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SUMMARY
The antiviral activity of the purine dideoxynucleosides 2’,3’-
dideoxyadenosine (ddA) and 2’ ,3’-dideoxyinosine (ddl) is de-
pendent on their conversion into ddA triphosphate in vivo.
5-Arnino-4-irnidazolecarboxarnide riboside (AICA riboside), a nat-
ural rnetabolite in purine biosynthetic pathways, is converted into
IMP, a substrate for the biosynthesis of adenine and guanine
nucleotides, and enhances the intracellular punne nucleotide
pools. Because IMP also serves as a phosphate donor in the
anabolic phosphorylation of ddl (and ddA) into ddl rnonophos-
phate by the cytosolic enzyme 5’-nucleotidase, we investigated
the effects of AICA nboside on the phosphorylation and antire-
troviral activity of these purine nucleoside analogs. At an AICA
nboside concentration of 0.5 rn�, there was a -2-fold increase
in the intracellular ATP and GTP levels, whereas a nearly 8-fold

increase was observed for the phosphorylation of ddA (or ddl).
A marked reduction in intracellular pools of the pynmidine nu-
cleotides CTP and UTP was observed in AICA nboside-treated
cells and inhibited cell proliferation. However, this growth inhibi-
tion was prevented by the addition of undine to the cultures.
Cells pretreated with AlGA nboside and ddl were less susceptible
to human irnrnunodeficiency virus (HIV) infection and synthesized
reduced levels of HIV proviral DNA. A 1 0-fold potentiation of the
effectiveness of ddl against both wild-type HIV (HIV8) and a ddl-
resistant variant HIV was observed in the presence of 0.5 m�
AICA riboside. These results show that AICA nboside modulates
the anabolism and antiviral activity of ddl, and they have irnpli-
cations for possible therapies with dideoxynucleosides.

A large family of nucleoside analogs, particularly the ddNs,

exhibit selective activity against the replication of HIV, the

etiological agent of AIDS. Among this class of agents, the

pyrimidine nucleoside analogs AZT (1, 2) and ddC (3, 4) and

the purine nucleoside analog ddl (5, 6) are the only antiretro-

viral drugs currently approved for the treatment of AIDS.

Administration of AZT and ddl has been shown to result in

clinical and immunological improvement and to confer in-

creased survival to HIV-infected patients with advanced

immunodeficiency.

The antiretroviral activity of ddNs is thought to derive from

their inhibition of viral reverse transcriptase. Metabolic studies

have shown that the activation of ddNs into their corresponding
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ddNTPs by cellular enzymes is a major determinant of their

antiviral activity. Different ddNs require different cellular en-

zymes for their phosphorylation; for example, the initial step

of AZT phosphorylation is catalyzed by thymidine kinase (7),

whereas ddC is phosphorylated by deoxycytidine kinase (8).

However, ddA, ddl, ddG, and carbocyclic 2’,3’-didehydro-2’,3’-

ddG all utilize cytosolic 5’-nucleotidase (9, 10). The 5’-mono-

phosphates are further phosphorylated into their corresponding

triphosphates by other cellular enzymes (11). The ddNTPs

inhibit reverse transcription by competition with their deox-

ynucleoside triphosphate counterparts for binding to reverse

transcriptase and/or by their chain-terminating activity (12,

13). Because IMP serves as an efficient donor in the enzymatic

phosphorylation of ddl and its analogs, it was postulated that

IMP may act as an intracellular modulator for the activation

of these compounds (14). Therefore, agents that modulate

intracellular IMP pools may be useful as part of a combination

with ddl for the therapy of AIDS. We show here that AICA

ABBREVIATIONS: ddN, dideoxynucleoside; AICA riboside, 5-amino-4-imidazolecarboxamide riboside; AZT, 3’-azido-3’-deoxythymidine; ddA, 2’,3’-
dideoxyadenosine; ddAIP, 2’ ,5’-dideoxyadenosine 5’-triphosphate; ddADP, 2’ ,5’-dideoxyadenosine 5’-diphosphate; ddC, 2’ ,3’-dideoxycytosine;
ddG, 2’ ,3’-dideoxyguanosine; ddl, 2’ ,3’-dideoxyinosine; ddNTP, dideoxynucleoside triphosphate; HIV, human immunodeficiency virus; ZMP, 5-
amino-4-imidazolecarboxamide riboside monophosphate; ZIP, 5-amino-4-imidazolecarboxamide riboside triphosphate; XII, 2,3-bis-2-methyoxy-4-
nitro-5-sulfophenyl-5-(phenylamino)carbonyl-2H-tetrazolium hydroxide; PRPP, phosphoribosylpyrophosphate; IMPDH, IMP dehydrogenase; PCR,
polymerase chain reaction; HPLC, high performance liquid chromatography; AIDS, acquired immunodeficiency syndrome.
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riboside, a natural precursor of purine nucleotides, can enhance

the anabolic phosphorylation and potentiate the antiviral ac-

tivity of purine ddNs in human lymphoid cells.

Materials and Methods

Cells. The human T lymphoblast cell line CEM was maintained in
modified Eagle’s medium (Whitaker Bioproducts, Walkersville, MD)

containing 10% (v/v) heat-inactivated (56*, 3 hr) newborn bovine
serum and 2 mM glutamine. The human T cell leukemia cell line MT-
2 and H9/HTLV-IIIB cells were maintained in RPMI 1640 medium
with 20% fetal bovine serum and 2 mM glutamate. All cell lines were

obtained from the AIDS Research and Reference Reagent Repository,
Division ofAIDS, National Institute ofAllergy and Infectious Diseases,

National Institutes of Health (Bethesda, MD). Cell concentrations,

sizes, and volumes were checked by Coulter counter, and cell viabilities
were tested by the trypan blue exclusion assay.

Chemicals. ddA and ddl were obtained from Dr. David Johns,
Developmental Therapeutics Program, National Cancer Institute.
AICA riboside and XTT were purchased from Sigma Chemical Co. (St.

Louis, MO). [3H]ddA (30 Ci/mmol), labeled at the 2’- and 3’- positions

of the dideoxyribose moiety, was obtained from Moravek Biochemicals
(Brea, CA).

Analysis of intracellular nucleotide pools. The intracellular

levels of different nucleotides were determined according to previously
described procedures (9, 10, 14, 15). Briefly, exponential cultures of

CEM cells were adjusted to a concentration of 1 x 106 cells/ml. Aliquots

of 1O-ml cultures were preincubated with 0, 0.25, 0.50, or 1.00 mM

AICA riboside for 1 hr. ddA (10 �sM) and [3H]ddA (2 �zCi/ml) were

added to the cultures, and after an additional 6-hr incubation the cells
were pelleted and extracted with 70% methanol/25 mM Tris, pH 7.0.
The nucleotides were separated by HPLC on a 25-cm Whatman Par-
tisil-lO SAX ion exchange column and were quantitated by UV absorb-

ance (A254) and liquid scintillation counting. AICA riboside, nucleo-
sides, and some bases in culture medium were separated by HPLC on
a 10-cm Whatman Partisil ODS reverse phase column.

Virus. H9/HTLV-IIIB cells were cultured in RPMI 1640/fetal

bovine serum/glutamine medium and supplemented with fresh H9

periodically. HIV was harvested from culture supernatants and aliquots
were kept at -70’. The ddl-resistant HIV isolate MB-48 (16) was

obtained from Dr. M. H. St. Clair (Wellcome Research Laboratories,

Research Triangle Park, NC) and propagated in MT-2 cells. Virus
titers were determined by syncytium formation in MT-2 cells.

XTT assay. The XTT assay was performed as described previously

(17). Briefly, 96-well microtiter plates were seeded with uninfected or

HIV-infected (multiplicity of infection = 0.015) MT-2 cells at a density

of 5000 cells/well. The cells were incubated for 7 days with different

chemicals at the indicated concentrations. Fifty microliters of XTT

solution (0.1% in 25 mM phenazine methosulfate) were added to each

well, and the extent of dye reduction was monitored spectrophotomet-

rically (A4se), as a measure of cell viability. The drug concentrations

that inhibited the proliferation of uninfected MT-2 cells (ICse) were
used as a measure of drug toxicity. Under the experimental conditions

used, all HIV-infected MT-2 cells succumb to virus infection and no
viable cells remain at the end of culture. Thus, drug concentrations at
which the viable cell numbers of HIV-infected cells corresponded to
50% of the viable cell numbers in uninfected cultures were determined

as a measure of the effective antiviral doses of the drugs (EDse).

PCR. The extent of reverse transcription occurring in HI V-infected
cells was monitored by PCR (18). MT-2 cells pretreated with ddl alone

or ddl plus 0.5 mM AICA riboside were infected with HIV at a multi-
plicity of 0.015. After 24 hr, 1 x 106 cells were lysed in 200 �l of PCR
sample buffer containing 0.5% Tween 20, 0.5% Triton X-100, and

proteinase K. After a 3-hr incubation at 3T, proteinase K was macti-

vated by a 10-mm incubation at 95’. Amplifications were carried out
with 10-id samples and the gag gene-specific primer pair SK-38 and

SK-39, in a Perkin-Elmer thermal cycler. The products were detected

by hybridization with the 32P-labeled oligonucleotide probe SK-19. The

sequences of the primers and probe used in this study have been

described before (19); they were purchased from Perkin-Elmer Cetus

(Emeryville, CA).

Results

Cellular metabolism of AICA riboside in human
lymphoid cells. We first evaluated the metabolism of AICA
riboside and its effect on intracellular nucleotide pools in

CCRF-CEM cells (Table 1). ZMP, an intermediate in the de
novo pathway of purine nucleotides, and its triphosphorylated

product ZTP were not detected in untreated control cells (i.e.,

<1 pmol/106 cells). However, after exposure to AICA riboside

intracellular ZMP levels increased progressively and reached

concentrations of 127, 993, and 4046 pmol/106 cells with 0.25,

0.5, and 1 mM AICA riboside, respectively. On the other hand,

ZTP reached detectable levels in CEM cells only at the highest
concentration of AICA riboside (1 mM). Presumably ZTP was

synthesized from AICA riboside monophosphate and PRPP in

a reversal of the PRPP synthetase reaction, based on earlier

studies with cultured mammalian cells and purified enzyme

(15, 20). This reaction, however, is rather inefficient (Km, ‘�3.2

mM) and requires high concentrations of ZMP (20, 21), which

may explain why detectable levels of ZTP were observed only

at the highest concentration of AICA riboside. The IMP pool

size (��-i5 pmol/106 cells) increased progressively, by 2-, 5-, and

52-fold with 0.25, 0.5, and 1 mM AICA riboside, respectively.

Increasing amounts of hypoxanthine were excreted into the

medium with increasing amounts of AICA riboside. This ac-

cumulation of hypoxanthine is probably due to increased hy-

drolysis by cytosolic 5’-nucleotidase of accumulated IMP to

inosine and its subsequent conversion to hypoxanthine via

purine nucleoside phosphorylase.

The levels of ATP, GTP, CTP, and UTP in CEM cells

maintained in the presence of different concentrations of AICA

riboside were also determined by HPLC (Table 1). Levels of

ATP and GTP increased with increasing concentrations of
AICA riboside up to 0.5 mM and then decreased slightly with 1

mM AICA riboside. A maximal, nearly 2-fold increase in ATP

and GTP levels was observed with 0.5 mM AICA riboside. The

increases in the intracellular IMP pools, which serve as sub-
strate for purine nucleotide biosynthesis, may be directly re-

sponsible for the observed increases in ATP and GTP pools in

TABLE 1
Nucleotide pools in AICA riboside-treated CEM cells
Each value represents a mean of two experiments, and the variation between
experiments were less than 1 0%. The numbers in parentheses show the fold-
increase over untreated control.

AICA nboside

Om� 0.25mM 0.5mM 1.0mM

nmol/106 cells

Extracellular
Hypoxanthine <0.01 � 21 .7 1 9.1 34.4
AlGA riboside <0.01 17.4 19.3 42.5

Intracellular
IMP 0.01 (1) 0.02 (2) 0.05 (5) 0.12 (12.2)
ZMP <0.01 <0.01 0.03 (>3) 0.42 (>42)
ZIP <0.01 <0.01 <0.01 0.06 (>5)
AlP 6.9 (1) 10.2 (1 .5) 12.5 (1 .8) 8.9 (1.3)
GTP 0.64 (1) 0.83 (1 .3) 0.99 (1 .5) 0.79 (1.2)
CIP 0.75(1) 0.17(0.2) 0.17(0.2) 0.27(0.4)
UIP 1.8(1) 0.28(0.2) 0.23(0.1) 0.42(0.2)
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AICA riboside-treated cells. In contrast to the purine nucleo-

tides, a significant reduction (approximately 70%) in the pools

of the pyrimidine nucleotides UTP and CTP was seen after

addition of AICA riboside. The same pattern of an increase in

purine nucleotide pools and a decrease in the pyrimidine nu-

cleotide pools was previously seen in Chinese hamster lung

fibroblasts after administration of 0.2 mM AICA riboside (22).

Also, in those studies a significant decrease was seen in the

level of PRPP and in the activity of orotate phosphoribosyl

transferase-orotidylic decarboxylase, an enzyme complex that

converts orotate to UMP. Thus, it seems likely that the deple-

tion of pyrimidine nucleotides in the cultured T lymphoid cells

is the result of a similar inhibitory effect, due to the combina-

tion of a decrease in PRPP level, an increase in purine nucleo-

tides, and accumulation of ZTP during AICA riboside treat-

ment. The intracellular pools of different deoxynucleoside tn-

phosphates in cells maintained in the presence of different
concentrations of AICA niboside along with different ddNs (10

�sM ddA, ddl, or ddG) were essentially similar to those observed

in cells treated with AICA niboside alone (data not shown).

Stimulatory effects of AICA riboside on the intracel-
lular accumulation of ddNTPs. The effect of AICA niboside
on anabolic phosphorylation of ddA was examined. CEM cells

were incubated with 10 sM [:t�]��j� in the presence or absence

of different concentrations of AICA niboside, and the levels of

intracellular 5’-phosphates were quantitated by HPLC (Fig. 1;

Table 2). As seen in Table 2, the levels of intracellular ddADP

and ddATP showed a substantial increase (approximately 5-8-

fold) in the presence ofAICA niboside, compared with untreated

controls. The same pattern of accumulation of ddA nucleotides

in the presence of AICA niboside was also observed in cells

treated with ddl, as well as in another T lymphocytic cell line,

-.- Control -�- 0.5mM AICA Riboside

Fig. 1. Anabolic phosphorylation of ddA in GEM cells in the presence of
0.5 m� AlGA riboside. GEM cells preincubated with 0, 0.25, 0.50, or
1 .00 mM AlGA riboside for 1 hr and 10 �M ddA (containing 2 �Gi/ml [3H]
ddA) were added. After 6 hr, the cell extracts were prepared and analyzed
by HPLC and the fractions were monitored by liquid scintillation counting.
The identities of the peaks were determined by comparison with the
elution profile of standards. The presence of radioactivity in peaks
corresponding to ADP, AlP, and GTP is due to the presence of trace
levels of radioactive contaminants in the labeled ddA preparation (14)
that can undergo phosphorolysis and reutilization in subsequent purine
biosynthesis.

TABLE 2
Stimulation of ddA phosphorylation by AICA riboside
GEM cells growing in exponential phase (1 x 1 0� cells) were incubated with 1 0 MM

[3H)ddA (5 MCI/mI) in the presence or absence of the indicated concentrations of
AlGA riboside. Cells were incubated with AICA riboside for 1 h before the addition
of radiolabeled ddA. After 6 h of incubation, cells were extracted with 60% cold
methanol and the extracts were analyzed by ion exchange HPLC as described (6,
14). Each value represents the average of duplicate values, with each value
obtained varying by <1 0%. ddlMP and ddAMP were found to elute -1 5 to 20 mm,
but could not be evaluated with accuracy in this procedure.

Concentration Increase
AICA nbOSide

ddADP ddATP ddADP ddATP

mu prnol/106 cells -fold

0 0.32 0.26 1 .0 1.0
0.25 0.50 1 .30 1 .6 5.0
0.50 0.68 1.97 2.1 7.6
1.00 0.70 0.84 2.1 3.2

MT-2. In either case, the fold stimulation of ddATP formation

was comparable in magnitude to that seen in CEM cells incu-

bated with ddA (data not shown), a result compatible with the

notion of ddA acting mainly as a prodrug of ddl (23).

We also investigated the effect of AICA niboside on the

catabolism of the analog tniphosphates in cells. CEM cells were

pretreated with 10 �iM [3H]ddA in the absence or presence of

0.5 mM AICA niboside, washed, and then reincubated in ddA-

free medium in the absence or presence of AICA niboside. The

t,/, of ddATP in CEM cells was estimated to be -17 hr for both

control and AICA niboside-treated cells (data not shown), in-

dicating that increased anabolism of ddA, rather than decreased

catabolism of ddATP, was responsible for the potentiation

observed.

HIV reverse transcription in cells pretreated with
AICA riboside or AICA riboside and ddl. The antiviral
effect of ddl is thought to be mediated via ddATP, which

functions as a competitive inhibitor and/or a chain terminator

during HIV reverse transcription (6). We therefore investigated

whether the modulation of intracellular nucleotide pools and

increased anabolism of ddl seen in the presence of AICA

niboside affected the extent of HIV reverse transcription and

proviral DNA synthesis. MT-2 cells pretreated with different

concentrations of ddl for 24 hr, in the absence or presence of

0.5 mM AICA niboside, were infected with HIV-1 at a multi-

plicity of 0.015, and 24 hr later the levels of HIV proviral DNA

were assayed by PCR (Fig. 2). Preincubation ofcells with AICA

riboside alone resulted in a significant decrease in the levels of

proviral DNA. Also, decreasing amounts of proviral DNA were

detected in cells incubated with increasing amounts of ddl.

However, for any given concentration of ddl appreciably

smaller amounts of proviral DNA were detected when the cells

had been pretreated with both ddl and AICA niboside. The

marked reduction in HIV proviral DNA synthesis seen in cells

pretreated with AICA niboside alone was surprising and sug-
gests that reverse transcription is strongly affected by the size

of intracellular nucleotide pools.

Anti-HIV activity of ddl in combination with AICA
riboside in lymphoid cells. AICA niboside was next evaluated

both for its inhibitory effects on cell proliferation and its ability

to increase the anti-HIV activity of ddl. Cytotoxicity assays

were carried out in MT-2 cells over a 7-day period under the

same experimental conditions as used for the evaluation of

anti-HIV activity. Under these conditions, AICA niboside in-

hibited the growth of MT-2 cells (as determined by cell count-
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Fig. 2. PCR analysis of HIV proviral DNA. MI-2 cells pretreated with
different concentrations of ddl in the presence or absence of 0.5 m�i
AlGA riboside for 24 hr before HIV infection were analyzed by PCR,
performed as described in Materials and Methods. Serial 2-fold dilutions
were spotted (from top to bottom rows) on nitrocellulose filters and
analyzed by hybridization with a 32P-labeled probe followed by autoradi-
ography. Also, the nitrocellulose membranes were cut and analyzed by
liquid scintillation counting. A and B, Autoradiograms; A, cells treated
with ddl; B, cells treated with ddl and AlGA riboside. C, Quantitative
analysis of the results from liquid scintillation counting. Uninfected MI-2
cells did not show any hybridization signal (data not shown).

ing) with an IC5() of 300 jzM. The viability of the cultures, as

determined by trypan blue dye exclusion, was not affected by

AICA riboside treatment, suggesting that AICA riboside has a

cytostatic rather than a cytocidal effect in MT-2 cells. However,

addition of the natural nucleoside uridine (25 �sM) to the cell

culture completely prevented this growth inhibition by AICA

riboside (Fig. 3).

The effect of AICA riboside on the protective effect of ddl

against HIV activity was evaluated in the MT-2 cell culture
system. The ddl concentration that caused 50% inhibition of

HIV replication (ED50) was 7.6 �sM in MT-2 cells (Table 3).

AICA riboside, by itself or in the presence of uridine, had no

selective effect against HIV-1 replication in MT-2 cells. When

combined with ddl (at 0.25 mM), AICA riboside caused a slight

(1.5-fold) increase in the antiviral activity of ddl. However,

AICA riboside and uridine added together to the cell culture

significantly enhanced the anti-HIV activity of ddl in MT-2

cells. Thus, in the presence of 25 or 50 �M uridine 0.25 and

Fig. 3. Protection of AlGA riboside-induced cytotoxicity by uridine. MI-
2 cells (5 x 10� cells/well in 96-well microtiter plates) were incubated
with the indicated concentrations of uridine in the absence or presence
of 0.5 mM AlGA riboside. After 7 days, the number of viable cells was
monitored by a colorimetric XII assay.

TABLE 3

ED� of ddl in the presence of AICA nboside and/or uridine
The EDse values of ddl against ts� in presence of uridine and/or AICA nboside
was determined in MT-2 cells by XTT assay as described under Methods.’ The
fold potentiatmon in the antiviral activity of ddl in presence of undine alone, or a
combination of varying combinations of uridine and AlGA nboside, compared with
ddl alone is shown in parentheses. Uridine, (25 or 50 MM) alone or a combination
of 25 MM uridine and 250 or 500 MM AlGA nboside, did not exert any antiviral
activity in HIV-infected MT-2 cells.

1�ne
AICA ribOSide

0 25MM

MM MM

0 7.26 (1) 7.43 (1) 7.30 (1)
250 18 0.98 (7) 1 .15 (6)
500 1 0.51 (14) 0.57 (13)

a T denotes toxicity of AlGA riboside (1Gw 31 3 MM). Uridine (25 or 50 MM)

abolished the growth-inhibitory effects of AlGA nboside, but did not exert any effect
on untreated or HIV-infected MT-2 cells.

0.50 mM AICA riboside caused a 7- and 14-fold increase in the

anti-HIV activity of ddl, decreasing the ED50 value from 7.6

�zM to 0.9 ffM and 0.5 �tM, respectively (Fig. 4; Table 3). By

comparison, the maximal potentiation of the anti-HIV activity

of ddl by ribavirin, which we observed previously, was about

6-fold (24).

Effect of the ddl/AICA riboside combination on the

replication of ddl-resistant HIV in lymphoid cells. We

also investigated whether a combination of ddl and AICA

riboside could inhibit the replication of ddl-resistant HIV iso-

lated from a patient undergoing long term treatment with ddl.

As shown in Table 4, the ED50 value of ddl for MB-48 was -20

ffM, which was reduced 10-fold to -2.1 �sM in the presence of

0.25 mM AICA riboside. Interestingly, appreciable enhance-

ment of ddl activity was observed even with lower concentra-

tions of AICA riboside, and a 2-4-fold potentiation was ob-

served with 0.05 and 0.1 mM AICA riboside.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


urldine 25 mM

Urldine 25 mM + AIcA-R 250 MM

uridlne 25 mM + AIcA-R 500 MM

0.16 0.63 2.5 10

34 Gong et aI.

>1

>

C
w
C.)

a)
a-

ddl Q.tM)

Fig. 4. Enhancement of antiviral activity of ddl by AlGA riboside. HIV-1-
infected MI-2 cells were incubated with different concentrations of ddl
in the presence of 25 �M uridine (0), 0.25 m� AlGA riboside and 25 �M

uridine (Li), or 0.5 mM AlGA nboside and 25 �M uridine (0). After 7 days,
the cultures were monitored for HIV-induced cytotoxicity by XII assay.
The results are expressed as percentage of cell viability, compared with
parallel untreated MI-2 cell controls. Under these conditions, the antiviral
effects of ddl resulted in increased cell viability due to inhibition of HIV-
induced cell killing.

TABLE 4
Effect of AICA riboside and ddl combination on the replication of
ddl-resistant HIV in lymphoid cells
The EDse values of ddl against M� in presence of varying concentrations of
AICA riboside (and 25 MM uridine) were determined in MT-2 cells by XII assay as
described under “Methods.

AICA riboside
concentration

Uridine ED� of ddl Activation

mu MM MM -fold

0 25 20 1
0.05 25 10 2
0.10 25 4.73 4.2
0.25 25 2.10 9.5

Discussion

We have investigated the antiviral effects of AICA riboside,

either alone or in combination with ddl, in cultured human

lymphoid cells. Analysis of HIV proviral DNA synthesis by

PCR showed a reduction in the levels of proviral DNA in cells

treated with AICA riboside alone, compared with untreated
controls. In contrast, AICA riboside alone showed only a modest

protection against HIV infection in the XTT assay. Because

the PCR analyses were done in the absence of exogenous

uridine, whereas the XTT assay was carried out in the presence

of uridine, the inhibitory effects observed by PCR may be in

part due to decreased nucleotide pools required for viral DNA

replication, rather than a direct effect of AICA riboside on the

virus. Although more studies are needed to definitively resolve

this point, PCR may be a very useful technique to supplement

the available methods of drug evaluation. It is a direct measure

of viral DNA replication and a very sensitive method for

detection of biochemical effects produced by drugs or their

combinations.

The combination of ddl and AICA riboside was shown here

to enhance the intracellular accumulation of ddATP from ddA

or ddl by as much as 13-fold, and the elevated intracellular

levels appeared to correlate with increased potency of the

parent nucleosides against the cytopathic effect of HIV in MT-

2 cell cultures. AICA riboside is a natural nucleoside that is

activated to the physiological purine nucleotides via adenosine

kinase (20). It has been well documented that the addition of

AICA riboside to cultured fibroblasts or animals is effective in

increasing the rate of flux of the purine nucleotide pathways

(15, 21). In addition, this compound is undergoing extensive

phase Il/Ill clinical trials for the treatment of certain cardio-

vascular disorders such as myocardial ischemia (25). In this

study, we showed that AICA riboside caused a stimulation of

purine nucleotide synthesis and markedly stimulated the ac-

cumulation of IMP in cultured human lymphoid cells. In pre-

vious work with IMPDH inhibitors, we (14, 24) and others (26,

27) observed a positive correlation between anabolism of ddA

(and ddl) and the intracellular IMP level. IMP, rather than

ATP, serves as a phosphate donor for phosphorylation of ddl

via the cytosolic 5’-nucleotidase, which is responsible for the

initial activation of ddl and other related purine ddNs. Thus,

it seems likely that the enhancement of purine ddN anabolism

by AICA riboside is produced through activation of the 5’-

nucleotidase activity by the expanded IMP pool in the cells.

A potential drawback to the use of AICA riboside for corn-

bination with purines ddNs is its apparent inhibition of pyrirn-

idine nucleotide synthesis. A 70% decrease in both CTP and

UTP levels was apparent within 6 hr of AICA riboside treat-

ment in CEM cells. It is important to note, however, that the

state of pyrimidine starvation appears to be limited to cultured

cells and is reportedly not observed in animals given large doses

of AICA riboside (18, 24). The possible explanations for the

differential effects on pyrimidine starvation in vivo versus in

vitro are that either there are sufficient concentrations of

pyrimidine nucleosides in the circulation to circumvent the

inhibition induced by AICA riboside or, alternatively, AICA

riboside does not significantly affect PRPP levels or de novo

pyrimidine nucleotide synthesis in vivo. Complete protection

from AICA riboside toxicity against CEM and MT-2 cells was

observed when the culture medium was supplemented with 25

ffM uridine. Under these experimental conditions, the stimula-

tory effect of AICA riboside on the purine nucleotides was not

affected and an approximately 14-fold reduction in the effective

dose of ddl against HIV-1 in MT-2 cells was observed in the

presence of 0.5 mM AICA riboside (the highest concentration

tested), without any significant toxicity.

Recently, it has been demonstrated that antimetabolites,

such as ribavirin, tiazofurin, and mycophenolic acid, that in-

hibit IMPDH potentiate the metabolism of the purine ddNs

ddl, ddG, and 2’,6-dideoxy-2,6-diaminopurine riboside in T

lymphocytes and significantly enhance the anti-HIV activity

of these ddNs in vitro (14, 24, 26). In addition, Balzarini et al.

(26) demonstrated a synergy between ribavirin and ddl (or

2 ‘ ,3 ‘ -dideoxydiaminopurine riboside) against Moloney murine

sarcoma virus-induced tumors in mice. This potentiation was

related to an enhancement of drug anabolism and was found to

correlate with an increase in the intracellular IMP level. In this

respect, AICA riboside is similar to the IMPDH inhibitors,

except that the increases in IMP pools are achieved by in-

creased anabolism. AICA riboside is at least as effective, if not

more active, but without some of the potential drawbacks

associated with IMPDH inhibitors. Inhibition of IMPDH dis-
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rupts guanine nucleotide production. GTP, the end-product of

this pathway, is an essential substrate for RNA and DNA

synthesis and a regulator of various critical cellular metabolic

pathways. In contrast, AICA riboside increases the flux of the

purine nucleotide pathways and leads to an expansion of both

ATP and GTP (Table 1). This compound inhibits pyrimidine

biosynthesis in vitro but, as pointed out earlier, this inhibitory

effect may be circumvented in vivo by circulating pyrimidine

nucleosides. In support of this notion, clinical studies indicate

that this compound is well tolerated when administered to

individuals in a single dose of up to 100 mg/kg (25). Thus, if

phosphorylation is a rate-limiting step in anabolic activation

of ddl to its putative active analog triphosphate in vivo, as it is

in vitro, then the use of an agent like AICA riboside, with the

capacity to modulate the phosphorylation reaction, might sig-

nificantly enhance the anabolism of ddl and consequently its

potency in patients with AIDS. However, the safety and long

term toxicity, if any, of chronic AICA riboside treatment, as

might be required for modulating ddl anti-HIV activity, re-

mains to be determined.

As with all studies involving combinations of chemothera-

peutic agents, the question arises of whether modulation of the

type described in the current study would also bring about a

similar or even greater potentiation of toxicity, thus nullifying

the advantage of such therapy. Only clinical studies can answer

the question of safety and efficacy. However, it is worth noting

that there is no evidence at present to suggest that pancreatitis

or the peripheral neuropathy that has been associated with ddl

therapy is related directly to drug anabolite formation. A po-

tential advantage in the use of potentiating drugs is that lower

doses of the active drugs may be used in therapy. The peak

plasma concentrations of ddl achieved with the currently rec-

ommended dose of ddl (500 mg/kg/day) is around -6 �M (28).

The sensitivity to ddl of clinical isolates of HIV varies widely,

and ED50 values ranging from 0.5 to 14 �M have been reported

(5, 6, 29). Also, with the increasing use of ddl, HIV isolates

with reduced sensitivity to ddl are being recovered from pa-

tients undergoing therapy (16). A potentiation of ddl anabolism

by AICA riboside may provide enhanced virus suppression at

concentrations below toxic doses. Consistent with this idea, a

10-fold increase in the antiviral activity of ddl was observed in

the presence of AICA riboside.

AICA riboside enhanced the antiviral activity of ddl against

MB-48, a ddl-resistant HIV isolate, as well. The ddl resistance

of MB-48 has been associated with a Leu74 to valine mutation

in the viral reverse transcriptase (16). Studies using site-specific

mutagenesis indicate that this change is responsible for cross-

resistance between ddl and ddC, as well as increased suscepti-

bility to AZT (16, 30). Recently, an additional mutation, Met1�

to valine, which is associated with resistance to ddl and ddC

(but not AZT), has been described (31). The drug resistance of

these mutants may therefore be due to a reduced affinity of the

mutant viral enzymes for nucleotide analogs with 2 ‘ ,5 ‘ -dideoxy

moieties. However, in vitro studies with HIV resistant to dif-

ferent ddNs (e.g., AZT) indicate that the enzymes from mutant

viruses are indistinguishable from wild-type HIV reverse tran-

scriptase in their affinity for or their sensitivity to inhibition

by the corresponding ddNTP (i.e., AZT triphosphate). Like-

wise, mutant enzymes selected in vitro for their resistance to

ddNTPs (e.g., AZT triphosphate or ddG triphosphate) do not

result in expression of AZT- or ddG-resistant viruses when

introduced into the viral genome (32, 33). Presently, it is not

clear whether this anomalous behavior is observed with ddl-

resistant isolates as well. Regardless of the mechanisms in-

volved, AICA riboside potentiated the effect of ddl against both

wild-type and resistant HIV and thus may prove to be useful

in investigations concerning the mechanisms of anti-HIV ac-

tion and resistance to ddl.

Acknowledgments

The authors are grateful to Ms. Sheri Reagh for excellent technical assistance.

References

1. Mitsuya, H., K. J. Weinhold, P. A. Furman, M. H. St. Clair, S. N. Lehrman,

R. C. Gallo, D. Bolognesi, D. W. Barry, and S. Broder. 3’-Azido-3’-deoxy-

thymidine (BW A509U): an antiviral agent that inhibits the infectivity and

cytopathic effect of human T-lymphotropic virus type Ill/lymphadenopathy-

associated virus in vitro. Proc. Nati. Acad. Sci. USA 82:7096-7100 (1985).
2. Yarchoan, R., R. W. Klecker, K. J. Weinhold, P. D. Markham, H. K. Lyerly,

D. T. Durack, E. Gelmann, S. N. Lehrman, R. M. Blum, D. W. Barry, G. M.

Shearer, M. A. Fischl, H. Mitsuya, R. C. Gallo, J. M. Collins, D. P. Bolognesi,

C. E. Myers, and S. Broder. Administration of 3’ -azido-3’ -deoxythymidine,

an inhibitor of HTLV-III/LAV replication, to patients with AIDS or AIDS-

related complex. Lancet 1:575-580 (1986).

3. Yarchoan, R., C. F. Perno, R. V. Thomas, R. W. Klecker, J. P. Allain, R. J.

Wills, N. McAtee, M. A. Fischl, R. Dubinsky, M. C. McNeely, H. Mitsuya,
J. M. Pluda, T. J. Lawley, M. Leuther, B. Safai, J. M. Collins, C. E. Myers,

and S. Broder. Phase I studies of 2’,3’ -dideoxycytidine in severe human

immunodeficiency virus infection as a single agent and alternating with

zidovudine (AZT). Lancet 1:76-81 (1988).

4. Broder, S. Pharmacodynamics of 2’,3’ -dideoxycytidine: an inhibitor of hu-
man immunodeficiency virus. Am. J. Med. 88(Suppl. 5B):2S-7S (1990).

5. Mitsuya, H., and S. Broder. Inhibition of the in vitro infectivity and cyto-

pathic effect of human T-lymphotropic virus type Ill/lymphadenopathy-
associated virus (HTLV.III/LAV) by 2’,3’-dideoxynucleosides. Proc. Nati.

Acad. Sci. USA 83:1911-1915 (1986).

6. Ahluwalia, G., D. A. Cooney, H. Mitsuya, A. Fridland, K. P. Flora, Z. Hao,

M. Dalal, S. Broder, and D. G. Johns. Initial studies on the cellular phar-
macology of 2’,3’ -dideoxyinosine, an inhibitor of HIV infectivity. Biochem.
Pharmacol. 36:3797-3800 (1987).

7. Furman, P. A., J. A. Fyfe, M. H. St. Clair, K. Weinhold, J. L. Rideout, G. A.

Freeman, S. N. Lehrman, D. P. Bolognesi, S. Broder, H. Mitsuya, and D. W.

Barry. Phosphorylation of 3’-azido-3’-deoxythymidine and selective inter-
action of 5’ -triphosphate with human immunodeficiency virus reverse tran-

scriptase. Proc. Nat!. Acad. Sci. USA 83:8333-8337 (1986).

8. Cooney, D. A., M. Dalal, H. Mitsuya, J. B. McMahon, M. Nadkarni, J.

Balzarini, S. Broder, and D. G. Johns. Initial studies on the cellular phar-

macology of 2’,3’-dideoxycytidine, an inhibitor of HTLV-III infectivity.

Biochem. Pharmacol. 35:2065-2068 (1986).

9. Johnson, M. A., and A. Fridland. Phosphorylation of 2’,3’-dideoxyinosine by

cytosolic 5’ -nucleotidase of human lymphoid cells. Mo!. PharmacoL 36:291-
295 (1989).

10. Bondoc, L. L., Jr., W. M. Shannon, J. A. Secrist III, R. Vince, and A.

Fridland. Metabolism of the carbocyclic nucleoside analogue Carbovir, an

inhibitor of human immunodeficiency virus, in human lymphoid cells. Bio-
chemistry 29:9839-9843 (1990).

11. Yarchoan, R., H. Mitsuya, C. E. Myers, and S. Broder. Clinical pharmacology

of 3’ -azido-2’,3’ .dideoxythymidine (zidovudine) and related dideoxynucleo-

sides. N. Eng!. J. Med. 321:726-738 (1989).
12. Huang, P., D. Farquhar, and W. Plunkett. Selective action of 3’-azido-3’-

deoxythymidine 5’ -triphosphate on viral reverse transcriptases and human

DNA polymerases. J. Bio!. Chem. 265:11914-11918 (1990).
13. Mitsuya, H., R. F. Jarrett, M. Matsukura, F. Di-Marzo-Veronese, A. L.

DeVico, M. G. Sarngadharan, D. G. Johns, M. S. Reitz, and S. Broder. Long-

term inhibition of human T-lymphotropic virus type Ill/lymphadenopathy-
associated virus (human immunodeficiency virus) DNA synthesis and RNA

expression in T cells protected by 2’,3’-dideoxynucleosides in vitro. Proc.

Nat!. Acad. Sri. USA 84:2033-2037 (1987).

14. Ahluwalia, G., D. A. Cooney, L. L. Bondoc, Jr., M. J. Currens, H. Ford, D.

G. Johns, H. Mitsuya, and A. Fridland. Inhibitors of IMP dehydrogenase

stimulate the phosphorylation of the antiviral nucleoside 2’,3’-dideoxygu-

anosine. Biochem. Biophys. Res. Commun. 171:1297-1303 (1990).
15. Sabina, R. L., D. Patterson, and E. W. Holmes. 5-Amino-4-imidazolecarbox-

amide riboside (Z-riboside) metabolism in eukaryotic cells. J. Biol. Chem.
260:6107-6114 (1985).

16. St. Clair, M. H., J. L. Martin, G. Tudor-Williams, M. C. Bach, C. L. Vavro,

D. M. King, P. Kellam, S. D. Kemp, and B. A. Larder. Resistance to ddl and
sensitivity to AZT induced by a mutation in HIV-1 reverse transcriptase.

Science (Washington D. C.) 253:1557-1559 (1991).

17. Weislow, 0. 5., R. Kiser, D. L. Fine, J. Bader, R. H. Shoemaker, and M. R.
Boyd. New soluble-formazan assay for HIV-1 cytopathic effects: application

to high-flux screening of synthetic and natural products for AIDS-antiviral

activity. J. Nat!. Cancer Inst. 81:577-586 (1989).

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


36 Gong et a!.

18. Ou, C. Y., S. Kwok, S. W. Mitchell, D. H. Mack, J. J. Sninsky, J. W. Krebs,

P. Feorino, D. Warfield, and G. Schochetman. DNA amplification for direct

detection of HIV-1 in DNA of peripheral blood mononuclear cells. Science
(Washington D. C.) 239:295-297 (1980).

19. Kellogg, D. E., and S. Kwok. Detection of human immunodeficiency virus, in

PCR ProtocoLs, a Guide to Methods and App!ication.s (M. A. Innis, D. H.

Gelfand, J. J. Sninsky, and T. J. White, eds.). Academic Press, New York,

337-347 (1990).

20. Sabina, R. L., E. W. Holmes, and M. A. Becker. The enzymatic synthesis of

5-amino-4-imidazolecarboxamide riboside triphosphate (ZTP). Science
(Washington D. C.) 223:1193-1195 (1984).

21. Sabina, R. L., K. H. Kernstine, R. L. Boyd, E. W. Holmes, and J. L. Swain.

Metabolism of 5-amino-4-imidazolecarboxamide riboside in cardiac and skel-

etal muscle: effects on purine nucleotide synthesis. J. Bio!. Chem. 257:10178-

10183 (1982).

22. Thomas, C. B., J. C. Meade, and E. W. Holmes. Aminoimidazole carboxamide

riboside toxicity: a model for study of pyrimidine starvation. J. Cell. Physiol.
107:335-344 (1981).

23. Johnson, M. A., G. Ahluwalia, M. C. Connelly, D. A. Cooney, S. Broder, D.

G. Johns, and A. Fridland. Metabolic pathways for the activation of antire-

troviral agent 2’,3’-dideoxyadenosine in human lymphoid cells. J. Biol. Chem.
263:15354-15357 (1988).

24. Hartman, N. R., G. S. Ahluwalia, D. A. Cooney, H. Mitsuya, S. Kageyama,

A. Fridland, S. Broder, and D. G. Johns. Inhibitors of IMP dehydrogenase

stimulate the phosphorylation of the anti-human immunodeficiency virus

nucleosides 2 ‘ ,3 ‘ -dideoxyadenosine and 2 ‘ ,3 ‘ -dideoxyinosine. Mo!. Pharma-

coL 40:118-124 (1991).

25. Dixon, R., J. Gourzis, D. McDermott, J. Fujitaki, P. Dewland, and H. Gruber.

AICA-riboside: safety, tolerance, and pharmacokinetics of a novel adenosine-

regulating agent. ,J. Clin. Pharmaco!. 31:342-347 (1991).

26. Balzarini, J., L. Naesens, M. J. Robins, and E. De Clercq. Potentiating effect

of ribavirin on the in vitro and in vivo antiretrovirus activities of 2’,3’-

dideoxyinosine and 2’,3’ -dideoxy-2,6-diaminopurine riboside. J. Acquired
Immune Deficiency Syndromes 3:1140-1147 (1990).

27. Balzarini, J., C. K. Lee, P. Herdewijn, and E. De Clercq. Mechanism of the

potentiation effect of ribavirin on the activity of 2’,3’-dideoxyinosine against

human immunodeficiency virus. J. Biol. Chem. 266:21509-21514 (1991).
28. Lambert, J. S., M. Seidlin, R. C. Reichman, C. S. Plank, M. Laverty, G. D.

Morse, C. Knupp, C. McLaren, C. Pettinelli, F. T. Valentine, and R. Dolin.

2’ 3’ -Dideoxyinosine (ddl) in patients with the acquired immunodeficiency
syndrome or AIDS-related complex. N. Engl. J. Med. 322:1333-1340 (1990).

29. Larder, B. A., B. Chesebro, and D. D. Richman. Susceptibilities of zidovudine-
susceptible and -resistant human immunodeficiency virus isolates to antiviral

agents determined by using a quantitative plaque reduction assay. Antimicrob.
Agents Chemother. 34:436-441 (1990).

30. Fitzgibbon, J. E., R. M. Howell, C. A. Haberzettl, S. J. Sperber, D. J. Gocke,

and D. T. Dubin. Human immunodeficiency virus type 1 po! gene mutations
which cause decreased susceptibility to 2’,3’-dideoxycytidine. Antimicrob.
Agents Chernother. 36:153-157 (1992).

31. Gu, Z., Q. Gao, X. Li, M. A. Parniak, and M. A. Wainberg. Novel mutation
in the human immunodeficiency virus type 1 reverse transcriptase gene that

encodes cross-resistance to 2’,3’-dideoxyinosine and 2’,3’-dideoxycytidine.

,J. Virol. 66:7128-7135 (1992).

32. Larder, B. A., S. D. Kemp, and D. J. M. Purifoy. Infectious potential of

human immunodeficiency virus type 1 reverse transcriptase mutants with
altered inhibitor sensitivity. Proc. Nat!. Acad. Sci. USA 86:4803-4807 (1989).

33. Prasad, V. R., I. Lowy, T. D. L. Santos, L. Chiang, and S. P. Goff. Isolation

and characterization of a dideoxyguanosine triphosphate-resistant mutant of

human immunodeficiency virus reverse transcriptase. Proc. Nat!. Acad. Sci.

USA 88:11363-11367 (1991).

Send reprint requests to: Arnold Fridland, Department of Infectious Diseases,
St. Jude Children’s Research Hospital, 332 N. Lauderdale, Memphis, TN 38105.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



