églaeeia&

www.elsevier.com/locate/vaccine

5 .;: L SR
ELSEVIER Vaccine 21 (2003) 2082—2092

DNA vaccination against bovine viral diarrhoea virus
induces humoral and cellular responses in cattle with
evidence for protection against viral challenge
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Abstract

The immune response induced by a DNA construct expressing the E2 envelope glycoprotein of bovine viral diarrhoea virus (BVDV) was
studied in cattle. Four groups of five calves, were immunised by intradermal injection with a total of 1 mg of plasmid DNA on each of two
occasions, with a 3-week dose interval. Group 1 received non-coding plasmid DNA only (control), group 2 received the E2 coding plasmid
(0.5 mg) plus non-coding plasmid DNA (0.5 mg) and groups 3 and 4 received the E2 coding plasmid plus plasmid encoding either bovine in-
terleukin 2 (IL-2) or granulocyte macrophage colony stimulating factor (GM-CSF) respectively. Two weeks after the final immunisation, all
calves were challenged by intranasal inoculation wigl®° TCIDso of homologous virus. On the day of challenge, neutralising antibodies
were detectable in 13 of 15 vaccinated calves (one animal in each of groups 3 and 4 remained seronegative at this point). Thereafter, a stro
anamnestic serological response was evident in all vaccinated animals. Furthermore, T-cell proliferation following in vitro re-stimulation
with BVDV antigen was significantly elevated in the cytokine adjuvanted groups. This enhancement of BVDV specificimmune responses in
vaccinated animals was reflected in the clinical responses observed post-challenge. In particular, reduced febrile responses provided evider
of adisease sparing effect of vaccination. Significantly, whilst a transient viraemia was detected in all control animals following challenge, no
virus was isolated from the leucocytes from 8 out of the 15 vaccinated animals. In groups 2 and 4, three animals remained virus free, althoug
virus was isolated from two animals in each group at a single time point, while in group 3, three out of five animals had detectable viraemia.

In summary, the administration of a DNA vaccine encoding only the E2 glycoprotein of BVDV induced a disease sparing effect in
vaccinated calves following challenge and protected more than half of the vaccinated animals from detectable viraemia.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction vaccine immunity and infection immunity on the basis of
a readily measured marker, for example antibody against
Bovine virus diarrhoea virus (BVDV) is a member of the 3 specific viral antigen. To address this, several novel ap-
pestivirus genus, within thElavivirus family. This positive  proaches to BVDV vaccination have been described in the
sense RNA virus is an important pathogen of cattle, causing jiterature. Without exception, these involve the delivery of
significant economic losses world-wide. These losses can beg specific viral antigen, the 53 kDa major envelope glyco-
largely attributed to a reduction in conception rates and an protein, designated E2. High titre polyclonal antisera raised
increase in abortions in breeding cafflg. against E2 neutralise numerous viral isolates within a given
Worldwide, there are ongoing efforts to control BVDV  genogroup2], and it has been experimentally proven that
infection through eradication and by vaccination. However, passively acquired antibody of adequate titre is effective in
a major shortcoming of existing vaccines is a lack of marker preventing BVDV infectiorj3]. For vaccination, E2 has been
status. Such marker vaccines allow distinction between delivered by numerous methods including as a recombinant
protein[4,5], as a constituent of recombinant adenoviruses
fax: +44.1707-661464 [6] and as a DNA va_ccine c_onstrL[t’z'I], with yarying (_Jlegre_es
E-mail address mcollins@rve.ac.uk (M.E. Collins). of success. In partlculqr, in target species studies with re-
1 present address: Uaitde Virologie et Immunologie Matulaires, ~ COMbinant protein vaccines, Bolin and Ridpgthwere able
INRA, Domaine de Vilvert, 78352 Jouy-en-Josas, France. to show a high degree of protection against clinical disease
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and viraemia following homologous challenge in calves, and Table 1
Bruschke et al[5] were able to demonstrate in utero pro- PCR primers used for amplification of cytokine cDNA

tection following homologous challenge in pregnant sheep. IL-2 Forward 5 ATCTGCAGTCAACTCCTGCCACAATGT 3
DNA vaccination potentially provides a particularly at- primer
tractive control strategy for viral pathogens in the veterinary Reverse 5 CGCTGCAGGGTACCCACTTAGTGATCA-

field [8]. There are good scientific grounds for expecting en- primer  AGTCA 3

hanced efficacy from a DNA vaccine. Following DNA vac- GM-CSF Forward 5CGGATCCATGTGGCTGCAGAATTTAC 3
cination, antigens are synthesised endogenously within the gg\:‘;;e GCCTCTAGATCATTTTTGGCTTGGTTT 3
target cells. Subsequent immune responses to such antigens primer
are thus likely to mimic the pattern resulting from natural
intracellular infection. As exposure of susceptible cattle to
natural infection is believed to result in life long immunity,
at least against antigenically similar strains, a vaccine that )
can mimic infection immunity is likely to be highly effica- 2-1- CDNA cloning
cious. Also, DNA vaccines avoid the need to propagate live
Viruses in Comp|ex Cu'ture Systems_ Cloning of BVDV E2 from Ky1203 nc (a type la BVDV
There are numerous examples of the experimental use ofStrain) has been described previoughg]. Briefly, the
DNA vaccine technology in livestock species including cat- Ky1203 nc E2 sequence obtained following RT-PCR on
tle (e.g.[9,10)), pigs (e.g.[11]) and sheefi12]. However, BVDV infected foetal bovine lung cells (FBL) started at the
in the only published study to date involving DNA vacci- authentic start of E2 but did not include the carboxy-terminal
nation against BVDV in cattlg7], the authors were able fransmembrane region. The cDNA was cloned into the
to demonstrate only limited protection against clinical dis- Mammalian expression vector pSecTag (Invitrogen). For
ease. Protection was not evident in all individuals within the amplification of bovine cytokine cDNA, RNA was extracted
group, and correlates of protection, notably the production from concanavalin A stimulated bovine peripheral blood
of neutralising antibodies and in vitro lymphoproliferative Mononuclear cells (PBMNC). Amplification after reverse
responses, were weak or non-existent. These results suggestanscription with random primers was performed with the

that further action is required to increase the immunogenic- cytokine specific primers described ¥able 1using Pfu
ity of the basic E2 plasmid vaccine. DNA polymerase. The primer design was based on the cy-

To this end, one well-established means of enhancing tokine sequences found on the EMBL database (M12791:

humoral and cell-mediated immune responses to DNA vac- bovine IL-2 and BT22385: bovine GM-CSF), including
cination is the co-administration of relevant cytokines or authentic signal sequence, start and stop codons. Both
cytokine genes. Numerous studies in mice and primatesCDNAs were cloned into the expression vector pcDNA3.1
have indicated the potential of such an approach (e.g.(Invitrogen).

[13-15). In livestock species, several studies using recom-

binant cytokines have been performed with the intention 2.2. Experimental design

of increasing the efficacy of conventional inactivated and

modified live vaccines. Such studies include investigation 2.2.1. Vaccination phase

of interleukin 2 (IL-2) in cattle for both modified livEL6] Mixed breed calves ranging in age from 3 to 7 months
and recombinant sub-unfjL7] bovine herpes virus-1 vac- were obtained from a BVDV free supplier. All calves were
cines. Our own preliminary studies with the BYDV E2 housed in a purpose built barn with biosecurity measures in
gene in mice have indicated that both IL-2 and granulocyte place to avoid possible exposure to adventitious pathogens.
macrophage colony stimulating factor (GM-CSF) increased Five calves were allocated to each of four treatment groups
production of neutralising antibodies and enhanced lympho- according to a random block design based on age. Treatment
proliferation [18]. Equally importantly, co-administration groups were as follows:

of these cytokines led to a more uniform response at the
group level. This could reduce the risk of vaccine failure in
an outbred cattle population.

In the present study, we examined the utility of co-
administration of plasmids encoding the bovine cytokines
interleukin 2 and granulocyte macrophage colony stimulat-
ing factor to enhance cell-mediated and humoral immune
responses against E2 derived from a genogroup 1 BVDV Subsequently, calves were allocated a second time into
strain. Following vaccination with these constructs, cattle smaller husbandry groups based on age and size to ensure
were challenged with the homologous BVDV strain and a fair competition for food. Following an acclimation period
range of clinical, virological and immunological correlates of 1 week, all calves were vaccinated on two occasions, 3
of protection were subsequently determined. weeks apart, on study dayst2 and—21. On each occasion,

2. Materials and methods

e group 1: 50Q.g pSecTagt 500.g pcDNA,

e group 2: 50Qug pSecTag encoding ER500ug pcDNA;

e group 3: 50Qug pSecTag encoding ER 500ug pcDNA
encoding IL-2;

e group 4: 50Qug pSecTag encoding ER 500.g pcDNA
encoding GM-CSF.
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route of administration was intradermal, with a quarter of the incubated with a high titre convalescent BVDV antiserum
total dose volume (1 mlin PBS) delivered into four separate for 30 min. Following washing, bound immunoglobulin was
sites on the neck. Blood samples for serology were obtaineddetected by addition of a species specific fluorescent anti-

on study days-42 and—21. body conjugate (rabbit anti-bovine Cy3 labelled; Stratech)
for 30 min prior to scoring wells under a fluorescent micro-
2.2.2. Challenge phase scope positive or negative).

Pre-challenge (baseline) measurements of rectal temper-
atures, clinical scores and haematological profiles com- 2.6. Serology
menced on study day-4, and continued on daysl1 and
0. On day 0, all the animals were challenged intranasally 2.6.1. ELISA
with 5 x 10° TCIDsg of Ky1203 nc virus. Thereafter, mea- Total IgG responses against the E2 protein were deter-
surements of all parameters were made daily until study mined as described previous[$8]. Test sera from each
day 10, with a final time point on day 14. Additional blood treatment group were pooled, and diluted in a two-fold se-
samples were taken on each occasion for virus isolation, ries, in duplicate, from an initial dilution of 1:100. Results
and for serology on days 0, 3, 7, 14 and 21. All calves were were expressed as the reciprocal of the final serum dilution

euthanised shortly after study day 21. which was above the negative threshold (defined as twice
the mean of the control serum at a 1:100 dilution). Specific
2.3. Clinical scores isotypes (IgG and Ig&) were quantified using isotype spe-

cific conjugates at dilutions previously proven to give sim-
Each husbandry group was observed for 10 min on eachilar optical density values when incubated with equivalent
of the designated days by a trained veterinarian. Clinical cat- concentrations of purified reference standard;l@@d 1IgG
egories assessed were demeanour, degree of dyspnoea, nag8ethyl Laboratories).
discharge and frequency of coughing. A simple three-point
numerical system was used, with a score of 1 for normal, 2 2.6.2. Serum neutralisation assays

for moderate or 3 for severe symptoms. Serum neutralising (SN) titres against BVDV were de-
termined in an assay based on that of Howard ef1&].
2.4. Haematological profiles Briefly, test sera were diluted out in a two-fold series from

an initial dilution of 1:2 to a maximum dilution of 1:4096.
EDTA blood was provided from each individual on each Next, 50ul of inoculum containing 100 TCIE, of BVDV

designated day for haematological analysis. An automatedvirus, either Ky1203 nc (homologous) or NADL (heterolo-
haematological analyser (Cell Dyn, Abbot) running an es- gous) was added to each well, and the plates were incubated
tablished bovine haematology profile was used to determineat 37°C for 2 h. Finally, 5Qul of a suspension of FBL cells
both total and differential leukocyte counts. Lymphocytes, at 3x 10° cells/ml was added to each well, and the plates
neutrophils and monocytes were all quantified in the dif- were incubated for a further 5 days at°®7. Scoring was
ferential count, and where abnormal values were indicated, performed by microscopic examination of the monolayer of
manual differential counts were made. Results were ex- cells for cytopathic effect (NADL), or the presence of in-

pressed as counts (10°1-1). tracellular virus following fixation and immunoperoxidase
detection (Ky1203 nc). Results were expressed as the recip-
2.5. Virusisolation rocal of the serum dilution at which 50% neutralisation of

virus occurred.

Blood was collected from each animal on each sampling
occasion (5ml, EDTA treated). To extract BVDV, erythro- 2.7. Antigen specific proliferation
cytes in each sample were lysed with ammonium chloride
lysis buffer. Following centrifugation, the leukocyte pellet EDTA treated blood was taken from all individuals on
was washed twice in PBS, and finally resuspended in 1 ml study day 9 (control and E2 only groups) or day 10 (both
of PBS. The sample was divided into two and stored at cytokine adjuvanted groups). PBMNC were extracted on
—70°C. To detect BVDV, each sample was thawed and the a histopaque gradient, washed and resuspended to a final
cell lysate diluted 1:4 in maintenance medium (minimum es- concentration of Ix 10° cells/ml in RPMI 1640 medium
sential medium containing 2% foetal calf serum and antibi- supplemented with 10% foetal calf serum. Cells were plated
otic/antimycotic solution). Each diluted sample was seeded out in 96-well microtiter plates at 1QQ per well, and equal
onto freshly prepared monolayers of early passage FBL cellsvolumes of purified recombinant E2 protein (18/ml and
prepared in 24-well tissue culture plates and incubated for 51 ug/ml), live Ky1203 nc virus (at 5 10° TCIDso/ml), or
days at 37C. Following freeze—thawing, each sample was PBS only were added in triplicate to cells from each indi-
passaged onto fresh FBL cells and incubated for a further 5vidual. Concanavalin A (pg/ml) was used as a positive
days. Finally, BVDV was detected by immunofluorescence. control. Plates were incubated at X7 for 4 days prior
Briefly, monolayers were fixed in ice cold acetone and then to the addition of 1.Ci of tritiated thymidine to all wells.



I. Nobiron et al./Vaccine 21 (2003) 2082-2092 2085

Following a further 18 h incubation, cells were harvested or 7 and 10 (heterologous virus), using one way analy-
and thymidine incorporation was determined using a lig- sis of variance followed by Tukey’s multiple range test to
uid scintillation counter (Packard). Stimulation indices (SI) compare geometric mean titres. No statistical analysis was
were calculated for each sample as the ratio of mean countgerformed on the ELISA antibody data as samples from
determined in antigen pulsed wells compared with mean each group were pooled.

counts from PBS pulsed cells. Finally, inter-group differences in antigen specific prolif-
erative responses were also compared. To prepare the data
2.8. Satistical analysis for analysis, the specific background count was subtracted

for each individual sample, and all values were log trans-
Unless otherwise stated, inter-group differences were in- formed prior to one way analysis of variance. Data in the
vestigated using the Kruskal Wallis test followed where ap- textis presented as group mearstandard error unless oth-
propriate by Dunn’s multiple range test. In all instances, erwise stated.
significance is claimed aP < 0.05, and in the context of
the Kruskal Wallis testP values are reported adjusted for
ties. All log transformations were lggand where a value 3. Results
of zero was recorded in a data set, a value of 1 was added
prior to transformation. 3.1. Clinical observations
Inter-group differences in clinical scores were investigated
by comparing the time to the first abnormal clinical observa- 3.1.1. Clinical scores and rectal temperatures
tion within each category, the duration of abnormal clinical  Post-challenge clinical signs of viral infection were first
observations within each category, and the overall clinical detectable around day 3, but the majority (86% of the total
score. number of observations) of disease signs were recorded be-
Inter-group differences in viraemia were investigated by tween days 6 and 9. The most common observations were a
comparing the duration of the viraemic period. The length serous nasal discharge (34% of the total number of observa-
of time (in days) between the first and last virus positive tions) and/or a dull demeanour (53% of the total number of
sample was calculated for each individual. observations). Occasional coughing was noted in all groups,
Inter-group differences in mean rectal temperatures andand there was almost no evidence of dyspnoea. Statistical
haematological counts were compared using repeated meaanalysis of clinical scores (data not shown) revealed no sig-
sures analysis of variance procedures. Haematologicalnificant differences between any experimental groups.
counts were log transformed prior to analysis. In contrast, rectal temperature profiles post-challenge
Inter-group differences in mean neutralising antibody indicated a protective effect of E2 vaccinatioRid. 1).
titres were compared on study day 7 (homologous virus) There was some evidence for a biphasic febrile response,
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Fig. 1. Temperature fluctuations in relation to viral challenge. Temperatures were taken daily from 4 days before challenge to 10 days afteinchallenge
group 1 (pSecTag pcDNA), group 2 (pSecTag/ER pcDNA), group 3 (pSecTag/ER pcDNA/bvIL-2) and group 4 (pSecTag/E2pcDNA/bvGM-CSF).



2086 I. Nobiron et al./Vaccine 21 (2003) 2082—2092

particularly in the unvaccinated control group, where the Table 2

group mean temperature was moderately elevated on dayVirus isolation following challenge

3, followed by a peak of 40 +0.1°C on day 7. A similar Group number Animal Day post-challenge
pattern was observed in the IL-2 adjuvanted group, though number
it should be noted that mean peak temperatures recorded on

1 2 3 45 6 7 8 9 10

day 7 (397 + 0.2°C) were over 2C lower than recorded ~ Group 1 (control) 2091 — — — — + + - — — -
in the unvaccinated control group. Statistical analysis re- gggg -t + o
vealed a significant treatmerttime interaction, indicating 2110 - — — — 4+ — 4 — — —
differences in the overall temperature profiles of the exper- 2118 - — - — — 4+ — — — -
imental groups. Temperatures were significantly ele\'/atedGroupz(EZ only) 2093 - — — — — — — — _ _
in the control group P < 0.01) on day 7 compared with 2098 - — — — — _— — _ _
all other groups. No differences were observed between the 2000 - - - - — — 4+ — - -
vaccinated groups. 2109 - - - - - - - - - =
2116 - — — — + — — — — -
3.1.2. Haematological parameters Group 3 2089 - - - - - - - - - -
In the period prior to challenge, total leukocyte counts (E2+IL-2) 2095 - - - - - 4 - - - -
were similar in all four treatment groups, and there was lit- gigg - i Lo _
tle evidence of any marked day to day fluctuatiig( 29. 2117 - — — — — — _— _ _ _
Post-challenge, mean counts fell sharply in all groups be-

. . Group 4 2092 - - - -4+ - - - - -
tween days 1 and 3. Th|s decrease was most marked in the (E2+ GM-CSF) 2096 — — — — — — — — _ _
control group, amounting to a fall of around 47% compared 2105 - — — — — 4+ — — — _
with pre-challenge mean values. Cell numbers declined by 2111 - - - - — — — — — -
37% in both the E2 only and the IL-2 adjuvanted group over 2120 - - - - - - - - - =

the same period, but by only 18% in the GM-CSF adju- Following vaccination and challenge, samples were taken daily for 10
vanted group. Counts remained suppressed in all groups un4ays. Virus isolation from buffy coats was performed by immunofluores-
til after day 6, recovering thereafter to pre-challenge levels cent assay after two passages on FBL cells.

by day 8. No statistical differences were apparent between

the treatment groups over time.

The lymphocyte count profiles were similar to those de- control group on day 4 post-challenge, and the last virus
scribed for the total leukocyte counfi§. 2b). By day 3 isolation was made on day 7. During this period, virus was
post-challenge, mean counts had fallen by 40% in the un- detected in all five control calves on at least one occasion. In
vaccinated control group, and by similar amounts in the E2 contrast, virus was only detected in two out of five animals
only and IL-2 adjuvanted groups. Animals in the GM-CSF vaccinated with E2 only, three out of five animals in the IL-2
adjuvanted group again showed the smallest decrease iradjuvant group and two out of five animals in the GM-CSF
lymphocyte numbers, where mean counts fell by only 18%. adjuvant group. Furthermore, in six out of seven of these an-
Lymphocyte numbers remained suppressed in all groupsimals, virus was isolated on 1 day only. Statistical analysis
until after day 6, recovering thereafter to pre-challenge revealed an overall significant difference between the groups
levels by day 8. Statistical analysis revealed a marginally (P = 0.05). However, multiple comparison tests failed to

non-significant P < 0.06) treatmentx time interaction, identify exactly which groups differed from each other (a
reflecting the strong trend in the data for a reduced lym- consequence of the value being so close to 0.05, coupled
phopenia in the GM-CSF adjuvanted group. with the number of ties in the data). Overall, there was strong

Neutrophil and monocyte count profiles followed similar evidence of a reduction in viraemia as a result of vaccination,
patterns to those described for total leukocyte coufits @c but no clear evidence of a beneficial effect of the cytokine
and drespectively). In both instances, the most marked adjuvants.
differences were apparent between the unvaccinated control
group and the GM-CSF adjuvanted group. By day 3, mean 3.3. Serological parameters
neutrophil and monocyte counts had declined by over 50%
in the unvaccinated control group compared with less than 3.3.1. Total anti-BVD antibody responses
25% in the GM-CSF adjuvanted group. No statistical dif-  Total anti-E2 antibody responses as determined by ELISA
ferences were apparent between the treatment groups oveare presented iRig. 3. Early signs of an anamnestic immune

time. response were observed in the vaccinated groups as early
as day 7, and by day 10, mean titres had risen to very high
3.2. Mirusisolation levels in all vaccinated groups, whereas the unvaccinated

controls remained seronegative. Titres remained elevated for
The frequency of virus isolation from buffy coat samples at least 21 days post-challenge in all vaccine groups. By
is summarised infable 2 Virus was first isolated in the day 21, all animals in the control group had seroconverted,
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3.5 were detected against the homologous BVDV vaccine strain
in the majority of vaccinated animals (13 out of 15 ani-
mals had measurable neutralising antibody titres). By day 7

3 H Group 1

B Group 2 ) )

251 mGroup3 post-challenge, no seroconversion was apparent in the con-

8 ,| [Group4 trol group, but there was clear evidence of a strong anamnes-
E tic response in all vaccine groups, particularly against the
S 15 homologous strain. By day 10, the majority of calves in the

control group had seroconverted to the homologous strain,
but there was still no evidence of recognition of the het-
erologous strain in any individual in this group. In contrast,
the majority of vaccinated animals had titres in excess of
the weakest dilution tested (>1:4096) against the homolo-
Day0 Day3 Day7 Dayl0 Dayl4 Day2l gous strain, and strong titres were also apparent against the
Fig. 3. Kinetics of E2 specific antibodies following viral challenge. hetero'.()gous strain. For the homologous aS.Say’ statistical
Results are given as mean OD of pooled sera diluted 1:400 tested analysis was only performed to compare the titres at day 7,
on the E2 specific ELISA. Group 1 (pSecTagpcDNA), group 2 as day 0 titres were uniformly low, and day 10 sera were not
(pSecTag/E2 pcDNA), group 3 (pSecTag/EZ2pcDNA/bvIL-2) and group titred out to an endpoint. Data from the heterologous assay
4 (pSecTag/E2- pcDNA/bVGM-CSF). was compared on days 7 and 10. In no instance was any
significant difference apparent between the vaccine groups.

and titres had risen to similar levels to that observed in the . N o
vaccine groups. IgG isotyping revealed a predominant IgG1 3-4. Antigen specific proliferation

response in all groups (data not presented).
Proliferative responses of PBMNC from all calves were

3.3.2. Neutralising antibody responses measured, following in vitro re-stimulation with recombi-
Neutralising antibody titres are presentedrable 3 Im- nant E2 protein or live virus. The data is presenteBim 4.
mediately prior to challenge, no neutralising antibody was No significant proliferation was apparentin the control group
detectable in the control group, indicating biosecurity mea- in response to any antigen. In contrast, the E2 only group
sures had been effective in preventing adventitious BVD showed modest increases following stimulation with recom-
infection. In contrast, low levels of neutralising antibody binant protein, but not with live virus. However, proliferative

Table 3
Neutralising antibody titres following vaccination and challenge (at day 0) with Ky1203 nc virus as determined by homologous (Ky1203 nc) and
heterologous (NADL) assays

Animal number Seroneutralisation titres
Ky1203 nc NADL
Day 0 Day 7 Day 10 Day 0 Day 7 Day 10
Group 1 (control) 2091 0 0 45 0 0 0
2094 0 0 22.6 0 0 0
2106 0 0 45 0 0 0
2110 0 0 0 0 0 0
2118 0 0 22.6 0 0 0
Group 2 (E2 only) 2093 11 1024 >4096 0 32 362
2098 32 1024 >4096 0 920 512
2100 4 90.5 1448 0 0 45
2109 64 362 >4096 0 32 724
2116 16 512 2048 0 16 181
Group 3 (E2+ IL-2) 2089 16 512 >4096 0 64 1024
2095 8 256 2896 0 11 256
2102 0 724 >4096 0 22 128
2115 5.6 64 1448 0 0 32
2117 5.6 512 >4096 0 22 22
Group 4 (E2+ GM-CSF) 2092 11.3 724 >4096 0 45 1024
2096 128 181 >4096 0 5 256
2105 4 362 >4096 0 16 128
2111 32 128 2896 0 0 32
2120 0 128 724 0 0 22
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Fig. 4. Proliferation of bovine PBMNC induced by antigen stimulation. PBMNC were stimulated separately with recombinant purified E2 and live
Ky1203 nc virus 9 days after challenge for group 1 (pSecFgucDNA), group 2 (pSecTag/E2 pcDNA), 10 days after challenge for group 3
(pSecTag/E2- pcDNA/bvIL-2) and group 4 (pSecTag/E2pcDNA/bvGM-CSF). The assay was performed on each blood sample individually and results

are given as cpm for each animal.

responses were elevated in both cytokine adjuvanted groupdeucopenia and a biphasic febrile response, with few overt

against live virus, but enhanced proliferation was particu-

larly apparent against recombinant protein. Statistical anal-

signs of infection. The virus initially replicates in the nasal
epithelium before spreading to the tond4]. Thereafter,

ysis revealed highly significant differences between the vac- virus dissemination occurs through the blood and lymphatic
cinated groups and the control group with respect to their re- system, with virus first being isolated from the blood around
sponse to recombinant protein. However, no significant dif- 3 days post-challenge. A viraemic period of 7-10 days is

ferences were apparent when the antigen was live virus. All normally observed.

vaccinated groups showed significantly higher proliferative
responses compared with the control group € 0.001).

Furthermore, although no statistically significant differences
were apparent between the two cytokine groups, prolifer-

In the present study, a leucopenia was evident in all
groups within 3 days of challenge. However, there was a
marked and consistent trend for the maintenance of higher
numbers of all cell types (lymphocytes, monocytes and neu-

ative responses in both cytokine adjuvanted groups weretrophils) in the GM-CSF adjuvanted group. This positive

significantly greater ¥ < 0.001) than that seen in the E2
only group, strongly indicative of enhanced priming of the
cell-mediated immune response by the cytokine adjuvants.

4. Discussion

DNA vaccination potentially offers an elegant and cost
effective means of providing marker vaccines for the live-
stock industry{8,20]. Although many challenges to practi-
cal implementation remain, the availability of such vaccines
would provide valuable tools for incorporation into current

effect of vaccination was also apparent when the febrile
response was examined. All vaccination regimes reduced
the observed temperature increase in comparison with un-
vaccinated controls but the E2 only group in particular was
protected from the marked pyrexia apparent in the control
group. This may correlate with the slightly higher antibody
levels in this group at this time point.

The reduction in cell-associated viraemia observed in all
the vaccinated groups is very encouraging. Prevention of
viraemia is the key efficacy parameter for a BVDV vaccine,
as viraemia in a pregnant animal is likely to result in ver-
tical transmission of infectious virus to the foet{is22].

and future eradication programs. In the present study, weAlthough there was evidence of limited clinical infection
provide the strongest evidence published to date to supportin some vaccinated individuals, this compares with some

the use of E2-based DNA vaccines to control BVDV infec-
tion. The value of IL-2 and GM-CSF as adjuvants for DNA
vaccination in cattle is also studied.

The challenge of susceptible healthy cattle with
genogroup 1 BVDV strains typically results in a transient

well-established killed BVDV vaccines which are clini-
cally proven to protect the bovine foetus in utero. Such a
vaccine succeeds in its clinical objective by preventing ver-
tical transmission of the virus but does not provide barrier
immunity against infectiofi22].
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We assessed a range of in vitro correlates of protection re-stimulation with recombinant E2 protein. Lymphoprolif-
to identify the mechanisms by which the DNA vaccines erative responses were significantly higher in both cytokine
conferred protection, starting with humoral responses. adjuvanted groups compared with the E2 only group. There

The importance of humoral immunity in controlling was a similar trend when live virus was used as the antigen,
BVDV infection has been the subject of considerable re- but this was not statistically significant. The magnitude of
search. Whilst neutralising 1gG responses develop too the difference between the adjuvanted and non-adjuvanted
slowly to prevent infection in naive animals, high titres groups is significant. The possibility that the day of sam-
of passively derived antibody confer protective immunity pling might have influenced this result (groups 1 and 2 were
[3,23]. Free virus in blood and lymph is readily neutralised sampled on day 9, groups 3 and 4 on day 10 post-challenge)
by antibody, and neutralising titres as low as 1:2 can be whilst small, is real. However, the stimulation indices in re-
effective in this regard4]. Following natural infection, the  sponse to concanavalin A obtained in groups 1 and 2 were
majority of neutralising antibody against BVDV is contained slightly higher than in groups 3 and 4 (data not shown)
in the IgG1 fractior[24]. Interestingly, in vitro studies have confirming that the cells were capable of proliferation at
indicated that IgG1 production is associated with IL-4, sug- this time and that the antigen specific proliferation results
gesting that this is a Th2-associated isotype in cqftg. for groups 3 and 4 did reflect enhanced antigen specific
Clearly, pre-existing neutralising antibody, and in particular priming. Unfortunately, the differences in proliferation ob-
the effective priming of humoral memory, are important served are not reflected in greater clinical protection when
factors in preventing or limiting the consequences of BVDV compared to the E2 only group. The predominant BVDV
infection. specific antibody isotype in all groups was shown to be

In the present study, serological responses post-vacci-lgG1l, and whilst differential cytokine responses were not
nation were generally weak, though low levels of neutralis- measured in the present study, one can tentatively speculate
ing antibody were detected against the homologous virus in that the underlying CD4 response contained a strong Th2
most individuals. There was no evidence of increased titreslike element. Studies in BVDV convalescent rather than
in the cytokine adjuvanted groups compared with the E2 vaccinated animals also indicate that a highly polarised Th2
only group. This was in marked contrast to the serological type CD4+ response is dominant, with IL-4 being the dom-
responses seen in mice with similar plasmid constriagk inant cytokine secreted by CB4T-cells following in vitro
where co-administration of both IL-2 and GM-CSF signif- stimulation with BVDV infected monocytd®29]. However,
icantly augmented humoral responses. Post-challenge, wea CD8+, IL-2/interferon gamma secreting T-cell population
observed a rapid increase in neutralising titres against thewas also identified in that study, though cytotoxicity was not
homologous and heterologous virus in vaccinated animals.investigated. This is interesting, as in our own study, T-cells
However, there was no evidence for a beneficial effect of the from animal 2120, which had no neutralising antibody on
cytokine adjuvants, either in terms of elevated neutralising the day of challenge, proliferated strongly in response to in
titres, or in the number of responding individuals compared vitro re-stimulation with live virus (Sl of 22), and no virus
with the E2 only group. The antibody produced following was recovered from this animal following challenge. Harpin
challenge was predominantly IgG1. This again contrasts et al.[7] also showed partial protection in a calf which failed
markedly with results observed with the corresponding to seroconvert after vaccination with DNA encoding E2,
plasmids in mice, where a switch to a predominant IgG2a but which was shown to have T-cell memory. These results
response was observed post-vaccinafidi. may indicate a significant role for cell-mediated immunity

Several factors may account for these differences. Firstly, in preventing infection and dissemination of virus. This
the route of administration of the DNA appears to have con- theory is further supported by studies with closely related
trolled the major type of immune response induced in all pestiviruses. In one such study, pigs which failed to serocon-
DNA injected groups, outdoing the effect of the cytokines. vert following vaccination with classical swine fever virus
In the present study, the predominant IgG1 response ob-(CSFV) sub-unit antigen were protected following challenge
served in vaccinated animals is broadly indicative of a Th2 [30].
bias. Such responses may be observed following intrader- What is clear from the present study is that the availabil-
mal injection of DNA, as opposed to a predominant Thl ity of increased levels of both IL-2 and GM-CSF at the time
response routinely observed following intramuscular injec- of antigen expression enhanced the development of antigen
tion of DNA [20,27] Secondly, as mice are not susceptible specific helper T-cell responses. The mechanisms behind
to BVDV challenge, post-vaccination serological responses these effects are not clearly identified in cattle, but it is well
in mice were compared to post-challenge responses inknown thatin mice, GM-CSF plays a central role in dendritic
cattle. Thirdly, Thl and Th2 type responses in cattle are cell maturation, which is likely to correlate with enhanced
seldom so polarised as often described in the murine model.presentation of antigen in the local draining lymph nodes
Individual bovine T helper clones, for example, are often [31,32] IL-2 on the other hand has a well-established role
capable of expressing both IFN-gamma and [[28]. as an essential requirement for the development of effector

In order to investigate antigen specific T-cell responses, T-cells, and exerts additional direct effects on the maturation
proliferation assays were performed following in vitro of dendritic cell§33]. While the outcome of the viral chal-
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lenge shows that this enhancement of T-cell responses did10] Cantlon JD, Gordy PW, Bowen RA. Immune responses in mice,

not result in increased control of virus replication, it must
also be noted that the E2 glycoprotein is not a major T-cell
target and effective control of viraemia may require priming
of responses to additional antigens.

Overall, the present study has confirmed that E2-based

DNA vaccination has potential for the control of BVDV
infection in cattle. Furthermore, co-delivery of plasmids
encoding cytokine adjuvants, particularly GM-CSF, signifi-

cattle and horses to a DNA vaccine for vesicular stomatitis. Vaccine
2000;18:2368-74.

[11] van Rooij EM, Haagmans BL, de Visser YE, de Bruin MG, Boersma
W, Bianchi AT. Effect of vaccination route and composition of DNA
vaccine on the induction of protective immunity against pseudorabies
infection in pigs. Vet Immunol Immunopathol 1998;66:113—-26.

[12] Scheerlinck J-PY, Casey G, McWaters P, Kelly J, Woollard D,
Lightowlers MW, et al. The immune response to a DNA vaccine
can be modulated by co-delivery of cytokine genes using a DNA
prime-protein boost strategy. Vaccine 2001;19:4053-60.

cantly enhanced the priming of T-cell responses against the[13] chow YH, Huang WL, Chi WK, Chu YD, Tao MH. Improvement

E2 antigen. While the level of protection achieved is not

as significant as that obtained with an inactivated vaccine,
these results, based on the delivery of a single viral antigen,
are the most complete presented to date and do offer scope

for further enhancement. In future, we aim to examine the
phenotype of the responding T-cell population in more de-
tail and to explore ways of further improving the efficacy of
our DNA constructs, particularly with the aim of inducing

stronger primary serological responses, possibly through the

use of optimised CpG motif84], or the creation of chimeric

genes encoding BVDV antigens linked to ligands such as

CTLA-4 [35] and C3d[36]. Further challenge experiments
involving heterologous BVDV strains and extended duration
of immunity would also be of value. Although the method,

of hepatitis B DNA vaccines by plasmids co-expressing hepatitis B
surface antigen and interleukin-2. J Virol 1997;71:169-78.

[14] Tsuji T, Hamajima H, Xin KQ, Ishii N. Enhancement of cell

mediated immunity against HIV-1 induced by co-inoculation of

plasmid-encoded HIV-1 antigen with plasmid expressing IL-12. J

Immunol 1997;158:4008-13.

[15] Lee AH, Suh YS, Sung YC. DNA inoculations with HIV-1
recombinant genomes that express cytokine genes enhance HIV-1
specific immune responses. Vaccine 1999;17:473-9.

[16] Reddy PG, Blecha F, Minocha HC, Anderson GA, Morrill JL,
Fedorka-Cray PJ, Baker PE. Bovine recombinant interleukin-2
augments immunity and resistance to bovine herpesvirus infection.
Vet Immunol Immunopathol 1989;23:61-74.

[17] Hughes HP, Campos M, Godson DL, van Drunen Littel-van den
Hurk S, McDougall L, Rapin N, et al. Immunopotentiation of bovine
herpes virus subunit vaccination by interleukin-2. Immunology
1991;74:461-6.

route and dose for delivery still remain to be optimised, these 18] Nobiron I, Thompson 1, Brownlie J, Collins ME. Co-administration

results suggest that DNA vaccines, particularly when com-
plemented by cytokine adjuvants, could provide a potential
platform for marker vaccines in the livestock industry.
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