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A B S T R A C T The biochemical mechanisms by which
a genetically determined deficiency of adenosine deami-
nase leads to immunodeficiency are still poorly under-
stood and prompted this study. Wehave examined the
effects of the adenosine deaminase inhibitor erythro-9-
(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA)
upon the response of human peripheral blood mononu-
clear cells to the mitogen concanavalin A (Con A).
Cells isolated from normal volunteers were incubated in
microtiter plates in the presence of various inhibitors,
and the incorporation of tritrated thymidine or leucine
into macromolecular material was measured after 64 h.
EHNAat a concentration of 0.3 /LM, which inhibited
90% of the adenosine deaminase (ADA) activity in a
mononuclear preparation, impaired the incorporation of
tritrated leucine into protein; 100 /M EHNAwas the
minimal concentration that inhibited thymidine uptake.
The addition of 15 ,M adenosine or 10 ,M cyclic AMP
to Con A-stimulated lymphocytes inhibited leucine up-
take, while millimolar concentrations were required to
inhibit thymidine uptake. Lower doses of adenosine and
cyclic AMP stimulated thymidine incorporation. The
inhibition of thymidine uptake observed with millimolar
concentrations of adenosine was independent of the type
of mitogen (pokeweed or Con A), the concentration of
mitogen, or the medium used, but could be increased if
the cells were cultured in a serum with reduced levels
of adenosine deaminase. Washout experiments failed
to demonstrate a critical period early in immune in-
duction during which adenosine exerted its inhibitory
effects. Noninhibitory doses of EHNApotentiated the
effects of adenosine and cyclic AMPon leucine and thy-
midine uptake. EHNAat a concentration of 50 /AM also
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potentiated the inhibitory effects on thymidine uptake of
dibutyryl cyclic AMP, butyric acid, norepinephrine, and
isoproterenol, but not theophylline. When mitogenesis
was assayed by leucine incorporations, no synergy be-
tween EHNAand these compounds was apparent. Uri-
dine relieved to some extent the inhibition of blastogene-
sis produced by adenosine and cyclic AMP, but not by
dibutyryl cyclic AMP, norepinephrine, isoproterenol, or
theophylline. Neither uridine alone nor uridine plus
adenosine protected lymphocytes from the inhibitory
effects of EHNA.

INTRODUCTION
Recently, several children with combined immunodefi-
ciency disease have been found who lack the enzyme
adenosine deaminase (1-4). Since both disorders are
extremely rare, their concurrent appearance in at least
14 different families provides a convincing argument
for a causal relationship of the enzyme defect to the ap-
pearance of the clinical disease. Several recent experi-
ments have attempted to elucidate the function of adeno-
sine deaminase during lymphocyte growth and differen-
tiation.

The addition of exogenous adenosine, and in some
cases of adenine nucleotides, has been shown to inhibit
the phytohemagglutinin-induced blastogenesis of normal
human lymphocytes (5, 6), the growth of human lym-
phoblast cell lines (7), and the in vitro destruction of
human cells by specifically sensitized mouse lympho-
cytes (8). In the latter case, Wolberg and co-workers
demonstrated that the sensitivity of lymphocytes to
adenosine could be potentiated by the presence of an
inhibitor of adenosine deaminase, erythro-9-(2-hydroxy-
3-nonyl) adenine hydrochloride (EHNA)1 (9).

'Abbreziations used in this paper: Con A, concanavalin
A; EHNA, erythro-9-(2-hydroxy-3-nonyl) adenine hydro-
chloride.
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Whether or not the immunodeficiency associated with
adenosine deaminase deficiency is due to adenosine tox-
icity is at present unknown, since adenosine levels have
not been measured in affected patients. Adenosine in
high concentrations, however, can block the formation
of phosphoribosyl pyrophosphate, necessary for de novo
purine and pyrimidine biosynthesis,' and in some sys-
tems can also elevate intracellular cyclic AMP levels
(10, 11). These consequences of adenosine accumulation
would be expected to interfere with lymphocyte prolifer-
ation, but the relative importance of each, if any, is
unknown.

In this report we examine the effects of the adeno-
sine deaminase inhibitor EHNAupon human peripheral
lymphocyte mitogenesis, and its ability to potentiate the
effects of adenosine and cyclic AMP. The results indi-
cate that inhibition of adenosine deaminase alone can sig-
nificantly impair lymphocyte transformation, as well as
sensitize the lymphocytes to the inhibitory effects of
exogenous adenosine. The recent report of nucleoside
phosphorylase deficiency in a patient with T-cell im-
munodeficiency (12) provides additional support for the
view that metabolism of purine bases and nucleosides is
critically important for the normal function of the im-
mune system.

METHODS
Lymphocyte isolation. Blood from healthy laboratory

volunteers was collected with heparin (The Upjohn Com-
pany, Kalamazoo, Mich.) as anticoagulant, and the erythro-
cytes were sedimented for 1 h at 37'C in the presence of
0.6% vol/vol Macrodex dextran (Pharmacia Fine Chemi-
cals, Piscataway, N. J.). 5-ml portions of the leukocyte-rich
plasma were layered over 2 ml Ficoll-Hypaque (obtained as
LSM solution from Litton Bionetics, Kensington, Md.) and
centrifuged at 1,800 g for 10 min in 16 X 100-cm plastic
tubes (Falcon 3030, Falcon Plastics, Div. of BioQuest, Ox-
nard, Calif.). The lymphocyte-containing interphase was re-
covered, washed twice in RPMI 1640 medium (Flow Lab-
oratories, Inc., Rockville, Md.), and counted in a hemo-
cytometer. Cell yield averaged 106/ml of blood. When ex-
amined by light microscopy after Wright's staining, 95% of
the cells were mononuclear with variable platelet contamina-
tion.

Culture conditions. Lymphocytes were cultured in micro-
plates (Falcon 3040) containing 2 X 10' cells in a final
volume of 0.22 ml. Unless otherwise indicated, all cultures
contained 10% AB, Rh-positive human serum, obtained
from pooled, outdated blood plasma, and either RPMI 1640
or Eagle's minimal essential medium supplemented with
penicillin (100 gg/ml), streptomycin (100 U/ml), and glu-
tamine (2 mM). Unless otherwise indicated, the serum
was heated for 1 h at 56'C before use, to denature adeno-
sine deaminase partially. Mitogens were added at just below
optimal concentrations, i.e., 25 sg/ml for concanavalin A
(Con A) (Sigma Chemical Co., Inc., St. Louis, Mo.) and
5 ,ul/ml for pokeweed mitogen (Grand Island Biological
Co., Grand Island, N. Y., prepared from a stock solution

'Snyder, F., and J. E. Seegmiller. Manuscript in prepara-
tion.

diluted in medium as described by the manufacturers). In
those experiments where lymphocytes were cultured in the
absence of serum, Con A was used at a concentration of
1.5 Ag/ml. The plates were incubated in a humidified at-
mosphere containing 5%o carbon dioxide and 95% air. Un-
less otherwise stated, Con A was the mitogen used in all
experiments.

In some cases, where indicated, lymphocytes were cul-
tured in 12 X 75-mm plastic tubes (Falcon 2058) in a
volume of 1 ml. After varying periods, they were centri-
fuged at 80 g for 5 min and resuspended in fresh medium.
Conditions were otherwise identical to those described
above.

Measurement of thymidine incorporation into DNA. After
48 h in culture, 0.2 ACi of [6-'H]thymidine, sp act 2 Ci/mM
(Amersham/Searle Corp., Arlington Heights, Ill.), was
added to each well. 16 h later, the cells were collected on
glass fiber filters with aid of a multiple automated sample
harvester (Microbiological Associates, Bethesda, Md.) and
washed with distilled water. The number of counts precipi-
tated was identical whether or not 10%o trichloracetic acid
was used for washing. The filters were dried, suspended in
a toluene-based scintillation fluid, and counted at an effici-
ency of 51%So in a Beckman liquid scintillation counter
(Beckman Instruments, Inc., Fullerton, Calif.). Cells cul-
tured in human serum in the presence of Con A regularly
incorporated more than 100 times as much tritiated thymi-
dine as cells cultured in the absence of mitogen; for poke-
weed mitogen this ratio varied from 50 to 100, while in
horse serum or serum-free medium cultured with Con A
it averaged 15-30.

Measurement of leucine incorporation into protein. In
other experiments, 1.0 MCi of L-[4,5-'H]leucine, sp act 1.0
Ci/mM (Amersham/Searle), was added to each well after
60 h of culture, and the cells were harvested 4 h later, as
described above, except that they were first washed with
normal saline, and subsequently with 10%o trichloracetic
acid. The incorporation of tritiated leucine into protein in
Con A-stimulated cultures averaged 15-50 times more than
in control cultures.

Adenosine deaminase assay. Washed lymphocytes were
suspended at a concentration of 107 cells/ml in a buffer con-
taining 0.01 M Tris-0.15 M NaCl, pH 7.4, and sonicated
for 20 s at 4VC in a Biosonik (Will Scientific, Inc., Ro-
chester, N. Y.) set at 70%o maximum intensity. Insoluble
material was sedimented at 27,000 g for 30 min. 10 pi of
the supernate was then removed and added to 5 Al EHNA
at varying concentrations, and 30 Al Tris-saline buffer in
12 X 75-mm plastic tubes (Falcon 2050). The enzymatic
reaction was initiated by the addition of 5 Ml [8-14C]adeno-
sine (Amersham/Searle, sp act 52 mCi/mM) to a final
concentration of 80 AM, and the sample was placed in a
water bath at 37'C. At time periods varying from 0 to 30
min after the addition of adenosine, 10 Ml of 8 M formic
acid was added, and the tubes were placed on ice. Then 10
Ml of the mixture was spotted on cellulose thin layer sheets
(13254, Eastern Kodak Co., Rochester, N. Y.) and de-
veloped in 1.0 M ammonium acetate as described by Mc-
Burney (13) in the presence of appropriate carriers. After
the plates were dry, the adenosine and inosine spots were
visualized under ultraviolet light, cut out, and counted in
a liquid scintillation counter. Using another solvent system
(butanol: methanol: water: ammonium hydroxide, 60: 20:

20: 1), we had previously determined that less than 5%
of inosine is converted to hypoxanthine under these condi-
tions, and therefore hypoxanthine formation was not rou-
tinely measured.
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FIGURE 1 Effect of adenosine on [6-'H]thymidine uptake
by mitogen-stimulated lymphocytes. Cells were cultured for
64 h in medium containing either 10% unheated human
serum (0-0), human serum heated to 56°C for 1 h
(0-0), gamma globulin-depleted horse serum (*-*),
or no serum (ElO-E), and varying concentrations of
adenosine. [6-'H] Thymidine was present during the last
16 h of culture. Results are expressed as the mean percent
radioactivity incorporated when adenosine was present,
compared to control cultures lacking adenosine. Each point
for human serum is the mean of 20 cultures with Con A
and pokeweed mitogen±SEM; for horse serum, the results
are derived from nine replicate cultures with pokeweed
mitogen; the serum-free results represent the means of six
cultures with Con A.

Statistical analysis. The absolute amount of radioactivity
incorporated by mitogen-stimulated lymphocytes varied from
day to day and among different subjects. To normalize the
data, all cultures containing inhibitors of transformation
were always compared with control cultures lacking inhibi-
tors and processed on the same day. Results are expressed
as percent control counts= (counts incorporated in the
presence of inhibitor/counts incorporated in the absence of
inhibitor) X 100. The results of multiple repetitive cultures
on several different individuals were used to calculate a
mean percent control counts±SEM. Where applicable, the
means of the drug-treated groups were compared, and the
null hypothesis was accepted or rejected by the Mann-Whit-
ney U test (14). Two drugs were considered to have a
synergistic effect when the inhibition produced by the drugs
together was greater than the sum of the inhibitions when
each drug was used separately.

Miscellaneous. EHNAwas a gift of Dr. Howard Schaef-
fer. Adenosine, uridine, cytidine, orotic acid, butyric acid,
norepinephrine, isoproterenol, and theophylline were pur-
chased from Sigma and used without further purification.
Adenosine 3',5'-cyclic phosphate (cyclic AMP) and NO2-
dibutyryl adenosine cyclic phosphate (dibutyryl cyclic AMP)
were purchased as their sodium salts from P-L Biochemi-
cals (Milwaukee, Wis.). All reagents were dissolved in
RPMI 1640 and sterilized by ultrafiltration before use.

RESULTS

Effects of exogenous adenosine. Adenosine added at
the time of initiation of lymphocyte cultures did not im-

pair the subsequent incorporation of [6-'H] thymidine
until millimolar concentrations were reached (Fig. 1).
At lower doses (10-100 sM), exogenous adenosine had
a slight but significant (P <0.005) stimulatory effect
on thymidine uptake.

The characteristic dose-response curve observed with
the addition of exogenous adenosine was independent of
the type of mitogen (pokeweed or Con A), the concen-
tration of mitogen, or the medium used (RPMI 1640 or
Eagle's minimal essential medium). Diminishing or re-
moving adenosine deaminase from the medium did, how-
ever, increase the toxicity of adenosine. By heating the
human serum in which the cells were cultured to 560C
for 1 h, which partially denatures adenosine deaminase
(15), or by using horse serum, which lacks detectable
enzyme, the inhibition of thymidine uptake seen with
millimolar concentrations of adenosine was increased
from 56% to 78% (P < 0.005).

The dose-response curve seen with varying concen-
trations of adenosine did not differ significantly when
a 4-h rather than a 16-h pulse of tritiated thymidine
was used.

As shown in Table I, concentrations of adenosine as
low as 15 AMsignificantly inhibited the incorporation of
tritiated leucine into protein (P < 0.005). Lower con-
centrations of adenosine did not stimulate leucine uptake.

Effects of EHNA. The adenosine deaminase inhibitor
EHNAdid not inhibit thymidine uptake until a concen-
tration of 100 AMwas reached (Table II). At a concen-
tration of 10 AM, EHNA, like adenosine, increased thy-
midine uptake, although at the same concentration,
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FIGURE 2 Inhibition of L-[4,5-3H]leucine incorporation into
protein, and of adenosine deaminase (ADA), by EHNA.
Con A-stimulated cells were cultured for 64 h in heat-
inactivated human serum containing the indicated concen-
trations of EHNA. L- [4,5-'H] Leucine was present during
the last 4 h. The mean percent radioactivity (0 *)
incorporated into protein, derived from nine replicate cul-
tures, was determined as described in Fig. 1. The open
circles (0-0) show the effect of similar concentrations
of EHNA upon the adenosine deaminase activity of a
lymphocyte extract.
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TABLE I

Synergy between Adenosine, Cyclic AMP, and EHNAin the Inhibition of L-[4,5-3H]Leucine Incorporation
into Protein by Mitogen-Stimulated Lymphocytes

Molarity adenosine Molarity cyclic AMP

EHNA 0 5p M 15 uM 50 jM 100 pM 1 mM 10pAM 100 pIM 1 mM 3 mM

pM %of control counts

o 100 100+2 8744 84+5 7944 14±41 86±5 81 ±5 65±4 46±3
n = 17 n = 18 n = 18 n = 21 n = 21 n = 12 n = 12 n = 12 n =12

0.1 95±5 85±4 86±3 5543 39±3 ND ND ND ND
n = 12 n = 6 n = 6 n = 6 n = 3

1.0 75±5 65±5 47+1 3043 23±2 ND 6546 61±4 23±3
n = 9 n = 9 n = 9 n = 9 n = 9 ND n = 9 n = 9 n = 9

5.0 66±4 5242 37±4 26±4 15±1 ND 58±t4 50+3 18±1
n = 21 n = 18 n = 18 n = 18 n = 15 n = 12 n = 12 n = 12

15 59±4 46+4 40±1 11±2 941
n=9 n=9 n=9 n=9 n=6

50 41±+4
n = 9

Results are expressed as the mean percent control counts ±SEM for the indicated number of cultures. ND, not done.

adenosine deaminase activity in lymphocyte extracts
could be 99% inhibited (Fig. 2). On the other hand,
when leucine incorporation into protein was measured,
EHNAconcentrations as low as 0.3 AM had a signifi-
cant inhibitory effect (P <0.01), at which concentra-
tion the adenosine deaminase activity in lymphocyte ex-
tracts was 90% inhibited.

Potentiation of adenosine inhibition by EHNA. In
the presence of 50 cM EHNA, adenosine at concentra-
tions as low as 10 ,M inhibited thymidine uptake (Ta-

TABLE I I
Synergy between Adenosine and EHNAin the Inhibition

of [6-3H]Thymidine Uptake by
Mitogen-Stimutated Lymphocytes

Adenosine concentration

EHNA 0 10 pSM 50 JAM 100 AM 1 mM

%of control

100i1 117±4 123±8 121±7 22±2
0 n = 51 n = 19 n = 52 n = 20 n = 18

10.uM 119±5 120±8 83±6 84±5
n =30 n = 12 n = 13 n =3

50jM 96±4 78±7 46±8 18±1
n=51 n=14 n=16 n=3

100 pM 66±4 14
n = 6

1 mM 241
n = 3

Results are expressed as the mean percent control counts
±SEM for the indicated number of cultures.

ble II). An EHNAconcentration of 0.1 EM or greater
was effective in potentiating the inhibitory effects of
adenosine on protein synthesis (P < 0.05) (Table I).

Effect of uridine. The presence of uridine in the
medium at a concentration of 10 gM substantially di-
minished but did not completely reverse the inhibitory
effects of adenosine on thymidine and leucine uptake
(Fig. 3). At higher concentrations, uridine inhibited
thymidine uptake, probably by competing for a com-
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FIGURE 3 Uridine reversal of adenosine toxicity in Con A-
stimulated lymphocytes. Cells were cultured with the indi-
cated concentrations of uridine, either with or without 1
mMadenosine. Thymidine uptake was determined in the
presence (0-0) and absence (A-*) of adenosine; leu-
cine incorporation was similarly determined either with
(E]-El) or without (*-*) adenosine present.

Effect of Adenosine Deaminase Inhibitor 277



TABLE III
Effect of Cyclic AMPand Dibutyryl Cyclic AMPupon [6-3H]Thymidine Uptake in Mitogen-Stimulated Lymphocytes

+EHNA +Uridine Number of Mean control
Inhibitor Concentration 50 JM 10 AM cultures counts* Pt

M %
Cyclic AMP 100MAM no no 9 116±t4

100MM yes no 6 7943 <0.005
1 mM no no 9 85±4
1 mM yes no 6 25±5 <0.005
1 mM no yes 9 127±10 <0.005
3 mM no no 6 40±3
3 mM yes no 6 17±4 <0.005
3 mM no yes 6 102±6 <0.005

Dibutyryl cyclic AMP 10 MM no no 8 97 i 4
10M&M yes no 6 87±3 <0.05

100 MM no no 18 65±2
100 Mm yes no 12 42±3 <0.005
100 pM no yes 15 76±5 NS§

1 mM no no 12 35±4
1 mM yes no 6 6±1 <0.005
1 mM no yes 9 41±4 NS

Butyric acid 30,MM no no 6 101 ±2
30MuM yes no 6 113±5 NS

100 MM no no 15 87±42
100uMm yes no 17 83i5 NS

0.5 mM no no 12 55±1
0.5 mM yes no 11 2142 <0.005
1 mM no no 3 12±1

* Values reported are the mean percent control countsiSEM for the indicated number of cultures.
The significance values compare the means of cultures containing EHNAor uridine plus a given inhibitor with

cultures containing the inhibitor alone. Uridine and EHNAat these concentrations had no effect on thymidine
uptake.
§ Not significant (P > 0.05).

mon transport site, but had no effect on the incorpora-
tion of tritiated leucine into protein. In other experi-
ments (results not shown) cytidine was also partially
able to prevent adenosine toxicity, while orotic acid and
theophylline over a wide concentration range were inef-
fective. Uridine did not protect cells from the inhibitory
effects of EHNA; neither did a combination of uridine
plus adenosine. Millimolar concentrations of adenosine
did not diminish cell viability after 60 h, as measured
by trypan blue exclusion.

Effect of time of addition of adenosine. In one ex-
periment lymphocytes were cultured in the presence of
50 MMEHNA, and at varying time periods after the
addition of Con A, adenosine was added to a final con-
centration of 50 MM. All cultures were harvested 64 h
after the addition of mitogen. As expected, the later the
adenosine was added, the less it inhibited the subsequent
uptake of tritiated thymidine (Fig. 4). Similarly, when
Con A-stimulated lymphocytes were cultured in the
presence of 50 MMEHNAand 50 MMadenosine and the

inhibitors were washed out at varying time periods, di-
minished inhibition was observed. There was no ap-
parent critical period early in immune induction during
which adenosine exerted its inhibitory effects. Rather,
the percent inhibition observed when adenosine and
EHNAwere incubated with lymphocytes was propor-
tional to the length of time the agents were in contact
with the cells, whether this occurred early or late after
the addition of mitogen.

Effect of exogenous cyclic AMPand dibutyryl cyclic
AMP. The addition of exogenous cyclic AMPto lym-
phocyte cultures did not inhibit thymidine uptake until
millimolar concentrations were reached (Table III). At
a cyclic AMPconcentration of 100 AM, thymidine up-
take was increased 16% over control values (P <
0.005). Cyclic AMPconcentrations as low as 10 MMin-
hibited the incorporation of tritiated leucine into protein
(P <0.01) (Table I).

Dibutyryl cyclic AMP, on a molar basis, was more
than 10 times as potent as cyclic AMPas an inhibitor
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of thymidine uptake (Table III). In addition it did not
stimulate thymidine uptake at concentrations as low as
0.001 MM. In control experiments, at least part of the
effect of dibutyryl cyclic AMPcould be attributed to its
breakdown product butyric acid, particularly at concen-
trations greater than 100 FM. Monobutyryl cyclic AMP,
however, was just as effective an inhibitor as dibutyryl
cyclic AMP (results not shown), although only one
half as much butyric acid could be generated.

The presence of 10 MMuridine in the medium was able
to protect the lymphocytes from the inhibitory effects
of exogenous cyclic AMP. On the other hand, uridine
had no effect on the toxicity of dibutyryl cyclic AMP.

The adenosine deaminase inhibitor EHNAat a con-
centration of 50 MMpotentiated the inhibitory effects of
cyclic AMP and, to a lesser degree, dibutyryl cyclic
AMPon thymidine uptake (Table III). Thus, at a con-
centration of 1 mMcyclic AMP, tritiated thymidine up-
take was 85±4% of control values; the addition of 50
MMEHNA lowered this to 25±5% (P < 0.005). The
addition of EHNA to cultures containing 10 FM di-
butyryl cyclic AMPlowered tritiated thymidine uptake
from 65+2 to 42+3% of controls (P < 0.005). In other

experiments (results not shown), EHNAwas unable to
potentiate the inhibitory effects of dibutyryl cyclic AMP
upon leucine incorporation into protein.

Effect of pharmacologic agents. Because of difficul-
ties in ascertaining how much of the effects of dibutyryl
cyclic AMPwere actually due to butyric acid, we also
tested the effects of EHNAand uridine in modifying
the inhibition of thymidine uptake caused by norepineph-
rine, isoproterenol, and theophylline (Table IV). EHNA
at a concentration of 50 MMsignificantly enhanced the
toxicity observed at 30 and 100 FM concentrations of
norepinephrine (P < 0.005). The effect of EHNAon
isoproterenol was marginal until 100 WMconcentrations
of the latter compound were reached, at which point
significant enhancement was observed (P < 0.05).
EHNAhad no effect on the inhibition of thymidine up-
take caused by theophylline at concentrations as high as
1 mM.

In other experiments (results not shown) adenosine
alone at concentrations up to 100 MMdid not potentiate
norepinephrine toxicity. EHNAhad no effect upon the
inhibition of leucine uptake induced by norepinephrine,
isoproterenol, or theophylline. Uridine was unable to re-

TABLE IV
Effect of Norepinephrine, Isoproterenol, and Theophylline upon [6-3H]Thymidine Uptake

in Mitogen-Stimulated Lymphocytes.

+EHNA +Uridine Number of Mean percent*
Inhibitor Concentration 50 ,gM 10 jM cultures control counts P

Norepinephrine 30 pM no no 12 83±2
30 AM yes no 12 51 ±2 <0.005

100puM no no 24 43±3
100p"M yes no 24 8±2 <0.005
100 pM no yes 9 51±6 NS

0.25 mM no no 3 2241
0.25 mM no yes 3 20±2 NS

Isoproterenol 10;pM no no 15 89±2
10,AM yes no 15 79±8 NS
30 AM no no 11 85±2
30 pM yes no 12 91 ±4 NS

100puM no no 12 3548
100 AM yes no 12 11 ±4 <0.05
100pUM no yes 6 39418 NS

Theophylline 50pM no no 4 101±42
100 AM no no 11 88i3
100,JM yes no 11 94±4 NS
100 pM no yes 3 8142 NS

0.5 mM no no 22 67±2
0.5 mM yes no 18 67±6 NS
0.5 mM no yes 6 51±3 NS
1 mM no no 6 39±1
1 mM yes no 6 36±5 NS

* The mean percent control counts and the significance values were determined as described in Table III.
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FIGURE 4 Effect of time of addition or washout of adeno-
sine upon the subsequent incorporation of [6-'H]thymidine
by Con A-stimulated lymphocytes. Two types of experi-
ments were done. In the first, cells were incubated at time
zero with mitogen and 50 /LM EHNA (0-0); at the
times indicated adenosine was added to a concentration of
50 uM and thymidine incorporation was determined at 64 h.
In the second experiment, cells were incubated with mito-
gen plus 50 ,uM EHNAand 50 ,M adenosine (O0O) in
12 X 75-mm tubes. At the times indicated, they were washed
and resuspended in the identical medium without inhibitors.
The results of triplicate cultures are expressed as: mean
percent maximal inhibition = 100 X (1 - radioactivity incor-
porated when cells were exposed to inhibitors for a limited
time/radioactivity incorporated when cells were exposed
continuously to inhibitors.).

verse the inhibition of thymidine or leucine uptake caused
by norepinephrine, isoproterenol, or theophylline.

DISCUSSION
In the experiments reported here, we have examined in
detail the effect of inhibition of adenosine deaminase
upon the response of normal peripheral blood lympho-
cytes to mitogens. The addition of the adenosine deami-
nase inhibitor EHNAat concentrations as low as 0.3
,iM to Con A-stimulated lymphocytes impaired the sub-
sequent incorporation of tritiated leucine into protein.
At this concentration of EHNA, the adenosine deami-
nase activity of a lymphocyte extract was inhibited 90%.
In our laboratory, concentrations of EHNAat least 10
times higher are necessary to inhibit the growth of long-
term human lymphocyte and fibroblast lines. Thus the
normal human peripheral blood lymphocyte undergoing
blastogenesis is a cell particularly susceptible to the ef-
fects of adenosine deaminase inhibition.

Thymidine uptake was a far less sensitive index of

EHNAtoxicity than leucine uptake, probably due to an
adenosine-like effect of EHNA. Hilz and Kaukel have
shown in isolated HeLa cells that adenosine, by depleting
pyrimidine nucleotide pools, could proportionally in-
crease the specific activity of added tritiated thymidine
or uridine (16, 17). This led to the paradoxical effect of
an increase in thymidine incorporation into DNA at
a time when cell growth was actually inhibited. It is
likely that EHNA, being an adenosine analogue, can in
high concentrations also decrease pyrimidine nucleotide
pools. Thus EHNAat a concentration of 10 FM, when
leucine incorporation was inhibited 40%, actually in-
creased thymidine uptake. The incorporation of uridine
into RNA, while not specifically measured, would be
expected to behave similarly.

The addition of adenosine to mitogen-stimulated lym-
phocytes also had a biphasic effect on tritiated thymidine
uptake, with stimulation at low doses and inhibition at
millimolar concentrations. The apparent stimulation is
consistent with its known effect on reducing the size of
pyrimidine nucleotide pools (16-18). Here again, leu-
cine incorporation into protein was a more sensitive in-
dicator of adenosine toxicity, with inhibition at concen-
trations of adenosine as low as 15 AM. The simultaneous
presence of EHNAin the culture medium enhanced the
inhibition of blastogenesis induced by adenosine. Con-
centrations as low as 0.1 /M EHNAplus 5 FM adeno-
sine significantly inhibited leucine incorporation (P <
0.05).

The above results do not necessarily indicate that the
impairment of lymphocyte proliferation associated with
adenosine deaminase inhibition is actually the result of
adenosine toxicity, since intracellular adenosine levels
were never measured. Indeed, in certain respects the
toxicity of EHNAand adenosine differed. For example,
uridine was able to reverse partially the inhibitory ef-
fects of adenosine, but not EHNA, on thymidine and
leucine uptake. Adenosine in high concentrations blocks
both de novo purine and pyrimidine biosynthesis by
decreasing the formation of phosphoribosyl pyrophos-
phate. When uridine is in the medium, de novo pyrimi-
dine synthesis is unnecessary for cell survival, and ade-
nosine itself can function as a purine source. EHNA, be-
ing nonmetabolizable, cannot function as a source of
purines; therefore, uridine should not reverse the in-
hibitory effects of EHNA. Even a mixture of adenosine
and uridine, however, was without effect on EHNA
toxicity, indicating that some of the inhibitory effects
of EHNAare not related to inhibition of de novo pu-
rine and pyrimidine synthesis.

In mouse and human lymphocytes, incubation with
pharmacologic concentrations of adenosine (375 AM)
leads to a rise in intracellular cyclic AMPconcentra-
tions, an effect that can be potentiated but not simulated
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by EHNA (8). This result suggested that some of the
immunosuppressive effects of adenosine might be medi-
ated by cyclic AMP, since exogenous cyclic AMPand
agents that elevate intracellular cyclic AMPlevels can
inhibit both lymphocyte transformation and antibody se-
cretion (5, 6, 19, 20). It must be remembered, however,
that intracellular adenosine is converted to adenine nu-
cleotides by adenosine kinase (21), and might secon-
darily increase cyclic AMP concentrations simply by
enlarging precursor pools.

Our approach to this problem was to see if EHNA
could potentiate the effects of exogenous cyclic AMP,
dibutyryl cyclic AMP, and pharmacologic agents that
elevate intracellular cyclic AMP concentrations. The
effects of exogenous cyclic AMPupon tritiated thymi-
dine uptake were similar to those of adenosine, with
stimulation at low doses, inhibition at millimolar con-
centrations, potentiation by EHNA, and prevention of
toxicity by uridine. On the contrary, dibutyryl cyclic
AMP, isoproterenol, norepinephrine, and theophylline
failed to stimulate thymidine uptake at any concentration,
and their inhibitory effects were unmodified by uridine.
The identity of the effects of adenosine and exogenous
cyclic AMPand the differing effects of dibutyryl cyclic
AMPsuggest that the actions of exogenous cyclic AMP
are actually mediated by the adenosine to which it is
metabolized, as has been previously suggested (6, 22).

When tritiated thymidine uptake was used as an as-
say of transformation, EHNAat a concentration of 50
FM (the highest noninhibitory dose) did potentiate the
effects of dibutyryl cyclic AMP, norepinephrine, and
isoproterenol. It had no effect on theophylline-induced
inhibition of thymidine uptake, and indeed, in neuronal
cells theophylline has been reported to be an inhibitor
of adenosine-mediated elevations of cyclic AMPconcen-
trations (11, 23). Taken alone, these results suggest that
adenosine deaminase inhibition can augment the effects
of cyclic AMP. Other experiments, however, failed to
support this conclusion. Theophylline was not able to
prevent adenosine toxicity. In addition, EHNAat con-
centrations lower than 50 AM did not enhance the in-
hibitory effects of dibutyryl cyclic AMP, norepinephrine,
or isoproterenol on either thymidine or leucine uptake,
at which concentrations synergy with adenosine was
readily apparent. The leucine uptake studies further
showed that 50 AMEHNAwas actually toxic to lympho-
cytes, but that this effect was masked when thymidine
uptake was measured.

To summarize, our results suggest that inhibition of
adenosine deaminase with EHNA can depress human
lymphocyte blastogenesis. In an experimentally expand-
ing lymphocyte population, even a small decrease in the
number of cells dividing, or in the rate of division, could
result in severe lymphopenia.

We were unable to determine the exact biochemical
mechanisms by which EHNA interfered with lympho-
cyte proliferation. Inhibition of adenosine deaminase
with EHNAdid not consistently potentiate the effect of
agents that elevate intracellular cyclic AMPconcentra-
tions. EHNAdid sensitize lymphocytes to the toxic ef-
fects of exogenous adenosine and cyclic AMP, presum-
ably by blocking their further metabolism. However,
EHNA toxicity, unlike that of adenosine and cyclic
AMP, was not reversed by uridine. These results sug-
gest that EHNA-mediated inhibition of lymphocyte
transformation does not result from the accumulation of
intracellular adenosine or adenine nucleotides. The pos-
sibility remains, however, that in patients with adeno-
sine deaminase deficiency, elevated concentrations of
circulating adenosine or adenine nucleotides, derived
from extracellular, nonlymphoid sources, depress im-
mune development.

Finally, our results also illustrate the difficulties in-
herent in using thymidine or uridine uptake as indices
of lymphocyte blastogenesis. One must remember that
any agents, such as adenosine and cyclic AMP, that
alter nucleoside transport or intracellular nucleotide
pools can either increase or decrease thymidine and uri-
dine uptake independently of any effects on cellular
proliferation.
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