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The antiviral effects of ribavirin (1-#-D-ribofuranosyl-l,2,4-triazole-3-carboxamide) and 6-mer- 
capto-9-tetrahydro-2-furylpurine (6-MPTF) against dengue viruses were examined in vitro. Ribavirin 
significantly reduced the growth of dengue virus types 1-4  in LLC-MK2 cells at concentrations well 
below cytotoxic levels (cell viability was determined by trypan blue dye exclusion). Addition of 
guanosine to ribavirin-treated dengue virus-infected cell cultures completely reversed the antiviral 
effect of the drug. In contrast, ribavirin had no effect on dengue virus replication in human peripheral 
blood leukocytes (PBL). 6-MPTF, a specific inhibitor of hypoxanthine-guanine phosphoribosyltrans- 
ferase, did not significantly reduce the growth of dengue viruses in either LLC-MK2 cells or human 
PBL. However, synergistic effects of 6-MPTF and ribavirin were observed, as combined treatment 
of the two drugs markedly suppressed the replication of dengue viruses in human PBL. The successful 
demonstration that dengue virus replication in mononuclear leukocytes is markedly suppressed by 
the combined treatment of ribavirin and 6-MPTF signals a need to evaluate the efficacy of this treat- 
ment against dengue virus infections in vivo. 

combination chemotherapy dengue virus 6-mercapto-9-tetrahydro-2-furylpurine ribavirin 

INTRODUCTION 

Dengue viruses are a major cause of morbidity and mortality among children in tropic- 
al Asia [10]. The clinical spectrum of dengue virus disease ranges from relatively benign 
dengue fever to the more severe dengue hemorrhagic fever (DHF) and life-threatening 
shock syndrome (DSS) [14]. These viruses are known to occur in nature as four distinct 
antigenic types [19[, and several studies have demonstrated a significant correlation be- 
tween the severity of disease caused by dengue and the immune status of the host prior 
to infection [11,15]. At the present time, efforts to control the spread of dengue have 
not been entirely successful. Insect control measures are faced with the increasing resist- 
ance of mosquito vectors to chemical pesticides [29]. In addition, vaccine development 
must preclude the possibility of  homotypic vaccines sensitizing individuals towards the 
more severe secondary heterologous dengue infections [32]. As a result, antiviral chemo- 
therapeutic agents are presently being evaluated as a means for prophylactic and thera- 
peutic control of dengue virus disease. 
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Ribavirin (1-~-D-ribofuranosyl-l,2,4-triazole-3-carboxamide) has been reported to 
exhibit antiviral activity against a broad spectrum of DNA and RNA viruses [35]. The 
molecular conformation of ribavirin closely resembles that of guanosine [30], and phos- 
phorylated derivatives of the drug have been reported to interfere with the biosynthesis 
of guanosine nucleotides [27]. In particular, ribavirin-5'-monophosphate has been shown 
to competitively inhibit inosine-5'-monophosphate (IMP) dehydrogenase, a cellular 
enzyme required for guanosine-5'-monophosphate biosynthesis [38]. Although the exact 
mode of action of ribavirin against viral replication is unknown, the reduction of guano- 
sine nucleotide pools and inhibition of 5' messenger RNA cap formation which occurs 
in the presence of the drug are thought to play an important role in the decreased produc- 
tion of virus particles [37]. 

Dengue viruses are known to infect mononuclear leukocytes in vitro [17], and many 
reports suggest that these cells are directly involved with the pathogenesis of dengue virus 
infections in vivo [2,26,28]. Since peripheral blood mononuclear leukocytes exhibit a 
limited capacity for de novo purine biosynthesis [33], the inhibitory effect of ribavirin 
against dengue virus infections in these cells might be expected to be minimal, and 
preliminary studies in this laboratory confirmed this prediction (Elm, J.L., Jr. et al.: 
Abst. A-IO, American Society for Microbiology, Annual Meeting, 1981). Analysis of 
several virus-host-drug relationships has clearly indicated that an important mechanism 
for improving the efficacy of antiviral agents is through combination chemotherapy. By 
selecting pairs of drugs which inhibit viral replication at different sites, synergistic effects 
may result due to concurrent inhibition, sequential blockage or inhibition through com- 
plementation [1]. 

6-Mercapto-9-tetrahydro-2-furylpurine (6-MPTF) is a specific inhibitor of hypo- 
xanthine-guanine phosphoribosyltransferase (HGPRTase), a major salvage pathway 
enzyme for purine biosynthesis [22]. 6-MPTF has been shown to have antitumor activ- 
ity [4,31] and is especially effective when administered in combination with inhibitors 
of de novo purine biosynthesis [22]. In the present study, we have examined the effects 
of 6-MPTF and ribavirin against dengue virus replication in vitro. Our results indicate that 
combined treatment of ribavirin and 6-MPTF effectively suppresses dengue virus replica- 
tion in vitro, and demonstrates the need to investigate the efficacy of combination 
chemotherapy against dengue virus infections in vivo. 

MATERIALS AND METHODS 

Virus assays 

Dengue virus type 1 (strain 16007), type 2 (strain 16681), type 3 (strain 16562), 
and type 4 (strain H-241) were recovered in BSC-1 cells or in suckling mice from acute- 
phase sera from patients with dengue hemorrhagic fever [16,19]. These viruses were pro- 
pagated in LLC-MK2 cells (rhesus monkey kidney) maintained with Eagle's basal medium 
(BME) with Earle's salts and 10% calf serum. Stock seed virus was released from cells by 
freeze-thawing and concentrated by ultracentrifugation as previously described [13]. 
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Assays of virus titers were done by modification of a plaque method in LLC-MK2 cells 
[12]. Briefly, 3-day-old LLC-MK2 cell monolayers grown in 1 ounce bottles (Brockway 
Glass Co., Brockway, PA) were rinsed with Hanks' balanced salt solution (HBSS; Micro- 
biological Associates, Bethesda, MD) and inoculated with 0.2 ml of  serially diluted 
virus samples for 90 min at 37°C with continuous gentle rocking to facilitate adsorption. 
The inoculum was poured off, and cells were overlayed with 4 ml of 1% purified agar 
(BBL; Cockeysville, MD) in BME with final concentrations of 10% calf serum, 200 units 
peniciUin/ml, 200 tag streptomycin/ml, 2 mM t-glutamine, 0.1% sodium bicarbonate, 
and neutral red diluted to 1 : 24,000. The bottles were incubated in the dark for 7 
days at 37°C before plaques were counted. All samples were assayed in triplicate. 

Infection o f  LLC-MK2 cells 
Cells were rinsed with HBSS and inoculated with dengue viruses at a multiplicity of 

infection (m.o.i.) of 0.01-0.1. After adsorption for 90 min at 37°C, the inoculum was 
aspirated off  and replaced with 5 ml of virus maintenance media (BME supplemented 
with 2% calf serum). Culture medium was harvested daily in 0.5 ml aliquots and stored 
at -70°C for future examination of virus titers. In general, peak titers of virus were ob- 
tained at 5 days post-infection. Nucleosides and/or ribavirin were added immediately 
following the viral adsorption period and remained in contact with the cells for the entire 
5-day culture period. 

Infection of  mononuclear leukocytes 
Preservative-free heparinized whole blood was collected by venipuncture of normal 

adult human volunteers. Mononuclear leukocytes were isolated by standard Ficoll- 
Hypaque (Pharmacia, Uppsala, Sweden; sodium diatrizoate, Winthrop, New York, NY) 
density gradient centrifugation [5]. Cells were washed three times in phosphate-buffered 
saline (Ca2+/Mg2+-free, PBS, pH 7.4), once in HBSS, and resuspended in RPMI 1640 
medium (GIBCO, Grand Island, NY) containing 20 mM Hepes (Calbiochem, San Diego, 
CA), 0.2% sodium bicarbonate, 2 mM L-glutamine, 200 units penicillin/ml and 200/ag 
streptomycin/ml. 6 × 106 mononuclear leukocytes were incubated with dengue virus 
type 2 (m.o.i. = 0.1-1.0) and anti-dengue 4 serum (1 : 200 f'mal dilution) in a total 
volume of 1 ml for 90 min at 37°C. This concentration of anti-dengue 4 rhesus monkey 
serum regularly enhanced dengue virus type 2 replication in both non-immune human 
leukocytes and non-immune rhesus leukocytes [18]. Cultures were washed in RPMI 1640 
medium to remove any unadsorbed virus, and cells were resuspended at 2 X 106/ml in 
RPMI 1640 medium supplemented with 2% fetal calf serum. One ml cultures were in- 
cubated at 37°C in a 5% CO2 in air atmosphere for 4-5  days, harvested and stored at 
-70°C. As with LLC-MK2 cells, dengue virus titers reached a maximum level by 4-5  days 
post-infection. Ribavirin and/or 6-MPTF were included in virus cultures following the 
removal of virus inoculum, and remained in contact with the cells for the entire culture 
period. Growth of dengue viruses in mononuclear leukocytes was assayed by the LLC- 
MK2 plaque method described above. 
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Cell viability 
Viability of mononuclear leukocytes was assayed by trypan blue dye exclusion [24]. 

Briefly, 50/al of a 0.1% trypan blue solution were added to 0.2 ml cell cultures for 30 s 
followed by 0.1 ml of 4% acetic acid to terminate the reaction. Replicate samples of each 
culture were counted to yield accurate percentages (-+ 3%) of cell viability. 

Statistical analysis 
Student's t test was used to evaluate the significance of  observed differences between 

experimental and control groups. 

Chemicals 
Ribavirin was obtained from ICN Pharmaceuticals, Inc. (Covina, CA). Guanosine, 

xanthosine and adenosine were obtained from Sigma Chemical Co. (St. Louis, MO). 
6-MPTF was obtained from the Drug Synthesis and Chemistry Branch (Division of Cancer 
Treatment, National Cancer Institute, Silver Spring, MD). Ribavirin and 6-MPTF were 
dissolved in sterile distilled water, filtered, and stored at 4°C until use. 

RESULTS 

Dose-response studies 

Fig. 1 describes the effect of increasing concentrations of ribavirin on the replication 
of dengue virus type 2 in LLC-MK2 cells. The minimal inhibitory concentration (MIC) 
of ribavirin is defined as the concentration which causes 50% reduction in the number of 
plaques. Interpolation from our dose.response data indicates that the MIC for ribavirin 
against dengue virus type 2 is approximately 2.0/ag]ml. Concentrations of drug less than 
100/ag/rnl did not produce any microscopically detectable damage to the cells. Higher 
doses resulted in generalized rounding and destruction of the cell sheet. These viability 
studies agree with previous findings which showed that ribavirin's cytotoxic effects do 
not vary significantly among cell types, with the 50% cytotoxic dose of the drug being 
200-1000 #g/ml [34]. 

Treatment of dengue virus type 2-infected LLC-MK2 cells with 6-MPTF at concentra- 
tions ranging from 10 taM to 500 /aM had no effect on virus replication (Table 1). At 
concentrations greater than 500 /aM, 6-MPTF treatment for 5 days of  uninfected LLC- 
MK2 resulted in observable cytopathic effects. In addition, combined treatment of riba- 
virin plus 6-MPTF at various doses did not improve the antiviral efficacy of ribavirin 
alone in dengue-infected LLC-MK2 cells (Table 1). 

Effect o f  ribavirin on the replication of  different dengue virus types 

Table 2 shows the effect of ribavirin on the growth of each of the four dengue virus 
types in LLC-MK2 cells. At a concentration of 50/ag/ml, the replication of  all four types 
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Fig. 1. Dose- response  curve of  ribavirin on the infection of  LLC-MK2 cells with dengue virus type 2. 

Drug was added immediately following the viral adsorption period. Stock solution o f  ribavirin was 

made up in sterile distilled water and filtered prior to use. At 5 days post-infection, aliquots o f  culture 

fluids were harvested and assayed in LLC-MK2 cells for determination o f  virus titers. Values indicate 

means from four experiments. Bars denote standard error of  mean. 

TABLE 1 

Effect o f  ribavirin and 6-MPTF on dengue virus replication in LLC-MK2 cells a 

Ribavirin b 6 -MPTF c p.f.u./ml d 

- - 4.63 × 106 

1.0 - 2.03 X 106 

10.0 - 1.75 × 10 s 

25.0 - 1.58 × 103 

- 10 2.05 X 106 

- 100 4.83 X 106 

- 500 3.51 × 106 

1.0 500 1.33 X 106 

10.0 100 5.33 × l0 s 

25.0 100 3.50 × 103 

25.0 500 2.50 × 103 

a Dengue virus type 2 was inoculated into LLC-MK2 cells and culture fluids were harvested 5 days 

post-infection and assayed for released virus in an LLC-MK2 plaque assay as described in Methods. 

b Concentration o f  ribavirin expressed as/~g/ml. 

c Concentration of  6-MTPF expressed as gM. 
d Values indicate the mean p.f.u./ml from three replicate experiments. 
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TABLE 2 

Inhibition of dengue virus replication by ribavirin a 

Dengue virus types Drug b p.f.u./ml c Log10 reduction in 
virus titers d (P < 0.01) 

1 7 . 8  X l O  s - 

1 + 5 . 0  X 101 4.19 
2 - 9.2 X 10 ~ - 
2 + 4.2 × 103 3.34 
3 - 2.2 X 10 s - 
3 + 2.7 X 101 3.91 
4 - 4.2 X lO s - 
4 + 1.1 X 102 3.58 

a Dengue viruses were inoculated into LLC-MK2 cells and culture fluids were harvested 5 days post- 
infection and assayed for released virus in an LLC-MK2 plaque assay as described in Methods. 
b Ribavirin was added immediately following the viral adsorption period at a concentration of 50 
/~g/ml. 
c Values indicate the mean p.f.u./ml from three replicate experiments. 
d Statistical analysis by the Student's t test. 

of  dengue viruses is suppressed by greater than three logarithms. When comparisons were 

made of the relative sensitivity of each dengue virus type of ribavirin, no statistical 

differences were observed. Thus, it may be concluded that all four types of dengue viruses 

are susceptible to the antiviral effect of  ribavirin when cultured in LLC-MK2 cells, and 

that the degree of sensitivity is similar for the different virus types. 

Reversal o f  the antiviral effect of  ribavirin by addition of  exogenous nucleosides 

Previous studies with other viruses have demonstrated that the antiviral effect of 

ribavirin in vitro could be significantly reversed by including exogenous nucleosides in 

the virus-cel l  cultures [38]. Table 3 describes the effect of  guanosine, xanthosine and 

adenosine on the inhibition of dengue virus type 2 growth in LLC-MK2 cells caused by 

ribavirin. At 50 /~g/ml, the three nucleosides had no effect on dengue virus replication 

in the absence of ribavirin. When ribavirin alone was added to the dengue-infected cells, 

titers of virus harvested from supernatant medium 5 days post-infection were reduced 

by more than three logarithms. Addition of guanosine to ribavirin-treated infected cell 

cultures completely reversed the antiviral effect of the drug. Of the three nucleosides 

tested, the ability to reverse the inhibitory effect of ribavirin on dengue virus replication 

was limited to guanosine. Dose-response studies indicate that concentrations ofguanosine 

as low as 5 /ag/ml can significantly reduce the antiviral effect of ribavirin on dengue virus 

growth in vitro (data not shown). 
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TABLE 3 

Interference with the anti-dengue virus activity of ribavirin by exogenous nucleosides 

Sample a Drug b p.f.u./ml c 

Dengue virus type 2 - 6.33 x 106 
plusguanosine - 4.16 X 106 
plus adenosine - 3.00 × 106 
plus xanthosine - 1.03 × 107 

Dengue virus type 2 + 1.67 × 103 
plus guanosine + 3.66 × 106 
plus adenosine + 5.33 × 102 
plus xanthosine + 5.80 X 103 

a Dengue virus type 2 was infected into LLC-MK2 cells at an m.o.i. = 0.1. Culture fluids were harvested 
5 days post-infection and assayed for released virus in an LLC-MK2 plaque assay described in Methods. 
Nucleosides were added at a final concentration of 50 t~g/ml immediately following the viral adsorp- 
tion period and remained in contact with the ceils for the entire 5-day incubation period. 
b Ribavirin was added immediately following the viral adsorption period at a concentration of 25 
t~g/ml. 
c Values indicate the mean p.f.u./ml from three replicate experiments. 

Effect of ribavirin and 6-MPTF on the growth of  dengue viruses in human PBL 

Since dengue virus infection o f  mononuclear  leukocytes is thought to play an im- 

por tant  role in the pathogenesis o f  severe dengue virus disease [2,26,28], we examined 

the antiviral efficacy o f  ribavirin and/or  6-MPTF against dengue virus infection o f  human 

PBL. The results o f  these experiments are described in Table 4. At 50/ag/ml, a concentra- 

t ion o f  the drug that suppressed the growth of  dengue viruses in LLC-MK2 cells, riba- 

virin, had no significant effect on the replication o f  dengue virus type 2 in human PBL. 

Concentrations of  ribavirin greater than 100/ag/ml were found to be cytotoxic  for human 

PBL. In addition, when cultures o f  dengue.infected PBL were treated with 6-MPTF, 

viral titers were only minimally suppressed. However, combined treatment  o f  ribavirin 

and 6-MPTF significantly (P < 0.01) reduced the growth o f  dengue virus type 2 in human 

PBL. The concentration o f  6-MPTF which, when combined with ribavirin (33 ~g/ml), 

caused a 50% reduction in the number o f  plaques was interpolated from our  data to  be 

40 /aM. The observed suppression of  dengue virus replication by ribavirin and 6-MPTF 

was not due to cytotoxic  effects of  the drugs, since viability studies demonstrated no 

significant differences between control  and drug-treated cultures. 

DISCUSSION 

This investigation has focused on the effects o f  ribavirin and 6-MPTF alone and, in 

combination,  on the replication of  dengue viruses in vitro. Ribavirin, at concentrations 
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TABLE 4 

Effects of ribavirin and 6-MPTF on the growth of dengue virus type 2 in human peripheral blood 
leukocytes 

Sample a [Ribavirin I [6-MPTF1 p.f.u./ml b Viability c 
(~g/ml) (~M) 

Control - - 4.66 × 103 93 
Ribavirin alone 33 - 4.84 × 103 NT d 
Ribavirin alone 50 - 2.82 × 103 92 
6-MPTF alone - 10 3.33 × 103 90 
6-MPTF alone - 100 4.01 × 103 NT 
6-MPTF alone - 500 1.10 × 103 90 
Ribavirin+ 6-MPTF 33 10 3.30 × 103 NT 
Ribavirin + 6-MPTF 33 100 3.00 × 10 ~ 91 
Ribavirin ÷ 6-MPTF 33 500 < 5.0 × 101 87 

a Peripheral blood leukocytes were infected with dengue virus type 2 as described in Methods. Riba- 
virin and/or 6-MPTF were added immediately following the viral adsorption period. Cultures were 
harvested after 4 days incubation and virus titers were determined by an LLC-MK2 plaque assay. 
b Values indicate the means of three replicate experiments. 
c Viability studies by trypan blue dye exclusion. 
d Not tested. 

well below cytotoxic levels, markedly reduced the growth of all four types of dengue 

virus in LLC-MK2 cells. In contrast, concentrations of ribavirin up to 50/~g/ml did not  

reduce the replication of dengue viruses in human PBL. These findings support the sug- 

gestion of previous studies with DNA viruses that the antiviral action of ribavirin is 

dependent on the host cell type [21]. Previous studies with measles virus demonstrated 

a reversal of  the antiviral effect of ribavirin when guanosine or xanthosine was added 

to measles virus-infected cell cultures [6,38]. In our dengue virus LLC-MK2 cell system, 

guanosine alone could reverse the antiviral effect of ribavirin, while xanthosine or adeno- 

sine had no effect. These observations support the theory that the mode of action of 

ribavirin involves alterations in the biochemical pathways leading to or in association with 

guanosine nucleotides [36]. 

Combination chemotherapy has proven to be an effective method for antimicrobial 

and cancer chemotherapy [3,7,20,23], but  has received minimal at tention in antiviral 

chemotherapy [1,8,25]. Recently, studies by Galegov et al. [9] demonstrated that a com- 

binat ion of rimantadine and ribavirin was more effective in tissue culture infected with 

influenza A virus than the sum of the effects of the drugs given individually. In addition, 

Wilson et al. [39] showed that combined aerosol treatment of ribavirin and amantadine 

to influenza-infected mice was considerably more effective than single drug therapy. 

These studies with influenza provide evidence that other drugs with specific mechanisms 

of action differing from those postulated for ribavirin may be used in combination with 

ribavirin to potentiate the antiviral response. 



77 

Jadhav et al. [22] showed that 6-1VlFrF potentiates the effect o f  azaserine, an inhibitor 

o f  de novo purine biosynthesis, on the survival time of  mice bearing L5178Y ascites 

tumors. Of particular interest in these studies was the observation that neither azaserine 
or 6-MPTF alone exhibited marked activity against this murine tumor, while administra- 

tion o f  the drugs in combination significantly increased the survival time. Similarly, our 

studies showed that neither ribavirin or 6-MPTF significantly reduced the production of  
dengue viruses in human PBL. Using the azaserine-6-MPTF system as a model, we 

postulated that combined treatment o f  ribavirin and 6-MPTF might potentiate the anti- 

viral effect against dengue virus replication. Our data clearly demonstrated that, indeed, 

combination o f  ribavirin and 6-MPTF markedly reduced the growth of  dengue viruses in 

human PBL without any significant effect on cell viability. It is interesting to note that 

6-MPTF did not potentiate the antiviral effect o f  ribavirin in LLC-MK2 cells, while com- 

bined treatment of  the drugs in PBL significantly inhibited dengue replication. The lack 

o f  effect o f  combined therapy in LLC-MK2 cells may be due to the minimal use o f  

salvage pathway enzymes in the production of  dengue viruses in these cells. Since mono- 

nuclear leukocytes infected with dengue have been strongly implicated in the patho- 

genesis o f  severe dengue virus disease [2,26,28], these findings signal a need to determine 
the efficacy o f  ribavirin and 6-MPTF against dengue virus infections in vivo. 
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