JVI

Journals.ASM.org

Cytomegalovirus Vaccine Strain Towne-Derived Dense Bodies Induce
Broad Cellular Immune Responses and Neutralizing Antibodies That
Prevent Infection of Fibroblasts and Epithelial Cells

Corinne Cayatte, Kirsten Schneider-Ohrum, Zhaoti Wang, Alivelu Irrinki, Nga Nguyen, Janine Lu, Christine Nelson, Esteban Servat,
Lorraine Gemmell, Andrzej Citkowicz, Yi Liu, Gregory Hayes, Jennifer Woo, Gary Van Nest, Hong Jin, Gregory Duke,
A. Louise McCormick

Medimmune, Mountain View, California, USA

Human cytomegalovirus (HCMYV), a betaherpesvirus, can cause severe disease in immunosuppressed patients and following
congenital infection. A vaccine that induces both humoral and cellular immunity may be required to prevent congenital infec-
tion. Dense bodies (DBs) are complex, noninfectious particles produced by HCMV-infected cells and may represent a vaccine
option. As knowledge of the antigenicity and immunogenicity of DB is incomplete, we explored characterization methods and
defined DB production methods, followed by systematic evaluation of neutralization and cell-mediated immune responses to
the DB material in BALB/c mice. DBs purified from Towne-infected cultures treated with the viral terminase inhibitor 2-bromo-
5,6-dichloro-1-beta-p-ribofuranosyl benzimidazole riboside (BDCRB) were characterized by nanoparticle tracking analysis
(NTA), two-dimensional fluorescence difference gel electrophoresis (2D-DIGE), immunoblotting, quantitative enzyme-linked
immunosorbent assay, and other methods. The humoral and cellular immune responses to DBs were compared to the immuno-
genicity of glycoprotein B (gB) administered with the adjuvant AddaVax (gB/AddaVax). DBs induced neutralizing antibodies
that prevented viral infection of cultured fibroblasts and epithelial cells and robust cell-mediated immune responses to multiple
viral proteins, including pp65, gB, and UL48. In contrast, gB/AddaVax failed to induce neutralizing antibodies that prevented
infection of epithelial cells, highlighting a critical difference in the humoral responses induced by these vaccine candidates. Our
data advance the potential for the DB vaccine approach, demonstrate important immunogenicity properties, and strongly sup-

port the further evaluation of DBs as a CMV vaccine candidate.

he development of a vaccine to prevent disease associated with

human cytomegalovirus (HCMV) infection remains a high
priority (1, 2). Severe HCMYV disease can occur following immune
suppression or congenital infection. Congenital infection occurs
at a frequency of 1% of all live births, of which 10% are symptom-
atic, indicating that the disease burden of congenital HCMYV is a
major public health concern. Humoral immune responses follow-
ing infection in congenital and other disease settings have been
reported (3—7), and these results support ongoing clinical evalua-
tion of passive antibody approaches, such as those with hyperim-
mune globulins (CMV-HIGs), to prevent congenital disease (8—
11). Promising outcomes of the passive antibody approach have
spurred refined evaluation of glycoprotein epitopes that may be
associated with the generation of highly potent neutralizing anti-
bodies and continued evaluation of viral evasion strategies with
the expectation that these studies will inform both prophylactic
antibody treatments and vaccine approaches (12-17). Multiple
HCMV glycoprotein complexes induce neutralizing antibodies,
including glycoprotein B (gB), gH/gL/gO, gM/gN, and gH/gL/
ULI128/UL130/UL131A (12,13, 18-20). In contrast to the broader
roles for gB, gH/gL/gO, and gM/gN, the gH/gL/UL128/UL130/
UL131A complex is more specialized but is considered to be re-
quired for viral entry into specific cell types, including epithelial
and endothelial cells (21-23). A protective vaccine is expected to
require neutralizing antibodies that prevent infection of epithelial
and endothelial cells (24). In some animal models, the titers of
neutralizing antibodies that prevented infection of epithelial and
endothelial cells were increased by addition of the gH/gL/UL128/
UL130/UL131A complex to a live virus vaccine (17). In other
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studies, gH/gL was sufficient to induce high-titer, broadly protec-
tive neutralizing antibodies (25). On the other hand, a vaccine that
consisted solely of soluble gB protein formulated with adjuvant
MF59 (gB/MF59) provided 50% efficacy in phase II clinical trials
(26, 27), and this approach remains an important comparator for
novel vaccine development. Overall, these studies suggest that the
inclusion of multiple CMV antigens to expand the neutralizing
antibody breadth may provide broader protection and increased
efficacy.

The cellular immune response to HCMV has been shown to be
protective in the transplant setting, but the role for cellular immu-
nity in preventing congenital transmission is unclear. In trans-
plant patients, adoptive transfer of HCMV-specific cytotoxic
CD8" T cells reduces HCMV disease and viremia (28, 29). The
kinetics of CD4* and CD8" lymphoproliferative responses and
the emergence of CD45RA™ revertant memory T cells have been
evaluated in pregnant women (30, 31). These studies suggested
that delayed CD4 " and possibly delayed CD8™" lymphoprolifera-
tive responses are associated with viral transmission to the fetus,
while reversion to a CD45RA™ phenotype is associated with the
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control of viremia and vertical transmission. Overall, these obser-
vations suggest that a vaccine that induces a broad cellular im-
mune response may reduce the viral load in the pregnant woman
and be protective for the fetus. In general, cellular immune re-
sponses to HCMV are broad. One study documented the immu-
nogenicity of 70% of the 213 open reading frames (ORFs) ana-
lyzed for CD4™ T cells, CD8" T cells, or both (32). The most
frequent responses by both T cell lineages are induced by viral
proteins encoded by the ORFs UL55 (gB), UL83 (pp65), UL122,
UL48, UL32, UL123 (IE1), UL99, and UL82. Inclusion of multiple
antigens identified from this analysis may be appropriate to the
goal of developing a vaccine to induce protective cellular immu-
nity.

The breadth of the humoral and cellular responses to HCMV
infection suggests that an effective vaccine will require a complex
antigenic composition in order to induce a protective response.
Live attenuated Towne virus was evaluated in phase I and II clin-
ical trials as a potential vaccine expected to induce broad humoral
and cellular responses (33-40). Towne was safe and reduced
HCMYV disease in renal transplant recipients; however, the immu-
nity induced by Towne did not prevent infection of transplant
recipients or, in a separate clinical trial, seronegative women with
children excreting HCMV. In comparison to natural infection,
recipients of the live attenuated Towne vaccine produced lower
levels of neutralizing antibodies effective in preventing infection
of epithelial cells (16). Specific antigenic differences between the
attenuated virus and natural isolates and differences in the levels
of antigen presented by the attenuated virus and potentially
other factors may all have contributed to these differences.
With the goal of improving the Towne vaccine, chimeric vi-
ruses were developed to transfer genes from the low-passage-
number strain Toledo into the Towne vaccine strain, and these
viruses were well tolerated in a small phase I trial (41, 42).
Other live virus HCMV vaccine candidates may emerge from
the efforts to restore the gH/gL/UL128/UL130/UL131A com-
plex to an attenuated strain (17).

The dense body (DB) vaccine candidate offers many desirable
qualities. Produced and released from HCMV-infected cells, the
noninfectious DB particles are enveloped and incorporate multi-
ple glycoproteins (43, 44). The DB tegument is also similar to that
of viral particles, and overall, more than 20 viral glycoproteins and
tegument proteins are common to both viral and DB particles
(44). In addition, a DB vaccine would not require delivery of viral
DNA or rely on replication, and both qualities would improve
safety. Previous evaluations in mice have established that DBs pu-
rified by conventional methods induce neutralizing antibodies,
preventing infection of fibroblasts in vitro, induce T cell responses
specific for pp65, and are immunogenic without addition of ad-
juvant (45, 46). However, the specificity of the humoral immune
response and the breadth of the cellular immune response to DBs
have not been established. In addition, refined methods appropri-
ate for evaluating the consistency of the antigenicity of DB parti-
cles have not been described. Here we report the immunogenicity
of DBs in mice in comparison to that of gB/AddaVax, an approx-
imation of the Chiron gB/MF59 (26, 27). Our results show that the
DB antigen presentation induces more breadth in neutralizing
antibody and cellular responses than gB/AddaVax, which makes
the DB a promising CMV vaccine candidate.
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MATERIALS AND METHODS

Viruses and cells. MRC-5 fibroblast and ARPE-19 epithelial cells were
obtained from the American Type Culture Collection (ATCC; Manassas,
VA) and cultured as recommended. The origin and propagation of Towne
virus and Toledo virus encoding green fluorescent protein (Toledo-GFP)
have been described previously (41, 47). VR1814 was received as a gift
from Lenore Pereira, University of California, San Francisco, CA, and was
propagated by low-multiplicity infections of ARPE-19 epithelial cells. For
all viruses, experimental stocks were prepared from infected cell superna-
tants by ultracentrifugation and resuspension of pellets in growth me-
dium supplemented with SPG buffer (HyClone; Thermo Fisher Scientific,
Waltham, MA) prior to storage at —80°C.

DB purification. Culture supernatants were collected from Towne
virus-infected MRC-5 cells and processed for recovery of noninfectious
enveloped particles (NIEPs), virions, and DBs from glycerol-tartrate gra-
dients as previously reported (48, 49). Protein concentrations were deter-
mined from comparisons to bovine serum albumin (BSA) standards us-
ing a micro-bicinchoninic acid (micro-BCA) kit (Thermo Fisher
Scientific, Waltham, MA). For some experiments, 15 M 2-bromo-5,6-
dichloro-1-beta-p-ribofuranosyl benzimidazole riboside (BDCRB; ob-
tained from the University of Michigan) was added beginning at 16 to 20
h postinfection for infections initiated at a multiplicity of infection (MOI)
of 1.0 or at 6 days postinfection for infections initiated at an MOI of 0.01
to inhibit virion maturation. For either MOI, addition of BDCRB was
followed by 4 days of culture prior to supernatant harvest.

NTA and transmission electron microscopy (TEM) analysis. Nano-
particle tracking analysis (NTA) was performed with a NanoSight LM10
apparatus equipped with a sample chamber and a 640-nm red laser. Anal-
yses were completed with NTA (version 2.1) software and included mea-
surements acquired during 30-s tracking intervals with manual shutter
and gain adjustments and acquisition in the extended dynamic range
mode. The mean particle size and count corresponded to the arithmetic
values calculated from particles analyzed across five repeated measure-
ments. Electron microscopy was completed at Nanoimaging Services Inc.
(La Jolla, CA). Samples, preserved in vitrified ice, were imaged using an
FEI Tecnai T12 electron microscope at X52,000 and X21,000 magnifica-
tions. Percentages of DBs, virions, and NIEPs were determined from eval-
uations of 80 to 300 total particles per sample.

2D-DIGE, 2D picking gel, immunoblot analysis, and mass spec-
trometry. One milligram of pelleted DB particles was resuspended in 200
wl of lysis buffer (7 M urea, 2 M thiourea, 1% CHAPS {3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate}, 1% Triton X-100, 40
mM Tris, pH 8.8, 5 mM magnesium acetate, Complete mini-EDTA-free
protease inhibitor cocktail [Roche Applied Sciences, Basel, Switzerland]).
The lysates were sonicated and clarified by centrifugation at 4°C for 30
min at 13,000 X g and subsequently by a two-dimensional (2D) cleanup
kit (GE Healthcare Biosciences, Piscataway, NJ) before protein quantita-
tion by a 2D Quant kit (GE Healthcare Biosciences). For 2D fluorescence
difference gel electrophoresis (2D-DIGE), 50 g of proteins was labeled
according to the manufacturer’s protocol, a dye swap was performed to
avoid bias in labeling differences, and proteins were separated by isoelec-
trofocusing on pH 4 to 7 strips, followed by SDS-PAGE on 10% acryl-
amide gels (Multiphor II system; GE Healthcare). Gel images obtained
from a Typhoon FLA 9000 imager (GE Healthcare Biosciences) were an-
alyzed by DeCyder 2D software (GE Healthcare Biosciences). For the
picking gel, protein spots were stained with SYPRO Ruby (Invitrogen Life
Technologies, Carlsbad, CA). For the 2D immunoblots, 50 pg of proteins
was labeled with Cy3 before transfer to polyvinylidene difluoride mem-
branes using a semidry system (NovaBlot kit; GE Healthcare Biosciences).
Membranes were then incubated with serum or monoclonal antibodies
and subsequently the appropriate horseradish peroxidase (HRP)-coupled
secondary antibodies prior to detection of reactive protein spots by an
ECL plus kit (GE Healthcare Biosciences). The spots of interest that also fit
the criteria of perfect overlap (position and form) between the blot spot
and reference gel were picked, destained, and digested in gel with sequenc-
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ing-grade trypsin (Promega, Fitchburg, WT). The resulting peptides were
extracted with acetonitrile and dried in a SpeedVac device (Thermo Fisher
Scientific, Waltham, MA). Subsequent mass spectrometry identifications
were performed by ProtTech Inc. (Phoenixville, PA) using a reverse-phase
(RP) Agilent high-pressure liquid chromatography (HPLC) system cou-
pled with an ion-trap mass spectrometer (LCQ DECA XP Plus; Thermo
Fisher Scientific). The mass spectrometric data were searched against the
data in the nonredundant protein database (NR Database, NCBI) with
ProtTech’s ProtQuest software suite.

Detection of residual viral DNA and MRC-5 GAPDH. DB samples
were treated with 10 units Benzonase (EMD Millipore, Billerica, MA) at
37°C for 2 h prior to quantitative PCRs (qQPCRs) with primers 256F (CC
GAGGTGGGTTACTACAACG) and 257R (GGAAGGGTAGAGGCT
GGC) from the HCMV UL54 gene. The reaction mixtures included the
sequence 5'-FAM-CCCCGTGGCCGTGTTCGACT-BHQI1-3" (where
FAM is 6-carboxyfluorescein and BHQ-1 is black hole quencher dye 1),
and the viral DNA copy number was determined by comparison with the
numbers on standard curves generated from CMYV strain AD169 genomic
DNA (Advanced Biotechnologies, Columbia, MD). Primers to detect
MRC-5 GAPDH (glyceraldehyde-3-phosphate dehydrogenase) included
259F (CTCAAGATCATCAGCAATGCCTC) and 260R (GTCATGGATG
ACCTTGGCCAG). These reaction mixtures included the sequence 5'-H
EX-TGCACCACCAACTGCTTAGCACC-BHQ2-3". All qPCRs were
completed using a Brilliant III Ultra-Fast QPCR master mix (Agilent Tech-
nologies, Santa Clara, CA).

Preparation of gB. The Towne strain UL55 (gB) ORF was engineered
to delete the transmembrane domain, amino acids 703 to 776, and cloned
for secreted expression in CHO cells (50, 51). Purification by Ni-immo-
bilized metal affinity chromatography (Ni-IMAC) and quaternized poly-
ethyleneimine (HQ) chromatography resulted in a purity of 92 to 94%, as
evaluated by GE ImageQuant analysis of Coomassie blue-stained protein
gels and immunoblot analyses. The gB preparations also contained ap-
proximately 7 to 19 ng/mg of CHO cell protein (Gyros Immunoassay,
Warren, NJ) and ~1.2 ng/mg DNA (Invitrogen Quant-iT PicoGreen
double-stranded DNA assay kit). Size exclusion chromatography (SEC-
HPLC) and RP-HPLC analyses indicated a single major peak correspond-
ing to the gB protein.

Microneutralization assays. Serum samples were heat inactivated at
56°C for 30 to 45 min prior to serial dilutions in cell culture medium with
or without 1% guinea pig complement (Lonza, Walkersville, MD). Virus
was added, and the mixture was incubated at 37°C in 5% CO, for 1 h prior
to transfer to MRC-5 or ARPE-19 cells cultured in 96-well black-bottom
Greiner culture plates. After overnight incubation at 37°C in 5% CO,,
cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Tri-
ton X-100, and evaluated directly (Toledo-GFP) or, alternatively, were
reacted with CH-160 (Virusys, Taneytown, MD) and goat anti-mouse IgG
F(ab'), Alexa 488 (Invitrogen Life Technologies, Grand Island, NY) anti-
bodies (Towne and VR1814). The numbers of infected cells were deter-
mined by fluorescence using an Isocyte reader (Dynamic Devices, Wil-
mington, DE), and 50% inhibitory concentration (IC,) values were
determined using Prism software (GraphPad, San Diego, CA).

ELISA methods. The quantities of cellular proteins in DB prepara-
tions were determined using commercially available quantitative enzyme-
linked immunosorbent assay (ELISA) kits (MRC5 host cell proteins kit
[Cyngus Technologies, Southport, NC]) according to the manufacturer’s
recommendations. The quantities of the gB and pp65 proteins in DB
preparations were determined according to the following. Protein sam-
ples were disrupted with 8 M guanidine hydrochloride and sonication
prior to dilution, and then ELISA plates were coated with serial dilutions
of DBs (starting at 15 pg/well) or gB or pp65 protein standards (starting at
0.1 pg/well and 10 pg/well, respectively). Plates were blocked with Super-
block (Thermo Fisher Scientific, Waltham, MA) before addition of detec-
tion antibodies (CH28 for gB and 3A12 for pp65) (Virusys, Taneytown,
MD) and subsequent detection with goat anti-mouse IgG (H+L) HRP-
coupled antibodies and reaction with 3,3',5,5'-tetramethylbenzidine
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(TMB) substrate. Data on the absorbance at 450 nm were analyzed using
the gB or pp65 protein standard dilution series to produce a standard
curve and Softmax Pro software (Molecular Devices, Sunnyvale, CA) to
calculate the 50% effective concentration (in pg/ml). To determine the
quantities of IgG1, IgG2a, and total IgG antibodies binding gB and dena-
tured gB, ELISA plates were coated with gB or denatured gB (at 100 ng/
well). For these experiments, denatured gB was prepared by treatment
with 8 M guanidine hydrochloride (Sigma, St. Louis, MO), followed by
reduction and alkylation using a ReadyPrep kit (Bio-Rad, Hercules, CA)
and dialysis into phosphate-buffered saline (PBS). Denaturation was ver-
ified by differential scanning fluorimetry on a C1000 thermal cycler
equipped with a CFX96 detection system (Bio-Rad, Hercules, CA) and by
ELISA binding of conformation-dependent antibody CH177. For deter-
mination of IgG1, IgG2a, and total IgG, plates were blocked with casein
prior to addition of serial dilutions of experimental mouse serum or
monoclonal antibody CH28 (total IgG and IgG1 positive control) or 21A4
(IgG2a positive control), acquired from Lenore Pereira (University of
California, San Francisco, CA). Anti-IgG1 or anti-IgG2a antibodies (Jack-
son ImmunoResearch, West Grove, PA) or anti-IgG HRP-coupled anti-
bodies (Thermo Fisher Scientific) were used for detection.

Depletion of antibody from serum. CNBr-activated Sepharose beads
(GE Healthcare, Little Chalfont, United Kingdom) were swollen in 1 mM
HCl for 1 h and washed sequentially with an excess volume of 1 mM HCI
and coupling buffer (100 mM NaHCO,, 500 mM NaCl, pH 8). The pel-
leted resin was resuspended in the presence of gB or denatured gB proteins
in coupling buffer (at a ratio of 1 mg of protein per 0.1 g of resin) and
incubated for 16 h at 4°C. Blocking buffer (200 mM glycine, pH 8) was
added, and the mixture was incubated for an additional 2 h at room
temperature. Next, the protein-coupled resin was washed sequentially
with a large excess volume of coupling buffer and PBS, prior to addition of
200 pl of pooled mouse serum (diluted 1 in 2 in PBS) to 100 pl of pelleted
beads. Following overnight incubation at 4°C on a rotator, the resin was
removed by pelleting and the supernatant with gB antibody-depleted sera
was collected and stored at 4°C.

Animals and study design. All animal studies were approved and per-
formed in accordance with MedImmune Institutional Animal Care and
Use Committee policies. Female BALB/c mice (age, 7 to 8 weeks) from
Charles River Laboratories (Hollister, CA) were housed under pathogen-
free conditions in the animal facility at MedImmune. For injections, gB
protein was premixed 1:1 (vol/vol) with AddaVax adjuvant (Invivogen,
San Diego, CA) at 25°C by vortexing and incubation with shaking at 4°C
for 60 min. At day 0, 13 or 14 and day 27 or 28, mice were anesthetized
with isoflurane and injected intramuscularly with DBs in a 200-pl volume
(100 pl per quadriceps) or with gB/AddaVax in a 100-ul volume (50 pl
per quadriceps). A blood sample was collected prior to each vaccination
and at 14 days after the last immunization from anesthetized mice via the
retro-orbital sinus, and sera were stored at —20°C.

Isolation of cells from spleens and IFN-y ELISPOT assay. Following
excision, spleens were processed to recover a single-cell suspension and
then clarified with a cell strainer (BD Biosciences, Bedford, MA). Clarified
cells were centrifuged (1,000 X g for 5 min at 4°C) and resuspended in 2
ml of ACK lysis buffer (Lonza, Walkersville, MD). Following 5 min incu-
bation at room temperature, PBS plus 5% fetal bovine serum (FBS) was
added to neutralize the ACK lysis buffer and the remaining cells were
recovered by centrifugation. Resuspension of cell pellets, passage through
a cell strainer, and a final centrifugation preceded resuspension in RPMI
medium containing 10% FBS and determination of quantity and viability
by a Vi-Cell viability analyzer (Beckman Coulter, Indianapolis, IN). From
this preparation, the number of mouse splenocytes secreting gamma in-
terferon (IFN-y) was determined by enzyme-linked immunospot
(ELISPOT) assay (BD Biosciences, San Diego, CA) according to the man-
ufacturer’s recommendations. For the in vitro stimulation, splenocytes
from individual mice (5 X 10°/well) were incubated with pp65 (Miltenyi,
Auburn, CA) or gB (JPT, Berlin, Germany), overlapping peptides (15-
mers overlapping by 11 amino acids), or a putative H2-D? pp65 peptide

jviasm.org 11109


http://jvi.asm.org

Cayatte et al.

A B
Particle Fraction "‘; s+= Fraetion 1
£ 8+ « = Fraction 2
© == Fraction 3
NIEP = 6 LY — Fraction 4
Virions 1 2
€ 47
]2 2
Dense o 24
Bodies ] 3 £
@ 0 —
4 a0 200 400 600
Diameter (nm)

FIG 1 Fractions and particle sizes from glycerol-tartrate gradients monitored
by NTA. (A) Image of a representative gradient, with brackets on the right
indicating the relative positions of fractions 1 to 4 recovered for evaluation of
particle size, as determined by NTA. Indicated on the left are the relative
positions of DB and virion fractions selected for imaging and composition
analyses. (B) Composite image of NTA results from five independent particle
size and number evaluations for each of the fractions 1 to 4 recovered from
glycerol-tartrate gradients. The particle counts graphed correspond to the
arithmetic mean values calculated from five repeated measurements.

(LGPISGHVL; Proimmune, Oxford, United Kingdom) at a concentra-
tion of 1 pg/ml per peptide. For assessment of cellular responses to more
than 3 peptide pools, splenocytes of individual mice were pooled and
aliquots were stimulated with pools of overlapping peptides representing
19 HCMV OREFs (JPT, Berlin, Germany) at a concentration of 1 pg/ml.
Controls included splenocytes that were stimulated with phorbol myris-
tate acetate (50 ng)-ionomycin (500 ng) or mock stimulated. Following 24
h of incubation in the presence of peptide at 37°C in a humidified incu-
bator, the ELISPOT assay was completed and spots were counted by an
ImmunoSpot ELISPOT assay reader (Cellular Technology Ltd., Cleve-
land, OH). For analysis, the spot counts in medium control wells were
subtracted from the specific spot count after peptide stimulation, and the
difference is reported as the number of spot-forming cells (SFC) per 1 X
10° splenocytes.

RESULTS

Production of DBs composed of multiple glycoproteins and teg-
ument proteins inducing humoral and cellular immune re-
sponses during natural infection. For production of DBs com-
posed of multiple glycoproteins and tegument proteins inducing
humoral and cellular immune responses during natural infection,
we employed a conventional purification method for DBs that
utilizes negative-viscosity, positive-density glycerol-tartrate gra-
dients (48, 49). To rapidly assess the consistency in particle size
distribution, we utilized nanoparticle tracking analysis (NTA).
NTA is well suited for characterization of particles 30 to 1,000 nm
in size and analyses of polydisperse materials in liquid suspension
(52). In this method, laser light scattering and a charge-coupled
device camera are used to track the movements of individual par-
ticles, and subsequently, size is determined from diffusion rates.
For DB analysis, we compared the NTA sizing results from frac-
tions recovered from the gradients (Fig. 1). As reported previously
(48, 49), two sharply defined bands of noninfectious enveloped
particles (NIEPs) and virions and a broad band of DBs were ob-
served by illumination of the gradient (Fig. 1A and data not
shown). For evaluation of NTA, fraction 1 was selected to include
NIEPs and virions, while fractions 2 to 4 partitioned the DB band.
The mean particle size determined by NTA differed for each of
these fractions (Fig. 1B), consistent with the expected correlation

11110 jviasm.org

A

©

>

=1 15+ o= iri

Tz Virion

[ — DB

5 104

Qo

1S

2 5-

K}

9

& 0 r r

o o0 200 400 600
Diameter (nm)

C

FIG 2 DB and virion preparations for immunoblot and 2D-DIGE analyses of
composition. (A) Composite image of NTA results produced from five inde-
pendent assessments of virion and DB fractions recovered from glycerol-tar-
trate gradients, as indicated in the legend to Fig. 1A. Graphed particle counts
were determined as indicated in the legend to Fig. 1B. (B and C) Representative
TEM images acquired from the virion (B) or DB (C) fractions recovered from
glycerol-tartrate gradients, as indicated in the legend to Fig. 1A.

between distance along the gradient and DB size (Fig. 1A). Thus,
the particle mean size was the smallest in fraction 2 and the largest
in fraction 4 and ranged from =200 nm to =500 nm, consistent
with the expectation that the DB size distribution is ~250 to 600
nm (53). By NTA, fraction 1 resolved into two overlapping peaks,
and the average particle size for fraction 1 was 230 nm (weighted
average), as expected from published measurements of intact vi-
rions and NIEPs (53). Overall, this evaluation indicated that NTA
was appropriate for rapid determination of DB size. To obtain
materials for composition analyses, we recovered two fractions,
labeled dense bodies and virions in Fig. 1A, and completed the
remaining gradient centrifugation steps as reported previously
(48,49). NTA and TEM evaluations (Fig. 2) indicated that 96% of
the particles in the DB fraction lacked capsids and were of an
average size of 306 nm (Table 1). In the virion fraction, 75 to 80%
of the particles included capsids, and the average particle size was
180 nm by NTA and 180 to 215 nm by TEM.

In previous studies of DB antigenicity, in-gel comparisons of
DB lysates and BSA standards have been standard (45, 46, 54).
Here, we first determined protein quantity by BCA and then com-
pared DBs with BSA by gel analysis (Fig. 3A). As expected (46), DB
lysates revealed a complex composition of >10 protein bands vis-
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TABLE 1 Physical properties of virion and DB fractions recovered from
glycerol-tartrate gradients

Gradient fraction

and preparation % capsid-containing

Avg size (nm) by:

no. % DBs  particles TEM NTA?
Virions

1 25 75 180-215 180

2 20 80
DBs

1 96 4 250-344 306

2 99 1
@ z-average particle size.

A BSA

02040612 03061224ug

'-

—_

—

| -

KkDa DB

Humoral and Cellular Immune Responses to Dense Bodies

ible by silver staining (Fig. 3A) or Coomassie blue staining (not
shown), reflective of the inclusion of multiple tegument proteins
and glycoproteins (44). Relative to the findings for BSA, DB titra-
tion revealed the expected pp65 concentration of ~60% (44) (Fig.
3A). This analysis indicated that the BCA methodology was ap-
propriate for DB protein determinations, and BCA quantitation
was applied for the remaining studies.

For protein composition, we initially determined DB lysate
reactivity with pp65-specific (Fig. 3B) or gB-specific (Fig. 3C)
monoclonal antibodies by conventional immunoblotting. Each of
these antibodies bound multiple proteins that differed by appar-
ent molecular mass, suggesting that DB evaluation would benefit
from techniques providing an increased resolution for complex

@ Do
kDa N kDa ARY
250— 250—

148— 148— &
98- - 98—
64— -G 64— <
50~ w. 50~
36— .. 36—
22— 22—
16— o 16 -
6 - 6 -
kDa DB

30 -
20 -

Virion

30
20

FIG 3 DB fractions evaluated with specific monoclonal antibodies or Cytogam. (A) Image of silver-stained DBs or BSA separated by denaturing gel electro-
phoresis, with the arrowhead indicating the expected migration of pp65 in DBs. (B) Immunoblot analysis of DBs reacted with pp65-specific antibodies.
Arrowhead, expected migration of pp65; MM, molecular mass marker. (C) Immunoblot analysis of DBs reacted with gB-specific antibodies. Arrow, expected
migration of the mature 55-kDa gB. (D) 2D immunoblot analysis of DBs reacted with pp65 antibodies. (E) 2D immunoblot analysis of DBs reacted with gB
antibodies. (F) 2D gel and immunoblot analysis of DBs reacted with Cytogam. Regions of the 2D gel selected for mass spectrometry are indicated by rectangles
1 to 6. Viral peptides identified within the region marked by rectangles 1 to 6: 1, gB (UL55); 2, tegument protein pp71 (UL82); 3, UL51; 4, pp65 (UL83); 5,
tegument protein (UL88); 6, myristylated tegument protein (UL99). (G) 2D gel and immunoblot analysis of virions reacted with Cytogam. Rectangles indicating
gel regions selected for mass spectrometry and identification are as described in the legend to panel F.
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protein samples, such as 2D gel electrophoresis and immunoblot-
ting (2D-IB) (Fig. 3D and E). When resolved on a 2D gel, immu-
noblotting with the same specific monoclonal antibodies indi-
cated that the DB preparations included (i) pp65-related proteins
that differed by isoelectric point (pI) and molecular mass and (ii)
gB-related proteins of a single molecular mass but different pls.
Identification by mass spectrometry confirmed that the proteins
bound by the monoclonal antibodies were pp65 and gB. In com-
bination, these analyses also indicated that pp65-related proteins
that migrated at a higher molecular mass than predicted were
likely aggregates, while those that migrated at a lower molecular
mass were likely peptide fragments resulting from degradation.
The immature form of gB is 130 kDa, while proteolytic processing
produces a mature, 55-kDa gB protein resident to extracellular
virions and derived from the carboxyl-terminal region of the
larger protein (50, 51, 55, 56). The epitope bound by the specific
monoclonal antibody used here maps to the carboxyl-terminal
region (57), but only the 55-kDa gB was identified by 2D-IB anal-
ysis. To evaluate the potential presence of the 130-kDa gB as well
as to identify additional viral proteins, we analyzed DB and virion
lysates with human CMV immune globulin (Cytogam) (Fig. 3F
and G), which contains antibodies to a much broader range of
naturally occurring CMV epitopes. As anticipated for CMV-sero-
positive, pooled human sera (58), Cytogam bound multiple pro-
teins (Fig. 3F and G). Of the six viral proteins identified by mass
spectrometry, three tegument proteins (pp65 [UL83], pp71
[UL82], and UL99) and glycoprotein gB (UL55) are known to be
immunogenic for CD4" and CD8™ T cells in naturally seroposi-
tive individuals (32), suggesting that broad cell-mediated immu-
nity would be expected using DBs as a vaccine. In addition, Cy-
togam bound both the mature and uncleaved gB protein forms.
Overall, this evaluation identified additional proteins that could
easily be monitored by immunoblotting and would be expected to
induce cell-mediated immune responses; however, with the ex-
ception of gB, the analyses did not reveal additional glycoprotein
targets of the humoral response.

To evaluate DB components more broadly and incorporate
quantitative assessments of variance, we monitored DB prepara-
tions by 2D-DIGE and principal component analysis (PCA) (Fig.
4A and B). In other applications, this approach has been rigor-
ously tested both within and between laboratories for reproduc-
ibility of results (59). Here, two different preparations of virus and
DB fractions were recovered from glycerol-tartrate gradients and
compared by 2D-DIGE. For the replicates, materials that had been
labeled with Cy3 in the first evaluation were instead labeled with
Cy5 to reduce any potential biases in protein labeling. In compar-
ison with one-dimensional gels and conventional stains (Fig. 3A),
2D-DIGE resolved far greater numbers of proteins (Fig. 4A). In
addition, the comparisons of labeled DB and virion lysates re-
vealed protein distribution patterns unique to each material. This
was anticipated and consistent with the published results of pro-
tein analyses of the abundance of these closely related particles
purified by different methods (44). When PCA was applied to the
results, virion preparations clustered distinctly from DB prepara-
tions, confirming the unique compositions of each. Comparable

regions selected for mass spectrometry. For fold changes of <1, the negative of
the inverse is reported. Red rectangles, fold change of >2; green rectangles fold
change of <—2; gray rectangles, fold change with an absolute value of <2.
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TABLE 2 Identities of 22 proteins from DB and virion fractions determined by 2D gel electrophoresis and mass spectrometry of isolated peptides

Protein and spot Molecular size Fold change
no. Name gi no. Peptide (kDa) (DBs/virus)”
Viral proteins
1 65-kDa phosphoprotein (pp65) 130714 33 62.2 3
2 Envelope gB 138192 16 102.8 —4
3 UL51 222354501 10 40.4 —2.5
4 Capsid triplex subunit 2 (UL85) 52138258 3 34.9 -2
5 Tegument protein pp71 (UL82) 254770942 49 62.2 -6
6 Envelope gL (UL115) 52139280 4 31.4 <2
7 Tegument protein (UL88) 222354518 5 48.2 <2
8 Mpyristylated tegument protein (UL99) 52139271 2 21.2 <2
9 Major capsid protein (UL86) 222354516 10 155 —4.5
MRC-5 proteins
10 Protein bicaudal D homolog 2 isoform 1 1479166 21 97.2 -85
11 Heat shock cognate 71-kDa protein isoform 1 5729877 20 71 —2.5
12 Heat shock 70-kDa protein 1A/1B 167466173 12 70.9 —2.5
13 Serine/threonine-protein phosphatase PP1-alpha 4506003 6 37.9 —25
catalytic subunit isoform 1
14 14-3-3 protein epsilon 5803225 9 29.3 —4
15 14-3-3 protein zeta/delta 4507953 8 27.9 =5
16 90-kDa heat shock protein 306891 7 83.5 <2
17 78-kDa glucose-regulated protein precursor 16507237 14 724 <2
18 Phosphatase 2A regulatory subunit 189428 6 65.9 <2
19 Eukaryotic initiation factor 4A-I isoform 1 4503529 8 46.3 <2
20 Actin, cytoplasmic 1 4501885 7 42 <2
21 Growth factor receptor-bound protein 2 isoform 1 4504111 3 25.3 <2
22 Vinculin 24657579 2 117.2 <2

@ The fold change represents the average of the ratios of multiple spots corresponding to the same protein. A fold change of <1 is reported as the negative of the inverse. A fold

change with an absolute value of <2 was not considered to be a significant difference.

variances indicated the consistency of the composition between
different preparations of DBs and virions. Next, from compari-
sons of DB and virion lysates, 22 spots on 2D gels (Fig. 4C) were
selected for protein identification by mass spectrometry (Table 2).
The results indicated that among the most abundant or differen-
tially abundant proteins were 9 virus-encoded proteins and 13
host cell-encoded proteins. In the virus-encoded protein category,
pp65 was the only protein of elevated abundance in DB fractions
relative to virion fractions. In contrast, five virus-encoded pro-
teins were more abundant in virion fractions. Of these, three (gB,
UL51, and pp71) remained easily identified by the reactivity of
DBs with Cytogam (Fig. 3D). Two proteins enriched in the virion
fractions (UL85 and UL86) are capsid proteins and therefore not
expected to be structural components of DBs, suggesting that re-
sidual virus may contribute to the presence of capsid protein in
our DB fractions. Importantly, none of the host cell proteins were
more abundant in DB fractions than in virion fractions (Table 2),

consistent with previous reports (44). Several viral and host cell
proteins were equally abundant in virion fractions and DB frac-
tions. Included among these was gL. Identification of gL in the
glycerol-tartrate gradient fraction is consistent with the findings
for DB particles purified by Nycodenz gradients and evaluated
with different methods (44). Although we did not identify gH or
other glycoproteins, more extensive proteomic evaluations have
reported gH and other glycoproteins resident to both virions and
DBs (44) that may have been excluded from identification by our
selection criteria. Overall, these analyses demonstrated the utility
of 2D-DIGE for evaluation of DB preparations and indicated that
the composition could be tracked by sensitive and quantitative
methods from preparation to preparation.

Glycerol-tartrate gradients provide enriched DB fractions with
levels of virion contamination of 1 to 4%. To further reduce viral
contamination, we prepared materials from cultures treated with
the viral terminase inhibitor 2-bromo-5,6-dichloro-1-beta-D-ri-

TABLE 3 Physical properties of DB fractions prepared from cultures treated with BDCRB

No. of viral z-average Host cell
DB MOI for Storage No. of Residual amt of ~ DNA-positive  particle size ~ Avg particle ~ pp65/gB  protein concn
preparation  production  temp (°C)  particles/pug®  virus (PFU/pg)  particles/pg (nm)” size (nm)* ratio” (ng/pg)”
DB-3 1 —80 2.5 % 10* 3.0 X 10° 24 X 10° 304 245 41 0.22
DB-4 0.01 —80 2.8 X 10° 1.28 X 10° 4.45 X 10° 305 244 45 0.35
DB-5 1 4 ND* ND 2.5 % 10° ND 246 ND 0.4
“ Determined by NTA.
b Determined by ELISA.

“ND, not determined.
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bofuranosyl benzimidazole riboside (BDCRB) that prevents DNA
encapsidation and, as a result, virion maturation (60, 61). Previ-
ous studies have shown that BDCRB does not interfere with DB
maturation (62). Thus, this approach aimed to increase the purity
of the DB preparation by reducing the quantity of virions released
into the culture supernatant. For immunogenicity studies, multi-
ple lots of DBs were prepared from cultures treated with BDCRB,
and their compositions were evaluated by NTA, 2D-DIGE, gB,
pp65, and MRC-5 protein ELISAs, qPCRs, and virus titration
(Table 3 and data not shown). Culture and preparative methods
were varied to produce DB lots with different quantities of viral
DNA-positive particles. All DB preparations included <1 ng/pg
MRC-5 cell proteins. Overall, the results of these studies
showed that cultures treated with BDCRB at a high MOI pro-
duced DBs of >99.9% purity, as determined from the viral
DNA genome copy and particle numbers.

DBs induce high-titer complement-independent neutraliz-
ing antibodies that prevent Toledo infection of fibroblasts. For
humoral and cellular immune response comparisons of the sub-
unit CMV vaccine gB/Addavax and DBs, doses of 10 ng gB and
100 g DBs were used in all studies. Dose selection was based on
preliminary titration studies of gB in the presence of AddaVax
(Fig. 5A) and an independent but similar titration study for DBs
(data not shown) that yielded results expected from previous re-
ports (46). The 10-pg gB and 100-pg DB doses selected for direct
comparison induced consistent gB-specific antibody titers or neu-
tralizing antibody titers that did not increase with higher doses
(Fig. 5A and data not shown). In the direct comparison following
immunizations of BALB/c mice, both complement-dependent
and complement-independent neutralizing activity was measured
in vitro using Toledo-GFP (47) as the target virus. The gB/Addavax-
inoculated mice generated high-titer neutralizing antibody that
was poorly detected in the absence of complement (Fig. 5B) but
readily detected in the presence of complement (Fig. 5C). These
data indicate that gB/AddaVax induced high-titer, largely comple-
ment-dependent neutralizing antibodies in mice. In contrast, the
DB-immunized groups had high-titer neutralizing antibodies in
the presence or absence of complement (Fig. 5B and C). Overall,
Towne-derived DBs induced highly consistent neutralizing anti-
body titers across multiple preparation methods and animal ex-
periments.

DBs but not gB/AddaVax induce neutralizing antibody titers
preventing VR1814 infection of fibroblasts and epithelial cells.
Towne-derived DB particles include gB and other glycoproteins
(Table 2; Fig. 3 and 4) that may also induce neutralizing antibod-
ies. The potential for gB to induce neutralizing antibodies in mice
that prevent infection of fibroblasts and epithelial cells was ad-
dressed by neutralization of VR1814, a low-passage-number iso-
late that retains endothelial/epithelial cell tropism (63). Sera of
mice immunized with gB/AddaVax neutralized VR1814 infection
of MRC-5 cells (Fig. 6A). However, titers varied over 17-fold
within the experimental group when evaluated in the absence of
complement and were not significantly different from those for
the controls. In the presence of complement, increased titers were
observed, and the mean titer compared to that for the controls was
significantly increased (~18-fold). Despite the variability, these
data indicate that gB-specific neutralizing antibodies prevent
VR1814 infection of MRC-5 fibroblasts. In contrast, the same sera
failed to prevent neutralization of VR1814 infection of epithelial
cells (Fig. 6B). In comparison, in sera of DB-immunized mice,
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FIG 5 DBs induce high-titer broadly protective complement-independent
neutralizing antibodies. (A) gB-specific total IgG titers induced by gB/Addavax
following three inoculations in BALB/c mice. AU, absorbance units. (B and C)
Comparisons of neutralizing antibody (NAb) titers induced following vacci-
nation with three different DB preparations (DB-3, DB-4, and DB-5) in two
different animal experiments (closed or open symbols). Neutralizing antibody
titers (ICs0s) in mouse serum collected after three inoculations were deter-
mined in vitro from neutralization of Toledo-GFP infection of MRC-5 fibro-
blast cells. Neutralization assays whose results are reported in panels B and C
were completed at the same time. For panel B, heat-inactivated serum samples
were evaluated without addition of complement. *, P < 0.05. For DB-3, DB-4,
and DB-5 in comparison to PBS, all P values were <0.0001, except for DB-2
experiment 2 (P = 0.0003). For panel C, 1% guinea pig complement was added
to the heat-inactivated serum samples during the neutralization assay. For
experiments 1 and 2, P values in comparison to the results obtained with PBS
were <0.0009 for gB/AddaVax, DB-3, DB-4, and DB-5. ND, not determined.

high levels of neutralizing antibodies that prevented infection of
VR1814 on both MRC-5 or ARPE-19 cells were detected. Further-
more, robust titers were observed in the presence or absence of
complement. These neutralizing antibody levels were significantly
different from those for the gB/Addavax-immunized and placebo-
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treated control mice (Fig. 6A and B) and suggest that differences in
the gB protein present on DBs (such as both cleaved and un-
cleaved gB protein [Fig. 3B]) or the presence of additional glyco-
proteins (Fig. 4; Table 2) may contribute to the broader activity of
induced antibodies. Overall, these results demonstrate that the
neutralizing responses elicited by Towne-derived DBs were highly
effective at preventing infection of either cell type.

DBs induce gB-specific antibodies that prevent infection of
epithelial cells. Linear and conformation-dependent epitopes
comprise the targets of gB-specific neutralizing antibodies in im-
munized mouse and human serum (16, 58—-60). To determine the
role of gB-specific antibodies in the observed differences in neu-
tralizing antibody responses induced by DBs and gB/AddaVax, we
first determined gB-specific antibody titers by ELISA (Fig. 7). Rel-
ative to immunization with gB/AddaVax, sera from mice immu-
nized with DBs had lower titers of gB-specific total IgG antibodies
(Fig. 7A and B), corresponding to lower IgG1 (Fig. 7C and D) but
similar IgG2a (Fig. 7E and F) antibody titers. The gB-specific an-
tibodies from gB/Addavax-immunized mice bound intact and de-
natured gB. The DB-induced IgG2a antibodies also bound intact
and denatured gB, but in most animals, DBs induced IgG1 anti-
bodies that did not bind denatured gB. Thus, antibody isotype
differences and conformation-dependent binding were two qual-
ities that distinguished the humoral responses to DBs and gB/
AddaVax. Next, neutralization titers were determined before and
after depletion of gB- and denatured gB-binding antibodies in
assays of fibroblast and epithelial cell infection (Fig. 8 and data not
shown). Multiple depletions with intact gB reduced the ELISA
titer of sera from gB/AddaVax-immunized mice by only 10-fold.
Multiple depletions with denatured gB reduced the ELISA titer of
sera from gB/AddaVax-immunized mice by 100-fold (data not
shown). However, neither depletion method reduced the neutral-
ization of Towne virus infection of MRC-5 cells by more than 35%
(data not shown), consistent with the presence of high-titer gB-
specific antibodies in the sera of gB/AddaVax-immunized mice
(Fig. 7). In contrast, depletions of Cytogam reduced gB- and de-
natured gB-binding antibody titers to levels that were undetect-
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able in the ELISAs (Fig. 8A). Here, the depletion reduced the neu-
tralization of Towne virus infection of MRC-5 cells by 85% (Fig.
8B). In combination, these results are consistent with an expecta-
tion of low levels of gB-specific antibodies (12) that nonetheless
can contribute to neutralization of HCMV. As a consequence, we
used Cytogam as control for the evaluation of sera from DB-im-
munized mice. Following depletion of antibodies from the DB-
immunized mouse serum, gB-binding antibodies were reduced by
~100-fold, while denatured gB-binding antibodies were unde-
tectable by ELISA (Fig. 8A). Importantly, depletion reduced the
neutralization of Towne virus infection of MRC-5 cells by 65%,
indicating that DB induced gB-specific neutralizing antibodies
(Fig. 8B). Neutralization of VR1814 infection of MRC-5 cells was
also reduced by 75% following depletion of Cytogam, but deple-
tion had a minimal impact on sera from mice immunized with DB
(Fig. 8C). In contrast, neutralizing titers determined by VR1814
infection of ARPE-19 epithelial cells were reduced by 50 to 60%
following depletion of denatured gB-binding antibodies from Cy-
togam or sera from DB-immunized mice (Fig. 8D). These results
suggest a role for a linear epitope in induction of gB-specific anti-
bodies that neutralize VR1814 infection of epithelial cells. In com-
bination with binding studies, the results suggest that the IgG2a
antibodies induced by DB likely contribute to preventing infec-
tion of epithelial cells. Overall, these results support the conclu-
sion that DBs induced gB-specific neutralizing antibodies that
prevent infection of fibroblast and epithelial cells.

Towne vaccine virus-derived DBs induce a broad T cell re-
sponse. Previous reports of DB immunogenicity have focused on
T cell responses specific for the predominant component, pp65
(45, 46, 54), yet the complexity of the DB composition may pro-
mote cellular responses to multiple viral proteins. Here, cellular
immunity was first evaluated by confirming the pp65-specific re-
sponse. Splenic lymphocytes from mice immunized with DBs
were evaluated by IFN-y ELISPOT assay with pools of overlapping
peptides that span the pp65 protein (Fig. 9A). Splenic lympho-
cytes collected 2 weeks after the third immunization showed ro-
bust pp65-specific T cell responses with a mean number of spot-
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FIG 7 DBs induce lower gB-specific total IgG and IgG1 than gB/AddaVax. ELISA titers of total IgG (A and B) or IgG1 (C and D) and IgG2a (E and F) isotypes
in mouse sera obtained following inoculations with gB/AddaVax or DBs are shown. The protein used to determine binding by ELISA was gB for the titers reported
in panels A, C, and E and denatured gB for the titers reported in panels B, D, and F.

forming cells (SFC) per 10° splenocytes of 489 = 117. For further
analysis, a second sample of the same splenocytes was evaluated
with a putative immunodominant major histocompatibility com-
plex (MHC) class I H2-D? pp65-specific epitope (LGPISGHVL)
in the IFN-y ELISPOT assay (64) (Fig. 9A). The mean number of
SEC per 10° splenocytes after in vitro stimulation with the H2-D?
epitope was 437 * 110, suggesting that after DB immunization of
BALB/c mice the majority of pp65-specific T cells were directed
against this epitope and were CD8™ T cells. Magnetic bead deple-
tion studies confirmed this result (data not shown). Next, the
induction of gB-specific memory T cells by immunization with
DB and gB/AddaVax was evaluated (Fig. 9B). Mean responses
were 94 + 32 SFC per 10° splenocytes for gB/AddaVax-immu-
nized mice and 23 = 15 SFC per 10° splenocytes for DB-immu-
nized mice. Overall, these results indicate that T cells are induced
by at least two components of DBs.

To further evaluate the breadth of the T cell response induced
by DBs, splenic lymphocyte responses to 17 different HCMV
OREF-specific peptide pools were determined by IFN-y ELISPOT
assay (Fig. 9C). By combination with analyses of pp65 and gB,
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these ORF peptide pools provide a profile of the response to dom-
inant T cell targets identified following natural HCMV infection
of human hosts (32). By proteomic methods, 12/17 of the viral
proteins represented in the ORF peptide pool are suggested to be
DB structural components (44). Here, splenocytes from five DB-
immunized mice were combined and aliquots were stimulated
with the overlapping peptide pools (Fig. 9C). The highest re-
sponses were detected after UL48 (114 SFC per 10° splenocytes),
IE1 (48 SFC), and pp71 (UL82) (32 SFC) peptide stimulation.
Low-level responses to 1E-2, UL32, UL94, US24, and US32 pep-
tide pools were detectable. The IE1- and IE2-specific T cell re-
sponses were unexpected, as these viral proteins are not structural
components of either DBs or virions and HCMV is a species-
restricted virus. However, despite species restriction, immediate
early (IE) protein expression can follow infection of mouse cells
(65), and the DB fractions did include residual viral DNA and
infectivity (Table 3). To determine the role of infectivity, DBs were
exposed to UV prior to immunization and the IFN-+ responses of
stimulated lymphocytes were reevaluated (Fig. 9D). These results
indicated that the pp65- and gB-specific responses were signifi-
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cantly higher in T cells recovered from DB-immunized mice than
in T cells from controls. In contrast, responses to IE1 peptides
were not significantly different from those of the controls. Overall,
these results indicate that the cellular response to DB is more
complex than that to gB/AddaVax, consistent with expectations
from analyses of protein composition.

DISCUSSION

The studies presented here have evaluated the humoral and cellu-
lar immune responses of mice to gB/AddaVax and the HCMV
vaccine candidate DBs. We relied on the natural adjuvant proper-
ties of DBsbutadded AddaVax to gB because it is a squalene-based
oil-in-water nanoemulsion like MF59, the proprietary adjuvant
used with gB in previous clinical trials (26, 27). We report that
DBs, but not gB/AddaVax, induced antibodies preventing infec-
tion of both fibroblasts and epithelial cells. From assays of fibro-
blast infection, we also report that the animal-to-animal variabil-
ity in neutralizing antibody titers observed following gB/AddaVax
immunization was reduced following DB immunization. The ob-
served variability in neutralizing antibody titers determined with
viral strain Toledo and sera from mice immunized with gB/AddaVax
correlated with complement-dependent antibodies, while the
complement-independent antibodies present after immunization
with DBs were also more consistently induced. In contrast, the
addition of complement to neutralization assays that employed
VR1814 had much less of an impact on the observed variability in
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titers. Primary sequence alignments (not shown) indicated that
the gB ORFs encoded by these viruses have few differences within
antigenic domains, but we have not addressed the specific contri-
bution of these differences to neutralization. Likewise, differences
in complement evasion by these viruses may contribute but were
not evaluated. Regardless of the potential contributions from
these factors, our studies suggest that DBs elicit a more consistent
humoral response in mice than gB/AddaVax.

As DBs, but not gB/AddaVax, induced antibodies that pre-
vented VR1814 infection of epithelial cells in vitro, we evaluated
the contribution of gB-specific antibodies to the neutralizing ac-
tivity induced by DB immunization. By depleting gB-specific an-
tibodies, we determined that the gB-specific neutralizing antibod-
ies induced by DBs did contribute to preventing infection of both
fibroblasts and epithelial cells. Moreover, by evaluating the role of
antibodies that bound denatured gB, we uncovered a role for an-
tibodies that bound linear epitopes in the neutralization of
VR1814 infection of epithelial cells. Evidence for the generation by
DB immunization of gB-specific antibodies that neutralize epithe-
lial cell infection and the apparent failure of gB/AddaVax immu-
nization to induce antibodies that neutralize epithelial cell infec-
tion may implicate the multiple forms of gB present on DBs. In
addition, the combination of other glycoproteins in DBs may also
prove to contribute or even dominate the neutralizing antibody
responses that prevent infection. Towne fails to produce the gH/
gL/UL128/UL130/UL131A complex that induces high-titer anti-
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bodies (12, 17) due to a frameshift mutation in UL130 (66), but
gH/gL or other glycoproteins may also contribute to the neutral-
izing antibodies induced by DBs that prevent VR1814 infection of
fibroblasts and epithelial cells. In this regard, others have reported
that antibodies to gH are induced in mice immunized with DBs
but did not determine whether the antibodies were effective at
neutralization (45). We have confirmed the inclusion of gL in the
DBs used for immunizations in this study, and other studies have
reported that gH/gL is sufficient to induce antibodies that neutral-
ize infection of epithelial cells (25). Although additional effort will
be required to determine the contributions of the multiple glyco-
proteins included in DBs to induction of neutralizing antibodies,
differences in isotype, binding to denatured gB, and the combina-
tion of viruses used in our neutralization assays have revealed
important differences in the humoral responses induced by gB/
AddaVax and DBs.

Our analyses of cellular immune responses to DB and gB/
AddaVax showed that DBs elicited a broad T cell response in mice,
including responses to pp65, gB, and UL48, which are also among
the most frequently recognized viral proteins in the human host
(32). In comparison to gB/AddaVax, DBs induced slightly fewer
gB-specific T cells under the conditions that we employed. How-
ever, the overall increase in the breadth of the T cell responses may
be an advantage for a CMV vaccine. As anticipated from the com-
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position of DBs, the majority of the T cell responses in mice were
pp65 specific. Here, the total pp65-specific T cells were primarily
directed against an MHC class I H2-D T cell epitope originally
predicted in silico (67). We also found that the detection of IE1-
specific responses is apparently sensitive to low levels of residual
virus and evaluated UV treatment as a method to interfere with
this response. Importantly, UV treatment did not prevent the in-
duction of neutralizing antibody responses by DBs. Overall, our
analyses of the cellular responses to DBs demonstrate the potential
of these complex particles to elicit a broad response in a biological
model of immunogenicity. Mice are not permissive to HCMV,
rendering direct comparisons to the live, attenuated Towne virus
unapproachable. However, in combination with the described
properties of the humoral immune responses, our studies suggest
that DBs provide qualities highly desired for an HCMV vaccine
that are not provided by gB/AddaVax.

We have reported multiple methodologies to characterize the
quality and protein composition of DBs purified by glycerol-tar-
trate gradients (45, 46, 54). The results from the combined ap-
proaches suggest that DB consistency can be evaluated by quanti-
tative measurements and statistical methods. The evaluation of
NTA indicated that the methodology is appropriate for the anal-
ysis of DB particle size distribution. The use of 2D-DIGE provided
a thorough evaluation of composition that had a sensitivity that
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far exceeded the sensitivity of conventional staining approaches
due to increased resolution and the potential for direct compari-
sons with a reference material, here demonstrated by comparison
to virion lysates. Using measurements of particle numbers in com-
bination with rapid infectivity and genome copy number assess-
ments to evaluate quantities, we confirmed that BDCRB does not
prevent DB maturation. Importantly, BDCRB did increase the
purity of DBs, and we achieved preparations of >99.9% purity
with regard to residual virus. We explored the impact of UV inac-
tivation on DB immunogenicity after finding the cellular response
to IE1 to be a sensitive indicator of residual virus. The results
indicated that the DB immunogen induced broad cellular and
humoral responses with or without inactivation of residual virus,
suggesting that the combination of BDCRB and virus inactivation
presents an approachable method for DB vaccine production. In
combination, these studies have provided refined methods to pro-
duce and characterize DBs.

As an HCMV vaccine candidate, DBs offer multiple qualities
important for safety and protective immunity. DB immunogenic-
ity does not require replication or the introduction of viral DNA.
The production methodology presented here incorporated a
small-molecule inhibitor, BDCRB, to reduce residual virus. Our
studies did not evaluate the levels of BDCRB removed by glycerol-
tartrate gradient fractionation, but scalable DB production and
purification processes would likely achieve this goal and, as well,
remove residual viral DNA. Further, the natural adjuvant proper-
ties, the complexity of the DB protein composition, and the po-
tential for genetic modification of the producing virus all combine
to make these particles of interest for development of a vaccine to
prevent HCMV congenital infection.
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