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We investigated thymidine kinase (tk) mutants isolated during
multiple episodes of recurrent bilateral acyclovir resistant
herpes simplex keratitis in an immunocompetent patient.
From one eye, we found a single guanine insertion, previously
shown to greatly reduce TK expression, and from the other, a
previously unidentified substitution, which genetic experi-
ments confirmed confers drug resistance. The substitution, al-
though distant from substrate binding sites, reduced
thymidine phosphorylation 10–20-fold, and acyclovir phos-
phorylation >100-fold. This phenotype should permit reacti-
vation from latency to cause recurrent disease. The results
may have implications for the prevalence and prevention of
acyclovir resistance in patients with herpes simplex keratitis.
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Herpes simplex virus (HSV) causes a variety of diseases includ-
ing the recurrent ulceration, inflammation, and scarring of the
cornea known as herpes simplex keratitis, which is a major
cause of blindness worldwide [1]. Providing the virus is suscep-
tible, treatment with topical antiviral agents such as acyclovir
(ACV) hastens resolution and improves outcome. Prophylaxis
with oral ACV reduces the risk of recurrent disease [2]. An

important limitation of ACV therapy, however, is ACV resis-
tance (ACVr), which is generally considered to be much more
important in immunocompromised patients than in immuno-
competent hosts where ACVr isolates are rare and only weakly
associated with treatment failures (reviewed in [3]).

Overall, 95% of clinical isolates exhibiting ACVr contain mu-
tations in the viral thymidine kinase (tk) gene, which encodes
the enzyme (TK) that phosphorylates the drug thereby activat-
ing it [3]. ACVr tk mutants are usually cross-resistant to other
drugs that depend on TK for activation, so when a patient fails
to respond to ACV, drugs such as topical foscarnet (FOS),
which inhibits the viral DNA polymerase directly, are adminis-
tered. ACVr tk mutants can totally lack TK activity (TK nega-
tive), have substantially reduced TK activity (TK low), or have
TK that phosphorylates thymidine relatively efficiently, but not
ACV (TK altered) [3]. Half of ACVr tk mutations are additions
and deletions of nucleotides, frequently in runs of guanines
and cytosines, and half are substitutions [3]. Substitution muta-
tions in tk usually alter conserved regions including an ATP-
binding site and a nucleoside binding site [3].

Differences among TK mutants affect viral pathogenesis. Al-
though TK is dispensable for replication in cell culture or pe-
ripheral tissues, it is crucial for replication in neurons and
essential for reactivation of well-studied HSV-1 strains from
latency in mouse models (reviewed in [4]). To retain pathoge-
nicity while evading drug action, different ACVr mutants use
different strategies [4]. For example, the most clinically
common ACVr mutant, termed G7 + 1G (an insertion of a G
into a run of 7 guanines between nucleotides 430 and 437), ex-
presses approximately 0.1% of the level of TK expressed by
wild-type (WT) virus by ribosomal frameshifting [5]. These
amounts are biologically relevant, because they permit some re-
activation from latency in mouse ganglia [6]. TK altered viruses
exhibit pathogenicities that are similar to or only slightly lower
than that of WT in mouse models, and at least one such
mutant was associated with ACVr genital herpes in an immu-
nocompetent host (reviewed in [7]).

Here we report on an immunocompetent patient who suf-
fered from recurrent bilateral herpes simplex keratitis despite
years of antiviral treatment, and the ACVr mutants responsible
for his disease.

MATERIALS ANDMETHODS

Materials and Methods are described in Supplementary Materi-
al online.
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RESULTS

Virus Genotypes
A history of an immunocompetent patient with recurrent bilat-
eral herpes simplex keratitis is summarized in Figure 1A and is
detailed in Supplementary Material online. Eye images from se-
lected eposides are shown in Supplementary Figure 1. HSV-1
was isolated from the right eye in June 2008 prior to successful
topical ACV therapy (C08R), April 2010 (C10aR), November
2010 (C10cR), November 2011 (C11dR), and February 2012
(C12aR and C12bR), and from the left eye in April 2010 (same
episode as C10aR; C10bL), March 2011 (C11aL), September
2011 (C11bL), and October 2011 (C11cL). The tk genes from
the isolates were amplified by PCR and sequenced. The C08R
tk gene (GenBank accession no. KC881055) differed from all
393 other HSV-1 tk sequences in the National Center for Bio-
technology Information (NCBI) database. It differed from the
reference HSV-1 KOS strain tk gene by 15 nucleotides. C08R
was susceptible to ACV, with a dose that reduced plaque forma-
tion by 50% (ED50) similar to that of KOS (Table 1, Figure 1B).
Thus, the differences with KOS are TK polymorphisms, and
C08R serves as the WT strain for this set of isolates.

Compared to C08R, the tk sequences of isolates C10aR,
C12aR, and C12bR from the right eye contained the aforemen-
tioned common single mutation, the nucleotide insertion,
G7 + 1G. In contrast, the tk sequences of C10bL, C11bL, and
C11cL from the left eye, contained a single point mutation,
T611G, resulting in a valine to glycine substitution at amino
acid residue 204 (V204G), which, to our knowledge, has never
been reported (GenBank accession no. KC881056). The re-
maining 3 isolates, C10cR, C11aL, and C11dR, had the same tk
sequence as C08R (but see below).

Drug Susceptibilities
Five isolates, C08R, C10aR, C10cR, C10bL, and C11cL, gave
rise to amplifiable virus. In plaque reduction assays, C10cR was
inhibited as potently by ACV as C08R and WT reference strain
KOS, with an ED50 < 1 µM (but see below), whereas isolate
C10aR with the G7 + 1G mutation and isolate C10bL with the
V204G mutation had ED50 values 50–100-fold higher
(Figure 1B, Table 1). All 5 clinical isolates tested were suscepti-
ble to FOS, consistent with the apparent efficacy of FOS in
treating the patient’s disease, and exhibited approximately 2-
fold differences in ED50 for TFT (Table 1).

Interestingly, C10cR showed a higher proportion of plaques
at concentrations of 1–20 µM ACV than the 2 WT viruses
(Figure 1B). We therefore assayed the replication of C08R and
C10cR in different concentrations of ACV following infection
at a low multiplicity of infection (MOI) (Figure 1C). In the
absence of the drug, the 2 viruses grew similarly, but in the
presence of 5 µM or 20 µM ACV, C10cR replicated to titers
that were 1–2 orders of magnitude higher than those of C08R

at 24–72 hours postinfection, consistent with C10cR containing
a larger subpopulation of ACVr mutants than C08R.

Engineering V204G
We engineered the V204G substitution into the KOS strain.
The resulting mutant virus, V204G-KOS, had an ACV ED50

50- to 100-fold higher than that of KOS (Table 1) and similar
to that of TKG7 + 1G, a previously constructed KOS mutant
containing the G7 + 1G mutation (TKG7 + 1G) [6]. Thus, the
V204G mutation confers ACVr.

TK Activities
We performed 3H thymidine plaque autoradiography, in which
TK activities in infected cells are reflected by the intensities of the
autoradiographic signals over the plaques (Figure 1D). The
plaques from isolates C08R and C10cR, which are predominantly
ACV sensitive, gave slightly weaker signals than those from KOS,
which is likely due to their forming smaller plaques than KOS.
Consistent with this, C10aR, which contains the G7 + 1G muta-
tion showed no signal even though TKG7 + 1G’s signal was low
but detectable (Figure 1D). Interestingly, for both the clinical strain
and the KOS strain, the V204G mutants showed signals only
slightly weaker than those of their correspondingWT viruses.

Viruses that exhibit as little as 5%–10% TK expression can give
strong plaque autoradiographic signals [8]. We therefore per-
formed TK enzyme assays. In these assays, the rates of phosphor-
ylation of thymidine by extracts of cells infected with C10bL,
which contains the V204G mutation, and V204G-KOS were 7%
and 5% those of cells infected with C08R and KOS, respectively
(Table 1). The rates of thymidine phosphorylation by extracts of
cells infected with C10aR and TKG7 + 1G were no greater than
those in extracts of mock-infected cells, <0.3% of KOS, consistent
with the TKG7 + 1G mutant expressing approximately 0.1% as
much TK protein as KOS [5].We then measured ACV phosphor-
ylation activities using the enzyme assay. Extracts of cells infected
with KOS and C08R phosphorylated ACV similarly (Table 1).
However, ACV phosphorylation from extracts of cells infected
with the G7 + 1G or V204G mutants of either strain was not
detected above that of extracts of mock-infected cells (approxi-
mately 1% of WT-infected cells). We could detect ACV phos-
phorylation in extracts from mock-infected cells spiked with 1%
vol/vol with extracts from cells infected with either WT virus (not
shown). These results indicate that the ACV phosphorylation ac-
tivities of V204G and C10bL are, conservatively, <1% those of
their respective WT strains (Table 1). Thus, the V204G mutation
not only reduced TK’s enzyme activity but also altered its sub-
strate specificity to drastically reduce drug activation.

DISCUSSION

We have characterized ACVr and ACV susceptible HSV-1
isolates obtained over the course of 4 years from an
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Figure 1. Characterization of isolates from the patient. A, Time lines of disease and drug treatment for the right eye (top) and the left eye (bottom). Each
vertical bar represents an episode, with the length of the bar indicating the healing time following administration of different topical drugs (as indicated in
the key to the right of the panels). The topical antivirals were discontinued within a week following healing of the ulcer except for the June 2008 episode
when the topical (Oc.) ACV was tapered over a 2-month period as indicated by the arrow. The horizontal line between the 2 panels indicates the regimen
of systemic oral ACV with the thin line representing 400 mg BD and the short thicker vertical line representing 800 mg 5 times a day for 10 days. Isolate
names are labeled above or next to the bars for the episodes whose isolates were obtained. Tk genotypes of the isolates are shown below isolate names
in parentheses, with WT meaning the sequence of the C08R isolate. C08R differs from KOS in tk by 6 silent nucleotide changes (A528G, C672T, T694C,
G723A, T915C, C1053T) and 9 amino acid changes (C6G, R41H, Q89R, A192V, G251V, V267L, P268T, D286E, N376H). C12aR and C12bR were obtained 7
days separate from each other in the same episode. B, Plaque reduction assay showing ACV susceptibilities of the clinical isolates. Plaque counts are nor-
malized to the non-drug control. The symbols representing the viruses are indicated to the right of the panel. C, Replication kinetics of C08R and C10cR in
Vero cells in the presence or absence of ACV (MOI = 0.02). Solid lines represent C08R, and dashed lines represent C10cR. The symbols representing differ-
ent ACV concentrations are indicated to the right of the panel. D, Plaque autoradiography showing in situ thymidine phosphorylation activities of plaques.
The virus names are below each autoradiograph. Abbreviations: ACV, acyclovir; MOI, multiplicity of infection; WT, wild type.
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immunocompetent patient with bilateral herpetic eye disease.
Recurrences associated with ACVr virus usually healed more
slowly with ACV therapy than did those with ACV susceptible
virus. Based on our results, we infer that the same ACV suscep-
tible virus infected both eyes, established latency in each of the
trigeminal ganglia innervating the eyes, and that the 2 ACVr

mutants evolved separately. This differs from what was ob-
served in a recent analysis of autopsy specimens from 5 individ-
uals where the same major ACVr tk variant was found in both
ganglia from each individual [9]. ACVr emerged after suppres-
sive oral ACV prophylaxis for nearly 2 years. Although this is
standard practice based on a clinical trial, the dose used often
does not suppress recurrences of HSV eye disease [2]. We spec-
ulate that this contributed to the emergence of resistance.

Some isolates contained mainly WT virus, even in the face of
prophylactic ACV. This is consistent with the results of a survey
of sequential isolates from cases of herpetic keratitis [10]. Such
recurrences of WT virus could be due to insufficient concentra-
tions of ACV in infected tissue or to the presence of subpopula-
tions of ACVr virus that can complement WT virus for drug
resistance and pathogenesis [7]. Indeed, isolate C10cR appeared
to include such an ACVr subpopulation. Analyses of autopsy
specimens have shown the coexistence of tk mutant and WT
viral genomes in individual human trigeminal ganglia [9].

The residual thymidine phosphorylation of the V204G
mutant (5%–10%) should permit considerable viral pathoge-
nicity, as a mutant with similar thymidine phosphorylation, ex-
hibits a WT phenotype for acute and latent infections in a
mouse model [11]. Indeed, even viruses expressing vastly less
TK can reactivate from latency in mouse ganglia, albeit ineffi-
ciently [5, 6, 8].

In the crystal structure of HSV-1 TK, the V204 residue is sit-
uated within a β-strand distant from the nucleoside binding
site, the ATP binding site or the dimer interface [12] (Supple-
mentary Figure 2A). Val204 makes van der Waals contacts
with Val52, Leu327, and Met347, respectively (Supplementary
Figure 2B). A Gly204 residue would lose these contacts and

might render the β-strand more labile. Therefore, the mutation
may affect the overall integrity and/or the dynamics of the
enzyme, explaining V204G’s reduced thymidine phosphoryla-
tion activity. Notably, the crystal structures of TK in complex
with ACV and TK in complex with thymidine show that fewer
contacts are made between the enzyme and ACV than with
thymidine [12]. We therefore hypothesize that perturbations
brought about by the mutation might affect ACV phosphoryla-
tion much more than thymidine phosphorylation because thy-
midine’s multiple interactions with the enzyme could still
permit productive binding.

ACVr HSV has rarely been isolated from immunocompetent
patients and has even more rarely been associated with ACVr

disease [3]. It is plausible that the V204G mutant retains
enough pathogenicity to cause recurrent disease in an immuno-
competent setting but is considerably less plausible for the
G7 + 1G mutant, which expresses very low levels of TK [5] and
reactivates from latency only weakly in animal models of HSV
disease [6]. Perhaps these viruses contain alleles in other genes
that compensate for the loss of TK (reviewed in [4]).

A final possibility is that ACVr virus is much more likely to
cause recurrent corneal disease than other diseases such as
herpes labialis or herpes genitalis, on which most previous
studies of the prevalence of ACVr in immunocompetent individ-
uals have focused [3]. This possibility is supported by a variety of
case reports [3, 13, 14] and a 2010 study that indicated a high
prevalence (6.4%) of ACVr herpes simplex keratitis in seemingly
otherwise healthy patients [15]. The authors’ hypothesis that re-
current ACVr disease is facilitated by the immune-privileged
status of the cornea deserves strong consideration.

FOS and other currently approved drugs that are active
against most ACVr mutants have major limitations in terms of
toxicities and pharmacokinetic liabilities that prevent their pro-
phylactic use, and are not active against all ACVr mutants [3].
Especially if ACVr corneal disease is much more common than
previously appreciated, new antiviral anti-HSV drugs are
needed.

Table 1. Drug Susceptibility and TK Activity Assays of the Clinical Isolates and the Laboratory Engineered Virusesa

Viruses C08R C10aR C10bL C10cR KOS TKG7 + 1G V204G-KOS

ED50 ACV (µM)b 0.39 ± 0.06 41 ± 5 25 ± 6 0.6 ± 0.1 0.40 ± 0.07 70 ± 20 50 ± 10

ED50 foscarnet (µM) 200 ± 40 180 ± 20 220 ± 40 140 ± 40 350 ± 50 n.d. n.d.
ED50 TFT (µM) 2.0 ± 0.2 4.2 ± 0.8 4.0 ± 0.7 1.9 ± 0.1 3.5 ± 0.7 n.d. n.d.

Relative thymidine phosphorylation activityc 140 ± 10 <0.3 10.3 ± 1.4 n.d. 100 <0.3 4.7 ± 0.6

Relative ACV phosphorylation activity 73 ± 3 <1 <1 n.d. 100 <1 <1

Abbreviations: ACV, acyclovir; n.d., no data; TFT, trifluorothymidine.
a Each value was obtained by 2 to 3 independent experiments with duplicates for each experiment. Mean values ± standard deviations are shown.
b ED50 values were obtained by fitting the normalized plaque reduction curves with the following equation in the program Prism: y =Max/(1 + (x/ED)50

−Hillslope).
c Reaction rates were calculated from the initial slopes plotting production of phosphorylated thymidine or ACV as a function of enzyme reaction time, and
normalized to the values for KOS.
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