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We sought proof of principle that one of the safest human vaccines, measles virus Edmonston B (MV-Edm),
can be genetically modified to allow entry via cell surface molecules other than its receptor CD46. Hybrid
proteins consisting of the epidermal growth factor (EGF) or the insulin-like growth factor 1 (IGF1) linked to
the extracellular (carboxyl) terminus of the MV-Edm attachment protein hemagglutinin (H) were produced.
The standard H protein gene was replaced by one coding for H/EGF or H/IGF1 in ¢cDNA copies of the MV
genome. Recombinant viruses were rescued and replicated to titers approaching those of the parental strain.
MYV displaying EGF or IGF1 efficiently entered CD46-negative rodent cells expressing the human EGF or the
IGF1 receptor, respectively, and the EGF virus caused extensive syncytium formation and cell death. Taking
advantage of a factor Xa protease recognition site engineered in the hybrid H proteins, the displayed domain
was cleaved off from virus particles, and specific entry in rodent cells was abrogated. These studies prove that
MY can be engineered to selectively eliminate cells expressing a targeted receptor and provide insights into the

mechanism of MV entry.

Measles virus (MV) is a nonsegmented negative-strand RNA
virus of the family Paramyxoviridae, genus Morbillivirus. It re-
mains one of the leading causes of infant death in developing
countries, but live attenuated vaccines derived from the MV
strain Edmonston B (MV-Edm) have almost completely elim-
inated measles-related fatalities in countries that have adopted
compulsory vaccination (13). We aim to transform MV-Edm,
an extremely cost-effective public health tool, into a replicating
vector for cytoreductive therapy. Restriction of cell entry
through the use of receptor-specific virus attachment is the
approach that we are developing to achieve selective MV rep-
lication in target cells. To this end, we describe here the pro-
duction of dual tropic MV-Edm derivatives that specifically
enter rodent cells through a targeted receptor.

The MV envelope is composed of two glycoproteins: the
hemagglutinin (H) and the fusion (F) protein. The H protein
binds directly to the cellular receptor (17), and the F protein,
containing a putative hydrophobic fusion peptide, executes
fusion between the viral and the cell membrane at a neutral pH
(50). A cellular receptor for MV-Edm is the type I glycoprotein
CD46 (18, 34), a ubiquitous regulator of complement activa-
tion expressed in humans and Old World monkeys. CD46 is a
major determinant of virus tropism, and its expression allows
MV binding, entry, and replication in normally nonsusceptible
rodent cells (6, 18, 33). The CD46 extracellular part consists of
four complement control protein domains (CCP) and other
small repeats (30). The viral H protein binds initially the two
most distal domains, CCP 1 and 2 (6, 32), followed by second-
ary contacts with CCP 4 (12, 16). Several CCP 1 and 2 amino
acids important for virus binding have been identified (5, 22),
and the crystal structure of these domains (8) reveals an ex-
tended binding surface.

It is well established that the MV H protein is the major
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determinant of MV entry and cell tropism (47), but limited
information is available on the residues of the H protein mak-
ing CD46 contacts. A recent study identified amino acids 473
to 477 as a site involved in H-CD46 interaction (37). Further-
more, two amino acids, at positions 451 and 481, are critical for
determining the ability of MV strains to cause hemabsorption,
cell fusion, and CD46 downregulation (2, 29). In particular,
tyrosine 481 found in MV-Edm appears to strongly influence
the efficiency of CD46 binding in a baculovirus-based cell-
binding assay (23). Nevertheless, a recombinant virus with a
wild-type H protein (including asparagine 481) does propagate
in Vero cells, though not as efficiently as MV-Edm (24). Fur-
thermore, certain clinical MV isolates are able to infect mouse
lymphocytes expressing CD46, but infection of human periph-
eral blood monocytic cells is not inhibited by the presence of
anti-CD46 antibodies (31). We also note that in the attenua-
tion process, MV-Edm was passaged in chicken embryo fibro-
blasts, which do not express a molecule antigenically related to
human CD46 (20). Therefore, different MV strains, with
slightly different attachment proteins, may recruit alternative
cell surface proteins to support entry.

The possibility of producing viruses selectively entering a
cell type of choice after binding to a specific receptor has
generated much interest because of its application for the
delivery of therapeutic genes and for the elimination of dele-
terious cells. Adenoviruses and retroviruses have been the first
virus families explored for retargeting at the entry level, be-
cause they have distinctive advantages as vectors for the deliv-
ery of therapeutic genes. However, so far these efforts have
met only limited success (39). One of the major obstacles in the
development of retargeted viruses is the necessity of preserving
accurate and efficient virus assembly and subsequent cell entry,
while displaying a specificity determinant on the virus coat.
The cell attachment and fusion functions being separated on
two proteins in MV, we reasoned that this virus might be more
easily amenable to retargeting at the level of entry.

On the basis of the observation that certain wild-type MV
have the 35 carboxyl-terminal H amino acids deleted (36), we
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tested the possibility of retargeting MV by adding large spec-
ificity domains to the extracellular (carboxyl) H-protein termi-
nus. Indeed, hybrid H proteins retained the fusion help func-
tion in a transient expression assay. Thus we attempted to
produce recombinant viruses incorporating these proteins in-
stead of H. These viruses were rescued and replicated to titers
approaching those of the parental strain in certain primate
cells. Most importantly, these viruses acquired the capacity of
entering nonprimate cells expressing the cognate protein of the
displayed specificity domain.

MATERIALS AND METHODS

Plasmids. The parental plasmids pCG-F and pCG-H code for the F and H
proteins of MV-Edmonston (9). Plasmids pCG-H/Sfil/NotI and pCG-H/XSfil/
Notl, the second including a factor Xa (FXa) protease cleavage signal before the
Sfil/NotI cloning sites, were constructed and digested with Sfil and NotI to
provide the backbone in which the coding regions for the displayed domains were
inserted. The constructs pCG-H/hEGF, pCG-H/XhEGF, pCG-H/hIGF1, and
pCG-H/XhIGF1 were made by transferring the Sfil/NotI human epidermal
growth factor (hNEGF) and human insulin-like growth factor 1 (hIGF1) fragments
from pEGF-GS1A1 (38) and pIGFNALI (11), respectively, into Sfil/NotI-digested
pCG-H/Sfil/NotI and pCG-H/XSfil/Notl. The coding sequence of the linker
region (IEGRAAQPAMA, one-letter code) is 5'-ATCGAGGGAAGGGCGG
CCCAGCCGGCCATGGCC-3'". The four constructs were tested to verify their
functionality in cell fusion assays.

The Pacl-Spel fragments containing the hybrid H genes were corrected to
comply with the rule of six (7) by a PCR deleting one nucleotide between the stop
codon (underlined) and the Spel site (italics), the final sequence being 5'-TAG
TAACTAGT. The fragments were then inserted into Pacl-Spel-digested
p(+)MV-NSe (44) encoding the MV Edmonston antigenome, yielding plasmids
p(+)MV-H/MEGF, p(+)MV-H/XhEGF, p(+)MV-H/hIGF1, and p(+)MV-H/
XhIGF1.

Plasmids p(+)MV#"-H/XhEGF and p(+)MV#*<“"-H/XhIGF1 encoding the
enhanced green fluorescent protein as an additional transcription unit upstream
of the N gene (21) were constructed using a unique Sacll restriction site located
within the P gene and the Spel site found downstream of the H coding region.
The Sacll/Spel fragments from p(+)MV-H/XhEGF and p(+)MV-H/XhIGF1
containing the hybrid H genes were inserted into the Sacll/Spel opened back-
bone of p(+)MV# <" (19).

Cells, viruses, and infections. Cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal calf serum (DMEM-5) for Vero (African
green monkey kidney) and A431 (human carcinoma) cells or with 10% fetal calf
serum (DMEM-10) for CHO (Chinese hamster ovary) cells or in DMEM-10
containing 1 mg of G418/ml for the rescue helper cell line 293-3-46 (human
embryonic kidney), CHO-hEGFr, CHO-hEGF.tr, and 3T3-hIGFl1r (mouse fi-
broblast) cells. The Edmonston B-based parental MV strain and all its recom-
binant derivatives were rescued, propagated, and purified basically as described
previously (41). Viral titers were determined by 50% end-point dilution assays
(10).

Infections were generally performed in Opti-MEM I reduced serum medium
(O-MEM,; Gibco). One day prior to infection, 4 X 10° cells were seeded into a
35-mm well. Before infection, cells were washed with 2 ml of O-MEM, and the
infection was performed in 1 ml of O-MEM for 1 to 2 h at 37°C. The cells were
washed again in 2 ml of O-MEM and overlaid with 2 ml of DMEM-5 or
DMEM-10, depending on the cell line infected.

One-step growth analysis. Vero cells (5 X 10°) were infected with parental and
recombinant MV at a multiplicity of infection (MOTI) of 3 for 2 h. After infection,
the cells were overlaid with 1 ml of DMEM-10, and incubation was continued at
32°C. Released and cell-associated virus samples were collected at different times
postinfection. Cell-associated virus was subjected to one cycle of freezing-thaw-
ing, and then the samples were stored at —80°C for at least 4 h prior to titration.
Before titration, the samples were centrifuged in a table-top centrifuge (Spec-
trafuge 16M; Labnet) for 2 min at 8,000 rpm to remove cell debris.

Purification of viral particles. For each virus, two T175 bottles (Falcon) with
Vero cells of 80% confluency (2 X 107) were infected at a MOI of 0.1 for 2 h at
37°C. The infection solution was replaced by 20 ml of DMEM-5, and cells were
incubated at 32°C until 80 to 100% of all nuclei were found in syncytia. Super-
natants were collected in 36-ml polypropylene tubes (Sorvall) and were clarified
by 30 min of centrifugation at 8,000 rpm in a Surespin 630 rotor (Sorvall).
Clarified supernatants were transferred into new 36-ml tubes and were pelleted
by velocity centrifugation (2 h at 28,000 rpm in a Surespin 630 rotor) through
20% sucrose onto a 60%-sucrose cushion prepared in TNE buffer (10 mM
Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM EDTA [pH 7.5]). The fraction contain-
ing the virus was harvested, diluted by the addition of TNE, and pelleted at the
bottom of the tube by 2 h of centrifugation at 28,000 rpm. After careful removal
of all liquid, viruses were dissolved in 200 pl of phosphate-buffered saline (PBS;
Gibco) and stored at —80°C.

Receptor saturation assays. Vero, CHO-hEGFr, and 3T3-hIGF1r cells (5§ X
10°) were incubated in 0.5 ml of O-MEM containing either hEGF or hIGF1
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(R&D Systems, no. 236-EG and 291-G1) for 30 min at 37°C. For infection,
another 0.5 ml of O-MEM containing the virus was added to each well, yielding
final hEGF and hIGF1 concentrations of 0.25 and 1 pM or 0.05 and 0.2 pM,
respectively, in 1 ml of O-MEM. Infection was allowed to continue for 3 h at
37°C. The cells were washed with 2 ml of O-MEM and were overlaid with
DMEM-10 without hEGF or hIGF1.

FXa protease pretreatment of viral particles. Virus stocks were diluted in
O-MEM to a concentration of 10* PFU in 20 pl. Forty microliters of diluted virus
was incubated with either 0.2 or 2 ug of FXa protease, yielding a concentration
of 5 or 50 wg of FXa/ml, respectively. After 1 h of incubation at 37°C, 2 ml of
O-MEM was added to each virus sample. Cells were infected with 1 ml of virus
sample per 35-mm well, as described above.

Immunoblotting. Approximately 5,000 PFU of purified virus in 10 pl of PBS
was lysed by the addition of 9 pl of lysis buffer (50 mM Tris [pH 8.0], 62.5 mM
EDTA, 1% IGEPAL CA-630 (former NP-40), 0.4% deoxycholate). Lysed virus
samples were adjusted to a volume of 20 wl with either 1 pl of PBS or with 1 pl
of a solution containing 1 pg of FXa protease (New England Biolabs)/pl, incu-
bated for 1 h at room temperature, and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The gels were blotted onto
polyvinylidene difluoride membranes (Millipore). The membranes were blocked
with 5% bovine serum albumin-5% skim milk powder in TBST (10 mM Tris [pH
8.0], 150 mM NaCl, 0.05% Tween 20) for 1.5 h at room temperature. They were
then incubated with either goat anti-MV antiserum diluted 1:1,000 (courtesy of
S. Udem) or rabbit anti-H cytoplasmic tail antiserum diluted 1:2,500 (10). After
intense washing, the proteins were visualized by incubation with peroxidase-
conjugated goat anti-rabbit immunoglobulin G (IgG; Jackson Immuno Research,
no. 111-035-003) or peroxidase-conjugated rabbit anti-goat IgG (Calbiochem,
no. 401504) for 1 h at room temperature and by subsequent treatment with
chemiluminescent substrate (Pierce, no. 34080ZZ).

ELISA. Enzyme-linked immunosorbent assay (ELISA) plates were coated
with 100 pl of 1-wg/ml dilutions of monoclonal anti-hEGF and anti-hIGF1
antibodies (R&D Systems, no. MAB236 and MAB291) for 2 h at 37°C and were
blocked by incubation with 200 wl of 1% blocking reagent (Boehringer Mann-
heim, no. 1 096 176) in Tris-buffered saline (TBS) (10 mM Tris [pH 8.0], 150 mM
NaCl). The plates were incubated with 100 pl of recombinant MV diluted in 1%
blocking solution overnight at 4°C. Plates were washed three times with 200 pl of
TBS, and bound virus was detected by incubation with 100 pl of a rabbit
anti-Hcterm specific antiserum diluted 1:100 in 1% blocking solution for 2 h at
4°C. The Hcterm antiserum was raised in rabbits against a peptide corresponding
to the 12 H-protein carboxy-terminal amino acids (NH,-CTVTREDGTNRR)
linked to keyhole limpet hemocyanin through the naturally occurring cysteine
(C). For detection, peroxidase-conjugated goat anti-rabbit IgG (Jackson Im-
muno Research, no. 111-035-003) diluted 1:5,000 in 1% blocking solution was
added for 1 h at 4°C, and after intense washing the color reaction was performed
using the POD substrate from Boehringer Mannheim (no. 1 363 727).

FACScan analysis. Expression levels of CD46, hEGFr, and hIGF1r were
determined by inoculating 5 X 10° cells in 50 ul of PBS with 1:100 dilutions of
monoclonal anti-CD46 clone 11/88 (courtesy of J. Schneider-Schaulies), mono-
clonal anti-hEGFr clone 528 (Santa Cruz, no. sc-120), and monoclonal anti-
hIGFIr clone 33255.111 (R&D Systems, no. MAB391) for 1 h on ice. After
washing, the cells were incubated with a 1:50 dilution of a fluorescein-conjugated
donkey anti-mouse IgG (Jackson Immuno Research, no. 715-095-151) for 30 min
on ice and were washed again, fixed in PBS containing 1% paraformaldehyde,
and analyzed.

To analyze virus binding, 10° CHO-hEGFr and 3T3-hIGFIr cells in a total
volume of 50 ul of PBS were incubated with 10* PFU of purified Edmonston or
recombinant MV for 2 h on ice. The samples were washed once in 3.5 ml of PBS
with 2% fetal calf serum (FCS) and incubated in 50 pl of PBS containing a 1:100
dilution of the monoclonal anti-H antibody 141 (43) for 1.5 h on ice. Subsequent
incubations were performed as described above.

RESULTS

H proteins displaying a specificity domain functionally re-
place standard H protein. As the first step towards the pro-
duction of retargeted MV, we investigated if a domain could be
appended to the extracellular terminus of this protein without
interfering with its fusion support function. The hEGF (53
amino acids) and the hIGF1 (70 amino acids) were selected as
prototype ligands because their interactions with the respective
receptors have been extensively characterized biochemically
and they have been functionally displayed on other viruses. A
hybrid protein was constructed in which the hEGF coding
region was fused in frame with the H coding region but with
the last two arginine residues eliminated to avoid the possibil-
ity of introducing an undesired furin cleavage site (H/hEGF;
Fig. 1A, second line from bottom). A flexible linker region
(AAQPAMA, one-letter code) was added between the do-
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FIG. 1. Genomic structure, protein composition, and replication of recombinant MV. (A) Plasmid p(+)MV-NSe coding for the MV antigenome (top), Pacl-Spel
fragments used for subcloning (center), and amino acid sequences (one-letter code) of the junctions between the H protein ectodomain and the specificity domains
(bottom). Coding regions of the six MV cistrons are represented by solid black boxes, the transmembrane segment of the F and H proteins by a horizontally lined box,
the FXa cleavage site and the flexible linker by a hatched box, and the ligand by a gray box. Arginine residues in parentheses have been deleted. For details see text.
(B) Protein composition of recombinant viruses. Viral particles were purified by centrifugation through a 20% sucrose layer onto a 60% sucrose cushion and subsequent
pelleting. The viruses were titrated, 5,000 PFU was subjected to lysis, and proteins were separated by SDS-PAGE. For immunodetection, a MV-specific antiserum was
used. (C) FXa protease sensitivity of hybrid H proteins. Purified viral particles (5,000 PFU) were lysed and incubated for 1 h without (=) or with (+) FXa protease
at room temperature. Proteins were separated by SDS-PAGE and detected with an H-specific antiserum. (D) FACS analysis of CD46 (interrupted line), IGF1r (dotted
line), and EGFr (continuous line) expression on Vero cells. Vertical axis, cell number; horizontal axis, fluorescence intensity. The greyed profile represents incubation
of the cells without the primary antibody. (E) Time course of released (left panel) and cell-associated (right panel) virus production in Vero cells infected with parental
MV (diamonds), MV-H/XhEGF (squares), and MV-H/XhIGF1 (triangles). Cells were infected at a MOI of 3 and were incubated at 32°C for the times indicated. Viral
titers were determined by 50% end-point dilution. Indicated values are averages of three experiments.
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mains to increase the probability of independent folding func-
tion. In another hybrid protein, an FXa protease cleavage site
(IEGR) was added before the linker region (H/XhEGF; Fig.
1A, second line from bottom). Analogously hybrid H/hIGF1
and H/XhIGF1 proteins were constructed (Fig. 1A, bottom
line). When the hybrid proteins were coexpressed with a MV F
protein, H/hEGF and H/XhEGF retained the same level of
fusion help as parental H, whereas the fusion help efficiency of
H/hIGF1 and H/XhIGF1 was reduced but remained clearly
over background (data not shown).

Based on these positive findings, we asked whether the hy-
brid H proteins could functionally replace H in viral particles.
For this we exchanged the H gene of an infectious MV cDNA
cloned in p(+)MV-NSe (44) with genes coding for the hybrid
proteins. Helper cells (41) were transfected with those plas-
mids. Three to 4 days after transfection with p(+)MV-NSe,
p(+)MV-H/hEGF, and p(+)MV-H/XhEGF, and 5 to 7 days
after transfection with p(+)MV-H/hIGF and p(+)MV-H/
XhIGF, syncytia were detected, suggesting virus rescue. Infec-
tivity could be passaged in Vero cells, the African green mon-
key cell line routinely used to grow and titrate MV, and the
recombinant viruses reached titers in a range similar to that of
the parental virus (see below).

To test whether the specificity domains had effects on H
protein incorporation into particles, we analyzed the protein
composition of a standardized amount of each virus (5,000
PFU, as determined on Vero cells). As shown in Fig. 1B,
purified particles from the MV-H/hEGF, MV-H/XhEGF, and
MV-H/XhIGF1 viruses contained an amount of H protein
similar to that of parental MV but with more N and M pro-
teins. These results suggest that the hybrid H proteins are
incorporated slightly less efficiently than H in particles and that
the particle-to-infectivity ratio of the recombinant MV is
slightly higher than that of the parental strain.

We then verified that specific proteolytic cleavage of the
displayed domain from purified virus particles occurred. In Fig.
1C it is shown that FXa protease indeed specifically cleaves off
the displayed domain from the H protein of MV-H/XhEGF
(lane 6) and MV-H/XhIGF1 (lane 8) but not from the control
viruses MV (lane 2) and MV-H/hEGF (lane 4).

We then verified by fluorescence-activated cell sorter
(FACS) analysis the levels of expression of CD46 and of the
targeted receptors in Vero cells (Fig. 1D). The EGF receptor
(hEGFr, continuous line), IGF receptor (hIGF1r, dotted line),
and CD46 (interrupted line) were all expressed. For one-step
growth analysis, Vero cells were infected in parallel with a
MOI of 3 of either MV-H/XhEGF, MV-H/XhIGF1, or the
parental MV strain. Released and cell-associated virus were
harvested at 12-h intervals and were titrated on Vero cells.
Results spanning the times from 24 to 60 h postinfection (p.i.)
are shown in Fig. 1E. Cell-associated titers of MV-H/XhEGF
(squares) rose more slowly than those of the parental strain
(diamonds), whereas those of MV-H/XhIGF1 (triangles) were
intermediate, but all viruses reached similar maximum titers of
about 5 X 10°/ml (Fig. 1E, right panel). Release of infectious
virus in the supernatant followed slower kinetics, as expected,
and peaked at 1.7 X 10° for the parental strain and at 3.5 and
6.3 times lower levels (Fig. 1E, left panel) for MV-H/XhIGF1
and MV-H/XhEGF, respectively. These results indicate that in
Vero cells replication and intracellular assembly of the two
recombinant viruses are slower than in the parental strain.
Nevertheless, the maximum titers of cell-associated virus are
similar for all three strains. Release of the two recombinant
viruses is slightly less efficient than that of parental MV.

The next question related to the accessibility of the displayed
domains. We tested whether recombinant viruses could bind to
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FIG. 2. Binding of recombinant viral particles to immobilized hEGF- and
hIGF1-specific antibodies (A) and to rodent cells expressing a target receptor
(B). (A) ELISA plates were coated with either anti-hEGF or anti-hIGF1 mono-
clonal antibodies. After blocking, the plates were incubated with different dilu-
tions of MV-H/XhEGF and MV-H/XhIGF1. Bound virus was detected using an
H-specific antiserum. (B) Expression levels of hEGFr in CHO-hEGFr cells (top
left) and of hIGF1r in 3T3-hIGF1 cells (top right). Cells incubated only with the
secondary antibody showed a background level of fluorescence (mean 3.9 versus
466.5 for CHO-hEGFr cells and 5.7 versus 250.8 for 3T3-hIGF1 cells [data not
shown]). Binding of MV-H/XhEGF to CHO-hEGFr cells (bottom left) and of
MV-H/XhIGF1 to 3T3-hIGFIr cells (bottom right) are shown. Thick lines,
incubations with the recombinant viruses; thin lines, incubation with MV; grey
areas, control incubations without virus; vertical axis, cells counted; horizontal
axis, fluorescence intensity.

monoclonal antibodies recognizing the displayed domains in
an enzyme-linked immunoassay. Figure 2A shows that plates
coated with an anti-hEGF monoclonal antibody incubated with
increasing amounts of MV-H/XhEGF retained increasing
amounts of virus (left panel, white columns), whereas on plates
coated with anti-hIGF1, only background retention levels were
detected (right panel, white columns). The opposite was the
case for the MV-H/XhEGF1 virus, which was selectively re-
tained by the anti-hIGF1 monoclonal antibody (black columns
in right panel). Thus the displayed domains are accessible for
binding by certain antibodies.

MYV displaying a specificity domain bind to, infect, and fuse
rodent cells expressing the cognate receptor. Next we investi-
gated whether MV particles displaying a specificity domain
bind to cells expressing the cognate receptor. Edmonston MV-
derived strains are expected to bind CD46, which is expressed
on the surface of all nucleated cell types from most primates.
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To verify if the displayed hEGF and hIGF1 domains did confer
attachment to their cognate receptors, we relied on CD46-
negative rodent cells: Chinese hamster ovary cells stably ex-
pressing the hEGF receptor (CHO-hEGFr; X.-Y. Wang, A.
Blahnik, and C. D. James, unpublished data) and mouse NIH-
3T3 cells stably expressing the hIGF1 receptor (3T3-hIGF1r)
(28).

Figure 2B presents a FACS analysis confirming that CHO-
hEGFr cells (upper left panel) and 3T3-hIGF1r (upper right
panel) express the corresponding human protein on their sur-
face. When these cells were incubated with MV-H/XhEGF
(lower left panel) or MV-H/XhIGF1 (lower right panel), re-
spectively, and virus binding was detected with an anti-H
monoclonal antibody (thick line), a shift in the number of
strongly fluorescent cells from background antibody binding
(gray area) and from binding of control MV (thin lines) was
shown in both cell lines.

We then asked if the MV particles displaying the specificity
domains could productively enter, and replicate in, rodent cells
expressing the cognate receptor. To detect viral gene expres-
sion early after entry, we constructed viruses expressing high
levels of the enhanced green fluorescent protein (eGFP) (52).
For this, a MV genomic plasmid containing an eGFP transcrip-
tion unit (19) was combined with p(+)MV-H/XhEGF and
p(+)MV-H/XhIGF1. The new viruses were rescued and
named MV&*"-H/XhEGF and MV#"*"-H/XhIGF1.

Figure 3 presents three time points (24, 48, and 72 h p.i.) of
an infection of CHO-hEGFr cells with MV#<“"-H/XhEGF at
a MOI of 1. At 24 h p.i. (Fig. 3A), fluorescence was detected
in single cells; at 48 h p.i. (Fig. 3B), a large fraction of the cells
showed a strong signal, and remarkably, several fused cells
were registered; at 72 h p.i., the majority of the cells had fused
in large syncytia (Fig. 3D), which were fluorescent (Fig. 3C). In
control CHO-hEGFr cells infected with MV#™©°" no fluores-
cence was detected 24 h p.i., and few positive cells were de-
tected 72 h p.i. (Fig. 3E). The same was true for another
negative control, CHO cells infected with MV#<*"-H/XhEGF
(Fig. 31, shown 72 h p.i.). The few small syncytia detected in
Mvereeiiinfected CHO-hEGFr cells and MV&<"-H/XhEGF-
infected CHO cells (Fig. 3F and J) were not fluorescent (Fig.
3E and I, respectively) and thus were due to spontaneous
fusion at high cell density. On the other hand, CHO-hEGFr.tr
cells, expressing a hEGF receptor with a truncated cytoplasmic
tail and thus inefficiently internalized upon ligand binding
(W.-Y. Wang, A. Blahnik, and C. D. James, unpublished data),
supported efficient MV#*“"-H/XhEGF infection, which re-
sulted in cell fusion (Fig. 3G and H, shown 72 h p.i.). Thus
CHO cells expressing the human EGF receptor or a mutant
receptor without the cytoplasmic tail support efficient, CD46-
independent cell entry of MV#“"-H/XhEGF, indicating that
internalization or intracellular signaling does not affect MV
entry. Strikingly, in these cells the MV infection results in
extensive syncytium formation.

Figure 4 presents 3T3-hIGFr cells 24 h after infection with
a MOI of 3 of MV#**"-H/XhIGF1 (Fig. 4A and B) and
Mvereen (Fig. 4C and D), respectively. Many cells infected
with MV#<"-H/XhIGF1 were strongly fluorescent (Fig. 4A),
whereas only rare fluorescent cells were detected after
MVvereet infection (Fig. 4C). To gain some information on the
relative efficiency of entry of MV#™“"-H/XhIGF1 and MV#& "
in 3T3-hIGF1r cells, these cells were infected with either one
of the viruses at a MOI of 3, 0.3, or 0.03. In a 35-mm dish, 735
positive cells infected with MV#<°"-H/XhIGF1 at a MOI of
0.03 were counted, and 87 positive cells infected with MVE™"
at an MOI of 3 were counted. Thus, about 1,000 times more
infectious particles of MV#<" than of MV#<"-H/XhIGF1
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FIG. 3. Infection of CHO-hEGFr cells (A to F), CHO-hEGFr.tr cells (G and
H), and CHO cells (I and J) with MV#“"-H/XhEGF (A to D and G to J) or MV
(E and F). Cells were infected at a MOI of 1 and were monitored by fluorescent
or phase-contrast microscopy 24 (A), 48 (B), or 72 (C to J) h after infection.



VoL. 74, 2000

RETARGETING CELL ENTRY OF A HUMAN VIRUS

9933

by fluorescent (A and C) or phase-contrast (B and D) microscopy 24 h after infection.

were needed to elicit detectable eGFP expression in the same
number of 3T3-hIGFI1r cells. Even late in infection of 3T3-
hIGF1r cells with MV#™©°"-H/XhIGF1, fusion was limited, in
line with the limited fusion of primate Vero cells (data not
shown).

We then sought confirmation that the interaction of the
displayed domains with their receptor mediates virus entry.
First, we assayed if entry of MV#"-H/XhEGF or MV
H/XhIGF1 could be competed by the addition to the medium
of a soluble form of hEGF or hIGF1, respectively. As shown in
Fig. 5A (top panel, black columns), the addition of 0.25 or 1
M soluble human EGF to the medium of CHO-hEGFr cells
reduced the number of cells infected with MV#&<“"-H/XhEGF
approximately 5 to 6 times. There was no inhibition of the
MVver™em infection of Vero cells by 1 uM soluble EGF (Fig. 5A,
top panel, gray columns), but interestingly there was a small
but reproducible effect of soluble EGF in inhibiting the
MVveeen.-H/XhEGF infection of those cells (Fig. SA, top panel,
white columns). Analogously, soluble human IGF interfered
selectively with the infection of MV#™““"-H/XhIGF1, more
strongly on 3T3-hIGF1r cells than on Vero cells (Fig. 5A,
lower panel).

Next we took advantage of the FXa protease cleavage site
present in the H/XhEGF and H/XhIGF1 proteins to verify
whether the elimination of the displayed specificity domain
from recombinant virus particles did influence entry. When
MV-H/XhEGF particles were treated with 5 or 50 pg of FXa
protease/ml for 1 h, the number of green fluorescent CHO-
hEGFr cells diminished by almost two orders of magnitude

(Fig. 5B, left panel, black column), whereas FXa treatment did
not significantly change the infectivity of these particles on
Vero cells (Fig. 5B, left panel, white columns). Analogously,
proteolytic cleavage of MV-H/XhIGF1 virus particles with
FXa protease resulted in the loss of more than 80% of the
infectivity selectively in 3T3-hIGF1r cells (Fig. 5B, right panel,
compare black and white columns). Thus, by two different
approaches, competition with a soluble form of the displayed
domain and proteolytic cleavage of that domain from viral
particles, it was confirmed that entry of recombinant MV in
rodent cells depends on the interaction of the specificity do-
main with the cognate receptor.

DISCUSSION

We sought proof of principle that the human vaccine strain
MV-Edm can be retargeted. Indeed, we showed that MV-Edm
can display large specificity domains, namely hEGF or hIGF1,
on the extracellular terminus of its attachment protein without
losing its replication competence on primate cell lines. The
displayed growth factors were accessible at the viral surface, as
shown by capture of viral particles onto a solid support coated
with anti-EGF or anti-IGF1 antibodies, and conferred specific
binding of virus particles to cells expressing the targeted re-
ceptor. Furthermore, the recombinant viruses gained the abil-
ity to efficiently infect rodent cells expressing the targeted
receptor.

To confirm that entry into rodent cells depends on the dis-
played domain, high concentrations of EGF or IGF1 were used
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FIG. 5. Competition of viral entry by soluble receptors (A) and the effect of
proteolytic cleavage of the specificity domain on entry (B). (A) Competition of
viral infections by soluble EGF (sEGF; top panel) or soluble IGF1 (sIGF1;
bottom panel). CHO-hEGFr and Vero cells pretreated or not with sSEGF were
infected with MVe™" or MV#¢"-H/XhEGF at a MOI of 0.3. 3T3-hIGF1r and
Vero cells pretreated or not with sIGF1 were infected with MV&™e" and
MVvereen.H/XhIGF1 at a MOI of 0.1. The number of infected cells was deter-
mined at 24 h p.i. by counting GFP-expressing cells in a standard area. Percent-
ages are relative to the number of GFP-expressing cells in infections without
added soluble receptor. Results obtained with MV Edmonston on Vero cells are
indicated by gray columns. Results obtained with recombinant MV on Vero cells
are indicated by white columns and on rodent cells by black columns. (B) Effects
of the treatment of recombinant viruses with FXa protease prior to infection.
Vero and CHO-hEGFr or Vero and 3T3-hIGF1r cells were infected with
MVereen. H/XhEGF or MVeen-H/XhIGF1 (10* PFU/well), respectively, and
were pretreated with 0, 5, or 50 wg of FXa protease/ml. The number of GFP-
expressing cells was determined 42 h p.i. Percentages refer to the number of cells
infected with untreated virus. For details, see text.

to saturate the respective tyrosine kinase receptors before and
during infection. Inhibition of virus entry was clearly demon-
strated but was incomplete. This suggests that multivalent virus
attachment cannot be efficiently inhibited by monomeric li-
gands. On the other hand, the number of hEGFr-positive ham-
ster cells infected with the hEGF-displaying MV was reduced
by almost two orders of magnitude when the displayed hEGF
domain was proteolytically cleaved from the virus. For the
hIGF1-displaying virus, a sixfold inhibition of entry into
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hIGF1r-positive 3T3 cells was observed after protease treat-
ment. Thus, we conclude that the displayed domains do retar-
get MV entry on rodent cells. On Vero cells, protease pre-
treatment of viral particles or receptor saturation with soluble
growth factors had no or only a weak inhibitory effect on entry
efficiency, indicating that the recombinant viruses are dual-
tropic: they maintained CD46-dependent entry and gained en-
try via the targeted tyrosine kinase receptor.

Mechanism of MV cell entry. That the MV-Edm vaccine
strain can enter cells by a CD46-independent pathway may not
be unexpected, since indications of the existence of alternative
receptors for wild-type MV exist (2, 20, 23). However, the
observation that MV attachment through the displayed growth
factors to receptors structurally unrelated to CD46 leads to
virus entry as efficiently as attachment to the natural receptor
is surprising and has consequences for our understanding of
receptor function in MV entry. According to one hypothesis,
binding of MV and other paramyxoviruses to their receptors
triggers a conformational change in the H protein that is trans-
mitted to the F protein. In turn, the F protein undergoes a
radical conformational change culminating in the insertion of
the hydrophobic fusion peptide into the target cell membrane,
thereby initiating the process of membrane fusion (27). Even if
we cannot exclude that completely different binding events
trigger a stereotypical alteration of the H oligomer, this ap-
pears unlikely considering that H and the displayed domains
are joined by a flexible linker. An alternative hypothesis pre-
dicts that receptor binding serves merely to anchor the virus
particle in close proximity to the target cell membrane, increas-
ing the efficiency with which secondary interactions between
the viral glycoproteins and components of the cell membrane
leading to the induction of the fusion process can occur (27).
Our data are consistent with this hypothesis; binding of the
recombinant MV to the tyrosine kinase receptors may simply
increase the efficiency of secondary interactions with another,
yet unidentified cell membrane component.

MV entry can be dissociated from cell-to-cell fusion.
MVeET-H/XEGF not only entered CHO-hEGFr cells but also
fused them with high efficiency. On the other hand, MV&re"-
H/XIGF1 almost completely failed to induce syncytium forma-
tion on 3T3 cells, despite efficient entry. To elucidate whether
the differences in inducing cell fusion are due to the displayed
domain or to the cells, we produced a 3T3 cell line expressing
hEGFr. Infection of these cells with the EGF virus revealed
low to undetectable fusion, as for the IGF virus (data not
shown). This demonstrates a strong influence of the host cell
on the fusion potential of recombinant MV. Indeed, MV-Edm
fuses different primate cell lines with variable efficiency.

In addition, domain specific differences in the ability to in-
duce cell-to-cell fusion were observed. Both recombinant MVs
efficiently entered Vero cells and reached similar titers; nev-
ertheless, their competence to induce cell-to-cell fusion was
different. Whereas the size and growth rate of the syncytia
elicited by MVe““"-H/XEGF were similar to those of MV-
Edm, MV#<“"-H/XIGF1 had a clearly reduced cell fusion ca-
pacity (data not shown). This suggests that structural differ-
ences of the displayed domains, and possibly the interaction
with the target receptors, influence the cell-to-cell fusion po-
tential. Nevertheless, entry efficiency and virus production are
similar for both viruses. Thus, different requirements for these
processes do exist.

Reengineering viral entry. This is the first demonstration
that large specificity domains covalently linked to a viral gly-
coprotein support not only binding to a new receptor class but
also efficient cell entry through the targeted receptor. This
demonstration is remarkable because it was obtained with a
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replication-competent virus rather than with viral vectors. The
display of EGF or IGF]1, attached to the extracellular terminus
of a retroviral envelope glycoprotein, supported efficient re-
ceptor binding but interfered with virus entry (11, 35). Even if
recent studies identified a region of the retroviral glycoprotein
that tolerates the insertion of specificity domains without com-
promising entry function (25), engineering of the retroviral
envelope remains challenging (51), to the point that bifunc-
tional noncovalent cross-linkers bridging the virus coat to a
receptor have been considered to retarget entry of these vec-
tors (4, 45). However, cross-linkers may be inappropriate for
virus-mediated gene delivery in an organism because of prob-
lems with stability.

Similarly, in adenoviruses (49), an elegant combination of
structural analysis and mutagenesis has been used to ablate the
original receptor specificity and display a short peptide which
redirected entry to an antibody expressed on the surface of
host cells (42). With MV it is shown here that 53 and 70 amino
acid domains on the viral surface can retarget virus entry, and
we have recently used a single-chain antibody against carcino-
genic embryonic antigen (CEA) to retarget a replicating MV
to mouse cells expressing human CEA (A. L. Hammond et al,,
unpublished data). Thus the MV envelope is easily amenable
to retargeting.

MYV and cytoreductive therapy. Members of the paramyxo-
virus family have shown therapeutic effects in a number of
malignancies. Mumps virus was administered to 90 patients
with advanced or terminal cancer. In almost half of the pa-
tients, the virus caused significant tumor regression in the
treated region, displaying minimal toxicity (1). There are sev-
eral reported cases of regression of Hodgkin and of non-
Hodgkin lymphoma after natural MV infection (3, 46), and
recently it was shown that intraneoplastic inoculation with
MV-Edm led to complete regression of lymphoma and my-
eloma tumor xenografts in severe combined immunodeficiency
mice (Grote and Fielding, personal communication; Peng and
Russell, personal communication). Thus, MV-Edm has poten-
tial for tumor therapy, and the use of retargeted virus should
increase the efficacy of therapy and reduce the likelihood of
toxicity.

One concern in the development of replicating MV-Edm for
oncolytic therapy is that the high prevalence of MV antibody
seropositivity in the human population might compromise its
therapeutic value. There is evidence to suggest that this may
not be the case, since examination of the immune response of
convalescent children suggested that MV infection can occur
after vaccination without resulting in disease (15). Moreover, it
was recently shown that macaques vaccinated with live atten-
uated virus or DNA can experience a subclinical infection at
challenge (40). Finally, recent evidence from phase II human
trials of replicating adenovirus suggests that the impact of
circulating antibodies after intratumoral virus injection may be
minimal (26), and it is encouraging that the efficacy of condi-
tionally replicating herpesviruses (48) and reoviruses (14) was
not abolished by preexisting viral antibodies. Nevertheless, to
evaluate the effect of antibodies on virus clearance, we are
currently developing a model using genetically modified mice
(33) in whom preexisting MV immunity can be established
(44). On the other hand, it is conceivable that tumor treatment
might benefit from the immune stimulatory potential of MV-
Edm by induction of an antitumoral immune response.
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