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ABSTRACT A role for the enzymes adenosine deaminase
(adenosine aminohydrolase, EC 3.5.4.4) and purine-nucleoside
phosphorylase (purine-nucleoside:orthophosphate ribosyl-
transferase, EC 2.4.2.1) in the functional maturation of lymphoid
cells has been revealed by the association of inherited defi-
ciencies of these enzymes and profound immune deficiency.
Previous studies have suggested that the selective toxicity for
lymphocytes may be mediated by the accumulation of toxic
deoxynucleoside metabolites, likely through the action of spe-
cific kinases enriched in lymphoid cells. In order to study pos-
sible mechanisms whereby lymphocyte function may be im-
paired in these disorders, we have studied the effect of nucleo-
sides and their deoxy analogues on both T and B lymphocyte
growth and function. In the presence of deoxyguanosine, there
was marked inhibition of T lymphoblast growth, phytohem-
agglutinin-induced cell proliferation, and T suppressor cell ac-
tivity. T helper cell activity and the differentiation of B cells to
an antibody-secreting stage were unaffected. Deoxyadenosine
was much less inhibitory, but in the presence of an inhibitor of
adenosine deaminase, its effects on lymphocyte growth and
function were markedly potentiated. The addition of deoxycy-
tidine prevented deoxyadenosine toxicity in all assays, whereas
it only interfered with deoxyguanosine effects on T lymphoblast
growth. These studies provide some initial understanding for
the selective loss of specific lymphocyte functions in individuals
with inborn errors of purine metabolism.

The association of disorders of purine nucleoside catabolism
with severe immunologic dysfunction provides compelling
evidence for the role of these metabolic pathways in the bio-
chemical control of lymphocyte function. Since the original
descriptions of combined B and T cell abnormalities in children
with a deficiency of the enzyme adenosine deaminase (Ado
deaminase; adenosine aminohydrolase, EC 3.5.4.4) (1) and
apparently selective T cell incompetence in a child with purine
nucleoside phosphorylase (Puo phosphorylase; purine-nucle-
oside:orthophosphate ribosyltransferase, EC 2.4.2.1) deficiency
(2), attention has been directed to the molecular mechanisms
whereby lymphocyte differentiation and function are impaired.
A number of hypotheses have been proposed to relate the
lymphocyte abnormalities to the biochemical alterations,
particularly the accumulation of toxic metabolites. The recent
reports of elevated dATP levels in erythrocytes from Ado
deaminase-deficient patients (3, 4) and elevated urinary and
erythrocyte levels of deoxyinosine (dlno) and deoxyguanosine
(dGuo) in Puo phosphorylase deficiency (5, 6), have focused
interest on deoxynucleosides as the potential mediators of
lymphocyte dysfunction.
Some support for this theory has been derived from the ob-

servation that deoxyadenosine (dAdo) is a more potent inhibitor
of the normal T lymphocyte blastogenic response to phyto-
hemagglutinin (PHA) than adenosine, particularly in the

presence of the Ado deaminase inhibitor, erythro-9-[3-(2-
hydroxynonyl)Jadenine (EHNA) (7, 8). Inosine, which is ele-
vated in the serum and urine of patients with Puo phosphorylase
deficiency, has little capacity to inhibit normal PHA responses
(9). dGuo and, to a lesser degree, dIno were capable of inhib-
iting growth of a human B cell line, whereas inosine and gua-
nosine were relatively ineffective (7). In addition, deoxynu-
cleoside kinases are largely confined to lymphoid cells (7). Since
these enzymes are capable of phosphorylating deoxynucleosides
(10), the accumulation of increased intracellular quantities of
deoxynucleoside triphosphates may lead to an inhibition of cell
growth through their inhibition of ribonucleotide reductase
(11).

In the present studies we have compared the effects of both
nucleosides and 2'-deoxy compounds on lymphocyte growth
as well as on specific T and B cell functions. These data confirm
the toxicity of dAdo in the presence of EHNA for T lympho-
cytes and provide evidence for the relatively selective toxicity
of dGuo on T cell growth and function, whereas certain aspects
of B cell growth and function were generally unaffected.

MATERIALS AND METHODS
Cells. Human peripheral blood mononuclear cells (PBL) or

tonsillar lymphocytes were obtained after Ficoll-hypaque
gradient centrifugation (12). B and T lymphocytes were ob-
tained by rosette depletion on density gradients (13, 14). Two
human T cell lines, Jurkat and Molt-3, were used in these studies
as well as several human B cell lines established from normal
individuals (15). The cell lines were carried as continuous cul-
tures in medium (RPMI 1640) supplemented with 20% fetal
calf serum.
Lymphocyte Studies. Growth studies using the T and B cell

lines were carried out in the following way: 2.5-5.0 X 105 viable
cells (assessed by trypan blue dye exclusion) were incubated for
68 hr at 370C in 5% CO2 in 12 X 75 mm plastic tubes (Falcon)
containing 0.5 ml of RPMI 1640 supplemented with 1-10%
heat-inactivated (560C for 60 min) fetal calf serum. The cells
were then washed two or three times in medium and incubated
for a further 4 hr in the presence of 1 gCi of [3H]thymidine (6.7
Ci/mmol, New England Nuclear; 1 Ci = 3.7 X 1010 becquerels)
or a mixture of ['4C]leucine, [14C]threonine, and [14C]valine.
DNA or protein synthesis was assayed by harvesting the cells
with an automated harvester (Skatron, Flow Laboratories,
Rockville, MD) on fiber glass filters, drying, and measuring
radioactivity in a Beckman liquid scintillation counter. Nu-
cleosides were added at the initiation of the cultures.
PBL were stimulated by the addition of 10 Ag of purified

PHA per ml (Burroughs-Wellcome, Beckenham, England) to
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3 X 105 PBL in 0.5 ml of RPMI supplemented with 10% heat-
inactivated AB serum. After 68 hr of incubation, cells were
washed and labeled for 4 hr with [3H]thymidine or with
['4C]leucine, [14C]threonine, and [14C]valine and DNA or
protein synthesis was measured as above. Nucleosides were
added at the initiation of cultures.

In Mitro induction and measurement of ovalbumin-specific
human plaque-forming cells (PFC) were done as described (13,
14). Briefly, tubes containing 2 X 106 B lymphocytes and 1 X
106 T lymphocytes (from tonsils) were cultured in 10 ml of
RPMI supplemented with 10% heat-inactivated AB serum, 50
,uM 2-mercaptoethanol, and several concentrations of ovalbu-
min. After 5 days the cells were harvested and washed and the
PFC response was assayed. Various concentrations of the drugs
were added at the initiation of the culture.

Reagents. Nucleosides, deoxynucleosides, and ovalbumin
were obtained from Sigma. Stock solutions were made up in
phosphate-buffered saline (pH 7.2) and filtered through a
Millipore filter. EHNA was kindly provided by G. Elion, Bur-
roughs-Wellcome (Research Triangle Park, NC).

RESULTS
Cell Proliferation. The effects of adenosine, inosine, gua-

nosine, and their deoxyderivatives on the proliferative capacity
of T cell lines are illustrated in Fig. 1A. Inosine and adenosine
were inhibitory only at the highest concentrations tested; dlno,
dAdo, and guanosine were inhibitory to roughly the same de-
gree. At all concentrations tested, dGuo was the most inhibitory
to both DNA and protein synthesis, with 50% inhibition at 0.02
mM dGuo. There were essentially no differences between the
two T cell lines tested or the effects of the drug on either DNA
or protein synthesis (data not shown). In cultures with 1% fetal
calf serum as opposed to 10%, the dose-response curves were
virtually identical except for a slightly increased susceptibility
to the drug effects. This may reflect residual enzyme activity
(Puo phosphorylase and Ado deaminase) in the 10% fetal calf
serum. At drug concentrations below 0.3-0.6 mM, cell viability
was greater than 80-90%, except with dGuo, where more than
50% of the cells were nonviable at this concentration (0.6
mM).

The PHA-induced proliferation of normal peripheral blood
T. cells was, in general, less susceptible to the drug effects (Fig.
1B). Indeed, inosine regularly enhanced the response, as pre-
viously reported (9). dlno was inhibitory only at concentrations
greater than 1.0 mM, and there was only moderate inhibition
of DNA and protein synthesis between 0.3 and 0.6mM dAdo,
adenosine, and guanosine. dGuo remained the most potent
inhibitor of the response, with 50% inhibition at approximately
0.1 mM dGuo. At concentrations less than 1.0 mM, cell viability
was greater then 85% in all groups and controls.

In contrast, the B cell lines were unaffected by inosine, dIno,
adenosine, or dAdo. Two of the B cell lines were relatively re-
sistant to the effects of guanosine or dGuo, with 50% inhibition
of thymidine uptake at 1.25 mM. One B cell line was more
sensitive to inhibition of DNA or protein synthesis (50% inhi-
bition at 0.15 mM) (data not shown).

Reversal of dAdo Toxicity. In the presence of 7.5 AM
EHNA, 80 AtM dAdo inhibited T lymphoblast or PHA-induced
DNA synthesis (Fig. 2). At these concentrations of dAdo or
EHNA alone, there was no impairment of thymidine uptake.
Thus, the toxicity of dAdo (or adenosine) was markedly po-
tentiated by the addition of EHNA, likely due to its inhibition
of Ado deaminase. Addition of 50-100 ,M deoxycytidine
(dCyd) to the incubation mixtures reversed the toxicity of dAdo
plus EHNA (Fig. 2) or the toxicity of higher concentrations of
dAdo alone. dCyd alone was always slightly inhibitory.

Results with the B lymphoblast lines were similar except that
higher concentrations of dAdo were required for inhibition of
[3H]thymidine uptake in the presence of EHNA.

Reversal of dGuo Toxicity. dCyd was effective in reversing
the toxicity of dGuo on T lymphoblast growth (Fig. 3); shifting
the concentration of dGuo resulting in 50% inhibition from 0.06
to 0.25 mM. The increase in DNA and protein synthesis was
paralleled by an increase in cell viability. In contrast, there was
no effect on the PHA-induced proliferative response. Indeed,
at all concentrations of dGuo, dCyd was somewhat inhibitory.
Similarly, there was no effect of dCyd on dGuo toxicity for B
lymphoblast cell line growth, confirming the findings of Carson
et al. (7).
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FIG. 1. Effect of nucleosides and deoxynucleosides on [3H]thymidine incorporation. (A) T cell line (Molt-3); (B) PHA-stimulated PBL.
Cells were cultured in the presence of the indicated nucleoside concentration. Results are expressed as the % of untreated control [3H]thymidine
uptake; each point represents the mean of a minimum of three separate experiments carried out in triplicate. SD in all experiments never exceeded
10%. Control values for [3Hlthymidine incorporation for Molt-3 ranged from 120,000 to 210,000 cpm; for PHA-induced proliferation of PBL,
from 45,000 to 95,000 cpm. *, Inosine; A, adenosine; 0, guanosine; 0, dIno; A, dAdo; 0, dGuo.
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FIG. 2. Potentiation of dAdo toxicity in the presence of EHNA and reversal by dCyd. T lymphoblasts (Left) or PHA-stimulated PBL (Right)
were cultured with combinations of dAdo, EHNA, and dCyd, and uptake of [3H]thymidine was determined. EHNA was added to the cultures
15 min prior to addition of nucleosides. Each point represents the mean of three separate experiments; SD did not exceed 8%.

PFC Response. The generation of an ovalbumin-specific signals (9, 13, 14). In contrast to the antigen-induced activation
PFC response requires the cooperation of both B and T cells, of T helper cells, the differentiation of B cells to an antibody-
particularly the balance between T helper and T suppressor cell secreting stage and the activation of antigen-specific T sup-

pressor cells require proliferation (16-18). We examined the
110- effects of dGuo on the cellular components of the PFC response.

As shown in Fig. 4, the untreated control cells generated a
1101 // *. typical bell-shaped antigen dose dependent PFC response (13),

with suppression of the PFC response at higher antigen con-
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FIG. 3. Reversal of dGuo toxicity by dCyd. T lymphoblasts (0)
or PHA-stimulated PBL (-) were incubated with different concen-

trations of dGuo (on abcissa; -, no dGuo) in the presence (---) or

absence (-) of 100MM dCyd. Results are expressed as the % control
[3H]thymidine uptake; each point represents the mean of at least two
experiments carried out in triplicate.
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FIG. 4. Effect of dGuo on the PFC response. Cultures containing
2 X 106 B lymphocytes and 1 X 106 T lymphocytes, obtained from
tonsil, were incubated for 5 days in the presence of different concen-
trations of dGuo and increasing concentrations of ovalbumin. Results
are expressed as the mean PFC/culture carried out in triplicate. Two
additional experiments gave similar results. 0, Untreated control
cultures; A, cultures containing 250MM dGuo; X, 25MgM dGuo; *, 2.5
,uM dGuo; *, 1.0MM dGuo.
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centrations. After addition of 2.5-250 AM dGuo there was no
inhibition of the PFC response at the higher antigen concen-
trations, suggesting that in the presence of dGuo, suppressor cell
effects were not manifested. On the other hand, B cell and the
nonproliferative dependent T helper cell effects were refractory
to these concentrations of dGuo, which were inhibitory to both
T cell growth and PHA-induced proliferation (Fig. 1). The
addition of 2.5-25 ,gM guanosine did not effect the expression
of suppressor cell activity, whereas 250 ,uM guanosine had only
a marginal effect.

DISCUSSION

A number of different mechanisms have been suggested to
explain the immunodeficiencies associated with the absence
of purine salvage pathway enzymes. Adenosine-induced py-
rimidine starvation (19), hypoxanthine deficiency (20), aden-
osine-mediated elevation in cyclic AMP concentrations (21),
and dAdo accumulation (7, 8) have been proposed to explain
the association of Ado deaminase deficiency and combined T
and B lymphocyte dysfunction. dGuo has been suggested as the
toxic metabolite in Puo phosphorylase deficiency, perhaps
through its phosphorylation to dGTP, which acts as a potent
inhibitor of mammalian ribonucleotide reductase (6). Whatever
the mechanism, one must account for the preferential toxicity
of these metabolites to selectively impair distinct lymphocyte
subpopulations at discrete stages of functional maturation (9,
22).

Because of current interest in nucleoside accumulation and
reported potency of deoxynucleosides in inhibiting lymphocyte
growth, we have evaluated the effects of these compounds on
lymphocyte growth and function. Distinct susceptibility pro-
files, typical for the different cell types and functions studied,
were obtained. We have demonstrated that T lymphoblasts
from continuous cell lines are most sensitive to dGuo, mito-
gen-induced lymphoblasts are somewhat less susceptible, and
most B lymphoblasts are relatively resistant. Variable degrees
of sensitivity were seen with the other nucleosides tested. One
B cell line was inhibited by dGuo (and guanosine) to a degree
comparable to PHA-induced T cell proliferation.
To further assess the effect of dGuo on distinct lymphocyte

functions and to circumvent the use of malignant cell lines, we
carried out experiments in an in vitro system for the mea-
surement of specific T-cell-dependent antibody production.
We previously established that this assay involves activation of
B lymphocytes, T helper cells, and T suppressor lymphocytes
(13, 14). Only the maturation of B lymphocytes to an anti-
body-secreting stage and the expression of T suppressor cell
effects are proliferative-dependent events (16, 17). In the
normal B and T cell mixtures, the PFC response peaks at an
optimal antigen concentration and falls off at higher concen-
trations, secondary to the induction of suppressor cells (14). In
the presence of 2.5-250 ,uM dGuo, there was a failure of ex-
pression of these T suppressor cell effects. T helper cell activity
and the maturation of B cells were equivalent to untreated
controls. These data re-emphasize the selective toxicity of dGuo
for T-cell-dependent events that require proliferation for their
expression, whereas B cells and B cell growth or proliferation
are relatively spared. The results also suggest that the small T
cell population responsible for suppression may be more sen-
sitive to dGuo than the majority of T cells since, at low con-
centrations of dGuo, mitogen-induced proliferation was un-
affected. Furthermore, these results may partially explain the
laboratory findings in patients with Puo phosphorylase defi-
ciency and associated dGuo accumulation. We have shown that

the early steps in T cell differentiation and T helper cell activity
(and, to some degree, T regulator activity) were intact in these
patients, as was B cell function (9). Thus, Puo phosphorylase
deficiency leads to a selective deficiency of (proliferative-
dependent) T cell function, lymphopenia, but normal in vitro
and in vivo antibody production (2, 9, 23, 24).
On its own, dAdo was only moderately toxic to T lymphoblast

proliferation. In the presence of EHNA, an inhibitor of Ado
deaminase, the toxicity of dAdo to T cell proliferation was
markedly potentiated. In the presence of EHNA, dAdo was
mildly toxic to B lymphoblast proliferation, but only at con-
centrations greater then 0.6 mM. In preliminary studies, the
addition of dAdo plus EHNA did not abolish the PFC response.
It would thus appear that the addition of dAdo and EHNA does
not mimic the clinical and laboratory experience with Ado
deaminase deficiency and combined immune deficiency (22).
There may be several explanations for the differences observed
in the patients and our studies. One explanation may be that
dAdo accumulation alone does not represent the precise
mechanism. Alternatively, Ado deaminase deficiency is fre-
quently associated with a profound lymphopenia. Early stages
of lymphocyte differentiation may therefore be more suscep-
tible to dAdo toxicity, whereas at the stage of B lymphocytes
or E-rosetting T cells, lymphocytes may be relatively insensitive.
Finally, it must be recalled that Ado deaminase deficiency is
indeed a heterogeneous disease; not all patients have combined
deficiency since B lymphocytes and B cell functions have been
described in certain patients (1, 22, 25).
dCyd was effective in preventing the toxicity of dAdo (plus

EHNA) in all assays. Reversal of dGuo toxicity by dCyd was
only observed with T lymphoblast growth. As previously re-
ported (7), there was no interference with its effects on B
lymphoblast proliferation and, surprisingly, no reversal of its
effects on PHA-induced proliferation. dCyd may work through
competitive inhibition of dCyd kinase, thereby preventing the
direct phosphorylation of dGuo (and dAdo) to dGTP (and
dATP). This could explain the reversal of dGuo and dAdo
toxicity for T lymphoblasts since there is substantial dCyd kinase
activity in thymus tissue (7, 10) and the T lymphoblasts re-
semble thymocytes in a number of ways (15). It is also possible
that dCyd acts by inhibiting the transport of other deoxynu-
cleosides into lymphoid cells. The failure of dCyd to reverse the
toxicity of dGuo for PHA-induced proliferation may suggest
that PHA-activated cells have altered KM values for dCyd and
dGuo when compared to resting cells or T lymphoblasts or that
dGuo toxicity is not mediated through dGTP accumulation in
normal PBL.

These data confirm and extend observations of many groups
which have associated nucleoside accumulation with impair-
ment of lymphocyte function. The mechanisms whereby these
compounds, particularly the deoxynucleoside derivatives, in-
hibit lymphocyte growth are unclear. Phosphorylation to their
respective triphosphates has been demonstrated (7, 10, 26), and
these deoxynucleoside triphosphates may act by inhibiting ri-
bonucleotide reductase (11). Carson et al. (7) have shown that
the enzyme (5) responsible for phosphorylation of dGuo is en-
riched in the thymus and, to a lesser degree, in PBL. The se-
lective toxicity of dGuo for dividing T cells may be explained
by the selective accumulation of dGTP in T lymphocytes
mediated by dGuo kinase. Further studies of the tissue distri-
bution of specific kinase activities will be required before
complete understanding of these biochemical-lymphotoxic
correlations is achieved. Finally, because dCyd can, to a degree,
reverse the toxicity of deoxynucleoside triphosphate accumu-
lation, it may be of value in the treatment of these life-threat-
ening deficiencies.
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