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Targeted Entry via Somatostatin Receptors Using a Novel Modified
Retrovirus Glycoprotein That Delivers Genes at Levels Comparable to
Those of Wild-Type Viral Glycoproteins

Fang Li,®* Byoung Y. Ryu,>t Robin L. Krueger,® Scott A. Heldt,® and Lorraine M. Albritton?

Department of Microbiology, Immunology & Biochemistry* and Department of Anatomy and Neurobiology,® University of Tennessee Health Science Center, Memphis,
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Here we report a novel viral glycoprotein created by replacing a natural receptor-binding sequence of the ecotropic Moloney
murine leukemia virus envelope glycoprotein with the peptide ligand somatostatin. This new chimeric glycoprotein, which has
been named the Sst receptor binding site (Sst-RBS), gives targeted transduction based on three criteria: (i) a gain of the use of a
new entry receptor not used by any known virus; (ii) targeted entry at levels comparable to gene delivery by wild-type ecotropic
Moloney murine leukemia virus and vesicular stomatitis virus (VSV) G glycoproteins; and (iii) a loss of the use of the natural
ecotropic virus receptor. Retroviral vectors coated with Sst-RBS gained the ability to bind and transduce human 293 cells ex-
pressing somatostatin receptors. Their infection was specific to target somatostatin receptors, since a synthetic somatostatin
peptide inhibited infection in a dose-dependent manner and the ability to transduce mouse cells bearing the natural ecotropic
receptor was effectively lost. Importantly, vectors coated with the Sst-RBS glycoprotein gave targeted entry of up to 1 X 10¢
transducing U/ml, a level comparable to that seen with infection of vectors coated with the parental wild-type ecotropic Moloney
murine leukemia virus glycoprotein through the ecotropic receptor and approaching that of infection of VSV G-coated vectors
through the VSV receptor. To our knowledge, this is the first example of a glycoprotein that gives targeted entry of retroviral
vectors at levels comparable to the natural capacity of viral envelope glycoproteins.

he lack of methods for targeting entry to achieve gene delivery

in specific cell types and tissues in vivo remains a major tech-
nical barrier to in vivo human gene therapy (13, 53). Retroviral
and lentiviral vectors for gene delivery have most commonly used
vesicular stomatitis virus (VSV) G protein or envelope Env glyco-
protein (Env) from gammaretroviruses, including amphotropic
murine leukemia virus (MLV) and gibbon ape leukemia virus.
Since these glycoproteins use widely expressed entry receptors,
they mediate transduction of virtually all cells encountered after in
vivo injection of vectors. The broad tropism seen when using these
viral glycoproteins presents challenges to in vivo gene delivery,
including the need to administer many times more vectors than
would be needed if entry could be limited to the cells that would
benefit from transduction of therapeutic genes. In addition, sev-
eral important target cell types, including those of the lung epithe-
lium, do not transduce well, because they display natural virus
receptors on the poorly accessible basolateral side.

Strategies for entry targeting of retroviral and lentiviral vectors
have primarily been based on creating chimeric envelope glyco-
proteins by inserting peptide ligand sequences within or at the
beginning or end of viral envelope glycoproteins. Early efforts
used insertion of ligands into the glycoprotein surface subunit
(SU), the subunit of the retroviral envelope protein (Env) that
binds the natural virus receptor. These chimeras reproducibly ex-
hibited specific vector attachment but very poor or no transduc-
tion in the cells bearing the target receptor and lacking the natural
virus receptor (2, 13). More recent efforts used nonretroviral gly-
coproteins. A targeting system for replicating measles virus was
developed by inserting ligand sequences into the C terminus of
measles virus hemagglutinin (HA) H, a type II membrane protein
(8, 50). Once truncation of their cytoplasmic tails was shown to
enable the use of measles virus H and fusion F proteins to pseu-
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dotype lentiviral vectors (19), the retargeting system was applied
to lentiviral vectors, but the tendency of the chimeric scFv-H pro-
tein dimers to aggregate resulted in inconsistent expression and
assembly into lentiviral particles (41). When titers were deter-
mined for cells that naturally express the target receptor and the
CD46 measles virus receptor, seven different targeted measles vi-
rus H chimeras showed a capacity for entry that was 10- to 100-
fold lower than that of their parent H and F proteins (41). The
entry capacity of these chimeras versus that of VSV G has not yet
been established using cells that express both the targetand VSV G
receptors (3, 19, 20, 22, 41). However, given that they have a 10- to
100-fold lower entry capacity than the parent measles virus glyco-
proteins, it is unlikely that their actual capacity for entry is com-
parable to that of VSV G. In addition, immunity due to vaccina-
tion or natural infection is likely to interfere with the in vivo use of
modified measles virus glycoproteins for entry-targeted gene de-
livery in humans (32). An antibody conjugation system based on
insertion of the Fc-binding ZZ domain from protein A into the E1
glycoprotein from Sindbis virus also targeted lentiviral vector en-
try (40), but the instability of the vector-antibody conjugates and
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their rapid inactivation by complement severely limited their use-
fulness in vivo (39), where entry targeting is most critical.

With respect to chimeric retroviral SU efforts, the most fre-
quently used insertion sites include the amino terminus of the
Moloney MLV (MoMLV) glycoprotein and the proline-rich re-
gion (PRR) (2). Vectors coated with ligand-inserted Env chimeras
were internalized but failed to escape endosomal vesicles (61),
evidently because they could not mediate membrane fusion (6,
47). Amino-terminal insertion failed to initiate fusion, whereas
insertion into the PRR initiated but did not complete fusion (47).
This evidence suggested that ligand insertion strategies fail largely
because binding to the target receptors does not activate the
correct conformational changes required to complete virus-
cell membrane fusion (47).

Since these conformational changes are normally activated by
interaction of a receptor binding site on Env with its natural re-
ceptor, we proposed that a reasonable new strategy would be to
replace receptor binding residues with a peptide ligand sequence
(47). In this type of Env chimera, binding of the ligand to its
cognate, or target, receptor should mimic the interactions with the
natural virus receptor and so induce the required set of conforma-
tional changes to complete membrane fusion and result in tar-
geted transduction. Here, we report the construction and charac-
terization of the first chimeric Env based on this novel design
concept. The results establish a proof of principle that this type of
chimeric glycoprotein can give specific, targeted infection of
retroviral vectors comparable to the efficiency of infection us-
ing natural retroviral glycoproteins and approaching that of
VSV G glycoprotein infection. We also report Sst receptor
binding site (Sst-RBS)-pseudotyped self-inactivating (SIN)
lentiviral vector transduction of cells.

MATERIALS AND METHODS

Construction of plasmids for chimeric envelope protein expression. A
c¢DNA encoding the chimeric Sst-RBS envelope glycoprotein and a
codon-optimized version of the cDNA (designated Sst-RBSopti) were
produced using oligonucleotide-directed mutagenesis and an ExSite mu-
tagenesis kit (Stratagene). The nucleotide sequences of the original cDNA
and the optimized cDNA encoding the receptor binding domains (RBD)
were deposited in the GenBank database; sequences outside the RBD are
identical to those of the previously published wild-type Moloney murine
leukemia virus Env (J02255). Control chimeras Sst-NH, and Sst-PRR
were made by ligating an Sst-encoding fragment into the NotI restriction
site in two previously described plasmids, pcDNA-MolMLV-Nflex and
pcDNA-MoMLV-PRR, respectively (44). The Sst-230 chimeric sequence
was constructed by ligating an Sst-encoding fragment into the EcoO109I
site at codon 230 of the MoMLV Env cDNA. The sequence of each chi-
meric gene was verified by DNA sequence analysis.

Somatostatin receptor cDNAs and stable cell lines. The mammalian
expression vector pcDNA-hSSTR2a, encoding human Sst receptor
(SSTR) subtype 2a, was constructed by subcloning the SSTR2a-encoding
sequences from a pBluescript plasmid (gift of Graeme Bell) (55) into
pcDNA3 (Invitrogen) under the control of the cytomegalovirus (CMV)
promoter. pcDNA3 also contains a linked G418 resistance gene cassette.
The expression plasmid 12CA5+/SSTR5, encoding amino-terminal HA
epitope-tagged human SSTR subtype 5 (SSTR5-HA) linked to a G418
resistance gene cassette, was purchased from Affymax, Inc. (Palo Alto,
CA). Cell lines stably expressing SSTR2a or SSTR5-HA were generated by
selection of transfected 293 cells for growth in medium containing G418
(1 mg/ml) for 4 weeks posttransfection. After a 4-week selection in the
medium containing G418, the G418-resistant SSTR5-HA cells were fur-
ther selected for moderate surface expression of SSTR5-HA by three con-
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secutive fluorescence-activated cell sorter (FACS) experiments using
mouse anti-HA monoclonal antibody (MAb) HA.11 (Covance) and sec-
ondary goat anti-mouse antibody conjugated to fluorescein isothiocya-
nate (FITC) (Sigma).

Virus productions and titrations. Pseudovirions were produced by
transient transfection of H1-BAG cells (60), a clonal population of 293
cells stably expressing a lacZ-transducing retroviral genome in which the
lacZ gene is under the control of a murine leukemia virus intact long-
terminal-repeat promoter (42), with plasmids encoding the MoMLV gag
and pol genes (32 ug) and either the parental wild-type MoMLV env gene
or the chimeric env gene (20 ug) or VSV G protein cDNA (4 ug), by the
use of a T75 flask at 80% to 85% confluence and standard calcium phos-
phate coprecipitation and harvested exactly as previously described (60).
All transductions were performed by overnight exposure of quadruplicate
cell samples to virus in the presence of Polybrene (4 ug/ml) in 24- or
48-well plates. 293 cells transiently transfected with SSTR2a cDNA were
exposed overnight to undiluted virus stocks (see Fig. 2A). The transduc-
tion value determinations were performed by standard endpoint dilution
using 10-fold serial dilutions of pseudovirus stocks containing compara-
ble numbers of pseudovirions as judged by the relative amounts of capsid
protein on Western blots (see Fig. 2C, 4A and C, 5A, and 7) (data not
shown, except in Fig. 4C).

Indirect immunofluorescence. Untreated human 293 cells, stable
SSTR2a/293 cells, and 293 cells transiently transfected with pcDNA-
hSSTR2a were cultured on triplicate glass coverslips for 24 h and then
fixed, permeabilized, incubated in blocking buffer (10% horse serum—
phosphate-buffered saline [PBS]) for 1 h at room temperature, incubated
with rabbit anti-SSTR2a antiserum (Novus Biologicals, Littleton, CO) in
blocking buffer at 1:200 overnight at 4°C, and then incubated with donkey
anti-rabbit FITC (Jackson Laboratory, 1:400 dilution) for 45 min at room
temperature. Coverslips were examined under a Zeiss Axioplan2 epifluo-
rescence microscope, and phase-contrast and fluorescent images were
captured. The total numbers of immunostained cells (positive for SSTR)
and negative cells were counted in micrographs of four contiguous fields
per coverslip, and the percentages of positive cells were calculated by
dividing the number of positive cells by the total number of cells for each
sample.

Inhibition of infection by Sst-14 peptide. 293 cells transiently trans-
fected with pcDNA-hSSTR2a were seeded into 24-well tissue culture
plates and grown overnight. The next morning, quadruplicate wells were
incubated with regular culture medium containing 0, 0.01, 0.1, 1, or 10
M synthetic Sst-14 (Sigma) for 30 min at 22°C or 37°C. Sst-RBS vector
stock was diluted 1:2 in HEPES-buffered DMEM-8% fetal bovine serum
and brought to a final concentration of 0, 0.01, 0.1, 1, or 10 uM synthetic
Sst-14 peptide. At the end of 30 min of preabsorption with Sst-14, the
medium was replaced with the Sst-14-containing vector dilutions and
cultures were incubated at 22°C or 37°C for 1 h, after which cells were
washed once with regular growth medium and fed with fresh medium. At
48 h later, cells were fixed and stained with 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside (X-Gal) for determinations of 3-galactosidase ac-
tivity. Transduction was quantified by counting the total number of blue
(lacZ-positive) cells and the total number of cells. The average percentages
of transduction were calculated as the number of blue cells divided by the
total number of cells times 100 and then normalized to the average per-
centages of infected cells in the absence of Sst-14 (taken as representing
100% transduction).

Surface biotinylation. The relative levels of surface expression of
SSTR2a on transiently transfected and stable cell lines were determined as
previously described (44) with the following modifications. SSTR2a pro-
tein was detected using rabbit anti-SSTR2a antiserum (1:500 dilution)
incubated overnight at 4°C. As a control for total recovery of membrane
proteins and loading of samples, duplicate blots were probed with mouse
monoclonal anti-Na+K+-ATPase a clone M7-PB-E9 (Affinity Biore-
agents) (1:250 dilution) overnight at 4°C. Subsequent incubation with
goat anti-rabbit or goat anti-mouse antibody conjugated to horseradish
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peroxidase (HRP; Sigma) (1:10,000) was performed, and immunoblots
were developed by detection of HRP with SuperSignal (Pierce).

Western blot analysis of pseudovirions. Virus particles were purified
from cell-free supernatant by centrifugation at 30,000 rpm for 90 min at
4°C (Beckman SW-40 rotor), and retroviral pellets were resuspended in
PBS. In some cases, cell-free supernatant was layered over a 25% sucrose
cushion prior to centrifugation. Producer cells were lysed using radioim-
munoprecipitation (RIPA) buffer (20 mM Tris [pH 7.0], 0.1% Triton
X-100, 0.05% sodium deoxycholate, 150 mM NaCl, 2% protease inhibi-
tor). Nuclei were pelleted and discarded, and then the protein concentra-
tion in the lysates was determined using a Bio-Rad protein assay. Samples
were separated using 8% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to nitrocellulose membranes
(Protran; Schleicher & Schuell), and the envelope and capsid proteins
were detected using goat anti-Rauscher gp70 (Quality Biotech Inc.) (1:100
dilution) and goat anti-Rauscher p30 (Quality Biotech Inc.) (1:10,000
dilution), respectively. Blots were incubated with HRP-conjugated mouse
anti-goat antibody (Sigma) (1:10,000 dilution) and developed using
SuperSignal (Pierce).

Equilibrium virus binding assay. Assays were performed as previ-
ously described (58, 59). Briefly, stocks of Sst-RBS and control ecotropic
Moloney murine leukemia virus Env-pseudotyped retrovirus were con-
centrated 20-fold by low-speed centrifugation using Centricon-100 de-
vices (Millipore), incubated with NIH 3T3, SSTR-HA/293, or 293 cells
and then with goat anti-Rauscher SU (a pan-ecotropic SU antiserum from
Quality Biotech) (1:100 dilution), and cleared by preincubation with
receptor-negative 293 cells and secondary mouse anti-goat FITC (Molec-
ular Probes) (1:400 dilution). Binding assays were initially performed at
4°C; however, the signal for Sst-RBS pseudovirion binding was not above
background levels and was barely detected for Moloney murine leukemia
virus pseudotypes (data not shown). These results are consistent with
those reported by two other groups (28, 57), who found that Moloney
murine leukemia virus pseudovirion binding to NIH 3T3 cells was almost
undetectable at 4°C but increased substantially at 37°C. Control experi-
ments performed at 4°C and 37°C using synthetic somatostatin peptide
instead of Sst-RBS pseudovirions showed that internalization of ligand-
bound receptors was inhibited by 0.01% sodium azide at 37°C (data not
shown). For this reason, 0.01% sodium azide was added to the assay buf-
fers in the binding experiments reported here.

Nucleotide sequence accession numbers. The nucleotide sequences
of the original cDNA and the optimized cDNA encoding the receptor
binding domains were deposited in the GenBank database under acces-
sion no. JN122323 and JN122324, respectively.

RESULTS

Receptor binding sequences. The crystal structure of residues 9 to
236, comprising the receptor binding domain from the highly
homologous ecotropic Friend 57 MLV (17), has been solved, but
no structure for an Env receptor complex is available due to the
integral-membrane nature of the ecotropic receptor (1). How-
ever, receptor binding residues have been identified and oriented
with respect to other subunits of the Env trimer by the use of
genetic approaches (4, 5, 11, 15, 26, 35, 45, 59). Two key studies
provided very strong genetic evidence that, of all the known bind-
ing site residues, aspartate 84 has the single greatest influence on
receptor binding (35, 45). The corresponding residue in Friend 57
MLV, aspartate 86, showed similar importance (15). Since Friend
57 and Moloney MLV use the same cell surface receptor, their
receptor binding sequences should have homologous structures.
We submitted to SwissModel (24) the sequence of the receptor
binding domain of Moloney MLV Env aligned to the Friend 57
1AOL template structure (17). The molecular surface of the pre-
dicted structure is shown in Fig. 1A (left panel). Aspartate 84 lies
within a disulfide-bonded loop encompassing cysteine 72 to
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FIG 1 Design of the Sst-RBS and control glycoproteins. (A) Left panel, loca-
tion of the putative ecotropic receptor binding sequences (shown in gray) on
the predicted molecular surface of wild-type ecotropic Moloney MLV glyco-
protein. Right panel, predicted location of the somatostatin Sst-14 ligand se-
quences (shown in gray) on the molecular surface of the Sst-RBS model struc-
ture. Arrows point to the positions of ligand insertion in traditional designs for
chimeric Env. (B) Schematic diagrams of the SU proteins of Env chimeras.
Black triangles indicate sites of insertion of the Sst ligand in control chimeras.
RBS, putative ecotropic receptor binding sequences. RBD, receptor binding
domain. PRR, proline-rich region. CTD, carboxy-terminal domain. Sst, soma-
tostatin.

cysteine 85 (shown in dark gray) that is referred to here as the
putative RBS.

Choice of the ligand somatostatin. Extensive searches of the
structure databases were performed by visual comparisons to
identify a ligand that was similar to the putative RBS in size and
structure. The premise was that replacement of RBS with a simi-
larly sized and structured ligand would increase the likelihood that
the chimeric Env would fold correctly and be assembled into vec-
tor particles. One search identified a candidate molecule called
octreotide, a peptide mimetic of mature somatostatin (Sst-14).
The sequence of octreotide, FCFWKTCT, contains the core bind-
ing sequence FWKT (37), which is underlined here in the Sst-14
sequence AGCKNFFWKTFTSC. The nuclear magnetic resonance
(NMR) structure of octreotide (1SOC) showed that the trypto-
phan and lysine residues form a turn and that the flanking cys-
teines (shown in bold) form a disulfide bridge (37, 38). Since the
affinity of octreotide for Sst receptors (SSTR) is comparable to
that of Sst-14 (9, 21, 27), we reasoned that the structure of the
active FWKT sequence in Sst-14 is likely to be similar. In sum, we
concluded that Sst-14 is similar to the putative RBS in size, con-
tains a pair of disulfide bonded cysteines near each end, and is
likely to have a similar structure.

Design of the Sst-RBS Env chimera and control chimeras. A
c¢DNA encoding Sst-RBS was constructed by swapping nucleo-
tides encoding the Sst ligand for the putative RBS-encoding ones
by the use of oligonucleotide-directed mutagenesis. The amino
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FIG 2 Sst-RBS gave transduction of human 293 cells transiently transfected with an SSTR2a cDNA. (A) Cells were exposed to unconcentrated MLV vectors
coated with the indicated Env and then fixed and stained for transduced 3-galactosidase (8-Gal+) activity 48 h later. The mean percentage of transduced cells =
standard deviation is shown for the Sst-RBS virus from an experiment that represents three that were performed; there were no lacZ-positive cells in the other cell
samples in any of the experiments. (B) Quantification of SSTR-positive cells. The mean percentage of cells immunostained with anti-SSTR2a antiserum *
standard deviation is shown between representative fluorescence and phase micrographs from one of three experiments performed. (C) Quadruplicate wells of
parent 293 cells or 293 cells transiently transfected with SSTR2a cDNA were exposed to serial 10-fold dilutions of vectors, and the endpoint dilution titration was
calculated after staining for transduction of lacZ. Values shown represent the means * standard deviations of the results of four independent titration

experiments.

acid sequence of the first 240 residues of Sst-RBS was submitted to
SwissModel (24) using an alignment to the Friend 57 1AOL tem-
plate structure (17). The side chains of the critical FWKT binding
sequence for the target SSTR are predicted to lie on the surface at
a location similar to that of the natural RBS, and the cysteine
residues are predicted to form a disulfide bond (Fig. 1A, right
panel).

Despite strong evidence that, because binding does not prop-
erly activate conformational changes, ligand-inserted chimeras
fail to give transduction, characteristics of the target receptor may
also be important to membrane fusion. To control for this possi-
bility, three additional chimeras were made. Two controls, Sst-
NH, and Sst-PRR, were traditional designs in which the Sst ligand
was inserted between residues 6 and 7 and between residues 264
and 265, respectively. In the third control, Sst-230, the ligand was
inserted between glycine 230 and proline 231, a design reported to
give a low level of targeted infection (23). Diagrams of the chime-
ric Envare shown in Fig. 1B, and the positions of insertion sites are
indicated in the molecular models in Fig. 1A.

Sst-RBS mediates infection of human cells expressing SSTR
cDNA. SSTR is expressed robustly in only a few cell types in vivo,
and while neuroblastoma cell lines have been reported to express
SSTR mRNA, they do not express detectable SSTR protein on
their plasma membranes (data not shown). In vitro studies of
SSTR function typically use cell lines transfected with SSTR
c¢DNA. Consequently, a target cell line expressing SSTR was gen-
erated by transiently transfecting human 293 cells with a plasmid
encoding human SSTR subtype 2a cDNA. Transfected cells were
divided into two portions; the cells in the larger portion were
seeded directly on 24-well plates for exposure to vectors, and some
cells were seeded on glass coverslips for immunofluorescence
staining of SSTR2a expression.

In the first experiment, transduction of the lacZ transgene was
observed with the Sst-RBS pseudotype MLV, with a mean of
11.5% = 4.0% of cells transduced (Fig. 2A). No lacZ transduction
was observed in cells exposed to vectors coated with the control
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Sst-PRR and Sst-230 chimeras or the parent Moloney murine leu-
kemia virus Env (Fig. 2A). At the time of virus exposure, the ali-
quots of transiently transfected cells that had been seeded onto
glass coverslips were fixed, permeabilized, and stained with anti-
SSTR2a antiserum against a peptide derived from its cytoplasmic
tail. A mean of 20.1% = 1.9% of transfected cells showed immu-
nostaining for the target SSTR (Fig. 2B). Taken together, these
results suggest that a single exposure of unconcentrated Sst-RBS-
coated vector transduced approximately half of the cells tran-
siently expressing the target SSTR.

Subsequent endpoint dilution titration of four independently
produced Sst-RBS-coated virus stocks gave a range of 2 X 10* to
4 X 10* lacZ-transducing units (lacZ-TU)/ml on 293 cells transiently
transfected with SSTR2a (Fig. 2C), whereas control Sst-PRR and Sst-
230 showed almost no transduction of these cells. In each experiment,
no more than two of the four replicate wells exposed to undiluted
Sst-PRR or Sst-230 vectors contained a lacZ-positive focus, a level
comparable to the infection seen in the control 293 cells.

Sst-RBS-mediated transduction was specific to the target
SSTR. To determine whether transduction occurred via the target
SSTR, the results of infection in the presence and absence of syn-
thetic Sst-14 peptide were compared. Since the natural Sst-14 pep-
tide hormone reportedly has a short half-life of just a few minutes
in vivo (9) and higher binding affinity at 22°C than at 37°C (36),
experiments were performed at both temperatures. Addition of
Sst-14 decreased infection in a dose-dependent manner under
both sets of conditions (Fig. 3), which is consistent with transduc-
tion specific to the target SSTR.

Sst-RBS lost use of the ecotropic receptor. We asked whether
use of the natural Moloney murine leukemia virus receptor was
retained on rodent cells, since loss of this ability is one trait of
targeted entry. A very low level of infection, ranging from 0 to 8
lacZTU/mlin four independent titrations, was observed (Fig. 4A).
Sst-PRR- and Sst-NH,-mediated transduction was comparable to
that seen with Moloney murine leukemia virus MLV, while Sst-
230 showed infection of the mouse fibroblasts that was more than
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FIG 3 Dose-dependent inhibition by somatostatin peptides is consistent with
entry through the target SSTR. Human 293 cells transiently transfected with
SSTR2a cDNA were exposed to Sst-RBS pseudovirions at 22°C (left panel) or
37°C (right panel) in the presence or absence of synthetic somatostatin-14
peptide at the indicated concentrations. Values shown represent the means +
standard deviations of the results of three independent experiments.

2 logs lower (Fig. 4A). Gollan and Green also observed lower in-
fection of mouse cells by the use of chimeras containing a gastrin-
releasing peptide inserted at glycine 230 (23). To determine
whether chimeric Env assembled stably into virus particles, pseu-
dovirions were purified from vector stocks by the use of ultracen-
trifugation to pellet virus directly or through a sucrose cushion for
comparison. The latter method places greater mechanical stress
on virions and thus can reveal differences in the strength of chi-
meric Env subunit associations (60). Comparable amounts of the
SU from parent MoMLYV, Sst-RBS, and Sst-PRR Envs were pres-
ent on virions, while the Sst-230 SU appeared less abundant but
was clearly detectable (Fig. 4B, upper panel). Sst-230 also ap-
peared to have a weaker subunit association, since ultracentrifu-
gation through a dense sucrose cushion decreased the level of
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FIG 4 Sst-RBS loses the use of the ecotropic receptor and shows a stable virion
association. (A) Murine NIH 3T3 cells expressing endogenous ecotropic re-
ceptors were exposed to serial 10-fold dilutions of the indicated virus. Values
shown represent the means * standard deviations of the results of four inde-
pendent titrations. Sst-RBS gave 0 to 8 lacZ TU/ml in the four experiments. No
infection was seen in cells exposed to vectors lacking Env (No Env). (B) As-
sembly and subunit association of chimeric Env into pseudovirions. Viral pro-
teins in vectors pelleted from supernatants by ultracentrifugation in the ab-
sence or presence of a sucrose cushion were separated by SDS-PAGE, and the
top portion of the membrane was immunoblotted to antiserum to the surface
subunit (SU) of Env and the bottom portion to antiserum to the capsid (CA).
(C) Equal amounts (50 ug) of whole-cell lysates from producer cells were
separated by SDS-PAGE, transferred to nitrocellulose, and probed with
anti-SU antiserum. Values shown to the left of the immunoblots represent
molecular mass markers in kilodaltons. Pr85, 85-kDa Env precursor.
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FIG 5 (A) 293 cells transiently transfected with SSTR2a cDNA, 293 cells se-
lected for stable expression of the G418-resistance gene linked to SSTR2a in
pcDNA-hSSTR2a, and untreated 293 cells were exposed to serial dilutions of
Sst-RBS or Moloney MLV pseudovirions and then fixed and stained for lacZ
transduction. Values shown represent the means = standard deviations of the
results of four independent titrations. (B) Plasma membrane proteins were
subjected to affinity purification using avidin-agarose after biotinylation of the
proteins on the surface of live cells and then separated by SDS-PAGE. Replicate
immunoblots of the samples were probed with anti-SSTR2a antiserum (top
panel) or with anti-Na+K+ ATPase, a ubiquitous membrane protein, as an
internal control for recovery and loading of total plasma membrane proteins
(bottom panel). (C) Cells grown on glass coverslips were fixed, permeabilized,
and then incubated with anti-SSTR2a antiserum. Micrographs representative
of each cell type are shown.

virion-associated Sst-230 (Fig. 4B, lower panel). Expression of Sst-
230 in producer cells was lower as well (Fig. 4C). The weaker
subunit association, along with the lower levels of expression and
incorporation, may explain the lower infection of Sst-230 seen in
NIH 3T3 cells.

Establishing a stable SSTR-positive host cell line. To assess
the true capacity of Sst-RBS to mediate targeted entry, we needed
a cell population with two important characteristics: (i) expres-
sion of the target receptor on the surface of every cell and (ii)
display of a realistic level of receptors, specifically, at levels no
greater than those seen with endogenous expression of natural
virus receptors. 293 cells were transfected with a human SSTR2a
expression plasmid, and stable cell lines were selected for growth
by the use of G418 selection. Two independently generated stable
cell lines showed 5- to 10-fold-lower transduction than was seen
with transiently transfected 293 cells; the titration results for one
of the lines are shown in Fig. 5A.

No binding of Sst-RBS-coated vector was detected using the
stable cell lines in an equilibrium virus binding assay (data not
shown), suggesting that either a small number of cells had sub-
stantial SSTR2a expression or, alternatively, the Sst-RBS Env does
not bind the target receptor tightly enough to be detected in the
virus binding assay. Cell surface levels of SSTR2a were then exam-
ined. First, membrane proteins on the surface of live cells were
biotinylated using a membrane-impermeable reagent, and the
biotin-labeled proteins were affinity purified using avidin-agarose
beads, separated by SDS-PAGE, and immunoblotted using anti-
SSTR2a antiserum and separately using anti-Na+K+ ATPase an-
tibody as a loading control. Samples from transiently transfected
cells contained a prominent 65-kDa species as well as minor 72-
and 55-kDa species that were absent from parent 293 cell mem-
brane proteins (Fig. 5B). These sizes are consistent with the rela-
tive molecular masses previously reported for SSTR2a (16). The
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FIG 6 Generation of a host cell line stably expressing levels of target receptor
SSTR comparable to the levels of ecotropic receptor on NIH 3T3 cells. 293 cells
were transfected with a ¢cDNA-encoding human SSTR5 with an amino-
terminal HA epitope tag (SSTR-HA), selected for G418 resistance, and then
further selected for surface expression of the target receptor by three rounds of
FACS experiments using anti-HA antibody, yielding a population of cells des-
ignated SSTR-HA/293. Left panel, aliquots of this cell line were incubated at
37°C with Sst-RBS pseudovirions or mock incubated (No virus), and then
both samples were incubated with goat anti-SU antiserum followed by a
mouse anti-goat FITC-conjugated secondary antibody plus propidium iodide
and analyzed by flow cytometry. Values shown represent FITC intensities de-
termined with live (propidium iodide-negative) cells. Right panel, aliquots of
murine NIH 3T3 cells were incubated with MoMLV Env-pseudotyped virus or
mock infected (No Virus), and virus binding was performed as described for
the left panel. The histograms shown are representative of the results of three
independent binding experiments.

anti-SSTR2a reactive species were also present in the stable
SSTR2a cell line, but their intensity was much lower and almost
undetectable. Since the carboxy-terminal residues recognized by
the antiserum lie on the cytoplasmic side of the plasma mem-
brane, indirect immunofluorescence was used as the second
method of assessing cell surface expression. Substantially fewer
cells of the stable cell line showed anti-SSTR staining at their pe-
riphery compared to the transiently transfected cells (Fig. 5C).
Taken together, these results suggest that human 293 cells may not
tolerate prolonged expression of SSTR2a.

Next, we asked whether one of the other SSTR subtypes could
be used to make a stable SSTR-positive host cell line. Since no
antibody specific to the other subtypes was available at the time of
experimentation, we obtained amino-terminal HA-tagged cDNAs of
human subtype 5. As members of the seven-transmembrane G
protein-coupled receptor (GPCR) family, SSTRs present their
amino termini to the extracellular space such that the HA tag can
be detected on live cells by the use of anti-HA MADb. Addition of an
HA epitope tag to the amino terminus does not affect SSTR bind-
ing to Sst-14 or internalization (33). After 4 weeks of G418 selec-
tion, the majority of resistant cells exhibited surface expression
SSTRS, as judged by flow cytometry of anti-HA MADb-stained live
cells. This population was submitted to three sequential rounds of
FACS analysis at 2-week intervals. The resulting cell population
was named SSTR-HA/293.

In generating the stable host line, each sorting procedure in-
cluded gating at a medium level of fluorescence intensity with the
goal of obtaining a population whose SSTR expression did not
exceed that of the endogenous ecotropic receptor on murine NIH
3T3 cells. To compare the relative numbers of SSTR on the SSTR-
HA/293 cells with the relative numbers of ecotropic receptors on
NIH 3T3 cells, equilibrium binding assays were performed using
Sst-RBS pseudovirions and wild-type Env-coated vectors. The
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FIG 7 Sst-RBS glycoprotein targets entry at levels comparable to those of
entry mediated by wild-type Moloney murine leukemia virus glycoprotein and
approaching those of VSV G pseudovirions. Quadruplicate wells of the host
cells indicated on the x axes were exposed to 10-fold serial dilutions of inde-
pendently produced vectors pseudotyped with the envelope glycoprotein in-
dicated over each graph, and the titers were calculated from the endpoint
dilutions. Values shown represent the numbers of mean lacZ-transducing
units per milliliter + standard deviations for four Sst-RBS (left panel), three
wild-type MoMLV Env (middle panel), and four VSV G (right panel) pseudo-
virion stock titers.

mean fluorescence intensity (MFI) can be used as a measurement
of the relative numbers of pseudovirion binding sites on cells of
the two cell lines, assuming that the affinity of the antiserum is the
same for both glycoproteins. Given that the anti-SU antiserum
appeared to recognize the Sst-RBS and wild-type Moloney murine
leukemia virus Env similarly on immunoblots (Fig. 4B), this as-
sumption is reasonable. Representative histograms from one of
three independent binding assays are shown in Fig. 6. The MFI of
Sst-RBS Env bound to SSTR-HA/293 cells was 3-fold higher than
the background MFI, whereas the MFI of MoMLV Env bound to
NIH 3T3 cells was 4.3-fold higher than the background MFI.
These results support the supposition that the density of Sst-RBS
binding sites on the surface of SSTR-HA/293 cells is comparable to
the density of endogenous ecotropic receptor on NIH 3T3 cells.
This interpretation assumes that differences in affinity, particu-
larly in comparisons of the off rates of the two pseudotypes, do not
influence the quantification.

Sst-RBS-mediated transduction at levels comparable to
transduction using wild-type Moloney murine leukemia virus
and VSV G glycoproteins. To determine the relative capacities of
the chimeric Sst-RBS Env to mediate targeted entry, quadruplicate
wells of cells were exposed to serial dilutions of Sst-RBS-, Moloney
murine leukemia virus Env-, or VSV G-pseudotyped vector stocks
overnight and then fixed and stained for lacZ transduction 48 h
later. Figure 7 shows the mean values of titers calculated from the
endpoint dilutions. In four independent experiments, titers for
unconcentrated Sst-RBS pseudovirion stocks were 2.5 X 103,
2.5 X 10% 7.5 X 10% and 1 X 10° TU/ml on SSTR-HA/293 cells,
while titers for Moloney murine leukemia virus Env pseudotypes
were 2.5 X 10°, 5.0 X 10, and 1 X 10° TU/ml on NIH 3T3 cells
and titers for VSV G-pseudotyped vectors were 1.0 X 10, 2.5 X
10°, 1.0 X 106, and 7.5 X 10° TU/ml on 293 cells.

Sst-RBS-pseudotyped lentiviral vectors. To further charac-
terize the usefulness of Sst-RBS, human immunodeficiency virus
(HIV)-based SIN lentiviral vectors transducing the mKate2 red
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fluorescent protein and firefly luciferase and pseudotyped with
Sst-RBS (Sst-RBS-LV) or VSV G (VSV G-LV) were produced by
the University of Tennessee Health Science Center (UTHSC) Vi-
ral Vector Core. The Viral Vector Core concentrated the vector
stocks by the use of a standard ultracentrifugation method, certi-
fied them to be negative for replicating lentivirus, and quantified
transducing units by endpoint dilution titration of SSTR-HA/293
and 293 cells by the use of a standard luciferase activity assay. The
VSV G-LV stock contained 2.3 X 10° luciferase-transducing units
(LTU)/ml, and the Sst-RBS-LV stock contained 9.2 X 10° LTU/
ml. The 200-fold-lower titer seen with the Sst-RBS-LV stock com-
pared to the VSV G-LV stock is similar to the titers of other ret-
roviral glycoprotein pseudotypes of lentiviral vectors and is
thought to result from alower level of assembly of other glycopro-
teins than of VSV G due to the presence of cytoplasmic tail se-
quences (10, 49).

DISCUSSION

These results establish a proof of principle that replacement of the
natural RBS with a heterologous ligand sequence represents a method
to target retroviral vector entry to a clinically relevant receptor. The
transduction was specific to the target SSTR, since synthetic Sst-14
peptide inhibited infection in a dose-dependent manner. In addition,
the ability to infect murine cells was almost abolished, which is con-
sistent with a loss of ecotropic receptor usage. A single exposure of
unconcentrated virus stock coated with Sst-RBS glycoprotein gave
targeted transduction of up to 10° lacZ TU/ml on human cells ex-
pressing moderate levels of SSTR, levels comparable to transduction
of NIH 3T3 cells by ecotropic Moloney murine leukemia virus Env
and approaching those seen with VSV G-pseudotyped vectors.

It has been proposed that target receptor characteristics represent
the most important parameter for targeted entry (14, 29). Although
SSTRs are not entry receptors for any known virus, they are seven-
transmembrane, G protein-coupled receptors (GPCR) with mem-
brane topology similar to that of the chemokine coreceptors used by
human immunodeficiency viruses (HIV) (7) and the GPCR Xprl
used by the xenotropic MLV (5). The natural Moloney murine leu-
kemia virus receptor also traverses the membrane multiple times (1).
Noting that the known gammaretrovirus receptors are multiple-
membrane-spanning proteins, Cosset and colleagues tested the im-
portance of this receptor characteristic by examining two amino-
terminal insertion chimeras (14). Insertion of the receptor binding
domain of amphotropic MLV gave titers of 10° TU/ml, whereas chi-
meras containing insertion of epidermal growth factor (EGF) bound
but did not give targeted entry (14). In a later study, Katane and
colleagues showed that insertion of stroma-derived factor 1o (SDF-
la) at proline 79 gave titers of 10° to 10* TU/ml on cells overexpress-
ing the CXCR4 SDF-1a receptor, whereas insertion of EGF at the
same position failed to result in infection (29). Since the natural am-
photropic MLV receptor and CXCR4 are polytopic membrane pro-
teins whereas the EGF receptor has a single transmembrane protein,
Cosset and colleagues and Katane and colleagues concluded that re-
ceptor characteristics were most important for targeted entry. Katane
and colleagues pointed out that polytopic proteins may be favored,
because a virus bound to them would be close to the cell membrane
(29). In addition, we note that polytopic membrane proteins are of-
ten located in detergent-resistant membrane domains rich in choles-
terol and glycosphingolipids thought to be important for membrane
fusion (43).

Alternatively, characteristics of the targeting glycoprotein may
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also represent an important parameter. Viral glycoproteins natu-
rally assemble into virions in a metastable conformation that is
not competent for membrane fusion. In the case of gammaretro-
viral Env, the transition from a metastable to a fusion-competent
conformation is induced by receptor binding and begins with fu-
sion peptide exposure (12) and subsequent isomerization of the
disulfide bond between the SU and TM (48). It follows that the
Env sequences that bind natural retrovirus receptors possess
the ability to initiate and sustain these critical conformation
changes. We propose that this capacity derives from the position
of the RBS at the top of the receptor binding domain, and while
this may not be the only location with the capacity to initiate and
sustain membrane fusion, it is the most effective.

While characteristics of both the target receptor and chimeric Env
likely influence targeted entry, replacement of the RBS represents the
most important parameter contributing to the highly efficient tar-
geted entry observed with Sst-RBS. Our reasoning is as follows: if
properties of the SSTR represent the most important parameter, then
any Sst chimera should give substantial infection. However, the Sst-
NH,, Sst-PRR, and Sst-230 chimeras give almost no infection of
SSTR-expressing human cells, and such infection as they exhibit oc-
curs at levels no higher than those seen with 293 cells. Yet these con-
trol glycoproteins retain the ability to induce membrane fusion, since
they mediate entry into NIH 3T3 cells expressing the ecotropic recep-
tor. Thus, we favor the interpretation that Sst-RBS gives highly effi-
cient targeted entry, primarily because the ligand Sst is placed in the
unique position normally occupied by the natural RBS.

Early efforts to design ligand-inserted chimeras for targeted
entry were made without knowledge of the secondary structure of
the retroviral glycoproteins. Domain analysis of an avian retrovi-
ral Env serendipitously led to discovery of the amino-terminal
insertion site (56), while linker insertion analysis was used to dis-
cover the insertion site in the PRR (54) and, later, in the site after
residue 230 (23). Peptide ligand sequences were inserted most
frequently in the amino terminus and the PRR, because these two
sites reproducibly tolerated insertion of ligand sequences in the
sense that chimeras were typically expressed on the cell surface
and assembled into pseudovirions.

The crystal structure of ecotropic Friend 57 Env residues 1 to
236 (17) and the identification of the putative RBS within the
crystallized fragment (15, 35, 45) provide several insights into the
characteristics of the ligand-inserted chimeras. First, the amino-
terminal and glycine 230 insertion sites are near each other in the
secondary structure even though they are quite distant in the pri-
mary sequence (Fig. 1A). Second, both are located on the opposite
end from the putative RBS. A ligand inserted in either location
would be in a very different position within the Env spike than the
sequences that bind the ecotropic receptor. This position is none-
theless accessible, since amino-terminal insertion chimeras typi-
cally bound their target receptors.

Most importantly, none of the insertion sites lie within the core
structure of the glycoprotein’s receptor binding domain, which
consists of a slightly skewed B-barrel that begins at residue 9 and
ends at residue 232 of Friend Env (residue 230 of Moloney murine
leukemia virus Env) and is followed by a series of turns leading
into the PRR (17). Ligands inserted just before (e.g., between res-
idues 6 and 7) or immediately after (e.g., between residues 230 and
231) the core B-barrel likely fold separately and outside the recep-
tor binding domain. In agreement with this possibility, addition of
a flexible linker to amino-terminal insertion chimeras increased
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their expression, stable association with virions, and ability to
bind target receptor (52). The commonly used PRR insertion site
(between residues 264 and 265) lies downstream of the crystallized
fragment, and so its location relative to the RBS is not known. It is
apparent, however, that the PRR sequences comprise a separate
folding domain (5, 26); therefore, insertion at this location would
also place a ligand outside the core receptor binding domain.
These insights suggest that ligand-inserted chimeras bind but do
not induce membrane fusion, because the ligands were not an
integral part of the natural receptor binding domain and conse-
quently were not in a position allowing induction of the initial
conformational changes or in a position that sterically interferes
with the conformation changes needed for membrane fusion.

It was expected that Sst-RBS would completely lose the ability to
interact with the ecotropic receptor, since the critical aspartate 84 was
replaced, and would give no infection of the parental 293 cells, which
lack an ecotropic receptor. However, NIH 3T3 and 293 cells consis-
tently showed infection at levels ranging from 0 to 25 TU/ml. Since
human and murine Sst-14 sequences are identical, it is possible that
the background level of infection is attributable to the low levels of
endogenous SSTR previously reported to be found on the surface of
293 cells (31). ras-transformed NIH 3T3 cells also display low levels
of endogenous SSTR (46), and this may also be the case for NIH 3T3
cells not transformed by ras. Alternatively, NIH 3T3 infection may
result from a residual capacity to bind and enter via the ecotropic
receptor.

Do the size and structure of the ligand matter in considering the
general applicability of this strategy? In designing Sst-RBS, we care-
fully considered the structures of the ligand and of the receptor bind-
ing sequences being replaced and, in particular, the overall similarities
between them. This aspect of the design may have contributed to the
success of the chimera, because similarities in the two structures in-
creased the possibility that Sst-RBS would fold into the correct meta-
stable conformation with the ligand Sst residues exposed at the sur-
face. Given that the natural ecotropic RBS is relatively small (~14
residues), the ecotropic Env may not accommodate the replacement
of larger targeting ligands. If the size and structure of the ligand are
limited to roughly those of the natural RBS, then it may be possible to
extend the RBS replacement strategy to other ligands by using parent
glycoproteins whose natural RBS are larger than and similar in struc-
ture to the ligand sequences of interest.

In vivo SSTR are abundant in a number of clinically relevant
target tissues, specifically, the subthalamic nucleus, striatum, sub-
stantia nigra, amygdala, and hippocampus in the brain, the endo-
crine glands of the pancreas, an unknown cell type in the lungs,
and the ileum, but not in other tissues (18, 25, 34, 51). However,
the primary cells from these SSTR-positive tissues are extremely
difficult to culture, and some, like cells from the subthalamic nu-
cleus, have not been cultured. Therefore, in order to determine
whether Sst-RBS transduces cells endogenously expressing SSTR
and because the capacity for in vivo transduction is the next critical
issue, we have begun in vivo studies. In a preliminary study, two
immunocompetent mice (one mouse with VSV G-LV and the
other with Sst-RBS-LV-transducing mKate2) were subjected to
microinjection in the subthalamic nucleus of one hemisphere.
The uninjected hemispheres showed no red fluorescence, and nu-
merous red-fluorescing mKate2-transduced cells were observed
along the lower length of the needle track in the VSV G-LV-
injected mouse, whereas the needle track of the Sst-RBS-LV-
injected brain showed very few red-fluorescing cells, but a burst of
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transduction at the end of the needle track in the subthalamic
nucleus was apparent (preliminary data not shown). The regions
directly above the subthalamic nucleus are reportedly negative for
SSTR (18, 25, 34) but are positive for VSV G receptors (30). Inter-
pretation of this preliminary result must be cautious, as further
extensive in vivo studies are needed to determine which cell types
were transduced and whether in vivo targeting to SSTR occurred.

This preliminary observation of in vivo Sst-RBS-mediated
transduction suggests potential clinical relevance, as the subtha-
lamic nucleus is involved in Parkinson’s disease and has also been
implicated in Alzheimer’s disease. If the SSTR-positive substantia
nigra and striatum are also transduced in vivo by Sst-RBS-
pseudotyped vectors, then this new chimeric glycoprotein may be
useful as a therapeutic and investigational tool for Alzheimer’s
and Huntington’s disease as well as for other neurodegenerative
diseases involving these regions of the brain. Additionally, the
amino acid sequences of the targeting ligand Sst in humans, mice,
dogs, and primates are identical; thus, Sst-RBS-pseudotyped vec-
tors can be used in preclinical studies in most animal models of
disease and would not have to be altered for use in clinical studies.
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