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Summary 

In tissue culture, efficacy against either murine CMV or HSV-2 was increased 
27-fold for the acyclic nucleoside ganciclovir and 3-fold for foscarnet (trisodium 
phosphonoformate) when the 2 drugs were combined; whereas against human 
CMV, efficacy was increased 3-fold for both drugs. In mice, efficacy was increased 
2-fold for ganciclovir and 4- to 5-fold for foscarnet when used in combination against 
either murine CMV or HSV-2. These results suggest an additive interaction be- 
tween the two drugs in vivo. 

Cytomegalovirus, human, murine; HSV-2; Ganciclovir; DHPG, Foscarnet; PFA; 
Combination study 

Introduction 

The triphosphate of ganciclovir [9-(1,3-dihydroxy-2-propoxymethyl)guanine, 
DHPG] and foscarnet (trisodium phosphonoformate, PFA) are both inhibitors of 
human cytomegalovirus (CMV) and herpes simplex virus (HSV) DNA polymerase 
(Frank and Cheng, 1985; Oberg, 1983; Tyms et al., '1987) and show encouraging 
results in the treatment of life-threatening CMV infections (Reed and Myers, 1987). 
In this process, the triphosphate of ganciclovir is initially produced by viral and/or 
cellular kinases (Reed and Myers, 1987). 

In this paper, we report the results of a series of in vitro and in vivo studies con- 
ducted to determine if the combination of ganciclovir and foscarnet exhibit en- 
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hanced activity against human or murine CMV, or against herpes simplex virus type 
2 (HSV-2). In previous in vitro studies, acyclic nucleosides were reported to have 
synergy with either foscarnet or phosphonoacetic acid (PAA) against HSV-1 and 
-2 (Crumpacker et al., 1984; Smith et al., 1982). 

Materials and Methods 

Compounds 

Ganciclovir [9-(1,3-dihydroxy-2-propoxymethyl)guanine, DHPG] was obtained 
from Syntex Research, Palo Alto, CA. Foscarnet (trisodium phosphonoformate, 
PFA) was obtained from Sigma, St. Louis, MO. 

Cells and viruses 

Human embryonic lung (MRC-5) cells (M.A. Bioproducts, Walkersville, MD) 
were used for all assays involving human CMV (strain AD169), primary mouse 
embryo fibroblast (MEF) cells for assays involving murine CMV (strain Smith), 
and African green monkey kidney (VERO) cells (American Type Culture Collec- 
tion, Rockville, MD) for assays involving HSV-2 (strain G). All viruses used were 
obtained from the ATCC. 

Plaque assays 

Plaque assays were done using the procedures previously described (Freitas et 
al., 1985) with the following modifications: 12-well microplates were used for all 
assays, and eight dilutions of each drug were run either in combination or alone 
against each virus, using two wells per drug combination and four wells of placebo 
per test. Duplicate assays were run, and the same IC100s were obtained for each 
virus. 

Cytotoxicity assays 

Two different methods were employed for cytotoxicity assays. In the first, a 
crystal violet assay (Gillies et al., 1978) was used. Briefly, 96-weU plates were seeded 
with 1 × 105 MRC-5 cells/ml, 5 × 104 MEF cells/ml, or 1 × 104 VERO cells/ml. 
Drugs were added to cells 24 h after seeding. After 72 h of incubation at 37°C in 
5% CO 2, cells were fixed in 1% glutaraldehyde (Sigma) and then stained for 30 
min with 0.1% crystal violet (Sigma). Plates were destained for 15 min in deion- 
ized water, allowed to air dry, and then absorbance was read at a wave length of 
570 nm on a Flow Titertek Multiskan reader. In the second procedure (Alley et 
al., 1988; Mossmann, 1983), 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium 
bromide (MTT, from Sigma) at 1 mg/ml was added to each well after the 72 h in- 
cubation period. Plates were then incubated for four hr at 37°C in 5 percent CO2. 
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Drug and MTT were removed, and replaced with DMSO (Sigma). After vigorous 
pipetting to dissolve the formazan crystals, absorbance was read at 570 nm on the 
Multiskan reader. Duplicate tests were run for each type of assay, using four wells 
per drug combination and sixteen wells of placebo per test. In these tests, the two 
assays gave the same results regarding cell cytotoxicity, even though the crystal vi- 
olet assay measures cell proliferation and the formation of formazan measures cell 
viability. 

Animal studies 

Female Swiss-Webster mice (Simonsen Laboratories, Gilroy, CA) weighing 10--12 
g for the murine CMV studies or 14-17 g for the HSV-2 studies were used. All 
mice were infected intraperitoneally, either with 3.2 × 10 4 PFU/mouse of murine 
CMV, or else with 1.5 × 104 PFU/mouse of HSV-2. For the murine CMV studies, 
ganciclovir was administered subcutaneously twice daily, while foscarnet was given 
intraperitoneaUy three times daily for 5 days, both starting 6 h after infection. For 
the HSV-2 studies, ganciclovir was administered once daily for 5 days starting 24 
h after infection, while foscarnet was given intraperitoneally twice daily for 5 days 
starting 6 h after infection. Differences in treatment regimes reflect differences in 
efficacy of the two drugs against either virus. Studies continued for either 14 (mu- 
rine CMV) or 21 (HSV-2) days after infection. Remaining animals were healthy 
at that time. 

Data analyses 

The lowest inhibitory concentration of each drug, alone or in combination, that 
suppressed plaque formation by 100% (IC10o) and the effective dose at which 50% 
of the mice survived (EDs0) were calculated using probit analysis (Finney, 1971). 
The IC10 o value was chosen for the plaque assays since it provides for a more rig- 
orous evaluation of possible combination effects. The Fisher exact probability 
(Maxwell, 1961) was used to evaluate an increase in the number of survivors in the 
animal studies. The possibility of enhanced efficacy was analyzed by calculating the 
fractional inhibitory concentration (FIC) index (Dougherty et al., 1977) for in vi- 
tro studies, or the fractional protective dose (FPD) index (Berenbaum, 1978) for 
in vivo studies as follows: (ICl00 or EDs0 of drug A in combination/IC100 or EDs0 
of drug A alone) + (IC10o or EDs0 of drug B in combination/ICl0 o or EDs0 of drug 
B alone). In these experiments, FIC or FPD values of <0.5 were considered syn- 
ergistic, and values between 0.5 and 1.5 were considered additive. For the cyto- 
toxicity assays, the percent reduction in either viable or total cells was determined 
by comparing the optical densities of drug versus control wells as follows: [(ab- 
sorbance value of untreated cells - absorbance value of treated cells)/absorbance 
value of untreated cells]100. 
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Results 

In vitro 

For ganciclovir, the IClo 0 for the drug alone was 27 I~M against all three viruses 
tested (Table 1). In combination with 100 p.M foscarnet, the IC100 for ganciclovir 
was reduced to 9 ixM against human CMV, and to 1 p.M against murine CMV. 
Against HSV-2, the IC10o for ganciclovir was reduced to 1 ~M in combination with 
320 IxM foscarnet. This 3 to 27-fold reduction in activity by ganciclovir appeared 
to be directed against the viruses, since at these concentrations neither drug alone 
or in combination showed evidence of cytotoxicity against the cells. In addition, 
ganciclovir had no cytotoxic effect at 27 IxM, the highest dose tested. 

For foscarnet,  the IC10 o for the drug alone was 320 p.M against human and mu- 
rine CMV, while against HSV-2, the IC10o was 1000 txM. In combination with 1 
IxM ganciclovir, the ICl0o for foscarnet was reduced to 100 ixM against murine CMV 
and to 320 ~M against HSV-2. Against human CMV, the IC~0o for foscarnet was 
reduced to 100 ~M in combination with 9 ~M ganciclovir. Again, these 3-fold re- 
ductions in activity by foscarnet appeared to be directed against the viruses, since 
at these concentrations, neither drug alone or in combination showed evidence of 
cytotoxicity against the cells. 

Against human CMV, the calculated FIC index was 0.64, which suggests an ad- 
ditive effect between the two drugs (Table 1). Enhanced efficacy between the two 
drugs against murine CMV and HSV-2 was confirmed, with FIC values of 0.34 and 
0.36, respectively, where values <0.5 indicate potentiation (Table 1). 

In vivo 

When given alone, foscarnet at 300 mg/kg per day had little protective activity 
against murine CMV (Table 2). Only 20% of the foscarnet-treated mice survived, 
compared with no survivors in the saline treated controls (P >0.1).  When this 

TABLE 1 

Antiviral efficacy of ganciclovir and foscarnet alone or in combination against either human CMV, mu- 
rine CMV, or HSV-2 in tissue culture 

Virus IC100 (wM) 
Alone Combination FIC Index 

Ganciclovir F o s c a r n e t  Ganciclovjr + 
Foscarnet 

Human CMV ~ 27 320 9 + 100 0.64 
Murine CMV b 27 320 1 + 100 0.34 
HSV-2 c 27 1000 1 + 320 0.36 

aGrown in MRC-5 cells. 
bGrown in MEF cells. 
CGrown in Vero cells. 
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TABLE 2 

Survival of mice treated with different doses of ganciclovir or foscarnet or both against a murine CMV 
infection a 

Treatment regimen b Response to treatment EDs0 alone or in combination 

Ganciclovir Foscarnet No. of survivors/totaF Ganciclovir 
(mg/kg) (mg/kg) ' (mg/kg) 

Foscarnet 
(mg/kg) 

Saline control 0/15 
1 0 4/15 
3 0 4/14 
9 0 15/15 

1 300 6/13 
3 300 7/13 
9 300 15/15 

0 96 0/15 
0 300 3/15 
0 960 10/14 

3 96 8/15 
3 300 6/13 
3 960 14/15 

3.5 

2 + 300 

242 

3 + 57 

aMice were treated with various concentrations of ganciclovir or foscarnet to determine the EDs0 alone 
and with the marginally effective dose of each agent (ganciclovir, 3 mg/kg; foscarnet, 300 mg/kg) com- 
bined with various concentrations of the other to determine the EDs0 in combination. FPDI = 2/3.5 
+ 57/242 = 0.8 (additive). 
bDoses are expressed in mg/kg per day. Ganciclovir was given subcutaneously twice daily in two equal 
doses. Foscarnet was given intraperitoneally three times daily in three equal doses. All treatments started 
at six h after challenge and continued for four more days. 
CAnimals were held for 14 days after infection, and remaining mice were healthy at that time. 

marg ina l ly  effect ive  dose  was used  in c o m b i n a t i o n  with var ious  doses  of  gancic lo-  
vir ,  fo sca rne t  i nc r ea sed  the  ac t iv i ty  of  gancic lovi r  2-fold agains t  mur ine  C M V  as 
m e a s u r e d  by  a r educ t i on  in EDs0 f rom 4 to 2 mg/kg.  L ikewise ,  using a 3 mg/kg 
dose  o f  ganc ic lov i r  a lone ,  on ly  28% of  the  mice  surv ived  ( P  >0 .1 ) .  W h e n  this 
marg ina l ly  ef fec t ive  dose  was used  in c o m b i n a t i o n  with  var ious  doses  of  foscarne t ,  
gancic lovi r  i nc r ea sed  the  ac t iv i ty  o f  fosca rne t  by 4-fold as m e a s u r e d  by a r educ t ion  
in EDs0 f rom 242 to 57 mg/kg.  

A n  add i t ive  i n t e r ac t ion  b e t w e e n  these  two drugs  was conf i rmed  by calcula t ing 
the  F P D  index ,  which  was 0.8. Va lues  b e t w e e n  0.5 and  1.5 are  i n t e r p r e t e d  as an 
add i t ive  in t e rac t ion .  

W h e n  given a lone ,  fosca rne t  at  32 mg/kg  p e r  day  had  l i t t le  p ro t ec t ive  act ivi ty  
agains t  a H S V - 2  infec t ion  (Tab le  3). On ly  22% of  the  foscarne t  t r e a t e d  mice  sur- 
v ived ,  c o m p a r e d  with  10% survivors  for  the  u n t r e a t e d  con t ro l s  ( P  >0 .1 ) .  W h e n  
this marg ina l l y  ef fec t ive  dose  was used  in c o m b i n a t i o n  with  va r ious  doses  of  gan-  
ciclovir ,  fo sca rne t  i nc r ea sed  the  act ivi ty  of  gancic lovi r  2-fold agains t  H S V - 2  as 
m e a s u r e d  by  a r e d u c t i o n  in EDs0 f rom 8 to 4 mg/kg.  L ikewise ,  using a 5 mg/kg 
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TABLE 3 

Survival of mice treated with different doses of ganciclovir or foscarnet or both against an HSV-2 in- 
fection 

Treatment regimen b Response to 
treatment 

ED~ alone or in combination 

Experiment Ganciclovir (mg/kg) Foscarnet No. of survi- Ganciclovir Foscarnet 
No. (mg/kg) vors/total ¢ (mg/kg) (mg/kg) 

Untreated control 2/20 
0 32 4/18 

1.5 0 4/20 
5 0 8/20 

14 0 17/20 
1.5 32 10/20 

5 32 9/20 
14 32 19/19 

Untreated control 0/20 
5 0 6/20 
0 32 6/20 
0 100 10/20 
0 320 14/20 
5 32 15/20 
5 100 15/20 
5 320 19/20 

170 

7.5 

3.7 + 32 

5 + <32 

aMice were treated with various concentrations of ganciclovir or foscarnet to determine the ED~0 alone 
and with the marginally effective dose of each agent (ganciclovir, 5 mg/kg; foscarnet, 32 mg/kg) com- 
bined with various concentrations of the other to determine the EDso in combination. FPDI = 3.7/7.5 
+ <32/170 = >0.5, <0.68 (additive). 
bDoses are expressed in mg/kg per day. Ganciclovir was given subcutaneously once daily for five days 
starting 24 hr after challenge. Foscarnet was given intraperitoneally twice daily in two equal doses for 
five days starting 6 hr after challenge. 
CAnimals were held for 21 days after infection, and remaining mice were healthy at that time. 

dose of ganciclovir  a lone ,  only 30% of the mice survived (P >0.1) .  W h e n  this 
marginal ly  effective dose was used in combina t i on  with various doses of foscarnet ,  
ganciclovir  increased the activity of foscarnet  >5- fo ld  as measured  by a reduct ion  
in EDs0 f rom 170 to < 3 2  mg/kg. 

A n  addit ive in te rac t ion  be tween  these two drugs was conf i rmed by calculating 
the FPD index,  which was be tween  0.5 and 0.68. 

Discussion 

In  tissue cul ture ,  efficacy against  e i ther  m u r i n e  C M V  or HSV-2 was increased 
27-fold for ganciclovir  and  3-fold for foscarnet  when  the two drugs were com- 
b ined.  Wi th  a calculated F I C  index of ~<0.36, these results suggest a synergistic 
in te rac t ion  be tween  the two drugs against  e i ther  virus. This result  supports  pre- 
vious repor ts  of synergy with ganciclovir  and  foscarnet  against  HSV-2 in h u m a n  
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fetal fibroblast cells (Smith et al., 1982) and between other acyclic nucleosides and 
foscarnet or P A A  (Crumpacker  et al., 1984). On the other  hand, against human 
CMV, efficacy was increased only 3-fold for both drugs in combination. With an 
FIC index of 0.6, these results suggest additive efficacy rather than true synergism. 

In mice, however,  protective activity against either murine CMV or HSV-2 in- 
creased only 2-fold for ganciclovir and 4- to 5-fold for foscarnet. With an FPD in- 
dex of 0.8 for murine CMV and 0.5 to 0.68 for HSV-2, these results are inter- 
preted as indicating additive efficacy against either virus. Interestingly, an additive 
effect for these two drugs in combination was predicted, based on recent dual in- 
hibition studies by Frank and Cheng (1985). In their studies, inhibition of HSV 
D N A  polymerase by ganciclovir triphosphate prevented simultaneous inhibition 
by foscarnet. This mutually exclusive inhibition pattern suggested that binding sites 
on the D N A  polymerase molecule for these two compounds were functionally 
overlapping and, thus, additive rather than synergistic activity might occur. 

In the present experiments,  both in vitro and in vivo activities seen with either 
drug alone closely matched that seen in previous publications (Freitas et al., 1985; 
Kern et al., 1978; Smith et al., 1982). In all cases, ganciclovir exhibited much 
greater antiviral activity than did foscarnet. The persistence of ganciclovir tri- 
phosphate in virus-infected cells after drug removal may contribute to the greater 
influence in vivo of ganciclovir over foscarnet (Smee et al., 1985). In such a situ- 
ation, virus replication may be inhibited even after blood levels have declined. This 
potent  activity may be a reason why, in the in vivo tests, a marginally effective 
dose of ganciclovir reduced the ED50 of foscarnet by 4- to 5-fold, while a margin- 
ally effective dose of foscarnet only reduced the EDs0 of ganciclovir 2-fold. 
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