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the Amino Terminus of Influenza Hemagglutinin
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ABSTRACT

We have previously shown that retroviral vector particles derived from Moloney murine leukemia virus (Mo-
MulLV) can efficiently incorporate influenza hemagglutinin (HA) glycoproteins from fowl plague virus (FPV),
thus conferring a broad tropism to the vectors. To modify its host range, we have engineered the FPV HA to
display four different polypeptides on its N terminus: the epidermal growth factor, an anti-human MHC class
I molecules scFv (single-chain antibody), an anti-melanoma antigen scFv, and an IgG Fc-binding polypeptide.
All recombinant HA glycoproteins were correctly expressed and processed, and efficiently incorporated into
Mo-MulLV retroviral particles, indicating that amino-terminal insertion of large polypeptides did not alter
the conformation of HA chimeras. Virions carrying the different chimeras bound specifically to cells expressing
the targeted cell surface molecules of each ligand. In addition, all virion types were infectious but exhibited
various degrees of specificity regarding the use of the targeted cell surface molecule versus the wild-type FPV
HA receptor for cell entry and infection. For some ligands tested, infectivity was significantly increased on
cells that express the targeted receptor, compared with cells that express only the wild-type HA receptor. Fur-
thermore, some polypeptides could abolish infectivity via the wild-type FPV HA receptor. Our data therefore
indicate that it is possible to engineer the HA envelope glycoprotein by fusing ligands to its amino-terminal
end without affecting its fusion activity.

HA-derived chimeric glycoproteins to target retroviral vec-
tors to specific cell surface receptors.

OVERVIEW SUMMARY

Retargeting gene delivery to specific cell populations is nec-
essary for gene therapy to be applied in vivo. Although
retroviral envelope glycoproteins can be readily modified to
redirect virion binding to specific cell surface molecules,

INTRODUCTION

their practical utility is generally limited by the poor fuso-
genicity of the chimeras produced. In contrast, the ability
of the influenza virus hemagglutinin (HA) glycoprotein to
fuse in low-pH endosomes, associated with the high turnover
rate of most cell surface molecules, provides the possibility
of an alternative glycoprotein as a basis for targeting strate-
gies. We have previously shown that HA can efficiently
pseudotype retroviral vectors. In this article, we explore the
possibility of modifying the host range of HA and of using

HE TROPISM OF RETROVIRUSES and of retroviral vectors is
T primarily determined by the host-range properties of their
envelope glycoproteins. Attachment to the target cells is medi-
ated by the amino-terminal surface subunit. SU, of the retrovi-
ral envelope glycoprotein (Hunter and Swanstrom, 1990). Af-
ter receptor binding, conformational rearrangements are thought
to occur that activate the transmembrane envelope subunit, TM,
which mediates membrane fusion (Hunter and Swanstrom,
1990). In the case of retroviral vectors based on murine
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leukemia viruses (MuLVs), those carrying the Moloney MuLV
ecotropic envelope glycoproteins infect only rodent cells
whereas those carrying the amphotropic MuLV envelope gly-
coproteins infect most mammalian cell types including human
cells. Retroviruses can also incorporate nonretroviral surface
glycoproteins from other membrane-enveloped viruses, result-
ing in the formation of infectious pseudotypes. For example,
envelope glycoproteins such as glycoprotein G from vesicular
stomatitis virus (Burns et al., 1993) and hemagglutinin (HA)
from either influenza virus A/Jap/305/57 (Dong et al., 1992) or
fowl plague virus (FPV) (Hatziioannou et al., 1998), can effi-
ciently pseudotype retroviral particles. The host range of retro-
viral vectors can thus be extended to a wider variety of cell
types.

However, for several gene transfer applications a specific tar-
geting of the vector is required. A number of modified retrovi-
ral envelope glycoproteins have been generated that are capa-
ble of specifically binding to predetermined cell surface
molecules (Cosset and Russell, 1996). In most cases, however,
the titers of retroviruses carrying the envelope chimeras remain
low (Cosset et al., 1995a; Marin et al., 1996; Konishi et al.,
1998). In fact, it appears that the ability of the chimeric en-
velopes to mediate fusion as a consequence of binding to the
targeted receptor is usually dramatically impaired. Hence the
low retargeted titers can be explained by our inability to un-
derstand fully the retroviral fusion process and thus our inabil-
ity to engineer the fusogenicity of retargeted retroviral en-
velopes. Indeed, the modification of retroviral envelope
glycoproteins by insertion of ligands is likely to severely com-
promise the fusion activation mechanism. On the other hand,
in contrast to retroviral envelopes, the fusion mechanism of in-
fluenza HA glycoprotein has been extensively studied and does
not appear to depend primarily on binding to the HA receptor.
The HA protein consists of two subunits: the amino-terminal
HAT1 subunit, including the receptor-binding domain, and the
HAZ2 subunit, including the fusion peptide and the membrane-
anchoring region. For influenza virus, virion binding is followed
by receptor-mediated endocytosis. The acid pH of the endo-
somes induces conformational changes in both HA subunits,
thus resulting in activation of the HA2 subunit, which mediates
membrane fusion (White, 1992). Thus the physiological signals
that trigger the membrane fusion properties of HA are much
less specific than those of retroviral envelope glycoproteins.

Since MuLV retroviral particles can be efficiently pseudo-
typed with the HA glycoprotein from FPV (Hatziioannou et al.,
1998), we sought to determine whether it was possible to en-
gineer HA so as to target the pseudotyped viruses to specific
cell surface molecules. Although the insertion of peptides with
limited size and/or secondary structure into specific loops ex-
posed at the surface of the MuLV retroviral envelope glyco-
protein has been a feasible approach to redirect the host range
of MuLV retroviral vectors (Valsesia-W ittmann et al., 1994),
larger modifications, such as the insertion of more struc-
tured/longer peptides or the replacement of envelope domains
by foreign polypeptide domains, have resulted in MuLV-de-
rived envelope chimeras that were either unstable or not cor-
rectly processed and that failed to be efficiently incorporated
into retroviral particles (Cosset and Russell, 1996). In contrast,
the addition of autonomously folded polypeptides as amino-ter-
minal extensions of the MuLV SU glycoprotein has generally
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resulted in envelope chimeras able to redirect the binding of
retroviruses onto which they were incorporated (Cosset and
Russell, 1996). Since the amino-terminal peptide containing the
first 10 amino acids of the influenza virus HA1 is not commit-
ted in a particular protein structure (Wilson et al., 1981) and
since its length and sequence are variable between the differ-
ent influenza virus strains (Nobusawa ef al., 1991), we sought
to display different polypeptides with binding properties by fus-
ing these ligand at the amino terminus of FPV HA as a strat-
egy to modify the tropism of the HA glycoprotein. The four
ligands tested here were as follows: (1) the human epidermal
growth factor (EGF), (2) an scFv (single-chain variable frag-
ment antibody) directed against human MHC class I molecules,
(3) an scFv directed against the high molecular weight
melanoma-associated antigen (HMWMAA) expressed on hu-
man melanoma cells, and (4) a polypeptide derived from pro-
tein A of Staphylococcus aureus and able to bind to the Fc frag-
ment of various immunoglobulin types. All four chimeric HA
proteins were correctly expressed and processed in cells that
produce MuLV Gag-Pol proteins and efficiently incorporated
into retroviral particles. Furthermore, all chimeras mediated
specific binding to the receptor corresponding to each polypep-
tide. Finally, the virions pseudotyped with the different chimeric
HA envelopes were infectious and showed different levels of
infection specificity.

MATERIALS AND METHODS

Cell lines

The TELCeB6 cell line (Cosset et al., 1995b) was derived
by clonal selection of TE671 human rhabdomyosarco ma cells
transfected with both a plasmid expressing Moloney murine
leukemia virus (Mo-MuLV) Gag and Pol proteins and an
nlsLacZ retroviral vector. TELCeB6 cells produce noninfec-
tious viral core particles, carrying an nlsLacZ reporter retrovi-
ral vector.

A431 (ATCC CRL1555) and TE671 (ATCC CRL8805) hu-
man cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies, Gaithersburg, MD) supplemented
with 10% fetal bovine serum (GIBCO-BRL, Gaithersburg,
MD). CHO (Chinese hamster ovary) cells (ATCC CCL-61)
were grown in DMEM (Life Technologies) supplemented with
10% fetal bovine serum and proline (Life Technologies). NIH
3T3 mouse fibroblasts were grown in DMEM (Life Technolo-
gies) supplemented with 10% newborn bovine serum (Life
Technologies).

Plasmid construction

The highly fusogenic H7/Kp Rostock fowl plague virus
hemagglutinin (HA) (kindly provided by W. Garten, Marburg
University, Marburg, Germany) was expressed from the hCM V-
HA expression vector (Hatziioannou et al., 1998), using the hu-
man cytomegalovirus early promoter and rabbit [-globin intron
sequences. The N-terminal end of FPV HA was modified (Fig.
1) by polymerase chain reaction (PCR)-mediated mutagenesis
using the FPV HA gene as template and primers UpH7Not (5'-
GAA CGC GCG GCC GCA ATC GAG GGA AGGCAA GAC
CTT CCA GGA AAT GAC AAC AGC GAC AAA ATTTGT
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Schematic diagrams of HA chimeras. The chimeric envelopes are presented diagrammatically. The positions of some

functional regions are indicated. The site of fusion between the ligands and the HA glycoprotein is shown in detail. HA 1, N-ter-
minal subunit of HA; HA2, C-terminal subunit of HA containing the transmembrane -spanning domain (TM). FPV-HA- and HA-
derived chimeric glycoproteins were expressed using the human cytomegalovirus (CMV) early promoter. pA, Polyadenylation

sequence; SD and SA, donor and acceptor splice sites.

CTT GGA CAT CAT GCT GTA TCA AAT GGC ACC AAA
G-3") and LowH7Xba: (5'-CCC CGG GTA ACA AAC ATC
ATT TCC TTC TCG-3"), containing an Nod site and an Xbal
site, respectively. The PCR-amplified DNA fragment was
cloned into the phCMV-HA backbone using the Nofl site lo-
cated upstream of the CMV promoter and the Xbal site inside
the HA gene. Both the CMV promoter and the rabbit [-globin
intron sequences were reintroduced into the resulting plasmid as
an Notfl-Xbal fragment together with an Xbal-Nofl fragment,
encoding the MuLV envelope glycoprotein signal peptide fol-
lowed by EGF (derived from the FBEMOSALF plasmid) (Cos-
set et al., 1995a). The Notl site upstream of the CMV promoter
was then removed by filling in and self-ligation, resulting in the
pHCMV-EGF-HA expression plasmid. A series of plasmids ex-
pressing other HA chimeras were derived from hCMV-EGF-HA
by replacing the Sfil-Noif fragment encompassing the EGF
DNA fragment with sequences (available on request) encoding
the other ligands cloned as Sfil-Notl fragments (Fig. 1): (1) a
DNA fragment encoding an scFv derived from B9.12.1 anti-hu-
man MHC class I antigen mouse monoclonal antibody (Marin
et al., 1995), for the construct expressing the MHC-HA chimera;
(2) a DNA fragment encoding an scFv derived from LMH2 anti-
high molecular weight melanoma-associate d antigen (HMW-
MAA) (Kupsch et al., 1995), for the construct expressing the
MAA-HA chimera; and (3) a DNA fragment encoding an Fc-
binding polypeptide derived from domain B of Staphylococcus
Aureus protein A (Nilsson et al., 1987), for the construct ex-
pressing the ZZ-HA chimera.

Cell transfection and virus production

Envelope glycoprotein expression plasmids were transfected
by calcium phosphate precipitation into TELCeB6 cells as pre-
viously described (Cosset et al., 1995a). Transfected cells were
grown for 24—-48 hr and virus-containing supernatants were col-
lected after an overnight production from freshly confluent env-
transfected TELCeB6 cells in regular medium.

Antibodies

The following antibodies were used:

Anti-CA (Quality Biotech, Camden, NJ): A goat antiserum
raised against the Rauseher leukemia virus p30 capsid pro-
tein (CA), used diluted 1:10,000 for Western blots

Anti-HA (kindly provided by W. Garten): A rabbit antiserum
raised against H7/Kp Rostock fowl plague virus hemagglu-
tinin, used at 1:500 dilution for Western blots and at 1:100
dilution for fluorescence-activated cell sorting (FACS) analy-
sis

Anti-EGF receptor (Upstate Biotechnology, Waltham, MA): A
mouse monoclonal antibody against human EGF receptor,
used at 1:100 dilution for FACS analysis

Anti-HLA ABC (Immunotech, Marseille, France): A mouse
monoclonal antibody directed against a monomorphic deter-
minant of human class | HLA molecules (HLA-A,B,C), used
at 1:100 dilution for FACS analysis

LMH2 (kindly provided by J. Kupsch, Wellcome Research Lab-
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oratoire, Beckeham, UK): A mouse monoclonal antibody rec-
ognizing the high molecular weight melanoma-associated
antigen (HMWMAA), used at 1:100 dilution for FACS
analysis

Immunoblots

Virus producer cells were lysed in a 20 mM Tris-HCI buffer
(pH 7.5) containing 1% Triton X-100, 0.05% sodium dodecyl
sulfate (SDS), sodium deoxycholate (5 mg/ml), 150 mM NaCl,
and 1 mM phenylm ethylsulfonyl fluoride (PMSF). Lysates were
incubated for 10 min at 4°C and were centrifuged for 10 min
at 10,000 X g to pellet the nuclei. Supernatants were then frozen
at —70°C until further analysis

Supernatants of virus producer cells were centrifuged for 10
min at 1000 X g and then filtered to remove cell debris. Virus
samples were obtained by ultracentrifugation of the clarified vi-
ral supernatants (5 ml) in an SW41 Beckman (Fullerton, CA)
rotor (150,000 X g, 1 hr, 4°C). Pellets were suspended in 50 ul
of phosphate-buffer ed saline (PBS) and frozen at —70°C. Sam-
ples (30 ug for cell lysates, or 20 ul for purified viruses) were
mixed 5:1 (v/v) in a 375 mM Tris-HCI (pH 6.8) buffer con-
taining 6% SDS, 30% 2-mercaptoethanol, 10% glycerol, and
0.06% bromophenol blue, boiled for 2 min, then run on 12%
SDS-acrylamide gels. After protein transfer onto nitrocellulose
filters, immunostaining was performed in TBS (Tris base saline,
pH 7.4) with 5% milk powder and 0.1% Tween. The blots were
probed with anti-HA antibodies and developed using horserad-
ish peroxidase (HRP)-conjugated IgG (immunoglobulins G)
raised against rabbit antibodies (Dako, Carpinteria, CA) and an
enhanced chemiluminescence kit (Amersham Life Science, Ar-
lington Heights, IL).

Binding assays

Target cells were washed in PBS and detached by a 10-min
incubation at 37°C with 0.02% EDTA tetrasodium (Versene)
in PBS. Cells were washed in PBA (PBS with 2% fetal calf
serum [FCS] and 0.1% sodium azide). Cells (5 X 103) were in-
cubated with 2.5 ml of viral supernatant for 45 min at 4°C in
the presence of Polybrene (4 pg/ml). Cells were then washed
twice with pba and were incubated with the anti-HA serum for
45 min at 4°C. Cells were washed twice with PBA and incu-
bated with anti-rabbit IgG antibodies conjugated with fluores-
cein isothiocyanate (FITC) (Dako) for 45 min at 4°C. Five min-
utes before the two final washes in PBA, cells were
counterstained with propidium iodide (20 pg/ml). Fluorescence
of living cells was analyzed with a fluorescence-activa ted cell
sorter (FACSCalibur; Beckton Dickinson, San Jose, CA).

Downregulation of the EGF receptor was performed by in-
cubating A431 cells with 107¢ M recombinant human EGF
(R&D Systems, Minneapolis, MN) for 30 min at 37°C prior to
addition of the viral supernatant. Binding assays were then per-
formed as described above.

Competition of MAA-HA virion binding was performed by
preincubating TE671 cells with the LMH2 monoclonal anti-
body for 30 min at 4°C, prior to addition of the viral super-
natant. Binding assays were subsequently performed as de-
scribed above. For the binding of the ZZ-HA chimeric
glycoproteins, target cells were incubated with anti-EGF re-
ceptor antibodies for 30 min at 4°C before the viral supernatant
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was added. Binding assays were subsequently performed as de-
scribed above except that purified mouse 1gG (Sigma, St. Louis,
MO) was added during the last incubation (used at a final con-
centration of 10 pg/ml) to inhibit the cross-reaction between
the anti-EGF receptor antibody and the anti-rabbit
munoglobulin— FITC conjugate.

im-

Cell surface staining

Cells were washed in PBS and detached by a 10-min incu-
bation at 37°C with 0.02% Versene in PBS. Cells were washed
twice in PBA. Cells were then incubated with the anti-EGF re-
ceptor or with the anti-HLA or anti-HMWMAA antibodies for
45 min at 4°C. Cells were washed twice in PBA and incubated
with an anti-mouse immunoglobulin—FITC conjugated (Dako),
45 min at 4°C. Five minutes before the two final washes in
PBA, cells were counterstained with propidium iodide (20
pg/ml). Fluorescence of living cells was analyzed with a fluo-
rescence-activated cell sorter (FACSCalibur; Beckton Dickin-
son).

Infection assays

Target cells were seeded in 24-well plates at a density of 5 X
10* cells per well. Viral supernatants (5 ml) were centrifuged
in an SW41 Beckman rotor at 150,000 X g for 1 hr at 4°C. Pel-
lets were suspended in 50 ul of PBS and used for infection as-
says, at different dilutions, and supplemented with Polybrene
(4 pg/ml). Cells were incubated for 3-5 hr at 37°C. Viral su-
pernatant was then removed and cells were incubated in regu-
lar medium for 48 hr. 5-Bromo-4-chloro-3-indol yl-3-p-galac-
topyranoside (X-Gal) staining and viral titer determination were
performed as previously described (Cosset et al., 1995b); re-
sults are presented as LacZ infectious units (IU) per milliliter.

Infection assays using antibody-coated cells and
virions carrying ZZ-HA chimeras

Target cells were detached with Versene, 0.02% in PBS.
Cells (6 X 10*) were incubated with, or without, anti-EGF re-
ceptor antibodies for 30 min at 4°C. Viral supernatant (300 pl),
containing Polybrene (4 pg/ml), was added and cells were in-
cubated for 1 hr at 4°C. The supernatant was then removed and
cells were washed twice with ice-cold PBS complemented with
2% FCS. The cells were then seeded in 24-well plates in reg-
ular medium, incubated for 48 hr, and stained with X-Gal as
described above.

RESULTS

Construction of chimeric hemagglutinins

Four different chimeric HA glycoproteins were generated by
inserting, at position +1 at the amino terminus of the FPV HA
envelope glycoprotein, one of the following ligands (Fig. 1):
(1) the human epidermal growth factor (EGF, 53 amino acids)
for the EGF-HA -expressing construct; (2) an scFv miniantibody
(244 amino acids) recognizing human MHC class I molecules
for the MHC-HA construct; (3) an scFv miniantibody (246
amino acids) recognizing the high molecular weight melanoma-
associated antigen (HMWMAA) for the MAA-HA construct;
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or (4) the IgG-binding domain (126 amino acids) derived from
Staphylococcus aureus protein A (a synthetic domain based on
domain B of protein A) inserted as a dimer for the ZZ-HA con-
struct.

In all chimeric constructs, the same transcription signals
[CMYV promoter and SV40 poly(A) sequence] as well as the
signal peptide of Mo-MuLV envelope of glycoprotein were
used. Amino acid alignment of the HA glycoproteins from dif-
ferent influenza subtypes reveals that after cleavage of the sig-
nal peptide the remaining amino termini differ in length (Nobu-
sawa et al., 1991). The HA1 subunit from influenza subtype
H3 has an amino-terminal “tail” nine amino acids (aa) longer
than that of other influenza virus types such as FPV. We have
used a 7-aa peptide (encoded by the No:l site) in association
with the 9-aa tail derived from H3 HA to constitute a 16-amino
acid spacer between the added ligand and the amino terminus
of the HA glycoprotein of FPV. This was done so that the lig-
ands would be more distant from the HA backbone domains
and would thus facilitate proper folding and function of either
protein domain.

Expression and virion incorporation

Wild-type HA or HA chimeras were transiently expressed in
TELCeB6 cells, which provide MuLV retroviral core particles
and a lacZ retroviral vector. Lysates of the transfected cells
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FIG.2. Detection of envelope glycoproteins. Immunoblots of
lysates of nontransfected (control) TELCeB6 cells, or of TEL-
CeB6 cells transfected with the wild-type HA (wt) or with the
indicated chimeric HA expression constructs (A), and im-
munoblots of pellets of viral particles produced from the trans-
fected cells (B). Blots were stained with an anti-HA serum. The
positions of the HA precursors (HA() and of the processed HA 1
and HA2 subunits are indicated. The bottom part of the im-
munoblot of viral pellets was stained with anti-p30 antibodies
to reveal the retroviral capsid p30-CA protein.
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were analyzed by immunoblotting, using a polyclonal serum
against HA (Fig. 2). The FPV HA glycoprotein is synthesized
as a precursor (HA(), which is subsequently cleaved by ubiq-
uitously expressed cellular proteases into two subunits, HA1
and HA2, which remain disulfide linked (Klenk and Garten,
1994). The additional binding domain of the chimeric HA gly-
coproteins should remain associated with the HA1 subunit af-
ter cleavage of HA. As expected, in the case of the wild-type
HA or EGF-HA proteins the envelope precursors could be de-
tected at 90 and 110 kDa, respectively. Similarly, the precur-
sors of MHC-HA, MAA-HA, and ZZ-HA chimeras could be
detected at 140 kDa, consistent with the size differences of their
respective ligands. All envelope precursors were cleaved and
the resulting HA1 processed subunits were detected at 65 kDa
for the wild-type HA, at 75 kDa for the EGF-HA chimera, and
at about 85 kDa for the other chimeric HA subunits (Fig. 2A).
For most HA chimeras, both HA, and HA1 proteins were ex-
pressed at levels comparable to those of wild-type HA, with the
exception of the MAA-HA chimera, which was expressed to a
lower level. Concerning only the EGF-HA chimeric envelope
glycoprotein, in addition to the expected band corresponding to
the chimeric HA1, a faint band that migrated to the same point
as wild-type HA1 subunit could be detected in virion pellets
and probably resulted from cleavage between the EGF domain
and the HA1 subunit. Similar unexpected cleavage products
have been observed in EGF-fusion retroviral envelope chimeras
and have been attributed to the C-terminal end amino acid se-
quence of EGF that acts as a cleavage site for a cell protease
(Peng et al., 1998).

To determine whether the chimeric HA glycoproteins were
incorporated into retroviral particles, the supernatant from TEL-
CeB6 cells transfected with the HA chimeras were ultracen-
trifuged to sediment the viral particles, and the viral pellets were
analyzed by immunoblotting with the anti-HA serum. The
chimeric HA envelope glycoproteins were readily detected in
the virion samples at the expected sizes and at levels compa-
rable to that of wild-type HA (Fig. 2B). Three specific bands
could be detected in most samples and corresponded to the HA
precursors, to the HA1 subunits, and to the HA2 subunit that
migrated to the 33-kDa point for all chimeras. As expected from
its weak expression in cell lysates, the protein precursor of the
MAA-HA chimera could not be detected in virion pellets and
the intensity of its HA2 band was faint. In contrast, the inten-
sities of the protein precursor and of the HA1 subunit for the
ZZ-HA chimera were strong compared with the other HA
chimeras (Fig. 2). This was due to the ability of the displayed
ZZ 1gG-binding domain to bind directly to the Fc domain of
the conjugate antibody (data not shown).

Binding of viral particles to the
corresponding receptors

The binding of virions bearing each of the chimeric HA en-
velopes was verified on cells expressing the targeted receptors.
Target cells were incubated at 4°C with the viral supernatant
and binding of the HA chimeras was measured by FACS analy-
sis using anti-HA antibodies. At this temperature binding of HA
to sialic acid was not (or was hardly) detectable for all of the
target cell types analyzed (Figs. 3A, 4A, and 5A).

Binding of the MHC-HA chimera was carried out on A431
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Binding assays of MHC-HA-bearing virions. The indicated cells were incubated with supernatant containing virions

generated with wild-type HA glycoproteins (thick line) (A) or incubated with supernatants containing virions carrying MHC-HA
glycoproteins (thick line) (B). The background of fluorescence was provided by incubating the cells with supernatant containing
retroviral particles devoid of envelope glycoproteins (thin line). The indicated cells were stained with an anti-MHC class I mon-
oclonal antibody (thick line) or with the conjugate antibody only (thin line) (C).

human cells, which express high amounts of the MHC class I
molecules compared with mouse NIH 3T3 cells, which stained
negatively for human MHC class I antigens (Fig. 3C). Virions
carrying the MHC-HA chimeras could bind efficiently to A431
cells but not to 3T3 cells (Fig. 3B), suggesting that binding of
virions generated with MHC-HA glycoproteins was specifically
due to interaction with the human class I molecules.

Binding of the EGF-HA-bearing retroviruses was carried out
on A431 cells, expressing high numbers of EGF receptors (Fig.
4C). Virions carrying the EGF-HA chimera (Fig. 4B), but not
virions loaded with wild-type HA glycoproteins (Fig. 4A),
could bind efficiently to the target cells. Moreover, EGF-HA-
carrying virions could not bind to 3T3 or CHO cells, which ex-
press few or no EGF receptors, respectively (data not shown).
Furthermore, EGF-HA binding to A431 cells could be com-
peted by using soluble recombinant human EGF (rEGF). In-
deed, preincubation of the A431 target cells with rEGF, at 37°C

for 30 min, resulted in downregulation of the EGF receptors
from the cell surface (Fig. 4C) and dramatically reduced the
binding of virions carrying EGF-HA chimeras to A431 cells
(Fig. 4B). As a control, preincubation with rEGF had no effect
on the cell surface expression of MHC class I molecules (Fig.
4C) and, as expected, did not decrease the binding of virions
generated with MHC-HA chimeric envelope glycoproteins (Fig.
4B). In addition, binding assays were performed with pelleted
viral particles obtained by ultracentrifugation of supernatants
of EGF-HA virus producer cells. Binding of the viral particles
was then revealed, as described previously (Hatziioannou et al.,
1998), by using an anti-EGF neutralizing monoclonal antibody
and the results indicated that the EGF-HA chimera could me-
diate binding of the virions to A431 cells (data not shown). Al-
together these data demonstrated that virions carrying EGF-HA
chimeric glycoproteins could interact specifically with the tar-
geted EGF receptors.
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Binding of MAA-HA was performed on TE671 cells, which
express high densities of HMWMA A antigens (Fig. 5C). Mouse
3T3 cells, which stained negatively for HMWMAA antigens
(Fig. 5C), were used as controls. Wild-type HA mediated no or
little binding at 4°C to either cell type (Figs. 3A and 5A) and,
as expected, the MAA-HA chimera mediated no binding to
mouse 3T3 cells (Fig. 5B). In contrast, virions generated with
MAA-HA chimeric glycoproteins could bind strongly to HMW-
MAA-positive TE671 cells (Fig. 5B). This binding could be
competed by preincubation of the target cells with the parental
anti-HMW MAA monoclonal antibody (Fig. 5B), thus demon-
strating the specificity of interaction between HMWMA A anti-
gens and virions carrying MAA-HA proteins.

The ZZ 1gG-binding domain derived from Staphylococcus
aureus protein A (Nilsson et al., 1987) has a strong affinity for
the Fc region of various mammalian 1gGs, particularly those
from mouse (Harlow and Lane, 1988). Thus, as a step toward
obtaining a versatile retargeted vector, we displayed the ZZ
IgG-binding domain on HA proteins. In theory, coating of ei-
ther the target cell surface or the ZZ-displaying viral particles
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with a predetermined antibody should allow a specific interac-
tion between the chimeric viral particle and the desired cell sur-
face molecule. To test the feasibility of this strategy, we used
a mouse monoclonal antibody directed against the EGF recep-
tor. A431 EGF receptor-positive cells were preincubated with
anti-EGF receptor antibodies and subsequently incubated with
the ZZ-HA-bearing virions. While viruses carrying the ZZ-HA
chimeras could hardly bind to uncoated A431 cells, they bound
easily to cells coated with the anti-EGF receptor antibody (Fig.
6) with an efficiency similar to that of viral particles carrying
EGF-HA chimeric envelopes (Fig. 4B).

Collectively, these results demonstrated that the display of
different ligands on the amino terminus of HA protein enables
a specific retargeted binding of the chimeric virions to the ex-
pected cell surface molecules.

Infectivity of chimeric HA pseudotyped virions

Although the addition of ligands at the amino-terminal end
of the HA protein allows the specific recognition of the targeted
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Binding assays of EGF-HA-bearing virions. Binding of viruses carrying wild-type HA (wt-HA) to A431 cells (thick

line) (A). Binding of viruses carrying EGF-HA or MHC-HA, as indicated, to A431 cells untreated (thick line) or preincubated
with rEGF (broken line) (B). The background fluorescence was provided by incubating the A431 cells with retroviruses devoid
of envelope glycoproteins (thin line). A431 cells, untreated (thick line) or preincubated with rEGF (broken line), were stained
with an anti-EGF receptor or with anti-MHC class I antibodies, as indicated. The background of fluorescence (thin line) was pro-
vided by incubating the cells with conjugate antibodies only (C).
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Binding assays of MAA-HA-bearing virions. Binding of viruses carrying wild-type HA (wt-HA) to TE671 cells (thick

line) (A). Binding of viruses carrying MAA-HA chimeras to the indicated target cells preincubated (broken line), or not (thick
line), with anti-HMWM A A monoclonal antibody (B). The background fluorescence was provided by incubating the cells with
retroviruses devoid of envelope glycoproteins. The indicated cells were stained with an anti-HMWM AA monoclonal antibody

(thick line) or with the conjugate antibody only (thin line) (C).

cell surface molecules, the modification leaves the sialic acid-
binding site intact. Despite the low or undetectable binding of
wild-type HA and of HA chimeras to the natural HA receptor
at 4°C (Figs. 3A, 4A, and 5A), binding of wild-type HA is de-
tectable (although weak) at temperatures permissive for infec-
tion assays, i.e., 37°C (data not shown). Since the natural re-
ceptor of FPV HA is expressed on a wide range of cell types,
both this receptor and the receptor recognized by the displayed
ligand may contribute to the infectivity of the chimeric retro-
viruses.

Infection assays performed at 37°C on a variety of cell types
indicated that retroviral vectors carrying the EGF-HA, MHC-
HA (Fig. 7B), and ZZ-HA (data not shown) chimeric HA gly-
coproteins were highly infectious with titers similar to those of
retroviruses carrying wild-type HA glycoproteins (Fig. 7A), in
the range of 10*~10° IU/ml. In contrast, as detailed below, the
titers of vectors carrying the MAA-HA chimera were signifi-
cantly reduced (Fig. 7B). Thus the addition of most ligands on
the amino terminus of HA did not seem to affect the fusion ac-
tivity of the chimeric HA glycoprotein.

Next, to determine whether binding of the displayed ligand
to its receptor played a role during infection, we performed in-

fection assays on cells that expressed the targeted receptor and
compared the results with those of cells that did not express the
targeted cell surface molecule. For each HA chimera, the choice
of either cell type was dictated both by the results of binding
assays (Figs. 3 to 6) and by their equivalent susceptibility to in-
fection with wild-type HA-carrying retroviruses that use the
same receptor for all tested cell lines (Fig. 7A). To indicate
clearly the specific differences for a given HA chimeric enve-
lope to allow infection of targeted cells versus control cells (Fig.
7B), the small differences in permissivity among the different
cell types used were normalized by using the wild-type HA
pseudotype as controls.

Retroviral vectors carrying EGF-HA chimeras were highly
infectious on EGF receptor-positive A431 target cells as well
as on EGF receptor-ne gative CHO cells, with titers higher than
10* IU/ml (Fig. 7B). Titers were enhanced by approximately
twofold on A431 cells compared with CHO cells (Fig. 7B),
thus suggesting that binding to EGF receptors could slightly
increase the infectivity of the retroviruses but that infection
mainly occurred via interaction with the natural FPV HA re-
ceptor. These results therefore indicated that the sialic acid-
binding sites on the EGF-HA chimera were readily accessi-
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FIG. 6. Binding assays of ZZ-HA chimeras. Binding of
viruses carrying ZZ-HA chimeras on uncoated A431 cells (thin
line) or on A431 cells coated with anti-EGF receptor antibod-
ies (thick line). The background of fluorescence was provided
by incubating retroviruses devoid of envelope glycoproteins
with A431 cells (dotted line) or with A431 cells coated with
anti-EGF receptor antibodies (dashed line). To minimize the
cross-reaction with anti-EGF receptor mouse monoclonal anti-
bodies, excess amounts of mouse IgGs were added during in-
cubation with the conjugate antibodies.

ble and that the displayed EGF did not abrogate the wild-type
HA tropism.

Retroviral vectors carrying MHC-HA chimeras were also
highly infectious on human MHC-I antigen-positive A431 tar-
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get cells as well as on MHC-I antigen-negative mouse 3T3 cells
(Fig. 7B), confirming the availability of the wild-type HA re-
ceptor-binding site for this chimera. However, titers on the tar-
get A431 cells were enhanced by sixfold compared with those
on 3T3 nontarget cells (Fig. 7B). These data suggested that the
displayed anti-MHC-1 scFv could contribute, at least to some
extent, to a selective retargeted infection.

A431 cells coated with anti-EGF receptor antibodies were
used as target cells for retroviruses carrying ZZ-HA chimeras
able to bind the Fc domain of various IgG subclasses. To avoid
internalization of cell surface-bound antibodies, infection as-
says were carried out at 4°C, thus resulting in lower titers rel-
ative to infection assays performed at 37°C (data not shown).
Compared with uncoated A431 cells used as nontarget cells, a
reproducible increase in infectivity, by fourfold, was detected
on the anti-EGF receptor-coated A431 cells (Fig. 7B). In con-
trast, infectivity of retroviruses carrying wild-type HA glyco-
proteins was slightly reduced on anti-EGF receptor-coated
A431 cells (9 X 10% TU/ml) compared with intact A431 cells
(1.7 X 10% IU/ml). In addition, no increase in titers of viruses
carrying ZZ-HA chimeras was detected on EGF receptor-neg-
ative CHO cells (data not shown). These results suggested that,
similar to retroviruses loaded with MHC-HA or EGF-HA
chimeras, the ZZ displayed domain could optimize the infec-
tivity of retroviral vectors.

In contrast to the three former chimeras, retroviruses gener-
ated with MAA-HA glycoproteins could hardly infect HMW-
MA A-negative nontarget 3T3 cells (Fig. 7B), although the lat-
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Infection assays with retroviruses carrying the chimeric HA glycoproteins. Infectivity of retroviruses pseudotyped with

wild-type HA glycoproteins (A). The cells used for infection assays with retroviruses carrying wild-type HA are indicated. Infec-
tivity of retroviruses pseudotyped with chimeric HA glycoproteins (B). For each HA chimera, the infectious titers on the nontarget
cells, which express only the wild-type HA receptor (gray columns), and on the target cells, which express both the HA receptor
and the targeted receptor cells (hatched columns), are indicated. For each HA chimera, titers on the nontarget cells were normal-
ized to take into account the differences of permissivity between the target cells and the nontarget cells, by using the formula:

(normalized titer)yt = (titer)yt X (HA titer)/(HA titer)nt

where (titer)yt is the titer of the retrovirus carrying a chimeric HA protein on nontarget cells, (HA titer)y is the titer of the retro-
virus carrying a wild-type HA protein on target cells, and (HA titer)yt is the titer of the retrovirus carrying a wild-type HA pro-
tein on nontarget cells. Results of three independent experiments are shown. For infections with the ZZ-HA pseudotyped viri-
ons, the target cells were A431 cells coated with the anti-EGF.R antibody whereas the nontarget cells were intact A431 cells. In
these experiments infections were carried for 1 hr at 4°C to eliminate endocytosis of the cell surface-bound antibody.
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ter cells were fully susceptible to infection with retroviral vec-
tors carrying wild-type HA glycoproteins (titers of 4 X 10*
IU/ml; Fig. 7B). Interestingly, HMWMAA-positive TE671
cells used as target cells could be infected at significant titers,
3 X 103 IU/ml on average, by retroviral vectors loaded with the
MAA-HA chimeras. This difference in infection efficiency
could be due to the ability of the displayed anti-HMWMAA
scFv to mask the sialic acid-binding site on the HA backbone,
which may prevent infection on 3T3 nontarget cells and allow
efficient infection of TE671 target cells via interaction with
HMWMAA. However, it is also possible that the lower density
of MAA-HA chimera on the retroviral particles (Fig. 2B) be-
comes a limiting factor and reveals the differential ability of
the HA backbone to infect these two cell lines.

Altogether, these data indicated the variable influence of the
amino-terminal displayed domain on HA interaction with sialic
acid-bearing receptors and suggested that retargeted retrovirus-
mediated gene transfer using HA chimeras is feasible, depend-
ing on the success of a general strategy aimed to ablate the wild-
type HA host range.

DISCUSSION

Strategies of retroviral vector targeting by modification of
their envelope glycoproteins fall into two broad classes.

In the first strategy, referred to as “targeting by host range
extension,” the tropism of the vector is expanded. In most cases,
this is achieved by incorporating a new receptor-binding do-
main into the viral envelope (generally the ecotropic MuLV en-
velope), so as to allow it to infect nonpermissive cells, such as
human cells that lack the natural viral receptor. This strategy
relies on the assumption that binding of the added ligand to the
targeted cell surface molecule will activate the fusion mecha-
nism of the chimeric glycoprotein. Although for MuLV-derived
retroviral vectors such a strategy has worked with limited suc-
cess in some cases (Cosset et al., 1995a; Marin et al., 1996;
Konishi et al., 1998; Martin et al., 1998), it was found that most
of the molecules targeted failed to allow entry of the virus, of-
ten because the fusogenicity of such envelope chimeras was se-
verely compromised (Cosset and Russell, 1996). It is thus likely
that this approach will not prove useful for most gene transfer
applications owing to the low titers of retargeted retroviruses,
unless mutations are found that couple the fusion activity and
the retargeted binding properties of the chimeric envelopes. In-
deed, it seems possible that the optimization of the interdomain
spacing between the displayed ligand and the backbone enve-
lope (Valsesia-W ittmann ez al., 1996), the coincorporation of
nonretroviral fusion glycoproteins (Hatziioannou et al., 1998),
and the discovery of mutations in the backbone envelope that
can facilitate the conversion of the envelope glycoprotein to its
fusogenic conformation (Lavillette ef al., 1998) will improve
retargeted envelope glycoproteins that rely on host-range ex-
tension.

In the second class of targeting strategies, referred to as “tar-
geting by host-range restriction,” the target cells are fully per-
missive to the unmodified envelope glycoprotein (generally the
amphotropic envelope) and the targeting modifications serve
primarily to restrict infection of nontarget cells (Cosset and Rus-
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sell, 1996). An advantage of targeting by host-range restriction
is that, because the natural virus entry pathway is exploited, fu-
sion activation of the chimeric envelope is more readily
achieved. Since, by itself, the amino-terminal insertion of
polypeptides does not generally prevent the ability of the en-
velope glycoprotein to interact with its retroviral receptor and
to proceed to virus—cell membrane fusion, the display of lig-
ands on amphotropic envelopes has resulted, in some cases, in
a selective targeting (Martin et al., 1998; Nguyen ef al., 1999).
In these chimeras the displayed ligand presumably “tethers” the
chimeric virus to the cell surface and allows a preferential in-
fection of cells that express both the targeted cell surface mol-
ecule and the amphotropic retroviral receptor, compared with
cells that express only the latter receptor. To obtain a highly
specific retargeted gene delivery, more sophisticated strategies
have aimed at reversibly masking the amphotropic binding
and/or fusion functions so as to recruit the amphotropic recep-
tor only when the chimera has bound to the targeted receptor,
and to use it as an auxiliary molecule able to promote mem-
brane fusion (Morling et al., 1997; Peng et al., 1997, 1998;
Valsesia-W ittmann et al., 1997). Masking of the retroviral en-
velope can be achieved using trimerizing cleavable spacers that,
when inserted between the displayed ligand and the am-
photropic envelope, are able to mask its properties by “capping”
the envelope complex and then remove the ligand cap by pro-
teolytic digestion of the interdomain spacer (Morling et al.,
1997). Although the addition of an interdomain spacer intro-
duces an additional degree of specificity to the targeting gly-
coprotein, the usefulness of this strategy requires that the tar-
get cells express three specific molecules to activate the
chimeric envelope: (1) the targeted cell surface molecule,
(2) the membrane-expressed protease, and (3) the retroviral
receptor.

To achieve membrane fusion, both classes of targeting strate-
gies require the activation of the fusion functions of the retro-
viral glycoprotein backbone, whether such activation is trig-
gered by the interaction of the displayed ligand with its receptor
(in the case of targeting by host-range extension) or by inter-
action with the retroviral receptor itself subsequent to redirected
binding (for targeting by host-range restriction). It should be
noted that the signals that trigger the fusion activation of the
retroviral glycoproteins are promiscuous, in that they essentially
reside in intrinsic properties of the retroviral receptor (Weiss
and Tailor, 1995). Indeed, virion binding to the retroviral re-
ceptor itself is sufficient to induce essential changes in the con-
formation of the retroviral envelope complex (Gilbert et al.,
1995; Sullivan et al., 1998) that will ultimately lead to expo-
sure of the fusion peptide located at the amino terminus of the
TM subunit. In contrast, the signals that trigger the fusion ac-
tivation of the influenza virus HA glycoproteins are much less
specific since HA proteins can use different sialic acid-harbor-
ing glycoproteins or glycolipids as receptors (Wiley and Ske-
hel, 1987) and since either partial denaturation or increases in
temperature (Carr et al., 1997) as well as acid pH, the physio-
logical trigger, can activate HA proteins independent of their
binding to receptors (Nobusawa and Nakajima, 1987). There-
fore, it is expected that, in contrast to retroviral envelope gly-
coproteins, the insertion of ligands on the HA protein is less
likely to interfere with its fusion trigger.

The goal of the present study was to investigate whether the
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display of ligands of varying length and nature would modify
the binding and fusion properties of the HA glycoprotein and
whether retroviral vectors would be able to incorporate such re-
targeted HA chimeras. Similar to retroviral envelope chimeras,
we found that HA chimeras could be efficiently expressed, were
correctly matured and processed, were stably incorporated on
retroviral particles, and could specifically target the binding of
these virions. However, in sharp contrast to retroviral envelope
chimeras, none of the targeted receptors abolished infectivity
of retroviral vectors loaded with the HA chimeras on receptor-
positive cells. Indeed, an essential feature of several categories
of targeted receptors, such as tyrosine kinase receptors, is that
they induce sequestration of bound viral particles, thus result-
ing in abrogation of their infectivity (Cosset et al., 1995a; Field-
ing et al., 1998). For example, amphotropic retroviral envelope
glycoproteins that display EGF cannot infect human cells that
express both EGF receptors and amphotropic receptors (Cosset
et al., 1995a; Nilson et al., 1996), presumably because EGF re-
ceptors can sequester and/or traffick bound retroviruses to cell
compartments that are not compatible with interaction with the
amphotropic receptors (Cosset and Russell, 1996). Conversely,
we found that retroviruses generated with EGF-HA chimeras
were infections on A431 cells and had titers similar to those of
retroviral particles carrying wild-type HA proteins. The absence
of receptor sequestration for retroviruses coated with chimeric
HA glycoproteins is therefore promising for the development
of targeting strategies since it is anticipated that most retrovi-
ral chimeric glycoproteins fused to cytokines (Cosset et al.,
1995a; Fielding et al., 1998), or even to some single-chain an-
tibodies (A. Weber, personal communication), will lead to virus
sequestration.

Although some polypeptides displayed on HA might signif-
icantly restrict the interaction of the chimeric HA with its wild-
type receptor (as, e.g., the anti-HM WMAA single-chain anti-
body), it is clear that the development of targeting strategies
that use chimeric HA proteins requires a general method to im-
pede binding to the wild-type HA receptor. It is important to
point out, first, that the fusion activation of HA by acid pH does
not necessarily require its binding to sialic acid-harboring re-
ceptors (Nobusawa and Nakajima, 1987) and, second, that many
types of receptor candidates for targeting can recycle from the
cell surface and traffick into low-pH endosomes (Schwartz,
1995; Mukherjee et al., 1997). Therefore it is likely that the fu-
sogenicity of HA chimeric glycoproteins bound to various tar-
geted cell surface molecules will be activated during endocy-
tosis and trafficking inside the cell, even if the HA chimeras
are not attached to the wild-type HA receptors. We are cur-
rently exploring the possibility of inactivating the receptor-
binding site of FPV HA by point mutation of amino acids crit-
ical for interaction with sialic acid. This will render the targeting
strategy reported here applicable to a large number of ligands.
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