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ABSTRACT. Approximately 20 years ago, Giblett and
coworkers serendipitously discovered that in some patients
with the syndrome of severe combined immunodeficiency,
the disease is due to an inherited deficiency of the enzyme
adenosine deaminase (ADA). This then led to the discovery
that inherited deficiency of the next enzyme in the same
pathway for purine salvage, purine nucleoside phosphoryl-
ase, results in a profound defect in cell-mediated immunity.
These two disorders, sometimes termed “purinergic im-
munodeficiency disorders,” were the first of the inherited
immunodeficiency disorders in which the specific molecular
basis was determined. Although both are rare diseases,
they are of importance for several reasons. First, they are
among the few inherited disorders of which some children
can be cured by a single treatment; second, they are ideally
suited for gene therapy; and third, the pathologic mecha-
nisms can tell us more about the nature of the immune
system and have already allowed development of chemo-
therapy for some malignancies of the immune system.
Knowledge of the specific defects has also facilitated di-
agnosis, counseling of families, and development of new
approaches to therapy. This article focuses on ADA defi-
ciency, briefly reviews the clinical and biochemical findings
to provide a background for the next two articles in this
supplement issue, and details work in progress with respect
to several aspects of the specific molecular defects in
different patients. Some of the generalizations that are
beginning to emerge from studies of other disease loci as
to the nature, diversity, and distribution of mutations at
different genetic loci and the emerging correlations of
phenotype with genotype are reviewed to provide a frame-
work for examining the molecular defects in ADA defi-
ciency. The status of our knowledge of the ADA locus with
respect to analysis of mutations and possible correlations
with genotype is then considered. It is important to note
that although the ADA gene has been isolated and the
gene product is known there are still unanswered questions.
(Pediatr Res 33 (Suppl): S35-S41, 1993)

Abbreviations

ADA, adenosine deaminase
SAH, S-adenosyl homocysteine
SCID, severe combined immunodeficiency

ADA DEFICIENCY AND SCID

As reviewed by Dr. Puck in this supplement issue, SCID is
classically an infantile onset syndrome with clinical manifesta-
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tions that result from a profound defect of both cellular and
humoral immunity. If untreated, these clinical manifestations
lead rapidly to death. The full-blown classic syndrome is one of
overwhelming fungal, viral, and bacterial infections and failure
to thrive, in a setting of lymphopenia and absence of nonmater-
nally derived Ig. The syndrome may not become apparent until
several weeks to months of life. The earliest studies of families
with SCID revealed that there are several genetically different
forms of the syndrome. In some families, the disease clearly
shows recessive inheritance linked to the X chromosome, with
only males affected, whereas in other families the inheritance is
autosomal recessive, affecting both males and females. Based on
several studies (reviewed in 1 and 2), it can be estimated that in
approximately half of the children with autosomal recessive
SCID (or approximately 20% of all SCID individuals, because
of the greater incidence of the X-linked disorder) the disease is
due to inherited deficiency of the purine salvage enzyme ADA
(1-8).

Clinical spectrum. It is now apparent that the clinical pheno-
type of ADA deficiency encompasses a spectrum of disease
including classic, fulminant neonatal onset SCID; a slightly
delayed onset SCID accompanied by retention of some humoral
immunity; a much later onset, progressive disease; and a “partial”
ADA deficiency with apparently normal immune function
(Table 1) (9-12).

The majority of infants initially described with SCID due to
deficiency of ADA (classic ADA-SCID) were not grossly different
clinically or immunologically from patients with SCID due to
other as yet undefined causes. Although the major pathology and
clinical manifestations are secondary to destruction of the im-
mune system, involvement of other organs can be seen in ADA-
SCID. Thus, half of ADA-SCID individuals have bony abnor-
malities, most notably cupping and flaring of the costochondral
junctions, which are pathognomonic histologically and highly
suggestive of the diagnosis on radiologic examination. Unusual
renal and adrenal lesions as well as neurologic abnormalities
have also been found at autopsy and may also be pathognomonic
(reviewed in 13). Even initially, it was apparent that approxi-
mately 10% of ADA-SCID patients had a slightly delayed onset
of disease and an initially milder course with retention of B
lymphoid cells and some humoral immunity. Some of this
variation occurred within families and therefore probably re-
flected environmental differences, such as extent of protection
from infectious agents, rapidity of institution of antibiotic ther-
apy, etc. In addition, as with other disorders, severity of disease
may also be modified by effects of other interacting genetic loci
that are unlinked and therefore segregate independently of the
ADA mutation in a family (epistasis). With the application of
testing for ADA deficiency to immunodeficient patients who do
not present with classic SCID, even milder forms of immuno-
deficiency due to ADA deficiency have been found. In such
patients, onset of clinically significant symptoms leading to di-
agnosis may be delayed until 3 to 5 y of age and there may be
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Table 1. Differing clinical phenotypes of ADA-deficient
individuals
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Table 2. Biochemical abnormalities in ADA deficiency
associated with immunodeficiency

1. SCID (85-90%): Indistinguishable from non-ADA-deficient SCID
individuals (except for a bony lesion in half)

2. Delayed onset (10-15%): Predominantly cellular immunodeficiency
but specific antibody markedly deficient and Ig eventually absent

3. Late onset: Diagnosis not until 5-8 y of age; at time of diagnosis
predominantly cellular immunodeficiency and some specific antibod-
ies normal

4, “Partially” ADA deficient, ?Zimmunologically normal: Ascertained by
screening normal infants (newborns in New York State and African
tribes)

marked predominance of abnormalities of cellular as compared
with humoral immunity. Autoimmunity and eosinophilia may
be relatively common in such children. In retrospect, many of
these children would appear to have had increased numbers of
infections before diagnosis, but the infections were not serious
enough to lead to prolonged hospitalization. It will not be sur-
prising if an “adult onset” form of the disease becomes apparent.
At the extreme opposite end of the spectrum from SCID, several
children with ADA deficiency in erythrocytes have been found
who are grossly immunologically normal and currently between
4 and 15 y of age. These children (found as a result of screening
newborns for ADA deficiency or screening populations for nor-
mal genetic variants of ADA and not because of disease) lack
ADA in erythrocytes but have between 5 and 80% ADA activity
in other cell types, presumably reflecting a mutant enzyme that
is unstable primarily in erythrocytes. Such children have been
termed “partial” ADA deficients (see 12 and references therein).

Biochemistry and metabolites. ADA is an enzyme that is
present in all cells, yet its absence results in damage primarily to
the immune system. Examination of the role of ADA in the
normal individual has provided some clues to this apparent
paradox. ADA is an enzyme of the purine salvage pathway that
irreversibly removes an amino group from the naturally occur-
ring purines, adenosine and deoxyadenosine, generating inosine
and deoxyinosine. These latter compounds are either “salvaged”
back to adenosine or other purines for reuse or further metabo-
lized to uric acid and excreted. Adenosine is a component of
RNA and the important and abundant energy-holding com-
pound ATP, and deoxyadenosine is a major component of DNA.
Deoxyadenosine is derived primarily from breakdown of cells
with a rapid turnover, such as gut, epithelium, and, perhaps most
significantly, from the extensive cell death of maturing lympho-
cytes within the thymus. Deoxyadenosine can then either be
taken up by neighboring viable cells via active transport sites and
be deaminated or escape into the plasma where it is taken up via
active transport sites by other cell types and normally deami-
nated. Adenosine is derived similarly from dying cells and also
is derived from the breakdown and recycling of ATP. When
adenosine and deoxyadenosine (as well as several naturally oc-
curring methylated adenosine compounds) cannot be degraded
because of deficiency of ADA, these compounds accumulate in
the plasma, are taken up by transport sites into cells, or, partic-
ularly for deoxyadenosine, are excreted in massive amounts.
Patients with ADA deficiency have increased amounts of the
substrates adenosine and deoxyadenosine in their plasma and
excrete enormous amounts of deoxyadenosine in their urine
(Table 2). In addition, because of the absence of the normal
deamination of deoxyadenosine to deoxyinosine, the deoxyaden-
osine within cells is “pushed” along a normally minor pathway
and is phosphorylated to deoxyATP, which is then trapped within
cells and is no longer directly in equilibrium with the extracellular
fluid. As a result, deoxyATP accumulates in enormous concen-
trations within cells, most easily demonstrable in the red cell.
Last, a secondary inactivation of the enzyme SAH hydrolase has
been demonstrated in erythrocytes of affected children (see below
for discussion) (see 3, 14-17, and references therein).

1. Absence of ADA activity in erythrocytes, lymphocytes, and all tissues
examined

2. Accumulation of deoxyATP in cells (erythrocytes, mononuclear cells,
platelets, and kidney) (>200-fold increase)

3. Increased concentrations of adenosine and deoxyadenosine in plasma
(adenosine > deoxyadenosine)

4. Excretion of deoxyadenosine, adenosine, and methylated adenosine
derivatives in urine (deoxyadenosine >>>> adenosine)

5. Secondary inhibition of SAH hydrolase

Table 3. Proposed mechanisms of toxicity in ADA deficiency
Metabolite
DeoxyATP

In vitro effects

Inhibits ribonucleotide reductase (required for
normal DNA synthesis)

Chromosome breakage
Inactivation of SAH hydrolase (inhibition of
methylation reactions)

Deoxyadenosine

Multiple effects at adenosine receptors (prob-
ably least clinically significant)

Adenosine

Pathophysiology. There are several proposed mechanisms
whereby the absence of ADA results in toxicity to cells of the
immune system (Table 3). The first of these involves the accu-
mulation of deoxyATP. It has been known for some time that
deoxyATP is a very potent inhibitor of the enzyme ribonucleo-
tide reductase and that this enzyme is required for normal DNA
synthesis. Therefore, it has been proposed that there are certain
tissues, most notably of the T-dependent immune system, in
which there is preferential phosphorvlation of deoxyadenosine
to deoxyATP with a relative lack of dephosphorylation. In vitro
evidence has been provided to support this proposal. In such cell
types, there would be an increased steady state concentration of
deoxyATP with subsequent inhibition of DNA synthesis. It has
also been proposed, again on the basis of in vitro experiments,
that deoxyadenosine directly results in chromosome breakage. It
has also been proposed and demonstrated both in vive and in
vitro that there is secondary inactivation of the enzyme SAH
hydrolase. Such inactivation would theoretically result in inhi-
bition of methylation reactions in the body. Indeed, the very
marked secondary inhibition of SAH hydrolase in red cells from
these children provides perhaps the most sensitive measure of
correction of metabolite concentrations after therapeutic maneu-
vers. Last, adenosine has multiple effects at adenosine Al and
A2 receptors, although none of these effects has been shown to
be clinically significant. However, the marked lethargy and ina-
bility to follow visually, seen in some patients, may be contrib-
uted to by the known effects of adenosine at its receptors within
the brain. It would appear reasonable that each of these several
mechanisms may be operative but in different types of lymphoid
cells and at different stages of differentiation. For example,
maturing thymocytes might be exposed to unusually high con-
centrations of deoxyadenosine because of the extensive cell death
that accompanies maturation to immunocompetent lympho-
cytes in the thymus.

An alternative argument has been proposed to explain the
profound damage to the immune system. This argument is based
upon the observation that, although ADA is a ubiquitous “house-
keeping” enzyme, the activity of the enzyme varies over a 100-
fold range if erythrocyte activity is included and over a 10-fold
range if all nonerythroid tissues are examined. Teleologically,
because cells of the immune system exhibit very high ADA
activity, they would be the cells most profoundly affected by
deficiency of the enzyme. This argument does not explain the
lack of major involvement of other tissues that exhibit high ADA
activity. Clearly, there are unanswered questions as to the patho-
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physiologic mechanisms. This is perhaps underscored by the
observations that administration of an inhibitor of ADA (deox-
ycoformycin) has been effective in treating types of lymphoid
malignancies that were not predicted by either the initial in vitro
studies or by observations in ADA-SCID (see 3 for references
therein).

Correlation of phenotype, in vitro enzyme activity and concen-
trations of metabolites. It would appear possible to inversely
correlate residual ADA activity with severity of disease. Very
clearly, partially ADA-deficient, immunologically normal chil-
dren have greater residual ADA activity in their lymphoid cells
than do ADA-SCID children. The lowest activity found in such
children is approximately 5% of normal (12). At least one child
with delayed onset disease has 1 to 2% of normal activity in
lymphoid cells, which can be shown to be due to activity at the
ADA locus (unpublished data). Therefore, the amount of residual
ADA activity needed for normal immunologic function would
appear to be between | and 5% of normal. We have recently
been able to detect residual albeit trace amounts of ADA activity
in some, but not all, patients by expressing recombinant mutant
c¢DNA in reporter cells (COS) (unpublished data) (see below for
more detailed discussion). In contrast, using standard assays, the
residual ADA activity in patients with classic SCID is essentially
not detectable (18). It should be noted that such standard in vitro
assays of enzyme activity are made under artificial conditions
not applicable to in vivo conditions, and they are unlikely to
accurately reflect “whole body” functional ADA activity in all
circumstances.

There is a gross correlation between the severity of the immune
dysfunction and either the concentration of deoxyATP or excre-
tion of deoxyadenosine. Thus, “partially” ADA-deficient, im-
munologically normal children have slightly increased concen-
trations of deoxyATP and excrete detectable deoxyadenosine in
their urine. Classic ADA-SCID patients have a 100- to 300-fold
increased concentration of deoxyATP, equaling or exceeding the
concentration of ATP. These children similarly excrete massive
amounts of deoxyadenosine in urine. Children with late onset
immunodeficiency accumulate concentrations of deoxyATP in-
termediate between the SCID patients and the “partially” defi-
cient patients. The excretion of deoxyadenosine is similarly
intermediate. The concentrations of metabolites thus appear to
provide a gross “whole body” in vivo assay of the residual ADA
activity in these children and could possibly provide the best
discriminant as to differences between patients.

Prenatal diagnosis. Prenatal diagnosis is possible using either
chorionic villous biopsy or amniotic cells and determination of
enzyme activity. DNA-based diagnosis is also theoretically pos-
sible using normal variants at the ADA locus or by direct
detection of mutations (see below). Using DNA-based methods,
preimplantation diagnosis should also be feasible eventually (19
and references therein).

Therapy. At the present time, there are four modes of therapy
available (Table 4). When a related matched donor is available,
histocompatible bone marrow transplantation is the therapy of
choice, with appearance of normal immune function as well as
almost complete reduction in concentrations of metabolites. In
some patients, there is engraftment only of T cells and not of B
cells but with apparent function of the ADA-deficient B cells.
Unfortunately, because of average family size in the Western
world, less than one third of children will have such a matched
donor. Haploidentical bone marrow transplantation has been
used, but there has been much debate as to whether ADA-
deficient patients respond as well to haploidentical transplanta-

Table 4. Therapy of ADA deficiency

1. Histocompatible bone marrow transplant (current treatment of choice)
2. Haploidentical bone marrow transplant

3. Enzyme replacement

4. Gene replacement
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tion and whether they require more marrow ablation before
transplantation than do patients with other forms of SCID.
Nonetheless, there are patients with ADA deficiency who have
had successful transplantations of haploidentical marrow without
any prior ablation. Enzyme replacement is a third approach.
Initially, an incomplete form of enzyme replacement was pro-
vided by partial exchange transfusions. This therapy was of
limited efficacy in a few patients and had no discernible effect in
most patients. More recently, partial exchange transfusion has
been replaced by the more efficient and safer direct administra-
tion of larger amounts of a modified form of ADA, discussed in
detail by Dr. Hershfield in this supplement issue. The fourth
approach, gene replacement therapy of T cells, is addressed by
Dr. Blaese (this issue). I would like to raise the speculation that
the underlying genotype may play a role in modulating the
outcome in all these forms of therapy (20-25).

MUTATIONS AT ADA LOCUS

Before examining the nature of mutations at the ADA locus
(Table 5), it is worthwhile to consider the information available
as to the nature of diseases causing mutations at other disease
loci. Mutations that result in disease can be of several types.
They include deletions (ranging from very large to single nucle-
otides); missense mutations (single basepair changes resulting in
an amino acid substitution and either a nonfunctional or an
unstable protein); nonsense (single basepair changes that intro-
duce a stop codon and prevent translation of a complete protein
and/or lead to unstable mRNA); and splicing mutations (base-
pair changes, usually single, that alter the normal splicing and
result in abnormal mRNA). At some loci, such as that for
Duchenne’s muscular dystrophy and a-globin, where there is
either duplication of a similar sequence (Duchenne’s muscular
dystrophy) or duplication of loci (a-globin), there is a prepon-
derance of large deletions, presumably resulting from mispairing
of similar stretches of DNA (homologous recombination). At
other loci, such as the g-globin locus, missense mutations pre-
dominate in phenotypes that result from altered function (altered
affinity for oxygen) or physical properties (sickle cell mutation)
of the 8-globin chain. Mutations at the g-globin locus that result
in virtual absence of the protein (thalassemias) are predominantly
due to splicing mutations. Thus, the type of mutation may vary
at different loci or with differing phenotypes at the same locus.
It was also expected that there would be multiple different
mutations at any given disease locus. However, it is becoming

Table 5. Mutations at ADA locus

Basepair no. Basepair no.
Exon no. (phenotype) (change) Amino acid
Exon | Deletion
Exon 4 IVS3(SCID) AG-GG Exon 4
spliced out
(out of frame)
3’ splice site
226 (partial) CGG-TGG Arg76Trp
301 (SCID) CGG-TGG Argl01Trp
302 (SCID) CGG-CAG Argl01Gln
320 (SCID) CTG-CCG Leul07Pro
Exon 5 446 (partial) CGG-CAG Argl49Gin
466 (SCID) CGC-TGC Argl56Cys
Exon 7 631 (partial) CGT-TGT Arg211Cys
632 (SCID) CGT-CAT Arg211His
643 (partial) (c)GCC-ACC AlaZ15Thr
646 (SCID) (c)GGG-AGG  Gly216Arg
Exon 9 821 (partial) CCG-CIG Pro274Leu
Exon 10 872 (SCID) TCG-TIG Ser291Leu
890 (partial) CCG-CAG Pro297GIn
911 (SCID) CIG-CGG Leu304Arg
Exon 11 986 (SCID) GCG-GTG Ala329Val
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apparent that at several disease loci a limited number of muta-
tions may be responsible for disease in the majority of patients.
This predominance of a limited number of mutations could
occur through several mechanisms including selective advantage
of the mutation in asymptomatic carriers, inbreeding, founder
effect, and recurrence at “hot spots” for mutation. In a particular
ethnic group, only a few mutations may account for the disease
in over 90% of patients. Recurrent mutations in unrelated indi-
viduals of very different ethnic origins may be due to mutations
at hot spots. One type of hot spot appears to be at CpG dinucle-
otides. It has been known for some time that cytosine, if meth-
ylated to 5-methylcytosine, will spontaneously deaminate to
thymine. In man and mammals, as opposed to bacteria, cytosine
is usually methylated only when it is followed by guanosine or
at CpG dinucleotides. If a methylated cytosine on the sense or
coding strand of the double-stranded DNA is deaminated to
thymine, a C to T transition will occur. If the deamination occurs
initially on the antisense strand, copying of the mutated strand
will result in a G to A transition on the sense strand. Thus, C to
T and G to A transitions at CpG dinucleotides appear to repre-
sent hot spot mutations with a likelihood of recurring independ-
ently and being found in multiple unrelated individuals.

In ADA deficiency of all clinical phenotypes, the majority of
mutations are changes of a single nucleotide that result in change
of a single amino acid (missense mutations). Such mutations
result in either unstable or inactive protein. Fifteen different
missense mutations have been reported at the ADA locus, nine
in ADA-SCID patients and six in partially deficient individuals
(Table 5). A single splicing mutation has also been reported (26—
33). The noncoding regions (introns) of the ADA structural gene
are very rich in a form of repetitive DNA termed “Alu repeats,”
providing a substrate for deletions by homologous recombina-
tion. However, only a single deletion resulting from homologous
recombination at Alu repeats has been reported to date in an
ADA-deficient SCID patient. The deletion abolishes the pro-
moter region as well as exon 1 and has been reported in two
apparently unrelated SCID patients homozygous for the same
deletion (34, 35). We have recently characterized an additional
large deletion, also including the promoter region, that does not
involve homologous recombination. The homozygous occur-
rence of a deletion that by definition completely abolishes ADA
activity is of special significance because this indicates that
complete absence of the ADA enzyme appears to be compatible
with life. (However, the reproductive history with respect to
fertility and miscarriages in such families has not been reported
and would be of interest, inasmuch as it has been shown very
convincingly in murine species that ADA may be very important
for normal development in utero.) Twelve of these 15 missense
mutations are hot spot mutations or C to T or G to A transitions
at CpG dinucleotides and therefore are candidates for independ-
ent recurrence in unrelated patients. This 75% frequency is much
higher than the approximately 30% frequency found in a survey
of mutations at multiple other loci for genetic disease (36).

In partially ADA-deficient patients, it was not unexpected that
the same mutation would be found in more than one individual,
inasmuch as there was a common geographic and/or racial origin
of many of these patients consistent with a common ancestor
(Table 6). The first of these children was ascertained during
population surveys to determine the frequency of the gene coding
for a normal biochemical variant of ADA among the Kung
tribesmen in the Kalahari desert of Africa. Similar to subsequent
children, although he lacked ADA activity in his erythrocytes,
he was found to have enzyme in his lymphoid cells (37). Shortly
after that, New York State instituted a newborn screening pro-
gram for detection of ADA-deficient SCID. Although the test
used failed to ascertain at least two siblings who had ADA-SCID
(unpublished data), it did detect a group of children who were
partially ADA deficient. Of note, all but one of the children
either came from a limited area in the Caribbean or were of
African-American descent, a frequency out of proportion to that

Table 6. Frequency of mutations and biochemical phenotype in
seven partially ADA-deficient individuals

No. of No. of Activity (%
Mutation chromosomes children normal)
Arg76Trmp 4 3 16
Leul07Pro* 2 2 0
Argl49GIn 1 1 42
Arg211Cys 1 1 8
Ala215Thr 2 1 8
Pro274Leu 1 | 12
Pro297GIn 3 2 28

* Also found in ADA-SCID; in partially ADA-deficient patients, found
together with (heteroallelic) Arg211Cys or Arg76Trp.

Table 7. Frequency of six missense mutations in 45 ADA-SCID

chromosomes
No. of
Mutation  chromosomes ADA-SCID patient

Leul07Pro 2 GM3136; Fa
Arg211His 2 GM2756; GM2606
Gly216Arg 4% GM1390; GM2436; GM11411*
Ser291Leu 1 GM2471
Leu304Arg 1 GM2471
Ala329Val 6* GM2756; GM2825; GM4258; DM*; Te
Total 16/45

* Indicates patients who are homozygous for the mutation. All other
patients were heterozygous for mutations.

of these groups in the population screened. When we determined
the mutations in seven of these children, we did indeed find the
same mutation in several children (32, 33, and references therein)
(Table 6). However, there were also seven different mutations
and most of the children carried two different mutations. There
are several possible explanations for the occurrence of multiple
mutations at high frequency in a limited population. Because
diagnosis requires two deficiency alleles, the occurrence of one
or two frequent mutations in the population (because of founder
effect, inbreeding, and/or genetic drift) would also lead to the
ascertainment of very rare mutations. Alternatively, there could
be a selective advantage for carriers of one partial deficiency
mutation in the area from which this population derived, as
there is for the Hb sickle mutation. We have also been able to
correlate the molecular genotype with the biochemical phenotype
and determine the relative enzyme activity of each of the muta-
tions (as well as other alterations in biochemical properties of
the mutant enzymes) (see below for more detailed discussion).
Of note, one of the mutations found in these children results in
loss of enzyme activity in all cell types and was subsequently
found in ADA-SCID patients.

In a very rare autosomal recessive disorder such as ADA-
deficient SCID (<1/500 000), one would expect to find, in an
outbred population, an increased frequency of consanguinity
with homozygosity in such families but only rare occurrence of
the same mutation in unrelated individuals. Unexpectedly, it is
clear that several mutations are relatively common in ADA
deficiency with SCID. Thus, we have surveyed 45 ADA-SCID
chromosomes from 23 unrelated children for the presence of six
mutations that we determined could be detected by polymerase
chain reaction amplification and digestion with restriction en-
zymes (31, 38) (Table 7). These six mutations accounted for
more than one third of the mutant alleles studied (16 of 45) and
were found in 14 children. Most of the patients were heteroallelic,
carrying two different mutations on each of their chromosome
20s. Two patients, both from inbred communities, were homo-
zygous, each for a different mutation, reducing the maximum
number of independent chromosomes surveyed from 45 to 43.
Four of the mutations (Ala329Val, Gly216Arg, Leul07Pro, and
Arg211His) were found in more than one unrelated individual.
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The Ala329Val mutation would appear to have a high frequency
among patients of African-American background and also would
occur in Caucasians on a different chromosomal background.
Markert et al. (39) have also reported that this mutation is
relatively common, although the frequency is overestimated by
combining the two studies [Hirschhorn et al. (38) and Markert
et al. (39)] because some of the patients are duplicated. The
Ala329Val mutation is at a CG dinucleotide and has been shown
to have recurred independently. The second most frequent mu-
tation, Gly216Arg, was initially detected in an Amish child and
also in a Swiss child from the area of Switzerland from which
the Amish originated. The occurrence of this Gly216Arg muta-
tion in these two children could reflect a common ancestor. The
Gly216Arg mutation was also found in a third child of undefined
ancestry; because the mutation is also a hot spot mutation, it
could have resulted from independent recurrence of the muta-
tion. Two additional mutations (Leul07Pro and Arg211His),
both of which are CpG hot spot mutations, were each found in
two unrelated children. Last, two mutations (Argl56Cys and
Leu304Arg) were each unique to the same patient. We have also
identified, either definitively or tentatively (by abnormal restric-
tion fragments), seven additional mutations, including a deletion.
One of these mutations may be relatively common, whereas a
second was found in homozygosity in a child from Newfound-
land. In an autosomal recessive disorder, one expects to find
increased consanguinity and increased homozygosity. Three chil-
dren were homozygous for mutations, and all three were from
groups with high inbreeding, such as the Amish, Louisiana
blacks, and Newfoundlanders. Therefore, there is evidence that
the occurrence of the same mutation at the ADA locus in
apparently unrelated children results from both founder effect
and by independent recurrence at mutational hot spots.

CORRELATION OF GENOTYPE AND
PHENOTYPE IN ADA DEFICIENCY

Phenotype/genotype correlations have now been made in a
number of inherited disorders, as discussed above, and the list
gets longer every day. Thus, a specific mutation in homozygosity
can give rise to a severely affected phenotype, and a different
homozygous mutation at a different site in the same gene can
give rise to milder or even adult onset phenotypes. At the ADA
locus, we have yet to define an adult onset phenotype. In some
cases, the phenotype can be clinically very different for mutations
at different regions of the gene (osteogenesis imperfecta versus
Ehlers-Danlos, both due to mutations in the collagen type I
genes). Depending on the nature of the gene product, mutations
that in homozygosity result in a relatively mild phenotype can
in heterozygosity be either dominant or recessive to a “severe”
mutation. At the ADA locus, the gene product is a monomeric
enzyme and one would therefore expect that a “mild” mutation
resulting in residual ADA activity would be dominant over a
“severe” mutation in defining phenotype. Although phenotype/
genotype correlations may hold for the majority of patients with
a particular disorder, the phenotype can be modified by environ-
ment or by other linked or unlinked modifying genes.

Is there a correlation between the genotype and the phenotype
for ADA deficiency? We can correlate the mutations in partially
ADA-deficient individuals with the normal clinical phenotype
and with the biochemical phenotype. It would seem possible that
some of these partial mutations, particularly the Arg211Cys and
the Ala215Thr mutations that code for the lowest enzyme activ-
ity, could in combination with a total deficiency allele give rise
to a late onset immunodeficiency. However, the finding in a
partially ADA-deficient, immunologically normal child of a total
deficiency allele (Leul0O7Pro) in combination with the
Arg211Cys mutation would be consistent with a mild mutation
being dominant over the severe mutation in determining phe-
notype. With ADA-deficient SCID, correlations of genotype with
phenotype will be more difficult. Because the disease is rare and
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most patients will carry two different mutations, there may be
an insufficient number of patients who are homozygous for the
same mutation to critically define phenotype/genotype correla-
tions. In addition, it is not clear what parameters will most
clearly define aspects of the phenotype that will correlate with
genotype. We can define the phenotype clinically with respect to
age of onset and/or immunologic abnormalities. In some chil-
dren, the cellular immune dysfunction, as measured by in vitre
tests, has been shown to be apparent in utero (reviewed in 19)
and with onset of disease in the first few weeks of life. However,
environment clearly may play a major role in the initial pheno-
type, independent of the underlying genotype, because the time
of onset of disease and of aspects of the immune deficit can be
modified by random variation in the actual time and nature of
infectious agents that are met. Therefore, it may be difficult to
classify patients by clinical phenotype because of a strong effect
of environment. The phenotype could potentially also be defined
by the amount of residual ADA activity, the extent of accumu-
lation of toxic metabolites, or, most significantly, the response
to various therapeutic modalities. Thus, haploidentical trans-
plantation without prior ablation of marrow might be more
frequently successful in patients with severe disease and a geno-
type such as a deletion, in which there is no possible residual
ADA. In contrast, enzyme replacement might result in more
complete reconstitution with lower doses and/or frequency of
enzyme replacement in patients with some residual enzyme
activity.

Despite these expected difficulties in establishing phenotype/
genotype correlation for ADA deficiency, several of the muta-
tions that have been described are candidates for markers of
differing clinical phenotype. For example, one of the patients
examined from the Amish community, who presented with very
fulminant, early onset disease and accumulation of extremely
high concentrations of toxic metabolites, was homozygous for
the Arg216Gly mutation. In a second patient, a mutation at the
next codon (in this case in combination with a deletion) was
associated with a similar, very severely affected phenotype (un-
published data). On the basis of the recent crystallographic
analysis of murine ADA and comparison of sequence in different
species (40, 41), it is apparent that these codons are in the region
of the substrate binding site and also in an area conserved through
evolution from Escherichia coli to man. Therefore, major alter-
ations in the charge of the amino acids in this region should be
very deleterious. These combined observations suggest that the
Arg216Gly mutation in homozygosity or with a similar “severe”
mutation may be associated with a severely affected phenotype.
I would hypothesize, and I stress that this is a hypothesis, that
these two particular mutations, in homozygosity or in combi-
nation with either another severe missense allele or a deletion,
are candidates for markers of severe disease. Clearly, a hetero-
zygous combination with a “mild” allele would be predicted to
ameliorate the disease manifestations, with the effects of the mild
allele being dominant. Conversely, we have recently identified a
mutation that in homozygosity is associated with milder disease
and retention of some residual ADA and would therefore be a
candidate for a marker for milder disease. We have also recently
demonstrated residual ADA activity for several other mutations
found in the small number of children who exhibited the best
responses to partial exchange transfusion (see below).

Another criterion for slightly less severe disease may have been
provided in the form of incomplete, crude “enzyme replacement”™
provided by partial exchange transfusions, now replaced by the
more effective direct enzyme replacement afforded by polyeth-
ylene glycol (PEG)-ADA. This crude replacement used multiple
partial exchange transfusions, based on the rationale that red
cells have both transport sites for taking up adenosine and
deoxyadenosine from plasma and normal ADA for degrading
these purines. The concentrations of deoxyATP in red cells and
deoxyadenosine in urine can be dramatically decreased by partial
exchange transfusion, albeit to a lesser extent than can be accom-
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plished with PEG-ADA. What also became apparent was that,
in contrast to the dramatic response of the first patient reported,
most patients did not show any clinical or immunologic response
to partial exchange transfusion. However, six patients were re-
ported in the literature as having responded to some degree, the
response most clearly manifested by prolongation of life and, for
several, the ability to attend school normally. Clearly, there was
something unusual about these patients because two of them
(and a sibling) survived to more than 10 y of age, at which point
they began receiving PEG-ADA. A third child is still alive as an
adolescent without any therapy. The two remaining patients
died, one at the age of 3, ironically of autoimmune hemolytic
anemia, and the other at 5, of chicken pox. (For the purposes of
this analysis, it does not matter if the longevity reflected natural
history of disease and/or the effect of the partial exchange
transfusions.) These patients were included in the survey of 45
ADA-— chromosomes discussed above.

We have now identified all but one of the mutations in this
group of six “partially responsive” children (Table 8). Because
the children are unrelated and there is no known consanguinity
or derivation from a group with a high frequency of inbreeding,
up to 12 different mutations might be expected. By contrast,
mutations at only three codons account for over half of the
mutant alleles (seven of 12). (Of note, three of the six children
are of African-American origin.) The Ala329Val mutation ac-
counted for three (25%) of the alleles and, although this is a
common mutation, it was found in only two other children
among the 31 additional independent chromosomes that we
examined (three of 12 versus two of 31). This difference in
frequency is statistically significant. One of the patients carrying
the Ala329Val mutation is a mosaic. One B lymphoid cell line
carries the Ala329Val mutation on one allele, but expresses
normal ADA from the second allele. A second cell line does not
express mRNA from this second allele (unpublished data). Con-
sistent with the hypothesis that the Ala329Val mutation may be
associated with milder disease, we have preliminary evidence
that the Ala329Val mutation codes for detectable enzyme activ-
ity. Two of the patients carry the Arg211His mutation and are
the only two patients in the group of 43 independent chromo-
somes examined in which this mutation was found. Two addi-
tional patients each carried a mutation at codon 101 (Argl01Trp
and Argl01GlIn). Of note, the ArglO1Trp mutation has been
found to express catalytically active protein in T cells, consistent
with a less severe mutation (42). The last patient to be discussed
was the patient initially reported to have a dramatic response to
red cell therapy (24). He carries two unique mutations not seen
in any of the other children we surveyed, and therefore both the
genotype and the phenotype with respect to response to therapy
appear to be unusual. We have recently determined that both of
his mutations code for detectable ADA activity. We would
therefore suggest that several of the mutations found in these
children may result in milder phenotypes. It remains to be
determined whether this milder phenotype will be manifested by
initial clinical and/or immunologic phenotype, response to re-
placement therapy, requirement for marrow ablation before hap-
loidentical transplant, longevity, or only in the extent of residual

Table 8. Mutations in six ADA-SCID patients responsive* to
enzyme replacement

Mutation
Patient Chromosome | Chromosome 2

GM2825 Ala329Val splice
GM2756 Ala329Val Arg211His
GM4258 Ala329Val Ser291Leu
GM2606 Argl01Trp Arg211His
GM1715 Argl01Gin ?
GM2471 Argl156Cys Leu304Arg

* See text for discussion.
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enzyme activity and/or accumulation of metabolites. We are
currently determining the ability of additional mutations to code
for residual enzyme activity.

Last, mutations in the currently smaller group of delayed and/
or late onset patients could identify mutations that would be
more definitive markers for milder disease, particularly if present
in homozygosity. However, in this group of patients, one would
expect an even greater influence of environment on phenotype
and therefore greater intrafamilial variation between individuals
with the same genotype. We have identified a mutation in
homozygosity in one such patient and found that there was
expression of detectable ADA, albeit at approximately 1% of
normal. The ADA was altered in charge, consistent with the
nature of the mutation.

To summarize the current characteristics of mutations at the
ADA locus, they are primarily missense mutations that appear
to result in either unstable or inactive protein. Although this
initially suggested that deletions might not be compatible with
life, two children homozygous for the same deletion have been
reported. There are many different mutations, but some are
relatively common, which will greatly simplify attempts at DNA-
based diagnosis. To explain the finding of common mutations
in this rare autosomal recessive disorder, there is evidence for
founder effect, inbreeding, common ancestors, and recurrence at
the CpG hot spot. There is a spectrum of phenotypes, and at this
point phenotype/genotype correlations are just emerging. ADA
is a monomeric enzyme, and low levels of activity are sufficient
for normal development. Because of this “threshold effect,”
mutations resulting in any degree of residual enzyme activity
would be expected to result in lesser accumulations of toxic
metabolites and a milder phenotype and to be dominant in
defining a milder phenotype even if combined with a total
deficiency mutant allele. Such correlations are going to be ex-
tremely difficult to establish for this particular disorder because
of the marked effect of environment upon the phenotype and,
in addition, the evidence that there may be some epistatic defects,
namely interaction with other genetic loci. Nonetheless, given
that this is one of the first disorders to be treated by both enzyme
and gene replacement therapy, delineation of possible pheno-
type/genotype correlations may be significant for evaluating the
outcome of such therapeutic maneuvers. Several mutations are
candidates for markers of very severe disease and milder, delayed
or late onset disease. I have attempted to be provocative in this
presentation, but, clearly, additional studies will be required for
a definitive evaluation of the molecular biology of ADA defi-
ciency and its relation to clinical parameters.
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