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Despite of differences in replication strategy among virus families, some basic
principles have remained similar. Analogous mechanisms govern virus entry into cells
and the use of enzymes which direct the replication of the virus genome. The function
of many cell surface receptors (such as glycosoaminoglycans, glycoproteins, proteins)
which interact with viral capsid proteins or envelope glycoproteins has recently been
elucidated. The list of cellular receptors (Table I) is still far from being final. The
capsid components, similarly as the envelope glycoproteins, may form specific pocket
like sites, which interact with the cell surface receptors. Neutralizing antibodies usu-
ally react with antigenic domains adjacent to the receptor binding site(s) and hamper
the close contact inevitable for virion attachment. In the case of more complex viruses,
such as herpes simplex virus, different viral glycoproteins interact with several cellular
receptors. At progressed phase of adsorption the virions are engulfed into endocytic
vesicles and the virion fusion domain(s) become(s) activated. The outer capsid compo-
nents of reoviruses which participate in adsorption and fusion may get activated al-
ready in the lumen of digestive tract, i.e. before their engulfement by resorptive epithe-
lium cells. Activation of the hydrophobic fusion domain(s) is a further important step
allowing to pass through the lipid bilayer when penetrating the cell membrane in order
to reach the cytosol. Activation of the virion fusion domain is accomplished by a con-
formation change, which occurs at acid pH (influenza virus hemagglutinin, o1 protein
of the reovirus particle) and/or after protease treatment. The herpes simplex virus fu-
sion factors (gD and gH) undergo conformation changes by a pH-independent mecha-
nism triggered due to interaction with the cell surface receptor(s) and mediated by mu-
tual interactions with the viral envelope glycoproteins. The virion capsid or envelope
components participating in the entry and membrane fusion are not the only tools of
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virulence. The correct function of virus coded proteins, which participate in replication
of the viral genome, and/or in the supply of necessary nucleotides, may be very essen-
tial. In the case of enteroviruses, which RNA ineracts with ribosomes directly, the cor-
rect configuration of the non-coding viral RNA sequence is crucial for initiation of
translation occurring in the absence of the classical “cap” structure.

Keywords: virulence of viruses, myxoviruses, enteroviruses, lyssavirus,
reoviruses, herpes simplex viruses

Viruses infecting the human and/or animal body must overcome the natural
anatomic barriers and resist the inactivating (inhibitor) substances already at first
contact in the portal of entry. Viruses enter the body mainly via mucous mem-
branes and/or by skin. These tissues are in abundance equipped with cells mount-
ing nonspecific as well as specific immune responses. The mucus secreting and
IgA producing goblet cells cover the mucosa of nasal turbinates, trachea, bronchi,
bronchioli, stomach and of large intestine. In the respiratory tract, the movement
of ciliary epithelium removes particles and air droplets larger than 5 pm, while
smaller ones become engulfed by alveolar macrophages. The latter then move to
regional lymph nodes to present antigenic peptides and to elicit immune responses.
Viruses which enter the body via the arthropode bite are either directly deposited
into bloodstream or they enter the skin lymphatics. In the former case they still
may be cleared by scavenger cells (in the spleen red pulp) or by Kupfer cells in
liver. In the latter case they are ingested mainly by connective tissue histiocytes
and epidermal dendritic cells and, once again, transported into regional lymph
nodes.

Viruses developed many tools to overcome these obstacles especially at
early stages of infection. Virulent virus strains are able to replicate quickly and ef-
ficiently at the portal of entry and possess tools supporting their spread to target or-
gans (such as the central nervous system, CNS). The most crucial property related
to virulence, is the ability of virus particles to interact with the surface of suscepti-
ble target, mediator and/or transporter cells. The process of adsorption and pene-
tration, which has been profoundly investigated in cell culture, leads to liberation
of the viral genome into cytoplasm (in some cases followed by the genome trans-
port into nucleus). This is usually followed by initiation of the virus replication cy-
cle (establishment of latent infection might be an exception). Some viruses repli-
cate in the cells of immune system such as T- or B-lymphocytes, macrophages
and/or Kupfer cells. An efficient way to reach the target organ such as CNS, re-
sides in the ability of some viruses to adsorb to the nerve endings and to use the
quick axonal transport for spreading to the body of neurons.
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Table 1

Important virus receptors*

409

Family Virus Receptor Reference
Adenoviridae  Adenovirus 2 Integrins a,3; and a,f5 Wickham et al. [113]
Coronaviridae Mouse hepatitis virus Glycoproteins from the family =~ Yokomori and Lai [114]
of carcinoembryonic antigens Dveskler et al. [115]
Human coronavirus 229E  Aminopeptidase N Yeager et al. [116]
Herpesviridae  Epstein-Barr virus CD21 (B-lymphocytes) Nemerow et al. [117]
receptor; HLA class II Fingeroth et al. [118]
glycoproteins McClure et al. [119]
Herpes simplex virus Glycosoaminoglycans and Shich et al. [120]
HVEMs (herpes virus entry Spear [121]
mediators: TNF and Ig Campadelli-Fiume
receptor family proteins) etal. [122]
Cytomegalovirus Glycosoaminoglycans and Grundy et al. [123]
the HLA class I receptor Compton et al. [124]
subunit (B,-microglobulin) Wykes et al. [125]
HHV6 and 7 CD4 receptor
(T-lymphocytes)
Ortho- Influenza virus A, B Sialic adic residues Higa et al. [126]
myxoviridae Weiss [127]
Picornaviridae Rhinovirus Intercellular adhesion Greve et al. [128]
molecule (ICAM-1) Staunton et al. [129]
Poliovirus Poliovirus cell receptor Mendelsohn et al. [17]
(Ig superfamily)
Echovirus 1 and 8 VLA-2, a-2 integrin Bergelson et al. [130]
(CD49b), very late antigens
on lymphocytes and monocytes
Poxviridae Vaccinia virus Epidermal growth factor Epstein et al. [131]
(EGF) receptor
Reoviridae Reovirus 3 (Dearing) Sialic acid residues Gentsch and Pacitti [69]
EGF receptor Paul et al. [70]
Tang et al. [71]
Retroviridae ~ Human immuno- CD4 receptor Dalgleish et al. [132]
deficiency virus (HIV) (T-lymphocytes) Klatzman et al. [133]
Human T cell leukemia Sattentau and Weiss
virus [134]
Weiss [135]
Galactosylceramid Bhat et al. [136]
Rhabdoviridae Rabies virus Acetylcholine receptor Burrage et al. [57]
Lentz [137]
Hahnham et al. [138]
Vesicular stomatitis virus ~ Gangliosides and Superti et al. [139]
phospholipids Schlegel et al. [140]
Togaviridae Sindbis virus Laminin receptor Wang et al. [141]

Semliki Forest virus

HLA class 1 molecules
(in mice H2-K and H2-D)

Helenius et al. [142]

* according to Tyler and Fields [89].
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Clearly, cellular receptors, which interact with the virion surface compo-
nents, fulfil other important physiological or biological functions, i.e. there are not
in order to act as virion receptors. Table I shows examples of some virus receptors,
which have been identified so far. Many of them were discovered by means of well
defined ligands, which are able to interfere with virus adsorption and prevent in-
fection.

An important feature of myxoviruses is their ability to replicate at higher
temparature, i.e. during fever. In the case of influenza virus, this property is proba-
bly related to the function of the viral RNA polymerase complex. Strains, which
had been adapted to 34 °C and do not replicate at 37 or 39 °C, behave as attenuated
and would not cause disease in monkeys and man [1]. Alternatively, rhinoviruses
(cause sneezing) grow better at 34 °C than at 37 °C. Because the temperature of na-
sal turbinates is close to 34 °C, rhinoviruses never cause bronchitis and always re-
main restricted to the upper respiratory tract. In addition, these viruses are acid la-
bile (despite of the absence of an envelope). They undergo complete inactivation
at pH 3 within 30 minutes and are highly sensitive to pH 6 treatment [2]. In con-
trast, enteroviruses, members of an another genus of the Picornaviridae family,
are not only resistant to lower pH, but also resist to duodenal juice containing bile
salts and several proteases. The relative resistance of enteroviruses against lower
chlorine concentrations depends widely on the presence of other organic sub-
stances and is of wide practical importance [3].

The members of Enterovirus genus from the Picornaviridae family (72
serotypes, several important human pathogens such as poliovirus and hepatitis A
virus) are small non-enveloped capsids containing single stranded RNA of posi-
tive polarity, which is capable to interact with cytoplasmic ribosomes. These vi-
ruses enter the body via intestinal tract mucosa by adsorbtion to M cells and/or by
crossing the columnar resorptive epithelium (brush border cells). Enteroviruses do
not replicate in the intestinal surface epithelium cells, but rather do so in the Payer
patches of submucosa and in the regional mesenteric lymph nodes. Furthermore,
polioviruses can start to replicate in tonsils when crossing the nasopharyngeal
squamous epithelium; then the poliovirus (especially in association with tonsillec-
tomy) may quickly enter the nerve endings and can reach the brain stem [4]. Nev-
ertheless, viraemic spread is the traditionally accepted route, how poliovirus in-
vades the CNS in order to involve the large motoneurons of the anterior horns in
spinal cord causing their destruction [5].

The picornavirus RNA which has about 7500 nucleotides (up to 8000 nts in
other enteroviruses) codes for a large polyprotein; this is later on cleaved by self
digestion. The 5’-end portion of the polyprotein yields the capsid proteins VP1,
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VP3 and the VPO precursor polypeptide; the latter is finally split into VP2 and VP4
capsid proteins. The 3’-end of viral RNA (VRNA) codes for the viral RNA poly-
merase and for additional non-structural polypeptides with less well defined func-
tions [6]. Comparison of the original (P1/Mahoney/41) poliovirus type 1 RNA se-
quences with the sequence of the attenuated poliovirus vaccine strains (P1/Sabin)
has revealed up to 50 mutations, from which about 10 seem up most important (Ta-
ble II). The attenuated phenotype of above-mentioned mutations was demon-
strated in transgenic mice expressing the human poliovirus receptor [7]. Surpris-
ingly, studies in monkeys did not confirm the overall importance of mutations at
G-480 and C-6203 [8]. Nevertheless, the role of A-480 and U-525 for neuroviru-
lence has been confirmed by sequencing of revertants causing vaccine-associated
paralytic poliomyelitis [9]. The above-mentioned mutations in the 5'-ncr (non
coding region) are important for correct folding of the VRNA in the region called

Table 11

Most frequent mutations in the VRNA of attenuated strain P1/Sabin*

Nucleotide Region Amino acid
No. Mutation No. Mutation
Nt 21 UtoC 5-ncr
Nt 189 CtoU 5-ncr
Nt 480 A to G** S-ncr
Nt 525 U to C** S-ncr
Nt 935 GtoU VP4 Aa 65 Ala to Ser
Nt 2438 Uto A VP3 Aa 235 Leu to Met
Nt 2795 Gto A VP1 Aa 106 Ala to Thr
Nt 2879 CtoU VP1 Aa 134%* Leu to Phe
Nt 6203 U to C** RNApol Aa 73%* Tyr to His
Nt 7071 GtoU RNApol Aa 362 Met to Ile
Nt 7441 Gto A 3" -ncr

* according to Horie et al. [7] and Friedrich [11, 12]

**  yery important mutations

ncr = non-coding region

note: the second nucleotide or amino acid is the mutated phenotype

IRES (internal ribosomal entry site). This VRNA region interacts with the 40S sub-
unit of ribosomes. Foldings of VRNA are important for forming the active transla-
tion complex and function after interaction with cellular helper proteins in the
presence of the eukaryotic (translation) initiation factor (eIF). Picornavirus RNA
lacks the 5°-end m’G cap, the traditional hallmark of the eukaryotic mRNA. It is
believed that correct folding of the vVRNA at IRES bypasses the use of the classical
m'G cap. In addition, an internal picornavirus polyprotein protease activity
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(polyprotein region 2A, which cleaves the polyprotein to form the capsid proteins,
to split off the main subunit of viral RNA polymerase and its additional cofactors),
destroys also the cellular cap-binding complex (CBC) needed for translation of
cellular mRNAs. Thus, picornaviruses are able to avoid the cap-binding system to
eliminate the translation of cellular mRNA (in order to stop the cellular
proteosynthesis) and, they can initiate the translation of their own RNA by means
of an unic IRES within the vRNA [10]. It should be stressed here that reverting
mutations at non coding nts 480 (G to A for P1 Sabin), 481 (A to G for P2 Sabin)
and 472 (U to C for P3 Sabin) were detected in almost each revertant strain isolated
in vaccine-associated paralytic poliomyelitis [11, 12].

Further mutations, influencing picornavirus virulence, are in VRNA regions
encoding the RNA polymerase and the capsid proteins, respectively. VP1, the ma-
jor capsid protein is essential part of the protomer, the virion subunit formed by
proteins VP1, VP2, VP3 and VP4 [13]. The capsid proteins form a surface groove
representing the site of interaction with cellular receptors such as ICAM-1 and
ICAM-2 (intercellular adhesion molecule) or VCAM (vascular adhesion mole-
cule) [14, 15]. ECHO viruses interact with the leucocyte very /ate antigen VLA-2
(integrin ¢2) and with the complement activation regulating decay accelerating
factor (DAF or CD55) present in the leucocyte membranes [16]. Other receptors
which interact with enteroviruses are the leucocyte adhesion factor LFA-1 (/euco-
cyte function associated), the LDL-receptor and/or the cell surface sialoglyco-
proteins. The poliovirus itself interacts with a functionally less well defined
integrin called PVR (poliovirus receptor) belonging to the immunoglobulin gene
super-family [17]. Virus-neutralizing antibodies bind to several antigenic domains
of VP polypeptides mainly at the sites surrounding the receptor-binding groove.
Rhomadine or Arildon derivatives, the so-called WIN compounds, are specific an-
tagonists reacting with the groove-forming domain of VP1 [18]. The amino acid
sequence motif RDG at residues 145—-147 and an adhesion peptide at aa 203—213
have been implicated as receptor binding sites for the foot-and-mouth disease vi-
rus VP1 (Aphthovirus) [19]. Following receptor binding, a conformation change
occurs in VP1 creating a transmembrane channel through the lipid bilayer, which
still surrounds the virus particle located in the pinocytic vacuole or pit. During this
penetration process, also called receptor mediated endocytosis, putative hydro-
phobic protrusions of VP1 and VP4 capsid proteins might form a channel enabling
the RNA genome to pass through the membrane. The unfolding of the hydropho-
bic peptide domains is trigerred by acidification of the pinocytic vesicle content
brought about by an ATPase dependent proton pump [20].
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Even more convincingly, similar principles can be demonstrated for influ-
enza virus entry (family Orthomyxoviridae), which probably represents the most
typical model for pH dependent penetration (Figure 1). Unlike to picornaviruses,
orthomyxoviruses show the helical symmetry; their helix is formed by the
ribonucleoprotein (RNP), which contains the VRNA and many (over 1000 copies)
nucleoprotein (NP) subunits. The influenza virus RNA is single stranded, seg-
mented and reveals negative polarity, i.e. it cannot be directly translated. The virus
carries its own RNA polymerase, a protein complex which either transcribes the
mRNAs or can copy a full length complementary (intermediate) RNA, which be-
comes the template for new VRNA synthesis [21]. The viral RNA polymerase
complex consists of three proteins termed PB1, PB2 and PA (Figure 2A), from
which PB2 has a cap-binding activity and PB1 an endonuclease activity [22, 23].
The short oligonucleotides (m’GpppNm) which initiate viral mRNA transcription
are of cell origin [24]. The viral endonuclease cleaves the cellular mRNAs to gen-
erate these primers [25]. Mutations in the PB2 subunit protein reduce the pathoge-
nicity of influenza A virus by hampering viral mRNA transcription. Another mu-
tations in the viral RNA polymerase complex are related to the loss of the ability of
low pathogenic (attenuated) strains to replicate at 37 °C. The cold adapted influ-
enza strains would replicate well at 34 °C, but not at 37 °C, while the highly viru-
lent strains would still replicate at 39 °C. When the viral RNA polymerase subunit
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Figure 1. Schematic representation of early events at influenza virus adsorption and penetration.
The events may be similar at any other pH dependent penetration, when acid pH triggers fusion domain
activation
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Figure 2. The influenza virus particle (A) with the HA trimer enlarge (B) and the tertiary structure of HA (C)
showing the position of antigenic domains (sites A-E) and of the HA2 subunit fusion peptide (at 2C in the
right). For details see text (modified according to Lamb and Krug [22] and Murphy and Webster [37])
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proteins interact with the newly synthesized viral NP (not yet bound into RNP), the
activity of this modified complex terminates viral mRNA synthesis and starts
copying the full length intermediate RNA. The modified RNA polymerase com-
plex also participates in the synthesis of VRNA [26, 27]. Important regulatory
function is fulfilled by the virus coded non-structural NS1 protein, which inhibits
polyadenylation and transport of cellular mRNAs from nucleus to cytoplasm [28].

In contrast to above-mentioned viral proteins, the envelope glycoprotein
polypeptides (HA = hemagglutinin, NA = neuraminidase) are synthesized in the
rough endoplasmic reticulum and further glycosylated in the Golgi apparatus. The
HAO polypeptide, which is the orginally translated HA gene product (after split-
ting off the 16 aa signal sequence) has 566—576 aa depending of the HA serotype
[29]. In the Golgi zone it is cleaved into HA1 and HA2 chains by a trypsin-like en-
zyme and an exopeptidase. The HA2 chain (220-221 aa) remains inserted within
the lipid bilayer by a transmembrane domain, while the HA1 chain (317-328) gets
joined with it by a bisulfidic bond only [30, 31]. The HA molecule present in the
spike of the virion envelope is a homotrimer (Figure 2B) consisting of three HA1/
HAZ2 pairs [32]. Though there is no specific function for glycosylation, it is be-
lieved that the carbohydrate moieties help at correct folding and keeping the trimer
subunits together in optimal conformation [33]. The HAO cleavage site has a con-
servative sequence with a single Arg, mutation of which would render the virus
non-infectious [34, 35]. Cell lines lacking the suitable peptidase would also pro-
duce non-infectious particles [36]; in such case, trypsin digestion may restore viru-
lence [37].

The exopeptidase cleavage of HA2 creates a new N-terminus, which has an
hydrophobic domain masked within the HA trimer structure [38]. This “hidden”
fusion domain becomes active after the pH-dependent conformation change of the
trimer molecule [39, 40]. Before the conformation change occurs, the HA2 fusion
domain has a relatively distant position from the globular head of HA molecule,
where the receptor-binding pit is located. At low pH confirmation, the HA2 resi-
dues 40105 form a triple-stranded 10 nm long a-helical coil (instead of the ¢z-he-
lix between aa 76—126), while residues 106-112 uncoil to form an extended loop.
Finally, the membrane proximal region swings up against the long coil [41, 42].
The conformation change of HA usually occurs within the endocytic vesicle at
progressed stage of adsorption.

The receptor-binding pocket of the HA molecule is formed by several folds
of the HA1 subunit with 5 essential amino acids (Tyr 98, Trp153, His183, Glu190
and Leul94) [41, 43] which mutations would decrease infectivity and impair the
fit between the receptor binding pocket and the cellular receptor. The latter is sialic
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acid [44] linked to galactose or galactosamine which are part of the glycoso-
aminoglycan (GAG) surface. The binding of sialic acid to the HA pocket could be
abolished by a single mutation at the HA2 residue 226 [45]. Noteworthy, the re-
ceptor binding locus is not the site, where the neutralizing and hemagglutination
inhibiting antibodies bind. Rather, the antibodies interact with several epitopes (A
to E, Figure 2C) surrounding the receptor binding site located at the globular head
formed by the HA1 subunit. An important factor of influenza virus virulence was
traditionally attributed to the variability of HA and NA antigenic domains. Single
mutations at these sites (antigenic drifts) may impair the binding of antibodies.
However, the emergence of a completely different antigenic type of HA and/or
NA (antigenic shift) would considerably abolish the antibody binding. The anti-
genic shift leading to appearance of a new HA molecule occurs due to reassort-
ment (genetic exchange of the VRNA segment 4 between two different influenza
virus strains) during double infection in an animal (avian or other) reservoir [46,
47]. By such mechanism, the new extremely virulent H3N2 strains started to circu-
late during the last two decades, and more recently, the virulent HIN1 reappeared
as soon as the majority of current population ceased to reveal the corresponding
antibodies.

The recent hypothesis of influenza virus penetration into susceptible cells
can be summarized as follows [48]. The enveloped influenza virus particles attach
to the ciliary columnar epithelium cells in respiratory airways after crossing the
mucus layer by the help of viral NA activity. The receptor binding site of envelope
spike (HA trimer) interacts with the sialic acid moiety of GAG at epithelium sur-
face. After attachment, acidification of the endocytic vesicle content (fusion with a
lysosome) is of essential importance. At pH lower than 6, the above described con-
formation change brings the HA2 hydrophobic domain into close vicinity of the
globular region of the HA1 subunit. The HA2 fusion domain intercalates the lipid
double membrane and loosens the wall of endocytic vesicle. This event is corre-
lated with the action of M2 protein. The latter protein forms a tetramer penetrating
across the lipid bilayer of the influenza virus envelope [49]. Acid pH activates the
ion channel domain of M2 protein transporting hydrogenium ions and other
kations into the virion core. The ionic influx helps to liberate the VRNA from RNP
forming the core complex. This function of M2 protein can be inhibited by
Amantadine [50, 51]. Summing up, the acid pH within the endocytic vesicle acti-
vates the fusion domain of HA molecule and triggers the influx of cations into viral
particle in order to loosen the binding between NP and VRNA and to liberate the
latter. Finally, the vRNA is transported into nucleus of infected cell in order to start
the transcription of viral mRNA.
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Briefly, the tools of influenza virus virulence such as hemagglutinin and the
proteins of viral RNA polymerase allow the penetration and subsequent replica-
tion of viral particles in the columnar epithelium cells of respiratory mucosa close
to the portal of entry site. Secondary spread to distant organs is a rare event.
Unfrequent mutations at conservative HA sites (cleavage site, receptor binding
pocket) impair the functional properties of HA. Alternatively, also mutations in
the components of viral RNA polymerase complex, may decrease virulence. On
the other hand, the frequent mutations, which change the antigenic properties of
variable sites of the HA molecule, can impair antibody binding and increase the in-
fluenza virus pathogenicity just slightly. However, the feasibility of reassortment,
allowing replacement of segment 4 gene encoding the recently circulating HA by a
new or a former circulating HA gene, yields an efficient new tool extremely in-
creasing influenza virus virulence.

A classical example of viral spread along nerves to the CNS is the intra-
axonal transmission of rabies virus. The lyssavirus (Rhabdoviridae) has a simple
structure and consists of five proteins [52]. The main tool of virulence here is a sin-
gle glycoprotein, the G protein, which, similarly to influenza virus HA, forms a
homotrimer. Its precursor polypeptide, after splitting off the signal sequence, usu-
ally has 505 amino acids, though the actual number of amino acids may vary ac-
cording to rabies virus serotype [53]. The rabies virus particle contains a single
stranded VRNA of negative polarity, which associates with a nucleoprotein (N pro-
tein). The bullet shaped particle has an internal membrane (M) protein being sur-
rounded with a lipid envelope containing the G protein. In addition, the virus parti-
cle carries its own RNA polymerase consisting of a large (L protein) and a small
subunit (phosphoprotein, P protein). The rabies virus particles show high affinity
to naked nerve endings in the skin or cornea as well as to neuromuscular nerve
end-plates in skeletal striated muscles and/or to neurotendinal spindles thereof [54,
55]. This property seems entirely related to G protein. Its adsorption to nerve end-
ings can be prevented by S-bungarotoxin and/or d-tubocurarine. Both toxins block
the interaction of rabies virus G protein with the nicotinic acetylcholine (ace) re-
ceptor at the above-mentioned nerve endings [56, 57, 58]. Under physiological
conditions, the ace-receptor either at the nerve endings or at the synapses mediates
motoric and/or sensoric signaling. The G protein has a peptide domain (between aa
172-202), which is nearly identical with a similar domain within the bungarotoxin
molecule. The invasivity of G protein into nerve endings was found related also to
Arg333 ofthe G protein polypeptide [59] and to an additional residue located in its
antigenic domain III [60]. The G protein, furthermore, interacts with receptors on
non-neural cells, probably with a membrane phospholipid receptor, sensitive to
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phospholipase action. The mechanism of rabies virus penetration was not fully
elucidated, but is probably similar to that of the pH-dependent HA-mediated mem-
brane fusion. Finally, the G protein has a hydrophobic (fusion) domain, which
upon activation, initiates membrane fusion and giant cell formation [61, 62]. Its
precise location was not identified, but according to the expression of an analo-
gous vesicular stomatitis virus (VSV) G protein, the position of such domain was
located between aa 118—-136. After entering the nerve endings, the rabies RNP
complex is transported by quick axonal transport [63]. Similarly as in case of her-
pes viruses, the rabies virus RNP complex probably moves along microtubules
[64].

Interesting data became evident when summarizing the studies on molecu-
lar pathogenesis of reovirus and/or rotavirus infections (family Reoviridae). The
non-enveloped reovirus particles contain double stranded (ds) RNA arranged into
10 segments, which were classified according to their electrophoretic mobility as
small (S segments), medium (M segments) and large (L segments). The most im-
portant tools of virulence are the outer capsid proteins o1, 03 and u1 (encoded by
segments S1, S4 and M2, respectively) and the spike protein A2 [65]. Protein ol
plays important role in virion attachment and hemagglutination [66]. It also deter-
mines the tropism mediated by cell receptors and the interaction with axonal
microtubules during axonal transport occurring with some reovirus strains [67,
68]. This immune dominant protein has several antigenic domains reacting with
neutralizing antibodies and a domain inducing T-cell mediated cytotoxic re-
sponse. The receptors for o1 are mainly sialoglycoproteins [69, 70]. Attachment to
the non-neural epidermal growth factor (EGF) receptor has also been reported
[71]. The data on interaction with the neural $-adrenergic receptor are tempting
but controversial [72, 73, 74]. While binding of o1 from strain T3D to sialic acid
receptor maps to residues 194-204 [75], the interaction with the EGF receptor was
localized to aa 317-332. The interaction of 01 protein with nerve endings was re-
lated to a domain between aa 340-419.

Protein 03 is a zinc-finger metalloprotein which binds to dsSRNA, regulates
viral mRNA transcription and translation and inhibits cellular proteosynthesis [76,
77,78, 79]. This protein also interacts with u1 present in the intact virion, but not
with the cleaved p1C, which already underwent protease treatment and activation
by an acid pH environment [80]. It has been known since many years that Reo- and
Rotaviruses become activated by acid pH and duodenal proteases being converted
into so-called infectious subviral particles (ISVP) [81, 82]. Thus, at least two es-
sential cleavage events take place before the capsids get ready for penetration,
namely the removal of 03 protein and the digestion of pl into uIN (the
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myristoylated N-terminus) and p1C (the C-terminus of p1 outer capsid protein).
The latter polypeptide (u1C) finally splits into fragments ¢ and ¢ [83]. In addition
to the absence of 03 protein and formation of the stable fragment 0 (generated from
p1C) the main hallmark of ISVP is the conformation change of the ol protein
needed for penetration [84]. The ISVP may be generated in the gastrointestinal
tract when the virus passes through the stomach and duodenum of infected mice in
order to reach the small intestine [85]. A current model suggests, however, that
ISVP can be generated in endolysosomes. Little is known about virion penetration
into cytosol, but the conformation change of the above-mentioned outer capsid
components is certainly of great importance [86]. In rotaviruses, the function of
protein n1/u1C has been attributed to capsid protein VP4, which is cleaved into
components VP8 and VPS5 by a similar mechanism, i.e. in an acid environment and
in the presence of pancreatic proteases [87]. The last conformation change, charac-
teristic for the cytoplasmic core particles is the conformation change of A2 protein
(activation of viral guanyltransferase) which initiates transcription together with
the virion RNA polymerase.

The experimental pathogenesis of reovirus infection in mice has shown that
strain T1 Lang (T1L) and T3 Dearing (T3D) differ strongly in their spread in the
body and secondary distribution. Strain T1L after oral inoculation grows to high
titers in intestinal tissue when involving the columnar epithelium cells and the M
cells of small intestine. Then it spreads to local lymph nodes, causes viraemia and
invades the liver and spleen. Finally, in the course of secondary viraemia, T1L vi-
rus infects the meninges, namely after crossing the plexus choriodeus it reaches
the ependyma cells. In contrast, strain T3D multiplies in the intestinal wall to rela-
tively lower titers and spreads along axons to reach the neurons in the gray matter
of CNS. The ability of strain T3D to invade the neuromuscular tangles and striated
muscle motoric end plates (similarly to rabies virus) was confirmed by intramus-
cular inoculation of mice [88]. Clearly, this different behaviour of above-men-
tioned reovirus strains has been attributed to the properties of g1 protein encoded
by the corresponding S1 gene [89].

Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are ubiquitous patho-
gens which may reside latent in the regional sensory ganglia. Relatively rarely, life
threatening complications occur, such as generalized diseases in newborn and en-
cephalitis in adults. The genome of HSV is a dsDNA with internal and external
repetitions flanking a long and short unic segment. The HSV DNA codes for over
80 genes, from which 66 are localized in the unique long (UL) segment and 14 in
the unique short (US) segment. Further 2 genes, are located in the repetitive se-
quences b and ¢ (together 4 ORFs) flanking the UL segment, at least 1 gene is lo-
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cated in the repetitions flanking the US segment. The total number of genes, how-
ever, is still not final, because additional ORFs, such as P and O, were found in the
complementary DNA strand. Furthermore, at least two putative proteins may be
coded by the ORFs which are present in the latency associated transcripts, perma-
nently transcribed during latency [90, 91,92].

At least nine of the eleven HSV-1 glycoproteins have been characterized as
regards their role in the virus replication cycle (Table I1I). Briefly, at early adsorp-
tion, the gC interacts at the cell surface with the haparansulphate moiety of GAGs.
Additional 4 HSV envelope glycoproteins participate in progressed stages of ad-
sorption mediating a pH independent penetration, namely gB, gD and the gH/gL
heterodimer. Glycoprotein B has an alternative GAG binding domain and regu-
lates membrane fusion by its C-terminus (UL27syn3 locus). At least two glyco-
proteins possess penetration domains (gD and gH), from which gH initiates the
penetration process. The gD penetration domain was localized to the N-terminus

Table III

Envelope glycoproteins in herpes simplex virus replication*®

Glyco- Gene  Function
protein

¢B UL27  Interacts with GAGs during early adsorption, participates in membrane fusion (syn3
mutations are clustered to the C-terminal endodomain regions I and II). Its ectodomain
contains many neutralizing epitopes.

eC UL44  Cooperates with other glycoproteins during adsorption. Interacts with GAGs and
complement (C3). Contains at least 2 discontinuous domains which can be modified by
O-glycosylation. Reacts with lectins (Helix pomatia). HSV-1 or HSV-2 specific
antigenic domain.

eD Usé6 Interacts with protein cell receptors (HveC/nectin-1, member of the immunoglobulin
superfamily and HveA, member of the TNF receptor family), has a fusion domain and
contains several discontinuous antigenic epitopes to which neutralizing antibodies bind.
Participates in cell-to-cell spread and neural (transsynaptic) spread.**

¢E US8 Reacts with the Fc receptor, mediates cell-to-cell transmission and virion adsorption to
nerve endings (gE/gl complex). Not essential for replication in vitro, but important in
vivo. Complexes with gl.

eG Us4 Specific sequences present in HSV-2, some regions in HSV-1 deleted. Unknown but
clear-cut role in virion entry.

gH UL22  Forms complex with gL. Initiates membrane fusion (a fusion initiation domain about
100 aa long located just before the transmembrane domain and a fusion-associated SVP
motif at aa 830-832) and stabilizes late adsorption. Contains several neutralizing

epitopes.
gl us7 Complexes with gE.
gk ULS3  Present in nuclear membrane in lower amounts in the cell mambrane, nearly absent in

virions. Involved in virion transport across cytoplasm and in the envelopment of mature
capsids. Contains synl mutations.
gL ULI Forms a complex with gH, some epitopes are present in the gH/gL complex only.

* according to Raj¢ani and Vojvodova [94]
** Rajcani et al. [143]
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Table IV

Non-structural and structural non-evelope proteins related to HSV virulence

Protein Gene Possible role for virulence
ICPO (110 kDa) RL2* Non-structural Universal cofaktor of HSV DNA transcription.
immediate early  Needed for efficient replication of HSV at the
(IE) protein portal of entry.
ICP4 (175 kDa) RS1** Non-structural Transactivates the 8- and y-gene expression,
IE (@) protein down-regulates the a-genes. Essential for HSV
DNA transciption at any replication site and
during reactivation of latency.
ICP22 (68 kDa) US1 Non-structural Activates - and y-gene transcription and
IE (@) protein regulates mRNA translation. Deletion mutant fails
to express y (capsid) proteins efficiently [144].
ICP27 (63 kDA) UL54 Non-structural Inhibits splicing of cellular mRNA; promotes
IE (@) protein viral mRNA transport and polyadenylation.
ICP6 UL39 Non-structural Large subunit for ribonucleotide reductase (RR1).
early (B) protein  Needed for efficient virus growth at the portal of
entry [145-147].
Thymidinkinase UL23 Non-structural Essential for virus replication in neurons and for the
early (B) protein  colonization of regional sensory ganglion.
Important helper protein for establishing latency at
reactivation [92, 148].
DNA polymerase UL30 Non-structural DNA polymerase and related proteins for DNA syn-
early () protein  thesis. Important for productive HS replication at
portal of entry as well as in neurons; pivotal protein
following reactivation of latency [149].
a-TIF, VP16 UL48 Structural Activates (initiates) a-protein transcription (trans-
M, 65 tegument scription initiation factor). Essential for HSV repli-
protein cation to high titers at portal of entry and for pro-
ductive replication in neurons (in its absence la-
tency is easily established).
(ICP34.5)y34.5 RL1 Structural Neurovirulence factor for HSV replication within
tegument CNS [150]. The C-terminus contains a peptide re-
protein gion homologous to the GADD34 death domain

and to Myd116 protein in leukemia cells, required to
preclude total shutoff of protein synthesis at DNA
damage [112].

*  localized in the repeat flanking the UL segment
** localized in the repeat flanking the US segment

of the polypeptide chain, more precisely to the vicinity of residues 25 and 47 [93].
At progressed adsorption, the gD and probably also gB provide stable attachment
to cellular protein receptors, in general termed herpes virus entry mediators
(HVEM) (reviewed in [94]). Irreversible adsorption and initiation of penetration
occurs especially after interaction of gD with the cellular adhesion molecule
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termed HveC/nectinl [95]. A further HSV glycoprotein heterodimer termed gE/gl
has been implicated in cell-to-cell spread (interaction with the cell junctions of
squamous epithelium cells) by avoiding virion release from infected cells [96].
Furthermore, gE interacts with nerve endings and possibly represents an important
virulence factor for HSV attachment to the free nerve endings in the skin and mu-
cous membranes, following even minimal virus replication at the portal of entry.
The gEdel HSV-1 would not spread along nerves as demonstrated in mice after vi-
rus inoculation into lip and cornea [97]. Finally, gK plays essential role in capsid
envelopment at nuclear membrane and in virion transport to cell surface [98].
The genetic background of HSZP virus, an HSV-1 strain with extensive
passage history, was studied by parallel comparative sequencing of 4 relevant
genes (UL27/gB, UL41/vhs, UL44/gC and UL53/gK) of HSZP and of additional
selected viruses (strains ANGpath, strain KOS and the prototype strain 17). Muta-
tion at aa 858 (His for Arg) in gB of the HSZP was found responsible for giant cell
formation (syn’gB mutation), similarly as the aa 855 mutation (Val for Ala) in gB
of ANGpath [99, 100]. No syn1 ¢K mutations were detected in the UL53 gene ei-
ther of HSZP or of ANGpath viruses [101]. The reduced virulence of HSZP for
adult mice after peripheral inoculation, similarly as that of KOS virus, seems to be
related to numerous mutations in the gB ectodomain. From these two mutations lo-
cated in the antigenic domain IV were the same in gBHSZP as well as in gBKOS (at
aa 59 and 79), at least one or two (aa 553; aa 515) were specific for gBKOS ,and one
mutation (Ser for Ala at aa 108) was specific for gBT2F [102]. The latter gB"??
mutation and the above-mentioned gB®® mutations might have been related to
the decreased virulence of HSZP and/or KOS. The assumption that gB might have
some role for HSV pathogenicity comes from the replacement of gB ANGpath for
gB KOS in the ANGpath DNA [103]. It had been suggested that higher virulence
of ANGpath [104] might be associated with the syn® marker [105], but this could
not be confirmed since the non-pathogenic HSZP strain has a similar syn® muta-
tion [106]. Summing up, mutations in the variable region of gB"5*F and gB¥S be-
tween aa 59—108 are responsible for decreased pathogenicity [107], while the viru-
lence of gBKOS is further abolished by the presence of mutations in the so-called
entry domain [108] at residues 553 and 515, respectively [102, 109]. The UL44
gene coding for gCHSZP had two specific mutations (7rp at aa 137 and 147 for Arg)
located in antigenic domain II of gC, within the epitope which is responsible for
binding of HSV-1 virions to the glycosoaminoglycan (GAG) receptor [110]. How-
ever, these mutations are irrelevant for virion adsorption due to the presence of an
alternative GAG binding domain in gB. In addition to the envelope glycoproteins
(Table I1T) which are either essential (gB, gD and gH) or non-essential (gC and gE)
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for replication in vitro, several tegument proteins and some non-structural early as
well as immediate early proteins are important tools of HSV virulence (Table IV).
Experiments with several other deletion mutants, such as the HFEM strain deleted
in the latency associated transcript coding sequence (LAT), in UL56 and UL55
genes showed that the DNA region at MU 0.762—0.789 may also contribute to vir-
ulence [111]. Finally, neurovirulence of the HSV strains was associated with the
y34.5 protein encoded by repetitive region flanking the UL segment [112].
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