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Abstract--2-Fluoroadenosine (F-Ado) is a potent, irreversible inhibitor of lymphocyte-mediated 
cytolysis (LMC) in vitro: the irreversibility of this inhibition has been attributed to the metabolism 
of F-Ado to 2-fluoroadenosine 5'-triphosphate (F-ATP) and 2-fluoroadenosine Y,5'-monophosphate 
(F-cAMP) within the cytotoxic lymphocytes IT. P. Zimmerman, J. L. Rideout, G. Wolberg, G. S. 
Duncan and G. B. Elion, J. biol. Chem. 251, 6757 (1976)]. The present study was undertaken to 
define better the biochemical events intrinsic to the inhibition of LMC by F-Ado. Several purine 
ribonucleosides, which are themselves non-inhibitory toward LMC, have been found to inhibit 
the metabolism of F-Ado to F-ATP and F-cAMP by the cytotoxic lymphocytes. The reduction in 
F-cAMP formation caused by these ribonucleosides was counterbalanced by their augmentation 
of the elevation of lymphocytic cyclic AMP (cAMP) caused by F-Ado. While interference with 
the metabolism of F-Ado had little or no effect on the immediate inhibitory activity of F-Ado 
toward LMC, prevention of the cellular formation of F°ATP and F-cAMP did allow most of the 
inhibitory activity of F-Ado to be reversed after washing the lymphocytes free of exogenous 
F-Ado. The relative efficacy of these ribonucleosides in allowing reversibility of the inhibitory 
activity of F-Ado toward LMC followed the same order as did their efficacy in preventing the 
metabolism of F-Ado by the cytotoxic lymphocytes: 8-aza-adenosine > inosine > guanosine. Cyto- 
toxic lymphocytes which had been preloaded with nucleotides of F-Ado (via prior incubation with 
F-Ado and subsequent washout of residual extracellular drug) exhibited increased inhibition of 
their cytolytic activity upon subsequent incubation with an inhibitor (Ro20-1724) of cAMP 
phosphodiesterase. Under these latter experimental conditions, Ro 20-1724 caused a 2- to 3-fold 
elevation of F-cAMP in the cytotoxic lymphocytes but did not raise cAMP above control levels. 
These results suggest that F-Ado can inhibit LMC by either of two distinct mechanisms: (1) an 
extracellular mechanism, wherein F-Ado binds reversibly to an adenosine receptor present on the 
plasma membrane of the cytotoxic lymphocytes and reversibly activates a functionally associated 
adenylate cyclase, thereby causing an elevation of cellular cAMP; and (2) an intracellular 
mechanism, wherein F-Ado is metabolized irreversibly (during the 1- to 2-hr experimental period) 
by the cytotoxic lymphocytes to F-cAMP which, by reason of its ability to activate cAMP- 
dependent protein kinase, mimics the effect of elevated cellular levels of cAMP. 

A d e n o s i n e [ l ]  and a number  of  i t s  s t ructural  
analogs [2] have  been repor ted  to inhibit  the de- 
s t ruct ion in vitro of  tumor  cells  by specifically 
sensi t ized mouse  lymphocytes .  The  inhibitory ac- 
t ivi ty of  most  of  these  nucleos ides  appeared  to be 
cor re la ted  with their  ability to e leva te  cycl ic  A M P  
(cAMP)* levels ,  in a revers ib le  manner ,  within the 
cy to tox ic  lymphocy tes .  A m o n g  the adenos ine  ana- 
logs studied,  2- t tuoroadenosine (F-Ado)  was par- 
t icularly notable in that its po ten t  inhibitory effect  
was essent ial ly i r revers ible  af ter  exposure  of  the 
cy to tox ic  lymphocy tes  to this agent.  Subsequent ly ,  
it was shown that  F - A d o  is metabol ized  ex tens ive ly  

* Abbreviations used in the text are as follows: cAMP, 
cyclic AMP; 8-aza-Ado, 8-aza-adenosine; 8-aza-ATP, 
8-aza-adenosine 5'-triphosphate; EHNA, erythro-9-(2- 
hydroxy-3-nonyladenine; F-cAMP, 2-fluoroadenosine 
3',5'-monophosphate; F-Ado, 2-fluoroadenosine; F-ATP, 
2-fluoroadenosine 5'-triphosphate; Guo, guanosine; lno, 
inosine; LMC, lymphocyte-mediated cytolysis; and Ro 
20-1724, 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidi- 
n o n e .  

and i r revers ibly  (during the 1- to 2-hr exper imenta l  
period) to both 2-f luoroadenosine 5 ' - t r iphosphate  
(F-ATP) and 2-f luoroadenosine 3 ' , 5 ' -monophos -  
phate  (F-cAMP)  within the cy to tox ic  lymphocy tes  
[3]; this lat ter  metabol ic  even t  was suggested to be 
responsible  for  the i r reversible  nature of  the inhi- 
bition of  lymphocy te -media ted  cytolysis  (LMC) 
produced  by F-Ado.  

The  above  interpretat ion of  results  implied that an 
agent  which could p reven t  the lymphocyt ic  metab-  
ol ism of F - A d o  to F - A T P  and F - c A M P  might also 
p reven t  the i r reversible  phase of  the inhibition of  
L M C  obse rved  with F -Ado ;  under such a c i rcum- 
stance,  F - A d o  would  be expec ted  to remain in- 
hibi tory to L M C  but in a revers ible  manner ,  similar 
to that of  adenosine  [1]. This repor t  presents  evi-  
dence  that F - A d o  can indeed inhibit L M C  by ei ther  
of  two discrete  mechanisms:  (1) revers ib le ,  involv-  
ing extracel lular ,  non-metabol ized  F -Ado ;  and (2) 
i r revers ible ,  involving intracellular  F - c A M P  fo rmed  
metabol ical ly  f rom F-Ado.  
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M A T E R I A L S  AND M E T H O D S  

Materials. Inos ine  ( lno) ,  g u a n o s i n e  (Guo) ,  hy- 
p o x a n t h i n e  a n d  g u a n i n e  were  ob t a ined  f r o m  P-L 
Biochemica l s .  8 - A z a - a d e n o s i n e  (8-aza-Ado)  and  
8 -aza -aden ine  were  s y n t h e s i z e d  at  the  We i l come  
Resea rch  Labo ra to r i e s .  4 - (3 -Bu toxy-4 -me thoxy-  
benzy l ) -2 - imidazo l id inone  (Ro 20-1724) was gener -  
ous ly  p rov ided  by Dr. H e r b e r t  S h e p p a r d  of  
H o f f m a n n - L a  R o c h e  Inc. All o t h e r  mate r ia l s  were  
o b t a i n e d  f r o m  sou r ce s  ident i f ied p rev ious ly  [3]. 

Methods. All of  the e x p e r i m e n t a l  p r o c e d u r e s  
e m p l o y e d  in this  s tudy  were  ca r r ied  out  as de sc r ibed  
p rev ious ly  131. 

C 5 7 B L  l eukemia  E L 4  was  ma in t a ined ,  h a r v e s t e d  
and  labeled  wi th  Na2'~CrO4 as r epo r t ed  ear l ie r  [3]. 
C y t o t o x i c  pe r i tonea l  e x u d a t e  l y m p h o c y t e s  were  
ob t a ined  f r o m  CD-I  mice 10, II or  12 days  a f t e r  
i n t r ape r i tonea l  in jec t ion  of  2 × l07 E L 4  ce l l s [3] ;  
resu l t s  f r o m  o t h e r  l abora to r i e s  ind ica te  tha t  b e t w e e n  
35 and  80 pe r  cen t  of  the  cells  in s imi lar  l y m p h o c y t e  
p r e p a r a t i o n s  pos se s s  cy to ly t ic  capabi l i ty  [4, 5]. (Dul- 
b e c c o ' s )  p h o s p h a t e - b u f f e r e d  sa l ine  s u p p l e m e n t e d  
wi th  10% h e a t - i n a c t i v a t e d  fetal  calf  s e r u m  was  used  
as the  m e d i u m  for  all cell i ncuba t ions .  E ry th ro -  
9 - (2 -hydroxy-3 -nony l ) aden ine  ( E H N A )  (7 .9 /zM),  a 
p o t e n t  inh ib i to r  of  a d e n o s i n e  d e a m i n a s e [ 6 ] ,  was  
inc luded  in the  m e d i u m  in all e x p e r i m e n t s  invo lv ing  
8 -aza -Ado ,  Ino  and  Guo ,  e v e n  t h o u g h  8 -aza -Ado  
was  the  on ly  one  of  these  r i bonuc l eos i de s  suscep-  
t ible to e n z y m a t i c  d e a m i n a t i o n .  

The  as say  in vitro of cy to lys i s  d e t e r m i n e d  the  
a m o u n t  of  '~Cr r e l eased  dur ing  a 70-rain i ncuba t ion  
at 37°C of  5~Cr-labeled E L 4  cells  and  specif ical ly 
sens i t i zed  pe r i tonea l  exuda t e  l y m p h o c y t e s  [1, 7]. A 
1:1 ra t io  of  l y m p h o c y t e s  to  target  cells  y ie lded an  
ave rage  cel lu lar  lysis of  20.6_+ 4.4 pe r  cen t  ( range 
9.4 to 36.0 per  cen t )  in d i f fe rent  e x p e r i m e n t s .  

A k n o w n  a m o u n t  of  8 -aza -Ado  was  in j ec t ed  in to  
the  h i g h - p e r f o r m a n c e  liquid c h r o m a t o g r a p h  in o rde r  
to  d e t e r m i n e  the  r e s p o n s e  f a c t o r  (u l t rav io le t  peak  
area ,  in in .e /nmole  of  nuc leo t ide)  for  8 - aza - adenos i ne  
5 ' - t r i p h o s p h a t e  (8-aza-ATP).  

RESULTS 

Inhibition of  the metabolism of  F-Ado by ribonu- 
cleosides. F r o m  p rev ious  work  [2] it was  k n o w n  tha t  
severa l  pu r ine  r i bonuc l eos i de  derivatives were  
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Fig. I. High-performance liquid chromatographic nucleo- 
tide profiles of cytotoxic lymphocytes al ter incubation 
with saline, F-Ado or 8-aza-Ado followed by F-Ado. Cyto- 
toxic lymphocytes (1.7 × 107 ceUs/5.0 ml of medium) were 
preincubated with either saline (A and B) or 300/zM 8- 
aza-Ado (C) at 37 ° for 30 min, after which the cell sus- 
pensions were supplemented with either saline (A) or 18.8 
/zM F-Ado (B and C) and were incubated for another 60 
rain at 37 °. Subsequently, the cells were harvested by 
centrifugation and acid-soluble extracts of the cells were 
prepared and analyzed by high-performance liquid chro- 
matography as described previously[3]. The column 
effluent was monitored both at 254 nm (solid line) and 280 
nm (broken line). Full-scale absorbance ranges of 0.04 A 

unit were employed. 

comple t e ly  non-inhibitory t oward  L M C .  At  the 
ou t se t  of  th is  s tudy ,  a s ea rch  was c o n d u c t e d  in the  
hope of  f inding o n e  or  m o r e  o f  these  LMC-non- 
inh ib i to ry  r i bonuc l eos ides  which  would  p r e v e n t  the  
u p t a k e  and/or m e t a b o l i s m  of  F-Ado by cy to tox ic  
l y m p h o c y t e s .  To  this  end ,  cy to tox ic  l y m p h o c y t e s  
were  p r e i n c u b a t e d  for  30 rain wi th  or  w i thou t  e ach  

Table I. Effects of 8-aza-Ado, Ino and Guo on the metabolism of F-Ado to F-ATP by cytotoxic lymphocytes* 

CTP UTP ATP GTP F-ATP 8-aza-ATP 
Treatment schedule (pmoles nucleotide/10 ~ cells) 

Saline (30 min) + saline (60min) 27 ± 2 61 + 2 535 _+ 35 95 _+ 5 
Saline (30 rain) + F-Ado (60 min) 17_+3 42_+1 145_+1 67_+5 721_+7 
8-Aza-Ado (30 rain) + F-Ado (60 min) 25_+ 1 61 _+4 381 _+74 91 _+ 16 53_+ 13 
Ino (30 min) + F-Ado (60 rain) 24_+2 4 8 ± 4  371_+19 87_+11 315±21 
Guo (30 min) + F-Ado (60 min) 26 ± 1 50 ± 3 269 ± 25 181 _+ 27 453 _+ 40 

228 -+ 35 

* Cytotoxic lymphocytes (1.7 ~ 107 cells/5.0 ml of medium) were preincubated at 37 ° with 7.9/~M EHNA and with 
saline or with 300 ,uM 8-aza-Ado, Ino or Guo for 30 rain, after which the cell suspensions were further supplemented 
with either saline or 18.8/tM F-Ado and were then incubated for another 60 rain at 37 °. Subsequently, the cells were 
harvested by centrifugation and acid-extracted and the extracts were analyzed by high-performance anion-exchange 
chromatography as described previously [3]. The experiment was performed in duplicate and the results are expressed 
as the mean ± the average deviation of the two analyses. 
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Table 2. Effects of 8-aza-Ado, Ino and Guo on lymphocytic levels of F-cAMP and 
cAMP determined at the end of a 30-min incubation of the cells with F-Ado* 

F-cAMP cAMP 
Treatment schedule (pmoles nucleotide/107 cells) 

Saline (30 min) + saline (30 min) 
Saline (30 min) + F-Ado (30 min) 
8-Aza-Ado (30 rain) + F-Ado (30 min) 
Ino (30 min) + F-Ado (30 min) 
Guo (30 min) + F-Ado (30 min) 
8-Aza-Ado (30 rain) + saline (30 min) 
lno (30 min) + saline (30 min) 
Guo (30 min) + saline (30 min) 

0.05 _+ 0.01 0.53 _+ 0.04 
3.65 _+ 0.14 1.25 -+ 0.06 
1.18 -+ 0.07 3.53 _+ 0.14 
2.80 -+ 0.09 1.84 _+ 0.09 
3.09-+0.16 1.74_+0.11 
0.12 -+ 0.04 0.90 -+ 0.03 
0.15 -+ 0.01 0.77 -+0.05 
0.10 -+ 0.02 0.72 -+ 0.04 

* Cytotoxic lymphocytes (I.0 × 107 cells/5.0 ml of medium) were preincubated at 37 ° 
with 7.9 tLM EHNA and with saline or with 300 ~M 8-aza-Ado, Ino or Guo for 30 min, 
after which the cell suspensions were further supplemented with either saline or 18.8 
#M F-Ado and were incubated at 37 ° for a further 30 rain prior to their acid extraction. 
All extracts were column-purified and radioimmunoassayed for cyclic nucleotides as 
described previously [3]. All incubations were performed in duplicate and each column- 
purified extract was radioimmunoassayed in duplicate for the appropriate cyclic 
nucleotide. Each value represents the mean -+ the standard error of the mean for 
four determinations. 

of  the  c a n d i d a t e  r i b o n u c l e o s i d e s  (at 300/~M),  and  
F - A d o  (18 .8 /zM)  was  t hen  a d d e d  to each  of  these  
cel lu lar  su spens ions .  Af t e r  a f u r t h e r  60-min incu-  
ba t ion  wi th  the  F - A d o ,  the  cells  were  h a r v e s t e d  by 
cen t r i f uga t i on  and  ac id -so lub le  e x t r a c t s  of  the  cel ls  
were  p repa red .  T h e s e  e x t r a c t s  we re  t hen  a n a l y z e d  
by  h i g h - p e r f o r m a n c e  a n i o n - e x c h a n g e  c h r o m a t -  
og raphy  in o rde r  to  eva lua t e  the  abi l i ty  of  e a c h  of  the  
pur ine  r i bonuc l eos ide  de r i va t i ve s  to  inhib i t  the  meta -  
bo l i sm of  F - A d o  to F - A T P  by the  l y m p h o c y t e s .  

8 -Aza -Ado ,  Ino  a n d  G u o  were  f o u n d  to inhib i t  to  
va ry ing  deg rees  the  m e t a b o l i s m  of  F - A d o  to F - A T P  
by cy to tox i c  l y m p h o c y t e s  (Table  1). In the  a b s e n c e  
of  these  r i b o n u c l e o s i d e s ,  F - A d o  was  m e t a b o l i z e d  
ex t ens ive ly  to F - A T P ,  and  cel lu lar  levels  of  ATP ,  
in par t icu la r ,  were  d i m i n i s h e d  grea t ly  (Fig. IA and  
1B). 8 - A z a - A d o  r e d u c e d  by  93 pe r  cen t  the  cel lu lar  
bu i ld-up  of F - A T P  and  largely p r e v e n t e d  the  cel lular  
loss of  e n d o g e n o u s  r i bonuc l eos ide  5 ' - t r i p h o s p h a t e s ;  
u n d e r  t he se  cond i t i ons ,  subs tan t i a l  a m o u n t s  of  8- 
aza -ATP*  were  f o r m e d  wi th in  the  l y m p h o c y t e s  
f r o m  the  8 -aza -Ado  (Table  I and  Fig. IC). Ino  and  
G u o  were  c o n s i d e r a b l y  less e f fec t ive  than  8 -aza -Ado  
in b lock ing  the  me tabo l i c  f o r m a t i o n  of  F - A T P .  
I n c u b a t i o n  of  the  l y m p h o c y t e s  wi th  300/zM G u o  
toge the r  wi th  the  F - A d o  r e su l t ed  in a doub l ing  of  the  
pool  size of  G T P ;  h o w e v e r ,  Ino  was  not  m e t a b o l i z e d  
d e t e c t a b l y  to ITP  u n d e r  t he se  s ame  cond i t ions .  

8 -Aza -Ado ,  Ino  and  G u o  were  s u b s e q u e n t l y  ex-  
a m i n e d  for  the i r  abi l i ty to inhib i t  the  m e t a b o l i s m  
of  F - A d o  to F - c A M P .  T w o  d i f fe ren t  types  of  exper i -  
m e n t s  were  p e r f o r m e d  to s tudy  this  ques t ion .  In the  

* The ultraviolet peak labeled as 8-aza-ATP in Fig. IC 
was observed only in the chromatograms of extracts from 
8-aza-Ado-treated cells. This peak was identified as 8- 
aza-ATP on the bases of its elution position in the triphos- 
phate region of the chromatogram, its similar Az54/A~ao 
absorbance ratio as compared with 8-aza-Ado and its shift 
to the diphosphate region of the chromatogram after incu- 
bation of a portion of the cell extract with yeast hexokinase 
plus glucose. 

first e x p e r i m e n t ,  l y m p h o c y t e s  were  p r e i n c u b a t e d  at  
37 ° wi th  sal ine or  wi th  300/zM r ibonuc l eos ide  for  30 
min ;  sal ine or  18.8/zM F - A d o  was  t hen  added  to 
e a c h  of  the  cel lular  s u s p e n s i o n s  and  incuba t ion  at 
37 ° was  c o n t i n u e d  for  a n o t h e r  30 min pr ior  to  acid 
ex t r ac t i on  of  the  cel lular  s u s p e n s i o n s  for  cycl ic  
nuc leo t ide  de t e rmina t i ons .  The  resu l t s  of  this  ex-  
p e r i m e n t  are  p r e s e n t e d  in Tab le  2. W h e n  F - A d o  
a lone  was  i n c u b a t e d  wi th  the  l y m p h o c y t e s ,  high 
levels  of  F - c A M P  (re la t ive  to c A M P )  were  p r o d u c e d  
by  the  cells.  8 - A z a - A d o  inh ib i ted  the  me tabo l i c  
f o r m a t i o n  of  F - c A M P  by 68 per  cent .  U n d e r  the  
cond i t i ons  of  this  e x p e r i m e n t ,  F - A d o  a lone  c a u s e d  
a 136 pe r  cen t  i nc rease  in c A M P ,  and  8 -aza -Ado  
a lone  c a u s e d  a 70 pe r  c en t  inc rease  in c A M P ;  w h e n  
t e s t ed  toge the r ,  t he se  two  agen t s  c a u s e d  a 566 per  
c en t  inc rease  in c A M P  levels .  Ino  and  G u o  were  
cons ide r ab ly  less ac t ive  than  8 -aza -Ado  bo th  in 
inhib i t ing  the  f o r m a t i o n  of  F - c A M P  and  in e n h a n c -  
ing the  e l eva t ion  of  c A M P  c a u s e d  by F-Ado.  It 
shou ld  be e m p h a s i z e d  tha t  the  l ymphocy t i c  levels  
of  bo th  F - c A M P  and  c A M P  d e t e r m i n e d  in the  
p r e sen t  e x p e r i m e n t  are  e l eva t ed  a b o v e  wha t  might  
be  cal led the i r  s t eady  s ta te  va lues  due  t o c o n t i n u o u s  
s t imula t ion  of  adeny la t e  cyc lase  caused  by  ext ra-  
cel lular  F - A d o  [2, 3]; hence ,  the  cel lular  levels  of  
F - c A M P  p r e s e n t e d  in Tab le  2 reflect  bo th  the  rela- 
t ive  cel lular  c o n t e n t  of  F - A T P  and the  e n h a n c e d  
ut i l iza t ion  of  F - A T P  by the  F - A d o - s t i m u l a t e d  
a d e n y l a t e  cyc lase .  

Fo r  th is  la t ter  r ea son ,  a s e c o n d  type  of e x p e r i m e n t  
was  ca r r ied  ou t  to  eva lua t e  the  abi l i t ies  of  8 -aza -Ado ,  
Ino  and  G u o  to inhib i t  t he  l ymphocy t i c  m e t a b o l i s m  
of  F - A d o  to F - c A M P .  L y m p h o c y t e s  were  pre incu-  
b a t e d  wi th  sa l ine  or  wi th  300 # M  8-aza-Ado ,  Ino  or  
G u o  for  30 min pr ior  to  the  add i t ion  of  sa l ine  or  18.8 
/zM F - A d o  and  a s u b s e q u e n t  60-min incuba t ion  at 
37 ° . At  the  end  of  this  la t ter  i n c u b a t i o n  per iod ,  the  
cel ls  were  w a s h e d  f ree  of  e x o g e n o u s  drugs  and  
i n c u b a t e d  at  37 ° for  a n o t h e r  30 rain pr ior  to  the i r  
acid ex t rac t ion .  The  resu l t s  of  t he se  e x p e r i m e n t s  are  
p r e s e n t e d  in Tab le  3. U n d e r  these  la t ter  exper i -  
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Table 3. Effects of 8-aza-Ado, Ino and Guo on lymphocytic levels of F-cAMP and cAMP determined after a 60-rain 
incubation of the cells with F-Ado, washout and a subsequent 30-min incubation in drug-free medium* 

F-cAMP cAMP 
Treatment schedule (pmoles nucleotide/107 cells) 

Saline (30 min) + saline (60 min)/washed cells/saline (30 min) 
Saline (30 min) + F-Ado (60 min)/washed cells/saline (30 min) 
8-Aza-Ado (30 min) + F-Ado (60 min)/washed cells/saline (30 min) 
Ino (30 min) + F-Ado (60 min)/washed cells/saline (30 min) 
Guo (30 min) + F-Ado (60 min)/washed cells/saline (30 min) 
8-Aza-Ado (30 min) + saline (60 min)/washed cells/saline (30 min) 
Ino (30 min) + saline (60 min)/washed cells/saline (30 min) 
Guo (30 min) + saline (60 min)/washed cells/saline (30 min) 

0.04 ± 0.02 0.35 ± 0.04 
1.52 ± 0.04 0.17 ÷ 0.05 
0.14 ± 0.01 0.27 ± 0.05 
0.57 _+ 0.03 0.17 ± 0.04 
0.74 ± 0.10 0.14 _+ 0.04 
0.05 ± 0.01 0.49 ÷ 0.06 
0.03 ± 0.01 0.44 _+ 0.06 
0.04 ±0.01 0.41 ±0.02 

* Cytotoxic lymphocytes (0.8 × 107 cells/5.0 ml of medium) were preincubated at 37 ° with 7.9/zM EHNA and with 
saline or with 300/zM 8-aza-Ado, lno or Guo for 30 min, after which the cell suspensions were further supplemented 
with either saline or 18.8/zM F-Ado and were incubated at 37 ° for a further 60 min. The cells were then harvested 
by centrifugation, washed one tiroe, resuspended in fresh, drug-free medium and incubated at 37 ° for another 30 min 
prior to their acid extraction. Cell extracts were column-purified and radioimmunoassayed for cyclic nucleotides as 
described previously [3]. All incubations were performed in duplicate and each column-purified extract was radio- 
immunoassayed in duplicate for the appropriate cyclic nucleotide. Each value represents the mean + the standard 
error of the mean for four determinations. 

mental  condi t ions ,  8-aza-Ado,  Ino  and Guo inhibi- 
ted the cellular fo rmat ion  of  F - c A M P  f rom F - A d o  
by 93, 64 and  53 per  cen t ,  respec t ive ly .  Prior treat-  
ment  of  the cells with F - A d o  alone resul ted  in a 
50 per  cent  dec r ea se  in c A M P ;  the p r e s e n c e  of  
8 -aza-Ado partially p r even t ed  this loss of  c A M P  
caused  by F-Ado .  

Effects of  8-aza-Ado, Ino and Guo on F-Ado 
inhibition of  LMC. When  t e s t ed  alone,  at a con-  
cen t ra t ion  of  300 ,uM, 8-aza-Ado,  Ino  and Guo  were  
each  non- inhib i tory  toward  L M C  (Table 4, top  row).  
Moreover ,  this s ame  concen t r a t ion  of  8 -aza-Ado 
had little or no ef fec t  upon the ability of  F - A d o  to 
inhibit L M C  w h e n  both  agents  were  p re sen t  to- 
ge ther  dur ing the  70-min LMC assay .  H o w e v e r ,  Ino 
and  Guo did partially an tagonize  the  inhibi tory 

effect  of  F - A d o  toward  L M C  under  these  con-  
di t ions.  These  resul ts  show that F - A d o  could still 
exer t  its full inhibi tory act ivi ty toward  LMC when  
its uptake  and metabo l i sm to F - A T P  and F - c A M P  
by the l y m p h o c y t e s  were  largely p reven ted  by an 
agent  such as 8-aza-Ado.  

More  impor tan t  to the purpose  of the p resen t  
s tudy was  the ques t ion  of  w h e t h e r  agents  which 
p r ev en t  lymphocy t i c  fo rmat ion  of  F - A T P  and 
F - c A M P  also p reven t  the i r revers ib le  nature  of  the 
inhibit ion of  LMC assoc ia ted  with F -Ado .  To this 
end ,  cy to tox ic  l y m p h o c y t e s  were  p re incuba ted  for  
30 rain e i ther  with saline or  with 300 #M 8-aza-Ado,  
Ino  or Guo  prior to a 60-rain incubat ion  with e i ther  
saline or  18.8/zM F-Ado .  The l y m p h o c y t e s  were  
then  w a s h e d  f ree  of  extracel lular  drugs  and a s sayed  

Table 4. Effects of 8-aza-Ado, Ino and Guo on the inhibition of LMC by F-Ado when agents are 
present during the LMC assay* 

Cytolysis (per cent of control) 
Concn of 

F-Ado (/~M) Saline 8-Aza-Ado (300/zM) Ino (300/~M) Guo (300/zM) 

0 I00 100 100 100 
1.2 62 66 70 60 
2.4 52 56 (P < 0.01)+ 62 (P < 0.001) 58 (P < 0.05) 
4.7 44 46 58 (P < 0.05) 52 
9.4 40 40 56 (P < 0.05) 54 (P < 0.05) 

18.8 36 34 58 (P < 0.01) 50 (P < 0.05) 

* Cytotoxic lymphocytes (2.5 × 105 cells/l.0 ml of medium) were preincubated at 37 ° for 30 min 
with 7.9/~M EHNA and with either saline or with 300/~M 8-aza-Ado, Ino or Guo. The lymphocytes 
were then supplemented with the specified concentration of F-Ado and with the ~Cr-labeled EL4 
target cells, and the LMC assay was conducted for 70 min in the usual manner [1, 7]. Results are 
expressed as the per cent of ~Cr released specifically by the drug-treated cells as compared with 
that released specifically by the untreated (saline control) cells. Each value represents the mean of 
duplicate assays. Of the total radioactivity (13,919 cpm) released by freeze-thaw treatment of the 
5~Cr-labeled cells, 3,290 cpm was released in the cytolysis assay in the presence of non-drug-treated 
cytotoxic lymphocytes and 515 cpm was released nonspecifically when '~Cr-labeled EL4 cells were 
incubated for 70 rain at 37 ° in the absence of cytotoxic lymphocytes. 

+ Values of P shown in parentheses were calculated by means of the two-tailed Student's t-test. 
At each concentration of F-Ado tested, statistical comparisons were made between the data from 
the saline-supplemented LMC assays and the data from the ribonucleoside-(8-aza-Ado, Ino or 
Guo)-supplemented LMC assays. 
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Table 5. Effects of 8-aza-Ado, Ino and Guo on the irre- 
versibility of the inhibition of LMC caused by F-Ado* 

Treatment schedule prior Cytolysis 
to start of LMC assay (per cent of control) 

Saline (30 min) + saline 100 
(60 min)/washed cells 

Saline (30 min) + F-Ado 13 
(60 min)/washed cells 

8-Aza-Ado (30 min) + F-Ado 78 (P < 0.001)t 
(60 min)/washed cells 

Ino (30 min) + F-Ado 61 (P < 0.001) 
(60 min)/washed cells 

Guo (30 min) + F-Ado 37 (P < 0.001) 
(60 min)/washed cells 

8-Aza-Ado (30 min) + saline 103 
(60 min)/washed cells 

Ino (30 rain) + saline 102 
(60 min)/washed cells 

Guo (30 min) + saline 98 
(60 min)/washed cells 

* Cytotoxic lymphocytes (2.5 × l0 s cells/1.0 ml of 
medium) were preincubated at 37 ° for 30 min with 7.9/zM 
EHNA and with either saline or with 300/zM 8-aza-Ado, 
Ino or Guo prior to a 60-rain incubation of the cells with 
either saline or 18.8/zM F-Ado. The lymphocytes were 
then harvested by centrifugation, washed one time, resus- 
pended in fresh, drug-free medium and mixed with the 
5~Cr-labeled EL4 cells, and the LMC assay was conducted 
for 70 rain in the usual manner [ l, 7]. Results are expressed 
as in Table 4. Of the total radioactivity (3979 cpm) released 
by freeze-thaw treatment of the 5~Cr-labeled cells, 1068 
cpm was released in the cytolysis assay in the presence 
of non-drug-treated cytotoxic lymphocytes and 168 cpm 
was released nonspecifically when ~lCr-labeled EL4 cells 
were incubated for 70 min at 37 ° in the absence of cytotoxic 
lymphocytes. 

Values of P shown in parentheses were calculated by 
means of the two-tailed Student 's t-test. Statistical com- 
parisons were made between the data for the saline/F- 
Ado-pretreated cells and the data for the ribonucleoside 
(8-aza-Ado, Ino or Guo)/F-Ado-pretreated cells. 

Table 6. Effects of Ro 20-1724 on the residual cytolytic 
activity of lymphocytes preloaded with nucleotides of 

F-Ado (via prior incubation with F-Ado)* 

Concentration 
of F-Ado used 
to pretreat 
lymphocytes (/zM) 

Cytolysis (per cent of control) 

Ro 20-1724 (50/~M) present 
during LMC assay 

Minus Plus 

0 100 97 
1.2 85 (P < 0.001)t 70 
2.4 70 (P < 0.001) 55 
4.7 58 (P < 0.001) 38 
9.4 42 (P < 0.001) 26 

18.8 27 (P < 0.001) 15 

* Cytotoxic lymphocytes (2.5 × 10 "~ cells/l.0 ml of 
medium) were preincubated at 37 ° for 60 min with the 
specified concentration of F-Ado. The lymphocytes were 
then harvested by centrifugation, washed one time, resus- 
pended in fresh, drug-free medium, supplemented with 
saline or 50/zM Ro 20-1724 and mixed with 5~Cr-labeled 
EL4 cells to start the 70-min LMC assay [1, 7]. Results are 
expressed as in Table 4. Of the total radioactivity (24,343 
cpm) released by freeze-thaw treatment of the 51Cr-labeled 
cells, 5,333 cpm was released in the cytolysis assay in the 
presence of non-drug-treated cytotoxic lymphocytes and 
614 cpm was released nonspecifically when 51Cr-labeled 
EL4 cells were incubated for 70 min at 37 ° in the absence 
of cytotoxic lymphocytes. 

¢ Values of P shown in parentheses were calculated by 
means of the two-tailed Student's t-test. At each concen- 
tration of F-Ado tested, statistical comparisons were 
made between the data for the LMC assays conducted in 
the absence of Ro 20-1724 and the data for the LMC assays 
conducted in the presence of Ro 20-1724. 

for  r e s idua l  cy to ly t i c  ac t iv i ty  (Table  5). Pre t rea t -  
m e n t  of  the  l y m p h o c y t e s  wi th  F - A d o  a lone  r e d u c e d  
the i r  cy to ly t ic  ac t iv i ty  to 13 per  c e n t  of  tha t  of  the  
con t ro l  cells.  H o w e v e r ,  inc lus ion  o f  8 - a z a -A do ,  lno  
a nd  G u o  du r ing  the  F - A d o - p r e t r e a t m e n t  s tep  re- 
su l ted  in r e c o v e r i e s  of  78, 61 and  37 per  cen t ,  re- 

Table 7. Effects of Ro 20-1724 on levels of F-cAMP and cAMP in cytotoxic lymphocytes 
preloaded with nucleotides of F-Ado (via prior incubation with F-Ado)* 

Concn of F-Ado Ro 20-1724 (50/~M) 
used to pretreat present during 

lymphocytes subsequent 30-min F-cAMP cAMP 
(/zM) incubation (pmoles of nucleotide/107 cells) 

0 - 0.02 ± 0.01 0.64 ± 0.08 
0 + 0.03 - 0.01 1.05___0.11 
2.4 - 0.43 ± 0.05 0.48 ± 0.07 
2.4 + 1.23 ±0.10 0 .49±0.04 
4.7 - 0.67 --+- 0.06 0.42 -+ 0.04 
4.7 + 1.56 ± 0.15 0.63 ± 0.02 
9.4 - 0.69 ± 0.06 0.34 ± 0.04 
9.4 + 1.54 ± 0.10 0.55 ± 0.01 

18.8 - 1.34 ± 0.10 0.34 ± 0.01 
18.8 + 3.52 ± 0.41 0.71 ± 0.06 

* Cytotoxic lymphocytes (0.81 × 107 cells/5.0 ml of medium) were preincubated at 37 ° for 
60 min with the specified concentration of F-Ado. The lymphocytes were then harvested 
by centrifugation, washed one time, resuspended in fresh, drug-free medium, supplemented 
with saline or 50/~M Ro 20-1724 and incubated at 37 ° for 30 min prior to their acid 
extraction. Other conditions are as described in the legend for Table 2. 
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spectively, of control cytolytic activity. 8-Aza-Ado, 
lno and Guo allowed reversal of the inhibitory effect 
of F-Ado on LMC only when added to the lympho- 
cytes prior to, or at the time of, the addition of 
F-Ado; greater cytolytic activity was recovered 
when the lymphocytes were preincubated with these 
nucleosides prior to the addition of the F-Ado. 
E H N A  was required for 8-aza-Ado to be effective 
in this type of experiment. 8-Aza-adenine, hypox- 
anthine and guanine were completely ineffective in 
allowing reversal of F-Ado inhibition of LMC. 

Effect o f  Ro 20-1724 on the residual cytolytic ac- 
tivity o f  lyrnphocytes preloaded with nucleotides o f  
F-Ado. In view of the possible role of F-cAMP in 
the mechanism of F-Ado inhibition of LMC [3], it 
was of interest to learn whether Ro 20-1724, a potent 
inhibitor of cAMP phosphodiesterase[8], would 
affect the irreversible phase of LMC inhibition 
caused by F-Ado. Accordingly, cytotoxic lympho- 
cytes were preloaded with different cellular levels 
of nucleotides of F-Ado (via incubation with dif- 
ferent concentrations of F-Ado and subsequent 
washout of residual extracellular drug) and were 
then assayed for residual cytolytic activity in the 
absence and presence of 50/zM Ro 20-1724. The 
data in Table 6 show that the presence of Ro 20-1724 
during the LMC assay augmented, in a highly re- 
producible manner,  the irreversible inhibition of 
cytolysis caused by pretreatment of the lympho- 
cytes with F-Ado. Ro20-1724 (50/zM) by itself 
was not inhibitory toward cytolysis. 

Effect o f  Ro 20-1724 on levels o f  F -cAMP and 
c A M P  in lymphocytes preloaded with nucleotides o f  
F-Ado. The,ability of Ro 20-1724 to diminish the 
residual cytolytic activity of lymphocytes which had 
been preloaded with nucleotides of F-Ado (Table 
6) prompted a study of lymphocytic levels of 
F-cAMP and cAMP under these same experimental 
conditions. Cytotoxic lymphocytes pretreated with 
different concentrations of F-Ado accumulated 
F-cAMP in a dose-dependent manner and under- 
went a reciprocal loss of cAMP (Table 7). The sub- 
sequent 30-min incubation of these F-Ado-pre- 
treated cells with 50 #M Ro 20-1724 resulted in a 
2- to 3-fold increase in the levels of F-cAMP and 
smaller increases in cAMP. Ro 20-! 724 alone caused 
a 64 per cent increase in cAMP levels (to 1.05 
pmoles/107 cells) in the saline-pretreated control 
cells; in no case examined did Ro 20-1724 raise 
cAMP levels of the F-Ado-pretreated cells above 
this latter control value. 

DISCUSSION 

It has been reported previously [3] that F-Ado 
causes potent andir revers ible  inhibition of LMC 
and that this physiological effect is accompanied by 
a transient elevation of cAMP and an extensive 
metabolism of F-Ado to F-ATP and F-cAMP within 
the cytotoxic lymphocytes. The present report pro- 
vides evidence that this inhibition of lymphocytic 
function by F-Ado can be dissociated experimen- 
tally into reversible and irreversible components 
which differ in their biochemical mechanisms. 

It is apparent from the present results that F-Ado 
can potently inhibit LMC (Table.4) even when its 

uptake and/or metabolism by the iymphocytes is 
almost totally prevented by nucleosides such as 
8-aza-Ado (Tables 1-3). While 8-aza-Ado greatly 
reduced the lymphocytic formation of F-cAMP 
from F-Ado, it markedly enhanced the ability of 
F-Ado to elevate cAMP levels in the lymphocytes 
(Table 2); this latter effect is attributed largely to the 
ability of 8-aza-Ado to maintain cellular levels of 
ATP in the presence of F-Ado (Table 1). When the 
metabolism of F-Ado to F-ATP and F-cAMP was 
inhibited, F-Ado resembled more closely adenosine 
[ 1] and many of its other structural analogs [2] in that 
its inhibitory effect toward cytolysis was largely 
reversible upon washout of extracellular F-Ado 
from the lymphocytes (Table 5). It is well known 
that the cytolytic function of iymphocytes is modu- 
lated by cyclic nucleotides and that agents which 
cause an elevation of cAMP within lymphocytes 
also cause an inhibition of LMC [9-16]. The present 
results, together with previous evidence [1-3], sug- 
gest that F-Ado can inhibit LMC solely by virtue of 
its ability to bind reversibly to an adenosine receptor 
located on the membrane of the cytotoxic lympho- 
cytes and thereby stimulate the activity of a func- 
tionally associated adenylate cyclase [3, 17, 18]. 

In addition to this largely reversible mechanism 
of action, F-Ado can inhibit LMC in an irreversible 
manner once F-Ado is taken up and metabolized to 
nucleotides within the cytotoxic lymphocytes. 8- 
Aza-Ado, Ino and Guo prevented the establishment 
of this irreversible mode of LMC inhibition to vary- 
ing degrees (Table 5), in relation to their ability to 
prevent the lymphocytic formation of F-ATP 
(Table 1) and F-cAMP (Table 3). Since this irre- 
versible mode of inhibition is expressed in the 
absence of extracellular F-Ado, it appears to be 
unrelated to the adenosine receptor mechanism 
discussed above. F-cAMP has been shown to be 
highly effective, relative to cAMP, in activating a 
preparation of protein kinase [3]. The ability of Ro 
20-1724 both to enhance the irreversible inhibition 
of LMC caused by F-Ado (Table 6) and to elevate 
the levels of F-cAMP in lymphocytes preloaded 
with nucleotides of F-Ado (Table 7) provides ad- 
ditional support for the proposal [3] that F-cAMP is 
the biologically active metabolite of F-Ado in these 
cytotoxic lymphocytes. It is concluded that F-cAMP 
formed metabolically within the cytotoxic lympho- 
cytes can inhibit LMC by reason of its ability to 
mimic elevated cellular levels of cAMP. 

The mechanism whereby 8-aza-Ado, Inoand Guo 
inhibit the lymphocytic formation of nucleotides 
from exogenous F-Ado is uncertain. The obser- 
vation that these nucleosides were more effective 
when incubated with the lymphocytes prior to the 
addition of F-Ado may be interpreted to indicate 
that these agents require metaboiism to their corres- 
ponding nucleotides in order to inhibit the uptake 
and/or metabolism of F-Ado maximally. However, 
the inability of 8-aza-adenine, hypoxanthine and 
guanine to prevent the irreversible phase of LMC 
inhibition caused by F-Ado is not easily reconcilable 
with this view. It therefore appears that the ribo- 
nucleosides prevent the metabolism of F-Ado by 
inhibiting the transport of F-Ado into the 
lymphocytes. 
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