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Protective efficacy against bovine herpesvirus 1 (BoHV-1) has been demonstrated to be induced by a plasmid encoding bovine neutro-
phil beta-defensin 3 (BNBD3) as a fusion construct with truncated glycoprotein D (tgD). However, in spite of the increased cell-medi-
ated immune responses induced by this DNA vaccine, the clinical responses of BoHV-1-challenged cattle were not reduced over those
observed in animals vaccinated with the plasmid encoding tgD alone; this might have been because the vaccine failed to improve hu-
moral responses. We hypothesized that an alternative vaccine design strategy that utilized the DNA vaccine pMASIA-tgD as a complex
with BNBD3 might improve humoral responses while maintaining robust Th1-type cell-mediated responses. C57BL/6 mice were vac-
cinated with pMASIA-tgD complexed with 0, 0.01875, 0.1875, or 1.875 nmol of a stable synthesized analog of BNBD3 (aBNBD?3). The

best results were seen in mice immunized with the vaccine composed of pMASIA-tgD complexed to 0.1875 nmol aBNBD?3. In this
group, humoral responses were improved, as evidenced by increased virus neutralization, tgD-specific early IgG1, and later IgG2a ti-
ters, while the strong cell-mediated immune responses, measured based on specific gamma interferon (IFN-v)-secreting cells, were
maintained relative to pMASIA-tgD. Modulation of the immune response might have been due in part to the effect of BNBD3 on den-
dritic cells (DCs). In vitro studies showed that murine bone marrow-derived DCs (BMDCs) pretreated with aBNBD3 were activated, as
evidenced by CD11c downregulation, and were functionally mature, as shown by increased allostimulatory ability. Native, synthetic,
and analog forms of BNBD3 were equally capable of inducing functional maturation of BMDCs.

Bovine herpesvirus 1 (BoHV-1) is an economically impor-
tant veterinary pathogen. Like other alphaherpesviruses,
such as herpes simplex virus 1 (HSV-1) (or human herpesvirus
1 [HHV-1]) and HSV-2 in humans (1), pseudorabies virus
(PrV) (or Suid herpesvirus 1 [SuHV-1]) in pigs, and equine
herpesvirus 1 (EHV-1) and EHV-4 in horses, initial infection
with BoHV-1 is typically followed by the establishment of viral
latency (2—4). Along with hygienic measures, it is quite sensible
to seek methods that prevent the initial infection; since vacci-
nation is a primary method of prevention, it follows that de-
velopment of an effective noninfectious preventative vaccine
would be desirable.

DNA vaccines are noninfectious. Additionally, they are simple
to design and economical to produce, thus making them attractive
as veterinary vaccines (5). Immunization with a DNA vaccine re-
sults in endogenous host cell expression of the antigen, with sub-
sequent antigen-specific immune responses (6, 7). In mice, this
results in a predominantly Th1-type response, with induction of
IgG2a antibodies and cytotoxic T lymphocytes (CTLs) (8). Addi-
tionally, antigen expressed by the host cells can be picked up by
infiltrating antigen-presenting cells (APCs), such as dendritic cells
(DCs) (9), or circulated as free antigen to stimulate humoral re-
sponses (10). DNA from immunization can also be found in di-
rectly transfected APCs (11), as free DNA in draining lymph,
which can then transfect DCs in regional lymph nodes (11, 12),
and in transfected macrophages in the peripheral blood (13). Ma-
jor hurdles to the development of DNA vaccines for herpesviruses
in general and for BoHV-1 in particular are that both cell-medi-
ated and humoral responses are required (14) and humoral re-
sponses need to be increased over those that can be obtained with
naked DNA (15). Achieving improvements in both arms of the
immune response has proven to be a challenge and has led to
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many studies with attempts at various immune-enhancing strat-
egies, including genetic adjuvanting (16-18), delivery by lipo-
somes (19, 20), and addition or complexing of adjuvants to the
plasmid DNA (8, 21).

Recently, we evaluated the potential of a genetic adjuvanting
strategy for the BoOHV-1 DNA vaccine pMASIA-tgD. In cattle, a
DNA vaccine encoding the DC-chemotactic bovine neutrophil
beta-defensin 3 (BNBD3) as a fusion construct with truncated
glycoprotein D (tgD) showed protective efficacy against BoOHV-1
through increased Thl-type cell-mediated responses (22). The
vaccine was unable to improve the clinical responses of BoHV-1-
challenged cattle over those observed in animals vaccinated with a
DNA vaccine encoding the tgD antigen alone, however, which
might have been because the vaccine failed to improve humoral
responses. B-Defensins (BDs) are cationic, membrane-active, an-
timicrobial proteins of the innate immune system that participate
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FIG 1 Amino acid sequence alignment of native and synthesized forms of BNBD3. sBNBD3 (published sequence [UniProtKB/Swiss-Prot accession number P46161]
with glutamine in positions 1 and 27), aBNBD3 (analog in which glycine replaces glutamine in positions 1 and 27), and nBNBD3 (native BNBD3 sequence, with
pyroglutamic acid [pE], the modified residue of glutamine, at the N terminus) were aligned with murine BD2 (mBD2) and human BD2 (hBD2). Aligned conserved
cysteine residues are shown in the shaded vertical bars, and the -defensin disulfide bonds (Cys1-Cys5, Cys2-Cys4, and Cys3-Cys6) are shown at the top.

in defense against microbiological pathogens (23). They are small
peptides, 38 to 42 amino acids in length, characterized by an N-
terminal a-helix and six conserved cysteine residues that form
three disulfide bonds, defined as Cysl-Cys5, Cys2-Cys4, and
Cys3-Cys6 (23-25). In cattle, 16 B-defensins have been discov-
ered; 13 are produced by neutrophils and are known as bovine
neutrophil B-defensin 1 (BNBD1) to BNBD13, of which BNBD3
is the most abundant (26).

We hypothesized that an alternative vaccine design strategy
that utilized the DNA vaccine pMASIA-tgD as a complex with the
cationic peptide BNBD3 might be able to improve the humoral
response while maintaining a robust cell-mediated immune
(CMI) response. Our hypothesis was based on the finding by Riedl
et al. that, when a small cationic peptide fused to a short antigenic
epitope was complexed with a DNA vaccine encoding a full-length
antigen, the humoral immune response to the DNA-encoded an-
tigen could be improved without loss of CMI responses, but only
when the two components were complexed at a peptide/DNA
ratio of 125:1 (27, 28). This phenomenon was not related to im-
proved uptake of the DNA or subsequent expression of the anti-
gen encoded by the DNA, and the authors were unable to explain
the mechanism or whether and how it might be related to the
cationic nature of the peptide. Enhanced serum antibody re-
sponses without loss of CTLs were also observed when the DNA-
complexing adjuvant was in the form of cationic microparticles
(29) or a cationic emulsion (8) or contained a cationic lipid such
as dioleoyloxytrimethylammonium propane (DOTAP) (19). Ad-
ditionally, it was found that, although macrophages could act as
APCs after exposure to naked DNA, DCs could be transfected with
plasmid DNA and subsequently act as APCs only when DNA was
delivered in the presence of a cationic lipid (30). Thus, there does
appear to be a benefit when the DNA-complexing adjuvant is of a
cationic nature. The response to vaccination with a plasmid en-
coding BoHV-1 glycoprotein D (gD) has typically been of a Th1
cellular type (15), and achieving an improved humoral response
could be difficult. In a murine model of HHV-2, the gD antigen
delivered as a protein was a strong inducer of Th2 responses with
high antibody titers, whereas the same antigen delivered by DNA
vaccine induced responses with a Th1 bias (31, 32), a bias that was
strengthened when the antigen was genetically adjuvanted with
plasmid encoding the Th1 cytokine interleukin 12 (IL-12) (32, 33)
and that could not be redirected by genetic adjuvanting with plas-
mids encoding Th2 cytokines IL-4 or IL-10 (33). Since the use of a
BNBD as the cationic component in a peptide/DNA complexed
BoHV-1 vaccine as a way to enhance humoral responses has not
been studied, we evaluated the potential of this strategy.

The DNA vaccine pMASIA-tgD was complexed with increas-
ing amounts of a stable synthetic analog of BNBD3 (aBNBD3) and
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then studied for its capacity to stimulate immune responses in
mice in vivo. Furthermore, BNBD3 was examined for its effects on
murine bone marrow-derived DCs (BMDCs) in vitro. The best
results were seen in mice immunized with the vaccine composed
of pMASIA-tgD complexed with aBNBD3 at a medium nanomo-
lar peptide/DNA ratio of 125:1. Immunization with this com-
plexed vaccine maintained robust Thl-type CMI responses, in-
duced tgD-specific IgGl, and significantly improved IgG2a
antibody responses. In vitro studies revealed that aBNBD3 acti-
vates and functionally matures murine BMDCs.

MATERIALS AND METHODS

BNBDs and plasmids. BNBD3 peptides were chemically synthesized and
then folded to form the defined -defensin disulfide bonds (Cys1-Cys5,
Cys2-Cys4, and Cys3-Cys6), as described previously (34). Native BNBD3
(nBNBD3) isolated from bovine neutrophils (26) was kindly provided by
Micheal Selsted (University of California, Irvine, CA, USA). The amino
acid sequences of the synthetic peptides synthetic BNBD3 (sBNBD3)
(based on the published sequence with glutamine in amino acid positions
1 and 27; UniProtKB/Swiss-Prot accession number P46161) and aBNBD3
(an analog with glycine replacing glutamine in amino acid positions 1 and
27) are shown in relation to native BNBD3 and to human and murine
B-defensin 2 (hBD2 and mBD2, respectively) (Fig. 1). The plasmids
PMASIA and pMASIA-tgD (which encodes truncated glycoprotein D [tgD]
of BoHV-1) were detailed previously (22). These plasmids were amplified in
Escherichia coli JM109 cells and purified with Endofree Plasmid Giga kits
(Qiagen, Montreal, PQ, Canada).

Chemotaxis assay. Biological activity of the synthesized BNBD3s was
confirmed using a chemotaxis assay described previously (34). Che-
motaxis of bovine immature DCs (iDCs) to synthetic BNBD3 was com-
pared to that to native BNBD3 using a 96-well disposable chemotaxis
system (ChemoTx system; Neuroprobe, Gaithersburg, MD, USA). Pep-
tides diluted to 1,000, 100, 10, 1, 0.1, 0.01, or 0 ng/ml were placed in
triplicate wells of the bottom chamber of the plate. Bovine monocytes
were isolated from peripheral blood mononuclear cells (PBMCs) of four
donor animals and were cultured with supernatants from bovine IL-4-
and bovine granulocyte-macrophage colony-stimulating factor (GM-
CSF)-transfected CHO cells (kindly provided by Merial Ltd., Lyon,
France) for 3 days to generate iDCs, as verified by fluorescence-activated
cell sorting (FACS) analysis. The monocyte-derived iDCs were labeled
with calcein acetoxymethyl ester (Molecular Probes) and placed on top of
the membrane above each BNBD3- or buffer-filled well, and the plates
were incubated for 90 min at 37°C. Migrated cells were identified using a
96-well multilabel plate reader (Victor 3V multilabel counter; PerkinEl-
mer Life and Analytical Sciences, Inc., Woodbridge, ON, Canada). The
chemotactic index (CI) was calculated for each well by dividing the total
fluorescence of each test well by the mean fluorescence of the buffer/
control wells. A CI of =2 was considered statistically significant (P < 0.05)
(35).
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Preparation of BNBD3/DNA complexed vaccines and immuniza-
tion of mice. Cationic peptide/DNA complexed vaccines were prepared
according to the method described by Riedl et al. (28), and the peptide
concentrations were chosen based on the results of that work, in which a
bell-shaped dose-response curve was shown, with optimal responses to
the DNA-encoded antigen at a nanomolar peptide/DNA ratio of 125:1
(28). Accordingly, pMASIA-tgD (5 ug; 0.0015 nmol) was mixed with
0.01875 nmol (low), 0.1875 nmol (medium), or 1.875 nmol (high) of the
cationic peptide aBNBD3 in Ca*"/Mg”*-free phosphate-buffered saline
(PBS) (pH 7.4) (Gibco), in a final volume of 20 pl, for 60 min at room
temperature (RT). The nanomolar peptide/DNA ratios were thus 12.5:1
for the low dose, 125:1 for the medium dose, and 1,250:1 for the high dose.
DNA-peptide complex formation was visualized by agarose gel electro-
phoresis in an electrophoretic mobility shift assay (EMSA). Samples were
loaded in 10% glycerol and were then analyzed on a 1% agarose gel con-
taining 0.5 pg/ml ethidium bromide.

Groups of 6- to 8-week-old C57BL/6 mice (8 per group) were immu-
nized twice, with a 4-week interval. Immunizations were delivered as two
10-pl intradermal injections into the base of the tail. Each 20-pl dose was
formulated to contain 5 pg pMASIA (placebo), 5 g pMASIA-tgD, 5 pg
PMASIA-tgD (0.0015 nmol) plus 0.01875 nmol BNBD3 (low), 5 pg
PMASIA-tgD plus 0.1875 nmol BNBD3 (medium), or 5 ug pMASIA-tgD
plus 1.875 nmol BNBD?3 (high).

Serology. For enzyme-linked immunosorbent assays (ELISAs), 96-
well polystyrene microtiter plates (Immulon 2; Thermo Electron Corp.,
Milford, MA, USA) were coated overnight with 0.05 pg of tgD per well, in
sodium carbonate buffer, and then washed with PBS with 0.05% Tween-
20. Fourfold serial dilutions of murine sera, starting at 1:40, were prepared
in PBS containing 0.5% gelatin and were dispensed into plates. Following
overnight incubation at 4°C, the plates were washed, and bound IgG1 and
IgG2a were detected using biotinylated goat anti-mouse IgG1 and IgG2a
antibodies (Caltag Laboratories, Burlingame, CA, USA) for 1 h at RT
followed by streptavidin-alkaline phosphatase (AP) for 1 h at RT. Bound
IgG was detected as described previously (22). All reactions were visual-
ized with 0.01 M p-nitrophenyl phosphate (PNPP) (Sigma-Aldrich), and
absorbance was read at 405 nm. ELISA titers were expressed as the inverse
of the serum dilution that gave an absorbance (A) value 2 standard devi-
ations above the value for serum from negative-control animals. BoHV-
1-specific virus neutralization (VN) titers were determined by plaque re-
duction assays. Sera were serially diluted in 96-well plates (Corning), and
the diluted samples were then mixed with 100 PFU of BOHV-1 per well for
1 h at 37°C. The serum-virus mixtures were transferred to duplicate
MDBK cell monolayers and incubated for 48 h at 37°C. Viral plaques were
visualized by staining each well with 0.5% crystal violet. Titers were ex-
pressed as the reciprocal of the highest dilution of serum that resulted in a
50% reduction in plaques relative to the serum-free positive virus control.

Enzyme-linked immunospot assay. Nitrocellulose plates (96-well
Multiscreen-HA; Millipore Corp., Bedford, MA, USA) were coated over-
night at 4°C with 0.2 g/well of anti-mouse gamma interferon (IFN-vy) or
IL-5 IgG (BD Biosciences, San Jose, CA, USA). Plates were washed with
PBS and then blocked with 1% (wt/vol) bovine serum albumin (BSA)
(Sigma-Aldrich) for 2 h at 37°C. Splenocytes were isolated as described
previously (36) and were resuspended at 1 X 107 cells per ml in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS), 50
pg/ml gentamicin, 1 mM 1-glutamine, 10 mM HEPES, 1 mM nonessen-
tial amino acids, I mM sodium pyruvate (all from Life Technologies Inc.,
Burlington, ON, Canada), and 5 X 107°M 2-mercaptoethanol (Sigma-
Aldrich). Splenocytes (10° cells/well) were added to triplicate wells con-
taining medium or tgD (3 pg/ml) and were incubated at 37°C for 20 h.
Plates were washed and then incubated with 2 pg/ml biotinylated rat
anti-mouse IFN-vy or IL-5 IgG (BD Biosciences) for 1.5 h. Bound anti-
bodies were detected using streptavidin-AP (Jackson Immuno-
Research Laboratories, West Grove, PA, USA) for 1.5 h and were visu-
alized using 5-bromo-4-chloro-3-indolylphosphate (BCIP)/nitroblue
tetrazolium (NBT) (Sigma-Aldrich). Spots were counted, and the
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numbers of IFN-y- or IL-5-secreting cells per 1 X 10° cells were ex-
pressed as the difference between the number of spots in the tgD-
stimulated wells and the number of spots in the control wells, which
contained splenocytes from the same animal with medium added in
place of tgD.

Murine bone marrow-derived dendritic cell generation and stimu-
lation. BMDCs were prepared as described previously (37), with modifi-
cations. Bone marrow cells were flushed from femurs and tibiae of naive
C57BL/6 mice and depleted of erythrocytes by lysis with Tris-ammonium
chloride buffer (17 mM Tris, 144 mM NH,CI [pH 7.2]). Subsequently, the
cells were suspended at 1 X 10° cells/ml in RPMI 1640 medium supple-
mented with 10% FBS, 50 pg/ml gentamicin, 1 mM 1-glutamine, 10 mM
HEPES, 1 mM nonessential amino acids, | mM sodium pyruvate (all from
Life Technologies Inc., Burlington, ON, Canada), 5 X 107°M 2-mercap-
toethanol (Sigma-Aldrich), and 20 ng/ml murine GM-CSF (PeproTech
Inc., Rocky Hill, NJ, USA) (DC medium). Cell suspensions (4 ml/well)
were cultured in 6-well plates. On day 3, nonadherent cells (granulocytes,
T cells, and B cells) were carefully removed and fresh DC medium was
added. For the studies shown in Fig. 6, 50% of the medium was removed
ondays 5,7, and 9 and replaced with fresh DC medium; also on day 9, cells
were not treated or treated for 24 h with lipopolysaccharide (LPS) at a final
concentration of 100 ng/ml or with aBNBD3 at a final concentration of 10,
100, or 1,000 ng/ml. On day 10, cells were harvested for FACS analysis or
proliferation assays. For the studies shown in Fig. 7, BMDCs were har-
vested on day 5, resuspended at 1 X 10° cells/ml in DC medium, and
dispensed (100 pl of cells/well) into U-bottom 96-well tissue culture
plates. Cells were not treated or were treated for 18 h with LPS at a final
concentration of 100 ng/ml, with nBNBD3, sBNBD3, or aBNBD?3 at final
concentrations of 10, 100, or 1,000 ng/ml, or with both LPS and nBNBD3,
sBNBD3, oraBNBD3 at the aforementioned concentrations. Prior to their
use in flow cytometric staining or mixed leukocyte reaction (MLR) assays,
BMDCs were extensively washed at least three times with Ca® " /Mg*" -free
PBS (pH 7.2) (Gibco, Invitrogen Canada Inc.).

Flow cytometric analysis of stimulated BMDCs. The BMDC pheno-
type was examined on day 10 after 24 h of incubation with the different
treatments. Cells were washed and resuspended at 1 X 107 cells/ml in
FACS buffer (PBS [pH 7.2], 0.1% BSA, 0.05% NaNH;) supplemented
with 2% FBS, and 100- .l aliquots were cell surface stained for 30 min at
4°C with fluorescein isothiocyanate (FITC)-anti-mouse I-Ab (major his-
tocompatibility complex class IT [MHC-II], clone AF6-120.1; BD Biosci-
ences), FITC-anti-mouse CD11c¢ (clone HL3; BD Biosciences), FITC-
anti-mouse CD40 (clone 3/23; BD Biosciences), or FITC-anti-mouse
CD86 (clone GLI; BD Biosciences). Staining specificity was controlled
with the appropriate isotype-matched antibody controls. Samples were
acquired using a FACSCalibur flow cytometer, and the data were analyzed
with CELLQuest software (BD Biosciences).

Mixed leukocyte reaction assay. Allogeneic MLR assays were per-
formed using mouse splenocytes as responder cells. Dendritic cells were
cultured as described above. For Fig. 6, the BMDCs, untreated or treated
with LPS or aBNBD3, were harvested on day 10, washed as described
above, resuspended in proliferation medium (PM) made up of RPMI
1640 medium supplemented with 1 ng/ml dexamethasone, 10% FBS, 50
pg/ml gentamicin, 1 mM L-glutamine, 10 mM HEPES, 1 mM nonessen-
tial amino acids, 1 mM sodium pyruvate (all from Life Technologies Inc.,
Burlington, ON, Canada), and 5 X 10> M 2-mercaptoethanol (Sigma-
Aldrich), and dispensed into U-bottom 96-well tissue culture plates to
provide 0.5 X 10%,1 X 104, 1.5 X 10% or 2 X 10* cells/well. For Fig. 7, the
BMDC s, untreated or treated with LPS or aBNBD3, were washed in the
plates as described above and were resuspended in PM. Then, 2 X 10°
responder cells/splenocytes (for Fig. 6) or 1 X 10° responder cells/spleno-
cytes (for Fig. 7) from BALB/c mice in PM were dispensed, in 100-pl
volumes, into wells containing treated or untreated BMDCs. Splenocytes
alone were cultured in PM or with aBNBD?3 at final concentrations of 10,
100, or 1,000 ng/ml. After 72 h in culture, the cells were pulsed with 0.4
wCi/well of [methyl->H]thymidine (Amersham Biosciences, Baie d’Utfe,
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FIG 2 Chemotaxis of bovine iDCs in response to native and synthesized forms
of BNBD3. Bovine iDCs were labeled with calcein acetoxymethyl ester and
placed on a filter membrane (5-pwm pores) above triplicate wells filled with
either medium or 0.01, 0.1, 1, 10, 100, or 1,000 ng/ml of each BNBD3 peptide.
The migration of cells toward medium or defensin was determined by reading
the calcein fluorescence signal of migrated cells on the bottom of the filter after
incubation at 37°C for 90 min. Data are expressed as the chemotactic index
(CI) and are shown as the mean CI = standard error of the mean (sem) for four
donor animals (n = 4). sSBNBD3 indicates the published sequence with glu-
tamine in positions 1 and 27; in aBNBD3, glycine replaces glutamine in posi-
tions 1 and 27.

PQ, Canada). After an additional 18 h of culture, cells were collected with
a Filtermate harvester and thymidine uptake was measured by scintilla-
tion counting with a TopCount NXT microplate scintillation counter
(Packard Instrument Co., Meriden, CT, USA). Proliferative responses
were reported in counts per minute.

Statistical analysis. All data were analyzed with the aid of GraphPad
Prism 5.0 software (GraphPad Software, San Diego, CA). For ELISA and
VN titers and enzyme-linked-immunospot (ELIspot) counts, the data
were not normally distributed; therefore, the differences among groups
were examined using the nonparametric Kruskal-Wallis test. If the results
of analysis of variance (ANOVA) proved significant, then multiple post-
test comparisons between medians were performed using Dunn’s test or
differences between the medians of two groups were examined using the
Mann-Whitney U test. For in vitro MLR assays, the data were normally
distributed; therefore, the differences among groups were analyzed by
ANOVA followed by Tukey’s multiple-comparison test in cases of signif-
icant ANOVA results, or differences between the means of two groups
were examined using the unpaired Student ¢ test. Differences between
groups were considered significant if P values of <0.05 were obtained.

RESULTS

Functional and biological activities of synthesized peptides. To
verify the two synthesized forms of BNBD?3 prior to their use in the
peptide/DNA complexed vaccines, both synthesized peptides
were assayed to ensure that they were biologically active and that
the native 3-defensin disulfide bonds were achieved during oxi-
dation (folding) of the peptides (34). The attraction of bovine
iDCs to the synthesized peptides SBNBD3 and aBNBD3 was com-
pared with that of native BNBD3 by using a chemotaxis assay.
Bovine iDCs migrated equally in response to synthesized peptides
and native BNBD3, and the data gave characteristic bell-shaped
dose-response curves with the same peak migration at 10 ng/ml
(Fig. 2). Thus, both synthesized peptides were deemed suitable for
use in the vaccine, as they were shown to be equivalent to native
BNBD3 in chemotactic ability for iDCs, and the synthesized pep-
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FIG 3 Electrophoretic mobility shift assay of pMASIA-tgD and aBNBD3
complexes. pMASIA-tgD DNA vaccine (5 pg) was complexed with aBNBD3
peptide at medium and high ratios, and the DNA-aBNBD3 complexes were
visualized by agarose gel electrophoresis in the presence of ethidium bromide.
Lane a, pMASIA (placebo); lane b, pMASIA-tgD; lane ¢, pMASIA-tgD com-
plexed with 0.1875 nmol (medium) of aBNBD3; lane d, pMASIA-tgD DNA
complexed with 1.8750 nmol (high) of aBNBD3. aBNBD3 is an analog in
which glycine replaces glutamine in positions 1 and 27.

tides most likely had the native conformation, since maximal cell
migration occurred at the same concentration for all.

Formation of peptide/DNA complexes. To characterize the
complexes of the positively charged aBNBD3 peptide with the nega-
tively charged pMASIA-tgD DNA vaccine, a constant amount of
PMASIA-tgD (5 pg; 0.0015 nmol) was mixed with increasing
amounts of aBNBD3 and analyzed by EMSA (Fig. 3). Most of the
PMASIA (Fig. 3,1ane a) and pMASIA-tgD (Fig. 3, lane b) plasmids
migrated as supercoiled DNA that moved farthest into the gel.
Addition of 0.1875 nmol aBNBD3 (medium; nanomolar peptide/
DNA ratio of 125:1) reduced the electrophoretic mobility of
PMASIA-tgD (Fig. 3, lane ¢), and addition of 1.875 nmol aBNBD
(high; ratio of 1,250:1) reduced the electrophoretic mobility of
PMASIA-tgD to the point that the DNA did not migrate into the
gel at all (Fig. 3, lane d).

Optimization of peptide/DNA ratio based on immune re-
sponses of mice to complexed vaccines. As an initial step, the
optimal quantity of peptide in relation to the amount of DNA
(peptide/DNA ratio) had to be established. To determine which
peptide/DNA ratio would give the best results, in the first study
mice were immunized with pMASIA-tgD (5 pg; 0.0015 nmol)
alone or complexed with 0.01875 nmol (low), 0.1875 nmol (me-
dium), or 1.875 nmol (high) of aBNBD?3, to give nanomolar pep-
tide/DNA ratios of 12.5:1, 125:1, and 1,250:1, respectively.

With the addition of aBNBD3 to pMASIA-tgD (Fig. 4), we ob-
served optimal humoral and unchanged CMI responses to the DNA-
encoded antigen at the medium peptide/DNA ratio of 125:1 (Fig. 4a
to f). Compared to vaccination with pMASIA-tgD alone, the early
tgD-specific IgG1 response (P < 0.05) (Fig. 4a) was increased and the
later IgG2a (P < 0.05) (Fig. 4b) and VN (P < 0.01) (Fig. 4d) responses
were increased by addition of the peptide at the medium peptide/
DNA ratio. Addition of the peptide at the high peptide/DNA ratio
resulted in significantly reduced IgG1 (P < 0.001) (Fig. 4a) and IgG2a
(P < 0.001) (Fig. 4b) levels, compared to vaccination at the medium
aBNBD3/pMASIA-tgD ratio, and reduced numbers of IFN-y-secret-
ing cells (P < 0.01) (Fig. 4e), compared to vaccination with pMASIA-
tgD. There were no significant differences in the numbers of IFN-y-
secreting (Fig. 4e) or IL-5-secreting (Fig. 4f) cells from mice in the low
or medium aBNBD3/pMASIA-tgD complexed vaccine groups, com-
pared to mice vaccinated with pMASIA-tgD. These results suggested
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FIG 4 First study of specific (tgD) immune responses in mice immunized with aBNBD3/pMASIA-tgD complexed vaccines. C57BL/6 mice (n = 8) were
immunized twice intradermally with 5 g pMASIA or pMASIA-tgD complexed with either 0 nmol, 0.01875 nmol (low), 0.1875 nmol (medium), or 1.8750 nmol
(high) of aBNBD3 (analog in which glycine replaces glutamine in positions 1 and 27). (a to ¢) tgD-specific IgG1 titers 15 days after the second immunization (a)
and IgG2a (b) and IgG (c) titers 1 month after the second immunization were determined by ELISA. ELISA titers are expressed as the reciprocal of the highest
dilution resulting in a reading 2 standard deviations above the negative control. (d) One month after the second immunization, virus-neutralizing antibodies in
serum were measured. VN titers are expressed as the reciprocal of the highest dilution of serum that resulted in <50% of cells displaying cytopathic effects. (e and
f) The numbers of tgD-specific IFN-y-secreting (e) and IL-5-secreting (f) splenic cells were measured by ELIspot assay. ELIspot results are expressed as the
difference between the numbers of IFN-y- or IL-5-secreting splenic cells in tgD-stimulated wells and medium-control wells per 10° cells. Bars represent the
median values for each group, with interquartile ranges. Significant differences between groups are indicated. *, P < 0.05; #*, P < 0.01; ==, P < 0.001.
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that aBBNBD3 at the medium peptide/DNA ratio (0.1875 nmol pep-
tide; 125:1 ratio), when complexed with pMASIA-tgD, improved the
specific antibody response to tgD encoded by the DNA vaccine while
maintaining the magnitude and balance of the cellular responses.

Immune responses in mice immunized with aBNBD3 com-
plexed vaccines. To confirm the merits of aBNBD3/pMASIA-tgD
complexed vaccine, in the second study mice were immunized
with pMASIA-tgD (5 jg; 0.0015 nmol) alone or complexed with
0.1875 nmol (medium) or 1.875 nmol (high) of aBNBD3, to give
nanomolar peptide/DNA ratios of 125:1 and 1250:1, respectively.
We again observed optimal humoral and unchanged CMI re-
sponses to the DNA-encoded antigen at the medium peptide/
DNA ratio of 125:1 (Fig. 5a to f). The early tgD-specific 1gG1
response (P < 0.05) (Fig. 5a) was increased and the later IgG2a
(P < 0.001) (Fig. 5b) and VN (P < 0.05) (Fig. 5d) responses were
increased by the addition of aBNBD3 at the medium peptide/
DNA ratio, compared to pMASIA-tgD alone. There were no sig-
nificant differences in the numbers of IFN-y-secreting (Fig. 5e) or
IL-5-secreting (Fig. 5f) cells. Only the group vaccinated with the
medium aBNBD3/pMASIA-tgD ratio had significantly higher
numbers of IFN-y-secreting cells than the placebo group
(pPMASIA) (P < 0.05) (Fig. 5e). Again, we observed that use of the
peptide at the high peptide/DNA ratio resulted in reduced hu-
moral responses (Fig. 5a to d) and numbers of IFN-v-secreting
cells (Fig. 5e), compared to those after vaccination with pMASIA-
tgD alone. These results are consistent with those of the first study
and confirmed that pMASIA-tgD complexed with aBNBD3 at the
medium peptide/DNA ratio (0.1875 nmol peptide; 125:1 ratio)
improved the specific antibody response to tgD while maintaining
the magnitude and balance of the cellular responses.

Effects of BNBD3 on maturation and activation of murine
bone marrow-derived dendritic cells. To study the potential
mechanism by which aBNBD3 increased humoral responses, the
effects of BNBD3 on maturation and functional activation of
mouse BMDCs were examined. Phenotypic changes induced in
BMDOC:s by different treatments were detected by analysis of DC
markers, antigen presentation, and costimulation/activation mol-
ecule expression (CD11¢, MHC-II, CD86, and CD40) using flow
cytometry. Mean fluorescence intensity (MFI) of expression, used
here to measure the quantities of molecules produced in response
to stimulation, was not affected by treatment with aBNBD3 for
any marker, with the exception of CD11c, for which increased
MFI values, above results observed with LPS (100 ng/ml), were
observed for the cells treated with aBNBD3 at 10 and 100 ng/ml
(Fig. 6a). The MFI for cells treated with aBNBD3 at 1,000 ng/ml
was lower and was comparable to that for cells matured with LPS
at 100 ng/ml. With respect to the effects on numbers of cells,
treatment with LPS (100 ng/ml) or any concentration (10, 100, or
1,000 ng/ml) of aBNBD3 or nBNBD?3 resulted in equally high
percentages (frequencies) of cells expressing CD11c (>80%) and
equally moderate frequencies of cells expressing MHC-II (>30%)
(data not shown). Treatment with LPS (100 ng/ml) but not
aBNBD3 or nBNBD3 at any concentration resulted in strong
upregulation of CD40 and CD86 costimulation/activation
molecules, based on 5- to 10-fold increased percentages of cells
expressing these molecules (data not shown).

Functional maturation and activation as a result of treatment
with BNBD3 were determined by measuring changes in the allo-
stimulatory capacity of treated BMDC:s. Increases in proliferative
ability, indicative of DC maturity, were observed with LPS (100
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ng/ml) and with increasing numbers of DCs, which was expected
(Fig. 6b). Treatment of BMDCs with aBNBD3 at 100 and 1,000
ng/ml also increased their proliferative ability over that of BMDCs
cultured in medium alone, but only the higher concentration
(1,000 ng/ml aBNBD3) tended to induce greater proliferation
than LPS (100 ng/ml), and this was observed only when DCs were
present at 2 X 10* cells/well (Fig. 6b). These results suggest that
BMDC incubation with aBNBD3 at 1,000 ng/ml, and to a lesser
extent at 100 ng/ml, results in functional maturation and activa-
tion, as shown by their increased allostimulatory ability. Addi-
tionally, we observed from the dose-response curve, as did Yu et
al. (37), that a DC/responder cell ratio of 1:10 gave the best re-
sponse in MLR assays (Fig. 6b). Therefore, a DC/responder cell
ratio of 1:10 was used in subsequent studies. With respect to the
effects on splenocytes alone, treatment with aBNBD?3 at 10, 100, or
1,000 ng/ml did not induce proliferation, as evidenced by counts
of less than 50 cpm (responder splenocytes in Fig. 6b) (data not
shown).

To confirm that aBNBD3 stimulated functional maturation
and activation of BMDCs and to elucidate differences (if any) in its
activity versus that of nBNBD3 and that of sBNBD3, murine
BMDC:s were treated with nBNBD3 (Fig. 7a), sSBNBD3 (Fig. 7b),
or aBNBD3 (Fig. 7¢) at 10, 100, and 1,000 ng/ml, with or without
LPS at 100 ng/ml. Comparable stimulation and proliferation by
the DCs treated with synthesized BNBD3 forms indicated that
aBNBD3 and sBNBD3 acted equally to nBNBD3 and at concen-
trations of 100 ng/ml and 1,000 ng/ml acted equally to LPS to
mature the DCs (Fig. 7a to c). Proliferation was greatest (equal to
or better than that with LPS at 100 ng/ml) and significantly greater
than the medium control with nBNBD3 at 100 ng/ml (P < 0.01)
and 1,000 ng/ml (P < 0.01) (Fig. 7a), sBNBD3 at 100 ng/ml (P <
0.001) and 1,000 ng/ml (P < 0.001) (Fig. 7b), and aBNBD3 at 10
ng/ml (P < 0.01), 100 ng/ml (P < 0.01), and 1,000 ng/ml (P <
0.01) (Fig. 7c). Although the extensive washing of BMDCs prior to
the addition of the mismatched responder splenocytes would have
been expected to prevent any effect of residual BNBD3 on spleno-
cytes in the MLR, we tested the effects of treatment with aBNBD3
at 10, 100, or 1,000 ng/ml and found that aBBNBD3 did not induce
proliferation of splenocytes (Fig. 7d). Combined stimulation with
LPS and BNBD?3 was tested to determine whether changes in mat-
uration due to BNBD3 might be seen only with a second stimula-
tion, as noted for other peptides (38). The combined treatment
with BNBD3 at 1,000 ng/ml and LPS at 100 ng/ml tended to in-
crease proliferation above that observed with LPS for all of the
BNBD3 forms, and this difference was significant for sBNBD3 (P
< 0.001) (Fig. 7b) and aBNBD3 (P < 0.05) (Fig. 7¢c). There were
no differences in proliferation of BMDCs treated with nBNBD3,
sBNBD3, or aBNBD3.

DISCUSSION

Control of BoHV-1 by infected animals is hindered by the virus’
ability to achieve latency and to employ other mechanisms that
promote viral evasion of the immune system (39; reviewed in
reference 2). Thus, the ideal BoHV-1 vaccine, which would be
effective and protective but also noninfectious, is sought. Re-
sponses to the ideal BoOHV-1 vaccine should be broad-based (14)
and should stimulate both cellular and humoral arms of the im-
mune system (40). In our quest for this ideal vaccine, we previ-
ously studied the immune response-enhancing capacity of
BNBD3 (34) in a DNA vaccine as a fusion construct with tgD of
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FIG 5 Second study of specific (tgD) immune responses in mice immunized with aBNBD3/pMASIA-tgD complexed vaccines. C57BL/6 mice (n = 8) were
immunized twice intradermally with 5 g pMASIA or pMASIA-tgD complexed with either 0 nmol, 0.1875 nmol (medium), or 1.8750 nmol (high) of aBNBD3
(analog in which glycine replaces glutamine in positions 1 and 27). (a to ¢) tgD-specific IgGl1 titers 15 days after the second immunization (a) and IgG2a (b) and
IgG (c) titers 1 month after the second immunization were determined by ELISA. ELISA titers are expressed as the reciprocal of the highest dilution resulting in
a reading 2 standard deviations above the negative control. (d) One month after the second immunization, virus-neutralizing antibodies in serum were
measured. VN titers are expressed as the reciprocal of the highest dilution of serum that resulted in <<50% of cells displaying cytopathic effects. (e and f) The
numbers of tgD-specific IEN-y-secreting (e) and IL-5-secreting (f) splenic cells were measured by ELIspot assay. ELIspot results are expressed as the difference
between the numbers of IFN-y- or IL-5-secreting splenic cells in tgD-stimulated wells and medium control wells per 10° cells. Bars represent the median values
for each group, with interquartile ranges. Significant differences between groups are indicated. *, P < 0.05; #:, P < 0.01; *#*, P < 0.001.
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FIG 6 Phenotypic and proliferative changes effected by aBNBD3 treatment of mouse BMDCs. Day 9 BMDCs from C57BL/6 mice (n = 3) were cultured for 24
hin 6-well plates in the presence of aBBNBD3 or LPS, and cells were extensively washed for use on day 10. (a) Fluorescence intensity of the expression of CD11c.
Data are the geometric mean fluorescence intensity (MFI) * standard error of the mean (SEM) of 1 well of cells from each of three mice. (b) Proliferation of
mismatched splenocytes in an allogeneic MLR. Increasing numbers of BMDCs were incubated with 2 X 10° responder cells/well (BALB/c splenocytes) for 3 days.
Proliferative responses were measured by the incorporation of 0.4 p.Ci/well [methyl->H]thymidine for 18 h. Data are mean cpm * SEM of results from triplicate
wells. Similar results were obtained in a second independent experiment with nBNBD3.

BoHV-1. This vaccination strategy increased cell-mediated im-
mune responses, including the induction of CTLs, and was pro-
tective against BoHV-1, but these improvements did not result in
improved clinical responses, compared to the DNA vaccine en-
coding tgD alone, which could have been because the vaccine did
not concurrently increase humoral responses (22). We then hy-
pothesized that the same cationic peptide, BNBD3, might im-
prove the humoral responses without loss of robust CMI re-
sponses if it was formulated in a complex with pMASIA-tgD. This
hypothesis was strongly influenced by the work of Riedl et al., who
found that the humoral immune responses to a DNA-encoded
antigen could be improved withoutloss of cellular responses when
the DNA was complexed with a short cationic peptide at a nano-
molar peptide/DNA ratio of 125:1 (27, 28). In the current study,
aBNBD3, when used at a nanomolar peptide/DNA ratio of 125:1,
enhanced the specific humoral responses of mice to tgD encoded
by pMASIA-tgD, with robust Th-1-type CMI responses being
maintained. In vitro, aBNBD3 activated BMDCs and functionally
matured these cells, as evidenced by increased allostimulatory
ability. There was no effect of amino acid substitutions in
aBNBD3, as comparative studies with nBNBD3, sBNBD3, and
aBNBD3 showed that all three peptides were equally capable of
inducing functional maturation of BMDCs.

The slight changes in the amino acid sequence of sSBNBD3
versus that of aBNBD3 theoretically afford aBNBD3 greater sta-
bility, and this might have accounted for its desirable ease of syn-
thesis and greater yield than sSBNBD3. sBNBD3 has an N-terminal
glutamine residue, and these residues have shown a propensity to
spontaneously cyclize over time to become pyroglutamate (41).
This instability is reflected in subsequent reductions in the yield of
the purified peptide with the correct amino acid sequence from
the synthetic process. Since the conversion of glutamate to pyro-
glutamate has been found to occur in vivo (41), this might also
cause the peptide to be unstable or unpredictable in an animal
vaccine. Due to its potential in vivo instability and lower yield,
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sBNBD was deemed to be uneconomical and unsuitable as a vac-
cine component; therefore, only aBNBD3-complexed vaccine was
selected for evaluation.

Chemotactic activity was unaffected by the amino acid substi-
tutions in aBNBD?3, and this peptide was used in the complexed
vaccine. Although chemotactic activity for bovine iDCs does not
guarantee that mouse iDCs would be attracted to aBNBD3, it is
likely that they would be. Chemotactic activity of hBD2 for mouse
and human CCR6-expressing cells (42) and of mBD4 (the mouse
ortholog of human B-defensin 2) for human CCR2-expressing
cells has been demonstrated (43). Thus, it is possible that
PMASIA-tgD complexed with aBNBD3 at the medium DNA/pep-
tide ratio of 125:1 effected an increase in the magnitude of the
humoral responses by inducing chemotaxis of iDCs to the site of
immunization. This in turn would increase the likelihood of up-
take of the DNA vaccine by iDCs, followed by expression of the
tgD antigen and subsequent presentation by DCs of tgD through
both MHC-I and MHC-II pathways, leading to CMI and humoral
responses, respectively (17, 18, 44, 45). We showed that che-
motaxis of iDCs followed a bell-shaped curve in response to in-
creasing concentrations of aBNBD3, in this study and in a previ-
ous study (34). It is possible that iDCs (and other immune cells)
were optimally attracted to the concentration of aBNBD3 in the
PMASIA-tgD vaccine complexed at the medium ratio of 125:1 and
this translated to a favorable improvement in the humoral re-
sponses of the mice without changes in the cellular responses. In
this scenario, fewer cells would be attracted to the vaccine complex
with the low concentration of peptide (12.5:1), which might ex-
plain the lower humoral and cellular responses we observed. This
would also explain the almost complete abrogation of in vivo im-
mune responses in the group given the vaccine complexed to the
highest peptide concentration (1250:1), as iDCs are so poorly che-
moattracted to high concentrations of 3-defensin. At high con-
centrations of B-defensin, iDCs are almost repulsed. Also, whereas
the concentration of aBNBD3 in the pMASIA-tgD vaccine com-
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FIG 7 Activation/maturation measured by the stimulatory ability of BMDCs in the MLR assay after treatment with nBNBD3, aBNBD3, or sBNBD3, with or
without LPS. Day 5 BMDCs (1 X 10* cells/well) from C56BL/6 mice (1 = 4) were dispensed to U-bottom 96-well plates and treated for 18 h with LPS (100 ng/ml),
BNBD3 (10, 100, or 1,000 ng/ml), or LPS (100 ng/ml) plus BNBD3 (1,000 ng/ml). (a to c) BMDCs treated with native BNBD3 (a), sSBNBD3 (b), or aBNBD?3 (c)
were incubated with BALB/c splenocytes (1 X 10° cells/well) for 3 days. (d) The same splenocytes were cultured with medium alone or with aBNBD3 at 10, 100,
or 1,000 ng/ml. Proliferative responses were measured by the incorporation of 1 uCi/well [methyl->H]thymidine for the last 18 h of culture. Data are mean cpm +
SEM of wells from each BMDC donor mouse (a to ¢) or mean cpm + SEM of wells from each treatment of splenocytes alone (d). Significant differences between
groups are indicated. *, P < 0.05; ##, P < 0.01; ##%, P << 0.001; #:#::, P < 0.0001.

plexed at the medium nanomolar ratio of 125:1 may have made
the vaccine attractive for uptake by infiltrating iDCs, the high
concentration of peptide complexing pMASIA-tgD at the nano-
molar ratio of 1,250:1 may have provided a sufficiently strong
danger signal to target the vaccine for removal by extracellular
processes (46), by endosomal or proteosomal degradation after
cellular uptake (47), or by induction of cell death (48).

Complex formation was monitored by EMSA, and we ob-
served a reduction of electrophoretic mobility of the complexed
DNA versus that of naked DNA. This reduction of electrophoretic
mobility became more pronounced as the amount of peptide
(added) was increased. This phenomenon has been described by
others (49). How formation of a complex of DNA with a cationic
component translates into a benefit to the in vivo immune re-
sponse is currently unknown. Increased transfection of cells by
complexed DNA is one mechanism that would be expected to
enhance the magnitude of the immune responses. Others have
reported, however, that, while complexes at higher peptide/DNA
ratios showed enhanced transfection efficacy in vitro, the same
complexes resulted in suppressed immunogenicity in vivo (28).
Typically, the optimal amount of peptide for the complex deliv-
ered in vivo had to be much lower than the amount that gave the
best transfection efficiency in vitro (28, 50). Interestingly, Riedl et
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al. also found the optimal cationic peptide/DNA ratio in vivo to be
125:1 (28); thus, our findings are in good agreement. Another
reason for the low responses at the high ratio in vivo could be that,
after uptake of the complex by the cells, the DNA was unable to be
fully released from the complex. The higher concentration of the
peptide also could have hampered the movement of DNA to the
nucleus (50) or “trapped” the DNA in the endosomes, where ul-
timately the DNA would be degraded by lysosomal enzymes fol-
lowing merging of the lysosomes with the late endosomes (51). In
vivo, naked DNA can be degraded by serum nuclease; at the opti-
mal ratio, aBNBD3 might have provided protection to the DNA,
as has been observed for cationic liposomes (52), cationic copoly-
mers (53), and cationic peptides (54).

Due to its high molecular weight and negative charge, DNA
does not easily cross cell membranes (46). Complexing with
aBNBD3 may have condensed the DNA, making its size and shape
more attractive for cellular uptake (55, 56). In addition, aBNBD3
may have increased the binding and entry of the DNA into cells
across the negatively charged cell membranes, as has been re-
ported for cationic liposomes (57) and cationic peptides (54, 58).
It is also possible that aBBNBD3 acted on iDCs as a cell-penetrating
peptide (CPP). This idea is supported by the finding that many
cationic CPPs are taken up with their cargo through macropi-
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nocytosis (59, 60); the resulting macropinosomes may acidify but
do not intersect with lysosomes, and thus lysosomal degradation is
avoided (61). It has been reported that human iDCs in the pres-
ence of hBD2 undergo actin-driven plasma membrane ruffling
and uptake of peptide suggestive of macropinocytosis (62). aB-
NBD3 may use the same mechanism to gain entry into DCs, thus
facilitating transfer of DNA into, and protection of DNA within,
the cells. Following transfer, aBBNBD3 might then carry the DNA
as a passenger molecule into the nucleus (63), as has been de-
scribed for the cationic antimicrobial peptide human LL-37 (64).

We then hypothesized that aBBNBD3 might be acting through
effects on DCs. As a first step in elucidating potential mechanisms
through which delivery of B-defensin in a complexed vaccine
might have influenced immune responses, we evaluated the in
vitro effects of BNBD3 on BMDCs. When we treated BMDCs in
vitro with aBNBD3, we observed only partial, maturation-type,
phenotypic changes relative to LPS treatment, but the aBBNBD3-
treated cells that displayed the lowest CD11c levels (comparable to
LPS results) were the most capable of inducing proliferation, a char-
acteristic displayed by functionally mature DCs. Although there are
conflicting reports of up- or downregulation of CD11c¢ with matura-
tion (65, 66), and upregulation has been associated with increased DC
survival rates (66), our results are in agreement with those that found
downregulation of CD11c expression to be a sign of activation and to
be correlated with functional maturity (67). Increased proliferative
ability of T cells exposed to DCs treated with aBNBD3 may provide
the best clue regarding mechanisms for increased antibody levels, as
this can indicate induction of CD4" T helper cell responses (68),
providing increased help to B cells that would result in increased
antibody responses. Additionally, as we observed increased stimula-
tion by BNBD3 when combined with LPS, secondary stimulation by
BNBD3 may also be involved in the mechanism of activation/matu-
ration of BMDC:s (38). Another possibility for how the complexed
vaccine might have affected the humoral responses, particularly with
respect to the increase in levels of antibodies of the IgG2a isotype,
could be from aBNBD3 directly acting on the natural killer (NK) cell
subset (69) or indirectly acting on the iDCs with subsequent effects on
the NK cell subset (70). Since activation of NK cells has been shown to
increase antigen-specific IgG2a responses (71), the increased IgG2a
levels that we observed might have occurred as a result of aBNBD3-
induced activity of NK cells.

In summary, we showed enhanced humoral responses to a
DNA vaccine, without loss of cell-mediated responses, with the
addition of aBNBD3 as a complex with the DNA vaccine at the
nanomolar peptide/DNA ratio of 125:1. This was evident based on
the induction of IFN-v-secreting cells, an increase in early IgG1
antibody production followed by an increase in IgG2a antibody
production, and an increase in the virus-neutralizing ability of the
antibodies, all of which are desirable. Since both robust antibody
and CMI responses are desired for protection from BoHV-1 in-
fection and this strategy does result in both, the results of this
study support our hypothesis and indicate a direction for future
studies that could be undertaken for a DNA vaccination strategy
to protect cattle from challenge with BoHV-1.
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