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Summary. - l-(S)-(3-Hydroxy-2-phosphonylmethoxypropyl)cy-
tos ine  (HPMPC) inhibits  e f f ic ient ly  h u m a n  cytomegalovirus  
( H C M V )  replication. T h e  d r u g  e x h i b i t e d  m a r k e d  antiviral e f f e c t  in 
vitro n o t  only at  s ing le  application a f t e r  v i r u s  adsorption,  b u t  a l so  i f  
g i v e n  4 8  h r  post-infection.  T h e  inhibition o f  H C M V  replication b y  
HPMPC occured a f t e r  m e r e  pretreatment  o f  t h e  h o s t  cells  wi th  t h e  
d r u g  f o l l o w e d  b y  its  r e m o v a l  f r o m  t h e  m e d i u m  b e f o r e  v i r u s  infec ­
t i o n .  N o  f r e e  o r  h o s t  cell  b o u n d  i n f e c t i o u s  v i r u s  w a s  d e t e c t e d  i n  t h e  
d r u g  p r e t r e a t e d  (1.5 / / g / m l )  v i r u s  i n f e c t e d  cells.  T h i s  e f f e c t  w a s  d r u g  
c o n c e n t r a t i o n  d e p e n d e n t .  
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Introduction 

I n  t h e  p a s t  f e w  yea r s  i t  w a s  convinc ing ly  d e m o n s t r a t e d  t h a t  9-(S)-(3-hydro-
x y - 2 - p h o s p h o n y l m e t h o x y p r o p y l ) a d e n i n e  ( H P M P A )  ac t s  v e r y  e f f ic ien t ly  
aga ins t  a b r o a d  s p e c t r u m  o f  D N A  v i ruses ,  i n  par t icular  h e r p e s  s i m p l e x  v i r u s e s  
o f  t h e  t y p e  1 a n d  2,  cy tomega lov i ruses ,  a d e n o v i r u s e s ,  a n d  vaccinia  v i rus ,  e tc .  
( D e C l e r c q  et ai, 1986). S imi lar  e f f e c t s  h a v e  b e e n  e s t ab l i shed  a l so  f o r  i ts  cy tos ine  
c o n g e n e r ,  l - (S ) - (3 -hydroxy-2-phosphony lmethoxypropy l )cy tos ine  ( H P M P C )  
( D e C l e r c q  et al., 1987). A s  t h e s e  acyclic a n a l o g u e s  o f  5 ' - m o n o n u c l e o t i d e s  
a l ready  b e a r  t h e  (mod i f i ed )  p h o s p h o r i c  acid  func t iona l i t y ,  t h e i r  ac t ion  i s  n o t  
d e p e n d e n t  o n  t h e  ac t ivat ion b y  viral  t h y m i d i n e  k ina se  o r  cel lular  n u c l e o s i d e  
k inases  ( D e C l e r c q ,  1984). T h e r e f o r e ,  t h e  d r u g s  a r e  ac t ive  a l so  aga ins t  t h y m i ­
d i n e  k ina se  de f i c i en t  m u t a n t s  o f  H S V - 1 ,  H S V - 2  o r  V Z V  ( D e C l e r c q  et al., 1987). 

*Whom correspondence should be  addressed. 
Recent address: Department o f  Biology, Faculty o f  Medicine, Albertov 4,128 00 Prague, Czecho­
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A n  increased attention is  recently  b e i n g  d e v o t e d  t o  t h e  therapy o f  H C M V  
infect ions  caus ing  s e r i o u s  p r o b l e m s  in i m m u n o c o m p r o m i z e d  pat ients  or  A I D S  
pat ients  (Macher  et al., 1983). H u m a n  cytomegalov i ruses  d o  n o t  e n c o d e  v i r u s  
speci f ic  thymidine  kinase;  there fore ,  t h e y  are n o t  sens i t ive  t o  acyclovir ( A C V )  
- a d r u g  which is ex t remely  act ive against  b o t h  t y p e s  o f  H S V  a n d  w h o s e  action 
d e p e n d s  o n  t h e  phosphorylat ion b y  t h e  viral e n z y m e  (DeClercq, 1987). T h e  
only  d r u g  approved s o  f a r  f o r  t h e  t reatment  o f  C M V  infect ions  is  a n  acyclovir 
ana logue  Ganciclovir (DHPG, C y t o v e n e )  (Laskin  et al., 1987). In contrast  t o  
A C V ,  D H P G  is phosphorylated  b y  t h e  cellular nucleos ide  k inases  a n d  f inal ly  
in ter feres  wi th  de novo C M V - D N A  s y n t h e s i s  ( S m e e  et al., 1985; M a t h e w s  a n d  
B o e h m e ,  1988). HPMPC h a s  b e e n  s h o w n  t o  inhibit  e f f ic ient ly  C M V  replication 
(Snoeck  et al., 1988; Kern a n d  V o g t ,  1989). H o w e v e r ,  t h e  detai led m e c h a n i s m  
o f  action o f  th i s  d r u g  is  still u n k n o w n .  Here,  w e  compare  t h e  antiviral e f f e c t  o f  
H P M P C  applied on t h e  h o s t  cells  b e f o r e  a n d  a f t e r  v i r u s  adsorption.  

Materials and Methods 

Virus and cells. A D  169 strain (Central Institute for  Hygiene, Berlin) o f  h u m a n  cytomegalovirus 
(HCMV) was  used troughout the  w h o l e  study. H u m a n  embryonic  lung  cells (HEL cells) were  
grown in EPL m e d i u m  (Institute o f  Sera and  Vaccines, Prague). W h e n  conf luent  HEL cells were  
infected with 31ogTCID5o infective doses, the adsorption o f  the  virus was  achieved after 2 hr  at 
25 °C. The  TCID 5 0  values were expressed according to Reed and Munch (1938). The  virus suspen­
sion was prepared by repeated freezing and thawing o f  the virus infected cells. 

Drugs. HPMPC was synthesized according to the described procedure (Holý  et al., 1989) and  
used  as a s o d i u m  salt. Ganciclovir was  kindly donated b y  Dr. J. C. Martin, Bristol-Myers Squibb 
Co. (U.S.A.) and  Acyclovir  b y  Prof. E. DeClercq, Rega Institute, Leuven  (Belgium). 

Antiviral activity assay. T h e  m i n i m u m  antiviral inhibitory dose  was  expressed as the  concentra­
tion required to inhibit completely (MICioo) virus-induced cytopathogenicity. The  inhibitors 
were applied to the culture medium after the virus adsorption period and the cytopathogenicity 
was evaluated in per cent of destructed cells. 

Immunojluorescent staining. Both infected and mock infected cells were examined for the 
presence o f  the early and late viral antigens by indirect specific immunofluorescence staining: the 
early antigen with the aid o f  chromatographically purified mouse monoclonal antibody (Mo; 
monoclonal antibody product No.  9220, IgG3, Biotech Research Labs., D u  Pont Co., U.S.A.), 
and/or the late antigen (i.e. o n  5th and 6th day p.i.) with human serum - polyclonal antibody (Po; 
Institute for Hygiene and Epidemiology, Prague) and the corresponding fluorescein isothiocya-
nate labelled globulin (Institute o f  Sera and Vaccines, Prague). In both cases the numbers o f  fluo­
rescein positive cells were counted (in the randomly chosen fields 300 cells were counted), and the 
results expressed as percentage o f  the total cells (Adamcová, 1970). 

Results 

In order  t o  compare  t h e  antiviral e f f e c t s  o f  HPMPC with that  o f  A C V  a n d  
DHPG, t h e  d r u g s  (0.1 ,ug • ml" 1  - 200  • ml" 1 )  w e r e  added t o  t h e  cultivation 
m e d i u m  immediately  a f t e r  v i r u s  adsorption a n d  t h e  cytopathic e f f e c t  o f  C M V  
on h o s t  H E L  (human e m b r y o n i c  lung)  cells  w a s  eva luated  a f t e r  11 days  o f  incu-
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Table 1. Activity of HPMPC and of the reference compounds against CMV i n  HEL cells 

C o m p o u n d  "MICioo (jUg.mr1) 

HPMPC 
DHPG 
A C V  

0.4 
3.0 

> 2 0 0  

"Minimal concentration required f o r  complete  inibit ion o f  virus-induced cytopathogenicity. 

Table 2. Inhibitory activity of HPMPC and DHPG applied at various times after infection against 
CMV i n  HEL ceils 

bMICioo (Aig.mr1) 
a T i m e  (hr) 

HPMPC DHPG 

2 
24 
48 
72 

0.4 6 
0.4 3 
0.8 15 

c c 

"At  indicated intervals after infection the  inhibitors were  added  to the  m e d i u m  at various concen­
trations and than MICJOO was determined. 
bMinimal concentration required to inhibit completely virus-induced cytopathogenicity. 
c At 12.5 //g.ml" the inhibition o f  virus-induced cytopathogenicity was not complete. 

ba t ion .  T h e  r e su l t s  p r e s e n t e d  i n  T a b l e  1 d e m o n s t r a t e  m a r k e d l y  h i g h e r  activity 
o f  H P M P C  (MIC 1 0 0  = 0.4 /ig • ml" 1 )  compared  t o  D H P G  (MIC 1 00 = 3.0  
/ig • m l " ) ;  a s  expected,  A C V  w a s  q u i t e  inactive u n d e r  t h e s e  conditions.  In 
another  exper iment,  t h e  e f f ic iency  o f  H P M P C  a n d  D H P G  w a s  compared t o  
de termine  t h e  p h a s e  o f  C M V  replication dur ing  w h i c h  t h e  addition o f  d r u g  still 
causes  s ignif icant  antiviral e f f e c t .  T h e  data o f  T a b l e  2 unequivocal ly  w i t n e s s  
that  t h e  both  c o m p o u n d s  c a u s e  total suppress ion  o f  t h e  C M V  cytopathic e f f e c t  
in H E L  cells w h e n  adminis tered  4 8  h r  p.i. a t  t h e  latest.  T h e  addition o f  H P M P C  
t o  t h e  cultivation m e d i a  72 h r  p.i. c a u s e s  a partial inhibition o f  t h e  v i r u s  cytopa­
thogen ic i ty  a t  t h e  non -cy to tox ic  c o n c e n t r a t i o n s  on ly .  T h e  MICioo v a l u e  f o r  
H P M P C  a d d e d  48  h r  p.i .  (0.8 /ug • ml" 1 )  i s  2 x  h i g h e r  t h a n  that  f o r  c o m p o u n d  
a d d e d  24  h r  p.i. A s imilar  e f f e c t  occurs  wi th  D H P G  (Table  2). 

H C M V  replicating in t h e  presence  o f  HPMPC at  t h e  concentration w h i c h  
mere ly  c a u s e s  a partial suppress ion  o f  t h e  v i r u s  cytopathogenicity (e.g., 0.15 
/ug • ml" 1 )  loses  completely  i ts  infectivity (Table  3). A C V  w h i c h  w a s  u s e d  f o r  
comparison (as t h e  negat ive  control) in th i s  exper iment  is  q u i t e  inactive in th i s  
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respect.  T o  v e r i f y  t h e  l o s s  o f  C M  V infectivity t o  t h e  intact H E L  cells caused  b y  
HPMPC, t h e  C M V  infected  H E L  cells  t reated  a f t e r  v i r u s  adsorption wi th  
H P M P C  (for  condit ions,  s e e  T a b l e  3)  w e r e  co-cultivated w i t h  intact H E L  cells. 
A l t h o u g h  t h e  presence  o f  C M V  early ant igen in t h e  H P M P C  treated infected  
cel ls  w a s  proven b y  t h e  f luorescence  m e t h o d ,  it w a s  f o u n d  that  t h e  C M V  in t h e  
H P M P C  treated cells  i s  u n a b l e  t o  infect  additional (uninfected)  cells.  In t h e  
control  e x p e r i m e n t  p e r f o r m e d  u n d e r  t h e  indentical condit ions wi thout  
H P M P C  treatment  or, with A C V  replacing HPMPC, t h e  v i r u s  cytopathic e f f e c t  
reached complet ion.  

T h e  presence  o f  C M V  early a n d  late ant igens  in t h e  cells  t reated with 
H P M P C  or  DHPG w a s  s tud ied  separately;  it  w a s  f o u n d  that  in t h e  b o t h  cases  

Table 3. Infectivity of CMV in HEL cells after HPMPC treatment3  

Virus  yield 

C o m p o u n d  (//g.mľ 1)  1. passage 2. passage 

C P b  logioTClDso C P b  l o g 1 0 T C I D 5 0  

HPMPC 0.15 5 n O n  
A C V  0.15 100 3.5 100 3.5 

untreated cells 100 3.5 100 3.5 

" C o m p o u n d s  were  in both  passages added immediately  after infection at the concentration wh ich  
cause on ly  a partial inhibit ion o f  virus-induced cytopathogenicity. 
b T h e  cytopathogenicity (CP) was evaluated in per cent o f  destructed cells. 
" N o  cytopathogenicity. 

Table 4. Effect of HPMPC and DHPG on the presence of early and late antigens in CMV 
infected HEL cells 

" T i m e  (hr) b A n t i b o d y  
Control 

Per cent o f  positive cells 

HPMPC DHPG 

24 Mo 81.7 29.5 39.8 
48 Mo 79.6 27.3 38.7 

120 P 100 44.7 73.8 

" Both c o m p o u n d s  were  added to the  m e d i u m  immediately  after infection and  at indicated t imes  
cells were  fixed for  f luorescent staining. 
b Mo .. monoclonal  antibody, P .. polyclonal antibody. 
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Table 5. Cytopathogenicity of CMV after pretreatment of HEL cells with HPMPC 

'Intervals o f  pretreatment (hr) 
HPMPC 

(Hg • ml" 1 )  0-24 12-18 12-36 24-30 24-48 24-168 (Hg • ml" 1 )  
b Cytopathogenicity 

N o  addition 100 60 50 50 50 50 
0.15 15 5 5 3 0 0 
1.50 0 0 0 0 0 0 

a HEL cells w e r e  treated b y  (S)-HPMPC dur ing  the  indicated t i m e  intervals after seeding. T h e  
drug w a s  then removed  b y  successive washing  with  fresh m e d i u m  and  cells were  infected b y  CMV 
at 501og!oTCID5o. 
b T h e  cytopathogenicity w a s  evaluated in per cent o f  destructed cells (after the  lethal-vital staining 
the  cells were  counted).  

t h e  relat ive a m o u n t  o f  t h e  posi t ive  ( infected)  H E L  cells i s  s ignif icantly  l e s s e n e d  
b y  t h e  d r u g  t rea tment  (Table  4). T h i s  e x p e r i m e n t  demonst ra tes  an ev ident  
inter ference  o f  HPMPC w i t h  an early s t a g e  o f  t h e  v i r u s  replication which,  
h o w e v e r ,  pers i s t s  t o  t h e  late s t a g e s  o f  C M V  d e v e l o p m e n t  (Table  4). 

Finally, w e  h a v e  invest igated  w h e t h e r  cellular metabol ic  p a t h w a y s  o f  t h e  
h o s t  cells  are  directly i n v o l v e d  in t h e  antiviral e f f e c t  o f  HPMPC. T h e  d r u g  w a s  
a d d e d  t o  t h e  cultivation m e d i a  at d i v e r s e  s t a g e s  o f  H E L  cells proliferation (12 or  
24 h r  a f ter  t h e  seeding,  respectively)  a n d  t h e  cells  w e r e  cult ivated f o r  6 or  2 4  hr,  
respectively.  A f t e r w a r d s ,  t h e  cell cul ture  w a s  ex tens ive ly  w a s h e d  w i t h  phosp ­
h a t e  b u f f e r e d  sa l ine  (PBS)  f o l l o w e d  w i t h  t h e  f r e s h  m e d i u m ,  a n d  cu l t iva ted  f o r  3 
h r  in  t h e  f r e s h  m e d i u m  b e f o r e  C M V  in fec t ion .  A f t e r  v i ru s  adso rp t i on ,  t h e  cel ls  
w e r e  i n c u b a t e d  a n d  t h e  cy topa th ic  e f f e c t  eva lua t ed  a f t e r  11 days  o f  i n c u b a t i o n .  
T h e  d a t a  s u m m a r i z e d  i n  T a b l e  5 s h o w  t h a t  v i r u s  cy topa thogen ic i ty  w a s  
comple t e ly  o r  ex tens ive ly  s u p p r e s s e d  b y  p r e t r e a t m e n t  o f  t h e  h o s t  cells  w i t h  
H P M P C .  T h e  e f f e c t  d e p e n d s  o n  t h e  d r u g  c o n c e n t r a t i o n ,  d u r a t i o n  o f  t h e  t rea t ­
m e n t  a n d  t h e  s tage  o f  cell  p ro l i fe ra t ion .  T h e  infec t iv i ty  o f  v i r u s  i so la tes  
o b t a i n e d  f r o m  t h u s  p r e t r e a t e d  cells  w a s  s t u d i e d  separa te ly  w i t h  t h e  u s e  o f  in tac t  
H E L  cells.  O n  day  12 a f t e r  i n f ec t i on  o f  p r e t r e a t e d  cells (wh ich  d id  n o t  s h o w  a n y  
cy topa th ic  e f f ec t )  t h e y  w e r e  t e s t e d  o n  t h e  p r e s e n c e  o f  t h e  pers i s t ing  in t racel ­
lular  v i rus .  O n e  p o r t i o n  o f  t h e  e x p e r i m e n t a l  ma te r i a l  w a s  u s e d  f o r  co-cul t iva­
t i o n  w i t h  t h e  f r e s h  c o n f l u e n t  H E L  cells,  t h e  o t h e r  o n e  w a s  co l lec ted  a n d  des in -
t eg ra t ed  b y  r e p e a t e d  f r eez ing - thawing  a n d  f inal ly  c e n t r i f u g e d ;  add i t iona l  
p o r t i o n s  o f  t h e  f r e s h  c o n f l u e n t  H E L  cel ls  w e r e  i n f e c t e d  b y  t h e  s u p e r n a t a n t  a n d  
s e d i m e n t ,  respect ively .  I n  all t h r e e  ca ses  t h e  cy topa th i c  e f f e c t  w a s  e v a l u a t e d  
a f t e r  e l e v e n  days  o f  i n c u b a t i o n  ( d a t a  n o t  s h o w n ) .  T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  
c o n f i r m e d  t h e  non- in fec t iv i ty  o f  t h e  f r e e  a s  wel l  a s  o f  t h e  c e l l - b o u n d  v i ru s  
par t ic les  (da ta  n o t  s h o w n ) .  
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Discussion 

O u r  data unequivocal ly  demonst ra te  that  H P M P C  inhibi ts  replication o f  
H C M V  at lower  concentrat ions than D H P G ;  it i s  considerably  e f f ic ient  e v e n  
w h e n  applied 4 8  h r  a f t e r  t h e  infection o f  t h e  h o s t  cells.  A t  concentrations which  
d o  n o t  cause  complete  inhibition o f  v irus-induced cytopathogenicity,  H P M P C  
resul t s  in t h e  format ion o f  v i r u s  particles with reduced  infectivity (Table  3);  
t h e s e  particles p r e s e r v e  a posit ive t h o u g h  d iminished  level  o f  t h e  "ear ly"  a n d  
" l a t e "  ant igens  (Table  4). T h e  suppress ion  o f  C M V  multiplication can a lso  b e  
achieved  b y  a s ing le  pretreatment  o f  t h e  h o s t  cells  wi th  HPMPC  prior t o  infec ­
t i o n  ( T a b l e  5) .  M o s t  p robably ,  t h e  d r u g  d o e s  n o t  o n l y  a f f ec t  t h e  v i r u s - e n c o d e d  
e n z y m e s ,  b u t  a l so  a pa r t  o f  cel lular  m e t a b o l i c  pa thways  w h i c h  par t ic ipate  i n  
v i ru s  repl ica t ion.  Recen t ly ,  B r o n s o n  et al. (1990) h a v e  o b s e r v e d  t h a t  in  add i t i on  
t o  t h e  phospho ry l a t i on  l ead ing  t o  t h e  m o n o -  a n d  d i p h o s p h a t e  ( ana logues  o f  
n u c l e o s i d e  5 ' -di-  a n d  t r i p h o s p h a t e )  w h i c h  p r o c e e d s  u n d e r  t h e  par t ic ipat ion  o f  
ce l lu lar  e n z y m e s  ( B r o n s o n  et al., 1990; M e r t a  et al., 1990), H P M P C  is  in vivo 
t r a n s f o r m e d  t o  a n  add i t iona l  m e t a b o l i t e  w h i c h  w a s  t en ta t ive ly  ass igned  t h e  
s t r u c t u r e  o f  C D P - c h o l i n e  a n a l o g u e  ( H P M P C - c h o l i n e ) .  W e  p r e s u m e  t h a t  t h e  
ant iviral  e f f e c t  o f  H P M P C  m i g h t  b e  b a s e d  o n  t h i s  m e t a b o l i t e  w h i c h  w o u l d  m o s t  
p robab ly  i n t e r f e r e  w i t h  t h e  de novo s y n t h e s i s  o f  t h e  l ipoid c o m p o n e n t  o f  t h e  
v i r ion e n v e l o p e  (Ben-Pora t  a n d  Kap lan ,  1971). T h i s  a spec t  is a s u b j e c t  o f  o u r  
p r e s e n t  inves t iga t ion .  
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