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Abstract Angiogenesis denotes the formation of new
blood vessels from pre-existing vasculature. Progression of
diseases such as cancer and several ophthalmological dis-
orders may be promoted by excess angiogenesis. Novel
therapeutics to inhibit angiogenesis and diagnostic tools for
monitoring angiogenesis during therapy, hold great
potential for improving treatment of such diseases. We
have previously generated so-called biparatopic Affibody
constructs with high affinity for the vascular endothelial
growth factor receptor-2 (VEGFR2), which recognize two
non-overlapping epitopes in the ligand-binding site on the
receptor. Affibody molecules have previously been
demonstrated suitable for imaging purposes. Their small
size also makes them attractive for applications where an
alternative route of administration is beneficial, such as
topical delivery using eye drops. In this study, we show
that decreasing linker length between the two Affibody
domains resulted in even slower dissociation from the
receptor. The new variants of the biparatopic Affibody
bound to VEGFR2-expressing cells, blocked VEGFA
binding, and inhibited VEGFA-induced signaling of
VEGFR2 over expressing cells. Moreover, the biparatopic
Affibody inhibited sprout formation of endothelial cells in
an in vitro angiogenesis assay with similar potency as the
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bivalent monoclonal antibody ramucirumab. This study
demonstrates that the biparatopic Affibody constructs show
promise for future therapeutic as well as in vivo imaging
applications.
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Introduction

Angiogenesis is a critical step in many diseases including
cancer and ophthalmic diseases, such as neovascular age-
related macular degeneration and diabetic retinopathy [1].
One of the major regulators of angiogenesis is the vascular
endothelial growth factor receptor 2 (VEGFR2). The
receptor is overexpressed on endothelial cells during
angiogenesis, and its signaling leads to proliferation, sur-
vival, migration, vascular permeability and invasion into
surrounding tissue [2]. Signaling by VEGFR?2 is initiated
by binding of ligands belonging to the vascular endothelial
growth factor (VEGF) family. Several structurally and
functionally related VEGF polypeptides exist in humans, of
which the main regulator of VEGFR2 signaling is VEGFA,
although VEGFC and VEGFD are also able to activate this
receptor [3]. VEGFA is a homodimeric protein, with two
VEGFR2 binding sites [4-6]. Ligand binding induces
receptor dimerization and kinase activation, which in turn
leads to autophosphorylation of several tyrosines in the
intracellular kinase domain of the receptor. Thereby vari-
ous signaling pathways will be induced, including the
mitogen-activated protein kinase (MAPK)/extracellular-
signal-regulated kinase-1/2 (ERK1/2) cascade [2, 7].
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Inhibition of VEGF-VEGFR?2 signaling is an attractive
therapeutic strategy for the treatment of conditions such as
vascular eye diseases and cancer [8]. Several therapeutics
targeting VEGFA are available, such as monoclonal anti-
bodies and alternative scaffold proteins [9, 10], as well as
engineered decoy receptors, which sequester the ligand and
thereby prevent it from activating the membrane-bound
receptor [11]. However, directly targeting the receptor
instead of the ligand has the potential advantage of pre-
venting activation by other ligands (e.g., VEGFC and
VEGFD). Various therapeutic candidates targeting
VEGFR2 have been developed, including small molecule
antagonists [12, 13], tyrosine kinase inhibitors [14, 15],
monoclonal antibodies including the FDA-approved ramu-
cirumab [16, 17], an adnectin [18], a nanobody-toxin
conjugate [19] and antagonistic VEGF variants [20]. Alter-
native scaffolds or antibody fragments might be
advantageous for this application. Fc is not necessarily
required for blocking of protein—protein interactions and
effector functions such as ADCC and complement activation
directed at the endothelial cells might not be desirable. The
improved circulation time that is generally provided by Fc
can be achieved by other means, for example through asso-
ciation to serum albumin. Although anti-angiogenic therapy
has demonstrated positive results in the clinic, and several
therapeutic agents have been approved for treatment of
various cancers [2, 21], lack of response and development of
drug resistance in some patients have been observed [22].
Consequently, biomarkers and diagnostic tools are needed
for early stratification of responders versus non-responders
and monitoring of the therapeutic progress [23]. In vivo
imaging of VEGFR2 could potentially serve this purpose.

Tracers for in vivo imaging should ideally have short cir-
culation time in the blood, high target-affinity and high
stability [24, 25]. A type of alternative scaffold protein that has
demonstrated excellent properties for imaging purposes is the
Affibody scaffold [26]. Affibody molecules have a molecular
weight around 6.5 kDa, and a three-helix bundle fold with
very fast and reversible folding kinetics [27, 28]. These
properties, along with a high solubility and high expression
level in bacteria [26] facilitates engineering of multimeric
proteins such as bispecific or bivalent constructs [29], which
can be valuable for design of therapeutic constructs. The small
size, high stability, and high solubility could potentially also
be advantageous for delivery using alternative administration
routes, such as local application using eye drops.

In a recently published study [30], we selected Affibody
molecules binding to human VEGFR2 using a combination of
phage display and an in-house developed staphylococcal dis-
play method [31-33]. The two most promising candidates
demonstrated cross-reactivity to murine VEGFR2, which is a
prerequisite to allow pre-clinical studies in mice. Moreover,
experiments showed no cross-reactivity to VEGFRI or
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VEGFR3, and both Affibody molecules blocked VEGFA from
binding to VEGFR2. A surface plasmon resonance (SPR)
based competition assay demonstrated that the two Affibody
molecules could bind simultaneously to VEGFR2. The results
hence indicated that the Affibody molecules targeted two dis-
tinct sites that both were located within the VEGF-binding
epitope on the receptor. This interesting finding encouraged us
to pursue a new strategy for development of a VEGF-blocking
agent with potentially even higher affinity. Although the VEGF
epitope is relatively large, the results suggested that the two
domains interacted at sites that were in close proximity. Our
hypothesis was that fusing the domains into one construct
would allow for doubling of the binding surface area and
achieve a considerable increase in affinity. Formatting the
construct as a biparatopic dimer resulted in a dramatic decrease
in off-rate compared to the monomers [30]. In addition, the
construct was designed to contain an engineered albumin-
binding domain ABD [34], intended as a detection- and
purification tag as well as a potential means for half-life
extension in vivo through interaction with human serum
albumin (HSA) [35-37]. The option to express the biparatopic
construct with or without ABD would result in
adjustable pharmacokinetic properties, allowing for applica-
tions requiring either a long circulation time, such as therapy, or
fast clearance, such as molecular imaging.

The first aim of this study was to investigate whether the
length of the linker, connecting the two Affibody molecules in
the biparatopic construct, could be decreased without dis-
turbing simultaneous binding to VEGFR2. For future in vivo
imaging purposes, a small size is preferable [24] and mini-
mizing the linker length might also reduce potential issues
with proteolytic degradation in serum. A further aim was to
evaluate the ability of the biparatopic construct to inhibit cell
signaling by blocking VEGFA from binding to VEGFR2.
Four different biparatopic constructs were designed with
varying linker lengths. The results demonstrated that all
constructs were able to bind to VEGFR2-expressing cells,
block VEGFA binding, and inhibit VEGFR2 phosphoryla-
tion. The smallest construct had the highest affinity and is a
promising candidate for further optimization of imaging and
therapeutic agents. This construct was also demonstrated to
inhibit downstream VEGFR?2 signaling, cell proliferation, and
angiogenic sprout formation in vitro.

Materials and methods
Design and production of biparatopic VEGFR2-
specific Affibody construct with different linker

lengths

Genes encoding the following constructs were designed,
ordered from DNA2.0 Inc. (Menlo Park, CA, USA), and
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subcloned in the plasmid pJ411 (DNA2.0 Inc.): (1)
ZyeGEr2_Bpl: ZviGEr2_22-(S4G)-ABDg35-(S4G)-ZvEGER2_405
(2)  Zvecrr2 Bp2:  ZvEecFr2_22-(84G)-ZvEGER2_40-(S4G)3-
ABDoss, (3) Zvecrra Bp3: Zvecrr2 22-(S4G)3-ZvEGER2 40
(54G)3-ABDq3s and (4) Zyecrr2 Bps: ZveGrr2_ 22-(S4G)g-
ZyvEGFRr2_40-(S4G)3-ABDg3s. Plasmids were transformed to
E. coli BL21 Star (DE3) cells (Invitrogen, Carlsbad, CA) by
heat shock. Colonies were inoculated to TSB medium sup-
plemented with yeast extract (TSB + YE; 30 g/l; Merck,
Darmstadt, Germany), and 50 pg/ml kanamycin (Sigma-
Aldrich Company Ltd, Dorset, UK) and cultivated overnight
at 37 °C and 150 rpm. After 16 h, the cultures were re-inoc-
ulated to an ODggyy of 0.05-0.1 in TSB + YE medium
(Merck) supplemented with 50 pg/ml kanamycin (Sigma-
Aldrich). When an ODggyy of 0.5-1 was reached, protein
expression was induced with isopropyl-beta-p-thiogalac-
topyranoside (IPTG) (Apollo Scientific Ltd, Stockport, UK),
and cultures were incubated for 20 h at 25 °C and 150 rpm.
Cells were harvested by centrifugation (2400g, 8 min 4 °C)
and proteins were purified using affinity chromatography with
HSA immobilized on a Sepharose matrix. The purity and size
of the purified proteins were analyzed by SDS-PAGE.

Analysis of binding kinetics using SPR

Surface plasmon resonance (SPR) experiments were per-
formed using a ProteOn XPR36 instrument (Bio-Rad
Laboratories, Hercules, CA, USA), using a previously
described setup [30]. Briefly, HSA (Sigma-Aldrich) was
immobilized on a GLM sensor chip (Bio-Rad Laborato-
ries), and the kinetics of the binding of the Affibody
constructs to human or murine VEGFR2 were analyzed by
injection of 100 nM Affibody construct, immediately fol-
lowed by injection of 10, 20, and 40 nM monomeric
human or murine VEGFR2 (Sino Biological Inc. Beijing,
China). The dissociation constants (and equilibrium con-
stants for Zyggrr2_pp2) Were obtained from sensorgrams
using a monovalent binding equation and non-linear
regression. The experiment was performed in duplicates
using freshly prepared reagents.

Cell binding analysis

293/KDR cells (Sibtech Inc. Brookfield, CT, USA) were
cultivated in Dulbecco’s Modified Eagle Medium (DMEM,;
Sigma-Aldrich) supplemented with 10 % FBS and
2 mM L-glutamine (Sigma-Aldrich). Cells were washed
with PBS and harvested by pipetting using PBSB.
HUVECs (Lonza, Basel, Switzerland) were cultivated in
Endothelial Growth Basal Medium-2 (EBM-2) (Lonza)
supplemented with Endothelial Growth Medium-2 (EGM-
2) Bullet Kit (Lonza). Cells were harvested by

trypsinization, centrifuged at 220g for 5 min, and pellets
were re-suspended in PBS with 1 % BSA (PBSB).

Harvested cells were incubated for 20 min on ice in
PBSB with 200 nM of each of the four biparatopic Affi-
body constructs ZveGrra_Bp1> ZVEGFR2_Bp2s ZVEGFR2_Bp3 OF
ZvEGrro_Bp4.  the  biparatopic  Affibody  construct
ZyeGrr2_22-(S4G)4-ABDg35-(S4G)4-ZvEGER2_40, @ NEgative
control construct (Zr,qg-ABD-Zr,q) [29], or the positive
control mouse IgG anti-human VEGFR2 antibody (R&D
systems, Minneapolis, MN, USA). Cells were pelleted by
centrifugation at 300g for 4 min, and re-suspended in
150 nM HSA (Human serum albumin; Sigma-Aldrich)
conjugated to Alexa Fluor 647 (Invitrogen) (or 1 pg/ml
Alexa Fluor 488 Rabbit Anti-Mouse IgG (H + L) Anti-
body (Invitrogen) for the positive control). After incubation
for 20 min on ice in the dark, cells were pelleted by cen-
trifugation and re-suspended in PBSB. Cell binding of the
biparatopic Affibody constructs was detected by flow-cy-
tometric analysis using a Gallios flow cytometer (Beckman
Coulter, Indianapolis, IN, USA).

Evaluation of VEGFA blocking

293/KDR cells (Sibtech Inc.) were cultivated and harvested
as described above. Cells were incubated for 15 min on ice
with 0.25, 1, 4, 16, 64, 256 or 1024 nM of each of the four
Affibody constructs, or 1024 nM of the negative control
construct Zr,q-ABD-Zr,q, or without Affibody construct,
in PBSB. The cells were pelleted by centrifugation at
300g for 4 min, re-suspended in 50 nM biotinylated
VEGFA (Acro Biosystems, Newark, DE, USA), and
incubated on ice for 15 min. Thereafter, cells were pelleted
by centrifugation, and re-suspended in 1 pg/ml strepta-
vidin-R-Phycoerythrin conjugate (SAPE, Invitrogen). After
incubation for 15 min on ice in the dark, cells were pelleted
by centrifugation and re-suspended in PBSB. Cell binding
of the biotinylated VEGFA was detected by flow-cyto-
metric analysis using a Gallios flow cytometer (Beckman
Coulter). Calculation of IC-50 values was performed by
non-linear regression to an inhibitor response equation
using the GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA, USA).

VEGFR2 phosphorylation assay

293/KDR cells (Sibtech Inc.) were seeded in Dulbecco’s
Modified Eagle Medium (DMEM; Sigma-Aldrich) sup-
plemented with 10 % FSB and 2 mM L-glutamine. 8 h
after seeding, cells were shifted to starvation media
(DMEM supplemented with 0.5 % FBS), and incubated
overnight. Next, 200 or 20 nM of each of the four
Affibody constructs, the negative control construct Zryg-
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ABD-Zr,q, or PBS (control), was added to the culture
dishes. After incubation for 1 h at 37 °C, 1 nM human
VEGFA (R&D systems), or PBS, was added, and cells
were incubated for 10 min at 37 °C. Thereafter, cells
were washed with PBS containing 1 mM sodium ortho-
vanadate (Sigma-Aldrich). Cell lysates were prepared by
scraping the cells from the plates and sonication for
1 min in Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA, USA), supplemented with 1 mM sodium
orthovanadate (Sigma-Aldrich), 1 mM phenylmethylsul-
fonyl fluoride (PMSF; Sigma-Aldrich) and PhosStop
(Roche), lysed by sonication and analyzed by ELISA
using a PathScan® Phospho-VEGFR-2-Tyr1175 Sand-
wich ELISA kit (Cell Signaling Technology) in a Tecan
Sunrise microplate reader (Tecan Group Ltd., Ménnedorf,
Switzerland), according to the supplier’s recommenda-
tions. The same experimental setup was used to
determine the IC50 values of Zvggrro_pp2 and Ramu-
cirumab. This was performed using concentrations of 0.5,
1, 3, 10, 20, and 100 nM for the Affibody construct
(ZVEGFR27Bp2) and 003, 01, 07, 3, 15, and 100 nM for
Ramucirumab (Cyramza). Calculation of IC-50 values
was performed by non-linear regression to an inhibitor
response equation using the GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA, USA).

ERK1/ERK2 phosphorylation assay

293/KDR cells (Sibtech Inc.) were seeded in Dulbecco’s
Modified Eagle Medium (DMEM; Sigma-Aldrich) sup-
plemented with 10 % FSB and 2 mM L-glutamine. 8 h
after seeding, cells were shifted to starvation media
(DMEM supplemented with 0.5 % FBS), and incubated
overnight. Thereafter, 200 nM  Zyggrr2 gp2 0O PBS
(control) was added to the culture dishes. After incuba-
tion for 1 h at 37 °C, 10 nM human VEGFA (R&D
systems) or PBS was added, and cells were incubated for
10 min at 37 °C. Thereafter, cells were washed with PBS
containing 1 mM sodium orthovanadate (Sigma-Aldrich)
and 1 pg/ml pepstatin A (Sigma-Aldrich), and 1 mM
PMSF (Sigma-Aldrich). Cell lysates were prepared by
addition of RIPA Lysis and Extraction buffer (Cell
Signaling Technologies), supplemented with 1 mM
sodium orthovanadate (Sigma-Aldrich), 1 mM PMSF
(Sigma-Aldrich), 1 pg/ml pepstatin A (Sigma-Aldrich),
and PhosStop cocktail (Roche), and incubation on ice for
30 min. Thereafter, cell lysates were analyzed by ELISA
using a Phospho-ERK1 (T202/Y204)/ERK2 (T185/Y187)
DuoSet IC ELISA kit (R&D Systems) in a Tecan Sun-
rise microplate reader (Tecan Group Ltd.), according to
the supplier’s recommendations.
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293/KDR cell proliferation assay

293/KDR cells (Sibtech Inc.) were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM; Sigma-Aldrich) sup-
plemented with 10 % FSB and 2 mM L-glutamine. 1000
cells/well were seeded in duplicates in 100 pl in 96-well
plates in the presence of either 100 nM Zyggrr2_gp2 and
10 nM VEGFA (R&D Systems), 10 nM VEGFA only, or
no additives (control). After incubation for 72 h, 10 pl Cell
Counting Kit-8 (CCK-8; Sigma-Aldrich) was added to the
medium and after 5 h and 45 min, the absorbance at
450 nm was measured in a Tecan Sunrise microplate
reader (Tecan Group Ltd.). The absorbance at 570 nm was
subtracted from the values obtained at 450 nm in order to
correct for optical imperfections in the plate.

HUVEC sprouting assay

The HUVEC sprouting assay was performed as described
below and as previously described [38]. HUVECs were
labeled with PKH67 (Sigma-Aldrich) according to manu-
facturer instructions, and cells were coated on cytodex3
microcarrier beads (Sigma-Aldrich) for 24 h. Beads were
embedded in a fibrin gel [2.5 mg/ml fibrinogen (Sigma-
Aldrich) in EBM-2 (Lonza) supplemented with 2 % FBS
and 50 mg/ml aprotinin (Sigma-Aldrich)] with fibrinogen
solution clotted with 1 U thrombin (Sigma-Aldrich) for
30 min at 37 °C. WI38 cells (25,000 cells/well), in EBM-2
supplemented with 2 % FBS and 50 ng/ml VEGFA (R&D
Systems) were then plated on top of the fibrin layer. After
24 h, 50 or 10 nM Zyggrr2_gp2» Ramucirumab (ImClone
Systems) or Zr,-ABD-Zr,q was added. Sprouts were
imaged 3—4 days later using a Zeiss700 confocal micro-
scope and analysis was performed using Image J.

Results

Design and production of biparatopic VEGFR2-
specific Affibody constructs

Previous studies demonstrated that the biparatopic Affibody
construct Zyggrrz_22-(S4G)-ABD35-(S4G)-Zvegrr2_40 could
bind to VEGFR2 with a higher apparent affinity compared to
the monomeric Zyggrr2 22 and Zygcrro 40, Suggesting
simultaneous binding of the two Affibody domains [30]. The
results hence indicated that the two epitopes were in relatively
close proximity on the receptor (Fig. 1a). To optimize the
biparatopic construct and investigate the influence of linker
length on VEGFR2-binding and inhibition of VEGFA-stimu-
lated signaling, new heterodimeric constructs based on
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Fig. 1 Schematic overview of the hypothetical mode of binding and
the design of the dimeric constructs. a Schematic outline of VEGF-
induced activation of VEGFR2 as well as blocking using respective
monomers and the biparatopic construct. VEGFR?2 is represented in
blue on the cell surface with the VEGF-binding epitope in green. b In
Zyecrro_pi> ABDg3s is positioned between the two VEGFR2-

ZyvEGER2_22 and Zyggrrz_40 Were designed and produced. The
genes encoding Zygegrrz 22 and Zyggerz_ 4o Were genetically
fused together with an engineered variant of ABD (ABDg3s
[34]). ABDg35 has previously been engineered to femtomolar
affinity for human serum albumin and fusions to therapeutic
proteins dramatically prolong the serum half-life [35-37]. Four
constructs, abbreviated ZVEGFR2_Bpls ZVEGFR2_Bp2s
ZVEGFRZ?Bp?n and ZVEGFRZpr4’ weEre designed (Flg lb),
expressed in E. coli and purified by affinity chromatography
using HSA-Sepharose. SDS-PAGE confirmed that the proteins
were pure and of correct size (data not shown). The successful
purification using HSA as ligand during affinity chromatogra-
phy also demonstrated that the albumin-binding domain was
correctly folded and retained the affinity for albumin in the new
fusion proteins.

Determination of binding kinetics using
an SPR-based biosensor assay

Determination of the binding kinetics of the four Affibody
constructs to human as well as murine VEGFR2 was per-
formed in an SPR-based assay using a previously described
setup [30]. Investigating the interaction using immobilized
VEGFR?2 and the dimeric Affibody constructs as analyte
could result in avidity effects and false interpretation of data.
A directed immobilization strategy of the Affibody mole-
cules on the surface was therefore used. Briefly, HSA was

binding Affibody molecules, whereas in Zvggrr2_Bp2: ZVEGFR2_Bp3»
and Zyggrr2_gp4- it is positioned at the C-terminus. The length and aa
composition of the linkers are indicated above each linker and are not
in scale. The molecular weights of the constructs are indicated in the
figure

immobilized on a sensor chip surface and injection of Affi-
body constructs was immediately followed by injection of
human or murine monomeric VEGFR2. The setup allowed
for (1) assessing the ability of the fusion proteins to simul-
taneously interact with HSA and VEGFR2, and (2) directed
immobilization of the Affibody construct on the sensor sur-
face. Although the immobilization of Affibody construct was
non-covalent, the femtomolar affinity of ABDg35 for HSA
[34] results in an extremely slow dissociation rate of the
complex [30]. Moreover, monomeric VEGFR2 was used in
the assay to avoid potential avidity effects in the interaction
between Affibody constructs and VEGFR2. To be able to
accurately differentiate between relatively small changes in
the interaction, we focused the analysis mainly on the dis-
sociation rate, as it is independent of the concentration of the
analyte. The dissociation rate constants (kq) of the four
constructs were determined for human and murine VEGFR2
(Fig. 2a-h; Table 1). The dissociation rates for the four
constructs were relatively similar, and all were slower than
the Original construct, ZVEGFRZ?ZZ'ABD'ZVEGFR2740 [30]
The slowest dissociation rate constant (1.8 x 107> s~! for
hVEGFR2 and 1.1 x 107> s~ for mVEGFR2) was
observed for Zyggrro_gp2, Which is even slower than the Fab
fragment of the FDA-approved monoclonal antibody
ramucirumab [16, 17]. This construct also contained the
shortest linker (5 aa) between the two Affibody molecules,
and was therefore considered the most promising candidate
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Fig. 2 Determination of
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Table 1 Dissociation rate constants for the VEGFR2-binding Affi-
body constructs

for further studies. The results also indicated that the binding
sites for the two domains are in principle adjacent and might
practically be regarded as one continuous epitope. The

Affibody Mean kq4 for E;/E_CI}FR2 Mean ky for EnSVIE?FRZ association rate constant (k,) for Zvegrra Bp2 Was deter-
construct (£SD) (x107° s ) (£SD) (x107° s7) . . . -

mined using the same experimental setup to
Zyecrra pp1 53 £ 2.2 83+ 4.0 74 +£0.1 x 10*M ' 7! for hVEGFR2 and
Zyecrropp2 1.8 £ 1.1 1.1+04 6.5+ 1.3 x 10* M~ s™' formVEGFR2 and used together
Zyecrra Bp3 2-0 £ 1.0 1.3+06 with the k4 for calculating the equilibrium dissociation
Zyecrra Bpa 2.9 £ 1.5 334+ 1.6 constant (Kp). The Kp was determined to 241 4+ 4 pM for
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human VEGFR2, and 180 £ 36 pM for murine VEGFR2.
The SPR results also demonstrated that all four constructs
were able to bind to VEGFR2 while simultaneously inter-
acting with HSA, which is promising for future half-life
extension purposes in vivo.

Cell binding analysis

A flow-cytometry based assay was performed to investigate
the ability of the biparatopic Affibody constructs to bind to
VEGFR2 expressed on the surface of mammalian cells. The
four dimeric constructs were incubated with either (1)
293/KDR cells, which is a human embryonic kidney (HEK)
cell line that has been stably transfected with human
recombinant VEGFR2 (also denoted KDR; kinase domain
insert, with high expression level), or (2) HUVECs, which
are human endothelial VEGFR2-expressing cells (moderate

15 =

293/KDR

Normalized cell binding

¢ 1.0 =
B
E) - 7,
B S VEGFR2_Bp1
N £ == Z\VEGFR2_Bp2
© 0.5
£ ZVEGFR2_Bp3
S =7
S 8 VEGFR2_Bp4
>
0.0 o z
T T T T
-1 0 1 2 3

log concentration Affibody, nM

Fig. 3 Flow-cytometric analysis of binding of Affibody constructs to
VEGFR2-expressing cells and VEGFA blocking. a Binding of the
Afﬁbody constructs (ZVEGFRZ_BpI_ZVEGFRZ_Bp4) to 293/KDR cells
was detected by fluorescently labeled HSA. The biparatopic Affibody
molecule Zyegrrz 22-(S4G)4-ABDo3s-(S4G)4-Zvecer2_40, Which had
previously been shown to bind to VEGFR2 with both Affibody
molecules simultaneously, as well as Zr,q-ABD-Zr,q as negative
control were included for comparison. All signals are normalized with
the signal from the negative control. Data are represented as mean of
duplicates with SD. b Same as in a but for HUVECs. ¢ Evaluation of
VEGFA blocking. 293/KDR cells were incubated with varying

expression level). Fluorescently labeled HSA was used as
secondary reagent to achieve signal amplification. The
biparatopic Affibody molecule Zygggr2 22-(S4G)4-ABDyg3s-
(84G)4-ZvEGFR2_40, Which had previously been shown to
bind to VEGFR2 with both Affibody molecules simultane-
ously [30], was included for comparison. The dimeric
Affibody construct Zg3e33-(S4G)4-ABD35-(S4G)s-Zo3z63s
which binds to Taq polymerase [29] (hereafter abbreviated
Ztag-ABD-Zr,q), was included as a negative control. A
mouse IgG anti-human VEGFR?2 antibody was included as a
positive control. Cell binding of the dimeric Affibody con-
structs was detected using fluorescently labeled HSA (or
Alexa Fluor® 488 Rabbit Anti-Mouse IgG Antibody for the
positive control). A clear shift in the fluorescent signal was
observed for the 293/KDR cells incubated with all four of the
dimeric VEGFR2-specific Affibody constructs compared to
the negative control (Fig. 3a). As expected, the flow-

2.5 =

HUVEC

Normalized cell binding

concentrations of each of the biparatopic Affibody molecules,
followed by incubation with biotinylated VEGFA. Binding of
VEGFA was detected using fluorescently labeled streptavidin.
Background signals from cells treated with secondary reagents are
subtracted from all samples. All signals are normalized with the
signal from cells only incubated with biotinylated VEGFA and
fluorescently labeled streptavidin. Upper dotted line is the signal from
cells treated with 1024 nM of negative control Affibody (Z1,q-ABD-
Ztaq). The experiment was performed in duplicates. Data are
represented as mean of duplicates with SD
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cytometry results from analysis of the HUVECs resulted in
lower signals, with detectable binding above background for
ZVEGFR27Bpl and ZVEGFRZ?BPZ (Flg 3b) Please note that
different secondary reagents and fluorophores were used for
detection of Affibody molecules and the positive control
antibody, respectively, and absolute fluorescent signals from
the positive control versus the Affibody constructs are hence
not comparable. Again, using HSA as a secondary detection
reagent confirmed that the fusion proteins were able to bind
to the receptor while simultaneously interacting with HSA
(Fig. 3a, b).

Evaluation of VEGFA blocking using flow
cytometry

Another flow-cytometry based assay was performed in
order to investigate whether the biparatopic Affibody
constructs could block VEGFA from binding to VEGFR2
expressed on the surface of mammalian cells. 293/KDR
cells were incubated with concentrations varying from 0.25
to 1024 nM of the four VEGFR2-binding dimeric con-
structs or the negative control construct Zr,g-ABD-Zr,q
(1024 nM). After incubation with Affibody constructs,
cells were incubated with 50 nM biotinylated VEGFA.
Cell binding of the biotinylated VEGFA was detected
using streptavidin—phycoerythrin conjugate. A concentra-
tion-dependent negative shift in fluorescent signal was
observed for the 293/KDR cells incubated with all four of
the dimeric VEGFR2-specific Affibody constructs com-
pared to the negative control, indicating blocking of
VEGFA binding to VEGFR2 expressed on the surface of
293/KDR cells (Fig. 3c). The estimated IC-50 values
obtained from fitting the data to an inhibitor response
equation  were: 451 £8nM  for  Zvggrr2_Bpis
395 £ 16 nM  for Zyggrro_Bp2» 7.6 =37 nM  for
ZVEGFRZ_Bp?” and 42.4 £ 8 nM for ZVEGFRZ_Bp4~ The
observed values are consistent with theoretical calculations
of IC-50 for the given experiment, using 50 nM VEGFA
and assuming a Kp of around 400 pM for VEGFA binding
to VEGFR2 [39].

Inhibition of VEGFA-induced phosphorylation
of VEGFR2

In order to investigate whether the observed ability of the
biparatopic Affibody constructs to block VEGFA binding
would lead to an inhibition of VEGFR2 phosphorylation,
an ELISA-based phosphorylation assay was performed.
293/KDR cells were incubated with 20 or 200 nM of each
of the four dimeric constructs or the negative control
construct Zp,g-ABD-Zr,q. After incubation with Affibody
constructs, VEGFR2 phosphorylation was stimulated by
incubation with 1 nM human VEGFA. Cell lysates were

@ Springer

prepared and analyzed by ELISA detecting phosphoryla-
tion on the tyrosine 1175 in VEGFR2.

A decrease in ELISA signal was observed for all four
constructs, demonstrating that all variants could inhibit
VEGFR2 phosphorylation (Fig. 4a). Treatment of cells
with 200 nM of each Affibody construct in the absence of
VEGFA showed no increase in VEGFR2 phosphorylation,
indicating that the dimeric Affibody molecules were not
agonistic (Fig. 4a). The top candidate Zyggrro_pp2 Was
subsequently compared to the FDA-approved VEGFR2-
specific monoclonal antibody Ramucirumab (ImClone
Systems) in a similar assay. The VEGFR2 Tyr1175 phos-
phorylation levels were determined after incubation with a
range of concentrations of Zyggrro_pp2 0r Ramucirumab.
The obtained IC-50 values were 3.8 &1 nM for
Zvecrro_Bpz and 041 £ 0.01 nM  for ramucirumab
(Fig. 4b). It should be noted that Ramucirumab is format-
ted as a full-length bivalent antibody, resulting in avidity
effects on the multivalent cell surface.

Inhibition of VEGFA-induced phosphorylation
of ERK1/ERK2

The ability of the biparatopic Affibody construct
ZvEGrr2_Bp2 0 inhibit downstream signaling induced by
VEGFR2 was investigated by analysis of the phosphory-
lation levels of ERKI1/ERK2, which are downstream
mediators of VEGFR2 signaling. 293/KDR cells were
incubated with 200 nM Zygggr2_gp2 Or PBS, followed by
stimulation with 10 nM VEGFA. Cell lysates were pre-
pared, and the ERK1/ERK2 phosphorylation levels were
analyzed by ELISA detecting ERK1 dually phosphorylated
at T202/Y204 and ERK2 dually phosphorylated at T185/
Y187. Cells treated with VEGFA in the presence of
Zvecrra_p2 showed a decrease in ERK1/ERK2 phospho-
rylation levels compared to cells treated with VEGFA
alone. These results confirmed that the Affibody construct
could inhibit downstream VEGFR?2 signaling (Fig. 4c).

Inhibition of VEGFA-induced 293/KDR cell
proliferation

A cell proliferation assay was performed in order to
investigate whether the inhibited VEGFR2 signaling
resulted in a decreased proliferation rate of 293/KDR cells.
Cells were cultivated in the presence of 10 nM VEGFA
and 100 nM Zygger2_gp2 Or PBS as negative control, and
the cell count was determined using a CCKS kit after 72 h.
The presence of VEGFA resulted in an increased growth
rate (Fig. 5a), which was decreased with the inclusion of
Zvecrro_p2 in the medium (Fig. 5a). Together with the
results from the phosphorylation assay, these results sug-
gested that the biparatopic Affibody construct has the
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ability to inhibit angiogenic effects of VEGFR2-mediated
signaling, which is promising for potential therapeutic
applications.

Inhibition of HUVEC sprout formation in vitro

In order to further investigate the anti-angiogenic effects of
the biparatopic Affibody construct, an in vitro angiogenesis
assay was performed. HUVECs coated on cytodex3
microcarrier beads were embedded in a fibrin gel and

<«Fig. 4 Inhibition of VEGFR2 signaling. a Inhibition of VEGFA-

induced VEGFR2 phosphorylation. VEGFR2 phosphorylation level
was detected using a Tyrl175 phosphorylation-specific antibody.
293/KDR cells were incubated with 20 nM (purple bars) or 200 nM
(green bars) of each of the four biparatopic Affibody molecules prior
to VEGFA stimulation. Zr,-ABD-Zr,q was included as negative
control as well as no Affibody. Samples were also treated with
200 nM Affibody constructs without VEGFA stimulation (blue bars).
VEGFR2 phosphorylation is on the y-axis and all signals are
normalized with signals from cells treated with only VEGFA. Data
are represented as mean of duplicates with SD. b Determination of
IC-50 value for inhibition of VEGFA-induced VEGFR2 phosphory-
lation by Zvyggrr2_Bp2 (red) or ramucirumab (green). Solid lines
represent fitted equations. Upper dotted line is the signal from cells
treated with only VEGFA and lower dotted line is the signal from
untreated cells. Data are represented as mean of duplicates with SD.
¢ Inhibition of VEGFA-induced ERK1/ERK2 phosphorylation in
293/KDR cells by Zyggrr2_p2- 293/KDR cells were incubated with
100 nM of Zyggrr2_p2 prior to 10 nM VEGFA stimulation. ERK1/
ERK?2 phosphorylation is on the y-axis and all signals are normalized
with mean signals from cells treated with only VEGFA. Data are
represented as mean of duplicates with SD. Data from samples treated
with Zygcrr2_pp2 + VEGFA and samples treated with only VEGFA
was analyzed using an unpaired ¢ test (P = 0.1698)

cultivated in the presence of VEGFA and different con-
centrations of Zyggrr2_pp2, Ramucirumab or the negative
control construct Zr,q-ABD-Zr,q. Imaging of the sprouts
after 3—4 days revealed a substantial decrease in number of
sprouts as well as sprout length for cells treated with
ZvEGrR2_Bp2 compared t0 Zyyag-ABD-Zir,q or no Affibody,
demonstrating that Zyggrro_pp2 could inhibit sprout for-
mation (Fig. 5b—d). Comparing the results with treatment
using the same molar concentrations of Ramucirumab,
indicated that the biparatopic Affibody molecule had sim-
ilar anti-angiogenic effects on endothelial cells in this
assay.

Discussion

Angiogenesis is important for the progression of several
pathological conditions, including tumor progression and
vascular eye disorders [1]. A challenge in angiogenesis-
targeted therapy is the preexisting or acquired drug resis-
tance [22]. For ophthalmic diseases, an additional
challenge is the delivery of protein therapeutics to the eye,
which with the current antibody-based therapeutics
requires administration by intraocular injection [40].

In previous work, two different VEGFR2-specific Affi-
body molecules were generated, and engineered into a
biparatopic Affibody construct [30]. The ability of the two
Affibody domains in the biparatopic construct to bind
simultaneously to VEGFR?2 resulted in a dramatic decrease
in dissociation rate compared to the monomeric Affibody
molecules. The VEGFR2-specific biparatopic Affibody
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«Fig. 5 Inhibition of VEGFA-induced 293/KDR proliferation and
HUVEC sprout formation in vitro. a Inhibition of VEGFA-induced
proliferation of 293/KDR cells. 293/KDR cells were grown in
presence of 10 nM VEGFA and 200 nM Zyggrro_gp2- Cells treated
with only VEGFA were included as positive control and untreated
cells were included as negative control. Cells were grown for 72 h
and the relative cell count was determined using CCKS kit. Relative
cell count is on the y-axis and all signals are normalized with mean
signals from cells treated with only VEGFA. Data are represented as
mean of duplicates with SD. Data from samples treated with
Zyecrr2_p2 + VEGFA and samples treated with only VEGFA were
analyzed using an unpaired ¢ test (P = 0.0609). b Representative
images of a sprouting assay of PKH67 labeled HUVECs (green) after
treatment with Zyggrr2_gp2- Sprouts treated with only VEGFA were
included as positive control, and untreated and Zry,g-ABD-Zryq
treated sprouts were used as a negative control. HUVEC were allowed
to sprout for 3—4 days. Sprouts are indicated by hashed lines.
¢ Quantitation of the number of sprouts per bead normalized to
VEGFA alone control. d Average sprout length normalized to
VEGFA alone control. Data are represented as a mean = SEM.n = 5
(VEGFA alone, no VEGFA), n=4 (ZVEGFR27Bp2 10 l'lM, ZTaq-ABD-
ZT'dq)s n=3 (ZVEGFR27Bp2 50 nM), n=2 (ramucirumab 10 nM,
ramucirumab 50 nM). n = experimental replicates. n > 15 beads
imaged per experiment

construct can potentially be used for therapeutic as well as
in vivo imaging applications. Fusing the small VEGFR2-
targeting agent to a 46 aa albumin-binding domain (ABD),
allows for shifting the pharmacokinetic behavior to a pro-
file suitable for therapeutic applications, i.e., the small drug
obtains a dramatically longer in vivo half-life that is similar
to that of serum albumin [35-37], hence resulting in less
frequent dosing and higher potency. For topical adminis-
tration in ocular disorders, the ABD-based strategy would
ensure Affibody delivery in an unconjugated mode,
resulting in efficient uptake. Once the Affibody reaches the
vitreous fluid, however, association to endogenous albumin
will decrease the diffusion rate, decrease clearance, and
promote prolonged half-life. Since a small size is desirable
for in vivo imaging applications [24], as well as for alter-
native delivery routes such as eye drops, we investigated
whether the linker separating the two Affibody domains
could be shortened without negatively affecting the
VEGFR2 affinity. Four biparatopic constructs were
designed, with different linker lengths connecting the two
Affibody molecules. Although the ABD will not be part of
future constructs intended for in vivo molecular imaging,
we included it here to facilitate protein purification,
detection of cell binding, and directed immobilization in
the biosensor assays. It should be noted that the affibody
molecules have been characterized previously without
fusions to the albumin-binding domain, demonstrating that
the interaction with VEGFR2 is not dependent on the ABD
[30]. In three of the constructs (Zvecrro_Bp2—ZVEGFR2_Bp4)»
ABD was positioned at the C-terminal in order to facilitate
production without ABD for applications where a short
in vivo half-life is preferred. As expected, the improvement

in affinity for the new heterodimeric construct compared to
the individual monomeric Affibody molecules Zvgggr 22
and Zygcrr2 40 [30] was mainly due to a slower dissoci-
ation rate. A decrease in kq value of around 2-3 orders of
magnitude was observed for Zyggrr2_pp2 compared to the
monomers [30]. The new format also demonstrated a
fourfold slower dissociation rate compared to the original
heterodimeric construct ZVEGFR2_22'ABD_ZVEGFR2_4O [30]
The slowest dissociation rate was observed for
ZvEGrr2_Bp2» Which had the shortest linker, indicating that
the two Affibody binding sites on VEGFR2 are situated in
very close proximity and that the binding surface is likely
to be practically continuous. However, further structural
investigations are needed to determine in detail the exact
binding mechanism and epitopes on VEGFR2. Notably,
both the biosensor assay and the cell binding experiment
demonstrated that the Affibody construct binds to VEGFR2
to the same extent with and without simultaneous binding
to albumin, which is essential when using the ABD-based
approach for prolonging the circulation time in future
therapeutic studies in vivo. Moreover, previous investiga-
tions have shown that other ABD-fused therapeutic
Affibody molecules retain their targeting capacity in blood,
which supports our intended strategy [41].

In order to study the potential of these biparatopic
constructs for future therapeutic applications, the ability to
block VEGFA binding and inhibit receptor phosphoryla-
tion was investigated. The results demonstrated that all four
constructs were able to bind to VEGFR2 expressed on
293/KDR cells. The four new constructs were also
demonstrated to efficiently block VEGFA binding and
thereby inhibit receptor phosphorylation. Due to the slow
dissociation rate and the advantages of a shorter linker,
Zvecrra_Bp2 Was considered the top candidate for further
analysis. Treatment with Zyggrro_gp2 Was shown to
decrease the proliferation rate of 293/KDR cells in pres-
ence of VEGFA, and inhibit HUVEC sprout formation.
These results demonstrate that Zyggrro_gp2 has anti-an-
giogenic effects comparable with the clinically approved
Ramucirumab, which is encouraging for therapeutic
strategies with the aim to inhibit VEGFR2 signaling. The
molecular weight of Zyggpr2 gp2 18 around 20 kDa
including the ABD, and around 13 kDa without the ABD,
which is about half that of an scFv. Importantly,
ZyEecrr2_sp2 18 @ >10-fold smaller protein than a conven-
tional antibody, but with similar affinity as has been
reported for Ramucirumab [16, 17]. Therefore, we antici-
pate that its performance in several aspects will be superior
to that of a regular antibody, particularly with regard to:
biodistribution, dose response, tissue penetration, clearance
in molecular imaging and administration routes. The
promising results encourage future preclinical studies to
investigate the in vivo performance.
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