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Introduction: Bispecific antibodies that engage immune cells to kill cancer cells are actively
pursued in cancer immunotherapy. Different types of bispecific antibodies, including single-
chain fragments, Fab fragments, nanobodies, and immunoglobulin Gs (IgGs), have been studied.
However, the low molecular weight of bispecific antibodies with single-chain or Fab fragments
generally leads to their rapid clearance in vivo, which limits the therapeutic potential of these
bispecific antibodies.

Materials and methods: In this study, we used a site-specific PEGylation strategy to modify
the bispecific single-domain antibody-linked Fab (S-Fab), which was designed by linking an
anticarcinoembryonic antigen (anti-CEA) nanobody with an anti-CD3 Fab.

Results: The half-life (#,,) of PEGylated S-Fab (polyethylene glycol-S-Fab) was increased
12-fold in vivo with a slightly decreased tumor cell cytotoxicity in vitro as well as more potent
tumor growth inhibition in vivo compared to S-Fab.

Conclusion: This study demonstrated that PEGylation is an effective approach to enhance the
antitumor efficacy of bispecific antibodies.

Keywords: Fab, nanobody, PEGylation, bispecific antibody, half-life, CEA

Introduction

Antibodies have attracted increasing interest as therapeutics due to their unique
biophysical characteristics, such as good solubility, stability, high specificity, and
prolonged plasma concentration.'? A wide range of nonconventional antibody
formats have also been studied for use in a diverse array of biological applications.
For example, bispecific antibodies have been developed as a powerful approach to
cancer immunotherapy by engaging immune cells to target cancer cells.** Bispecific
antibodies have the following two different antigen-binding sites: one recognizes
tumor cells and the other recognizes immune cells, usually T cells or natural killer
(NK) cells.*®” Various bispecific antibody formats have been studied, including
immunoglobulin G (IgG)-based full-length formats (such as complete bispecific
antibodies), single-chain-based formats (including tandem single-chain variable frag-
ments [ScFvs]),*” and bispecific T-cell engagers (BiTEs).!

To enhance the tumor tissue penetration of full-size IgG antibodies and improve
the stability of ScFv and BiTE antibodies, the bispecific single-domain antibody-linked
Fab (S-Fab) format was developed and can bind to diverse epitopes and be synthesized
in prokaryotic expression systems.®!"'? Derived from natural camel heavy-chain only
antibodies, single-domain antibodies lack the first constant (CH1) domain and light
chain and are consequently referred to as nanobodies or VHHs (variable regions of heavy
chain). Nanobodies are small sized and generally more stable than conventional ScFvs
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or BiTEs are, thus making them a good scaffold for construct-
ing bispecific antibodies."*"'¢ In a previous study, a bispecific
S-Fab antibody was constructed by linking the single-domain
nanobody anticarcinoembryonic antigen (anti-CEA) with a
CD3-Fab,® which specifically kills tumor cells that overex-
press carcinoembryonic antigen (CEA) by engaging T cells.
S-Fab has potent in vitro cytotoxicity and significantly sup-
presses cancer progression in in vivo studies.®

However, Fab fragments (including S-Fab) have a short
plasma half-life because they are degraded rapidly in vivo
due to their lack of constant regions (Fc), which are respon-
sible for neonatal Fc receptor (FcRN)-mediated transfer
and receptor-mediated antibody recycling. Their short
in vivo half-life makes them less than optimal for clinical
application.'” "

To improve the in vivo half-life of proteins, various
strategies have been explored to modulate their pharmacoki-
netic (PK) profiles, including conjugation to polyethylene
glycol (PEG; PEGylation), N-(2-hydroxypropyl) methacryl-
amide (HPMA) copolymers, proteins (such as albumin), and
more recently, polyglutamic acid and PASylation."* Since
the first introduction of PEG as an immunoprotective agent
by Abuchowski et al** and the pioneering work of Davis*
in the late 1970s, the covalent attachment of biocompatible
nontoxic PEG to therapeutic proteins has become a com-
mon technique for improving the PK properties to reduce
renal clearance.?***?’?% [n addition to extending the half-
life, PEGylation offers a number of additional advantages,
including reducing the antigenicity and immunogenicity of
the conjugated proteins,?” improving protein solubility,?
enhancing the proteolytic resistance of therapeutic proteins,*
decreasing toxicity, and improving the thermal and mechani-
cal stabilities.”” Currently, several PEGylated proteins have
been approved in the clinic and a number of PEGylated
proteins are under clinical trials.?

In this study, we explored thiol site-specific PEGylation
to improve the half-life (¢, ,) of the CEA-S-Fab bispecific
antibody, which is an anti-CEA/CD3 bispecific S-Fab.®
A functionalized 20 kDa linear PEG was conjugated to S-Fab.
To retain the properties of CEA-S-Fab, the site for conju-
gation was designed to be distant to both CEA- and CD3-
binding sites. The PEGylated S-Fab (PEG-S-Fab) retained the
ability to bind to tumor cells and T cells. PEG-S-Fab showed
enhanced plasma stability and a 12-fold increase in the half-
life compared to S-Fab. PEG-S-Fab also had more potent
tumor inhibitory efficacy in xenograft mouse models. These
data suggest that PEGylation is an effective approach for
enhancing the antitumor properties of bispecific antibodies.

Materials and methods

Reagents and supplies

The 20 kDa linear methoxy PEG maleimide (MAL-PEG-
OMe; Lot A3115) was purchased from JenKem Technology
Co., Ltd. (Beijing, People’s Republic of China). Human colon
adenocarcinoma cell line LS174T and human breast cancer
cell line SKOV3 were purchased from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
People’s Republic of China). HI fetal bovine serum (FBS),
Dulbecco’s Modified Eagle Medium (for SKOV3 cells),
and Roswell Park Memorial Institute 1640 (for LS174T
cells) medium were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Ficoll gradient separating
solution was purchased from GE Healthcare Bio-Sciences
Corp. (Piscataway, NJ, USA). The EasySep™ Human
CD3 Positive Selection Kit was purchased from StemCell
Technologies, Inc. (Vancouver, BC, Canada). The cell
counting kit-8 (CCKS; Lot CK04) reagent was purchased
from Dojindo Molecular Technologies, Inc. (Shanghai,
People’s Republic of China). The goat antihuman IgG (H +
L)-AlexaFluor 488 antibody (Lot A11001; Thermo Fisher
Scientific), mouse monoclonal antiflag peroxidase (HRP)
IgG (Lot A8492; Sigma-Aldrich Co., St Louis, MO, USA),
mouse monoclonal anti-His IgG (Lot 14-6657-82; Thermo
Fisher Scientific), and goat antimouse HRP-conjugated
IgG (Lot ab97040; Abcam Co., Ltd., Shanghai, People’s
Republic of China) were purchased accordingly. Anti-CD3
fluoresceine isothiocyanate (OKT3; Lot 11-0037-42) was
purchased from Thermo Fisher Scientific. A bicinchoninic
acid protein assay kit (Thermo Fisher Scientific) was used
for protein quantification. The soluble tetramethylbenzidine
substrate solution for enzyme-linked immunosorbent assay
(ELISA) was purchased from TIANGEN Biotech Co., Ltd.
(Beijing, People’s Republic of China). The Tecan Infinite FS0
ELISA Microplate reader was purchased from Tecan Group
Ltd. (Shanghai, People’s Republic of China). An FV3000
laser scanning confocal microscope (Olympus Corporation,
Tokyo, Japan) was used for immunofluorescence analysis.
A Beckman-Coulter Cytomics™ FC 500 (Beckman Coulter,
Inc., Brea, CA, USA) was used for flow cytometry analysis.
The human materials used in the study, especially whole
blood cells, peripheral blood mononuclear cells (PBMCs),
and sera, were from Guangzhou Blood Center (Guangzhou,
People’s Republic of China). The documented review was
approved by Health and Family Planning Commission of
Guangdong Province (People’s Republic of China). The
written informed consents from donors have been obtained
by Guangzhou Blood Center.
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Animals

Specific pathogen free nonobese diabetic—severe combined
immunodeficiency (NOD—SCID) mice (18-22 g) were pur-
chased from Beijing Biocytogen Co., Ltd. (Beijing, People’s
Republic of China). Adult male Sprague Dawley (SD) rats
(250-300 g) that were used for PK analysis were supplied
by the Laboratory Animal Center, Sun Yat-Sen University,
Guangzhou, People’s Republic of China. All animals were
housed in the Laboratory Animal Center, Sun Yat-Sen
University, under sterile and standardized environmental
conditions (20°C—-26°C room temperature, 40%—70% rela-
tive humidity, and a 12 h light-dark cycle). The welfare of
the animals in in vivo experiments was handled strictly fol-
lowing “Guidelines on kindly treatments for experimental
animals” by the Science and Technology Ministry of the
People’s Republic of China (2006) 398. All protocols were
approved by the Institutional Animal Ethics Committee of
Sun Yat-Sen University (approval no IACUC-DD-18-0307).

S-Fab design and protein purification

The structure of S-Fab is shown in Figure 1A. The VH-CH1
and VL-CL fragments of anti-CD3® were synthesized
and cloned by standard DNA cloning techniques. The
signal sequence of pel/B was added to the N-terminus for
periplasmic expression. For the site-specific conjugation

A

T7 promoter

of PEG, a cysteine residue was added at the C-terminus
of the light chain, followed by a short linker, and another
cysteine (CGGGGC) and a his6 tag were added. S-Fab was
constructed via the heterodimerization of VL-CL/VH-CH1
(anti-CD3 Fab) with the anti-CEA VHH nanobody.!®3!
A Flag-tag was added to the C-terminus of the heavy chain
for detection (Figure 1B).

To produce S-Fab, two plasmids encoding the VH-CH1-
VHH and VL-CL polypeptides were co-transformed into
BL21 (DE3, codon plus) competent cells with the appropriate
antibiotics.® When the absorbance (OD600) of the cell culture
reached 0.8, 0.2 mM isopropyl-f-D-thiogalactoside (IPTG)
was added to induce protein expression. Cells were cultured at
16°C for another 40 h before harvesting. After harvesting the
cells by centrifugation, periplasmic extraction was performed
by re-suspending the cell pellets 1:4 (gram:milliliter) in a pre-
cooled sucrose solution (20 mM Tris-HCI, pH 7.5; 25% [w/v]
sucrose; | mM EDTA). After a 15 min incubation on ice, the
suspension was centrifuged at 10,000x g for 20 min and the
supernatant fraction was collected as the sucrose fraction.
The pellet was re-suspended in a chilled periplasmic solution
(5 mM MgCl,) and centrifuged at 10,000 g for 20 min. The
supernatant was gathered as the periplasmic fraction.

The S-Fab protein was purified from the combined
sucrose and periplasmic fractions by a two-step purification:
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Figure | Expression and purification of S-Fab from E. coli.

V (mL)

Notes: (A) The bacterial S-Fab expression constructs contain a pelB signal sequence, anti-CD3 (human UCTHI clone) VH (or VL) and CHI (CL), and anti-CEA-VHH.
To facilitate antibody detection and purification, a flag-tag and hisé-tag were added to the C-terminal end of the heavy and light chains, respectively. (B) Schematic
representation of S-Fab after co-expression. (C) Coomassie blue-stained SDS-PAGE chromatogram of purified S-Fab after the two-step purification. + indicates reducing
condition (2 UM 2-mecaptoethanol); — indicates nonreducing condition (no 2-mecaptoethanol). (D) Gel filtration analysis showing that the molecular weight of S-Fab
was ~130 kDa. M (kDa), molecular weight markers (kilodalton).

Abbreviations: CEA, carcinoembryonic antigen; E. coli, Escherichia coli; S-Fab, single-domain antibody-linked Fab; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; UV, ultraviolet.
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first by immobilized Ni-NTA affinity chromatography (GE
Healthcare Bio-Sciences Corp.) and then by an IgG-CH1
affinity matrix (Lot 194320005; Thermo Fisher Scientific).
Gel filtration analysis was performed using a Bio-Rad FPLP
system and a GE Superdex 200™ Increase 10/300 GL col-
umn at a flow rate of 0.5 mL/min. Fractions (0.5 mL per
fraction) were collected and subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis under reducing conditions. The resulting fractions
were visualized by Coomassie blue staining. Protein mark-
ers (Lot MWGF200; Sigma-Aldrich Co.) were loaded as
standard controls for gel filtration analysis.

Conjugation of S-Fab to PEG

(PEGylation)

S-Fab was engineered with two terminal cysteine residues
located at the C-terminus of CL, which served as the sites
for conjugation with a 20 kDa linear MAL-PEG-OMe. S-Fab
(~1.35 mg/mL [~20 uM] in 5.0 mL of phosphate-buffered
saline [PBS], pH 7.4) and 3 M equivalents of 1 mM tris(2-
carboxyethyl) phosphine (TCEP; final 60 uM, ~300 uL)
were mixed and incubated for 2 h at 22°C to obtain reduced
S-Fab fragments.

To explore the optimal molar ratio of MAL-PEG-OMe
and S-Fab in the PEGylation process, we performed a series
of reactions with the molar equivalents of PEG:S-Fab of
0:1, 10:1, 20:1, 40:1, and 60:1. MAL-PEG-OMe was dis-
solved in sterile water to obtain a working concentration of
20 mg/mL (1 mM). PEGylation of S-Fab was carried out by
mixing MAL-PEG-OMe (at the working concentration) with
reduced S-Fab and shaking at 22°C for 2 h. The resulting
samples were subjected to 12% reducing or nonreducing
SDS-PAGE electrophoresis (5 uL/sample/PAGE), followed
by Coomassie blue and barium iodide staining of PEG as pre-
viously described.?? After electrophoresis, a Western blotting
assay was used to detect the PEGylated chain. Briefly, two
gels were transferred to polyvinylidene fluoride membrane
(EMD Millipore, Billerica, MA, USA). After blocking for
2 h with 5% skimmed milk, the membranes were incubated
with mouse monoclonal antiflag HRP (1:2,000, for heavy
chain) and mouse monoclonal anti-His IgG (1:3,000, for
light chain) in 5% skim milk. The secondary antibody (goat
antimouse HRP-conjugated IgG, 1:3,000) was incubated with
the light-chain membrane for another hour after washing with
tris-buffered saline and Tween 20 buffer. The membranes
were developed with Pierce’s West Pico chemiluminescence
substrate (EMD Millipore) after washing with tris-buffered
saline and Tween 20 buffer.

Purification of PEG-S-Fab using fast

protein liquid chromatography

PEG-S-Fab was purified using an AKTA™ avant25 fast
protein liquid chromatography purification system (GE
Healthcare Bio-Sciences Corp.) and a Superdex 10/300 GL
column at a flow rate of 0.8 mL/min. The column was first
equilibrated with two column volumes (CVs) of distilled
water and two CVs of PBS before applying the samples.
All the collected fractions were analyzed by Coomassie blue
and barium iodide complex staining after SDS-PAGE under
reducing conditions. The fractions of the purified PEG-S-Fab
were pooled together for further studies.

Human CD3* T-cell isolation

Human PBMCs were prepared from healthy donors using
Ficoll gradient centrifugation as previously described.®!!
T cells were isolated from PBMCs using an EasySep™ Human
CD3 Positive Selection Kit. Isolated T cells were cultured in
complete Roswell Park Memorial Institute 1640 medium with
10% FBS and 1% penicillin/streptomycin at 37°C ina 5% CO,
humidified incubator before cytotoxicity assays.

Flow cytometric analysis

Flow cytometry was used to detect CEA binding using the
CEA-positive cell line LS174T and CEA-negative cell line
SKOV3, while CD3 antigen binding used CD3-positive
T cells. Briefly, 1x10° (for LS174T and SKOV3) or 5x10°
(for T cells) cells per sample were collected by centrifuga-
tion at 200x g for 5 min and washed once with 1.0 mL of
ice-cold PBS with 0.20% bovine serum albumin (BSA).
The primary antibodies, including S-Fab and PEG-S-Fab,
and blank control (vehicle, PBS only) were added to a final
concentration of 10 ug/mL and incubated on ice for 1 h,
followed by washing twice with ice-cold PBS with 0.1%
BSA. Anti-CD3 fluoresceine isothiocyanate (OKT3, final
concentration of 10 pg/mL) was used as positive control for
CD3* antigen-binding analysis. Goat antihuman IgG (H +
L)-AlexaFluor 488 antibody was then added to a final con-
centration of 5 ug/mL. The cells were incubated on ice for
another hour. After washing the cells twice, flow cytometric
detection was then performed.

Immunofluorescence assay

To further analyze the binding of S-Fab and PEG-S-
Fab to cell surface CEA, immunofluorescence assays
were performed as previously described.** Briefly, LS174T
and SKOV3 cells (2.5x10° cells in 1.0 mL, respectively)
were plated on 30 mm confocal glass bottom dishes
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(Nest Labs, Wuxi, People’s Republic of China; catalog
801002) to 80% confluence. The cells were then washed with
cold PBS three times before fixing with 4% paraformalde-
hyde. The fixed cells were incubated with 20 ug of S-Fab
or PEG-S-Fab followed by 10 ug of the goat antihuman IgG
(H + L)-AlexaFluor 488 antibody for 2 h at 4°C. Cell nuclei
were counterstained with 1.0 pug/mL of 4’,6-diamidino-2-
phenylindole (DAPI). After washing with PBS, the samples
were then examined under an Olympus FV3000 laser scan-
ning confocal microscope and analyzed using the Olympus
FV31S-SW_V2.1 software.

In vitro cytotoxicity assay

CEA-positive human LS174T cells and CEA-negative
human SKOV3 cells were used to assess the in vitro growth
inhibitory effects of S-Fab and PEG-S-Fab as previously
described.®!!33 Briefly, LS174T and SKOV3 cells were used
as target cells (T) and freshly prepared human CD3"* T cells
without prior stimulation were used as effector cells (E).
In vitro cytotoxicity assays were performed in 96-well
microplates in triplicate by seeding 5,000 target cells per well
in 100 puL of the corresponding media. After a 6 h incubation,
an equal volume of CD3* T cells was added to each well at
an E:T ratio of 10:1 and a series of concentrations (0.033,
0.1,0.33,1,3.3, 10, 33, and 100 nM) of S-Fab or PEG-S-Fab
were then added. After a 72 h incubation, the cell viability
was evaluated with the CCK8 assay according to the manu-
facturer’s protocol. The absorbance values were detected
using a Tecan microplate reader at 450 nm. The survival rate
(100%) was calculated as [(As — Ab)/(A0 — Ab)] x100%,
where As is the absorbent value of the measurement group,
Ab is the absorbent value of the medium, and A0 is the
absorbent value of the measurement group at 0 nM.

PK assay to determine the in vivo half-life
Specific pathogen free male SD rats (250-300 g) were used
for the PK assay. Food was controlled to maintain animals
below a weight of 350 g. S-Fab (1.0 mg/kg), PEG-S-Fab
(1.0 mg/kg), or a volume equivalent of the vehicle solution
PBS was administered through the caudal vein. A blood
sample (each ~150-200 pL) was taken from the orbital vein
using capillary under isoflurane anesthesia at 0, 0.5, 1, 2, 4,
8, 16,24,36,48, 72, 96, and 144 h after administration. All
blood samples were collected in heparinized tubes. Plasma
was obtained via centrifugation at 3,500 g for 30 min and
then stored at —80°C until further analysis.

S-Fab and PEG-S-Fab in the plasma samples were quanti-
fied using ELISA. Briefly, a 100 pL aliquot of 6D6 (mouse

antihuman IgG Fab antibody; 1.0 pug/mL in PBS) was used
to coat each well of a 96-well ELISA microplate (Thermo
Fisher Scientific) for 2 h at 37°C. The wells were washed
twice with 200 puL of PBS with 0.05% Tween-20 (PBST).
The wells were blocked with 200 puL of blocking buffer
(PBST containing 1% BSA) for 2 h at 37°C. Each well was
washed five times with PBST prior to the addition of 100 uL.
of samples or standards. Samples and standards (100, 80,
50, 40, 30, 20, 10, 5, 1, and 0.1 pg/mL) were prepared in
blocking buffer, with the standards (S-Fab) prepared at a
1:10 dilution of plasma using PBS, which was important,
to avoid matrix effects in the assay.!” For plasma samples, a
1:3 dilution was used. Either a 100 L sample or a standard
aliquot was added in triplicate and incubated at 37°C for 1 h.
Each well was washed again with PBST before the addition
of 100 uL of secondary antibody (mouse monoclonal antiflag
M2-peroxidase [HRP] antibody at 1:500 dilutions) per well at
37°C for 1 h. After being washed five times, a 100 UL aliquot
of tetramethylbenzidine substrate solution was added to each
well. After a 10 min incubation, 100 puL of 2 M H,SO, was
added to stop the reaction. The absorbance was detected at
450 nm using a Tecan ELISA microplate reader.

The serum elimination 7, , and clearance were calculated
with 3P97 PK software using standard formulas. The results
are expressed as the mean + standard error of the mean
(SEM), and comparisons between the groups were made with
an unpaired Student’s #-test. Differences were considered to
be statistically significant if £<<0.05.

Plasma stability analysis

S-Fab and PEG-S-Fab stabilities were assessed in human
fresh plasma over 2 weeks. Briefly, S-Fab and PEG-S-Fab
were diluted with human fresh plasma (without platelets),
which generated an initial concentration of 100 pg/mL.
Simultaneously, a vehicle control with only plasma was
established. The samples were incubated at 37°C for 2 weeks.
At the time intervals of 0, 24, 48, 72, 96, 168,264, and 336 h,
40 uL samples were collected and stored directly at —80°C
until further analysis. The samples were thawed on ice and
centrifuged at 18,500x g for 10 min at 4°C. The supernatant
was subjected to electrophoresis in 12% reducing SDS-PAGE
(5 UL of sample per well). After electrophoresis, a Western
blotting assay was performed to analyze the protein levels.

In vivo tumor growth inhibition

The in vivo antitumor activities of S-Fab and PEG-S-Fab
were studied using NOD-SCID mice engrafted subcutane-
ously with LS174T cells.** Briefly, LS174T cells were
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harvested and washed once with PBS and mixed with human
PBMCs that were freshly isolated from healthy donors.
Mixtures of 1x10° LS174T cells and 5x10¢ human PBMCs
were subcutaneously injected into the right flank of NOD—
SCID mice at a total volume of 0.2 mL per mouse. One
hour after engraftment, ~0.3 nmol of S-Fab (20.0 pug per
mouse) and ~0.3 nmol of PEG-S-Fab (32.0 pug per mouse)
or the vehicle control (PBS) were injected intraperitoneally.
The animals were treated daily (0.3 nM per mouse in each
group) for the following 6 days. The tumor volume was
measured with calipers in two perpendicular dimensions
and was calculated using the formula (width? x length)/2.
All data were expressed as the mean = SEM for each group,
and differences between groups were determined by a two-
way analysis of variance using the GraphPad Prism 5 soft-
ware (GraphPad Software, La Jolla, CA, USA).

Results
Bispecific S-Fab construction and

purification

S-Fab was constructed as previously described with minor
modifications.® Basically, the single-domain nanobody
anti-CEA VHH was linked to the C-terminus of anti-CD3
VH-CHI1 (UCTHI1 clone) (Figure 1A and B).* A short pep-
tide, CGGGGC, was added to the C-terminus of anti-CD3
VL-CL. Anti-CD3 VL-CL and VH-CH1-anti-CEA-VHH
were cloned into pET26b and pET21a with the signal peptide
for pelB at the N-terminus for periplasmic protein expression
in Escherichia coli (Figure 1 A and B). S-Fab was purified by
two-step affinity purification, first with Ni-NTA, followed by
anti-IgG-CHI1 affinity purification to a final concentration of
0.3-0.4 mg/L. Under reducing condition (2 UM 2-mecapto-
ethanol), the light chain was ~25 kDa and the heavy chain
was ~40 kDa, as expected (Figure 1C). Under nonreducing
condition (no 2-mecaptoethanol), a major binding of ~130 kDa
was observed (Figure 1C), suggesting the dimerization of
S-Fab (~65 kDa of monomer), which was likely formed
via the disulfide bond(s) of the C-terminal cysteine resi-
dues of VL-CL. Gel filtration analysis also showed that the
intact S-Fab antibody had a molecular weight of ~130 kDa
(Figure 1D), further confirming the dimerization of S-Fab.
The purified S-Fab was subjected to further studies.

Conjugation of S-Fab to PEG

(PEGylation)

PEGylation was performed using 20 kDa maleimide-
terminated PEG. After the reduction of S-Fab by TCEP, free
thiols were conjugated to MAL-PEG-OMe. The conjugation

reactions were carried out at different molar ratios of
PEG:S-Fab, ie, 10, 20, 40, and 60 (Figure 2A). PEGylation
was analyzed using reducing SDS-PAGE and Coomassie blue
dye (for protein S-Fab) and barium iodide complex staining
(for PEGylated protein PEG-S-Fab) (Figure 2A and B). An
increased ratio of PEG:S-Fab in the PEGylation of S-Fab with
MAL-PEG-OMe resulted in higher molecular weight bands
(~107 and ~45 kDa), indicating that maleimide-functionalized
PEG was conjugated to S-Fab. The 45 kDa band suggested a
single conjugation at the single C-terminal cysteine (Figure 2B
and D). The ~107 kDa band indicated that both of the cysteine
residues at the VL-CL terminus were PEGylated (Figure 2B
and D). The ~107 kDa band appeared first and accounted
for the majority of the light chain, indicating preferred con-
jugation on both cysteine residues (Figure 2B and D). As no
decrease in VH-CH1-VHH was observed (Figure 2A and C)
and no high molecular weight of VH-CH1-VHH was observed
on Western blots (Figure 2C), the VH-CH1-VHH chain was
likely not PEGylated. Because the band of the VL-CL chain
decreased (Figure 2A and D) and PEGylation corresponded to
the VL-CL chain based on anti-His Western blots (Figure 2B
and D), the data suggested that only VL-CL was PEGylated.
As the molar ratio of PEG:S-Fab increased (10-60), the
molecular weight of the PEGylated bands slightly increased,
suggesting further PEGylation on the other cysteine residues
on VH-CHI or VL-CL. A molar ratio of PEG:S-Fab of 20
was chosen for conjugation because it led to increased VL-CL
conjugation without higher molecular weight conjugation.

Purification of PEG-S-Fab

To remove free PEG, free S-Fab, and high molecular weight
proteins, the conjugation reaction mixture was subjected to
size exclusion analysis. Based on reducing SDS-PAGE fol-
lowed by Coomassie blue staining (Figure 3B) and barium
iodide staining for PEGylation (Figure 3C), high molecular
weight fraction 1 (Figure 3A—C) contained a large proportion
of multiple conjugation species. Fraction 2 (Figure 3A-C)
mostly contained the double- and single-site-conjugated PEG-
S-Fab, while fraction 3 (Figure 3A—C) contained free S-Fab,
free PEG, and a single-site-conjugated S-Fab. Fractions that
mostly contained double- and single-site-conjugated PEG-S-
Fab (fraction 2 in Figure 3) were pooled for further studies.

PEG-S-Fab can bind the tumor antigen
CEA and CD3* T cells

Bispecific S-Fab has two different binding sites, anti-
CEA VHH recognizing CEA on tumor cells and anti-CD3
recognizing CD3* on T cells. To confirm whether PEGylation
of S-Fab affected its ability to bind CEA-positive cancer cells,
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Figure 2 PEGylation of bispecific S-Fab using 20 kDa linear MAL-PEG-OMe.
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Notes: S-Fab was reacted with the functionalized PEG at a series of ratios (0:1, 10:1, 20:1, 40:1, and 60:1 molar equivalents of PEG:S-Fab). After shaking at 22°C for 2 h,
the samples were examined by reducing SDS-PAGE (5 pL per sample). (A) Coomassie blue staining of S-Fab with different molar ratios of PEG:S-Fab during PEGylation.
(B) Barium iodide complex dye staining for S-Fab with different molar ratios of PEG:S-Fab. (C) Western blotting assay using an antiflag antibody to detect the VH-CH-CEA
chain. (D) Western blotting assay using an anti-Hisé antibody to detect the VL-CL chain. Numbers 0, 10, 20, 40, and 60 represent the molar ratio of PEG:Fab at 0:1, 10:1,

20:1, 40:1, and 60:1, respectively. M (kDa), molecular weight markers (kilodalton).

Abbreviations: CEA, carcinoembryonic antigen; MAL-PEG-OMe, methoxy PEG maleimide; PEG, polyethylene glycol; S-Fab, single-domain antibody-linked Fab; SDS-PAGE,

sodium dodecyl sulfate polyacrylamide gel electrophoresis.

flow cytometry analysis was performed using LS174T cells
that overexpress CEA.® The CEA-negative cell line SKOV3
was used as a negative control. Both S-Fab and PEG-S-Fab
showed distinct specific fluorescence intensity shifts, sug-
gesting that PEG-S-Fab was still able to bind LS174T cells
(Figure 4A). Meanwhile, a 15.8% left shift of PEG-S-Fab
(X-med 19.92) could be observed compared to that of
S-Fab (X-med 23.65). The slight left shift of PEG-S-Fab to
the value of S-Fab (Figure 4B) indicated that the PEGylation
of S-Fab may have slightly reduced the binding affinity of
S-Fab to its antigen by 15.8%. For SKOV3 cells, both S-Fab
and PEG-S-Fab could not bind the cells due to the lack of the
CEA on the cell surface, suggesting that PEG-S-Fab retained
specific antigen binding (Figure 4B).

Similarly, for CD3* T cells, an obvious distinct fluo-
rescence intensity shift of S-Fab and PEG-S-Fab was also
demonstrated. PEGylation decreased the binding activity to
the CD3* antigen on T cells by 16.8% from the results of spe-
cific fluorescence intensity shifts of S-Fab (X-med 18.23) and

PEG-S-Fab (X-med 15.17) (Figure 4C). The slightly reduced
binding activities of PEG-S-Fab suggested that site-specific
conjugations in the middle of S-Fab had minimal effects on
its bispecific antibody binding affinity.

To further confirm the binding activity of PEG-S-Fab,
immunofluorescence analysis was performed. Both S-Fab
(upper panel in Figure 4D) and PEG-S-Fab (upper panel in
Figure 4E) were able to bind CEA-positive LS174T cells.
For CEA-positive SKOV3 cells, no binding was observed for
S-Fab (lower panel in Figure 4D) or PEG-S-Fab (lower panel
in Figure 4E), further supporting that PEGylation maintains
the specific binding affinity of S-Fab to its antigen.

PEG-S-Fab has potent specific
cytotoxicity against tumor cells

The cytotoxic activity of PEG-S-Fab was measured in
vitro using LS174T and SKOV3 cells. Both S-Fab and
PEG-S-Fab can kill CEA-positive LS174T cells effectively,
even at 0.033 nM (Figure 5A), with no cytotoxicity against
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Figure 3 Purification of PEG-S-Fab.

Notes: Gel filtration was used to fractionate the PEGylation mixture (fractions I, 2, and 3). (A) Chromatogram of PEG-S-Fab. (B) Coomassie blue staining of the fractions
1, 2, and 3 from PEG-S-Fab purification. (C) Barium iodide complex staining of the fractions I, 2, and 3 from PEG-S-Fab purification. M (kDa), molecular weight markers

(kilodalton).

Abbreviations: PEG, polyethylene glycol; PEG-S-Fab, PEGylated S-Fab; S-Fab, single-domain antibody-linked Fab; UV, ultraviolet.

CEA-negative SKOV3 cells (Figure 5B). PEG-S-Fab had a
slightly lower cytotoxicity than S-Fab (Figure 5A) possibly
because of slightly decreased antigen binding or steric interfer-
ence of PEGylation. However, the level of decreased activity
appeared to be much lower than of many other PEGylated
proteins.!7-

PEGylation prolongs the in vivo half-life
of S-Fab

To determine the circulating half-life of PEG-S-Fab, the intra-
venous PK profiles of S-Fab and PEG-S-Fab in the rat were
analyzed. S-Fab and PEG-S-Fab were quantified using ELISA
as described in the “Materials and methods” section. Quantifi-
cation of a series of standards showed that the standard curve
was y=0.0934x+0.0748 (0=x=25 pg/mL), with an R? value of
0.9982 (Figure 6A). Based on the serum protein concentration
up to 144 h, S-Fab had an in vivo half-life of ~3.0 h, similar
to the reported half-life of other Fabs in vivo.’¢3¥ PEGylation
significantly extended the half-life of PEG-S-Fab to 36.0 h, a
12-fold increase over that of S-Fab (Figure 6B).

The in vitro stability of PEG-S-Fab in human plasma was
also assessed. When incubated with human plasma in vitro

at 37°C, the level of S-Fab decreased sharply after 72 h for
both the heavy chain (~40 kDa) of S-Fab (Figure 6C) and
the light chain (~25 kDa) of S-Fab (Figure 6E) likely due to
enzymatic digestion in plasma. For PEG-S-Fab, the decrease
was much slower for the heavy chain (~40 kDa) (Figure 6D).
For the light chain of PEG-S-Fab, which has PEGylation,
the double PEGylated light chain (~107 kDa) and signal
PEGylated light chain (=45 kDa) showed similar slower
reduction as the heavy chain (Figure 6F). Interestingly, the
non-PEGylated light chain (~25 kDa) increased slightly dur-
ing the incubation, suggesting a slow reduction of PEGylation
(de-PEGylation). Previous studies have shown that with an
extended incubation time and decreased pH, de-PEGylation
can occur in vitro.**#° Different conjugation chemistry can be
further explored to study the de-PEGylation.

PEG-S-Fab induces more potent in vivo
antitumor activity

The increased in vivo half-life and comparable in vitro
cytotoxicity of PEG-S-Fab compared to S-Fab prompted us
to assess the in vivo antitumor activity of PEG-S-Fab in an
adoptive xenograft model. When NOD-SCID mice were
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Figure 4 PEG-S-Fab can bind CEA on tumor cells and CD3* on T cells.

Notes: Flow cytometry analysis of PEG-S-Fab and S-Fab on CEA-positive LS174T cells (A), CEA-negative SKOV3 cells (B), and CD3* T cells (C). The positive control anti-
CD3 antibody OKT3 was used for T-cell flow cytometry. Confocal microscopy of immunofluorescence staining as described in the “Materials and methods” section. S-Fab
(D) and PEG-S-Fab (E) on LSI74T cells (upper panel) and SKOV3 cells (lower panel), respectively. The scale bar represents 30 um. AF488, stained by the goat antihuman
1gG (H + L)-AlexaFluor 488 antibody; LS|174T, human colorectal cell line LS174T; SKOV3, human ovarian cancer cell line SKOV3.

Abbreviations: CEA, carcinoembryonic antigen; DAPI, 4,6-diamidino-2-phenylindole; IgG, immunoglobulin G; PEG, polyethylene glycol; PEG-S-Fab, PEGylated S-Fab; S-Fab,
single-domain antibody-linked Fab; FITC, fluoresceine isothiocyanate.

transplanted with LS174T cells and freshly isolated human
PBMC s, rapid tumor growth was observed. Compared
with the vehicle group, significant tumor growth inhibition
(P<0.01) was observed when mice were treated with either
S-Fab or PEG-S-Fab in the presence of human PBMCs

(Figure 7). Tumor growth inhibition was more pronounced
in the presence of PEG-S-Fab compared to S-Fab (P<<0.01),
indicating that PEGylation of the S-Fab protein enhanced
the therapeutic efficacy of the S-Fab in the xenograft
mouse model.
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Figure 5 PEG-S-Fab has potent specific cytotoxicity against tumor cells.

Notes: (A) Cytotoxic assay using CEA-positive LS174T cells. (B) Cytotoxic assay using CEA-negative SKOV3 cells. Cytotoxic assays were performed as described in the
“Materials and methods” section. Different concentrations of S-Fab or PEG-S-Fab were incubated with tumor cells and effector T cells (E/T =10). All data are shown as the
mean of triplicates, with error bars representing the SEM. LS174T, human colorectal cell line LS174T; SKOV3, human ovarian cancer cell line SKOV3.

Abbreviations: CEA, carcinoembryonic antigen; PEG, polyethylene glycol; PEG-S-Fab, PEGylated S-Fab; PEG-S-Fab + T, PEG-S-Fab plus T cells; S-Fab, single-domain
antibody-linked Fab; S-Fab + T, S-Fab plus T cells; SEM, standard error of the mean.
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Figure 6 Pharmacokinetic (A and B) and stability (C—F) analyses of the serum concentrations of PEG-S-Fab and S-Fab.

Notes: (A) Standard curve for the ELISA. (B) Serum PEG-S-Fab concentration—time curve after intravenous administration. Each data point is expressed as the mean + SEM.
Western blotting assay to detect the heavy chain of resulting S-Fab (C) or PEG-S-Fab (D) using an antiflag antibody after incubation with human plasma. Western blotting
assay to detect the light chain of resulting S-Fab (E) or PEG-S-Fab (F) using an anti-His antibody after incubation with human plasma. M (kDa), molecular weight markers

(kilodalton); P, plasma only group.

Abbreviations: PEG, polyethylene glycol; PEG-S-Fab, PEGylated S-Fab; S-Fab, single-domain antibody-linked Fab; SEM, standard error of the mean; ELISA, enzyme-linked

immunosorbent assay.

Discussion

In this study, we demonstrated that the site-specific PEGy-
lation can improve the therapeutic profiles of the bispecific
antibody S-Fab. To our knowledge, this is the first report
applying PEGylation to a bispecific antibody.
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Figure 7 PEGylation of S-Fab induces a more potent in vivo antitumor activity.
Notes: NOD-SCID mice (n=6 per group) were subcutaneously engrafted with
LS174T cells and human PBMCs. Mice were then treated with PBS alone, 0.3 nmol of
S-Fab or PEG-S-Fab daily over 6 days. The data represent the average tumor volume
of six mice. The error bars represent the SEM. Data were analyzed by a two-way
ANOVA using the GraphPad Prism 5 software (GraphPad Software, La Jolla, CA,
USA). *¥*¥P<0.0] when comparing the vehicle with the S-Fab or PEG-S-Fab groups.
LS174T, human colorectal cell line LSI174T.

Abbreviations: ANOVA, analysis of variance; NOD-SCID, nonobese diabetic—
severe combined immunodeficiency; PBMCs, peripheral blood mononuclear cells;
PBS, phosphate-buffered saline; PEG, polyethylene glycol; PEG-S-Fab, PEGylated
S-Fab; SEM, standard error of the mean; S-Fab, single-domain antibody-linked Fab.

Bispecific antibodies have been actively studied as a
powerful approach in cancer immunotherapy. Previously, we
reported a bispecific S-Fab that was constructed by linking
conventional anti-CD3 Fab to an anti-CEA single-domain
VHH at the C-terminus of VH-CH1 using nanobody tech-
nology (Figure 1). S-Fab showed potent antitumor activities
in vitro and in vivo.® As a Fab format, S-Fab offers advantages
over full-length antibodies, including better penetration into
tumor tissues and simple production of the antibody using
inexpensive prokaryotic expression systems.'” Meanwhile,
S-Fab overcomes the disadvantages of single-chain Fv-based
antibodies, such as instability, a tendency to aggregate, and
difficulty to produce in bacteria.® However, the short in vivo
half-life of S-Fab limits its potential as a therapeutic agent.
In this study, we reported that the PEGylation of S-Fab can
extend the in vivo half-life of S-Fab and maintain its potent
antitumor effect, making PEG-S-Fab a more feasible thera-
peutic reagent for further development.

In the case of antibody fragments, PEGylation has been
shown to lengthen their circulating half-life, enhance their
proteolytic resistance of therapeutic proteins, and reduce
their immunogenicity.?’*#! Various PEGylation strategies
have been studied for different therapeutic proteins, such
as nonspecific PEGylation, thiol and bridging PEGylation,
enzymatic PEGylation, and noncovalent PEGylation,**’
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while several PEGylated proteins have been approved for
clinical use.” To effectively and specifically modify the target
proteins, numerous functionalized PEG molecules have also
been synthesized in recent years, including amine reactive
(such as p-nitro-phenol carbonates, succinimidyl esters, and
tresylates), thiol-reactive (such as maleimide, iodoacetamide,
and vinyl sulfone), aldehyde-reactive, and alcohol-reactive
PEG molecules.?”” Additionally, the backbone structure
(linear, branched, or star-shaped) and molecular weight of
the PEG molecules used for PEGylation influence the effects
of the reaction and PEGylated conjugates.?’

In this study, the site-specific PEGylation was designed
at the C-terminus of VL-CL by adding two cysteines
with a short GGGG space linker. Based on the analysis
of VH-CH1-VHH and the VL-CL chain before and after
PEGylation (Figures 2 and 3), double PEGylation at
the VL-CL terminus likely accounted for the majority of
conjugation. No PEGylation of the heavy chain VH-CHI-
VHH was observed, even though it has four cysteine resi-
dues. A small portion of mono-PEGylation was observed
on VL-CL. Only slightly increased multiple conjugations
were observed when the PEG:protein ratio rose >40 in the
conjugation reaction. These data suggest that PEGylation can
be controlled to be conjugated at the expected sites.

PEGylation has been previously reported to potentially
decrease enzymatic proteins or the binding affinities of
Fabs.? In an attempt to minimize the impact of PEGyla-
tion of S-Fab on CD3 and CEA binding, the site-specific
conjugation at the C-terminus of VL-CL is distant to both
the CD3- and CEA-binding sites. Flow cytometry analysis
showed that PEGylation had a slight effect on the binding
of S-Fab to tumor cells and T cells (Figure 4) and slightly
reduced the in vitro cytotoxicity (Figure 5). However,
PEGylation increased the circulation ¢, of S-Fab by 12-fold
in vivo (Figure 6A and B). Previous studies have shown
that the enhancement of the in vivo half was due to the
hydrodynamic radius and enhanced molecular size of the
PEGylated conjugate, leading to reduced renal clearance
and increased resistance of the PEGylated conjugate to
proteolysis.?”?*4243 [n addition, the enhanced permeability
and retention (EPR) effect may be an important factor for the
slow clearance and prolonged ¢,,, of PEG-S-Fab in plasma.
The EPR of the PEGylated conjugate can also cause entrap-
ment by the tumor vasculature that is highly disorganized
and hyperpermeable, which further prolongs the elimination
half-life.* The increased stability in plasma may also play a
role in the longer in vivo half-life of PEG-S-Fab (Figure 6C
and F). Those factors ultimately prolong the circulation
half-life of S-Fab.?

In mouse models, PEG-S-Fab showed more potent
antitumor activity than S-Fab (Figure 7), likely due to the
increased half-life of PEG-S-Fab. PEG-S-Fab may also have
enhanced the permeability and retention effects in tumors,
which may contribute to the more potent in vivo antitumor
activity of PEG-S-Fab because it is trapped in tumors. Such
opposite effects of PEGylation on proteins in vitro and in vivo
have also been shown for other proteins. #2843

Conclusion

Although the PEGylation of S-Fab slightly reduced the
in vitro binding affinity of S-Fab to its antigen CEA or CD3,
it extended the circulation ¢, , of S-Fab by 12-fold in vivo,
which contributes to enhancing its in vivo antitumor effi-
cacy. Therefore, this study supports the use of PEGylation
to extend the circulating half-life of the bispecific antibody
S-Fab and enhance its therapeutic potential in the clinic.
This strategy can be potentially applied to a broad range of
immunotherapies.
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