAT)
xenograft model in which huATCs were prebound with BsAbs,
washed, and then injected into neuroblastoma patient-derived
xenograft (PDX)-bearing DKO mice (fig. S2A). The goal was to create
chimeric antigen receptor (CAR)-like T cells that acquired their
tumor-binding potential before adoptive transfer. Any differences
in their subsequent antitumor function could then be directly related
to the cytotoxic potency of the BsAb used to “arm” them. For these
experiments, 2+2, 1+1B, and 1+1H preincubation protocols were
optimized such that all EATs contained comparable amounts of
anti-GD2 binding domains (fig. S2B). All three BsAbs remained
stably bound to huATCs at 37°C for up to 3 days in vitro (fig. S2C),
indicating that the EATs could be treated as CAR-like T cells. How-
ever, in vivo, 2+2 EAT displayed robust antitumor activity, whereas
1+1H and 1+1B EATs both failed to show any benefit (fig. S2D).
These results confirm the enhanced efficacy of 2+2 and demonstrate
that its superiority does not arise solely from its pharmacokinetics.

Last, we tested each of the BsAbs in a syngeneic model using
C57BL/6 mice that carried a huCD3e transgene (huCD3e-tg) (19).
T cells in these mice coexpressed the huCD3e protein along with the
native murine homolog, allowing our BsAbs to engage naive T cells
directly in their natural setting (fig. S3A). Despite 2+2 having biva-
lency toward huCD3g, none of the mice in our syngeneic experiments

BsAb concentration (log[pM])
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Fig. 2. In vivo comparison of IgG-[L]-scFv to common BsAb designs. (A) Schematic of the treatment design for the
xenograft tumor model. BsAb (25 pmol) was administered intravenously twice per week (black triangle), 40 million
huATCs were administered intravenously once per week (orange triangle), and human IL-2 (1000 U) was administered
subcutaneously twice per week (gray star). An anti-GPA33 BsAb was used as a control. (B) Average (top) and individual
mouse (bottom) tumor responses in each group. In the overall response graph, each line represents one treatment
group (n=4to 5). The dotted black line represents no measurable tumor, and the black hexagon represents the tumor
implantation. Tumor averages were calculated until at least one mouse had to be euthanized. Data are shown as
means + SD. In the individual response graphs, each line represents a single mouse, and the dashed lines represent
the group average. For reference: 2+2 is purple, 1+1H is red, and the control BsAb is gray. Statistical significances
were calculated by two-way analysis of variance (ANOVA) with Tukey correction. ****P < 0.0001 for control or 1+1H

compared to 2+2.

displayed overt signs of toxicity such as weight loss or piloerection.
2+2 did induce a modest reduction in white blood cells after the first
dose (fig. S3B); however, we observed a similar drop in 1+1H- and
1+1B-treated mice, implying that this was not specific to bivalent
T cell engagement. Consistent with the results of the xenograft
models, 2+2-treated mice displayed significant (P < 0.0001) growth
inhibition of subcutaneous GD2" EL.4 lymphoma tumors. Neither
1+1H- nor 1+1B-treated mice showed any benefit (fig. S3C), despite
daily dosing of 1+1B to mimic the continuous infusion methods used
clinically, indicating that the enhanced activity of the 2+2 design
applied to both naive and preactivated T cells. Together, the results
of our in vitro data and three different animal models demonstrate
that the IgG-[L]-scFv format drives substantially more robust anti-
tumor responses than either BiTE or IgG heterodimer formats.

Interdomain spacing is critical to IgG-[L]-scFv format’s
antitumor activity

We next evaluated two additional dual bivalent BsAb formats (Fig. 3A
and table S7), an IgG-[H]-scFv (2+2HC) (20) and a human IgG;-
based BiTE-Fc (2+2B) (6). In contrast to 2+2, which used a single Ig
domain (Cy) to separate tumor and T cell binding components, 2+2HC
increased the spacing to three Ig domains (Cy;-Cpp-Chs) by fusing
each anti-huCD3e scFv to the C terminus of each anti-GD2 heavy
chain. Conversely, 2+2B used a short (G4S;) linker between each pair
of scFv’s to reduce the spacing between tumor and T cell binding
domains. All three BsAb bound GD2* human M14 melanoma cells
comparably in flow cytometric assays (Fig. 3B); however, their bind-
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in 2+2). To further investigate these un-
expected differences in in vitro function,
we performed coculture assays (Fig. 3D
and figs. S4 and S5) with naive human
T cells and GD2" M14 melanoma cells,
using T cell activation and cytokine
release as downstream readouts. 2+2 in-
duced substantially stronger interleukin-2
(IL-2) cytokine release compared to
either 2+2HC or 2+2B, in terms of both
overall response and potency. 2+2 also
elicited more potent up-regulation of the
early response surface markers CD69
and CD25 (fig. S5A), confirming that 2+2 activated T cells more
effectively than 2+2B or 2+2HC. None of the BsAbs induced mea-
surable cytokine release or T cell activation in the absence of tumor
cells (fig. S5B), demonstrating that these responses were entirely
antigen dependent.

To determine the effects of interdomain spacing on in vivo tumor
responses, we compared these three formats using both the conven-
tional (Fig. 4) and the EAT (fig. S6) xenograft models. In both
systems, only 2+2 elicited robust antitumor responses, whereas 2+2B
and 2+2HC displayed minimal efficacy relative to untreated or
unarmed controls. These results were unexpected and suggested
two important points: (i) Bivalency alone was insufficient to drive
strong antitumor function, and (ii) reducing interdomain spacing
did not necessarily confer increased cytotoxicity. Instead, the superior-
ity of the 2+2 design implied that optimal interdomain spacing and
spatial configuration were critical for driving the most robust in vitro
and in vivo antitumor responses.

Valency improves tumor and T cell binding of

IgG-[L]-scFv format

To identify the properties of the IgG-[L]-scFv format responsible for
its notable antitumor activity, we engineered four new IgG-[L]-scFv
heterodimers (Fig. 5 and table S8), which represented all possible
combinations of valency and interdomain spatial configurations.
As before, heterodimers were made by first producing the necessary
homodimeric parental IgG or IgG-[L]-scFv proteins containing
either a K409R or an F405L substitution in the Fc region. By using a
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Fig. 3. Comparison of dual bivalent BsAb designs. (A) Schematic of dual bivalent BsAb panel: IgG-[L]-scFv (2+2),
BiTE-Fc (2+2B), and IgG-[H]-scFv (2+2HC). Orange represents anti-huCD3e domains (derived from huOKT3), and blue
represents anti-GD2 domains (derived from hu3F8). (B) Representative cell-binding activity of each BsAb against GD2*
human M14 melanoma cells (left) and CD3* huATCs (right), measured by flow cytometry. Geometric mean inten-
sity was normalized to 2+2 (100%) for each BsAb. (C) Representative T cell-dependent cytotoxicity for each BsAb.
(D) Schematic of in vitro coculture assay (left) and graph of results (right). For reference: 2+2 is purple, 2+2B is blue,
and 2+2HC is green. Each curve represents one BsAb, and each point represents a single concentration, with
two (FACS, cytokine) or three (cytotoxicity) technical replicates. Data are shown as means + SD.

combination of IgG antibody and IgG-[L]-scFv BsAb directed against
GD2 or an irrelevant antigen (CD33) (10), all possible variations of
the anti-GD2 IgG-[L]-scFv format were produced (Fig. 5, A and B);
1+2 had one anti-GD2 domain replaced by a nonbinding anti-CD33
domain (humanized M195), 2+1 had one anti-huCD3e domain re-
moved, and each 1+1 had one anti-GD2 domain replaced and one
anti-huCD3e domain removed, either from the same side (cis) or
from opposite sides (trans), hereafter named 1+1C and 1+1T, respec-
tively. The purity of each preparation was confirmed using size exclu-
sion chromatography-high-performance liquid chromatography and
capillary zone electrophoresis to assess size and charge, respectively
(table S8).

We began our comparative analyses by determining the antigen-
binding affinity of all constructs by SPR (tables S9 and S10). As ex-
pected, BsAbs containing two GD2-binding Fabs (2+2 and 2+1) had
higher apparent GD2 affinity (~3 nM Kp) than monovalent formats
(142, 1+1T, 1+1C, and 1+1H; ~30 nM Kp). Similarly, BsAbs with
two huCD3e-binding scFvs (2+2 and 1+2) had higher apparent CD3
affinity (~10 nM Kp) than formats with only one (2+1, 1+1T, 1+1C,
and 1+1H; 70 to 300 nM Kp). Flow cytometric evaluation of the
binding activity of each BsAb against M14 melanoma cells and
huATCs was consistent with the SPR data, with bivalent BsAbs ex-
hibiting stronger binding to cell-associated antigen than their mon-
ovalent counterparts (Fig. 5C).

To assess how differences in binding to GD2 and huCD3e might
compound when both antigens were engaged simultaneously, we
performed an in vitro cell-to-cell conjugate assay (Fig. 5D and fig. S7).
Tumor cells and huATCs were differentially labeled with either cell
trace violet or carboxyfluorescein succinimidyl ester, respectively,
briefly incubated together with different concentrations of BsAb
and then fixed in formaldehyde for flow cytometric analysis. 2+2
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0 2 4
BsAb concentration (log[pM]) and in vivo

In vitro cytotoxicity assays targeting M14
melanoma cells revealed notable differ-
ences within the IgG-[L]-scFv panel
(Fig. 6A and table S8). 2+2 induced the
strongest antitumor cytotoxicity (26 M
ECs), followed by 2+1 (240 fM ECs)
and 142 (773 fM ECs), which were ~9-fold
and ~30-fold less effective, respectively.
Unexpectedly, 1+1C (780 fM ECs,) was
essentially equipotent to 1+2, despite having markedly less binding
activity to huCD3e. The potency of 1+1T (37 pM ECs), by contrast,
was similar to that of 1+1H (20 pM ECs), which was ~50-fold worse
than 1+2 and 1+1C, and more than 1000-fold worse than 2+2. To
confirm that these results were not GD2 specific, we performed
reciprocal cytotoxicity experiments targeting CD33. Because an
anti-CD33 Fab was used as the control arm for the anti-GD2 IgG-
[L]-scFv panel, only two additional heterodimers needed to be made
for these studies—CD33 2+1 and CD33 1+1H—whereas 1+2, 1+1T,
and 1+1C from the GD2 panel could be directly applied. CD33 2+2
(0.9 pM ECsp) was the most potent design, followed by CD33 2+1
(4.5 pM ECs), 142 (6.0 pM ECsg), CD33 1+1C (aka GD2 1+1T,
11.5 pM ECs), CD33 1+1H (134 pM ECs), and lastly CD33 1+1T
(aka GD2 1+1C, 500 pM ECs) (table S11). This confirmed that the
rank order of cytotoxic activity exhibited by the various IgG-[L]-scFv
variants was a generalizable property of format architecture and not
specific to the tumor antigen.

To explore how differences in valency and spatial configuration
affected naive T cell activation, we compared the panel of IgG-[L]-
scFv using an in vitro coculture assay (Fig. 6, B to F, and figs. S4 and
S8). Once more, IL-2 secretion revealed major differences between
the different BsAb variants. 2+2 elicited substantially stronger IL-2
secretion than all other BsAbs, displaying nearly 100-fold higher
potency than the next most stimulatory variant (Fig. 6B). 2+1, 1+2,
and 1+1C exhibited intermediate potencies, and 1+1T and 1+1H
induced weak IL-2 secretion near the lower limit of detection. T cell
activation and proliferation generally followed the same rank order,
although with smaller differences, and remained consistent for both
CD4" and CD8" T cell subsets (Fig. 6, C to F, and fig. S8, A and B). 2+2
displayed the highest potency, whereas 1+1T was consistently the
weakest variant, indistinguishable from 1+1H and about 200-fold less
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Fig. 4. In vivo tumor responses of dual bivalent BsAb designs. (A) Schematic of the treatment design for the
xenograft tumor model. BsAb (10 pmol) was administered intravenously twice per week along with 20 million huATCs
and subcutaneous human IL-2 (1000 U) (black triangle). (B) Average (top) and individual mouse (bottom) tumor
responses in each group. In the overall response graph, each line represents one treatment group (n =5). The dotted
black line represents no measurable tumor, and the black hexagon represents the tumor implantation. Tumor averages
were calculated until at least one mouse had to be euthanized. Data are shown as means + SD. In the individual
response graphs, each line represents a single mouse, and the dashed lines represent the group average. For reference:
2+2 is purple, 2+2B is blue, 2+2HC is green, and the control group (no BsAb) is gray. Statistical significances were
calculated by two-way ANOVA with Tukey correction. ****P < 0.0001 for control, 2+2HC, or 2+2B compared to 2+2.

stimulatory than 2+2. 241, 1+2, and 1+1C generally clustered to-
gether at intermediate potencies, with 2+1 displaying slightly more
effective activation, followed by 1+2 and then 1+1C. As before, T cells
incubated with BsAb, but without tumor cells, did not exhibit any
measurable responses (fig. S8C), indicating that BsAb-mediated
T cell activation was antigen dependent.

The consistent and notable differences in efficacy between 1+1C
and 1+1T suggested that the spatial configuration of antigen-binding
domains was a key determinant of BsAb activity in vitro. Further-
more, whereas 2+2 displayed clear benefits over 2+1 and 1+2, neither
2+1 nor 1+2 was superior to 1+1C. Hence, the addition of antigen-
binding domains improved function most effectively when it created
an additional cis-module. Together, these data demonstrate that
dual bivalency within the IgG-[L]-scFv framework enhances BsAb
function by improving cell binding and presenting tumor and T cell
binding domains in cis-configuration.

To determine the effects of valency and spatial configuration on
in vivo tumor responses, we examined the IgG-[L]-scFv panel using
both xenograft and syngeneic tumor models (Fig. 7 and fig. S9). In
DKO mice bearing subcutaneous human melanoma (M14) tumors
and treated with BsAb and huATCs (Fig. 7A), 2+2 again displayed
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[L]-scFv design did not elicit measur-
able amounts of antigen-independent
activation or cytokine release and further
demonstrating that bivalency against
CD3 in the IgG-[L]-scFv design was
safe and effective. Collectively, these
results are consistent with our in vitro
findings and confirm the importance of
cis-configured tumor and T cell bind-
ing domains.

DISCUSSION

In this study, we directly examined how the IgG-[L]-scFv design
improved antitumor responses compared to multiple other formats
targeted against both GD2 and CD33. We found that dual bivalency
was crucial for function but unexpectedly not for the reasons we
had initially anticipated. Although bivalency had the expected effect
of enhancing binding against both tumor cells and T cells, several of
our results indicated that this was of secondary importance thera-
peutically. For instance, although 2+2B (BiTE-Fc) and 2+2HC
(IgG-[H]-scFv) exhibited similar tumor binding and superior T cell
binding relative to 2+2, both failed to show antitumor activity
in vivo. Furthermore, adding a second antitumor Fab (GD2 or CD33)
to 1+1C (to generate 2+1) provided only a modest improvement in
activity, and adding a second anti-huCD3e scFv to 1+1C (to gener-
ate 1+2) made essentially no difference. Effective in vitro and in vivo
antitumor activities were better correlated with two other proper-
ties: (i) the spatial orientation of tumor and T cell binding domains
in a cis-configuration and (ii) their separation by a single Ig spacer
(Cr). Using these two criteria, all tested formats are easily grouped
into a rank order of ascending efficacy: zero cis-modules (low potency):
1+1T and 1+1H; two cis-modules with suboptimal interdomain
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Fig. 5. In vitro binding activity of IgG-[L]-scFv panel. (A) Schematic of heterodimerization strategy for the IgG-[L]-scFv
panel. (B) Resulting IgG-[L]-scFv panel: 2+2, 1+1H, 2+1, 1+1T, 1+1C, and 1+2. Orange domains represent anti-huCD3e
domains (derived from huOKT3), blue domains represent anti-GD2 domains (derived from hu3F8), and black striped
domains represent irrelevant anti-CD33 domain (derived from huM195). (C) Representative cell-binding activity of
each BsAb against GD2* human M14 melanoma cells (left) and CD3* huATCs (right), measured by flow cytometry.
Geometric mean intensity was normalized to 2+2 (100%) for each BsAb. (D) Schematic of conjugate assay analysis
(left) and graph of results (right). Unconjugated cells (upper left and lower right quadrants) displayed fluorescence
under one channel, whereas conjugated cells (upper right quadrant) displayed fluorescence under two channels. For
analysis, conjugate frequency was measured as the fraction of conjugated T cells among the total T cells (red box). An
anti-CD33 BsAb was used as a control. Graphed values represent the amount of conjugate formation at each concentra-
tion of BsAb. For reference: 2+2 is purple, 1+1H is red, 2+1 is blue, 1+1T is green, 1+1C is brown, 1+2 is orange, and
the control BsAb is gray. Each curve represents one BsAb, and each point represents a single concentration, with

two technical replicates. Data are shown as means + SD.

spacing (low-moderate potency): 2+2B and 2+2HC; one cis-module
with optimal interdomain spacing (moderate potency): 2+1, 1+2, and
1+1GC; and two cis-modules with optimal interdomain spacing (high
potency): 2+2. Moreover, the beneficial effects of cis-configurations
and interdomain spacing that we have observed are consistent with
a recent report describing a high-potency T cell BsAb containing a
single cis-module (Fab-Fab) (22). We conclude that, in the case of
T cell BsAb, the total number of interactions matters less than the
way those interactions are made.

Although most of our experiments used reagents derived from
3F8 (anti-GD2) and OKT3 (anti-huCD3), other sequences were also

Santich et al., Sci. Transl. Med. 12, eaax1315 (2020) 11 March 2020

which are more difficult to activate than
effector T cells and take a longer time to
respond. It is also notable that the capacity
of each BsAb to elicit antigen-dependent
IL-2 release from T cells in vitro was the
best predictor of in vivo activity in all
animal models. This strong correlation
between in vivo potency and in vitro IL-2
production from naive T cells highlights
the importance of T cell cytokines as
components of productive antitumor
responses in addition to being biomarkers
of T cell activation. Although recent work
(24) has suggested that antileukemia ac-
tivity may not require strong cytokine release, our data suggested
that robust responses against solid tumors required potent IL-2 se-
cretion. In light of these results, it may be worth reevaluating design
strategies aimed at minimizing cytokine production to mitigate side
effects (25), because these same strategies might compromise clinical
antitumor efficacy.

Prior studies have demonstrated that BsAb-targeting epitopes
close to the tumor cell membrane (proximal) elicited more potent
T cell cytotoxicity than those that bound epitopes farther away (distal)
(26, 27), implying that close apposition between T cells and tumor
cells drives more effective T cell activation and killing. This phenomenon
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Fig. 6. In vitro functional activity of IgG-[L]-scFv panel. (A) Representative T cell-
dependent cytotoxicity of each BsAb. (B to E) T cell activation data from coculture
assays. (B) IL-2 cytokine release after 20 hours of coculture. (C) CD69 expression
intensity and (D) frequency of expression on T cells after 20 hours of coculture.
(E) CD25 expression intensity and (F) frequency of expression on T cells after 92 hours
of coculture. Assays included an anti-CD33 BsAb as a control. Schematic (bottom)
for reference: 2+2 is purple, 1+1H is red, 2+1 is blue, 1+1T is green, 1+1C s brown,
142 is orange, and the control BsAb is gray. Each curve represents one BsAb, and
each point represents a single concentration, with two (cytokine) or three (cytotoxicity)
technical replicates. Data are shown as means + SD.

has been linked to the exclusion of the inhibitory phosphatase CD45
(27), which contains a large extracellular domain that cannot fit
into tight intercellular spaces. Although this could explain why the
cis-configured 1+1C performs better than the trans-configured
1+1T in our hands, the superiority of the 2+2 (IgG-[L]-scFv) format
over the 2+2B (BiTE-Fc) design indicates that minimizing the dis-
tance between tumor antigen and T cell binding domains does not
always improve BsAb performance. In that regard, note that the
T cell receptor (TCR) is a mechanosensitive protein that undergoes
activating conformational changes in response to forces applied to
its ligand-binding domain (28, 29). Hence, the interdomain spacing
imparted by a C;, domain in the IgG-[L]-scFv format may provide
the most optimal physical constraint or mechanical coupling between
the TCR and tumor cell, resulting in stronger and/or more sustained
delivery of activating signals. Comparing the capacity of different
BsAb formats to induce TCR conformational change will be an
interesting topic for future work.

Santich et al., Sci. Transl. Med. 12, eaax1315 (2020) 11 March 2020

Our study also strongly supports the feasibility of developing
BsAbs with bivalency toward T cells. Although many BsAb designs
currently in clinical development use tumor bivalency to increase
potency (22, 30) or to improve selectivity (31), bivalency against
T cell epitopes has largely been avoided for fear of nonspecific acti-
vation (32). We found, however, that the additional cis-module
generated by adding a second anti-CD3 scFv to 2+1 markedly im-
proved both in vitro and in vivo functionality (compare 2+1 to 2+2)
without inducing toxicity. Although 2+2 did show superior T cell
binding compared to 2+1, it was inferior to both 2+2B and 2+2HC,
which also contained two anti-CD3 scFv domains. We can only
speculate as to why 2+2 binds T cells less strongly than the other
bivalent BsAbs. It may be that the IgG-[L]-scFv format imparts
structural constraints, not present in the 2+2B or the 2+2HC de-
signs, that impede consistent bivalent T cell engagement. What is
clear from our results, however, is that 2+2 outperformed both
2+2B and 2+2HC in antitumor function. Hence, T cell bivalency,
when combined with the proper interdomain spacing and spatial
configuration, can afford critical improvements in activity that are
independent of its capacity to enhance T cell binding. Last, as a dual
bivalent design, the IgG-[L]-scFv format gains the added benefit of
being symmetrical and is therefore less complicated to manufacture
relative to asymmetrical designs that combine tumor bivalency with
T cell monovalency.

Note also that monovalent T cell engagement does not nec-
essarily eliminate clinical toxicities such as cytokine release or
antigen-independent immune activation. Many dual monovalent
formats such as blinatumomab, the FDA-approved anti-CD19
BiTE, or tandem-scFv BsAbs targeting CD123 induced substantial
cytokine release or neurotoxicity during their clinical develop-
ment (33-37), although this has been ameliorated by the use of
tocilizumab and pretreatment with steroids (38). Although the add-
ed complexity of extra binding domains might be expected to com-
plicate clinical grade development (by compromising stability or
reagent purity) or increase immunogenicity, relative to mono-
valent designs, we have not observed these issues when generating
clinical-scale quantities of the anti-GD2 IgG-[L]-scFv BsAb. A
phase I clinical trial of the GD2-specific 2+2 is currently underway
(NCT03870207), and it will be interesting to compare any immune-
mediated side effects with those that have been reported for mono-
valent BsAb.

Despite 30 years of development, to date, only one T cell BsAb
has been clinically approved by the FDA, with most failing due to
insufficient potency in the face of dose-limiting toxicities (typically
cytokine release related). Here, we have shown that cis-configured
binding domains and dual bivalency can provide log-fold improve-
ments to T cell BsAb potencies in vitro and superior efficacies
in vivo. If incorporated into future BsAb design strategies, these
conceptual guidelines may substantially improve clinical outcomes.
Although the IgG-[L]-scFv design may not be optimal for all anti-
CD3 sequences, or against certain classes of tumor antigens (large
bulky proteins, secreted or cleaved epitopes, etc.), we believe that
it represents a good standard for most T cell-engaging BsAbs and
is a marked improvement over many other conventional formats.
By combining the benefits of symmetry (2+2), spatial configu-
ration (cis), interdomain spacing (Cr), and pharmacokinetics
(IgG-like), an OKT3-based IgG-[L]-scFv could potentially drive
forward both clinical progress and academic studies in com-
ing years.
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Fig. 7. In vivo antitumor activity of IgG-[L]-scFv panel. (A) Schematic of the treatment design for the xenograft
tumor model. BsAb (25 pmol) was administered intravenously twice per week along with 20 million huATCs and
subcutaneous and human IL-2 (1000 U) (black triangle). An anti-CD33 BsAb was used as a control. (B) Average (top)
and individual mouse (bottom) tumor responses in each group. In the overall response graph, each line represents
one treatment group (n=5). The dotted black line represents no measurable tumor, and the black hexagon rep-
resents the tumor implantation. Tumor averages were calculated until at least one mouse had to be euthanized. Data
are shown as means + SD. In the individual response graphs, each line represents a single mouse, and the dashed
lines represent the group average. For reference: 2+2 is purple, 1+1H is red, 2+1 is blue, 1+1T is green, 1+1Cis brown,
142 is orange, and control BsAb is gray. Statistical significances were obtained by two-way ANOVA and Tukey correc-
tion. ****P < 0.0001 for control, 1+1H, and 1+1T compared to 1+2, 1+1C, 2+1, or 2+2. ***P < 0.001 for 1+2 or 1+1C

compared to 2+1 or 2+2. **P < 0.01 for 2+1 compared to 2+2.

MATERIALS AND METHODS

Study design

The primary objective of this study was to identify the effects of BsAb
format on in vitro and in vivo antitumor function. We compared
nine BsAb formats using human and murine T cells, cell lines, and
human PDX tumors.

For in vivo experiments, sample sizes were determined on the
basis of the observed variation in tumor progression and response
in previous studies (9, 12, 13). Four to five animals were used for each
group in every animal experiment. Mice were followed until tumors
became too large (>1500 mm?), and no data were excluded. All mice
from the same treatment groups were cohoused in the same cage.
Experiments using female mice were completely randomized after

Santich et al., Sci. Transl. Med. 12, eaax1315 (2020) 11 March 2020
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any mice throughout these experiments.

—25 25 75 125 > The three mouse models used were as

follows: (i) an immunodeficient xenograft
model (12), (ii) an immunodeficient
armed T cell xenograft model (21), and
(iii) an immunocompetent huCD3e-
transgenic syngeneic model (19). In the
first model, 8- to 16-week-old male DKO
(Taconic, 11503) mice were implanted
subcutaneously with M14 melanoma cells
or IMR32 neuroblastoma cells. After 5 to
15 days (tumors about 100 to 200 mm”),
mice were treated intravenously with
huATCs (40 or 20 million cells, once or
twice per week, respectively), intra-
venously with BsAb (10 to 25 pmol, twice per week), and subcuta-
neously with human IL-2 (aldesleukin, 1000 U, twice per week) for
3 weeks.

For the second model, 10- to 16-week-old male or female DKO
mice were implanted with digested PDX tumors (each tumor was
passaged into 10 new mice). Treatment began 8 to 20 days after
implantation. For each treatment, huATCs were incubated in vitro
with each BsADb for 20 min at room temperature. After the incubation,
cells were washed once and injected intravenously into xenografted
mice (20 million cells, twice per week) along with subcutaneous IL-2
(aldesleukin, 1000 U, twice per week) for 3 weeks.

For the third model, B6.Cg-Tg(CD3E)600Cpt/] (huCD3e-tg;
The Jackson Laboratory, 020456) mice were bred with wild-type
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C57BL/6 mice (The Jackson Laboratory, 000664) to generate
huCD3e-tg F1 heterozygotes, which were used for all experiments.
From here, 8- to 16-week-old male mice were implanted subcutane-
ously with 50000 EL.4 lymphoma cells. After 7 days, mice were
treated intravenously with BsAb (25 pmol, twice per week) for 3 weeks.
The BiTE was dosed daily (7 pmol per dose) for 3 weeks to account
for poorer pharmacokinetics.

All cell line implantations used Matrigel (Corning, 354234) at a
ratio of 3:1 by volume (Matrigel to cells). PDX tumors were im-
planted by the antitumor assessment core facility at MSKCC. Plasma
was collected retro-orbitally and stored at —80°C until assayed. Com-
plete blood count measurements were performed on freshly collected
whole blood (EDTA neutralized) using an HT5 Hematology Ana-
lyzer (Heska) in the antitumor assessment core facility. Data were
plotted using GraphPad Prism 8.

Pharmacokinetic analysis

Female Balb/c nude mice [Envigo, 069(nu)/070(nu/+)] were injected
with 100 pg of BsAb or monoclonal antibody (mAb) and bled serially
over 7 days (30 min to 168 hours). Blood was processed as serum
and frozen until all samples were acquired. Serum concentrations of
BsAb or mAb were determined by enzyme-linked immunosorbent
assay. Briefly, wells were coated with anti-3F8 idiotype antibody
(50 ul, 20 pg/ml) overnight at room temperature. After this, plates
were washed with phosphate-buffered saline (PBS) and blocked with
PBS supplemented with 0.5% bovine serum albumin (Sigma, A7906)
for 1 hour at room temperature. Serum samples were added at dilu-
tions of 1:100 and 1:1000 in duplicate and incubated at 37°C for
2.5 hours. Samples were then detected with a mouse anti-human
Fc-specific secondary antibody conjugated with horseradish perox-
idase (SouthernBiotech, clone 4E3, 9052-05) for 1 hour at 4°C. Plates
were developed with o-phenylenediamine (Sigma, P8287-100TAB)
and stopped with 5 N sulfuric acid. Plates were read at 490 nm using
a BioTek H1 plate reader (Synergy) with the Gen5 software (version
v2.09). Protein concentrations were calculated using a standard curve
of either 2+2 or hu3F8 IgG, fitted using a three-parameter logistic
fitting. Pharmacokinetic analysis was carried out by noncom-
partmental analysis of the serum concentration-time data using
WinNonlin software program (Pharsight Corp.).

Statistical analyses

All statistical analyses were performed using Prism software version
8.0 (GraphPad). P values for comparisons between multiple groups
were determined by two-way analysis of variance (ANOVA) with
subsequent Tukey correction. For all statistical tests, a P value of
< 0.05 was used to denote statistical significance. All error bars de-
note the SD, unless otherwise noted in the figure legends. Original
data are in data file S1.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/534/eaax1315/DC1
Materials and Methods

Fig. S1. In vitro binding activity of murine T cell BsAb panel.

Fig. S2. In vivo tumor responses using EAT xenograft tumor model.
Fig. S3. In vivo tumor responses using syngeneic tumor model.
Fig. S4. In vitro coculture assay analysis.

Fig. S5. Naive T cell activation by dual bivalent BsAb formats.

Fig. S6. In vivo tumor responses using EAT xenograft tumor model.
Fig. S7. In vitro conjugate assay analysis.

Fig. S8.T cell activation using the IgG-[L]-scFv panel.

Fig. S9. In vivo tumor responses using syngeneic tumor model.
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Table S1. In vitro properties and design of anti-GD2 BsAb.

Table S2. GD2 binding kinetics for BsAb using SPR.

Table S3. huCD3e binding kinetics for BsAb using SPR.

Table S4. In vitro properties and design of additional anti-GD2 BsAb.
Table S5. muCD3e binding kinetics for BsAb using SPR.

Table S6. In vivo pharmacokinetics of 2+2 BsAb.

Table S7. In vitro properties and design of dual bivalent BsAb.

Table S8. In vitro properties and design of anti-GD2 IgG-[L]-scFv panel.
Table S9. GD2 binding kinetics for IgG-[L]-scFv panel using SPR.

Table $10. huCD3e binding kinetics for IgG-[L]-scFv panel using SPR.
Table S11. In vitro properties and design of anti-CD33 IgG-[L]-scFv panel.
Data file S1. Original data.

View/request a protocol for this paper from Bio-protocol.
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SUPPLEMENTARY MATERIALS

Materials and Methods

Protein sequences

Anti-GD2 antibodies (except for GD2.2 and GD2.3) used Vx and V. domains from hu3F8 (14).
Anti-CD3 antibodies used Vn and Vi domains from huOKT3 (15) or 145-2C11 (17). Anti-CD33
antibodies used Vy and Vi domains from huM195 (10). Anti-HER2 control antibodies used Vn
and V. domains from trastuzumab (12). Anti-GPA33 control antibodies used VH and Vi
domains from huA33 (11). 1IgG-based proteins used a human 1gG: framework that contained
both N297A and K322A mutations to eliminate Fc receptor and complement binding activities,
respectively. 1gG-[L]-scFv and IgG-[H]-scFv domains used three G4S: domains as a linker
between the scFv domain and either C. or Cns domains, respectively. An additional six G4S:
domains were used as a linker between the V4 and V. domains of the huCD3e scFv. All control
antibodies contained irrelevant tumor-binding domains (anti-CD33, anti-HERZ2, or anti-GPA33)

but retained identical Fc domains and T cell-binding domains (huCD3g).

Protein production

All proteins were expressed using the Expi293 Expression System (Invitrogen, A14524),
according to manufacturer’s instructions. Briefly, expression plasmids for each bispecific
antibody (BsAb) were amplified and purified using the PureLink HiPure Plasmid Filter
Maxiprep Kit (Invitrogen, K210016), then diluted and incubated with Expifectamine (Invitrogen)
for 20 minutes before being added to cell suspensions. Cells were incubated in shaker culture for
four days or until cell viability dropped <70%, whichever came first. IgG-based proteins were

purified with a protein A column using a P920 AKTA FPLC (GE) and eluted with a 1:1 (v/v)



mix of citric acid buffer [43 mM citric acid (Sigma A104), 3 mM sodium citrate (Sigma, S1804)]
and sodium citrate solution [25 mM sodium citrate (Sigma), 150 mM sodium chloride (Fisher,
S271)]. The BIiTE (1+1B) was purified using prepacked Ni>* NTA columns (GE, 11003399) and
eluted using 50 mM imidazole (Sigma, 792527). All proteins were buffer exchanged overnight
into a pH 8.2 sodium citrate solution [25 mM sodium citrate (Sigma), 150 mM sodium chloride

(Fisher)] and subsequently analyzed by SEC-HPLC (Shimadzu) to determine purity.

Heterodimerization

Heterodimerization was achieved using Fab Arm Exchange (FAE), following standard protocols
for benchtop scale (16). Briefly, K409R or F405L mutations were placed in the Fc regions of
each reciprocal pair of 1gG or IgG-[L]-scFv BsAbs (tables S1, S5, S7, and S10) to be
heterodimerized. Each pair of homodimers was mixed at 1:1 molar ratio and incubated under
reducing conditions for five hours at 31 °C. After this incubation, samples were buffer
exchanged overnight into a pH 8.2 sodium citrate solution [25 mM sodium citrate (Sigma), 150
mM sodium chloride (Fisher)]. Samples were subsequently moved to 4 °C for another 18-24
hours before being analyzed by SEC-HPLC (Shimadzu) and CZE (Sciex) to assess
heterodimerization purity. Sample molecular weight and purity were confirmed by comparing
sample chromatograms and peak values to those of known standards (BioRad, 1511901) or
parental homodimer samples. The stability of all IgG-based antibodies was evaluated by SEC-
HPLC after extended incubations (over three weeks) at 37 °C and 40 °C. No differences in

stability were seen with any of the BsAbs.

Cells and cell lines



IMR32 and EL.4 cell lines were obtained from ATCC. IMR32 cells were transfected with
luciferase before use in all assays. M14 cell lines were obtained from University of California,
Los Angeles, and transfected with luciferase before use in all assays. Nalm6 cell lines were
obtained from Dr. Abdel-Wahab at MSKCC and transfected with human CD33 before use in all
assays. IMR32, EL.4, M14, and Nalm6 cell lines tested negative for mycoplasma. IMR32,
Nalm6, and M14 melanoma cells were validated by STR. All cell lines were maintained in RPMI
medium (Corning, 15-040-CM) supplemented with 10% heat inactivated fetal calf serum (VWR,
96068-085), 2 mM L-glutamine (Sigma, G5792), and 1% penicillin/streptomycin (Corning, 30-
002-Cl). Activated murine T cells (muATCs) were generated by stimulating splenocytes from
OT-1 Rag2 "~ C57BL/6 transgenic mice. Briefly, OT-I splenocytes were incubated with peptide-
pulsed (ovalbumin, SIINFEKL) splenocytes from wild-type C57/BL6 mice in RPMI medium
supplemented with 10% heat inactivated fetal calf serum (VWR), 2 mM L-glutamine (Sigma),
1% penicillin/streptomycin (Corning, 30-002-Cl), 0.1% 2-mercaptoethanol (Gibco, 21985-023)
and 30 U/ml of human IL-2 (aldesleukin, Prometheus Laboratories). T cells were passaged on
day 3 after stimulation and supplemented with fresh medium and human IL-2 (aldesleukin) daily.
Cells were used for cytotoxicity assays between day 5 and day 8 of culture and were used for
flow cytometry assays between day 7 and day 9. Activated human T cells (huATCs) were
generated by stimulating healthy donor T cells (consented in protocol NCT02650648) with
Human T-Activator CD3/CD28 Dynabeads (Invitrogen, 11131D). Briefly, T cells were
incubated with CD3/CD28 beads (bead to T cell ratio of 1:2) in RPMI medium (Corning, 15-
040-CM) supplemented with 10% heat inactivated fetal calf serum (VWR), 2 mM L-glutamine
(Sigma), 1% penicillin/streptomycin (Corning), and 30 U/ml of human IL-2 (aldesleukin). Cells

were passaged on days 2 and 4 and supplemented daily with fresh medium and human IL-2



between day 4 and day 7. T cells were stimulated up to two times (once at day 1 and again at day
8) for up to 21 days of culture. For in vivo experiments, huATCs were used at day 8 of culture
(only one stimulation). For in vitro assays (cytotoxicity, cell binding, or conjugate assays),
huATCs were used between day 15 and 18 of culture (two stimulations). Patient-derived
xenograft (PDX) tumors were established by the antitumor core at MSKCC from surgical

samples of patients (consented in protocol NCT00588068).

Cell binding measurements

Cell binding of BsAb was measured by flow cytometry. MuATCs, huATCs, or M14 melanoma
cells were incubated with titrations of each BsAb, in duplicate. For staining procedures using
IgG-based formats, bound BsAb was detected using an anti-human Fc secondary (Southern
Biotech, goat anti-human IgG-PE, 2040-09). For anti-idiotype staining methods, an anti-3F8 or
anti-OKT3 idiotype antibody was used for detection. The anti-3F8 idiotype was detected using a
goat anti-rat IgG-APC secondary (Biolegend, Clone Poly4054, 405407) and the anti-OKT3
idiotype was detected using a goat anti-mouse 1gG-PE (Southern Biotech, 1010-09). Anti-
idiotype antibodies were generated at MSKCC and validated by ELISA. All incubations were for
30 minutes at 4 °C. Experiments were repeated multiple times, with graphs presenting a single
representative experiment. Samples were acquired using a BD FACSCalibur and analyzed by

FlowJo 10.5.3 and GraphPad Prism 8.

Affinity measurements
Binding kinetics were evaluated using SPR (GE, Biacore T200) as described previously (13).

Briefly, SA or CM5 chips were coated with biotin-GD2 (Elicityl Oligotech) or CD3d¢ antigens,



respectively (huCD36e from Acro Biosystems and muCD3de from Abcam). A five-step titration
series of each BsAb was flowed over them, followed by two blank cycles and two regeneration
cycles. Binding affinities were calculated using a two-state reaction model with the GE Biacore

Evaluation software. Data were plotted using GraphPad Prism 8.

Cytotoxicity measurements

Cytotoxicity was evaluated using a °'Cr release assay. Briefly, target cells were incubated with
100 pCi of sodium chromate (Perkin Elmer) per one million cells for one hour and washed twice.
Labeled target cells were then mixed with effector cells (MuATC or huATC, 10:1 E:T) and
serially titrated BsAb, in triplicate. After four hours, released *!Cr was measured using a gamma
counter (Perkins-Elmer). Cell lysis was calculated using the formula [Sample Lysis —
Spontaneous lysis]/[Total Lysis — Spontaneous Lysis], where spontaneous lysis measured
released ®'Cr from target cells without antibody or T cells, and total lysis measured released >Cr
from target cells mixed with 10% SDS. Specific lysis was calculated by subtracting the measured
release from a sample without BsAb (T cells and target cells only) from the calculated cell lysis.
To calculate the ECso, curves were fitted using a four-parameter logistic fitting with GraphPad

Prism 8.

Conjugate formation

huATCs were labeled with CFSE (Invitrogen, C34554), and M14 melanoma cells were labeled
with Cell Trace Violet (Invitrogen, C34557). Cells were incubated with 2.5 uM of dye (50
million/ml in PBS) for five minutes at room temperature. The reaction was quenched by the

addition of 10-fold excess of complete RPMI and incubated at 37 °C for 20 min. After one wash,



effector and target cells were mixed (1:5 E:T) and added to serially titrated BsAb, in duplicate.
After 30 minutes of incubation at 37 °C, cells were fixed (2% PFA) for 10 min (room
temperature) and washed once in PBS. Conjugate frequency was calculated as the fraction of T
cell:tumor cell conjugates (CTV+/CFSE+) among total T cells (CFSE+), subtracting the average
non-specific conjugate rate (T cells + tumor cells without BsAb). Cells were acquired using a BD
Fortessa and analyzed using FlowJo 10.5.3. Curves were fitted using a four-parameter logistic

fitting with GraphPad Prism 8.

Activation assay

Human peripheral blood mononuclear cells were isolated from leukopacks (New York Blood
Center) by ficoll separation. Naive human T cells were purified using Dynabeads Untouched
Human T-cells Kit (Invitrogen, 11344D). Purified T cells were incubated with M14 melanoma
cells (10:1 E:T) and serially titrated BsAb, in duplicate. After 20 hours, supernatant was
collected and frozen at -80°C for subsequent analysis. Cell pellets were then stained with
antibodies against CD4-APC (Biolegend, Clone OKT4, 317416), CD8-PerCP-Cy5.5 (Biolegend,
Clone HITa, 300924), CD45-PE-Cy7 (Biolegend, Clone T200, 368532), and CD69-PE
(Biolegend, Clone 1V A91, 310906) to assess CD69 upregulation. For the 92-hour timepoint, T
cells were first labeled with 2.5 uM Cell Trace Violet (Invitrogen), following the conjugate
formation protocol. After 92 hours of co-culture, cells were stained with antibodies against CD4-
APC (Biolegend, Clone OKT4, 317416), CD8-PerCP-Cy5.5 (Biolegend, Clone HITa, 300924),
CD45-PE-Cy7 (Biolegend, Clone T200, 368532), and CD25-PE (Biolegend, Clone BC96,

302606) to assess CD25 upregulation and Cell Trace Violet dilution. Cells were acquired using a



BD Fortessa and analyzed using FlowJo 10.5.3. Curves were fitted using a four-parameter

logistic fitting with GraphPad Prism 8.

Cytokine Measurements

Frozen supernatant from the activation assay (20 hour) was used to measure in vitro cytokine
production. Human cytokine IL-2 was measured with the 5-plex LEGENDplex Human Thl
Panel (Biolegend, 740723) according to manufacturer guidelines. Frozen plasma samples from
the syngeneic animal experiment (4 hours after the first BsAb dose) were used to measure in
Vivo cytokine production. Mouse cytokine IL-6 was measured with the 5-plex LEGENDplex
Mouse Th1 Panel (Biolegend, 740744) according to manufacturer guidelines. Briefly,
supernatants were diluted 5-fold and plasma samples were diluted 2-fold, then mixed with
appropriate amounts of sample buffer and prelabeled cytokine beads. After two hours of shaking
incubation at room temperature, samples were washed and biotinylated secondary antibodies
were added. Following a one hour incubation, PE-labeled streptavidin was added directly. After
30 minutes, samples were washed, acquired using a BD FACSCalibur flow cytometer and
analyzed using FlowJo 10.5.3. Cytokine concentrations were calculated from a standard curve.
Plasma collected separately from non-tumored huCD3e mice treated with hu3F8 x OKT3 or
trastuzumab x OKT3 chemically conjugated BsAb (21) were used as positive controls. Curves

were fitted using a four-parameter logistic fitting with GraphPad Prism 8.
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Fig. S1. In vitro binding activity of murine T cell BsAb panel. Schematic of the murine T-cell
BsAb panel (left) with representative mouse T cell binding (right), measured by flow cytometry.
Geometric mean fluorescence intensity (MFI) was normalized to 2+2 (100%) for each BsAb. For
reference: 2+2 is purple, and 1+1H is red. Each curve represents one BsAb, and each point
represents a single concentration, with two technical replicates. Data are shown as means *

standard deviation.
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Fig. S2. In vivo tumor responses using EAT xenograft tumor model. (A) Schematics of
treatment design for ex vivo “armed” T cell (EAT) xenograft model. EAT were administered
intravenously, and human IL-2 (1,000 U) was administered subcutaneously, twice per week
(black arrow). For each dose, 20 million huATCs were incubated with 50 pmol of 2+2, 2 pmol of
1+1B, or 100 pmol of 1+1H. (B) Representative titration experiments to determine the arming
dose for each BsAb. Each point represents a different concentration of BsAb, with three
technical replicates, and the dotted line represents the final concentration used for in vivo
experiments. Data are shown as means + standard deviation. The shaded area represents the
target arming concentration (midway between ECso and ECwmax). (C) Representative BsAb EAT
binding stability. Each bar shows the binding intensity of one BsAb EAT, detected with an anti-

GD2 idiotype antibody. Bars are normalized to their initial intensity (day 0). (D) Average (top)



and individual mouse (bottom) tumor responses in each group. In the overall response graph,
each line represents one treatment group (n=5). The dotted black line represents no measurable
tumor, and the black hexagon represents the tumor implantation. Tumor averages were
calculated until at least one mouse had to be euthanized. Data are shown as means + standard
deviation. In the individual response graphs, each line represents a single mouse, and the dashed
line represents the group average. For reference: 2+2 is purple, 1+1B is blue, 1+1H is red, and
unarmed huATC (No BsADb) is gray. In this experiment, the lot of 1+1B used was 85% pure by
SEC-HPLC but showed identical activity to the lot used in vitro. Statistical significances were
calculated by two-way analysis of variance (ANOVA) and Tukey correction. *P < 0.05, ***P <
0.0002 for control, 1+1B, or 1+1H compared to 2+2. ****P < (0.0001 for 1+1B or 1+1H

compared to 2+2.
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Fig. S3. In vivo tumor responses using syngeneic tumor model. (A) Schematic of the
treatment design for the syngeneic tumor model. 25 pmol of BsAb was administered
intravenously twice per week (black triangle). An anti-HER2 BsAb was used as a control. (B)
White blood cell (WBC) counts before (purple) and four hours after (orange) the first BsAb dose.
The gray bar represents the mean + one standard deviation of WBC counts from non-tumored
age-matched mice (n=15). (C) Average (top) and individual mouse (bottom) tumor responses in
each group. In the overall response graph, each line represents one treatment group (n=5). The
dotted black line represents no measurable tumor, and the black hexagon represents the tumor
implantation. Tumor averages were calculated until at least one mouse had to be euthanized.
Data are shown as means + standard deviation. In the individual response graphs, each line
represents a single mouse, and the dashed line represents the group average. For reference: 2+2
is purple, 1+1B is blue, 1+1H is red, and the control BsAb is gray. In this experiment, the lot of
1+1B used was 85% pure by SEC-HPLC but showed identical activity to the lot used in vitro.
Statistical significances were calculated by two-way analysis of variance (ANOVA) and Tukey

correction. ****p < 0.0001 for control, 1+1B, or 1+1H compared to 2+2.
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Fig. S5. Naive T cell activation by dual bivalent BsAb formats. (A) T cell activation after co-
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absence of tumor. CD69 expression (left) and IL-2 release (middle) after 20-hour incubations.
CD25 expression (right) after 92-hour incubation. Each line represents a single BsAb, and each
point represents a single concentration, with two technical replicates. Schematics (bottom right)
for reference: 2+2 is purple, 2+2B is blue, 2+2HC is green, and the control BsAb is gray. Data

are shown as means + standard deviation.
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Fig. S6. In vivo tumor responses using EAT xenograft tumor model. (A) Schematics of
treatment design for ex vivo “armed” T cell (EAT) xenograft model. EATs were administered
intravenously, and human IL-2 (1,000 U) was administered subcutaneously, twice per week
(black arrow). For each dose, 20 million huATCs were armed with 10 pmol of 1gG-[L]-scFv, 13
pmol of BiTE-Fc, and 10 pmol of 1gG-[H]-scFv. (B) Average (top) and individual mouse
(bottom) tumor responses in each group. In the overall response graph, each line represents one
treatment group (n=5). The dotted black line represents no measurable tumor, and the black
hexagon represents the tumor implantation. Tumor averages were calculated until at least one
mouse had to be euthanized. Data are shown as means + standard deviation. In the individual

response graphs, each line represents a single mouse, and the dashed line represents the group



average. (C) Representative titration experiments to determine the arming dose for each BsAb.
Each point represents a different concentration of BsAb, with three technical replicates, and the
dotted line represents the final concentration used for in vivo experiments. Data are shown as
means + standard deviation. The shaded area represents the target arming concentration (midway
between ECso and ECwmax). For reference: 2+2 is purple, 2+2B is blue, 2+2HC is green, and the
control BsAb is gray. Statistical significances were calculated by two-way analysis of variance

(ANOVA) and Tukey correction. ****P < 0.0001 for control, 2+2B, or 2+2HC compared to 2+2.
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Fig. S8. T cell activation using the 1gG-[L]-scFv panel. (A-B) T cell activation and

proliferation after co-culture with BsAb in the presence of tumor. (A) CD69 (left) and CD25

(right) expression on CD4 and CD8 T cells. (B) Total (left), CD4 (center), and CD8 (right) T cell

proliferation after co-culture. (C) T cell activation (left, center) or proliferation (right) after

incubation with BsAb in the absence of tumor. Schematics (right) for reference: 2+2 is purple,

1+1H is red, 2+1 is blue, 1+1T is green, 1+1C is brown , 1+2 is orange, and the control the BsAb

is gray. Each line represents a single BsAb, and each point represents a single concentration,

with two technical replicates. Data are shown as means + standard deviation.
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Fig. S9. In vivo tumor responses using syngeneic tumor model. (A) Schematic of the

treatment design for the syngeneic tumor model. 25 pmol of BsAb was administered

intravenously twice per week (black triangle). An anti-CD33 BsAb was used as a control. (B)

Average (top) and individual mouse (bottom) tumor responses in each group. In the overall

response graph, each line represents one treatment group (n=5). The dotted black line represents

no measurable tumor, and the black hexagon represents the tumor implantation. Tumor averages

were calculated until at least one mouse had to be euthanized. Data are shown as means +

standard deviation. In the individual response graphs, each line represents a single mouse, and

the dashed line represents the group average. (C) Plasma IL-6 concentrations four hours after the

first BsAb dose. Each point represents a single mouse. The positive control is a chemically

conjugated BsAb containing OKT3 IgG. For reference: 2+2 is purple, 1+1H is red, 2+1 is blue,

1+1T is green, 1+1C is brown, 1+2 is orange, and the control the BsAb is gray. Statistical



significances were calculated by two-way analysis of variance (ANOVA) and Tukey correction.

****P < 0.0001 for control, 2+1, 1+2, 1+1C, 1+1T, or 1+1H compared to 2+2.



Table S1. In vitro properties and design of anti-GD2 BsAb.

sy | ECo | Foid | 002 | D3 | upopiman | aosimab | HPLC

Purity (%)
2+2 0.009 - 2 2 - - 96%
1+1B 0.234 26 1 1 - - 99%
1+1H 4.475 497 1 1 IgG(hu3F8) | IgG(huOKT3) 98%

Summary of in vitro cytotoxicity ECso, fold-difference in ECso, antigen valency, FAE design,
and protein purity by SEC-HPLC for common BsAb panel. Fold change is calculated in
reference to the ECso of 2+2. Purity is calculated as the fraction of protein at correct elution time

out of the total protein by area under the curve of the SEC-HPLC chromatogram.



Table S2. GD2 binding kinetics for BsAb using SPR.

Apparent | Fold P
BsAb Ko (M) | Change Kaz (1/Ms) | Kka (1/s) Kaz (1/5) ka2 (1/s) | Chi?(RU?)

2+2 2.5 - 1.0E+06 1.1E-02 1.9E-02 5.6E-03 2.6
1+1B 11 5 2.2E+05 8.3E-02 2.5E-02 7.8E-04 79.9
1+1H 15 6 2.2E+05 5.8E-02 3.0E-02 1.8E-03 2.7

GD2 binding kinetics summary for common BsAb panel. Data were generated from two-state
reaction model using Biacore Evaluation software. Chi? represents deviation of the fitted data
from the experimental data measured in RU. Fold change is calculated in reference to the Kp of

2+2.



Table S3. huCD3¢ binding kinetics for BsAb using SPR.

BsAb AKEpar,fA“)t cEng%e Ket (UMs) | ke (1S) | ke (1/5) | ke (1/5) | Chi2(RU?)
242 5.8 i 41E+06 | 20E-01 | 9.5E-03 | 1.3E-03 9.7
1+1B 13 2 02E+07 | 256400 | 5.7E-03 | 5.6E-03 18
141H | 130 22 | 94E+05 | 12E+00 | 25E-02 | 2.7E-03 0.9

huCD3¢ binding kinetics summary for common BsAb panel. Data were generated from two-state
reaction model using Biacore Evaluation software. Chi? represents deviation of the fitted data
from the experimental data measured in RU. Fold change is calculated in reference to the Kp of

2+2.



Table S4. In vitro properties and design of additional anti-GD2 BsAb.

BAb | oh | Change | valoncy | valeney | K40RMAD | FaosLmab | RO

GD222+2 | 0.024 - 2 2 - - 98%
GD2.2 1+1H 21 875 1 1 1gG(GD2.2) | 1gG(huOKT3) 96%
GD221+1B | 331 138 1 1 - - 98%
GD232+2 | 0.049 - 2 2 - - 98%
GD2.3 1+1H 9% 1959 1 1 1gG(GD2.3) | 1gG(huOKT3) 100%

2C11 2+2 0.804 - 2 2 - - 96%
2C111+1H | 9869 | 12.3 1 1 lgG(hu3F8) | IgG(ch2C11) 96%

Summary of in vitro cytotoxicity ECso, fold-difference in ECso, antigen valency, FAE design,
and protein purity by SEC-HPLC for additional anti-GD2 BsAb panel. Fold change is calculated
in reference to the ECso of matching 2+2. Purity is calculated as the fraction of protein at correct

elution time out of the total protein by area under the curve of the SEC-HPLC chromatogram.



Table S5. muCD3¢ binding kinetics for BsAb using SPR.

Apparent | Fold D o112
BsAb Ko (M) | Change ka (L/Ms) | ka(1/s) | Chi*(RU?)

2C11 2+2 61.5 - 2.5E+04 | 1.5E-03 0.03
2C11 1+1H 94.6 15 6.0E+04 | 5.7E-03 0.15

muCD3g binding kinetics summary for the 2C11 BsAb panel. Data were generated from 1:1

fitting using Biacore Evaluation software. Chi? represents deviation of the fitted data from the

experimental data measured in RU. Fold change is calculated in reference to the Kp of 2C11

2+2.



Table S6. In vivo pharmacokinetics of 2+2 BsAb.

T (d) Cmax Cmin AUC (0'168h) AUC (O'w) Clobs Clpred VSSobs VSSpred

12 (mg/mL) | (mg/mL) (h*mg/mL) (h*mg/mL) | (mL/h) | (mL/h) | (mL) (mL)

242 3.68 36.58 3.23 1269.40 1680.61 0.060 0.061 6.65 6.55
1gG 3.51 25.67 2.09 948.95 1203.02 0.083 0.083 8.53 8.52

Summary of pharmacokinetic data for 2+2 and hu3F8 1gG (for reference). Mice (n=5) were

injected with 100 ug of each protein, and blood samples were drawn retroorbitally serially over 7

days. Samples were processed to collect serum and frozen until analysis. Pharmacokinetic

analysis was carried out by non-compartmental analysis of the serum concentration-time data

using WinNonlin software program (Pharsight Corp.).




Table S7. In vitro properties and design of dual bivalent BsAb.
BSAD ECso Fold GD2 CD3 SEC-HPLC
(pM) Change | Valency | Valency Purity (%)
2+2 0.038 - 2 2 96%
2+2B 0.133 3 2 2 93%
2+2HC 0.080 2 2 2 98%

Summary of in vitro cytotoxicity ECso, fold-difference in ECso, antigen valency, and protein
purity of the dual bivalent BsAb panel. Fold change is calculated in reference to the ECsg of 2+2.
Purity is calculated as the fraction of protein at correct elution time out of the total protein by

area under the curve of the SEC-HPLC chromatogram.



Table S8. In vitro pro

erties and design of anti-GD2 1gG-[L]-scFv panel.

SEC- CZE
BsAb (EC,\;‘; C';Zr'f' . VaGIEnzc V;Efc KA409R mAb F405L mAb HPLC | Purity
P 9 y y Purity (%) | (%)
242 | 0.026 2 2 - - 96% -
1+41H | 20 748 1 1 1gG(hu3F8) IgG(hUOKT3) 98% 95%
19G(hu3F8)[LI-
241 | 0240 | 9 2 1 1gG(hu3Fs8) S v(mOkTS) 95% 97%
1gG(huUM195)[L]- | 1gG(hu3F8)-[L]- : -
1+2 1 0773 | 29 1 2 scFv(huOKT3) scFv(huOKT3) 92% 95%
1gG(hu3F8)-[L]- 0 0
141C | 0784 | 30 1 1 IgG(huM195) T (ORT3) 94% 94%
IgG(huM195)-[L]- : -
141T | 37 | 1404 1 1 IgG(hu3Fs) et (hiOKTS) 94% 94%

Summary of in vitro cytotoxicity ECso, fold-difference in ECso, antigen valency, FAE design,

and protein purity of the anti-GD2 1gG-[L]-scFv panel. Fold change is calculated in reference to

the ECso of 2+2. Purity is calculated as the fraction of protein at correct elution time out of the

total protein by area under the curve of the SEC-HPLC chromatogram or by area under the curve

of the CZE chromatogram.




Table S9. GD2 binding kinetics for 1gG-[L]-scFv panel using SPR.

BsAb ﬁngwﬂ)t CEng%e ko (UMs) | ke (1) | ke (Us) | ke (1/s) (gﬂi)
242 28 i 62E+05 | 62E-03 | 23E-02 | 89E-03 | 01
1+1H 31 11 | L7E+05 | 69E-02 | 22602 | 18E-03 | 76
2+1 25 1 74E+05 | 70E-03 | 27E-02 | 99E:03 | 04
142 31 11 | 11E+05 | 98E-02 | 28E-02 | 9.7E-04 | 44
1+1C 30 11 | 98E+04 | 11E-01 | 27E-02 | 7.76-04 | 11
1417 27 10 | 13E+05 | 10E-01 | 2.8E02 | 9.6E-04 | 18

GD2 binding kinetics summary for heterodimeric 19G-[L]-scFv panel. Data were generated from
two-state reaction model using Biacore Evaluation software. Chi? represents deviation of the
fitted data from the experimental data measured in RU. Fold change is calculated in reference to

the Kp of 2+2.



Table S10. huCD3¢ binding kinetics for IgG-[L]-scFv panel using SPR.
BsAb ﬁngwﬂ)t C';Zr'%e ko (UMs) | ke (Us) | ke (ls) | ke (1/5) (g&ii)
242 10 i 07E+06 | 3.1E-01 | 42603 | 20E-03 | 85
1+1H 70 7 36E+05 | 36E-01 | 34E02 | 26E-03 | 21
2+1 310 30 156405 | 14E-01 | 9.8E-03 | 52E:03 | 0.7
142 11 1 32E+06 | 22E-01 | 75E:03 | 14E-03 | 49
1+1C 110 11 15E+05 | 6.6E-02 | 1OE-02 | 35E:03 | 05
11T 04 9 10E+05 | 1O0E-01 | 22E-02 | 2.3E:03 | 05

huCD3¢ binding kinetics summary for heterodimeric 1gG-[L]-scFv panel. Data were generated
from two-state reaction model using Biacore Evaluation software. Chi? represents deviation of
the fitted data from the experimental data measured in RU. Fold change is calculated in reference

to the Kp of 2+2.



Table S11. In vitro properties and design of anti-CD33 1gG-[L]-scFv panel.

SEC- In GD2
BsAb (E c,\:;(; CESLd e Vill:;ig Vggr?c K409R mAb F405L mAb HPLC panel*
P g y y Purity (%)
CD33
242 0.9 2 2 - - 92% No
CD33
Teih | 1344 | 149 1 1 IgG(huM195) IgG(huOKT3) 94% No
CD33 IgG(huM195)-[L]- .
241 4.5 5 2 1 19G(huM195) scFv(huOKT3) 97% No
- 19G(huM195)-[L]- 19G(hu3F8)-[L]- 0 Same as
12| 60 | 67 1 2 scFv(huOKT3) |  scFv(huOKT3) 2% | Gpo 142
CD33 19G(hu3F8)-[L]- 0 Same as
1417 | 290 | 59 1 ! 19G(huM195) SCFV(huOKT3) 9% | gp21+1C
CD33 19G(huM195)-[L]- 0 Same as
1+1c* | S | 123 1 . 19G(hu3Fs) scFv(huOKT3) 9% | gp21+1T

Summary of in vitro cytotoxicity ECsp, fold-difference in ECsp, antigen valency, FAE design,

and protein purity of the anti-CD33 1gG-[L]-scFv panel. Fold change is based on the ECsp of

2+2. Purity is calculated as the fraction of protein at correct elution time out of the total protein

by area under the curve of the SEC-HPLC chromatogram.
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