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Review article

Aujeszky's disease (pseudorabies) virus: the virus and
molecular pathogenesis — State of the art, June 1999

Thomas C. MTTENLEITER

Institute of Molecular Biology, Friedrich-Loeffler-Institutes,
Federal Research Centre for Virus Diseases of Animals, 17498 Insel Riems, Germany

Abstract — Considerable progress has been made during the last years in understanding the molec-
ular basis of protein function in pseudorabies virus (PrV), the causative agent of Aujeszky's disease
(AD). Major topics have been the identification and functional characterisation of viral envelope
glycoproteins and cellular virus receptors, elucidation of viral proteins involved in neurovirulence and
neuropathogenesis, detection and characterisation of attenuating mutations present in and leading to
successful attenuated live vaccines, and the near completion of the genomic sequence of PrV DNA.
This review, which follows an article prepared for the 1993 AD symposium in Budapest, Hungary,
will briefly summarise those recent developments and update the reader on the current state of the art
in PrV research.

Aujeszky’s disease / pseudorabies virus / glycoprotein / molecular pathogenesis / tropism

Résumé-Le virus de la maladie d’Aujeszky : virus et pathogenése au niveau moléculaire — Etat

des lieux, Juin 1999Ces derniéres années ont donné lieu a des progres considérables pour la com-
préhension des bases moléculaires de la fonction des protéines du virus de la maladie d'Aujeszky
(VMA). Les principaux sujets d’étude ont été I'identification et la caractérisation fonctionnelle des
glycoprotéines d’enveloppe et des récepteurs cellulaires pour le virus, la mise en évidence des pro-
téines virales impliquées dans la neurovirulence et la neuropathogenése, la détection et la caractéri-
sation de mutations atténuantes présentes et pouvant conduire a des vaccins atténués efficaces, et
I'achévement presque total de la séquence génomique de '’ADN du virus. Cette revue de la littéra-
ture, qui fait suite a un article préparé pour le symposium de Budapest, Hongrie, sur la maladie
d’Aujeszky (1993), va résumer ces développements récents, et faire une mise a jour, pour le lecteur,
des recherches menées dans ce domaine.

maladie d’Aujeszky / pseudorabies virus / glycoprotéine / pathogenése moléculaire
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1. INTRODUCTION be most closely related to bovine herpesvirus

1 (BHV-1) and equine herpesvirus 1

Since the last “state of the art” review(EHV-1), and also to varicella-zoster virus
[64], much time has passed. In the meanVZV) [59]. This prompted its assignment to
time, Aujeszky's disease (AD) and itstheVaricellovirusgenus within the Alpha-
causative agent, pseudorabies virus (Prvjierpesviruses. Alphaherpesviruses are dis-
have become “endangered” in several parfénguished by their rapid lytic growth in cell
of the world. This result is mainly based onculture, their neurotropism, their latency in
the successful development and use dieurons and their broad host range. All these
marker vaccines which allow a serologicfeatures are particularly pronounced in Prv
differentiation between infected and vacci-and will be covered in this review. In spite
nated animals. Several milestones have be@iits broad host range which includes nearly
set by PrV researchers: the very first offi-all mammals except higher primates and
cial approval for use of a genetically engi-humans, as well as other vertebrate species
neered live vaccine [48], the development ofind cells in culture from various warm- and
the concept of marked vaccines [66,90], angold-blooded animals (Riebe et al., unpub-
the first approval for the use of a geneticallyished), the pig is the only host which is able
engineered live vaccine in the Europeario survive a productive infection and serve
Community [79]. In this review, the major as a virus reservoir. This means that elimi-
focus will be on PrV as a fascinatinghating the virus from the porcine popula-
pathogen whose understanding at a moledion can ultimately lead to eradication of the
ular level has not only helped to combat andlisease.
eventually hopefully eradicate the disease
but has also greatly contributed to our under-
standing of alphaherpesvirus biology. 3. THE VIRION

Like all herpes virions, the PrV virion is
2. TAXONOMY composed of a nucleoprotein core which
contains the genome, an icosahedral capsid
PrV belongs to thélphaherpesvirinae of 162 capsomers, a proteinaceous tegu-
subfamily of theHerpesviridaelt has been ment, and a lipid bilayer envelope derived
found, by comparison of deduced amindrom cellular membranes which contains
acid sequences of homologous proteins, teirally encoded (glyco)proteins. Figure 1
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Figure 1.Electron micro-
graph of a PrV virion
attached to a bovine kid-
ney cell (MDBK) in cul-
ture. Bar: 150nm. (Picture
courtesy of Dr. Harald
Granzow, Friedrich-Loef-
fler-Institutes, Insel Riems,
Germany).

shows an electron micrograph of a Pr\isequences are derived from several different
virion attached to a bovine kidney cell [36].PrV strains and mostly come in “bits and
pieces”.

The genome consists of a long jand
3.1. Genome short unique region (Y), the latter being
bracketed by inverted repeats. So far, three

The genome of PrV consists of a doubleerigins of replication which conform to the
stranded linear DNA of approximately alphaherpesvirus consensus sequence have
150 kbp. The complete sequence of thbeen mapped in the repeats (2x) (Fuchs et
genomic DNA has not yet been determinedal., unpublished) and middle of the unique
primarily because the high content of G+Aong region [50]. Another replication ori-
nucleotides of 73% [6] renders sequencingin with apparently unique features resides
laborious and costly. However, approxi-at the left end of the genome [55]. Interest-
mately 90% of the sequence has been elingly, within the PrV genome an inversion
cidated and only one major gap in sequenaef ca. 40 kbp is present which encompasses
information remains which, in analogy tothe UL27 to UL44 genes [6,9,25]. The bio-
other fully sequenced herpesvirus genomeggical significance of this genomic rear-
and partial sequence information from PrV rangement is unclear. However, it is inter-
probably contains the homologues of theesting that a similar inversion has also been
UL31 to UL37 genes of herpes simplexdetected in the only distantly related avian
virus 1 (HSV-1). A summary is shown in alphaherpesvirus infectious laryngotracheitis
Figure 2. It should be noted that thevirus [99].
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Figure 2. The PrV genome. In (A) the division of the genome into a unique lqng@d unique short

(Ug) region by inverted repeats (open boxes) is shown. Arrows denote identified origins of replica-
tion. In (B) the Bam HlI restriction fragment map of the PrV strain Ka is depicted. Those areas of the
viral genome for which sequence information is available are designated in (C) by closed boxes.
Shaded areas denote parts of the genome in which sequence information is present in the author's lab-
oratory but not yet published. Only one gap remains, indicated by the hatched area, which contains
the open reading frames homologous to the UL31 to UL37 genes of HSV.

A list of identified PrV genes and (par- preformed capsid. In PrV, homologues to
tially putative) functions of the encoded pro-the UL18, UL19, UL26, UL26.5 and UL38
teins is shown in Table I. Approximately genes of HSV-1 have been detected. The
half of the alphaherpesvirus genes are conJL35 gene most likely resides in the not
sidered as “nonessential”, that is they arget sequenced region.
dispensable for viral replication, at least in

cell culture.
3.3. Tegument

3.2. Capsid Little is known about the composition
and possible structure of the tegument. In

Studies on capsid architecture haveslectron micrographs it appears as an elec-

mainly been performed using HSV-1. How-tron-dense amorphous structure which lies

ever, the morphological similarity of her- between capsid and envelope. Several pro-

pesvirus capsids and the homology of capteins of HSV-1 have been identified as tegu-

sid components indicates commonment components and homologues have also

principles. The alphaherpesvirus capsid ibeen found in PrV (see Tab. I).

composed of products of the UL18 (part of

“triplex” structures between capsomers),

UL19 (major capsid protein which forms 3.4. Envelope

the hexon and penton capsomers), UL26

(scaffold, protease), UL26.5 (scaffold), The PrV envelope is derived from intra-

UL35 (tips of hexons) and UL38 (triplex) cellular membranes of vesicles in trens-

genes [69]. The capsid is formed around &olgi area [36,94]. The envelope contains

scaffolding structure which is proteolyti- virally encoded proteins, most of which are

cally cleaved, and lost concomitant withmodified by addition of carbohydrate side

incorporation of the genomic DNA into the chains and are, thus, designated as glyco-
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Table I. PrV genes and proteins.
EHV-1VzV HSV-1 Prv Function Literature
1 - - ORF1 [5]
2 1 - - -
3 2 - - -
- - UL56 - Virulence -
4 3 UL55 - -
5 4  UL54 (ICP27/IE63) UL54 Gene regulation
6 5 UL53 UL53 oK 5]
7 6 UL52 UL52 Helicase/Primase
8 7 uUL51 UL51 Capsid/Tegument
9 8 UL50 UL50 dUTPase [40]
10 9A/8.5 UL49.5 UL49.5 gN [41]
11 9 UL49 (VP22) UL49 Tegument ;
12 10 UL48 (VP16)  UL48 Tegument (Transact)f  “Onsetal, unpubl.
13 11 UL47 (VP13/14) UL47 Tegument
14 12 UL46 (VP11/12) UL46 Tegument (9]
15 - uUL45 (18K) - Membrane protein
- 13 - - Thymidilate Synthase
16 14 uL44 glll gC [83]
17 15 uL43 uL43 Membrane protein [76]
18 16 uL42 uL42 Polymerase assoc. [8]
19 17 uL41 uL41 Host-cell shut-off [7]
20 18 UL40 uUL40 small RR 23 43
21 19 UL39 UL39 large RR (23, 43]
22 20 UL38 (VP19c) UL38 Capsid Kaliman et al., unpubl.
23 21 UL37 + Tegument
24 22 UL36 (ICP1/2) + Tegument
25 23 UL35 (VP26) + Capsid
26 24 uL34 + Membrane protein Klupp et al., unpubl.
27 25 UL33 + Cleavage/Encapsid.
28 26 uL32 + Cleavage/Encapsid.
29 27 uL31 + Cleavage/Encapsid. [37]
30 28 UL30 UL30 DNA-Polymerase [8]
31 29 UL29 (ICP8) uUL29 DNA-binding [95]
32 30 UL28 (ICP18.5) ICP18.5 CIeavage/Encapsid [70]
33 31 uL27 gll [84]
34 32 -
35 33 UL26 (VP24) UL26 Protease
35.5 33 5 UL26.5(VP22a) UL26.5 Scaffold [11, 25]
36 uL25 uUL25 Encapsidation
37 35 uL24 uL24
38 36 uL23 TK Thymldlne kinase [47,77]
39 37 uL22 gH [49]
40 38 uL21 uLz21 CapS|d protein [24, 50]
41 39 UL20 uUL20 Egress ’
42 40 UL19 (VP5) UL19  Major cap5|d protein [50, 96]
43 41 UL18 (VP23) UL18 Capsid [50]
44147 42/45 UL15.5 UL15 " Exon
45 43 uL17 Capsid Assembly
46 44 UL16 Virion protein Dijkstra et al., unpubl.
47 45 UL15 BLExon
48 46 uL14 uL14
49 47 UL13(VP18.8) UL13 Prot. Kin./TEG [22]

uL12.5

Nuclease
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Table I. Continued.

EHV-1VzV HSV-1 Prv Function Literature
50 48 uL12 uL12 Alk. Nuclease [38]
51 49 uUL11 uUL11 Membrane protein
52 50 UL10 UL10 gM
UL9.5 UL9.5 29

53 51 UL9 uL9 Ori-binding [29]
uL8.5 Ori-binding

54 52 UL8 UL8 Helicase/Primase

55 53 uL7 UL7 29, 71]

56 54 UL6 UL6 Capsid '

57 55 UL5 UL5 Helicase/Primase [20]

58 56 uL4 uL4

59 57 UL3.5 Egress 19

60 58 UL3 UL3 Membrane? [19]

61 59 uL2 uL2 Uracil-Glycosylase

62 60 ULl ULl gL } (19, 51]

63 61 IE110 (ICPO) EPO Gene regulation [15]
y34.5 - Virulence

64 62 IE175 (ICP4) IE180 Gene regulation [14]

65 63 USL1 (IE68/ICP22) RSp40 Gene regulation [97]

66 64 USs10 - Capsid/Tegument

67 - - -

68 - us2 28K Membrane protein [91]

69 66 us3 PK Protein Kinase [91, 98]

70 - us4 gX gG [81]

71 - - - -

- uUss - gJ

72 - us6 gp50 gD [75]

73 67 us7 gp63 gl 73

74 68 Us8 gl gE [73]

75 - uss8.5 - Nucleoli-assoc.

76 65 us9 11K Membrane protein [72]

- - Usi11 - Nucleic acid binding

- — US12 (IE12/ICP47) - TAP-blockade

Genes in PrV are indicated compared to their counterparts in EHV-1, VZV and HSV-1. Designation of EHV-1
genes is according to [88], that of VZV genes is according to [18], that of HSV-1 genes according to [60,61] . PrV
genes that have been completely sequenced are named as in their first description, mostly according to their
HSV-1 counterparts. “+” indicates that partial sequence information is available. “~” indicates absence of gene.
Information about function of the gene products in any of the viruses is also indicated.

proteins. In PrV, eleven glycoproteins havePrV infection and released into the medium.
so far been described (Tab. Il) which havedther putative nonglycosylated membrane
been designated according to the unifieghroteins are the products of the UL3, UL11,
nomenclature for herpesvirus glycoprotem%Lzo, UL34, and UL43 genes. Interest-
as gB, gC, gD, gE, ¢G, gH, gl, gK, gL, gM, ingly, the PrV genome does not contain a
and gN. gB forms a homodimeric complex,UL45 h | t least not at
and gE/gl, gH/gL, and gM/gN are presentin~ - omologous gene, at least not at a
heterooligomeric forms, presumably as het¢olinear position, which specifies a mem-
erodimers. All of these glycoproteins arebrane protein in HSV [17]. The Us9 protein
constituents of the viral envelope excepdf PrV has also recently been shown to rep-
gG, which is abundantly produced duringresent a membrane protein [10].
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Figure 3. The PrV replication cycle.

4. THE LYTIC REPLICATION 4.1. Attachment and entry
CYCLE
Infection of cells by herpesviruses is ini-
A diagram depicting the different steps intiated by attachment of free virions to target
the PrV replication cycle is shown in cells followed by fusion of the virion enve-
Figure 3. lope and the cellular cytoplasmic membrane
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Table II. Properties of pseudorabies virus glycoproteins.

Designatiof® Gend? Essential  Virion  Attachment Penetration Cell-cell Neuronal

component spread spread
gB (gll) uL27 + + - ) + +
gC (gll) uL44 - + [+]@ - - _
gD (9p50) Us6 + + [+] + - -
gE (9l us8 - + - - [+] [+]
gG (gX) us4 - - - - - -
gH uL22 + + - + + +
gl (gp63) us7z - + - - [+] E’]
gK UL53 + + - - + )
gL ULl + + - + + ?
gM UL10 - + - - [+] -
gN UL49.5 - + - [+] - -

(a) The old nomenclature of PrV glycoproteins has been added in parentheses.
(b) Gene designation according to the HSV-1 homologue.

(c) + indicates an essential function.

(d) [+] indicates a nonessential or modulating function.

(e) ?: no information available.

[63]. In both processes, the interactiorpensable after selection in cell culture [85].
between virion envelope glycoproteins andRecently, a PrV mutant has been selected
cellular surface components acting as virugrhich is infectious even in the absence of
receptors is critical. The first contactboth attachment proteins, gC and gD [45],
between PrV and the target cell is made bpointing to the presence of other yet
interaction of virion gC with heparan sul- unknown PrV attachment proteins.

fate proteoglycans at the cell surface. This For entry, the cellular cytoplasmic mem-
primary, relatively labile interaction con- prane and the viral envelope have to be in
verts into a stable binding which is medi-tight contact to fuse. For this fusion process
ated by interaction of gD with its cellular to occur, at least four viral glycoproteins
receptor [44]. Cellular alphaherpesvirus gDare required: gB, gH/gL, and gD [63].
receptors have only recently been identifiedhbsence of either of these glycoproteins in
and proteins mediating PrV entry into oth-engineered viral mutants renders these
erwise relatively resistant chinese hamsteviruses incapable to fuse. The molecular
ovary (CHO) cells belong to the poliovirus-mechanisms by which these proteins medi-
receptor family [35, 93]. There may, how-ate fusion are, however, still unclear. It is
ever, be more receptors for PrV than thositeresting, though, that at least the most
hitherto identified which is indicated by the highly conserved gB glycoproteins show
fact that CHO cells are still infectable bypartial cross complementation between dif-
PrV even in the absence of the gD recepferent alphaherpesviruses which is indicative
tors [69a] and that a gD-deficient mutant oof @ common mechanism of membrane
PrV can infect cells via an alternate receptofusion at least in this subfamily [80]. It
[85]. Nevertheless, two viral glycoproteins,should also be noted that gB, gH, and gL
gC and gD, and two cellular groups of recepbelong to those viral proteins whose genes
tors, heparan sulfate proteoglycans an@re 'conserved throughout the herpesvirus
poliovirus-receptor related proteins, argf@amily.

involved in PrV attachment. Interestingly, After translocation of the nucleocapsid
gC is a nonessential protein, whereas gD isto the cytoplasm of the cell, it is trans-
normally essential but can become disported to the nuclear membrane and locates
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adjacent to nuclear pores. This transporare needed for recognition of the site for ini-
most likely occurs along microtubules [36,tiation of DNA synthesis, for unwinding the
87]. The capsid is invariably orientedsupercoiled DNA, melting the double-helix,
towards the nuclear pore so that one vertexnd synthesis of the complementary lead-
is juxtaposed to the pore complex (Fig. 3)ng and lagging strands. Herpesvirus DNA
[36]. The DNA presumably leaves the virionreplication proceeds by a rolling-circle
and enters the nucleus through this verteéXnechanism leading to long head-to-tail con-
catemeric DNA molecules which need to
be cleaved into unique length genomes
before or during packaging into capsids. A
. - . . large proportion of intranuclear viral DNA
The Incoming Imear.DNA circularises is grezenﬁ in those high molecular weight
and transcription starts in the nucleus. Her: .

pesvirus transcription is regulated in a Cas(_:oncatemerlc structures.
cade-like fashion. First, immediate-early

(ie) genes which encode regulatory proteins Lastly, late genes specify several capsid

are expressed. Unlike most other hers g envelope components, for example gC.

pesviruses, PrV contains only one geng .\« 1o siressed, however, that the dif-
which is expressed with immediate-early

kinetics. This gene encodes IE180 which igeren'[iation into these three kinetic classes is
homoloéous to the major immediate-earl ot absolute and several exceptions have

protein of HSV-1, ICP4 [14]. PrV homo- been described (for example, a number of
logues to other HSV-1 ie-genes are preseff@!ly-late genes whose expression starts
in Prv such as EPO (ICPO in HSV), Rsp4d)efore DNA replication but which reach
(ICP22 in HSV) and UL54 (ICP27 in HSV). their maximum expression levels only after
These PrV genes are, however, regulated &NA replication has begun).

early (e) genes. No PrV homologue to the

ICP47 ie-protein of HSV-1 has been . .
detected. After synthesis in the cytoplasm, capsid

roteins enter the nucleus and form the basis

IE180 is a potent transactivator of early;, capsid assembly. This process is auto-
genes which include those encoding pro- X

teins required for DNA replication and othercatalyt'c and requires only the respective

enzymatic functions. Early genes are char(-:apSId components [69]. In electron micro-

acterised as being expressed before DNﬂraphS’ intranuclear crescent shaped cap-
replication. PrV encodes a number of proSids can be observed indicating a step-by-
teins with enzymatic activity (see Tab. I).Step addition of capsomers to the nascent

The most notable is thymidine kinase, arfapsid precursor [36]. Intranuclear capsids
enzyme which is nonessential for viralare observed in three forms: with an inner

growth in tissue culture but required for neu-scaffold structure, without a scaffold and
rovirulence [48,62; see also below], as ar&ith DNA, and without a scaffold and with-
dUTPase [42] and ribonucleotide reductaseut DNA [67]. The latter are presumably
[23]. the result of abortive DNA encapsidation
Replication of the viral genome requiresattémpts and are dead-end products. The
the presence of the products of the uLgroducts of the UL6, UL15, UL17, UL25,
(helicase), UL8 (helicase/primase), UL9UL28, UL31, UL32 and UL33 genes [56]
(origin of replication-binding protein), UL29 are involved in cleavage-encapsidation of
(major DNA binding protein), UL30 (DNA- concatemeric HSV-1 DNA. The UL28 gene
polymerase), UL42 (polymerase-associateg@roduct has also been described to be essen-
protein) and UL52 (primase) genes [8]. Theytial for capsid maturation in PrV [67].

4.2. Intranuclear events
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4.3. Egress the viral genome into the so-called latency
associated transcripts or LATs [78]. In HSV,
Full capsids leave the nucleus by budthese LATs exhibit antisense orientation to

ding through the inner nuclear membranethe MRNA for the regulatory immediate-

This first viral envelope appears “smooth”early protein, ICPO. LAT expression in HSV

under the electron microscope which indilS, however, not required for establishment
cates the absence of (mature) glycoprotein8f latency but may under certain circum-

Also, virions in the perinuclear space lack ostances play a role in reactivation.

contain only very little tegument [36]. Viri- A spliced and polyadenylated RNA, des-
ons leave the perinuclear space by fusiogynated as the large latency transcript of
of the primary envelope with the outerg 5 kb, is expressed during PrV latency
nuclear membrane resulting in the releasgnder control of a specific promotor, antipar-
of naked capsids into the cytoplasm. A secy|le| to the IE180 and EPO genes [15].
ondary envelopment process then takegyhether this mMRNA encodes any functional

place in thdérans-Golgi area in which cap- protein is unclear at present (reviewed in
sids bud into lamellae and vesicles of thgz)).
trans-Golgi [36, 94]. Now, tegument is
included and the secondary envelope clearl) X
contains spike projections consisting of vira hal ganglh?n (;]r G), the olfactqryl b[l)"ll\?Aand
glycoproteins. The PrV UL3.5 gene prod-t € tonsil. In these organs, viral DNA can

: ; elge detected in the absence of infectious virus

result of this budding event is the presencBroduction, and LAT transcription could
of a complete virus particle within a vesi-2/SC bé demonstrated by highly sensitive

cle. These vesicles then move to the cytdhéthods such as RT-PCR [16]. Presumably,
: -éfter oronasal infection, PrV first replicates

blocked in the absence of the UL20 genén the epithelial ti_ssues and may also directl_y
product) [34], fuse with the cytoplasmic enter nerve endings of sensory neurons in

membrane, and release the virus particlf1€ Nasopharynx. After a first round of repli-
into the extracellular space. It is puzzlingcation in the epithelia, progeny virus is abun-

why released virions do not immediatelyqa]}gél,g’oﬁrgg;r?rigrgfﬁgmgntg an increased

re-enter the cell they have just left. Our datd’
indicate that gK plays an important role in  Interestingly, there appears to be a cor-
inhibition of re-fusion [53]. relation between precolonisation of trigem-
inal ganglia with PrV and failure of a super-
infecting strain to become latent itself. This
5. LATENCY AND indicates that the number of neurons in
NEUROINVASION which latency will be established is limited
and that, probably, an already “occupied”
Jneuron resists superinfection. Whether this

Despite intensive efforts, the molecula nterference requires a viral function or is
basis for alphaherpesvirus latency is still qui viral functl !

: dependent on cellular factors is unknown.
largely unknown. In PrV, latently infected
pigs are a constant danger for reactivatioff, MaY: howe\_/er, be _dedu_ced that attenu-
and virus shedding and thus for spreading ted live vaccine strains with a high poten-
the virus in a susceptible population. 1al for establishment of latency may pre-

Latency is defined as a status in which vira.lgent sqperlnfectlng wildtype strains from
DNA persists but infectious virus is not pro- ecoming latent [86].

duced. It is now common knowledge that Recently, the proteins which are required

during latency, viral gene expression isfor neuroinvasion of PrV were analysed in

restricted to transcription of a distinct part ofdetail. Several studies in mice, rats, and pigs

Major sites of PrV latency are the trigem-
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have indicated that one of the key proteins iwvhich had been attenuated by classical
neuroinvasion is glycoprotein E [2, 3, 12,means such as extensive passaging in vitro
13, 31]. Deletion of this protein strongly or selection for drug-resistance or tempera-
attenuates PrV (see also below). Absenciire-sensitivity, have been used for a long
of gE does not impair primary viral repli- time. One of these strains is represented by
cation in the nasal epithelium after intranasathe vaccine strain Bartha, now a “classic”
infection of mice or pigs [2, 3, 54]. It is also within the PrV vaccine repertoire [4].

not required for the virus to enter primary  nolecular analysis of this strain for more
neurons. Transsynaptic transfer to SeConhan 15 years finally led to the identifica-
order neurons is, however, severely inhibg, of the genomic mutations responsible
ited, resulting in a dramatic restriction info attenuation. Prv Bartha contains a large
neuroinvasion. gE, and to a lesser extent ghe|etion within the \ region of the viral
are the predominant nonessential glycoprogenome which encompasses part of the gl,
teins exhibiting this dramatic phenotypey|| of the gE and Us9, and part of the Us2
[32]. Other proteins which are required forgenes [58,74]. It also carries mutations
qell—to—cell spread in cu[ture are .also esseNithin the gC gene which include an alter-
tial for neuronal spread in the animal. Thesgion in the aminoterminal signal sequence
include gB and gH [1]. As in cell culture, yogyiting in inefficient intracellular translo-
gD is not required for transsynaptic transfetaion and incorporation of this protein into
but is essential for entry into primary targetpe yira| envelope [82]. Lastly, point muta-
cells. Thus, phenotypically gD-comple- ti5ns within the UL21 gene, whose product
mented gDPrV invades the central nervouss inyolved in capsid formation, contribute to
system after primary replication, and is Vir-tne avirulence of Prv Bartha [52]. Restora-
ulent in mice [1]. tion of all three defects is required for recov-

The specific transneuronal transmissiorery of the virulent phenotype. Thus, PrV
properties of PrV have sparked neu-Bartha harbours three independent attenu-
roanatomists to use this virus for tracingating defects which explain its high safety
interconnecting neuronal circuits [32, 57,(Fig. 4). Moreover, PrV Bartha is interesting
89]. Several PrV mutants lacking gE whichin that it expresses an additional modified
exhibit a restricted propagation in the CNSorotein. The product of the UL10 gene is a
have thus been used. Visualisation of cellprotein conserved throughout the her-
infected by mutant PrV has been facilitatedoesviruses and its product has been identi-
by the insertion of marker genes expressfied as a nonessential glycoprotein, gM. Sur-
ing easily identifiable proteins such asprisingly, the Bartha UL10 gene contains
R-galactosidase or green fluorescent proteimutations which abolish the single N-gly-
[65]. Most notably, tracing studies usingcosylation site for the protein so that Bartha's
pairs of genetically and phenotypically dif- UL10 product is not glycosylated and, thus,
ferentiable PrvV mutants have allowed simulcannot be named “g”"M [26,27]. However,
taneous tracing of different neuronal paththis mutation apparently does not influence
ways [39]. virulence of this strain.

During the strive for combatting AD,
genetic engineering methods were first used
6. ATTENUATION to develop attenuated strains by inactivat-
ing the gene encoding the thymidine kinase
The obvious success of the AD eradica{TK) enzyme. In fact, one of these TK-neg-
tion programs is primarily based on the effi-ative strains became the very first geneti-
cacy and safety of the modified live vac-cally modified live vaccine licensed for use
cines used. For containment of AD and47, 48]. Another milestone was the licens-
suppression of symptoms, live vaccinesing of a similar genetically modified strain
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Mutations in PrV vaccine strain Bartha

gC" U221 U 10" AQE/glU9/U2
16 17
" s 1 2 9 1115 4 3 6 14 8 8 § 10 7 12 5 8 13
| 1 | L1l | I 11 | | 11l 11 | |
U Us
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gE/gl gC U, 10
PrvV WT PrV Bartha

Figure 4. Mutations present in the genome of the PrV strain Bartha. The deletion i thgith
encompassing the gl, gg, Us9 and Us2 genes, and the mutations in the gC, UL10, and UL21 genes
are indicated. The consequences of these mutations on the envelope structure of PrV Bartha are
depicted schematically below in comparison with PrV wildtype (WT).

for use in western Europe [79]. Asmeantime, deletions of the gE- but also of
mentioned above, PrV Bartha naturally lackshe gC- and gG-genes which can also be
gE which was first demonstrated byused as markers, have been primarily intro-
Mettenleiter et al. [66]. Based on this find-duced by genetic engineering methods. PrV
ing, van Oirschot et al. [90] developed aherefore serves as an excellent example of
serological test which is able to distinguishhow molecular biology and basic science
between animals which carry antibodiegprofoundly influence practical animal dis-
against gE (after a field virus infection) andease control.

those which lack antibodies against gE but

carry antibodies against other PrV glyco- Besides TK, RR, and gE [23, 46, 48, 68],
proteins (after vaccination). Thus the coninactivation of several other PrV genes has
cept of the “marked” vaccine emerged. Théoeen shown to result in attenuation of the
success of the AD eradication programwirus. In fact, inactivation of most genes
based on these marked vaccines testifies favthose products are nonessential for viral
the applicability of this concept. In thereplication in cell culture somehow
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Table Ill. Virulence-modulating nonessential genes and proteins of PrV.

Gene Protein Category

uL10 Glycoprotein gM Envelope Glycoprotein
UL13 Protein kinase Enzyme

uL21 Capsid Protein
uL23 Thymidine kinase Enzyme
UL39/40 Ribonucleotide Reductase Enzyme
uL44 Glycoprotein gC Envelope Glycoprotein
UL50 dUTPase Enzyme

Us3 Protein kinase Enzyme

us7 Glycoprotein gl Envelope Glycoprotein
uss Glycoprotein gE Envelope Glycoprotein

decreases PrV virulence. A list of publishe)REFERENCES

examples is shown in Table Ill. It can be
concluded that nowadays with genetic engikl]
neering techniques, a number of possible
target genes are accessible for the con-
struction of viruses with different attenu-
ated properties [21, 28, 42, 48]. 2]

Lastly, PrV has been developed into a
powerful vector system for expression of
heterologous genes. Although none of these
vectors has so far attained the status of pra[?’J
tical application, PrV-classical swine fever
recombinants [92] may indeed help fight
two devastating pig diseases at the same
time with a vaccine which has the benefif4]
of being “marked” for AD (by the absence
of gE) and classical swine fever (by the sol(?s]
presence of CSFV-E2). For insertion of for-
eign genes, numerous insertion sites have
been described which may also be used for
integration of several different heterologous
genes. 6]
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