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Enveloped viruses trigger membrane fusion to gain entry into cells. The receptor affinities of their attach-
ment proteins vary greatly, from 10�4 M to 10�9 M, but the significance of this is unknown. Using six
retargeted measles viruses that bind to Her-2/neu with a 5-log range in affinity, we show that receptor affinity
has little impact on viral attachment but is nevertheless a key determinant of infectivity and intercellular
fusion. For a given cell surface receptor density, there is an affinity threshold above which cell-cell fusion
proceeds efficiently. Suprathreshold affinities do not further enhance the efficiency of membrane fusion.

Enveloped viruses gain entry into cells by membrane fusion.
This is mediated by viral membrane glycoproteins whose af-
finities for their receptors vary widely from the millimolar
range (e.g., for influenza virus) to the nanomolar range (e.g.,
for human immunodeficiency virus [HIV]) (18, 40, 43–45, 47).
Because of their high mutation rates, viruses can easily mod-
ulate the receptor affinities of their attachment glycoproteins
under selective pressure. Changing receptor specificity re-
quires a more radical alteration to the sequence of the attach-
ment glycoprotein. Currently, little is known about the evolu-
tionary pressures that determine the receptor affinities of
enveloped viruses. Higher affinities might lead to more efficient
binding to receptor-positive cells, but the high avidity of viral
attachment would be expected to negate this advantage at a
higher receptor density (17). Alternatively, higher affinities
might somehow accelerate the postbinding events that lead to
membrane fusion, thereby enhancing the efficiencies of viral
entry and intercellular fusion between infected and unin-
fected cells. Conversely, excessive viral affinities might lead to
viral mislocalization, infection of nontarget cells, or failure of
the progeny virions to escape from the cell in which they were
made.

In this study, we tested the impact of receptor affinity on
virus-mediated membrane fusion by generating a panel of
measles viruses displaying HER2/neu-specific single-chain
variable fragment (scFv) antibodies with scFv-HER2 affinities
ranging from 1.6 � 10�6 M to 1.5 � 10�11 M, and we char-
acterized them with a panel of cells expressing various numbers
of HER2 receptors. Measles virus (MV) is a negative-strand
RNA virus belonging to the family Paramyxoviridae. The virus
was originally isolated in 1954 from the throat of a patient with
measles (6) and has since been subjected to serial tissue culture

passage to create an attenuated (Edmonston) vaccine strain
(7) that is showing considerable promise in oncolytic viro-
therapy studies (4, 10, 30, 32, 33). Oncolytic measles viruses
use either one of two receptors to infect their target cells:
CD46, which is expressed on all human nucleated cells (5, 24),
or the signaling lymphocyte activation molecule (SLAM),
which is expressed on activated T cells, B cells, and mono-
cytes (14, 46). The viral attachment protein (hemagglutinin
[HA]) binds to one or the other of these receptors and then
catalyzes the fusion of virus and cell membranes by inducing
a conformational rearrangement in the fusion (F) protein,
leading to viral entry (15). Newly synthesized measles HA
and F proteins accumulate on the surface of infected cells
and mediate their fusion with neighboring receptor-positive
cells to form multinucleated nonviable syncytia which die by
apoptosis (8).

We recently generated fully retargeted measles viruses that
are unable to enter cells via the native receptors CD46 and
SLAM but which propagate efficiently and exclusively via al-
ternative cellular receptors (11, 23, 48). New tropisms are
conferred by scFvs displayed on the viral surface as C-terminal
extensions on the mutated HA protein and are stably main-
tained during multiple serial virus passages without reversion
to native receptor usage (11). In contrast to the other viruses
for which this has been attempted (21, 31, 50), MV has a
remarkably flexible and adaptable entry mechanism that can
utilize multiple alternative cellular receptors.

The HER2/neu receptor (ErbB-2) is a well-established, ther-
apeutically validated cancer target (39, 42). HER2/neu is a
185-kDa type I transmembrane glycoprotein belonging to the
epidermal growth factor tyrosine kinase receptor family and is
encoded by the erbB2 gene (29). HER2/neu is overexpressed
on tumor cells of 25 to 30% of breast cancer and ovarian
cancer patients (19, 41), but it is expressed at low levels or not
at all in adult normal tissues (25, 34). An anti-HER2/neu
antibody, trastuzumab (Herceptin), is approved by the U.S.
Food and Drug Administration for the treatment of patients
with metastatic breast cancer and is being tested in clinical
trials with ovarian cancer patients (3, 35). There is much in-
terest in HER2/neu as a cancer target, and a variety of targeted
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therapeutics have been developed and tested (20). In particu-
lar, a panel of scFvs that recognize the corresponding epitope
on the HER2/neu receptor but bind with different affinities has
been generated and characterized (Table 1). The C6.5 anti-
HER2 scFv has an affinity of 1.6 � 10�8 M for the extracellular
domain of HER2/neu and was selected from a nonimmune
human scFv phage library (37). Using site-directed mutagene-
sis of the variable light- and heavy-chain CDR3 regions, CDR3
C6.5 antibody affinity mutants with dissociation constants rang-
ing from 1.6 � 10�6 M to 1.5 � 10�11 M were generated (38).
These anti-HER2 scFvs have generally similar association rate
constants (kon) but differ predominantly in their dissociation
rate constants (koff).

Given the appeal of HER2 as a cancer target and the avail-
ability of a very-well-characterized family of phage-selected
anti-HER2 scFv affinity mutants and the natural variability of
HER2 receptor expression levels with human tumors, we de-
cided to make a panel of HER2-retargeted measles viruses
with different HER2 affinities and to explore the relationship
between HER2 affinity and receptor density and the efficien-
cies of viral entry, cell fusion, and cell killing. Avidity is ex-
pected to be high since these viruses have a few hundred copies
of the attachment protein on the virion surface. Thus, we were
keen to determine whether the scFv affinity of each of these
multivalent viruses might even influence the biology of these
viruses. Interestingly, our data show that infection and cell-to-
cell fusion require a threshold affinity. Above a certain thresh-
old affinity, fusion proceeds efficiently, regardless of how far
the threshold is exceeded. This threshold affinity also varies
depending on the receptor density on the target cells.

MATERIALS AND METHODS

Cell culture. Cell lines were purchased from the American Type Culture
Collection (Manassas, VA) or have been described previously (13, 22, 32).
CHO-HER2 clones expressing different densities of HER2 were established by
stable transfection of pcDNA3.1-HER2 (kindly provided by Ralf G. Janknecht,
Mayo Clinic, Rochester, MN) into CHO cells, followed by G418 selection (1
mg/ml).

Generation of fully retargeted HER2 recombinant measles viruses displaying
different affinity mutants. The cDNA for the C6.5Y100kA, C6.5G98A, C6.5,
C6ML3-9, C6H3B1, and C6B1D2 anti-HER2 scFv affinity mutants (38) was PCR
amplified as SfiI/NotI fragments and inserted in-frame into the pTNH6aa shuttle
vector coding for alanine substitution at residues 481 and 533 of measles HA
proteins (22). The PacI/SpeI-digested fragment of each pTNH6-HER2scFv was
inserted into the corresponding site of p(�)MV-eGFP, respectively. For the
rescue of each HER2-retargeted virus, we used the hexahistidine (His6) tagging
and retargeting system as described previously (22). Virus stocks were harvested
after the infection of Vero-anti-His (�His) cells at a multiplicity of infection
(MOI) of 0.03, and cell-associated viruses were harvested by freeze-thaw cycles.

Viral stocks were titrated by 50% tissue culture infective dose (TCID50) assay
with Vero-�His cells.

Immunoblotting. Equivalent amounts of infectious viruses (104 TCID50; with
the viral titer determined with Vero-�His cells) were mixed with an equal volume
of sodium dodecyl sulfate (SDS) loading buffer (130 mM Tris [pH 6.8], 20%
glycerol, 10% SDS, 0.02% bromophenol blue, 100 mM dithiothreitol). These
samples were denatured for 5 min at 95°C, separated on a 10% SDS-polyacryl-
amide gel, blotted to polyvinylidene difluoride membrane (Amersham, Piscat-
away, NJ), and immunoblotted with antimeasles N and HA protein as described
previously (22).

Virus titration and infection. To compare growth characteristics of the recom-
binant viruses, Vero-�His cells were infected with the panel of viruses at an MOI
of 3.0 for 3 h at 37°C. The inoculum was removed, the standard medium was
replaced, and the cells were maintained at 32°C. At 24, 48, and 72 h after
infection, cells were scraped into 1 ml of Opti-MEM medium (Gibco BRL,
Rockville, MD), and cell-associated viruses were released by two freeze-thaw
cycles. Viral titers were determined by TCID50 titration with Vero-�His cells.
For viral infection, cells were incubated with virus at an MOI of 1.0 and 4.0 for
3 h at 37°C and growth medium (with or without fusion inhibitory peptide) was
replaced (FIP; Bachem, Torrance, CA). At 48 or 72 h after infection, cells were
photographed and analyzed.

Virus binding assay. The SKOV3ip.1 cells (4 � 104) in 24-well plates were
washed with cold medium and prechilled by placing the plates on ice for at least
30 min. Cells were incubated with viruses (diluted in cold Opti-MEM medium)
at an MOI of 0.5 on ice for 5, 10, 20, or 40 min. Cells were washed three times
with cold medium to remove unbound virus and maintained at 37°C in the
presence of FIP for 48 h. Numbers of green fluorescent protein (GFP)-positive
cells were counted.

Quantification of cell surface HER2 molecules. Cells were incubated with
phycoerythrin-conjugated anti-HER2 antibody (BD Biosciences Pharmingen,
San Diego, CA) or with control isotype-matched antibody. The number of HER2
receptors per cell was estimated using a BD QuantiBrite phycoerythrin quanti-
tation kit (Becton Dickinson, San Jose, CA) by flow cytometry, as described
previously (28).

Quantitation of syncytium sizes. To evaluate the cytopathic effects induced by
HER2-retargeted viruses, we quantitated the extent of cell-to-cell fusion by
counting the number of nuclei in each syncytium and representing it as a “syn-
cytial index.” Cells (3 � 105) in six-well plates were infected by virus at low MOIs
of 0.02 and 0.1. After 72 h, cells were fixed with 0.5% glutaraldehyde, stained
with Hoechst 33342 (Molecular Probes, Eugene, OR), and evaluated with fluo-
rescence microscopy. Syncytia (n � 10 to 20) were randomly chosen, and num-
bers of nuclei in each syncytium were counted.

Apoptosis assay. Apoptosis was evaluated by detection of cytoplasmic histone-
associated DNA fragments. Cells (5 � 103) in 96-well plates were incubated with
virus at an MOI of 1.0. Seventy-two hours after infection, the cells were evaluated
for apoptosis by using a cell death detection ELISAPLUS kit (Roche Diagnos-
tics, Indianapolis, IN) according to the manufacturer’s protocol. The data are
expressed as the increase (n-fold) in optical density (at 405 nm) compared with
that of untreated control cells.

Clonogenic assay. Cells (5 � 104) in 24-well plates were exposed to virus at an
MOI of 1.0 and incubated for 72 h at 37°C. Thereafter, the cells were trypsinized,
serially diluted, replated in six-well plates, and incubated undisturbed for 8 to 12
days to allow colony formation. Cells were then fixed with 2.5% glutaldehyde and
stained with 2% crystal violet. Numbers of colonies in wells containing 100 to 200
colonies that were well separated from each other were counted for all viruses.
The number of cells per colony was estimated by examining colonies with a light
microscope. Only colonies estimated to have 50 or more cells were counted.

Statistical analysis. Statistical comparisons between the groups were made
using one-way analysis of variance; if significant, comparisons were followed by
Dunnett’s multiple comparison test compared with the MV-�HER-8-treated
group (displaying C6.5, parental �HER2 scFv). We used GraphPad Prism 3.0
(GraphPad software, San Diego, CA) for the statistical calculations. A P value of
�0.05 was considered significant.

RESULTS

Generation and characterization of HER2-retargeted mea-
sles viruses. The family of anti-HER2 C6.5 scFv affinity mu-
tants that we used in this study was previously generated by
mutating the VL and VH CDR3 regions of C6.5 (37, 38). The
cDNA of each scFv was PCR amplified as a SfiI/NotI fragment

TABLE 1. Dissociation constants for the panel of scFvs for
HER2/neu antigen and the recombinant measles viruses

displaying the respective scFv

scFv Kd (M) of scFv Recombinant measles
viruses

C6.5Y100kA 1.6 � 10�6 MV-�HER-6
C6.5G98A 3.2 � 10�7 MV-�HER-7
C6.5 1.6 � 10�8 MV-�HER-8
C6ML3–9 1.0 � 10�9 MV-�HER-9
C6MH3B1 1.2 � 10�10 MV-�HER-10
C6B1D2 1.5 � 10�11 MV-�HER-11
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and inserted into the shuttle vector pTNH6aa, thus placing the
scFv as a C-terminal extension on measles HA protein (Fig.
1A). Alanine substitutions at residues 481 (Y3A) and 533
(R3A) of the measles HA protein, which, respectively, ablate
CD46- and SLAM-mediated viral entry and cell fusion were
introduced (Fig. 1A). The HA-scFv fragment was subcloned as
a PacI/SpeI insert into the full-length infectious cDNA clone of
the attenuated Edmonston MV strain expressing an enhanced
GFP (eGFP) reporter gene, p(�)MV-eGFP (Fig. 1A). Since
the viruses are doubly ablated for CD46 and SLAM interac-
tion, a His6 tag inserted at the C terminus of hemagglutinin
allows rescue, propagation, and titration of all six of the HER2
fully retargeted measles viruses via binding of the His6 peptide
to its pseudoreceptor (anti-His6 scFv) on Vero-�His cells, as
described previously (22) (Table 1).

To confirm that the chimeric anti-HER2 scFv displaying
hemagglutinin proteins were efficiently incorporated into viri-
ons, the viruses were loaded onto a 7.5% SDS-polyacrylamide
gel, and HA proteins were detected using a rabbit polyclonal
antibody recognizing the HA cytoplasmic tail (Fig. 1B). All
chimeric HA proteins had a higher apparent molecular weight
than those of the parental MV-eGFP virus. To estimate the
relative particle-to-infectivity ratios of the retargeted and the
parental viruses, the membrane was stripped and reprobed for
the major MV structural nucleocapsid (N) protein. Dosimetric
measurement of band intensities on the immunoblot indicates
that the N and HA protein contents do not differ significantly
between the viruses (Fig. 1B). Since equivalent amounts of
infectious virus (TCID50 of 104) were loaded per lane, these
data suggest approximately comparable particle-to-infectivity
ratios within the panel of HER2-retargeted viruses and be-
tween the HER2 viruses and the parental MV-eGFP virus. To
compare the replication kinetics of the HER2-retargeted mea-
sles viruses via the �His pseudoreceptor, lysates of virus-in-
fected (MOI of 3.0) Vero-�His cells were harvested at 24, 48,
and 72 h postinfection, and viral titers were determined with
Vero-�His cells. The one-step growth curves of all six viruses
were comparable (data not shown).

To show that the displayed anti-HER2 scFvs could mediate
HER2 receptor-specific MV entry and syncytium formation,
we used a panel of CHO cell transfectants expressing CD46,
SLAM, HER2, or �His (Fig. 1C). Each of these cell lines was
infected with each of the HER2 scFv-displaying measles vi-
ruses (MV-�HER-6, -7, -8, -9, -10, and -11) and with the
nontargeted MV-eGFP virus or a control CD38-retargeted
MV-CD38 virus. The infected monolayers were photographed
after 48 h. These data confirmed that all of the retargeted
viruses lost their tropisms for CD46 and SLAM but gained the
ability to enter cells via HER2 and via the �His pseudorecep-
tor. As shown in Fig. 1C, it is apparent that the HER2-retar-
geted viruses displaying lower-affinity antibodies have a re-
duced ability to mediate membrane fusion via the HER2
receptor.

Receptor affinity and viral infection. To test the impact of
receptor affinity on MV attachment, we mixed each of the
viruses with prechilled medium and incubated them with
HER2-positive human ovarian SKOV3ip.1 cancer cells on ice.
Unbound virions were removed by washing with cold phos-
phate-buffered saline, and cells were returned to incubate at
37°C for 48 h, after which the numbers of infected GFP-

FIG. 1. Characterization of the HER2/neu-retargeted measles vi-
ruses. (A) Schematic representation of the HER2-retargeted viruses.
The Y481A and R533A mutations ablate CD46 and SLAM interac-
tions. The scFv was inserted as a SfiI/NotI fragment and displayed as
a C-terminal extension on mutated HA proteins with a His6 tag.
(B) Immunoblotting results of the parental and HER2-retargeted viri-
ons using anti-HA and anti-N antibodies. Equal titers of each virus
were loaded. (C) Specificity of the receptor usage of parental and fully
retargeted anti-HER2 measles viruses. CHO cells and CHO cells sta-
bly expressing CD46, SLAM, HER2, or �His were infected with the
parental MV-eGFP, the CD38-retargeted, or the HER2-retargeted
measles viruses at an MOI of 1.0. Cells were photographed with flu-
orescence microscopy after 48 h.
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positive cells were counted. According to this assay, there was
no correlation between the affinities of the viruses for HER2
and their efficiencies of binding to HER2 receptors on
SKOV3.ip cells (Fig. 2A). No significant differences in the
binding of the viruses to SKOV3ip.1 cells were detected using
another assay in which the viruses were allowed to bind to 1%
paraformaldehyde-fixed SKOV3ip.1 cells at 37°C, the cells
were washed to remove unbound virus and overlaid with Vero-
�His cells, and the numbers of GFP-positive cells were
counted (data not shown). To test the impact of receptor
affinity on the efficiency and kinetics of MV entry, HER2
receptor-positive human ovarian SKOV3ip.1 cancer cells and
CHO-�His cells were infected with the panel of retargeted
viruses at two different MOIs (4.0 and 1.0). A FIP was added
at 2 h postinfection to facilitate analysis of the percentage of
GFP-positive (virus-infected) cells by flow cytometry. As
shown in Fig. 2B, the lower-affinity viruses, strains MV-
�HER-6 and -7, were less efficient at using HER2 to gain entry
into SKOV3ip.1 cells, while they had similarly high levels of
efficiency in infecting CHO-�His cells (Fig. 2C). An unex-
pected finding from this study was that the infectious titers of
the four higher affinity viruses, strains MV-�HER-8, -9, -10,
and -11, did not differ from each other on SKOV3ip.1 cells.
Thus, the infectious titer reached its maximum level at a HER2
receptor affinity of 1.6 � 10�8 M and did not increase there-
after, even when the affinity was approximately 1,000-fold in-
creased (to 1.5 � 10�11 M).

TE671 cells expressed lower numbers of HER2 receptors
(4.3 � 103/cell) than SKOV3ip.1 cells (1.5 � 105/cell). We

therefore tested the infectivity of the HER2-retargeted viruses
with TE671 cells at two different MOIs. Similar to the findings
with SKOV3ip.1 cells, the viruses with lower affinities showed
only background levels of infectivity, whereas the higher affin-
ity viruses were fully infectious (Fig. 2D). Thus, there was,
again, a threshold affinity level (1.0 � 10�9 M) below which
infectivity was severely compromised and above which infec-
tivity was optimal. There was a trend toward further increases
in the infectivity of viruses, with HER2 affinities approximately
10- or 100-fold higher than the threshold required for optimal
entry, although these were not significant differences. The most
important difference between the TE671 cells and the
SKOV3ip.1 cells was that the two cell lines have different
affinity thresholds for optimal infectivity of HER2-retargeted
viruses. Thus, the affinity of the scFv displayed with the MV-
�HER-8 virus is above the threshold for efficient entry into
SKOV3ip.1 cells but falls below the threshold required for
efficient entry into TE671 cells, which express approximately
40-fold fewer HER2 receptors than the SKOV3ip1 cells. Sim-
ilar results were observed for another HER2 low-expressing
cell line, MDA-MB-231 (data not shown). Thus, the efficiency
of viral entry is correlated with the affinity of the attachment
protein and the receptor interaction, and there is a loss of
infectivity with low-receptor-expressing cells for an otherwise
functional affinity.

Receptor affinity and cell-cell fusion. MV entry and cell-to-
cell fusion are both mediated by the concerted action of viral
attachment (HA) and fusion (F) proteins, but the topologies of
the two processes differ, and they might therefore be differen-

FIG. 2. The impact of receptor affinity on virus binding and infectivity. (A) There is no correlation between receptor affinity and virus binding
with SKOV3ip.1 cells. HER2-retargeted viruses were allowed to bind to SKOV3ip.1 cells on ice for various times, after which unbound viruses were
removed. Numbers of GFP-positive cells were counted at 48 h postinfection and plotted. The negative control virus MV-�CD38 displays a
CD38-specific scFv and does not bind HER2/neu. (B, C, and D) We next determined the impact of receptor affinity on viral infectivity with
high-HER2-expressing SKOV3ip.1 cells or low-HER2-expressing TE671 cells (40-fold fewer HER2 receptors). CHO cells expressing the pseu-
doreceptor �His were used as a positive control for virus infectivity. Cells were infected at an MOI of 1.0 or 4.0, and the numbers of GFP-positive
cells were counted by flow cytometry at 48 h postinfection. Error bars represent standard deviations. P value was determined by one-way analysis
of variance at an MOI of 4.0. Asterisks (**) indicate a significant difference (P � 0.01) between the test group and the MV-�HER-8-infected cells,
using Dunnett’s multiple comparison test.
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tially impacted by changes in HA protein receptor affinity. To
evaluate the impact of receptor affinity on the kinetics of in-
tercellular fusion, semiconfluent SKOV3ip.1 cell monolayers
were infected with each member of the panel of HER2-retar-
geted viruses and analyzed by microscopy at 72 h after infec-
tion. All of the HER2-retargeted viruses efficiently induced
extensive cell fusion with Vero-�His cells via the His6 tag (data
not shown). The extent of virus-induced cell-to-cell fusion was
quantitated by measuring the syncytial index (the numbers of
nuclei per syncytium). The MV-�HER-8, -9, -10, and -11 effi-
ciently induced extensive intercellular fusion via the HER2
receptor in the SKOV3ip.1 cells, whereas MV-�HER-6 and -7
did not (Table 2). When the SKOV3ip.1 cells were exposed to
a high titer of MV-�HER-7, there was an increase in the
number of infected (GFP-positive) cells but still no observable
syncytial cytopathic effect (Fig. 3). To determine whether cell
fusion was simply delayed as opposed to being abrogated in
SKOV3ip1 cells infected with the lower affinity viruses, we
continued to observe the MV-�HER-7-infected cells until day
6 postinfection. By that late time point there were still no
visible syncytia, but each of the infected cells had divided,
giving rise to scattered clusters of unfused GFP-positive cells
(data not shown). It is apparent from these data that, as in the
case of viral entry, there is a threshold level of receptor affinity
below which intercellular fusion is absent and above which
intercellular fusion proceeds efficiently. Further increases of
affinity, up to 1,000-fold above this threshold, did not contrib-
ute to further increases in syncytial size.

Oncolytic MV kills cells by inducing intercellular fusion, and
the syncytia eventually die by apoptosis (8). We previously
documented that the cytopathic potential of oncolytic measles
viruses is closely correlated to their ability to cause intercellu-
lar fusion (2). The levels of SKOV3ip.1 and TE671 cell viability
were therefore estimated by measuring the amount of virus-
induced apoptosis and by clonogenicity studies after these cells
were infected with each of the HER2-retargeted viruses (Fig.
4). As expected, HER2-dependent cell killing was significant
only when viruses with HER2 affinities above the previously
determined threshold were used.

In a previous study, we explored the relationship between
CD46 receptor density and intercellular fusion in cells infected

with an oncolytic MV and showed that fusion proceeded effi-
ciently only above a certain threshold of CD46 receptor density
(2). To investigate the relationships among the affinity of viral
binding to HER2, the density of HER2 receptors on the target
cells, and the efficiency of cell fusion and killing, we assembled
a panel of human tumor cell lines and determined the numbers
of HER2 receptors on their surfaces by using Becton Dickin-
son QuantiBrite beads, as described in Materials and Methods.
HER2 receptor densities with these cell lines range from un-
detectable to 3.0 � 105 receptor sites per cell. This panel of
cells was infected with each of the six HER2-retargeted viruses
at an MOI of 1.0. As shown in Fig. 5, none of the viruses
caused intercellular fusion in cells lacking HER2 receptors.
However, in HER2-positive cells, there is a clear relationship
between the surface density of HER2 receptors and the ability
of each of the retargeted viruses to mediate intercellular fu-
sion, depending on its HER2 binding affinity. Thus, MV-
�HER-6 and -7 did not induce syncytial formation in any of the

FIG. 3. Influence of MOI on syncytial formation of low- and high-
affinity viruses. (A) HER2-overexpressing SKOV3ip.1 cells were in-
fected at MOIs of 1.0 and 4.0 with retargeted viruses. Photographs
were taken at 72 h postinfection, and syncytial formations were com-
pared. Increasing the numbers of infectious centers by increasing MOI
did not result in syncytial formation for the low-affinity viruses.
(B) SKOV3ip.1 cells were infected with each member of the HER2-
retargeted virus panel at MOIs of 0.02, 0.1, and 0.5. Cells were fixed
and stained with Hoechst 33342 at 72 h postinfection. Numbers of
nuclei in each syncytium were counted (10 to 20 syncytia were
counted). Sizes of the syncytia were not affected by MOI and were
comparable at all MOIs.

TABLE 2. Impact of receptor affinity on virus-induced
intercellular fusiona

Virus
No. of syncytia � SD counted in

SKOV3ip.1 cells TE671 cells

MV-aHER-6 9.1 � 6.7*b 3.6 � 1.6
MV-aHER-7 10.8 � 6.3* 5.4 � 1.6
MV-aHER-8 91.4 � 22.9 14.1 � 5.6
MV-aHER-9 132.6 � 52.6* 295.2 � 45.9*
MV-aHER-10 152.5 � 32.2* 320.1 � 74.6*
MV-aHER-11 156.2 � 28.3* 327.5 � 36.9*

a SKOV3ip.1 cells and TE671 cells were infected with each of the HER2-
retargeted measles viruses (MOI of 0.1), and the syncytial indices were deter-
mined. Briefly, at 72 h postinfection, cells were fixed and stained with Hoechst
33342. Numbers of nuclei in each syncytium were counted (syncytial index, n �
10 syncytia counted). TE671 cells express 40-fold lower levels of HER2 recep-
tors. Values shown are means � standard deviations (SD). P value was deter-
mined by one-way analysis of variance.

b *, indicates a significant difference (P � 0.01) between the test group and
MV-�HER-8-infected cells, using Dunnett’s multiple comparison test.
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HER2-positive cell lines tested, except in the AU-565 cells
with the highest expression of HER2. MV-�HER-8, which
caused extensive intercellular fusion in SKOV3ip.1 cells, did
not induce cell fusion in tumor cells expressing low to inter-
mediate levels of HER2 receptors. The MV-�HER-9, -10, and
-11 displaying higher-affinity scFvs induced large syncytia, even
in cells expressing only 3,000 HER2 receptor sites. It is evident
from these data that the affinity level of HER2 binding needed
to trigger lethal intercellular fusion is inversely correlated to
the HER2 receptor density; that is to say, a higher scFv recep-
tor affinity is required to mediate the fusion and killing of
tumor cells with lower HER2 receptor numbers.

To confirm that these data were not unduly influenced by
the use of different types of human cell lines, we transfected
a HER2 expression plasmid to generate CHO cell clones
expressing different surface levels of HER2 receptors. We se-
lected CHO-HER2 no. 1 (3.1 � 103 HER2/cell) and CHO-
HER2 no. 6 (8.0 � 104 HER2/cell) as the low- and high-
HER2-expressing cells, respectively. As shown in Fig. 5, the
syncytial affinity threshold was readily apparent with these
cells, and the threshold was higher at lower receptor densities.
Interestingly, MV-�HER-9 was able to infect the CHO clone
expressing the lower density of HER2 receptors, but intercel-
lular fusion was not observed after infection with this virus. A
syncytial cytopathic effect was readily apparent when these
cells were infected with the two highest-affinity virus strains,
MV-�HER-10 and -11. These data confirm that the threshold
HER2 receptor affinity level required for intercellular fusion
and tumor cell killing varies inversely with the density of HER2
receptors present on the target cell surface.

DISCUSSION

Oncolytic attenuated Edmonston strain measles viruses are
being developed as anticancer therapeutics. To improve virus
accuracy and to minimize toxicity, MV interaction with its two
cognate receptors, the ubiquitously expressed CD46 and
SLAM, which is associated with measles-induced immunosup-
pression (16, 27), can be fully ablated. Viral infection and
cytopathic killing can be redirected exclusively to cancer cells
by the display of scFvs on the C terminus of the ablated HA
protein to mediate highly efficient viral entry and cytopathic
effects via CD38, EGFR, EGFRvIII, and the alpha-folate re-
ceptor (11, 12, 22). The interaction of the viral attachment
protein with the targeted receptor plays a critical role in de-
termining the specificity and performance of the retargeted
virus. As such, variables that influence the interaction between
the viral attachment protein and its receptor, such as receptor
affinity (kon and koff) or accessibility and abundance of the
receptor, should be considered in the vector design. Indeed,
the receptor affinity, the receptor density, and the binding
avidity of the viral particle are interrelated. Research using
tumor-targeted scFvs clearly indicate that increasing the num-
bers of binding domains that interact with the receptor (in-
creased valency) can compensate for low-affinity binders (1).
Indeed, dimerization of a low-affinity scFv is a more attractive
and less tedious method with which to obtain agents with
greater tumor targeting and localization than exhaustive scFv
affinity maturation (26). As such, it is often argued that high
avidity due to multivalent viral attachment protein binding
with “sufficient” numbers of cognate receptors should compen-
sate for low-affinity receptor binding interactions and lead to

FIG. 4. Cytopathic potential of the HER2-retargeted measles viruses. HER2-overexpressing SKOV3ip.1 cells, low-HER2-expressing TE671
cells, and Vero-�His cells were infected with HER2-retargeted viruses at an MOI of 1.0. Virus-induced apoptosis (A) and antiproliferative effects
(B) were analyzed by enzyme-linked immunosorbent assay and by clonogenic assay, respectively. Error bars represent � standard deviations. The
P value was determined by one-way analysis of variance. Asterisks (**) indicate a significant difference (P � 0.01) between the test group and the
MV-�HER-8-infected group, using Dunnett’s multiple comparison test.
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efficient viral attachment and entry (17). However, data pre-
sented here clearly demonstrate that the relationship is not
that straightforward and, importantly, a threshold receptor
affinity is required to mediate optimal viral entry and virus-
induced intercellular fusion.

Paramyxovirus attachment and fusion functions are per-
formed by two separate proteins (9). The HA attachment pro-
tein is a type II glycoprotein and is a tetramer composed of two
homodimers, while F is a type I glycoprotein and a trimer (15).
The HA and F proteins each have short cytoplasmic tails em-
bedded in the matrix protein just underlying the envelope coat
membrane of the virion. The HA and F proteins are thought to
be closely associated, probably by noncovalent interactions (9).
The spatial orientation of each HA tetramer relative to that of
F is unknown, but a model in which the parainfluenza virus HA
tetramers are tilted at a 45o angle, with the trimeric F protein
aligned between, has been proposed (51). Results from the
virus binding assay did not show a correlation between the
receptor affinity and the kinetics of viral attachment to HER-
2-positive SKOV3ip.1 cells. This observation is not unexpected
and is likely due to the multivalent nature of viral attachment

and the very-high-associated viral binding avidity. The six
HER2 scFvs have comparable kon values but very different koff

values (38). However, once the virus gets near the surface of
the cell by random chance and binds to the cell, it is unlikely to
detach from it because of the hundreds of copies of the HA
attachment protein on the virion’s surface that can interact
with nearby receptors. In contrast to viral binding, there was a
clear dependence on receptor affinity in mediating viral entry
and infection. One model, consistent with our data, proposes
that HA proteins trigger F protein activation only if they have
been in complex with their receptors for a finite period and
that membrane fusion proceeds only if F protein activation
reaches a critical intensity at the site of membrane contact. At
higher affinities, associated with slower koff rates, a given HA
protein-receptor interaction has greater longevity and is there-
fore more likely to trigger a conformational rearrangement of
the F protein. The number of HA-receptor interactions that
last long enough to trigger conformational F protein rear-
rangements (i.e., the fusion threshold) is therefore predicted to
be a function of three factors: the density of HA proteins on
the donor membrane, the density of receptor sites on the target

FIG. 5. The impact of HER2 receptor density and affinity with virus-induced cell-to-cell fusion. (A) A panel of tumor cell lines with various
amounts of HER2 receptors was infected with each of the HER2-retargeted viruses at an MOI of 1.0. Asterisks (*) denote receptor levels below
the levels of detection (103). Photographs were taken at 72 h postinfection. (B) CHO cells or CHO clones expressing low and high HER2 receptors
and CHO-�His cells were treated as shown in panel A.
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membrane, and the koff rates of the HA-receptor complexes.
These predictions are supported by our data. The binding
affinities of the displayed antibodies correlate closely to their
koff values, which range from 130 � 10�3 s�1 (Kd � 1.6 � 10�6

M) to 0.015 � 10�3 s�1 (Kd � 1.5 � 10�11 M) (37, 38).
The binding affinities of measles HA protein for CD46 and

SLAM have been measured, and the dissociation constant
values are in the range of 1 � 10�7 M for CD46 and 5 � 10�7

M for SLAM (36). In this regard, it is interesting to note that
for efficient cell fusion, the koff values are in a similar range for
the CD46 (7.4 � 10�3 s�1) and the anti-HER2 C6.5 (6.3 �
10�3 s�1) scFvs. However, it is apparent that the highly effi-
cient usage of CD46 for viral infection and for intercellular
fusion is able to occur at an affinity rate that is significantly
lower than for some viruses, such as HIV binding to CD4 (Kd,
�10�9 M) (49).

Closer analysis of the data shown in Fig. 2 and 3 reveals that
there are subtle differences in the affinity thresholds for viral
entry and intercellular fusion. For many of the cells that were
tested, the threshold affinity for viral entry appears to be
slightly lower than the threshold affinity for intercellular fu-
sion. This is particularly apparent in a comparison of the pho-
tographs of CHO-HER2 no. 1 cells infected with MV-�HER-9
and those showing CHO-HER2 cells infected with MV-
�HER-10 (Fig. 5). Entry is efficient, but intercellular fusion is
impaired in the MV-�HER-9-infected cells, whereas intercel-
lular fusion proceeds with high efficiency after infection with
MV-�HER-10. A possible explanation for this small but defi-
nite difference in the affinity thresholds for cell entry and
intercellular fusion may be that the density of HA proteins is
higher on the viral particles (virus-cell fusion) than it is on the
infected cells (cell-cell fusion).

In conclusion, we have generated a panel of six HER2-
specific recombinant measles viruses displaying affinity-mu-
tated scFvs that bind to a single epitope on the HER2/neu
receptor with a 5-log difference in affinity, and we used these
viruses to explore the relationship between receptor affinity
and receptor density in viral entry, intercellular fusion, or cy-
topathic potency in HER2-positive tumor cells. This is the first
comprehensive analysis of the impact of receptor affinity with
virus-cell interactions. The results are quite unexpected, show-
ing that there is a functional threshold affinity level above
which infection and intercellular fusion proceed with equal
efficiency, even over a 1,000-fold affinity range; below the
threshold, infection is minimal. The threshold correlates in-
versely with receptor density such that higher affinities are
required to infect cells with lower receptor densities. Thus,
depending on their receptor affinities, enveloped viruses can
discriminate between cells expressing different densities of a
targeted receptor.
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