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Ribavirin enhances the anti-human immunodefi- 
ciency virus activity of 2’,3‘-dideoxyinosine (ddIno) in 
MT-4, CEM and peripheral blood lymphocyte cells. 
Ribavirin causes an increase in the levels of IMP, the 
presumed  phosphate  donor for the conversion of ddIno 
to ddIMP  by 5‘-nucleotidase. Consequently, ribavirin 
stimulates the conversion of ddIno to its  antivirally 
active metabolite ddATP. Ribavirin also causes a 
marked depletion of the guanine nucleotide pools. The 
increase in IMP  pool levels may result from (i) a direct 
inhibitory effect of ribavirin 5’-monophosphate on 
IMP dehydrogenase (which  converts IMP to XMP) and 
(ii) an indirect inhibition of adenylosuccinate synthe- 
tase by the decreased GTP  and  dGTP pools (since GTP 
is an obligatory cofactor in the conversion of IMP to 
succinyl AMP). GTP depletion plays a key role in the 
accumulation of IMP and the resultant higher rate 
of ddIno phosphorylation to ddIMP and eventually 
ddATP. Our findings are  in agreement with the obser- 
vations that guanosine and 2’-deoxyguanosine, but not 
2‘-deoxyadenosine, reverse (i) the stimulatory effect 
of ribavirin on the anti-human immunodeficiency virus 
activity of  ddIno  and (ii) the accumulation of endoge- 
nous IMP pools as well as accumulation of [3H]IMP 
from exogenous [3H]hypoxanthine in ribavirin-treated 
cells. 

Ribavirin is a broad  spectrum  antiviral  agent  that  has 
proved effective against a number of DNA  and  RNA viruses 
in vitro (1-3). It  has shown  clinical efficacy against  both 
influenza A and B virus, respiratory  syncytial  virus,  parain- 
fluenza virus, and a variety of exotic  viral  diseases (4-7). 
Ribavirin is converted  to  its  5’-monophosphate  (Rib-MP)’ 
derivative by adenosine  kinase (8). Rib-MP  inhibits  inosine 
5’-monophosphate  (IMP) dehydrogenase, thus  decreasing  the 
intracellular GTP  and  dGTP pools (9, 10). However, the 
eventual  metabolite of ribavirin is its  5’-triphosphate  deriva- 
tive  (Rib-TP), which interferes  with  viral  mRNA  5’-cap  for- 
mation  and  the  functioning of virus-encoded RNA  polymer- 
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ases  in  the  priming  (initiation)  and  elongation of viral mRNAs 
(11, 12). 

Ribavirin  potentiates  the  inhibitory effect of purine 2’, 
3’-dideoxynucleosides ( i . e .  2’,3’-dideoxyadenosine  (dd- 
Ado), 2‘,3‘-dideoxyinosine (ddIno), 2’,3’-dideoxyguanosine 
(ddGuo), 2’,3’-dideoxy-2,6-diaminopurine riboside  (dd- 
DAPR), 3’-azido-2’,3‘-dideoxy-2,6-diaminopurine riboside 
(Azdd-DAPR))  on  human immunodeficiency virus  (HIV)  rep- 
lication in uitro (13). Also, ribavirin  markedly  enhances  the 
anti-retrovirus  activity of ddIno,  ddDAPR,  and AzddDAPR 
in newborn NMRI mice infected with Moloney murine  sar- 
coma virus (14, 15). A  biochemical basis for the  potentiating 
effect of ribavirin  on  the  anti-HIV  activity of the  purine 
dideoxyribosides has been  proposed but  not  demonstrated. 
Since  the  purine 2’,3’-dideoxynucleosides act as reverse tran- 
scriptase  inhibitors  after  their  intracellular  phosphorylation 
to  the  5”triphosphate derivatives,  depletion of the endoge- 
nous  purine  dNTP  (dGTP,  dATP) pools  may  favor the com- 
petitive effect of the  ddNTPs for the enzyme.  Alternatively, 
the  accumulation of endogenous IMP  as a  consequence of the 
inhibition of IMP dehydrogenase may enhance  ddIno  phos- 
phorylation  to  ddIMP  (and  thus increase the  ddATP pools 
that  are  generated  from  ddIMP  (16)) since IMP is  an efficient 
phosphate  donor  in  phosphorylation  reactions catalyzed by 
5”nucleotidase (17). 

In  this  study we have  investigated  both metabolic pathways 
(increased  phosphorylation of ddIno  to  ddIMP  and decreased 
production of guanine nucleotides) in  attempts  to  assess  the 
relative contributions of these  pathways  in  the  enhancing 
effect of ribavirin  on  the  anti-HIV  activity of ddIno  in  the 
human  T-4 lymphocyte  cell lines  MT-4  and  CEM as well as 
peripheral blood lymphocytes (PBL). 

MATERIALS  AND  METHODS 

Compounds-Ribavirin (Virazole) was provided by ICN Pharma- 
ceuticals (Costa Mesa, CA). 2’,3’-Dideoxyinosine (Videx) was ob- 
tained from Dr. J. C. Martin (Bristol-Myers Squibb, Wallingford, 
CT). The other nucleotides used were  of the highest grade of purity 
and were obtained from Sigma. 

[‘HIRibavirin (specific radioactivity, 10 Ci/mmol) and [2’,3’-3H] 
dideoxyinosine (specific radioactivity, 31 Ci/mmol) were obtained 
from Moravek Biochemicals Inc., Brea, CA) and [G-’H]hypoxanthine 
(specific radioactivity, 3.7 Ci/mmol) was  from Amersham Corp. 

Synthesis of Ribavirin 5‘-Triphosphate-Ribavirin was converted 
into its monophosphate as described by Streeter  et al. (9). For the 
purification of the monophosphate an XAD column was used instead 
of a column on activated charcoal. The monophosphate was treated 
with carbonyldiimidazole (18). The intermediate 5’-phosphoimida- 
zolate was converted directly into the  triphosphate (19) without 
intermediate formation of the phosphoromorpholidate (18). The  tri- 
phosphate was purified on a DEAE-cellulose column eluting with a 
triethylammonium bicarbonate gradient and converted into the so- 
dium salt. 

Cells-MT-4 cells were kindly provided by N. Yamamoto (Tokyo 
Medical and Dental University School of Medicine, Tokyo, Japan), 
and CEM cells were obtained from the American Tissue Cell Culture 
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Collection (Rockville, MD). The cells were  grown in RPMI 1640 
medium supplemented with 10% (v/v) inactivated fetal calf serum 
(GIBCO), 2 mM L-glutamine (Flow Laboratories, Irvine, Scotland), 
and 0.075% (v/v) NaHC03 (Flow Laboratories).  Peripheral blood 
lymphocytes (PBL) were derived from healthy HIV-1-seronegative 
donors and prepared as described previously (20). The cells were 
stimulated with phytohemagglutinin. 

Viruses-The  HIV strain HTLV-IIIB was derived from a pool of 
American AIDS patients as described previously (21) and obtained 
from R. C. Gallo and M. Popovic (NIH). 

Inhibitory Effects of the Test Compounds  on HIV-1-induced Cyto- 
pathogenicity in  MT-4 Cells and Syncytium Formation in CEM Cells- 
The anti-HIV assays were performed as described previously (22-24). 
Briefly, 5 X lo5 MT-4 or CEM cells/ml were infected with HIV-1 at 
100 CCID,,/ml. Then, 100-pl aliquots of the infected cell suspension 
were added to  the wells of a microtiter tray  containing  a 50-pl solution 
with varying concentrations of ddIno (20, 10,5, 2,1,0.5,0.2,0.1, 0.05, 
or 0.02 pM) ,  a 25  p1 solution of ribavirin (40, 20, 10, 4,  2, or 1 p ~ ) ,  
and/or a 25-p1 solution of guanosine (20, 8, or 2 p ~ ) ,  2"deoxygua- 
nosine (20, 10, or 5 pM),  2'-deoxyadenosine (200 or 40 p ~ ) ,  or 
hypoxanthine (500 pM).  Guanosine, 2'-deoxyguanosine, and 2"deox- 
yadenosine were added twice to  the cell cultures, initially at  the time 
of infection and  later at 5  h  after infection. After a 5-day (for MT-4) 
or 4-day (for CEM) incubation period at  37 "C, the number of viable 
MT-4 cells  was recorded microscopically in a hematocytometer by 
trypan blue  dye exclusion, and  the number of syncytia in the CEM 
cell cultures was estimated under the microscope. The antiviral 
activity of ddIno is expressed as  the concentration of ddIno required 
to protect 50% of the HIV-1-infected MT-4 cells against  destruction 
or HIV-1-infected CEM cells against giant cell formation (50% effec- 
tive concentration (EGO)). 

Preparation of MT-4, CEM, and PBL Cell Extracts-MT-4, CEM, 
and phytohemagglutinin-stimulated PBL cell cultures (5 X IO5 cells/ 
ml) were incubated with varying concentrations of ribavirin for 5 or 
18 h. Then,  the cells were centrifuged, washed with RPMI 1640 
medium without serum and L-glutamine, and precipitated with ice- 
cold methanol (60%). After standing for 10 min on ice, the precipitate 
was removed by centrifugation at 10,000 rpm, and  the  supernatants 
were analyzed by HPLC using a  Partisphere SAX-10 column. A 
linear gradient of  0.007 M ammonium dihydrogen phosphate (pH 3.8) 
(Buffer B)  to 0.25 M ammonium dihydrogen phosphate + 0.05 M KC1 
(pH 4.5) (Buffer C) was used to separate nucleotides. The different 
successive chromatography steps were as follows: 10 min 100% Buffer 
B; 10 min linear gradient from 100% Buffer B to 60% Buffer B + 
40% Buffer C; 5 min linear gradient from 60% Buffer B + 40% Buffer 
C to 100% Buffer C; 15 min 100% Buffer C; 3 min linear gradient 
from 100% Buffer C to 100% Buffer B; 5 min Buffer B to equilibrate 
the column. Retention times of IMP, GMP,  GDP, and  GTP were 7.3, 
12.7,  25.5, and 37.1, respectively. 

Metabolism of [3HlddIno, [3HlRibauirin, and [3HlHypoxanthine 
in CEM Cells-CEM cells were seeded at 5-6 X lo6 cells/ml and 
incubated with 1 p~ [3H]ddIno (in  the absence or presence of  20 p~ 
unlabeled ribavirin, 20 pM Guo, 20 p~ dGuo, 20 p~ ribavirin + 20 
pM Guo,  or 20 pM ribavirin + 20 pM dGuo)  or 20 pM 13H]ribavirin 
(in  the absence or presence of  20 pM Guo or 20 pM dGuo) or 1 pM 
['HHIhypoxanthine (in  the absence or presence of  20 p~ ribavirin, 20 
pM Guo, 20 pM dGuo, 20 ptd ribavirin + 20 pM Guo, or 20 pM ribavirin 
+ 20 p~ dGuo). After a 5-h incubation, cells were centrifuged, washed, 
precipitated with cold methanol, and prepared for HPLC analysis as 
described in the previous section. The different successive chroma- 
tography steps were as described in the previous section, except for 
the 100% Buffer C  run that was 18 min instead of 15 min. Retention 
times for ddATP, ribavirin, Rib-MP,  Rib-DP, and  Rib-TP were  39.5, 
0.80, 6.65,  16.9, and 30.2 min, respectively. 

Reverse Transcriptase Assay-Inhibition of HIV-1-associated 
reverse transcriptase by ribavirin 5'-triphosphate and ddATP 
was determined in the presence of  0.01 unit of either poly(A) .oligo- 
(dT)12.1B, poly(C) .oligo(dG)12.18,  or poly(U) .oligo(dA)12-la as  the ex- 
ogenous template/primer  and 2 pCi of either [meth~l-~H]dTTP (1 
p ~ ) ,  [3H]dGTP (3 p ~ )  or  [3H]dATP (3 p ~ ) ,  respectively, as  the 
natural substrate. The reverse transcriptase reaction mixture con- 
tained in a total volume of  50  pl 50 mM Tris.HC1 (pH 7.8), 5 mM 
dithiothreitol, 300 mM glutathione, 500 p~ EDTA, 150 mM KCI, 5 
mM MnCL (with poly(U). oligo(dA)12.1a as  the template/primer)  or 
MgCl, (with poly(A). oligo(dT)12-18 as  the template/primer), 1.25 pg 
of bovlne serum albumin, 0.03% Triton X-100, 10 p1  of an appropriate 
concentration of Rib-TP, ddATP,  or  a mixture of both compounds, 
and enzyme. The reaction mixtures were incubated at 37 "C for 30 

min at which time 100 p1 of calf thymus DNA  (150 pg/ml), 2 ml  of 
Na4P20, (0.1 M in 1 M HCl), and 2 ml of trichloroacetic acid (lo%, 
v/v) were added. The solutions were kept  on ice for 30 min, after 
which the acid-insoluble material was analyzed for radioactivity. 

RESULTS 

Potentiating Effect of Ribavirin on the Anti-HIV-1 Activity 
of ddIno  in MT-4, CEM, and  PBL Cells-The effect of riba- 
virin on the  anti-HIV-1 activity of ddIno was investigated in 
two continuous human T4 lymphocyte cell lines (MT-4  and 
CEM)  and freshly prepared  and phytohemagglutinin-stimu- 
lated  peripheral blood lymphocytes. 2',3'-Dideoxyinosine 
proved inhibitory to HIV-1 replication in  MT-4, CEM, and 
PBL cells at  an EC50  of 4.1, 7.0, and 0.58 p ~ ,  respectively 
(Table I). Addition of ribavirin at a subtoxic concentration 
(10-20 p ~ )  resulted in a 7-17-fold increase in  the antiviral 
activity of ddIno, irrespective of the cell line used (Table  I). 
The potentiating effect of ribavirin on the  anti-HIV-1 effect 
of ddIno was most pronounced in CEM cells. There was a 
clear concentration-response relationship between the con- 
centrations of ribavirin and  the increase in the antiviral 
activity of ddIno (Table I). Even at a ribavirin concentration 
as low as 1-2 p ~ ,  the  anti-HIV-1 effect of ddIno was poten- 
tiated by 2-3-fold. At the concentrations used (i.e. 0.4-40 p ~ )  
ribavirin by itself had no anti-HIV-1 effect. When ribavirin 
was added to  the HIV-1-infected MT-4 cells at 24 or 48 h 
postinfection, it did not increase the antiviral activity of ddIno 
(added immediately after infection) (data  not shown). 

Effect of Guanosine,  2'-Deoxyguanosine,  2'-Deoxyadenosine, 
and Hypoxanthine on the  Potentiating  Effect of Ribavirin on 
the anti-HZV-1 Activity of ddZno-The natural nucleosides 
Guo,  dGuo,  dAdo, and hypoxanthine had no anti-HIV-1 ac- 
tivity  in  MT-4, CEM, or PBL cells at  the highest concentra- 
tions  tested (20, 20,  200, and 500 p ~ ,  respectively) (data  not 
shown). When combined with ddIno, only hypoxanthine (at 
500 p ~ )  caused a slight (1.5-2-fold) increase in the antiviral 
activity of ddIno. The other nucleosides (Guo, dGuo, and 
a d o )  did not affect the  anti-HIV-1 activity of ddIno. How- 
ever, when  Guo or dGuo  was added to  the cell cultures together 
with both ddIno and ribavirin, they reversed the potentiating 
effect of ribavirin on the  anti-HIV-1 activity of ddIno (Fig. 
1). In fact, at  the highest concentration  tested (i.e. 20 pM) 
Guo brought about a 5-fold (MT-4) or 6-fold (CEM) increase 
in the EC50  of ddIno (combined with 20 p~ ribavirin); dGuo 
caused a &fold (MT-4)  and 10-fold (CEM) increase in the 
EC50 of ddIno (combined with 20 p~ ribavirin) (Fig. 1). The 
addition of Guo or dGuo to ribavirin-treated  PBL cells in- 
creased less markedly the EC50  of ddIno (data  not shown). 
The reversing effect of Guo and dGuo was concentration- 
dependent (Fig. 1). Addition of hypoxanthine to  the combi- 
nation of ddIno with ribavirin did not affect markedly the 
ECso of ddIno. Also,  dAdo had no effect on  the antiviral 
activity of the combination of ddIno with ribavirin. 

Inhibition of Reverse Transcriptase by ddATP and Ribavirin 
5'-Triphosphate-Rib-TP proved inhibitory to the RNA-de- 
pendent DNA polymerization function of HIV-1 reverse tran- 
scriptase; with poly(A) . oligo(dT)12-18 as  the exogenous tem- 
plate/primer, the 50% IC50  of Rib-TP was 50 pM (data  not 
shown). No significant reverse transcriptase inhibition was 
observed at 500 p~ Rib-TP when  poly(C).o1igo(dG)l2-18 or 
poly(U) .oligo(dA)12-18  was used as  the exogenous template/ 
primer. In contrast,  ddATP was a  potent  inhibitor of reverse 
transcriptase in the  poly(U). oligo(dA)12-18 system 0.5 
pM) but virtually inactive in the two other  template/primer 
systems (data  not  shown). Neither GTP (200 p ~ )  nor dGTP 
(200 p ~ )  was able to reverse the reverse transcriptase  inhi- 
bition by Rib-TP in the poly(A). oligo(dT)12-la system. Also, 
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TABLE I 
Effect of ribavirin on the anti-HIV-1 activity of ddlno in MT-4, CEM, and PBL cells 

Cell line 
ECao” of ddIno upon addition of ribavirin 

Untreated 0.4 pM 1 PM 2 I ~ M  4 NM 10 pM 20 pM 40 pM 

PM 
MT-4 4.1 3.1 2.5 2.5 2.2 0.68 0.48 

CEM 7.0 2.5 2 2 1 1 0.4  0.2 

PBL 0.58 0.54 0.34 0.24 0.24 0.12 0.09 

Concentration required to inhibit by 50% HIV-1-induced cytopathogenicity in MT-4 and CEM cells, or HIV- 
1 core p24 release in the medium  of HIV-1-infected PBL cells. 
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FIG. 1. Effect of ribavirin (20 PM), hypoxanthine (Hx, 500 
p ~ ) ,  and combinations of ribavirin (20 p ~ )  with different 
Concentrations of guanosine (20, 8, and 2 p ~ ) ,  2”deoxygua- 
nosine (20,10, and 5 p ~ ) ,  and 2’-deoxyadenosine (200 PM) on 
the anti-HIV-1 activity of  ddIno in MT-4 cells (upperpanel) 
and CEM cells (lower  panel). The antiviral activity of ddIno is 
expressed as its 50% effective concentration (EC,), which is the 
ddIno  concentration required to inhibit HIV-1-induced cytopathogen- 
icity in MT-4 or CEM cells by 50%. 

100 p~ ddATP  had no potentiating effect on the inhibitory 
action of Rib-TP in the poly(A) . ~ l i g o ( d T ) ~ ~ - ~ ~  system, and,  in 
turn, 200 pM Rib-TP did not affect ddATP inhibition of 
reverse transcriptase in the  poly(U). 01igo(dA)~~-~~ system 
(data  not shown). 

Effect  of  Ribauirin  on  Intracellular  Nucleotide Pool Levels- 
The intracellular nucleotide pool levels were examined in 
MT-4, CEM, and PBL cells that had been exposed for 5 or 
18 h  to ribavirin. In all cell systems used, ribavirin effected a 
marked accumulation of intracellular IMP levels while de- 
creasing the GMP,  GDP,  and GTP pool levels (Fig. 2). 

In  MT-4 cells ribavirin caused a 3-fold increase in  IMP 
levels at a  concentration of 4-10 pM. At these ribavirin 
concentrations, ribavirin caused a 50% reduction in  GTP, 
GDP, and  GMP pool  levels. At  higher ribavirin concentra- 
tions (i.e. 40-80 p ~ ) ,  GTP, GDP,  and GMP pool  levels  were 
reduced to about 20-30% (Fig. 2, panel A ) .  After an 18-h 
incubation of MT-4 cells with ribavirin, the increase in IMP 
levels was slightly less pronounced than after  a 5-h incubation, 
but  the decrease in guanine nucleotide pools remained essen- 
tially unaltered (Fig. 2, panel C). 
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FIG. 2. Effect of-different concentrations of ribavirin on 
intracellular GMP (O), GDP (A), GTP (a), and IMP (0) pool 
levels in MT-4 (panels A and C) and CEM (panels B and D )  
cells upon 5-h incubation (panels A and B )  or 18-h incubation 
(panels C and D )  at 37 “C. 

In GEM cells IMP pool  levels  were affected by ribavirin to 
a greater extent  than  in MT-4 or PBL cells. Upon exposure 
of CEM cells to 20 p~ ribavirin, IMP levels increased about 
6-fold (Fig. 2, panel B ) .  The guanine nucleotide pools de- 
creased to about 30% at  the higher ribavirin concentrations 
(40-80 yM). IMP levels after an 18-h incubation of CEM cells 
with ribavirin (10-80 FM ribavirin) were still increased by 
about 6-fold. Guanine nucleotide levels after an 18-h incuba- 
tion with ribavirin were essentially the same as  after  a  5-h 
incubation (Fig. 2, panel D). 

In PBL cells the same pattern of increase in IMP  and 
decrease of guanine nucleotide levels  was  observed as in 
MT-4 cells (21  and  data  not shown). 

Interestingly, both Guo and dGuo but  not dAdo  were able 
to annihilate the stimulatory effect of ribavirin on IMP ac- 
cumulation at 20 p~ in CEM cells (Table 11). This suppressive 
effect was dose-dependent and  thus much less pronounced at 
lower  Guo or dGuo concentrations. A close correlation was 
found between the decrease in IMP levels and  the increase in 
GTP pools (Table 11). In fact, at  the highest Guo and dGuo 
concentrations  tested (20 p ~ )  IMP levels  fell below their 
normal intracellular levels observed in control cultures 
(-50%) (Table 11). Similar observations were  made in  MT-4 
and  PBL cells (data  not shown). 

Metabolism of r3H/Ribauirin, [3H]ddIn~ ,  and  [3H/Hypo- 
xanthine in CEM Cells-Metabolism of  20 WM [3H]ribavirin, 
1 pM [3H]ddIno, and 1 p~ [3H]hypoxanthine was investigated 
in CEM cells in the absence or presence of  20 WM guanosine, 
20 pM 2‘-deoxyguanosine, 20 pM unlabeled ribavirin, or a 
combination of unlabeled ribavirin (20 pM)  with Guo  (20 p ~ )  
or dGuo (20 p ~ ) .  [3H]Ribavirin was converted to its 5’-mono-, 
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TABLE I1 

Effect of guanosine and Z'-deoxyguanosine on the IMP and GTP 
levels in CEM cells  that were treated  with 20 p~ ribavirin 

Treatment  schedule  IMP  levels  GTP levels 

% of control 
Untreated 100" 100" 
Ribavirin (20 p ~ )  890 24 
Ribavirin (20 p ~ )  + Guo (20 p ~ )  55  206 

(8 PM) 207 85 
(2 PM) 638 31 

Ribavirin (20 p ~ )  + dGuo (20 p ~ )  49 178 
(10 PM) 65 126 
(5 PM) 288  60 

Ribavirin (20 wM) + dAdo (200 pM)  419 32 
GUO (20 pM) 54 186 
dGuo (20 pM) 58 158 
IMP  and GTP levels in untreated CEM cells were 90 and 1,320 

nmol/lOs cells, respectively, after a 5-h incubation period. 

TABLE I11 
Effect of ribavirin, guanosine, and 2'-deoxyguanosine on the 

conversion of [3HlddZno  to  [3H]ddATP in CEM cells 
Treatment  schedule  [3H]ddATP formation' 

% of control 
Untreated 100 f 19 
Ribavirin (20 pM) 182 f 3 
Guo (20 pM)  32 f 2 
dGuo (20 pM)  
Ribavirin (20 p M )  + Guo (20 pM) 

42 f 30 
22 f 7 

Ribavirin (20 p ~ )  + dGuo (20 p ~ )  37 f 2 

[3H]ddATP formation in untreated CEM cells was 25 pmol/lOg 
cells  at 5 h after exposure of the cells in 1 WM [3H]ddIno. Results are 
the mean of two independent experiments. 

5'-di-, and 5"triphosphate derivatives at a  ratio of 
1.5:0.05:3.0. Addition of  20 p~ Guo or 20 p~ dGuo did not 
influence markedly the phosphorylation pattern of [3H]riba- 
virin in CEM cells. Ribavirin 5"triphosphate levels attained 
after 5 h of incubation were 27, 30, and 31 pmol/lOg cells 
when 20 p~ ribavirin was added to CEM cells in  the absence 
or presence of  20 p~ Guo and 20 p~ dGuo, respectively. 

[3H]ddIno is only poorly converted to [3H]ddATP. Upon 
incubation of 1 p~ [3H]ddIno in CEM cells for 5  h, 25 pmol 
of ddATP/lOg cells was formed (Table 111). In the presence of 
20 p~ ribavirin, 13H]ddATP formation from [3H]ddIno was 
enhanced 2-fold whereas 20 p~ guanosine and 20 p~ 2'- 
deoxyguanosine decreased ddATP formation from ddIno by 
3-4-fold.  However, the combination of  20 p~ ribavirin with 
20 pM guanosine or 20 pM 2'-deoxyguanosine resulted in  a 
complete annihilation of the stimulating effect of ribavirin on 
[3H]ddATP formation from [3H]ddIno (Table 111). 

The metabolism of [3H]hypoxanthine has also been inves- 
tigated. Incubation of CEM cells with [3H]hypoxanthine led 
to an efficient labeling of adenine  and guanine nucleotide 
pools. In  fact, ATP represents 77% of the  total radiolabel, 
whereas hypoxanthine is converted to  GTP by  only  6.7%. 
Radiolabeled IMP levels represented only 0.06% of total 
radiolabel (Table IV). However, the addition of ribavirin to 
[3H]hypoxanthine-treated CEM cells for 5 h resulted in a 
significant (16-fold) increase of radiolabeled IMP (0.97% of 
total radiolabel) whereas the radiolabeled GTP pools de- 
creased by more than 80%. Interestingly, [3H]ATP pools  were 
affected only slightly. The addition of  20 p~ Guo or 20 p~ 
dGuo resulted in  a markedly decreased metabolism of [3H] 
hypoxanthine to adenine and guanine nucleotides (37-38% of 
control),  but the ratios of [3H]IMP  and  [3H]ATP were  roughly 
unchanged when compared with the control  (Table IV). Under 
our experimental conditions [3H]hypoxanthine was  5-fold less 

extensively converted to  GTP  in  the presence of exogenous 
Guo and dGuo than without, which is obviously a  result of 
the marked competition of [3H]hypoxanthine with guanine 
for conversion to [3H]IMP by hypoxanthine/guanine phos- 
phoribosyltransferase. Interestingly, the combination of ri- 
bavirin with Guo or dGuo resulted in  the complete annihila- 
tion of the stimulatory effects of ribavirin on the conversion 
of [3H]hypoxanthine to  IMP whereas the radiolabeled ATP 
pools  were virtually unaffected and  the radiolabeled GTP 
decreased (as compared with CEM cells treated with Guo or 
dGuo alone)  (Table IV). 

DISCUSSION 

Ribavirin can be considered as an adenosine/guanosine 
analogue. Its structure closely resembles that of guanosine as 
determined by x-ray crystallography (25), and  it is recognized 
by adenosine kinase as  the activating (phosphorylating) en- 
zyme (11). Recently, Ahluwalia et al. (26) examined the me- 
tabolism of ddGuo in Molt-4 cells and found that upon addi- 
tion of ribavirin or  other IMP dehydrogenase inhibitors, 
ddGuo is more efficiently phosphorylated to  its 5"triphos- 
phate  ddGTP. Also, a positive correlation was found between 
the intracellular IMP  and  ddGTP levels,  which  led the  au- 
thors  to conclude that  the accumulation in  IMP pool  size 
after ribavirin treatment was directly related to  the more 
efficient phosphorylation of ddGuo and  thus accounted for 
the increased anti-HIV activity of ddGuo (26). 

However, a decrease in the  GTP  and  dGTP pool  levels  may 
be an additional or alternative explanation for the increased 
antiviral activity of ddGuo, since ddGTP may  be expected to 
achieve a  better inhibition of its  target enzyme (reverse tran- 
scriptase) if pool  levels of the competing substrate  (dGTP) 
are reduced. 

Recently, Hartman et al. (16) suggested that ribavirin, as 
the result of its inhibitory effect on IMP dehydrogenase, may 
lead to  an accumulation of IMP which then would act  as  a 
phosphate donor in the conversion of ddIno to ddIMP. The 
relatively poor affinity of IMP for 5'-nucleotidase (K,,,, 3 mM) 
would make the enzyme undersaturated under normal condi- 
tions; but  as  IMP pools are expanded, it would  become pro- 
gressively saturated, thus acquiring a higher velocity. 

In our studies, there was a positive correlation between the 
potentiation of the anti-HIV activity of ddIno and  the  in- 
creased intracellular levels of IMP  in  all  three cell systems 
(MT-4, CEM, PBL) examined. Concomitantly, there was a 
marked decrease in  the guanine nucleotide pool  levels. There- 
fore, both the accumulation of IMP  and depletion of guanine 
nucleotide pool  levels  could be invoked as factors involved in 
the potentiating effect of ribavirin on the anti-HIV activity 
of ddIno. The decrease in guanine nucleotide pools must at 
least partially account for the increased antiviral activity of 
ddIno when combined with ribavirin, since the potentiating 
effect of ribavirin on the antiviral activity of ddIno was 
reversed in a  concentration-dependent manner upon addition 
of Guo and dGuo but  not dAdo. This reversing effect was seen 
in  all  three cell systems. It should, however, be mentioned 
that  the Guo concentrations that  are required to reverse the 
ribavirin effect are much higher than those that are usually 
present in the plasma of human beings and thus will not 
interfere with the stimulatory effect of ribavirin on ddIno 
phosphorylation in patients.' However, it is surprising that 
the antiviral activity of ddIno is reversed by  Guo and dGuo 
but  not a d o ,  since ddATP is assumed to be the antivirally 
active form of ddIno (27). Therefore, additional experiments 

D. G. Johns, personal communication. 
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TABLE IV 
Effect of ribavirin, guanosine, and 2'-deoxyguanosine on the [3Hlhypoxanthine incorporation into intracellular 

IMP, GMP,  GDP,  GTP, and  ATP pools of GEM  cells 

Compound 
[3H]Hypoxanthine  incorporation" into Total 

IMP  GMP  GDP  GTP  ATP radiolabel 

% of total radiolabel % of control 
None 0.06  0.86 1.25 6.7 77 100 
Ribavirin (20 pM) 0.97  0.16 0.76 1.1 82 98 
Guo (20 pM) 0.05 0.07 0.66  1.2 80 37 

Ribavirin (20 pM) + Guo (20 pM) 0.04  0.04 0.53  0.66 81 34 
Ribavirin (20 pM) + 2'-dGuo (20 pM) 0.08  0.04 0.62 0.81 83 31 

2"dGuo  (20 pM) 0.06  0.14  0.62  1.4 79 38 

a CEM cells were treated with 1 p~ ['Hlhypoxanthine (20 pCi/culture) for 5 h. Values are expressed as percent 
of total radiolabel in all nucleotides, being 563,250 cpm in the control cultures. Results  are the mean of two 
independent experiments. 

A H X  

d C D P  

1 / 

dATP  ATP " \A dGTP 1 
FIG. 3. Scheme of regulation of IMP accumulation by riba- 

virin and GTP. Succinyl-AMP, adenylosuccinate. 

were designed to clarify this issue. 
Ribavirin 5'-triphosphate proved inhibitory to HIV-1 re- 

verse transcriptase  in the presence of poly(A) * oligo(dT)12-18 
as the exogenous template/primer (which confirms the find- 
ings of Fernandez-Larsson and  Patterson (28)). Neither GTP 
nor dGTP was able to reverse the inhibitory effect of Rib-TP 
on reverse transcriptase. Also, Rib-TP did not prove syner- 
gistic with ddATP in inhibiting HIV reverse transcriptase 
(with poly(U) . ~ l i g o ( d A ) ~ ~ - ~ ~  as  the template/primer).  These 
findings rule out the hypotheses that  the inhibitory effect of 
Rib-TP on reverse transcriptase may become  more pro- 
nounced in the presence of reduced GTP or dGTP levels or 
that  Rib-TP may enhance the anti-reverse  transcriptase ac- 
tivity of ddATP  or vice versa. 

We also envisaged the possibility that  GDP  and  dGDP may 
interfere with the conversion of ddADP (and  Rib-DP) to  the 
respective 5'-triphosphate derivative ddATP  (and  Rib-TP) 
by nucleotide 5'-diphosphate kinase. The addition of Guo or 
dGuo would then result in lower  levels of ddATP  (and  Rib- 
TP), which, in  turn, would explain why the antiviral activity 
is reversed by Guo and dGuo.  We found that  the addition of 
exogenous  Guo and dGuo indeed reduced the rate of conver- 
sion of [3H]ddIno to [3H]ddATP in CEM cells (Table 111) but 
not  the phosphorylation of [3H]ribavirin to  its 5'-mOno-, 5'- 
di-,  and 5'-triphosphates. These observations suggest that 
increased levels of guanine nucleotides indeed interfere with 
the eventual conversion of ddIno to its  antivirally active 
metabolite ddATP. 

Exogenous addition of Guo and dGuo (i)  annihilated the 
stimulatory effect of ribavirin on [3H]ddATP formation 
(Table 111); (ii) reversed the increase in endogenous IMP 
levels in  ribavirin-treated cells (Table 11); and (iii) also pre- 
vented the enhancing effect of ribavirin on [3H]IMP pool 
levels in cells exposed to exogenous [3H]hypoxanthine  (Table 
IV). These observations seem to be directly related to  the 
reversing effect exerted by Guo and dGuo on the ribavirin- 
mediated enhancement of the  anti-HIV activity of ddIno 
(Fig. 1). 

Our observations led us to propose the following scheme 

for the sequence of events generated by the addition of riba- 
virin to  the cells (Fig. 3). Ribavirin causes a marked inhibition 
of IMP dehydrogenase (18, 25, 26) and, consequently, shuts 
off the biosynthesis of guanine nucleotides (including GMP, 
GDP,  GTP,  and dGTP).  IMP levels will rise not only because 
the conversion of IMP  to  XMP is blocked but also, and 
primarily, because of the decrease in the levels of GTP (and 
dGTP) which are required (as cosubstrates) for the conversion 
of IMP  to adenylosuccinate by adenylosuccinate synthetase 
(29). The fact that  the exogenous addition of Guo and dGuo 
prevents the ribavirin-mediated IMP accumulation suggests 
that  the depletion of the  GTP  (and  dGTP) pools  is the 
primary factor responsible for the accumulation of IMP. The 
higher the intracellular levels of GTP,  the higher the rate of 
conversion of IMP  to adenylosuccinate and  thus  the greater 
the decrease in  IMP levels. 

The fact that, according to our hypothesis, ribavirin makes 
IMP levels rise primarily because of a block in its conversion 
to adenylosuccinate (and hence AMP) also has  important 
consequences for the eventual metabolism of ddIno to ddATP. 
If the accumulation of IMP results mainly from the inhibition 
of adenylosuccinate synthetase (by the depletion of the  GTP 
(and  dGTP) pools), this block at  the adenylosuccinate syn- 
thetase  site should also impair the conversion of ddIMP  to 
ddAMP and  thus reduce the formation of the antivirally active 
metabolite ddATP.  This may explain why ddATP levels are 
increased by only 2-fold after ribavirin treatment whereas 
IMP levels are increased to a much higher extent. 

In conclusion, our data indicate that  at least two biochem- 
ical mechanisms may account for the potentiating effect of 
ribavirin on the anti-HIV activity of ddIno: (i) direct inhibi- 
tion of IMP dehydrogenase by Rib-MP,  and  (ii) the indirect 
inhibition of adenylosuccinate synthetase via depletion of the 
GTP (and  dGTP) pools. Both mechanisms lead to  an accu- 
mulation of the intracellular IMP levels and thus increased 
phosphorylation of ddIno  (with IMP  as phosphate  donor). 
Under our experimental conditions, depletion of the guanine 
nucleotide pools appears to be the primary event in  the 
cascade of biochemical reactions which results in the poten- 
tiating effect of ribavirin on the  anti-HIV activity of ddIno. 
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