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Multivalent single chain variable fragments (scFv) show increased affinity to tumor-associated antigens
compared to monovalent scFv and intact monoclonal antibodies (mAb). Multivalent constructs can be
derived from self-associating or covalent scFv with covalent constructs offering improved in vivo and

in vitro stability. Covalent attachment of scFv can be achieved using genetically engineered expression
vectors that afford scFv with site specific cysteine functionality. Expression vectors for di-scFv-C wherein
the cysteine is located in the center of two scFv have also been developed for attaching chemically
reactive linkers. In the example illustrated here, the di-scFv-C is derived from a mAb directed against the
MUCI epitope, which is presented on cancer cells. To achieve multivalency, a chemical crosslinking
strategy utilizing various azide and multi-alkyne functionalized polyethylene glycol (PEG) linkers was
implemented. Conjugation was achieved by attachment of these linkers to the scFv thiol functionality.
Chemoselective ligation was employed to covalently link different protein conjugates via copper(1)
catalyzed azide alkyne 1,3-dipolar cycloaddition reaction (CuAAC) chemistry. Ligations were achieved in
>70% yield using a specific set of linkers as determined by SDS-PAGE and densitometry. ELISA showed
increased tumor binding of a tetravalent scFv providing a versatile chemical crosslinking strategy for
construction of multivalent and bi-specific immunoconjugates that retain biological activity and have
potential application in pre-targeted radioimmunotherapy and imaging.

Introduction

Multivalency in Dbiological recognition processes typically
involves presentation of multiple ligands to surface receptors and
often results in increased avidity.' In immunochemistry, early
evidence of multivalent interactions was reported by Karush and
co-workers who showed that the multivalent form of an antibody
binds to antigenic surfaces more tightly and can provide immu-
nity at lower concentrations compared to the monovalent form.?
To overcome problems with poor pharmacokinetics (pk) and
biodistribution brought by high molecular weight monoclonal
antibodies (mAbs), single chain variable fragments (scFv) have
been engineered.>* ScFv are expressed as a single protein
derived from the binding domain of the parent mAb in which the
variable domains of the light (Vi) and heavy (Vy) chains are
linked by a small peptide (Fig. 1). Although the smaller size of
scFv offers advantages in terms of selectivity and rapid tumor
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Fig. 1 ScFv and non-covalent multivalent forms.

penetration, decreased binding affinity and rapid clearance com-
pared with intact mAbs is also observed.* To address this
deficiency, multivalent antibody fragments have been developed
with the ultimate goal of using these constructs in direct or pre-
targeting radioimmunotherapy and radioimmunodetection for
cancer.’

A successful strategy to generate multivalent scFv is to manip-
ulate the genetically encoded scFv linker length to enable direct
self-assembly into diabodies (~55 kDa), triabodies (~80 kDa)
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and tetrabodies (~110 kDa) (Fig. 1). In most cases, these non-
covalent multimers show improved tumor penetration and faster
blood clearance compared to the intact mAbs (~ 150 kDa).® For
example, Scott and co-workers reported in vitro and in vivo bio-
distribution and avidity studies of multimeric scFv derived from
anti-Lewis Y mAb hu3S193 directed against Lewis Y expressing
cancer. Non-covalent multimers showed increased immunoreac-
tivity and affinity compared to the parent mAb, F(ab’), and
diabody.”® Enhanced recognition was attributed to increased
valency, although limited in vitro stability and higher renal local-
ization was also noted. In an effort to maintain multivalency
in vivo, chemical synthesis methodologies that covalently link
scFv have been explored.’

We previously communicated a chemoselective ligation
approach, based upon a strategy first reported by Tiefenbrunn
and Dawson'® that covalently links scFv to form divalent scFv
(di-scFv).!! DeNardo and co-workers engineered an expression
vector for the addition of a free cysteine near the carboxy termi-
nus of scFv that provided a specific site for thiol conjugation.'?
The cysteine-modified scFv (1, ~26 kDa), was targeted against
tumor-associated MUC-1 antigen expressed on the surface of
breast cancer cells, and proved to be accessible to covalent
modification using different PEGylated small molecules. And
importantly, biological activity was retained. PEGylation, which
is the process of covalent attachment of a polyethylene glycol
(PEG) molecule to a biomolecule, is a well established technique
that renders favorable properties such as increased thermal and
mechanical stability, enhanced water solubility, non-immuno-
genecity, reduced toxicity and decreased proteolysis. '

We designed and constructed di-scFv (2) by synthesizing PEG
linkers containing a terminal o-bromoacetamide group for site
selective thioether bond formation between the protein and the
linker. The other end of the linker was functionalized with either
an alkyne or an azide for chemoselective ligation of two pro-
teins. Heterofunctionalized azide and trialkyne PEG bromoaceta-
mide linkers, 3 and 4, were then synthesized and conjugated to
scFv (1)."" Protein conjugates 5 and 6 were subsequently sub-
jected to CuAAC for ligation to form di-scFv (2) in a satisfactory
74% yield (Scheme 1). Remarkably, the reaction was only
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Formation of di-scFv 1 via 1,3-dipolar cycloaddition.
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successful when the alkyne was presented in multimeric form. In
this instance, the concept of multivalency was being played out
on the synthetic stage. With multiple copies of the alkyne, the
probability of azide/alkyne cycloaddition increased due to an
increase in effective concentration of the alkyne. It is noteworthy
that the molar ratio of the protein conjugates did not significantly
affect the extent of ligation. And no appreciable amounts of
higher order constructs such as trimers or tetramers were
observed. Moreover, the dimeric constructs showed enhanced
immunoreactivity in ELISA and immunoblotting studies.

Success in preparing di-scFv construct 2 has served as a basis
for the studies reported herein, which are aimed at developing
bispecific multivalent immunoconjugates for pre-targeted radio-
immunotherapy and imaging.

Results and discussion

An extensive review of pre-targeting methods for antibody-based
cancer therapy and its application in imaging and efficient deliv-
ery of radionuclides has been published by Sharkey e al.'* In
the pre-targeting approach, Ab fragment localization and radio-
nuclide delivery are administered separately. The scFv conjugate
is first introduced to cancer cells expressing tumor-associated
antigens, then at the time of maximum tumor-scFv concen-
tration, a radioactive compound that is specific to the scFv conju-
gate is brought in.'> Wishing to maintain strong interactions
between the antigen and scFv, we conceived of preparing a
genetically engineered dimer of scFv (di-scFv-C) where two
scFv are joined by a peptide unit that contains a cysteine residue
for linker attachment (Fig. 2). Successful implementation of the
CuACC ligation would result in a tetrameric molecule (8). With
the capacity of di-scFv construct 8 to bind to both human pros-
tate and breast cancer cells and to a smaller MUCI antigenic
peptide conjugated to a radionuclide carrier, this platform pro-
vides a viable approach to pre-targeted cancer therapy.
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Fig. 2 Recombinant di-scFv-C and subsequent ligation for pre-target-
ing chemotherapeutic approaches.
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Studies in the DeNardo lab indicated that this novel anti-
MUCI di-scFv-C biomolecule with internal free cysteine could
be efficiently produced, purified and conjugated by site-specific
PEGylation without loss of immunoreactivity. The ability of the
unmodified protein and the PEGylated di-scFv-C to bind MUCI1
peptide, human prostate cancer cells (DU145) and human breast
cancer cells (MCF-7) was also evaluated. Results showed that
both engineered parent protein and PEGylated di-scFv-C bind
cells that express MUC1 with comparable affinity.'®

Copper-catalyzed azide—alkyne 1,3 dipolar cycloaddition
(CuAAC) capitalizes on the chemoselectivity and highly reactive
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nature of azide and alkyne functionalities.'” Moreover, the tria-
zole cycloaddition product of this bioorthogonal reaction has
remarkable stability towards proteases providing an attractive
chemoselective ligation approach.'® Click chemistry has shown
extensive utility in bioconjugation with peptides and small mol-
ecules'® however, there are limited synthetic strategies that allow
for the use of this strategy in chemical crosslinking of large
macromolecules.*”

We were concerned that the proposed conjugation with an
internal thiol would present ligation problems due to steric hin-
drance, so we prepared alternative alkyne functionalized core
structures. We were interested in s-triazine cores as versatile
chemical handles,”’ and also for their potential to serve as
copper chelating agents to accelerate click reactions.”” At the
same time, we wanted to further evaluate our hypothesis regard-
ing the relationship between the number of reactive alkynes
present and the probability for a facile reaction to occur. To meet
this demand, we synthesized two linkers, trialkyne 4'" and di-
alkyne 11, according to Scheme 2.
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Scheme 2 Reagents and conditions: a) 1. TIN3, K,CO3, CuSO,4 5-H,0
(cat.), DCM/MeOH/H,0, ii. bromoacetyl bromide, DCM/sat. NaHCO3,
35% over two steps; b) tetra-alkyne core 9,11 sodium ascorbate, CuSOy4
5-H,0, DMF/H,0, rt, overnight, 65%; c) tri-alkyne core 10, sodium
ascorbate, CuSO,4 5-H,O, DMF/H,O0, rt, overnight, 62%.

The synthesis of azide linker 3'' using a two-step one pot
method, converting the two amino groups into an azide and
o-bromoacetamide group (overall yield of 35%), allows for sub-
sequent preparation of the different heterofunctionalized multi-
alkyne PEG bromoacetamide linkers by CuAAC reaction
(Scheme 2). The desired cycloaddition products, tri-alkyne
linker 4'" and di-alkyne linker 11, can be prepared in modest
yields between 60-65%. Although formation of di- or tri-
“clicked” side-products cannot be avoided, the strategy neverthe-
less allows for the preparation of various multi-functionalized
linkers utilizing various multi-alkyne cores.?®

After site-specific thiol conjugation to di-scFv-C (7) to form
azide and di-alkyne conjugated di-scFv-C 12 and 13 respect-
ively, conjugated proteins were subjected to CuUAAC in the pres-
ence of ligand and (tris(2-carboxyethyl)phosphine) TCEP at
room temperature to give tetravalent scFv (14) in low ligation
yield of ~10% (Scheme 3). In contrast, CUAAC of azido protein
conjugate 12 and trialkyne protein conjugate 15 in 2:1 molar
ratio (Scheme 4) afforded tetravalent scFv 8 in a high ligation
yield of ~70%.

The success of the CuAAC reaction was confirmed by
SDS-PAGE (Fig. 3). The band at higher molecular weight
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Scheme 3 Formation of tetravalent-scFv 14 using heterofunctionalized
di-alkyne and azide PEG linkers.
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Scheme 4 Formation of tetravalent-scFv using heterofunctionalized
tri-alkyne and azide PEG linkers.

Fig. 3 SDS-PAGE of tetravalent scFv 8 cycloaddition product of
protein conjugates 12 and 15 in the presence of TCEP. MW: Protein
standard molecular weight marker; Ctl: di-scFv-C 1; Lane A: trialkyne
protein conjugate 15; Lane D: azide protein conjugate 12; Lane AD:
tetravalent scFv 8.

around 100 kDa indicated crosslinking of the two di-scFv-C.
Addition of excess TCEP to lanes A and D established that the
band is due to the cycloaddition product by CuAAC reaction and
not by disulfide oxidation between two proteins. SDS-PAGE is
not very useful for characterizing PEG-protein conjugates with
narrow molecular size differences (Fig. 3, Control, lane A and
D) and identification of PEG by iodine was not possible due to
the low quantity of PEG relative to the protein (data not shown).
Nevertheless, the ligation results support the hypothesis that by
increasing the number of reactive groups, in this case from two
to three alkyne groups, ligation efficiency is significantly
increased presumably due to increased probability of the reaction
centers meeting. Taken together, these results indicate that the
use of tri-alkyne linker 4'' from our previous work gives
optimal ligation efficiency for the formation of tetravalent scFv
proteins.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 ELISA of di-scFv-C 7 (52 kDa) and tetravalent scFv 8
(~100 kDa) tested against varying concentrations (1-3 ug mL™" per
well) of MUCI peptide (n = 3; Absorbance values are mean + STD).
¢ Test of 1, 2 and 3 ug mL™" per well experiments shows p values =
0.015, 0.033, and 0.021 respectively.

ELISA was used to evaluate the binding affinity of unmodified
di-scFv-C (7) and the cycloaddition product, tetravalent scFv (8)
to MUCI, a synthetic 100-mer peptide comprised of tandem
repeats of 20 amino acids (PDTRPAPGSTAPPAHGVTSA).'® As
shown in Fig. 4, there is increased binding of 8 compared to the
parent protein 7 at varying concentrations indicating nearly a 2-
fold increase in binding towards the antigen MUCI peptide
using concentrations as low as 1 pg mL™" of the tetravalent
scFv.

Conclusion

We have demonstrated a general chemical crosslinking method
for higher molecular weight genetically engineered di-scFv-C to
form multivalent immunoconjugates. The trialkyne and azide
heterofunctionalized PEG bromoacetamide linkers were syn-
thesized and conjugated to an anti-MUC-1 di-scFv-C antibody
fragment. Protein conjugates were crosslinked at high ligation
yields using a CuAAC reaction to provide multidentate con-
structs with significant tumor binding affinity toward MUCI1
compared to the unmodified di-scFv-C.

The versatility of the chemical crosslinking strategy reported
herein allows for the construction of homo- or hetero-multimeric
Ab fragments, wherein one arm could be conjugated to a another
protein like an Ab fragment specific to a radiochelate com-
pound.?* Formation of tetravalent scFv 8 serves as a platform for
the design of bispecific tetravalent radioimmunoconjugates with
pharmacological advantages for pre-targeted Ab-based cancer
therapy.?

Experimental
General

Reagents obtained from commercial sources were used without
further purification. Solvents in capped DriSolv™ bottles were
purchased and used directly without further purification and
stored under argon. All glassware was flame-dried or oven dried

prior to use. Glass-backed TLC plates (Silica Gel 60 with a
254 nm fluorescent indicator) were used and stored over desic-
cant. TLC visualization was accomplished with a short-wave UV
lamp, by heating plates dipped in ammonium molybdate/
cerium(1v) sulfate solution and/or by staining with an KMnOy,
solution. Flash column chromatography (FCC) was performed
using silica gel (32—63 um) employing a solvent polarity corre-
lated with TLC mobility. NMR experiments were conducted on
either 600, 400 or 300 MHz instrument using CDCl; (99.9% D)
as a solvent. Chemical shifts were referenced to the solvent peak.
Low resolution mass spectra were acquired using ThermoQuest
SurveyorTM LC/MS or Qtrap LC/MS. High resolution mass
spectra were recorded at the UC Davis Molecular Structure Facil-
ity. Infrared spectra were acquired using an ATR-FTIR
spectrometer

Synthesis of azido-PEG-bromoacetamide linker

N-(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-2-bromoacetamide  (3).
3 was synthesized using similar methods from our previous
work with slight modifications.'" TfN; was prepared according
to Wong’s method.*® To 1.75 g (12 mmol) of diamine was added
10 mL of MeOH in a 250 mL oven-dried round bottom flask.
Then 2.5 g of K,CO3 (18 mmol) in 8 mL H,O and 1.2 mL of
0.1 M CuSO4 5-H,O (0.12 mmol) was added to the solution.
Then 20 mL of TfN3 in DCM (6 mmol) was cannulated into the
solution over a period of 1 h. The reaction mixture was allowed
to stir at rt overnight. It was then concentrated to dryness and
redissolved in 20 mL of (1: 1) DCM/sat. NaHCO; mixture with
pH = 89 at 0 °C. Then 2 mL (24 mmol) of bromoacetyl
bromide was added dropwise and the reaction was stirred for 2 h.
The crude mixture was extracted with DCM (3x). The organic
layer was collected and washed with brine solution and dried
over anhydrous sodium sulfate and concentrated to give a yellow
oil. The solution was concentrated and the residue was further
purified by FCC using (40 : 1) DCM/MeOH (R; 0.25) to give a
pure 3 as a colorless oil (590 mg, 35% yield over two steps).
6u(600 MHz, CDCl3) 3.40 (2 H, t, J 6.0), 3.50 (2 H, dd, J 10.6,
5.3), 3.62-3.59 (2 H, m), 3.68-3.64 (4 H, m), 3.71-3.69 (2 H,
m), 3.87 (2 H, s), 6.83 (1 H, br s); dc(151 MHz, CDCl;) 29.3,
40.1, 509, 69.7, 70.4, 70.6, 70.8, 165.9; m/z (100%,
ESI-HRMS) 295.0354, 297.0326 (M" + H. CgH;(BrN,O;"
requires 295.0406, 297.0385); Vima/em ™1 3301 (N-H str, br),
2103 (N=N str), 1659 (C=0 str), 1119 (C-O str).

Synthesis of alkyne-PEG-bromoacetamide linker

3-(3-(Prop-2-ynyloxy)-2,2-bis(( prop-2-ynyloxy)methyl) propoxy)
prop-1-yne (9). Synthesis of 9 follows the procedure from pre-
vious works and characterization data matches the reported
work,"! (45% yield) 6;(600 MHz, CDCl3) 2.40 (1 H, t, J 2.4),
353 (2 H,s),4.12 2 H, s, J2.4); 5c(151 MHz, CDCl;) 44.9,
58.9,69.2, 74.2, 80.2.

2,4,6-Tris(prop-2-ynyloxy)-1,3,5-triazine (10). Synthesis of 10
follows the procedure from previous works and showed matched
characterization data for NMR and MS.**?" (82% yield)
6u(600 MHz, CDCl3) 2.52 (1 H, t, J 2.4), 5.02 (2 H, d, J 2.4);
6c(151 MHz, CDCly) 56.2, 76.2, 77.5, 172.7.
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General procedure

Alkyne linkers were synthesized through CuAAC following
similar conditions developed by Sharpless and co-workers.?® In
a flame-dried, pear-shaped flask was added the alkyne core (3 or
4 equiv.) and TBTA ligand (0.01 equiv.) with DMF as the
solvent. Sodium ascorbate (0.1 equiv.) and CuSO,4 5-H,O (0.01
equiv.) in H,O were added and the reaction mixture was allowed
to stir. Azide linker 3 (1 equiv.) in DMF was then added drop-
wise to give a total of 0.05 M (4:1) DMF/H,0 concentration.
After stirring overnight, the reaction mixture was concentrated
in vacuo, dissolved in dichloromethane and filtered to remove
any undissolved salts. Crude yellow oil was purified by FCC in
50:1 (DCM/MeOH) R; 0.25 to give a colorless oil in moderate
yield.

2-Bromo-N-(2-(2-(2-(4-((3-(prop-2-ynyloxy)-2,2-bis(( prop-2-
ynyloxy)methyl)propoxy)methyl)-1H-1,2,3-triazol-1yl)ethoxy)
ethoxy)ethyl)acetamide (tri-alkyne linker 4). (65% yield)
6u(600 MHz, CDCls) 2.41 (3 H, t, J 2.3), 3.47 (2 H, dd, J 10.5,
5.3), 3.55-3.49 (12 H, m), 3.61-3.56 (4 H, m), 3.89 (2 H, s),
391 (2H,t,J5.2),410 (6 H,d,J2.4),4.53 2 H,t,J5.2),4.63
(2 H, s), 6.89 (1 H, br s), 7.68 (1 H, s); 5c(151 MHz, CDCl5)
29.3, 40.1, 45.2, 50.4, 58.9, 65.4, 69.2, 69.5, 69.6, 69.7, 70.5,
70.7, 74.3, 80.3, 123.5, 145.8, 165.8; m/z (100%, ESI-HRMS)
605.1488, 607.1467. (M" + H. CpsH3sBrN4NaO;" requires
605.1587, 607.1566)

N-(2-(2-(2-(4-((4,6-Bis(prop-2-ynyloxy)-1,3,5-triazin-2-yloxy)
methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-2-bromo-
acetamide (di-alkyne linker 11). (62% yield) 6y(600 MHz,
CDCl3) 2.54 2 H, t, J2.4),3.48 (3 H, dd, J 10.6, 5.3), 3.54 (2
H,t,J5.2),3.59 (5 H, ddd, J 8.3, 6.1, 2.8), 3.91-3.87 (4 H, m),
4.58-4.54 (2 H, m), 5.04 (5 H, d, J 2.4), 5.60 (2 H, s), 6.98 (1
H, s), 7.89 (1 H, s); 6c(151 MHz, CDCls) 29.4, 40.1, 50.6, 56.1,
62.1, 69.5, 69.6, 70.4, 70.7, 76.1, 125.1, 142.1, 165.9, 172.6,
172.9 m/z (100%, ESI-HRMS) 538.1045, 540.1018 (M" + H.
CooH,sBrN,Og " requires  538.1050, 540.1029); via/cm™
3278 (C-H str), 2127 (C=C str), 1668 (C=O str), 1128
(C-O str).

Di-scFv-C engineered protein

Expression and purification of di-scFv-C protein with a free
cysteine was adopted from previous works.'¢2%-30-31

General crosslinking method to form tetravalent-scFv

Di-scFv PEG-conjugated azides and alkynes were synthesized
via site-specific thiol conjugation of the protein with different
azide and alkyne—PEG-bromoacetamide linkers following the
conditions described from our previous work."!

Gel electrophoresis and densitometry

SDS-PAGE (Novex XCell II, Invitrogen) of di-scFv and click
constructs were performed with a 4-12% Bis-Tris NuPAGE gel
and MES running buffer was used according to manufacturer’s
direction. Protein bands were detected by Coomassie blue

staining. In order to analyze the ratio of ligated to unligated
protein, SI Densitometer (Personal Densitometer S1, model
PDS1, Molecular Dynamics Inc., Sunnyvale, CA), which creates
image files that can be transferred to compatible graphic pro-
grams. Image analysis software provides data sets of the amount
of protein concentration at each band. Ligation efficiencies were
calculated from quantitation of the initial di-scFv-C compared to
the resulting cycloaddition product as tetravalent-scFv conju-
gates vs. unmodified di-scFv-C. The relative amounts of each
species in each reaction were obtained by calculations of digital
information from densitometry performed on the scanned gel
images and protein standards.*

Enzyme-linked immunosorbant assay (ELISA)

ELISA was used to compare the binding affinities of di-scF-C
(7) vs. tetravalent scFv (8) against MUCI1 peptides. The 96 well
ELISA assay plate was coated with MUC 1 peptide at varying
concentrations (1-3 pug mL™" per well). The assays were per-
formed in triplicate, following the approach described pre-
viously.*> As soon as the colorimetric reaction had developed,
the plate was read at 4495 and the absorbance was recorded.
t Test p value = 0.05.
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