Genetics of IgE and allergy: Serum IgE
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Serum IgE levels are am important risk factor in allergic disease resulting from
immediate-type hypersensitivity. IgE levels of middle-aged male monozygous twins
(64 pairs) and dizygous twins (39 pairs) were measured and a stgnificant genetic
effect on IgE levels was observed (H = 0.592). A significant genetic effect was glso
noted in twin children (H — 0.789). The statistical relationship between IgE levels
and atopic disease, as well as aspects of the methods of analysis of twin data, is
discussed.

Immunoglobulin E (IgE) of heterogeneous speeificity is normally
present in human serum, and a portion of the IgE, especially that of allergic
individuals, reacts with identifiable environmental antigens. 2 IgE binds to mast
cells in the skin and elsewhere, and to basophilic leukoeytes, thereby sensitizing
these cells to release pharmacologically aetive mediators when they are
subsequently exposed to antigens to which the IgE is speeifically reactive. The
occurrence of atopic disease as a consequenece of this mechanism is contingent
upon several factors, including the quantity of sensitizing IgE,' specific char-
acteristics of the target organ, and environmental exposure to allergens.

The immunologic response of individuals exposed to similar environments
is not uniform, and a wide range of serum IgE levels has been reported in
unselected populations of human adults.*® In the studies in which appropriate
data are available, the distribution of values appears to be multimodal.®-* These
observations raise the possibility that IgE levels are determined largely by
genetie factors for which the populations studied are polymorphic.t*!

The familial incidence of atopic disease is high; most family studies report a
positive family history in approximately 50 per cent of cases.’>'* However, the
mode of inheritance is disputed and single dominant gene with partial
penetrance,’* '® single recessive gene with partial penetranee’™ 1 and
multigenic’” inheritance have bheen suggested. It has not been possible, with the
data available, to distinguish between these alternatives.’t If the inheritance of
atopic disease is multifactorial, it may reasonably be assumed that serum IgE
levels are one relevant variable. Consequently, the analysis of the genetics of
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serum levels of IgE may be expected to be less complicated than the analysis
of allergic disease in general.

The extent of genetic influence on a econtinuously varying characteristie,
such as serum IgKE level, may be estimated by a comparison of the mean
intrapair variance of monozygous twin pairs with the mean intrapair variance
of dizygous twin pairs, if it is assumed that environmental and other nongenetie
influences on the two types of twins are equivalent. The limitations of the twin
method have been extensively discussed®-?'; however, it is a practical approach
to establishing the existence of genetic influence, especially in the analysis of
characteristies for which multifactorial inheritance has been postulated or when
there arc thought to be large nongenetie effccts. We therefore measured the
serum IgE levels of a large number of twin pairs and present the results and
detailed analyses.

MATERIALS AND METHODS
IgE assay

IgE levels were measured with a radicimmunosorbent assay previously described in detail.s
A single lot of secondary standard consisting of lyophilized aliquots of a high-titer serum
initially calibrated against World Health Organization Standard 68-34122 was used for
generation of standard curves, and all IgE levels are expressed as units relative to serum
68-341; the IgE unit has been reported to contain approximately 2.4 ng. of IgE.s 23,24
Duplicate assay tubes were run simultaneously for all samples and standards; assays were
repeated on occasions when the 125I counts in duplicates differed from the mean value by
more than 2 per cent. In cases in which two sera constituted a pair, both assays were done
within the same run.

The radioimmunosorbent assay used may overestimate the 1gE levels in some, but not all,
samples.® The resulting errors in most cases are small, but are occasionally as large as 20
U. per milliliter. This nonspecific blocking phenomenon has subsequently been mnoted in
radioimmunoassays of IgE using other antisera, myeloma proteins, and solid-phase sup-
portszs, 26 and may be a general phenomenon in these assays. However, the very large
systematic errors observed by Polmar, Waldmann, and Terryzé were not encountered in this
study or in a previous study® and appear to be unique to their procedures.

Errors resulting from nonspecific blocking were minimized by the following method.
In groups of sera, consisting of samples of at least 2.0 ml., the IgE levels of samples having
less than 25 U. per milliliter were calculated from the differences between the TgE levels
measured before and after absorption of the sample with insolubilized anti-IgE. Tn the ecase
of paired sera, absorptions were done on both sera when the unabsorbed value of one of the
sera was 25 U. per milliliter or less and the unabsorbed value of the other serum of the pair
was 45 U. per milliliter or less.

An aliquot (1.0 ml.) of the serum to be absorbed was incubated with 0.1 ml. of a
suspension of Sepharose-bound rabbit anti-PS IgE and mixed by continuous rotation at
room temperature for 18 hours. Under these conditions, essentially all (130 U.) of a 1/10
dilution of high-titer serum initially containing 1,300 U. per milliliter was absorbed and,
thus, any residual inhibition in the assay after absorption of experimental serum by this
method was attributable to nonspecific effects. Because of the low IgE levels to be measured,
0.4 ml. of serum, both before and after absorption, was assayed. IgE levels were then
computed as:

(U./ml. in unabsorbed serum)—(U./ml. in absorbed serum) (1.1),
to correct for the dilution factor of 1.1 introduced by addition of immunosorbent. For the
purposes of caleulation, levels less than 10 U. per milliliter measured by this method were taken
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to be 10.0 U. per milliliter. In groups of plasma, of which limited volumes were available, no
absorptions were done and, to preclude excessive variance due to errors at low levels, concentra-
tions of 15 U. per milliliter or below were taken to be 15.0 U. per milliliter.

Samples obtained for use in this study were stored at —15° and were thawed for removal
of aliquots and refrozen on several occasions.

Population sampled

A sample consisting of 93 zygosity-typed pairs of twin sera, as well as 9 additional sera
for which a paired serum was not available, were acquired through the courtesy of the Na-
tional Research Council’s twin registry. The population from which the samples were drawn
consisted of Caucasian male twins, both of whom were American military veterans between
the ages of 45 and 55 and werc otherwise unselected. The twins were seen at the Ranchos
Los Amigos Hospital, Downey, California, during 1972, The characteristics of this population
have been previously described.2?. 28 Blood was drawn from both twins of a pair usaally within
two weeks (91 per cent of the pairs) and, in most cases, on the same day (80 per cent),
with the greatest interval being 214 months. The zygosities supplied were based on serotyping,
including the ABH, MN, 8, P, Rh, Kell, Lewis, Duffy, Kidd, Diego and Rh— systems, and
are assumed to give an average accuracy in excess of 96 per cent in identifying monozygous
twins. The sera from one pair of monozygous twins discordant for IgE levels were additionaRy
checked for serum protein polymorphisms in Gm a, x, z, g, f, b°, and b1, Inv a, Ge, Or, Gb,
and Hp, and were found to be concordant [Gm (a, z, g, f, b°, bt), Inv (a), Ge (2-1), Or
(F8), Gb (88,), Hp (2-1)]. The typing for these polymorphisms was done by Dr. C. Alper,
Center for Blood Research, Boston.

A sample of 23 twin plasmas obtained at the Crippled Children’s Division, University
of Oregon Medical School, for a variety of purposes unrelated to allergy or immunology,
was also studied. Blood from both twins was drawn on the same day. The children were
between 21%: and 9%z years of age (MZ, X —= 6.52 + 1.66 S.D.,, N = 10; DZ, X =.7.05 &
1.70 8.D,, N = 13). Both members of each pair studied were of the same sex; 50 per cent
of the monozygous pairs and 46 per cent of the dizygous pairs were males. Serotyping was
done as for the veteran pairs, but because of the availability of parental serum, the mean
probability of correct zygosity determination in monozygous twins was in excess of 99
per cent.

The geometric mean of serum IgE levels of children has been reported to increase by
approximately 30 per cent over the period from 5 years of age to adulthood2® and to decrease
gradually in middle age.3 However, the slope of the regression of the log, of IgE levels
on age in the group of twin children studied was not sigmificant (0.0094 log,, IgE units per
year, S.1. = 0.072); sincc the ages of the twin children were distributed near the mean age
for the group, the variation of the TgE level with age was considered to be negligible relative
to the population variance. There was no significant sex difference in IgE levels among the
children.

Individuals studied for the temporal stability of serum IgE levels consisted of 11 men
and 12 women, largely laboratory personnel whose sera had been acquired and stored as
control sera for other studies. The individuals ranged between 17 and 55 years of age and
were unselected with respeet to general health and allergic or immunologic disease. Neither
the interval between the first and second sample nor the time of year in which the first or
second sample was drawn was systematically scheduled and, retrospectively, no clear pattern
of times is apparent. The times arc assumed to be random, although an arbitrary minimum
interval of 6.0 months was set. The population consisted of Caucasians, with the exception of
two Negroes, whose initial IgE levels were 80 and 2,380 T, per milliliter.

Statistical metheds

The log,, of serum IgE levels was taken to be a normally distributed variable. This
approximation is evaluated in the section entitled “Results.”
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FIG. 1. Distribution of serum IgE levels of 195 veterans. Intervals on the abscissa are of
uniform width {20 U. per milliliter}; observations and expected numbers falling within the
interval are plotted at the midpoint. O, Veteran twins; ®, veteran twins without paired
sera. The curved line shows the expected number computed for a normal distribution
with a mean of 1.663 {log,, 19E) and standard deviation 0.5478. The sums of expected
numbers of individuals in intervals pooled to contain an expected number of at least
5.0 are given in the chart.

The average degree of dissimilarity between members of a pair in a given category, for
example monozygous twins, was computed as the mean intrapair variance1s:
2 (% -x/)?
Vuz = —2N ?
where x; and x," were the log,, of IgE levels of the 4th pair of N pairs of monozygous
twins, irrespective of which twin of the pair was taken to be x, or x,’. Intrapair variances
were similarly calculated for dizygous twins (Vp;), measurement error (Vyg, where x, and x,’
were the log, IgE levels of the same serum in two simultaneous determinations of the IgE
level of N randomly chosen serum samples) and for temporal fluctuation (Vy, where x, and
x;' were log,, IgE levels of sera drawn from a single individual at two different times, there
being N individuals in the study population).
The statistical significance of the ratio of two variances was determined from the F
table30 or by interpolation in the 2 table31, F calculated as
E —_— F’
Vy
(where V, was the larger of the two variances) and having N, and N, degrees of freedom.
A single-tailed test was used.
Interpair variance is assumed to be the random population variance (V,)18 and was
calculated, in dizygous twins, as
=x - (2x)¥YN  2x2 - (Cx)YN
* 2N ’
where x; and x,’ are log,, IgE levels of the ith pair of dizygous twins and where the members
of a twin pair are randomly chosen to be x, or x,”. A discussion of this treatment is presented
in the Appendiz. Interpair variance was also calculated by this method for the log, of IgE
levels of sera drawn from a single individual at two different times (V,r). The degrees of
freedom associated with V, were taken to be N — 1 for calculations of statistical significance.

Vpz =
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PIG. 2. Serum IgE levels of the same individual at different fimes. The first of each poir

of observations is plotted on the ordinate. The data from on individual with severe
allergy are indicated by an asterisk.

To obtain an estimate of the proportion of the variance due to gemetic effeets, the
quantity H was calculated with a small correction for measurement error as
oo e Vus
vnz - VE

The 90 per cent confidence interval of H was calculated as

1-H i-H
P{l o <H1 Fw}_om
where the ¥, and ¥, are respectively the fifth and ninety-fifth percentiles of the F
distribution with Ny, and Np, degrees of freedom.?¢ Correction of the observed value of
H for imperfect zygosity determinations2? was not done.

The regression of log, TgE levels on age was computed with the mean log, IgE levels
of twin pairs as the dependent variable; the signifiance of the calculated slope was determined
by established methods.32 Other regressions were similarly caleulated.

The significance of the differences of means for groups of paired sera was computed
by the t test, using the overall average log, IgE level as the ecalculated mean. The variance
was computed as

(EXE - (Zx)YN  Zx,"” - (Ex:’}’/N)

% N-1 T N-1

where x, and x,’ are the ith of N pairs, For twin sera, X, and x,’ were assigned randomly to
be one or the other serum of the pair, but in the case of a pair of samples from the same
individual, x, was taken to be the (chronologicélly) first sample. The contribution of the
group of N pairs of twins to the total degrees of freedom was trken to be N - 1, resulting
in an vnderestimate of the sigmificance. The magnitude of the underestimate is depenilent
upon #he correlation between twins of a pair. Confidence limits of Pearsen’s correlation
coefficient (r) and of the intraclass correlation coefficient (r') were computed using the
appropriate 2 transformation.s®
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FIG. 3. Serum IgE levels of veteran twins. ®, Monozygotic twins, the higher concentration
of each pair plotted on the abscissa; O, dizygotic twins, the higher concentration of each
pair plotted on the ordinate.

RESULTS

The distribution of the IgE levels of the sera from veteran twins, including
samples from 9 individuals whose twin was not available, is compared in Fig.
1 to the distribution expected to occur with a normally distributed variable
with the same mean log,, IgE level and standard deviation of log,, IgE values.
The variance for this calculation was taken to be the weighted average of the
variance of all log,, IgE levels of first twins (randomly assigned), of second
twins, and of unpaired sera. A x* test of the goodness of fit was done using
class intervals 20 U. per milliliter in width, except in cases in which the expeeted
number in a 20 U. interval was less than 5.0. The value of x* was 13.65 with 12
degrees of freedom, and the probability of this value occurring by chance is
between 0.5 and 0.25. Thus, analysis of the log,, IgE data by statistical methods
for normally distributed variables is not unreasonable. It is apparent, however,
that the distribution shows two peaks. Although the peak at approximately 250
U. per milliliter is not sufficiently large to significantly affect the x* value for
the distribution as a whole, it suggests a bimodality, despite an overall fit to a
log normal distribution.

In order to estimate the variation in IgE levels in single individuals over a
period of time, a second serum was obtained from 23 individuals whose serum
had previously been stored. The second serum samples from each individual
were obtained after an interval of from 6.5 to 63 months (A t = 17.2 + 12.0
S.D.) and were then stored for various intervals until both the first and second
sera could be assayed concurrently. The values observed in the first and second
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FiG. 4. Serum IgE levels of twin children. ®, Monozygotic twins, the higher concentration
each. pair plotted on the abscissa; O, dizygotic twins, the higher concentration. of each
pair plotted on the ordinate.

sera are shown in Fig, 2. There was no dependence of the absolute value of the
difference of log,, IgE level on the interval between first and second samples
(b = —4.2 x 10* log,, IgE units per month * 0.438 8.D,, t = 0.05). One of the
individuals studied had atopic asthma and had intermittent steroid and desensiti-
zation therapy prior to and during the 17.0 month interval between her first
and second serum samples; the pair of IgE levels observed in the sera of this
individual are identified in Fig. 2.

The paired serum IgE levels of monozygous and dizygous veteran twin sera
are plotted in Fig. 3. The paired serum IgE levels of twin children are shown in
Fig. 4.

Duplicate determinations of the IgE levels of 22 séra of unrelated individuals.
selected at randem from the veteran twin sera were done in order to obtain an
estimate of the variance (Vg) resulting from imperfect reproducibility inherent
in the assay procedure. Duplieate assays of any single serum were done within
the same run. The caleulated values of the relevant statistical parameters are
given in Table I. The variance resulting from random error (Vg) in the assay
proecedure is much less than the variance between paired sera in the other study
groups and does not constitute a substantial factor in the following analysis.
The mean intrapair variance for the IgE levels of the same individuals at
different times (Vy) was only 3 per cent of the variance of the pepulation from
which the sample was drawn (V,r) (which is equivalent to the mean intrapair
variance expected of random pairings). Thus, the short-term fluctuations in the
serum IgE level of a single individual relative to the range of populatmn values
is sufficiently small to allow analysis of genetic effects on IgE levels. The logso
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TABLE |. Values of statistical parameters

Genetics of IgE and allergy 295

Population M:: " Correlation
No. of Intropair variance of logio coefficient
pairs variance of logro igE IgE | and 95% confi-
Experimental group (N} logio IgE (V) Vel (x) dence interval
Same serum assayed twice 22 0.0007 (Vyg) 0.299 (Vi) 1.603 r = 0.998
0.995< ' < 0.999
Monozygous twin veterans 54 0.0767 (Vygz.) 0.2398 (V,yz.) 1.627
Dizygous twin veterans 39  0.1872 (Vpza) 03530 (Vypz,) 1715
Monozygous twin children 10 0.017  (Vuzm) 0370 (Vpuz) 2.078
Dizygous twin children 13 0.078 (Vpz) 0.243 (Vypa) 1.848
Same individual sampled 23 0.0092 (Vy) 0.2559 (Vye) 1.827 r = 0.948
gvgiie AGEB,): 17.t2h(range 0.879<r<0.978
.5 to .months
First sample 0.2776 1.839
Second sample 0.2341 1.815

IgE levels of first samples as a whole and of the group of second samples as a
whole are quite similar (Table I); the difference of the mean and the ratio of
variances are not significant (t = 0.15, v = 44; F = 1.186, v = 22, 22). The
interval of storage is therefore unlikely to have affected the observed serum
IgE level, assuming, as seems reasonable, that storage effeets were not obscured
by a secular trend.

The mean intrapair variance of monozygous veteran twins (Vuz,) was 8
times Vy, indieating that the cumulative differences between adult monozygous
twins are substantially greater than might be expeeted on the basis of short-
term fluctuations. However, the mean intrapair variance of the monozygous
twin children (Vygz,), although larger than Vi, is not significantly so. Addi-
tionally, the mean intrapair variance of monozygous twin children is significant-
ly less than that of the monozygous adult twins. These observations suggest that
the differences in serum IgE levels between individuals with the same genotype
arise largely after childhood.

Both the adult and child monozygous twins show significantly less mean
intrapair variance of IgE levels than the mean intrapair variance of IgE levels
of the ecorresponding groups of dizygous twins (Table TI). This difference
implies that there is a genetic effect on IgH levels. The mean intrapair variance
of dizygous twins, both adults and children, is, in turn, less than the mean
intrapair variance expected of random unrelated individuals drawn from the
corresponding populations, indicating that the genetic similarity or environ-
mental similarity, or both, between dizygous twins of a pair exert a significant
effect on IgE levels.

The observed variances of the various populations studied are similar and
no significant differences were found. However, the mean of the log,, IgE levels
of the twin children, taken as a whole, is 1.948 = 0.571 S.D., significantly
different (t = 2.252, p < 0.05) from the mean log,, IgE levels of veteran
twins taken as a whole (1.664 + 0.535 S.D.). This difference may be attributed
in part to errors in the IgE assay due to nonspecific blocking resulting in
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l Dizygous
Monozygous Dizygous twin veterans
twin veterans twin veterans population
N = 54 N = 39 N = 39
| Vuz, = 00767 Voza = 0.1872 Vopza = 0.353
Same individual F = 8.34 F = 20.35
sampled twice v = 54, 23 v = 39, 23
N = 23 p < 0.001 p < 0.001
Ve = 0.0092
Monozygous twin P = 244
veterans v == 39, 54
N = 54 p < 0.005
Vuza = 0.0767
Dizygous twin P o= 189
veterans v — 38, 39
N = 39 p < 0.05
Vpze = 0.1872
Monozygous twin
children
N = 10
Vazn = 0.017
Dizygous twin
children
N — 13
Vizw = 0.078

inereased IgE levels in the case of the twin children, for whom the volume of
plasma available was insufficient to measure IgE levels, where appropriate, as
the differenee between absorbed and unabsorbed assay values. An additional
possible source of the difference in mean IgE levels may have arisen due to the
selection of the veterans as individuals suitable for induction into the armed
services, which might exclude some individuals with high IgE levels and as-
sociated allergy. The mean log,, IgE level of the unselected population studied
for temporal stability (1.827 + 0.517) lies between the mean IgE level of the
veterans and that of the children and is significantly different from neither
(t = 1.317 and 0.755, respeetively).

Subsequent to the original observation by Johansson,* the association of
elevated IgE levels with atopie disease has been studied extensively, and it is
evident that atopic individuals often have serum IgE levels higher than those
usually found in nonatopie individuals. The frequeney of atopy as a function
of IgE levels has not been explicitly addressed, presumably because the study
would necessitate acquisition of serum IgE levels and allergie histories of a
large number of unselected individuals. The available data may, however, be
analyzed to show the frequency of atopy as a funetion of IgE levels if an
assumption is made about the frequency of atopy in an unseléeted population.
Table 111 contains a compilation of serum IgE levels measured by Spitz and
associates® in their study of atopie and nomatopic or normal individuals, and
includes a caleulation of the freguency of atopy for IgH levels within specified
intervals, assuming a 16.7 per ecent frequeney of atopie disease in the unseleeted
population.’* The calculated frequency of atopic disease will depend on the
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Dizygous
Monozygous Dizygous twin children
twin children twin children population Same serum twice
N = 10 N = 13 N = 13 N = 22
Vyze = 0.017 Vpz, = 0.078 Vooz, = 0.243 Vg = 0.0007
¥F = 1.85 F — 848 F = 13.14
v = 10, 23 v = 13, 23 v = 23, 22
p > 0.1 p < 0.001 p < 0.001
F = 451 F = 109.57
v = 54, 10 v = 54, 22
p < 001 p < 0.001
P = 240 F = 267.43
v = 39, 13 v = 39, 22
p < 0.05 p < 0.001
F —= 4.59 F = 24.29
v = 13, 10 v = 10, 22
p < 0.025 p < 0.001
F = 3.12 F = 11143
v == 12, 13 v = 13, 22
p < 005 p < 0.001

TABLE Iil. Frequency of atopy as a function of IgE level

Number of individuals

Theoretical per cent

IgE Normal and atopic in unselected
(U./ml.)* nonatopic (a) Atopic (b} populationt (¢
0-19 26 5 4.5
20 12 4 7.6
21-63.5 13 4 7.1
64-100 11 3 6.8
101-150 10 12 22.9
151-350 13 13 19.8
351-700 11 23 34.1
> 700 0 14 ~100.0
Za = 96 b = 78

*From data of Spitz and associates,5 assuming 1 ng. was taken to be approximately one unit
in the original data. (Spitz, E.: Personal communication.)

tAssuming 16.7 per cent atopic in the total unselected population:

Zb (1 -0.167) (78)
—_— = 0.167; = ——————— = 4.05;
K2a+3b (0.167) (96)

b
then ¢ — ————— x 100.
4.052 + b

definition of atopy as well as the population studied, but it is evident that the
observed frequency of atopic disease increases when serum IgE levels exceed
100 U. per milliliter and is very high at serum IgE levels of 700 U. per milliliter
or more. Thus, individuals with high serum IgE levels are at a substantially
greater risk of allergic disease and may therefore be less likely to be included
in the veteran population.

The magnitude of genetic effects may be estimated by the function H. In the
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case of the adult twins, H = 0.592 (P {0.324 < H < 0.749} = 0.9) and for the
twin children, H = 0.789 (P {0437 < H < 0.927} = 0.9). The observed H is
larger for the twin children, consistent with the smaller mean intrapair variance
of monozygous twin children previously noted. Although the genetic effects
appear to be substantial, it is important to note that one pair of monozygous
twins differed in IgE levels by a factor of 20 (1,223 and 60.7 U. per milliliter).
The serum samples of this twin pair were found to be identical for the serum
polymorphisms studied, which leaves little possibility of an error in zygosity
determinations or in the identification of the sera. Additionally, changes as
large as twofold in IgE levels with time were observed in some subjeets; the
extreme cases were a change from 16 to 34.2 U. per milliliter in 17.3 months
and from 66 to 145 U. per milliliter in 19.2 months.

DISCUSSION

The data from the two groups of twins leave little doubt that, with respect
to IgE levels, monozygous twins of a pair are substantially more similar to each
other than are otherwise comparable dizygous twins of a pair. The extent to
which these observations argue for hereditary effects ultimately depends on the
validity of the assumption that monozygous twins of a pair are not significantly
more similar to each other than are dizygous twins of a pair with respect to
environmental factors relevant to the determination of IgE levels.

The data of Yunginger and Gleich** may be used to obtain an estimate of
the variance resulting from short-term environmental differences. They studied
the changes in IgE levels in a group of nonallergic individuals and another
group containing only allergic individuals (not undergoing treatment) over the
period from July to January, during which time the amount of airborne
allergens changes markedly in the central United States, where their work was
done. With few exceptions the serum IgE levels of allergic individuals were
lower in January, but there was no significant change in the IgE levels of non-
allergic individuals.

When analyzed by the methods used in this twin study (and assuming 2.4
ng. of IgE per unit), the mean intrapair variance in the allergic individuals
from summer to winter was 0.0216 and the mean intrapair varianece of the
nonallergic individuals was 0.0068. This latter seasonal variation is similar to
the variance resulting from random fluctuations (0.0092) in the individuals
studied by us over a 17 month interval. Even in the case of allergic individuals,
the seasonal effect is small relative to the differences in mean intrapair variances
between the monozygous and dizygous veteran twins, Thus, it seems unlikely
that differences of the magnitude observed between mean intrapair variances
of monozygous and dizygous twins could have arisen as the result of presumably
minor differences in the similarities in environment between twins of a pair, at
least with the short-term effects (other than parasitic infestation®’) for whieh
data are available.

There are no pertinent data with respect to the long-term environmental
factors that may determine over-all IgE levels. Although it may reasonably be
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assumed that a complete lack of exposure to antigenic stimulation will lead to
virtual agammaglobulinemia,’ it seems unlikely that differential antigenic
exposure within realistic limits of common environmental variation within the
United States would result in the large effects encountered in this study.

Variance due to nongenetic causes has usually been aseribed to environmental
differences. This interpretation seems to be without substantial experimental
support, and the nongenetic differences may as well be due largely to an accumu-
lation of essentially random phenomena acting upon progenitor cells of potential-
ly important clones or to other such random proeesses. Thus, the existence of
monozygous twins discordant for allergy or having different IgE levels need
not imply that manipulation of the environment (within the usual range of
environmental variation) will materially affect the risk of developing high IgE
levels. The increased mean intrapair variance of monozygous twin veterans
relative to the monozygous twin children taken at face value would indicate
that, over the long term, there is divergence of IgE levels in individuals with
the same genotype. Whether this divergence is a result of indeterminacy in the
IgE system or is a cumulative result of environmental effects cannot be decided
on the basis of the data presented here.

Sinece the onset of atopic disease is commonly in childhood,*® the veteran
population is likely to be lacking in individuals whose immediate-type hyper-
sensitivities constituted a medical problem sufficiently severe to exclude them
from military service, and thus the range of IgE levels would be to some extent
truncated. Moreover, when twins are concordant for high IgE levels, there is
increased probability of exclusion from the study group, sinee the exclusion of
only one twin of a pair from military service results in the cxclusion of both
twins of a pair from the study. The parameter H may thus be expected to be
to some extent underestimated, in the case of veteran twins, relative to the value
that might be obtained in an unselected population. This possibility may also
contribute to the observation of a smaller H for veterans than for children in
this study.

The serum levels of IgG, IgA, and IgM in unselected adults are distributed
much more closely about their mean values relative to the distribution of IgE
levels; means and standard deviations computed as log;, values for the 30 adults
studied by Buckley, Dees, and O’Fallon®" are log,, IgG = 3.0257 mg. per 100
ml + 0.1117 S.D., log,, IgA = 2.4249 mg. per 100 ml. + 0.2000 S.D., and log;,
IgM = 1.8808 mg. per 100 ml. + 0.1534 S.D. by comparison with the IgE values
in the veterans studied by us, log;, IgE = 1.663 U. per milliliter + 0.5428 S.D.
Expressed as per cent of the mean, the standard deviations for Ig@G, IgA, and
IgM are 3.7, 8.2, and 8.2 per cent, respectively, and for IgE, 32.9 per cent.
Despite the relatively narrow distribution of the levels of Ig(, IgA, and IgM,
the heritability of the levels of these immunoglobulins individually in twin
studies is high.3® 2* Correlations between levels of immunoglobulins G, A, M,
and E have not been studied extensively; the limited data suggest that IgG
and IgA levels are correlated in populations of normal individuals of a single
race.’® *1 The genetic effects seen in twin studies are supported by the observa-
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tions of elevated IgG levels in Negroes relative to the levels occurring in
Caucasians.’” # The marked elevation of 1gE levels, and to a lesser extent of
IgG, IgA, and IgM levels as well, found in Filipinos by comparison with other-
wise similar Caucasians® may additionally indicate a genetic effect on the levels
of immunoglobulins in general.

Multigenic effects on IgE levels cannot be excluded. However, the multimodal
distribution of IgE levels seen in many groups studied raises the possibility that
IgE levels are determined by a small number of alleles at a single locus with
a wide range of phenotypic expression for a given genotype; convineing
examples of this exist with respect to other traits.*> ** The possible overlap of
phenotypes for a given genotype in middle-aged men is substantial; the extreme
case of a 20 fold difference in IgE levels between monozygous twins is a
formidable problem, for even if this difference is a result of extreme antigenie
stimulation in the twin with the high serum IgE level, there is no simple way
to identify similar occurrences. More encouraging for the possibility of fruitful
pedigree analysis or analysis of siblings is the common limitation of differences
in IgE levels in veteran monozygous twins to factors of 2 or 3 and the observa-
tion of good concordance in identical twin children.

The presence of IgE-mediated allergic disease may be contingent upon several
factors among which the amount of IgE produced, reflected in the serum IgE
level, appears to be of eentral, but not exclusive, importance. Among the other
factors that have been studied are individual variation in the number of effector
cells (mast cells)* and skin histamine content,*® variation in the ability of
effector cells (basophils) to be sensitized,*™ *® variation, possibly genetic, in the
ability to produce antibody to specific locally prevalent allergens,**-** variation
in the ability to be sensitized specifically by airborne allergens,®* and variation,
possibly genetic, in the reactivity of target organs.'” ®*»5* A high serum IgE
level is a major empirical risk factor, but whether the IgE level is directly
affected by genetic factors or is secondarily determined by other factors that
are genetically controlled has not been established.

Because of the individual variation in effector cell and end organ sensitivity,
the inheritance of allergy may be expected to be substantially more ecomplicated
than the genetic determination of IgE levels. Differences in allergic manifesta-
tions between monozygous twins of a pair may not be associated with differences
in serum IgE levels; two carefully studied pairs of monozygous twins discordant
for allergic symptoms were concordant for serum IgH levels.® Penetrance on
the order of 0.4 for allergy in monozygous twins has been calculated from an
extensive twin study,’® although this is likely to be an underestimate since a
questionnaire method was used to gather data on both disease and zygosity.
This demonstrated partial penetrance, and the evidence for several separate
genetic factors is consistent with the failure to obtain convincing fits with either
a multifactorial or a single loeus with partial penetrance model't; it seems likely
that there are indeed several genetie factors that may individually exhibit partial
penetrance. At low serum IgE levels a multitude of factors may be relevant to
the oceurrence of allergic discase; at high serum IgE levels the serum IgE lével
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is an important risk factor. In the latter cases the genetic effect on IgE levels
may be expected to eorrespond closely to the inheritanee of allergy.

This paper is dedicated to Carolyn Hill Asheraft (1940-1973) whose interest and coopera-
tion were a source of encouragement to us.
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APPENDIX
Computation of intrapair variance in twin studies

The average intrapair variance may be computed for dizygous twins asi8

2(x - x')?
—N o))
where x;, and x,’ are the observed values for the ith pair of dizygous twins, regardless of
which twin of the ¢th pair is designated x; or x,’. This approach is implicit in the analysis by
Neel and Schulls7 and was used in conjunction with the analysis of variance by Osborne and
de George.1® Subsequently, this or similar methodology has been used in the analysis of
immunologic data,3s, 39, 58 as well as in other applications.

The occurrence of Vy; significantly less than the variance expected from random pairings
of individuals from the same population indicates that genetic or environmental effects have
resulted in greater similarity between dizygous twins of a pair than would occur randomly. A
method of estimating the intrapair variance (V,) expected of random pairings of individuals
in a population may be derived from the equation above:

Z (% — %)

V = — N (2)

where x, and x,’ are the kth of N samples drawn, randomly and independently of each other,
from the same population of unrelated individuals. Then,

Vpz =

V @CN) =2 (x)® - 25X + 2 (%)? - Zxux'; (3)
if x, and x,’ are independent,

VE@N) =2 ()% 2% +2 (%) X/2x, (4)
sinee pe = p,, X == X', and since 0,® == 0% 8 = 8, °

2(x)* - (2x)¥/N
Ve —s—— (3
V, for large N, approximates the sample variance (s*) of the population from which x, and
xy’ are drawn.
The mean variance of random pairs of dizygous twins may be computed using equation 5,
with the x, taken to be one randomly chosen member of a twin pair. The available data may
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be more fully utilized if V,’ is caleulated as well for the other member of the twin pairs and
the two variances averaged,

x,2 - (2x)Y/N Ix" ~ (2x)*/N
Vinz = : (Zx0)%/ -i».l ( ‘.)/._

2N N (©

where x, and x,’ are the values of members of the ith of N twin pairs and a member of a twin
pair is designated as x, or x,’ by a random process. The degrees of freedom associated with V,
in Equation 6 is a function of the correlation between x and x’, but has a lower limit of N - 1
than may conveniently be used. This method of calculation of the intrapair varianee is other-
wise independent of the degree of correlation between twins of a pair.
The method expected of random pairings used by Osborne and de George!s and otherss?, 58
is
r 2
9 (Z[(Xl +%,')/2] - E&iﬁw‘)

le = N— 1 b (7)

where x, and x,” are the values of the ith of N pairs of dizygous twins.
This equation may be expanded:

2(N-1) Vi = [B(x)2— (2x)YN] + [2(xy)* - (2x/)/N] + 2[2xx( - (22,2x,)/N]
&

and if x, and x,” are independent,

2xx, = (2x,2x,")/N -1, (9)
then V,, — s? where §* is the sample variance of the population from which x, and x,’ are
drawn.

However, if the values x and x’ of the members of the twin pairs are correlated, Vi, is
larger than s*; in the extreme case where x, = x,’, V;, — 2¢%

Tn many cases of interest, the values for twins of a dizygous pair are indeed correlated
and in those cases, Equation 8 will result in an overestimate of the significance of the ratio
between Vy,;, and the variance expected to result from random pairings of unrelated individuals.

Mean intrapair variances have also been caleulated1 58 as

V=2 (x,~x, )N, (10)
which results in twice the caleulated value of the variance relative to the value that would be
obtained if Equation 1 were used. Equation 10 is equivalent for most purposes to FEquation 1
since, in estimating H or in tests of significance, constants in the denominator cancel out. How-
ever, variance expected to result from random pairing of samples from the dizygous twin
population, if ealeulated as in Equation 7, will be an appropriate estimate (relative to Equa-
tion 10) of the variance only if x, = x,’; if x, is independent of x/’, the caleulation will
yield a V,,, which is only half of the variance expected of random samples. In onc case™ this
problem apparently contributed to the rejection of the hypothesis that there is a significant
genetic effect on immunoglobulin levels in adults.



