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Abstract
We used a replication-incompetent, single-cycle, alphavirus replicon vector system to produce virus-
like replicon particles (VRP) expressing the extracellular domain of human cytomegalovirus (CMV)
glycoprotein B or a pp65/IE1 fusion protein. Efficient production methods were scaled to produce
pilot lots and clinical lots of each alphavirus replicon vaccine component. The vaccine induced high-
titered antibody responses in mice and rabbits, as measured by ELISA and CMV neutralization
assays, and robust T-cell responses in mice, as measured by IFN-γ ELISPOT assay. A toxicity study
in rabbits showed no adverse effects in any toxicology parameter. These studies support clinical
testing of this novel CMV alphavirus replicon vaccine in humans.
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1. Introduction
Human cytomegalovirus (CMV) is a major cause of morbidity and mortality in congenitally
infected infants and hematopoietic stem cell and solid organ transplant recipients [1–3].
Although antiviral drugs have reduced the risk of CMV disease in transplant recipients, they
are associated with potentially serious side effects and do not prevent late-onset CMV disease
[4,5], and they have not had an impact on congenital CMV disease. Development of an effective
vaccine to protect against CMV disease is recognized as an important public health priority
[6].

An optimal CMV vaccine would ideally induce protective humoral and cellular immune
responses. Glycoprotein B (gB) is a major target of neutralizing antibodies against CMV, and
pp65 and IE1 are principal targets of protective T cell responses [7–10]. In previous studies,
we used a replication-incompetent, single-cycle, alphavirus replicon vector system to produce
virus-like replicon particles (VRP) expressing CMV genes and showed that immunization with
an alphavirus replicon vaccine expressing the guinea pig CMV homolog of pp65 confers
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protection against congenital CMV disease [11] and immunization of mice with alphavirus
replicon vaccines expressing human CMV gB, pp65 and IE1 proteins induce neutralizing
antibodies and robust antigen-specific T cell responses [12]. In the present study we describe
the construction, process development and preclinical evaluation of a candidate CMV
alphavirus replicon vaccine suitable for clinical testing.

2. Materials and methods
2.1. Plasmid construction

Alphavirus replicon plasmids containing a gene encoding the extracellular portion of CMV gB
or a pp65/IE1 fusion protein, under control of an EV71 internal ribosome entry site (IRES),
were constructed as described by Kamrud et al. [13]. Genes encoding the extracellular portion
of gB from CMV strain Towne and an in-frame fusion protein of pp65/IE1 from CMV strain
AD169 were separately amplified by PCR from pERK3 alphavirus replicon plasmids [12] and
ligated into the BamHI and XbaI sites of the pCDNA3.3/EMCV and pCDNA3.3/EV71 transfer
vectors [13]. A region spanning the IRES and the CMV gene was digested from the transfer
plasmid using AscI enzyme and cloned into pERK spacer-replicon vectors containing spacers
of different sizes [13]. Based on protein expression and replicon packaging titers, a replicon
vector containing an EV71 IRES and a spacer of 342 nucleotides in length was selected for
both gB and pp65/IE1 (Figure 1). In the pp65/IE1 gene, an internal Not1 restriction
endonuclease site in the pp65 native sequence was inactivated by site-directed mutagenesis to
introduce a silent mutation (GCGGCCGC to GCGGCCGA) in the Not1 site. DNA sequencing
showed no other differences from the published sequences for pp65 and IE1 and identified a
single nucleotide difference from the published sequence that resulted in an Ile-156→Val
change for gB [12]. This is a conservative amino acid change that is not in either of the
recognized antibody-binding sites that are the principal targets of neutralizing antibodies in
serum from persons naturally infected with CMV [14,15].

2.2. VRP production
VRP were produced by electroporation of Vero cells with replicon RNA and two helper RNAs,
encoding the Venezuelan equine encephalitis (VEE) virus structural proteins, using
modifications of previously described methods [16,17]. VRP concentration, expressed as
infectious units (IU) per mL, was determined by an immunofluorescence assay in which serial
dilutions of VRP were added to Vero cell monolayers, cultured overnight, reacted with goat
anti-gB or anti-pp65 antibody [12] followed by fluorescein isothiocyanate-labeled anti-goat
antibody to detect cells expressing the CMV protein. After optimal concentrations of the three
RNAs were determined for VRP produced at laboratory scale, VRP were produced at pilot
scale and clinical scale using the AlphaVax platform process described below.

Purified DNA plasmids were linearized by NotI endonuclease digestion and used as templates
for in vitro RNA transcription using RNA Express T7 kits (Promega, Madison, WI). After
transcription the reaction mixture was treated with AluI to digest the replicon DNA template,
and RNA was purified by size exclusion chromatography and stored at −80°C until use.

A Vero working cell bank, cryopreserved at passage 142, was thawed and cultured in Eagle’s
minimum essential medium (EMEM) with 5% fetal bovine serum (FBS) in 175 cm2 flasks at
37°C, 5% CO2. Culture medium was changed after 24 hr and 72 hr later cells were washed
with phosphate buffered saline (PBS), detached by treatment with 0.05% trypsin (Hyclone,
Logan, UT) and transferred to 850 cm2 roller bottles. After 72 hr cells were harvested, counted,
washed and re-suspended in PBS to a concentration of 1.5–2.0 × 108 cells/mL, mixed with
replicon, capsid helper and glycoprotein helper RNA, transferred to 0.4 cm gap cuvettes and
electroporated using a Gene Pulser II electroporation unit (BioRad, Hercules, CA).
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Electroporated cells were resuspended in 100 mL OptiPRO SFM (Invitrogen, Carlsbad, CA)
with 4 mM glutamine and cultured at 37°C, 5% CO2 in 850 cm2 roller bottles. After 16–24 hr
the medium and cells from all roller bottles were pooled and drawn into a Sartopore 2 capsule
filter (Sartorius, Edgewood, NY) pre-wetted with PBS. Cells collected on the filter were
washed with PBS and VRP were recovered by washing with a high salt buffer. A portion of
the salt wash material (a total of 3 × 108 IU) was tested in a cytopathic effect (CPE) assay to
confirm the absence of detectable replication-competent virus. In brief, VRP eluted by salt
wash were added to Vero cell culture monolayers in T75 tissue culture flasks at a controlled
multiplicity of infection (MOI) of <0.5 and incubated at 37 °C in a 5% CO2 atmosphere for 1
hr. The inoculum was removed and the cells were incubated for 24 hr. The cell culture
supernatant from each Passage 1 flask was transferred to a fresh flask of Vero cells and
incubated for 1 hr, the inoculum removed and fresh culture medium added. CPE was assessed
after incubation for 72 hr.

The salt wash material was concentrated on a Hydrosart 100,000 molecular weight cutoff
regenerated cellulose flat-sheet tangential flow filtration (TFF) membrane (Sartorius). The
solution was then diafiltered against PBS with 3 mM MgCl2, treated with 50,000 U of
Benzonase to degrade contaminating Vero DNA, diluted with 5 M NaCl to a final NaCl
concentration of 2 M, and diafiltered against 1 M NaCl in 10 mM phosphate. The TFF pool
was filtered through a 0.2 μm filter and loaded on a Cellufine Sulfate column pre-equilibrated
with 250 mM NaCl in 10 mM phosphate. The column was sequentially washed with 250 mM
NaCl in 10 mM phosphate and 500 mM NaCl in 10 mM phosphate and VRP were eluted with
a step gradient to 800 mM NaCl in 10 mM phosphate. Purified VRP were sampled for quality
control analysis and formulated as bulk vaccine in an excipient mix that stabilized the VRP
during storage at −80°C.

2.3. Quality control testing of VRP
Various process pools were tested for residual protein, DNA and Benzonase concentrations,
sodium dodecyl sulfate polyacrilamide gel electrophoresis (SDS-PAGE) and western blot
characterization, Southern blot estimation of residual Vero DNA size, and quantitative
polymerase chain reaction (qPCR) to determine genome equivalent concentration. Protein was
measured by the bicinchoninic acid method using a commercially available kit (Pierce
Biotechnology, Rockford, IL) and bovine serum albumin (BSA) as the reference standard.
DNA was measured by the picogreen method using a commercially available kit (Invitrogen).
Benzonase was measured by ELISA using a commercially available kit (EMD Chemicals,
Gibbstown, NJ). SDS-PAGE was performed on NuPAGE 4–12% gradient Bis-tris gels
(Invitrogen) under reducing conditions. Western blot analysis was performed as previously
described [12] using mouse antibodies against VEE virus envelope and capsid proteins. For
Southern blot analysis, samples were treated with proteinase K and DNA extracted on Minelute
spin columns (Qiagen), separated by agarose gel electrophoresis, blotted to a nylon membrane
and cross-linked. The DNA was hybridized to denatured, psoralen-biotin-labeled, AluI-
digested Vero DNA, washed, reacted with streptavidin-labeled alkaline phosphatase (Ambion,
Austin, TX) and a chemiluminescent reagent, and the image captured on X-ray film. qPCR
was performed on an Applied Biosystems 7500 Fast Real-Time PCR system. Ampliset primers
and probes were constructed based on the nsP2 region of the replicon, and RNA was quantified
during 40 cycles from a standard curve generated using standards containing from 1 × 103 to
1 × 106 copies of replicon RNA per 5 μL.

2.4. Immunization of mice
For evaluation of antibody responses, groups of BALB/c mice (n=8) were immunized with 1
× 106 IU of gB VRP on study day (SD) 1, 22 and 43 and serum collected on SD -1 and 64. For
evaluation of IFN-γ ELISPOT responses, groups of BALB/c mice (n=6) were immunized with
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1 × 106 IU of pp65/IE1 VRP on SD 1 and 22 and spleen cells collected on SD 29. Immunizations
were performed by intramuscular (IM) injection of 100 μL (50 μL in each hind leg).

2.5. Toxicology
Three groups of 12 New Zealand white rabbits each (6 male and 6 female) were immunized
on four occasions at 2-week intervals, on SD 1, 15, 29 and 43. Group 1 animals were treated
with 0.5 mL of placebo (formulation buffer) by the SC route injected in the fore limbs and by
the IM route injected in the hind limbs. Group 2 animals were treated by the SC route, with
0.5 mL of gB VRP and 0.5 mL of pp65/IE1 VRP injected separately in the fore limbs. Group
3 animals were treated by the IM route, with 0.5 mL of gB VRP and 0.5 mL of pp65/IE1 VRP
injected separately in the hind limbs. The target dosage level was 2 × 108 IU in 0.5 mL for
each VRP component. On the day of each injection, aliquots of vaccine and placebo were
shipped via overnight courier and tested to confirm that shipping and storage conditions did
not result in any change in the potency or other characteristics of the products. Toxicity was
evaluated by recording mortality/morbidity, body temperature, body weight, food consumption
and ophthalmic examinations. Blood samples for clinical pathology (hematology, chemistry
and coagulation parameters) were obtained before the first dose, on SD 3 and at termination.
Serum for measurement of antibodies was obtained before each dose and at termination. Local
reactogenicity was evaluated by examining the injection sites daily for 7 days after each
injection and at termination, using a dermal Draize scoring system (none = 0, minimal = 1,
mild = 2, moderate = 3, severe = 4).

Half of the animals were sacrificed 2 days after the last injection (SD 45) and the other half 2
weeks after the last injection (SD 57). Animals were necropsied as soon as possible following
euthanasia. A gross necropsy, which included examination of the external surface of the body,
the injection/treatment site, all orifices, the cranial, thoracic, and abdominal cavities and their
contents, was conducted. The following organs (sex appropriate) were weighed as soon as
possible after dissection: adrenal glands, brain, epididymides, heart, kidneys, liver, lungs (with
mainstem bronchi), ovaries, spleen, testes, thymus, and uterus (with cervix). Tissues were
collected and preserved in 10% neutral buffered formalin with the exception of the eyes, testes,
epididymides, and optic nerves, which were fixed in Modified Davidson’s fixative. The
following tissues (sex appropriate) from all groups were histologically evaluated: injection site
(skin and underlying muscle), draining lymph nodes (axillary lymph nodes for subcutaneous
route and iliac lymph nodes for intramuscular route), mandibular and mesenteric lymph nodes,
brain, heart, kidneys, liver, lung, ovaries, spleen, testes, thymus, and gross lesions.

2.6. Enzyme-linked immunosorbent assay (ELISA)
ELISA was used to measure antibody responses to gB and pp65. Briefly, 96-well plates were
coated overnight with His-tagged gB or pp65 protein, which had been purified from BHK cells
transfected with replicon RNA as previously described [12], and blocked with 3% BSA in PBS.
Serial 2-fold dilutions of serum in PBS containing 1% BSA and 0.5% Tween 20 were added
to wells and incubated at 30 °C for 1–4 hr. Wells were washed with PBS and detector antibody
(alkaline phosphatase-labeled goat anti-mouse or anti-rabbit IgG) added and incubated at 30 °
C for 1–4 hr. Wells were washed and alkaline phosphatase substrate (p-nitrophenyl phosphate)
added. Absorbance was measured in a VERSAmax plate reader (Molecular Devices,
Sunnyvale, CA) approximately every 5 min until the OD405 was ≥ the expected value in positive
control wells while remaining <0.2 in negative control wells. Serum endpoint titer was defined
as the reciprocal of the maximal dilution for which OD405 was ≥0.2 and the OD405 for the next
highest dilution was <0.2.
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2.7. CMV neutralization
CMV neutralizing antibodies were measured using a microneutralization assay. A standard
amount of sucrose gradient-purified CMV strain AD169 (Advanced Technologies Inc,
Columbia, MD) was mixed with RPMI medium 1640 containing 10% heat-inactivated (56 °
C, 30 min) FBS and penicillin/streptomycin/amphotericin B, added to an equal volume of serial
dilutions of heat-inactivated test serum in RPMI with 10% guinea pig complement (Cedarlane
Laboratories, Hornby, Ontario, Canada) and penicillin/streptomycin/amphotericin B, and
incubated for 4 hr at 37 °C. The serum/CMV/complement mixtures were added to monolayers
of HEL 299 cells (ATCC #CCL137) in 96-well half-area tissue culture plates and cultured
overnight at 37 °C in 5% CO2. Wells were fixed with absolute ethanol, reacted with goat ant-
IE1 antibody [12] followed by fluorescein isothiocyanate-labeled anti-goat antibody
(Invitrogen) and the number of cells expressing IE1 determined by fluorescence microscopy.
The endpoint titer was the last serum dilution at which there was at least 80% reduction in the
number of IE1-positive cells compared to control wells. For serum samples from nine humans
who were CMV seropositive as determined using a commercially available CMV ELISA, the
geometric mean titer (GMT) in this assay was 635 (range 200–1600).

2.8. IFN-γ ELISPOT assay
T cell responses to pp65 and IE1 were measured by IFN-γ ELISPOT assay as previously
described [12]. In brief, splenic lymphocytes isolated by density gradient centrifugation were
stimulated with pools of pp65 or IE1 peptides (15-mers overlapping by 11 amino acids,
purchased from SynPep Corp., Dublin, CA) at a final concentration of 1 μg/mL for each
peptide, or with no peptide, an irrelevant control peptide, or conconavalin A (4 μg/mL). Cells
were added to duplicate wells of ELISPOT assay plates coated with a rat IgG1 anti-mouse IFN-
γantibody and left overnight in a 37 °C, 5% CO2 humidified incubator. Wells were washed
with PBS containing 0.05% Tween 20, treated with a biotinylated rat IgG1 anti-mouse IFN-
γ monoclonal antibody, washed with PBS, and incubated with Avidin-Peroxidase Complex
for 1 hr at room temperature. Wells were then washed, incubated with substrate (3-amino-9-
ethylcarbazole) for 4 min at room temperature and spot development stopped by distilled water
rinse. After drying overnight, plates were shipped to Zellnet Consulting (New York, NY) for
spot enumeration by automated analysis with a Zeiss KS ELISPOT system. The mean (± SD)
number of spot-forming cells (SFC) per 106 splenic lymphocytes for cells cultured with no
peptide was 4.5 ± 3.6. Values for cells cultured with peptides, 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 per 106 splenic lymphocytes. The mean (± SD)
response for cells cultured with an irrelevant peptide was 4.2 ± 6.3.

2.9. Statistical analysis
In the toxicology study, body weights, body weight changes, food consumption, body
temperature, organ weight, and clinical pathology parameters were analyzed using the
Kolmogorov-Smirnov test for normality, the Levene Median test for equal variance, and by
one-way Analysis of Variance (ANOVA). If the ANOVA indicated statistically significant
differences among experimental groups then the Dunnett’s t-test was used to determine which
groups (if any) differed from the control. Statistical analysis was conducted using
SigmaStat™ Statistical Software, Version 1 (Jandel Scientific, San Rafael, CA), with a two-
tailed probability value of <0.05 as the critical level of significance for all tests.
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3. Results
3.1. VRP production at laboratory scale

Different concentrations of replicon, capsid and glycoprotein RNA were tested prior to pilot
lot and clinical lot manufacture to determine the optimal ratio for VRP production. An RNA
concentration of 30 μg per cuvette for replicon, capsid helper and glycoprotein helper was
found to be optimal for production of both gB VRP and pp65/IE1 VRP. Western blot analysis
of proteins extracted from Vero cells infected with VRP for 18–22 hr showed expression of
proteins of the expected molecular weights that were reactive with antibodies specific for pp65
or gB (data not shown).

3.2. Process scale-up for pilot lot and clinical production
Pilot lots of gB VRP and pp65/IE1 VRP were produced from a total of 20 cuvette
electroporations per lot and used to provide material for reference standards, stability studies
and toxicology studies. Clinical lots were produced from a total of 60 cuvette electroporations
per lot using the same platform process as the pilot lots.

The production process was robust and reproducible for both gB VRP and pp65/IE1 VRP
during scale-up from pilot lot to clinical manufacturing. The overall process productivity,
defined as infectious units produced per cell, and percent yields for infectious units for both
gB VRP and pp65/IE1 VRP are shown in Table 1. The yields shown for the harvest by high
salt elution (first step in the purification process) were calculated based upon a mass balance
of VRP in the salt wash pool and VRP in the medium and PBS wash pools. The yield of VRP
in the formulated bulk is the overall process yield after all process sampling and a single freeze
thaw on the bulk material. No significant change in titer was observed after the freeze thaw for
gB VRP or pp65/IE1 VRP at either process scale.

The purity of VRP with respect to protein and DNA was assessed at multiple process steps and
was consistent for pilot and clinical scale production operations. Silver-stained SDS-PAGE
analysis of purified gB VRP (Figure 2, lanes 8 and 9) and pp65/IE1 VRP (data not shown)
demonstrated prominent protein bands that were confirmed by western blot analysis to be
alphavirus envelope and capsid proteins (data not shown). As visualized by Southern blot
analysis, the size of Vero DNA detected ranged from >10,000 base pairs in upstream process
samples to very small fragments <300 base pairs following Benzonase treatment and TFF, and
DNA was not detectable in VRP eluted from the Cellufine Sulfate chromatography resin
(Figure 3). The absence in the Cellufine Sulfate eluate of DNA detectable by Southern blot
analysis was not due to interfering substances, as 1 ng of digested Vero DNA spiked into
process samples was clearly visible in the control lane.

After Cellufine sulfate chromatography, the purified material had residual protein
concentration <1 μg per 108 IU dose, residual DNA concentration <1 ng per 108 IU dose, and
no detectable Benzonase (Table 2).

The genome equivalent to infectious unit (GE:IU) ratio was evaluated by qPCR analysis in
samples immediately after the salt wash harvest, after Cellufine Sulfate chromatography and
in the formulated bulk vaccine. The GE:IU ratio in these samples ranged from 32 to 37 for
pilot lots of gB VRP and 11 to 22 for pilot lots of pp65/IE1 VRP. The GE:IU ratio in the
formulated bulk produced during clinical scale production was 26 for both gB VRP and pp65/
IE VRP.
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3.3. Humoral immune responses
Mice immunized with gB VRP developed anti-gB antibodies as measured by ELISA and CMV
neutralization assays (Figure 4).

In the rabbit toxicology study, all rabbits injected with pp65/IE VRP and gB VRP had anti-
pp65 antibodies as measured by ELISA after one inoculation and anti-gB antibodies after two
inoculations, and antibody responses were boosted by repeated immunizations (Figure 5). At
SD 57, CMV neutralization titers were <25 in all rabbits that received placebo and the GMT
was 1270 (range 800–1600) for rabbits that received vaccine by the SC route, and 1796 (range
800–3200) for rabbits that received vaccine by the IM route.

3.4. Cellular immune responses
Spleen cells from mice immunized with pp65/IE1 VRP developed robust T cell responses as
measured by IFN-γ ELISPOT assay (Figure 6).

3.5. Results from toxicology testing
Potency testing of samples obtained on the day of each injection demonstrated that animals in
Groups 2 and 3 received an average of 1.35 × 108 IU of gB VRP and 0.85 × 108 IU of pp65/
IE1 VRP per dose. Multiple inoculations of VRP had no effect on mortality nor did they
adversely affect any clinical parameter. Minimal to moderate edema was detected in some
subcutaneously-treated animals after three or four doses of vaccine or placebo. Minimal to
moderate erythema was detected in some subcutaneously-treated animals after two or three
doses of vaccine and minimal to mild erythema after one to four doses of placebo. Minimal
edema or erythema was detected in only an occasional intramuscularly-treated animal and did
not increase in intensity or frequency with repeated dosing. The mean maximum dermal Draize
score at any time point in any group did not exceed 0.67 for edema and did not exceed 1.17
for erythema. In the animals that did develop edema or erythema, the injection sites were
generally normal in appearance within 3–5 days after each immunization.

Multiple inoculations of gB VRP and pp65/IE1 VRP had no effect on body weights or body
weight changes, food consumption or body temperature. Modest but statistically significant
effects were observed in selected clinical chemistry, hematologic and coagulation parameters
associated with test article administration. Group 2 and 3 female rabbits had higher triglyceride
concentration values on SD 3. Minimally higher total protein values in Group 2 and 3 females
and higher globulin concentration and lower albumin to globulin ratio in Group 2 and 3 males
and females on SD 45 and 57 were considered to be a reflection of immunoglobulin synthesis
subsequent to test article administration. Elevated fibrinogen concentration, longer activated
partial thromboplastin time, and shorter prothrombin time on SD 45 were considered to be a
reflection of acute inflammatory response proteins released from the liver.

Multiple inoculations of gB VRP and pp65/IE1 VRP had no adverse effect on gross pathology
and no effect on organ weights, organ-to-body weight or organ-to-brain weight ratios.
Treatment-related gross pathology findings were limited to red discoloration, sometimes with
gelatinous material, at the injection sites and occasional discoloration of draining lymph nodes
in several animals necropsied on SD 45. Microscopic examination of injection sites and
draining lymph nodes on SD 45 revealed vasculitis, necrosis, hemorrhage, mineralization, and
myodegeneration considered to be secondary to the host inflammatory response to a foreign
antigen. Inflammatory cell syncytia formation within the draining lymph nodes was seen with
both components of the vaccine. Test article-related findings had resolved or were of much
lesser severity by SD 57.
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4. Discussion
A number of vaccine approaches designed to induce responses against relevant CMV target
antigens have been evaluated in clinical trials [6]. The earliest trials evaluated live attenuated
CMV vaccines, initially the AD169 strain and subsequently a more attenuated Towne strain
[18,19]. In an effort to find a balance between safety and efficacy, a chimeric wild-type/Towne
strain live attenuated CMV vaccine [20] was tested in a Phase 1 clinical trial, but further
development of this product has not been pursued, presumably due to persistent concerns
regarding the safety of a live virus vaccine capable of causing latent infection. A recombinant
gB protein combined with MF59 adjuvant [21] is currently being tested in Phase 2 clinical
trials in adolescent females (ClinicalTrials.gov number NCT00133497) and in patients
awaiting renal or liver transplants (ClinicalTrials.gov number NCT00299260), and a
recombinant gB protein combined with a different adjuvant is being tested in a Phase 1 clinical
trial (ClinicalTrials.gov number NCT00435396). A canarypox vector (ALVAC) expressing
either gB or pp65 was safe and immunogenic when tested in Phase 1 clinical trials [22,23], but
the gB ALVAC vaccine in combination with multiple injections of the gB/MF59 vaccine did
not increase the immunogenicity compared to multiple injections of gB/MF59 alone [23]. A
trivalent DNA vaccine expressing gB, pp65 and IE1, and a bivalent DNA vaccine expressing
gB and pp65 CMV genes, adjuvanted using a proprietary poloxamer compound and designed
to elicit T cell responses, have been tested in Phase 1 clinical trials. Both appeared to be safe
and well tolerated, but lower T cell responses were observed after immunization with the
trivalent vaccine [24] and the bivalent product was prioritized for advancement into Phase 2
clinical trials [25].

Since studies in animal models of CMV disease, and clinical trials with CMV immune globulin
and adoptive transfer of CTL, have shown that both humoral and cellular immune responses
can provide protection against CMV disease, a preferred vaccine candidate should be capable
of stimulating both arms of the adaptive immune system [26] and none of the approaches
outlined above have achieved this goal. Development of a trivalent CMV vaccine based on
alphavirus replicon vectors may provide opportunities to improve upon previously tested
strategies. The high level of gene expression from single-cycle alphavirus RNA replicon
vectors that specifically target to dendritic cells [27] may induce better immune responses than
other vaccine delivery systems. In addition, alphavirus replicon vaccines contain a single-cycle,
replication-incompetent RNA vector that has no DNA intermediate form and amplifies RNA
only in the cytoplasm, which may offer a significant safety advantage over DNA vaccines
where the vaccine construct can be detected up to one year post-vaccination, increasing the
risk of integration into the host genome [28].

Results from the studies presented here demonstrate that an alphavirus replicon vaccine for
CMV can be produced using GMP-compliant methods and scaled sufficiently for clinical
evaluation. The use of replicons in which expression of a CMV gene is under control of an
IRES element [13] enabled us to select replicons that were optimized for expression of the
CMV protein, which may be important for inducing robust immune responses, and for VRP
productivity, which is important for scalability. Other important factors contributing to the
high VRP productivity include the use of a high cell density during electroporation and use of
high salt elution to release VRP from cells. For the CMV gB and pp65/IE1 VRP, more than
98% of VRP were recovered in the salt wash harvest. For 13 other clinical scale lots of VRP
expressing a variety of antigens that were produced using this platform production and
purification process, an average of 99% (range 97.4% to 99.7%) of total VRP were recovered
in the salt wash harvest (T. Talarico, unpublished observations).

The platform process also achieved excellent product purity. Based on studies in nonhuman
primates with VRP expressing a variety of antigens, and human immunogenicity data with a
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VRP vaccine expressing HIV Gag [29], we anticipate that a human immunogenic dose of most
VRP vaccines will be between 107 and 108 IU. The concentration of residual DNA in the
purified material was <1 ng per 1 × 108 IU, which is 10-fold lower than the limits for cellular
DNA concentration in viral vaccines recommended by the World Health Organization [30],
and its size was less than 300 base pairs. Protein concentration in the purified product was <1
μg per 1 × 108 IU and, based on silver staining of SDS-PAGE gels, the alphavirus capsid and
envelope proteins contributed a substantial portion of this amount. Each particle contains 240
copies of the E1, E2 and capsid proteins with molecular weights of 48,000, 46,000 and 31,000,
respectively. Assuming that the number of particles is equal to the number of genome
equivalents, with a genome equivalent to IU ratio of 25 the capsid and envelope proteins would
be expected to contribute 125 ng per 1 × 108 IU, accounting for 15–50% of the total protein
measured.

Results of GLP toxicology testing showed no adverse effects in any toxicology parameter.
Local reactogenicity was observed, which on clinical evaluation was generally minimal to
moderate with SC injections and none to minimal with IM injections, and there were changes
in serum chemistry and coagulation parameters consistent with the expected host inflammatory
response to a foreign antigen.

Immunization of mice and rabbits with gB VRP and pp65/IE1 VRP induced robust humoral
and cellular immune responses. The CMV neutralization titers were similar to or higher than
those in naturally infected humans. The strongest cellular immune responses were observed
after stimulation with peptide pool pp65-1, which contains overlapping peptides that span the
amino-terminal half of the pp65 protein and contains an immunodominant MHC H2-Dd T cell
epitope, LGPISGHVL [12]. Responses were also seen after stimulation with pools of peptides
that span the carboxy-terminal half of the pp65 protein or the amino- or carboxy-terminal half
of the IE1 protein. The magnitude of the T cell responses were similar or higher than those
seen after immunization with a VRP vaccine in which a pp65/IE1 fusion protein was expressed
from a 26S subgenomic promoter [12].

In summary, these results support clinical evaluation of this novel CMV alphavirus replicon
vaccine in humans. Phase 1 testing of this product was initiated in April, 2007.
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Figure 1.
Maps of the replicon plasmids containing the gene for CMV gB (A) or pp65/IE1 (B). Starting
at the T7 promoter and moving clockwise, the solid arrows represent the four alphavirus
nonstructural protein (nsP) genes, the 342 bp spacer, the EV71 IRES, the CMV gene and the
kanamycin resistance [KN (R)] gene, respectively.
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Figure 2.
SDS-PAGE analysis of process pools from a pilot lot of gB VRP. Lane 1, molecular weight
markers; Lane 2, human serum albumin control; Lane 3, salt wash harvest pool; Lane 4, pool
of material at end of tangential flow filtration; Lane 5, tangential flow filtration permeate; Lane
6, Cellufine Sulfate unbound fraction; Lane 7, Cellufine Sulfate wash fraction; Lane 8 VRP
elution from Cellufine Sulfate, 2 × 108 IU load; Lane 9 VRP elution from Cellufine Sulfate, 1
× 108 IU load. The positions of molecular weight markers (kDa) are indicated on the left and
the positions of the alphavirus envelope (E) and capsid (C) proteins are indicated on the right.
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Figure 3.
Southern blot analysis of process pools from a pilot lot of pp65/IE1 VRP. Lane 1, DNA size
markers; Lane 2, 1 ng of AluI-digested Vero DNA loaded on the gel as a control that underwent
no sample processing; Lane 3, Upstream process pool; Lane 4, pool of VRP taken after
Benzonase treatment; Lane 5, pool of VRP taken after Benzonase treatment and spiked with
1 ng of AluI-digested Vero DNA; Lane 6, tangential flow filtration pool; Lane 7, tangential
flow filtration pool spiked with 1 ng of AluI-digested Vero DNA; Lane 8 VRP elution from
Cellufine Sulfate; Lane 9 VRP elution from Cellufine Sulfate spiked with 1 ng of AluI-digested
Vero DNA. The positions of DNA size markers (kbp) are indicated on the left.
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Figure 4.
Antibody response in mice immunized with gB VRP from a pilot lot (open symbols) or a
clinical lot (solid symbols) by IM injection on study days 1, 22 and 43. Each data point
represents the antibody titer, as determined by gB ELISA or CMV neutralization assay, in
serum obtained from individual mice on study day 64. Control values in serum obtained before
immunization were <40 for ELISA and <50 for neutralization. The geometric mean titer in this
assay was 635 (range 200–1600) for serum samples from nine CMV seropositive humans.
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Figure 5.
Anti-gB and anti-pp65 antibody titers measured by ELISA in rabbits immunized with placebo
or with gB VRP and pp65/IE1 VRP by the subcutaneous (SC) or intramuscular (IM) route on
study days 1, 15, 29 and 43. Each data point represents the geometric mean ± SEM titerin serum
from 6 rabbits (or from 3 rabbits at study days 45 and 57).
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Figure 6.
IFN-γ ELISPOT responses in mice immunized with pp65/IE1 VRP from a pilot lot (open
symbols) or a clinical lot (solid symbols) by IM injection on study days 1 and 22 and sacrificed
on study day 29. Each data point represents the mean number of spot-forming cells (SFC) per
106 spleen cells from individual mice after stimulation with pools of overlapping peptides
spanning the amino- or carboxy-terminal half of pp65 (pp65-1 and pp65-2) or the amino- or
carboxy-terminal half of IE1 (IE1-1 and IE1-2). Control values from cells stimulated with an
irrelevant peptide were 8 ± 6 (mean ± SEM) SFC per 106 spleen cells.
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Table 1
Process productivity and yields in pilot and clinical lots of CMV VRP vaccines

gB VRP pp65/IE1 VRP

Pilot Lot Clinical Lot Pilot Lot Clinical Lot

Productivity (IU/cell) 109 65 104 127

% Recovery Harvest 98.9 99.6 98.6 99.7

% Recovery Formulated Bulk 39 32 33 45
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Table 2
Concentrations of VRP, protein, DNA and Benzonase in purified product eluted from Cellufine Sulfate

gB VRP pp65/IE1 VRP

Pilot Lot Clinical Lot Pilot Lot Clinical Lot

Titer, IU/mL 1.9 × 1010 1.2 × 1010 1.7 × 1010 2.5 × 1010

Protein, μg/mL (μg/108 IU) 150 (0.79) 89.2 (0.74) 37.9 (0.22) 157 (0.63)

Vero DNA, ng/mL (ng/108 IU) 36.9 (0.19) 84.2 (0.70) 32.7 (0.19) 76.9 (0.31)

Benzonase, ng/mL <0.125 <0.125 <0.125 <0.125
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