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Development of vaccines against cytomegalovirus (CMYV) is an important public health priority. We used a
propagation-defective, single-cycle RNA replicon vector system derived from an attenuated strain of an
alphavirus, Venezuelan equine encephalitis virus, to produce virus-like replicon particles (VRP) expressing
various combinations of pp65, IE1, or gB proteins of human CMYV. Protein expression in VRP-infected cells was
highest with single-promoter replicons expressing pp65, IE1, a pp65/IE1 fusion protein, or the extracellular
domain of gB and with double-promoter replicons expressing pp65 and IE1. Protein expression was lower with
double- and triple-promoter replicons expressing gB, especially the full-length form of gB. BALB/c mice
immunized with VRP expressing gB developed high titers of neutralizing antibody to CMV, and mice immu-
nized with VRP expressing pp65, IE1, or a pp65/IE1 fusion protein developed robust antigen-specific T-cell
responses as measured by gamma interferon enzyme-linked immunospot assay. Three overlapping immuno-
dominant pp65 peptides contained a nine-amino-acid sequence (LGPISGHVL) that matches the consensus
binding motif for a major histocompatibility complex H2-D® T-cell epitope. These data provide the basis for
further development and clinical evaluation of an alphavirus replicon vaccine for CMV expressing the pp65,

IE1, and gB proteins.

Cytomegalovirus (CMV) is a betaherpesvirus that causes a
life-long infection and can result in significant morbidity and
mortality in individuals with impaired or immature immune
systems. CMV disease is usually manifested as pneumonia,
hepatitis, and an increased risk of graft failure in solid-organ
and hematopoietic stem cell transplant recipients (17, 46), and
congenital CMV infection is an important cause of congenital
deafness and cognitive and motor functional impairment (3,
10). Existing drugs for the treatment or prevention of CMV
disease are only partially effective, have a variety of side effects,
and may fail because of drug resistance mutations (26, 45). An
effective CMV vaccine would provide a great medical benefit
and would also result in multibillion-dollar annual net savings
in the cost of caring for persons with CMV disease (37).

Protective immunity to CMV involves both humoral and
cellular mechanisms. Passive transfer of serum containing high
titers of antibody to CMV reduces the risk of CMV disease in
solid-organ transplant recipients (11, 35), adoptive transfer of
cytotoxic T-lymphocyte clones specific for CMV antigens re-
constitutes cellular immunity and prevents CMV viremia and
CMYV disease in bone marrow transplant recipients (41), and
the risk of symptomatic CMV disease at birth and of neuro-
logical sequelae developing over the ensuing years is lower in
infants born to mothers with preexisting immunity (12). Serum
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from CMV-seropositive individuals has virus-neutralizing ac-
tivity in vitro, the principal target of which is the major CMV
glycoprotein gB (5, 36). CMV-seropositive individuals also
have a high frequency of CMV-specific CD8" cytotoxic T-
lymphocyte responses, the principal targets of which are a
phosphoprotein with an apparent molecular mass of 65 kDa
(pp65) and an immediate-early protein with a molecular mass
of 72 kDa (IE1) (15). CMVs have strict species specificity,
which has precluded the use of human CMV in animal models,
but murine CMV and guinea pig CMV have been used to
evaluate vaccine strategies in these host species. Protection
against a CMV challenge had been demonstrated after immu-
nization of mice with DNA vaccines containing genes homol-
ogous to pp65 or IE1 or immunization of guinea pigs with
purified gB protein or with an alphavirus replicon vaccine
expressing a pp65 homolog (4, 13, 25, 32).

As described below, we have used a propagation-defective,
single-cycle RNA replicon vector system derived from an at-
tenuated strain of an alphavirus, Venezuelan equine enceph-
alitis (VEE) virus, to produce virus-like replicon particles
(VRP) expressing human CMV pp65, IE1, or gB protein.
These studies focused on the construction and in vitro and in
vivo characterization of potential vaccine candidates to be
composed of one or, at most, two VRP constructs to express
the selected three CMV gene products. The constructs in-
cluded single-, double-, and triple-promoter replicons that ex-
pressed the individual CMV proteins or a pp65/IE1 fusion
protein. Although protein expression levels and VRP produc-
tion yields varied among the constructs, all of the constructs
tested in mice were immunogenic, inducing neutralizing anti-
body and antigen-specific T-cell responses, providing the basis
for further development and clinical evaluation of an alphavi-
rus replicon vaccine for CMV.
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FIG. 1. Schematic representation of replicon cDNAs designed to express one, two, or three CMV proteins. UTR, untranslated region; nsP,
nonstructural protein; 26S, subgenomic promoter; GOI, gene of interest. Key restriction enzyme sites are indicated. PspOMI sites that were filled

in with T4 DNA polymerase are indicated as PspOMI*.

MATERIALS AND METHODS

Source of CMV genes and construction of replicon vector plasmids. For
isolation of CMV DNA, MRC-5 cells (CCL-171; ATCC, Manassas, VA) were
grown in T75 flasks to ~90% confluence in complete medium (minimum essen-
tial medium with Earle’s salts [Invitrogen, Carlsbad, CA] supplemented with
nonessential amino acids, L-glutamine, and 10% fetal bovine serum [FBS;
HyClone, Logan, UT]) and then infected with CMV strain AD169 (ATCC
VR538) or Towne (ATCC VR977). After 4 days of infection, cells were recov-
ered by scraping and DNA was isolated with the QIAamp DNA Mini Kit
(QIAGEN, Valencia, CA).

The alphavirus replicon vector plasmids used in these studies were pERK and
pERK3. The pERK replicon vector was derived from pVR21 (30) and modified
to express a kanamycin resistance gene and to contain a multiple cloning site
immediately downstream of the subgenomic 26S promoter. The pERK3 replicon
vector plasmid was derived from pERK by adding an extended multiple cloning
site to facilitate the insertion of multiple genes, each downstream of a 26S
promoter, into the same replicon plasmid.

For recombinant plasmid construction, the genes coding for the CMV pp65,
IE1, and gB proteins were amplified by PCR from viral DNA and cloned into
alphavirus replicon vector plasmids. For each gene, the sense primer started with
the G corresponding to the AUG start codon and the antisense primer contained
a Pacl restriction site downstream of the stop codon.

The pp65 gene was amplified from strain AD169 viral DNA with sense primer
5'-GGAGTCGCGCGGTCGCCGT and antisense primer 5'-GAGTTTAATTA
AGCGCGTGCGGCGGGTGGCTCAACC (where the Pacl restriction site is
underlined and the stop codon is in bold). The amplicon containing the pp65
gene (GenBank accession no. EF531301) was digested with Pacl and ligated into
the pERK plasmid digested with EcoRV and PacI, and the recombinant plasmid
was used to transform competent Escherichia coli cells (XL2-blue; Stratagene, La
Jolla, CA).

The IE1 gene open reading frame is encoded by exons 2, 3, and 4 and was
constructed by amplification of the individual exons from AD169 viral DNA with
primers that created an overlap, followed by denaturation and annealing of the
three fragments and reamplification of the assembled complete open reading
frame. The primer pairs used were 5'-GGAGTCCTCTGCCAAGAGAAA
GATG and 5'-TGGCCTTGGTCACGGGTGTCTCGGGCCGTGGCACCTTG
GAGGAAGGGCCCT for exon 2, 5'-GCCCGAGACACCCGTGACCA and
5'-CACTCGAACCTTAATCTGTTTGACGAGTTCTGCCAGGACATCT for
exon 3, and 5'-TCAAACAGATTAAGGTTCGAGTGGACATGGT and 5'-GC
CITAATTAATTACTGGTCAGCCTTGCTTC (where the Pacl restriction site
is underlined and the stop codon is in bold) for exon 4. The amplicon containing
the full-length TE1 gene (GenBank accession no. EF531302) was digested with
Pacl and ligated into the pERK3 plasmid digested with EcoRV and Pacl, and the
recombinant plasmid was used to transform Top 10 cells (Invitrogen).

The gB gene was amplified from Towne viral DNA with sense primer 5'-GG
AATCCAGGATCTGGTGCC and antisense primer 5'-TCTCTTAATTAATT
CAGACGTTCTCTTCTTCGTCGGAGTC (where the Pacl restriction site is
underlined and the stop codon is in bold). The amplicon containing the gB gene
(GenBank accession no. EF531303) was digested with Pacl and ligated into the
pERK plasmid digested with EcoRV and Pacl, and the recombinant plasmid was
used to transform XL2-blue cells. DNA sequencing identified a single nucleotide
difference from the published sequence that resulted in an Ile-156—Val change.
A truncated form of the gB gene (TrgB), encoding the extracellular portion of
gB, was amplified from cloned gB DNA with the sense primer used to amplify the
full-length clone and antisense primer 5'-TGACTTAATTAATCACTGCTTAT
ACGAATTGAACTCGCGC. The antisense primer introduced a stop codon (in
bold) immediately following the GIn-692 codon (7), followed by a Pacl restric-
tion site (underlined). The amplicon containing the gene for TrgB (GenBank
accession no. EF531305) was digested with Pacl and ligated into the pERK3
plasmid digested with EcoRV and Pacl, and the recombinant plasmid was used
to transform Top 10 cells.

Replicon vectors expressing two or three CMV genes were constructed from
single-promoter replicon plasmids. To create a double-promoter replicon vector
expressing two CMV genes from two subgenomic promoters, each gene cassette
was isolated after digestion with PspOMI and Mfel (Fig. 1). The PspOMI site
was filled in with T4 DNA polymerase (New England BioLabs, Ipswich, MA),
followed by DNA purification and digestion with Mfel. A replicon plasmid
containing the first CMV gene was digested with SnaBI and Mfel and ligated
with the second gene cassette to produce a double-promoter expression con-
struct (Fig. 1). A third CMV gene under the control of a third subgenomic
promoter was constructed in a similar fashion.

A pp65/IE1 fusion gene was constructed by amplification of the genes for pp65
and IE1 from the pp65-IE1 double-promoter replicon plasmid with primers that
created an overlap, followed by denaturation and annealing of the two fragments
and reamplification of the assembled fusion gene. The sense primer for the pp65
portion (primer 1, 5'-GCAAACGCAAATCAGCA) was located at nucleotide
1303 of the pp65 gene, just upstream of a Notl sequence in the pp65 gene. The
antisense primer for the pp65 portion (5'-CATCGCCTCGACGCCCAAAAAGC
ACCGAGGTGAGTCCTCTGCCAAGAGAAAGATGGACCCT) contained the
3" end of the pp65 gene without the stop codon (in bold) and the 5" end of the IE1
gene without the start codon. The sense primer for the IE1 portion (5'-GAGTCC
TCTGCCAAGAGAAAGAT) contained the 5 end of the IE1 gene without the
start codon. The antisense primer for IE1 (primer 2, 5'-TAAGAGCCGCGAGCG
ATCCT) was located downstream of the Notl sequence in the vector. Following
initial DNA amplification, these pp65 and IE1 amplicons were combined, annealed,
and reamplified with the 5" primer used to amplify pp65 (primer 1) and the 3’ primer
used to amplify IE-1 (primer 2) to create an in-frame fusion gene. The amplicon
containing the pp65/IE1 fusion gene (GenBank accession no. EF531304) was di-
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gested with Notl, ligated into the pp65-IE1 double-promoter replicon plasmid that
had been digested with NotI (resulting in excision of 5" sequences from the pp65
gene, the second promoter, the entire IE1 gene, and downstream vector sequences),
and treated with calf intestine alkaline phosphatase (New England BioLabs), and the
recombinant plasmid was used to transform Top 10 cells.

For expression of proteins used to generate antibody reagents, replicon plas-
mids expressing pp65, IE1, or TrgB, each with a C-terminal His, tag, were
engineered in the pERK vector, with primers modified to include six histidine
codons before the stop codon.

All recombinant plasmid clones were analyzed by restriction endonuclease
digestion and DNA sequence analysis of the region containing the CMV gene to
verify authenticity.

Antibody reagents. Purified, Hisq-tagged pp65, IE1, and TrgB were produced
for use as immunogens to generate antigen-specific antibodies. The proteins
were expressed in baby hamster kidney cells (CCL-10; ATCC) after electropo-
ration with replicon RNA transcribed in vitro from replicon plasmids with a T7
RiboMax RNA transcription kit (Promega, Madison, WI) and purified with an
RNeasy kit (QIAGEN). Cells were incubated overnight in complete medium for
pp65 and IE1 or OptiPRO SFM (Invitrogen) for TrgB. For a description of the
protein purification method used, see the supplemental material. As assessed by
Coomassie blue (pp65) or silver (IE1 and gB) staining of sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) gels, the purity of the His-
tagged proteins was approximately 95%.

Goats were immunized at Pocono Rabbit Farms and Laboratories (Canadensis,
PA) with purified, Hiss-tagged pp65, IE1, or TrgB protein mixed with complete
Freund’s adjuvant (first inoculation) and incomplete Freund’s adjuvant (subsequent
inoculations) at approximately 2-week intervals. Starting 6 weeks after the priming
immunization, serum was obtained every 1 to 2 weeks and tested by indirect immu-
nofluorescence and Western blot assays with VRP-infected cells and cell lysates,
respectively. After immunized animals were shown to have high titers of anti-pp65,
anti-IE1, or anti-gB antibodies, final bleeds were performed to obtain hyperimmune
serum specific for one of the three CMV proteins.

VRP production. VRP were prepared by a modification of previously de-
scribed methods (30). Briefly, helper RNAs, coding for the VEE virus capsid and
envelope proteins, and replicon RNA, coding for the CMV proteins, were sep-
arately transcribed in vitro with T7 RiboMax RNA transcription kits, purified
with RNeasy kits, and coelectroporated into CHO K1 cells (CCL-61; ATCC) or
Vero cells (BioReliance, Manassas, VA) with a BTX ECM-820 electroporation
unit (Harvard Apparatus, Holliston, MA). VRP were harvested 20 to 24 h after
electroporation by elution from cells with a buffer containing 0.5 M NaCl and 20
mM Na phosphate, pH 7.2. For Western blot analysis, VRP were used without
further purification. For silver staining of SDS-PAGE gels, VRP were purified by
capture on a HiTrap Heparin HP column (GE Healthcare, Piscataway, NJ) and
elution with a linear 0 to 1 M NaCl gradient. The VRP concentration, expressed
in infectious units (IU) per milliliter, was determined by an antigen-specific
immunofluorescence assay in which serial dilutions of VRP were added to a
monolayer of Vero cells, cultured overnight, and reacted with goat antibody
specific for gB, pp65, or IE1, followed by fluorescein isothiocyanate-labeled
anti-goat antibody to detect cells expressing the CMV protein.

Protein expression in VRP-infected cells. Vero cells seeded in 48-well tissue
culture plates (1 X 10° to 2 X 10° cells/well) were infected with VRP at a
multiplicity of infection of 10 IU/cell and incubated in OptiPro SFM for 18 to
22 h. Cell monolayers were washed three times with cold phosphate-buffered
saline, lysed in 150 pl of extraction buffer (50 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% SDS, 1X Complete Protease Inhibitor
[Roche, Indianapolis, IN]), and normalized by protein content with the bicin-
choninic acid protein assay kit (Pierce, Rockford IL), and 1 pg of total protein
per lane was resolved by 4 to 12% gradient SDS-PAGE (Invitrogen). Proteins
were visualized by silver staining as recommended by the manufacturer (Invitro-
gen) or by Western blot analysis after transfer onto polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA). For Western analysis, immunoblots were
probed with a murine monoclonal antibody specific for pp65 (Rumbaugh-Good-
win Institute, Plantation, FL) or goat polyclonal antibodies specific for IE1 or gB,
followed by alkaline phosphatase-conjugated species-specific secondary antibody
(Sigma, St. Louis, MO, or Invitrogen), followed by color development with an
alkaline phosphatase conjugate substrate kit (Bio-Rad). In some experiments,
cell lysates were treated with peptide-N-glycosidase F (PNGase F; Sigma) to
cleave N-linked oligosaccharides from gB prior to SDS-PAGE and Western blot
analysis.

Animal immunization. Six- to 7-week-old female BALB/c mice were obtained
from Charles River Laboratories, Raleigh, NC, and acclimated for 1 week prior
to any procedure. Mice were housed in microisolator cages at Integrated Labo-
ratory Systems (Research Triangle Park, NC) or Piedmont Research Center
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(Morrisville, NC) and fed standard rodent chow. Groups of mice were immu-
nized at weeks 0 and 3 and boosted at various times thereafter, under light
isoflurane anesthesia, by subcutaneous injection in both rear footpads with 1 X
10° TU of VRP in diluent (phosphate-buffered saline containing 5% sucrose
[Mallinckrodt, Paris, KY] and either 1% [vol/vol] human serum albumin [Insti-
tuto Grifols, Barcelona, Spain] or 0.1% normal mouse serum [BioMeda, Foster
City, CA]). Footpad injections (20 pl per site) were performed with a 30-gauge
needle and a 0.1-ml repeating syringe (Hamilton, Reno, NV). Control animals
were inoculated with diluent alone or with VRP expressing an irrelevant antigen.
Serum samples were obtained by retroorbital bleeding before immunization, 20
days after the first immunization and 7 days after subsequent immunizations.
Spleens were harvested at least 7 days after the last immunization.

CMYV neutralization assay. A virus neutralization assay was developed with a
mink lung cell line, FV-ELVIRA-CMV (Diagnostic Hybrids Inc., Athens, OH),
that had been transformed with DNA containing a Sindbis virus replicon ex-
pressing a B-galactosidase gene (SinRep/LacZ) under the control of an early
CMYV promoter (18). Human CMYV carries out an abortive infection in mink lung
cells but is able to induce the SinRep/LacZ replicon to produce B-galactosidase,
which can be detected by histochemical staining or a colorimetric assay (see the
supplemental material for details of the methods used). To determine the serum
neutralizing-antibody titer, a standard amount of Towne strain CMV was mixed
with ELVIRA overlay medium (Diagnostic Hybrids) containing 10% guinea pig
complement (Cedarlane Laboratories, Hornby, Ontario, Canada), added to an
equal volume of serial dilutions of heat-inactivated (56°C, 30 min) test serum in
minimum essential medium with Earle’s salts with 10% heat-inactivated FBS
supplemented with nonessential amino acids and penicillin-streptomycin, and
incubated overnight at 2 to 8°C. The serum-CMV-complement mixtures were
added to monolayers of FV-ELVIRA-CMYV cells and cultured overnight at 37°C
in 5% CO,, and responses to infection were assessed by B-galactosidase expres-
sion in the colorimetric assay. The endpoint titer was the last serum dilution at
which there was at least a 50% reduction in B-galactosidase expression.

Peptides. Synthetic peptides spanning the CMV pp65 or IE1 protein (15-mers
overlapping by 11 amino acids) were obtained as a gift from Skip Maino, Becton
Dickinson, San Jose, CA (pp65) or purchased from SynPep, Dublin, CA (IE1)
and had a purity of >90% as determined by high-performance liquid chroma-
tography. Lyophilized peptides were resuspended in 100% dimethyl sulfoxide at
100 mg/ml, stored at —80°C, and diluted in R-10 medium (RPMI 1640 medium
supplemented with 100 U/ml penicillin, 100 wg/ml streptomycin, 0.1 mM non-
essential amino acids, 0.01 M HEPES, 2 mM glutamine, and 10% heat-inacti-
vated FBS) for use. Dimethyl sulfoxide concentrations in all assay mixtures were
=0.1% (vol/vol).

ELISPOT assay. A gamma interferon enzyme-linked immunospot (IFN-y
ELISPOT) assay was used to quantify the number of antigen-specific cytokine-
secreting T cells in animals immunized with VRP expressing pp65 or IE1 (see the
supplemental material for details of the methods used). The mean number of
spot-forming cells (SFC) from duplicate wells, after subtraction of counts from
cells cultured with no peptide, was determined for each animal. A response was
considered positive if this value was greater than 20 SFC/10° splenic lymphocytes.
In five experiments (73 values), the mean number of SFC from the no-peptide
control wells was 0.23 =+ 0.84 SFC/10° splenic lymphocytes (range, 0 to 4).

For some experiments, splenic lymphocytes were separated into CD8-enriched
and CD8-depleted populations with a negative-selection CD8" T-cell isolation
kit (Miltenyi Biotec, Auburn, CA) and compared in IFN-y ELISPOT assays with
unseparated bulk splenic lymphocyte preparations.

Epitope mapping was performed with pools of pp65 and IE1 peptides as
described by Kern et al. (19).

Statistical analysis. Statistical analysis was performed with Microsoft Excel
with Analysis ToolPack installed. Groups were compared by single-factor anal-
ysis of variance to detect differences in immune responses, and multiple com-
parisons were performed with the Tukey test (47).

RESULTS

VRP production. VRP expressing the CMV pp65, IE1, and
gB (full-length and truncated) proteins were produced from
single-, double-, and triple-promoter replicons (Table 1). The
VRP yield was lower for replicons expressing full-length gB
compared with replicons containing a truncated gene express-
ing the extracellular portion of gB (TrgB) and was especially
low with triple-promoter constructs expressing full-length gB
(data not shown).
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TABLE 1. VRP vaccines produced with alphavirus replicons
expressing CMV genes

VRP designation” CMV gene 1 CMV gene 2 CMYV gene 3
ppo5 ppo5
IE1 1IE1
¢B ¢B
TrgB TrgB
pp65+IE1 dp ppo5 IE1
pp65+¢gB dp ppoS ¢B
IE1+pp65 dp 1IE1 pp65
IE1+¢gB dp 1IE1 ¢B
pp65/IE1 fusion pp65/IE1
pp65/IE1 fusion+gB dp pp65/IE1 ¢B
pp65/1E1 fusion+TrgB dp  pp65/IE1 TrgB
pp65+gB IE1+tp ppoS gB IE1
IE1+gB+pp65 tp 1IE1 ¢B pp65
IE1+pp65+gB tp 1IE1 ppo5 gB
pp65+IE1+gB tp ppo5 IE1 gB
pp65+IE1+TrgB tp ppoS IE1 TrgB

“TrgB, truncated gB; dp, double promoter; tp, triple promoter.

Protein expression from VRP-infected cells. SDS-PAGE
analysis of proteins extracted from Vero cells infected with
VRP for 18 to 22 h showed high-level expression of pp65, IE1,
or a pp65/IE1 fusion protein, as assessed by silver staining (Fig.
2) or Western blot analysis (Fig. 3). Expression of these two
proteins was generally similar when they were expressed alone
or from a double-promoter replicon but was reduced when
they were expressed from triple-promoter replicons expressing
full-length gB or TrgB. Expression of the pp65/IE1 fusion
protein was reduced when it was expressed from a double-
promoter replicon in which a gene encoding TrgB was ex-
pressed from the second promoter.

SDS-PAGE analysis of proteins extracted from Vero cells in-
fected with VRP for 18 to 22 h showed high-level expression of
TregB (Fig. 4) and lower levels of expression of full-length gB
(data not shown). Under reducing conditions, TrgB was cleaved
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FIG. 2. Analysis of protein expression in Vero cells infected with
VRP expressing CMV antigens by SDS-PAGE and silver staining.
VRP designations are as in Table 1. The positions of pp65, IE1, and
the pp65/IE1 fusion protein are indicated by asterisks. The values on
the left and right are molecular weights (MW) in thousands.
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FIG. 3. Western blot analysis of protein expression in Vero cells
infected with VRP expressing pp65 or IE1. (A) Immunoblots probed
with a murine monoclonal antibody specific for pp65. (B) Immunoblots
probed with polyclonal goat antibodies specific for IE1. VRP designa-
tions are as in Table 1. The values on the left are molecular weights
(MW) in thousands.

into two immunoreactive fragments, presumably at the consensus
furin cleavage site (39), and treatment with PNGase F resulted in
faster migration of more tightly focused bands, consistent with
N-linked glycosylation of both fragments (Fig. 4). Expression of
TrgB was reduced when it was expressed from a double-promoter
replicon in which pp65 or a pp65/IE1 fusion protein was ex-
pressed from the first promoter (data not shown).

Antibody response to VRP expressing gB. In preliminary
experiments, colorimetric and microscopic assays of cells in-
fected with serial dilutions of CMV demonstrated a good cor-
relation (R? = 0.9996) between the two assays (see Fig. S1A in
the supplemental material). The colorimetric assay was subse-
quently used to measure neutralization of CMV infection by
sera from mice immunized with either TrgB VRP or full-length
gB VRP. For a representative example with individual mouse
sera, see Fig. S1B in the supplemental material; results from
groups of mice immunized with different VRP are shown in
Table 2. Within each group of mice, mean reciprocal titers
were higher after the third dose than after the second dose,
and the highest titers were achieved in mice immunized with
VRP expressing the extracellular form of gB from a single-
promoter replicon. For comparison, serum samples from two
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FIG. 4. Western blot analysis of protein expression in Vero cells
infected with VRP expressing TrgB. Immunoblots were prepared un-
der reducing conditions with cell lysates from mock-infected cells (lane
1 in each panel) or VRP-infected cells (lane 2 in each panel) either
with no glycosidase treatment (A) or after treatment with PNGase F
(B) and probed with polyclonal goat antibodies specific for gB. The
positions of two immunoreactive cleavage fragments are indicated by
the arrows. The values on the left are molecular weights in thousands.

CMV-seropositive humans were tested in this assay and had
titers of 320 and 640.

Cellular immune response to VRP expressing pp65 or IE1.
In initial experiments, splenic lymphocytes from mice immu-
nized with VRP expressing pp65 or IE1 from a single-promoter
replicon were evaluated by IFN-y ELISPOT assay with pools
of overlapping peptides that span the pp65 protein (138 pep-
tides) or the IE1 protein (120 peptides). Splenic lymphocytes
collected 30 days after administration of the third dose to mice
immunized on days 1, 22, and 98 showed robust T-cell re-
sponses, with mean numbers of SFC per 10° splenic lympho-
cytes of 1,490 for pp65 and 363 for IE1. Mean responses in
wells containing cells treated with concanavalin A or an irrel-
evant peptide were 638 and 0.6 SFC/10° splenic lymphocytes,
respectively.

To facilitate the identification of potential T-cell epitopes in
pp65, the 138 overlapping peptides were distributed among 24
pools arranged in a 12 by 12 matrix such that each peptide was

TABLE 2. CMYV neutralization by serum from mice immunized
with VRP expressing CMV gB

CMV neutralization titer (mean = SEM)”

VRP vaccine

Day —1 Day 28 Day 63
eB <40 93 =13 400 = 107
TrgB <40 253 +43° 553 £ 67¢
pp65+gB dp <40 73+7 240 = 36
pp65S+IE1+gB tp <40 60 =9 200 = 40°
pp65S+IE1+TrgB tp <40 140 = 41 373 =89
pp65/1E1 fusion+TrgB dp <40 133 =17 267 =79

“ Mice (six per group) were immunized with the indicated vaccines at days 0,
21, and 56, and serum was obtained on days 28 and 63. The neutralization titer
is the reciprocal of the serum dilution that resulted in a 50% reduction in CMV
infectivity. VRP designations are as in Table 1. The titers in this assay were 320
and 640 for serum samples from two CMV-seropositive humans.

b At day 28, the antibody response in the group immunized with TrgB VRP
was significantly different (P < 0.05) from those of all other groups, but other
differences between the groups were not statistically significant.

¢ At day 63, the antibody response in groups immunized with TrgB VRP or
pp65+IE1+gB tp VRP were significantly different (P < 0.05) from one another,
but other differences between the groups were not statistically significant.
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FIG. 5. Identification of immunodominant epitopes in pp65 and
IE1. (A) Matrix arrangement of overlapping pp65 peptides. The
shaded cells indicate peptides contained in single pools that stimulated
T-cell responses, and the stippled cells indicate peptides contained in
pairs of pools that stimulated T-cell responses. The individual peptides
confirmed to induce T-cell responses are boxed. (B) Sequence of the
pp65 peptides containing an immunodominant epitope. The putative
H2-D? T-cell epitope is in bold.

contained in exactly two pools (Fig. 5A). In a first experiment
in which the 24 pools were combined into 12 larger pools, 7 of
12 pools induced a positive IFN-y ELISPOT response. In a
second experiment in which 14 pools representing the 7 larger
pools were tested, 7 of the 14 pools induced a positive IFN-y
ELISPOT response (see Table S1 in the supplemental material).
When the 14 peptides identified by the intersection of these seven
pools in the matrix (Fig. SA) were tested individually, eight pep-
tides representing at least four T-cell epitopes induced a positive
IFN-y ELISPOT response (Table 3). A dominant response was
observed with peptides 3, 4, and 5, which contain a nine-amino-
acid sequence (Fig. 5B) that matches the consensus binding motif
for a major histocompatibility complex (MHC) H2-D¢ T-cell
epitope predicted by SYFPEITHI algorithms (http://www

TABLE 3. IFN-y ELISPOT responses to individual peptides by
splenic lymphocytes from BALB/c mice immunized with VRP
expressing CMV pp65

Peptide Sequence Response”
3 PEMISVLGPISGHVL 1,521
4 SVLGPISGHVLKAVF 1,871
5 PISGHVLKAVFSRGD 778
10 HETRLLQTGIHVRVS 76
11 LLOTGIHVRVSQPSL 69
27 SQEPMSIYVYALPLK 21
123 AGILARNLVPMVATV 44
124 ARNLVPMVATVQGON 23

“ IFN-y ELISPOT response (number of SFC/10° splenic lymphocytes, average
of duplicates) by pooled splenic lymphocytes from groups of six mice immunized
at days 0, 21, and 98 and sacrificed at day 189. The mean =+ standard deviation
response to the other six peptides tested was —3.6 = 3.1 (range, —8 to 3). The
response of cells alone with no peptide was 15.
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TABLE 4. IFN-y ELISPOT responses to immunodominant and subdominant peptide pools by splenic lymphocytes from BALB/c mice
immunized with VRP expressing CMV pp65 and IE1

pp65 response” IE1 response®

VRP vaccine”

Dominant Subdominant Dominant Subdominant
ppo65 1,134 = 108 214 + 32 -0.7+1.9 -2.0+28
1IE1 -1x0.1 -1+04 124 £ 26 330 = 47
pp65+IE1 dp 1,736 += 212 103 £ 16 96 = 6 228 = 35
pp65+gB dp 976 = 109 119 £ 32 6+24 NT*
IE1+pp65 dp 1,471 = 168 214 + 34 98 = 11 165 + 18
pp65S+IE1+gB tp 1,039 = 105 107 £ 23 42 =24 68 £33
pp65S+IE1+TrgB tp 1,063 = 100 105 + 26 81 =20 139 + 29
pp65/1E1 fusion 1,255 = 144 134 =25 81 =19 149 = 25
pp65/1E1 fusion+TrgB dp 640 = 63 51x16 29 = 14 3117

“IFN-y ELISPOT response (mean =* standard deviation number of SFC/10° splenic lymphocytes) by splenic lymphocytes from individual mice (six per group)
immunized at days 0, 21, and 56 and sacrificed at day 63. The dominant pools contained pp65 peptides 3, 4, and 5 or IE1 peptides 47 to 50, and the subdominant pools
contained pp65 peptides 10, 11, 27, 123, and 124 or IE1 peptides 15, 38, 39, 53, 54, 86, 87, 103, 104, 119, and 120. The mean responses of cells alone with no peptide

for the nine groups of animals were 7, 3, 7, 3, 3, 71, 10, 3, and 52, respectively.
® VRP designations are as in Table 1.
¢ NT, not tested.

syfpeithi.de/scriptsyMHCServer.dll/home.htm) (31). Studies with
a pool of the three peptides that contain the immunodominant
pp65 epitope demonstrated positive IFN-y ELISPOT responses
in both the CDS8-enriched and CDS8-depleted populations (see
Fig. S2 in the supplemental material).

To facilitate the identification of potential T-cell epitopes in
IE1, the 120 overlapping peptides were distributed among 22
pools arranged in an 11 by 11 matrix such that each peptide
was contained in exactly two pools. In a first experiment, 17 of
the 24 pools induced a positive IFN-y ELISPOT response
(data not shown). When the 84 peptides identified by the
intersection of these 17 pools in the matrix were tested indi-
vidually, 16 peptides representing at least eight T-cell epitopes
induced a positive IFN-y ELISPOT response (see Table S2 in
the supplemental material). None of these peptides contained
a sequence that matches the consensus binding motif for
an MHC H2-K“ or H2-D“ T-cell epitope predicted by the
SYFPEITHI algorithms.

Subsequent studies used peptide pools containing immuno-
dominant and subdominant pp65 and IE1 peptides to evaluate
the cellular immune response in mice immunized with VRP
expressing pp65 or IE1, alone or in combination with other
CMV antigens. All of the constructs tested induced a robust
cellular immune response to the immunizing antigen (Table 4).

Cellular immune responses were also measured 4 or 7
months after administration of a third dose of VRP. A mouse
immunized with IE1 VRP at weeks 0, 3, and 26 and tested with
a single immunodominant IE1 peptide at week 42 had an
IFN-y ELISPOT response of 199 SFC/10° splenic lympho-
cytes. A mouse immunized with pp65 VRP at weeks 0, 3, and
14 and tested with a single immunodominant pp65 peptide at
week 42 had an IFN-y ELISPOT response of 1,134 SFC/10°
splenic lymphocytes.

DISCUSSION

The present study provides the first preclinical evaluation of
novel alphavirus replicon vaccines for CMV. VRP containing
CMYV genes expressed high levels of CMV proteins in cells
infected in vitro and induced robust antibody responses to gB

and cellular immune responses to pp65 and IE1 in mice im-
munized in vivo.

Alphavirus replicon vaccines can be constructed to express
multiple foreign proteins with multiple RNA promoters, and the
level of foreign protein expression from multiple-promoter repli-
cons can vary, depending on the specific combination of proteins
being expressed. For example, in vitro expression of pp65 and IE1
in VRP-infected cells was similar in single- and double-promoter
replicons when these two proteins were expressed together but
expression of pp65 and IE1 was reduced when they were ex-
pressed with gB in triple-promoter replicons (Fig. 2 and 3). Ex-
pression of full-length gB or TrgB was also reduced when it was
expressed with pp65 and IE1 in double- or triple-promoter rep-
licons. However, the in vivo level of expression with all of the
constructs tested was sufficient to induce robust humoral and
cellular immune responses (Tables 2 and 4).

Neutralizing antibodies are considered to be important in
protection against most viral pathogens, and two antibody-
binding sites on the extracellular portion of gB have been
identified as the principal target of neutralizing antibodies in
serum from persons naturally infected with CMV: AD-1, lo-
cated between amino acid residues 552 and 635, and AD-2,
located between amino acid residues 50 and 78 (24, 40). When
constructing the gB replicon plasmid, a PCR-generated muta-
tion resulted in an amino acid substitution at position 155, a
conservative substitution that is not in AD-1 or AD-2. Immu-
nization of mice with VRP expressing either full-length gB or
TrgB induced antibodies that neutralized CMV, and the mag-
nitude of the neutralization titers was similar to that of the
neutralization titers in serum from CMV-infected humans (Ta-
ble 2).

Cellular immune responses are also important in protec-
tion against CMV. Although recent studies indicate that
T-cell epitopes from a large number of CMV proteins are
recognized by peripheral blood mononuclear cells from nat-
urally infected individuals, pp65 and IE1 are two of the
three proteins recognized by CD8™" T cells from the majority
of CMV-infected individuals (38), and evidence from pre-
clinical and clinical studies indicates that pp65 and IE1 are
principal targets of protective cellular immune responses (6,
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13, 25, 32, 41). Immunization of mice with VRP expressing
pp65 or IEI1, separately or as an in-frame fusion protein,
induced robust cellular immune responses as measured by
IFN-y ELISPOT assay. Epitope mapping with overlapping
peptides identified an immunodominant peptide in pp65
that matches the consensus binding motif for an MHC
H2-D T-cell epitope and also identified three other regions
of pp65 and eight regions of IE1 that were recognized by T
cells from immunized mice but did not contain a consensus
binding motif for an MHC H2-K“ or H2-D“ T-cell epitope.
The immunodominant pp65 peptides apparently contained
epitopes recognized by both class I and class II MHC mol-
ecules, since these peptides were recognized by both CDS8-
enriched and CD8-depleted splenic lymphocytes, and it is
possible that the failure to detect a consensus binding motif
for a class I MHC molecule with the other pp65 peptides
and the IE1 peptides indicates that these other peptides are
recognized by class II MHC molecules. Alternatively, these
peptides may be examples of those that do not fit the bind-
ing motif but nonetheless are capable of interacting with
sufficient strength to trigger a CD8 T-cell response (23). The
cellular immune responses to both pp65 and IE1 were long
lasting, as evidenced by the detection of memory T cells in
IFN-y ELISPOT assays 4 to 7 months after the last immu-
nization.

Several alphavirus replicons have been evaluated as poten-
tial vaccine vector systems (33). The use of VRP based on VEE
virus is especially attractive because they express heterologous
proteins to high levels (30), target expression to dendritic cells
(22), and are capable of inducing both humoral and cellular
immune responses to the vectored gene products (1, 2, 8, 9, 16,
20, 21, 28-30, 34, 42-44). In previously published studies,
alphavirus replicon vaccines derived from VEE virus were sig-
nificantly more immunogenic than alphavirus replicon vaccines
derived from Sindbis virus (27), and ex vivo infection of pe-
ripheral blood mononuclear cells from rhesus macaques is
significantly more efficient with VRP derived from VEE virus
than with VRP derived from Sindbis virus (14). In addition,
unlike other vaccines based on viral vectors, anti-vector immu-
nity does not appear to prevent the ability of VRP vaccines
derived from VEE virus to induce potent immune responses.
For example, titers of antibody to influenza virus HA and
protection from influenza virus challenge after immunization
with VRP expressing HA are similar in naive mice and in mice
that had received two prior immunizations with VRP express-
ing Lassa fever virus nucleoprotein (30). Results from the
present study also demonstrated enhancement of CMV-neu-
tralizing antibody titers after administration of a booster dose
(Table 2).

The choice of which alphavirus replicon vaccines are appro-
priate for further development and advancement toward clin-
ical trials is based on a combination of factors, including ex-
pression levels in vitro, the ability to induce immune responses
in vivo, and ease of manufacturing. Results from the present
study indicate that a bivalent alphavirus replicon vaccine with
one component expressing a pp65/IE1 fusion protein and the
other expressing the extracellular domain of CMV gB has
characteristics that make it suitable for further development
and clinical evaluation.

CLIN. VACCINE IMMUNOL.
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