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ABSTRACT Administration of the 2,4-dinitrophenyl
(Dnp) determinant conjugated to the "nonimmunogenic"
copolymer of D-glutamic acid and D-lysine (D-GL) induces
Dnp-specific immunological tolerance which is essentially
restricted to bone marrow-derived (B) lymphocytes. Pre-
vious studies have demonstrated tolerance induction by
Dnp-DrGL in predominantly B lymphocytes of the IgG
class. The present studies establish and analyze conditions
for tolerance induction in Dnp-specific B lymphocytes of
the IgE antibody class by taking advantage of: (i) the rela-
tively easy capacity to induce tolerance with Dnp-D-GL in
an animal or cell population previously primed to the Dup
determinant; (ii) previously established parameters for the
successful adoptive transfer of Dnp-specific IgE antibody
responses; and (iii) the capacity to induce, and maintain
a state of Dnp-specific tolerance with Dnp-D-GL in adop-
tive transfer responses. Using these approaches, we have
successfully rendered Dnp-specific B cells of the IgE class
profoundly and apparently irreversibly tolerant after ex-
posure of such cells to Dnp-D-GL. These observations
represent a starting point of wide potential for solving
many therapeutic problems concerned with clinical aller-
gies.

The capacity to induce specific immunological tolerance that
is essentially restricted to bone marrow-derived (B) lym-
phocytes of an individual has far-reaching clinical therapeutic
potential. The successful induction of true hapten-specific
tolerance in vivo by several investigators (1-7) may, indeed,
reflect such a state of restricted B-cell tolerance (for review,
see ref. 8). We have made extensive studies in a model of 2,4-
dinitrophenyl (Dnp)-specific tolerance in inbred guinea pigs
(1), and more recently in mice (5), in which tolerance was
readily induced by treatment of such animals with a "nonim-
munogenic" Dnp conjugate of the copolymer of D-glutamic
acid and D-lysine (D-GL). Animals treated with Dnp-D-GL
manifested profound Dnp-specific tolerance as reflected by
their inability to respond to immunization with immunogenic
Dnp-protein conjugates. The tolerant state in this model has
been clearly shown to be expressed predominantly in the
population of Dnp-specific B-lymphocyte precursors of anti-
body-forming cells, and has therefore been interpreted by us
to reflect a central mechanism (1, 5, 8, and see Discussion).
The studies cited above (1-7) concerned induction of

tolerance in predominantly the IgG and IgM antibody classes.

Abbreviations: T lymphocytes, thymus-derived; B lymphocytes,
bone marrow-derived; Dnp, 2,4-dinitrophenyl; D-GL, copolymer
of n-glutamic acid and i-lysine; BGG, bovine gamma globulin;
ASC, extract of Ascaris suum; PCA, passive cutaneous anaphyl-
axis.

The present studies were designed to establish and analyze
conditions for induction of tolerance in specific B lymphocytes
of the IgE antibody class. This has been accomplished by
taking advantage of: (i) a unique feature of the Dnp-D-GL-
tolerance model-it is relatively easy to induce tolerance
in an animal or cell population previously primed to the Dnp
determinant (1, 5); (ii) previously established parameters
for successful adoptive transfer of Dnp-specific IgE antibody
responses in mice (9, 10); and (iii) the capacity to induce,
and maintain, a state of Dnp-specific tolerance with Dnp-
D-GL in adoptive transfer responses of the IgG class (5).
Using these approaches, we have successfully rendered Dnp-
specific B cells of the IgE class profoundly and apparently
irreversibly tolerant after exposure of such cells to Dnp-D-GL.

MATERIALS AND METHODS

Proteins and Hapten-Protein Conjugates. The copolymer of
D-glutamic acid and D-lysine (D-GL) was obtained from
Pilot Chemicals, Inc., Watertown, Mass. The polymer had an
average molecular weight of 55,000 and a ratio of glutamic
acid to lysine residues of 60:40. Ascaris proteins (ASO),
extracted from Ascaris suum (11), were kindly supplied by
Dr. Kurt J. Bloch. Bovine gamma globulin (BGG) was
obtained from Pentex Biochemicals, Kankakee, Ill. The
following 2,4-dinitrophenyl (Dnp) conjugates were prepared
as described (12, 13): Dnp2.1-ASC, and Dnp3r.BGG. Prepara-
tion of Dnp5m-D-GL has been described in detail (1). Sub-
scripts refer to the number of moles of Dnp per mol of carrier
for BGG and D-GL and mol of Dnp X 10-7 per mg of ASC.

Animals. Mice of the inbred lines A/J and SJL were ob-
tained from the Jackson Laboratories, Bar Harbor, Me.
Random-bred white female CFW mice were obtained from
Carworth Farms, New City, N.Y. All mice were immunized
or used as recipients at 8-12 weeks of age.

Immunizations and Adoptive Cell Transfers. Mice used as
donors of primed spleen cells were immunized by intraperi-
toneal injection of 10 gg of Dnp-ASC mixed with 4 mg of
Al(OH)3 gel in a total volume of 0.5 ml of saline. Al(OH)3 gel
(alum) was prepared by mixing equal volumes of 2 N Al-
(SO4)3 and 2 N NaOH (14). Mixtures of hapten-protein
conjugates with alum were prepared immediately before use.
At appropriate times after priming and treatment with Dnp-
D-GL, the primed donor mice were killed and their spleens
removed. Single-cell suspensions in Eagle's minimum essential
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medium were prepared, washed, and transferred intravenously
to syngeneic irradiated (500 R) recipients. Usually 50 X 10O
cells were administered to each recipient. Immediately after
cell transfer, secondary challenge was performed intraperi-
toneally with 10 ,g of Dnp-ASC mixed with 2 mg of alum. All
recipient mice were bled from the retroorbital plexus 7 days
after cell transfer and challenge, and serum anti-Dnp anti-
body levels were determined as described below.
Measurement of Anti-Dnp Antibodies. (a) IgE antibodies:

The concentration of reaginic (IgE) anti-Dnp antibodies in
pools of sera from groups of five mice were determined by
passive cutaneous anaphylaxis (PCA) reactions with shaven
CFW or SJL test mice (14, 15). Briefly, 25-Mil samples of serum
from each mouse within a given group were pooled and serially
diluted (2-fold) in saline. 50 MAl of each serum dilution was

injected intradermally into the dorsal skin surface of the test
mice. 48 hr after intradermal sensitization, Dnp-specific
PCA reactions were elicited by intravenous injection of 5, 50,
or 500 Mig of Dnp-BGG in 0.3 ml of 0.5% Evans blue dye dis-
solved in 5% dextrose-water solution. Reactions were read
and recorded as the reciprocal of the highest dilution of serum
evoking threshold PCA reactivity (5-mm diameter). Sera that
failed to elicit detectable PCA reactions were arbitrarily
assigned a value of <5. It is well-established that homocyto-
tropic antibodies detected by this proceure are of the IgE class
(16). Details of their Dnp specificity have been described (9).

(b) IgG serum antibodies: Serum IgG anti-Dnp antibody
levels were determined in individual sera by a modified Farr
technique (12, 17) using [3H]Dnp-e-amino-n-caproic acid as

described (12). With standard curves constructed from
specific anti-Dnp antibody of corresponding strains of mice,
percentage of binding was converted into amount of specific
anti-Dnp antibody in Mg/ml of serum. For statistical anal-
ysis, antibody levels of individual animals were logarithmi-
cally transformed and geometric means and standard errors
were calculated. In those mice in which no significant antibody
could be detected in the serum, a value of 0.10 Mug/ml was

arbitrarily assigned to allow logarithmic transformation of
the data. Group comparisons were made employing Student's
t-test.

TABLE 1. Induction of Dnp-specific tolerance in both IgE
and IgG antibody classes by pretreatment ofA/J mice

with Dnp-D-GL

Protocol

Days
Serum anti-Dnp antibody

after IgE IgG
Group Pretreatment priming (PCA)* (pg/ml)t

A None 13 320 79.2
20 320 212.6

B Dnp-D-GL
(500ugX2) 13 40 1.4

20 20 8.7

* Data are expressed as the reciprocal of the highest PCA titer
elicited by pooled sera from 7 mice of each group bled on days 13
and 20 after primary immunization with Dn>-ASC. PCA reac-

tions were elicited with a test dose of 500,g of Dnp-BGG.
t Data are expressed as geometric mean anti-Dnp antibody

levels of sera from individual mice in each group of seven mice
bled on days 13 and 20 after primary immunization.

TABLE 2. Preferential depression of high-affinity IgE
antibody-forming cells

PCA titer elicited with
Dnp-BGG

Group 500 ug 50 Ag 5 lug
Untreated 640 640 640
Tolerant 40 10 <5

Sera analyzed were the same as those presented in the top panel
of Fig. 2. Doses of Dnp-BGG varying over 2 logs as indicated
were used as test antigen in eliciting PCA reactions.

RESULTS

Induction of Dnp-Specific Tolerance in Both IgE and IgG
Antibody Classes with Dnp-D-GL When Treatment Precedes
Primary Immunization. Normal A/J mice received two injec-
tions on successive days of 500 ,ug of Dnp-D-GL intraperi-
toneally in saline. 1 Week later, these mice and a group of un-
treated control mice were primarily immunized with 10 Mg of
Dnp-ASC mixed with 4 mg of alum. This immunization pro-
cedure induces good IgE and IgG primary anti-Dnp antibody
responses in such mice (9). All animals were bled on days 13
and 20 after priming and their sera analyzed for anti-Dnp
antibodies.
As shown in Table 1, untreated control mice in group A

manifested significant IgE and IgG anti-Dnp antibody levels
on days 13 and 20 after primary immunization with Dnp-ASC.
Previous studies have documented that the peak IgE anti-
body titer is reached on day 20 after priming in this fashion
(9). In contrast, mice pretreated with Dnp-D-GL before pri-
mary immunization (group B) developed significantly lower
anti-Dnp antibody responses in both IgE and IgG antibody
classes. It is notable that the degree of suppression resulting
from such pretreatment appears to be somewhat greater in the
IgG than in the IgE antibody class. However, this finding pro-
bably reflects the fact that in this experiment PCA reactions
were elicited with averyhigh dose (5O/sg) of test antigen (Dnp-
BGG), thus allowing detection of both low- and high-affinity
antibody molecules. The conditions of the Farr assay used to
measure IgG antibodies, on the other hand, are such that
predominantly moderate-to-high affinity molecules are de-
tected. Since recent studies have demonstrated a preferential
depression of the response of high-affinity IgG anti-Dnp anti-
body in the Dnp-D-GL model (18), it is probable that the
results obtained reflect these differences in affinity. This
question is investigated in more detail in a subsequent section
below.

Induction of Dnp-Specific Tolerance with Dnp-D-GL in
an Adoptive Cell Transfer System. The relative ease with which
Dnp-specific tolerance can be induced by Dnp-D-GL in
a previously immunized animal (1) enabled us to develop a
system for induction of tolerance in an adoptive transfer
system in mice (5). In the latter studies we were dealing
with anti-Dnp responses of the IgG antibody class (5). The
more recent development in our laboratory of a system that
uses suitably primed donor cells (9, 10) for successful adoptive
transfer into irradiated recipients of IgE antibody responses
permitted the adaptation of such a model to the study of
Dnp-specific tolerance induction in IgE B cells. The advantage
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FIG. 1. Maintenance of Dnp-specific tolerance after adoptive transfer of cells from donors treated with Dnp-D-GL. A/J mice were
treated per protocol described on left of figure. The serum IgE and IgG anti-Dnp antibody responses of groups of five mice on day 7 after
secondary challenge are illustrated on the right. Statistical comparison of the IgG responses of recipients of control donor cells and cells
from donors treated with Dnp-D-GL yielded P <0.001. d, days; or, jig.

to such a system is the obviation of any contribution of circu-
lating antibodies present in a primed intact animal, and the
ability to delineate the longevity of the tolerant state by using
serial cell transfer techniques.

In the first experiment of this type (Fig. 1), A/J mice were
primed with 10 lig of Dnp-ASC plus alum and then treated 25
days later with two successive daily injections of 500 jg of
Dnp-D-GL intraperitoneally. Control mice received saline
rather than Dnp-D-GL. 1 Week later, pooled spleen cells
from the treated or untreated groups were adoptively trans-
ferred into syngeneic, unprimed, irradiated recipients which
were then secondarily challenged with Dnp-ASC plus alum.
As shown in Fig. 1, recipients of cells from untreated donor
mice developed-high levels of anti-Dnp antibodies of both IgE
and IgG classes by day 7 after challenge. On the other hand,
recipients of spleen cells from donors treated with Dnp-D-GL
manifested marked suppression of antibody production in the
IgE class (99%) and in the IgG class (92%). The PCA reac-
tions in this and the following experiment were elicited with a
low dose (5 ,ug) of test antigen (Dnp-BGG).
A second experiment (Fig. 2) was designed to determine to

what extent secondary challenge in donor mice before cell
transfer would affect the tolerant state demonstrable in adop-
tive cell recipients. Thus, 25 days after priming, A/J mice
primed with Dnp-ASC were either treated or not with Dnp-
D-GL as in the preceding experiment. 1 Week later, these two
groups of mice were secondarily challenged with Dnp-ASC. 7
Days thereafter all mice were bled, and their spleen cells were
removed and transferred to groups of irradiated syngeneic
recipients. All recipients were given a final challenge with
Dnp-ASC plus alum and then bled 7 days later.
The top panel of Fig. 2 illustrates the anti-Dnp antibody

levels in the two groups of donor mice on day 7 after secondary
challenge. Note the virtual abrogation of both IgE and IgG
antibody responses in mice treated with Dnp-D-GL as
contrasted to the untreated controls. The maintenance of
this tolerant state after adoptive transfer of such cells to ir-
radiated recipients is depicted in the bottom panel of Fig. 2,
thus corroborating the results of the preceding experiment
(Fig. 1). The amount of IgE antibody in the irradiated

recipients of tolerant donor cells was slightly higher
than in the tolerant donors. This finding probably re-
flects a combination of nonspecific proliferative stimuli in an
irradiated environment, and the absence of circulating Dnp-D-
GL, which may bind to a small proportion of residual anti-
Dnp antibodies in the tolerant donors.

Preferential Induction of Tolerance in High-Affinity IgE B
Cells. Induction of tolerance.. with Dnp-D-GL in the IgG
antibody class in guinea pigs results in a preferential de-
pression of the high-affinity antibody-forming cells (18). We
have examined this question for IgE antibody-forming cells
in the present studies by using various doses of test antigen
for elicitation of PCA reactions with sera from groups of mice
that were either treated with Dnp-D-GL or not. Representa-
tive results in Table 2 demonstrate that small but definite
differences in PCA titers occur with sera from tolerant ani-
mals, depending on the dose of test antigen used in the PCA
test. Thus, somewhat higher titers were obtained with an
excessive amount (500 Mg) of Dnp-BGG than with the lower
doses in testing sera from tolerant mice, whereas no such
difference in titer was observed with sera from untreated mice.
It is probable that the differences seen with tolerant sera
reflect the presence of antibodies of predominantly low aver-
age affinity which are more likely to be detected at high
rather than low test antigen doses.

DISCUSSION

In the studies reported here, we have shown that administra-
tion of the Dnp derivative of the copolymer of D-glutamic acid
and D-lysine (D-GL) to mice induces a state of Dnp-specific
tolerance in the IgE as well as the IgG antibody class, irre-
spective of the immune status of such animals at the time of
treatment. These results extend our previous observations on

Dnp-specific tolerance in inbred guinea pigs and mice. These
studies were concerned with antibody responses predomi-
nantly of the IgG class (1, 5). We have focused our present ef-
forts on induction of tolerance in the IgE antibody-forming
cells and their precursors because of the potential clinical
therapeutic applications of this model.
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FIG. 2. Protocol depicted on left of figure. The serum IgE and IgG anti-Dnp antibody responses of the donors of spleen cells (top right
panel) and recipients of those cells (bottom right panel) on day 7 after challenge are illustrated. Each group consisted of five mice. Statistical
comparisons of the IgG responses of donors and recipients of control cells with cells treated with Dnp-D-GL yielded P <0.001 in all cases.

Using a priming regimen designed to elicit very good anti-
Dnp antibody responses of the IgE as well as the IgG class,
and a system recently developed by us which permits adoptive
transfer of IgE antibody responses into irradiated recipient
mice (9, 10), we have been able to induce Dnp-specific tol-
erance in the IgE antibody-forming cell population of either
unprimed or previously primed mice. Thus, treatment of un-

primed mice with appropriate doses of Dnp-D-GL 1 week
before primary immunization with Dnp-ASC markedly dimin-
ished the primary anti-Dnp antibody response in both the IgE
and IgG classes as compared to controls (Table 1). The capa-

cityto induce Dnp-specific tolerance inan alreadyprimed popu-

lationwas demonstrated in experiments using adoptivelytrans-
ferred primed spleen cells (Figs. 1 and 2). In these experiments,
cells from primed donor mice that had been treated with Dnp-
D-GL in situ 1 week before transfer to irradiated recipients
were unable to develop adoptive secondary anti-Dnp re-

sponses of either IgE or IgG antibody classes. The degree of
unresponsiveness as compared to controls was 92-100% in
both classes. Moreover, the tolerant state induced in the
donor cell populations was not diminished by administering to
donor mice an immunogenic dose of Dnp-ASC as an interven-
ing secondary challenge between exposure to Dnp-D-GL and
subsequent transfer to irradiated recipients (Fig. 2).
We have previously presented detailed evidence in the Dnp-

D-GL model for a central mechanism of tolerance which is
expressed predominantly in the population of Dnp-specific
antibody-forming cells and their precursors, i.e., B lympho-
cytes. This conclusion is derived from the following findings:

(i) The tolerance induced by Dnp-D-GL is hapten-specific
and the frequency of both antigen-binding lymphocytes spe-

cific for Dnp and cells forming antibodies to Dnp is signifi-
cantly lower in tolerant animals than in normal or immune
animals (1, 18).

(ii) A very marked depression both in plaque-forming cells
secreting high-affinity anti-Dnp antibody and in serum anti-
body of high affinity for Dnp has previously been shown

to exist in IgG class responses in this model, indicating a pref-
erential induction of tolerance in precursor cells bearing high-
affinity receptors (18). Evidence obtained in the present stud-
ies indicates that this is also the case in B lymphocytes of the
IgE antibody class (Table 2).

(iii) The absence of T-cell participation in the process of
tolerance induction by Dnp-D-GL has been shown conclu-
sively in very recent in vitro studies using lymphocytes from
congenitally athymic (nude) mice (19).
Recent studies from our laboratory designed to probe the

questions of mechanism of induction of tolerance and fate
of tolerant cells in the Dnp-D-GL model led us to conclude
that the Dnp-specific tolerance induced in this way is an
example of irreversible inhibition of cell reactivity to antigen
reflecting yet-to-be-determined events at the intra- and sub-
cellular level (5). These intracellular events, we believe, are
the ultimate and apparently irrevocable (for a given cell) con-
sequence of a tolerogenic signal generated at the cell-surface
membrane after binding of Dnp-D-GL to specific immuno-
globulin receptors (there is no reason to believe that it is
necessary for Dnp-D-GL to enter the cell in order for induc-
tion of tolerance to occur). These conclusions were based on
observations on the prolonged maintenance of the tolerant
state through as many as two serial adoptive transfers per-
formed over a period of time of at least 24 days from the single
exposure of such cells to the tolerogen. More conclusively to
the point was the failure of enzymatic treatment with trypsin
to reverse the tolerant state induced by in vitro exposure of
primed cells to Dnp-D-GL (5). Moreover, cells cannot be
"rescued" from the tolerogenic signal induced by prior ex-
posure to Dnp-D-GL by providing a nonspecific T-cell activa-
tion caused by a graft-versus-host reaction, i.e., allogeneic
effect (1, 8; Hamaoka, T., Katz, D. H. & Benacerraf, B.,
manuscript in preparation). In contrast, exposure of Dnp-
specific lymphocytes to Dnp-D-GL during the course of an
allogeneic effect results in the development of immunity
rather than tolerance to this molecule (1, 8, 20-22). This ob-
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servation indicates that during a short time after the binding
of the tolerogenic molecule Dnp-D-GL, the specific B lympho-
cytes are activated and therefore susceptible to induction for
differentiation and antibody production provided an appro-
priate T-cell signal is exerted. This period of activation is,
however, extremely short and is followed by complete re-
fractoriness.
Although the above findings and conclusions derive from

studies on IgG antibody class responses, there is no evidence
to suggest that similar (or identical) molecular events do not
also occur in the induction of tolerance in B lymphocytes of
the IgE class. Indeed, certain features such as the capacity
to induce tolerance in previously primed lymphocytes and
maintenance of unresponsiveness after adoptive transfer have
been shown in the present studies to occur for both anti-
body classes. Nevertheless, even if there are slight mechanis-
tic differences between the two classes, the observations re-
ported here represent the first demonstration of restricted B-
cell tolerance of the IgE antibody class, and provide therefore
a starting point for many areas of experimentation ultimately
destined to solve many therapeutic problems concerning clini-
cally allergic patients.
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