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Abstract Introduction of selectivity/specificity into viral-
based gene delivery systems, such as lentiviral vectors
(LVs), is crucial in their systemic administration for cancer
gene therapy. The pivotal role of tumor-associated
endothelial cells (TAECs) in tumor angiogenesis and
overexpression of vascular endothelial growth factor
receptor-2 (VEGFR2 or KDR) in TAECs makes them a
potent target in cancer treatment. Herein, we report the
development of VEGFR2-targeted LVs pseudotyped with
chimeric sindbis virus E2 glycoprotein (cSVE2s). For this
purpose, either sequence of a VEGFR2-specific nanobody
or its natural ligand (VEGF,;;) was inserted into the
binding site of sindbis virus E2 glycoprotein. In silico
modeling data suggested that the inserted targeting motifs
were exposed in the context of cSVE2s. Western blot
analysis of LVs indicated the incorporation of cSVE2s into
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viral particles. Capture ELISA demonstrated the speci-
ficity/functionality of the incorporated cSVE2s. Transduc-
tion of 293/KDR (expressing VEGFR2) or 293T cells
(negative control) by constructed LVs followed by fluo-
rescent microscopy and flow cytometric analyses indicated
selective transduction of 293/KDR cells (30 %) by both
targeting motifs compared to 293T control cells (1-2 %).
These results implied similar targeting properties of
VEGFR2-specific nanobody compared to the VEGF;,; and
indicated the potential for transductional targeting of tumor
vasculature by the nanobody displaying LVs.

Keywords Cancer gene therapy - Lentiviral vectors -
Angiogenesis - VEGFR2 - Pseudotyping - Nanobody -
Transductional targeting

Introduction

Cancer remains to be one of the main causes of morbidity
and mortality worldwide. Advances in viral vector-based
gene delivery systems have profoundly accelerated the
viral-based gene therapy approaches in cancer [1]. A major
drawback of these systems, however, is the lack of selec-
tivity/specificity to tumor cells which impedes their “sys-
temic administration.” This shortcoming restricted most of
the clinical trials to ex vivo or intratumoral (in the case of
solid tumors) studies [2, 3]. Therefore, a targeted viral
vector that could selectively home in onto tumor cells
while sparing the normal cells is the crucial tool for cancer
gene therapy.

Lentiviral vectors (LVs) are among the most popular
gene delivery tools, mainly due to the ease of manipulation
and production, low genotoxicity, promising results of
recent clinical trials on their use in gene therapy and their
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ability to stably transduce both dividing and nondividing
cells, a property of utmost importance in cancer gene
therapy [4]. However for their “systemic administration,”
LVs should be engineered to specifically target the tumor
cells too.

The natural tropism of LVs, similar to other enveloped
viruses, is defined by their surface glycoproteins (GPs) [5].
Alteration, restriction, or refinement of natural tropism
toward the desired cells might be an appealing strategy for
targeted cancer therapy, a process known as “transduc-
tional targeting” [6]. The common practice for alteration of
LVs’ natural tropism is through the substitution of original
lentiviral GP with other viral GPs, a process known as
“pseudotyping” [7]. Viral GPs are also artificially engi-
neered to harbor a specific “targeting moiety” for recog-
nition of the targeted cell(s). To this end, different targeting
moieties, including peptides, natural ligands and specific
antibodies (Abs), and Ab fragments, have been exploited
for targeting of LVs [2]. Although Abs are among the most
recognized targeting moieties, their large size (150 kDa)
could restrict their application. Even the use of smaller
fragments of Abs like single-chain variable fragments
(ScFvs) is usually associated with lower affinity and sta-
bility [8]. The heavy-chain antibodies (HcAbs) of Camel-
idae family which are composed of only two heavy chains
recognize antigens via the variable domain of each heavy
chain. The variable domain of HcAbs, called nanobody or
VHH, is the smallest natural antigen-binding fragment.
Nanobodies have affinities equal to or even higher than
Abs (in the range of nanomolar and picomolar), and con-
sidering their small size and stability, might represent an
intriguing alternative targeting modality [8—10].

In addition to binding and attachment to specific cell
surface receptors (recognition), viral GPs also perform
“fusogenic activity” to implement the fusion between virus
envelope and the membrane of target cells to complete the
process of viral entry (infection) [11]. While LVs need
proper interaction and consecutive conformational change
of binding (gp120) and fusion (gp41) portions of the same
GP protein to start the infection [12], some other viruses
like sindbis make use of two functionally separate GPs for
binding (E2) and membrane fusion (E1) [13]. Thus, con-
sidering the complexity of the interactions between tar-
geting moiety, envelope, and receptor in viral infectivity,
manipulations on sindbis virus-binding glycoprotein E2,
may not affect the fusogenic activity. Accordingly, this
strategy has been successfully used in the production of
LVs, engineered to bear sindbis virus E2 GP harboring
IgG-binding domain of protein A (ZZ domain) [14-17].

Angiogenesis, the formation of new blood vessels from
preexisting vasculature, is a key step in the growth and
metastasis of cancer [18, 19] and thus an obvious target for

cancer treatment [20]. The major cell type involved in
angiogenesis is tumor-associated endothelial cells (TAECs)
which show differential expression of cell surface-associ-
ated markers and a higher proliferation rate than normal
endothelial cells. Furthermore, every endothelial cell sup-
ports nearly 50-100 tumor cells [21, 22], and thus, tar-
geting TAECs has the additional advantage of obviating
the need to deliver transgenes to every tumor cell while
providing a common target to all angiogenic tumors [23].
Of note, vascular endothelial growth factor (VEGF) and its
cognate receptors (VEGFRs) on endothelial cells, the key
regulators of angiogenesis, are upregulated on TAECs [24].
Among VEGFRs, VEGFR2 (KDR) plays the most impor-
tant role in pathologic angiogenesis [25] and lymphangio-
genesis [26], and thus it is an important candidate for
targeted cancer therapy [27, 28]. To this end, few attempts
to develop TAECs-targeted retro/lentiviral vectors by
means of targeting peptide [29] or adaptor-based strategy
[17] and VEGFR2-targeted retro/lentiviral vectors via
antibody [30] or its natural ligand, VEGF [31] were
reported. However, in these prior studies, targeting via the
use of adaptors or externally introduced Abs could limit
applications in clinical practice.

To address these concerns, in the present study, we
constructed two LVs displaying chimeric sindbis virus E2
GP (cSVE2), engineered to harbor either a specific nano-
body against VEGFR2 (3VGR19) [32] or a short isoform
of VEGF (VEGF,;), which is the natural ligand of
VEGFR2 [33] as targeting motifs against VEGFR2-ex-
pressing cells. Using this strategy, we analyzed the trans-
ductional targeting properties of nanobody harboring
c¢SVE2 compared to that of VEGF harboring for the final
aim of targeted cancer therapy by direct delivery (i.e.,
without application of adaptors and externally introduced
Abs) to VEGFR2-expressing cells.

Methods

Primary Assessment of Targeting Ligands’
Exposure in the Context of cSVE2 GPs via Modeling
(In Silico Analyses)

To gain primary insights on the structural stability/func-
tionality (exposure) of the cSVE2 GPs for the selected
insertion sites (between amino acids 71 and 74) of E2 for
the targeting moieties (Nb and VEGF,,;), the in silico
modeling was employed. To this end, FASTA sequence
formats of cSVE2s (E2-Nb and E2-VEGF,,;) were gener-
ated using the sequences corresponding to 3VGR19 nano-
body [32] and VEGF,,; (Uniprot identifier: P15692-9).
Subsequently, the sequences of cSVE2s were submitted to
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I-TASSER server (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/), and modeling runs were performed based on the
secondary structure-enhanced profile—profile threading
alignment and the iterative implementation of the threading
assembly refinement program [34]. The energy minimiza-
tion of the selected models was performed using GRO-
MACS package version 5.1 on Linux operating system and
OPLS-AA/M force field in a cubic box. The SPC/E water
model (extended simple point charge model) was used, and
the charge of the systems was neutralized by adding pro-
portional chloride ions. The periodic boundary conditions
were applied to all three dimensions. The temperature and
pressure of systems were coupled at 300 °K and 1 bar using
V-rescale and Parrinello-Rahman algorithms, respectively.
Visualization of structures were performed using VMD
version 1.8.7. All graphs were plotted using Grace Software
version 5.1.23 on Linux operating system. Phi and psi
angles’ analysis of the energy-minimized structures was
performed using RAMPAGE online server (mor-
dred.bioc.cam.ac.uk/ ~ rapper/rampage.php).

Plasmids and Chimeric Vectors Construction

Vectors harboring the coding sequences of 3VGR19 (the
382 bp, small size nanobody with high affinity
(Kgq = 3.4 nM) for VEGFR?2 [32] and VEGF,; [35] were
used as templates to amplify the corresponding genes by
PCR using primers designed to contain Eco91I restriction
sites at their 5’ ends. Plasmid 2.2 (gifted by Irvin Chen;
Addgene plasmid # 34885; [16]) was used as a backbone
for the construction of all chimeric plasmids employed in
this study. Plasmid 2.2 encodes an engineered form of
sindbis virus glycoprotein which contains several muta-
tions to diminish the natural tropism of sindbis while pre-
serving its fusogenic activity. One of the mutations built in
this plasmid is the insertion of Fc-binding domain (ZZ
domain) between amino acids 71 and 74 to eliminate its
original receptor-binding capacity and further confer upon
it the ability to bind to Fc domains of antibodies [36]. As
shown in Fig. 1, cSVE2-encoding plasmids (p2.2-Nb and
p2.2-VEGF,,,) were constructed by replacing the ZZ
domain (Fc-binding region of S. aureus protein A) in
plasmid 2.2 with 3VGR19 and VEGF,; encoding PCR
products, respectively. As a nontargeted negative control
vector, p2.2-L. was constructed by replacing ZZ domain
with a synthetic linker consisted of His-tag and HA-tag
(Biomatik, Canada). All cloning procedures were per-
formed according to the standard protocols [37]. Schematic
diagrams and detailed explanations for cloning steps and
construction of p2.2-Nb, p2.2-VEGF,,; and p2.2-L are
provided in supplementary materials (Figs. 1, 2, and 3
supplemental, respectively).
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Fig. 1 Schematic representation of final recombinant constructs
encoding chimeric sindbis E2 GPs. The plasmid 2.2 (backbone
vector) encodes sindbis virus GPs (E3, E2, 6 K and E1). To construct
chimeric sindbis glycoprotein containing vectors (cSVE2s: p2.2-Nb
and p2.2-VEGF,;) and nontargeted negative control vector (p2.2-L),
77 domain was excised by digestion with Eco911 enzyme and
sequences corresponding to 3VGR19 nanobody, VEGF,;, and a
synthetic linker (comprising two peptide tags (HA-tag and His-tag)
were inserted at the same site to generate p2.2-Nb, p2.2-VEGF,;,
and p2.2-L, respectively. E1l is fusogenic protein. E2 recognizes and
binds to the cell receptor. E3 and 6 K denote leader sequences for E2
and E1, respectively; G4S is a flexible linker which consisted of four
Glycine and one Serine; His-tag (HHHHHH); HA-tag (YPYDVP-
DYA); ZZ denotes the sequences encoding the IgG-binding domain
of protein A from S. aureus. Complete schematic diagrams and
detailed explanations for cloning steps and construction of p2.2-Nb,
p2.2-VEGF,;, and p2.2-L are provided in supplementary section
(Figs. 1, 2, and 3 supplemental, respectively)

Cells, Transfection, and Production of Viruses

293T cells were obtained from the National Cell Bank of
Iran (Pasteur Institute of Iran). 293/KDR cells, which
express VEGFR2, were purchased from Sibtech (USA).
Cells were cultured in DMEM supplemented with 10 %
FBS, Pen/Strep (100 units/mL of penicillin and 100 pg/mL
of streptomycin) and 1 % (v/v) Glutamax in humidified
CO; (5 %) incubator under the standard aseptic procedure.
Cell transfections were performed by Turbofect transfec-
tion reagent (Thermoscientific, Lithuania) according to the
manufacturer’s instructions. Briefly, 1 x 10° of 293T cells
were seeded in 6-cm cell culture plates one night prior to
transfection, and next day, the cell culture plates were
transfected with 6 pg of total plasmids used in the pro-
duction of LVs.

To produce LVs pseudotyped with targeted cSVE2s
(2.2-Nb, 2.2-VEGF,;) or nontargeted negative control
(2.2-L), 293T cells were transfected with 3 pg lentiviral
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transfer vector pLOX-CWgfp (a LV transfer vector
encoding GFP as a reporter gene) [38], 2 pg packaging
plasmid, psPAX2 (a gift from Didier Trono, Addgene
plasmid #12260), and 1 pg of p2.2-Nb, p2.2-VEGF;,; or
p2.2-L, respectively, using Turbofect as described above.
In addition, LVs pseudotyped with vesicular stomatitis
virus glycoprotein G (VSV-G) were produced as the
transduction positive control. After 48 and 72 h of trans-
fection, viral supernatants were collected and centrifuged
at 3000xg for 15 min at 4 °C to remove cell debris. To
concentrate viral vectors, centrifugation was performed at
48000xg for 3 h at 4 °C, and viral pellets were resus-
pended in cold PBS. Physical titration of viral vectors was
performed via p24 (capsid) ELISA (Pasto Lentivirus HIV
p24, Pasteur Institute of Iran) according to the manufac-
turer’s instruction. Briefly, ELISA wells pre-coated with
anti-p24 Ab were incubated with produced LVs, and p24
contents of viruses were determined using a biotinylated
p24 Ab followed by streptavidin-HRP [39].

Western Blotting

Analyses for the expression of ¢cSVE2s (p2.2-Nb, p2.2-
VEGF,;) and p2.2-L in virus-producing cells and their
proper incorporation in the produced LVs were performed
by western blotting (WB) according to standard protocols
[37].

To detect the expression of cSVE2s, 1 x 10° of each
virus-producing cell (which were transfected with transfer,
packaging and the corresponding envelope plasmid for
each virus) was lysed by boiling in the appropriate volume
of loading buffer, and equal amounts of each cell lysate
was loaded onto a 12 % SDS-PAGE gel. Subsequently,
protein bands were transferred to polyvinylidene fluoride
(PVDF) membrane, and envelope proteins were detected
using Rabbit antiserum raised against sindbis E2 glyco-
protein (1:1000 dilution) and Mouse anti-rabbit HRP
(Sigma, USA) (1:10000 dilution).

In the second step, to evaluate the incorporation of
c¢SVE2s on LVs, equal amount of each concentrated virus
was subjected to SDS-PAGE followed by immunoblotting
as described above.

Capture ELISA

Extracellular domain of human VEGFR2 (G&P Bio-
sciences, USA) or bovine serum albumin (BSA) (Sigma,
USA) was coated in a 96-well ELISA plate (2.5 pg/ml in
carbonate/bicarbonate buffer pH 9.5). Wells were blocked
overnight at 4 °C with PBS with 3 % BSA. Equal amounts
of concentrated lentiviral particles (determined by p24
amount) were added to each well and incubated for 1 h at
37 °C. Wells were subsequently washed four times with

PBS with 2 % FBS. Captured viruses were lysed and
transferred to a p24 pre-coated ELISA plate (Pasto Len-
tivirus HIV p24, Pasteur Institute of Iran), and p24 contents
were determined according to the Pasto Lentivirus HIV
p24 ELISA kit’s protocol as described above.

Microscopy and Flow Cytometric Analyses

Cells (293T and 293/KDR) were seeded in 24-well cell
culture plates to reach 70 % confluency and incubated with
equal amount of viruses in 250 pl medium (20 ng p24) for
8 h. Subsequently, viruses were replaced with fresh med-
ium, and finally 96 h later, the cells were observed using
fluorescent microscope (INVERSO TC100 Epi Fluor,
Medline Scientific, UK) and images were taken at x200
magnification. Following the microscopic evaluations, cells
were detached and subjected to flow cytometry using
Cyflow analyzer (Partec, Germany) for the analysis of GFP
expression.

Statistical Analyses

All reported numbers are means of three replicates. Anal-
ysis of variance with Tukey’s multiple comparison test was
used to compare multiple groups. A t-student test was
utilized to show the difference between the test samples
and BSA control in ELISA. A p < 0.05 was considered a
statistically significant difference. Free 30-day trial version
of GraphPad Prism™ for windows (version 6.01, Graph-
pad Software Inc.) was used for all statistical analysis.

Results

Targeting Ligands Were Exposed in the Context
of ¢cSVE2 GPs (In silico Data)

Based on prior reports, residues between amino acids 71
and 74 of E2 were considered as a candidate region for
insertion of targeting moieties [40—42], and the structure of
the targeting ligands for proper exposure (to interact with
the corresponding receptors) was assessed using bioinfor-
matics tools. The generated models for each fused protein
were subjected to energy minimization and structure
refinement using GROMACS package (Fig. 4 supplemen-
tal) at 300 °K and 1 bar (Fig. 5 supplemental). Visualiza-
tion of refined structures suggested that the adapted ligands
(3VGR19 nanobody and VEGF;,; which were inserted
between the amino acids 71 and 74 of E2 GP) were
exposed in the context of cSVE2s and might be able to
recognize their corresponding receptor (Fig. 2). Besides,
phi and psi analyses also confirmed the quality of refined
structures (Fig. 6 supplemental).
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Fig. 2 Tube representation of modeled cSVE2s. The conformation of
the inserted targeting moieties, a nanobody and b VEGF,,, in the
final structure of cSVE2s (a 2.2-Nb and b 2.2-VEGF,;) appears to be
properly exposed for efficient interaction with their corresponding
receptor (VEGFR2). The targeting moieties are shown in gray, and
the sindbis E2 GP is depicted in black

Constructed cSVE2s and Their Incorporation
on LVs

As shown in Fig. 1, to generate cSVE2 encoding plasmids
(p2.2-Nb and p2.2-VEGF,;), the ZZ domain in 2.2
plasmid was substituted with 3VGR19 nanobody or
VEGF,,; fragments. p2.2-L was constructed in the same
manner by substituting the ZZ domain with the synthetic
linker. Schematic diagrams for the construction of p2.2-
Nb, p2.2-VEGF,,;, and p2.2-L are provided in supple-
mentary materials (Figs. 1, 2, and 3 supplemental,
respectively). All the three constructed vectors were ver-
ified by restriction enzyme digestion and sequencing
analyses (data not shown). Comparison of viral titers by
p24 ELISA following the production of LVs pseudotyped
with cSVE2 constructs showed that the production titer of
LVs pseudotyped with 2.2-Nb and 2.2-VEGF,,; were 66.5
and 70 % of LVs bearing VSV-G, respectively (Fig. 7
supplemental).

Western blotting (WB) of each group of virus-producing
cells demonstrated proper expression of cSVE2s and 2.2-L
GPs with expected sizes. As shown in Fig. 3a, three bands
with approximate sizes of 67, 75, and 75 kDa, corre-
sponding to the expression of 2.2-L, 2.2-Nb, and 2.2-
VEGF,; GPs, respectively, were detected. As expected,
WB of concentrated LVs also demonstrated the same
expected bands (Fig. 3b) verifying the incorporation of
cSVE2s or 2.2-L. GPs on the corresponding LVs,
respectively.

@ Springer

Fig. 3 Western blotting of chimeric sindbis E2 GPs. To evaluate the
expression of chimeric sindbis E2 GPs in virus-producing cells (293T)
transfected with transfer, packaging, and the corresponding envelope
plasmid for each virus (p2.2-Nb, p2.2-VEGF,, or p2.2-L). 48 h post
transfection, equal number of cells were subjected to western blotting.
Three bands with approximate lengths of 67, 75, and 75 kDa (indicated
by arrows), corresponding to 2.2-L, 2.2-Nb, and 2.2-VEGF;,,
respectively (lanes 1, 2, and 3), were detected (Fig. 3a). To evaluate
the incorporation of chimeric sindbis GPs on produced LVs, equal
amounts of each concentrated virus mixed with loading buffer was
subjected to SDS-PAGE followed by immunoblotting as described
above (lanes 1, 2, and 3 correspond to 2.2-L, 2.2-Nb, and 2.2-VEGF,,,,
respectively) (Fig. 3b). Western blotting of virus-producing cells a and
LVs b demonstrated successful expression and incorporation of
chimeric sindbis GPs in cells and viruses, respectively

Functionality of Targeting Moieties (3VGR19
and VEGFy,;) in ¢cSVE2-Pseudotyped LVs
by Capture ELISA

To investigate the functionality of the incorporated cSVE2s
on LVs, a virus capture experiment was performed. Briefly,
equal amounts of each virus (17 ng based on P24 content)
were incubated with the extracellular domain of VEGFR2
or BSA (as negative control) coated in a 96-well ELISA
plate. Following extensive washing, the amount of cap-
tured LVs was determined by p24 ELISA. As shown in
Fig. 4, while LVs pseudotyped with cSVE2s could selec-
tively bind to VEGFR2 coated wells (compared to BSA),
no significant binding to VEGFR2 was observed for 2.2-L-
(negative control) pseudotyped virus (P < 0.0001). These
results demonstrated that inserted targeting moieties
(3VGR19 and VEGF,)), could retain their functionality in
c¢SVE2-pseudotyped LVs.

Targeted Transduction Efficiency of cSVE2-
Pseudotyped LVs for VEGFR2-Expressing Cells

To determine the targeted transduction efficiency of cSVE2-
pseudotyped LVs, 293/KDR cells (which express VEGFR2
on their surface) were used as target cells, and 293T cells
used as a negative control were infected by the produced
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Fig. 4 Virus capture ELISA assay. Viral supernatants were incubated
in ELISA wells coated with either the extracellular domain of human
VEGFR?2 or BSA. The bound viruses were then measured by commer-
cial p24 ELISA kit. The results shown here are the representatives of
two independent experiments. In each panel, the white histograms
(bars) correspond to the virus incubated in VEGFR2- (KDR)-coated
wells, and the gray histograms (bars) represent the BSA (negative
control) groups. The mean and standard deviation from two indepen-
dent experiments (where each was performed in duplicate) are shown.
These results demonstrated a significant increase in attachment of
chimeric LVs to VEGFR2 in comparison to 2.2-L-pseudotyped LVs
(P <0.0001) which emphasizes the functionality of LV surface
displaying targeting moieties in the context of sindbis virus GPs. 2.2-
L denotes that LVs containing nontargeted negative controls 2.2-L GP,
2.2-Nb, and 2.2-VEGF ), are the representatives of LVs harboring 2.2-
Nb and 2.2-VEGF,; GPs, respectively

viruses. The virus-encoded GFP emission by cells was
evaluated by fluorescent microscopy and flow cytometry.
As shown in Fig. 5, fluorescent microscopy demon-
strated selective and efficient transduction of 293/KDR cells
by ¢SVE2-pseudotyped LVs harboring the targeting moi-
eties in contrast to control 293T cells which only showed a
small background of GFP expression. Accordingly, flow
cytometric data indicated that approximately 30 % of
293/KDR cells were transduced with ¢cSVE2-pseudotyped
LVs harboring 3VGR19 or VEGF,; as targeting moieties,
while 293T cells showed around 1 % transduction effi-
ciencies with both viruses (P = 0.0021). As expected,
293/KDR and 293T cells transduced with control 2.2-L-
pseudotyped LVs harboring no targeting moiety also
showed only background GFP expression around 3-5 %
(Fig. 6). This final result demonstrated that LVs pseudo-
typed with both ¢SVE2 GPs could target and transduce
VEGFR2-expressing cells with comparable efficiencies.

Discussion

In the present study, for the final aim of transductional
targeting of tumor vasculature by LVs, two chimeric
sindbis virus glycoproteins (cSVE2s) harboring either a

specific nanobody against VEGFR2 (designated 2.2-Nb) or
natural ligand of VEGFR2 (designated 2.2-VEGF,,) were
constructed and compared for their transductional targeting
efficiencies against VEGFR2-expressing cells. Our results
demonstrated that cSVE2-pseudotyped LVs harboring the
nanobody could target and transduce VEGFR2-expressing
cells with comparable efficiencies to that of cSVE2 LVs
containing the natural ligand and indicated the proper
specificity and functionality of the employed VEGFR2-
specific nanobody in the context of ¢cSVE2-pseudotyped
LVs for potential targeting of tumor vasculature in cancer
therapy.

Contrary to longer isoforms of VEGF (like VEGF4s),
VEGF,; used in the present study lacks a heparin-binding
domain which reduces nonspecific transduction. Similarly,
Snitkovsky et al. adapted a truncated form of VEGF¢5 to
avoid nonspecific heparin binding to target avian leukosis
virus to VEGFR2-expressing cells [31]. However, contrary
to their study, which was based on adaptor strategy, a
genetically incorporated VEGF;,; in our study might be
better suited for clinical applications [6].

In one pioneering study, retroviral vectors mosaically
pseudotyped with amphotropic murine leukemia virus
(MLV) envelope (which recognizes both human and mouse
cells), and chimeric envelopes containing targeting pep-
tides could enhance the transduction efficiency of human
endothelial cells compared to retroviral vectors pseudo-
typed with sole amphotropic envelope [29]. In another
study, mosaically pseudotyped (co-pseudotyped) retroviral
vectors with both wild-type MLV envelope (performing the
fusion) and a modified MLV envelope containing IgG-
binding motif of protein A (ZZ domain) were constructed
to enhance transduction of VEGFR2-expressing cells via
the application of an externally provided anti-VEGFR2 Ab
[30]. However, in these early studies, co-expression of
wild-type amphotropic envelope to render the viruses fully
infectious would compromise targeting specificity [43].
Moreover, the application of adaptor-based targeting
strategy via ZZ domain requires the external application of
Abs for indirect targeting of VEGFR2-expressing cells.
This approach might not be applicable in an in vivo setting,
where serum Abs would compete with the externally
introduced Abs for binding with ZZ domain [42].

Our strategy in insertion of targeting moieties between
amino acids 71 and 74 of sindbis virus E2 GP (Fig. 1) was
consistent with prior reports for retaining the functional
properties (recognition and binding to the target receptors)
of the motifs incorporated in this region [14-17, 42, 44].
Preserving the functional properties of the targeting motifs
in the context of chimeric GPs is a critical step in trans-
ductional targeting studies. For instance, a prior attempt to
insert human angiogenin sequence into MLV envelope GP
for transduction of endothelial cells was disappointing,
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2.2L VSV-G

293/KDR

Fig. 5 Fluorescence microscopy images of transduction assays.
VEGFR2-expressing 293/KDR cells (upper images) and 293T cells
(lower images) as nontarget cells were transduced with LVs
pseudotyped with 2.2-L, VSV-G, 2.2-Nb, and 2.2-VEGF,; from left
to right, respectively. 96 h after transduction, cells were analyzed by
fluorescence microscopy (x200 magnification). For each cell, the

22-VEGE: _

bright field images are represented in the upper row, and the
fluorescent images are depicted in the lower row. These results
demonstrated selective transduction of 293/KDR cells by chimeric
viruses (cSVE2-pseudotyped viruses: 2.2-Nb and 2.2-VEGF;,; con-
taining LVs), and small off-target (background) transduction by
nontargeted negative control (2.2-L)-pseudotyped LVs
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Fig. 6 Analysis of transduction efficiency by flow cytometry.
293/KDR cells (which express VEGFR2) (upper images) and 293T
cells (lower images) as nontarget cells were transduced with LVs
(20 ng of p24) pseudotyped with 2.2-L, VSV-G, 2.2-Nb, and 2.2-
VEGF,; from left to right, respectively. 96 h after transduction, the

apparently due to the improper conformational change of
chimeric envelope upon binding to cognate cell surface
receptors [43]. To address this concern, we first undertook
in silico modeling studies, and the results provided a
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cells were analyzed by flow cytometry. Results indicated that both
cSVE2-pseudotyped LVs harboring 3VGR19 or VEGF),, as targeting
moieties could target and efficiently transduce VEGFR2-expressing
293/KDR cells

primary proof of suitability of 3VGRI19 nanobody and
VEGF,,, as targeting moieties in the context of E2 GP
(Fig. 2 and Figs. 4-6 supplemental) which were in agree-
ment with our subsequent experimental results. The
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production titers of cSVE2 LVs were relatively high and
comparable to VSV-G pseudotype LVs which is consid-
ered standard among other GPs.

Western blotting analyses for expression of constructed
vectors in both virus-producing cells and cSVE2s-pseu-
dotyped LVs (Fig. 3) demonstrated successful expression
and incorporation of chimeric sindbis GPs in cells and
viruses, respectively. The sizes of the observed bands were
as expected for each construct and consistent with prior
reports on the approximate size of chimeric sindbis GPs
[14, 40].

The results of virus capture ELISA (Fig. 4) indicated a
significant increase in the attachment of cSVE2-pseudo-
typed LVs harboring the targeting moieties to VEGFR2 in
comparison to 2.2-L- (negative control) pseudotyped
viruses, demonstrating that both incorporated targeting
moieties are functional and could specifically recognize
and bind to VEGFR2. On the contrary, cSVE2-pseudo-
typed LVs could not bind to BSA, further emphasizing
their specific and selective mode of recognition. Accord-
ingly, results of microscopic evaluation of transduction
experiments (Fig. 5) also demonstrated selective and effi-
cient transduction of 293/KDR cells by cSVE2-pseudo-
typed LVs harboring the targeting moieties in contrast to
control 293T cells which only showed a small background
of GFP expression. To quantify efficiency of this targeting,
flow cytometry was employed in similar transduction
experiments. As shown in Fig. 6, flow cytometric data
indicated efficient (30 %) transduction of VEGFR2-ex-
pressing 293/KDR cells by cSVE2-pseudotyped LVs har-
boring 3VGR19 or VEGF|,; as targeting moieties
compared to controls, which showed only <5 % back-
ground GFP expression. These results were consistent with
a study on dual-targeted lentiviral vectors where 36 %
transduction efficiency of primary endothelial cells was
achieved [17]. However, Utilization of adaptor-based
strategy (ZZ domain) would limit the in vivo applications
of this prior study. Our results were also in agreement with
the report of Morizono et al. [42], where insertion of
integrin targeting peptides between amino acid 71 and 74
of E2 GP resulted in efficient transduction of desired cells.
However, in the aforementioned study, high transduction
efficiency (around 50 %) was attained only when a high
amount of virus (40 ng p24 of virus for 5 x 10* cells) was
used, while application of lower amount of virus (4 ng p24
of virus for 5 x 10* cells) resulted in transduction effi-
ciencies as low as 5 % [42]. Although, in our study, lower
amount of LVs (20 ng p24 of virus for 1 x 10° cells) were
used to obtain comparable transduction efficiencies with
the above-mentioned studies, but it should be noted that
they have used primary endothelial cells compared to easy-
to-transduce 293 derivative cells in our study, and therefore
the obtained transduction efficiencies should be further

confirmed in primary endothelial cells or cell lines before
any exact conclusion for enhanced efficiencies obtained in
our study could be drawn. However, it is worth mentioning
that transduction efficiency of even <10 % could result in
eradication of whole cancer cell populations [45] especially
if transgenes with bystander effects (like herpes virus
thymidine kinase) are used.

As it could be concluded from the results of capture
ELISA (Fig. 4) and transductional experiments (Figs. 5
and 6 respectively), both cSVE2-pseudotyped LVs har-
boring the targeting moieties (3VGR19 and VEGF;,)
showed similar efficacies for transducing the VEGFR2-
expressing cells. But VEGF,; has a critical limitation as a
targeting moiety against tumor vasculature, since it also
has high affinity for VEGFR1, also present on some normal
cells like endocrine cells of pituitaries [46]. Therefore, it
might be concluded that the smaller size (382 bp) and high
affinity (Kg = 3.4 nM) of 3VGR19 nanobody used in this
study led to proper incorporation of this targeting moiety in
sindbis virus E2 GP and efficient recognition of VEGFR2
on target cells, respectively. Our results are consistent with
reports on successful application of specific nanobodies to
redirect LVs toward different subsets of immune cells [47]
and further confirmed the prior report on potential efficacy
of 3VGR19 nanobody as a specific targeting moiety for
VEGFR2-expressing cells [48]. However, it should be
noted that (although not the primary concern of this study)
the potential of even nonantigen-presenting cells (APCs),
such as endothelial cells, to internalize antigens [49] and
the possibility of LV uptake by endothelial cells might
affect the precise dose of gene delivery vectors. Therefore,
for final in vivo applications, the possible uptake of
untargeted LVs by endothelial cells might be carefully
evaluated.

Taken together, to the best of our knowledge, this is the
first report on direct retargeting of LVs toward VEGFR2-
expressing cells using nanobody as targeting moiety. The
constructed cSVE2-pseudotyped LVs carrying VEGFR2-
specific nanobody in this study might be further armed by
the capability to express cytotoxic genes with bystander
effect [45] for the final aim of cancer therapy via abolishing
tumor vasculature.

Conclusion

In silico analyses and the employed strategy in insertion of
c¢SVE2 GPs resulted in proper exposure of the targeting
moieties (3VGR19 Nb and VEGF,) in LVs for efficient
interaction with the corresponding receptor (VEGFR2).
Application of VEGFR2-specific nanobody as the targeting
moiety provided the possibility of direct delivery of the
engineered virus to the VEGFR2-expressing cells. Our

@ Springer
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results indicated that 3VGR19 Nb-harboring cSVE2 GPs
conferred upon LVs have similar targeting properties as the
natural ligand, VEGF,,, while avoiding the shortcomings
of the natural ligand in interaction with VEGFRI1. The
acquired targeting efficiency in 293/KDR cells (~30 %) is
well suited for transductional strategies employing cyto-
toxic genes with bystander effect (like herpes virus thy-
midine kinase) for potential systemic applications in cancer
therapy (if comparable efficiencies could be earned with
endothelial cells too).
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