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A B S T RA C T Previous studies have shown that log
IgD levels in normal individuals are distributed in a
nonunimodal manner. Therefore, in this study we
tested whether inheritance might play a role in deter-
mination of IgD levels. IgD levels were measured in
serum or plasma from 301 randomly selected children
aged 6-18 yr, 245 consecutive adult blood donors,
and 134 first-degree relatives of subjects with low IgD
levels. Comparison of serum and plasma from five
individuals revealed no difference, so the two were
used interchangeably. The distributions of log IgD
levels in randomly selected populations of both adults
and children were nonunimodal with nadirs at 2.15
IU/ml. In both of these randomly selected populations,
13-14% of the subjects had low IgD values (<2.15
IU/ml). In addition, there was a significant sibling-
sibling correlation of log IgD values (r = 0.56, n = 72,
P < 0.01). Because of the nonunimodality of the fre-
quency distribution histogram for IgD values and be-
cause of the familial aggregation of these values, the
study was extended to include first-degree relatives
of subjects with low plasma IgD. Blood samples from
92% of living first-degree relatives, 134 individuals,
were analyzed for their level of IgD, and the results
of segregation and pedigree analyses of these data were
compatible with autosomal recessive inheritance of an
allele for low plasma IgD levels. IgD values in plasma
from siblings of probands for low IgD were also non-
unimodal in distribution with a nadir at -2.15 IU/ml.
The results suggest that there is autosomal recessive
inheritance of an allele for low plasma IgD.

INTRODUCTION

In 1965 Rowe and Fahey (1, 2) discovered IgD as an
immunoglobulin class distinct from the then-recog-
nized antibody proteins and showed that IgD was pres-
ent in normal serum. IgD possesses the biochemical
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features of an antibody (3, 4), namely, heavy chains
and light chains that are similar to those in other im-
munoglobulin classes (5). IgD differs from the other
immunoglobulins in its marked susceptibility to pro-
teolytic attack with the production Qf Fc and Fab frag-
ments (6, 7). Studies of IgD levels by radial immuno-
diffusion have revealed that the protein is undetect-
able in 6-20% of normal human sera (2, 8-12). We
have recently described (13) a sensitive double anti-
body radioimmunoassay for measurement of IgD in
serum and secretions, and with this procedure it was
possible to detect IgD in all 112 serum samples from
healthy blood donors. The distribution of the log of
IgD levels in these 112 serum samples was nonuni-
modal. Because there might be separate subgroups
with respect to IgD values in a randomly selected pop-
ulation, the present study of a possible role of inherit-
ance in the determination of human serum IgD values
was performed. The results of this study are compatible
with the existence of an allele for low levels of plasma
IgD which is inherited in an autosomal recessive
fashion.

METHODS
Assay procedure. IgD levels were determined by double

antibody radioimmunoassay as described previously (13).
Briefly, rabbit anti-IgD was reacted with samples and a con-
stant amount of radiolabeled IgD was added. After 16-24 h,
burro anti-rabbit IgG and normal rabbit serum were added
to the samples. 2 h later the samples were centrifuged, and
the radioactivity in the precipitates was measured in a gamma
scintillation counter. A standard inhibition curve over the
range from 0.0054 to 0.175 IU per sample was constructed
for each assay. A more sensitive assay was used for samples
with low levels of IgD (range from 0.00035 to 0.0215 IU per
sample). IgD was easily detected in all serum samples tested.
The coefficient of variation for the 14 assays over the range
from 0.0054 to 0.175 IU per sample reported here was 12.1%,
and for the 5 assays over the range from 0.00035 to 0.0215 IU
per sample was 23.3%. Whenboth serum and plasma samples
from five individuals were analyzed, no differences were
found in IgD values. Therefore, sera and plasma were used
interchangeably in the studies described below. 301 samples
of serum from children were assayed in duplicate and an
additional 162 serum samples from children were screened
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by single-tube assay to identify those samples with IgD levels
<2.15 IU/ml. Low values from the group of 162 samples were
verified by repeat assay in duplicate. All other assays were
performed in duplicate.

Population .sample. Plasma (heparin anticoagulant) or
serum samples from 463 children aged 6-18 yr were obtained
as part of a study of lipoprotein values in children attending
school in Rochester, Minn. These samples were obtained
between January 1973 and March 1974 by venipuncture
at school in the morning after an overnight fast. The popula-
tioni sample was selected only in that it included just those
children whose parents gave written, informed consent.
Over 99% of the children were white. The characteristics
of this population sample have been described in detail else-
where (14, 15). Serum samples were also obtained from 245
consecutive adult blood donors at the Mayo Clinic in Roches-
ter, Minn., in February 1977. Samples were stored at -200C
for periods of several weeks and at -70°C for longer periods.

Selection off(amilies for genetic studies. 49 families with
at least one child with low IgD (<2.15 IU/ml) were identified
on the basis of the 463 samples of serum from children studied.
These families were contacted and asked to participate in a
study of the possible role of inheritance in the determina-
tion of plasma IgD levels. 26 families did not participate in
the study: 13 refused to participate, 7 had moved out of the
area, 3 had adopted children, and 3 were rejected because
only one child or one parent was available. Blood samples
were obtained from 134 (92%) of 146 living first-degree rela-
tives in the 23 families that did participate. Five families
had more than one child with low IgD values identified during
the screening procedure: families 3412, 5383, 23589, 64640,
and 74000 (see Fig. 6). A proband for a family was defined
as the oldest sibling in the family with IgD < 2.15 IU/ml who
had been identified in the screening procedure. In seven cases
fresh blood could not be obtained, usually because the person
had moved from the Rochester area, and then serum or plasma
drawn for the screening study was used in the family study.

RESULTS

IgD ini rantdomly selected samnples. The frequency
distribution histogram of the IgD levels in sera from
245 unrelated adult blood donors is shown in Fig. 1A.
Because of the skewed nature of this distribution, the
histogram for the log10 IgD levels was also plotted, as
shown in Fig. 1B. The shape of the log-transformed
frequency distribution histogram is similar to that of
log IgD levels in samples from 112 blood donors which
we reported previously (13), and samples with <2.15
IU/ml (13.9%) appear to make up a separate subgroup.
The separate nature of this subgroup is only evident
when the log transformation of the data is used. This
nonunimodality is also seen when the data from male
and female subjects are graphed separately. The low
group comprises 16.3 and 11.5% for male and female
subjects, respectively, and the nadir remains at _2.15
IU/ml for both sexes.

The histogram of log IgD values in the 301 randomly
selected children is shown in Fig. 2. Because more than
one child from a family was included in the initial
screening study, one child was chosen randomly from
each group of siblings to obtain a group of 214 unre-
lated children. Here there also was the suggestion of
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FIGURE 1 Frequiency distribution of IgD levels. (A) Histo-
gram of IgD levels in 245 adlult blood bank donors. The arith-
metic meani value was 26.3 IU/mI, median 15.2 IU/m-l. (B)
Histogram of log-transformed IgD levels in 245 blood bank
donors. The geom-etric miean for all adults was 10.8 IU/ml,
f'or 123 males, 9.17 IU/mI, and for 122 females, 12.7 IU/mIn.

a subgroup of subjects with values of <2.15 IU/ml
(13.0% in the group of 301, 13. 1% in the group of 214).
Geometric mean serum IgD levels for subjects of dif-
ferent ages are shown in Fig. 3A. Once again, values
for male and female subjects were similar. Age did not
appear to be ani important factor in the determination
of IgD levels in children 6 yr of age or olderl, nor did
it appear to be an important factor in determnination
of percentage of individuals in the low group as shown
in Fig. 3B. Included among the 301 randomly selected
children were 72 pairs of siblings. There was a sig-
nificant sibling-sibling correlation of log IgD values
(r = 0.56, P < 0.01 that r = 0) for these subjects as
shown in Fig. 4. These 72 sibling-sibling pairs were
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FIGuRE 2 Frequency distribution of log-transformed LgD
levels in 301 randomly selected children, geometric mean
15.1 IU/ml.

formed in such a way that no child was included more
than once. That is, if three children from a family were
included in the population, two were chosen randomly
to form a sibling-sibling pair; if four children were
included, two pairs were formed. There was no dif-
ference in the degree of correlation between brother-
brother (r = 0.55, n = 26), sister-sister (r = 0.69, n = 25),
or brother-sister pairings (r = 0.50, n = 30). In these
calculations, a given subject might be used in more
than one category. For example, a girl might be in-
cluded in both a sister-sister and in a brother-sister
pair. Therefore, the total number of pairs is 81 rather
than 72. When random pairs of nonsiblings were gen-
erated by the use of tables of random numbers, the
correlation of serum IgD level between members of
these pairs was not significantly different from zero
(r = -0.141, n = 134).

When sera obtained in 1973 from 35 children were
compared with sera obtained in 1977 from the same
individuals, the values were remarkably similar (Fig.
5). Because we showed above (Fig. 3) that IgD levels
are stable in the age range of these children, these
results suggest that IgD as measured by radioimmuno-
assay is stable during prolonged storage in frozen
plasma. Also, a single frozen serum sample assayed
repeatedly over a period of 2.5 yr did not change in
any consistent manner. The similarity of the fre(luency
distribution histogram for adult subjects (assayed after
brief storage) and children (samples stored for several
years) provides additional evidence in suipport of this
suggestion. The percentage of subjects among children
and adults falling into the low subgroup does not. change
in spite of different storage times, indicating that stored

sera can be used to identify the low subgroup. Finally,
IgD levels have been reported to be stable in two
healthy adults over 1.5- and 3.5-yr periods (10).

Family studies of IgD levels. The nonunimodal
distribution of IgD levels and the significant familial
aggregation of these values raised the possibility that
inheritance might play a role in the determination of
the levels of this circulating iinmunoglobulin. There-
fore, detailed studies of the levels in blood from family
members of children with low IgD (<2.15 IU/ml) were
performed. The value 2.15 IU/ml was selected on the
basis of the shape of the frequency distribution histo-
gram of 459 randomly selected adults and children.
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FIGURE 3 Correlation of serum IgD level with age. (A)
Geometric mean IgD levels (+SD) of 301 children and 242
adults by age level. The mean age of the adults was 33 yr,
range 19-65 yr. The numerals above the bars indicate num-
bers of individuals. (B) Percentage of individuals having low
IgD among different age groups. By chi-square test of homo-
geneity the relative frequency of low IgD in the five age
groups was not different (X2 = 1.16, df = 4, NS).
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FIGuRE 4 Sibling-sibling correlation of serum IgD levels.
The serum IgD levels in sibling pairs are plotted.

The decision to use 2.15 IU/ml as the separa-
tion point between low and high IgD subjects was
made before family studies were started. The pedigrees
for each of the 23 families studied are shown in Fig. 6.1
Henceforth, a subject with an IgD level of <2.15 IU/ml
will be referred to as having low IgD and all other
subjects will be referred to as having high IgD. Mis-
classification of some subjects in both directions was
anticipated because of possible overlap of the distribu-
tions for the postulated low and high subgroups. In 10
of the 23 families (44%) both parents had high IgD;
in 12 families (52%) one parent had low IgD; and in
1 family (4%) both parents had low IgD. Among the
41 low IgD offspring in these 23 families, there were
17 females and 24 males. If low IgD is inherited by a
single gene of large effect, the approximately equal
representation of males and females makes sex-linked
inheritance unlikely. The relatively large number of
families (44%) in which no vertical transmission is
seen makes autosomal dominant inheritance of low
IgD unlikely.

Segregation analysis. The possibility of autosomal
recessive inheritance of low IgD was tested by several
different methods of segregation analyses (Table I).
These analyses are used to correct for the bias intro-
duced by the method of aseertainment by which fami-
lies were obtained for study. Because of the small size

' An Appendix listing the IgD value of each individual
represented in Fig. 6 has been deposited with the National Auxil-
iary Publications Service (NAPS) as NAPSdocument 03273.
This information may be ordered from ASIS/NAPS, Micro-
fiche Publications, P. 0. Box 3513, Grand Central Station,
New York 10017. Remit in advance $3.00 for microfiche
copy, or for photocopy, $5.00 up to 20 pages plus 25¢ for addi-
tional pages. Checks should be made payable to Microfiche
Publications.

of human families, many matings that might potentially
result in homozygous offspring would not be identified.
For example, in families with one child, on the average
3/4 of the matings of two heterozygotes would not yield
a homozygous offspring and would not be ascertained.
Likewise in families with two offspring, (3/4)2 or 9/16
of such matings would not be aseertained. The results
from the 10 families in which both parents had high
IgD and the results for the 12 families in which one
parent had low IgD were calculated separately. Each
of the methods for testing the recessive hypothesis,
the "direct a priori method" (16), the "Weinburg
proband method" (17), "estimating the recessive pro-
portion" (16), and "discarding the recessive single-
tons" (18), involves slightly different assumptions with
regard to ascertainment, but in each case the calcu-
lated segregation parameter was compatible with the
autosomal recessive inheritance of an allele for low
serum IgD.

The IgD levels in family 46910 (Fig. 6) seem to con-
flict with the hypothesis of autosomal recessive inher-
itance. Both parents are in the low group and yet three
of their children are in the high group. It should be
pointed out that the mother in family 46910 had an
IgD level of 1.93 IU/ml, very close to the cutoff point
of 2.15 IU/ml when a log transformation is used. As
was discussed above, some subjects may have been
misclassified by the arbitrary assignment to low and
high groups.
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with the values found in 1973 (r = 0.97, P < 0.001). Further-
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FIGURE 6 Pedigrees of 23 famiilies in which at least one child had low serum IgD (<2.15 1U/ml).

Siblings of probands. The fre(luency distribution
of log IgD values of siblings of probands included in
this study is shown in Fig. 7. This distribution also
clearly has a nadir near 2.15 IU/ml. The clear separa-
tion of siblings of probands into two groups provides
further evidence in support of the hypothesis that
monogenic inheritance plays an important role in the
regulation of plasma IgD levels. Whenpairs of siblings,
including probands, with low IgD were examined,
no significant sibling-sibling correlation was found
(r = 0.153 for log-transformed data, r = -0.0158 for
linear data, n = 14). This is further evidence in support
of single-gene inheritance of low IgD.

Matitng frequetncies. The mating types of the fami-
lies included in this study were roughly half high with
high and half low with high subjects. This finding is also
compatible with the recessive hypothesis. If low IgD is
inherited in anl autosomal recessive manner, and if
the gene frequency for the allele for low IgD is 37%
(v'O.139), as estimnated from the frequency distribu-
tion histograms, estimnates of the expected frequen-
cies of matings that might result in individuals with
low IgD can be made. Because these mating frequen-
cies will be biased by the method of ascertainment,
a correction for the bias of ascertainment must be per-
formed. Calcuilated estimiates were arrived at with the

TABLE I
Humatn Serum IgD: Testing the Recessive Hypothesis

Segregation parameters

Both parents '2.15 IU/ml One parent <2.15 IU/mi

Method Calculated Expected Calculated Expected

Direct a priori method 0.246 0.25 0.490 0.50
Weinberg proband method 0.244+0.102* 0.25 0.447+0.104* 0.50
Estimating the recessive proportion 0.242±+0.0071* 0.25
Discarding the recessive singletons 0.278 0.25 0.486 0.50

The results of various methods of correction for the bias of ascertainment are shown.
* SEM.
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for low IgD is -0.37 (NV0.139). A population breeding
randomly with regard to this allele would be expected
to consist of 13.9% homozygous low subjects and 47%
heterozygous subjects. Therefore, if homozygotes are
excluded, 55% (0.47/0.86) of a randomly selected pop-
ulation would be heterozygous, and it might be dif-
ficult to demonstrate differences between such a "con-
trol" group and a group of heterozygotes. Our results
suggest that there may be a dose effect for the allele
for low IgD.

DISCUSSION

Previous observations of a significant correlation of
IgD levels in the blood from twins (21), a correlation
of IgD level with Gmallotype (22), and a nonunimodal
distribution of log IgD levels in sera and plasma (13)
raised the possibility that inheritance plays an impor-
tant role in the determination of levels of this immuno-
globulin and prompted us to undertake this study. The
results of the present investigation strongly suggest
that low levels of serum IgD are inherited in an auto-
somal recessive fashion. Several early observations
suggested a genetic mechanism. First, analysis of
serum IgD in two groups of randomly selected sub-
jects, 245 adults and 301 children, revealed that about
13%of each group fell into a low subgroup with a level
of <2.15 IU/ml. Also, the presence of the subgroup
with low serum IgD was not dependent on age and
was not related to sex. Second, there was a significant
sibling-sibling correlation of IgD level, whereas no
such correlation was present in the case of unrelated
individuals. These findings led us to pursue the study
of families of probands. Analysis of these results showed
that low serum IgD was frequently (44%) seen in chil-
dren of parents with high IgD, making autosomal domi-
nant inheritance unlikely. In these families there were
almost as many low female as low male children, mak-
ing sex-linked inheritance unlikely. Segregation analy-
sis of families in which both parents had high IgD
and families in which one parent had low IgD and
the other high IgD revealed that the proportions of
children with low IgD were in good agreement with
those predicted by the assumption of monogenic in-
heritance. The frequency distribution of the serum IgD
values in siblings of probands showed a clear separa-
tion of siblings into low and high subgroups. Finally,
the mating frequencies observed and those calculated
on the basis of the presumed gene frequency were
in good agreement. Although polygenic inheritance
cannot be entirely excluded, the present results are
compatible with inheritance of low serum IgD levels
in an autosomal recessive manner.

It is not surprising that earlier studies of IgD levels
in human sera generally failed to observe the nonuni-
modal distribution because these studies used assay
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inethods that were not sensitive enough to measure
values in the lower 6-20% of normal sera. In addition,
the results were often plotted in a linear fashion. Al-
though some studies reported a nonunimodal distribu-
tion (2, 9, 23), the results had to be treated with caution
because of the low sensitivity of the assay procedures.
Remarkably, Rowe and Fahey (2) in their original de-
scription of IgD observed that seruim levels were dis-
tributed in a non-Gaussian manner, and their results
are in good agreement with those of our study. The
development of a more sensitive assay procedure and
the log transformation of the results made our experi-
ments possible.

The results from the study of parents heterozygous
for the allele for low IgD suggest a dose effect for this
allele. However, the relatively high gene frequency of
the allele among controls makes the clear demonstra-
tion of such an effect difficult. Inspection of Fig. 1B
and Fig. 7 reveals that a middle mode is present at an
IgD level of about 10 IU/ml. However, this middle
mode is not constantly seen, and it was not observed
in Fig. 2. Although a dose effect for the allele for low
IgD may be present, our results do not justify such a
conclusion. The model described here does not ex-
clude the possibility that other familial factors, due
either to genetic or environmental influences, might
also affect IgD levels. Finally, our studies do not indi-
cate the precise biochemical mechanism of the genetic
regulation of IgD. The different IgD levels observed
may be the result of variation in the structure of IgD
or in the rate of production, release, or degradation
of the immunoglobulin (24).

The importance of our observation rests upon the
possibility that IgD as a membrane-bound immuno-
globulin plays a significant role in regulation of the
immune response (25). IgD is found on an average of
3-5% of human adult lymphocytes or on about 60%
of those lymphocytes bearing surface immunoglobulin
and on a higher percentage of newborn cord blood
lymphocytes (26, 27). It has been suggested that be-
cause of its location on the cell membrane and its ease
of cleavage (6, 7), IgD might function as an antigen
receptor triggering the immune response (25, 28). Re-
cent work by Cambier and associates (29) with murine
B cells has demonstrated an apparent inverse relation-
ship between susceptibility to induction of tolerance
and amount of cell surface IgD. Their results provide
support for the concept of a regulatory function for
membrane-bound IgD. The results of our study raise
the possibility of significant genetically determined
individual differences in serum IgD levels in man.
Whether there is a relationship between serum IgD
level and the frequency of IgD-bearing cells or the
quantity of IgD per cell remains to be determined.
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