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Abstract — Since its description in 1902, Aujeszky's disease (AD) has become one of the most thor-
oughly examined viral diseases of swine. The causative agent, Aujeszky's disease virus (ADV), is a
neurotropic alphaherpesvirus that produces fatal encephalitis in newborn pigs and a milder syn-
drome in older animals. In several instances this virus has been used as a test case to examine novel
vaccine concepts in swine, including the honor of being the first genetically modified vaccine used
in the field. Furthermore, the examination of the immune response to infection or vaccination with
this virus has revealed important information about the function of the porcine immune system,
including evidence on the existence of a dichotomy between the humoral and cellular immune
response in swine. This review presents a summary of research where ADV has been a valuable
tool for the development of novel vaccines and has provided information to better understand the
immune response of swine to infectious agents.

Aujeszky’s disease virus / immunity / vaccine / T cells / pig

Résumé — Virus de la maladie d’Aujeszky : perspectives et défBepuis sa description en 1902,

la maladie d’Aujeszky est devenue I'une des maladies virales du porc les plus minutieusement étu-
diées. L'agent pathogéne responsable de la maladie, le virus de la maladie d’Aujeszky, est un alpha-
herpesvirus neurotrope qui provoque des encéphalites fatales chez le porc nouveau-né, et un syndrome
plus modéré chez les animaux plus agés. A plusieurs reprises, ce virus a été utilisé expérimentalement
pour I'étude de nouveaux concepts vaccinaux chez le porc, et a eu I'honneur d’étre le premier vac-
cin génétiquement modifié utilisé sur le terrain. De plus, 'examen de la réponse immunitaire a
I'infection ou a la vaccination par ce virus a révélé des informations importantes concernant le fonc-
tionnement du systéeme immunitaire porcin. En particulier, des preuves de 'existence d'une dicho-
tomie entre les réponses immunitaires humorale et cellulaire chez le porc ont été mises en évidence.
Cet article de synthése résume la recherche pour laquelle ADV a été un outil précieux pour le déve-
loppement de nouveaux vaccins, et a apporté des informations pour une meilleure compréhension de
la réponse immunitaire du porc aux agents infectieux.

virus de la maladie d’Aujeszky / immunité / vaccin / cellules T / porc

Tel.: (1) 217 333-7767; fax: (1) 217 244 7421; e-mail: fazaaa@uiuc.edu



122 F.A. Zuckermann

Table of contents

I [ 1o To [ o 1T o RS 122

2. Immunity to inactivated and modified live Aujeszky’s disease virus vaccines.................. 122
3. Dichotomy between the humoral and cellular immune responses of swine to ADV.......... 125
4. ADV target antigens and protective immuUNILY .........c..oeeeiiiiiiiiee i 126
5. ADV and NOVEl VACCINE TESIGN .......uviiiiiiieiiiie ittt 126
6. Immunity to ADV and pig T Cell DIolOgY ........c.vviiiiiiiiiiiii e 127
7. Immunity to ADV as a benchmark for the porcine immune response..........ccoccceeeeeeeiinenn. 127
8. CONCIUSION ...ttt e et e e ettt e e e e e ntb e e e e e s amneeeaneean 128

1. INTRODUCTION the effectiveness of novel vaccine concepts

including DNA vaccination, and the use of
srecombinant heterologous vaccine vectors

Aujeszky's disease virus (ADV) cause X .
such as poxvirus and adenovirus.

a natural infection in swine similar to that of
herpes simplex virus (HSV) in man. ADV is
a neuroinvasive virus with a wide host range

that excludes only primates. The severity?. IMMUNITY TO INACTIVATED

of the clinical outcome resulting from the AND MODIFIED LIVE

infection with this virus is determined by ~AUJESZKY’S DISEASE VIRUS

the age and immunological status of the ani- VACCINES

mal, as well as the virulence and dose of

exposure of the virus. Young pigs from non- The efficacy of vaccination against ADV
immune sows are extremely susceptible thas been examined extensively under a vari-
this virus, with a high mortality rate ety of experimental and field conditions.
approaching 100% during the first twoThe types of vaccines that have been exam-
weeks of age and decreasing to 50% in thimed include live virus, inactivated virus,
third and fourth weeks of age. The disease iand subunit vaccines. In general, ADV mod-
older pigs is not lethal and is characterizedfied live virus (MLV) vaccines are very
by severe depression, anorexia, pyrexiegffective at inducing protective immunity
ataxia, and respiratory distress. In pregnantnder experimental conditions (reviewed in
sows the virus can produce abortion [2]]19, 32, 58]). Similarly, under field condi-
This virus became more prevalent in the pidions, intensive regional vaccination pro-
population as a result of the intensificationgrams have been very effective at controlling
of pork production systems. Due to simi-the spread of the disease between herds and
larity to HSV, worldwide distribution of and reducing the incidence of infection [42—-44].
economic importance, ADV has been theThe effectiveness of a ADV vaccine is
subject of numerous studies designed tdependent on the immunization program,
examine its pathogenesis, molecular propstrain of the vaccine virus, level of expo-
erties and immunobiology [31, 32, 58]. Thesure to the virus and the level of maternally
vast accumulation of knowledge concernderived antibodies at the time of vaccina-
ing the biology of this virus makes it par-tion [4, 11, 14, 50, 52, 55]. For example
ticularly well suited as a tool to study thedouble vaccination of young pigs with a
biology of the porcine immune system andVILV vaccine has been shown to be more
to test novel concepts in vaccine designeffective than single vaccination at reduc-
This review will emphasize the immuno-ing the incidence of infection in swine pop-
logical events occurring during the infec-ulations at high risk of infection with field
tion or vaccination with ADV, as well as virus [45]. Although the precise mechanism
examples where ADV has been used to tesesponsible for this effect has not been
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directly examined, there are two likely the establishment of latent infection by wild-
explanations. The first possibility relates totype ADV [55].

the role of passive immunity interfering with
the development of active immunity. The

lower levels of maternally derived ADV- . ; :
specific antibodies by the time of the sec@nd inactivated ADV vaccines [12, 56, 61].
However, although both vaccines protect

ond vaccination, usually two to four weeks. zed animals f death and/
later, would allow for the priming of the 'mmunized animals from death ana/or

immune system and development of activ§€Vere iliness due to wild-type ADV chal-
immunity. The second possible explanatiodch9€: the clinical response has measurable
relates to the fact that even in young pigs Herences [53]. Challenge of vaccinated
with no passive ADV immunity, two vac- pigs results in a reduction in the rate of

S : rowth (weight gain), and even weight loss,
cinations stimulate a stronger humoral anfgepending on the severity of the challenge
cellular immune response than one vacci

. . .~ “and level of protective immunity conferred
hation [4, 51, 61]. The route of |m_mu_n_|za-by the vacc?ne [50, 52]. Weig¥1t changes
tion is also important. Counter to intuition, observed within seven days after ADV chal-
intranasal vaccination does not appear tPenge has been shown to be a sensitive
cpnfer a higher level of protective immu- eproducible and statistically sound param-
nity than parenteral vaccination agains

ter that allows the quantification of the
ADV [1, 23]. Indeed on a head to head comyg, g of protective immunity conferred by

parison, parenteral vaccination is better abl§ittarent ADV vaccines [46]. Use of this
to induce protective immunity, as measuregho sy rement has demonstrated that indeed
by weight gain, than intranasal immunizasn,ctivated vaccines are less effective than
tion [55]. This effect is most likely due to the ;e vaccines at inducing protective immu-
fact that although ADV infection starts aSpjty [11, 50, 51, 61]. Immunization with

a respiratory infection, the virus quickly jy5th ‘inactivated and MLV virus vaccines
spreads systemically and attacks the centrg|yce a strong humoral immune response.
nervous system and the reproductive sySp poth cases this response is characterized
tem in pregnant sows. Without adequatgyy the presence of high titers of virus-neu-
systemic immunity the animal will be sus-trgjizing antibodies [11, 21, 61]. However,
ceptible to pervasive spread of the virus t@jnce the inactivated vaccines are less able to
the target organs and produce the consgnduce protective immunity, it becomes
quent pathological effects. An additionalapparent that a high titer of virus-neutraliz-
important issue that needs consideration ifhg antibodies is not necessarily associated
immunity to ADV is the ability of the vac- ith the presence of protective immunity
cine virus to prevent or reduce the estaby20, 27, 51, 52]). Because of this observa-
lishment of latent infection by the wild-type tion, it seems plausible that the level of cel-
virus. Osorio et al. [39] demonstrated arular immunity would be higher in animals
inverse correlation between the extent ofmmunized with the MLV vaccine than in
precolonization of the trigeminal gangliathose receiving an inactivated vaccine. In
attained by the attenuated vaccine virus angheory, a strong cellular immune response
the level of establishment of latency byshould influence in a positive fashion the
superinfecting wild-type ADV. That is, the clinical outcome following challenge with
more the vaccine virus is able to colonizevirulent ADV. Until recently the cellular
the ganglia the less the challenge virus ilnmune response to an inactivated ADV
able to do so. In addition, intramuscularvaccine had not been examined. We have
immunization has been shown to be mor@ow shown that indeed the cellular immune
effective than intranasal immunization atresponse to an inactivated ADV vaccines is
inducing immunity capable of preventinglower than that induced by a MLV vaccine

Experimentally, protective immunity can
be induced by inoculation with both live
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(see [61, 62] and Fig. 1). It is known thathumoral immune response can occur inde-
immunization with a MLV vaccine gener- pendently of a strong cellular immune
ates a robust cytotoxic T lymphocyteresponse, and these two responses are there-
response [59], as well as a strong lymphofore independently regulated. Furthermore,
proliferative [21, 60] and IFN+response and just as important, these vaccination
[61]. The virus-specific cytotoxic lympho- experiments clearly show that protection
cyte response is mediated by CD8 singlérom disease correlates with the presence
positive (SP) lymphocytes, while the lym- of a strong cell mediated immune response
phoproliferative and IFNrresponses are put not with the titer of virus neutralizing
mediated predominantly by CD4/CD8 dou-antibodies. More striking evidence of the
ble positive (DP) T lymphocytes and to aexistence of this dichotomy was observed
lesser extent by CD4 single positive (SP) Toy immunizing pigs with inactivated ADV
cells [21, 47, 59, 60, 62]. Although directyaccine, but given without an adjuvant. In
evidence of the relative importance of cell-this situation, the titer of virus neutralizing
mediated immunity in mediating protectionantibodies induced by the unadjuvanted
against ADV infection is unavailable, asjnactivated virus was substantial, and not
discussed below, recent evidence indicategych different from that induced by the
that at least a positive correlation does exissame inactivated virus mixed with an adju-
vant. In contrast, the frequency of virus-spe-
cific IFN-y-producing cells produced in

3. DICHOTOMY BETWEEN THE response to immunization with the unadju-
HUMORAL AND CELLULAR vanted inactivated virus was almost
IMMUNE RESPONSES OF SWINE  zero, while the response to the adjuvanted
TO ADV inactivated vaccine was considerable

(Zuckermann et al., unpublished observa-

Studies by Kimman et al. demonstratedions). The observation of a dichotomy
that a second challenge with virulent ADvPetween the humoral and cellular immune
induced a secondary virus-specific cellulaf€SPonses of pigs to an infectious agent, is
immune response in the absence of a boodKin to the observations made on the
of anti-viral humoral immunity [10, 21]. dlchotomy between the humoral and c_eIIu—
This observation is important because itaf immune responses of humans to intra-
revealed for the first time the existence of &ellular infections [9]. The paradigm of the
dichotomy between the humoral and celluTh1 and Th2 type regulation of immunity
lar branches of the porcine immune systenflas been proposed as an explanation of the
In a different approach, Zuckermann et almechanism behind this immunological
have obtained further evidence of the exisdichotomy [41a, 48]. The same paradigm
tence of this dichotomy by directly com-can be reasonably put forth to explain the
paring the humoral and cellular immunephenomenon described in the porcine vac-
responses of pigs to two rounds of immucination studies described above. This pos-
nization with a live versus an inactivatedtulate is further supported by the fact that
ADV vaccine [61]. These studies clearlythe administration of recombinant IL-12 at
revealed that while a commercial inacti-the time of vaccination can significantly
vated vaccine is capable of inducing arenhance the intensity of the cellular immune
equal titer of virus neutralizing antibodiesresponse of a pig to an inactivated vaccine
as a MLV vaccine (Fig. 1A), the former is[61]. The ability of IL-12 to drive the
much less capable of stimulating the genimmune response of mice to microbial anti-
eration of virus-specific interferon gens, including ADV, into a Thl type
(IFN)-y-secreting cells (Fig. 1C; [61]). Theseresponse is well-recognized [30a, 38, 40,
results demonstrate that in the pig a strondla, 48]. The fact that IL-12 can have a sim-
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ilar effect in the pig argues in favor of thedevelopment and testing of novel vaccines
existence of similar mechanisms of regulafor pigs is warranted.
tion of cellular immunity.

4. ADV TARGET ANTIGENS AND 5. ADV AND NOVEL VACCINE
PROTECTIVE IMMUNITY DESIGN

Many studies on swine immunity to  Although vaccines against ADV are
ADV have focused on the identification of highly effective, the ability to readily mea-
ADV antigens targeted by the immune syssure protective immunity against this dis-
tem. Initially, Ben-Porat and collaboratorsease in pigs, and the availability of the genes
recognized the importance of the virus enveeoding for gC, gD and gB has made ADV
lope glycoproteins in the induction of immu-an ideal model to test the effectiveness of
nity resulting from natural virus infection. new vaccine concepts in a large animal.
Antibodies against glycoprotein C (gC) wereVaccines based on heterologous viruses
found to account for the majority of the virusexpressing cloned ADV glycoprotein genes
neutralizing activity in convalescent pig have been successfully developed and tested
serum [3]. This glycoprotein was also foundfor efficacy. These include recombinant
to be a major target for cytotoxic (CDE9]  swinepox virus, vaccinia virus and replica-
and helper (CD% T cells (Zuckermann et tion deficient adenoviruses ([6, 37];
al., unpublished observations) isolated fronZuckermann and Tripathy, unpublished
ADV immune pigs. More recently two epi- observations). One situation in which this
topes in the gC protein recognized by helpetype of vaccine might have a practical use in
T cells have been identified [36]. It is thusthe field would be to circumvent the
clear that gC is a major target of bothinhibitory activity of colostral antibodies on
humoral and cellular immunity resulting the immune response to a conventional vac-
from either infection or vaccination with cine. Both recombinant vaccinia viruses and
ADV. Antibodies specific for another major adenoviruses expressing gD have been
envelope glycoprotein, gD, are also able tshown to successfully accomplish this task
neutralize the infectivity of ADV, an event [7, 8, 24, 34]. Perhaps the most promising
independent of complement [13]. Similarvaccine technology currently being tested
to gC, gD is also a target for T-cellsis the administration of naked DNA encod-
(Zuckermann, unpublished observations)ing for antigens known to have the potential
Although the role of gD in immunity to to induce protective immunity. So far, the
ADV has not been thoroughly examined,administration of plasmids capable of
researchers had suspected that gD could lespressing either gC or gD have been shown
as important as gC in the development ofo induce immunity and in several cases pro-
protective immunity. Indeed, immunization tection in pigs against Aujeszky's disease
of pigs with ADV gC or gD have been [15, 16, 33, 54]. A critical challenge remain-
shown to protect pigs from ADV challengeing for this technology is the demonstration
[17, 26, 29]. Similarly, immunization with a that the effectiveness of DNA vaccination
subunit vaccine based on the essential majaan be made to emulate the level of protec-
envelope glycoprotein, gB, was shown taive immunity induced by conventional
induce protective immunity in pigs [35]. MLV vaccines. Among the possibilities
Likewise, more recent studies have verifiebeing explored to enhance the potency of
the ability of purified ADV glycoproteins DNA vaccines is the use of “genetic adju-
to induce protective immunity [18, 49]. vants”. These immunological enhancers con-
Thus, utilization of one or more of thesesist of secondary plasmids coding for
three ADV envelope glycoproteins for theporcine cytokines known to enhance
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immunity and are co-administrated with thehas been performed by examining the
primary antigen-expressing plasmids. Alterimmune response of swine to viruses, in
natively, it might also be feasible to includeparticular ADV [25]. Studies on ADV
within the primary plasmid CpG motifs immunity provided key evidence for the
which have been shown to enhance immudemonstration that CD4/CD8 double posi-
nity to DNA vaccines in mice [22]. How- tive cells are comprised predominantly of
ever, since these motifs are species-specifimmemory T cells and have a helper function
this will require first the identification of [36,60]. The ADV model was also used to
CpG motifs that are active in the pig. Theexamine the kinetics of the immune response
use of genes coding for the porcinen porcine lymphoid tissues [5]. Infection
cytokines as DNA vaccine adjuvants is alsavith ADV was also utilized as a test case
starting to be examined. For exampleto demonstrate the utility of a tissue cham-
GM-CSF has now been shown to enhancker model to examine in vivo the inflam-
the development of protective immunity tomatory/immune responses and cytokine pro-
ADV DNA vaccines based on gB and gDduction in the pig [57]. More recently we
[41b]. However, whether or not the level ofhave performed detailed phenotypic analy-
immunity achieved is comparable to thatses of the leukocytes attracted to the cere-
induced by a MLV vaccine remains to bebrospinal fluid of pigs during a ADV-
examined. Similarly, Martin et al. [28], induced encephalitis. This approach has
examined the modulatory effect of plasmidsallowed us to demonstrate that CD4/CD8
encoding for porcine IFN-and IL-10 on double positive cells are selectively recruited
the intensity of the IFNrresponse to the to this fluid during this inflammatory
genetic immunization with a plasmid encod+esponse (Husmann and Zuckermann,
ing for ADV gC. Surprisingly, contrary to unpublished results). The trafficking behav-
the expected result based on murine literder of porcine CD4/CD8 DP T cells is what
ture, and despite the fact that IL-10 has beewe had predicted based on the notion that
shown to suppress the IFNesponse of this lymphocyte subset is comprised pre-
porcine T cell in vitro (Martin and dominantly of memory T cells [60].
Zuckermann, unpublished observations),

IL-10 was shown to enhance the IFN-

response to the genetic immunization with; | \MMUNITY TO ADV

gC. Although further studies are in progress a5 A BENCHMARK

to clarify and confirm this result, this obser- FoR THE PORCINE IMMUNE

vation does indicate that the assumption that REspPONSE

observations made in one species are appli-

cable to another is not justified. Similarly,
although the issue of the route of DNA Although the knowledge that we have

administration has been addressed in sonfi¢duired on the immune response to ADV is
of the published studies on porcine DNAINCOmMplete, it is sufficient to be used as a
vaccination, the optimal route and method oP€nchmark to evaluate the quality and inten-

delivery of nucleic acid for the immunization Sty Of the cellular immunity to other
of pigs remains to be determined. microbes. This comparison has proven valu-

able in the case of PRRS virus. By per-
forming such comparison, we have con-
cluded that the cellular immune response to
6. IMMUNITY TO ADV AND PIG either infection or vaccination with PRRS
T CELL BIOLOGY virus is delayed and rather weak [30b]. We
are hopeful that this and other ongoing stud-
A great deal of the knowledge that hases will lead to the development of better
been acquired on the biology of pig T cellsvaccines against PRRS virus. This approach
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could be similarly applied to other swinemechanism(s) of adjuvant action in pigs is
pathogens to assess the strength of thmeager, and is for the most part derived
immune response and the development dfom work in other species, mostly mice.
effective vaccines. This type of information is essential for the
rational design of vaccines for pigs. If we
understand the rules that regulate the
8. CONCLUSION immune response of swine, we could then
apply this knowledge in a systematic and
S . rational way to formulate and predict the
Because of the familiarity that many sCi-penhavior of a given vaccine. The ultimate
entists have with ADV and availability of goal of a vaccine is to induce sterile immu-

reagents, it seems likely that this virus Wi”nity. We know that this is an attainable goal
continue to be the model of choice for undergjnce this type of immunity is seen in con-
standing the mechanisms that determine the;|ascent pigs after an infection with ADV
quality and intensity of the cellular immune 1) \whether this level of immunity is sim-
response of pigs to an infectious age”fgly the result of the intense viral replication
Although much remains to be learned aboulng generation of significant antigenic mass,
this process, it is safe to say that the increag; is que to some innate property of the wild-
ing availability of reagents and clonedy e yirys that is lost during attenuation is
porcine cytokine genes will speed-up the;ninown, What is known is that reduction of
acquisition of knowledge on the porcineyjence is accompanied by a reduction in
immune system. A great opportunity that ispe |evel of protective immunity conferred
ripe for exploitation is the use of recombi-py, the vaccine [20]. Clarification of this
nant porcine cytokines to examine the regisq e s ikely to give an insight into how to
ulation of the cellular immune response 0g\evelop the most potent vaccine possible.
swine to infectious agents. As describethg ayidenced by previous studies, ADV will
above, the poor cellular immune responsgqntinye to be of great value not only as a
induced by an inactivated ADV vaccine hasg| o unravel the mysteries of the porcine
been used to demonstrate that IL-12 cap,mune system, but also as a model against

enhance the intensity of IFiresponse 1o\ hich new vaccine concepts can be tested.
immunization with an ADV vaccine [61]. Gjyen all of the information described

These experiments suggest that IL-12 musfy e it is reasonable to expect that our

play a central role in the generation of celyhgerstanding of the biology of the pig's
lular immunity in pigs. The effect of this jmyne system will continue to expand.
and other cytokines on regulating the intenTps knowledge will be helpful in the devel-

sity of the cellular immune response bot pment of effective vaccines against cur-

in vivo and in vitro remains to be fully .ot ang emerging diseases of swine.
explored, specially given the possibility of

obtaining results that differ from the cur-

rent dogma [28]. We expect that these types

of studies will yield valuable insights and

guidance for the rational development oACKNOWLEDGMENTS
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