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To redirect the tropism of the vaccine strain of measles virus (MV), Edmonston B, to a targeted cell
population, we displayed on the viral hemagglutinin (H) a single-chain antibody (scAb) specific for the
tumor-associated carcinoembryonic antigen (CEA). We generated H fusion proteins with three forms of the
scAb appended, differing in the lengths of the linkers separating the V,; and V; domains and thus in the
oligomerization states of the scAbs. All proteins were stable, appeared properly folded, and were transported
to the cell surface, but only H displaying the long-linker form of scAb was functional in supporting cell-cell
fusion. This protein induced extensive syncytia in cells expressing the normal virus receptor CD46 and also in
CD46-negative cells expressing the targeted receptor, human CEA. Replication-competent MV with H replaced
by H displaying the long-linker form of scAb was recovered and replicated efficiently in both CD46-positive and
CD46-negative, CEA-positive cells. Thus, MV not only tolerates the addition of a scAb on its H protein but also
infects cells via a novel interaction between the scAb and its targeted receptor.

Engineering viral tropism is the goal of many gene therapy-
based strategies. For cytoreductive therapies which aim to
eliminate deleterious cells, developing retargeted viruses that
possess inherent cytotoxicity circumvents the delivery of a cy-
totoxic product. In this case, targeting restricts the viral cytore-
ductive property to the desired cell type, which is thereby
specifically eliminated. Many viral envelope glycoproteins, in-
cluding those of type-C retroviruses, lentiviruses, and para-
myxoviruses, induce extensive cell-cell fusion, recruiting many
uninfected cells into large multinucleated syncytia, which ulti-
mately die (12). Retargeted fusogenic membrane glycoproteins
are thus a promising novel class of cytotoxic genes (1, 7).

We aimed to retarget the Edmonston B vaccine strain of the
paramyxovirus measles virus (MV) to a specific subset of tu-
mor cells by displaying on its hemagglutinin (H) envelope
glycoprotein a single-chain antibody (scAb) specific for a tu-
mor-associated antigen. scAbs are particularly desirable tar-
geting ligands, since their conserved structural framework
should facilitate the modular exchange of specificity determi-
nants. The ability to incorporate scAbs as extensions to viral
envelope glycoproteins was first demonstrated with retroviral
vectors; however, these vectors are rarely able to efficiently
transduce target cells (18, 27). This block to gene transfer is
reportedly due to the inability of the scAb-displaying envelope
protein to undergo the post-receptor-binding conformational
changes necessary for fusion (35).

MYV H is a type II transmembrane glycoprotein responsible
for the interaction of the virus with its cellular receptor(s). For
the Edmonston strain, two receptors are known: the ubiqui-
tously expressed regulator of complement activation CD46 (6,
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19) and the T- and B-cell-specific protein of the immunoglob-
ulin (Ig) superfamily, SLAM (signaling lymphocyte activation
molecule [33]). H is postulated to exist at the viral or infected-
cell surface as a tetramer of two covalently linked dimers (15)
which interacts with the trimeric viral envelope fusion (F)
glycoprotein and supports its ability to mediate virus-cell or
cell-cell fusion (14). Since MV differs from retroviruses in
distributing receptor-binding and fusion functions on two sep-
arately encoded proteins (14), we envisaged that scAb display
on MV H may result in successful gene transfer.

The targeted antigen in this study, carcinoembryonic antigen
(CEA), is highly overexpressed on the surfaces of a number of
cancerous cells, particularly colorectal, gastric, lung, pancre-
atic, and breast carcinomas (20). Its expression in normal adult
tissue is restricted to selected epithelial cells (9), and the anti-
CEA (aCEA) scAb we used, MFE-23, has little cross-reactivity
to nonmalignant human tissue (5). Three forms of a disulfide-
stabilized version of this scAb (8) were previously generated
which differ in the lengths of the linkers separating the V; and
V, domains, and as demonstrated for other scAbs (21), the
oligomeric state depended on the linker length, with the zero
linker form being trimeric, the short form being dimeric, and
the long linker form being monomeric (J. Zhang and S. J.
Russell, unpublished data).

We displayed these three forms of the «CEA scAb at the
extracellular C terminus of H. All three chimeric proteins were
expressed, were stable, and were transported to the cell sur-
face. Furthermore, the long-linker form induced extensive syn-
cytia in both CD46-positive and CD46-negative, CEA-positive
cells. A replicating MV expressing this chimeric protein in
place of H was generated. Significantly, this virus replicated
not only with the efficiency of parental MV in CD46-positive
cells but almost as efficiently in nonhuman cells expressing
CEA, which the parental MV failed to infect.
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MATERIALS AND METHODS

Plasmid construction. cDNAs encoding the three forms of the scAb were
transferred to a pCG-H vector (4) containing a factor Xa (New England Biolabs)
cleavage site 3’ to the H open reading frame from retroviral expression vectors
(J. Zhang, unpublished data) by PCR amplification (primer sequences, 5'-GCG
CGCTGGCCCAGGTG-3" and 5'-TGCGGCCGCCCGTTTC-3" [the BssHII
and Notl sites are underlined]). For detection purposes, an amino-terminal Flag
tag (DYKDDDDK) was inserted downstream of the ATG start codon of each H
using the Quick-Change system (Stratagene). The integrity of all constructs was
confirmed by DNA sequencing.

The cDNA encoding nontagged HXL was transferred from the pCG construct
into a full-length infectious molecular clone of the MV Edmonston strain,
p(+)MV-NSe (31), using the restriction enzymes Pacl and Spel and adhering to
the reported paramyxovirus “rule of six” requirement (3). The virus was recov-
ered as previously described (24).

Cell culture, transfection, and syncytium formation assay. Vero, HeLLa, HeLa-
CEA, and MC38 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, penicillin, and streptomycin at
37°C and 5% CO,. MC38-CEA cells (clone MC38-CEA 2 [25]) were maintained
in DMEM containing 10% fetal bovine serum, 0.5% G418, penicillin, and strep-
tomycin at 37°C and 5% CO,.

Cells were transiently transfected using Superfect (Qiagen) and analyzed 18 to
24 h posttransfection. For syncytium formation assays, target cells (5 X 10°/well
in 35-mm-diameter wells) were cotransfected in duplicate with 1.5 pg of plasmid
DNA encoding F and 1.5 g of plasmid DNA encoding the appropriate H. The
syncytia in 20 representative fields (20% of a 35-mm-diameter tissue culture well)
were counted at various times, and the number of syncytia per well was calcu-
lated.

Preparation of MV stocks, purification of viral particles, and infection. To
prepare MV stocks, Vero cells (80% confluent in 10-cm-diameter dishes) were
infected at a multiplicity of infection (MOI) of 0.1 PFU/cell and incubated at
37°C until approximately 90% of the cells were found in syncytia. The cells were
resuspended in 3 ml of low-serum medium (Opti-MEM; Gibco), and particles
were released by three repeated freeze-thaw cycles. Stock titers were determined
by 50% tissue culture infective dose (TCIDs,) titration on Vero cells, using the
Spearman-Karber method.

To purify viral particles, supernatant was harvested from infected cells, cell
debris was removed by low-speed centrifugation (20,000 X g; 20 min; 4°C), and
virus particles were concentrated at the interphase of a two-step 20 and 60%
sucrose gradient in TNE buffer (10 mM Tris [pH 7.8], 100 mM sodium chloride,
1 mM EDTA) by centrifugation at 100,000 X g and 4°C for 90 min. The
virus-containing fraction was diluted with TNE buffer to less than 30% sucrose,
and particles were pelleted at 100,000 X g and 4°C for 90 min and resuspended
in lysis buffer.

For infection, target cells (5 X 10°/well in 35-mm-diameter wells) were incu-
bated with cell-associated virus diluted to the appropriate MOI in Opti-MEM for
2 h. The viruses were removed and replaced with DMEM containing 10% fetal
bovine serum for the specified duration of infection. For proteolytic digestion of
the displayed scAb, viruses in clarified cell extracts (MOI, 1) were pretreated
with 10 pg of factor Xa for 2 h at 23°C prior to the adsorption step, and the levels
of protease were maintained at 10 pg/ml by replacing the medium with fresh
medium containing factor Xa every 12 h. For antibody adsorption of cell surface
CEA, cells were pretreated with 10 pg of COL1 (LabVision Corp.) for 2 h prior
to infection. The level of antibody was maintained at 10 pg/ml by replacing the
medium with fresh medium containing COL1 every 12 h.

Western blot analysis. For Western blot analysis of MV proteins, transfected
or infected cells were lysed for 5 min at 4°C in lysis buffer (50 mM Tris [pH 8.0],
62.5 mM EDTA, 0.4% deoxycholate, 1% Igepal [Sigma]), protease inhibitors
(complete mix [Boehringer] and 1 mM phenylmethylsulfonyl fluoride [PMSF])
were added, and the supernatant was clarified by centrifugation at 5,000 X g for
10 min at 4°C. The resulting postnuclear supernatant was mixed with an equal
volume of urea buffer (200 mM Tris [pH 6.8], 8 M urea, 5% sodium dodecyl
sulfate [SDS], 0.1 mM EDTA, 0.03% bromphenol blue) containing 1.5% dithio-
threitol (DTT) and incubated for 25 min at 50°C in a thermomixer. Samples were
fractionated on SDS-polyacrylamide gels as indicated, blotted to polyvinyl diflu-
oride membranes (Millipore), probed with antibody, and subjected to enhanced-
chemiluminescence detection (Amersham Pharmacia Biotech). Chimeric
H-aCEA proteins were detected with an anti-Flag antibody (M2; Sigma), and
MYV particles were analyzed with an MV-specific goat antiserum (kindly provided
by S. Udem).

Metabolic labeling. Vero cells transfected with various constructs were incu-
bated for 30 min in labeling medium lacking cysteine, methionine, and ammo-
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FIG. 1. (A) Schematic diagram showing the relative positions of
MV H (shaded), the 8-amino-acid spacer incorporating the factor Xa
cleavage site (open), and the appended scAb domain (hatched). The
linker sequences separating Vi; and V, in the three forms of the scAb
(solid), indicated as 0, S, and L, are also given. (B) All three chimeric
proteins are expressed at the expected molecular weights. Western blot
analysis of Vero cells transfected with the indicated Flag-tagged H
constructs or mock transfected as a control was performed using an
anti-Flag antibody. The numbers correspond to the molecular weights
in thousands.

nium sulfate and then metabolically labeled with [**S]-methionine (Amersham
Pharmacia Biotech) at a final concentration of 100 pnCi/ml for 45 min at 37°C.
Subsequently, the labeling medium was replaced by chase medium containing
5% fetal calf serum, and the cells were incubated at 37°C for various period.

The cells were lysed in radioimmunoprecipitation assay buffer (10 mM Tris
[pH 7.4], 1% deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM sodium
chloride, protease inhibitors [complete mix and 1 mM PMSF]) for 15 min at 4°C,
and the lysates were subjected to centrifugation for 30 min at 20,000 X g.
Proteins were precipitated from the cell lysates with agarose-conjugated anti-
Flag antibody (M2) by incubation for 1 to 2 h at 4°C. The precipitates were
washed four times in lysis buffer prior to resuspension in urea buffer containing
1.5% DTT for 25 min at 50°C and fractionation on polyacrylamide gels. The
dried gels were exposed to high-sensitivity film (Kodak Biomax).

Analysis of H dimerization. For analysis of H complex formation, cells were
metabolically labeled as described above. After 1 h of chase time, the cells were
lysed (50 mM HEPES [pH 7.3], 100 mM sodium chloride, 10 mM n-dodecyl
B-p-maltoside, protease inhibitors [complete mix] and 1 mM PMSF]), and Flag-
tagged proteins were precipitated from the cell lysates with agarose-conjugated
anti-Flag antibody (M2). For nonreducing gel electrophoresis, the precipitates
were incubated in urea buffer lacking DTT.

Fluorescence-activated cell sorter (FACS) analysis. Target cells (5 X 10°/
reaction) were incubated on ice in phosphate-buffered saline—fetal calf serum-—
azide for 30 min to prevent internalization. Primary antibody was incubated with
the cell suspension for 1 h at 4°C. The cells were washed, incubated with
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FIG. 2. (A) All H-aCEA proteins are as stable as unmodified MV H. Pulse-chase analysis of Vero cells transfected with the indicated H
constructs is shown. Antigenic material was precipitated after the indicated chase times (in minutes). (B) HXL protein dimerizes with itself and
with unmodified H. Vero cells cotransfected with the indicated constructs were radiolabeled and lysed. Material immunoprecipitated with aFlag
MAD was dissolved under nonreducing conditions. The numbers on the left refer to molecular weights in thousands. +, present; —, absent. (C)
HXO0, HXS, and HXL are localized at the cell surface. H was detected at the surfaces of MC38 cells, transfected with the indicated H constructs,
by FACS analysis using an antibody directed against the extracellular region of MV H (open curve) or no primary antibody (shaded curve).

secondary antibody, repeatedly washed, fixed in 0.4% paraformaldehyde, and
analyzed using a Becton-Dickinson FACSCalibur and CellQuest software. For
detection of virus binding to the cell surface, the cells were preincubated with
virus at an MOI of 3 for 2 h at 4°C.

The 11/88 monoclonal antibody (MADb) (29) was used to detect surface CD46,
COL1 antibody was used to detect CEA, and the 129 MAD (30) was used to
detect surface H protein in transiently transfected cells and to detect virus bound
to the cell surface. All primary antibodies were revealed with an anti-mouse
antibody-fluorescein isothiocyanate conjugate (Sigma).

RESULTS

We generated constructs expressing three forms of the
aCEA MFE-23 scAb as C-terminal fusions of H (Fig. 1A). The
scAb forms differed in the length of the linker separating the
Vy and V; domains and were designated zero (0), short (S),
and long (L), corresponding to linker lengths of 0, 6, and 16
amino acids, respectively. In each construct, the C terminus of

H was separated from the scAb by an 8-amino-acid spacer,
including a factor Xa cleavage site to facilitate removal of the
displayed ligand. The chimeric H-aCEA proteins were desig-
nated HX0, HXS, and HXL, accordingly.

Expression, stability, oligomerization, and cell surface lo-
calization of chimeric H-aCEA proteins. Expression of HXO0,
HXS, and HXL proteins at the expected molecular weights in
all cell lines used was confirmed by Western blot analysis
(shown in Fig. 1B for Vero cells; data not shown for HeLa,
HeLa-CEA, MC38, and MC38-CEA cells). Furthermore,
pulse-chase analyses demonstrated similar stabilities of expres-
sion for the chimeric H-aCEA proteins and for unmodified H
(Fig. 2A). The half-lives for all proteins were greater than 3 h,
as determined by band densitometry with a phosphorimager.

The H-like conformation of the HXL protein was verified by
its ability to form covalently linked dimers with itself and with
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FIG. 3. (A) HXL protein efficiently induces syncytium formation in CD46-positive cells. Vero, HeLa, and HeLa-CEA cells were cotransfected
with MV F and the indicated H constructs, and syncytia were scored 48 h posttransfection. The error bars indicate standard deviations. (B)
Expression levels of CD46 and CEA on all cell lines used in this study. Shading, no primary antibody as a negative control; thin line, CEA; thick
line, CD46. (C and D) HXL protein efficiently induces syncytium formation in CD46-negative, CEA-positive cells. Vero, MC38, and MC38-CEA
cells were cotransfected with MV F and the indicated H constructs, and syncytia were scored (C) and photographed (D) 48 h posttransfection. For
synctium scoring, H and HXL on Vero cells were not countable, as >90% of the cells were in syncytia. The arrows in panel D indicate isolated
syncytia.

unmodified H. Following cotransfection of Flag-tagged HXL heterotypic dimers (HXL-H) were identified. In addition, and

with unmodified, untagged H, or with empty plasmid or Flag- consistent with the postulated tetrameric nature of MV H, we
tagged H as a control, cells were metabolically labeled. Using observed the presence of untagged H-H dimers in the presence
an aFlag antibody, tagged proteins and any interacting untagged of tagged HXL, presumably resulting from the interaction of

H proteins were immunoprecipitated, and the dimerization H-H with HXL-HXL dimers. Under conditions in which both
status was analyzed by gel electrophoresis under nonreducing homotypic and heterotypic complexes could form, the hetero-
conditions (Fig. 2B). Both homotypic dimers (HXL-HXL) and typic HXL-H complex predominated, suggesting that dimer-
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ization of HXL with unmodified H was more efficient than that
with itself. However, we cannot formally exclude the possibility
that an excess of H was expressed compared to HXL and that
this may bias the efficiency of dimer formation. Assuming that
this is not the case, the efficiencies of both HXL-HXL and
HXL-H complex formation were reduced compared with that
of H-H dimerization. Thus, display of the scAb on H may
reduce the efficiency of, but does not prevent, dimerization of
the underlying H molecule.

Since the formation of covalently linked dimers is a prereq-
uisite for efficient H transport (22), our data suggested that the
HXL protein should be efficiently transported. Indeed, cell
surface expression of not only HXL but all H-aCEA proteins
was confirmed by FACS analysis of transfected cells to be
similar to that of unmodified H (Fig. 2C), indicating efficient
transport for all H-aCEA proteins.

HXL supports syncytium formation in both CD46-positive
and CD46-negative, CEA-positive cells. Although display of a
scAb on MV H did not affect its proper folding or transport, its
receptor-binding and fusion support functions may have been
disrupted. We assessed the functionality of the H-aCEA pro-
teins by measuring syncytium formation following coexpression
with MV F.

In three CD46-positive cell lines (HeLa, HeLa-CEA, and
Vero [Fig. 3A]), expression of HXL with F induced extensive

syncytium formation, to a degree similar to that with unmod-
ified H. The HXS protein supported syncytium formation at a
lower level, while no cell-cell fusion was observed in cells
expressing HXO0. No significant difference was observed in the
numbers of syncytia in HeLa versus HeLa-CEA cells express-
ing any of the chimeric proteins. Thus, addition of the long-
linker form of the scAb did not impair MV H-induced cell-cell
fusion via CD46. We found these three cell lines to be negative
for surface SLAM by FACS analysis (data not shown); thus,
receptor usage was limited in this case to CD46 and, where
expressed, CEA.

To assess the contribution of the scAb-CEA interaction in
the fusion process, we analyzed CEA-dependent syncytium
formation in a CD46-negative background. For this we used
MC38-CEA cells, a mouse cell line stably expressing high lev-
els of cell surface human CEA (25), and their CEA-negative
parent cell line, MC38. FACS analysis (Fig. 3B) demonstrated
levels of CD46 to be similarly high on Vero, HeLa, and HeLa-
CEA cells and undetectable on MC38 and MC38-CEA cells.
As expected, expression of CEA was high only on HeLa-CEA
and MC38-CEA cells. Fusions in MC38, MC38-CEA, and
Vero cells were compared (Fig. 3C and D). In MC38 and
MC38-CEA cells, coexpression of F with unmodified H in-
duced a low level of syncytium formation, presumably reflect-
ing an inefficient, CD46-independent fusion mechanism for
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FIG. 4. (A) Recombinant MV-HXL expresses an H protein of the expected molecular weight. The protein compositions of MV and MV-HXL
were revealed by Western blotting with an MV-specific antiserum. The numbers refer to molecular weights in thousands. (B) The displayed scAb
can be specifically cleaved from MV H by factor Xa protease treatment. Both viruses were treated with factor Xa for 2 h at 23°C, and H was
detected by Western blot analysis with an anti-MV serum. The number refers to the molecular weight in thousands. +, present; —, absent. (C)
MV-HXL binds the surfaces of CD46-negative, CEA-positive cells. MC38, MC38-CEA, and Vero cells were incubated with either MV or
MV-HXL at an MOI of 3, and bound virus was detected by FACS analysis using an antibody directed against an extracellular epitope of MV H.
Shading, no virus as a negative control; thin line, MV-HXL; thick line, MV.

MV H. Strikingly, coexpression of F with chimeric HXL in
MC38-CEA cells led to extensive syncytium formation. Al-
though at a reduced level compared with that in Vero cells, the
numbers of syncytia were over 100-fold greater than those seen
with unmodified H. The HXS protein supported a reduced
level of syncytium formation in both Vero and MC38-CEA
cells, while coexpression of HX0 with F yielded no detectable
cell-cell fusion in any cell line. Thus, MV H displaying the
long-linker form of the scAb initiated cell-cell fusion via a
novel receptor.

Recovery of replication-competent MV containing chimeric
HXL protein in place of H. The ability of chimeric HXL to
functionally replace unmodified H in the context of replicating
virus was assessed. In a full-length infectious MV Edmonston
cDNA, the H gene was replaced with that encoding HXL, and
using the MV recovery protocol (24), virus was isolated from
individual syncytia formed in Vero cells.

The authenticity of the recovered MV-HXL was confirmed
by Western blot analysis of purified particles (Fig. 4A). Con-
sistent with the sizes of transiently expressed HXL and H
proteins (Fig. 1B), purified MV-HXL particles expressed an H
protein of ~110 kDa, in contrast to that of ~80 kDa expressed
from unmodified MV. Furthermore, treatment of purified
MV-HXL virious with factor Xa protease demonstrated spe-
cific cleavage of the appended scAb, generating an 80-kDa

protein corresponding to unmodified H (Fig. 4B). As expected,
factor Xa treatment of unmodified MV did not affect the size
of the antigenic material detectable as H.

MYV-HXL binds to the surfaces of CD46-positive and CD46-
negative, CEA-positive cells. The abilities of MV and MV-
HXL to bind cells expressing either CD46 or CEA at the
surface were next compared by flow cytometry (Fig. 4C). Nei-
ther virus was able to bind the surface of CD46-negative, CEA-
negative MC38 cells. In contrast, both viruses bound CD46-
positive, CEA-negative Vero cells, with small but significant
shifts observed. Thus, the addition of the scAb did not negate
the interaction of MV-HXL with cell surface CD46, consistent
with the ability of the HXL protein to induce cell-cell fusion in
CD46-positive cells. Importantly, MV-HXL bound the surface
of the CDA46-negative, CEA-positive MC38-CEA cell line,
while binding of unmodified MV was negligible.

MV-HXL replicates in CEA-positive cells in the absence of
CD46. Given that MV-HXL bound cells expressing CEA, we
assessed its ability to infect both CD46-positive and CD46-
negative, CEA-positive cells. We first compared the infectivities
of MV and MV-HXL for Vero, MC38, and MC38-CEA cells by
observing syncytium formation in the inoculated cells (Fig. 5A).
Consistent with our previous results, Vero cells were infectable by
either virus. Significantly, infection of MC38-CEA cells with MV-
HXL resulted in extensive syncytium formation. In contrast, in-
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fection of MC38-CEA cells with unmodified MV and infection of
MC38 cells with either virus were undetectable.

We next compared the replicative ability of MV-HXL with
that of parental MV by determining the viral titers achieved in
Vero, HelLa, HeLa-CEA, MC38, and MC38-CEA cells by
TCIDs,, assays using each of the cell lines as a target (Fig. 5B
shows one typical example). MV-HXL replicated to titers al-
most indistinguishable from those obtained with parental MV
in all three CD46-positive cell lines tested (7 X 10° to 5 X 107
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FIG. 5. (A) MV-HXL infects and induces cell-cell fusion in CD46-
negative, CEA-positive cells. MV, MV-HXL, or no virus was incubated
with Vero, MC38, and MC38-CEA cells at an MOI of 3. Representa-
tive fields of view were photographed 72 h postinfection. (B) MV-HXL
replicates in CD46-negative, CEA-positive cells to titers approaching
those reached in CD46-positive cells. The infectivities of MV and
MV-HXL were quantified for HeLa, HeLa-CEA, Vero, MC38, and
MC38-CEA cells by TCIDs,, titration using each of the cell lines as a
target.

PFU/ml, depending on the cell line). Thus, the ability of MV-
HXL to replicate in a CD46-dependent manner was not af-
fected by display of the scAb, consistent with our previous data.

Remarkably, MV-HXL reached similar titers on CD46-neg-
ative, CEA-positive MC38-CEA cells and on CD46-positive
cells (from independent experiments, an average of 6.2 X
10° = 1.3 X 10° PFU/ml), demonstrating that its ability to
replicate in a CEA-dependent manner was about as efficient as
its CD46-dependent replication. Negligible infection (titers of
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FIG. 6. MV-HXL infectivity for MC38-CEA cells is inhibited by
cleavage of the displayed scAb or antibody preadsorption of cell sur-
face CEA. Vero cells (as a control) and MC38-CEA cells were infected
with MV or MV-HXL (MOJI, 1), untreated or pretreated with 10 pg of
factor Xa/ml. Also, cells were pretreated with 10 pg of «CEA COL1
antibody/ml and then infected with MV or MV-HXL (MO, 1). Virus
released from the cells by freeze-thaw 72 h postinfection was quanti-
fied by TCIDs,, titration on Vero cells.

<10% PFU/ml) was detected in MC38-CEA cells with parental
MYV and in CEA-negative MC38 cells with either virus. The
fact that parental MV H induced a low level of syncytium
formation in MC38 cells while viral titers were negligible may
be accounted for by differences in the requirements for cell-cell
and virus-cell fusion.

We also measured the infectivities of MV and MV-HXL for
all cell lines by infecting each at an MOI of 3 and quantifying
cell-associated virus by TCIDs, titration 72 h postinfection
using Vero cells as targets. Since no intrinsic differences in
replication of the two viruses in Vero cells existed (Fig. 5B), no
bias would be introduced by using this approach. This method
gave a pattern of virus titers reproducibly similar to that from
the previous assay, but the absolute values were 1 to 2 log units
lower, with the titer of MV-HXL on MC38-CEA cells reaching
3.1 X 10* = 5.1 X 10° PFU/ml (data not shown). This assay was
used for subsequent blocking experiments.

Replication of MV-HXL in CD46-negative, CEA-positive
cells depends on a specific interaction between the displayed
scAb and CEA. Our data suggested a specific interaction be-
tween MV-HXL and CEA. To test this, we assessed the infec-
tivities of MV and MV-HXL for MC38-CEA and Vero cells
following incubation of the virus with factor Xa protease to
cleave the displayed scAb or pretreatment of the cells with an
aCEA MAD (COL1) to block cell surface CEA. In both cases,
virus was quantified from the cells 72 h postinfection by
TCIDs, titration using Vero cells as targets (Fig. 6).

On Vero cells, neither treatment significantly affected the
titer of either MV or MV-HXL,; similarly, on MC38-CEA cells,
the titer of unmodified MV was unaffected by either treatment.
Strikingly, cleavage of the displayed scAb by factor Xa pro-
tease reduced the titer of MV-HXL on MC38-CEA cells by
greater than 100-fold (from independent experiments, an av-
erage of 177-fold * 2-fold). Inhibition of MV-HXL by pre-
treating MC38-CEA cells with the «CEA MAb COL1 was less
drastic but still significant, with an inhibition of greater than
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10-fold. The less pronounced inhibition seen with COL1 may
be explained by multivalent virus attachment being inefficiently
inhibited by monomeric ligands. The inability of COL1 to
inhibit MV infectivity for either cell line demonstrates the
specificity of its inhibition for MV-HXL. These data confirm
that the ability of MV-HXL to infect CEA-positive cells inde-
pendently of CD46 depends on a specific interaction between
the displayed scAb and the targeted antigen.

DISCUSSION

We describe the generation of a replicating MV with tro-
pism expanded by virtue of a scAb displayed on its H protein.
Previously, we demonstrated that compact epidermal growth
factor (EGF) and insulin-like growth factor (IGF) domains
displayed on the H protein enable virus entry via both the
natural and the cognate receptors (28). Despite the complex
fusion mechanism of MV and our more radical modification of
the H protein with a 244-amino-acid scAb comprising two Ig
domains, we report a virus which retains its ability to replicate
on cells expressing the viral receptor CD46 while, significantly,
it gains the ability to replicate on nonprimate cells expressing
human CEA, the targeted receptor. Furthermore, we define a
length of the linker between Vy; and V; of the scAb which is
critical for functionality of the underlying H protein. Given the
common features of scAb structure, our ability to display one
scAb suggests that MV will tolerate the addition of many scAbs
as C-terminal fusions of H, a property highly desirable for
targeted vectors. In addition, generating an MV with tropism
for the clinically relevant tumor-associated antigen CEA es-
tablishes a precedent for the development of chimeric MV-
scAb vectors as useful cytoreductive therapeutic agents.

Since the folding and transport kinetics of MV H carrying
C-terminally appended ligands are crucial for their function-
ality, we first characterized the chimeric H-«CEA molecules at
the protein level. Remarkably, the presence of two indepen-
dently folding domains in these H-aCEA molecules did not
affect intracellular stability, suggesting their correct folding,
since many misfolded secretory proteins are subjected to rapid
degradation in the early secretory pathway (23). More evi-
dence that the conformation of the underlying H molecule was
unaffected came from the ability of HXL to dimerize with itself
and with unmodified H and from the similar cell surface ex-
pression of all H-aCEA proteins compared with that of un-
modified MV H. Significantly, only H displaying the long-
linker form of the aCEA scAb was able to initiate efficient
cell-cell fusion in cells expressing CD46 and also in CEA-
positive cells independently of CD46. In contrast, addition of
the zero and short forms of the scAb ablated or reduced the
fusogenicity of the molecule, respectively. Since the scAbs of
the HX0 and HXS proteins may be oligomeric, they may steri-
cally prevent fusion either by blocking interaction with the
cellular receptor or a second factor or by a more complex
interference in the oligomerization of H or the interaction
between H and F oligomers. The HXL protein, however, is
predicted to display a monomeric scAb, which apparently does
not obstruct any essential complex formations.

Following these findings, we generated infectious MV ex-
pressing HXL in place of H. The two appended Ig-like do-
mains did not appear to interfere with efficient particle assem-
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bly, despite an increase in the molecular mass of the H protein
by 40%. Furthermore, the displayed scAb did not impair entry
and replication competence in CD46-positive cells and, signif-
icantly, enabled infection of cells lacking all human proteins
other than the targeted receptor, human CEA. Moreover, the
CD46-independent infectivity of MV-HXL for cells expressing
CEA relied on a specific and inhibitable interaction between
the scAb displayed on the virus and CEA.

Our finding that extension of H with a large, independently
folding scAb enables it to efficiently function through a recep-
tor of the Ig superfamily protein class coupled with the dem-
onstration that similar display of EGF and IGF allows fusion
through the cognate tyrosine kinase receptors (28) is consistent
with a rather flexible receptor usage for MV, suggesting that a
high-affinity interaction is sufficient to trigger the subsequent
fusion process. Indeed, recent evidence suggests that different
MV strains infect with different efficiencies via at least two
receptors. The wild-type strain KA infects cells efficiently via
the Ig superfamily protein SLAM and binds CD46 weakly,
whereas the vaccine strains possess stronger CD46-dependent
infectivity yet maintain entry via SLAM (10, 16, 32, 33). We
propose that binding of the displayed scAb to CEA facilitates
fusion by bringing the virus close to the cell surface (this initial
step is normally mediated by CD46 or SLAM binding), possi-
bly inducing conformational changes in the H protein, and
finally triggering extrusion of the F fusion peptide and mem-
brane mixing. Consistent with this hypothesis, our observation
that extension of H with a 244-amino-acid scAb does not im-
pair the fusion process suggests that the position of the attach-
ment site on the H protein is not critical for efficient fusion. It
is, however, possible that entry does not occur directly through
the CEA molecule and instead depends on the interaction with
CEA to facilitate an enhanced interaction with an as-yet-uni-
dentified MV coreceptor molecule, through which the virus
enters. Whichever mechanism MV-HXL enters by, the flexi-
bility of the membrane fusion system is not unlimited, since
display of a reportedly oligomeric scAb domain impairs fusion
triggered by both CD46 and CEA and extension of CD46 by 12
nm ablates fusion (2). Given the inability of the long-linker
form of scAb to obstruct the H-CD46 interaction, we suggest,
in agreement with others (17), that the CD46 binding site on
MYV H may be well exposed and highly accessible rather than
buried in a canyon or hydrophobic “pocket,” as is the case for
certain other viruses (13, 26, 34).

CEA-dependent infection by MV-HXL can be described as
positive retargeting of MV, since binding to CEA is followed
by CEA-dependent entry. This cannot be achieved with most
retroviral vectors, since binding to the targeted receptor does
not trigger infection via this molecule and only a low level of
transduction is achieved through the normal viral receptor (11,
35). Our findings may suggest the general applicability of MV
as a vector which can be positively retargeted to many other
cell surface antigens by the display of appropriate scAbs. Our
system is limited at present by the maintenance of natural MV
receptor usage by the chimeric virus, and we are investigating
strategies to eliminate this interaction while maintaining fusion
through the targeted receptor. In addition to its inherent cy-
totoxicity, developing retargeted vectors based on the safe and
effective MV Edmonston vaccine strain supports the therapeu-
tic use of replication-competent virus. The combination of
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potent syncytium induction and replication competence may
culminate in a more extensive spread among the target cell
population. Indeed, recent in vivo data suggest unmodified,
replicating MV Edmonston B causes regression of human lym-
phoma and myeloma xenografts in a SCID mouse model after
intratumoral injection (D. Grote, T. I. Cornu, R. Cattaneo,
S. J. Russell, and A. K. Fielding, submitted for publication;
K. W. Peng and S. J. Russell, personal communication).

In summary, we have demonstrated that MV not only tol-
erates the addition of a 244-amino-acid independently folding
scAb on its H protein without impairing its natural route of
entry, it can also infect cells via a novel interaction between a
displayed scAb and its targeted receptor. This chimeric virus
provides new opportunities for restricting the inherent cyto-
toxicity of the virus to specific subsets of cells and thus for the
use of MV-scAb chimeras in cytoreductive therapy and is also
a valuable tool for understanding the determinants of MV
entry.
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