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Deletion mutants of pseudorabies virus unable to express glycoprotein glll, gI, or gp63 or double and triple
mutants defective in these glycoproteins were constructed, and their virulence for day-old chickens inoculated
intracerebrally was determined. Mutants of wild-type pseudorabies virus defective in glycoprotein glll, gI, or
gp63 were only slightly less virulent (at most, fivefold) for chickens than was the wild-type virus. However,
mutants defective in both gIll and gI or gIII and gp63 were avirulent for chickens, despite their ability to grow
in cell culture in vitro to about the same extent as mutants defective in gIll alone (which were virulent). These
results show that gIll plays a role in virulence and does so in conjunction with gI or gp63. The effect of gIII
on virulence was also shown when the resident gIll gene of variants of the Bartha vaccine strain (which codes
for gIuIB) was replaced with a glll gene derived from a virulent wild-type strain (which codes for gIIIKa); gIIIKa
significantly enhanced the virulence of a variant of the Bartha strain to which partial virulence had been
previously restored by marker rescue. Our results show that viral functions that play a role in the virulence of
the virus (as measured by intracerebral inoculation of chickens) may act synergistically to affect the expression
of virulence and that the ability of the virus to grow in cell culture is not necessarily correlated with virulence.

Pseudorabies virus (PrV), a herpesvirus of pigs, causes
latent, as well as acute, often fatal, infection of the nervous
system in pigs and acute infection in other domestic and wild
animals. Not much is known about the viral functions that
affect the virulence of either human herpesviruses, such as
herpes simplex virus and varicella-zoster virus, or PrV.
Because of their complexity, information concerning the
genetic basis for the virulence of these viruses is just
beginning to emerge (1, 4, 5, 9, 11, 13-16, 19, 20, 23, 27,
31-34, 36).
To determine the functions necessary for the expression of

virulence of PrV, we have undertaken a series of studies,
using two complementary approaches. (i) We have restored
partial virulence to avirulent strains by marker rescue,
thereby attempting to identify the functions that are defec-
tive in these strains, and (ii) we have introduced mutations
into wild-type PrV(Ka) genes encoding functions nonessen-
tial for growth in vitro and ascertained how these mutations
affect virus growth in cell culture and how they affect
virulence.
Most of our studies to date have involved the analyses of

the defects in vaccine strains. The main conclusions that
could be drawn from these analyses are that virulence is
controlled multigenically and that defects in several different
loci of the PrV genome may affect virulence without neces-
sarily affecting virus growth in cell culture. Furthermore,
most vaccine strains have multiple defects contributing to
their lack of virulence (14-16).
By deleting parts of specific genes, we have also shown

that whereas inactivation of the gene encoding glycoprotein
gI in wild-type virus strains has only a slight effect on virus
virulence, inactivation of this gene in a partially attenuated
virus variant affects virus virulence much more drastically
(19), indicating that inactivation of several viral functions
that play a role in virulence may be necessary before an
effect on virulence can be observed.
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The purpose of the studies described in this paper was to
show that three nonessential glycoproteins, gI, gp63, and
gIII, play a role in the virulence of PrV. However, whereas
defects in the gene coding for gI, gp63, or glll alone affected
virulence only slightly, defects in gIll and gI or in glll and
gp63 affected virulence drastically. Thus, in addition to being
determined multigenically, the virulence of PrV (as mea-
sured by intracerebral [i.c.] inoculation of day-old chickens)
is affected synergistically by some viral functions. The
synergistic effect of defects in these functions on the viru-
lence of the virus was not reflected by a similar effect on the
growth of the virus in several different cell types cultured in
vitro.

MATERIALS AND METHODS
Virus strains and cell cultures. Rabbit kidney (RK), pig

kidney (PK), and Madin-Darby bovine kidney (MDBK) cells
and chicken embryo fibroblasts (CEF) were cultivated in
Eagle synthetic medium containing 3% dialyzed bovine
serum; virus titers were determined by plaque assay in RK,
PK, or MDBK cells. The titers obtained with the different
cell types were in all cases similar.
PrV(Ka) is a strain which has been carried in our labora-

tory for more than 25 years; its origin is uncertain (10). The
Bartha avirulent vaccine strain was received from P. S. Paul.
The origin of this strain has been described earlier (22). The
Bartha strain has a deletion in the S component (13) which
includes the genes encoding gp63 and gI (17, 21). Bartha
43/25a is a Bartha variant to which an intact S component
has been restored by marker rescue with the appropriate
restriction fragment of PrV(Ka) and which expresses gI and
gp63; it is not virulent for day-old chickens (15). Bartha
43/25aB4 is derived from Bartha 43/25a and contains at least
a part of the BamHI 4 fragment (which encodes four capsid
proteins) of PrV(Ka) (Fig. 1) in place of its own homologous
sequences. This variant has acquired a low level of virulence
for chickens.

Determination of LD50. Tenfold dilutions of virus stocks
were injected i.c. (0.03 ml) into day-old chickens (Hubbard
strain; six animals were used per dilution). The number of
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FIG. 1. Restriction fragment map of the PrV(Ka) genome indicating the regions coding for glycoproteins glll, gpSO, gp63, and gI. The map

positions of the regions coding for the glycoproteins have been determined by Petrovskis et al. (21) and Robbins et al. (25). The deletions that
were introduced into the virions to render them gl- (Al), gp63- (A3), gl- gp63- (A2), and gIll- (A4) are indicated.

animals that had died by 2 weeks after inoculation was
determined and, the 50% lethal dose (LD50) was calculated
by using the Reed-Muench method (24).

Immunoprecipitation. Immunoprecipitation was per-
formed as described previously (7, 12). The monoclonal
antibodies against glycoproteins gI, gll, and glll have been
described previously (3, 7). The monoclonal antibody
against gp63 (3M8) was the generous gift of P. Desmettre,
Rhone-Merieux, France.

PstI fragment (Fig. 1). Figure 2 shows the results of South-
ern analysis of representative glll-, glll- gI-, glll- gp63-,
and glll- gl- gp63- mutants. It is clear that all mutants were
gIlI-. All the mutants lacked the 1.45-kb Xho fragment
which had been excised from the gIl gene (Fig. 2A). The
gIll- mutants had a deletion in the 4.3-kb PstI fragment of
the expected size (Fig. 2B). All the mutants also had the
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RESULTS

Isolation of glll-, glll- gI-, glll- gp63-, and glll- gl-
gp63- mutants of PrV(Ka). Glycoprotein glll is nonessential
for the growth of PrV in cell culture (3, 26, 35). Mutants
defective in the expression of gIll were constructed essen-
tially as described by Robbins et al. (25). The 4.3-kilobase-
pair (kb) PstI fragment, which includes the whole glll gene
(Fig. 1), was cloned into the PstI site of pBR322. The
PstI-SphI fragment was then subcloned into pUC18 (to
remove the XhoI site to the left of the SphI site). The plasmid
was digested with XhoI, thereby removing an approximately
1.45-kb fragment that includes most of the regulatory and
coding sequences of the glll gene (25). The linear plasmid
was electrophoresed on an agarose gel, eluted, and ligated.
Ampicillin-resistant colonies were isolated after transfection
of Escherichia coli HB101 with this DNA. The plasmids
were characterized by restriction analysis and by Southern
hybridization (30) to ensure that they had the appropriate
structure. One of these plasmids (4.3-kb gIII-A) was used to
isolate mutants of PrV defective in the gIII gene.

Deletions in the glll gene were introduced into wild-type
PrV(Ka), PrV(Ka)A1 (which has a deletion in the gene
encoding glycoprotein gI), PrV(Ka)A3 (which has a deletion
in the gene encoding glycoprotein gp63), or PrV(Ka)A2
(which has a deletion in both genes [Fig. 1]). The methods
used to obtain PrV(Ka)A1 and PrV(Ka)A2 and their struc-
tures have been described previously (18). PrV(Ka)A3 was
obtained by using similar methods (unpublished results).
RK cells were cotransfected with plasmid 4.3-kb gIIl-A

and with viral DNA obtained from the various virus mutants.
Progeny virions were plaque assayed, plaques were picked,
and those with a deletion in the gIll gene were identified by
probing with the nick-translated Sacl fragment of the 4.3-kb
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FIG. 2. Southern blot analysis of the genomes of virus deletion

mutants. Wild-type PrV(Ka) (lanes 1), PrV(Ka) gIll- (lanes 2),
PrV(Ka) gIII- gl- (lanes 3), PrV(Ka) gIll- gp63- (lanes 4), and
PrV(Ka) gIll- gl- gp63- (lanes 5) were cleaved with XhoI and
probed with the 4.3-kb PstI fragment (A), cleaved with PstI and
probed with the 4.3-kb PstI fragment (B), or cleaved with BamHI
and probed with the BamHI 7 fragment (C). The approximate sizes
of the fragments in kilobases are indicated on the left side of panels
A and B. In panel C, the positions of the BamHI 7 fragments
carrying the different types of deletions (Al, A2, and A3; described
in the legend to Fig. 1) are indicated. Details concerning the
structure of the mutants carrying deletions in the genes encoding gI,
gp63, or both have been reported (18).
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TABLE 1. Immunoprecipitation of glycoproteins of various
mutants and variants of PrV(Ka) and Bartha strains"

Amt of radioactivity (cpm [102])b
immunoprecipitated

Virus strain gI with gp63 glll with

with M2 M133 M156 with 3M8 M1 M16

PrV(Ka) mutants
Wild type 225 123 146 79 298 306
gIll - 275 113 173 59 0 0
gIIl- gl- 295 0 0 49 0 0
glII- gp63- 195 89 97 0 0 0
gIIl- gl- gp63- 215 0 0 0 0 0

Bartha variants"
Parental Bartha 257 0 0 0 110 0
glIlKa 217 0 0 0 259 257
43/25a 283 93 113 37 167 0
43/25a glIlKa 219 81 83 42 315 301
43/25aB4+ 256 74 82 52 195 0
43/25aB4+ glIlKa 199 69 102 37 346 316

" [35Slmethionine-labeled cell extracts obtained from RK cultures infected
with the virus mutants or variants were immunoprecipitated with the indicated
monoclonal antibodies. The amount of radioactivity immunoprecipitated was
determined. The identity of the immunoprecipitated glycoprotein was deter-
mined by polyacrylamide gel electrophoresis (data not shown).

b After subtraction of background counts per minute (<103).
The variants that have been marker rescued with the BamHI 4 fragment

are designated by B4+.

deletions in the BamHI 7 fragments that were present in the
original gl-, gp63-, and gl- gp63- mutants (18) from which
the glll- mutants were isolated (Fig. 2C).
The mutants had the expected phenotype (Table 1); i.e.,

the glll-, gl-, or gp63- mutants did not synthesize proteins
reacting with monoclonal antibodies against glll, gI, or gp63,
respectively. Immunoprecipitation with other monoclonal
antibodies reactive with different epitopes of the same gly-
coproteins confirmed these conclusions (data not shown).
Growth of mutants in cell culture and virulence for day-old

chickens. The ability of the various mutants to grow in
cultures ofRK and PK cells and CEF, as well as their ability
to kill day-old chickens when inoculated i.c., was deter-
mined. Table 2 shows the titers of infectious virus obtained

TABLE 2. Growth and virulence of deletion mutants of PrV(Ka)
defective in synthesis of different glycoproteins

Virus yield VirulenceVirus phenotype (PFU/cell)' (LD50 [PFU])'

gIlIl gI+ gp63+ 220 (100) <1 x 102
gIII+ gl- gp63+ 190 (87) 2 x 102
gIII+ gI+ gp63- 200 (90) 3 x 102
gIII+ gl- gp63- 170 (78) 2 x 102
gIll- gI+ gp63+ 54 (25) 2 x 102
gIII- gl- gp63+ 23 (10) >105
glll- gI+ gp63- 28 (12) >105
glll- gl- gp63- 33 (15) >105

" RK cells were infected with 5 PFU per cell of the virus mutant and
incubated for 48 h at 37°C in Eagle medium containing 5% dialyzed calf
serum. The cells were scraped into the culture fluid, the samples were
sonicated, cellular debris was removed by centrifugation, and the virus yield
was assayed in MDBK cells. Numbers in parentheses indicate the percentage
of wild-type virus (gIlII gI+ gp63+) produced by cells infected with each
mutant.

b Day-old chickens (six per dilution) were inoculated i.c., and the number of
PFU required for LD50 was calculated as described in Materials and Methods.

from RK cells. Similar results were obtained with PK cells
and CEF (data not shown). As reported previously (18, 19),
mutants of PrV defective in either gI (gIII+ gl- gp63+) or

gp63 (gIII+ gI+ gp63-) or in both gI and gp63 (gIII+ gl-
gp63-) grew as well as the wild type in cell culture and, at
most, had only a fivefold increase in LD50. Cultures infected
with a mutant defective in gIll (glll- gI+ gp63+) produced a

virus population that generated only approximately 25% as

many PFU as did cultures infected with the wild-type virus.
The reduction in titers of infectious virus obtained from
gIII--infected cultures is due, in large part, to a less effective
and slower rate of adsorption of the glll- mutants to their
host cells, thereby reducing the number of PFU that are

scored (28). The reduction in titers was not due to a smaller
number of viral particles produced by cells infected with
glll- mutants compared with those produced by cells in-
fected with PrV(Ka) (28). Despite the lower yield of PFU by
cells infected with the glll- mutant, the LD50 of this mutant
for chickens was at most five times higher than that of the
PrV(Ka) virus (Table 2).

Cells infected with the double mutants gIl- gl- (glll-
gl- gp63+) and glll- gp63- (glll- gI+ gp63-) or the triple
mutant glll- gl- gp63- yielded only slightly lower titers of
infectious virus (about two- to threefold lower) than did cells
infected with mutants defective in gIll alone. However, in
contrast to the glll- virions, which were almost as virulent
as the wild-type virus, the double or triple mutants were

completely avirulent for chickens after i.c. inoculation.
Thus, whereas inactivation of gI, gp63, or glll alone

affected virulence only slightly, inactivation of either gI and
glll or gp63 and glll completely inhibited the expression of
virus virulence. The lack of virulence of the double mutants
glll- gl- and glll- gp63- cannot be ascribed to their general
inability to replicate; there were only modest differences
between the virus yields from cultures ofRK cells (as well as
PK cells and CEF; data not shown) infected with the glll-
mutant, which is virulent, and those from cultures infected
with the glll- gl- or gIll- gp63- mutant, each of which is
avirulent (Table 2). It is, of course, possible that the loss of
virulence of these double mutants is related to the loss of
their ability to replicate in certain other cell types.

Isolation of variants of Bartha strain in which resident glll
gene was replaced by PrV(Ka) glll gene. The Bartha vaccine
strain and its derivatives encode a gIII glycoprotein (gIIIB)
that differs from the wild-type PrV(Ka) glll (gIIIKa) in the
following two respects: at most, (i) only 50% as much
glycoprotein glll accumulates in cells infected with the
Bartha strain as in cells infected with wild-type PrV(Ka), and
(ii) only 10% as much glll is present in purified Bartha virion
preparations as in PrV(Ka) virion preparations (2, 3; F.
Zuckermann and T. Ben-Porat, manuscript in preparation).
Because the results described above (Table 2) indicated

that glycoprotein glll, in conjunction with glycoprotein gI or
gp63, plays a role in virulence, it seemed of interest to
ascertain whether the defects in the glll gene of the Bartha
strain contribute to its avirulence. We therefore replaced the
resident Bartha strain glll gene with the gIll gene of
PrV(Ka) in various Bartha strain derivatives and determined
how this change would affect their virulence.
We have previously restored partial virulence to the

Bartha vaccine strain by two cycles of marker rescue (16).
The original Bartha vaccine strain is gl- gp63- as a result of
a deletion in the Us component which spans the sequences
encoding gI and gp63 (12, 17, 21). An intact Us component
was introduced into Bartha 43/25a by marker rescue with the
appropriate PrV(Ka) restriction fragment (15), thereby re-
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storing the ability of the virus to synthesize gp63 and gI

(Table 1). Bartha 43/25a is not virulent (15), but after further
marker rescue with another sequence of PrV(Ka) DNA (the
BamHI 4 fragment), a sequence that encodes four capsid
proteins, the variant Bartha 43/25aB4 that was obtained was

partially virulent (16).
The gIll gene of PrV(Ka) (coding for gIIIKa) was inserted

by marker rescue into the Bartha parental strain and its
variants as follows. Cells were cotransfected with the 4.3-kb
PstI fragment of PrV(Ka) (which includes the regulatory and
coding sequences of gIII [24]) and with either parental
Bartha DNA, Bartha 43/25a DNA (a Bartha variant with an

intact U. whose ability to express gI and gp63 had been
restored), or Bartha 43/25aB4 DNA (the doubly rescued,
partially virulent Bartha variant). The virus progeny was

plaque assayed, and the plaques were stained by the immu-
noperoxidase, black plaque assay (8) with a monoclonal
antibody against gIll (M16) that reacts with the PrV(Ka)
glycoprotein gIII (gIllKa) but not with the Bartha glycopro-
tein gIII (gIIIB) (3). Plaques that reacted with monoclonal
antibody M16 were picked, purified again by plaque assay,

and restained with M16 to confirm their gIlIKa phenotype.
Their identity as Bartha variants was established by their
characteristic restriction enzyme profiles (data not shown).
The reactivities of the proteins synthesized by cells in-

fected with the various Bartha derivatives with monoclonal
antibodies against glycoprotein gI, gIl, gp63, or gIll are

summarized in Table 1. Cells infected with the parental
Bartha strain, as expected, did not synthesize gI or gp63.
These infected cells synthesized at most only 50% as much
glycoprotein gIll as did cells infected with the wild-type
virus (as indicated by reactivity with monoclonal antibodies
MI [Table 1] and M7 [data not shown]) and did not synthe-
size glycoproteins that reacted with M16. The variants
Bartha 43/25a and Bartha 43/25aB4 expressed gI and gp63
and a gIII glycoprotein similar to that expressed by the
parental Bartha strain. After having acquired the gene cod-
ing for glIlKa, all three Bartha derivatives behaved as

expected with respect to the expression of glycoprotein gIII;
there was an increase in the amount of gIll immunoprecip-
itated by Ml (and M7; data not shown), and gIll became
reactive with M16. (The identity of the glycoproteins immu-
noprecipitated by the monoclonal antibodies was confirmed
by polyacrylamide gel electrophoresis.)
Growth in cell culture and virulence for chickens of Bartha

variants which acquired gIll gene of PrV(Ka). Table 3 shows
the titers of infectious virus produced by PK cells infected
with the different Bartha variants, as well as their LD50s for
chickens. Whereas there was no significant difference be-
tween the titers of infectious virus produced by PK cells (and
by CEF; data not shown) infected with the different Bartha
variants, considerable differences in the LD50s of these
variants were observed. As expected from earlier studies,
the parental Bartha strain and variant Bartha 43/25a were

avirulent and the doubly rescued variant Bartha 43/25aB4
had a low level of virulence. After acquisition of the gene
coding for gIlIKa, the parental Bartha strain and Bartha
43/25a remained avirulent but Bartha 43/25aB4 glIlKa be-
came 20-fold more virulent than Bartha 43/25aB4 gIlIB.
These results show that the resident gIlIB gene in the Bartha
strain was defective and that this defect contributed to the
low level of virulence of Bartha 43/25aB4. These findings
corroborate the results, obtained with the deletion mutants
of PrV(Ka) described in the first section of this paper, that
showed that glycoprotein glll plays a role in virulence but
that it does so in conjunction with other viral functions.

TABLE 3. Virulence of different marker-rescued Bartha variants
compared with that of wild-type strains

Virus strain Phenotype' Virus yield (LViruc[PFUe)
Bartha variants

Parental Bartha gl- gp63- B4- 210 >106
gIlIB

glIlKa gl- gp63- B4- 250 >106
glIlKa

43/25a gI+ gp63+ B4- 220 >106
gIlIB

43/25a glIlKa gI+ gp63+ B4- 230 >106
glIlKa

43/25aB4+ gI+ gp63+ B4+ 250 2 x 104

43/25aB4+ gIIIKa gI+ gp63+ B4+ 240 9 x 102
glIlKa

Wild-type strains
PrV(Ka) 270 5 x 101
PrV(90) 290 3 x 101

" The Bartha variants that were marker rescued with the BamHI 4 fragment
are indicated by B4+; those that were not marker rescued are indicated by
B4-.

b PK cells were infected (5 PFU/cell) and incubated for 48 h in Eagle
medium containing 5% dialyzed calf serum. The virus yield was determined as
described in Materials and Methods.
'LD50 was determined as described in Materials and Methods.

DISCUSSION

Several conclusions can be drawn from the results de-
scribed in this report. (i) Mutants of PrV(Ka) defective in the
expression of glycoprotein gIll are at most five times less
virulent for chickens after i.c. inoculation than is wild-type
PrV(Ka). Similar results were also obtained with glll-
mutants of another PrV strain, the Becker strain (L. Enquist
and T. Ben-Porat, unpublished results). (ii) Mutants of
PrV(Ka) defective in the expression of glycoproteins gI,
gp63, or both are also only slightly less virulent for chickens
than is wild-type PrV(Ka). This latter observation corrobo-
rates our previously reported finding (19). (iii) Whereas
mutants defective in the expression of gI, gp63, or glll are
virulent, mutants defective in gI or gp63 in combination with
gIII are avirulent for chickens, despite the fact that they
grow in vitro to only slightly lower titers of infectious virus
than do mutants defective in glll alone (which are virulent).
(iv) Replacement of the resident gIII gene of the Bartha
strain (coding for gIlIB) by a gIII gene derived from the
virulent PrV(Ka) strain (coding for gIIIKa) significantly en-
hances the virulence of a variant of the Bartha vaccine strain
to which partial virulence had been previously restored by
marker rescue.
The results obtained with the deletion mutants of PrV(Ka)

show that glycoproteins gp63 or gI and glll play a role in
virulence but that the deletion of one of these glycoproteins
has a significant effect only when it occurs in conjunction
with the deletion of the other. Thus, glycoprotein gI or gp63
appears to act synergistically with gIII in the expression of
virulence. A similar synergistic effect on viral growth in cell
culture was not observed in several different cell types.
The conclusions drawn from the results obtained with the

deletion mutants of PrV(Ka) defective in the synthesis of
glll are consistent with those obtained with the marker-
rescued variants of the Bartha vaccine strain. In both cases,
gI, gp63, or both, in combination with glll, were shown to
play a role in virulence and to affect virulence only by acting
in conjunction with each other. Interestingly, expression of
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glIlKa by Bartha 43/25a [a marker-rescued strain which
expressed both PrV(Ka) glycoproteins gIKa and gp63KaI did
not restore its virulence. Thus, Bartha 43/25a gIIIKa, which
as a result of marker rescue expressed three PrV(Ka) glyco-
proteins (gIKa, gp63Ka, and gIIIKa), remained avirulent,
indicating that the expression of functional glycoproteins gI,
gp63, and glll is not sufficient to confer virulence on this
vaccine strain. On the other hand, expression of glIlKa by
Bartha 43/25aB4 considerably enhanced its virulence. A
defect in one of the capsid proteins has been marker rescued
by another DNA segment of PrV(Ka), the BamHI 4 frag-
ment, in Bartha 43/25aB4 but not in Bartha 43/25a. This
defect thus appears to play a pivotal role in the virulence of
the Bartha strain. Rescue of this function did not restore
virulence to the parental Bartha strain and restored only a

low degree of virulence to the Bartha 43/25a variant that was
marker rescued and that expressed functional gI and gp63
glycoproteins (16); it did, however, increase significantly the
virulence of a Bartha variant virus that had acquired genes
coding for gI or gp63 and gIll from a virulent PrV(Ka) strain
(Table 3).

It is interesting that while the virulence of PrV for chick-
ens inoculated i.c. was not affected significantly by the
inactivation of gIll alone, inactivation of glycoprotein gC of
herpes simplex virus, which is the homolog of gIll of PrV
(25), reduces considerably the virulence of herpes simplex
virus for mice (11). Whether the different effects of inactiva-
tion of gIll of PrV and gC of herpes simplex virus are due to
differences in the pathogenesis of these viruses in the sys-
tems used to test virulence or to intrinsic differences be-
tween the functions of these two homologous glycoproteins
remains to be ascertained.
The fact that PrV defective in the expression of glll has

only a slightly reduced level of virulence is interesting,
because glycoprotein glll is important in mediating the
attachment of the virus to the host cells. In the absence of
glll, adsorption is considerably slower and is inefficient (28).
Because the attachment of a virus to its host cell is a major
determinant in pathogenesis and determines the tropism of
the virus (6, 29), the finding that despite the role of glll in
adsorption its inactivation affects the virulence of the virus
for chickens inoculated i.c. only slightly is unexpected.
However, cell-to-cell spread does not appear to be affected
by glll (28), and it is possible that glll- mutants retain their
virulence after i.c. infection of chickens, because in this
system, the virus spreads mainly cell to cell.
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