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Abstract

T cell bispecific antibodies (BsAb) couple cytotoxic T lymphocytes to tumor cells, inducing their
destruction. Although there are over 60 classes of BsAb in development, the relative importance of
parameters such as interdomain spacing or spatial configuration are largely unknown. Here, we
dissected a symmetric dual bivalent BsAb platform (IgG-[L]-scFv: anti-tumor 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 anti-tumor
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 2,000-
fold). Additionally, separating antigen-binding components with a single Ig domain (C,)
dramatically enhanced cytokine release and in vivo tumor responses compared to smaller (G4S1)
or larger (CH1-CH2-Ch3) spacers. These findings provide guidelines for improving BsAb function
and highlight the importance of spatial configuration and dual bivalency as development
parameters.

One Sentence Summary:

T cell bispecific antibody anti-tumor function is maximized through optimal interdomain spacing
and dual cis-configurations.
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Introduction

Results

In recent years, bispecific antibody (BsAb) development has emerged as a promising
strategy for the treatment of clotting deficiency (1) and cancer (2-4). While only two
different formats have been used in FDA-approved BsAbs to date (1, 2), there are over 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 biodistribution (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 (huCD3e) is fused to the C-termini of
each anti-tumor antibody light chain (Fig. 1A). While this design has consistently provided
exceptionally strong in vitro and in vivo anti-tumor 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 1gG-[L]-scFv
reagent and identified architectural features that explain its robust anti-tumor 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 1g domain
(Cp) drastically improved in vitro cytokine secretion and in vivo anti-tumor responses
compared to smaller (G4S4) or larger (CH1-CHo-CHs) spacers. Finally, through systematic
re-engineering of the 1gG-[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, dramatically 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.

IgG-[L]-scFv format is substantially more potent than other common BsAb designs

We began our study by comparing the 19G-[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 1gG-heterodimer (Fig. 1A and table S1). Each
BsAb was engineered to recognize ganglioside GD2 (GD2) on tumor cells and human CD3e
(huCD3e) on T cells using the variable domain sequences of humanized 3F8 (hu3F8) (14)
and humanized OKT3 (huOKT3) (15), respectively. Both the BiTE and the 1gG-[L]-scFv
BsAb were produced using standard mammalian expression and affinity purification, while
the 1gG-heterodimer was made through the controlled Fab Arm Exchange (cFAE) (16) of
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two distinct 1gG homodimers (hu3F8 1gG and huOKT3 IgG). For each of these parental 19G
molecules, one of two Fc mutations were 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) (table S2 and S3). Not surprisingly, the 1gG-[L]-scFv,
hereafter called 2+2 (for two anti-GD2 and two anti-huCD3e domains), displayed higher
apparent affinity for both antigens (3 nM Kp for GD2 and 6 nM for huCD3e) when
compared to both the BiTE (11 nM Kp for GD2 and 13 nM for huCD3e) and IgG-
heterodimer (15 nM Kp for GD2 and 130 nM for huCD3e), hereafter called 1+1B and 1+1H
(for one anti-GD2 and anti-huCD3e domain), respectively. Binding to antigen-expressing
cells was evaluated by flow cytometry (Fig. 1C, data file S1), detecting bound BsAb with
anti-idiotypic antibodies that recognized either the anti-huCD3e domains (to measure GD2
binding) or the anti-GD2 domains (to measure 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 binding and binding ECsg, while all three formats bound similarly to
activated human T cells (huATC).

To assess the potency of each format, we performed in vitro cytotoxicity assays where the
BsAb engaged huATC against M14 human melanoma cells (Fig. 1D and table S1).
Strikingly, 2+2 (9 fM ECsgg) was over 500-fold more potent than 1+1H (4 pM ECsgp) and
over 20-fold more potent than 1+1B (230 fM ECsgg). To confirm that these differences were
not specific to the hu3F8 sequence, two additional anti-GD2 sequences (GD2.2, 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
1,959-fold, respectively), suggesting that the dramatically 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) expressed at high enough
purity (>80% monomer) to make meaningful interpretations, it too showed reduced potency
compared to the analogous 2+2 (table S4). Finally, to determine if the enhanced efficacy of
2+2 resulted from unique properties of the huOKT3 sequence or epitope, we made 2+2 and
1+1H BsAb using an anti-mouse CD3e (muCD3e) antibody sequence (145-2C11)(17).
Both formats bound muCD3e with similar affinities (62 nM Kp for 2C11 2+2 and 95 nM)
for 2C11 1+1H), which were substantially lower than what was observed with the anti-
human CD3e 2+2 and 1+1H BsAb (table S5 and fig. S1). Nevertheless, we found that the
2+2 format (0.8 pM ECsq) outperformed the 1+1H (9.9 pM ECs), albeit to a lesser extent
than we observed with the huOKT3 variants (table S4). Collectively, these results suggest
that the cytotoxic advantage of 2+2 over 1+1H is at least partially due to the format of the
molecule.

We next investigated whether the enhanced in vitro potency of 2+2 would translate into
superior anti-tumor activity in vivo (Fig. 2, fig. S2 and S3). First, we used a xenograft mouse
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model in immunodeficient IL-2rg~~ Rag2~~ BALB/c mice (DKO) (12) (Fig. 2A). DKO
mice were implanted subcutaneously with human melanoma tumors (M14) and then treated
intravenously with huATCs and BsAb. 2+2 elicited strong anti-tumor activity, shrinking
large tumors (up to 1,000 mm?3) in all treated mice (Fig. 2B), whereas 1+1H failed to confer
any benefit relative to a control BsAb (an 1gG-[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 pre-bound with BsAb, washed, and then
injected into neuroblastoma 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 anti-tumor 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). Importantly,
all three BsAbs remained stably bound to huATCs at 37 °C for up to 3 days in vitro (fig.
S2C), indicating that the EATSs could indeed be treated as CAR-like T cells. However, in
vivo, 2+2 EAT displayed robust anti-tumor activity, while 1+1H and 1+1B EAT 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.

Lastly, 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 co-express the huCD3e protein
along with the native murine homolog, allowing our BsAbs to engage naive T cells directly
in their natural setting (fig. S3A). Importantly, despite 2+2 having bivalency toward
huCD3e, none of the mice in our syngeneic experiments displayed overt signs of toxicity
such as weight loss or piloerection. 2+2 did induce a modest reduction in white blood cells
(WBCs) 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. Taken together, the results
of our in vitro data and three different animal models demonstrate that the 1gG-[L]-scFv
format drives substantially more robust anti-tumor responses than either BiTE or IgG-
heterodimer formats.

spacing is critical to IgG-[L]-scFv format’s anti-tumor 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 1gG4 based BiTE-Fc (2+2B)(6). In contrast to 2+2,
which used a single Ig domain (C, ) to separate tumor and T cell binding components,
2+2HC increased the spacing to three 1g domains (Cq1-CH2-CHs3) by fusing each anti-
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huCD3e scFv to the C-terminus of each anti-GD2 heavy chain. Conversely, 2+2B used a
short (G4S1) 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 cytometry assays (Fig. 3B), however, their binding to T cells was
surprisingly different. 2+2B bound most effectively, displaying enhancement in both
maximum binding and binding ECsg relative to both 2+2 and 2+2HC. 2+2HC exhibited
about 10-fold greater T cell binding potency than 2+2, with comparable maximum binding.
These results reveal that interdomain spacing is critical for robust T cell engagement and
imply that, in contrast to the 2+2B format, 2+2 and 2+2HC may not be capable of consistent
bivalent CD3 engagement.

Surprisingly, both 2+2B and 2+2HC exhibited reduced in vitro cytotoxicity compared to 2+2
(Fig. 3C and table S7), lysing tumor cells with ~2- to ~3-fold lower potency compared to
2+2 (80 fM and 140 fM ECsy, respectively, versus 38 fM in 2+2). To further investigate
these unexpected differences in in vitro function, we performed co-culture assays (Fig. 3D,
fig. 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 induced substantially stronger
interleukin-2 (1L-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 upregulation 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. Importantly, none of the BsAb induced measurable
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 conventional (Fig. 4) and the EAT (fig. S6) xenograft
models. In both systems, only 2+2 elicited robust anti-tumor responses, while 2+2B and
2+2HC displayed minimal efficacy relative to untreated or unarmed controls. These results
were unexpected and suggested two important points: 1) bivalency alone was insufficient to
drive strong anti-tumor function, and 2) reducing interdomain spacing did not necessarily
confer increased cytotoxicity. Instead, the superiority of the 2+2 design implied that optimal
interdomain spacing and spatial configuration was critical for driving the most robust in
vitro and in vivo anti-tumor responses.

Valency improves tumor and T cell binding of IgG-[L]-scFv format

To identify the properties of the 1gG-[L]-scFv format responsible for its striking anti-tumor
activity, we engineered four new 1gG-[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 1gG
or 1gG-[L]-scFv proteins containing either K409R or FA05L substitutions in the Fc region.
By using a combination of 1gG antibody and 1gG-[L]-scFv BsAb directed against GD2 or an
irrelevant antigen (CD33) (10), all possible variations of the anti-GD2 1gG-[L]-scFv format
were produced (Fig. 5A-B); 1+2 had one anti-GD2 domain replaced by a non-binding anti-
CD33 domain (humanized M195), 2+1 had one anti-huCD3e domain removed, and each
1+1 had one anti-GD2 domain replaced and one anti-huCD3e domain removed, either from
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the same side (cis) or from opposite sides (trans), hereafter named 1+1C and 1+1T,
respectively. The purity of each preparation was confirmed using SEC-HPLC and CZE to
assess size and charge, respectively (table S8).

We began our comparative analyses by determining the antigen binding affinity of all
constructs by SPR (table S9 and S10). As expected, BsAb containing two GD2-binding Fabs
(2+2 and 2+1) had higher apparent GD2 affinity (~3 nM Kp) than monovalent formats (1+2,
1+1T, 1+1C, 1+1H, ~30 nM Kp). Similarly, BsAb 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, 1+1H, 70-300 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 BsAb exhibiting stronger binding to cell-associated antigen than their monovalent
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, fig. S7). Tumor cells and huATCs were differentially labeled with either cell trace
violet (CTV) or CFSE, respectively, briefly incubated together with different concentrations
of BsAb, and then fixed in formaldehyde for flow cytometric analysis. 2+2 induced T
cell:tumor cell conjugates most effectively in this assay, followed by 2+1. The remaining
formats (1+2, 1+1T, 1+1C, and 1+1H) exhibited markedly less activity, although all
performed better than a non-targeting control BsAb. These results indicated that bivalency,
especially against the tumor, improved conjugate formation, an important step towards
cytotoxicity. Importantly, 1+1C and 1+1T were indistinguishable in their capacity to bind
antigen or induce conjugates, which indicated that the spatial configuration of tumor and T
cell binding domains did not impact conjugate formation.

Spatial configuration determines IgG-[L]-scFv function in vitro and in vivo

In vitro cytotoxicity assays targeting M14 melanoma cells revealed striking differences
within the IgG-[L]-scFv panel (Fig. 6A and table S8). 2+2 induced the strongest anti-tumor
cytotoxicity (26 fM ECsgp), followed by 2+1 (240 fM ECsg) and 1+2 (773 fM ECsg), which
were ~9 fold and ~30 fold less effective, respectively. Surprisingly, 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 ECspg), by contrast, was similar to that of 1+1H (20 pM ECsp),
which was ~50 fold worse than 1+2 and 1+1C, and over 1,000-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 1gG-[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 ECsq) was the most potent design, followed by
CD33 2+1 (4.5 pM ECsg), 1+2 (6.0 pM ECsp), CD33 1+1C (aka GD2 1+1T, 11.5 pM
ECsp), CD33 1+1H (134 pM ECsp), and finally 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.
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To explore how differences in valency and spatial configuration impacted naive T cell
activation, we compared the panel of 1IgG-[L]-scFv using an in vitro co-culture assay (Fig.
6B-F, fig. S4, 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. 6C-F, fig. SBA-B).
2+2 displayed the highest potency, whereas 1+1T was consistently the weakest variant,
indistinguishable from 1+1H and about 200-fold less stimulatory than 2+2. 2+1, 1+2, and
1+1C generally clustered together 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 striking 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. Furthermore, 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. Taken together, these
data demonstrate that dual bivalency within the 1gG-[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 1gG-[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 the strongest anti-tumor
activity (Fig. 7B). 2+1 initially elicited similar responses to 2+2, but ultimately had inferior
durability, with tumors recurring quickly after treatment ended. Consistent with the in vitro
functional studies, 1+2 and 1+1C both exhibited moderate anti-tumor activity, but they were
noticeably worse than 2+1 and 2+2. Finally, both 1+1H and 1+T failed to show any anti-
tumor efficacy relative to mice treated with control BsAb.

Results were more polarized in the syngeneic model (fig. S9A). Here, only 2+2 displayed
measurable anti-tumor activity, whereas all other BsAb completely failed to inhibit tumor
growth (fig. S9B). Importantly, none of the BsAb-treated mice displayed any indices of
toxicity, such as weight loss or piloerection. Although all members of the 1gG-[L]-scFv
panel modestly increased plasma IL-6, they did so to a much lesser extent than did a positive
control reagent containing a full-length OKT3 IgG antibody (21) (fig. S9C), indicating that
the 1gG-[L]-scFv design did not elicit measurable amounts of antigen-independent activation
or cytokine release, and further demonstrating that bivalency against CD3 in the 1gG-[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 binding domains.
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Discussion

In this study, we directly examined how the IgG-[L]-scFv design improved anti-tumor
responses compared to multiple other formats targeted against both GD2 and CD33. We
found that dual bivalency was crucial for function, but surprisingly 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 therapeutically. For instance, although 2+2B (BiTE-Fc) and 2+2HC
(1gG-[H]-scFv) exhibited similar tumor binding and superior T cell binding relative to 2+2,
both failed to show anti-tumor activity in vivo. Furthermore, adding a second anti-tumor 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 generate 1+2) made essentially no
difference. Indeed, effective in vitro and in vivo anti-tumor activity were better correlated
with two other properties: 1) the spatial orientation of tumor and T cell binding domains in a
cis-configuration, and 2) their separation by a single Ig spacer (C(). Using these two criteria,
all tested formats are easily grouped into a rank order of ascending efficacy: zero cis-
modules (low potency): 1+1T, 1+1H; two cis-modules with suboptimal interdomain spacing
(low-moderate potency): 2+2B, 2+2HC; one cis-module with optimal interdomain spacing
(moderate potency): 2+1, 1+2, 1+1C; 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 examined to assess the generalizability of our
findings. While we were able to corroborate key observations using BsAb based on clone
M195 (targeting CD33 on tumors) the functional advantage of the 2+2 format was less
pronounced when we used an alternative CD3-binding clone (145-2C11, targeting murine
CD3) to engage T cells. Here it is important to note that many other anti-CD3 sequences are
under development in T cell BsAbs, and it is possible that some may behave differently than
OKT3 within the 1gG-[L]-scFv design, depending on their binding affinity and epitope. A
more thorough examination of the 2+2 design with additional anti-CD3 modules would be
an interesting topic for future research. Nevertheless, we feel that our findings are broadly
relevant to clinical practice, in particular because OKT3 continues to be one of the most
clinically used sequences in T cell BsAbs (7) and is the backbone of the only FDA-approved
T cell BsAb, blinatumomab (which uses L2K, a minor variant) (23).

The comparison of BsAbs in both syngeneic and xenograft animal models also revealed
important differences between the various formats. It is tempting to speculate that among the
tested designs, only the IgG-[L]-scFv had the stimulatory power to elicit productive in vivo
responses from naive T cells, 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 1L-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
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production from naive T cells highlights the importance of T cell cytokines as components
of productive anti-tumor responses in addition to being biomarkers of T cell activation.
Although recent work (24) has suggested that anti-leukemia activity may not require strong
cytokine release, our data suggested that robust responses against solid tumors required
potent IL-2 secretion. In light of these results, it may be worth re-evaluating design strategies
aimed at minimizing cytokine production to mitigate side effects (25), because these same
strategies might compromise clinical anti-tumor 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 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 (BIiTE-Fc) design indicates that
minimizing the distance between tumor antigen and T cell binding domains does not always
improve BsAb performance. In that regard, it is important to note that the 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.

Our study also strongly supports the feasibility of developing BsAbs with bivalency towards
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 non-specific activation (32). We found, however, that the
additional cis-module generated by adding a second anti-CD3 scFv to 2+1 dramatically
improved both in vitro and in vivo functionality (compare 2+1 to 2+2) without inducing
toxicity. Interestingly, 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 1gG-[L]-scFv format imparts structural constraints, not present in
the 2+2B or the 2+2HC designs, 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 anti-
tumor 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. Lastly, as a dual bivalent design, the
1gG-[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.
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It is also important to note that monovalent T cell engagement does not necessarily 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 BsAb targeting CD123, induced substantial cytokine release or neurotoxicity
during their clinical development (33-37), although this has been ameliorated by the use of
tocilizumab and pre-treatment with steroids (38). Although the added complexity of extra
binding domains might be expected to complicate clinical grade development (by
compromising stability or reagent purity) or increase immunogenicity, relative to
monovalent 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 monovalent 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 improvements 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. While
the 1gG-[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
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
configuration (cis), interdomain spacing (C, ), and pharmacokinetics (1gG-like), an OKT3-
based IgG-[L]-scFv could potentially drive forward both clinical progress and academic
studies in coming years.

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 anti-tumor 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 based on 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 (>1,500 mm?3), and no data were excluded. All mice from the same treatment
groups were co-housed in the same cage. Experiments using female mice were completely
randomized after tumor implantation, but before their initial treatment. Experiments using
male mice had cages randomized after tumor implantation and before the start of treatment.
Blinding of treatment or experimental measurements was not performed.
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Animal studies

All experiments were performed in compliance with all relevant ethical regulations and in
accordance with an Institutional Animal Care and Use Committee-approved protocol
(protocol 09-05-010). All mice used in treatment studies were bred in the MSKCC animal
facility. Mice for pharmacokinetic analysis were purchased. Weights and tumor volumes
were measured once per week, and overall mouse health was evaluated at least three times
per week. Tumor volumes were calculated using a TM900 measurement device (Peira) or
caliper. For caliper measurements, volume measurements were estimated as [(L) x (W) x
(W) x 0.5], where L is the longest diameter of the tumor, and W is the diameter
perpendicular to L. Mice were sacrificed once tumor volumes reached 1.5-2.0 cm3. No
treatment-related toxicities (weight loss, hair loss, weakness, etc.) were observed in any
mice throughout these experiments.

Three mouse models were used: 1) an immunodeficient xenograft model (12), 2) an
immunodeficient “armed” T cell xenograft model (21), and 3) an immunocompetent
huCD3e-transgenic syngeneic model (19).

In the first model, 8- to 16-week-old male BALB/c IL-2rg~/~, Rag2~/~ (DKO, Taconic,
11503) mice were implanted subcutaneously with M14 melanoma cells or IMR32
neuroblastoma cells. After 5-15 days (tumors approximately 100-200 mm3), mice were
treated intravenously with huATC (40 or 20 million cells, once or twice per week,
respectively), intravenously with BsAb (10-25 pmol, twice per week), and subcutaneously
with human IL-2 (aldesleukin, 1,000 U, twice per week) for three 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 8-20
days after implantation. For each treatment, huATCs were incubated in vitro with each BsAb
for 20 minutes 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, 1,000 U, twice per week) for three weeks.

For the third model, B6.Cg-Tg(CD3E)600Cpt/J (huCD3e-tg, Jackson Laboratory, 020456)
mice were bred with wildtype C57BL/6 mice (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 subcutaneously with 50,000 EL.4 lymphoma cells.
After seven days, mice were treated intravenously with BsAb (25 pmol, twice per week) for
three weeks. The BIiTE was dosed daily (7 pmol per dose) for three 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 implanted by the anti-tumor assessment core facility at
MSKCC. Plasma was collected retroorbitally and stored at —80°C until assayed. CBC
measurements were done on freshly collected whole blood (EDTA-neutralized) using an a
HT5 Hematology Analyzer (Heska) in the anti-tumor assessment core facility. Data was
plotted using GraphPad Prism 8.
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Pharmacokinetic analysis

Female Balb/c nude mice (Envigo, 069(nu)/070(nu/+)) were injected with 100 pg of BsAb
or mAb and bled serially over 7 days (30 minutes — 168 hours). Blood was processed as
serum and frozen until all samples were acquired. Serum concentrations of BsAb or mAb
were determined by ELISA. Briefly, wells were coated with anti-3F8 idiotype antibody (50
ul, 20 pg/ml) overnight at room temperature. After this, plates were washed with PBS and
blocked with PBS supplemented with 0.5% bovine serum albumin (Sigma, A7906) for one
hour at room temperature. Serum samples were added at 1:100 and 1:1,000 dilutions 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 peroxidase
(Southern Biotech, Clone 4E3, 9052-05) for one 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 non-compartmental 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 denote the standard
deviation, unless otherwise noted in the figure legends. Original data are in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ingvitro comparison of 1gG-[L]-scFv to common BsAb designs

(A) Schematic of BsAb panel: 1gG-[L]-scFv (2+2), BiTE (1+1B), and 1gG-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(+)
activated human T cells (right), measured by flow cytometry. Geometric mean intensity 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 represents a single concentration, with two (FACS) or
three (cytotoxicity) technical replicates. Data are shown as means + standard deviation.
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Fig. 2.

Ingvivo comparison of 19G-[L]-scFv to common BsAb designs

(A) Schematic of the treatment design for the xenograft tumor model. 25 pmol of BsAb was
administered intravenously twice per week (black triangle), 40 million activated human T
cells (huATC) were administered intravenously once per week (orange triangle), and human
IL-2 (1,000 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=4-5). 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+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.
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Fig. 3.

Cgmparison of dual bivalent BsAb designs

(A) Schematic of dual bivalent BsAb panel: 1gG-[L]-scFv (2+2), BiTE-Fc (2+2B), and 1gG-
[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(+)
activated human T cells (right), measured by flow cytometry. Geometric mean intensity was
normalized to 2+2 (100%) for each BsAb. (C) Representative T cell-dependent cytotoxicity
for each BsAb. (D) Schematic of in vitro co-culture 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 + standard deviation.
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Fig. 4.

Ingvivo tumor responses of dual bivalent BsAb designs

(A) Schematic of the treatment design for the xenograft tumor model. 10 pmol of BsAb was
administered intravenously twice per week along with 20 million activated human T cells
(huATC) and subcutaneous human IL-2 (1,000 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 + 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, 2+2B
is blue, 2+2HC is green and the control group (no BsAb) is gray. Statistical significances
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were calculated by two-way analysis of variance (ANOVA) with Tukey correction. ****P <
0.0001 for control, 2+2HC, or 2+2B compared to 2+2.
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In vitro binding activity of 1gG-[L]-scFv panel
(A) Schematic of heterodimerization strategy for the 1gG-[L]-scFv panel. (B) Resulting 1gG-
[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 striped black 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(+) activated human T cells (right),
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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, while 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 concentration 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 +
standard deviation.
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In vitro functional activity of 1IgG-[L]-scFv panel
(A) Representative T cell-dependent cytotoxicity of each BsAb. (B-E) T cell activation data
from co-culture assays. (B) IL-2 cytokine release after 20 hours of co-culture. (C) CD69

expression intensity and (D) frequency of expression on T cells after 20 hours of co-culture.

(E) CD25 expression intensity and (F) frequency of expression on T cells after 92 hours of
co-culture. 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 is brown, 1+2 is
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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 + standard deviation.
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In vivo anti-tumor activity of 19G-[L]-scFv panel

Schematic of the treatment design for the xenograft tumor model. 25 pmol of BsAb was
administered intravenously twice per week along with 20 million activated human T cells
(huATC) and subcutaneous and human IL-2 (1,000 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 represents the
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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+1H is red, 2+1 is blue, 1+1T is green, 1+1C is
brown, 1+2 is orange, and control BsAb is gray. Statistical significances were obtained by
two-way analysis of variance (ANOVA) and Tukey correction. (C) ****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.
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