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Mice infected with three different isolates of herpes simplex virus (HSV) and
treated with acyclovir (acycloguanosine; ACV) showed low levels of virus repli-
cation during the acute phase of infection. However, virus isolated from such
treated mice did not show increased resistance to ACV. In contrast, resistant virus
was readily isolated in vitro by passaging HSV in the presence of the drug. The
degree of resistance was determined, in part, by the nature of the cells used to
test the virus. The majority of ACV-resistant strains induced low or undetectable
levels of HSV-specified thymidine kinase (TK), the enzyme responsible for
phosphorylating ACV in infected cells. The TK--resistant strains were attenuated
when injected into mice -as indicated by reductions in virus replication, inflam-
mation, and establishment of latent infections in sensory ganglia. The reduced
virulence of the TK- strains was most marked after intracerebral inoculation,
where the lethal dose was increased more than 100-fold compared with the
parental isolates. However, one mutant is described which induced high levels of
TK but was highly resistant to ACV and retained virulence for mice.

Acyclovir [9-(2-hydroxyethoxymethyl) gua-
nine or acycloguanosine; ACV] behaves as a
thymidine analog which is selectively phospho-
rylated by herpes simplex virus (HSV)-specified
thymidine kinase (TK) (4, 7). The monophos-
phate form of ACV is then converted to the
triphosphate which appears to be a potent inhib-
itor of HSV-specified deoxyribonucleic acid
(DNA) polymerase (7). On this basis, at least
two kinds of mutation would be anticipated
which could lead to the virus acquiring resist-
ance to the drug: (i) loss or change in virus-
specified TK, an enzyme which appears not to
be essential when the virus is replicating in
actively dividing tissue culture cells (12), or (ii)
change in the sensitivity of the HSV-specified
DNA polymerase to ACV triphosphate. The
latter, in contrast to TK, is an essential function,
and its complete loss would prevent virus repli-
cation.
Natural isolates of HSV of both oral and gen-

ital origin have been shown to differ quantita-
tively in their ability to induce virus-specific TK
in a standard tissue culture assay (3), and this
has led others to speculate (16) that strains of
HSV which are poor TK inducers may reflect
this in resistance to drugs such as idoxuridine
(IDU) which depend on phosphorylation by
HSV TK. A survey of 27 isolates of HSV made
by Crumpacker et al. (1) revealed 10-fold differ-
ences in susceptibility to ACV among the iso-
lates, but it has not yet been reported whether
this reflects differences in expression of virus

TK. Three of the isolates described in the pres-
ent study also differ significantly from one an-
other in their susceptibility to ACV as measured
by plaque reduction in vitro. Again, it is not yet
known whether this reflects qualitative differ-
ences in virus TK or DNA polymerase, or a
difference at some yet undefined level.
Mutants resistant to ACV were derived from

these isolates. Two were obtained by selection
in the presence of bromodeoxyuridine (BUdR)
and induce no detectable TK. These indepen-
dently derived strains are innately resistant to
ACV and have been useful for comparison with
a number of resistant mutants obtained by pas-
sage of the parental viruses in vitro in the pres-
ence of ACV.
While examining the various ACV-resistant

mutants in vitro, we found that the cell type
used to measure resistance determined, in part,
the degree of resistance of that particular virus
strain. Comparisons of resistance ofHSV strains
to ACV in different cell types has given impor-
tant clues to the nature of resistance mecha-
nisms, and this fact should be considered when
comparisons of resistance are made in different
laboratories. The emphasis of this paper is on
the behavior in mice of several strains of HSV
with widely differing susceptibilities to ACV.

Previously, we showed that doses of ACV
which effectively ablated clinical signs in mice
inoculated in the skin of the ear pinna with a
susceptible strain of HSV-1 failed to eradicate
the infection completely (5); low levels of virus
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replication were shown to persist in tissue near
the inoculation site throughout the period of
treatment. However, in contrast to the ready
isolation of resistant virus from tissue cultures
in the presence ofACV, ACV-resistant virus was
not isolated from such mice during treatment.
The reasons or this apparent paradox will be
illuminated by the behavior of the artificially
obtained resistant mutants in mice described
here.
Our results suggest. that the most frequent

mutation leading to high resistance involves loss
or reduction of HSV TK, and that this is also
associated with loss of virulence in vivo. How-
ever, resistance of a different kind may occur,
and this resistance probably reflects changes in
the specificity of the virus TK or DNA poly-
merase.

MATERIALS AND METHODS
Viruses. HSV-1 SC16 is an oral isolate which pro-

duces a well-characterized infection in mice (5, 10).
HSV-1 C0(101) and its BUdR-selected TK-deficient

mutant Cl(101)TK- (also known as B2006 or MDK)
were originally isolated by Dubbs and Kit (2).
HSV-2 Bry and its BUdR-selected TK-deficient

mutant Bry TK- were isolated by Skinner and Thou-
less (18). The pathogenicity of C0(101) and Bry and of
their TK- derivatives was recently studied in mice (6).
A number of virus strains were derived from these

parental isolates by passage in BHK-21 cells at low
multiplicity of infection (approximately 0.1 plaque
forming units [PFU]/cell) in the presence of ACV.
After a preliminary determination of resistance by
plaque inhibition was performed on a particular yield,
the virus was diluted to produce single plaques in
BHK-21 cell monolayers prepared in a multiwell tissue
culture plate. Infected cells from a well containing an
isolated single plaque were then used to prepare work-
ing stocks ofthe virus. The particular strains described
in this study were prepared as follows: HSV-1 SC16
RIC,-three passages of SC16 in 7,g of ACV per ml,
one in 10 ,ug/ml, and then one in 1 ,ug/ml; HSV-1 SC16
R5CI-a single passage in 5 ug of ACV per ml; HSV-1
SC16 BeCr-two passages in 1 ,ug/ml, two in 5 ug/ml,
and six in 10 ,ug/ml; HSV-1 Cl(101)TK- P7-derived
from Cl(101)TK- after seven passages in 10 ,ug of ACV
per ml; HSV-1 C0(101) P2C5 and C0(101) P2C6-both
from C0(101) after two passages in 10 ug of ACV per
ml (two separate clones from the same virus yield);
HSV-2 Bry P3C1 and Bry P3C2-three passages of Bry
in 10 ug/ml. HSV-1 H29 and its ACV-resistant mutant
H29R were a gift from P. Collins of Burroughs Well-
come Co. Ltd., Langley Court, Beckenham, Kent, Eng-
land; the mutant was obtained by 10 successive pas-
sages in Vero cells in increasing concentrations ofACV
and was not cloned.

Cell lines. BHK-21 cells and African green monkey
(Vero) cells were grown in Eagle medium supple-
mented with 10% (vol/vol) tryptose phosphate broth
and 10% calf serum (ETC medium). For plaque reduc-
tion assays, serum was reduced to 1% and the tryptose
phosphate broth was excluded.

Determination of in vitro resistance to ACV

and induction of TK. Resistance was measured by
inhibition of plaque formation in cell monolayers after
48 h of incubation with a range of concentrations of
ACV. The percentage of inhibition was plotted against
logio ACV concentration, and the 50% effective dose
(ED50) was thus determined. A sigmoid curve was
normally obtained; the 50% value was read from the
approximately linear portion of the curve (1). The
results are expressed in micrograms of ACV per milli-
liter (1 jLg/ml - 4.4 ,umol). Thymidine kinase induction
was determined on cell extracts, using TK- BHK cells
17 h after infection (multiplicity of infection- 5 PFU/
cell) (14). The in vitro characteristics of the virus
mutants will be the subject of a further publication
where these techniques will be described in more detail
(H. J. Field, G. Darby, and P. Wildy, J. Gen. Virol., in
press).

Mice. Three-week-old female BALB/c mice were
obtained from Bantin & Kingman Ltd. (Grimstone,
Aldbrough, Hull, England) and used when they were
4 weeks old.

Inoculation ofmice and virus growth in mouse
ear. A 20-pl volume of virus suspension was inoculated
intradermally into the left pinnae of anesthetized 4-
week-old mice (10). A total of 50 mice were inoculated;
25 were treated with ACV, and 25 were untreated. To
study virus replication, the pinnae were cut off from
groups of three mice; the tissue from each mouse was
then homogenized, and the amount of infectious virus
was determined by plaque assay using BHK-21 cells.
Measurement of ear thickness. Ear thickness

was measured with a micrometer screw gauge; the
technique has previously been described in more detail
(5). Ear thickness has been shown to be a sensitive
measure of the development of cell-mediated inflam-
mation in the ear (Nash, A. A., H. J. Field, and R.
Quartey-Papafio, J. Gen: Virol., in press) and reflects
the host response to infection which in magnitude
depends mainly on the antigen load in the infected ear
tissue

Reactivation of latent virus from dorsal root
ganglia. Four to six weeks after inoculation, all mice
remaining from the acute-phase experiments (groups
of 6 to 13) were sacrificed. The second, third and
fourth cervical dorsal root ganglia were removed, ex-
planted into 0.5 ml of ETC (with serum reduced to
2%), and incubated at 370C for 6 days in closed bottles.
The ganglia were then homogenized, and the amount
of infectious virus was determined by plaque forma-
tion, using BHK-21 cells (5).
Testing virus isolated from mouse tissues for

resistance to ACV. The homogenized pinnae were
stored at -70°C. When the virus titer had been deter-
mined, the ED50 of ACV was measured by using rep-
licate samples of the appropriate dilution of the tissue
suspension. This test was carried out with BHK-21
celLs by the method described above. Since a small
proportion of resistant virus could have been present
in the virus population, a further test was carried out.
A 0.1-ml sample of the undiluted tissue homogenate
was plated with BHK-21 cells in the presence of 10
times the ED50 ofACV for that particular isolate. The
monolayers were examined after 3 days for the pres-
ence of virus plaques.

Intracerebral (i.c.) inoculation ofvirus. Twenty
microliters of serial 10-fold dilutions of virus suspen-
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sion was inoculated into the left cerebral hemisphere
of groups of 10 anesthetized 4-week-old mice. The 50%
lethal dose (LD,,) was determined by the Spearman-
Karber method from the number of mice dying be-
tween the 2nd and 14th days after inoculation.

Preparation and administration ofACV. ACV,
a gift from G. B. Elion of Burroughts Weilcome Co.,
Research Triangle Park, N.C., was suspended in water
at a concentration of 3.2 mg/ml and finely dispersed
by ultrasonic vibration. Mice were treated by intra-
peritoneal inoculation twice daily (9 a.m. and 6 p.m.),
with a total dose of 50 mg/kg per day.

RESULTS

In vitro properties of ACV-resistant mu-
tants. The four parental viruses [HSV-1 strains
SC16, Cl(101), and H29 and HSV-2 strain Bry]
from which resistant mutants were derived dif-
fered by a factor of 20 in their susceptibility to
ACV as measured by a plaque reduction assay
(Table 1). It is notable that Cl(101), the least
susceptible isolate, was outside the range of sus-

ceptibilities in Vero cells reported by Crum-
packer and his associates (1) in their survey of
27 isolates of HSV-1 and HSV-2. (Crunpacker's
results are expressed in micromoles of ACV; 1
,ug/ml = 4.4 umol).
Mutants derived from the parental isolates by

passage in the presence of ACV, and also the
independently derived TK- mutants, all showed
increased resistance to the drug.
The ability of tne mutants to induce TK in

vitro was investigated in BUdR-resistant (TK-)
cells (Table 1). Cl(101)TK- and Bry TK- in-
duced no detectable TK and are thought to have
deletions in the TK gene. SC16 R5C1 was similar
to the TK- mutants. The other ACV-derived
strains [except Cl(101) P2C5] induced low but
significant levels of TK. However, we have no
evidence that these low levels of enzyme induc-
tion are virus specified.

Cl(101) P2C5 was exceptional in that it induced
levels of enzyme comparable with those induced
by the parent strains, suggesting that this virus
has a lesion in function(s) other than TK.

Since Cl(101)TK- P7 was more resistant to
ACV in BHK-21 cells than Cl(101)TK-, it must
have acquired resistance at other levels in addi-
tion to TK. The same may be true of SC16 R9C2,
which was more resistant than R5C1, a TK-
derivative of SC16. Further support for this as-
sumption has been obtained by comparing the
resistance of these viruses to ACV in other cell
lines, including D21 cells, a biochemically trans-
formed mouse cell line which expresses an HSV-
2 TK gene. In this line, defects in the virus TK
are complemented by the resident HSV TK, and
alterations in virus functions other than TK are
revealed (G. Darby, B. Larder, K. F. Bastow,
and H. J. Field, J. Gen. Virol., in press).
Susceptibility ofparental virus strains in

mice., Half of the mice were treated intraperi-
toneally with ACV, 25 mg/kg twice daily, begin-

TABLE 1. Strains ofHSV which are resistant to ACV
EDMw by plaque reduction Induction of i.c. ulation of Established la-

_____TKinT_K_- tency in ganglia
Virus strain em, after inocu-

BHK-21 Vero (% SC16) Log2 lED±SD PFU/LD5o owpFUb
HSV-1
SC16 0.05c 0.15 100 0.8 ± 0.4 7 11/13

SC16 R,C, 3 2.8 1.5c 3.5 ± 0 3 x 103 1/lod
SC16 RC, 7 6.5 0.2 4.7 ± 0.2 5 x 10' 0/10
SC16 R9C2 >50 >50 2.4 >5.0 >105 0/10
C1(101) 0.3 0.8 37.5 0.0 ± 0.2 1 6/6
Cl(101)TK- 7 28 0.1 2.3 ± 0.2 2 x 102 0/10
CI(101)TK- P7 25 ND 4.2 ± 0.3 2 x 104 ND'
C1(101) P2C5 25 >50 78 0.9 ± 0.3 8 7/9
C1(101) P2C6 40 >50 0.6 2.1 ± 0.2 1 x 102 5/9

HSV-2
Bry 0.15 0.6 73.5 0.07 ± 0.2 1 5/6f
Bry TK- 6 11.3 0.2 >5.0 >l1' 0/10
Bry P3C, 50 40 0.5 >2.0 >102 ND
Bry P3C2 20 8 0.4 >2.0 >102 ND

HSV-1
H29 0.07 0.04 >100 0.3 ± 0.2 2 ND
H29R 22 13 2.3' >2.2 >130 ND

TK- BHK cells 0.2

a SD, Standard deviation.
Number mice latently infected/number tested after inoculation into ear.
Mean result from up to three independent determinations.

d This isolate was tested and found not to have altered resistance to ACV compared with RIC,.
'ND, Not done.
fThese are survivmg mice, since 104 PFU of Bry exceeds the LD5o by ear inoculation.
'1.9% of parent strin H29.
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ning at virus inoculation. This dose produced
significant reductions in virus replication in the
pinna and in production of cell-mediated inflam-
mation as measured by increase in ear thickness.
However, as previously reported for HSV-1
SC16 (5), despite the effective reduction of clin-
ical signs, virus replication in the ear persisted
and reached a peak 4 to 6 days after virus
inoculation (Fig. 1). The observation of in-
creased virus replication was reproducible. This
increase could reflect the changed environment
of infected cells due to the infiltration of mono-
nuclear cells which occurs at this time, for ex-
ample, resulting in the excretion of pyrimidine
nucleosides which compete withACV in infected
cells. Bry and C0(101), which are, respectively,
four- and fivefold less susceptible than SC16 to
ACV in vitro, were susceptible to ACV in mice,
although the persistence of virus replication was
more pronounced (Fig. 1).
The virus yields from three treated mice in-

fected with each of the three viruses were ex-
amined at the time of peak titer for increased
resistance of the virus population to ACV in
vitro; none was found. When the undiluted tissue
suspension was plated with cells in the presence
of 10 ED50 of ACV, sporadic single plaques were
observed in samples derived from both treated
and untreated animals. These were of doubtful
significance, since spontaneous resistance to
ACV occurred so readily in vitro and also occa-
sional plaques appeared when stock virus sus-
pensions were similarly tested. Despite less ef-
fective control of virus replication of the isolates
Bry and C0(101), the inflammation measured by
ear thickness was almost completely prevented.
Bry is a more neurovirulent virus than either
SC16 or C0(101), and the dose of 104 PFU is
approximately the LD50. However, none of the
ACV-treated Bry-infected mice died, although
all six of a group of treated mice remaining at
the end of the experiment were subsequently
found to be latently infected. Similar establish-
ment of latency despite treatment has been re-
ported for SC16 (5).

Susceptibility in mice of ACV-resistant
strains ofHSV. Of the resistant strains of virus
inoculated into BALB/c mice (104 PFU into the
pinna) and treated with ACV, only SC16 RIC,
showed significant response to treatment, with
reduced virus titers in the pinnae and greatly
reduced inflammation (Fig. 2). SC16 RIC, was
one of the least resistant strains in vitro, having
an ED50 of 3 ,Ig/ml in BHK-21 and Vero cells.
SC16 R5C1, which was slightly more resistant in
vitro, appeared to have marginally reduced virus
titers in treated mice. Yields ofvirus from groups
of three mice treated or untreated and infected
with the various strains were examined for re-
sistance to ACV in vitro. In no case was this

significantly greater or less than that of the
original inoculum.
Most mutant strains tested appeared to retain

resistance to ACV after ear inoculation (Fig. 2
and 3). However, it was noted that cell-mediated
inflammation was usually slightly reduced. This
was particularly noticeable with Cl(101) P2C5
and Cl(101) P2C6; although there was no reduc-
tion in virus titer in the ear pinna (Fig. 3), at
several time points a small but significant reduc-
tion of ear thickness occurred in treated mice.
This effect was also noted when mice were in-
oculated with large doses of Cl(101)TK- (data
not shown).
Pathogenicity in mice of ACV-resistant

strains of HSV. ACV-selected resistant virus
strains showed a tendency to reduced virus rep-
lication in the ear and reduced ear thickening
compared with their parent strains (Fig. 1 and
2). Except for R9C2, this effect was much less
marked than previously described for
Cl(101)TK- or Bry TK- (6). No clinical signs
suggesting neurological involvement were ob-
served.

Several weeks after the acute phase of the
infection had subsided, mice were tested by ex-
planting the cervical dorsal root ganglia (relating
to the sensory nerve supply of the ear) to see
whether a latent infection had been established.
Among the SC16-derived mutants, an extremely
low incidence of latency was recorded (Table 1);
only 1 of 10 mice infected with SC16 RIC, was
latently infected. This virus, reactivated from
the ganglia, was subsequently tested and found
not to have changed its resistance to ACV com-
pared with RIC, used for the original inoculum.
In contrast, most of the Cl(101) P2C5- and P2C6-
infected mice harbored the virus in latent forn
(seven of nine and five of nine, respectively).
This observation was consistent with the rela-
tively more vigorous growth of these viruses in
the pinna (Fig. 3) and the idea that the estab-
lishment of latency reflects the amount of virus
growth in peripheral tissue (5, 21).
For a more direct test of neurovirulence, all

the viruses were inoculated i.c. into mice, and
this produced a more clear-cut distinction be-
tween the parent viruses and the TK-deficient
mutant strains. All mutants [except Cl(101)
P2C5, which was TK+] showed a marked de-
crease in lethality (Table 1). Most strains were
>100-fold less virulent by this route of inocula-
tion, and Cl(101)TK- P7 was less virulent than
Cl(101)TK-, from which it was derived (Table
1). By comparison, the parent strain SC16, pas-
saged 10 times in BHK-21 cells and cloned sim-
ilarly to the most-passaged ACV-resistant
strains, showed no reduction in neurovirulence
when given i.c.
The virus strain Cl(101) P2C5, which showed
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FIG. 1. Susceptibility ofparent virus isolates to ACV. 10' PFU of virus was inoculated into the left pinna.
Symbols: (0) Untreated; (0) ACV, 50 mg/kg in twice daily doses from the time of virus inoculation for 10
days thereafter. (*) in vitro susceptibility toACV (microgramsper milliliter) measured in Vero cells. (a) Virus
growth in ear, geometric mean virus titer with standard deviation; (b) cell-mediated inflammation determined
by ear thickness (left-right) with standard deviation.
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FIG. 2. Pathogenicity and resistance of SC16-derived strains of HSV in mice. 10i PFU of virus was
inoculated into the leftpinna. Symbols andpanels are as in Fig. 1.

least reduction in neurovirulence compared with
its parent strain C0(101), was also the strain
which induced high levels ofTK in vitro (Table
1).

DISCUSSION
Development of resistance by herpesviruses

to chemotherapeutic agents in vivo is a contro-
versial topic, with few well-documented compar-

isons of the in vitro resistance of virus isolates
before and after treatment (8, 9). "Virus resist-
ance" can be confused with "treatment failure."
Thus, it has been reported that most human
isolates from patients undergoing IDU treat-
ment were still susceptible to IDU in vitro (13).
Nevertheless, there are several reports of true
IDU resistance developing in both humans and
lower animals (11, 20). The recent findings of
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FIG. 3. Pathogenicity and resistance of Cl(101)-derived strains of HSV in mice. 10 PFU of virus was

inoculated into the left pinna. Symbols andpanels are as in Fig. 1.

Hirano and co-workers (11) are of particular
interest. In these studies, isolates from IDU-
treated patients were obtained which were

highly resistant but retained the ability to induce
TK. Since IDU is phosphorylated by HSV TK
(although less selectively than ACV), resistance
to IDU is likely to reflect changes at levels other
than TK, for example, in the virus DNA poly-
merase.

In this study, the majority of artificially se-
lected resistant isolates exhibited attenuation of
virulence for mice. This suggests that mutations

leading to resistance involve modifications of
functions important to the virus in vivo, a sug-
gestion supported by failure to isolate resistant
virus from treated animals. It has already been
established that TK- HSV replicates poorly in
serum-starved cells (12) and in skin and neural
tissue (6, 15). This requirement for an effective
TK in vivo may explain why resistant virus is
difficult to isolate in vivo whereas it is readily
obtained by passaging virus in the presence of
ACV in vitro.

Several ACV-resistant strains do induce low
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but detectable levels of TK. Similar low TK
producers have been reported by others (2, 3,
17). It is not yet clear whether it is this low level
of TK function which enables our resistant
strains to replicate in the mouse ear more effec-
tively than the two BUdR-selected viruses
C1(101)TK- and Bry TK-, both of which appear
to lack completely the TK function (2, 17, 19).

It has been reported that clinical isolates of
HSV differ quantitatively in induction ofTK (3)
but that clinical isolates of TK- virus are ex-
tremely rare (and presumably in these rare cases
TK loss may have occurred spontaneously dur-
ing isolation from clinical material).

Although our parent strains differed markedly
in their resistance to ACV, it is unclear whether
this reflects qualitative or quantitative differ-
ences in virus TK induction or some other func-
tion. A study of substrate specificity of the iso-
lated enzymes TK and DNA polymerase should
establish at which level differences reside. The
most resistant parent strain, C1(101), has a long
passage history in mouse brain and mouse L
cells (2), which may have led to some change or
evolution of the virus TK, that makes it less
susceptible to ACV.
The in vitro isolation of a resistant strain

derived from C1(101) which induced high levels
ofTK was ofparticular interest. This virus strain
shows some attenuation in mice but was the
most virulent of the resistant strains when in-
oculated i.c. Thus, resistance to ACV can arise
entirely independently of loss of virus TK induc-
tion.
Only when ACV becomes widely used will it

become clear whether resistance will be a prob-
lem. The evidence obtained here in mice sug-
gests that development of resistance may not be
a common occurrence, but perhaps particular
attention should be given to looking for viruses
which are low TK inducers or have resistance at
levels other than TK.
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