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Hepatitis C virus (HCV) infection remains a serious public health problem worldwide. Treatments are limited, and no preven-
tive vaccine is available. Toward developing an HCV vaccine, we engineered two recombinant measles viruses (MVs) expressing
structural proteins from the prototypic HCV subtype 1a strain H77. One virus directs the synthesis of the HCV capsid (C) pro-
tein and envelope glycoproteins (E1 and E2), which fold properly and form a heterodimer. The other virus expresses the E1 and
E2 glycoproteins separately, with each one fused to the cytoplasmic tail of the MV fusion protein. Although these hybrid glyco-
proteins were transported to the plasma membrane, they were not incorporated into MV particles. Immunization of MV-suscep-
tible, genetically modified mice with either vector induced neutralizing antibodies to MV and HCV. A boost with soluble E2 pro-

tein enhanced titers of neutralizing antibody against the homologous HCV envelope. In animals primed with MV expressing
properly folded HCV C-E1-E2, boosting also induced cross-neutralizating antibodies against two heterologous HCV strains.
These results show that recombinant MVs retain the ability to induce MV-specific humoral immunity while also eliciting HCV
neutralizing antibodies, and that anti-HCV immunity can be boosted with a single dose of purified E2 protein. The use of MV

vectors could have advantages for pediatric HCV vaccination.

H epatitis C virus (HCV) is the prototype member of the Hepa-
civirus genus within the family Flaviviridae. The virus is trans-
mitted almost exclusively by the parenteral route, and acute infec-
tions, which are frequently subclinical, progress to chronicity in
about 70% of cases. Persistent HCV carriers may develop liver
cirrhosis, hepatocellular carcinoma, and end-stage liver disease.
Despite an efficient preventive campaign based on the identifica-
tion of HCV-infected blood donors, the prevalence of the virus
among American young adults has not declined (35). Recent ad-
vances have improved treatment options for infections with cer-
tain viral genotypes, although limitations in efficacy remain and a
preventive vaccine is not available.

HCV is an enveloped virus, with a positive-sense, single-
stranded RNA genome. The genome is translated into a polypro-
tein which is proteolytically processed into 10 individual proteins
(reviewed in reference 64). The structural proteins, core protein
(C) and two envelope glycoproteins (E1 and E2), form the physi-
cal viral particle; C functions to encapsidate the RNA genome,
while E1 and E2 mediate virus attachment and entry into host
cells. E1 and E2 are highly glycosylated type I transmembrane
proteins with an N-terminal ectodomain. Residues within the
transmembrane domains are important for heterodimerization
and dimer retention in the endoplasmic reticulum (ER) (22, 46).
Replacement of the E1 or E2 transmembrane domains can direct
transport of the corresponding chimeric proteins to the plasma
membrane (1, 10). E2 also encompasses well-conserved antibody
neutralization determinants, which are located near the binding
sites for viral entry factors CD81 and scavenger receptor Bl (20,
29). There is also some evidence for the existence of neutralizing
determinantsin E1 (45). Patient neutralizing antibodies have been
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identified that target virus interactions with its coreceptors and
block glycoprotein-mediated membrane fusion (31).

A major hurdle in the development of an effective HCV vac-
cine is the lack of an immunization strategy to elicit broadly pro-
tective antibodies and sustained cell-mediated immunity (32, 66).
Studies with chimpanzees have shown the importance of total
anti-E1/E2 antibody titers in conferring protection (15). More-
over, neutralizing immunity and functional CD4" and CD8™ T-
cell responses induced early in HCV infection correlate with clear-
ance or viral control in patients (7, 37, 51).

In contrast, the measles virus (MV) vaccine has an outstanding
record of efficacy and safety. The MV Moraten vaccine strain is
credited with the temporary elimination of indigenous measles
transmission on the American continent (14), and the World
Health Organization is implementing a global measles eradication
program (72, 73). After completion of the two-dose vaccination
schedule, nearly 100% of recipients develop lasting neutralizing
immunity that may be lifelong (2). In addition, the availability of
established production methods makes MV an appealing plat-
form for delivering foreign antigens (reviewed in reference 5).
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Several groups, including ours, have generated MV with addi-
tional vaccine specificities (17, 55). Surface proteins of hepatitis B
(54, 55), severe acute respiratory syndrome coronavirus (41), HIV
(17, 30, 42), simian immunodeficiency virus (74), West Nile virus
(18), dengue virus (8, 9), mumps virus (69), and human papillo-
mavirus (12) have been expressed and immunogenicity has been
demonstrated in susceptible hosts. A recombinant MV-HBV di-
valent vaccine remains protective against measles in rhesus mon-
keys (55) and elicits protective anti-HBsAg antibody titers when
combined with a single HBsAg protein boost (54).

In this study, we generated two recombinant MVs expressing
HCV structural proteins, termed MV-CE1E2 and MV-E1/Ft-E2-
Ft. Following characterization of protein expression in cultured
cells, immunogenicity of the vectors was assessed in MV-suscep-
tible mice. We show that both vectors elicited neutralizing anti-
bodies against homologous envelope proteins and that the MV-
CE1E2 vector also induced cross-neutralizing immune responses
to heterologous virus envelopes.

MATERIALS AND METHODS

Cells and viruses. Vero/hSLAM cells (50) and the helper 293-3-46 cell line
(52) were maintained as monolayers in Dulbecco’s modified Eagle’s me-
dium (DMEM; Mediatech Inc., Herndon, VA) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin (Mediatech), and
0.5 and 1.2 mg/ml G418 (Mediatech), respectively. Huh-7.5 cells (6) were
propagated in DMEM supplemented with 10% FBS and 0.1 mM nones-
sential amino acids (NEAA).

Recombinant MVs were generated as described by Radecke et al. (52).
After detection of their cytopathic effect on Vero/hSLAM cells, single
syncytia were picked and propagated on this cell line. To prepare virus
stocks, Vero/hSLAM cells were infected at a multiplicity of infection
(MOI) of 0.03 and incubated at 32°C. Cells were scraped in Opti-MEM
(Gibco) and particles released by two freeze-thaw cycles.

Virus growth characteristics were determined by infecting Vero/hS-
LAM cell monolayers at an MOI of 0.03 and incubating them at 37°C.
Infected cells and supernatants were collected and lysed by one cycle of
freeze and thaw at different times postinfection, and the 50% tissue cul-
ture infectious dose (TCID5)) was determined on Vero/hSLAM cells using
the Spearman-Kirber method (34).

Plasmid construction. For construction of the vectored MV, we
started with pB(+)MVvac2(ATU)P (55). The MV genome in this plasmid
has complete coding identity with the Moraten/Schwartz vaccine strain
genomes and contains an additional transcription unit (ATU, a dupli-
cated N/P intergenic region with a multicloning site) inserted down-
stream of the phosphoprotein gene. The HCV CE1E2 coding sequence of
HCV subtype 1a, strain H77 (residues 1 to 747, numbering starting with
the first amino acid of the C protein sequence), obtained from pBRTM/
HCV1-809con (36) as an Mlul-Aatll restriction fragment, was then
cloned into the corresponding sites of the ATU to obtain pB(+)MVvac2-
HCV(CEIE2)P.

Plasmid pB(+)MVvac2-HCV(E1/Ft-E2/Ft)P was obtained after
transferring an Mlul-AatlI restriction fragment containing the sequences
encoding the ectodomains of E1 and E2 fused to the transmembrane and
cytoplasmic region of MV F protein. For E1/Ft, the junction was His/Gly,
where His is amino acid 352 of the HCV polyprotein (161 of the E1
protein ectodomain) and Gly is the first amino acid of the MV F protein
transmembrane domain (56). For E2/Ft, the junction was Glu/Gly, where
Glu is amino acid 717 of the HCV polyprotein (335 of the E2 protein
ectodomain) and Gly the first amino acid of the transmembrane region of
the MV F protein (56). Correct junctions were corroborated by sequenc-
ing. The corresponding recombinant MVs were then generated and
named MV-CE1E2 and MV-E1/Ft-E2/Ft, respectively.

Analysis of HCV protein expression. Vero/hSLAM cells were seeded
in 35-mm-diameter 6-well plates and infected with MVvac2, MV-CE1E2,

November 2012 Volume 86 Number 21

MV-HCV Divalent Vaccine

or MV-E1/Ft-E2/Ft at an MOI of 0.5. Twenty-four hours after infection,
cells were collected and lysed with RSB-NP-40 buffer (10 mM NaCl, 10
mM MgCl,, 10 mM Tris-HCI [pH 7.5], 1% Nonidet P-40) plus protease
inhibitors (protease inhibitor cocktail set I; Calbiochem, Darmstadt, Ger-
many). Lysates were subjected to 4 to 15% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellu-
lose using a semidry apparatus (Bio-Rad, Hercules, CA). Immunoblotting
was performed using anti-C (MA1-080; Affinity BioReagents, Golden,
CO) and anti-E1 (catalog no. 1879) and anti-E2 (catalog no. 1876) (both
from ViroStat, Portland, MA) monoclonal antibodies (MAbs). As posi-
tive controls, rabbit anti-MV H cytoplasmic tail polyclonal serum (13)
and a monoclonal antibody, antiactin (AC-15; Sigma, St. Louis, MO),
were used. After incubation with the corresponding horseradish peroxi-
dase (HRP)-conjugated secondary antibody, signals were detected with
the SuperSignal West Femto maximum detection system (Pierce, Rock-
ford, IL).

Immunoprecipitation. For analysis of E1 and E2 protein conforma-
tion, Vero/hSLAM cells were seeded and infected as described above.
Twenty hours after infection, the cells were methionine and cysteine
starved for 15 min and labeled with 100 wCi/ml of Express protein label-
ing Mix 33S label (Perkin-Elmer, Boston, MA) for 4 h. After being washed
with phosphate-buffered saline (PBS), cells were lysed by incubation with
radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) plus pro-
tease inhibitors. The antigenic material was immunoprecipitated with
protein G-agarose (Roche, Mannheim, Germany) using 10 pl of each of
the following monoclonal antibodies: anti-measles virus H clone 55 (27)
and conformation-dependent anti-E2 antibodies H35, H53, and H60
(16), generously provided by J. Dubuisson; 10 wl of a goat polyclonal
serum against E2 (AbD Serotec, Oxford, United Kingdom) was also used.

Glycosidase treatment and analysis of surface expression. The HCV
envelope proteins or MV H proteins were immunoprecipitated from non-
labeled cell lysates prepared as described above. Proteins were treated with
endoglycosidase H (endo-H) and peptide N-glycosidase F (PNGase-F)
(both from NEB, Ipswich, MA) as per the manufacturer’s instructions for
1 h at 37°C. Protein material was analyzed by immunoblotting using
anti-H- or anti-El-specific antibodies. For analysis of surface expression,
infected Vero/hSLAM cells were incubated with 0.2 mg/ml of Sulfo-
NHS-LC biotin (Pierce, Rockford, IL) in PBS for 40 min at 4°C. After the
cells were washed with PBS and nonincorporated biotin was quenched
with DMEM, cells were lysed with RSB-NP-40 buffer. Biotinylated pro-
teins were precipitated using streptavidin UltraLink beads (Pierce) over-
night at 4°C. Labeled material was subjected to SDS-PAGE and protein
immunoblotting using polyclonal antibodies against measles virus H and
N proteins and monoclonal antibodies against HCV E1 and E2 proteins.

Preparation of viral particles. Supernatants of 7 X 10 infected Vero/
hSLAM cells were clarified by centrifugation at 8,000 rpm for 30 min in an
SLA600TC rotor (Sorvall, Newtown, CT). Viral particles were then con-
centrated at the interphase of 20 and 60% sucrose layers in TNE buffer (1
mM Tris [pH 7.8], 100 mM NaCl, 10 mM EDTA) by ultracentrifugation
at 28,000 rpm for 90 min in an SW41Ti rotor (Beckman, Palo Alto, CA).
The interphase was brought to a 20% sucrose concentration with TNE
buffer and pelleted by ultracentrifugation with the same conditions. Viral
pellets resuspended in TNE buffer were subjected to immunoblotting.

Expression and purification of soluble homologous E2. Purification
of soluble H77 E2 ectodomain was performed as previously described
(71). Briefly, HEK293T cells were transfected with an E2 expression
plasmid under the control of a cytomegalovirus (CMV) promoter
(pcDNA3.1). The construct included an amino-terminal prolactin sig-
nal sequence and a carboxyl-terminal Fc tag for affinity purification. A
high-expression stable cell line was produced by hygromycin selection
and expanded. Supernatant from the stable cell line was centrifuged to
remove cellular debris, filtered through a 0.22-pm membrane, and
applied to protein A-conjugated resin (GE Healthcare, Piscataway,
NJ). Following extensive washing with HEPES-buffered saline, the
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resin was incubated with thrombin protease to remove the Fc tag. The
final protein concentration was determined by Bradford protein assay
(Bio-Rad, Hercules, CA).

Mouse inoculations. All experimental procedures were performed ac-
cording to a protocol previously approved by the Mayo Clinic Institu-
tional Animal Care and Use Committee. MV-susceptible Ifnar*°>-CD46Ge
mice (49) were used as hosts. Five to eight mice per group were inoculated
twice by the intraperitoneal (i.p.) route with 10°> TCID5s of the virus as
indicated below. Mice were bled 28 days postinoculation, and serum was
separated and stored at —20°C until use. For boosting 28 days after virus
inoculation, 5 wg of HCV H77 E2 soluble protein in complete Freund’s
adjuvant (Sigma) was administered by the i.p. route. Blood was collected
28 days after protein boost, and serum was obtained and stored.

MV neutralization assay. MV neutralizing antibody titers were deter-
mined in a plaque reduction assay by incubating heat-inactivated serum
dilutions with 100 PFU of a green fluorescence protein-expressing virus
[MVvac(GFP)N] (our unpublished data). Titers were expressed as 90%
plaque reduction fluorescence-forming units at 72 h postinfection.

HCV ELISA. Enzyme-linked immunosorbent assay (ELISA) using re-
combinant H77 E2 ectodomain measured specific anti-E2 reactivity. Pu-
rified protein was diluted in BBS (15 mM Na,B,0,, 120 mM NaCl [pH
8.5]) and 50 ng/well was adsorbed to Nunc MaxiSorp 96-well plates
(VWR, West Chester, PA). Blocking was performed with phosphate-buff-
ered saline containing 5% bovine serum albumin (BSA), 0.2% skim milk,
and 0.1% Tween 20 for 2 h at room temperature (RT) and subsequently
with antibody diluent (PBS with 5% BSA, 2% sheep serum, and 0.05%
Tween 20) for 30 min at RT. Serum samples, diluted 1:400 in antibody
diluent, and 0.5 pg/ml E2-specific monoclonal antibody (4F6/2; Austral
Biologicals, San Ramon, CA) were incubated for 1 h at RT. The reaction
was developed with the addition of a goat anti-mouse IgG-HRP antibody
(Jackson ImmunoResearch, West Grove, PA) and TMB substrate (Sigma,
St. Louis, MO) and quenched with 0.5 N sulfuric acid; absorbance was
measured at 450 nm.

HCV neutralization assays. HCV pseudoparticles (HCVpp) were
generated by cotransfecting plasmids encoding an HIV provirus express-
ing secretable Gaussia luciferase (pNL4-3-.Gluc.R-E-) and the HCV en-
velope glycoproteins [pcDNA3.1-H77(CsigE1E2)] in 293T cells, as previ-
ously described (33). Cell culture-adapted HCV (HCVcc) was generated
by electroporation of in vitro-transcribed RNA from full-length genomes
(H77, Bi-Gluc-H77C/JFH [T2700C and A4080T]; J6, Bi-Gluc-J6/JFH;
and Conl, Bi-Gluc-Conl1/Jcl [G2833C, T2910C, A4274G, A6558G, and
A7136C]) into Huh-7.5 cells as previously described (40, 67). Superna-
tants were harvested, pooled, and filtered.

For neutralization assays, complement was inactivated, and the di-
luted sera were mixed with HCVpp or HCVcc in DMEM containing
2% FBS, 0.1 mM NEAA, 20 mM HEPES, and 4 pg/ml Polybrene at the
dilution indicated below. Control antibodies against CD81 (2 pg/ml;
JS81 clone; BD Pharmingen) and genotype la E2 (0.5 wg/ml; AR4A;
generous gift from M. Law [26]) were utilized. The virus-serum mix-
ture was incubated at 37°C for 1 h, transferred to Huh-7.5 cells seeded
in 96-well plates (6.4 X 107 cells per well), and incubated at 37°C for 6
h. At this time, cells were washed three times and further incubated at
37°Cin DMEM with 10% FBS and 0.1 mM NEAA. HCVpp and HCVcc
infections were terminated after 72 h. Gaussia luciferase secreted
within the supernatants was quantified using the Gaussia luciferase
assay system (Promega, Madison, WI).

Neutralization of the mouse antisera using retroviral particles bearing
no envelope or pseudotyped with the nonrelated feline immunodefi-
ciency virus RD114 envelope were performed in parallel. Background
levels of unspecific HCV neutralization were measured using sera from
MVvac2-infected mice. In these mice, average luciferase relative light
units (RLU) were approximately 20 to 25% below those of the untreated
control (HCV-pseudotyped particles alone). Luciferase readings below
this background were considered positive (with HCV neutralization po-
tential). Sera neutralizing HCV 100 times more efficiently than the back-
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FIG 1 Genome and growth characteristics of vectored MV expressing HCV
proteins. (A) Diagram of the genomes of recombinant vectors. MV proteins
are indicated by dark gray arrows, HCV proteins by inserts of light gray arrows.
For details on construction, see Materials and Methods. The names of the
recombinant MVs are indicated above the genome diagrams. (B) Time course
of cell-associated (top) and cell-free virus production in Vero/hSLAM cells
infected with MVvac2 (circles), MV-CE1E2 (squares), or MV-E1/Ft-E2/Ft
(triangles). Viral titers are indicated on the vertical axes. These titers were
measured at 12, 24, 36,48, 72, and 96 h postinfection. For clarity, symbols were
moved slightly sideways. Averages and standard deviations of three indepen-
dent experiments are indicated.

ground level were considered 100% neutralizing. For HCVcc analysis,
luciferase readings for preimmune and post-protein boost status were
averaged for each HCV set. The averaged preimmune RLUs were used as
baseline readings for comparison. Both CD81 and E2 were compared
against the untreated control (HCVcc virus alone). All averages, both
HCVpp and HCVcc, were calculated from 6 replicates.

RESULTS

Growth characteristics of vectored MV expressing HCV struc-
tural proteins. We used the MV vaccine infectious cDNA,
pB(+)MVvac2 (55), to create vectors encoding the HCV struc-
tural proteins (Fig. 1A). The MV-CE1E2 vector directs the expres-
sion of HCV C and the E1E2 envelope protein heterodimer. The
MV-E1/Ft-E2/Ft vector expresses both HCV glycoprotein ectodo-
mains fused to the transmembrane region and cytoplasmic tail of
the MV F protein. The cytoplasmic tail of the MV F protein has
been previously shown to enhance the incorporation of foreign
glycoproteins into MV particles (60). To assess the replication
efficiency of the MV vectors, multistep growth kinetics studies
were performed. After inoculation with a starting MOI of 0.03, the
unmodified MV vaccine strain (MVvac2) and MV-CE1E2 repli-
cated with equivalent kinetics, reaching maximum titers of cell-
associated virus of about 10%> TCIDs,s/ml at 36 h postinfection
(Fig. 1B). The growth kinetics of MV-E1/Ft-E2/Ft was slightly
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FIG 2 Biochemical characterization of HCV proteins expressed by vectored
MVs. (A) Expression of HCV core protein by vectored MV-CE1E2. Extracts
from mock-, MVvac2-, MV-CE1E2-, or MV-E1/Ft-E2/Ft-infected cells were
analyzed by immunoblotting. The reactivity of each antibody is indicated be-
low each blot. (B) Immunoprecipitation of proteins produced by cells infected
with MVvac2, MV-CE1E2, or MV-E1/Ft-E2/Ft at an MOI of 0.5. Proteins were
labeled with [**S]methionine 24 h postinfection and precipitated with the
antibody indicated below the lanes. The positions of molecular mass standards
are indicated on the left. (C) Immunoprecipitation of HCV envelope proteins
using conformation-dependent monoclonal antibodies H53 and H60, as indi-
cated below the lanes. (D) Glycosidase treatment. MV Hand HCV E1 complexes
immunoprecipitated from cells infected with MV-CE1E2 or MV-E1/Ft-E2/Ft
were treated with endoglycosidase H (E) or PNGase-F (F) or left untreated (U).
MV H (top panel) and HCV E1 glycoproteins (botttom panel) were detected by
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delayed, and maximum titers of 10°”> TCIDs,s/ml of cell-associ-
ated virus were reached at 48 h postinfection.

HCV proteins expressed by vectored MV. To assess the qual-
ity and quantity of HCV proteins expressed by the vectored MV,
we first analyzed extracts of infected cells by Western blotting (Fig.
2A). Noninfected cells and cells infected with MVvac2 were used
as controls. Only MV-CE1E2 expressed a protein of about 19 to 21
kDa, the expected size of the HCV C protein. Next, radiolabeled
lysates from MVvac2-, MV-CE1E2-, or MV-E1/Ft-E2/Ft-infected
cells were assayed by immunoprecipitation, using either rabbit
anti-MV H (Fig. 2B, first three lanes) or goat anti-E2 antibodies
(last three lanes). The anti-E2 serum immunoprecipitated a broad
band of 60 to 70 kDa, as well as two distinct proteins with molec-
ular masses of 32 and 29 kDa, from cells infected with MV-CE1E2.
The 60- to 70-kDa band may correspond to E2 and the two smaller
bands to glycosylated isoforms of El. In contrast, a protein of
approximately 72 kDa was the most prominent signal in lysates of
MV-E1/Ft-E2/Ft-infected cells. As expected, no HCV proteins
were detected in lysates of MVvac2-infected cells.

To further characterize the HCV envelope proteins expressed
by the vectored MV, we performed immunoprecipitation using
conformation-dependent anti-E2 monoclonal antibodies, H53
and H60 (16). Both antibodies precipitated the HCV envelope
heterodimer from MV-CE1E2 infected cells (Fig. 2C, second and
fifth lanes) with an efficiency similar to that of the goat polyclonal
anti-E2 serum. In addition, a weak signal around 72 kDa was
observed in the extracts of MV-E1/Ft-E2/Ft-infected cells (Fig. 2C,
third and sixth lanes); this may correspond to the E2/Ft protein.
Taken together, these results show that MV vaccine-based vectors
in cell culture express the expected HCV proteins and that at least
some of the expressed E2 protein is correctly folded.

Hybrid E2/Ft and E1/Ft proteins are transported to the cell
surface. HCV glycoproteins are retained in the ER during natural
infection. By replacing the E1 and E2 transmembrane domains
with the corresponding MV F protein sequence in the MV-E1/Ft-
E2/Ft vector (Fig. 1A), we hoped to promote trafficking to the cell
surface, where MV budding occurs. To characterize intracellular
transport of the vector-expressed proteins, we analyzed the sus-
ceptibility of E1 and MV H proteins to digestion with endoglyco-
sidase H (endo-H). This enzyme cleaves only high-mannose oligo-
saccharides; endo-H insensitivity would indicate that Golgi
enzymes have modified the glycoprotein. As controls, we tested
the susceptibility of immunoprecipitated samples to peptidyl-N
glycosidase-F (PNGase-F), which cleaves all N-linked carbohy-
drates (i.e., high mannose, hybrid, and bi-, tri-, and tetra-anten-
nary), or left the proteins undigested. As expected, MV H protein
was partially resistant to endo-H, indicating transport through the
Golgi (Fig. 2D, top). E1 expressed from MV-CE1E2 was endo-H
sensitive, consistent with ER retention, while a fraction of E1 pro-
tein expressed from MV-E1/Ft-E2/Ft become endo-H resistant,
indicating transport to the medial Golgi or a subsequent compart-
ment (Fig. 2D, bottom).

immunoblotting using specific antibodies. The asterisk beside E1 indicates an
endoglycosidase H-resistant form. (E) Surface biotinylation analysis. Cells
were infected with MVvac2, MV-CE1E2, or MV-E1/Ft-E2/Ft at an MOI of 0.1.
Forty-eight hours later, cells were labeled with biotin and lysed. Biotin-labeled
proteins were pulled down with streptavidin-agarose and analyzed by immu-
noblotting. Antibodies used for specific detection are indicated at the bottom.

jviasm.org 11561


http://jvi.asm.org

Reyes-del Valle et al.

MV-CE1E2
MV-E1/Ft-E2/Ft
MV-E1/Ft-E2/Ft

MVvac2
I MV-CE1E2

MVvac2

E2/Ft
—

=

i

—F

E1/Ft

particles cell-lysate

lysate

FIG 3 Hybrid HCV glycoproteins are not incorporated into measles virus
virions. MV particles or infected-cell lysates, as indicated below each blot, were
analyzed using a polyclonal serum specific for the F cytoplasmic tail. Fyand F,
precursor and mature forms of the F protein, respectively.

To further characterize the localization of the E2/Ft and E1/Ft
proteins, we labeled cell surface-exposed proteins with N-hy-
droxysulfosuccinimide (NHS)-biotin, followed by precipitation
of cell extracts with beads coupled to streptavidin and immuno-
blotting with antibodies against MV H, MV nucleocapsid (N), or
HCV El and E2 (Fig. 2E). As expected, MV H was detected on the
surface of cells infected with each of the three viruses (Fig. 2E,
top), whereas the cytoplasmic N protein was not detected (Fig. 2E,
bottom). E2/Ft and E1/Ft proteins were also detected at the cell
surface, whereas native E2 and E1 were not. These data indicate
that the MV F transmembrane domain promotes trafficking of the
hybrid E1 and E2 glycoproteins to the sites of MV assembly.

Hybrid E2/Ft and E1/Ft proteins are not incorporated into
virions. Since the E1/Ft and E2/Ft hybrid proteins express the MV
F transmembrane domain and cytoplasmic tail and are expressed
at the cell surface, they have the potential to be incorporated into

chimeric MV virions. To investigate this, we gradient purified par-
ticles obtained from cells infected with vectored MV or the un-
modified vaccine strain and analyzed them by nonreducing
PAGE, followed by immunoblotting using a rabbit polyclonal se-
rum specific for the cytoplasmic region of MV F. We observed
mature MV F protein, but no hybrid proteins, in all the purified
viral particles (Fig. 3). Parallel analysis of cell lysates (Fig. 3, right)
showed that there was significant expression of the hybrid glyco-
proteins within the infected cells. These results indicate that no
detectable E1/Ft and E2/Ft proteins are incorporated into MV
particles.

Vectored MV elicits neutralizing immune responses against
HCV. To test the immunogenic potential of the vectors, we inocu-
lated each virus into MV-susceptible Ifnarko-CD46Ge mice. These
mice express the MV vaccine strain receptor human CD46 with hu-
man-like tissue specificity in a type I interferon receptor knockout
background (49). Groups of 7 mice were inoculated twice, at time
zero and 4 weeks after the first infection, by the intraperitoneal route
with MVvac2, MV-CE1E2, or MV-E1/Ft-E2/Ft. We assessed MV-
neutralizing titers, E2-specific reactivity, and neutralization against
HCV pseudotyped particles expressing a homologous luciferase at 4
and 6 weeks after the first inoculation.

Regardless of the inoculating virus, the MV average neutraliza-
tion titers were in the range of 1:300 to 1:500 4 weeks after the first
infection and between 1:800 and 1:1,500 2 weeks later (Fig. 4A).
On the other hand, HCV E2 ELISA indicated reactivity only in
mice inoculated with both vectored MVs: average optical densities
at 450 nm (OD,5,) were about 1.6 and 1.0 6 weeks after infection
with MV-CE1E2 and MV-E1/Ft-E2/Ft, respectively. In contrast,
the average E2 ELISA OD 5, in mice inoculated with MVvac2 was
about 0.4 (Fig. 4B). The normalized HCV neutralization capaci-
ties were about 40% and 20% for mice inoculated with MV-
CE1E2 and MV-E1/Ft-E2/Ft, respectively (Fig. 4C).
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FIG 4 Humoral immune response in genetically modified mice immunized with vectored MV expressing HCV structural proteins. Groups of 7 animals were
immunized with two doses of MVvac2 (squares), CE1E2 (circles), or E1/Ft-E2/Ft (triangles). Each symbol represents one animal; a horizontal bar shows the
average of the group. Sera were obtained either 4 weeks after the initial infection (4w) or 2 weeks after repeat infection (6w). All sera were assayed for MV
neutralization (A; reciprocals of the titer), for reactivity against HCV E2 by ELISA (B; optical density at 450 nm), or for HCV neutralization using an
H77-pseudotyped luciferase-expressing retrovirus (C; percent neutralization). In panel B, average readings for the background (—) and monoclonal antibody
anti-E2 (+) are shown with gray and black bars, respectively. Even though most of the samples were anti-E2 seropositive as detected by ELISA after the second
dose, one and three animals in the MV-CE1E2 and MV-E1/Ft-E2/Ft groups, respectively, had background level values. For panel C, two mice in each experi-
mental group did not develop detectable levels of neutralizing antibodies.
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FIG 5 Humoral immune responses in genetically modified mice immunized with vectored MVs and boosted with a single dose of E2 protein. Groups of 5 to 8
animals were immunized with two doses of MVvac2 (squares), CE1E2 (circles), or E1/Ft-E2/Ft (triangles) and boosted with 5 pg of E2 protein treated in the
presence of Freund’s complete adjuvant. Sera obtained 4 weeks after viral inoculation (4w, solid symbols) or 4 weeks after subsequent homologous protein boost
(8w, empty symbols) were assayed for MV neutralization (A; reciprocals of the titer), reactivity against HCV E2 by ELISA (B; optical density at 450 nm), or HCV
neutralization using an H77-pseudotyped luciferase-expressing retrovirus (C; percentage of neutralization normalized by MVvac2 readings). In panel B, average
readings for the background (—) and a monoclonal antibody, anti-E2 (+), are shown with gray and black bars, respectively. Each symbol represents one animal;

a horizontal bar indicates the group average.

E2 protein boosts the anti-HCV neutralizing immune re-
sponse. In an effort to enhance the neutralizing antibody response
elicited by MV vectors, a prime-boost strategy was tested. In this
approach, groups of eight animals received a single dose of a sol-
uble HCV E2 protein (strain H77) 4 weeks after inoculation with
MVvac2, MV-CE1E2, or MV-E1/Ft-E2/Ft. Neutralizing antibody
responses against MV and HCV as well as HCV-E2 reactivity by
ELISA were assessed over time.

As shown in Fig. 5A, average anti-MV neutralization titers of
about 1:500 to 1:1,000 were documented 4 weeks after infection
and increased 1.5-fold 4 weeks later. As in the previous experi-
ment, 28 days after inoculation, all of the animals immunized with
vectored MV were seropositive by ELISA (Fig. 5B, 4w). Impor-
tantly, the protein boost increased reactivity for all three experi-
mental groups (Fig. 5B, 8w). Four weeks after inoculation of vec-
tored MV, HCV neutralization was, on average, about 20% or
10% in MV-CE1E2- or MV-E1/Ft-E2/Ft-inoculated mice, respec-
tively (Fig. 5C, 4w); however, two MV-CE1E2- and four MV-E1/
Ft-E2/Ft-inoculated mice failed to develop HCV-neutralizing an-
tibodies. Four weeks after protein boost (Fig. 5C, 8w), 90% or 70%
of HCV-specific neutralization was observed in MV-CE1E2- or
MV-E1/Ft-E2/Ft-inoculated mice, respectively. Indeed, highly di-
luted (up to 1:12,800) post-protein boost samples from animals
primed with vectored MV still exhibited 45 to 50% neutralization
(data not shown). Neutralization was not observed for control
retroviral particles lacking envelope proteins or pseudotyped with
the feline immunodeficiency virus RD114 envelope (data not
shown).

The E2 protein boost elicits cross-neutralizing HCV re-
sponses. We measured the cross-neutralizing immune response
in serum samples obtained from mice undergoing the prime-
boost schedule. Neutralization was tested using a panel of infec-
tious cell culture-adapted HCV intergenotypic chimeras, which
consisted of genotype 2a strain JFH-1 genomes expressing the
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structural proteins of genotypes 1a (H77), 1b (Conl), or 2a (J6).
Samples were analyzed 8 weeks after virus immunization, which
was 4 weeks after the protein boost.

As expected, an antibody recognizing HCV entry factor CD81
neutralized chimeric virus infectivity to nearly 100% (Fig. 6, first
group of three columns). An antibody targeting the genotype la
glycoprotein (anti-E2) (26) neutralized about 61% of the infectiv-
ity of the homologous genotype H77, 30% of Conl1 (genotype 1b),
and 16% of J6 (genotype 2a) (Fig. 6, second group of three col-
umns).

After control MVvac2 inoculation followed by H77 E2 protein
boost, two out of five animals showed neutralization of at least
30% of the infectivity of la and 2a genotypes (Fig. 6, next five
groups of columns); the heterologous Conl chimeric virus was
more sensitive to neutralization, averaging 40%, which was not
statistically different from the result for mice primed with MV-
CEI1E2 (Fig. 6, bottom; P = 0.6521, two-tailed ¢ test).

Sera from mice primed with MV-CE1E2, on the other hand,
showed significantly higher homologous neutralization than sera
from mice primed with MV-E1/Ft-E2/Ft (74% versus 47%; P =
0.044 [Fig. 6, bottom]). The cross-neutralizing profile for 1b and
2a chimeras had a similar trend: Conl neutralization by serum
from mice inoculated with MV-CE1E2 averaged 36% versus 13%
for those inoculated with MV-E1/Ft-E2/Ft (P = 0.0089); J6 neu-
tralization averaged 34% versus 4%, respectively (P = 0.0025).
These results show that an MV vector expressing unmodified
E1E2 glycoproteins, coupled with an E2 protein boost, can elicit
cross-neutralizing HCV antibodies in vivo.

DISCUSSION

Public health policies alone are unlikely to control endemic HCV
infections in countries with poor needle hygiene or nonstringent
blood product usage (62). Moreover, the current therapeutic reg-
imen is expensive and is curative in only about two-thirds of in-
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FIG 6 Cross-neutralizing immune responses against cell culture-replicating
HCV. Huh-7.5 cells were infected with an MOI of 0.1. The first and second sets
of 3 columns show neutralization with control antibodies anti-CD81 and anti-
E2. Levels of neutralization of chimeric HCVcc containing structural proteins
are indicated as follows: H77 (genotype la) with black columns, Conl (geno-
type 1b) with dark gray columns, and J6 (genotype 2a) with light gray columns.
Other sets of columns show neutralization levels observed in sera of 5 mice
primed with control MVvac2, 8 mice primed with MV-E1/Ft-E2/Ft, or 8 mice
primed with MV-CE1E2. All mouse serum samples were diluted 1:200. At the
bottom is shown the statistical significance of the differences observed between
the groups, using the same color-coding of the chimeric HCVcc genotypes as
for the neutralization assay.

fected patients, depending on the viral genotype (43). Thus, it
remains an urgent priority to develop a vaccine to protect against
HCV infection, particularly in the developing world.

We produced two MV vectors, MV-CE1E2 and MV-E1/Ft-E2/
Ft, which replicated in cultured cells and expressed high levels of
HCV proteins. MV-E1/Ft-E2/Ft expresses both glycoprotein ecto-
domains fused to the transmembrane and cytoplasmic domain of
the MV F protein. These modifications were expected to have two
effects: to counteract retention of the HCV glycoproteins in the ER
(16) and to enhance their incorporation in MV particles (60).
While the hybrid proteins were indeed transported to the cell sur-
face, their incorporation into MV particles was below the limit of
detection. In contrast, analogous hybrid glycoproteins expressed
from vesicular stomatitis virus (10, 63) and influenza virus (23)
vectors are readily detected in viral particles. We do not know why
this difference exists, but in our experimental system, based on an
infectious MV c¢DNA that is vaccine equivalent, foreign glycopro-
tein incorporation may be more stringent. The fact that E1 and E2
glycoproteins are not detected in MV particles implies that the
recombinant virus cannot use HCV receptors to enter cells. Thus,
altered tropism of MV-E1/Ft-E2/Ft is unlikely.

For many viral infections, development of neutralizing anti-
bodies is the clearest correlate of protection. In the case of HCV,
however, clearance requires both humoral and cell-mediated im-
munity (reviewed in references 32 and 65). While viral clearance
during acute infection is linked to the induction of cross-neutral-
izing antibodies, this correlation is not as evident in chronic HCV
(4, 51). This is likely because the heterogeneity of E2 yields quasi-
species that are able to escape neutralizing antibodies over long-
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term infection (68); association of virus particles with very-low-
density lipoproteins that mediate their uptake through low-
density lipoproteins or scavenger receptor class B type 1 (SR-BI)
receptors (11), glycan interference, and interfering antibody
epitopes also contribute to evasion (66). While the exact role of
neutralizing immunity in the prophylaxis of HCV infection is de-
batable (21), several studies have demonstrated its importance. A
recombinant form of the E1E2 (genotype la) heterodimer can
induce protective immunity against homologous challenge in a
chimpanzee model (15). More recently, samples from five of these
animals were reexamined and neutralizing immune responses
against genotypes la, 4a, 5a, and 6a were documented (44). A
recent phase I clinical trial of a three-dose adjuvanted recombi-
nant HCV E1E2 protein vaccine documented neutralization-of-
binding responses in 11/14 subjects and HCV neutralization titers
of =1:20 in 10/36 samples (24, 53). Similarly, Stamataki et al.
showed that immunization of human volunteers with recombi-
nant E1E2 (genotype 1a) glycoproteins induced cross-neutraliza-
tion of heterologous strains derived from genotypes 1a, 1b, and 2a
in vitro (61). These results provide encouragement that a recom-
binant protein vaccine approach is feasible for HCV.

Viral vectors have also previously been used to express HCV
proteins and to elicit specific immunity. In particular, C, E1, E2,
and NS3-specific immune responses were induced in four naive
chimpanzees using a DNA-prime, recombinant modified vaccinia
virus Ankara (MVA) vector boost vaccine schedule (57). Despite
control of acute-phase viremia after homologous challenge, three
animals developed chronic, persistent infection. Interestingly, no
neutralizing activity was detected against an HCV pseudotype rec-
reating the envelope of the virus used for challenge, even when the
amino acid sequences of the vaccine and challenge virus strains
differed by approximately 5%. In another study which aimed to
induce neutralizing antibodies against E1, inoculation of mice or
macaques with retrovirus-derived virus-like particles pseu-
dotyped with E1 and E2 efficiently primed a 3-dose boost (25).
However, soluble E1 expressed alone from an MV vector failed to
prime a cross-neutralizing response, indicating that either E2 or
both glycoproteins in their native conformation are required. Fi-
nally, a rare-serotype adenoviral vector expressing genotype 1b
nonstructural proteins was found to be highly immunogenic, with
robust, broad T-cell-specific responses sustained for at least a year
following heterologous boost (3).

While we have not yet characterized the immunogenicity of
our vectors in primates, the studies presented here compare favor-
ably with other viral vectors eliciting HCV neutralizing responses
in mice. For example, three doses (4 X 10° infectious units) of a
genotype la E1E2-vectored alphavirus elicited cross-neutralizing
responses against a genotype 2a envelope in BALB/c mice. This
response was higher when two 4-ug doses of adjuvanted recom-
binant E1E2 protein were given before a single dose of the alpha-
virus vector (39). Another study documented anti-HCV humoral
immune responses after vaccination of mice with an MVA vector
expressing hybrid or truncated E2 (1). However, neutralizing an-
tibodies were not documented in that study, while in our studies
homologous neutralizing antibodies were obtained in the pres-
ence or absence of a protein boost.

Despite eliciting similar E2 ELISA titers, our study indicates
that MV-CEI1E2 is a better vaccine candidate than MV-E1/Ft-E2/
Ft. While the two vectors showed equivalent potentials for elicit-
ing neutralizing antibodies against homologous pseudoparticles,
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neutralization of heterologous HCV was enhanced with MV-
CE1E2. The C-terminal transmembrane domains of the glycopro-
teins have been shown to be necessary for efficient assembly of the
E1E2 heterodimer (38); thus, the chimeric glycoproteins ex-
pressed from the MV-E1/Ft-E2/Ft virus may not contain confor-
mationally relevant epitopes required for cross-neutralization.
Furthermore, some neutralization of the heterologous Conl chi-
meric virus could be generated with the recombinant E2 protein,
suggesting that neutralization epitopes on Conl E2 may be more
accessible. We do not have an explanation for why this effect was
more evident in animals primed with MVvac2. Priming with the
MV-CE1E2 virus, however, was necessary to generate a broadly
reactive humoral response. Indeed, we observed a variable capac-
ity to neutralize HCV-pseudotyped retroviral particles, particu-
larly in samples obtained 4 weeks postimmunization. For this time
point, 80% of the animals responded to MV-CEI1E2 immuniza-
tion with an average neutralization of 20%, while for MV-E1/Ft-
E2/Ft, 52% had a measurable neutralization response that aver-
aged 10%. Finally, numerous groups have shown the importance
of sustained T-cell responses targeting multiple regions of HCV
for clearance; establishment of chronicity is marked by weak and
narrowly targeted T-cell responses (7, 19, 28, 37, 58, 65, 70), and
depletion of CD4" and CD8™ cells after induction of protective
T-cell responses within chimpanzees led to a reduction in control
against repeated HCV challenge (28, 59). Therefore, additional
studies are needed to determine whether broadly reactive cell-
mediated immune responses can be generated with the MV-
CEIE2 and recombinant E2 protein strategy.

There are strategies to further improve the HCV neutralization
capacity of vectored MV. Higher expression of the HCV glycopro-
tein heterodimer may be obtained by moving the additional tran-
scription unit toward the 3’ end of the MV genome; we have
observed that higher antibody titers correlate with higher expres-
sion rates with another antigen (54). In addition, a broader cock-
tail of HCV glycoproteins could be incorporated in both MV vec-
tor priming and protein boost to optimize cross-reactive antibody
responses. The current pediatric MV immunization schedule
could be adapted to accommodate two doses of a divalent MV-
HCV vaccine. For example, it could be given at 9 and 18 months of
age, and the E2 protein dose could be administered along with the
tetanus and diphtheria vaccine. Such enhanced vaccination strat-
egies are particularly attractive in locations with high HCV infec-
tion rates, such as Egypt, or in selected populations. In particular,
children with HCV-infected mothers might benefit from immu-
nization, since an increased risk of infection not related to perina-
tal transmission has been reported for these children (47, 48).
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