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RNA replicon particles derived from a vaccine strain of Venezuelan equine encephalitis virus (VEE) were
used as a vector for expression of the major envelope proteins (G, and M) of equine arteritis virus (EAV), both
individually and in heterodimer form (G,;/M). Open reading frame 5 (ORF5) encodes the G, protein, which
expresses the known neutralizing determinants of EAV (U. B. R. Balasuriya, J. F. Patton, P. V. Rossitto, P. J.
Timoney, W. H. McCollum, and N. J. MacLachlan, Virology 232:114-128, 1997). ORF5 and ORF6 (which
encodes the M protein) of EAV were cloned into two different VEE replicon vectors that contained either one
or two 26S subgenomic mRNA promoters. These replicon RNAs were packaged into VEE replicon particles by
VEE capsid protein and glycoproteins supplied in frans in cells that were coelectroporated with replicon and
helper RNAs. The immunogenicity of individual replicon particle preparations (pVR21-G,, pVR21-M, and
pVR100-G; /M) in BALB/c mice was determined. All mice developed antibodies against the recombinant
proteins with which they were immunized, but only the mice inoculated with replicon particles expressing the
G /M heterodimer developed antibodies that neutralize EAV. The data further confirmed that authentic
posttranslational modification and conformational maturation of the recombinant G, protein occur only in the
presence of the M protein and that this interaction is necessary for induction of neutralizing antibodies.

The recently established order Nidovirales includes two fam-
ilies, the Arteriviridae (genus Arterivirus) and Coronavidae (gen-
era Coronavirus and Torovirus [8]). Viruses from the different
genera of the Nidovirales exhibit considerable differences in
their genetic complexity and virion structure, but they are
strikingly similar in their genome organization, replication
strategy, and intracellular site of budding (reviewed in refer-
ences 18 and 40). Equine arteritis virus (EAV) is the prototypic
virus of the family Arteriviridae and the cause of equine viral
arteritis (EVA), a sporadic respiratory and reproductive dis-
ease of horses (24, 40, 43).

The EAV genome is a positive-stranded RNA molecule of
12,704 nucleotides (nt), excluding the long 3" polyadenylated
tail (14, 40). The EAV genome includes two large open read-
ing frames (ORFs)—1a and 1b—located at the 5’ end of the
genome that encode the viral replicase. Seven other ORFs—
2a, 2b, 3, 4, 5, 6, and 7—located at the 3’ end of the genome,
are transcribed during replication and encode five structural
proteins (E, Gg, G, M, and N) and two glycoproteins of
unknown function (GP; and GP, [17, 40, 41]). ORFS5 encodes
the major envelope glycoprotein (G, ), and ORF6 encodes an
unglycosylated envelope protein (M). The G, protein may be
single- or triple-membrane spanning, and it likely functions as
both a receptor-binding and a membrane fusion protein (16,
17). The G, envelope protein expresses the known neutraliza-
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tion determinants of the virus, and we have identified four
distinct neutralization sites in this protein (3, 4, 10, 15, 23). The
M protein may be involved in virus budding and contains three
membrane-spanning segments, with only 19 amino acids being
exposed on the virion surface (16, 17, 40). The M and G
proteins form a disulfide-linked heterodimer in the virus par-
ticle (19). The M protein also forms covalently linked ho-
modimers, but only the G, /M heterodimer is incorporated into
virus particles.

Horses naturally infected with EAV or vaccinated with ei-
ther live attenuated or inactivated whole-virus preparations are
protected against clinical EAV (20, 21, 32). Neutralizing anti-
bodies appear to prevent reinfection of horses with EAV.
Horses immunized with portions of the G, protein expressed
either in bacteria (residues 55 through 98) or as a synthetic
oligopeptide (residues 75 through 97) developed antibodies
that neutralize EAV (10). In contrast, we were unable to in-
duce neutralizing antibodies in laboratory animals (mice,
guinea pigs, and rabbits) immunized with EAV structural pro-
teins (G, M, and G /M heterodimer) expressed in eukaryotic
cells infected with recombinant baculo- and Sindbis viruses (1;
U. B. R. Balasuriya, unpublished data).

Recombinant alphaviruses (Sindbis virus, Semliki Forest vi-
rus, and Venezuelan equine encephalitis virus [VEE]) derived
from full-length cDNA clones recently have been developed as
vectors for the expression of heterologous viral genes (37-39).
In this study we have expressed the major EAV envelope
proteins (G; and M) individually and in heterodimer (G, /M)
form by using the VEE replicon vector system, and we have
shown that the expression of both proteins as a heterodimer
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FIG. 1. Schematic presentation of EAV-VEE replicon and helper RNAs. (A) VEE full-length infectious cDNA clone and in vitro-transcribed infectious RNA. The
shaded box and arrow show the position of the T7 RNA polymerase promoter and direction of in vitro transcription, respectively. (B) EAV-VEE replicon RNAs. The
Gy, M, and G /M replicon RNAs are similar to full-length RNA except that the ORF encoding the VEE structural proteins in the full-length RNA was replaced with
ORF5, ORF6, or ORFS5 and -6 of EAV, respectively. ORF5 and -6 were placed under the control of two different 26S promoters in the G;/M replicon. (C) Bipartite
VEE helper RNAs. The bipartite helper system consists of two helper RNAs derived from the V3014A520-7505 monopartite helper (37). The dashed lines indicate
deleted regions of the VEE genome. One RNA expresses the VEE capsid gene, and the second RNA expresses the envelope glycoprotein genes.

from EAV-VEE replicon particles (EAV-VRPs) is necessary
for induction of neutralizing antibodies in inoculated mice.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney 21 (BHK-21 [ATCC CCL10]) cells
were maintained in Eagle’s minimal essential medium supplemented with 10%
fetal bovine serum (Hyclone Laboratories, Inc.), 10% tryptose phosphate broth,
and 1% each penicillin and streptomycin. Rabbit kidney 13 (RK-13 [ATCC CCL
37]) cells were maintained in Eagle’s minimal essential medium supplemented
with 10% calf serum (Hyclone Laboratories Inc.) and antibiotics. The Bucyrus
strain of EAV was obtained from the American Type Culture Collection (ATCC
VR-796). The virus was gradient purified on an 11 to 33% continuous CsCl
gradient, as previously described (2). The purified virus was used as an antigen
for Western immunoblotting and for immunization of mice.

Construction of recombinant plasmids. Three recombinant VEE replicon
plasmids were constructed, two of which were designed to express the G; or M
protein of EAV individually and a third which was designed to express the G
and M proteins together. The genes encoding G; (ORF5) and M (ORF6) from
the ATCC strain of EAV were transferred from plasmids pEAV5A, , and

pEAV6B,_; (1, 30) into a VEE replicon plasmid designated pVR21, using a
PCR-based cloning strategy as previously described (42). pVR21 was derived
from the pVR2 replicon plasmid (analogous to the replicon plasmids described
by Pushko et al. [37]) as follows. A PCR product was made using a forward
primer spanning the unique Mfel (nt 7,621) restriction site and a reverse primer
spanning the unique NorI (nt 7,752) restriction site that was designed to extend
the poly(A) tract from 21 residues to 50 and insert a unique Sapl site directly
downstream of the poly(A) tract of the pVR2 plasmid. This amplicon was
digested with Mfel and NotI and used to replace the homologous fragment in the
pVR2 plasmid. A similar PCR strategy was used to replace the pVR2 multiple
cloning site with a new polylinker containing four unique 8-base restriction sites
and a unique Clal site. The recombinant replicons containing the G; and M
genes of EAV were designated pVR21-G; and pVR21-M, respectively (Fig. 1).

A replicon designed to express the Gy and M proteins together was con-
structed in the genetic background of a VEE replicon plasmid designated
pVR100. pVR100 was derived from a VEE cDNA clone that contains a second
26S mRNA promoter placed downstream of the structural genes (11). The
Tth1111-Sacll fragment of this cDNA clone, encompassing the structural gene
region, was replaced by a synthetic DNA fragment containing unique Pmel, Pacl,
and Ascl restriction sites. The resulting double-promoter replicon contains an
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FIG. 2. (A) SDS-PAGE of [**S]methionine-labeled cell lysate of individual EAV-VRP-infected BHK-21 cells (identified as G, M, and G;/M). (B) Immunoblotting
of recombinant proteins and EAV with various G; and M protein-specific antibodies. Antigens in each lane are indicated above the lanes. Lysate of uninfected BHK-21
cells was used as the negative control antigen (CT). Antibody (IgG) used in each lane is indicated above the antigens. The proteins were either treated with glyco F
(+) or mock treated (—), as indicated below the lanes. Proteins were also analyzed by SDS-PAGE under reducing (with 50 mM DTT [+]) and nonreducing (without
50 mM DTT [—]) conditions. The proteins and their M,s are indicated on either side of each panel.

upstream 26S promoter followed by a polylinker, a second copy of the 26S
promoter, a unique Clal site, and the 3’-untranslated region of the VEE genome.
The cloning strategy for inserting the Gy - and M-coding sequences into pVR100
was similar to that used to construct pVR21-G; and pVR21-M. This recombi-
nant replicon was designated pVR100-G/M (Fig. 1). The sequence of each
recombinant replicon plasmid was confirmed by sequence analysis as previously
described (26).

The bipartite helper system used for construction of replicon particles consists
of two helper RNAs derived from the V3014A520-7505 monopartite helper (Fig.
1). The construction of the bipartite helper RNA system of individual capsid (C)
and glycoprotein (GP) genes of VEE has been described in detail (37).

Production and titration of EAV-VRPs. The recombinant plasmids were lin-
earized by digestion with Norl at a unique restriction site downstream of the
VEE cDNA sequence, and capped run-off transcripts were prepared in vitro with
T7 RNA polymerase (Promega) as previously described (5). The in vitro-gener-
ated mixture of replicon RNA, capsid helper RNA, and GP helper RNA was
cotransfected into BHK-21 cells by electroporation (37; Fig. 1) and incubated in
75-cm? flasks at 37°C in 5% CO, for 27 h. EAV-VRPs were partially purified,
concentrated, and resuspended in phosphate-buffered saline (PBS [pH 7.4]) as
previously described (12). BHK-21 cells were infected with 10-fold serial dilu-
tions of EAV-VRPs. The cells were fixed in methanol and acetone and reacted
with protein-specific antibodies. The infected cells were detected by avidin-biotin
immunoperoxidase staining as previously described (1, 31), and EAV-VREP titers
were determined as infectious units (IU) per milliliter.

Antibodies. Monospecific rabbit antipeptide serum to the M protein and a
neutralizing murine monoclonal antibody (MAD) to the G, protein (MAb 6D10)
have been previously described (2, 4). An MAD that recognizes the B-COP
protein (110 kDa; Sigma [36]) and a rabbit polyclonal antibody specific for
calreticulin (60-63 kDa; StressGen Biotechnologies Corp. [44]) were used as
markers for the Golgi complex and endoplasmic reticulum (ER), respectively, in
immunofluorescence assays.

Immunofluorescence and confocal microscopy. Cellular localization of ex-
pressed EAV proteins was determined by confocal immunofluorescence micros-
copy using antibodies specific for the G, and M proteins of EAV, the Golgi
complex, and the ER. Briefly, subconfluent BHK-21 cells were infected with
EAV-VRPs, fixed, and incubated with protein-specific antibodies as described
above. Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G (IgG [0.6
pg/ml]) and Alexa Fluor 594-conjugated goat anti-rabbit IgG (0.6 pg/ml) were
used as the secondary antibodies (Molecular Probes). The slides were mounted
in Prolong Antifade Reagent (Molecular Probes) for microscopy. Confocal im-
aging was performed with the Bio-Rad MRC 1024 ES laser scanning confocal
microscope with 488- and 568-nm krypton/argon laser excitation. The laser
power, photomultiplier sensitivity, and number of averages were adjusted to
generate images with optimal contrast.

Western immunoblotting and endoglycosidase treatment. BHK-21 cell mono-
layers in six-well plates were infected with EAV-VRPs at a multiplicity of infec-
tion of =10 and incubated at 37°C for 15 h. The cells were washed twice in PBS
and solubilized in solubilization buffer (20 mM Tris HCI [pH 7.6], 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS] containing aprotinin, leupeptin, and pepstatin (1 wg/ml) and phenylmeth-
ylsulfonyl fluoride [17 pg/ml]). For endoglycosidase treatment, the cells were
solubilized in endoglycosidase buffer (50 mM sodium phophate [pH 6.8], 20 mM
EDTA, 0.15% SDS, 1% Nonidet P-40, 1% 2-mercaptoethanol containing apro-
tinin, leupeptin, and pepstatin [1 wg/ml] and phenylmethylsulfonyl fluoride [17
png/ml]) and subjected to glyco F (Endoglycosidase F; Boehringer Mannheim
Corp.) treatment. The solubilized or glyco F-treated proteins were mixed with an
equal volume of Laemmli sample buffer containing 50 mM dithiothreitol (DTT)
prior to SDS-polyacrylamide gel electrophoresis (PAGE) using a 12% resolving
gel and a 4% stacking gel (Bio-Rad [2]). Proteins were then transferred to an

Immobilon-P membrane (Millipore) for immunoblotting with MAb 6D10 and
rabbit antipeptide serum and detected by chemiluminescence, as previously
described (2, 4).

[**S]methionine labeling and immunoprecipitation. BHK-21 cells that had
been either infected with EAV-VRPs or mock infected were incubated with
methionine- and cysteine-free medium containing 1% dialyzed fetal bovine se-
rum (Gibco BRL) for 4 h at 6 h postinfection. Ten hours after infection, the cells
were placed in medium containing 300 wCi of [**S]methionine (Express S
protein labeling mix; NEN Life Science Products, Inc.) for 2 h. At 12 h postin-
fection, cells were washed once in ice-cold PBS and solubilized in 500 pl of
solubilization buffer as described above. The cytoplasmic proteins were immu-
noprecipitated using protein G (Zymed) and either normal mouse serum, serum
from mice inoculated with EAV-VRPs, MAb 6D10, or rabbit anti-M serum, as
previously described (2). Selected samples were resuspended in 400 pl of en-
doglycosidase buffer and subjected to glyco F treatment as previously described
(2, 4). Labeled cytoplasmic proteins and the immunoprecipitated proteins were
resolved by SDS-PAGE as described above and visualized by fluorography with
Amplify (Amersham Pharmacia Biotech).

Immunization of mice with EAV-VRPs and gradient-purified EAV. The EAV-
VRP preparations were diluted in PBS containing 1% calf serum, and groups of
5- to 6-week-old BALB/c mice (four per group) were inoculated subcutaneously
in the rear footpads with 20 w1 of one EAV-VRP preparation (6 X 10° to 3.6 X
10° TU [10 wl per footpad]). Mice were boosted at weeks 3 and 5 by footpad
inoculation with the same EAV-VRP preparation. Mice were bled 3 weeks after
the initial inoculation and 2 weeks after each booster immunization. A group of
four 6-week-old BALB/c mice were inoculated intraperitoneally with 0.2 ml of
the gradient-purified ATCC strain of EAV (1:2 emulsion of virus in complete
Freund’s adjuvant). Mice were boosted at weeks 4 and 7 with the same antigen
(1:2 emulsion of virus in incomplete Fruend’s adjuvant). The mice were bled 9
weeks after the initial inoculation.

Serum-neutralizing antibodies specific for EAV were detected by microneu-
tralization assay using the EAV ATCC strain as the challenge virus in the
presence of 5% guinea pig complement, as previously described (2, 4). Antibody
titers were recorded as the reciprocal of the highest final dilution of serum that
provided at least 50% protection of the RK-13 cell monolayer.

RESULTS

Characterization of recombinant EAV proteins expressed
from EAV-VRPs. The two major EAV envelope proteins (G,
and M) were expressed individually as well as in heterodimer
form (G, /M) using the VEE replicon system. ORF5 and -6 of
EAYV were cloned individually downstream of a 26S promoter
in the pVR21 VEE replicon vector to express, respectively, the
G, and M proteins (Fig. 1 [pVR21-G, and pVR21-M]). For
dual expression, the same ORFs were cloned into the pVR100
double-promoter replicon vector that contained two 26S pro-
moters (pVR100-G, /M). Expression of the EAV proteins was
detected by immunoperoxidase staining of BHK-21 cells with
G, and M protein-specific antibodies following transfection
with in vitro-transcribed replicon RNAs (data not shown).
Each EAV-VRP was titrated by enumeration of antigen-pos-
itive cells by immunoperoxidase staining of infected BHK-21
cells. The respective titers of pVR21-G,-VRP, pVR21-M-
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FIG. 3. Radiolabeling and immunoprecipitation of EAV envelope proteins
expressed from EAV-VRPs in BHK-21 cells by using protein-specific antibodies.
The proteins and their M,s are indicated on either side of each panel. (A) Lysate
of pVR100-G; /M-infected cells was immunoprecipitated with antibodies specific
for the M protein (rabbit anti-M [R anti-M]) or the G, protein (MAb 6D10) or
with sera from mice inoculated with the G;/M heterodimer (mouse anti-G;/M
[MS anti-G;/M]) or negative rabbit serum (NRS) and subsequently treated (+)
or mock (—) treated with glyco F. (B) Lysates of pVR21-G, -, pVR21-M-, and
pVR100-G /M-infected cells were immunoprecipitated with protein-specific an-
tibodies (R anti-M and MAb 6D10) or sera from mice inoculated with individual
EAV-VRPs (e.g., MS anti-G; indicates serum from a mouse immunized with the
pVR21-G; VRP) or negative control antibodies (normal mouse serum [NMS] or
MAD specific for bluetongue virus [MAb 034]). The antigen (cell lysate) in each

J. VIROL.

VRP, and pVR100-G,/M-VRP were 3 X 107, 3 X 108, and
1.8 X 107 IU/ml.

The [**S]methionine-radiolabeled lysates of cells infected
with each EAV-VRP were analyzed by SDS-PAGE to assess
the level of protein expression (Fig. 2A), as staining with Coo-
massie brilliant blue G-250 dye did not identify unique protein
bands in any of the lysates. The expression and authenticity of
the recombinant G; and M proteins were further confirmed by
Western immunoblotting (Fig. 2B) and immunoprecipitation
(Fig. 3) assays. The G, protein-specific MAb 6D10 strongly
reacted with distinct 25- and 30-kDa proteins in immunoblots
of lysates of pVR21-G; -infected BHK-21 cells. The same MAb
recognized a smear reflecting a 30- to 44-kDa heterogeneously
glycosylated G, protein in the pVR100-G, /M-infected BHK-21
cell lysate, as well as in gradient-purified EAV. Deglycosyla-
tion of cell lysates and gradient-purified EAV prior to Western
immunoblotting reduced the 30- and 30- to 44-kDa G, protein
to a single band of 25 kDa. The 25-kDa protein corresponds to
the unglycosylated precursor of the G, protein, and the 30- to
44-kDa protein smear represents variable posttranslational N-
linked glycosylation (addition of N-acetyllactosamine) of this
precursor protein. The G, protein was more heterogeneously
glycosylated when it was expressed as a heterodimer with the
M protein than when expressed by itself (Fig. 2B).

The rabbit anti-peptide serum specific for the M protein
strongly reacted with a 17-kDa protein in immunoblots of
pVR21-M and pVR100-G,/M VRP-infected cell lysates, as
well as gradient-purified EAV. Under nonreducing conditions,
the anti-M serum recognized the 17-kDa M protein monomer
as well as a 30-kDa homodimer by both immunoblotting (Fig.
2) and immunoprecipitation assays using the pVR21-M-in-
fected cell lysate (data not shown). These data confirm that the
M protein forms a covalently linked homodimer in replicon-
infected cells, as well as in BHK-21 cells infected with EAV
(19).

The MADs that were specific for G, protein (6D10) and
rabbit anti-M protein serum also were used to immunoprecipi-
tate EAV proteins in lysates of radiolabeled EAV-VRP-in-
fected cells in the absence of DTT. The MAb 6D10 and the
anti-M serum each precipitated both the G, and M proteins
from the radiolabeled lysate of pVR100-G;/M-infected cells
(Fig. 3A). The coprecipitation of the G; and M proteins using
monospecific antibodies to either protein in the absence of
DTT indicates that these two proteins form a covalently linked
heterodimer in pVR100-G,;/M-infected cells, analogous to
their association in the EAV particle (19). MAb 6D10 precip-
itated only 25- and 30-kDa proteins, consistent with the G
protein from the pVR21-G -infected lysate, and the rabbit
anti-M serum precipitated a 17-kDa protein, consistent with
the M protein from the pVR21-M-infected cell lysate (Fig.
3B). Furthermore, mixing of radiolabeled lysates that included
individually expressed G, and M proteins did not result in
heterodimer formation, as determined by immunoprecipita-
tion with MAb 6D10 and rabbit anti-M serum (Fig. 3C).

Localization of G; and M proteins in EAV-VRP-infected
BHK-21 cells. The intracellular localization of the EAV pro-
teins (G, M, and G;/M heterodimer) expressed in BHK-21
cells infected with the various EAV-VRPs was determined by
confocal immunofluorescence microscopy (Fig. 4). The local-

lane is identified above the lane, and the antibody used for immunoprecipitation
is indicated below the lane. (C) Mixtures of lysates of pVR21-G; - and pVR21-
M-infected cells were immunoprecipitated with protein-specific antibodies (R
anti-M and MAb 6D10) and negative control antibodies (NRS and MAb 034).
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TABLE 1. Induction of neutralizing antibodies in mice with EAV-VRPs and whole EAV

Immunization Dose (IU* or

Weeks after Neutralizing antibody titers® of mouse no.:

Immunogen primary
schedule (weeks) TCIDs5,”) immunization 1 5 3 4
pVR21-G, VRP Primary (0) 6 % 10° 3 0 0 0 0
First boost (3) 5 0 0 0 0
Second boost (7) 9 0 0 0 0
pVR21-M VRP Primary (0) 6 % 10° 3 0 0 0 0
First boost (3) 5 0 0 0 0
Second boost (7) 9 0 0 0 0
pVR100-G,;/M VRP Primary (0) 3.6 X 10° 3 32 32 64 64
First boost (3) 5 512 512 512 512
Second boost (7) 9 2,048 1,024 2,048 2,048
EAV ATCC strain Primary (0) 2 X 10% N/A? ND* ND ND ND
First boost (4) N/A ND ND ND ND
Second boost (7) 9 1,024 1,024 1,024 512

“ Infectious units as determined by immunoperoxidase staining of infected BHK-21 cells.

>50% tissue culture infectious doses.

¢ Neutralization titers are expressed as the inverse of the antibody dilution providing 50% protection of RK-13 cell monolayers against 200 50% tissue culture infective

doses of virus.
4 N/A, not applicable.
¢ ND, not determined.

ization of these proteins was confirmed by immunofluorescent
staining with organelle-specific antisera (data not shown). Cells
expressing only the M protein exhibited perinuclear staining as
well as a more diffuse reticular pattern consistent with the
distribution of the ER. Similarly, cells expressing only the G
protein had a reticular pattern of staining consistent with ER
localization. The localization of the M protein did not alter in
cells expressing the G;/M heterodimer (pVR100-G,/M),
whereas the G, protein consistently colocalized with the M
protein in a polar perinuclear location in these cells as did the
Golgi-specific B-COP protein. The colocalization of the G
and M proteins in the Golgi complex was identical to that in
the EAV-infected BHK-21 cells (Fig. 4). Thus the localization
of the G, protein to the Golgi complex was dependent on the
presence of the M protein in the same cell.

G /M heterodimer induced neutralizing antibodies in mice.
The immunogenicity of individual EAV-VRPs was determined
by immunizing BALB/c mice. All mice were inoculated three
times (the primary inoculation and two boosts) with each
EAV-VRP. Mice were bled 2 to 3 weeks after each immuni-
zation and evaluated for serum antibodies using virus neutral-
ization, immunoprecipitation, and Western immunoblotting
assays. Mice immunized with pVR21-G; or pVR21-M VRPs
did not develop neutralizing antibodies to EAV. In contrast
mice immunized with pVR100-G; /M, which expresses both the
G, and M proteins, developed high titers (1,024 or 2,048) of
neutralizing antibody to EAV (Table 1). The neutralizing-
antibody titers in these mice were comparable to or higher
than those in mice repeatedly immunized with whole EAV
(Table 1).

Whereas all of the mice inoculated with the pVR100-G, /M
VRPs developed neutralizing antibodies to the G, protein,
serum from only one mouse weakly recognized the M protein
in a Western immunoblotting assay. Sera from mice immu-
nized with the EAV-VRPs that individually express the G
and M proteins contained antibodies to the respective immu-
nizing proteins as determined by immunoprecipitation assays,
confirming that the mice were immunized against each pro-
tein. The data clearly indicate that each EAV-VEE VRP suc-
cessfully immunized mice against the appropriate expressed

recombinant EAV protein but that coexpression of a G;/M
heterodimer is essential for the induction of detectable neu-
tralizing antibodies to EAV.

DISCUSSION

The VEE-based replicon system has previously been used to
express several heterologous viral genes, including the influ-
enza virus hemagglutinin (HA), the matrix/capsid (MA/CA)
domain of human immunodeficiency virus type 1 (HIV-1), the
MA/CA domain and gp160 of simian immunodeficiency virus,
and the glycoprotein subunit of the Marburg virus (6, 7, 9, 12,
27, 37). Rodents and monkeys immunized with VRPs express-
ing these proteins were protected against subsequent challenge
with the pathogen from which the heterologus genes were
derived. Our objective was to use the VEE replicon vaccine
vector system to express the two major envelope proteins (G
and M) of EAV and to determine the immunogenicity of these
proteins in mice. Expression of the G, and M proteins as a
heterodimer is clearly necessary for induction of neutralizing
antibodies in mice, as mice immunized with replicons that
individually express the G; and M proteins developed antibod-
ies that immunoprecipitated each respective protein but did
not neutralize the virus. Neutralizing antibody titers in mice
immunized with the recombinant G; /M heterodimer were con-
siderably higher than those in the serum of horses that were
naturally infected with EAV (range, 4 to 512), as well as those
repeatedly vaccinated with a modified live virus vaccine (=512)
(25, 33).

Inability of the expressed G, protein to induce neutralizing
antibodies in mice was surprising, since the known neutralizing
determinants of EAV all are located in the N-terminal hydro-
philic ectodomain of this protein and all published EAV-neu-
tralizing MAbs are specific for this region (3, 4, 10, 15, 23).
Furthermore, horses and mice immunized with synthetic pep-
tides (amino acid residues 75 through 97 or 93 through 112) or
a bacterial fusion protein (amino acids 55 through 98) of the
G, envelope protein developed EAV-neutralizing antibodies
(10). We have previously demonstrated that linear epitopes in
neutralization site D (amino acids 99 through 106) in the G
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FIG. 4. Intracellular localization of G, and M proteins in BHK-21 cells infected with EAV-VRPs or EAV (15 h postinoculation). (A) Cells infected with pVR21-G
or pVR21-M are labeled with anti-G; (MAb 6D10)- and rabbit anti-M-purified IgG. The Gy protein is stained green with Alexa Flour 488, and the M protein is stained
red with Alexa Flour 594 conjugates. (B) Double labeling of pVR100-G; /M-infected cells with anti-G; and anti-M purified IgG. The yellow staining of overlays of both
G, and M labels (merged images) indicates that the two proteins colocalize in the Golgi complex when they are present in the same cell and that the G, protein is
concentrated in the Golgi complex. (C) The distribution of the G; and M proteins in EAV-infected cells is similar to that in the pVR100-G /M-infected cells.

protein interact with amino acids in three other sites (A, B, and
C) within the amino-terminal ectodomain of the protein (3).
The fact that neutralizing antibodies were induced only in mice
immunized with the G, /M heterodimer indicates that the pres-
ence of the M protein is critical to the expression of neutral-
ization epitopes on the recombinant G; protein.

The G, and M proteins associate as a disulfide-linked het-
erodimer and form cuplike structures on the virion surface
(40). Similarly, the G; and M proteins form a heterodimer
after expression from the dual construct (pVR100-G, /M), as

determined by immunoprecipitation with either G, or M pro-
tein-specific antibodies. The distribution of the G, protein in
EAV-VRP-infected BHK-21 cells was markedly different in
cells expressing G, alone (pVR21-G, infected) and in those
expressing the G, /M heterodimer (pVR100-G, /M), as shown
by confocal immunofluorescence microscopy. The G, protein
accumulated in the Golgi complex only in association with the
M protein, indicating that heterodimer formation is required
for transport of the G, protein from the ER to the Golgi
complex. The B3 and B4 galactosyltransferase enzymes are
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localized to the frans Golgi cisternae; thus, the heterogeneous
glycosylation of the G, protein included in the heterodimer
but not the recombinant G; protein alone further confirmed
its movement from the ER to the Golgi when associated with
the M protein (29). Our data indicate that the G; protein is a
specific marker of the Golgi complex in EAV-infected cells
only when it is associated with the M protein (41).

The M proteins of arteri- and coronaviruses are predicted to
be functionally homologous and necessary for localizing viral
envelope proteins to the site of virus budding in the interme-
diate compartment between the ER and the Golgi complex
(41). The M protein associates with the major envelope glyco-
protein (S protein of coronaviruses and G, protein of EAV)
immediately after its synthesis and transport to the intermedi-
ate compartment (19, 35, 45). The coronavirus S protein is
transported to the plasma membrane when expressed alone,
whereas it is retained in the Golgi complex when expressed
with the M protein (13, 28, 34, 35, 46). Similarly, the EAV G
protein accumulates in the ER when expressed alone and lo-
calizes to the Golgi complex only when it is coexpressed with
the M protein. Assembly of viral-membrane protein oligomers
usually takes place prior to their transport to the Golgi com-
plex (minireviewed elsewhere [22 and references therein]),
and, in the absence of the M protein, free sulfhydryl groups in
the G, protein likely form aberrant intrachain disulfide bonds
leading to misfolding and the formation of large protein ag-
gregates. These aggregates would be relatively immobile in the
ER due to their large size or to their association with fixed
proteins of the rough ER (22). Thus, the M protein likely acts
as an essential scaffold on which the G, protein folds to form
the epitopes necessary to induce neutralizing antibodies in
mice.

In summary, we have shown that the VEE-based replicon
vector can express the G, and M proteins of EAV in authentic
form. Our study unequivocally demonstrates that the recom-
binant G, and M proteins must be expressed together as a
heterodimer to induce EAV-neutralizing antibodies in mice.
We have also demonstrated that proper posttranslational mod-
ification and folding of the G, protein occur only in the pres-
ence of the M protein. Studies are now in progress to evaluate
the immunogenicity of these recombinant proteins in horses
and to determine their ability to protect against the infection
with virulent strains of EAV.
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