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Developing a dual VEGF/PDL1
inhibitor based on high-affinity
scFv heterodimers as an anti-cancer
therapeutic strategy

Noam Tzuri!, Ksenia M. Yegodayev?, Ofra Novoplansky?, Moshe Elkabets?, Amir Aharoni® &
Niv Papo®**

Cancer progression is enhanced by the interaction of programmed death-ligand 1 (PDL1), which is
associated with inhibition of the immune response against tumors, and vascular endothelial growth
factor (VEGF), which inhibits immune cell activity while inducing angiogenesis and proliferation

of cancer cells. Dual inhibition of PDL1 and VEGF may therefore confer a synergistic anti-cancer
therapeutic effect. We present a novel strategy for developing a therapeutic that simultaneously
binds and inhibits both PDL1 and VEGF. We generated a bi-specific protein, designated DuRan-Bis,
comprising a single chain variable fragment (scFv)-based inhibitor of PDL1 fused to an scFv-based
inhibitor of VEGF, with the latter being attached to an Fc fragment. We found that DuRan-Bis binds to
both PDL1 and VEGF with high affinity. Compared to treatments with mono-specific proteins, alone or
in combination, the DuRan-Bis chimera showed superior inhibition of the proliferation of glioblastoma
cells. In comparison to treatment with immune cells alone, a combination of immune cells with
DuRan-Bis decreased the viability of head and neck cancer cells. To the best of our knowledge, this
study is the first to use a single polypeptide chain scFv-scFv-Fc scaffold for engineering a high-affinity
bi-specific inhibitor of PDL1 and VEGF.

Bi-specific antibodies are a class of engineered immunoglobulin (IgG)-like or antibody fragment (Fab)-like
proteins that combine different antigen-binding elements in a single construct. The superiority of bi-specific
antibodies over mono-specific antibodies, which target only a single molecule, lies in: (1) their ability to simul-
taneously block two different pathways with unrelated or overlapping pathogenic functions, (2) their enhanced
binding specificity and binding efficacy (avidity) that derives from engaging with multiple cell-surface antigens
or a combination of cell-surface and soluble antigens, and (3) their lower development and production costs
vs. two different mono-specific antibodies used in combination therapy"?. However, the advantages of IgG-like
bi-specific antibodies, comprising heterodimers in which each component has a different antigen specificity are
offset by several well-known limitations, particularly the random pairing of the variable domains of heavy (Vy)
and light (V1) chains, which leads to the production of various mispaired IgG species in addition to the single
functional bi-specific antibody (thus giving a low yield)**.

The above ‘mispairing’ issues can be prevented by preparing bi-specific antibodies from single chain variable
fragment (scFv)-based scafolds, in which the V of the variable domain and the corresponding Vy; are fused in
tandem, thus preventing any V;-Vy mismatch. For example, a bi-specific antibody can be prepared by fusing
an scFv to the Fc fragment at the C-terminus of IgG (i.e., IgG-scFv) or by fusing two scFvs via a peptide linker
(i.e., a tandem scFv) to generate a molecule that binds one antigen at the N-terminus of the tandem molecule
and a similar (or different) antigen at the C-terminus®’. Indeed, a bi-specific tandem scFv comprising two dif-
ferent scFvs with different antigen specificities has been developed to target both the CD3 receptor on T cells
and tumor-associated antigens on cancer cells. This type of antibody construct, which constitutes the basis of the
novel BiTE® (bi-specific T-cell engager) molecules, has been applied in cancer immunotherapy to re-target T cells
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to tumor cells in the tumor microenvironment (TME)®. Nevertheless, despite their promise, a critical limitation
of BiTEs is their small size and consequent rapid clearance from the blood circulation”.

A slightly different type of antibody construct, a bi-specific scFv-scFv-Fc fusion molecule, has been prepared
with an Fc domain at the C-terminus®. The Fc fragment increases the solubility and stability of the protein,
improves its pharmacokinetic profile, and enhances avidity via Fc dimerization, leading to enhanced local (near
target) antibody concentrations®'°. It has been shown, for example, the bi-specific inhibitor to a disintegrin
and metalloproteinase 17 (ADAM17) and TNF-like ligand 1A (TL1A) can bind to ADAM17 located on the cell
surface and exhibit up to 100-fold higher inhibition of TL1A-induced cytokine secretion and apoptosis of TF-1
cells, relative to the mono-TL1A inhibitor'!. An additive or synergistic pharmacological advantage may thus be
derived by strongly binding a cell-anchored/soluble antigen pair that simultaneously agonizes and/or antagonizes
different biochemical pathways.

An important candidate target pair, comprising soluble and membrane-bound targets, for bi-specific antibody
therapy would be vascular endothelial growth factor (VEGF) and programmed death-ligand 1 (PDL1): VEGE
when overexpressed, inhibits immune cell activity and promotes the proliferation of cancer cells, angiogenesis
and the formation of abnormal vasculature, whereas PDL1, which is expressed on the surface of cancer cells,
is an immune checkpoint molecule that inhibits the immune response against tumors cells by interacting with
the PD1 receptor that is expressed on immune cell membranes. PDL1 and VEGE each alone but especially in
combination, have recently been identified as critical modules for cancer progression. For example, VEGFE, which
binds to its receptor, VEGFR, that is expressed on T cells, leads to upregulation of PD1 on the T cells and to a
reduction in T-cell-mediated cancer cell cytotoxicity'*'%. Moreover, a positive correlation between VEGF and
PDLI1 expression in cancer cells (glioma, renal cell carcinoma, or head and neck squamous cell carcinoma) has
also been observed'>!6.

Different immune checkpoint inhibitors targeting PDL1, e.g., atezolizumab or durvalumab, or anti-angiogen-
esis agents targeting VEGE, e.g., bevacizumab, have therefore been developed to target this axis. Bevacizumab
is a recombinant humanized monoclonal antibody that blocks all isoforms of human VEGF with high efficacy.
The approval of bevacizumab by the FDA, in 2004, for the treatment of metastatic colorectal cancer'’, was fol-
lowed in 2006 by the approval of the VEGF inhibitor, ranibizumab, a monoclonal Fab generated from the same
parent mouse antibody as bevacizumab and used for the treatment of neovascular (wet) age-related macular
degeneration'®. However, monotherapy blockage of VEGF signaling has been associated with cancer disease
relapse, increased invasion, and the formation distant metastases due to the upregulation of compensation and
adaptation mechanisms. It thus became apparent that a hyperinvasive and metastatic phenotype was accompa-
nied by increased hypoxia in the TME'**, which is known to induce up-regulation of PDL1 as a compensation
mechanism?®!. The failure of single-agent anti-VEGF therapy—due to compensation by other pathways (e.g.,
PDL1)—indicates that combination with a different anti-tumor therapy could be an effective direction for the
development of therapeutics. Suitable candidates for combination with anti-VEGF therapy are immune check-
point inhibitors, such as anti-PDL1 monoclonal antibodies. These antibodies have shown strong antitumor
activity against a variety of solid tumors, e.g., atezolizumab for renal cell carcinoma, avelumab for urothelial
carcinoma, and durvalumab for urothelial carcinoma or non-small cell lung cancer?>?’. Nevertheless, the activity
of PDL1-inhibitors is limited, being dependent on the recruitment of T cells to the TME, which is impaired in
different types of cancer and in different disease stages due to tumor vasculature abnormalities?**-*!. In addition,
some cancers may acquire resistance to anti-PD1/PDL1 therapies over time, resulting in T-cell exhaustion by
virtue of different mechanisms, including enhancement of PD1 or VEGF expression, with the latter manifesting
as suppression of the cytotoxicity of immune cells. These limitations strongly suggest that efficacious treatment
will require an additional strategy in combination with PD1/PDLI inhibition®**.

Indeed, in a variety of models, a combination of therapeutic antibodies against PDL1 and VEGF has shown
synergistic clinical benefit in tumor control vs. anti-VEGF or anti-PDL1 treatment alone or vs. anti-VEGF treat-
ment combined with cytotoxic chemotherapeutic agents'>!*34%. Taken together, the above-described studies
reinforce the understanding that combined therapy targeting PDL1 and VEGF has significant potential in cancer
treatment. Nevertheless, combined therapy also has limitations, including interactions between two different
drugs and high development and production costs; these limitations could, however, be overcome by generating
a single bi-specific agent. There have indeed been several attempts to create bi-specific therapies against PDL1
and VEGF, such as the production of bi-specific antibodies targeting both PDL1 and VEGF by fusing together
anti-PDL1 antibody with the soluble extracellular domain of vascular endothelial growth factor receptor 1
(VEGFR1), but the process suffered from byproduct generation due to V| shuffling®.

To address the above-described issues, we set out to generate and test a high-affinity bi-specific inhibitor
of VEGF and PDL1 that was constructed on an scFv-scFv-Fc scaffold. To this end, we first tested the apparent
affinity of scFvs that were derived from different antibodies targeting PDL1 and VEGE, and from those we chose
the scFvs with highest affinity to the targets. We then designed and constructed a bi-specific inhibitor from a
durvalumab-derived scFv (targeting PDL1) and a ranibizumab-derived Fab fragment (targeting VEGF) fused to
an Fc fragment. Thereafter, we tested the bi-specific protein binding to VEGF and PDLI and showed that it did
indeed simultaneously target human cell-expressed PDL1 and purified soluble human VEGF with high affinity.
Finally, we tested the inhibitory activity of the bi-specific protein and showed that it displayed superior activity
in inhibiting glioblastoma proliferation vs. the inhibitory activity of the mono-specific treatments, each alone,
or of two mono-specific inhibitors combined. In addition, the bi-specific inhibitor combined with immune cells
impaired the viability of head and neck cancer cells, probably due to inhibitor-enhanced increased cytotoxicity
of the immune cells.

To the best of our knowledge, our study is the first to use a single polypeptide chain scFv-scFv-Fc scaffold for
engineering a high-affinity bi-specific inhibitor of VEGF and PDL1. The scFv-scFv-Fc scaffold of the bi-specific
inhibitor obviates the problem of the formation of undesired by-products associated with bi-specific IgG-like
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antibodies due to mismatch pairing of their four polypeptide chains, while maintaining all the advantages of an
Fc fragment (improved solubility, pharmacokinetic profile, and binding efficacy).

Materials and methods

Binding of yeast surface displayed (YSD) scFv clones to soluble PDL1 and VEGF;,;. The DNA
sequences of three PDL1-targeting scFvs derived from the three different full-length antibodies, atezolizumab,
avelumab and durvalumab, and hence designated At, Av, and Du, respectively, were synthesized by Integrated
DNA Technologies (Coralville, IA, USA). The DNA sequence of the VEGF-targeting scFv that was derived from
the Fab antibody fragment, ranibizumab, and hence designated Ran, was also synthesized by Integrated DNA
Technologies. The pCTCON plasmid*” was linearized with Xhol-HF and Nhel-HF restriction enzymes (New
England Biolabs, Ipswich, MA, USA), and the plasmid together with one of the four scFv inserts were trans-
formed by homologous recombination into competent Saccharomyces cerevisiae EBY100 yeast cells (Thermo
Fisher Scientific, Waltham, MA, USA). The correct sequence was confirmed by DNA sequencing in the Genet-
ics Unit of the National Institute for Biotechnology in the Negev (NIBN), Ben-Gurion University of the Negev
(BGU), Israel.

A single yeast colony for each of the four scFvs was used for each yeast display binding experiment, as previ-
ously described™. Briefly, the yeast cells were grown in an incubator at 30 °C for one day in SC-U-T (for Ura and
Trp selection) liquid medium, containing 2% w/v glucose, 0.67% w/v yeast nitrogen base, 0.1% v/v histidine,
2% v/v leucine, and 10% v/v dropout solution of all the necessary amino acids (except histidine and leucine).
On the following day, the cells were diluted into an SGCAA induction medium, containing 2% w/v galactose,
0.67% w/v yeast nitrogen base, 0.5% w/v Bacto™ Casamino acids, 0.856% w/v sodium phosphate monobasic
monohydrate, and 0.54% w/v disodium phosphate, and incubated overnight at 30 °C. On the third day, the cells
were collected and washed with PBSA buffer [phosphate buffered saline (PBS) + 0.1% bovine serum albumin
(BSA)]. Thereafter, to determine the apparent affinity of the scFv to PDL1 or VEGEF, the yeast-displayed cells
were incubated for 30 min at room temperature with solutions of biotinylated ligands, i.e., either human PDL1
or human VEGF,,, (a VEGF isoform lacking heparin-binding ability; ACRObiosystems, Newark, DE, USA)
at different concentrations, and then washed with PBSA. An allophycocyanin (APC)-streptavidin conjugate
(Jackson ImmunoResearch, West Grove, PA, USA) diluted 1:50 in PBSA was then used to determine the binding
of the biotinylated ligands to the scFvs upon 30 min of incubation. The expression of each YSD scFv (having a
c-myc tag fused to the C-terminus scFv) was also determined by incubating the yeast samples with an FITC-
labeled anti-c-myc antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) at a ratio of 1:50 c-myc to PBSA for
30 min at room temperature. The controls were untreated cells and APC- or FITC labeled cells without ligand.
The samples were analyzed using an Accuri C6 flow cytometry analyzer (BD Biosciences, San Diego, CA, USA).
Since preliminary experiments showed ligand depletion at low ligand concentrations, we used reaction volumes
of 500 uL and concentrations of 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 10, and 20 nM of PDLI. For VEGF,,,,
the concentrations were 1, 2, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 75 and 100 nM in reaction volumes of 50 pL. For
generating binding titration curves, each measurement was normalized first to the expression level of each clone
and then to the highest binding level of the same clone, which was set as 1. For generating a plot of normalized
binding vs. ligand concentration, the control sample containing fluorescent dyes but no ligand was set as zero. To
obtain the apparent Ky, value for each scFv-target protein, the data was fitted to a 1:1 Langmuir kinetic binding
model by using GraphPad Prism software (GraphPad software, San Diego, CA, USA).

Construction of mono- and bi-specific genes in pFUSE. The pFUSE-hIgGle3-Fc2 plasmid was
designed to include the mono-specific proteins (Du, Av or Ran) or the bi-specific protein. Note that the Du- and
Ran-containing scFvs are designated here as DuRan-Bis, and the Av- and Ran-containing scFvs are designated
as AvRan-Bis. Both the mono- and bi-specific proteins were constructed to include the interleukin-2 (IL-2) sig-
nal peptide, an Fc fragment, and a His tag, as shown in Supplementary Fig. S1.

For generating the mono-specific genes (Du, Av or Ran), the plasmid containing the Fc fragment was ampli-
fied to insert the scFv (Du, Av or Ran) at the 5’ end of the Fc fragment. The amplification was performed with
KAPA HiFi DNA polymerase (Merck KGaA, Darmstadt, Germany) using primers with homology to the plasmid
(primers A in Supplementary Table S1). Thereafter, the scFv DNA inserts were amplified twice—the first ampli-
fication for adding a linker in the 3’ end of the scFv, and the second amplification for creating homology to the
Fc fragment on the plasmid. The first PCR amplification was performed using KOD Hot Start DNA polymerase
(Merck KgaA) and suitable primers (primers B1 for Av, B2 for Du, and B3 for Ran; Supplementary Table S1).
The second amplification was performed on the scFvs gene from the previous step using KOD DNA polymerase
with suitable primers (primers C1, C2, and C3 for Av, Du, and Ran, respectively; Supplementary Table S1). Each
Av, Du, or Ran scFv PCR product was cloned into the open pFUSE vector containing the Fc fragment and a
His-tag according to the protocol of the Gibson assembly method (New England Biolabs, Ipswich, MA, USA).

For generating the bi-specific gene, DuRan-Bis, the plasmid that contained scFv Ran with the Fc domain
and His-tag from the previous step was amplified and linearized by PCR to enable insertion of anti-PDL1
scFv Av or Du at the 5’ end of Ran scFv. The amplification was performed using PCR with a KAPA HiFi DNA
polymerase using primers that were homologous to the plasmid (primers E in Supplementary Table S1). PCR
amplification of anti-PDL1 scFvs Av and Du was performed using KOD DNA polymerase with forward primers
with homology to pFUSE and reverse primers with homology to the Ran scFv gene (primers F1 for Av and F2
for Du in Supplementary Table S1). Thereafter, the Du or Av scFv PCR product was cloned into the linearized
pFUSE vector containing the Ran scFv, the Fc fragment, and a His-tag, according to the protocol of the Gibson
assembly method. The plasmids containing the mono-specific proteins (Av, Du or Ran) or the bi-specific proteins
(DuRan-Bis or AvRan-Bis) were then transformed into electro-competent Escherichia coli cells, which were
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grown overnight on LB low-salt agar plates containing 25 ug/ml Zeocin. The plasmids were then extracted from
the bacteria using NucleoSpin Plasmid EasyPure Mini kit (Macherey-Nagel) and sequenced in the Genetics
Unit, NIBN, BGU, Israel.

Cell culture. Suspension-adapted FreeStyle™ human embryonic kidney HEK293-F cells (American Type
Culture Collection Manassas, VA, USA) were routinely cultured in GIBCO FreeStyle™ 293 expression medium
(Thermo Fisher Scientific) at densities of 0.1 x 10° to 3.0 x 10° cells/ml )more than 90% of the cells were viable) in
disposable Erlenmeyer tissue culture flasks with vented caps (TriForest, Irvine, CA, USA) at 125-135 rpm on an
orbital shaker incubator (37 °C, 8% CO,). Cell density and viability were determined using a Countess IT FL Cell
Viability Analyzer (Thermo Fisher Scientific) according to the manufacturer’s protocols.

HEK 293-T cells [American Type Culture Collection (ATCC), Manassas, VA, USA] and head and neck
SCC47% cells (kindly supplied by Reidar Grénman, Department of Otorhinolaryngology—Head & Neck Sur-
gery, Turku University, Finland) were grown in Dulbecco’s modified Eagle’s medium (Biological Industries, Beit
Haemek, Israel). Glioblastoma U87MG cells (ATCC) were grown in MEM medium (Biological Industries).
These two media were supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin (Biological
Industries), referred to below as "plus supplements". The cells were placed in an incubator at 37 °C and 5% CO,.

Construction of the bi-specific heterodimer in pHAGE containing IRES and BFP.  The lentivector
PHAGE vector was designed to include the bi-specific AvRan-Bis or DuRan-Bis gene. An IL-2 signal peptide
and the bi-specific sequence were fused to the 5’ end of the internal ribosome entry site (IRES), followed by
the blue fluorescent protein (BFP) sequence, with the IRES being used to separate the bi-specific AvRan-Bis
or DuRan-Bis from BFP, which was used to quantify the amount of bi-specific protein expressed. The pHAGE
lentivector plasmid that contained the IRES and BFP sequences was digested with Notl and BamH]1 (Thermo
Fisher Scientific) restriction enzymes, followed by purification with a PCR purification kit. Thereafter, the IL-2
signal peptide and the bi-specific AvRan-Bis or DuRan-Bis protein constructs were amplified from a pre-formed
lentiviral F9 plasmid containing IL-2 and the bi-specific gene. The amplification was performed using a PCR
reaction with KOD DNA polymerase with primers that were homologous to the pHAGE plasmid (primers G in
Supplementary Table S1). Thereafter, the PCR product was cloned into the open pHAGE plasmid using the pro-
tocol of the Gibson assembly method, followed by transformation into electro-competent E. coli. Colony PCR
for Gibson assembly and plasmid insertion validation was performed using ALLin™ Red Taq Mastermix, and
colonies positive for the above sequences were transferred to a culture medium containing ampicillin-LB (25 pg/
mL) and grown overnight at 37 °C. The pHAGE lentiviral plasmid bearing the bispecific gene was extracted from
the bacteria using NucleoSpin Plasmid EasyPure Mini kit and sequenced (Genetics Unit, NIBN, BGU, Israel).

Generation of HEK293T cells overexpressing AvRan-Bis or DuRan-Bis. The pHAGE lentiviral
vector used for transfection of the HEK293T cells was prepared from the packaging HIV expression plasmids,
pGag-Pol (5 ug), pTAT (3 pg), and pREV (5 pg), the envelope protein pVSV-G (6 pg), and the pHAGE lentiviral
plasmid containing AvRan-Bis or DuRan-Bis (20 pg) in a total volume of 500 pL of medium without supple-
ments. This DNA mixture was incubated for 15 min at room temperature in 500 pL of a solution comprising 120
uL of polyethyleneimine (PEI) (Polysciences, Warrington, PA, USA) transfection reagent plus 380 uL of medium
without supplements, which gave a concentration of 1 pg DNA mixture in 3 puL of PEI. One day before transfec-
tion, HEK293T cells were seeded in a 10-cm plate in DMEM plus supplements and grown to 60% confluency
before transfection. The above-described DNA-PEI mixture was added dropwise to these HEK293T cells after
their resuspension in 4 mL of DMEM without supplements.

Five hours post transfection, the transfection medium was replaced with fresh medium plus supplements.
The packaged recombinant lentivirus containing pHAGE with AvRan-Bis or DuRan-Bis was harvested from the
supernatant of the cell culture at 48 h post transfection, centrifuged at 1200 rpm for 5 min, and filtered through
a 0.45-pm filter. The filtrate containing the recombinant lentivirus was stored at -80 °C until used for subsequent
experiments. To prepare the frozen recombinant lentivirus for use in experiments, the frozen samples were
concentrated at 21,000 rpm for 2 h at 4 °C.

To infect HEK293T cells with the pHAGE lentiviral plasmid containing AvRan-Bis or DuRan-Bis that was
mentioned above, HEK293T were seeded at a concentration of 2x 10° in a 6-well plate. On the following day,
the cells were then infected as follows. Most of culture medium of the cells was removed, leaving only 1 mL
of medium in each well. Then, to each well was added 250 pL of the concentrated AvRan-Bis or DuRan-Bis-
containing lentivirus described above. On the following day, the transduction medium was replaced with DMEM
plus supplements. After several days of growth, cells were harvested by centrifugation and then resuspended in
PBS buffer (containing 10% FBS) for FACS sorting at the Ilse Katz Institute for Nanoscale Science and Technol-
ogy, BGU, Israel. Transduced cells (1.0 x 10°) expressing the 20% highest level of BFP were sorted, centrifuged,
and seeded into fresh DMEM plus supplements in a 10-cm plate.

Production and purification of recombinant proteins. Du and Ran were produced in mammalian
HEK293F cells maintained in FreeStyle 293 expression medium. The HEK293F cells were transiently trans-
formed with 1 pg/mL of each of the pFUSE DNA plasmids containing Du or Ran scFvs (generated as described
above in the section "Construction of mono- and bi-specific genes in pFUSE") according to the FreeStyle 293
manual, using the GeneTranlIII transfection reagent (Biomiga, San Diego, CA, USA).

A stable HEK293T cell culture containing DuRan-Bis, which was generated by infection (as described above
in the section "Construction of the bi-specific heterodimer in pHAGE containing IRES and BFP"), was seeded
at 20% confluency into DMEM plus supplements. On the next day, the medium was discarded, the cells were
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washed twice with DMEM without supplements, and fresh FreeStyle medium was added to each flask, which
was then incubated for 72 h at 37 °C and 5% CO,. The supernatant was harvested after 3 days, centrifuged for
5 min at 1000 rpm, and filtered.

The Du, Ran, and DuRan-Bis proteins that were secreted to the culture medium were concentrated, and the
medium was replaced with binding (and wash) buffer (50 mM Tris pH 8.0, 200 mM NaCl, and 50 mM imidazole)
using the AKTA flux system with a 5-kDa cutoft (GE Healthcare Systems, Boston, MA, USA). The protein solu-
tion was rotated for 1 h at 4 °C with Protino® Ni-NTA Agarose nickel beads (Macherey—Nagel) for purification.
The beads were loaded into the column, washed with wash buffer, and then eluted with elution buffer (50 mM Tris
pH 8.0, 200 mM NaCl, and 500 mM imidazole). To determine protein purity, SDS-PAGE analysis was performed
using a 10% polyacrylamide gel under reducing conditions, and the bands were visualized by staining with Instant
Blue (Abcam, Cambridge, UK). The eluted protein was dialyzed overnight at 4 °C, and the buffer was exchanged
with PBS using GeBaFlex-tube dialysis kit (GeBa, Yavne, Israel). Concentration of the purified protein was
determined by UV-visible absorbance at 280 nm, using a NanoDrop spectrophotometer (DeNovix Inc, Wilm-
ington, DE, USA), with an extinction coefficient (€,5) of 15,9475 M~!.cm™ for DuRan-Bis, 93,905 M~'.cm™ for
Du, and 101,355 M *.cm™! for Ran. The purified proteins were aliquoted and stored at -80 °C until further use.

Cell binding assay. Affinity titration analysis and apparent K, measurements were performed as previously
described®. In brief, U87MG cells (5 x 10*) endogenously expressing PDL1 were incubated for 1 h on ice with
2 mL of purified Du protein at concentrations of 0.001, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2 or 5 nM or with 2 mL of
purified DuRan-Bis protein at concentrations of 0.001, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 or 50 nM diluted in
FACS buffer containing PBSA. Cells were then washed with FACS buffer and incubated for 40 min in 40 pL of
1:50 dilution of APC-conjugated anti-His tag antibody (Abcam, Cambridge, UK) on ice in the dark. Cells were
washed, resuspended in FACS buffer, and analyzed in a Diva flow cytometer (BD Biosciences, San Diego, CA,
USA). The experiment was performed in triplicate, and error bars in the figures represent the standard error of
the mean (SEM).

To generate the concentration-dependent affinity titration curves from the geometric mean measurement
of each sample, we subtracted the negative control (cells incubated without DuRan-Bis or Du proteins but with
anti-His antibody) and then normalized the signal to the highest binding signal of the same individual sample,
which was set as 1 and to the negative control, set as 0. A 1:1 Langmuir kinetic binding model was implemented
for all the binding plots using GraphPad Prism software (GraphPad software), and apparent K, values for Du
and DuRan-Bis proteins were calculated.

To confirm dual binding of DuRan-Bis to PDL1 and VEGF,;, U87MG cells (5 x 10°) endogenously expressing
PDL1 were incubated for 1 h on ice with 50 pL of either purified Du or DuRan-Bis protein, diluted to 100 nM in
FACS PBSA buffer. The cells were then washed in FACS buffer and incubated with 50 pL of biotinylated VEGF ,,,
100 nM, for 1 h on ice. Thereafter, the cells were washed in FACS buffer and incubated in the dark for 40 min in 50
uL of 1:50 dilution of APC-streptavidin targeting the biotinylated VEGF,,,. Cells were washed and resuspended
in FACS buffer, and the samples were then analyzed using a Diva flow cytometer.

Surface plasmon resonance analysis of Du, Ran and DuRan-Bis binding to purified PDL1 and
VEGF,;,. The equilibrium binding affinities of Du, Ran, or DuRan-Bis inhibitors for VEGF,,, and PDL1
targets were determined by surface plasmon resonance (SPR) on a Biacore S2000 instrument (Biacore, Upp-
sala, Sweden). In these experiments, purified thVEGF,,; (R&D Systems, Minneapolis, MN, USA), and puri-
fied human PDL1 (ACRObiosystems) were used. After standard amine-coupling activation of the CM5 sensor
chip using a solution of N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (NHS/EDC),
10 nM PDL1 or VEGF,;, (in sodium acetate at pH 4.6) was immobilized in the appropriate channel to reach 812
RU for VEGF121 or 760 RU for PDL1. Thereafter, to generate the binding sensorgrams, various concentrations
of Du or DuRan-Bis proteins (analytes) in PBST were injected into the channels at a flow rate of 30 uL/min for
2 min to minimize mass transport effects. The sample compartment temperature was 12 °C, and sample injec-
tion temperature was 25 °C. Kinetic parameters were derived from data sets acquired according to single-cycle
kinetics. Each run consisted of 9 consecutive analyte injections at 2, 4, 8, 16, 32, 64, 128, 256 and 512 nM Ran
(as the analyte in a VEGF,,;-immobilized channel); 0.2 nM, 0.33, 0.55, 0.926, 1.543, 2.572, 4.286, 7.144, and
11.9 nM Du (as the analyte in a PDL1-immobilized channel); 2, 4, 8, 16, 32, 64, 128, 256, and 512 nM DuRan-Bis
(as the analyte in a VEGF,,-immobilized channel); or 50, 62, 78, 98, 122, 153, 192, 240, and 300 nM DuRan-Bis
(as the analyte in a PDL1-immobilized channel). Dissociation of the Du, Ran, or DuRan-Bis from the VEGF ,,
or PDL1 immobilized on the CM5 chip was measured for 900 s. The dissociation of DuRan-Bis from PDLI was
followed by a regeneration step with 4 mM NaOH at 10 pL/min for 30 s. The dissociation of Ran from VEGF,,,
was followed by a regeneration step with 20 mM NaOH at 10 pL/min for 30 s. The dissociation rate constant
(kd), the association rate constant (ka), and the dissociation equilibrium constant (Kp) were calculated with
Biacore BIAevaluation S200 Software 1.1 (Biacore, Inc., Piscataway, NJ, USA). To achieve statistical significance,
we confirmed that the x 2 values were at least 10% or lower than the Rmax values in each experiment. To evalu-
ate the simultaneous binding of DuRan-Bis to VEGF},; and PDLI, we injected 254 nM DuRan-Bis as the first
analyte (where VEGF,, was already immobilized on the sensor chip) followed by an injection of 500 nM PDLI
as the second analyte.

XTT proliferation assay. An XTT assay was performed to evaluate the effect of DuRan-Bis, Du, and Ran
on the proliferation of U87MG glioblastoma cells. First, cells were seeded into a 96-well plate at a density of
5x10° per well in MEM medium containing 10% FBS and incubated overnight at 37 °C. Then, the medium was
replaced with starvation medium containing 0.5% FBS in the absence or presence of 1 nM human VEGF,,, and
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in the absence or presence of DuRan-Bis at 1 nM, 5 nM, 20 nM and 40 nM. A separate experiment, with a similar
protocol, was also conducted in the absence or presence of 1 nM human VEGF,,,, but with 100 nM of Du, Ran,
a mixture of Du and Ran, or DuRan-Bis. The plates were incubated for 48 h at 37 °C, 5% CO,. After 48 h, cell
proliferation was quantified by using an XTT kit (Biological Industries), according to the manufacturer’s instruc-
tions. Absorbance for each sample was measured at 475 nm, with an additional measurement at 660 nm for
background subtraction for each well. Wells containing medium alone were considered as the negative control,
and absorbance was measured at 475 nm using an ELISA reader infinite M200 (Tecan Trading AG, Switzerland).
The experiment was performed in triplicate; error bars in the figures represent the SEM; and statistical signifi-
cance was determined by column statistics and Student’s t-test, with P<0.05 being considered significant. The
results were normalized to the samples containing no VEGF,, and no Du, Ran or DuRan-Bis inhibitors.

Cytotoxicity assays. To evaluate the effect of DuRan-Bis, Du, and Ran on the viability of SCC47 head and
neck cancer cells in the presence of immune cells, a cytotoxicity assay was performed as previously described 7,
with the following modifications. On day one of the experiment, effector cells, namely, peripheral blood mon-
onuclear cells (PBMCs), from a healthy donor were cultured for 48 h at 37 °C with 5% CO, in RPMI 1640
medium supplemented with 10% human serum, 1% sodium pyruvate, 1% L-glutamine, 1% MEM non-essential
amino acids, 1% penicillin/streptomycin, 1% HEPES, 200 IU/mL recombinant human IL-2, and 50 ng/mL anti-
human CD3 (OKT3). On the second day, target cells, namely, SCC47 cells, infected with green fluorescent pro-
tein (GFP), as previously described®’, were seeded into a 96-well plate at a density of 1x 10* per each well in
DMEM medium containing 10% FBS and incubated overnight at 37 °C. On the third day (after 48 h of effector
cell culture), the target cells in the 96-well plate were subjected to the following 20 different treatments: the first
five treatments comprised 50 pL of the culture medium of the effector cells (without the effector cells) plus 50
uL of DMEM medium alone or in presence of 12.5 nM Du, Ran, or a mixture of Du and Ran or DuRan-Bis. The
remining 15 treatments comprised 50 pL of culture medium with effector cells (3 x10* 5x10* or 1x 10° cells
representing 1:3, 1:5 or 1:10 target to effector cell ratio, respectively) plus 50 uL of DMEM medium alone or in
the presence of 2.5, 6.25 or 12.5 nM DuRan-Bis. In addition, 5 x 10* effector cells were also exposed to treatments
with 12.5 nM Du, Ran, or a mixture of Du and Ran. The plate was incubated for 48 h at 37 °C with 5% CO,. The
plate was photographed using a live cell imaging JuLi™ stage (NanoEnTek Inc, Seoul, Korea) immediately after
adding the treatments and again after 48 h to monitor the amount of GFP in SCC47 cells as an indicator of cell
viability. The experiment was performed in triplicate and the images were analyzed using Qupath. Statistical sig-
nificance was determined by column statistics and Student’s t-test, with P <0.05 considered as significant. Error
bars in the figures represent SEM.

In-vivo toxicity assay. A toxicity study was performed using 8-week-old NOD scid gamma (NSG™) female
mice. DuRan-Bis (1.25 mg/kg) was dissolved in PBS and administered by intraperitoneal (i.p.) injection (n=6).
Control mice were injected with vehicle (n=5). All mice were weighed before treatment (day 1) and 7 days
post treatment, i.e., at the end of the experiment. At that time, the animals were sacrificed, blood was collected
from each mouse by cardiac puncture, and serum was isolated by centrifugation (15 min at 2000 g). For the
treated group, every two serum samples were pooled, giving a total of three samples for biochemistry analysis
(Biochemical Laboratory, Soroka Medical Center, Beer-Sheva, Israel). Hepatic damage was assessed in terms of
serum levels of alanine aminotransferase and alkaline phosphatase, and renal damage was determined according
to levels of serum urea and creatinine. Livers, lungs, kidneys, intestines and spleens of all the mice were weighed
at the end of the experiment.

Results and discussion

Binding of scFvs to PDL1 and VEGF;,;. In this study, we aimed to generate bi-specific single polypep-
tide chain agents by fusing together two different scFvs (derived from two different monoclonal antibodies, one
targeting PDL1, and the other, VEGF) along with an Fc fragment. First, we sought to test whether each scFv,
derived from a larger antibody or an antibody fragment, would indeed bind to its target molecule. To do so, we
used yeast surface display (YSD) binding titrations, followed by flow cytometry analysis. The scFvs used here
were derived from durvalumab, avelumab, and atezolizumab (designated Du, Av, and At, respectively), which
are antibodies targeting PDL1%>-***!, and ranibizumab (designated Ran), which is a Fab antibody fragment that
targets VEGF*2. All four scFvs, which were expressed in EBY100 yeast cells as part of the YSD system (Fig. 1A),
showed strong binding to the relevant target—either PDL1 or VEGF—as demonstrated by affinity titrations
(Fig. 1B-E). As expected, our results showed that the Ran scFv binds strongly to VEGF,,, in the nanomolar
range (apparent Kp=33.430+1.693 nM, Fig. 1F) and Du, Av, and At bind to PDL1 in the low nanomolar range
(apparent Ky, values of 0.483 +0.043 nM, 1.392+0.145 nM, and 2.905+0.256 nM, respectively, Fig. 1G). Since
the Du and Av scFvs showed lower apparent Ky, values than the At scFv, we continued with the former two
scFvs—along with the Ran scFv—in the subsequent experiments. As an aside, we note, for purposes of com-
parison, that Cembrola et al. found an apparent Kp, of 4.55 nM when testing the affinity of an anti-PDL1 scFv by
using a binding method similar to ours*.

Design and purification of mono- and bi-specific binders. Mono-specific binders targeting PDL1
were generated by fusing Av or Du scFvs to an Fc fragment, and a mono-specific binder targeting VEGF was
generated by fusing Ran scFv to an Fc fragment. Bi-specific binders simultaneously targeting both PDLI and
VEGE, designated DuRan-Bis and AvRan-Bis, were generated by fusing Du or Av scFvs, respectively, with Ran
scFv and an Fc fragment. The IgG1 Fc fragment was included because, when fused to proteins, it enhances their
stability and in vivo half-life by increasing their size and hence retarding their renal clearance and because it
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Figure 1. Single chain variable fragment (scFv) binding to programmed death-ligand 1 (PDL1) or vascular
endothelial growth factor (VEGF). (A) Schematic representation of the yeast surface display (YSD) system. The
scFv fused to Aga2p expressed in yeast is disulfide-bonded to Agalp, which is covalently bound to the yeast cell
wall. Expression of the scFv variant was detected by an anti-c-myc-FITC antibody, and binding was determined
using either biotinylated-PDLI or biotinylated-VEGF,,,, followed by allophycocyanin (APC)-conjugated
streptavidin. (B-E) Flow cytometry measurement of the expression of YSD Du scFv (B) or its binding to 25 nM
soluble PDLI (C), and expression of YSD Ran scFv (D) or its binding to 25 nM soluble VEGF ,, (E). (F, G) YSD
affinity titration curves for the anti-VEGF Ran scFv (F; red dots), anti-PDL1 Du scFv (G; blue dots), At scFv
(G; dark yellow squares) and Av scFv (G; orange triangles). Binding was determined by using flow cytometry
analysis and different concentrations of VEGF (1 to 100 nM) or PDL1 (0.005 to 20 nM). The binding of each
sample was normalized to its own expression level and then to the highest binding signal exhibited by the same
scFv clone. The data was fitted to a 1:1 Langmuir kinetic binding model to yield the apparent K, value for each
scFv-target protein pair.

facilitates the recycling of the protein fused to the Fc via the neonatal Fc receptor'’. In addition, the Fc fragment
is known to mediate effector functions, such as antibody-dependent cell-mediated cytotoxicity (ADCC) '°, by
binding to several types of immune cells, such as NK cells, thereby bringing them into the proximity of the anti-
body’s target cells. Since PDL1 can also be expressed on activated T cells, in which case ADCC can promote an
attack on activated immune cells, a durvalumab Fc-domain previously been engineered to eliminate ADCC*.
Thus, in our study we also used an engineered Fc fragment (that is included in the pFUSE vector) to prevent
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ADCC. The mono- and bi-specific proteins were sub-cloned into a pFUSE mammalian expression vector, which
contains an IL-2 signal peptide responsible for protein secretion outside the cell (at the N-terminus), the engi-
neered FC fragment, and a 6 x His tag that is used for protein purification and detection (at the C-terminus)
(Supplementary Fig. S1).

Since transiently transfected HEK293T cells gave low yields of the bi-specific DuRan-Bis and AvRan-Bis
proteins, it was first necessary to generate stable HEK293T cells expressing high levels of the proteins. To this
end, the genes of the bi-specific proteins were transformed into a mammalian vector, namely, a pHAGE vector
containing an IRES sequence and a BFP marker gene that facilitates the detection and quantification of the bi-
specific protein expression in cells*>. (We note that the BFP marker is not part of the final protein and has no
effect on the binding and on the biological activity.) For this purpose, a lentivirus containing the pHAGE plasmid
was generated and used to infect HEK293T cells. The cells were then sorted using FACS to isolate the cells that
showed the 20% highest level of protein expression by using BFP as a marker (Supplementary Fig. S2), such
that stable cell cultures expressing the AvRan-Bis or DuRan-Bis bi-specific proteins were generated. The mono-
specific proteins, Av, Du, and Ran, were produced in transiently transfected HEK293F cells. The mono-specific
protein Av was not stable and yields were very low in large-scale production experiments, and thus we decided
to continue working with the DuRan-Bis bi-specific protein and its mono-specific controls, Du and Ran. Of
note, the overall yields of DuRan-Bis, Ran, and Du were 1.57, 0.66, and 8.16 mg/L culture medium, respectively.
As expected, when the three proteins were run on SDS-PAGE gel under reducing conditions, the size of the bi-
specific protein DuRan-Bis was approximately 90 kDa and the size of the two mono-specific proteins Du and
Ran was approximately 60 kDa (Supplementary Fig. S3).

DuRan-Bis binds with high affinity and specificity to both recombinant PDL1 and recombinant
VEGF,,,. The ability of the mono- and bi-specific proteins to bind PDL1 and VEGF,,, was determined by
using SPR. In that experiment, PDL1 or VEGF,,, was immobilized on a CM5 sensor chip as the ligand, and
the proteins Du, Ran, or DuRan-Bis were allowed to flow over the ligand. Kinetic parameters were derived
according to single-cycle kinetics. The binding sensorgrams were fitted to a 1:1 Langmuir model, from which
the affinity constant (Kp) was determined (Fig. 2A-D). This analysis revealed that DuRan-Bis bound strongly to
PDLI (K, =0.654 nM, Fig. 2B) and VEGF,, (Kp=1.340 nM, Fig. 2D), but the binding was nonetheless weaker
than that of the mono-specific proteins, Du and Ran (Du bound to PDL1 with Kj, 0.057 nM, and Ran bound
to VEGF ,; with Kp 0.079 nM, Fig. 2A and C, respectively). This difference in the affinity between the bi- and
mono-specific proteins could be attributed to the reduced accessibility of each individual scFv in the bi-specific
protein to its target ligand. The affinity of Ran to recombinant VEGF,; and Du to recombinant PDL1 was
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Figure 2. Single-cycle kinetics analysis of surface plasmon resonance (SPR) sensorgrams for binding

analysis of the different purified protein complexes. (A, B) Binding to PDL1 of the mono-specific protein Du
at concentrations of 0.2, 0.33, 0.55, 0.93, 1.54, 2.57, 4.29, 7.14, and 11.9 nM (A) and the bi-specific protein
DuRan-Bis at concentrations of 50, 62, 78, 98, 122, 153, 192, 240, and 300 nM (B). (C, D) Binding to VEGF,,,
of the mono-specific protein Ran at concentrations of 2, 4, 8, 16, 32, 64, 128, 256 and 512 nM (C) and the
bi-specific protein DuRan-Bis at concentrations of 2, 4, 8, 16, 32, 64, 128, 256 and 512 nM (D). (E) Binding of
the bi-specific protein DuRan-Bis (254 nM) to immobilized VEGE, followed by its binding to PDL1 (500 nM).
The data was fitted to a 1:1 Langmuir kinetic binding model to yield the K}, value for each protein pair. RU—
response unit.
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approximately 10 times higher than that of their parental full-length antibodies ranibizumab (K ~0.99 nM to
VEGF,,)* and durvalumab (Kp, of 0.831 nM to PDL1)¥. This difference in affinity could be due to the smaller
size of the mono-specific Du and Ran proteins, which resulted in less steric hindrance. We nonetheless stress that
even though the affinity of DuRan-Bis appeared to be lower than that of the mono-specific Du and Ran proteins,
its affinity still remained very high in the low nano-molar range. Furthermore, it was previously shown in cell-
based assays that binding of bi-specific proteins to cell membrane receptors increases the local concentration of
the bi-specific protein and thus enhances the binding to the other (soluble) protein that is also targeted!'!. We
therefore believe that DuRan-Bis would still have an advantage over the mono-specific proteins in the cellular
environment, even though its affinity for its targets was lower than that of the mono-specific proteins (as meas-
ured in an in-vitro binding experiment).

Another perspective may be obtained by examining the affinity between PDL1 and its receptor, PD1. Accord-
ing to the literature, the kinetic constants for the binding of PDLI to PD1 are K, (the association rate con-
stant) =1.84 x 10° M x s, K ¢ (the dissociation rate constant) = 1.44 s}, and K, (the affinity constant) =8.2 uM,
where Kp =K ¢/K,,.. These values indicate that the affinity of PDL1 for its receptor (Kp, of 8.2 uM) is significantly
lower than that for DuRan-Bis (K, of 0.654 nM) or Du (K, of 0.057 nM). Thus, the differences in K, between
PD1, Dy, and DuRan-Bis may be attributed to much lower K values for Du and DuRan-Bis (K3 1.69x 107° 57!
and 3.84x 107> s7}, respectively) than for PD1 (K, 1.44 s7!), which means that our proteins Du and DuRan-Bis
dissociate from PDL1 far more slowly than PD1.

The binding between VEGF,,, and its cognate receptor, VEGFR2, has affinity values of K, =5.47 x 10 M xs7},
K,¢=3.0x107s7!, and K, =5.5 nM, as previously determined*, which means that that the affinity of VEGF,,,
to VEGFR2 (K, 5.5 nM) is approximately 60 times lower than the affinity of Ran to VEGF,, (K, 0.079 nM) and
4 times lower than the affinity of DuRan-Bis to VEGF,,, (K 1.340 nM). These differences in Ky, values are due
to the smaller K, for Ran and DuRan-Bis (K¢ 1.06 x 10° s7' and 1.39 x 107 s, respectively) than for VEGFR2
(Ko 3.0x 107 s71) from complexes with VEGF,,;, which means that the dissociation of VEGF,,, from Ran and
DuRan-Bis is slower than its dissociation from VEGFR2. These lower dissociation rates for DuRan-Bis, Du, and
Ran from both PDLI and VEGF,,,, in comparison to the dissociation rates (K.4) of PDL1 and VEGF from their
native cognate receptors, could reduce availability of the ligands for binding to their receptors. The potential of
DuRan-Bis to compete with and inhibit the functions of VEGF and PDL1 finds support in studies showing that
Ran and Du proteins (derived from ranibizumab and durvalumab, respectively) bind to the receptor binding
site of the natural ligands (agonists) PDL1 and VEGE, respectively*>*.

In addition, we performed an experiment in which the VEGF,;, ligand, immobilized on the chip, was exposed
sequentially to 254 nM DuRan-Bis as the first analyte flowing over the chip and then to 500 nM PDL1 as a sec-
ond analyte (Fig. 2E). The bi-specific DuRan-Bis protein engaged successfully with PDL1, VEGF,,,, or both of
them together, which confirms its ability to efficiently bind PDL1 and VEGF,,, simultaneously. As a control, we
immobilized VEGF,,, and examined its interaction with PDL1 or with Du, the mono-specific PDL1 binder, but,
as expected, no binding was observed between PDL1 and VEGF,, or between Du and VEGF,,,. Taken together,
these findings show that DuRan-Bis binds strongly to its targets and can engage both of them simultaneously.

DuRan-Bis binds with high affinity to endogenous PDL1 expressed on U87MG cells and simul-
taneously engages with recombinant VEGF. The SPR experiments were complemented by experi-
ments determining the binding affinity of DuRan-Bis to cell-expressed PDL1. For that purpose, U87MG glio-
blastoma cells, which endogenously express PDL1 on their surface, were used®*”!. Analysis of the binding
titration curve (using a 1:1 Langmuir kinetic binding model) showed that DuRan-Bis binds to U87MG cells
with an apparent Ky, of 1.918+0.290 nM (Fig. 3A). For comparison, determination of the affinity of Du to PDL1
in the same system afforded a Ky, value of 0.053 +0.007 nM. These results are similar to those found in the SPR
experiment, where the K, of DuRan-Bis to PDL1 was 0.654 nM and that for Du to PDL1 was 0.057 nM. These
slight differences could be due to the more complex environment on the cell surface vs. the chip surface. The
higher affinity to PDL1 of Du vs. DuRan-Bis could be due to the larger size of DuRan-Bis and/or to interference
in the binding to PDLI on the cell surface by the other component of DuRan-Bis (the scFv targeting VEGF).
The dual binding capability of the bi-specific binder DuRan-Bis was also demonstrated in cells by pre-incu-
bating the U87MG cells with DuRan-Bis or Du as a control (both at 100 nM) and then monitoring the binding
response to Du or DuRan-Bis of biotinylated VEGF,; (100 nM), followed by streptavidin-conjugated APC
(Fig. 3B). This experiment showed that DuRan-Bis, but not Du, could simultaneously bind both PDL1 and VEGE

DuRan-Bis inhibits U87MG cell proliferation. To examine the biological activity of DuRan-Bis on can-
cer cells, we evaluated (using the XTT assay) the ability of DuRan-Bis to inhibit the proliferation of U87MG cells
(Fig. 4). To this end, U87MG cells were treated with 1 nM of VEGF ,, in the absence or presence of 1, 5, or 40 nM
DuRan-Bis. Figure 4A shows that increasing concentrations of DuRan-Bis led to a concentration-dependent
inhibition of cell proliferation. Samples treated with 40 nM DuRan-Bis/VEGF,,, showed significantly lower cell
proliferation than untreated cells or cells treated solely with VEGF,,, (1 nM). Previous experiments testing the
inhibition of proliferation of U87MG with bevacizumab, a well characterized and FDA approved therapeutic
anti-VEGF antibody, showed no inhibition of cell proliferation when low concentrations (in the nanomolar
range) of bevacizumab were used, and significant inhibition was seen only for higher bevacizumab concentra-
tions (=3.35 uM)*>%. In contrast, DuRan-Bis showed inhibition in the low nano-molar range, which could indi-
cate better inhibition activity of DuRan-Bis compared to bevacizumab. The superior inhibition by DuRan-Bis
could be explained by the binding of DuRan-Bis to PDL1, which would increase the local concentration of the
inhibitor and hence lead to better inhibition of VEGF,,,.
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Figure 3. Binding of the mono- and bi-specific proteins to cell-expressed PDL1 and recombinant VEGF,,,.
(A) Binding titration curves for the Du mono-specific (blue triangles) and DuRan-Bis bi-specific (green circles)
proteins to endogenous PDL1 on the surface of U87MG cells. Binding was measured using FACS at protein
concentrations of 0.001-5 nM (Du) and 0.001-50 nM (DuRan-Bis). The binding was determined using an
APC-conjugated anti-His tag antibody. Fluorescence signals obtained from cells treated with APC-conjugated
anti-His tag antibody in the absence of Du or DuRan-Bis proteins were subtracted from all samples (containing
different protein treatments), and the resulting signal intensities were then normalized to the highest binding
signal exhibited by the same protein treatment. The data was fitted to a 1:1 Langmuir kinetic binding model to
yield the apparent K, values for Du and DuRan-Bis proteins. Values are the means of triplicate experiments;
bars represent standard error of the mean (SEM). (B) Flow cytometry analysis showing the dual binding of

the bi-specific protein DuRan-Bis in U87MG cells (that express PDL1) pre-incubated with Du or DuRan-Bis
(100 nM) and then monitored to determine the enhancement in binding response upon addition of biotinylated
VEGF,, (100 nM), followed by streptavidin-conjugated APC. The following color coding is used: grey—
untreated cells, black—cells treated with biotinylated VEGF,,, and then streptavidin-conjugated APC, blue—
cells treated with Du followed by biotinylated VEGF,,, and then streptavidin-conjugated APC, green—cells
treated with DuRan-Bis followed by VEGF,,, and then streptavidin-conjugated APC.

We then went on to evaluate the inhibitory action of DuRan-Bis on the proliferation of U87MG cells in com-
parison to Du and Ran mono-specific controls. To this end, U87MG cells were treated with 1 nM of VEGF,,
alone or VEGF,,, in the presence of 100 nM Du, Ran, a mixture of Du and Ran, or DuRan-Bis. Treatment with
DuRan-Bis resulted in significantly higher inhibition of cell proliferation than treatment with Du or Ran alone or
a mixture of the two (Fig. 4B). This superior inhibition potency of the bi-specific protein over its mono-specific
counterparts may be the result of binding of DuRan-Bis to PDL1 on the cancer cell surface, thus increasing
the local concentration of DuRan-Bis and enabling better inhibition of VEGF. These findings, along with the
simultaneous inhibition of both VEGF and PDL1, may explain the superiority of the bi-specific inhibitor over
each of the mono-specific inhibitors or their combination. Unexpectedly, Du (targeting cellular PDL1) showed
significant inhibition of the proliferation of U87MG cells, albeit slightly less than the bi-specific inhibition. This
may explain the fact that for some of the samples treated with VEGF,,, and the inhibitors, proliferation was
lower than that of the untreated cells.

DuRan-Bis increases immune cell cytotoxicity and reduces SCC47 cell viability. To examine
the effect of DuRan-Bis on cancer cell viability and on the function of immune cells, we evaluated the ability of
DuRan-Bis to enhance the cytotoxicity of immune cells that destroy SCC47 head and neck cancer cells (Fig. 5).
Effector immune cells, i.e., PBMCs extracted from a healthy blood donor, were cultured for 48 h for cell activa-
tion. Thereafter, the target cells, i.e., SCC47 cells (that had been seeded into the plates 24 h previously), were
treated with 12.5 nM Du, Ran, a mixture of Du and Ran, or DuRan-Bis in the absence of activated effector
cells. In addition, different ratios of target to effector cells (i.e., 1:3, 1:5 or 1:10) were left untreated or exposed to
2.5nM, 6.25 nM, or 12.5 nM DuRan-Bis, and for the target to effector cell ratio of 1:5, treatment with 12.5 nM
Du, Ran, or a mixture of Du and Ran was also tested.

Incubation of the target cells with increasing concentrations of DuRan-Bis led to reduced target cell viability
in a concentration-dependent manner for ratios of target to effector cells of 1:3 (Supplementary Fig. S4) and
1:5 and 1:10 (Fig. 5) compared to cancer cells treated with effector cells alone (i.e., in the absence DuRan-Bis)
or to cancer cells treated with the DuRan-Bis alone (Supplementary Fig. S4), with a significant reduction in cell
viability being observed in the 1:10 sample treated with 12.5 nM DuRan-Bis. The lower viability of the target cells
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Figure 4. Inhibitory effect of DuRan-Bis on the proliferation of U87MG cells, as shown in an XTT assay. (A)
U87MG cells were treated for 48 h with 1 nM of VEGF either alone (black) or with 1 nM, 5 nM or 40 nM of
DuRan-Bis (green). (B) U87MG cells were treated for 48 h with 1 nM of VEGF alone (black) or with 100 nM

of Du (blue), Ran (red), a mixture of Du and Ran (purple), or DuRan-Bis (green). Cell viability measured using
the XTT reagent was normalized to that of untreated cells (grey). Values are the means of triplicate experiments;
bars represent SEM. *P<0.05; **P<0.01 (Student’s t-test, compared with cells treated with VEGF alone or with
cells treated with VEGF and Du).
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Figure 5. Inhibitory effect of the bi-specific DuRan-Bis on SCC47 cell viability, as determined by using a
cytotoxicity assay. SCC47 cells (target cells) were incubated for 48 h together with pre-activated PBMCs (effector
cells) in ratios of 1:5 or 1:10 (target to effector cells) either alone (black) or in the presence of 2.5, 6.25, or

12.5 nM of bi-specific DuRan-Bis (green). For the 1:5 ratio, 12.5 nM Du (blue) or Ran (red) alone or in mixture
of Du and Ran (purple) were also tested. Analysis of SCC74 cell viability was based on the green fluorescent
protein (GFP) content of the cells. Values are the means of triplicate experiments; bars represent SEM. *P<0.05
(Student’s t-test, compared with cells treated with effector cells alone).
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treated with effector cells and DuRan-Bis compared to samples treated with effector cells alone or with inhibitors
alone (in the absence the effector cells) indicates that DuRan-Bis probably enhances immune cell cytotoxicity.

Samples of SCC47 cells treated with a ratio of 1:5 target to effector cells and 12.5 nM DuRan-Bis showed
slightly, but not significantly, lower target cell viability than samples treated with one of the mono-specific
proteins (Du or Ran) or with a mixture of the two (Fig. 5). As mentioned above, these differences between
the bi-specific inhibitor and the mono-specific inhibitors could be due to an increased local concentration of
DuRan-Bis (by virtue of its binding to cell-surface-bound PDL1), which then also inhibits VEGF (known to be
secreted from head and neck squamous cell carcinoma cells*, including the SCC47 cell line®). Since VEGF is
known to mediate immunosuppression by several mechanisms, the bi-specific inhibitor may act both directly
and indirectly—direct inhibition of T-cell proliferation and functionality (through binding to VEGFR2 expressed
on the T cell surface'>*) and indirect inhibition of VEGF via enhancement of hypoxia and hence higher effector
cell activity™. In addition, inhibition of VEGF in the TME will block the enhanced expression of PD1 that leads
to CD8 + T cell exhaustion, which impairs their anti-tumor activity'>°%>’.

In-vivo toxicity assay. The toxicity of DuRan-Bis was investigated in mice in terms of the change in animal
weight (before vs. after treatment for treated and control mice) and differences in liver and kidney metabolites
between mice treated with DuRan-Bis and vehicle-treated mice (Supplementary Figs. S5 and S6). Animal weight
remained unchanged for seven days for the DuRan-Bis-treated and control mice. Seven days post treatment,
the lung and spleen weights of the DuRan-Bis-treated mice were similar to those of the control group, but the
kidneys and livers of the DuRan-Bis-treated mice weighed less. However, there were no statistically significant
differences between the two groups in liver and kidney metabolites. We may therefore assume that, overall, the
toxicity of DuRan-Bis, is very mild, if at all. However, further analyses are needed to establish the toxicity profile
of this potential drug.

Conclusions

With the current understanding that patients with most types of cancer often exhibit a poor response to thera-
peutics inhibiting a single specific target (i.e., mono-specific therapy), it is believed that drugs that inhibit two
different targets simultaneously (i.e., bi-specific therapy) could be a promising alternative to current treatments,
i.e., by targeting and inhibiting two different pathways that promote cancer progression, more effective treatment
could be achieved. However, bi-specific constructs based on conventional antibodies are difficult to produce, as
a result of mispairing of their four polypeptide chains, leading to low yields of the required product. The solu-
tion lies in generating bi-specific protein scaffolds from single peptide chains containing binding epitopes for
two different targets. Such constructs have the potential to exhibit enhanced inhibition of cancer progression
vs. bi-specific antibodies or two mono-specific drugs given together. Bi-specific inhibitors will provide several
advantages over two monospecific drugs given together in that they may be less toxic to the patient and cannot
give rise to multi-drug interactions, and they will have a single and defined pharmacokinetic profile instead of
different pharmacokinetic profiles for each mono-specific drug. In addition, they would be more cost effective
than their mono-specific counterparts. Finally, it is predicted that their inhibition activity will be more selective
for the target tumor cells than radio- or chemotherapy.

Potential targets for bi-specific therapy are PDL1 and VEGE which play important roles in immunosuppres-
sion and angiogenesis, both being processes that lead to tumor progression. In addition, these two target proteins
have been shown to interact with each other, producing a supportive TME. This study showed that PDL1/VEGF
dual inhibition could be achieved with a bi-specific inhibitor derived from high-affinity scFvs fused to an Fc
fragment, with the bi-specific inhibitor binding simultaneously and with high affinity to both PDL1 and VEGF.
Importantly, this bi-specific inhibitor reduced the proliferation U87MG glioblastoma cells with higher inhibitory
activity vs. two mono-specific controls given in combination. Furthermore, the bi-specific inhibitor reduced
the viability of SCC47 head and neck cancer cells by virtue of enhanced immune cell cytotoxicity conferred by
inhibition of PDLI and VEGE.

Our study thus complements and contributes to ongoing research focused on combined treatments that target
the VEGF-VEGFR/PDL1-PD1 axis. These studies include, for example, a bi-specific IgG-scFv treatment in which
a full IgG antibody is fused to an scFv domain (e.g., AK112, a PD1/VEGF bispecific protein currently in clinical
trials®®) and a patented PDL1/VEGF bispecific antibody®). IgG-derived multi-domain bi-specific proteins such
as these could have advantages of stability and long retention times vis-a-vis single domain fragments, such as
DuRan-Bis, but during the production and purification process some domain mismatch could occur. An addi-
tional disadvantage of IgG-based compounds is that they may be subject to intellectual property barriers (which
is less likely for the DuRan-Bis construct). Other bi-specific proteins composed of single chains that have been
described in the literature include a diabody (BsDb) comprising two fused single chains targeting VEGF165 and
PD1% and a bivalent anti-PD-L1/VEGF nanobody®’. These proteins are smaller than our bi-specific DuRan-Bis
protein, which may be advantageous in terms of tissue penetration. However, the lack of an Fc fragment could
constitute a disadvantage in that the Fc fragment serves a double purpose: it retards clearance of the protein
from the body (by virtue of increasing protein size and its role in recycling the protein in the blood via the Fc
machinery) and it may create dimers that may increase the local concentration of the protein. However, the above
studies—while opening important avenues for future research—are still to address a number of issues: For exam-
ple, even though the bivalent anti-PD-L1/VEGF nanobody inhibited angiogenesis and cell proliferation in vitro,
in-vivo analysis is yet to be done. In addition, the BsDb and AK112 treatments target PD1, which is expressed
only on T cells, and not PDL1, which is expressed on the target cancer cells (and antigen-presenting cells). We
believe that engaging two targets (VEGF and PDL1) that are expressed in the cancer microenvironment may
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lead to more specific and potent inhibition. Furthermore, we believe that targeting PDL1 will increase the local
concentration of the drug on cancer cells, which may lead to higher specific inhibition by VEGE.

The current study has nevertheless some limitations. The first is that it is not based on a number of differ-
ent cell lines, one of the reasons being that it is difficult to obtain other types of cancer cells with a GFP marker
similar to that in the unique head and neck cancer cell line used here (for which cell viability is corelated to GFP
expression). Nonetheless, we stress that we did use two different cell lines and in both we showed a reduction in
cancer cell viability—results that make our conclusion about the potency of the scFv-based inhibitor stronger
and more robust. In addition, two different experimental setups were used to assess the potency of the chimeric
molecule, suggesting that our results, being based on more than just a single type of experiment, analysis or
cell line, are general. The second limitation is that its effect on normal cells was not evaluated. In the future, we
intend to perform additional in vivo studies to test the molecule’s toxicity, but this stage is clearly beyond the
scope of this study. These in vivo studies will also address the third limitation of a lack of testing of the molecule’s
potency in preclinical models.

In conclusion, our bi-specific inhibitor represents a novel therapeutic approach for some cancers. Importantly,
the dual-specific platform developed can also be applied to generate bi-specific inhibitors for other targets and
for other types of cancer.
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