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The availability of adequate treatments for poxvirus infections would be valuable not only for human use but also for veterinary
use. In the search for novel antiviral agents, a 1=-methyl-substituted 4=-thiothymidine nucleoside, designated KAY-2-41,
emerged as an efficient inhibitor of poxviruses. In vitro, KAY-2-41 was active in the micromolar range against orthopoxviruses
(OPVs) and against the parapoxvirus orf. The compound preserved its antiviral potency against OPVs resistant to the reference
molecule cidofovir. KAY-2-41 had no noticeable toxicity on confluent monolayers, but a cytostatic effect was seen on growing
cells. Genotyping of vaccinia virus (VACV), cowpox virus, and camelpox virus selected for resistance to KAY-2-41 revealed a nu-
cleotide deletion(s) close to the ATP binding site or a nucleotide substitution close to the substrate binding site in the viral
thymidine kinase (TK; J2R) gene. These mutations resulted in low levels of resistance to KAY-2-41 ranging from 2.7- to 6.0-fold
and cross-resistance to 5-bromo-2=-deoxyuridine (5-BrdU) but not to cidofovir. The antiviral effect of KAY-2-41 relied, at least
in part, on activation (phosphorylation) by the viral TK, as shown through enzymatic assays. The compound protected animals
from disease and mortality after a lethal challenge with VACV, reduced viral loads in the serum, and abolished virus replication
in tissues. In conclusion, KAY-2-41 is a promising nucleoside analogue for the treatment of poxvirus-induced diseases. Our find-
ings warrant the evaluation of additional 1=-carbon-substituted 4=-thiothymidine derivatives as broad-spectrum antiviral
agents, since this molecule also showed antiviral potency against herpes simplex virus 1 in earlier studies.

Poxviruses are large double-stranded DNA viruses. Over the
few last years, zoonotic orthopoxvirus (OPV) outbreaks have

been widely reported, and they involved cowpox virus (CPXV),
vaccinia virus (VACV), buffalopox virus, and monkeypox virus
in, respectively, European countries (1), Brazil (2), India (3), and
the Democratic Republic of the Congo (4). Also, orf disease,
caused by the parapoxvirus orf, is a zoonosis that can be transmit-
ted to humans by contact with infected ruminants (5, 6). Poxvi-
ruses also include the virus molluscum contagiosum, an obligate
human pathogen which generally causes benign infections (7, 8).
With the exception of monkeypox, which leads to generalized
clinical symptoms with a life-threatening outcome, cowpox, vac-
cinia, orf, and molluscum contagiosum diseases are usually local-
ized and self-limited in immunocompetent individuals. Clinical
presentation can, however, be more severe when the immune sta-
tus of the patient is impaired (9–12).

The access to antiviral therapies may be critical to manage such
infections. There is so far no FDA- or EMA-approved drug for the
treatment of poxvirus-induced diseases. Three compounds are,
however, promising and have received investigational new drug
status (IND) for emergency use. Among them, cidofovir {(S)-1-
[3-hydroxy-2-(phosphonomethoxy)propyl]cytosine [(S)-HPMPC];
Vistide} and its prodrug, CMX001 [hexadecyloxypropyl-(S)-
HPMPC (HDP-cidofovir)], are acyclic nucleoside phosphonates
(ANPs). They are broad-spectrum antiviral molecules inhibiting
poxviruses at the level of viral DNA replication by interacting with the
viral DNA polymerase (E9L) (13, 14). Various studies have demon-
strated their potency in inhibiting virus replication and resolving
OPV-associated diseases (13–16). Cidofovir requires intravenous ad-
ministration and can be nephrotoxic (13), whereas CMX001, which
may be taken orally, displays some gastrointestinal toxicity (17, 18).

Other ANPs containing a 2,4-diaminopyrimidine base moiety
{(R)-9-[3-hydroxy-2-(phosphonomethoxy)propoxy]-2,4-
diaminopyrimidine [(R)-HPMPO-DAPy]} or a 5-azacytosine base
moiety {1-(S)-[3-hydroxy-2-(phosphonomethoxy)propyl]-5-
azacytosine [(S)-HPMP-5-azaC]} appear to be promising for further
antiviral development on the basis of their anti-OPV activities in in-
fected cells and in animal models of poxvirus infections (19, 20).
4-Trifluoromethyl-N-(3,3a,4,4a,5,5a,6,6a-octahydro-1,3-dioxo-
4,6-ethenocycloprop[f]isoindol-2(1H)-yl)-benzamide (ST-246) is
an OPV-specific inhibitor with a distinct mode of action that targets
the viral protein F13L and, as a consequence, inhibits the egress of the
virus from cells (21, 22). Orally active, this compound has undergone
phase 2 clinical development to assess safety, tolerability, and phar-
macokinetics (23).

Nucleoside analogues are also extensively studied as therapeu-
tic agents against the proliferation of cancer cells, against virus
replication, and, recently, also against bacterial infections (24).
Among them, the 2=-deoxy-4=-thiopyrimidine nucleosides have
been reported to be inhibitors of some herpesviruses, and they are
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listed in Table 1 (25, 26). In particular, 4=-thiothymidine was ac-
tive against herpes simplex virus 1 (HSV-1) and human cytomeg-
alovirus (HCMV) (25), but its inhibitory activity against VACV
was masked by its cytostatic effect (27). In 2003, a series of 5-sub-
stituted 2=-deoxy-4=-thiopyrimidine nucleosides was also shown
to retain good antiviral activity against some herpesviruses, with
the 2=-deoxy-5-ethyl-4=-thiouridine derivative being the most po-
tent against alphaherpesviruses (28). The antiviral efficacy of
5-substituted 4=-thiopyrimidine against alphaherpesviruses and
OPVs was reported in two studies (27, 29). The compound
5-iodo-4=-thio-2=-deoxyuridine (4=-thioIDU) inhibited both
VACV and CPXV replication at concentrations in the nanomolar
range (27).

The inhibitory activity of such molecules may rely on an initial
activation step by a nucleoside kinase, such as thymidine kinase
(TK), which can be of cellular or viral origin. Herpesviruses en-
code a type I TK, active as a homodimer, whereas OPVs encode a
type II TK (the J2R gene in VACV strain Copenhagen [VACV-
Cop]) that is (i) active as a homotetramer and (ii) homologous to
the cellular cytosolic TK (human cytosolic thymidine kinase
[hTK1]). These enzymes differ significantly in their substrate
specificities, ranging from broad for type I TK to narrow for type II
TK, with only thymidine, 2=-deoxyuridine, and closely related an-
alogues being preferentially phosphorylated (30, 31). OPVs also

encode a thymidylate kinase (TMPK; A48R gene) preferentially
involved in the phosphorylation of the monophosphate form of
thymidine to its diphosphate form (32, 33).

Therapeutic agents with novel modes of action, potent and
broad antiviral activity, and good pharmacokinetic properties are
still needed to enlarge the pipeline of antipoxvirus agents and to
mitigate the hazard of drug resistance. In 2004, a series of 1=-
carbon-substituted 4=-thiothymidines was synthesized (34), and
some molecules exhibiting inhibitory activity against HSV-1 rep-
lication (Table 1) were also evaluated in preliminary assays for
their activity against poxviruses (our unpublished data). One par-
ticularly active compound, 1-(2-deoxy-1-methyl-4-thio-�-D-
ribofuranosyl)thymine (KAY-2-41) (Fig. 1), has now been further
studied, and we describe herein the antiviral efficacy of this 4=-
thiothymidine derivative against poxvirus replication in cell cul-
ture and the benefit of KAY-2-41 treatment in a VACV lethal
mouse model. The antiviral activity of KAY-2-41 against ANP-
resistant OPVs and the genotypic characterization of three OPVs
selected for resistance to KAY-2-41 enabled us to investigate its
mode of action.

MATERIALS AND METHODS
Cells. Human embryonic lung (HEL) fibroblast cells were grown in Ear-
le’s minimum essential medium (Earle’s MEM; Life Technologies, Merel-

TABLE 1 Overview of 2=-deoxy-4=-thiopyrimidine compounds synthesized since 1991 and evaluated as potential antiviral agents

Compound family Compound Antiviral activity (EC50 [�M])a IC50 (�M)b CC50 (�M)b,c Reference(s)

2=-Deoxy-4=-thiopyrimidine 4=-Thiothymidine Activity against HSV-1 (0.8) and HCMV (21) �32 (MRC5 cells) 2.0 (MRC5 cells) 25
2=-Deoxy-4=-thiocytidine No activity against HSV-1 or HCMV 1.2 (L1210 cells)
2=-Deoxy-4=-thiouridine No activity against HSV-1 or HCMV 2.7 (L1210 cells)

2=-Deoxy-4=-thionucleoside 4=-Thiothymidine Activity against alphaherpesviruses (HSV-1,
0.37; HSV-2, 2.3; VZV, 10) and HCMV
(0.98)

7.1 (Vero cells) 26

3=-Azido-4=-thiothymidine No activity against alphaherpesviruses
(�100)

�100 (Vero cells)

(E)-5-(2-Bromovinyl)-4=-thio-2=-
deoxyuridine (4=-S-BVDU)

Activity against alphaherpesviruses (HSV-1,
0.6; HSV-2, 10; VZV, 0.08)

�500 (Vero cells)

5-Substituted-2=-deoxy-4=-
thiopyrimidine

2=-Deoxy-5-ethyl-4=-thiouridine Activity against alphaherpesviruses (HSV-1,
0.33; HSV-2, 3.5; VZV, 0.99); no activity
against HCMV (138)

�500 (Vero cells) 28

Other 5-substituted derivatives, including
5-propyl, 5-isopropyl, 5-cyclopropyl,
and 5-(2-chloroethyl) derivatives and
the molecule 4=-thio-5-vinyluridine

Active against HSV-1 (range, 0.15 to 6.8) and
VZV (range, 0.3 to 4.1)

Range, �100 to
�500 (Vero cells)

1=-Carbon-substituted 2=-
deoxy-4=-
thiothymidine

4=-Thiothymidine Activity against HSV-1 (0.031) 34 (HEL cells) 34
1-(2-Deoxy-1-methyl-4-thio-�-D-

ribofuranosyl)thymine (KAY-2-41)
Activity against HSV-1 (14.7); no activity

against HIV-1 (�34.1)
319 (HEL cells)

Other derivatives of 1=-carbon-
substituted 4=-thiothymidine

No activity against HSV-1 (�74) or HIV-1
(�95.1)

�367 (HEL cells)

5-Substituted-2=-deoxy-4=-
thiopyrimidine

1-(2-Deoxy-4-thio-beta-D-
ribofuranosyl)-5-iodouracil
(4=-thioIDU)

Activity against VACV-Cop (0.5), CPXV-BR
(0.1), alphaherpesviruses (HSV-1, 0.08;
HSV-2, 0.45; VZV, 2), and HCMV (5.9);
no activity against HHV-6 (�100), EBV
(�0.16), or HHV-8 (�4)

�100 (HFF cells) 3.0 (HFF cells) 27, 29

4=-Thiothymidine Activity against VACV-Cop (0.03) and
CPXV-BR (0.02)

�100 (HFF cells) �0.03 (HFF cells)

Other derivatives of 5-substituted-2=-
deoxy-4=-thiopyrimidine

Activity against HSV-2 (range, 0.3 to 15),
VACV-Cop (range, 0.03 to 0.9), and
CPXV-BR (range, 0.02 to 1.6)

�88 (HFF cells) Ranging from �0.03
to 26 (HFF cells)

a HSV-1 and HSV-2, herpes simplex virus 1 and 2, respectively; VZV, varicella-zoster virus; HCMV, human cytomegalovirus; HHV-6, human herpesvirus 6; EBV, Epstein-Barr
virus; HHV-8, human herpesvirus 8; HIV-1, human immunodeficiency virus type 1; VACV-Cop, vaccinia virus strain Copenhagen; CPXV-BR, cowpox virus strain Brighton.
b MRC-5, human lung fibroblasts; L1210, skin lymphoblast mouse cells; Vero cells, African green monkey kidney cells; HEL, human embryonic lung fibroblasts; HFF, human
foreskin fibroblasts.
c Measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay as the inhibitory dose required to reduce the viability of the cells by 50%.
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beke, Belgium) containing 5% fetal calf serum (FCS) and supplemented as
described previously (35). Cytosolic thymidine kinase-negative human
osteosarcoma cells (H143B, ATCC CRL-8303) were grown in Dulbecco’s
modified Eagle medium (DMEM; Life Technologies) supplemented with
10% FCS. For virus infection, the percentage of FCS for all media was
reduced to 2%.

Viruses. The following virus strains were used: VACV strain Western
Reserve (VACV-WR); VACV-Cop; VACV strain Lister (VACV-Lis); two
VACV strains with a deletion of the J2R gene encoding thymidine kinase
(VACV-Cop-�TK and VACV-WR-�TK); CPXV strain Brighton (CPXV-
BR); various CPXV clinical isolates, including CPXV-AUS1999-867,
CPXV-FIN2000-MAN, CPXV-GER1980-EP4, and CPXV-GER1991-3
(for the origins of the clinical isolates, see reference 36), kindly provided
by H. Meyer (Bundeswehr Institute of Microbiology, Munich, Germany);
camelpox virus (CMLV) strain Iran (CML1) and CMLV strain Dubai
(CML14), kindly provided by H. Meyer (37, 38); the parapoxvirus orf
strain NZ2 (ORFV-NZ2); drug-resistant VACV-WR, CML1, and CML14
harboring single or double amino acid substitutions within the E9L gene
that result in resistance to cidofovir and/or (S)-1-(3-hydroxy-2-phospho-
nomethoxypropyl)-2,6-diaminopurine [(S)-HPMPDAP] (35); and
VACV-WR with deletions of both ribonucleotide reductase subunits (the
I4L large subunit and the F4L small subunit) (39).

Compounds. The sources of the compounds were as follow: KAY-
2-41 was synthesized and characterized at Showa University, Tokyo, Ja-
pan, as described in reference 34; cidofovir [(S)-HPMPC] was obtained
from Gilead Sciences (Foster City, CA); CMX001 (HDP-cidofovir), (S)-
HPMP-5-azaC, and (S)-HPMPDAP were synthesized by M. Krečmerová
(Institute of Organic Chemistry and Biochemistry, Prague, Czech Repub-
lic); (E)-5-(2-bromovinyl)-2=-deoxyuridine (BVDU) was synthesized by
P. Herdewijn (Rega Institute, Leuven, Belgium); 5-bromo-2=-deoxyuri-
dine (5-BrdU) and 3=-azido-3=-deoxythymidine (AZT) were purchased
from Sigma-Aldrich (Schnelldorf, Germany); and ST-246 was kindly pro-
vided by D. E. Hruby from SIGA Inc. (Corvallis, OR).

Antiviral and cytostatic assays. Antiviral and cytostatic assays were
performed as previously described (35). Briefly, confluent monolayers of
HEL cells (in 96-well plates) were infected at a multiplicity of infection
(MOI) of 0.01 PFU/cell for 2 h. Residual virus was removed and replaced
with medium containing serial dilutions of the test compounds (in dupli-
cate). After 2 to 3 days for VACV and CPXV or 4 to 5 days for CMLV, the
viral cytopathic effect (CPE) was recorded under microscopic examina-
tion after ethanol fixation and Giemsa staining of 96-well plates. Scores
were attributed on a scale of from 0 to 5, with a score of 0 corresponding
to no CPE and a score of 5 corresponding to a 100% CPE. The 50%
effective concentration (EC50) was defined as the concentration of a com-
pound required to reduce the viral CPE by 50%. Cytostatic concentrations
were determined as previously reported (40). HEL cells were seeded at a
density of 3.5 �103 cells/well (in 96-well plates), and serial dilutions of test
compounds were added after 1 day. Three days later, cells were washed,
trypsinized, and counted with a Beckman Coulter Counter (Analis, Suar-
lée, Belgium), and the concentration required to inhibit cell growth by
50% (the 50% cytostatic concentration [CC50]) was calculated. The min-
imum cytotoxic concentration (MCC) was also recorded on confluent cell
monolayers and was defined as the minimum cytotoxic concentration
required to alter the cell morphology.

Selection, isolation, and genotyping of viruses resistant to KAY-2-
41. The VACV-WR, CPXV-BR, and CML1 strains were repeatedly pas-
saged in HEL cells for, respectively, 30, 21, and 44 rounds in the presence
of increasing concentrations of KAY-2-41, starting at 0.2 �M. Viruses that
replicated in the presence of a final concentration of 20 �M KAY-2-41
were cultured twice more in drug-free medium. Antiviral assays were
performed to evaluate the resistance phenotypes of these viruses. Three
clones per virus strain were isolated by plaque purification and selected for
further genotyping and phenotyping. All genes cited have been named
following the nomenclature for VACV-Cop genes. Sequencing of A48R
(TMPK), E9L (viral DNA polymerase), D4R (uracil DNA glycosylase),
B1R (Ser/Thr kinase), F10L (Ser/Thr kinase), and J2R (TK) of wild-type
(WT) and drug-resistant clones was performed as follows: DNA was ex-
tracted from virus-infected HEL cells using a QIAamp DNA blood minikit
(Qiagen Benelux B.V, Venlo, Netherlands) following the manufacturer’s
instructions. The genes A48R, D4R, B1R, F10L, and J2R were PCR ampli-
fied as one amplicon, and the full-length E9L gene was amplified as five
(CMLV) or four (VACV and CPXV) overlapping amplicons using Fast-
Start high-fidelity DNA polymerase (Roche Applied Science, Mannheim,
Germany) (35). Sequencing reactions and data assembling were per-
formed as previously reported (35).

Thymidine kinase assays. The affinity of KAY-2-41 to TKs of various
origins was obtained through the measurement of the activity of purified
enzymes, including hTK1, human mitochondrial thymidine kinase
(hTK2), and VACV-WR TK (J2R). The cytotoxic concentrations, or the
50% inhibitory concentrations (IC50s), were calculated as the concentra-
tions of KAY-2-41 required to inhibit 50% of the phosphorylation of the
natural radiolabeled substrate [methyl-3H]deoxythymidine ([methyl-
3H]dThd). The assays were performed in a 50-�l reaction mixture con-
taining 50 mM Tris-HCl, pH 8.0, 2.5 mM MgCl2, 10 mM dithiothreitol,
10 mM sodium fluoride, 1 mg/ml bovine serum albumin, 2.5 mM ATP, 1
�M [methyl-3H]dThd, and enzyme. The samples were incubated at 37°C
for 30 min in the presence or absence of different concentrations (5-fold
dilutions) of KAY-2-41. Aliquots of 45 �l of the reaction mixtures were
spotted on Whatman DE-81 filter paper disks. The filters were washed
three times for 5 min each time in 1 mM ammonium formate, once for 1
min in water, and once for 5 min in ethanol. The radioactivity was deter-
mined by scintillation counting.

In vivo experiments. Animal work was approved by the KU Leuven
Ethics Committee for Animal Care and Use (permit number P044-2010).
Infections were performed while the mice were under anesthesia using
ketamine (100 mg/kg)-xylazine (10 mg/kg) in saline, and euthanasia was
done by administration of pentobarbital sodium. female NMRI mice [Rj:
NMRI(Han); Elevage-Janvier, Le-Genest-St-Isle, France] 5 weeks old
were used. All animal experimentations were completed in biosafety level
2 facilities. Groups were defined as uninfected (mock infected) or as
VACV-WR infected. After anesthesia, mice were inoculated intranasally
(i.n.) with 10 �l of phosphate-buffered saline (PBS) (uninfected) or with
10 �l of PBS containing 4,000 PFU of VACV-WR (5 �l per nostril).
Treatment was given intraperitoneally (i.p.) once daily for 5 consecutive
days, beginning 6 h after infection, at a concentration of 5 or 50 mg/kg of
body weight of KAY-2-41 dissolved in PBS. Cohorts were then monitored
for body weight, morbidity, and mortality. The reported mortality rates
included both actual mortality (approximately 40% of the infected ani-
mals) and mortality due to euthanasia of animals that lost more than 30%
of their body weight. To determine the extent of viral replication, five mice
in the VACV-WR-infected groups that received no treatment or that re-
ceived KAY-2-41 at 50 mg/kg were euthanized at day 5 postinfection
(p.i.), and serum as well as lungs, liver, spleen, kidneys, and mesenteric
lymph nodes were collected and processed as previously described (41).
Briefly, after tissue disruption and homogenization, samples were used for
virus titer and viral load determinations. The virus titers in lung, liver,
spleen, and kidney tissue homogenates were determined on HEL cells.
Real-time quantitative PCR (qPCR) was used to quantify viral DNA, as

FIG 1 Structure of KAY-2-41 [1-(2-deoxy-1-methyl-4-thio-�-D-ribofurano-
syl)thymine]. Me, methyl.
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previously reported (41). Organs from one mouse of each group were
used for histological examination (41).

Statistical analyses. All statistical analyses were done with GraphPad
Prism (version 6) software (GraphPad Software Inc., La Jolla, CA). Un-
paired t tests were used to compare mean EC50s, obtained from at least
three independent experiments, between WT and drug-resistant viruses.
The Mann-Whitney test, two-tailed, was used to compare the ranks of the
viral DNA loads or virus titers of KAY-2-41-treated mice to those of the
PBS-treated group. Statistical significance was defined for the above-de-
scribed tests as follows: P � 0.001, extremely significant; P � 0.01, very
significant; P � 0.05, significant; and P � 0.05, not significant (NS).

RESULTS
Antiviral activity of KAY-2-41 against poxviruses. Several 1=-
carbon-substituted 4=-thiothymidines were synthesized, and due
to its anti-HSV-1 activity (34), KAY-2-41 was further evaluated
for its activity against poxviruses. In HEL cells, KAY-2-41 emerged
as a potent inhibitor of OPVs and displayed EC50s of 0.48 � 0.33
�M against VACV-Cop, 0.48 � 0.15 �M against CPXV-BR, and
0.79 � 0.40 �M against CML1 (Table 2). Similar KAY-2-41 EC50s
were also observed with two other VACVs (VACV-Lis and VACV-
WR). The compound appeared to be 10- to 15-fold more active
than two nucleotide phosphonate analogues, i.e., cidofovir and
(S)-HPMP-5-azaC, which had mean EC50s of 9.8 �M and 9.6 �M,
respectively, against the different OPVs. The lipid prodrug deriv-
ative of cidofovir, CMX001, was 395-fold (VACV-Lis) to 1,380-
fold (VACV-Cop) more active than its parent counterpart, cido-
fovir, and 18-fold (VACV-Lis) to 96-fold (VACV-Cop) more
active than KAY-2-41. Also, the KAY-2-41 EC50 against CPXV-BR
was in the range of that of ST-246, yet ST-246 was 32- to 80-fold
more potent against the other OPV strains.

We also examined whether KAY-2-41 was active against non-
laboratory OPV strains and assessed various CPXV clinical iso-
lates collected from human and animal cowpox cases (36). The
molecule potently inhibited CPXV-GER1991-3 (mean EC50,
0.46 � 0.21 �M), CPXV-GER1980-EP4 (mean EC50, 0.28 � 0.06
�M), CPXV-FIN2000-MAN (mean EC50, 0.42 � 0.007 �M), and
CPXV-GER1999-867 (mean EC50, 0.58 � 0.22 �M).

KAY-2-41 was not found to alter the cell morphology of sta-
tionary cells (MCC value � 100 �M). The molecule was, however,
cytostatic for growing HEL cells, with a CC50 value of 14 � 10 �M,
which accounted for the relatively low selectivity indices (SIs; ratio
of CC50/EC50) ranging from 18 to 29 (Table 2). Similarly, the CC50

value of CMX001 was �2.4 � 1.8 �M, but because of its potency,
SIs were �100. The molecules cidofovir, (S)-HPMP-5-azaC, and

ST-246 were less toxic for growing cells than KAY-2-41. Both
ANPs had SIs comparable to the SI of KAY-2-41, while ST-246 was
the most selective molecule with an SI of �1,696.

We could further demonstrate that KAY-2-41 had a 4-fold
weaker activity against the parapoxvirus ORF-NZ2 than OPVs,
with an EC50 of 3.5 � 0.7 �M (Table 2). Both ANPs evaluated were
potent inhibitors of ORF-NZ2, while ST-246 was not active,
which is consistent with the specific anti-OPV activity of ST-246.

Antiviral activity of KAY-2-41 against cidofovir and (S)-
HPMPDAP-resistant OPVs. Being a thymidine analogue, the
triphosphate form of KAY-2-41 was expected to interact ulti-
mately with the viral DNA polymerase E9L in VACV-Cop to block
virus replication. We therefore wondered whether KAY-2-41
could inhibit OPVs bearing mutations within E9L that are known
to confer resistance to certain ANPs. In previous studies, we iden-
tified such amino acid substitutions in the exonuclease domain of
E9L (A314V), in the polymerase domain (T831I), or in both do-
mains (A314V plus A684V) (35). Recombinant CML1, CML14,
and VACV harboring these amino acid substitutions were used,
and the two ANPs cidofovir and (S)-HPMPDAP were included as
control drugs to confirm the resistance phenotype of each strain
(Table 3). The presence of the A314V or the T831I substitution did
not alter the sensitivity of VACV, CML1, and CML14 to KAY-2-
41, while these amino acid substitutions conferred resistance to
cidofovir and/or (S)-HPMPDAP. Interestingly, mutating both ex-
onuclease and polymerase domains of E9L (A314V plus A684V) ap-
peared to render CML14 and VACV even more sensitive to the effect
of KAY-2-41, albeit the shifts in EC50s, compared to those for the WT
viruses, were only 4.6-fold (0.10 �M versus 0.46 �M [P 	 0.0164] for
CML14) and 3.85-fold (0.2 �M versus 0.77 �M [P 	 0.0173] for
VACV) (Table 3). On the other hand, the A314V and A684V substi-
tutions were responsible for high levels of resistance to cidofovir and
(S)-HPMPDAP. In conclusion, KAY-2-41 was endowed with potent
antiviral efficacy against cidofovir-resistant viruses, and the molecule
appeared to have a slightly increased activity when the A314V and
A684V mutations were present.

Selection, genotyping, and phenotyping of OPVs resistant to
KAY-2-41 (KAY-2-41r). To elucidate the mode of action of KAY-
2-41, drug-resistant viruses were isolated following 21 (CPXV-
BR), 30 (VACV-WR), and 44 (CML1) passages in the presence of
increasing amounts of the drug. Three clones of each virus stock
were plaque purified and used for further analysis.

Genotypic characterization revealed the presence of a nucleo-
tide deletion(s) and one nucleotide substitution in the TK (J2R)

TABLE 2 Cytostatic concentrations, antiviral activities, and selectivity indices of compounds against poxviruses

Compound
CC50

(�M)a

VACV-Cop VACV-Lis VACV-WR CPXV-BR CML1 ORF-NZ2

EC50 (�M)b SIc EC50 (�M) SI EC50 (�M) SI EC50 (�M) SI EC50 (�M) SI
EC50

(�M) SI

KAY-2-41 14 � 10 0.48 � 0.33 29 0.41 � 0.33 34 0.80 � 0.37 18 0.48 � 0.15 29 0.79 � 0.40 18 3.5 � 0.7 4
Cidofovir 397 � 255 6.9 � 3.0 57 9.1 � 6.6 44 8.2 � 2.6 48 13.9 � 8.3 29 11.2 � 4.5 35 0.8 � 0.1 496
(S)-HPMP-5-

azaC
125 � 79 5.5 � 2.7 23 10.0 � 6.3 12 7.5 � 1.4 17 11.5 � 4.6 11 13.3 � 6.4 9 0.5 � 0.1 250

CMX001 �2.4 � 1.8 0.005 � 0.002 �467 0.023 � 0.021 �106 0.013 � 0.011 �180 0.021 � 0.026 �114 0.024 � 0.022 �100 —d —

a CC50, 50% cytostatic concentration, or the drug concentration required to reduce HEL cell growth by 50%. Data represent the means � standard deviations of at least three
independent experiments.
b EC50, 50% effective concentration, or the concentration of compound required to reduce the viral cytopathic effect by 50%. Data are shown as the means � standard deviations of
at least four independent experiments.
c SI, selectivity index, or the ratio CC50/EC50.
d —, not done.
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gene of each of the KAY-2-41r clones, whereas the gene sequences
of the TMPK (A48R), two serine/threonine kinases (B1R and
F10L), the uracil DNA glycosylase (D4R), and the viral DNA poly-
merase (E9L) were comparable to those of the corresponding WT
clones. Figure 2 depicts the mutations found in the viral TK. Re-
sistant VACV-WR clones had a deletion of a thymine at position
43 (Tdel43) leading to a frameshift mutation from amino acid 15,
changing the serine into a glutamine, until the appearance of a
stop codon at position 21. CPXV-BR clones harbored a double
deletion of a guanine and a thymine at positions 73 and 74 (GT-
del73/74) that resulted in a stop codon at position 25. These
frameshift mutations by deletions were all found in the ATP bind-

ing region, localized in the N-terminal extremity of the TK, and
led to the production of truncated viral TKs. In contrast, KAY-2-
41r CML1 clones showed a substitution mutation at position 328
(G328T) that modified the aspartic acid 110 into a tyrosine
(D110Y).

We further proceeded to the phenotypic characterization of
the KAY-2-41r clones. As shown in Fig. 3A to C, relatively low
levels of resistance to KAY-2-41 were found for the mutant vi-
ruses, as they were only 2.7-, 6.0-, and 5.8-fold greater for VACV-
WR, CPXV-BR, and CML1 KAY-2-41r, respectively, than for their
WT counterparts. These drug-resistant viruses displayed a trend
in hypersensitivity toward the nucleoside analogue BVDU, while

TABLE 3 Antiviral activity of KAY-2-41 against cidofovir and (S)-HPMPDAP-resistant CMLV and VACV

Compound

EC50 (�M)a

CML14
CML14
A314Vb

CML14
A314V 

A684Vb CML1

CML1
T831Ib VACV-WR

VACV-WR
A314Vb

VACV-WR
A314V 

A684Vb

VACV-WR
T831Ib

(S)-HPMPC 8.6 � 3.2 24.4 � 12.4* 49.4 � 21.4* 7.1 � 3.0 9.6 � 3.6 16.7 � 9.3 64.7 � 30.2** 148.4 � 23.0*** 108.7 � 42.1***
(S)-HPMPDAP 0.5 � 0.1 14.6 � 4.2*** 17.4 � 10.6* 0.2 � 0.1 4.1 � 2.8** 2.0 � 1.1 17.3 � 9.7*** 53.0 � 13.9*** 31.3 � 9.4***
KAY-2-41 0.46 � 0.22 0.22 � 0.11 0.10 � 0.01* 0.29 � 0.11 0.26 � 0.13 0.77 � 0.46 0.44 � 0.24 0.20 � 0.12* 1.09 � 0.35
a EC50, 50% effective concentration, or the concentration of compound required to reduce the viral cytopathic effect by 50%. Data are shown as the means � standard deviations of
at least four independent experiments. Asterisks indicate where the EC50 differs significantly from that of the corresponding WT virus, as determined by an unpaired t test: *, P �
0.05; **, P � 0.01; ***, P � 0.001.
b Drug-resistant recombinant viruses previously characterized (35) and bearing amino acid substitutions, i.e., A314V, A314V plus A684V, or T831I, in the viral DNA polymerase
(E9L).

FIG 2 Mapping of mutations found in KAY-2-41r viruses and overview of OPV thymidine kinase. (A) Nucleotide sequences of regions of the TK gene of the
VACV-WR, CPXV-BR, and CML1 wild-type viruses that were found to be mutated in KAY-2-41r viruses. The position of mutations found in KAY-2-41r viruses
are indicated in bold and with a star. The name of each resistant strain, i.e., VACV-WR-[T]del43, CPXV-BR-[GT]del73/74, and CML1-G328T, is given. (B) A
schematic view of the TK protein highlighting the major regions involved in ATP, substrate, and metal binding is presented. A partial sequence of the VACV-WR
TK is shown for the regions where amino acid substitutions were identified proximal to the �1 sheet-P loop-�1 helix or the �5 sheet. Protein sequences of the
human cytosolic TK (hTK1) and of Thermotoga maritima TK (TmTK) are also shown for comparison purposes. The amino acid substitutions found in
KAY-2-41r viruses are presented for each of the viruses and are represented by a star in the schematic view or by underlining in the amino acid sequences.
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ANPs and ST-246 showed inhibitory activities in the range of
those of WT viruses.

To further investigate whether mutations within the TK gene
may be one of the determinants responsible for the resistance
phenotype, we used two VACV strains with deletions in TK
(VACV-Cop-�TK and VACV-WR-�TK) and evaluated the pro-
files of their sensitivities to four drugs (Fig. 3D). Viruses with TK
deletions showed resistance to KAY-2-41 and to 5-BrdU, another
TK-dependent drug, and hypersensitivity to BVDU, a TMPK-de-
pendent drug, while cidofovir kept its full activity. Similar obser-
vations were made with each of the KAY-2-41r OPVs, suggesting
the requirement of viral TK in the antiviral effect of KAY-2-41.

Cross-resistance to 5-BrdU reinforced this conclusion, as it par-
tially relied on viral TK to be active. Additionally, the TK-negative
phenotype of each of the KAY-2-41r OPVs was confirmed by the
ability of these viruses to multiply in H143B TK-deficient cells in
the presence of a KAY-2-41 or 5-BrdU concentration which was
inhibitory for the WT viruses (data not shown).

We also evaluated the potential involvement of the ribonucle-
otide reductase in KAY-2-41 efficacy by using a VACV-WR strain
with deletions in both ribonucleotide reductase subunits, I4L and
F4L. KAY-2-41 conserved its inhibitory activity against this virus
with an EC50 of 0.97 � 0.18 �M, which is in the range of that for
the WT virus. A similar observation was made with 5-BrdU, which

FIG 3 Drug resistance profiles of plaque-purified VACV-WR (A), CPXV-BR (B), and CML1 (C) KAY-2-41r clones and of viruses with thymidine kinase
deletions (D). (A to C) Three clones of each WT and drug-resistant virus were used for plaque reduction assays, and at least three to four independent experiments
were performed for each compound tested. The data are presented as a dot plot of the EC50s of the KAY-2-41r clones (filled symbols) versus the EC50s of the WT
parent clones (empty symbols). On top of each graph are shown the fold changes in EC50s, which were calculated as the ratio of the mean EC50s of the KAY-2-41r

clones divided by the mean EC50s of the WT clones. Results are presented as means � standard deviations. The statistical significance of the differences in drug
sensitivity of the resistant viruses compared to that of the WT is indicated as follows: *, P � 0.05; ***, P � 0.001; ****, P � 0.0001. (D) Plaque reduction assays
were done with each of the three KAY-2-41r strains, two VACV strains with TK deletions, and their corresponding WT viruses in three independent experiments.
Results are plotted on a linear scale as the log10 of the ratios of the EC50s, and standard deviations are given. Resistance was observed with a ratio of �2 (log 0.3),
and hypersensitivity was observed with a ratio of �0.5 (log �0.3).
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had an EC50 of 0.2 �M against the virus with the I4L/F4L deletion
versus an EC50 of 0.32 �M against the WT virus.

KAY-2-41 interacts with VACV TK. Next, we wanted to know
whether KAY-2-41 could alter the phosphorylating activity of
VACV TK, hTK1, and hTK2 for their natural substrate. Enzymatic
TK assays based on the competitive binding between the natural
substrate dThd and KAY-2-41 demonstrated that KAY-2-41 was
inhibitory to the phosphorylation of radiolabeled dThd by hTK2,
VACV TK, and hTK1, in decreasing order of potency (Table 4).
The inhibition was, however, much weaker than that observed for
5-BrdU and AZT, which appeared to be rather potent competitive
inhibitors of dThd phosphorylation, with IC50s ranging, respec-
tively, from 2.9 to 3.6 �M and from 2.4 to 16 �M. In contrast,
BVDU strongly affected dThd phosphorylation by hTK2, but
not by VACV TK or hTK1, at the highest concentration tested
(50 �M).

In vivo evaluation of KAY-2-41. A mouse model of lethal
VACV-WR infection was used to determine the efficacy of KAY-
2-41 treatment in vivo. As shown in Fig. 4, all animals intranasally
exposed to VACV-WR and treated with vehicle (PBS) died by day
7 p.i. In contrast, both VACV-WR-challenged cohorts that re-
ceived KAY-2-41 systemically (i.p. injection) at a dose of 5 or 50
mg/kg once daily for 5 consecutive days, starting on the day of
infection, survived the infection. The group of infected mice that
received 5 mg/kg of the drug had a pronounced loss of body
weight between days 5 and 10 p.i., but after this time point, ani-
mals progressively recovered. Among the animals receiving the
50-mg/kg treatment regimen, a slight loss of body weight was seen.
The effect of a similar treatment with KAY-2-41 (50 mg/kg) was
also assessed in mock-infected animals, and no apparent morbid-
ity was observed, as evidenced by a body weight evolution com-
parable to that of untreated animals (Fig. 4).

On the basis of these results, we further evaluated the impact of
the 50-mg/kg KAY-2-41 treatment on viral DNA loads and
VACV-WR replication in various organs. Mice were infected and
treated in the same way as in the first experiment. Four (VACV-
WR-infected) or five (VACV-WR-infected and KAY-2-41-
treated) animals per group were sacrificed at day 5 p.i. The efficacy
of the compound was confirmed, as KAY-2-41 (50 mg/kg daily for
5 consecutive days) protected 100% of the animals from
VACV-WR mortality, with no apparent morbidity (Fig. 5). As
depicted in Fig. 5B, viral DNA was detected in all organs of in-
fected untreated mice, with means of 5.1 (kidneys) to 6.5 (lungs)
log DNA copies/g, and the sera were also positive (4.2 log DNA
copies/50 �l serum) at this time point. Lung, liver, and spleen

tissues showed the highest levels of viral DNA, which were equiv-
alent to mean viral titers of, respectively, 3.8, 3.3, and 3.5 log 50%
tissue culture infective doses (TCID50s)/g. Treating the mice with
KAY-2-41 significantly reduced viral DNA loads in various or-
gans, including lungs (means, 4.0 versus 6.5 log DNA copies/g),
liver (means, 1.2 versus 6.6 log DNA copies/g), spleen (means, 4.5
versus 6.3 log DNA copies/g), and serum (means, 2.5 versus 4.2
log DNA copies/g). A similar trend was also noticed in the kidneys
and mesenteric lymph nodes. Viral titrations further demon-
strated the absence of replicating virus in lungs, liver, spleen, and
kidneys. Histological examination of the lung tissue revealed the
absence of inflammation in KAY-2-41-treated animals, which,
strikingly, contrasts with the interstitial inflammation seen in in-
fected untreated animals (Fig. 5C).

DISCUSSION

To our knowledge, the in vitro and in vivo antipoxvirus activity of
a 1=-carbon-substituted 4=-thiothymidine derivative has not yet
been reported. Other laboratories have demonstrated the inhibi-
tory potential of 5-substituted 4=-thiopyrimidine nucleoside de-
rivatives against poxviruses (27, 29), despite the fact that the nar-
row substrate specificity of poxvirus TK remains a challenge for
selecting potent nucleoside analogues. Our study demonstrated
that OPVs (VACVs, CPXVs, and CML1) are efficiently inhibited
by KAY-2-41 in vitro at concentrations in the submicromolar
range. This activity was also displayed against a variety of cowpox
clinical isolates, a finding which may have implications for clinical
use in the current context of the increased incidence of cowpox
virus infections (1, 42). KAY-2-41 appeared to be more potent
than cidofovir and (S)-HPMP-5-azaC, albeit the prodrug of cido-
fovir, CMX001, and ST-246, a morphogenesis inhibitor, remained
the most active molecules toward OPVs.

KAY-2-41 was effective in inhibiting the replication of mutant
viruses resistant to cidofovir and/or (S)-HPMPDAP. If KAY-2-41
in its triphosphate metabolite form ultimately targets the viral
DNA polymerase, our data suggest that the presence of the A314V
or T831I mutation in the DNA polymerase gene (E9L) did not
impact its ability to accept this substrate, whereas these changes
clearly influenced the acceptance of acyclic nucleoside pyrimidine
and purine analogues [i.e., cidofovir and (S)-HPMPDAP]. In fact,

FIG 4 KAY-2-41 protects mice from VACV-WR-induced mortality. NMRI
mice (5 mice per group) were challenged intranasally either with vehicle (mock
infected) or with VACV-WR. Animals were then treated with PBS or with the
drug at a dose of 5 or 50 mg/kg once per day for 5 consecutive days starting at
6 h after infection. Cohorts were monitored for 20 days for body weight (left)
and survival (right). Body weight evolution is shown as the percentage of the
change in the average weight for each group of mice.

TABLE 4 Inhibitory activity of KAY-2-41, 5-BrdU, AZT and BVDU on
dThd phosphorylation by VACV-TK, hTK1, and hTK2

Compound

IC50 (�M)a

VACV TK hTK1 hTK2

KAY-2-41 490 � 1 �500 352 � 55
5-BrdU 2.9 � 1.1 3.0 � 0.0 3.6 � 0.6
AZT 16 � 0 5.8 � 3.9 2.4 � 0.6
BVDU �500 �500 0.36 � 0.05
a IC50, 50% inhibitory concentrations, or the concentration of compound required to
inhibit the binding of the natural substrate dThd by 50%. Data are shown as the
means � standard deviations of two independent experiments. VACV TK, vaccinia
virus thymidine kinase; hTK1, human cytosolic thymidine kinase; hTK2, human
mitochondrial thymidine kinase.
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while these mutations were associated with different ANP resis-
tance profiles when present in a CMLV or in a VACV backbone (in
line with our published observations [35]), KAY-2-41 remained
equally active against WT and mutant viruses bearing the A314V
or T831I mutation. Interestingly, the CML14 and VACV A314V
plus A684V double mutants appeared to be more sensitive to
KAY-2-41 inhibition, suggesting that through these conforma-
tional changes, E9L might become more prone to accept the
thymidine analogue triphosphate metabolite.

Being a nucleoside analogue, the involvement of the viral TK was
expected to be important for the metabolic activation of the mole-
cule, and the genotypic characterization of KAY-2-41r strains con-
firmed this hypothesis. Additionally, the poor but significant antiviral
activity of KAY-2-41 against the parapoxvirus orf in comparison to
that against OPVs was of interest, as it also pointed toward the need

for TK for KAY-2-41 to inhibit OPVs. Indeed, this virus does not
possess a specific TK gene (43), and in line with that, the EC50 against
ORFV-NZ2 was in the range of the EC50s seen with KAY-2-41r vi-
ruses. Sequencing of KAY-2-41r clones allowed us to identify muta-
tions in the TK gene that are most likely responsible for the drug-
resistant phenotype since they were identified only in drug-resistant
viruses. Five other viral genes investigated, including A48R (TMPK),
B1R (Ser/Thr kinase), F10L (Ser/Thr kinase), E9L (DNA polymer-
ase), and D4R (uracil DNA glycosylase), had sequences that were
identical to those of the corresponding WT viruses. Also, a
VACV-WR mutant with a deletion in ribonucleotide reductase sub-
units did not display resistance to KAY-2-41 or to 5-BrdU. In con-
trast, two viruses with TK deletions displayed resistance to both KAY-
2-41 and 5-BrdU (which are TK dependent) and not to BVDU
(which is TMPK dependent), mimicking the drug resistance pheno-

FIG 5 KAY-2-41 treatment inhibits virus dissemination and replication in various organs. (A) Body weight evolution and survival curves of mock-infected and
VACV-WR-infected mice that received vehicle (PBS) or KAY-2-41 treatment at 50 mg/kg once a day for 5 consecutive days beginning 6 h after virus exposure. Body
weight evolution is shown as the percentage of the change in average weight for each group of mice (5 mice per group). dpi, day postinfection. (B) Viral DNA loads in
various organs and in serum (left) and virus titers in lungs, liver, spleen, and kidneys (right) are shown. Animals were sacrificed at day 5 p.i. Viral loads were determined
by qPCR and are expressed as VACV DNA copy numbers per g of tissue or per 50 �l of serum. Virus titers are shown in TCID50s per g tissue. The scatter plots show the
viral DNA loads or virus titers from individual mice and the means (horizontal bars) for each group. Four (VACV-WR-infected) or five (VACV-WR-infected and
KAY-2-41-treated [50 mg/kg]) individual mice were used lung. MLNs, mesenteric lymph nodes. Dashed lines, limit of detection. The viral DNA loads or virus titers of
KAY-2-41-treated mice differed significantly from those of the PBS-treated group by the Mann-Whitney test (*, P � 0.05). (C) Lung tissue examination at 5 days p.i.
While VACV-WR-treated mice exhibited interstitial inflammation (arrow), no inflammatory cells were seen after KAY-2-41 treatment.
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type of KAY-2-41r strains. We finally showed, in our TK competition
assays, that KAY-2-41 competed with the dThd substrate of VACV
TK. These findings demonstrate that the mutations found in the viral
TK most probably occurred due to KAY-2-41 selection pressure and
that viral TK may contribute to KAY-2-41 sensitivity, although it may
not be the sole determinant. As a consequence, additional studies are
still required (i) to determine whether the identified mutations or
mutations in other genes contribute to drug resistance, (ii) to identify
the metabolites of the compound, and (iii) to investigate whether
cellular partners can be implicated in KAY-2-41 antiviral activity.

Both the KAY-2-41r viruses and viruses with TK deletions showed
hypersensitivity to BVDU. While we and others have shown that
VACV TK and hTK1 do not measurably phosphorylate BVDU in
enzymatic assays (30), the mitochondrial homodimer hTK2 was ef-
ficient in this activity (Table 4). Also, the secondary phosphorylation
of BVDU has been shown to rely on the viral TMPK (33), and we
observed that KAY-2-41 still potently inhibited TMPK OPV mutants
resistant to BVDU (our unpublished data). Although these two mol-
ecules seem to have a distinct mode of activation, how can we explain
this hypersensitivity? The TK deletion could affect pyrimidine metab-
olism and, consequently, the pool of available nucleotides (i.e., dTTP)
needed for viral replication. For these reasons, more BVDU triphos-
phate might then be accepted as a substrate for incorporation by the
DNA polymerase (E9L), potentiating BVDU antiviral activity. Alter-
natively, it cannot be excluded that the mutations in the viral TK may
make BVDU a better substrate for further phosphorylation.

We can further speculate about the impact of the identified
mutations on TK enzymatic activity, albeit we did not prove,
through marker rescue experiments, that such changes were re-
sponsible for KAY-2-41 resistance. In KAY-2-41-resistant VACV-
WR, a single nucleotide deletion caused a codon frameshift start-
ing at amino acid 15 (S15Q) and finishing at position 21 with a
stop codon, and in the CPXV-BR strain, the double nucleotide
deletion changed the valine codon at position 25 into a stop
codon. These deletion mutations occurred in the amino-terminal
region of the gene and presumably led to the production of a
truncated TK (Fig. 2 and 6). This region is critical for TK enzy-
matic activity, as it includes the site where ATP binds to act as a
-phosphoryl donor required to produce dThd monophosphate.
In VACV, this region consists of a P loop (amino acids 11 to 16)
preceded by a � sheet (�1, amino acids 4 to 10) and followed by an
� helix (�1, amino acids 17 to 29) (44, 45). A similar organization
is found in structurally related TKs, including the human cytosolic
TK (hTK1) and the TK of Thermotoga maritima (TmTK) (45, 46).

The amino acid residue mutated in drug-resistant CML1
(D110Y) mapped to a highly conserved residue in the type II TK
family (D110) that is localized close to phenylalanine 113 (F113),
which has been shown to interact with the substrate via its main-
chain amide nitrogen (Fig. 2) (44). The substrate binding region
has been well characterized in the model of VACV TK bound to
dTTP (44), as well as in related hTK1 and TmTK bound to a
bisubstrate analogue, TP4A {P1-(5=-adenosyl)P4-[5=-(2=-deoxy-
thymidyl)]tetraphosphate} (45). While no direct interactions be-
tween D110 and the nucleoside substrate have been described, we
observed that changing a negatively charged amino acid (i.e., as-
partic acid [D]) into a residue with a hydrophobic aromatic side
chain (i.e., tyrosine [Y]) may disturb the loop localized between
the �5 sheet (amino acids 106 to 110) and the �4 helix (amino
acids 121 to 128) and, as a consequence, the binding of the nucle-
oside substrate (Fig. 6). This mutation may have a second impact

on VACV TK enzymatic activity, since this enzyme is catalytically
active as a homotetramer. Based on the model of El Omari and
colleagues (44), we observed that the D110 residue is located at the
interface of two monomers (Fig. 6). The mutation D110Y may
thus create a steric hindrance that can disrupt monomer assembly,
explaining a loss of enzymatic activity.

KAY-2-41 was found to be cytostatic for growing cells, al-
though no apparent morphological changes were seen on conflu-
ent (monolayer) cells. Also, the KAY-2-41r virus strains did not
show high levels of resistance to the drug (from 2.7- to 6.0-fold
increases in EC50s), and they remained partially sensitive to the
inhibitory effect of KAY-2-41. These observations suggest that
other cellular enzymes may be involved in the mode of action of
the molecule as well. Similar observations have been made with
4=-thioIDU (27). Animal experiments, however, showed that a
repetitive dose of 50 mg/kg once daily for 5 consecutive days did
not visually affect the naive animals. However, toxicity studies in
animals are required to investigate this in more detail. Addition-
ally, the fact that the KAY-2-41r virus strains did not display high
levels of drug resistance suggests that KAY-2-41-based antiviral
treatment might still be efficacious if resistant mutants would
emerge. Also, such TK-altered viruses might show a decreased
pathogenicity, as noticed before in mice challenged with VACV
with a TK deletion (47), albeit this property was not assessed here.

Finally, we demonstrated the potency of KAY-2-41 in protect-
ing mice from disease and subsequent death after a lethal chal-
lenge with VACV-WR. This was observed with a daily treatment
regimen of 50 mg/kg for 5 consecutive days, while reducing the
drug concentration to 5 mg/kg protected against mortality but not
weight loss. After i.p. administration of KAY-2-41 (50 mg/kg),
virus replication was completely abolished in the primary target
organs, i.e., lungs, as well as in the liver, spleen, and kidneys. Our
results also showed that the levels of viral DNA in serum or in
several organs were markedly reduced or even abolished. In con-
trast, oral administration of 4=-thioIDU (15 mg/kg twice daily for
5 consecutive days beginning at 24 h after infection) reduced lung
virus titers by only 10-fold, as reported by Kern and colleagues
(27), although differences in the doses and routes of administra-
tion of the compounds and/or the volume of virus inoculated
might be at the origin of the discrepancy in the results. Histology
of the lungs of VACV-WR-infected mice revealed signs only of
inflammation and not of pneumonia, which could be due to (i)
the time point of sacrifice of the animals, i.e., at day 5 p.i., or (ii)
the use of a relatively small volume for virus inoculation, as dis-
cussed by Smee and colleagues (48).

The rationale of using viral TKs in the selective activation of
nucleoside analogues mainly comes from research done with her-
pesviruses, which possess a type 1 TK that can phosphorylate a
variety of substrates. Although OPVs encode a TK, its narrower
substrate specificity and its resemblance to hTK1 have hampered
the development of TK-specific drugs for OPVs. However, VACV
TK might have a substrate specificity broader than was initially
thought (44, 49). Indeed, the structure of VACV TK and the dem-
onstration that a bulky nucleoside analogue can be OPV-TK spe-
cific, as shown by Fan et al. (49), have provided new evidence that
conformational differences between OPV TK and hTK1 may be
exploited to design selective poxvirus inhibitors (44, 49). Alto-
gether, our study proves that nucleoside analogues such as KAY-
2-41 and possibly also other 1=-substituted 4=-thiothymidine de-
rivatives should not be neglected as potential antiviral agents, as
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they may show promise for future development of broad-spec-
trum therapy against both pox- and herpesviruses.
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