
damaged or blocked, perhaps by auto- 
immune mechanisms (18), must be 
elucidated by future investigation. How- 
ever, our model provides support for the 
concept that the receptor abnormality 
may be of fundamental importance in 
myasthenia gravis. 
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Adenosine Inhibition of Lymphocyte-Mediated Cytolysis: 
Possible Role of Cyclic Adenosine Monophosphate 

Abstract. The in vitro destruction of tumor cells by specifically sensitized 
mouse lymphocytes was inhibited by adenosine; this inhibition was markedly 
potentiated by the presence of an inhibitor of adenosine deaminase. The inhibi- 
tion of cytolysis by adenosine was accompanied by a rapid elevation in lympho- 
cytic adenosine 3',5'-monophosphate (cyclic AMP) concentrations. Both the 
inhibition of cytolysis and the elevation of cyclic AMP were reversed by pro- 
longed incubation of the lymphocytes in the presence of adenosine or, more 
rapidly, by removal of the adenosine. Low concentrations of adenosine also 
caused an elevation of cyclic AMP in human lymphocytes, and this effect of 
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adenosine may contribute to the lack 
adenosine deaminase deficiency. 

Recently there have been reports (1) 
of a number of children with combined 
immunodeficiency disease associated 
with a deficiency of adenosine deami- 
nase (E.C. 3.5.4.4). A chance asso- 
ciation of these two rare defects would 
appear to be highly improbable. Evi- 
dence against the possibility of the 
deletion of a single genetic locus in- 
volving both adenosine deaminase pro- 
duction and the immune response has 
been presented (2). Green and Chan 
(3) have reported that established 
fibroblasts or lymphoid cells die in the 
presence of 10-4 to 10-5M adenosine. 
They found that pyrimidine nucleotide 
concentrations were markedly de- 
pressed and that the toxic effects of 
adenosine were prevented by pyrimi- 
dine sources, such as uridine. This led 
them to speculate that the association 
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Fig. 1. Cyclic AMP concentrations in 
peritoneal exudate lymphocytes as a func- 
tion of time after addition of adenosine 
(37.5 trM) ? EHNA (7.9 1jM) to the cell 
suspensions. The cells (1 X 10' in 5.0 ml 
of buffer solution) were incubated for 30 
minutes at 37?C, at which time (t =0) 
adenosine or EHNA plus adenosine were 
added to the incubation mixtures. Dupli- 
cate control incubations were prepared with 
and without EHNA (7.9 ,tM); these two 
types of controls yielded identical cyclic 
AMP values. Each point represents the 
mean ?+ standard error of the mean 
(S.E.M.) for four determinations. 
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of immune response associated with 

of combined immunodeficiency disease 
and adenosine deaminase deficiency 
was the result of adenosine-induced 
pyrimidine starvation of lymphoid 
cells. Adenosine has been reported to 
cause an increase in cyclic AMP in a 
variety of cell types (4), and elevated 
concentrations of cyclic AMP in the 
effector lymphocytes are known to be 
inhibitory to lymphocyte-mediated 
cytotoxicity (LMC) (5). Our studies 
with cytotoxic lymphocytes have shown 
that adenosine is an inhibitor of LMC 
and that its inhibitory activity is cor- 
related with elevated lymphocytic cy- 
clic AMP. 

The in vitro model for lymphocyte- 
mediated immunity we have used has 
been described (6) and is based on 
the model reported by Berke et al. (7). 
Briefly, the target cell is a mouse 
ascites leukemia, EL4, which multiplies 
rapidly and kills C57BL mice after 
intraperitoneal injection. However, in- 
traperitoneal injection of these cells 
into an allogeneic strain of mice, such 
as CD-1, results in the production of 
sensitized lymphocytes and ultimate re- 
jection of the tumor by an unknown 
mechanism. 

Cytotoxic peritoneal exudate cells 
were obtained from CD-1 mice after 
rejection of the EL4 cells, by repeated 
lavages of the peritoneal cavity. Non- 
adherent peritoneal exudate lympho- 
cytes were obtained by passing the 
crude population of cells over a glass 
wool column and used in both the in 
vitro cytolysis and the cyclic AMP ex- 
periments. These cell populations con- 
tained over 90 percent small to medium- 
size lymphocytes. While the exact 
proportion of cytolytic lymphocytes is 
not known, Sullivan et al. (8) have re- 
ported that more than 80 percent of 
the peritoneal exudate lymphocytes 
obtained from a number of strains of 
mice after intraperitoneal injection of 
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Table 1. Inhibition of lymphocyte-mediated 
cytolysis by adenosine, ,alone and in the pres- 
ence of 7.9 ,M EHNA. Lysis was measured by 
the 61Cr released after 70-minute incubations 
of 51Cr-labeled EL4 cells with peritoneal exu- 
date lymphocytes and drugs, compared to the 
5'Cr released after control incubations lack- 
ing drugs. 

Percentage inhibition of 
Adenosine lysis of EL4 cells with 

(AM) Adeno- Adenosine 
sine + EHNA 

150 51 87 
75 41 82 
37.5 44 80 
18.8 33 73 
9.4 28 67 
4.7 16 53 

EL4 cells contained a unique antigen 
which may reflect the acquisition of 
cytolytic capacity. The lymphocytes 
were washed immediately before use 
to separate them from the relatively 
high concentrations of extracellular 
cyclic AMP. Phosphate-buffered saline 
(9) supplemented with 10 percent 
heat-inactivated fetal calf serum was 
used for all washes and incubations. 

The in vitro cytolytic assay involved 

duplicate incubations of 2.5 X 105 

lymphocytes with an equal number of 
51Cr-labeled EL4 cells in a total vol- 
ume of 1.0 ml. These cells were incu- 
bated with gentle rocking (five cycles 
per minute) at 37?C in plastic tissue 
culture plates (35 by 10 mm) in an 

atmosphere of moist air. Adenosine 
was added to achieve the specified con- 
centrations. The contents of the plates 
were assayed for released radioactivity 
after the specified incubation time. 
erythro-9 - (2-Hydroxy-3-nonyl) adenine 
(EHNA), a potent inhibitor of adeno- 
sine deaminase (10), was employed in 
the indicated experiments at a concen- 
tration of 7.9 ,uM; this concentration 
of EHNA was without effect either on 

cytolysis or on the cyclic AMP content 
of the lymphocytes. 

For the cyclic AMP determinations, 
1 X 107 lymphocytes were incubated, 
in duplicate, in 5.0 ml of the buffer 
solution with the agents under study. 
After the specified incubation period, 
cells were harvested by centrifugation 
at 200g for 5 minutes, resuspended in 
5 ml of fresh buffer solution, and 
rapidly extracted with an equal volume 
of cold 1.0M perchloric acid contain- 

ing approximately 0.2 pmole (12,000 
disintegrations per minute) of [8-3H]- 
cyclic AMP. The extracts were clarified 

by centrifugation, neutralized with 
KOH, centrifuged to remove the pre- 
cipitated KCIO4, evaporated to dry- 
ness, and dissolved in 1.0 ml of 0.1M 
HCl. These acidified extracts were 
chromatographed on columns (0.5 by 
4.5 cm) of Bio-Rad AG 50W-X8 (200 
to 400 mesh), which were equilibrated 
and eluted with 50 mM HCl. The cy- 
clic AMP fractions (6 to 10 ml) were 
evaporated to dryness and dissolved in 
1.0 ml of 50 mM sodium acetate (pH 
6.2). The amount of [8-3H]cyclic AMP 

present in 200 cl of sample was mea- 
sured to determine the percent of re- 
covery (usually 30 to 50 percent). 
Total cyclic AMP concentrations in 
100-dul portions of the samples were 
determined by cyclic AMP radio- 
immunoassay (11) after prior suc- 
cinylation of the samples to render the 
assay 100-fold more sensitive (12). 
Each sample was assayed in duplicate, 
and a third 100-pl portion of each 
sample was assayed after treatment 
with beef heart 3',5'-nucleotide phos- 
phodiesterase. This enzymatic treatment 
routinely destroyed more than 97 per- 
cent of the measured cyclic AMP. 
Reagents for the cyclic AMP radio- 
immunoassay were purchased from 
Collaborative Research Inc., Waltham, 
Massachusetts. 

Table 2. Effect of preincubation on inhibition of LMC by adenosine. Lymphocytes (2.5 ml 
with 5 X 106 cells per milliliter) were incubated at 37?C with adenosine, alone or with EHNA, 
for the indicated times. Samples (0.5 ml) of these lymphocytes were then mixed with equal 
numbers of 51Cr-labeled EL4 cells (in 0.5-ml volumes) and assayed for cytolytic 'activity in 
the usual manner (70-minute assay). The EL4 cells added to the last two groups contained 
7.9 kM EHNA. Cytolytic activity (5tCr release) is compared to that measured in parallel 
control incubations lacking adenosine. 

Percentage inhibition of lysis after incubation for 
Adenosine EHNA 

(gM) (UM) 0 60 90 120 150 
min min min min min 

75 0 40 36 25 14 0 

37.5 0 40 27 20 14 0 

37.5 7.9 70 70 63 53 33 
18.8 7.9 65 55 53 37 17 
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Fig. 2. Effect of adenosine concentration 
on lymphocyte cyclic AMP concentrations 
30 minutes after addition of adenosine + 
EHNA (7.9 ,uM) to the cell suspensions. 
Experimental conditions were identical to 
those described in the legend to Fig. 1. 
Each point represents the mean ? S.E.M. 
for four determinations. 

The inhibition of LMC by adenosine 
is shown in Table 1. The 50 percent 
inhibitory dose (ID50) of adenosine 
was approximately 150 ,uM in the ab- 
sence of EHNA and 4.7 ,uM in its 
presence. The potentiative effect of the 
deaminase inhibitor was also apparent 
when horse serum (which does not 
contain adenosine deaminase) was sub- 
stituted for fetal calf serum. The 
deamination product of adenosine, ino- 
sine, was not inhibitory to cytolysis 
even at 375 /uM. 

The inhibitory effect of adenosine 
(with or without EHNA) was lost after 
prolonged incubation (Table 2); re- 
covery of cytolytic activity could be 
achieved without delay by washing the 
cells and resuspending them in fresh 
buffer solution. Lymphocyte-mediated 
cytotoxicity was inhibited by N6,2'-0- 
dibutyryl cyclic AMP with an ID50 of 
2.0 mM. 

Incubation of peritoneal exudate 
lymphocytes with 37.5 /tM adenosine 
resulted in a rapid increase in the cellu- 
lar cyclic AMP, both in the presence 
and absence of EHNA (Fig. 1). At 
all times, the elevation in cyclic AMP 
caused by adenosine was greater in 
the presence of the deaminase inhibitor. 
In the absence of EHNA, lymphocytic 
cyclic AMP concentrations fell to con- 
trol levels within 60 minutes; the pres- 
ence of EHNA slowed this fall signifi- 
cantly but did not prevent its occurrence. 
In another experiment, when lympho- 
cytes were washed free of adenosine 
(37.5 ,uM) and EHNA (7.9 /tM) after 
a 10-minute incubation, the elevated 
(tenfold) cyclic AMP level returned to 
the control value within 30 minutes. 
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Lymphocytic cyclic AMP levels were 
elevated in a dose-dependent manner 
as the concentration of adenosine was 
increased up to 75 ,uM (Fig. 2). At 
all concentrations of adenosine tested, 
the elevation of cyclic AMP was 
markedly higher in the presence of 
the deaminase inhibitor. Purified (13) 
human peripheral blood lymphocytes 
also exhibited a dose-dependent increase 
in cyclic AMP in response to exogenous 
adenosine; a concentration of 3.8 jtM 
adenosine caused a 2.0-fold increase in 

cyclic AMP after 30 minutes of incuba- 
tion. 

Several lines of evidence indicate 
that the ability of adenosine to inhibit 
cytolysis is unrelated to the inhibition 
of pyrimidine nucleotide synthesis de- 
scribed by Green and Chan (3). First, 
the inhibitory effect of adenosine is 
not prevented by the presence of a ten- 
fold molar excess of uridine; uridine 
itself has no effect on cytolysis. Sec- 
ond, the inhibitory effect of adenosine 
is spontaneously reversible during pro- 
longed incubation of cytolytic lympho- 
cytes and adenosine. Third, high-pres- 
sure liquid chromatographic analysis 
(14) of the nucleotides of the lympho- 
cyte population after 60 minutes of in- 
cubation with adenosine showed no 
effect on the pyrimidine nucleoside tri- 
phosphate pools. 

The mechanism by which adenosine 
inhibits LMC appears to, involve an 
elevation of lymphocytic cyclic AMP; 
the concentrations of adenosine which 
inhibit LMC (Table 1) are also effec- 
tive in causing an increase in lympho- 
cytic cyclic AMP (Fig. 2). The time- 
dependent decay of adenosine-enhanced 
cyclic AMP to control levels (Fig. 1) 
precedes the gradual recovery of cy- 
tolytic activity observed when the 
cells were incubated with adenosine 
(with or without EHNA) before the 
cytolytic assay (Table 2). This ob- 
servation [in addition to the observa- 
tion that cyclic AMP concentrations 
rapidly decrease after removal (wash- 
out) of adenosine and EHNA] is con- 
sistent with the hypothesis that the 
inhibitory effect of adenosine on LMC 
is mediated via raised cyclic AMP con- 
centrations in the effector lymphocytes 
and that this inhibitory activity is re- 
versed once the cyclic AMP concentra- 
tion falls below some critical value. 

It is apparent from this in vitro 
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It is apparent from this in vitro 
model that the absence of adenosine 
deaminase in lymphoid tissue would 
render these cells particularly sensitive 
to inhibition of an immune effector 
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mechanism by adenosine. Adenosine 
formation and its subsequent reutiliza- 
tion (via adenosine kinase) or catabo- 
lism (via adenosine deaminase) appear 
to occur as a normal feature of cellular 
purine nucleotide metabolism (15). 
Deficiency of the enzyme adenosine 
deaminase may allow an abnormal ex- 
pansion of the lymphoid pool of adeno- 
sine and thus lead to immunosuppres- 
sive effects such as that demonstrated 
in this report. 
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formation and its subsequent reutiliza- 
tion (via adenosine kinase) or catabo- 
lism (via adenosine deaminase) appear 
to occur as a normal feature of cellular 
purine nucleotide metabolism (15). 
Deficiency of the enzyme adenosine 
deaminase may allow an abnormal ex- 
pansion of the lymphoid pool of adeno- 
sine and thus lead to immunosuppres- 
sive effects such as that demonstrated 
in this report. 
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Most, if not all, mouse strains carry 
within their cells the necessary genetic 
information to code for the production 
of endogenous C-type leukemia viruses 
(1). Expression of such virus genetic 
information varies greatly among 
strains, and may be related to the sub- 
sequent development of lymphomas. 
Little is known of the host's natural 
immune responses to endogenous C- 

type viruses. Recent studies have indi- 
cated that inbred mice develop humoral 
antibodies to several endogenous C-type 
viral antigens (2). We report here 
studies that indicate that mice may 
also develop cell-mediated cytotoxic re- 
sponses against antigens associated with 
endogenous C-type viruses. 
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were obtained from Jackson Laborato- 
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embryo fibroblast cell lines of common 
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tolerance to antigens associated with 

origin were established. One cell line 
was infected with an endogenous mouse- 
tropic C-type virus activated during a 

graft-versus-host reaction in a (BALB/ 
c X A/J) F1 mouse injected with 
BALB/c splenocytes (3). After 35 

passages, 90 to 100 percent of these 
cells were producing infectious virus as 
determined by an infectious center as- 
say previously described (4). The other 
BALB/c cell line was not infected, but 
was passed in parallel with the virus- 
infected line; this line remained virus- 
negative for both mouse-tropic and 
xenotropic C-type viruses, as deter- 
mined by RNA-dependent DNA polym- 
erase assays performed according to 
techniques described by Lieber et al. 
(5). These two fibroblast cell lines, 
histocompatible with the hybrid re- 
sponder cells, served as target cells for 
all cytotoxicity assays. 
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