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Abstract 

The ribonucleotide reductase inhibitor MDL 101,731 was examined for antiviral activity 
against herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) in vitro and in combination with 
acyclovir in the murine zosteriform model of HSV-1 infection. The in vitro antiviral activity 
(IC50) for both serotypes of HSV was similar and in the range 23-98 nM for Vero cells. 
Comparable activities were obtained against acyclovir-resistant viruses. In the zosteriform model, 
topical combination therapy of MDL 101,731 with acyclovir (5%:5% w/w) applied 48 h after 
infection was more effective than acyclovir alone and even appeared to promote lesion resolution. 
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1. Introduct ion  

Ribonucleotide reductases are responsible for the reduction of ribonucleotides (rNDPs) 
to deoxyribonucleotides (dNDPs) and are subject to allosteric control by nucleoside 
triphosphate (dNTP) concentrations. The herpes simplex virus (HSV) encoded ribonu- 
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cleotide reductase (RR) is less sensitive to allosteric control than the cellular enzyme 
and consequently unrestricted synthesis of dNTPs takes place in infected cells - a 
potentially important contribution to viral DNA synthesis. The HSV RR is required for 
full expression of pathogenicity in mice or guinea pigs and therefore appears to 
represent a prime target for antivirals (Cameron et al., 1988; Brandt et al., 1991; Idowu 
et al., 1992). However, it is less clear whether the HSV RR is necessary for virulence in 
man because, although RR deficient mutants grow poorly in mouse cells in vitro, they 
can retain good growth characteristics in cells of another species (Goldstein and Weller, 
1988; Jacobson et al., 1989). 

Oral acyclovir (Zovirax) is the treatment of choice for herpes simplex virus (HSV) 
and varicella-zoster virus (VZV) infections (reviewed by Reardon and Spector, 1991). 
Whilst an early study (Fiddian et al., 1983) suggested that topical treatment with 5% 
acyclovir (ACV) cream would be an effective and convenient therapy for orolabial 
infection, subsequent work removed this initial optimism (Shaw et al., 1985). The 
inefficiency of topical ACV treatment can be explained by its poor tissue penetration, 
but could also be a reflection of its inability to promote lesion resolution by reversing 
the pathological consequences of existing infection. The appearance of resistance to 
ACV in immunocompromised patients is an additional disadvantage which makes it a 
less attractive drug for use as a monotherapy. 

ACV is selectively phosphorylated in herpesvirus infected cells to acyclovir triphos- 
phate (ACV-TP) which then competes with dGTP for binding to the target enzyme, 
herpesvirus-encoded DNA polymerase. In order to prevent the HSV RR-enhanced 
build-up of dGTP pools (which would compete with the dGTP analog ACV-TP) 
2-acetylpyridine thiosemicarbazone inhibitors of RR have been tried in combination 
with ACV (Spector et al., 1985; Spector et al., 1989). Pools of dGTP were decreased as 
predicted, but unexpectedly there was also an increase in ACV-TP. This increase might 
be related to a perturbation of precursor pools, which, in infected cells, would normally 
compete with ACV for phosphorylation by thymidine kinase (Daikoku et al., 1991). 

Recently, the potentiation of ACV by RR inhibition has been demonstrated in vivo 
and in vitro for wild-type and ACV-resistant viruses using 2-acetylpyridine 5-[(2-chloro- 
anilino)thiocarbonyl]thiocarbonohydrazone, 348U87, a compound selected for reduced 
haematological toxicity (Spector et al., 1992). In this preliminary report, we examine the 
HSV antiviral activity of the RR inhibitor (E)-2'-fluoromethylene-2'-deoxycytidine 
(FMdC, MDL 101,731), an inhibitor of mammalian RR and antitumour agent (McCarthy 
et al., 1991; Sunkara et al., 1991). This compound (Fig. 1) was specifically designed for 
intracellular phosphorylation to the diphosphate form which irreversibly inhibits the 
enzyme. 

2. Materials and methods 

2.1. Viruses 

Virus stocks were prepared from supernatant fluids of cells infected with HSV type 1 
(strain SC16, strain 17i, strain $6, and strain TP2.5) or HSV type 2 (strain HG52). 
Stocks were stored in liquid nitrogen. Infectivity titres were determined by plaque assay. 
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Fig. 1. The structure of the ribonuc|eotide reductase inhibitor MDL 101,731 (FMdC). 

2.2. Plaque-reduction assay 

Inhibition of virus replication was measured by standard plaque-reduction assay 
(Tyms et al., 1981). Virus ( ~  50 plaque forming units (PFU), 300-/xl volumes in MEM) 
was adsorbed on confluent Vero or MRC-5 cell monolayers (1.78 cm 2) in 24-well plates 
for 1.5 h at room temperature, the inocula discarded, and triplicate monolayers overlaid 
with 0.5% agarose in media containing compounds at the indicated concentrations. The 
plates were then incubated at 36°C for 3 days after which they were fixed with 4% 
formalin-PBS overnight, the agarose plugs removed, and monolayers stained with 
methylene blue (0.3% w / v  in PBS). Subsequently plaques were counted with the aid of 
a low power microscope. IC50 values were determined from line fit (95% confidence) of 
dose-response curves. 

2.3. Animal model 

The zosteriform rash model of HSV-1 infection as described by Simmons and Nash 
(1984) was used. Six- to 8-week-old female B A L B / c  mice (National Institute for 
Medical Research specific pathogen-free breeding colony) were shaved and depilated 
over the left flank. After 48 h, animals were infected by scarifying a 20 /xl virus 
inoculum (HSV-1 strain SC16 5 x 10 4 PFU) in a dorsal position immedia!ely lateral to 
the spine and in line with the spleen. The animals were coded and Objective daily 
clinical scoring was performed according to the criteria of Lobe et al. (1991) with the 
addition of a score of 0.5 (infection only visible at inoculation site, no swe!l!ng) t ° 
describe a resolving lesion. Results were analyzed with the Kruskal-Wallis test with 
P-values adjusted for ties. 

2.4. Drugs and drug delivery 

For in vitro assays, drugs were diluted in medium from stock solutions of compounds 
prepared in water to a final concentration of 20 mM (10 mM for acyclovir), 0.2 /~m 
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filtered, and stored at - 2 0 ° C .  For animal studies, ACV and RR inhibitor were 
formulated w / w  in the paraffin-based E45 cream (Crookes Healthcare Ltd., Notting- 
ham). Drugs were percutaneously applied to the inoculation site and dermatome twice a 
day starting 48 h postinfection (p.i.) and this regime was continued throughout the study. 
Each delivery contained approximately 3.75 mg drug (range 2 .5-5  mg) for a 5% 
preparation. Untreated animals received E45 cream without additions. Elizabethan 
collars (IMS, Congleton, UK) were fitted to prevent ingestion during grooming. 

2.5. Virus recovery 

At 6 days post infection (d.p.i.) animals were culled and the brains removed, weighed 
and homogenized by repeated passage through a 21-gauge needle. Tissue was subse- 
quently vortexed in DMEM and virus load measured by titration of 10-fold dilutions on 
Vero indicator cells for plaque assay as described above. Results were analyzed with the 
two-sample t-test. 

3. Results 

3.1. Antiviral  effects o f  MDL 101,731 on acutely infected cells 

The antiviral activity of MDL 101,731 was similar for both HSV-1 and HSV-2 with 
IC50 values in the range 23 to 98 nM (Table 1). When the antiviral activity of  MDL 
101,731 was compared with acyclovir, the ribonucleotide reductase inhibitor was, on 
average, 95 times more potent. 

MDL 101,731 was also tested by plaque-reduction assay against ACV-resistant 
viruses, the thymidine kinase-deficient ( T K - )  mutant (strain $6), a DNA polymerase 
mutant (strain TP2.5) of HSV type 1 strain SC16, the parental virus (Fig. 2). The IC50 
for MDL 101,731 was similar for wild-type virus and acyclovir-resistant mutants ( ~  10 
nM). In contrast, the corresponding IC50 value for acyclovir against the T K -  strain was 
5 0 / z M  and for the DNA polymerase mutant 80 nM, approximately 5000-fold and 8-fold 
less responsive, respectively, than MDL 101,731. 

Table 1 
In vitro antiviral effects (IC50 value + S.D.) of MDL 101,731 or acyclovir in Vero cells 

Virus Expt. MDL 101,731 Acyclovir Relative 
(/J.M) (/zM) activity a 

HSV-1 17i 1 0.023 5:0.003 1.4-t-0.12 x 61 
2 0.023 _+ 0.004 1.2 _+ 0.04 × 52 

HSV-1 SC16 1 0.021___0.003 2 +0.21 ×95 
2 0.024 + 0.003 1 + 0.06 × 45 

HSV-2 HG52 1 0.098 + 0.008 2.7 + 0.10 × 28 
2 0.021 ___ 0.005 6.0 _ 0.18 x 286 

a Increased activity of MDL 101,731 over acyclovir assayed by plaque-reduction assay for 3 d.p.i. 
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Fig. 2. The antiviral activity of MDL 101,731 or acyclovir against HSV-1 mutants. Plaque-reduction assay in 
MRC-5 ceils. A: wild type (strain SC16). B: thymidine kinase-deficient mutant (strain $6). C: a DNA 
polymerase mutant (strain TP2.5). 

With respect to the cytotoxicity of MDL 101,731, confluent monolayers of either 
Vero cells or human embryonic fibroblasts remained > 95% viable at 10/zM, as judged 
by Trypan blue dye exclusion, whereas the CC9o (measured by cell counts) for the 
cytostatic effect on proliferating cells was 1 /xM (results not shown). Cells were able to 
grow at 100 nM MDL 101,731. 

3.2. Zosteriform model 

Clinical scoring in a representative experiment (Fig. 3) showed that topical combina- 
tion therapy of 5% ACV with 5% MDL 101,731 was significantly better than ACV 
alone on days 4, 5 and 6 p.i. ( P  = 0.016, P = 0.007, P = 0.005, respectively). Combina- 
tion therapy of 2.5% ACV with 5% MDL 101,731 was also significantly better than 
ACV alone on days 4 and 5 p.i. ( P  = 0.031, P --- 0.008, respectively), but not on day 6 
( P  = 0.452). ACV alone, when compared to untreated controls, delayed, but did not 
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Fig. 3. The effect of treatment with MDL 101,731 alone or in combination with acyclovir on lesion score in 
mice infected with HSV-1 (strain SC16). 

significantly improve, the mean lesion score on any day (0.5 > P > 0.1). Moreover, 
combination treatment applied at a late stage (48 h p.i.) appeared to reverse lesion 
pathology, whereas ACV alone merely delayed lesion progress. The effect of  combina- 
tion treatment with MDL 101,731 and A C V  on lesion development is illustrated in Fig. 
4, which shows that while the initial inoculation site is recognizable at 6 d.p.i, a 
confluent stage 5 lesion has not developed. In contrast, MDL 101,731 alone improved 
the lesion score on days 4 and 5 p.i. ( P  = 0.011, P = 0.008), but on day 6 there was an 
increase in lesion score ( P  = 0.325). 

Virus was isolated from the brain in 4//5 untreated mice, 0//5 combination 5 % : 5 %  
treated mice, 2//5 5% : 2.5% treated mice, 1//5 5% MDL 101,731-treated mice and 0//5 
5% ACV-treated mice (Fig. 5). All treatment groups had significantly less virus in the 
brain than untreated mice ( P  < 0.05). There was no significant difference in the virus 
load when any treatment group was compared with another treatment group ( P  > 0.1). 

4. Discussion 

Topical treatment of  cutaneous HSV infection has the advantages of  convenience and 
target site selection along with the prospect for maintenance of  high local dose rates. 
However, in recurrent genital herpes, topical monotherapy with ACV is less effective at 
preventing virus shedding than oral therapy (Corey et al., 1983) and moreover has little 
effect on symptoms (Luby et al., 1984). On the other hand, while oral ACV treatment 
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Fig. 4. The effect of topical combination treatment with MDL 101,731 and acyclovir (5%:5% w/w) on 
HSV-1 zosteriform lesion formation at 6 d.p.i., lesion score 0.5 (A). An untreated animal at the same time 
point is shown for comparison, lesion score 5 (B). There was dryness, with occasional induration of the skin in 
MDL 101,731-treated mice, but erythema was absent. 

for  herpes labialis or  genital  herpes  shortens the durat ion o f  virus  shedding,  it has no 
inf luence  on pain or  les ion hea l ing  t ime (Ni lsen  et al., 1982; Raboru  et al., 1987; 

r ev iewed  by Whi t l ey  and Gnann,  1992). F r o m  this ev idence  it wou ld  appear that 
t reatment  for herpes  infect ions  wou ld  be improved  if  A C V  were  combined  wi th  a drug 
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Fig. 5. Virus isolation from the brain of mice infected with HSV-1 (strain SC16) measured by plaque assay. 

which could enhance its efficacy and reduce symptoms. Previously, combination 
treatment with a union of ACV and ribonucleotide reductase inhibitors has been proven 
highly effective in vitro and in vivo (Lobe et al., 1991; Spector et al., 1992). However, 
in these studies discrepancies were found between solo activity in vitro and topical 
monotherapy in the zosteriform rash model, indicating that ribonucleotide reductase 
inhibitors do not have independent activity in vivo. Moreover, in a recent human study, 
the combination of ACV and the ribonucleotide reductase inhibitor 348U87 was less 
effective than expected in the treatment of herpes labialis (Bernstein and Rheins, 1994). 
This was attributed to poor tissue penetration of the compound in the solar stimulator 
model used, but might also imply that viral RR activity can be dispensed with in human 
infections at sites where, due to cell division, deoxyribonucleotide pools are high 
(Goldstein and Weller, 1988). 

We have shown here that MDL 101,731 has good activity in vitro against a range of 
HSV isolates, including ACV-resistant mutants, as well as activity when used as a 
topical monotherapy in mice. In addition, MDL 101,731 potentiated ACV for topical 
treatment of HSV-1 infection in mice. This was readily seen as a reversal in the state of 
existing rashes when applied as late as 48 h after infection. Conversely, and as expected, 
ACV monotherapy had little effect on lesions (Spector et al., 1992). The curtailment of 
lesions by MDL 101,731 is of particular relevance to management of herpes simplex 
virus infections since it implies that the associated pain and duration of sores may be 
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lessened by this type of compound. While it is unclear how MDL 101,731 reduces the 
severity of lesions, it is possible that it can influence the local inflammatory response to 
virus replication and, in turn, tissue damage. If this is the case then, in general, antivirals 
in combination with immunomodulators may prove beneficial for the topical treatment 
of herpes infections. 

Topical monotherapy with ACV (5%) or MDL 101,731 (5%) influenced the number 
of mice succumbing to CNS spread of virus (1% MDL 101,731 monotherapy did not 
affect virus spread to the brain, data not shown). For ACV monotherapy the paradox of 
large lesion score together with low virus load in the brain is probably due to the 
systemic distribution of compound after establishment of the lesion. This apparent 
difference is likely to be accentuated by the late start of treatment. Combinations of 
ACV and MDL 101,731 were also effective in preventing spread of HSV infection, 
there being no evidence of antagonism between the two drugs. It is difficult to directly 
compare our findings with those of other workers due to the different treatment 
regimens employed but, taken together, the results presented here suggest that MDL 
101,731 does have independent activity in the zosteriform rash model. However, MDL 
101,731, when used in combination with ACV, offers the twin benefits of antiviral 
activity against acyclovir-resistant viruses and a sustained effect in the prevention of 
lesion formation. 

With respect to both lesion severity and virus spread to the brain, the present data is 
insufficient to determine if this combination of ACV with MDL 101,731 is synergistic in 
vivo or merely additive. Moreover, the present results do not exclude the possibility that 
an optimal combination therapy is better than ACV alone with respect to prevention of 
virus spread. Further studies are underway to both define the interaction of MDL 
101,731 and acyclovir, as well as the mechanism by which this RR inhibitor impedes 
zosteriform lesion formation. 
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