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ABSTRACT: IgG antibodies have evolved to be flexible so
that they can bind to epitopes located over a wide spatial
range. The two Fabs in an IgG antibody are linked together as
if each Fab is at the end of a linear, flexible molecule. PEG was
used as a scaffold molecule to link two Fabs together to give
Fab-PEG-Fab molecules, or FpFs. Preparation of FpFs was
achieved with reagents that undergo site-specific conjugation at
each PEG terminus by bis-alkylation with the two cysteine
thiols from a disulfide bond. This allowed each Fab to be
conjugated to the PEG scaffold in essentially the same region
that each Fab is linked in an IgG. Fabs were sourced directly
(e.g., ranibizumab) or monoclonal IgG antibodies were
proteolytically digested to obtain the Fabs. This allowed the
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resulting FpFs to be directly compared to parent IgGs. PEG scaffolds of 6, 10, and 20 kDa were used to make the corresponding
FpFs. Dynamic light scatting data suggested the resulting FpFs were similar in size to an IgG antibody and about half the size of a
20 kDa PEGylated-Fab. The solution size of PEG-conjugated proteins is known to be dominated by the extended solution
structure of PEG, so it is thought that the smaller size of the FpFs is due to interactions between the two Fabs. Anti-VEGF and
anti-Her2 FpFs were prepared and evaluated. The FpFs displayed similar apparent affinities to their parent IgGs. Slower
dissociation rates were observed for the anti-VEGF FpFs compared to bevacizumab. The anti-VEGF FpFs also displayed in vitro
anti-angiogenic properties comparable to or better than bevacizumab. These first studies indicate that FpFs warrant further
examination in a therapeutic indication where the presence of the Fc may not be required.

B INTRODUCTION

The hinge in IgG antibodies contributes to the flexibility of the
two Fabs so they can bind to epitopes located over a wide
spatial range.' > Topologically each Fab in an IgG is linked as if
the Fabs are on the two ends of a linear molecule (Figure 1a).
We hypothesize that conjugating two Fabs at a site near where
they are bound to the hinge with an appropriate linking
molecule will give bivalent molecules with the binding
characteristics of an IgG. We describe a general strategy to
use poly(ethylene glycol) (PEG) as a flexible scaffold molecule
that, when functionalized as the PEG-di(bis-sulfone) 1, can link
two Fabs together to give Fab-PEG-Fab (FpF) (Figure 1la-b)
which can act as an IgG mimetic.

Each of the two reactive moieties on the FpF reagent 1
(Figure 1b) are capable of undergoing bis-alkylation with the
two cysteine thiols that are derived from native disulfides.
Analogous reagents capable of bis-alkylation on only one
terminus have been used to conjugate PEG efficiently to a wide
range of proteins including Fabs.*"® These reagents were
developed to achieve site-specific conjugation while avoiding
the need to insert a free cysteine into a protein, which can cause
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aggregation and disulfide scrambling during protein expression
and purification. Mechanistically,>” conjugation is thought to
occur by a sequence of addition—elimination reactions (Figure
2) to yield stable thiol ether bonds to rebridge the original
protein disulfide bond. The FpF reagent 1 permits the use of
Fabs obtained by the proteolytic digestion of intact IgG
antibodies (Figure 1a), which allows direct comparison of FpFs
with IgGs.

FpFs are being considered for therapeutic applications where
only the bivalent binding properties of the two Fabs may be
necessary." "' The hinge region in IgG antibodies is also
known to be susceptible to cleavage reactions,'>"* so FpFs are
also being developed to be more stable than IgGs. The thiol
ether bonds in FpFs are more stable than the corresponding
disulfide bond in Fabs, so no light chain dissociation is expected
in FpFs. Finally PEG can also decrease the propensity for
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Figure 1. (A) Representation of an IgG showing how the two Fabs topologically are at the two ends of a flexible linear molecule. Also shown is the
proteolytic digestion of an IgG to generate its Fab that are then treated with DTT and then linked to each end of a PEG scaffolding molecule using
reagent 1 to make an FpF. This strategy allows the properties of an FpP to be directly compared to the starting IgG. (B) Synthesis of FpF reagent 1.
Elimination of toluene sulfinic acid anion 2 yields the reactive FpF reagent 3 which then undergoes reaction with a Fab that had previously been

treated with DTT.

aggregation when conjugated to a protein,"*"> so there may be

a lower tendency for aggregation in an FpF than an IgG.

PEG protein conjugates have been used clinically for almost
20 years'® and several PEGylated proteins have become first
line clinical treatments.'”'® Considering the potential for new
ophthalmic treatments based on FpFs, a PEG-aptamer
conjugate is registered for clinical intravitreal administration'”
indicating that PEG is safe for intraocular use. Fabs are also
known to be safe for intraocular use.”® The lack of the Fc
region in an antibody fragment would reduce the chance for Fc
derived side effects.”~'" Fc receptors within the eye*' seem to
remove antibody therapeutics from the eye.”' ™ There does
not appear to be any real increase in local ocular
pharmacokinetics due to the presence of an Fc as observed
when therapeutic antibodies are used systemically. For example,
ranibizumab is a marketed anti-VEGF Fab used to treat ocular
indications.'>***® Bevacizumab is a monoclonal IgG1 antibody
that also targets VEGF. As expected, bevacizumab has an
extended systemic half-life;>”** however, the halflife of
bevacizumab within the eye after intravitreal injection is
comparable to that for ranibizumab.”* ' FpFs are therefore
being examined for potential use as antibody mimetics where
there is no need for the presence of the Fc.

Here we describe how bevacizumab was proteolytically
digested with papain to give Fab,, that was then used to
prepare the corresponding FpF, Faby,,,-PEG-Faby,,,. This was
then compared with the parent antibody, bevacizumab.
Ranibizumab (Fab,,,;) was used directly to prepare the
corresponding FpF, Fab,, ;-PEG-Fab ;. The complementarity
determining region (CDR) of ranibizumab has a higher affinity
for VEGF than does the corresponding binding region in
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bevacizumab.*® Fab,,, -PEG-Fab,,,, and Fab, -PEG-Fab,,
were evaluated by surface plasmon resonance (SPR) and an
in vitro angiogenesis assay. As a further example of this
approach and to examine local ligand binding effects,
trastuzumab was proteolytically digested and its Fab (Faby,)
was used to prepare an anti-Her2 FpF, Fab, -PEG,;-Fab

which was evaluated by SPR.

trast trasts

B EXPERIMENTAL SECTION

Materials. Bevacizumab (Avastin, 25 mg/mL, Genentech)
and trastuzumab (Herceptin, 150 mg, Genentech) were
purchased commercially. Ranibizumab (Lucentis, 10 mg/mL,
Genentech) was obtained from the pooled remaining contents
of vials that had been used clinically. Phosphate buffered saline
(PBS; 0.16 M NaCl, 0.003 M KCl, 0.008 M Na,HPO,, and
0.001 M KH,PO,) was prepared with tablets purchased from
Oxoid. Acetate buffer A (100 mM sodium acetate, pH 4.0) and
acetate buffer B (100 mM sodium acetate, 1 M NaCl, pH 4.0)
were prepared for ion-exchange chromatography. Novex bis-tris
4—12% SDS-PAGE gels, Novex Sharp Pre-stained protein
standard, NuPAGE MOPS running buffer, NuPAGE LDS
sample buffer, and SilverXpress silver staining kit were
purchased from Invitrogen. InstantBlue was purchased from
Expedeon Ltd. Perchloric acid (0.1 M) and barium chloride
(5.0%) solutions for barium iodide staining were prepared in
the lab. PD-10 column, cation exchange columns (HiTrap SP
HP 1.0 mL) and a Superdex 200 prep grade size exclusion
column (34.0 um particle size) along with Biacore consumables
were all purchased from GE Healthcare. Anti-human IgG (Fab
specific)-peroxidase, 3,3’,5,5'-tetramethylbenzidine (TMB),
and human vascular endothelial growth factor (hVEGFg;)
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Figure 2. Mechanistically each Fab is thought to form two covalent bonds, one to each cysteine thiol from the Fab disulfide. The conjugation
reaction is thought to occur by a sequence of addition and elimination reactions.

were purchased from Sigma-Aldrich. AngioKit human angio-
genesis system cultures and media, and AngioSys Image
Analysis Software, were purchased from TCS Cellworks Ltd.
Methods. Preparation of PEG-di(bis-sulfone) 1. Anhy-
drous toluene (5 mL), O,0’-bis(2-aminoethyl)polyethylene
glycol (20 kDa, 100 mg, 0.5 X 10° mole, 1 equivalent) and one
crystal of 4-dimethylaminopyridine (DMAP) were added to a
dry 50 mL Schlenk flask containing a magnetic stir bar. The
bottom of the flask was gently heated using a hot air gun until
the PEG had fully dissolved. The flask was then allowed to cool
to ambient temperature. The stoppered side arm of the Schlenk
flask was then connected to a vacuum pump and the flask
evacuated to evaporate the toluene. The remaining O,0’-bis(2-
aminoethyl)polyethylene glycol was dissolved in dichloro-
methane (5.0 mL), stirred, and to this was added 4-[2,2-
bis[ (p-tolysulfonyl)-methyl] acetyl]benzoic acid-NHS ester 4°>
(24 mg, 4 X 10~° mole, 8 equivalents). The reaction mixture
was stirred for 48 h at ambient temperature in an argon
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atmosphere and then the solvent was evaporated using a rotary
evaporator. Acetone (5.0 mL) was added and the flask was
gently heated until a clear solution was obtained. The reaction
flask was then placed in an ice bath for 10 min during which a
precipitate began to form. The reaction suspension was
centrifuged at 4000 X g for 30 min at —10 °C. To maximize
the yield of FpF reagent 1, the acetone centrifugation process
was repeated three times. Supernatant was removed and the
reagent was dried overnight in a vacuum and then stored under
argon at —20 °C.

Proteolytic Digestion of Bevacizumab and Trastuzumab.
Isolation of Faby,,, and Fab,, by the proteolytic digestion of
the corresponding monoclonal antibodies was conducted by
routine procedures as previously described.* Digestion buffer
(20 mM sodium phosphate, 2 mM EDTA, 20 mM cysteine-
HCl, pH 7.4) was prepared immediately prior to use.
Immobilized 50% papain slurry (1.0 mL) was equilibrated
with the digestion buffer. To obtain Fab,.,,, bevacizumab (12.5
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mg/mL, 1.0 mL) was added to the slurry and the digestion
solution was incubated at 37 °C for 5.5 h while being gently
shaken at a speed of 250 rpm. After incubation, the solution
was separated from the immobilized papain by centrifugation
(4000 x g for 4 min). The immobilized papain was washed
once with the binding buffer (2.0 mL, Tris buffer with EDTA,
pH 8.0) and the digestion mixture was eluted over a Protein A
column that had been pre-equilibrated with Tris buffer, pH 8.0.
The collected fractions were evaluated by SDS-PAGE and the
protein concentration was determined by UV spectrometry.
Digestion of 12.5 mg of bevacizumab typically gave 5.2—6.4 mg
of Faby,,, after purification which was approximately a 70%
yield.

To obtain Fab,, a solution of trastuzumab (6.5 mg/mL)
was prepared by dilution of 0.5 mL of trastuzumab (12.9 mg/
mL) with 0.5 mL of digestion buffer. Trastuzumab was then
incubated with pre-equilibrated papain at 37 °C for 20.0 h while
being gently shaken at a speed of 250 rpm. The crude Fab was
then purified from the digestion mixture by SEC using a mobile
phase of PBS (pH 7.3) at a flow rate of 1.0 mL/min.>* SEC was
required to purify Fab,, since this Fab appeared to bind to
Protein A. Fab,,, was thus obtained in a lower yield (26%)
than was possible for Faby,.,,. The yield for Fab,,, may be low
due to a susceptibility of trastuzumab to aggregate.

Protein Concentration Determination. A 1.0 mg/mL
solution of IgG displays an approximate absorbance of 1.39
at 280 nm with an extinction coefficient of 210,000 M~ cm™".
A Fab fragment at a concentration of 1.0 mg/mL has an
absorbance of approximately 1.40 at 280 nm with an extinction
coefficient of 216,000 M™' cm™'.>*7*® This latter value was
confirmed with a solution of Fab,,; (1.0 mg/mL) that was
prepared from the pharmaceutical formulation (10 mg/mL).
The bicinchoninic acid (BCA) assay was also used to determine
protein concentration and to compare with values obtained by
UV at 280 nm.* As a representative example, a solution of
Faby,,, was determined to be 0.093 mg/mL by UV spectros-
copy and 0.092 mg/mL by BCA assay. As the linker in the PEG
reagent contributes to the UV absorbance at 280 nm, BCA
assay was used for PEGylated protein samples while UV
spectroscopy at 280 nm was used for most unPEGylated
protein samples.

Representative Fab PEGylation to Prepare Faby,,,PEG,y-
Fabye,q Fabye, (2 X 107° mmol, 1.0 mL, 1.0 mg/mL in PBS,
pH 7.3) was incubated with DTT (1.0 mg) at ambient
temperature without shaking for 30 min. DTT was removed by
elution over a PD-10 column, and the protein was buffer
exchanged into the conjugation buffer (20 mM sodium
phosphate, 10 mM EDTA, pH 7.4). PEG-di(mono-sulfone) 3
(20 kDa) (1 X 10~ mmol, 0.06 mL, 3.0 mg/mL in distilled
water) was then added to the reduced Fab,,,, solution (1.0 mg
in 3.3 mL). The PEGylation solution was incubated at ambient
temperature for approximately 3 h without shaking. Faby,,-
PEG,,-Faby,,, was purified first using a HiTrap Sepharose
cation exchange column (IEC-SPHP, 1.0 mL). After sample
loading, the column was first eluted with 100% acetate buffer A
for 10 min followed by a 30 min linear gradient using 100%
acetate buffer B containing 1.0 M NaCl with a flow-rate of 1.0
mL/min. Fractions (1.0 mL) were analyzed by SDS-PAGE and
the Faby,,,-PEG,(-Faby,,, was pooled and purified by SEC
using a 1.0 mL/min flow rate using PBS, pH 7.4 as mobile
phase. The concentration of the purified Fab,.,,-PEG,,-Fab,,,
was calculated by microBCA assay using Faby,,, as a standard.
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From 1.0 mg of Fab,,,, approximately 0.22 mg of purified
Fab,,,,-PEG,,-Fab,,,, was isolated (n = 12).

Comparative Binding Determined by SPR (Biacore).
Human recombinant VEGF,4 (38 kDa) was immobilized on
a CM3 chip at an immobilization level of 61 RU using standard
carbodiimide-mediated coupling (NHS/EDC, 50/50) and
ethanolamine (pH 8.5). Samples were prepared in HBS-EP
running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.0
mM EDTA, 0.005% surfactant P20). All kinetic measurements
were conducted at 25 °C at a flow rate of 30 yL/min with an
association time of 180 s and dissociation time of 1200 s. Chip
regeneration was accomplished by exposure to 10.0 mM
glycine—HCl (pH 2.0) for 1200 s. Double-referencing was
performed to account for bulk effects caused by changes in the
buffer composition or nonspecific binding.*° Data were
evaluated with BIAevaluation software (version 2.1) and the
best fit (lowest y*) was obtained using a 1:1 binding model.
The sensorgram was fitted globally over the association and
dissociation phases. Equilibrium dissociation constants (affin-
ity) were calculated from the rate constants (Kp = kg/k,,)-

Comparative Binding Determined by ELISA. Each well in
an ELISA plate was incubated with hVEGF 4 (100 uL, 0.1 ug/
mL) overnight at 4 °C. The ligand solution was removed and
the blocking buffer (300 uL; PBS with 1% BSA and 0.05%
Tween 20) was added into each well and allowed to incubate at
ambient temperature for 2 h. Blocking buffer was then aspirated
and the wells were washed with PBST (300 uL; PBS with
0.05% Tween 20). Serial dilutions of the test samples in PBS
were then added to the wells and the plate was incubated for 2
h at ambient temperature. After removal of the test samples, the
wells were washed (300 uL with PBST) three times. Anti-
human IgG (Fab specific)-peroxidase (cat. no. Sigma A0293,
100 pL; 1:5000 dilution) was added to each well and allowed to
incubate for 1 h at ambient temperature. The wells were
aspirated and washed with buffer three times with PBST (300
uL). TMB (100 uL) was then added and color development
(blue) was monitored. After approximately S min, HCI (S0 uL;
1.0 M) was added to each well to stop the reaction and
absorbance was measured using a plate reader at 450 nm.

In Vitro Angiogenesis Assay. A HUVEC coculture assay
(24-well plate, AngioKit, TCS Cellworks Ltd.) was used
according to the manufacturer’s instructions. Filter-sterilized
(0.22 um) test samples were diluted in growth medium to their
final required concentrations and added to each well (0.5 mL
per well) containing a growing culture of HUVEC on the day
that the cultures were received. The concentration of VEGF 4
used was 10 ng/mL in each well and the concentrations of the
FpFs were normalized for their protein molecular weights. For
example, for molar ratios of 3:1, 1.5:1, and 0.5:1 of sample to
VEGF, concentrations of 0.12, 0.06, and 0.02 pg/mL of
bevacizumab and 0.08, 0.04, and 0.013 pg/mL of FpFs were
required. The samples were preincubated with homodimeric
hVEGF,4 for 2 h at 37 °C before addition to the cells.*’ As
negative and positive control, designated wells were treated
with medium only (no VEGF) and VEGF (10 ng/mL),
respectively. Duplicate wells were prepared for each test
environment. The assay plate was then placed in a humidified
incubator (37 °C, 5% CO,). Media was replaced with fresh
culture media containing the test samples on days 4, 7, and 9.
On day 10, cells were fixed (ice-cold 70% ethanol; 0.5 mL per
well). Cells were first exposed to mouse anti-human CD31
primary antibody (1:400 dilution, 0.5 mL per well, 60 min at 37
°C), followed by alkaline phosphatase-linked goat antimouse
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Figure 3. FpF preparation and SPR binding studies. (a) Representative SDS-PAGE gels of FpF preparation and purification. Lane M, protein
standards (colloidal blue); Lane 1, Faby,,,; Lane 2, Fab,,, after DTT treatment; Lane 3, reaction mixtures for the reaction of Faby,,, with 10 kDa FpF
reagent 3 (1.0 equiv); Lanes 4—12, purified Fab,,,-PEG-Fab,,,, (6, 10, 20 kDa PEG) detected with colloidal blue (lanes 4—6), Bal, for PEG
detection (lanes 7—9), and silver stain to establish purity (lanes 10—12); Lanes 13—18, purified Fab,,;-PEG-Fab,,.; (6, 10, 20 kDa PEG) detected
with colloidal blue (lanes 13—15) and silver stain (lanes 16—18); Lanes 19—20, control reaction with Fab,,,; using 20 kDa FpF reagent 3 (1.0 equiv)
detected with colloidal blue (lane 19), Bal, (lane 20); Lane 21, FpF reagent 3 (20 kDa) detected with Bal,. (b) Binding sensorgrams for Fab,,-
PEG,,-Faby,,, using CMS chip immobilized with VEGF (208 RU). (c) The dissociation rate profile of Faby,,,-PEG-Faby,, (6, 10, and 20 kDa PEG)

and bevacizumab.

secondary antibody (1:500 dilution, 0.5 mL per well, 60 min at
37 °C). To detect the relative number of CD31-expressing
(endothelial) cells per well, soluble substrate p-nitrophenol
phosphate was applied and, following development, aliquots
were transferred to a 96-well plate for detection at 405 nm.
Cells were then rinsed and permanently stained for CD31 by
applying S-bromo-4-chloro-3-indolylphosphate/nitroblue-tetra-
zolium salt. Plates were air-dried and photomicrographs were
taken using an upright microscope. The images were
subsequently analyzed using AngioSys software to calculate
the number of junctions and tubules formed in each well.*

B RESULTS

Preparation of anti-VEGF FpFs. The FpF reagent 1 was
prepared from the N-hydroxysuccinimide ester 4 and PEG-
diamines of different molecular weights (6, 10, and 20 kDa)
(Figure 1b). Reagent 1 is latently reactive and must first
undergo elimination of sulfinic acid anion 2 (Figure 1b) so that
conjugation can proceed (Figure 2). Although the FpF reazgent
1 can be used directly for conjugation, it was pretreated” for
this study to eliminate sulfinic acid anion 2 to give compound
3.

Bevacizumab was proteolytically digested with immobilized
papain to give Faby,,,. The purified Faby,,,, was then incubated
with excess dithiothreitol (DTT) and followed by elution over
a PD-10 column to remove DTT (Figure 3a, lanes 1-2).
Scouting experiments (Figure S1) with the pretreated FpF
reagent 1 (10 kDa PEG) indicated that Fab,,,, was consumed
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to give the desired Faby,,,-PEG-Faby,,, product (Figure 3a, lane
3). Faby,,,-PEG-Fab,,,, analogues were then prepared with 3
different molecular weights of the FpF reagent 1 (6, 10, and 20
kDa). The products are denoted using subscript ‘n” on PEG,, to
distinguish the PEG molecular weight that was used, ie,
Faby,,,-PEG,y-Faby,.,, is derived from the Fab from bevacizu-
mab and the 20 kDa PEG version of reagent 1. No reaction
with the FpF reagent 1 (Figure 3a, lanes 19—21) was observed
unless the Fab was first incubated with DTT. This is consistent
with other PEG bis-alkylating reagents that we have developed
where no conjugation is observed in these conditions unless
there is free thiol present.*”¢

Purification of the Faby,,,-PEG-Faby.,, products described
here was accomplished by ion exchange chromatography (IEC)
followed by size exclusion chromatography (SEC) (Figure 3a,
lanes 4—12). Elution of Faby,,,-PEG-Faby,,, from IEC generally
required higher salt conditions compared to any mono-PEG
Fab species. IEC fractions containing the Faby,,,-PEG-Faby,,,
product were pooled, concentrated to 2.0 mL using a Vivaspin
Centrifugal Concentrator (2 min, 4000 X g), and then purified
by SEC to give a single band when analyzed by SDS-PAGE as
detected by silver stain (Figure 3a, lanes 10—12). Fab,,.;-PEG-
Fab,,,; products were prepared directly from ranibizumab
(Fab,,,;) following the same synthesis and purification
protocols (Figure 3a, lanes 13—18).

The thiol ether bonds formed during the disulfide rebridging
bis-alkylation reaction to make the FpFs are more stable than
the original disulfide bond in the Fab.>™’ Incubating a Fab in
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Figure 4. Superposition of DLS traces for Fab,,,;, bevacizumab, and the FpFs derived from 6, 10, and 20 kDa FpF reagent 3. A PEGylated Fab
(PEG,(-Fab,,,;) is also shown for comparison. DLS measurements were performed three times with each sample.

the presence of DTT causes dissociation of the heavy and light
chains (Figure 3a, lane 2). When a FpF was treated with excess
DTT no chain dissociation or Fab deconjugation from PEG
were observed (Figure S2a, lane 1). The lack of chain
dissociation is consistent with both cysteine thiols from the
accessible Fab disulfide being conjugated to reagent 1. The
FpFs were not treated with sodium triacetoxyborohydride after
conjugation’ in this study. Storage of the FpF in aqueous buffer
(PBS, pH 7.4) at 4 °C for 6 months (Figure S2a, lanes 2—4)
also did not appear to cause aggregation or dissociation. In
contrast to what was observed for bevacizumab (Figure S2b,
lanes 4—6), incubation of Fab,,,;-PEG-Fab,,,; (Figure S2b, lanes
1-3) at 37 °C (pH 7.4, PBS) for 2 days did not appear to result
in chain dissociation or significant aggregation.

Using dynamic light scattering (DLS), the solution size of 20
kDa PEG-Fab (PEG,-Fab,,; 21.2 + 1.8 nm) which was
derived from a PEGylation reagent with the bis-alkylating
moiety used in this study on only one end of the PEG*® is
about double that of 10 kDa PEG-Fab conjugate (Fab,y-Fab,,,;
10.3 = 0.6 nm). The solution size of the 20 kDa FpF, Fab,,-
PEG,-Fab,,; (11.6 + 0.2 nm) was about half that of PEG,,-
Fab,,, conjugate, but comparable to bevacizumab (12.8 + 0.2
nm) as were the 6 and 10 kDa FpFs (Figure 4).

Binding Studies with VEGF. The apparent binding affinity
(Kp), and the association (k,) and dissociation rate constants
(k;) of the FpFs were determined by surface plasmon
resonance (SPR) (Biacore X-100). VEGF,¢ is a dimer, so
there are two binding sites for Faby.,..*> Low-density
immobilization of VEGF 4 (61 RU) and a high flow rate (30
uL/min) were used to minimize mass transfer limitations and
rebinding effects over the chip.*7* All the anti-VEGF FpFs
that were prepared from both Faby,, and Fab, displayed
concentration dependent binding sensorgrams (Figure 3b) with
residual plots scattered around zero (Figure S3). The kinetic
rate constants and affinities were calculated (Table 1) using a
1:1 binding model resulting in the fitting parameters listed in
Table S1.

The apparent Ky, values for all of the Faby.,,-PEG-Faby.,,
products were similar to those of the parent IgG, bevacizumab
(Table 1). Both the association (k,) and dissociation (k)
constants tended to be smaller for the Faby,,,-PEG-Fab,.,
products compared to bevacizumab. The superposition of the
dissociation phase of the sensorgrams* illustrates the slower
rate of dissociation for Faby,,,-PEG-Faby,., compared to
bevacizumab (Figure 3c). As anticipated,* the FpF also displays
a considerably slower dissociation rate compared to the
monovalent, starting Faby,,,, (Figure S4).
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Table 1. Kinetic Rate Constants and Affinity Values of the
Faby,,,-PEG-Fab,,,, FpFs as Determined by SPR Using
Immobilized VEGF 4, (CM3 chip, 61 RU)“

samples k, (x10H) M's™' kg (X107°%) s7! Ky (ke/k,) nM
Bevacizumab? 6.12 8.16 1.33
Faby,q,; PEGgFabyey, 343 529 1.54
Faby,,,-PEG-Faby,.,, 4.46 5.65 127
Fabye,,-PEG;-Fabyey, 1.96 3.02 1.53
Fabmmb 3.65 ND ND
Fab,,,;-PEG4-Fab,,; 3.80 ND ND

“The range of concentrations used for the Fab-PEG-Fab conjugates
and bevacizumab was 0.02 M to 0.8 M. Kinetic rate constants could
not be determined (ND) for Fab,,; and its conjugate. bReported in
Khalili et al.*

The monovalent ranibizumab (Fab, ;) did not dissociate
when evaluated by SPR at 25 °C (Table 1) during the time
allowed for dissociation, which is consistent with previous
reports.‘ﬂ”‘w’48 Instead, relative apparent binding affinities were
determined using an anti-VEGF ELISA. The results indicated
that the apparent Ky value for Fab,, ;-PEG¢-Fab,,,; was greater
than Fab,,,; alone and similar to bevacizumab (Figure Sa). The
Faby.,, FpFs also displayed similar apparent K values to
bevacizumab (Figure Sb), which was consistent with what was
observed by SPR.

Comparative Evaluation of in Vitro Inhibition of
Angiogenesis. The anti-VEGF FpFs were evaluated using a
human umbilical vein endothelial cell (HUVEC) coculture
(AngioKit, TCS Cellworks Ltd.). This assay measures the
migration and the formation of an anastomosing network
characterized by tubule and junction formation during HUVEC
proliferation. Inhibition of VEGF-induced HUVEC prolifer-
ation has been reported*' to occur by adding a 2.6:1 molar ratio
of bevacizumab to VEGF 4. The FpFs were evaluated using
molar ratios of 3.0, 1.5, and 0.5 to VEGF. To differentiate
between the endothelial tubular network and nonendothelial
structures of similar apparent morphology, CD31 was used as
an endothelial marker to detect the process of angiogenesis
based on junction and tubule formation.

Images after staining for CD31 indicated that inhibition of
angiogenesis had occurred for all of the FpFs (Figure 6a for
Fab,,;-PEG-Fab,,,; and Figures SS5—6a for Fab,.,-PEG-
Faby,,,). Quantification of tubule and junction formation
(AngioSys Image Analysis Software, TCS Cellworks Ltd.)
indicated that the formation of both structures was inhibited in
a concentration dependent manner by the anti-VEGF FpFs
(Figure 6b and Figure S6b). Both the Fab,,; and Faby,
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Figure 5. Superimposed ELISA binding saturation curves of (a)
Fab,,;-PEG4-Fab,,;, Fab,  and bevacizumab, (b) bevacizumab, Faby,,,
and Faby,,,-PEG-Faby,,, (6, 10 kDa PEG). The anti-VEGF FpFs
displayed similar relative apparent affinities with bevacizumab as was
observed by SPR.

derived FpFs inhibited angiogenesis in vitro better than
bevacizumab.

FpF Derived from Faby,,. As a second example we
elected to evaluate an FpF that was targeted to a cell surface
receptor. Trastuzumab is a clinically used IgG antibody that
binds to Her2. Analogous to bevacizumab, trastuzumab was
proteolytically digested to give Fab,,, which was then used to
prepare Fab,-PEG,o-Fab,, (Figure 7). The synthesis and
purification of Fab,,-PEG,y-Fab, (n = S) was accomplished
in the same way as for the anti-VEGF FpFs. Analogous to
VEGEF, Her2 was also immobilized at low density using a CM3
chip (51 RU). SPR analysis indicated that trastuzumab and
Fab,,-PEG,-Fab,,, displayed similar binding properties
(Table 2) broadly mirroring the results for Fab,,,-PEG-Faby,.,.

B DISCUSSION

A key challen§e for strategies to link proteins together using a
chemical step™~>* is to achieve site-specific conjugation with
high efficiency. The FpF reagent 1 exploits the latent reactivity
of the two thiols from the accessible disulfide of a Fab (Figure
2). This results in a bridged product linking the two cysteine
thiols through a three-carbon bridge that is more stable than
the original disulfide.*® Exploiting the reactivity of the cysteine
thiols from a native disulfide avoids the limitations of adding a
free unpaired cysteine or a non-native amino acid to the Fab.

The approach described here is essentially a combined
recombinant-chemical strategy. In the context of this strategy,
the molecule used to link different proteins or protein domains
must be (i) nontoxic, (ii) able to preserve the function of each
protein, and (iii) capable of site-specific conjugation to each
protein. If appropriate chemical-recombinant approaches can
be developed, they can be used in a modular way to link easy to
prepare monofunctional protein ‘precursors’ into multifunc-
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tional proteins that would be difficult to make by recombinant
means alone.

A recombinant only approach to make multifunctional
therapeutic proteins requires that a polypeptide sequence
must be used to link the two proteins together. Considering
fusion proteins which is a successful, clinically proven
format,>>™>° there is often an increased propensity for
aggregation and enhanced degradation during their develop-
ment.?”®* The risk of immunogenicity is always present, so
polypeptide linkers must be both functional and non-antigenic.
Compared to naturally occurring proteins with multiple
functions,>~%* therapeutic fusion proteins, including bispecific
antibodies, have not evolved to be together, so optimization of
the linking polypeptide between two or more different proteins
is required.*~"" Isolating fusion proteins and bispecifics in
sufficient amount and purity during early development is often
difficult.”>”® There are, however, thought to be man
therapeutic opportunities for multifunctional proteins.®®”*~7
Many approaches have been described and are continuing to be
explored to develop bispecific antibodies (for example, ref 77)
and Dbispecific formats that employ antibody and protein
scaffolds.”® Thinking beyond the FpFs described here, when
considering possible multifunctional therapeutic proteins,
distinct functional segregation between the two (or more)
proteins will probably be necessary. This might best be
facilitated with a nonpeptide linker such as PEG as is described
here.

Considering FpFs as a model to develop recombinant-
chemical strategies, Fabs can be produced from E. coli cost-
effectively.”” PEG is used in a wide range of therapeutic and
healthcare products.'® While ligands®*~** and other proteins
engineered with free cysteines® have been conjugated to both
PEG termini, the work described here is the first to use Fabs
directly to form FpF molecules as IgG mimetics. The FpF
reagent 1 allows PEG to be used as a scaffold molecule to link
two Fabs at essentially the same point that occurs naturally for
Fabs in an IgG. The hinge region in IgG antibodies is often
considered vulnerable to degradation' and disulfide scram-
bling,> so FpFs may be more stable than IgGs. Preliminary
stability studies of the FpFs, especially when incubated with
DTT (Figure S2a, lane 1), show there is no heavy—light chain
dissociation during SDS-PAGE that would occur with a full IgG
or free Fab in the presence of DTT.

Topologically each Fab in an IgG is linked as if the Fabs are
on the two ends of a linear molecule (Figure la). As a
macromolecule, FpFs may share some of the self-associating
characteristics of A-B-A block copolymers®® where it is known
that linear polymers functionalized at both ends can self-
associate.*”*® It is known that the size of PEG-protein
conjugates is dominated by the presence of PEG.**° Our
DLS measurements were consistent with the solution size of
PEG-Fab conjugates being dominated by the molecular weight
of the PEG. This can be seen by comparing the solution size of
a 20 kDa PEG-Fab conjugate (PEG,y-Fab,,,;; 21.2 &+ 1.8 nm)
which was about double that of a 10 kDa PEG-Fab conjugate
(Fab,o-Fab,,,; 10.3 + 0.6 nm). In contrast, the solution size of
the FpFs derived from the 6, 10, and 20 kDa PEG versions of
reagent 1 were all similar to each other and were comparable in
size to bevacizumab (Figure 4). Differences in the molecular
weight of PEG do not appear to influence the solution size of
the FpFs in the same way it does when only one protein is
conjugated to PEG (ie., PEG-Fab).
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Figure 6. (a) Representative images that were used for AngioSys analysis to quantitate tubule formation using a HUVEC-fibroblast angiogenesis
assay. The dark purple structures (tubules) are indicative of angiogenesis and were analyzed to determine the number of junctions. (b) Number of
junctions observed for medium alone, medium + VEGF, bevacizumab + VEGF, and Fab,,,-PEG-Fab,,, (6, 10, and 20 kDa) + VEGF. Ratios are the
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cultures per treatment environment.

160
110
80
60

50
40

30

20

15
10

R S

Figure 7. Representative SDS-PAGE gels of the Fab, and purified
Fab,,PEG,¢-Fab,. PEGylation with FpF reagent 3 (20 kDa, 1.0
equiv) was conducted using Fab,, (1.0 mg/mL) after treatment with
DTT (1.0 mg/mL). Lane M, protein standards (colloidal blue); Lane
1, purified Fab,y; Lane 2, Fab,, treated with DTT; Lanes 3, 4,
purified Fab,,,-PEG,-Faby,, detected with colloidal blue (lane 3) and
Bal, (lane 4).

Table 2. Kinetic Rate Constants and Affinity Values of the
Fab, . -PEG-Fab,

samples k, (x10Y) M7's™! Ky (x107°) s7! Ky (kg/k,) nM
Trastuzumab“ 38.0 4.2 0.11
Fab,,, - PEG,y-Faby, 42.0 5.6 0.13

“Reported in Khalili et al.*
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While antibody dynamics are complex,”’ PEG provided a
type of flexibility in the FpFs that may be analogous to the
flexibility in the hinge region of IgG antibodies,' > at least to
the extent observed here for binding studies. The A-B-A block
copolymer motif and the flexibility properties of FpFs may be
important to be able to extend a chemical-recombinant strategy
to other types of proteins.

The SPR studies indicate that Faby,,,-PEG-Faby,,, displays a
similar apparent affinity to bevacizumab (Table 1). The PEG
size had little effect on the overall Ky of the FpFs, which
indicates PEG sizes of 6 kDa and above confer sufficient
flexibility of the two Fab moieties for binding to its target. This
may also be indicative that the biological activity can remain
broadly independent of PEG molecular weight when
conjugation is site-speciﬁc.6

Kp is the quotient of the dissociation and association rate
constants (kg/k,), so differences in binding properties between
bevacizumab and Fab,,,,-PEG-Fab,,.,, were examined by
considering the relative values of k, and kg Overall, the
Faby,,,-PEG-Faby,,, FpFs displayed a decreased association rate
(k,) of approximately 40—60% to that observed for
bevacizumab (Table 1). In an earlier study, PEGylation
reagents that undergo bis-alkylation in the same way as the
FpF reagent 1, but on only one terminus, were used to prepare
PEG-Faby,,, conjugates. It was found that the k, of PEG-Faby,,,
(~1.0 x 10* M™' s7!) was about 50% of that observed for
Faby,,, (~2 x 10* M~ s71).* Other studies have shown that
most PEGylated proteins reduce k, to a greater extent (for
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example, refs 92,93), so a reduction of only ~50% in the
association rate due to PEG shielding is considered good. The
small reduction in the association rate for the FpFs is indicative
that the site of conjugation at the accessible disulfide in a Fab is
appropriate to minimize PEG shielding effects.

The rate of dissociation (k,) for the anti-VEGF FpFs was less
than bevacizumab. Both VEGF and Her2 ligands were
immobilized at very low densities and were spatially well
presented. Although there is a rationale for a therapeutic with
both anti-VEGF and Her2 binding capacities,”* in this study we
were interested in the differences in the molecular environment
of each ligand. In particular, the two binding sites on VEGF
were presumably more spatially matched to allow cooperative
bivalent binding and local rebinding effects of the FpF within
the same immobilized VEGF molecule than Her2. While the
relative dissociation constant for Fab,,,,-PEG,,-Fab,,, was less
than for bevacizumab (Table 1), presumably because of
localized rebinding on the dimeric VEGF ligand, the
dissociation constant for Fab,,,-PEG,(-Fab,, was comparable
to or slightly faster than that observed for trastuzumab (Table
2) on the monomeric Her2 ligand. Once dissociation occurred,
reassociation of the entire Fab,,,-PEG-Fab,,, molecule was
less probable for a ligand with one epitope (Her2) compared to
a ligand with 2 epitopes (VEGF ;). In the case of Fab,,,-PEG-
Fab,,, the influence of the association rate dominated during
any rebinding events, so once unassociated, the rebinding of
this FpF was slower than that of the parent IgG.

Exploiting reduced dissociation rates of therapeutics may be a
viable strategy to increase efficacy within specific tissues.” The
slower dissociation of Fab-PEG-Fab compared with that of
bevacizumab suggests that once the first Faby,,, moiety binds to
VEGEF, then most of the PEG kinetic (ie., shielding) and
thermodynamic (i.e., entropic’®®”) costs due to the presence of
a flexible PEG have been met. During dissociation when one
end of the Fab,,,-PEG-Fab,,,, remains bound to the
immobilized VEGF, most of the entropic cost of PEG chain
confinement necessary for the second Fab to bind (or rebind)
has been paid,”®”® so reassociation appears to be more favored
than with the parent IgG. The conformational flexibility and the
low interaction that PEG has with proteins’” may also enhance
the interactions of the Fab moieties in an FpF with the target
ligand, especially when one of the Fabs is bound to its target
ligand. FpF pharmacokinetics,” the location and dynamics of
the target,'” and the specific disease indication'®" will be
important properties to evaluate to determine efficacy.

Higher apparent binding affinities were observed by ELISA
compared with SPR. This was probably due to (i) more VEGF
that was immobilized on the wells of the plate and (ii) longer
incubation time of the samples during the ELISA experiment.
Both features would be expected to contribute to rebinding
effects that would result with increased apparent binding
affinities as determined by ELISA. However, the ELISA
experiments (Figure S) suggest that the contribution of
bivalency to the apparent affinity in the FpFs was different
for two of the precursor Fabs (i.e., Fab,,; and Fab,,,,). There
was a greater difference between the starting Fab,,, and its
corresponding FpF than there was for Fab,, and its
corresponding FpF. In both cases, the FpFs appeared to have
similar apparent affinity to bevacizumab. The expectation that
the FpF for Fab,; would have a higher apparent affinity for
VEGF was not borne out by ELISA, probably because of the
very high amount of immobilized VEGF and the high affinity of
Fab,,,; and the use of end point analysis within a system that
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enhances rebinding of a molecule (i.e, Faby.,) with lesser
affinity.

The difference between the Fab,,; and Faby,., FpFs was
discerned by the in vitro anti-angiogenesis assay where both
FpFs inhibited angiogenesis to what appear a greater extent
than bevacizumab (Figure 6; Figures SS—6). There was
considerably greater inhibition of angiogenesis by Fab -
PEG-Fab,,,; compared to Faby,,-PEG-Faby,, which is
accounted for by the increased affinity of Fab,,,; compared to
Faby,,, to VEGF. Increased affinity with decreased dissociation
rates might be exploited therapeutically to provide for a longer
“therapeutic tail” to decrease dosing frequency.

Dependence of FpF properties on PEG length may also be
negligible due to increased flexibility®>'** of PEG; however,
much more study is required and will depend on the Fab-target
ligand combination. In some of our in vitro anti-angiogenic
experiments, low ratios of FpF to VEGF appeared to display a
trend with greater inhibition for the ranibizumab FpF made
from 20 kDa PEG compared to 6 kDa PEG (Figure 6b). This
observation cannot yet be considered to be general and may
relate to concentration'® and interactions between the
molecules at the PEG termini as well as to PEG size'®* and
to PEG interaction with the target ligand environment.'*® PEG
conjugation to o};roteins does not appear to change biological
function,”>'**'”” 5o once the FpFs are bound to their target,
then local rebinding opportunities that can contribute to the
binding rate,'”® which in this study were present to a greater
extent for VEGF, can be exploited more readily due to where
PEG was conjugated to each Fab and to PEG flexibility.

B CONCLUSION

We utilized PEG as a scaffold molecule to link two Fabs to
prepare anti-VEGF and anti-Her2 FpF molecules as IgG
mimetics. A FpF reagent 1 that is capable of bis-alkylation at
each end of the PEG allows Fab conjugation in a region near
where the Fab is bound to the hinge in an IgG. The absence of
an Fc may be appropriate where only receptor antagonism or
ligand binding is required’ and where there is a need to avoid
the risk of agonism that can be associated with cross-linking of
FcR-expressing cells.”'® The binding ability of a semisynthetic
molecule (FpF) to mimic a natural, highly evolved molecule
(IgG) was to some degree exemplified in the current study.
Much work remains to be done to develop FpFs as
therapeutics; however, the first steps of (i) employing a site-
specific conjugation strategy, (ii) employing molecules known
to be safe (eg, Fabs and PEG), and (iii) maintaining
comparative binding and in vitro biological properties with
the parent IgG have been shown.

B ASSOCIATED CONTENT

© Supporting Information

Additional data include (i) scouting reactions to prepare FpFs,
(ii) SDS-PAGE images for experiments conducted to evaluate
the stability of the FpFs, (iii) representative fitting curves and
residual plots used in SPR analysis, (iv) comparative
dissociation profile of Faby,,,-PEG,y-Faby,,, and Fab,,,, (v)
representative images of stained cocultures used to evaluate
anti-angiogenesis properties of the FpFs derived from
bevacizumab, (vi) number of tubules and junctions produced
in the HUVEC-based angiogenesis assay that compared
bevacizumab and Faby,,,-PEG-Fab,,,,, and (vii) kinetic
constants and parameters for Faby,,,-PEG-Faby,,, and Fab,, -
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PEGg4-Fab,,,; using immobilized VEGF. This material is
available free of charge via the Internet at http://pubs.acs.org.
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