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Annotation 

ADENOSINE DEAMINASE AND IMMUNE FUNCTION 

The past decade has witnessed an explosive growth of basic information related both to the 
functional organization and physiological characterization of the immune system. The 
primary immunodeficiencies have provided a persistent stimulus for this exponential growth 
as exemplified by the considerable excitement attending the description of a deficiency of 
adenosine deaminase activity (adenosine aminohydrolase EC 3.5.4.4) in a group of patients 
with the autosomal recessive form of severe combined immunodeficiency (SCID) (Giblett 
ct nE, 1972 ; Knudsen & Dissing, 1973 ; Parkman et al, 1975), a disorder of infancy characterized 
by defects of both cellular and humoral immunity. 

Adenosine deaminase (ADA) catalyses the irreversible hydrolytic deamination of adenosine 
to produce inosine and ammonia. Its role in purine metabolism is illustrated in Fig I which is 
a simplified representation of the interconversion and catabolism of adenine intermediates as 
established for the mammalian cell. It can be readily appreciated that adenosine is a common 
substrate for three potentially competing enzymes, namely adenosine deaminase, adenosine 
kinase and purine nucleoside phosphorylase. Since adenosine appears to be relatively poor 
substrate for mammalian purine nucleoside phosphorylase (Paterson, 1965 ; Kim et a/ ,  1968), 
little, if any, adenosine is catabolized to the base adenine. Adenosine kinase catalyses the 
synthesis of adenosine monophosphate (AMP) which is either sequentially phosphorylated 
to ATP or deaminated to inosine monophosphate (IMP). The inosine formed by the dephos- 
phorylation of IMP or by the deamination of adenosine is catabolized to hypoxanthine which 
is then converted to xanthine and uric acid or converted to IMP, a reaction requiring phos- 
phoribosylp yrophosphate (PRPP) as substrate. 

Since the deficiency of ADA activity, which plays a pivotal role in the ultimate fate of 
intra- or extracellular adenosine (Schrader et al, 1972; Lomax & Henderson, 1973 ; Parks & 
Brown, 1g73), represents the first association of a specific enzyme defect with an inherited 
disorder of T and B cell proliferation and/or differentiation, the elucidation of thenature of this 
association has been of critical importance. Is the enzyme deficiency and disease state a reflec- 
tion of genetic deletion or frameshift mutation involving both the locus for ADA and a 
closely linked locus controlling immune differentiation or does the absent activity exert 
a primary role in genesis of the disturbance of the immune system in SCID? If the latter 
is the case, what pathophysiological mechanisms are involved? 

Nature of the Association of SCID and ADA Deficiency 
An initial suggestion for the association of ADA deficiency and SCID was that the enzyme 

deficiency reflected a genetic deletion or frameshift mutation fortuitously involving the 
locus for ADA and a linked locus controlling immune differentiation (Giblett et al, 1972). 
This hypothesis was prompted by observations that indicated possible linkage of the HLA 
loci with that for ADA (Edwards et al, 1973). However, with the assignment of the locus for 
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FIG I. Interconversion and catabolism of adenine intermediates. AMP, adenosine mono- 
phosphate; A n ,  adenosine triphosphate; IMP, inosine monophosphate. 

ADA to human chromosome 20 together with evidence for localization of the HLA complex 
to chromosome 6 (Tischfield et al, 1974) this proposition has become untenable. In addition, 
the demonstration of residual ADA activity in various tissues of patients with ADA deficiency 
and SCID (Van der Weyden et al, 1974; Chen et al, 1975 ; Hirschhorn et al, 1976) has rendered 
invalid the proposition that the enzyme deficiency in SCID represented a deletion involving 
the locus for ADA and an immune response gene unrelated to HLA, since a genetic deletion 
would be expected to lead to the production of no enzyme protein or a markedly aberrant 
molecule. 

The characterization of the kinetic and physical characteristics of these residual ADA 
activities (Chen et al, 1975; Hirschorn et al, 1976; Van der Weyden & Kelley, 1976a) sug- 
gest that the deficiency of ADA activity in SCID is the result of a mutation involving the 
structural locus for ADA. Thus the deficiency of ADA in SCID appears to be a primary 
genetic defect rather than one resulting from the disease state and it would appear that this 
deficiency is causally related to the disorder of the immune system in SCID. 

The inherited nature of the enzyme deficiency has been adequately documented by (a) the 
diminished levels of erythrocyte ADA activities transmitted as an autosomal mendelian trait 
among family members of children with SCID and ADA deficiency (Scott et al, 1974; 
Parkman et a!, 1975; Hirschhorn et al, 1975)~ (b) the demonstration of transmission of a ‘null’ 
or ‘silent’ gene for ADA in two of these families (Chen et al, 1974; Hirschhorn et al, 1975) 
and (c) the demonstration of ADA activity with altered electrophoretic mobility in fibroblast 
extracts of obligate heterozygote parents, corresponding to that observed in fibroblast extracts 
of the homozygotes (Hirschhorn et al, 1976). In this context the occurrence of normal ADA 
activities in erythrocyte lysates of the parents of one patient with SCID and ADA deficiency 
(Van der Weyden & Kelly, 1976a) and the restoration in vitro to normal levels of the reduced 
ADA activity in red cell lysates of obligate heterozygotes and patients with SCID together 
with the suggestion of a labile inhibitor of enzyme activity in this situation (Trotta et al, 1976) 
imply that the molecular basis for ADA deficiency in SCID will exhibit considerable hetero- 
geneity. 
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Mechanisms whereby the Deficiency ofADA Results in the Expression o f  SCID 
That ADA may play a role in the function of the immune system has been suggested by 

observations that in the human this activity is highest in tissues with the high lymphoid 
content such as thymus, spleen or small intestine (Van der Weyden & Kelley, 1976b). Simi- 
larly, the activity of the enzyme is considerably elevated in lymphoblastoid cell lines (Van der 
Weyden & Kelley, 1976c), in serum and mononuclear cells of patients with infectious 
mononucleosis (Koehler & Benz, 1962; Van der Weyden, 1976) and in acute lymphoblastic 
leukaemia or the blastic crisis of chronic myeloid leukaemia (Hutton & Coleman, 1975; 
Smyth & Harrap, 1975). The latter finding is of interest in view of biochemical and immuno- 
logical evidence for lymphoblastic conversion in chronic myeloid leukaemia (McCaffrey 

Although an increase in ADA activity has been demonstrated in immunocytes with both 
the primary or secondary response to antigenic stimulation (Hall, 1963), definitive evidence for 
the importance of this activity in immunocyte proliferation or function has been the observa- 
tions that: (a) adenosine or specific inhibitors of ADA activity inhibit lymphocyte and lym- 
phoblast proliferation or promote cytolysis (Green & Chan, 1973; Fox et al, 1975; Carson & 
Seegmiller, 1976; Hovi et al, 1976); (b) exogenous ADA activity stimulates the depressed 
response of mononuclears from a patient with SCID and ADA deficiency to mitogenic 
stimulation (Polmar et al, 1975) ; and (c) adenosine together with specific metabolic inhibitors 
of ADA activity depresses the function and viability of cellular mediators of both the afferent 
and efferent limbs of the immune response (Wolberg et al, 1975; Fischer et al, 1976). 

Exposure of human fibroblast and lymphoblastoid cells in culture to adenosine at concen- 
trations of I O - ~ M  to I O - ~ M  results in inhibition of cellular proliferation and a pronounced 
decrease in cell viability (Green & Chan, 1973). This toxicity has been postulated to 
be secondary to an induced state of ‘pyrimidine starvation’, as a depletion of the intra- 
cellular pyrimidine nucleotides occurs and the effect of adenosine can be circumvented by the 
pyrimidine nucleosides uridine or cytidine. The disturbances in metabolism produced by 
adenosine, under these circumstances, include a block in the pyrimidine biosynthetic path- 
way at the level of conversion of orotic acid to uridine monophosphate. This has been 
postulated to be a reflection of tissue PRPP depletion secondary to inhibition of PRPP 
synthetase activity (Ishii & Green, 1973). 

These findings have lead to the speculation that the perturbation of the immune system in 
SCID and ADA deficiency is a result of ‘pyrimidine starvation’ induced by the accumulation 
of adenosine in the lymphoid system (Green & Chan, 1973). That this may not be the case is 
suggested by: (a) immunodeficiency is not ahallmark of congenital orotic aciduria syndromes 
secondary to a deficiency of the enzymes involved in the conversion of orotic acid to uridine 
monophosphate or that involved in PRPP production, namely PRPP synthetase (Smith et al, 
1972; Wada etal, 1974) ; (b) megaloblastic haemopoiesis occursin these situations but is normo- 
blastic in SCID; (c) orotic aciduria does not occur in SCID and ADA deficiency (Schmalsteig 
et al, 1976); and (d) uridine fails to augment the depressed response of mononuclears of 
patients with SCID and ADA deficiency to specific mitogens (Parkman et  a!, 1975; Polmar 

That deamination of adenosine is of importance in immune function is also suggested by 
the demonstrations that adenosine and specific ADA inhibitors such as erythro-g-(2-hydroxy- 

et al, 1975). 

eta19 1975). 
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3-nonyl) adenine or coformycin inhibit the in vitro proliferative response of human mono- 
nuclears to specific T or T and B mitogens (Fox et al, 197s; Carson & Seegmiller, 1976; 
Hovi et al, 1976). In tandem these two agents exhibit a synergistic effect. Although the 
precise mechanisms involved remain to be elucidated, interference with PRPP production 
and a consequent reduction in the rate of purine biosynthesis de nouo (Holmes et al, 1973) 
has been either suggestedor implied (Allison et al, 197s; Hoviet nl, 1976; Carson & Seegmiller, 

A unifying concept for the effects of ADA deficiency, whether consequent to a mutation 
or metabolic inhibition, is a disturbance of cAMP metabolism. Firm evidence exists that 
adenosine and cAMP metabolism are intricately related (Sattin & Rall, 1970; Shimzu & 
Daly, 1970; Mills & Smith, 1971 ; Huang & Daly, 1974; Blume & Foster, 197s) and increased 
cAMP levels have been demonstrated in fibroblast extracts of a patients with SCID and ADA 
deficiency (Goldblum et al, 1976). In addition, cAMP has a negative effect on both immuno- 
cyte proliferation or function (Hirschhorn et al, 1970; Millis et al, 1974; Bourne et al, 1974) 
and PRPP synthetase activity (Chambers et a!, 1974). The localization of a specific adenosine 
receptor (Huang & Daly, 1974) modulating adenylate cyclase activity to plasma membranes 
together with evidence for localization of ADA activity to the same cellular compartment 
(Trams & Lauter, 1975; Li & Hochstadt, 1976; Van der Weyden & Kelley, 1976b) are all 
compatible with this hypothesis. 

Wolberg et al (1975) have shown that the in vitro destruction of murine ascites leukaemia 
cells by specifically sensitized lymphocytes can be inhibited by adenosine. This phenomenon 
is potentiated by metabolic inhibitors of ADA and is accompanied by an increase in cAMP 
levels in the effector cells. In the light of these findings it has been suggested that the absence 
of ADA activity in lymphoid tissue will render these cells particularly sensitive to inhi- 
bition of an effector mechanism mediated through adenosine- CAMP metabolism. 
Complementing these findings has been the demonstration of a role for ADA in monocyte- 
macrophage maturation in which a two- to nine-fold increase in ADAactivity occurs (Fischer 
et al, 1976). Although the addition of varying concentrations of adenosine alone fails to 
affect this maturation, adenosine will produce varying degrees of cytolysis in the presence 
of specific inhibitors of ADA, an effect which cannot be circumvented by simultaneous in- 
cubation with uridine. Similarly incubation of monocytes with cAMP blunts the monocyte 
macrophage maturation process. 

1976). 

Acquired ADA De$ciency 
Documentation of the importance of ADA in acquired immune disturbances is in its 

infancy. Already, however, reduced ADA activity has been demonstrated in lymphocytes in 
chronic lymphatic leukaemia (CLL) (Hutton & Coleman, 1975; Huang et al, 197s; Tung et al, 
1976) and in lymphocytes of parents and children with acute lymphocytic leukaemia in 
remission (Zimmer et al, 1975). While reduced ADA activity in CLL is a direct reflection of 
the predominance of B cells, which have low activity, it is not clear whether the low activity 
is a primary event or the result of the longevity of these cells. The finding of increased adeny- 
late cyclase activity in CLL lymphocytes (Mendelsohn et al, 1975) is in keeping with the 
adenosine - cAMP hypothesis proposed above. 

In conclusion, although it has been adequately established that ADA is of importance in the 
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function of the immune system, the unravelling of its precise role or in fact that of purine 
biosynthesis in toto promises to be a most exciting chapter in the detailing of purine metabol- 
ism in man. That this will be a promising avenue of investigation is highlighted by the recent 
finding of purine nucleoside phosphorylase deficiency in a child with marked impairment of 
T cell immunity (Giblett et al ,  1975). In this situation, a functional ADA deficiency secondary 
to inhibition of its activity by the accumulation of inosine has been proposed. 
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