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ABSTRACT: Bispecific antibodies were constructed
using genetically encoded unnatural amino acids with
orthogonal chemical reactivity. A two-step process
afforded homogeneous products in excellent yield. Using
this approach, we synthesized an anti-HER2/anti-CD3
bispecific antibody, which efficiently cross-linked HER2+
cells and CD3+ cells. In wvitro effector-cell mediated
cytotoxicity was observed at picomolar concentrations.

Recently, there has been considerable interest in the
generation of blspeqﬁc antibodies that simultaneously
bind two different antigens.'~* Indeed, several clinical successes
of bispecific antibody therapies have been reported, and in
2009, catumaxomab (Removab) became the first approved
bispecific antibody drug for the treatment of malignant ascites.
A number of recombinant strategies have been developed to
synthesize bispecific antibodies, which include single chain
variable fragment (scFv) derived formats such as dlabodles,
tandem diabodies,” BiTEs (blspec1ﬁc T-cell engager),® a
DARTs (Dual Affinity Re- Targetlng), as well as 1mmunoglo—
bulin G (IgG)-based formats such as Triomab,'® DVD- Ig (Dual
Variable Domain antibodies),'" and two-in-one antibodies.'” In
addition, a number of chemical approaches have been
developed which largely exploit the reactivity of lysine or
cysteine residues within the antibody.'”'* However, lysine
modification often yields heterogeneous products due to
multiple reactive surface lysines in an antibody, and while
cysteine-based approaches are more selective, the reaction is
complicated due to multiple disulfide bonds in the antibody
molecule.”® Recently a novel chemical strategy has been
reported in which heterodimeric peptides with a branched
azetidinone linker were fused to the antibody in a site-specific
manner.'*'” In this approach, however, antigen-specific ligands
must first be developed, rather than directly utilizing the diverse
pool of existing selective, high-affinity monoclonal antibodies.
Herein we report a simple, high yield, and general method to
generate chemically defined homogeneous bispecific antibodies.
Our strategy takes advantage of genetically encoded
unnatural amino acids with orthogonal chemical reactivity
relative to the canonical 20 amino acids to site-specifically
modify antibody fragments.'® Specifically, we used an evolved
tRNA/aminoacyl-tRNA synthetase pair to site-specifically
incorporate p-acetylphenylalanine (pAcF, Figure 1A) at defined
sites in each of two Fab fragments' in response to an amber
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Figure 1. (A) Structure of p-acetylphenylanine (pAcF, 1). (B)
Structure of bifunctional ethylene glycol linkers. (C) General scheme
for the generation of bispecific antibodies.

nonsense codon. The mutant Fab fragments were then
selectively coupled by a stable oxime bond to bifunctional
linkers with an alkoxy-amine on one terminus and an azide or
cyclooctyne group at the other (Figure 1B). In a second step,
the two Fab-linker conjugates were linked to obtain the
heterodimer through a copper-free [3 + 2] Huisgen cyclo-
addition (“Click” reaction) (Figure 1C).*°~** This approach
has a number of advantages over recombinant technologies and
conventional coupling chemistries. For example, the use of
bioorthogonal chemistries produces homogeneous, chemically
defined products; variable linker lengths and conjugation sites
on the antibody can be easily optimized to ensure flexibility and
good efficacy for each specific application; sequences from
existing monoclonal antibodies can be directly adopted; and the
modular approach easily and rapidly allows for combinatorial
generation of diverse heterodimers (antibodies, enzymes,
cytokines, etc.).

To test the feasibility of this approach, we first synthesized a
homodimer of the Fab fragment of the HER2-specific antibody,
trastuzumab (Herceptin; Roche/Genentech).”> The surface
exposed residue Ser202 in the anti-HER2 Fab light chain (LC)
was selected for pAcF incorporation because this residue is
distal to the antigen-binding site and is not expected to affect
binding or cross-linking. An LC-Ser202 amber mutant of the
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anti-HER2 Fab gene was inserted into the pBAD plasmid and
cotransformed into an E. coli DHI10B strain with a plasmid
containing a M. jannaschii mutant tRNA/aminoacyl-tRNA
synthetase pair specific for pAcF (pEVOL-pAcF). Cells were
grown in Luria—Bertani (LB) medium supplemented with 1
mM pAcF at 37 °C and induced with 0.2% arabinose. The Fab
mutants were purified by protein G chromatography (GE
Healthcare) and analyzed by SDS-PAGE and ESI-MS
(expected 47858 Da; observed 47855 Da. See Supporting
Information (SI) for detailed expression and purification
procedures). The mutant protein yielded 2 mg/L in shake
flasks and 500 mg/L by high-density fermentation. The binding
activity was comparable to that of wild type Fab as confirmed
by enzyme-linked immunosorbent assay (ELISA) with the
extracellular domain of HER2 (Fc conjugate) and detection
with antihuman-kappa-HRP.

Water-soluble, flexible bifunctional cross-linkers were de-
signed and synthesized to provide an up to 40 A distance
between two covalently linked Fab fragments. The bifunctional
linkers (50-fold molar equivalents) were then coupled to the
pAcF-containing anti-HER2 Fab (S mg/mL) in excellent yields
(>95% by ESI-MS; see SI) in 100 mM acetate buffer pH 4.5 at
37 °C for 16 h (Supplementary Figure 1). Excess linker was
removed by an Amicon 10K concentrator column (Millipore)
or by size exclusion chromatography (Superdex-75, GE
Healthcare). The two Fab-linker conjugates were separately
buffer exchanged into PBS, pH 7.4, and then mixed at a 1:1
ratio at 10 mg/mL and incubated at 37 °C for the copper-free
Click reaction. The reaction was monitored by SDS-PAGE, and
a band at ~100 kDa was observed, corresponding to the
molecular weight of the Fab dimer. After 48 h, about 70% of
starting material was consumed (Figure 2A, Supplementary
Figure 2), and the homodimer was purified by size-exclusion
chromatography (Superdex-200, GE Healthcare) from the
unreacted Fabs (Supplementary Figure 2).

We then assessed binding of the anti-HER2 homodimer to a
HER2-positive breast-cancer cell line, SK-BR-3, by flow
cytometry and found the affinity to be comparable to full-
length trastuzumab (Figure 2B). We further analyzed the ability
of the homodimer to block HER2 receptor signaling in an
ELISA-based HER2 phosphorylation assay (Human Phospho-
ErbB2 DuoSet IC, R&D Systems).”* The anti-HER2 Fab
homodimer inhibits HER2 receptor phosphorylation more
potently than anti-HER2 Fab alone and comparably to the
bivalent full-length trastuzumab (Figure 2C).

We next applied this strategy to the synthesis of a
heterodimeric bispecific antibody consisting of the anti-HER2
Fab linked to the Fab of monoclonal antibody UCHT1, which
specifically binds human CD3 (cluster of differentiation 3) on
CD8/CD3 positive cytotoxic T lymphocytes.”® Such a
construct is expected to recruit T lymphocytes to tumor cells
and form a pseudoimmunological synapse that results in the
activation of T lymphocytes and subsequent lysis of the target
cells.**™?® Indeed, the genetically fused anti-CD19/anti-CD3
scFv Blinatumomab (MT103) has been generated by Micro-
Met and showed efficacy in the treatment of patients with
relapsed/refractory B-precursor acute lymphoblastic leukemia
(ALL) in phase II clinical trials.”® However, genetically fused
scFvs can have short serum half-lives and stability issues.>® The
ability to link two Fabs at any exposed amino acid position
should allow one to optimize binding characteristics, synapse
formation, stability, and pharmacokinetics of bispecific anti-
bodies."
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Figure 2. Time-course analysis of the ligation reaction and functional
assays of the anti-HER2 Fab homodimer. (A) Two anti-HER2 Fab
fragments modified with distinct bifunctional linkers (azide or
cyclooctyne) were coincubated in PBS (10 mg/mL, 100 uL) at 37
°C. Aliquots were taken at different time points and analyzed by SDS-
PAGE (lanes 1—6). After 72 h, the reaction mixture was purified by
size exclusion chromatography (SEC) and analyzed under non-
reducing (lane 7) and reducing (lane 8) conditions, revealing bands at
25 kDa (free heavy chain) and 50 kDa (light chain dimer). All samples
were analyzed by SDS-PAGE gel and stained with Coomassie brilliant
blue. (B) Flow cytometry based binding assay of anti-HER2 Fab
homodimer (100 nM, green) and IgG (100 nM, blue) to SK-BR-3
(HER2+) cells. Antihuman kappa-PE was used as secondary antibody.
(C) ELISA analysis of phosphorylated HER2 levels in SK-BR-3 cells
using Human Phospho-ErBB2 DuoSet IC kit (R&D Systems).

pAcPhe was substituted at HC-K138 in the anti-CD3
antibody, UCHT1. This site is distal to the antigen binding
site and, when conjugated to the LC-S202 mutant anti-HER2
Fab with the same polyethylene glycol linker used above,
should be long and flexible enough to allow the resulting
bispecific antibody to productively bind both a CD3 positive T-
cell and a HER2 positive target cell simultaneously. UCHT1
Fab was expressed in E. coli by the same method as described
for anti-HER2 Fab, and the cyclooctyne linker-modified anti-
CD3 was prepared as described above in >95% yield as
confirmed by ESI-MS (Supplementary Figure 1). The anti-
CD3-Fab-cyclooctyne conjugate was then coupled to an anti-
HER2-Fab-azide conjugate as described above in 70% percent
yield (determined by SDS-PAGE and chromatographic
separation) and purified from unreacted Fab monomers by a
Superdex-200 size exclusion column (Supplementary Figure 3).
Flow cytometry analysis of the Fab heterodimer showed affinity
for both HER2-positive (SK-BR-3) and CD3-positive (Jurkat)
cells with no cross-reactivity of anti-CD3 Fab and anti-HER2
Fab, respectively (Figure 3A). To demonstrate the simulta-
neous binding of the heterodimer to the two antigens, we
visualized the cross-linking of fluorescently labeled SK-BR-3
and Jurkat cells. Specifically, SK-BR-3 cells and Jurkat cells were
first stained with Mito Tracker Red (Invitrogen) and
carboxyfluorescein succinimidyl ester (CFSE, Invitrogen),
respectively. The labeled Jurkat cells were incubated with 100
nM of the anti-HER2/anti-CD3 heterodimer in RPMI media
supplemented with 10% FBS (fetal bovine serum) at 4 °C for
30 min, and excess conjugate was washed away before mixing
the Jurkat cells with SK-BR-3 cells. A 1:1 mixture of
unconjugated anti-CD3 and anti-HER2 Fabs was used as a
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Figure 3. Bispecific binding of anti-HER2/anti-CD3 Fab heterodimer.
(A) Flow cytometry based binding assay. Primary antibodies (100
nM) were incubated with Jurkat (CD3+) and SK-BR-3 (HER2+) cell
lines in PBS and then detected by a secondary antibody (antihuman
kappa-PE). (B) (Left) Fluorescence microscope images of the
interaction between SK-BR-3 (red) cells and Jurkat cells (green) in
the presence of the conjugated anti-HER2/anti-CD3 heterodimer.
(Right) A mixture of unconjugated anti-HER2 Fab and anti-CD3 Fab
at a 1:1 ratio was used as a negative control.

negative control under the same labeling conditions. The cells
were incubated at 37 °C for 6 h, allowing the adherent SK-BR-3
cells to attach to the plate; excess Jurkat cells were removed by
gentle washing with media. In the sample with the heterodimer,
significantly more Jurkat cells were bound to the SK-BR-3 cells
after washing compared to cells incubated with the mixture of
unconjugated Fabs (Figure 3B), confirming heterodimer-
mediated cell—cell interaction.

Next, we demonstrated that the heterodimer can recruit T
cells to kill target cancer cells in an in vitro cytotoxicity assay.
Human PBMCs (peripheral blood mononuclear cells) were
purified with Ficoll (GE Healthcare) from fresh blood of
healthy donors and mixed with target cells, HER2-transfected
MDA-MB-435,> at an effector to target cell ratio of 10 to 1 (1
X 10° to 1 X 10* cells) in RPMI media supplemented with 10%
FBS. Nontransfected MDA-MB-435 cells were used as an
isogenic negative control. A 1:1 mixture of unconjugated anti-
HER2 and anti-CD3 Fabs was used as an additional negative
control to further demonstrate that cytotoxicity was due to
bispecific antibody-based interactions. After incubation for 16 h
at 37 °C, the amount of LDH (lactate dehydrogenase) was
measured from lysed cells as an indicator of cytotoxicity.” As
shown in Figure 4, lysis of HER2 positive target cells was
observed in a dose dependent manner only when the
conjugated anti-HER2/anti-CD3 heterodimer was present;
the half maximal effective concentration (ECs,) was ~20 pM.
HER2-negative MDA-MB-435 cells were not affected by the
heterodimer, and neither cell line was affected by the
unconjugated Fab mixture. Additionally, cell lysis and formation
of aggregates could be directly observed under a microscope in
the heterodimer-present HER2 positive cell sample, but not in
any of the controls (Supplementary Figure 4).

In conclusion, we have demonstrated the rapid construction
of bispecific antibodies by the site-specific incorporation of
unnatural amino acids with orthogonal chemical reactivity. Two
different conjugates, a bivalent anti-HER2-Fab homodimer and
a bispecific anti-HER2/anti-CD3 Fab heterodimer, were
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Figure 4. Dose-dependent cytotoxicity with MDA-MB-435/HER2+
cells in the presence of human PBMCs and antibody heterodimer.
Different concentrations of anti-HER2/anti-CD3 Fab heterodimer
(circles), or a 1:1 mixture of unconjugated anti-HER2 Fab and anti-
CD3 Fab (square) were incubated with MDA-MB-435/HER2+ cells.
Heterodimer (upward triangle) or a mixture (downward triangle) of
anti-HER2 Fab and anti-CD3 Fab were incubated with MDA-MB-
435/HER2— cells as negative controls. After 17 h of incubation at 37
°C and 5% CO,, cytotoxicity was measured by levels of LDH (lactate
dehydrogenase) release from lysed cells using the Cytotox 96
Nonradioactive Cytotoxicity Assay Kit (Promega). In separate wells,
MDA-MB-435/HER2+ or MDA-MB-435/HER2— cells with no
PBMCs were incubated and lysed using the lysis buffer (provided in
the assay kit) as maximum cytotoxicity controls. The absorbance at
490 nm was recorded using a SpectraMax 250 plate reader (Molecular
Devices Corp.). Percent cytotoxicity was calculated by % Cytotoxicity
= (Absorbanceexpt - Absorbancespontaneous average)/(Absorbancemax average

- Absorbancespontaneous average/*

synthesized and shown to have excellent in vitro activity. This
method provides highly homogeneous products after two
simple purification steps in good overall yield. Moreover,
because each antibody fragment was directly derived from
parent monoclonal antibodies, they retain the original
immunoglobulin fold without loss of binding affinity or
stability. Finally, we have shown that an anti-HER2/anti-CD3
bispecific antibody can induce targeted cell lysis in the presence
of effector cells at picomolar concentrations in vitro, which is
comgarable to the most potent bispecific formats reported to
date.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental methods and Figures S1-S4 as
mentioned in text. This material is available free of charge via
the Internet at http://pubs.acs.org.
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