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Abstract

Westudied the effect of the same genetic but different envi-
ronmental factors on total immunoglobulin and specific antibody
levels in twins reared apart. Sera were analyzed from 26
monozygotic (MZ) and 10 dizygotic (DZ) twin pairs, who were
separated on average 2 mo after birth and reared apart. Total
IgM, IgG, and IgA were measured by single radial diffusion.
Specific antibodies of each isotype to tetanus toxoid, and to
polyvalent and type 14 pneumococcal capsular polysaccharides
were measured by a solid-phase antigen-enzyme-labeled anti-
Ig immunoassay. One-way analysis of variance showed intrapair
total Ig and antibody levels to be more highly correlated in
MZcompared with DZ twins. Our results indicate that genetic
factors are more important than environment in regulating
these humoral immune responses.

Introduction

Total Ig and specific antibody (Ab) levels are influenced by
both genetic and environmental factors. In rodents, the mag-
nitude of the antibody response to defined antigens is controlled
by immune response genes in the major histocompatibility
complex (1, 2). Rats reared in a germ-free environment with
minimal antigenic exposure have very low total Ig levels,
which only increase after exposure to normal environmental
antigens (3). In humans, the relative contribution of genetic
compared with environmental factors is unknown. Limited
information is available on how these factors interact in
determining the quality and quantity of the humoral immune
response. Studies of conventional twins, who share similar
environments, have shown that total Ig levels correlate more
closely in monozygotic (MZ)l than dizygotic (DZ) twins,
indicating a genetic influence (4-6). Our investigation was
done to determine the effect of the same genetic but dissimilar
environmental backgrounds on Ig- and isotype-specific antibody
levels through utilization of twins separated soon after birth
and reared apart. Our results indicate that genes are more
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immunosorbent assay; MZ, monozygotic; Pn, pneumococcal.

important than environment in determining these humoral
immune responses.

Methods

Twins reared apart. Sera from 26 pairs of MZtwins reared apart were
evaluated (7). Included in this group were one MZpair from a set of
triplets (MZ sisters and a brother), and three pairs from a set of MZ
male triplets. There were 12 female and 14 male MZpairs, ranging in
age from 11 to 58 yr. Sera were collected in Minneapolis from both
members of each pair simultaneously, stored within 48 h at -70'C,
shipped to Denver on dry ice, and again stored at -70'C. Two MZ
female twins were concordant for adult onset diabetes mellitus and
two MZmale twin pairs were concordant for childhood onset asthma.
One MZ female pair was concordant for Hashimoto's thyroiditis and
one was discordant for thyroid cancer. Sera from 10 pairs of DZ twins
reared apart, including 2 pairs from the triplet set of MZsisters and a
brother, were similarly collected and stored. In the DZ group, there
were five female and three male pairs, plus the two female-male pairs
from the triplet set. Their ages ranged from 30 to 55 yr. One DZ male
pair was concordant for adult onset asthma and two pairs of DZ
female twins were discordant, one for rheumatoid arthritis, and one
for multiple sclerosis.

The average age at time of separation was 2 mo with a range from
birth to 4 yr. One pair was black. The others were all Caucasian.
Zygosity diagnosis was based on analyses of eight blood type systems,
four serum proteins, six erythrocyte enzymes, fingerprint ridgecount,
ponderal index, and cephalic index (8).

Ig quantitation. Concentrations of IgG, IgA, and IgM were deter-
mined by single radial immunodiffusion using commercial plates
(Immunoplates; Calbiochem-Behring Corp., La Jolla, CA). The exper-
imental variation on repeated determinations of these same serums
was under 15%.

Isotype-specific antibody quantitation. An enzyme immunosorbent
assay (EIA) was developed to determine isotype-specific (IgG, IgA, and
IgM) antibody to tetanus toxoid and pneumococcal (Pn) capsular
polysaccharides. Fluid tetanus toxoid, 200 gl of a 1:50 dilution of
Purogen (Wyeth Laboratories, Philadelphia, PA) in phosphate-buffered
saline (PBS; 0.01 M phosphate, pH 7.2), was adsorbed to 96-well
microtiter plates (Linbro, Flow Laboratories, McLean, VA). Adsorbtion
of Pn polysaccharide was done by first activating polyvalent Pn
(Pneumovax; Merck, Sharp and Dome, Rahway, NJ) or type 14 Pn
(Lederle Laboratories, Pearl River, NY) polysaccharide with cyanuric
chloride, next crosslinking the Pn to poly L-lysine (Sigma Chemical
Co., St. Louis, MO), and then coating onto microtiter plates following
the method of Gray (9). The coating concentration for the individual
polysaccharides was 1 gg/ml in PBS.

Sera were diluted l0-' in PBS containing 0.05% Brij detergent,
and 200-,gl aliquots were incubated in the antigen-coated wells for 16-
18 h at room temperature. The wells were washed extensively, and
then horseradish peroxidase-labeled monospecific goat IgG antibody
to human IgG, IgA, or IgM (Tago, Burlingame, CA) were added at
concentrations of 500 ng/ml for 1 h at 23°C. After washing, substrate
was added for 1 h and the reaction stopped by addition of 50 Ml 4 N
sulfuric acid, and the ODat 492 nm was determined in an automatic
spectrophotometer (Flow Laboratories).
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Paired twin sera were run in duplicate in adjacent wells for each
assay without knowledge of zygosity. Total Igs were quantitated in
milligrams per milliliter and isotype-specific antibody titers in relative
ODunits by relating all determinations to a standard serum obtained
from a 26-yr-old white male physician who had been immunized with
polyvalent Pn vaccine (Pneumovax) 4 wk previously and with tetanus
toxoid in childhood. The standard serum was included on all antibody
assays and assigned a titer of 100 OD units. This standard serum
contained 84 ,g/ml of IgG anti-tetanus toxoid antibody as determined
with a solid-phase radioimmunoassay by Dr. A. Saxon (UCLA Medical
School, Los Angeles, CA) and 190.7 ,gg/ml total (IgG, IgA, and IgM)
antibody to 12 capsular polysaccharides present in the polyvalent Pn
vaccine (Pneumovax) and 10.7 gg/ml total antibody to type 14
polysaccharide as determined by the Farr ammonium sulfate assay,
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Specific activity. The specific activity for antibody of each isotype
was obtained by dividing the relative ODtiter by the concentration of
IgG in milligrams per 10 milliliters and IgA and IgM in milligrams
per milliliter. These concentrations were arbitrarily used to yield
specific activities which approximated the ODtiter values.

The experimental variation in the EIA antibody determinations
was <10% for the 3 isotypes and 3 antigens in repeat assays on
different days on 13 sets of twin sera run in duplicate. Variability of
the EIA was determined by dividing the replicate (between times)
variance by the total (between individual) variance. Variation in
duplicate results on the same serum at the same time was <5%.

Statistical analysis. Total Ig and isotype-specific antibody titers
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Figure 1. Comparison of IgG in twins reared apart. DZ (o) results
are in the upper left and MZ(-) in the lower right of each scatter
diagram. The higher value in each DZ pair is plotted on the ordinate
and in each MZpair on the abscissa. (A) Total Ig. DZ: r, -0.40; F,
0.43; P. NS. MZ: r, 0.82; F, 9.9; P < 0.001. (B) IgG anti-tetanus
toxoid. DZ: r, 0.27 (0.17); F, 1.75 (1.44); P, NS (NS). MZ: r, 0.72
(0.63); F, 6.09 (4.37); P < 0.001 (<0.001). (C) IgG anti-polyvalent

Pn. DZ: r, 0.37 (0.06); F, 2.17 (1.13); P, NS (NS). MZ: r, 0.52 (0.61);
F, 3.20 (4.10); P < 0.01 (<0.001). (D) IgG anti-type 14 Pn. DZ: r,
0.17 (0.08); F, 1.40 (1.18); P, NS (NS). MZ: r, 0.62 (0.55); F, 4.11
(3.48); P < 0.001 (<0.01). r, intratwin pair correlation coefficient; F,
F-ratio; P, significance. The specific activity results are shown in
parenthesis.
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were evaluated by one-way analysis of variance of the paired twin and
triplet sera counting the MZ triplets (individuals a, b, and c) as three
pairs, i.e., a-b, b-c, and a-c, and the MZ-DZ triplets as one MZpair
(a-c) and two DZ pairs (a-b and b-c). The results in the 26 MZpairs
are depicted in the lower right half and the DZ pairs in the upper left
half of the scatter diagrams which follow. One-way analysis of variance
yields the "intraclass correlation" which, for identical twins reared
apart, is a direct estimate of heritability, provided that environments
are uncorrelated (10). The intraclass correlation coefficients for the 21
quantifiable variables (3 total Igs, 9 antibody titers with the 3 isotypes
and 3 antigens; and 9 specific antibody activity titers) were obtained
by dividing the mean square variance between (MSB) minus the mean
square variance within (MSW) twin pairs by the MSBplus MSW
variances and the F-ratio by dividing the MSBvariance by the MSW
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variance. Calculations were done on a programmable desk calculator
(Compucorp model 145E; Computer Design Corp., Los Angeles; CA)
and significance values obtained from F-ratio and correlation coefficient
tables.

Results
Total serum Ig concentrations. The distribution of Ig concen-
trations in the MZand DZ pairs are shown in Figs. 1 A, 2 A,
and 3 A. In the MZ twins reared apart, the within pair
correlation coefficients were highly significant for all three
isotypes: IgG (r = 0.82, P < 0.001), IgA (r = 0.80, P < 0.001),
and IgM (r = 0.82, P < 0.001). By contrast, in the DZ twins
reared apart, the total concentrations of individual Igs were
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Figure 2. Comparison of IgA in twins reared apart. See Fig. I for
explanation of symbols. (A) Total IgA. DZ: r, 0.34; F, 2.07; P, NS.
MZ: r, 0.80; F, 9.13; P < 0.001. (B) IgA anti-tetanus toxoid. DZ: r,
0.17 (0.24); F, 1.42 (1.63); P, NS (NS). MZ: r, 0.25 (0.53); F, 1.68
(3.26); P, NS (<0.05). (C) IgA anti-polyvalent Pn. DZ: r, 0.66 (0.24);
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F, 4.85 (1.63); P < 0.025 (NS). MZ: r, 0.16 (0.27); F, 1.39 (1.76); P.
NS (NS). (D) IgA anti-type 14 Pn. DZ: r, 0.68 (0.57); F, 5.28 (3.66);
P < 0.01 (<0.05). MZ: r, 0.57 (0.73); F, 3.63 (6.48); P < 0.001
(<0.001).
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Figure 3. Comparison of IgM in twins reared apart. See Fig. 1 for
explanation of symbols, etc. (A) Total IgM. DZ: r, 0.35; F, 2.1; P.
NS. MZ: r, 0.82; F, 9.65; P < 0.001. (B) IgM anti-tetanus toxoid.
DZ: r, 0.54 (0.55); F, 3.34 (3.42), P < 0.05 (<0.05). MZ: r, 0.59
(0.31); F, 3.82 (1.88); P < 0.001 (NS). (C) IgM anti-polyvalent Pn.

not significantly correlated: IgG (r = -0.40), IgA (r = 0.34),
and IgM (r = 0.35).2

Isotypic antibody titers. Anti-tetanus toxoid titers (Figs. 1

B, 2 B, and 3 B) were highly correlated in the MZ twins for
IgG (r = 0.72, P < 0.001) and IgM (r = 0.59, P < 0.001), but
not for IgA (r = 0.25). In the DZ twin pairs, IgM titers
(r = 0.54, P < 0.05) were significantly correlated but not IgG
(r = 0.27) or IgA (r = 0.17). Anti-polyvalent Pn titers (Figs. 1

C, 2 C, and 3 C) in the MZtwin sera pairs were significantly
correlated for IgG (r = 0.52, P < 0.01) and IgM (r = 0.59,
P <0.001), but not for IgA (r = 0.16), while the intrapair
correlations in the DZ twins was significant for IgA (r = 0.66,
P < 0.025) but not for IgG (r = 0.37) nor IgM (r = -0.18).

2. A summary of each twin's Ig and isotypic antibody titers and

specific activity results, along with demographic data, are available
from Dr. Kohler on request.

DZ: r, -0.18 (0.58); F, 0.70 (3.79); P, NS (<0.05). MZ: r, 0.59
(-0.01); F, 3.88 (0.98); P < 0.001 (NS). (D) IgM anti-type 14 Pn.
DZ: r, 0.58 (0.04); F, 3.73 (1.08); P < 0.05 (NS). MZ: r, 0.60 (0.22);
F, 4.01 (1.55); P < 0.001 (NS).

Figs. 1 D, 2 D, and 3 D show that anti-type 14 Pn antibody
in the MZ twins was significantly correlated for all three
isotypes: IgG (r = 0.60, P < 0.001), IgA (r = 0.57, P < 0.001),
and IgM (r = 0.60, P < 0.001). In the DZ twins, a significant
correlation was found for IgA (r = 0.68, P < 0.01) and IgM
(r = 0.58, P < 0.05) anti-type 14 Pn but not for IgG
(r= 0.17).

Specific activity of antibody. When the isotypic antibody
levels were expressed in terms of specific activity rather than
total antibody, the within pair F-ratio and correlation increased
in the MZgroup for IgG anti-poly Pn (0.52 to 0.61) but not
for anti-type 14 Pn or tetanus toxoid, and for all IgA antibodies
(anti-poly Pn [0.16 to 0.27], anti-type 14 [0.57 to 0.73], and
anti-tetanus toxoid [0.25 to 0.53]). No increases in F and r

occurred when IgM antibody was calculated in terms of
specific activity. In the DZ group, the intrapair specific activity
correlations were increased for IgA anti-tetanus (0.17 to 0.24)

886 Kohler, Rivera, Eckert, Bouchard, and Heston

4.3

3.0~

2.5

7
2.0-

E

1.5

1.0

0.5

330

*
0

0

1 65

0

0



and for IgM anti-poly Pn (-0.18 to 0.58) antibodies. The
specific activity results are shown in parenthesis in Figs. 1-3.

Essentially no change in results occurred when one MZ
twin was randomly eliminated from each set of triplets to yield
one MZpair from the MZ triplets and one MZand one DZ
pair from the unlike sex triplets (MZ sisters and brother).

Discussion

Our results indicate that genetic factors are more important
than environmental exposures in determining total Ig and
specific antibody levels in man. Overall, the within twin pair
concentrations of total IgG, IgA, and IgM and isotype antibody
titers were significantly correlated in the MZbut not the DZ
twins, despite growing up in different environments. The
average age at separation was 2 mo and by history each
individual twin had been immunized with tetanus toxoid but
not pneumocotcal polysaccharide vaccine. Presumably, by age
11, all subjects had variable but sufficient natural exposure to
multiple different Pn serotypes; however, despite this exposure,
polyvalent and type 14 antibody titers were more significantly
correlated in the MZ than in the DZ twins. The fact that
significant correlations occurred in four of nine antibody titers
in DZ twins compared with seven of nine in MZ twins
indicates a genetic influence in the former group also (Table
I). The presence of rheumatoid arthritis and multiple sclerosis
in single memberq of two DZ female twin pairs could not
explain the differences observed in DZ within pair total Ig
concentrations and isotypic antibody levels.

Previous investigations have been limited to total Ig levels
in twins reared together and most have demonstrated a signif-
icant MZ within pair correlation of IgG, IgA, and IgM in
addition to IgD and IgE concentrations when compared with
DZ twin sera (4-6, 11, 12). Since the same environment was
shared by these twins, it can be assumed that, overall, cumu-
lative antigenic exposure was also similar. A primary genetic
influence on total Ig concentrations was suggested by the more
closely correlated levels in the MZ twins. Specific antibody
levels were not measured in these studies and any potential
within pair environmental effects were not discernible.

There are few studies concerning genetic influence on
specific antibody levels in humans. One recent study reported
higher total antibody responses to group B meningococcal
polysaccharide vaccination in persons with the KM(1) kappa
light chain allotype, a gene product of human chromosome 2
(13). A second study reported significantly higher IgG anti-
gliadin antibody in patients with gluten-sensitive enteropathy
who were G2M(N)-positive than in G2M(N)-negative patients,
despite the fact that both groups were on a gluten-free diet

Table I. Distribution of Significance (P) Values for
Isotypic Antibody Titers in Twins Reared Apart

P MZ DZ

NS 2 5
0.05 2
0.025 1
0.01 1
0.001 6

(14). G2M(N) is an IgG heavy chain allotype coded for by a
gene on chromosome 14. There was no association of anti-
gliadin antibody with the chromosome 6 coded major histo-
compatibility complex class I and II antigens, B8 and DR3.
IgE antibody to ragweed and grass pollens are also influenced
by genetic factors (15, 16).

In spite of different environmental exposures to antigens,
the predominant factor(s) determining total Ig and isotypic
antibody levels in these twins was genetic rather than environ-
mental. Wepostulate that sufficient cumulative natural exposure
to Pn capsular polysaccharides had occurred to initiate antibody
synthesis and that genetic factors were responsible for the
significant correlations in anti-Pn antibody levels in the MZ
twins. If so, in very young MZtwins with different cumulative
environmental exposures, antibody titers would be less highly
correlated. When antibody titers were compared in the MZ
twins under age 25 to those over age 50, there were no
differences in the correlations. However, IgG anti-tetanus titers
but not anti-poly Pn or anti-type 14 IgG titers were found to
be inversely correlated with age presumably because puncture
wounds treated with booster tetanus toxoid immunizations
occur less frequently with advancing age. The occasional large
differences in intra MZ twin pair isotypic antibody titers are
best explained by marked variation in tetanus toxoid immu-
nizations and natural exposure to Streptococcus pneumococci
which outweighed genetic influences. Since the MZ within
pair correlations were higher for total Ig concentrations (0.65
to 0.82) than for IgM and IgG antibody titers (0.52 to 0.72),
and were usually lower for within pair antibody specific
activity, this genetic regulation may influence total Ig concen-
trations more than concentrations of isotypic antibody. We
predict that antibody responses to immunization with defined
antigens would show an even greater correlation of within pair
responses in MZ twins. It is important to note, however, that
the general health of each twin, as well as zygosity, will also
be an important regulatory influence since total Ig and isotypic
antibody levels differ greatly in MZ twins who are discordant
for systemic lupus erythematosus or the acquired immune
deficiency syndrome (P. F. Kohler, unpublished observations).
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