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We recently demonstrated the induction, in adult inbred mice, of high titers of
syngeneic anti-IgE with isotypic specificity and moderately high affinity (K, =107
M~ ") (1). The antibodies could be elicited by immunization with syngeneic mono-
clonal IgE conjugated to keyhole limpet hemocyanin (KLH)', but not by uncon-
jugated IgE. The ability of the mice to respond indicates the presence of B cells
with specificity for isotypic determinants of IgE. The requirement for KLH sug-
gests that tolerance is maintained in adult mice at the level of T cells and that this
tolerance can be broken by the use of an immunogenic carrier molecule. These ob-
servations facilitated the preparation of syngeneic monoclonal anti-IgE antibodies
(2). We have prepared syngeneic anti-IgD by a similar procedure (3).

In studying levels of serum IgE in neonatal A/] mice, we noted that IgE was unde-
tectable (<30 ng/ml) by our assay in newborn mice and that IgE could first be de-
tected at the approximate age of 2-3 wk. This suggested the possibility that neonatal
mice might be responsive to unconjugated syngeneic IgE and that tolerance might
be acquired as IgE appeared in the serum. This proved to be the case; our investiga-
tion of tolerance as a function of age and preliminary studies of the mechanism are
reported here.

Materials and Methods

Mice.  5-wk-old A/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME).

Antigens. Monoclonal IgEx ansibodies were obtained from hybridomas. SE20.2 (4), SE17.1
and SE21.1 (1) are of A/] derivation and are specific for p-azobenzenearsonate (Ars). mAb
SE20.2, but not SE21.1 or SE17.1, expresses a major intrastrain crossreactive idiotype desig-
nated CRIs. Each mAb was affinity purified on a column of Ars-bovine gamma globulin
coupled to Sepharose 4B; elution was carried out with 0.5 M arsanilate, pH 8.0. TIB-142
(1gEx) is of BALB/c origin and is specific for the TNP hapten. It was obtained from the
American Type Culture Collection, Rockville, MD (donated by M. Wabl), and affinity purified
as described (5). KLH was obtained from Calbiochem-Behring Corp. (La Jolla, CA). A con-
jugate of IgE (SE21.1) with KLH (KLH-IgE) was prepared by using glutaraldehyde, as de-
scribed elsewhere (1). A 11 wt ratio of the proteins, each at final concentration of 5 mg/ml,
was used for conjugation.

This work was supported by grants AI-22068 and AI-24272 from the National Institutes of Health.
! Abbreviations used in this paper: Ars, p-azobenzenearsonate; KLH, keyhole limpet hemocyanin; PVC,
polyvinylchloride.
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Assays for Total IgE in Serum.  Polyvinylchloride (PVC) microtiter plates were exposed over-
night to a mixture containing a 4:1 ratio of normal rabbit IgG to affinity-purified rabbit
anti-mouse IgE, at a total concentration of 5 pg/ml (5, 6). After washing, the wells were satu-
rated with 2.5% horse serum. Serum dilutions to be assayed for IgE were then added to the
wells; after 6 h at room temperature, the plates were washed and developed with '%I-labeled
affinity-purified rabbit anti-mouse IgE (12 ng in 0.1 ml/well). After overnight incubation,
wells were washed and counted. Protein SE20.2 (IgE«) was used as the standard for the assay.
All assays were done in duplicate.

Assays for Anti-IgE in Mouse Antisera.  PVC plates were coated with mAb SE20.2 (1 ug in
0.1 ml/well), then saturated with 2.5% horse serum (1). After exposing to 50 pl of the test
sample per well for 6 h at room temperature, the wells were washed and exposed overnight
at room temperature to 100 ng in 0.1 ml of '#I-labeled affinity-purified goat anti-mouse Fc
(of IgG) that had been adsorbed with mouse IgE-Sepharose. This reagent did not react with
mouse IgE but reacted with mouse IgG of each subclass. As a standard for the assay, we
used pooled hyperimmune anti-KLH-IgE (SE21.1) antiserum whose anti-IgE content was
determined by measuring its maximum IgE-binding capacity, as described elsewhere (1). Be-
cause immunizations were carried out with mAb SE21.1, assays on SE20.2-coated wells de-
tected antibodies with isotypic, but not idiotypic specificity.

In some cases, sera were tested for the presence of IgM antibodies specific for IgE. The
developing reagent used was '*I-labeled affinity purified rabbit anti-mouse IgM.

Tests for Isotypic Specificity of Antibodies Elicited by Igk mAb SE21.1.  Isotypic specificity of
antibodies was determined for the mice of group 2, Table I, the 7-d-old mice of Table II,
and all mice represented in Fig. 1 and Table IT1 that had significant anti-IgE titers. Inhibition
assays were used to test for isotypic specificity. Antisera to be added to SE20.2-coated wells
were first mixed with 10 pg of unlabeled monoclonal IgE (T1B-142), IgM (SML.5; reference
7), or normal A/J IgG. After washing, wells were developed with '**I-labeled anti-Fc (of IgG).
In each case, the IgE caused >90% inhibition of binding, whereas IgM or IgG caused <10%
inhibition.

Tést for Idiotypic Specificity of Antibodies Elicited by mAb SE21.1.  For these assays, wells were
coated with the immunogen (SE21.1) and exposed to anti-SE21.1 antiserum in the presence
or absence of a large excess (20 pg) of an unlabeled unrelated mouse IgEx mAb (TIB-142
or SE20.2). Wells were developed with affinity-purified 1%I-labeled rabbit anti~mouse Fc (of
IgG).

Binding Affinities of Antitsotypic Anti-IgE Antibodies. Average affinities were determined by
a liquid phase assay using anti-IgE (SE21.1) serum with '®I-labeled SE20.2 as the ligand,
as described in reference 1. Immune complexes were precipitated with excess rabbit anti-mouse
Fc (of 1gG).

Preparations of Cells for Adoptive Transfers.  Single cell suspensions of spleen were prepared
in RPMI 1640 medium. Red cells were lysed with 0.155M NH,Cl solution containing 0.01
M KHCOs and 0.001 M EDTA, pH 7.4, then washed three times with RPMI-1640 medium
at 4°C. 50 pl of a suspension containing 5 x 10° cells was injected i.p. into neonatal (2-d-
old) mice.

Results

We have reported that adult mice produce anti-IgE antibodies with isotypic
specificity, as well as antiidiotypic antibodies, after challenge with a conjugate of
KLH and syngeneic IgE (KLH-IgE) in CFA; adult mice respond very poorly, how-
ever, to unconjugated IgE administered with the same adjuvant (1). The data in
Table I confirm those observations and, in addition, show that anti-IgE persists in
serum unti! at least day 217 after the initial inoculation. The mice were inoculated
with 200 pg KLH-IgE in CFA on days 0, 14, and 35. The presence of anti-IgE was
associated with a greatly reduced serum concentration of IgE, as compared with
controls (Table I). It is of interest that mice of group 1, Table I, that received uncon-
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TabLE I
Responses of 6-wk-old Mice to Syngeneic IgE, Unconjugated or Conjugated to KLH

Concentrations in serum

Number of ug per Day 64 Day 217

Group mice Immunogen  inoculation Total IgE Anti-IgE Total IgE Anti-IgE
ng/ml ug/ml ng/ml ug/ml

1 5 IgE 100 750 + 490* 0.6 + 0.2 600 + 140 <1.0

2 16 KLH-IgE 200 100 + 30 460 + 60 90 + 30 47 + 5

3 9 KLH 100 4,900 + 760 <0.5 3,800 + 1,000 <1.0

4 9 Nonimmunized 1,600 + 350 <0.5 3,400 + 860 <1.0

mice

Mice were inoculated i.p. on days 0, 14, and 35, with 0.2 ml of a 1.1 emulsion of antigen solution in CFA.
* Mean values + SEM.

jugated IgE, had substantially reduced levels of serum IgE on day 217, as compared
with controls, despite the very low concentration of circulating anti-IgE. IgE levels
were, however, much lower in mice of group 2 that received KLH-IgE.

The data in Table II show that neonatal mice also produce anti-IgE antibodies
in response to challenge with KLH-IgE in CFA. The anti-IgE titers were higher
in adult mice (‘Table I). The adult mice received three inoculations, however, as com-
pared with two for the neonates. The isotypic specificity of the anti-IgE antibodies
was demonstrated by inhibition tests (see Materials and Methods).

As noted above, adult mice responded very poorly or not at all to unconjugated
IgE, administered in CFA (1). Fig. 1 shows that, in contrast, mice immunized neo-
natally with IgE in CFA do produce anti-IgE antibodies. (The mice were inoculated
on the day specified in the figure and again 14 d later.) The capacity to respond
to unconjugated IgE was rapidly lost as the mice grew older, and minimal responses
were observed after 2 wk of age. These responses were detected with the anti-Fc (of
IgG) reagent. Very little IgM anti-IgE (<2% of the IgG response) was produced
(data not shown).

There was no strict requirement for CFA in the induction of anti-IgE in newborn
mice. Alum or IFA were also effective. For example, five 9-d-old mice, immunized
with 25 ug of monoclonal IgE in alum and challenged with 50 pg 2 wk later, pos-
sessed an average of 6.1 pg/ml of serum anti-IgE 14 d after the second inoculation

TasrLe II
Responses of Neonatal Mice to a KLH-IgE Conjugate

Age of Day 28 Day 42 Day 165

mice Anti-IgE Mean + SEM Anti-IgE Mean + SEM  And-IgE Mean + SEM
ug/ml ug/ml ug/ml

2d 0.5,1.0,5.6, 44 + 15 1.0,3.0,8.0, 13.8 + 6.5 9,10,21, 18.4 + 3.8
7.0,7.9 21,36 25,27

7d 31,32,34, 38.6 + 3.9 32,36,36, 39.2 + 3.2 5.7,6.3,20, 17.8 + 5.4
47,49 41,51 23,34

A/]J mice received 50 ug of antigen in CFA (i.p.) on the day specified in the first column (day 0), and 100
ug on day 14. A conjugate of KLH with mAb SE21.1 was used as the antigen. Each value represents the
serum titer of an individual mouse.
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Ficure 1. Responses of A/] mice to syn-
geneic monoclonal IgE (SE21.1) administered

50 in CFA. Mice received 25 ug of IgE at the
time specified on the abscissa, and 50 ug after

4o 14 d. 14 d later, anti-IgE serum titers were de-
E ., termined, using wells coated with SE20.2
g 30 9 (IgEx). (Solid line) Concentrations of anti-
W 5 IgE. (Dashed line) Serum concentrations of IgE
2 20 3  measured just before the first inoculation. The
= = three IgE concentrations marked with an
Z .0 asterisk were values determined with groups

of age-matched A/J mice other than those that
were immunized; IgE was not detectable in

%3 & 5 &7 =8 the mice of these three groups (concentrations,
AGE AT FIRST INOCULATION (WK) <30 ng/ml; right hand ordinate). Each point
represents the mean value for a group of 5-10

mice.

{(data not shown). A group of six 9-d-old mice produced an average of 24 ug/ml of
anti-IgE when immunized and tested according to the same schedule, using IFA
in place of alum. 5-wk-old mice were unresponsive to IgE administered in alum,
IFA, or CFA.

Fig. 1 also shows that serum IgE concentrations before immunization were un-
measurable by our assay until the mice were ~2 wk old and then gradually increased.
The average concentration at the age of 8 wk was 245 ng/ml, as compared with values
of ~v1-3 pg/ml seen in older A/] mice. The data suggest that the ability to respond
to monomeric, unconjugated IgE in CFA is lost as IgE is produced by the mice.

The mice used to obtain the results in Fig. 1 were bled again, without further
immunization, 156 d after the last inoculation. As seen in Table III, anti-IgE per-
sisted in the sera of mice that were first inoculated at the age of 1 or 8 d; a low but
significant concentration of anti-IgE was also present in sera of mice first challenged

TasLe III
IgE and Anti-IgE in Serum, 156 Days After Immunization With IgE in CFA
Day 156
Number of  Age at first IgE Anti-IgE
Group mice inoculation Range Mean + SEM Range Mean + SEM
ng/mi ug/ml

1 5 1d all <50 0.8-32 14.4 + 6.7
2 6 5d all <50 5.1~12 84 + 1.1
3 7 8d all <50 0.2-35 11.4 + 4.8
4 8 2 wk all <50 0.1-17 2.9 + 2.0
5 10 3 wk 30-1,100 410 + 130 0-2.6 0.3 + 0.1
6 8 4 wk 1,000-5,500 2,600 + 540 0-0.1 0

7 6 5 wk 250-6,300 3,100 + 1,100 0-0.2 0.1 + 0.03
8 6 6 wk 270-5,100 3,100 + 780 0-0.1 0

9 6 8 wk 30-3,100 1,000 + 550 0-6.9* 1.1 £+ 1.0
10 6 (CFA) 8d 620-3,400 1,980 + 520 0-0.1 0

These are the same mice that are represented in Fig. 1. The data indicate serum titers observed after a
long rest period (on day 156).

* All mice but one in this group had unmeasurable titers.

! These mice received CFA only (without IgE).
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TaBLE IV
Dose-response of 6- or 25-d-old Mice to Syngeneic IgE in CFA

Age at Serum

first Amount of IgE anti-IgE

inoculation inoculated* (day 28) Mean + SEM
d ug (ul) ug/ml

6 30 (50) 24,28,38,40,47,48,52 40 + 4
6 10 (50) 6,16,16,27,38,42,50,55 31 + 6
6 2.5 (50) 7,17,17,19,25,49 22 + 6
6 0 (50) all 0 (6 mice) 0

25 100 (100) 0$,08,1.2,1.7,2.4,5.1 1.7 + 0.8
25 25 (100) all 0 (6 mice) 0

* The values in parentheses refer to total volume injected; inocula contained equal
volumes of antigen solution and CFA.

1 Mice were immunized on the day specified in the first column and again 14
d later. They were bled 28 d after the first inoculation.

$ Total volume per inoculation was 200 gl rather than 100 pl.

at the age of 2 wk. Mice that were first inoculated at the age of 3 wk or later had
marginal or unmeasurable titers of anti-IgE. Free IgE was in general not detectable
by our assay in mice producing anti-IgE (we do not know whether this reflects inhi-
bition of IgE synthesis or simply neutralization by anti-IgE.) It is of interest that
mice of group 5, which had very low but probably significant titers of anti-IgE, ex-
hibited substantially depressed serum IgE concentrations.

Dose-response to IgE in CFA of 6- and 25-d-old mice. 'The question arose as to whether
the responsiveness of very young mice to IgE in CFA could be attributed to a rela-
tively high dose per unit of body weight. To approach this question, we challenged
6-d-old mice twice with amounts of IgE (in CFA) ranging from 2.5-50 ug per in-
oculation (Table IV). For comparison, we used 25 d-old mice. The average body
weights of the 6- and 25-d-old groups were 3.2 and 12.1 g, respectively; i.e., the ratio
was ~v1:4.

The 6-d-old mice responded well to as little as 2.5 pg of IgE in CFA (given twice),
whereas the older mice were unresponsive to 25 pg doses; in this comparison, the
ratio of weight of antigen to body weight was considerably greater for the unrespon-
sive group. Some 25-d-old mice did produce small amounts of anti-IgE when 100-
ug doses of IgE in CFA were administered. However, these responses were marginal
and much lower than those of the 6-d-old mice (Table IV).

Binding Affinities of Antiisotypic Anti-IgE Antibodies Induced by Unconjugated IgE.  Av-
erage binding affinities for IgE were determined with anti-IgE (SE21.1) antisera in-
duced in neonatal mice with unconjugated or conjugated IgE in CFA. %I-labeled
SE20.2 was used as the ligand for these determinations. Groups of six, 5-d-old mice
were tnoculated with (a) 25 pg SE21.1 in CFA or (b) 50 ng KLH-SE21.1 in CFA.
They were boosted with twice the initial quantity of antigen 14 and 56 d after the
first inoculation, and were bled 14 d later. Average binding affinities were determined
on pools of antisera from each of the two groups of mice. The average K. values
for groups a and & were 5.4 x 107 and 4.7 x 107 M ™!, respectively. These values
are in the range of values obtained upon immunizing adult mice with KLH-IgE
in CFA (0.8-9.0 x 107; reference 1).
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TaBLE V
Responses of Neonatal Mice to IgE in CFA after Preinoculation of IgE in Saline
Preinoculation Day 45 Day 59
Group of IgE Anti-IgE Mean + SEM Anti-IgE Mean + SEM
ng/ml ng/ml pg/ml ug/ml
1 Saline (no IgE) 7.7,8.8,12.6,16.6,18.1 12.8 + 2.0 5.2,6.0,12.5, 11.1 + 2.4
14.2,17.7
2 25 ug SE21.1 <0.1,0.1,0.1,0.5 0.2 + 0.1 <0.1,<0.1, 0.3 + 0.2
0.2,1.0
3 500 pg SE21.1 0.1,1.1,1.5,2.2.4.5 1.9 + 0.7 <0.1,0.5,1.0, 19 £+ 1.0
2.0,6.0
4 25 ug SE17.1 <0.1,<0.1,<0.1,<0.1,2.1 0.5 ¢ 0.4 <0.1,<0.1,<0.1, 0.7 + 0.6
0.3,3.3
5 500 ug SE20.2  0.1,0.4,1.6,5.2 1.8 + 1.1 <0.1,0.9,2.2,3.0 1.5 + 0.7

2-d-old A/J mice, or 1-d-old mice (group 4), were preinoculated i.p. with saline or with IgE in saline (column
2). They were then inoculated on days 9 and 31 with 25 and 50 ug, respectively, of SE21.1 in CFA. Values
shown are serum concentrations for individual mice.

Antiidiotypic Response to Syngeneic IgE.  As indicated in Materials and Methods,
antiidiotypic antibodies were estimated by coating the wells of microtiter plates with the
IgE (SE21.1) used as immunogen and determining the amount of antibody bound
in the presence of a large excess of an unrelated IgEx mAb. Assays were carried
out on a total of 29 neonatal mice (up to 2 wk of age). Of these mice, nine were
immunized with KLH-IgE in CFA, the remainder with IgE in CFA. The range of
ratios of idiotypic to isotypic anti-IgE antibodies ranged from 0.16-0.85, with a mean
of 0.43, for mice immunized with KLH-IgE. For mice immunized with IgE, the
range was 0.05-1.9 with a mean of 0.61.

We also looked for antiidiotypic antibodies by this method in four pools of sera
of mice 3-8 wk of age that were immunized with IgE in CFA. As indicated above,
such mice did not produce anti-IgE antibodies with isotypic specificity. We also were
unable to detect antiidiotypic antibodies in any of these serum pools.

Induction of Tolerance with Unconjugated IgE. One interpretation of the results
presented so far is that the presence of IgE in mice tolerizes them so that they are
nonresponsive to syngeneic IgE administered in CFA. If this is so, inoculation of
monomeric IgE without adjuvant might tolerize neonatal mice. The data in Table
V support this hypothesis. Intraperitoneal inoculation of IgE in saline into 1- or
2-d-old mice greatly reduced their subsequent responses to IgE in CFA, first given
at the age of 9 d, at which time the controls (group 1) were responsive. A dose of
25 pg (group 2) appears to be more effective than 500 pg in inducing tolerance. A
decreased reponse to IgE in CFA was induced by a saline solution of SE21.1 (used
as the subsequent immunogen in CFA) or by different IgEx mAbs, SE20.2 or SE17.1
(Table V). Thus, the inhibitory effect is evidently not mediated by idiotypic deter-
minants.

Induction of Tolerance in Neonatal Mice by Adoptive Transfer of Adult Spleen Cells.  Table
VI shows the results of experiments in which splenic leukocytes (spleen cells) were
transferred into 2-d-old A/J mice from A/J donors that were 10 d or 8 wk of age.
As shown above, only the 8-wk-old mice, of these three groups, are unresponsive
to IgE in CFA. The data in Table VI indicate that 2-d-old mice that had received
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5 x 10° spleen cells from 8-wk-old donors produced much lower titers of serum anti-
IgE than control mice after challenge with IgE in CFA. In contrast, cells from 10-d-
old mice did not have this inhibitory effect (Table VI, group 3). These results are
consistent with the ability of 10-d-old, but not 8-wk-old mice, to respond to IgE in
CFA (Fig. 1 and Table IIT), and suggest that some type of active suppression occurs
in the 8-wk-old mice.

Discussion

We have shown previously that adult A/] or BALB/c mice produce substantial
amounts of anti-IgE antibodies with isotypic, as well as idiotypic specificity upon
challenge with monoclonal syngeneic IgE conjugated covalently to KLH, but not
with unconjugated IgE (1). This indicates that B cells with anti-IgE specificity are
present in the mice. The failure to respond to unconjugated IgE suggests that a state
of tolerance may exist at the level of T cells; conjugation with KLLH may provide
the T cell help requisite for an anti-IgE response.

The present results show that, in contrast to adult mice, A/] mice that are <2
wk old respond well to unconjugated IgE in CFA (as well as to KLH-IgE), producing
anti-IgE antibodies with isotypic and idiotypic specificity. The capacity to produce
either antiisotypic or antiidiotypic antibodies to IgE is greatly diminished by the
time the mice reach the age of 3 wk. There is an inverse correlation of the ability
to respond to unconjugated IgE with the presence of detectable IgE in serum before
immunization. A/J mice that are 10 d old or younger had serum IgE levels that are
undetectable by our assay (<30 ng/ml; Fig. 1). At the age of 3 wk, the average con-
centration is 62 ng/ml and serum IgE levels continue to rise with increasing age.
Adult A/] mice eventually exhibit serum concentrations of 1-3 ng/ml.

The possibility that the reduced titer of anti-IgE in older mice may simply be
due to absorption of anti-IgE by IgE is not consistent with our data. Mice immunized
with IgE 8 d after birth were responsive, whereas 21-d-old mice were not. Both groups
were boosted 14 d later. This difference still persisted at day 156 (Table III). By that
time, differences in exposure to endogenously synthesized IgE were negligible, par-
ticularly since IgE levels are very low during the first 6 wk of life (Fig. 1).

These observations are consistent with the hypothesis that tolerance at the T cell
level is acquired as a consequence of synthesis of IgE by the mouse. This view is
supported by the results of intraperitoneal inoculation of IgE in saline into 2-d-old
mice (Table V). Mice that received 25 or 500 ug of unconjugated monoclonal IgE
in saline were much less responsive than control mice to IgE in CFA, administered
at the age of 9 d. 25 pg of IgE in saline was more effective than 500 pg. It is highly
unlikely that the observed effects can be attributed simply to neutralization of anti-
IgE by the IgE that was injected into 2-d-old mice. The half-life of IgE in serum
is 5-8 h (8) and anti-IgE titers were measured at days 45 and 59. Also, when large
doses of radiolabeled IgE (>100 pg) were inoculated into an adult mouse, 99% was
entirely cleared from the mouse within 48 h (8). We considered the possibility that
the reduced responsiveness of older mice to IgE in CFA might be related to their
greater body weight in relation to the dose of antigen. However, when 3-wk-old (un-
responsive) and 6-d-old (responsive) mice were compared, it was found that the differ-
ences persisted even when the older mice received amounts of IgE that were con-
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siderably greater (expressed as a ratio to body weight) than those administered to
the 6-d-old mice (Table IV).

The tolerizing effect of IgE in saline, given to neonatal mice, as well as the inverse
relationship between serum IgE levels and anti-IgE responses, suggest that toler-
ance is induced, by the age of 3 wk, by the presence of adequate amounts of IgE
in the mouse. The fact that both neonatal and adult mice are responsive to KLH-
IgE suggests that B cells are present and that tolerance may be caused by the absence
or suppression of helper T cells with specificity for IgE. That such T cells are specific
for isotype, rather than idiotype is indicated by the fact that inoculation of an IgE
mAb (either SE20.2 or SE17.1) in saline induced tolerance to an idiotypically un-
related IgE mAb (SE21.1; Table V).

As an initial exploration of the mechanism of tolerance induction, we transferred
5 x 10° spleen cells from 8-wk-old A/] mice (tolerant to IgE in CFA) into 2-d-old
(responsive) A/]J recipients. The recipient mice showed a greatly decreased capacity
to respond to syngeneic IgE in CFA (Table VI). As a control, 10-d-old (responsive)
mice were used as cell donors; no significant change in the capacity to respond to
IgE in CFA was noted in the 2-d-old recipients. Thus, the tolerant state can be in-
duced by transfer of spleen cells from a tolerant donor. The results do not prove
that IgE-specific suppressor T cells are present in the 8-wk-old mice. It is possible,
for example, that the anergic state is mediated by IgE produced by B cells. Further
studies are needed to evaluate the mechanism of induction of tolerance. It seems,
however, that helper T cells are either absent or inactivated in the unresponsive mice,
since tolerance can be overcome by inoculation of a conjugate of IgE to an immuno-
genic molecule (KLH).

The appearance of anti-IgE in serum was always accompanied by greatly reduced
levels of serum IgE. A striking example of this is provided by mice of group 4, Table
II1, which exhibited a markedly diminished average level of serum IgE at day 156
despite the presence of very low levels of anti-IgE in the mice. Qur data do not at
this point permit a conclusion as to whether the reduced levels of serum IgE are
due to inhibition of its synthesis or simply to neutralization by anti-IgE. This ques-
tion is being investigated.

Marshall and Bell (9) were able to induce anti-IgE in rats by immunization with
a rat IgE myeloma protein. Several attempted methods of immunization were un-
successful; these included the use of CFA with the intact myeloma protein; CFA,
alum, or Bordetella pertussis with epsilon chains; and epsilon chains alone. Suc-
cessful immunization was, however, accomplished with the intact protein precipi-
tated with alum. Concentrations of serum anti-IgE produced were not specified;
the amount of developing antibody (sheep anti-rat-IgG) bound to IgE-coated wells
in RTAs was of the order of 0.1-1 pg (corrected for dilution) per ml of anti-IgE serum.
Our results are in agreement with theirs in indicating that the presence of detectable
anti-IgE was always accompanied by a marked reduction in the IgE levels deter-
mined by immunoassay (Tables I and III).

The belated appearance of IgE during ontogeny provides a convenient system for
studying immune tolerance and its converse, autoimmunity. Other related models
have proven useful for such studies. One involves two congenic strains of mice, one
of which is deficient in C5. Using these strains, it was shown by Borel and collabo-
rators that tolerance in the “C5-sufficient” mice resides in the T cell compartment
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and is maintained by cells that suppress the response to C5. Both congenic strains
contain responsive B cells (10, 11). Another interesting model makes use of a cyto-
plasmic liver protein (protein F), that occurs in two forms (F1 and F2) in different
strains of mice. Mice do not respond to immunization with their own F protein;
however, some strains respond to the allo-F protein by producing antibodies that
react with determinants common to F1 and F2, suggesting that tolerance resides
in T cells (12). It appears that the self-reactive helper T cells are eliminated or inacti-
vated by suppressor T cells (13). Another relevant observation is that of Maniatis
et al. (14), who showed that tadpoles can produce antibodies against a form of hemo-
globin that is absent in tadpoles but present in mature frogs; the cellular basis has
not been investigated.

An interesting and somewhat related model is that of tolerance of mice to mouse
thyroglobulin (15, 16). Adult mice, which have very low levels of serum thyroglobulin
(nanogram quantities) produce anti-thyroglobulin antibodies after challenge with
that protein in CFA. However, the mice can be tolerized by prior inoculation of large
amounts {2 x 200 ug) of thyroglobulin in saline; tolerance is accompanied by the
appearance of specific suppressor T cells (15).

Mechanisms implicated in self-tolerance (17-19) include clonal deletion of T or
B cells or maintenance of tolerance by suppressor cells (20-28). Much of that work,
as well as the present study, suggests that, in T-dependent humoral responses, toler-
ance is frequently maintained in T cells, while B cells remain responsive. This con-
clusion is supported, for example, by the ability of nonidentical crossreactive an-
tigens to break tolerance (24), and by the production of many autoantibodies, in
vivo or in vitro, upon stimulation with polyclonal B cell activators (29, 30).

The model presented here is rather unique because of the age-dependent occur-
rence of tolerance, associated with appearance of the antigen in serum. A closely
related observation is the clonal elimination of I-E-reactive T cells that occurs upon
maturation of thymocytes in mice (fetal or adult) that express the I-E antigen, pre-
sumably owing to exposure to I-E during the maturation process (31). The avail-
ability of transgenic mice provides another approach to the question of time-dependent
acquisition of tolerance. For example, Adams et al. (32) have shown that transgenic
mice, expressing the SV40 T antigen under control of the insulin gene regulatory
region, exhibit immunity to the T antigen only when its expression is delayed during
ontogeny.

Further study of such systems, including ours, should help to elucidate mecha-
nisms in self tolerance and to resolve the still unsettled question as to the relative
contributions of clonal deletion and active suppression of T cells in various tolerant
states. Studies on IgE regulation may also be useful in designing improved methods
for immunotherapy of allergy.

Summary
We have previously shown that adult A/J mice produce high titers of anti-IgE
with isotypic or idiotypic specificities in response to challenge with a conjugate of
KLH with syngeneic monoclonal IgE. Thus, B cells that can synthesize anti-IgE
are present in the mice. Adult mice are unresponsive to unconjugated IgE in CFA,
suggesting that tolerance exists at the level of T cells. The present study shows that
neonatal mice produce anti-IgE antibodies in response to unconjugated IgE in CFA,
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but that this capacity is lost after the age of 2-3 wk. The loss of responsiveness corre-
sponds closely with the appearance of detectable IgE in serum, suggesting that the
IgE may induce tolerance. The affinities of anti-IgE antibodies produced by neo-
natal mice fall in the range of values obtained with KLH-IgE in adult mice. Toler-
ance to unconjugated IgE in CFA can be induced in neonatal mice by administra-
tion of IgE in saline. In addition, the tolerant state can be induced by adoptive transfer
of spleen cells from adult mice. The time-dependent acquisition of tolerance pro-
vides a useful model for studying mechanisms of tolerance and autoimmunity.

Received for publication 14 March 1988 and in revised form 28 April 1988.

10.

11.

12.

13.

14.

15.

16.

References

. Haba, S., and A. Nisonoff. 1987. Induction of high titers of anti-IgE by immunization

of inbred mice with syngeneic IgE. Proc. Natl. Acad. Sei. USA. 84:5009.

. Haba, S, and A. Nisonoff. 1987. Production of syngeneic autoreactive monoclonal anti-

bodies specific for idiotypic determinants of IgE. J. Immunol. Methods. 105:193.

. Haba, 8., G. J. Thorbecke, and A. Nisonoff. 1988. Induction of syngeneic murine anti-

IgD. Proc. Natl. Acad. Sci. USA. 85:2293.

. Haba, S., E. M. Rosen, K. Meek, and A. Nisonoff. 1986. Primary structure of IgE mono-

clonal antibodies expressing an intrastrain crossreactive idiotype. J. Exp. Med. 164:291.

. Haba, S., and A. Nisonoff. 1985. Quantitation of IgE antibodies by radioimmunoassay

in the presence of high concentration of non-IgE antibodies of the same specificity. J.
Immunol. Methods. 85:39.

Haba, S., T. Inada, and A. Nisonoff. 1984. Quantitative measurements of an intrastrain
cross-reactive idiotype in IgE antibodies. J. Immunol. Methods. 73:97.

. Robbins, P. F., E. M. Rosen, S. Haba, and A. Nisonoff. 1986. Relationship of V,, and

V., genes encoding three idiotypic families of anti-p-azobenzenearsonate antibodies. Proc.
Natl. Acad. Sci. USA. 83:1050.

. Haba, S., Z. Ovary, and A. Nisonoff. 1985. Clearance of IgE from serum of normal and

hybridoma-bearing mice. J. Immunol. 134:3291.

Marshall, J. S., and E. B. Bell. 1985. Induction of an auto-anti-IgE response in rats.
I. Effects on serum IgE concentrations. Eur. J. Immunol. 15:272.

Harris, D. E., L. Cairns, F. S. Rosen, and Y. Borel. 1982. A natural model of immuno-
logic tolerance. Tolerance to murine C5 is mediated by T cells, and antigen is required
to maintain unresponsiveness. J. Exp. Med. 156:567.

Cairns, L., F. S. Rosen, and Y. Borel. 1986. Mice naturally tolerant to C5 have T cells
that suppress the response to this antigen. Eur. [ Immunol 16:1277.

Iverson, G. M., and J. Lindenmann. 1972. The role of a carrier determinant and T cells
in the induction of liver-specific autoantibodies in the mouse. Eur. J. Immunol. 2:195.
Lukic, M. L., and N. A. Mitchison. 1984. Self- and allo-specific suppressor T cells evoked
by intravenous injection of F protein. Eur. J. Immunol. 14:766.

Maniatis, G. M., L. A. Steiner, and V. M. Ingram. 1969. Tadpole antibodies against
frog hemoglobin and their effect on development. Science (Wash. DC). 165:67.

Kong, Y. M., I. Okayasu, A. A. Giraldo, K. W. Beisel, R. S. Sundick, N. R. Rose, C. S.
David, F. Audibeit, and L. Chedid. 1982. Tolerance to thyroglobulin by activating sup-
pressor mechanisms. Ann. NY Acad. Sci. 392:191.

Champion, B. R., P. Hutchings, S. Davies, S. Marshall-Clarke, A. Cooke, and I. M.
Roitt. 1986. Helper and suppressor activities of an autoreactive mouse thyroglobulin-
specific T-cell clone. Immunology. 58:51.



724

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

IMMUNE RESPONSE TO IgE IN NEONATAL MICE

Owen, R. D. 1945. Immunogenetic consequences of vascular anastomoses between bo-
vine twins. Science (Wash. DC). 102:400.

Billingham, R. E., L. Brent, and P. B. Medawar. 1953. Actively acquired tolerance of
foreign cells. Nature (Lond.). 172:603.

Dresser, D. W. 1962. Specific inhibition of antibody production. I. Protein overloading
paralysis. Immunology. 5:161.

Burnet, M. 1959. The clonal selection theory of required immunity. Cambridge Univer-
sity Press, Cambridge. 209 pp.

Mitchison, N. A. 1971. Cell interactions and receptor antibodies in immune responses.
O. Mikela, A. Cross, and T. V. Kosunar, editors. Academic Press Inc., New York. 249 pp.
Green, D. R., P. M. Floor, and R. K. Gershon. 1983. Immunoregulatory T cell pathways.
Annu. Rev. Immunol. 1:439.

Nossal, G. J. V. 1983. Cellular mechanisms of immunological tolerance. Annu. Rev. Im-
munol. 1:33.

Weigle, W. O. 1973. Immunological unresponsiveness. Adv. Immunol. 16:61.

Katz, D. H., and B. Benacerraf, editors. 1974. Immunological Tolerance: mechanisms
and potential theraputic applications. Academic Press Inc., New York. 645 pp.

Scott, D. W., M. Venkataramon, and J. J. Jandinski. 1979. Multiple pathways of B lym-
phocyte tolerance. Immunol. Rev. 43:241.

Méller, G., S. Bergstedt, S. Dai, C. Fernandez, E. Moller, and T. Ramos. 1982. The
degree of clonal elimination in various types of specific immunological unresponsive-
ness. Ann. NY Acad. Sci. 392:23.

Bretscher, P., and M. Cohn. 1970. A theory of self-nonself discrimination: paralysis and
induction involve the recognition of one and two determinants on an antigen, respec-
tively. Science (Wash. DC). 169:1042.

Fournié, G. J., P. H. Lambert, and P. A. Miescher. 1974. Release of DNA in circulating
blood and induction of anti-DNA antibodies after injection of bacterial lipopolysaccha-
rides. J. Exp. Med. 140:1189.

Hammarstréom, L., E. Smith, D. Primi, and G. Méller. 1976. Induction of autoantibodies
to red blood cells by polyclonal B-cell activators. Nature (Lond.). 263:60.

Kappler, J. W., N. Roehm, and P. Marrack. 1987. T cell tolerance by clonal elimination
in the thymus. Cell. 49:273.

Adams, T. E., 8. Alpert, and D. Hanahan. 1987. Non-tolerance and autoantibodies to
a transgenic antigen expressed in pancreatic § cells. Nature (Lond.). 325:233.



