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We have tested the potencies of the competitors of glucose, 2-deoxy-i>.glucose,
and of uridine, 3-deazauridine, on the inhibition of Japanese B encephalitis
virus multiplication in BHK-21 cell cultures. The relative effectiveness of the
viral inhibitors were evaluated individually and in combination in relation to
cytotoxicity as a measure of the selectivity of inhibition. When the drugs were
administered individually, the antiviral activity was masked by the cytotoxic
effect on the host. By combining the two drugs, it was possible to inhibit
Japanese encephalitis virus production at noncytotoxic concentrations. The
effects of 2-deoxy-D-glucose and 3-deazauridine on the growth inhibition ofBHK-
21 cells in cultures were only additive, while they were clearly synergistic on the
inhibition of Japanese encephalitis virus production. Thus, it was possible 'to
achieve an increased antiviral effect without a significant increase in cytotoxic-
ity. Although the precise biochemical mechanism of the antiviral activity of
these antimetabolites in combination is not known, our results indicate the
potential value of this approach in viral chemotherapy.

A considerable amount of biochemical infor-
mation has been gathered on the mode of action
of antiviral drugs, but such information has not
yet been reflected in improved chemotherapy of
viral infections. In general, the conclusion has
been drawn that viral infections do not respond
well to chemotherapy, largely because viruses
depend upon the synthetic mechanisms of the
host cells. Therefore, any compound that effec-
tively reduces the number of viral particles is
likely to cause severe toxic side effects. Of the
agents that have been tested on a variety of
enveloped ribonucleic acid (RNA) viruses, the
glucose competitor, 2-deoxy-D-glucose (2-DG),
has probably been the most promising, largely
because it interferes with the synthesis of viral
glycoprotein (5, 7, 10). Another compound that
possesses significant antiviral activity against
RNA viruses is the antipyrimidine, 3-deazauri-
dine (3-deazaUR). Although 3-deazaUR greatly
restricts host as well as viral RNA synthe-
sis at high concentration, this compound has
antiviral activity at noncytotoxic levels (9, 11,
16).
Unfortunately, both 2-DG and 3-deazaUR ex-

hibit severe cytotoxic side effects when admin-
istered in the high concentrations required for
substantial antiviral activity. In this paper we
describe preliminary studies in vitro in which

we examined the feasibility of combining these
two drugs to reduce the replication ofJapanese
B encephalitis virus (JEV) without greatly af-
fecting the host cells. The relationship of the
metabolic sites inhibited by the two agents un-
der discussion are summarized in Fig. 1. Ad-
ministration of 2-DG and its subsequent incor-
poration into host as well as viral glycoproteins
causes toxic effects and a reduction in viral
particles (for review, see reference 15). The an-
tipyrimidine, 3-deazaUR, when phosphorylated
to the triphosphate level, 3-deazauridine 5'-tri-
phosphate (3-deazaUTP), exhibits strong com-
petitive inhibition of the synthesis of cytidine
5'-triphosphate (CTP), thereby restricting host
and viral RNA synthesis (11, 16). A considera-
tion of the pathways suggested to us that 2-DG
might potentiate the effect of 3-deazaUR and
thus affect viral replication. This combination
of drugs, at a low concentration, should be rea-
sonably antiviral while not being cytotoxic. The
effects of these combinations on antiviral activ-
ity and cytotoxicity were tested in the baby
hamster kidney cell line (BHK-21) infected
with JEV.

MATERIALS AND METHODS
Virus strain. The Nakayama strain of JEV (12)

was used throughout this investigation. Virus seed
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was prepared from the harvest of a single passage in
brains of suckling NIH-Nmri CV mice and stored at
-70°C until used.

Cell cultures and media. BHK-21 clone 13 cell
cultures from the American Type Culture Collection
provided an in vitro assay system for both the titra-
tion ofJEV (1, 8) and cytotoxicity evaluations. Stock
cell cultures were grown in Eagle minimum essen-
tial medium (2) with Earle balanced salt solution
(EMEM), supplemented with 10% tryptose phos-
phate broth and 10% heat-inactivated dialyzed fetal
calf serum (EMEM9ODFCS,0). The cells were subcul-
tured and passed in EMEM with the substitution of
various metabolites for glucose as shown in Table 1.
The cells were infected as nonconfluent monolayers
(40,000 to 60,000 viable BHK-21 cells per 1 ml of

maintenance medium) in each well of 24 well-dishes
(Costar, Cambridge, Mass.). The maintenance me-

dium contained the components of growth medium
except that the level of fetal calf serum was reduced
to 1% (EMEM99DFCSI).

Cytotoxicity tests. The cytotoxicities of 2-DG and
3-deazaUR were determined for each modification of
growth (DFCS,o) and maintenance (DFCS,) media
used in this study by viability staining (eosin Y
exclusion) and by microscopic examination. Growth
medium was used to test inhibitor cytotoxicity (Ta-
ble 2). Although maintenance medium was used for
the cultures that served as controls for virus yield
reduction tests with either 2-DG or 3-deazaUR, dif-
ferences in cytotoxicity attributable to the concen-
tration of serum were negligible. The cytotoxic dose
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FIG. 1. Simplified schematic map ofthe putative mechanism ofaction of the antipyrimidine 3-deazaUR in
combination with 2-DG. Enzymes that phosphorylate the natural substrate (e.g., uridine and glucose) are

known to phosphorylate also the substrate analogue (e.g., 3-deazaUR and 2-DG) to the next intermediate (15,
16). A synergistic action may be due to the inhibition ofRNA synthesis and glycoprotein synthesis. Abbrevia-
tions: 1, uridine kinase (EC 2.7.1.48); 2, nucleoside monophosphate kinase (EC 2.7.4.4); 3, nucleoside
diphosphate kinase (2.7.4.6); 4, cytidine 5'-triphosphate (CTP) synthetase (EC 6.3.4.2); 5, ribonucleic acid
(RNA) nucleotidyltransferase (EC 2.7.7.6); 6, hexokinase (EC 2.7.1.1); 7, phosphoglucomutase (EC 2.7.5.1);
8, uridine 5'-diphosphate glucose (UDPG) pyrophosphorylase (EC 2.7.7.9); 9, UDPG-glycosyltransferase;
UR, uridine; MP, monosphosphate; DP, diphosphate; TP, triphosphate (---), reactions inhibited by the
respective activated antimetabolites.

TABLE 1. BHK-21 cell multiplication and JEV replication in modifiedEMEM containing increasing glucose
levels

Viable cell counta ind JEV titerb in media
Glucose(mg/l-aats 90m/i Mannose (1,000 mg/li-

liter) D-Galactose (900 mg/li- aode (90umgli Mannose (1,000 mg/li- ter), sodium pyruvateterc ter), sodium pyruvate ter)c (550, mg/iumepr)vatter) (550 mg/liter)c ' (550 mg/liter)c

BHK-21a JEVb BHK-21a JEVb BHK-21a JEVb BHK-21a JEVb

0 5.3 1.0 1.8 1.9 1.8 0.68 10.0 1.7
0.1 5.7 1.2 1.9 1.1 2.8 0.65 9.6 1.8
1 5.0 1.4 1.6 1.8 5.0 0.8 9.8 1.7

10 5.4 1.0 1.7 1.5 4.0 1.1 10.0 1.9
100 9.5 1.2 2.9 1.6 4.1 1.1 8.5 2.0

1000 10.7 1.1 6.8 1.7 4.5 1.0 10.0 2.0
a Viable cell count x 105 48 h after seeding 2 x 105 cells/ml of EMEMjoDFCS,o in 1-ml wells.
b JEV titer x 106 PFU/ml 48 h after infection of BHK-21 cells at a multiplicity of infection of 10:1 in

EMEM99DFCSI.
c Additional metabolites of EMEM.
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TABLE 2. Relative effectiveness of2-DG and 3-deazaUR on the reduction ofJEV titer and cytotoxic dose in
EMEM and in modified EMEM without glucose

2-Deoxy-i-glucose 3-Deazauridine
Media MED5O (,Mp Cytotoxic dose PERc MEDo Cytotoxic PER

(AM), ~~~~~~dose
EMEM (glucose) 500 900 1.8 20 30 1.5
Modified EMEM (no glucose)
D-(+)-Galactose (900 mg/liter) 500 800 1.6
Sodium pyruvate (550 mg/liter) 500 1,500 3.0
n-(+)-Galactose (900 mg/liter) and 150 1,000 6.6
sodium pyruvate (550 mg/liter)

Mannose (1,000 mg/liter) 300 2,400 8.0
Mannose (1,000 mg/liter) and so- 300 2,750 9.2 20 4 0.2
dium pyruvate (550 mg/liter)
a Forty-eight-hour minimum effective dose (MED50) based upon PFU reductions in maintenance medium.
b Forty-eight-hour cytotoxicity based upon viability determinations in growth medium.
c Physiologically effective range = cytotoxic dose/MED50.

was considered to be that amount of compound,
either alone or in combination, which reduced the
viable cell count by 50% in growth media by 48 h.

Plaque assay. JEV plaque titrations were con-
ducted in confluent monolayers of BHK-21 cell cul-
tures. Serial 10-fold dilutions of JEV samples were
prepared in pH 7.4 phosphate-buffered saline con-
taining 0.75% bovine serum albumin fraction V
(Calbiochem). Overlay medium contained a final
concentration of0.8% agarose (Seaken, Microbiolog-
ical Associates, Inc.) in Gey's medium. Infected cul-
tures were incubated at 37°C in a humidified 5% CO2
atmosphere for 96 h before neutral red staining.

Virus yield reduction tests. Cultures were inocu-
lated with 10 plaque-forming units (PFU) ofJEV per
viable cell, absorbed for 90 min at 37°C, and then
rinsed twice with pH 7.4 phosphate-buffered saline.
The appropriate maintenance medium containing
increasing concentrations of either 2-DG (Aldrich
Chemical Co.) or 3-deazaUR (ICN Corp., Irvine,
Calif.) was then added to the cell cultures as well as
to control uninfected cells. The cultures were incu-
bated at 37°C in a humidified 5% CO2 atmosphere for
48 h, and supernatant fluids were sampled at 12-h
intervals. Viral titers expressed as PFU per cell
were determined by plaque assays on BHK-21 cell
cultures. The antiviral activity ofa given concentra-
tion of either 2-DG or 3-deazaUR was determined as
the percentage of control PFU obtained without
either compound. The amount that reduced the
number of PFU by 50% was defined as the minimal
effective dose (MED50) (3). Various combinations of
2-DG and 3-deazaUR were likewise evaluated for
antiviral and cytotoxic effects.

RESULTS
Glucose requirement for cell multiplication

and viral replication. When uninfected BHK-
21 cells were subcultured with EMEMs9DFCSio
either in the absence of glucose or in 0.1 to 1 mg
of glucose/liter, the total number of cells dou-
bled between 24 and 48 h. Significant growth
after 48 h required at least 100 mg of glucose

per liter. With a multiplicity of infection of 10
PFU, there was a definite requirement for glu-
cose for optimal JEV replication. Viral assays
for each glucose concentration at 24, 48, and 72
h indicated that JEV replication was always
maximal at 48 h and the effect of the glucose
level was also most evident at 48 h. Although
there was some indication that JEV replicated
in the absence of glucose or in the presence of
small concentrations of glucose, maximum lev-
els were reached only when the glucose concen-
tration was either 100 or 1,000 mg/liter.

Effect of other carbon sources. Cell multi-
plication in EMEM9ODFCS10 and JEV replica-
tion in EMEM9gDFCSI obtained with increas-
ing glucose concentrations in the presence of
various carbon sources are presented in Table
1. In the case of galactose, galactose plus so-
dium pyruvate, and mannose, the cell count
approximately doubled as the concentration of
glucose was increased. However, with a combi-
nation of mannose and sodium pyruvate the
cell count was approximately the same at all
concentrations of glucose. The titer of JEV, on
the other hand, with the possible exception of
the mannose medium, was not significantly
stimulated by increasing the glucose concentra-
tion. Increasing serum levels from 1 to either 5
or 10% did not result in a significant change in
JEV titers.

Antimetabolite effectiveness. The effects of
2-DG and 3-deazaUR on BHK-21 cells and JEV
replication are summarized in Table 2. The
data presented are the means of triplicate ex-
periments. The cytotoxic dose was measured
in EMEM9eDFCSiO and the MED5o in
EMEMsDFCSi. The potency of an inhibitor of
viral replication can best be judged by the ratio
of cytotoxic level to MED50, expressing the
physiologically effective range (PER), which is
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a measure of the selectivity of inhibition. A
large PER reflects relatively high viral inhibi-
tion with respect to cytotoxicity. In complete
EMEM and in modified EMEM containing ga-
lactose, the PER with 2-DG was small (<2)
because of its cytotoxicity. When glucose was
replaced by pyruvate, galactose plus pyruvate,
mannose, or mannose plus pyruvate, the PER
increased to 3.0, 6.6, 8.0, and 9.2, respectively.
The effect of increasing the concentration of

2-DG on cell viability and JEV production are
presented in greater detail in Fig. 2. The re-
sults can be summarized as follows. (i) The
cytotoxicity concentrations of 2-DG were mark-
edly different in the four media. When man-
nose, galactose, and pyruvate-containing me-
dia were compared to glucose, the BHK-21 cells
were protected from the effects of 2-DG most
effectively by mannose. Toxicity levels were
significantly lower (P <0.05) at 0.6, 1.2, and 2.4
mM 2-DG. (ii) The reduction in yield of JEV
was not greatly different in the four media.
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Hence, these results suggest that the reduction
in yield ofJEV by 2-DG in glucose-, pyruvate-,
and galactose-containing media may have been
due in part to the cytotoxic effects of 2-DG on
the BHK-21 cells. Mannose, on the other hand,
undoubtedly protected the host cell from the
effects of 2-DG, whereas the reduction in yield
ofJEV was not altered.
The cytotoxic effect of3-deazaUR was 30-fold

greater than that of 2-DG in glucose medium.
Surprisingly, its cytotoxicity, in contrast to 2-
DG, was much greater in mannose-sodium py-
ruvate medium. Thus, there was an almost 700-
fold ratio in the toxicity of the two compounds
in the mannose-pyruvate medium. The MED.
was approximately the same in the two media.
The PER was low in the glucose medium, ap-
proximately the same as for 2-DG, and very low
(0.2) in the mannose-pyruvate medium.
Reversal of 2-DG inhibition by metabolite

replacement. The effect of replacing 2-DG (0.5
mM) with various metabolites at 6, 12, 24, and

0 1.0 20 3.0 4.0 0 10 20 3.0 40
2- DEOXY-D -GLUCOSE (mM)

FIG. 2. JEV yield reduction per infected BHK-21 cell at 48 h by 2-DG in 1 ml of modified maintenance
EMEM. JEV titers in the presence of2-DG were compared with PFU from controls consisting ofinfected cell
cultures containing none of the antimetabolite. Total viable cell counts at 48 h from the uninfected wells
containing increasing concentrations of2-DG in modified maintenance media were compared to ceU counts in
control wells which contained no 2-DG. Metabolic concentrations were glucose (I glliter), galactose (900 mgl
liter), pyruvate (550 mglliter), or mannose (I glliter). Each point represents the mean + standard error ofthe
mean offour or more separate tests. Means that are significantly different from the glucose medium (P < 0.05)
are indicated by an asterisk (*). (100% = 20 JEVIcell.)
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36 h after JEV infection of BHK-21 cells in
EMEMgDFCS, was most evident when metab-
olite replacement was accomplished at 24 h.
Mannose most efficiently reversed viral inhibi-
tion by 2-DG, whereas differences in the effec-
tiveness of galactose, pyruvate, and glucose
were relatively small (Fig. 3). When replace-
ment was made at 36 h (data not shown) compa-
rable results were obtained, but the yield of
JEV was reduced possibly because of the con-
siderable amount ofJEV removed with the me-
dium change at 36 h. Results with infected con-
trol cultures containing no 2-DG indicated that
any change of medium after 12 h reduced infec-
tious virus production. In uninfected controls in
which 2-DG medium was replaced with various
carbon sources, glucose most effectively in-
creased the number of viable BHK-21 cells at
both 6-h (180%) and 24-h (100%) replacement.
The 6-h mannose replacement was less effective
(110%), whereas galactose was even poorer
(85%).

Antiviral effect of 3-deazaUR and 2-DG in

combination. To test the hypothesis that 3-
deazaUR could potentiate the growth inhibi-
tory effects of2-DG on JEV, combination exper-
iments were carried out. The effects of four
different 3-deazaUR concentrations were tested
alone and in the presence of three concentra-
tions of2-DG (Table 3). In every experiment the
combination of the two drugs inhibited JEV
replication to an extent greater than expected
from purely additive effects while showing an
inhibition of BHK-21 cell growth approximately
the same or somewhat less than the additive
effect. Hence, these two agents when used in
combination display a considerable degree of
synergism in JEV inhibition. Increasing con-
centrations of 3-deazaUR in the presence of a
constant concentration of2-DG brought about a
significant decrease in the concentration of 3-
deazaUR required to reduce the MED50 (Fig. 4).
The MED50 of the agents in combination in

EMEM and in mannose-pyruvate medium indi-
cates that 3-deazaUR was slightly more inhibi-
tory of JEV replication in EMEM than in glu-

IGLUCOSE, PYRUVATE
IMANNOSE, GALACTOSE
MANNOSE

GALACTOSE
PYRUVATE

GLUCOSE

Replacement

0 12 24 36 48
HOURS

FIG. 3. Effect ofreplacing 0.5 mM 2-DG with various metabolites 24 h after JEV infection ofBHK-21 cell
cultures maintained on EMEM. Metabolite concentrations in maintenance media were glucose (1 glliter),
sodium pyruvate (550 mglliter), galactose (900 mglliter), or mannose (1 glliter). JEV titers in the presence of
0.5 mM 2-DG (a), with metabolite replacements containing no 2-DG (A), control without 2-DG (0),
and control with metabolite replacement (0).
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TABLE 3. Synergistic interaction of2-DG and 3-deazaUR on JEV replication in glucose medium

Concn (AM) of: Count as % of untreated controls in presence of:

Agent 2-DG + 3-deazaUR
2-DG 3-deazaUR 2-DG (a) 3-deazaUR (b)

Predicteda (c) Measured (d)
BHK-21 75 2.0 96 77 74 78

150 2.0 85 77 65 68
333 2.0 73 77 56 64
75 4.0 96 73 70 74
150 4.0 85 73 62 63
75 20.0 96 55 53 55
150 20.0 85 55 47 55
150 40.0 85 40 34 46

JEV 75 2.0 78 62 48 31b
150 2.0 54 62 33 20'
333 2.0 43 62 27 18,
75 4.0 78 58 45 20
150 4.0 54 58 31 llb
75 20.0 78 54 42 201
150 20.0 54 54 29 llb
150 40.0 54 34 18 5b

a Summation as defined by Webb (19), i.e., c = (a times b)/100. The letters refer to the numbers in the
labeled columns.

b Significant potentiation, i.e., d < 0.7 times c.

cose-free medium (Fig. 4). Both lines in Fig. 4
indicate the enhanced antiviral activity demon-
strated by the combination of noncytotoxic lev-
els of 2-DG and 3-deazaUR in either EMEM or
glucose-free medium. BHK-21 cell viability
data computed for each compound, individually
and in combination, indicated no significant
cytotoxicity.

DISCUSSION
The production of viral glycoproteins and

viral RNA via host-mediated mechanisms is a
prerequisite for the subsequent assembly of the
viral particle. The pivotal position of uridine 5'-
triphosphate (UTP) and CTP as common pre-
cursors for RNA and the relative importance of
UTP and glucose in glycosylation reactions was
emphasized in Fig. 1. Multiple inhibition of
sites immediately preceding RNA and glyco-
protein synthesis would greatly facilitate the
action of each competitive inhibitor. If the pool
of competing natural substrate can be depleted
via a judicious combination of antimetabolites,
this should greatly enhance the effectiveness of
the inhibitors. Clearly, the depletion of the
CTP pool via the competitive action of 3-
deazaUTP on CTP synthetase and the subse-
quent depletion of the UTP pools through the
incorporation of 2-DG and 3-deazaUTP into the
sugar nucleotides might potentiate the effect of
2-DG on JEV production. Our experiments
were designed to test this prediction and our
results have confirmed it for studies in vitro.

The uridine analogue 3-deazaUR and the an-
timetabolite 2-DG have both been shown to
inhibit the production of infectious RNA vi-
ruses (5, 7, 9-11). The precise step of inhibition
by 2-DG is not known; however, if the group B
arboviruses are first assembled as immature
forms containing two membrane glycoproteins,
the incorporation of2-DG might prevent assem-
bly and/or subsequent maturation ofJEV to the
infectious form (6, 14, 17, 18). Recently, the
nucleoside-diphosphate derivatives of 2-DG in
BHK-21 cells have been identified as uridine
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FIG. 4. JEV yield reduction measured as the
MED50 dose of various combinations of 3-deazaUR
and 2-DG in BHK-21 cell cultures maintained in
either EMEM or glucose-free medium.
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diphosphate-2-deoxy-D-glucose (UDP-2-.uG) and
guanidine diphosphate-2-deoxy-D-glucose (GDP-
2-DG) (13). The discovery of the activated
intermediates of 14C-labeled 2-DG in BHK-21
cells indicates that the corresponding nucleo-
side diphosphate derivatives of UDP-2-DG and
GDP-2-DG can be expected to contribute to the
inhibition of the transglycosylation reactions
during arboviral infections (4, 7). The viral in-
hibitory activity of 3-deazaUR, shown to occur
during viral replication, was reversed by the
naturally occurring pyrimidine nucleoside (9).
Metabolic studies have shown that 3-deazaUR,
phosphorylated by leukemia L-1210 cells, ex-

erts its inhibitory activity by interfering with
the activity of the CTP synthetase (11). Shan-
non et al. (16) showed that 3-deazaUR pos-
sessed a broad spectrum of antiviral activity
against several important human RNA vi-
ruses. Although the precise biochemical mecha-
nisms of these two drugs are not known, their
combination could be expected to interfere with
both glycoprotein and RNA synthesis in a syn-
ergistic manner.
Our studies of the inhibition of the produc-

tion ofJEV in BHK-21 cells by either 2-DG or 3-
deazaUR alone or in combination were limited
to determinations of infectivity. Although each
of these compounds was shown to possess some
antiviral activity against JEV at noncytotoxic
concentrations, the levels of inhibition ob-
served with combinations of 2-DG and 3-
deazaUR were synergistic. Since it was possible
to achieve this increased antiviral effect with-
out any significant increase in cytotoxicity, our

results demonstrate the potential feasibility of
this approach to antiviral chemotherapy. Ours
is the first attempt to study the combination of
these two drugs against viral infections. Since
JEV is an important human pathogen, and no

effective treatment for the disease has been
described, our studies should be extended to the
animal model in order to evaluate the treat-
ment potential for man. Indeed, our results
indicate that this approach to antiviral chemo-
therapy might parallel the advances made in
cancer chemotherapy.
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