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A B S T R A C T A large pedigree containing a child with
severe combined immunodeficiency disease (CID) as-
sociated with adenosine deaminase (ADA) deficiency
was investigated to ascertain if heterozygotes could be
detected by measuring red cell ADA activity. 9 of 17
individuals in three generations who were at risk for
being heterozygous had decreased red cell ADA ac-
tivity. This genetic information establishes one form of
CID as an autosomal recessive disorder. The identified
heterozygote population had a mean ADA value of
19.2 U/g hemoglobin (0.95 confidence interval; 14.0 to
24.4 U/g hemoglobin), which was approximately one-
half the mean, 36.1 U/g hemoglobin, of a randomly
selected control population (0.95 confidence interval;
22.5-58.1 U/g hemoglobin). Statistical comparisons of
the heterozygotes to the normal population indicates
that within a high-risk family heterozygotes may be
identified with 90% confidence.

INTRODUCTION
Severe combined immunodeficiency disease (CID)1 is
a serious inherited disorder often predisposing to death
during early childhood. The condition is characterized
by dysfunction of both B and T lymphocytes with im-
paired cellular immunity and decreased production of
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1 Abbreviations used in this paper: ADA, adenosine de-
aminase; CGD, chronic granulomatous disease; CID, com-
bined immunodeficiency disease.

immunoglobulins. Since CID may be inherited as either
an autosomal recessive or X-linked condition, it cer-
tainly represents two or more different biochemical de-
fects. The probable cause of one of these disorders was
recently reported by Giblett, Anderson, Cohen, Pollara,
and Meuwissen (1). They found that adenosine deamni-
nase (ADA) activity was absent from red blood cell
hemolysates of two affected patients and was decreased
in the parents. Subsequently, at least 12 additional
children have been identified who have had ADA de-
ficiency associated with CID (2). This high degree of
concurrence implicates ADA deficiency as the first
identifiable biochemical cause of an immunodeficient
syndrome.

We have recently seen an infant with rapidly fatal
CID and ADA deficiency who had a large number of
family members (3). In this family the level of ADA
activity in red blood cells was investigated to determine
if the heterozygous individuals could be distinguished
from normal persons.

METHODS
Samples were collected from 35 healthy men and 32 healthy
women varying in age from 19 to 62 yr. 20 family mem-
bers of the proband served as the study group.

10 ml of blood was collected by venipuncture and mixed
with 2 ml of acid citrate dextrose solution. The red cell
hemolysates were prepared by washing the red cells three
times with cold saline. To approximately 1 ml of washed
packed red cells, we added 1 ml of distilled water and 0.5
ml of toluene. The mixture was vigorously mixed with a
Vortex mixer (Scientific Industries, Inc., Queens Village,
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N. Y.) for 30 s and centrifuged for 20 min at 17,000g.
The red cell hemolysate was removed from the bottom
of the centrifuge tube with a Pasteur pipette and the upper
red cell stromal layer was discarded. The clear, red hemol-
ysate was used for the enzyme assay.

ADA activity in red cell lysates was determined by a
modification of the method described by Hopkinson, Cook,
and Harris (4), by measuring the rate of absorbance change
at 293 nm. The reaction mixture contained 0.06 M phos-
phate buffer, pH 7.5, 0.15 mM adenosine, and approxi-
mately 0.1 U/ml of xanthine oxidase (Sigma Chemical
Co., Inc., St. Louis, Mo.). The reaction was initiated by
adding 10 ,l of the hemolysates to 2 ml of reaction mix-
ture at 25°C. An increase of the optical density at 293 nm
was recorded against a blank (without adenosine) for 15
min with a Gilford 2400 S spectrophotometer (Gilford In-
strument Laboratories, Inc., Oberlin, Ohio) and the full
range of the recorder was adj usted to 0.2 absorbence
units. Enzyme activity was linear for at least 40 min. One
unit of enzyme activity was defined as the conversion of
1 ,umol of substrate/h. Specific activity was expressed as
units per gram of hemoglobin.2 Hemoglobin was determined
by the cyanemethemoglobin method (5).

RESULTS
The mean activity of red cell ADA from the 32 women
was 35.9 U/g hemoglobin with a range of 21.1-58.2 U/g
hemoglobin. The mean activity of red cell ADAfrom the
35 men was 36.4 U/g hemoglobin with a range of 21.0
to 57.2 U/g hemoglobin. Neither group showed a signifi-
cant correlation between age and red cell ADA activity.
Since there was no statistical difference between the
variances and means of the two populations (P > 0.20),
the two groups were combined. A logarithmic trans-
formation of all numerical values was performed because
of a moderately skewed distribution of values towards
higher ADA values. The logarithmic transformation
achieved a more normal distribution for statistical cal-
culations. The mean value of the combined group was
36.1 with a 0.95% confidence interval (+2 SD) from
22.5 U/g hemoglobin to 58.1 U/g hemoglobin.

When the red cell ADAvalues from the normal popu-
lation were used to ascertain the gene status of indi-
viduals within the pedigree (Fig. 1), two populations
were readily distinguished; those with ADA activity
close to the mean of the normal population and those
with ADAactivity greater than two SDs below the mean.
The mother and father of the affected child had values
2.3 and 3.8 SDs, respectively, below the mean of the
control population (P < 0.01). If the parents' values are
representative of heterozygote activity, nine additional
individuals in the pedigree can be identified as heterozy-
gotes. This assumed heterozygote population had a mean
ADAactivity of 19.2+2.6 U/g hemoglobin, correspond-
ing to approximately one-half of normal control values.

The starch gel electrophoretic pattern of all family
2 To convert to international units, divide by 60 and units

will be expressed as ,umoles of substrate converted per
minute per gram hemoglobin.

members from this portion of the pedigree contained the
three isozymes typical of the ADA 1 phenotype.

DISCUSSION
The detection of gene carriers for serious genetic dis-
orders is important for understanding the mode of trans-
mission of the defective allele and for adequate genetic
counseling. When the fundamental protein defect is un-
known, heterozygote detection is difficult and may only
be achieved by the chance finding of an altered metabo-
lite or protein which will serve as a gene marker. For
autosomal recessive conditions, heterozygotes usually
have normal physiological functions because the de-
creased gene dosage effect is rarely rate limiting. Once
a primary biochemical defect is known, direct measure-
ment of the responsible protein has proven to be the
most reliable discriminator for the presence of an ab-
normal allele.

Many of the immunodeficiency diseases have been
recognized as having a genetic etiology but only in the
X-linked form of chronic granulomatous disease (CGD)
have heterozygotes been recognized. The identification
of heterozygotes in CGDin three generations of female
carriers clearly established one form of CGDas being
X-linked (7, 8). This was accomplished by using the
reduction of nitroblue tetrazolium dye by leukocytes as
a gene marker for the leukocyte bactericidal defect. The
precise biochemical defect is still unknown.

The results of this study indicate that in CID associ-
ated with ADA deficiency, heterozygotes may be de-
tected by measuring ADA activity in red cell hemoly-
sates. The identification of heterozygotes within a three-
generation pedigree establishes ADA deficiency as anl

21.8 24.0 51.5/i 0 20.2 42.5

FIGURE 1 In this abbreviated pedigree decreased ADA
activity is inherited as an autosomal Mendelian trait. Below
each person in the pedigree is his red cell ADA activity
expressed in ,mol/h/g hemoglobin. Family records for
more than six generations do not suggest consanguinity.
The asterisk indicates a blood sample obtained through
the postal service and assayed 48 h or longer after veni-
puncture. Under such circumstances the red cell ADA
activity is significantly less than it would be if measured
fresh.
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autosomal recessive condition. The data from this family
indicate that within a family which has been ascertained
through a child with ADA deficiency aand CID, the
probability of correctly identifying a carrier hy miieasur-
ing ADA in red cell hemolysates is approximately 0.90.
The 0.95 confidence interval for the presumed heterozy-
lgote hemolysates was 14.0-24.4 U/g lhemoglobin. The
niorimial poI)ulaltion lhad a 0.95 confi(lence interval of
22.5-58.0 U/g hemoglobin. The range between 22.5 and
24.4 U/g hemoglobin represented an area of statistical
overlap between the heterozygote group and the normal
population. Approximately 10% of heterozygotes slhould
fall within this indeterminate area, from the data from
this pedigree. One sibling of the proband had a value
of 24.0 U/g lhemiioglobini and could not be reliably as-
signed to either group.

It had previously been proposed that the ADA pro-
duced in tissues other than the red cell was under the
control of two or more genetic loci (6, 9). Recent evi-
dence would suggest that ADA is under control of a
single locus and that "tissue-specific ADA" is secondarily
formed by modification of "red cell ADA" by tissue
conversion factors (10-12). This implies that a child
deficient of ADA in red cells will be similarly deficient
of ADA in all tissues. Support for this has been noted
by the absence of both the red cell and tissue forms of
ADA in cultured skin fibroblasts from a patient with
ADAdeficiency (13).

It is likely that genetic heterogenity will exist for
ADA deficiency. Such heterogeneity will allow a wide
clinical spectrum of immunodeficiency depending upon
the residual activity, stability, and kinetic properties of
the mutant ADA enzymlie. Onie child has already been
identified by electrophoresis with red cell ADAdeficiency
who has no overt clinical evidence of immune deficiency
(14). This child is a native of the Soutlh African Kala-
hari region. Although his lymphocyte couinit and immuno-
globin levels were in the normal range, his skin reaction
to purified protein derivative was very weak and there
was not reaction to Canidida or streptokinase/strepto-
dornase. These latter findings did suggest the possibility
of some impairment in cellular immunity. Jenkins has
suggested this child mayr have an unstable form of ADA
that does not have a normnal lhalf-life in the anucleated
red cell (14).

The exact mechanism by which ADA deficiency
causes CID remains unexplained. Green and Chan postu-
lated that in ADA deficiency, adenosine may accunmulate
and inhibit pyrimidine biosynthesis (15). The expan-
sion of a lymphocyte clonie in response to an antigenic
stimulus may be prevented by pyrimidine starvation.

ADA deficiency has now been recognized as a cause
for one type of CID. By the measurement of ADA ac-
tivity in red cells of family members at risk for carrying
a silent allele for ADA, the heterozygotes could be

identified with a reliability of 90%. This information
will be of value in genetic counseling and programs con-
cerne(l with the treatment and prevention of CID
through the uise of prenatal diagniosis.
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