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Abstract

We compared the penciclovir susceptibilities and pathogenesis phenotypes of mutants of Herpes simplex virus type
1 that are resistant to acyclovir and/or foscarnet. The mutants, which were derived from laboratory strain KOS,
included six DNA polymerase mutants, a thymidine kinase negative mutant, a thymidine kinase partial mutant, and
a double mutant. Two of four polymerase mutants not previously examined for penciclovir susceptibility exhibited
modest resistance to this drug. A thymidine kinase negative mutant exhibited �20-fold resistance while a thymidine
kinase partial mutant was penciclovir-sensitive. Following intracerebral inoculation of 7-week old CD1 mice, the
mutants ranged from exhibiting near wild-type neurovirulence (thymidine kinase partial) to modest attenuation (e.g.
thymidine kinase negative) to more severe attenuation. Following corneal inoculation, three polymerase mutants
exhibited modest deficits (relative to those of thymidine kinase negative mutants) in their abilities to replicate acutely
in the ganglion and reactivate from latency. For mutant AraAr13, the deficit in ganglionic replication was shown to
be due to its polymerase mutation by analysis of recombinant viruses derived by marker rescue. These results may
have implications for issues of penciclovir action and resistance, for drug resistance in the clinic, and for the
interactions of herpes viruses with the peripheral and central nervous systems. © 1998 Elsevier Science B.V.
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1. Introduction

Herpes simplex virus (HSV) is an important
human pathogen. Fortunately, HSV infections
can be treated with antiviral drugs, most of which
target the virus-encoded DNA polymerase (Pol)
that is essential for virus replication (reviewed in
Coen, 1992). Some drugs such as foscarnet (phos-
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phonoformic acid, PFA) act by direct inhibition
of Pol. Certain other drugs such as acyclovir
(ACV) and penciclovir (PCV, the active form of
famciclovir) inhibit Pol following conversion to
triphosphates by the virus encoded thymidine ki-
nase (TK) and cellular enzymes.

Drug-resistant HSV mutants can be isolated in
the laboratory and they have arisen in the clinic,
where they pose an increasingly serious problem
in patients with AIDS and other immunocompro-
mised individuals (reviewed in Safrin, 1996). PFA-
resistant (PFAr) HSV mutants contain pol
mutations, while ACVr and PCVr mutants contain
pol or tk lesions or both (reviewed in Coen,
1996b). The pol mutants express Pol that is less
susceptible to inhibition by drug. Because TK is
not essential for replication in cell culture, tk
mutants can be TK-negative (TK−; completely
devoid of TK activity); TK-partial (low levels of
TK activity); or TK-altered (enzyme that fails to
phosphorylate drug, but can phosphorylate
thymidine). Most drug-resistant clinical isolates of
HSV have thus far been TK-deficient; whether
such isolates are truly TK− or TK-partial has
been controversial as it can be difficult to distin-
guish these phenotypes (reviewed in Coen, 1994).
There have been fewer pol mutants recovered
from patients; however, with the growing use of
drugs such as PFA to treat ACV-resistant infec-
tions, the number of these mutants is increasing
(Safrin et al., 1994a,b). One important issue is
whether drug resistant mutants are susceptible or
resistant to newer antiviral drugs such as PCV. A
second issue is how drug resistant mutants that
arise in patients evade drug therapy, yet retain
sufficient Pol and/or TK function to cause dis-
ease. Studies of drug-resistant mutants in animal
models may have predictive value should such
mutants arise in the clinic and may provide in-
sights into virus biology.

HSV pathogenesis has been most thoroughly
studied in mouse models. One assay of pathogene-
sis in mice entails infection of the central nervous
system (CNS) via intracerebral (i.c.) inoculation,
which leads to encephalitis and death (neuroviru-
lence). In a second assay of pathogenesis, HSV is
inoculated at a peripheral site such as the cornea.
HSV replicates productively at this site, gains

access to nerve terminals and is transported axon-
ally to sensory ganglia of the peripheral nervous
system (PNS), such as the trigeminal ganglion,
which is a secondary site of replication. Subse-
quently, HSV establishes and maintains a latent
infection, during which infectious virus is not
detectable (Stevens, 1989). In mouse models of
latency, reactivation is usually assessed by ex-
planting ganglia in culture, which triggers the
production of infectious virus. Although the sec-
ond assay appears to mimic the natural course of
HSV infection of humans more than the first, it is
not known which is more predictive of patho-
genicity of drug resistant mutants in patients.

When drug-resistant HSV mutants have been
examined with either of these assays, nearly all
have exhibited some attenuation. Truly TK− mu-
tants (e.g. containing a tk deletion mutation) are
impaired for neurovirulence (Martuza et al., 1991)
and they are exceedingly impaired for acute repli-
cation in the PNS and for reactivation from la-
tency (Coen et al., 1989a; Efstathiou et al., 1989;
Jacobson et al., 1993). However, tk deletion mu-
tants have not been examined quantitatively for
their impairment for neurovirulence. TK-partial
and TK-altered mutants are less impaired for
neurovirulence and replicate in the PNS and reac-
tivate to varying extents depending on the amount
of TK activity (reviewed in Coen, 1994). Drug-re-
sistant pol mutants have exhibited some attenua-
tion of neurovirulence and have been qualitatively
competent for reactivation from latency, (Klein
and Friedman-Kien, 1975; Field and Darby, 1980;
Klein et al., 1981; Darby et al., 1984; Larder and
Darby, 1984; Field and Coen, 1986; Jacobson et
al., 1995). However, most have not been assessed
for their ability to replicate in the PNS.

In this study, we sought to determine the de-
grees of cross-resistance to PCV of certain mu-
tants characterized previously for resistance to
other anti-HSV drugs, particularly PFA-resistant
pol mutants, a TK− deletion mutant, and a TK-
partial mutant, and to measure the degrees of
pathogenicity of these mutants in mice, particu-
larly in terms of neurovirulence and replication in
the PNS. Our results point to a rather broad
spectrum of PCV and pathogenesis phenotypes.
Possible implications of our results for issues of
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Table 1
Properties of viruses in this study

Drug phenotypes (fold-resistanceb) ReferencesVirus Mutationa

ACV PCV PFA

SS Smith, 1964SKOS (wild type) None
pol mutants

R (4)c ScPFAr2 A605V, d-region R (10)c Derse et al., 1982; Gibbs et al., 1988
C

Sc R (6)c Derse et al., 1982; Gibbs et al., 1988R (2)cPFAr1 R700G, region II
Derse et al., 1982; Gibbs et al., 1988R (6)cPFAr5 S724N, region II R (8)c R (4)c

R (3)d R (4)d Chiou et al., 1995; Coen et al., 1985, 1982;AraAr13 V813M, region R (5)d

Gibbs et al., 1988III
R (2)c R (10)cF891C F891C, region I Marcy et al., 1990R (10)c

Chiou et al., 1995; Coen et al., 1985, 1982;R (4)d SdAraAr9 HSdN961K, region V
Gibbs et al., 1988

tk mutants
Coen et al., 1989c; Martuza et al., 1991SdR (20)cdlsptk R (50)c,ddeletion of nts

497–857
Sc Sc Irmiere et al., 1989KG111 amber at codon R (8)c

44
Double mutant

Coen et al., 1986; Jacobson et al., 1995R (150)c R (4)c R (4)cPKG7 pol R842S, tk
amber 44

Recombinant
viruses

Chiou, 1988; Chiou et al., 1986NDA13Aph+K/b None S NDe

ND Chiou, 1988; Chiou et al., 1986A13Aph+X/c None S ND

a This column provides the relevant codon changes and conserved motifs altered for pol mutants and the relevant nucleotide or
codon changes for tk mutants, where nucleotide (nt) 1 is the mRNA start site.
b Mutants are characterized as resistant (R), sensitive (S), or hypersensitive (HS) using our previously published criteria (Chiou et
al., 1985; Coen et al., 1985). Fold-resistance values (in parenthesis) represent the dose required to reduce plaque formation by 50%
(ED50) of the mutant divided by the ED50 for the corresponding wild-type virus.
c Phenotype (including fold-resistance where applicable) determined in this study. In some cases, the fold-resistance values obtained
differ somewhat (usually no more than 2-fold) from published values.
d Phenotype determined in a previously published study, which is included among the citations in the right-most column.
e ND, not done.

drug action and resistance, for antiviral drug re-
sistance in the clinic, and for the interactions of
herpesviruses with the peripheral and central ner-
vous systems are discussed.

2. Materials and methods

2.1. Cells and 6iruses

African green monkey kidney cells (Vero) were
propagated as described (Weller et al., 1983).
Viruses used in this study include wild type HSV

type 1 strain KOS, drug resistant mutants, and
recombinant viruses. These viruses are listed in
Table 1 and were propagated and titered as de-
scribed (Coen et al., 1985) except that high-titer
stocks were prepared by pelleting infected cells by
low-speed centrifugation and resuspending them
in 1/10th the volume of the supernatant prior to
freezing, thawing, and sonication.

2.2. Assays of drug susceptibilities

Plaque reduction assays to assess the resistance,
sensitivity, or hypersensitivity of mutants to ACV,
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PCV, and PFA were performed using Vero cells
and analyzed as described previously, using crite-
ria (including statistical analysis) for terming a
virus resistant (Chiou et al., 1985; Coen et al.,
1985; Chiou et al., 1995). Briefly, a mutant that
reproducibly exhibits an ED50 (the concentration
that inhibits plaque formation by 50%) two-fold
or more greater than the corresponding wild type
and that reproducibly exhibits a plating efficiency
two-fold or more greater than the corresponding
wild type at at least one drug concentration is
considered resistant to the drug. Fold-resistance
was calculated by dividing the ED50 of a mutant
by the ED50 of the corresponding wild type virus.

2.3. Assays of neuro6irulence

Seven-week old CD1 mice (Charles River Labo-
ratories, Wilmington, MA) were anesthetized with
pentobarbital. For each virus dilution tested, at
least six mice were each inoculated i.c. in the right
hemisphere with 30 ml of the particular inoculum
using a tuberculin syringe and a 30-G needle.
Titers of inocula were verified by simultaneous
plaque assays. The numbers of deaths and surviv-
ing mice were recorded daily for 2 weeks. To
determine the dose of each isolate that resulted in
50% lethality (LD50), ten-fold serial dilutions of
virus (in medium) were assayed and the data
analyzed by the method of Reed and Muench
(1938).

2.4. Assays of acute and latent infections

Assays of acute replication and reactivatable
latency following corneal inoculation of 7-week
old CD1 mice were performed as described, assay-
ing acute replication in eyes and trigeminal gan-
glia at 3 days post-inoculation and latency in
ganglia at 30 days post-inoculation (Leib et al.,
1989, 1991; Jacobson et al., 1993).

3. Results

3.1. Drug-resistance phenotypes of mutants

In this study, we sought to compile drug sus-
ceptibility and pathogenesis data for a number of

drug-resistant mutants derived from a single
strain of HSV. In particular, we wished to deter-
mine whether certain ACV- and/or PFA-resistant
mutants were susceptible or resistant to PCV. To
that end, we examined six pol mutants, two tk
mutants, and a pol-tk double mutant derived
from strain KOS, whose mutations and pheno-
types are listed in Table 1. These mutants have
previously been shown to be either ACV- and/or
PFA-resistant. For each pol mutant, a single
codon change has been identified and shown to
confer ACV- and/or PFA-resistance phenotypes
(Gibbs et al., 1988; Marcy et al., 1990). For each
tk mutant, the mutation has been shown to confer
ACV-resistance (Coen et al., 1989c; Irmiere et al.,
1989). Of the tk mutants, one, dlsptk, is a TK−

deletion mutant (Coen et al., 1989c), while the
other, KG111, contains a nonsense mutation be-
tween the first and second methionine codons, yet
synthesizes low levels of active TK via initiation
of translation at the second methionine codon
(Coen et al., 1989b; Irmiere et al., 1989). The
double mutant, PKG7, contains the pol mutation
of mutant PAAr5 and the tk mutation of KG111
(Coen et al., 1986; Jacobson et al., 1995).

All of the mutants have previously been re-
ported to be ACVr. We report here the degree of
resistance to ACV of five of these (PFAr2, PFAr1,
PFAr5, KG111, and PKG7) at 37°C, along with a
revised value for pol mutant F891C (previously
published values for the other mutants are also
presented) in Table 1. Wild type strain KOS
exhibited an ED50 for ACV of 3 mM, similar to
previous results (Coen et al., 1989a,c). The fold-
resistances to ACV varied from slight (2-fold) for
pol mutant PFAr1 to very high (150-fold) for the
double mutant, PKG7. As anticipated from previ-
ous results with a double mutant (Darby et al.,
1984), the fold ACV-resistance of PKG7 was
roughly the product of the fold-resistances of its
PAAr5 and KG111 parents (Table 1 and Coen et
al., 1985). All but one of the pol mutants and the
double mutant exhibited resistance to PFA with
ED50s \550 mM (100 mg/ml); in these experi-
ments KOS exhibited an ED50 of 190 mM, similar
to previous results (Coen et al., 1985). Fold-resis-
tances to PFA varied from 4-fold to 10-fold. The
tk mutants, as expected, remained susceptible to
PFA.
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Fig. 1. Susceptibilities of viruses to penciclovir. Plaque reduction assays were performed on the indicated viruses as described (Coen
et al., 1985). The data are the average of two separate assays each performed in duplicate.

To our knowledge, only two of the mutants
(both pol mutants) had been previously examined
for susceptibility to PCV. Of these, AraAr13 was
modestly resistant and AraAr9 was hypersensitive
(Chiou et al., 1995). In the present study, wild
type strain KOS exhibited an ED50 of �10 mM in
Vero cells [higher than that observed in human
cells (Boyd et al., 1993)], similar to previous re-
sults (Chiou et al., 1995). Of the remaining pol
mutants, we found that two were sensitive to PCV
and two were modestly resistant (2- to 4-fold)
(Fig. 1 and Table 1). The TK− mutant was
�20-fold resistant to PCV; interestingly, KG111
was sensitive to PCV. The double mutant, like its
pol mutant parent PAAr5 (Chiou et al., 1995), was
�4-fold resistant to PCV.

3.2. Neuro6irulence of drug-resistant mutants in
CD1 mice

We wished to examine the neurovirulence of
these drug-resistant mutants to determine their
degree of attenuation, if any. As our studies of
pathogenesis following peripheral inoculation en-
tailed corneal inoculation of 7-week old CD-1
mice (Coen et al., 1989b,c; Jacobson et al., 1993,

1995; also see below), we used the same mice to
measure the dose that resulted in 50% lethality
(LD50) for several of our drug-resistant mutants
(Table 2). The pol mutant PFAr5 was only slightly
attenuated with an LD50 just five-fold higher than
that of KOS. Interestingly, the TK− mutant,
dlsptk, exhibited an LD50 only �20-fold higher
than that of KOS. We also examined five other
pol mutants and dlsptk following i.c. inoculation
at a single dose (1×106 PFU/mouse) that was
�50-fold higher than the LD50 for strain KOS.
Five out of six animals died following inoculation
with mutant PFAr1, indicating that it was not
severely attenuated (Table 3). The other pol mu-

Table 2
LD50 determinations

Virus LD50

KOS 2×104

1×105PFAr5
KG111 3×104

4×105dlsptk
2×107PKG7
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Table 3
Neurovirulence of pol and tk mutants at 106 PFU/mouse

Number of deaths/Number inoculatedVirus

5/6KOS
PFAr2 1/6

5/6PFAr1
0/6AraAr13

F891C 2/6
3/6AraAr9
5/6dlsptk

lation (Jacobson et al., 1995) despite being 30-fold
attenuated for neurovirulence in CD1 mice (E.
Pelosi, F. Rozenberg, D.M. Coen, unpublished
results). We, therefore, compared three other pol
mutants that exhibited varying degrees of neu-
rovirulence (PFAr5, PFAr2, and AraAr13) with
their parental strain, KOS, following corneal in-
oculation of CD1 mice. The three KOS-derived
pol mutants replicated in the eye, exhibiting titers
at 3 days post-infection that were slightly lower
than those of KOS, although this difference may
have been due to assay variability (Table 4). How-
ever, the titers of mutant viruses in trigeminal
ganglia at three days post-infection were clearly
reduced compared to KOS with mutants PFAr2
and AraAr13 exhibiting the least ganglionic repli-
cation (�1000-fold lower titers than KOS; Table
4). Indeed, infectious virus was recovered from
only one of four ganglia acutely infected with
AraAr13. Interestingly, mutant PFAr5, which was
the least defective for ganglionic replication, con-
tains the same mutation as mutant TP2.5 (Larder
et al., 1987). TP2.5 was indistinguishable from
wild-type for zosteriform spread, which depends
upon efficient primary replication, passage
through the PNS, and further replication in the
skin to form secondary lesions (Larder and
Darby, 1985). All three KOS-derived pol mutants
reactivated from latency, although PFAr2 and
AraAr13 reactivated with somewhat lower effi-

tants exhibited lower virulence ranging from no
deaths (AraAr13) to three deaths (AraAr9) out
of six animals inoculated (Table 3). Interestingly,
most of these pol mutants were evidently more
attenuated for neurovirulence than dlsptk, the
TK-negative deletion mutant, which killed five
out of six animals at this dose.

The TK-partial mutant, KG111, exhibited
near wild type neurovirulence with a B2-fold
higher LD50 than that of KOS (Table 2). In
contrast, the double mutant, PKG7, which is
severely impaired for ganglionic replication and
reactivation from latency (Jacobson et al., 1995),
was also severely attenuated for neurovirulence
with an LD50 �1000-fold higher than that of
KOS and KG111 and �30-fold higher than
that of its pol mutant parent, PAAr5 (E. Pelosi,
F. Rozenberg, D.M. Coen, unpublished results).
This is consistent with pol and tk mutations act-
ing synergistically to attenuate neurovirulence, in
accordance with previous results (Field and
Darby, 1980; Darby et al., 1984; Jacobson et al.,
1995).

3.3. Beha6ior of pol mutants following corneal
inoculation

Very few pol mutants have been examined for
their replication and reactivation following
corneal inoculation and there is little information
regarding the replication of such mutants in the
PNS following inoculation by any route. One
mutant that we previously examined, PAAr5, ex-
hibited little attenuation following corneal inocu-

Table 4
Ganglionic replication and reactivation following corneal inoc-
ulation

Virus Acute replicationa Reactivationb

GangliaEyes

3.591.2 4.790.3 8/8KOS
12/122.490.6PFAr5 3.690.3
9/123.090.5PFAr2 1.991.0
5/101.190.7AraAr13 3.390.7

3.490.7 4.090.9 10/10A13Aph+K/b
9/93.191.33.990.1A13Aph+X/c

a Log mean titers9 log standard deviations of virus in eye-
swabs and ganglionic homogenates measured at 3 days post-
inoculation.
b Number of ganglia reactivating/number assayed.
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ciencies. Thus, these three mutants appear more
attenuated following corneal inoculation than
does PAAr5 (Jacobson et al., 1995). Interestingly,
PFAr5 was less attenuated for neurovirulence (5-
fold, Table 2) than was mutant PAAr5 (30-fold;
E. Pelosi, F. Rozenberg, and D.M. Coen, unpub-
lished results) despite being more attenuated fol-
lowing corneal inoculation (compare Table 2 with
Jacobson et al., 1995).

3.4. The attenuation of AraAr13 following corneal
inoculation is due to the pol mutation

Because the behaviors of these mutants follow-
ing corneal inoculation contrasted with that of
PAAr5 (Jacobson et al., 1995), we asked whether
the attenuation of the most impaired of them,
AraAr13, was due to a pol mutation. We utilized
recombinant viruses, A13Aph+K/b and
A13Aph+X/c (Table 1) in which the pol muta-
tion of AraAr13 was rescued by wild-type se-
quences that overlap within the pol gene (Chiou et
al., 1985, 1986). The only sequence difference
within this overlap between AraAr13 and KOS is
at codon 813 (Gibbs et al., 1988). The recombi-
nant viruses behaved very much like KOS follow-
ing corneal inoculation (Table 4). Thus, the
inefficient replication of AraAr13 in the PNS, is
due to its pol mutation at codon 813 (Gibbs et al.,
1988).

4. Discussion

This study brings together data regarding the
susceptibilities to antiviral drugs and the patho-
genic behaviors of a number of drug resistant
mutants. Below, we discuss possible implications
of our results for antiviral drug mechanisms, for
the relative importance of different viral functions
in the PNS vs. the CNS, and for the potential
pathogenicity of drug-resistant mutants in the
clinic.

4.1. Potential implications for mechanism of
action of PCV

The TK-partial mutant, KG111, expresses �

10% the amount of TK polypeptide expressed by
wild type virus at 34° due to an amber mutation
at codon 44 and subsequent initiation at a down-
stream initiation codon (Irmiere et al., 1989). The
resulting truncated polypeptide appears to be fully
active for thymidine kinase activity; for example,
there is �10% the thymidine anabolism in
KG111-infected cells as there is in KOS-infected
cells (Coen et al., 1989b). Based on several studies
with this and related mutants (Coen and Schaffer,
1980; Coen et al., 1980; Summers et al., 1983;
Haarr et al., 1985; Coen et al., 1989b; Irmiere et
al., 1989), we estimate that it expresses �5% the
amount of active TK polypeptide as wild type
virus at 37°. Despite that, the mutant is fully
sensitive to PCV. This argues that only �5% of
wild-type TK levels are sufficient for full PCV-
sensitivity. This result is similar to that previously
obtained with certain other nucleoside analogs
(Coen et al., 1989b) and indicates that HSV ex-
presses far more TK than is necessary to convert
PCV to phosphorylated species that inhibit viral
replication. However, we note that KG111 was
not selected for resistance to PCV. Other TK-par-
tial mutants that express �5% TK activity due,
for example, to point mutations, need not be
sensitive to PCV as such mutants might be more
affected for PCV phosphorylation than for
thymidine phosphorylation.

It is interesting that dlsptk exhibited only �20-
fold resistance to PCV. This and other TK-nega-
tive mutants exhibit higher fold-resistances to
other antiviral nucleosides such as ACV in Vero
and BHK cells (Table 1 and Coen et al., 1989b;
Larder and Darby, 1984). Similarly, another tk
deletion mutant, DM2.1 (Efstathiou et al., 1989),
exhibited �50-fold resistance to PCV but �300-
fold resistance to ACV in human foreskin fibrob-
lasts (Boyd et al., 1993). If, as we have previously
argued (Chiou et al., 1995; Coen, 1996a,b), the
maximum degree of resistance to a drug conferred
by a mutation is a measure of how important the
gene product is for drug selectivity, then the lower
degree of resistance to PCV exhibited by tk null
mutants suggests lower selectivity of activation of
PCV by HSV TK. This would be consistent with
the higher amounts of PCV triphosphate than
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ACV triphosphate found in uninfected human
cells and the greater phosphorylation of PCV
than ACV by mitochondrial deoxyguanosine ki-
nase (Lowe et al., 1995). Whether this is true in
Vero cells is not known. A thorough comparison
of drug phosphorylation and drug susceptibilities
in various cells infected with wild type and tk null
mutants would help test these ideas.

In this study, we identified pol mutants PFAr5
and F891C as 3- to 4-fold resistant to PCV. Thus,
there are now ten pol mutants that have exhibited
PCV-resistance, all modestly (Boyd et al., 1993;
Chiou et al., 1995; Ertl et al., 1995). If one accepts
the argument above regarding maximum degree
of resistance and selectivity, than these added data
bolster the contention that inhibition of HSV Pol
by PCV-TP is not very selective (Hannah et al.,
1989; Chiou et al., 1995). It still remains possible,
however, that a pol mutation that confers high
resistance to PCV could be identified; perhaps this
would require selection for resistance to PCV. We
also observed that the double mutant, PKG7, is 3-
to 4-fold resistant to PCV consistent with the
behavior of its parents, PAAr5, which is �3-fold
resistant (Chiou et al., 1995) and KG111, which is
sensitive. We note that if PKG7 had been ana-
lyzed solely by a TK assay it might be incorrectly
assumed that its resistance to PCV was due to a
tk mutation rather than to a pol mutation. This
emphasizes the value of genetic as well as bio-
chemical analyses of drug-resistant mutants.

4.2. Pathogenicity of tk mutants

In neurovirulence studies in 3-week or older
mice, mutants described as TK− (based on en-
zyme or drug resistance assays) have been highly
attenuated with LD50s 104 to \105 higher than
those of their corresponding wild-type strains and
absolute LD50 values reaching \106 (Field and
Wildy, 1978; Field and Darby, 1980; Darby et al.,
1981; Tenser, 1983; Chrisp et al., 1989; Suzutani
et al., 1995). In contrast, dlsptk, which is TK−

due to a large deletion mutation, was only �20-
fold attenuated with an absolute LD50 value of
4×105 (Table 2). It is exceedingly unlikely that
this was due to reversion or to the presence of
contaminating wild type virus as the mutation is a

large deletion and no contaminating virus has
been detected in other mouse experiments (e.g.
reactivation from latency) or by plaque autora-
diography (E. Pelosi, J.G. Jacobson, M.F.
Kramer, S.-H. Chen, D.M. Coen., unpublished
results). The earlier mutants may have exhibited
greater fold-attenuation relative to their wild-type
parents because the particular wild-type virus may
be more neurovirulent in the particular mice used
(e.g. strain SC16 in 3-week old Balb/c mice).
However, it is difficult to ascribe the higher abso-
lute LD50 values of some of these tk mutants to
such strain differences. An alternative explanation
is the presence of additional mutations in these tk
mutants.

Certain TK-partial mutants have been tested
for neurovirulence in mice and have shown some
attenuation (Field and Darby, 1980; Darby et al.,
1984). We have shown here that KG111 is essen-
tially fully neurovirulent following i.c. inoculation
(Table 2), much as it was not detectably impaired
for PNS replication or reactivation following
corneal inoculation (Coen et al., 1989b; Jacobson
et al., 1995). Although it is possible that it would
exhibit greater attenuation relative to wild type in
a more susceptible host and/or if the tk mutation
were placed in a more virulent viral background,
KG111 appears to be the least attenuated ACVr

mutant tested to date following either corneal or
i.c. inoculation of mice.

4.3. Pathogenicity of pol mutants

We found that most pol mutants exhibited
meaningful attenuation of neurovirulence follow-
ing i.c. inoculation of 7-week old CD1 mice (Ta-
bles 2 and 3) and that the degrees of attenuation
varied substantially. These results are consistent
with previous studies in four week Balb/c mice
(Darby et al., 1984; Field and Coen, 1986; Field
and Darby, 1980). About 14 known or putative
pol mutants have previously been assessed for
pathogenicity following inoculation in the skin of
mice, although not directly for ganglionic replica-
tion (Darby et al., 1984; Field and Coen, 1986;
Field and Darby, 1980; Klein and Friedman-
Kien, 1975; Klein et al., 1981; Larder and Darby,
1985; Larder et al., 1986). Of these, only one,
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RSC-26, exhibited any substantial defect, evi-
dently due to the pol mutation (Darby et al., 1984;
Larder et al., 1986). [Interestingly, by this route,
TK− mutants are substantially impaired (Efs-
tathiou et al., 1989)]. Following corneal inocula-
tion, the three pol mutants examined here were
substantially defective for ganglionic replication
(Table 4). For mutant AraAr13, this defect is
clearly due to the pol mutation (Table 2). In other
studies, we have found that while pol mutant
PAAr5 exhibited little impairment in ganglionic
replication (Jacobson et al., 1995) another pol
mutant, 615.8, did, similar to the mutants studied
here (E. Pelosi, D.M. Coen, unpublished results).
Our data do not allow us to distinguish whether
the defects in ganglionic replication manifested by
AraAr13 are a consequence of somewhat less effi-
cient primary replication in the cornea or whether
they are due to a specific requirement for certain
aspects of Pol function in the PNS or both.
Interestingly, pol sequences might be responsible
for the different abilities of certain HSV strains to
replicate in the eye and trigeminal ganglia follow-
ing corneal inoculation (Day et al., 1988; Lausch
et al., 1990).

It is interesting to compare the neurovirulence
phenotypes of pol and tk mutants with their abili-
ties to replicate acutely in ganglia. There was a
good correlation between ganglionic replication in
the PNS with neurovirulence in the CNS for the
three pol mutants that were tested for both pheno-
types. However, pol mutants, AraAr13 and PFAr2
were more attenuated for neurovirulence than the
TK− mutant, dlsptk (Table 3), yet were more
competent for ganglionic replication and reactiva-
tion following corneal inoculation in ganglia
(compare Table 4 and Coen et al., 1989c). This
suggests that there are different requirements for
TK and Pol in the PNS versus the CNS.

4.4. Potential implications for clinical
drug-resistance

The emergence of HSV mutants that are resis-
tant to antiviral drugs is an increasing problem,
particularly in patients with AIDS (reviewed in
Safrin, 1996). Although the mutants we have
studied are laboratory isolates, studies of such

mutants can presage results of clinical studies.
Indeed, several mutations found in clinical iso-
lates have been identified earlier in laboratory-
derived mutants (Collins et al., 1989; Nugier et
al., 1991; Sasadeusz et al., 1997). Correlation of
the drug susceptibility and pathogenesis pheno-
types of laboratory mutants with the behavior of
similar mutants in patients should be valuable for
understanding clinical drug-resistance. We think it
is quite possible that some of the mutations stud-
ied here—especially those that retain substantial
pathogenicity—will arise in patient isolates and
that the data reported here may be useful in
understanding the clinical course of any such
patients.

All but one of the mutants we studied exhibited
]4-fold resistance to ACV with ED50s \2 mg/ml
(\10 mM). All but one of the pol mutants we
studied exhibited \4-fold resistance to PFA with
ED50s \100 mg/ml. These degrees of resistance
are predictive of poor clinical response to these
drugs (Safrin et al., 1994a). It is not yet known
what degree of resistance to PCV is clinically
relevant. However, given that only �4-fold resis-
tance appears to be clinically relevant for ACV
and PFA (Safrin et al., 1994a), it seems quite
possible that the resistance to PCV of several pol
mutants we studied could be clinically relevant,
too.

Nevertheless, a mutant that causes clinical drug
resistance must both evade drug therapy and re-
tain pathogenicity. The mutants that we have
studied vary widely in their behaviors in the two
assays of pathogenicity in mice that we used. If
these assays in mice are predictive for pathogenic-
ity in humans, then one might expect that those
mutants that were most attenuated (e.g. AraAr13)
would be less likely to be associated with severe
drug-resistant disease. On the other hand, those
that were least attenuated might be expected to be
most problematic. In this regard it is interesting
that several PFAr mutants from patients who
exhibited a poor clinical response to PFA have
exhibited relatively low ED50s for ACV (Safrin et
al., 1994b) similar to the KOS-derived mutant,
PFAr1 (Table 1), which was not severely attenu-
ated (Table 3). It will be interesting to see whether
the pol mutations of PFAr clinical isolates resem-
ble those of laboratory-isolated PFAr mutants.
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Of particular interest for clinical resistance to
ACV is mutant KG111. This virus exhibits wild-
type replication and reactivation from latency fol-
lowing corneal inoculation (Coen et al., 1989b;
Jacobson et al., 1995) and wild-type neuroviru-
lence (Table 2). It exhibits TK activity as low as
or lower than several clinical ACVr isolates that
have been reported (Erlich et al., 1989; Nugier et
al., 1991; Kost et al., 1993). It will be interesting
to see if a similar mutant is found associated with
ACV-resistant disease. Although most clinical
ACVr mutants have been cross-resistant to penci-
clovir, should a mutant like KG111 arise in a
patient, it may be possible to treat it with penci-
clovir or its prodrug, famciclovir.
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