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SUMMARY

Previously, we discovered that administration of high Mr glutaraldehyde-polymerized ovalbumin
(OA) to C57BL/6 mice prior to immunization with OA in Al(OH)3 adjuvant resulted in induction of
an interferon-gamma (IFN-y) dependent, split tolerance in which maximal OA-specific IgE responses
were 1-3% of those observed in saline-treated OA-[AI(OH)3] immunized controls. Concomitantly,
these mice exhibited up to 103-fold increases in OA-specific IgG2a synthesis. In this report we
examine the longevity and resilience of these reciprocal effects on IgE inhibition/IgG2a enhancement
over extended periods of time and following multiple re-exposures to the sensitizing allergen. The
data indicate that the T-cell mediated changes in responsiveness which are induced upon exposure to
glutaraldehyde-modified protein allergen, but not unmodified allergen, are (i) extremely long-lived
(> 350 days); (ii) resistant to at least five re-immunizations with OA in Al(OH)3 adjuvant; and (iii)
antigen-specific. The results are consistent with a virtually permanent shift in the OA-specific T-cell
repertoire in vivo from one dominated by Th2-like patterns of cytokine synthesis (IL-4) to one
dominated by Thl-like (IFN-y) cytokine production.

INTRODUCTION

Most immune responses consist of a balance of cell-mediated
immunity and antibody production. Under certain circum-
stances, such as immune deviation' and split tolerance,2'3 one
component of the response dominates to the virtual exclusion of
others. One current hypothesis attributes such skewing of
immune responses to preferential stimulation of Th 1-like or
Th2-like patterns of cytokine synthesis in vivo. Thus, the
response to Leishmania major infection is dominated by inter-
feron-gamma (IFN-y) or interleukin-4 (IL-4) production in
C57BL/6 and BALB/c mice, respectively.4'5 Similar preferential
stimulation of a dominant pattern of cytokine synthesis is
observed in I-As and non-I-As mice in the response to human
type IV collagen.67 In these systems, the immune response
elicited can be predicted by the genetic background of the
individual.

Studies of polyclonally stimulated, in vitro antibody re-
sponses indicate a central role for IFN-y in regulation ofmurine
IgG2a production, which is enhanced, and IgE responses, which
are strongly inhibited.8-" IL-4, upon which IgE responses are
dependent, has the opposite effect, suggesting that these cyto-
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kines act to reciprocally regulate Ig isotype production in T-cell-
dependent immune responses.'2 Direct evidence ofan in vivo role
for IFN-y and IL-4 is provided by the findings that IgE
production is virtually abolished by anti-IL-4 receptor treat-
ment'3 4 and that injection of high doses of rIFN-y leads to
suppression of polyclonal IgE responses.'5

Because the pattern ofcytokine production appears to shape
the nature of the resulting immune response, an important
objective would be development of methods resulting in acti-
vation of specific patterns of cytokine production. To that end,
we have utilized glutaraldehyde (GA)-modified allergens in
studies of antigen-specific murine IgE responses. We selected
ovalbumin (OA) as model allergen because, in addition to being
well defined in terms of primary, secondary, tertiary'6 and
crystal structure,'7 it is a relatively common allergen in
humans.'8"9

Glutaraldehyde modification of OA at neutral pH yields
highly heterogeneous polymers,20 similar to those obtained
uponGA treatment ofother allergens by other investigators.2'-23
Although greatly decreased in antigenicity, these mixtures
exhibit limited efficacy as tolerogens in vivo and, in some cases,
can induce de novo IgE responses.23 We have developed a
reaction which yields soluble, high Mr polymers (termed OA-
POL) of restricted heterogeneity, greatly increased efficacy and
which exhibit highly consistent biological activity from lot to
lot. Using a short-term in vivo assay system, we found that
treatment of mice with this molecule (80 pg, i.p.) led to 90-99%
inhibition of both primary and secondary IgE anti-OA re-

407



K. T. HayGlass, R. S. Gieni & W. P. Stefura

sponses. This inhibition was essentially isotype-specific for IgE,
with 0-5-fold decreases in IgG 1, minor changes in allergen-
specific IgA, IgM and 100-fold increases in IgG2a production.24
Its effects were antigen-specific and CD4 T-cell dependent.
Collectively, the data suggest the involvement of IFN-y, poten-
tially via in vivo induction of ThI-like patterns of cytokine
synthesis. Recently, we demonstrated that administration of as
little as 600 jug of monoclonal anti-IFN-y (XMG 1.2) abolished
both the suppression of IgE responses and enhancement of
IgG2a elicited by OA-POL treatment.24'25 In contrast, adminis-
tration of unmodified OA under the same conditions resulted in
accelerated primary IgE responses. Neither primary or second-
ary OA-specific IgE responses were inhibited by such treat-
ment.24'25 These data were taken to support the view that OA-
POL acts largely through preferential induction of IFN-y. The
clear implication is that cytokine synthesis patterns elicited
upon antigen exposure in vivo are not fixed (i.e. by genetic
background) but may be subject to manipulation upon adminis-
tration of appropriate forms of antigen.

Most studies of IgE regulation, including our own, have
focused on short-term studies of antibody production (reviewed
in refs 26 and 27). At the same time, extrapolation from murine
models of immunotherapy to clinical trials has often proved to
be disappointing.28 This may be due, in part, to the brief periods
(4-6 weeks or less) over which most animal experiments are
carried out.

In this report, we examine the longevity of isotype-specific
regulation induced with this class of chemically modified
allergens. To our surprise, a single course ofOA-POL treatment
resulted in an essentially permanent shift in the pattern of
responsiveness of C57BL/6 mice to unmodified OA. The
resulting isotype-specific inhibition of IgE responsiveness was
maintained for at least 1 year in the absence of further
treatment, despite multiple re-exposures to the sensitizing
allergen. The T-cell-dependent decreases in the capacity to
produce IgE responses were paralleled by 500-fold or greater
increases in anti-OA IgG2a responses-a finding consistent
with preferential induction of IFN-y-producing regulatory T
cells by this modified allergen. We interpret these results in terms
of differential patterns of cytokine synthesis elicited by in vivo
exposure to native and chemically modified allergens and
suggest that this system is well suited to analysis of factors which
govern induction of allergic responses.

MATERIALS AND METHODS

Animals
C57BL/6 mice (6-12 weeks old) and Sprague-Dawley rats were
bred at the University of Manitoba breeding facility or were
purchased from Charles River Canada (St Constant, PQ,
Canada). All animals were maintained and used in strict
accordance with the guidelines issued by the Canadian Council
on Animal Care.

Preparation of chemically modified ovalbumin
Ovalbumin (OA) (Grade VI, Sigma Chemical Co, St Louis,
MO; or 5 x recrystallized, ICN Biomedicals, Montreal PQ,
Canada) was treated with glutaraldehyde (Eastman Kodak Co,
Rochester NY) as follows. OA was dissolved at 25 mg/ml in
sodium acetate/acetic acid buffer (0-1 M, pH 5-3), 0-5 pH unit
above its isoelectric point. Glutaraldehyde (GA) (6% in 0 15 M

NaCl) was added drop-wise with stirring over a period ofseveral
minutes to obtain a final molar ratio of 200: 1 GA:OA. The
reaction was allowed to proceed for 5 hr in order to yield high Mr
OA polymers. After extensive dialysis against borate-buffered
saline (01 M, pH 8-3), the solution was routinely applied to a
Biogel A-50m (Biorad Laboratories, Mississauga, ON) gel
filtration column (2-5 x 90 cm) for characterization and purifi-
cation. The polymerized protein was recovered as a single sharp
symmetric peak (Vl V. of 14 to 1*55) eluting at an average Mr of
3-5 x 107.20.29 The V. of Biogel A-50m is 5-0 x 107. This prepara-
tion, designated OA-POL, could be stored for at least 2 months
at 40 without evidence of any changes in its chemicals or
immunologic properties. This method of glutaraldehyde poly-
merization was developed and used throughout this study, in
preference to chemical modification carried out at neutral pH in
phosphate-buffered saline (0-1 M) with all other reaction
conditions as above, a procedure found to yield highly heteroge-
neous mixtures of reaction products.20'30

Immunization and treatment ofmice
A course of OA-POL treatment consisted of three 80 jyg
injections given i.p. in saline. Mice were immunized from 14 to
356 days later by i.p. injection of 2 ,ug OA or 10 yg TNP22-KLH
adsorbed onto 2 mg Al(OH)3 adjuvant. Age-matched, saline-
treated animals were used as controls, with naive 6-8-week-old
mice included as additional controls in some long-term experi-
ments. Blood was obtained by cardiac puncture 10 days after
each immunization and the sera were stored at -200 until
analysed.

Determination of antigen-specific antibody levels
OA-specific murine IgG, IgGl, IgG2a, IgA and IgM levels were
determined in an alkaline phosphatase-based ELISA calibrated
against a murine anti-OA standard, as previously described.
Briefly, ELISA plates (Corning 25805, Corning Science Pro-
ducts, NY) were coated overnight with antigen (OA or DNP7-
BSA) at 200 yg/ml in bicarbonate buffer (0-05 M, pH 9-6). After
90 min blocking with a 1% BSA, 0-05% Tween 20 solution and
extensive washing, serial dilutions of serum samples were
incubated for 4 hr at 370, the plates were washed and an excess of
alkaline phosphatase-conjugated rabbit anti-mouse IgG, IgG 1,
IgG2a, IgA or IgM (Southern Biotechnology Associates, Birm-
ingham, AL) was added overnight at 4°. After washing the
plates extensively, p-nitrophenyl phosphate (Sigma Chemical
Co.) was added as directed by the manufacturer and the reaction
was allowed to proceed for 100 min. Background control values
for wells missing one component in turn did not exceed 0 07
absorbance units at 405 nm. IgG concentrations are expressed in
pg/ml as deduced from a standard curve obtained with a
standard serum of known concentration of anti-OA IgG.20
Results for IgG 1, IgG2a, IgA and IgM are expressed as ELISA
titres using the midpoint of the titration curves obtained
compared to a constant internal standard run in each assay.
Each serum sample was assayed at least twice. The isotypic
specificity of each of the antibody-enzyme conjugates used was
confirmed prior to use. IgE anti-OA levels were determined by
48-hr passive cutaneous anaphylaxis (PCA) in female Sprague-
Dawley rats, essentially as described elsewhere.3' Duplicate or
triplicate analyses, which rarely differed by more than one
twofold dilution, were conducted for each sample.
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Table 1. Glutaraldehyde-polymerized, but not unmodified, OA elicits IgE selective inhibition of anti-OA responses

IgE IgG I IgG2a IgA IgM
Treatment Challenge
(Days - 14, - 12, -10) (Day 0) Day 10 Day 35 Day 10 Day 35 Day 10 Day 35 Day 10 Day 35 Day 10 Day 35

None OA 800 5000 2191 144,000 20 50 5 20 380 710
OA-POL OA 10 100 19,200 124,800 2500 72,960 10 30 570 1250
OA OA 1280 4000 325,000 1-65x 106 150 ND 10 15 980 1950

C57BL/6 mice were injected i.p. with saline, OA or OA-POL (80 pg in saline) 10, 12 and 14 days before immunization with 2 pg OA in
AI(OH)3 adjuvant. Peak and secondary anti-OA responses are expressed as reciprocal titres. The data shown are from one experiment
representative of three performed.
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Treatment time (days) Challenge
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Figure 1. Persistent inhibition of anti-OA IgE responses followinga single course of treatment with glutaraldehyde-polymerized ovalbumin (OA-
POL). C57BL/6 mice were treated with three 80 pg i.p. injections ofOA-POL in saline or with saline alone. From 14 to 300 days later, an independent
cohort of treated (E) or age-matched normal (-) mice was challenged with 2 pg OA [Al(OH)3] and their anti-OA IgE responses were assessed 10 days
later. Parallel control groups of 6-8 weeks-old mice (t) were challenged in conjunction with those challenged 135 and 300 days after OA-POL
treatment. IgE responses of these young, untreated mice were not different from those of age-matched, untreated controls (data not shown). Data
presented are from one of two experiments.

Cell transfers
Mice pretreated with OA-POL as described above were killed 6
months (185 days) later and, where specified, T cells were

depleted by treatment with anti-Thy-1.2 (undiluted tissue
culture supernatant derived from the hybridoma HO 13.4,
kindly provided by Dr K. Rock, Harvard Medical School,
Boston, MA) and Low-tox rabbit complement (Cedarlane
Laboratories Ltd, Grimsby, Ontario, Canada) prior to transfer.
Under these conditions 40-45% of lymphocytes were lysed
while complement-treated controls exhibited approximately
10% killing. All recipients were immunized with 2 pg OA [in
AI(OH)3] and bled 1-3 weeks later.

Statistical analysis
PCA and ELISA titres were log transformed, following which
geometric means were compared using Student's unpaired two-
tailed t-test.

RESULTS

Inhibition of IgE responses following treatment with glutaralde-
hyde polymerized OA

Polymerization of OA one half pH unit above its isoelectric
point yields freely soluble molecules of Mr 3-5 x 107 (OA-POL),
as determined by gel filtration.20,29 Treatment of mice with three
80 pg OA-POL injections (i.p.) resulted in markedly decreased
primary and secondary anti-OA IgE responses in all (14/14)
strains examined to date.32 Table I summarizes the effects of
treatment with unmodified OA or OA-POL on OA-specific
antibody responses in C57BL/6 mice in conventional short-term
studies. Here, as previously, responses were assessed following
challenge with unmodified OA in Al(OH)3 adjuvant 10 days
after treatment.

Anti-OA IgE responses were decreased by 97-99%
(P<0-001) following exposure to OA-POL. Concomitantly,
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Table 2. Long-lived inhibition of IgE responses is resistant to multiple re-exposures to antigen*

IgE IgG IgM
Elapsed time

Treatment (days) Challenge 20 30 40 50 20 30 40 50 2° 30 40 50

Saline 83 OA 4000 8000 4000 ND 739 1115 560 ND 360 1205 1006 ND
OA-POL 83 OA 100 80 50 1016 975 548 632 720 510

Saline 128 OA 4000 2500 3200 1600 1938 1251 1387 1187 230 717 1530 880
OA-POL 128 OA 40 160 80 40 1487 1356 1417 1006 945 1005 1780 1000

Saline 163 OA 4000 3200 3200 1280 933 552 488 683 1012 1000 1920 2050
OA-POL 163 OA 160 80 80 40 1000 500 460 409 970 505 1400 1680

Saline 208 OA 2560 800 1280 ND 767 623 560 ND 685 518 2028 ND
OA-POL 208 OA 20 20 10 623 718 369 800 719 1240

Saline 328 OA 4000 2000 ND ND 744 292 ND ND 1920 509 ND ND
OA-POL 328 OA 160 20 718 489 975 960

* C57BL/6 mice were treated with OA-POL or saline on Days 0, 2, 4. Five cohorts of three mice each were challenged with OA
[Al(OH)3] either 83, 128, 163,208 or 328 days later and at monthly intervals thereafter. All immunizations were given in the absence of
any further treatment with OA-POL. OA-specific IgE (titre), IgG (pg/ml) and IgM (titre) responses obtained 7 days post-
immunization are shown from one of three experiments. Comparison between OA-POL- and saline-treated groups using Student's
two tailed t-test yields the following P values: IgE P < 0-001, IgG P< 0-05, IgM P> 0-05 in most cases.

Table 3. Reciprocal relationship between inhibited IgE responses and elevated IgG2a responses in OA-POL-treated
C57BL/6 mice*

IgE IgG I IgG2a

Treatment Challenge 10 20 30 1 0 20 30 1 0 20 30

None OA 1600 4000 8000 5750 76,800 108,800 10 20 25
OA-POL (Day -55) OA <10 100 80 33,280 52,800 37,200 1900 26,200 25,600

None OA 3200 4000 2500 6800 302,780 305,971 5 10 30
OA-POL (Day-100) OA 20 40 160 62,080 55,780 65,380 57,500 42,500 39,500

None OA 800 2560 800 5360 360,000 176,400 15 35 55
OA-POL (Day - 180) OA <10 20 20 52,800 61,000 29,000 48,000 39,680 28,800

None OA 1200 4000 2000 2200 267,725 68,525 15 30 30
OA-POL (Day -300) OA 40 160 20 87,930 90,835 49,100 36,500 19,950 17,600

* Peak OA-specific antibody responses (titre) in mice treated and challenged as described in Table 2. Significant
differences exist between saline- and OA-POL-treated groups for IgE (P<0 001) and IgG2a (P<0-001) at all times
examined.

IgG2a responses were elevated from 500- to 1500-fold as a from such studies to long-term regulation of IgE responses. To
consequence of OA-POL treatment. In marked contrast, ad- directly determine the capacity ofOA-POL to induce long-lived
ministration of unmodified OA under the same conditions led to changes in murine responsiveness to native allergen, we treated

no inhibition of IgE production and actually resulted in an 40 mice with OA-POL or saline, and at regular intervals from 14

accelerated primary response (Day 7 IgE titre 1600). Primary to 300 days later, challenged age-matched cohorts of three mice

IgGI responses were markedly elevated in these experiments in each with OA [Al(OH)3]. Figure 1 demonstrates that anti-OA
both OA-pretreated and OA-POL pretreated groups. OA- IgE responses in OA-POL-treated mice were decreased by more
specific IgA and IgM production was largely unaffected. than 95% regardless of when (14-300 days later) the first

allergen challenge occurred. In most cases, peak IgE responses
in the OA-POL-treated groups ranged from 1% to 3% of those

Induction of long-term regulation of IgE responses observed in age-matched (or in 8-week-old, data not shown)
untreated controls. Tenfold increases, or decreases, in the

Most in vivo studies of immunoregulation have examined time amount ofOA [Al(OH)3] used for challenge had no effect on the

periods of less than 6 weeks. Caution is required to extrapolate inhibition observed (data not shown).
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Figure 2. Antigenic specificity of OA-POL's effects on IgE and IgG2a
responses. Mice were treated with OA-POL or saline and 185 days later
challenged with TNP22-KLH (a) orOA (b). Peak IgE (-) and IgG2a (U)
responses 10 days later are indicated.

Isotypic specificity and resilience of long-term suppression to
further allergen exposure

To assess the persistence of the changes induced, mice were

treated with OA-POL and, along with age-matched controls,
challenged repeatedly with OA [Al(OH)3] beginning 83-328
days after treatment (Table 2). Secondary IgE responses were

decreased by 95% or greater in comparison to untreated
controls, despite up to five immunizations. Secondary anti-OA
IgG, IgM and (not shown) IgA responses exhibited minimal
change in most instances.

Examination ofanti-OA IgG responses by subclass revealed
striking increases in anti-OA IgG2a production (500-10,000-
fold) which paralleled the 95-99% inhibition of anti-OA IgE
production found upon OA-POL treatment (Table 3). In this
experiment, production of IgG was decreased in the secondary
response of several groups, but to a lesser, and more variable,
extent. IgA and IgM responses to OA were not significantly
affected by OA-POL treatment (data not shown). Similar
increases in antigen-specific IgG2a and inhibition of IgE
responses were observed in each experiment.

Antigenic specificity

The specificity of this long-lived inhibition of IgE responses was

demonstrated upon challenge ofsaline or OA-POL-treated mice
6 months after treatment. In the experiment shown (Fig. 2), IgE
responses to OA were inhibited by 94% and IgG2a responses

increased 350-fold, while IgE and IgG2a responses to TNP were

unaffected by OA-POL treatment prior to TNP22-KLH immu-
nization.

T-cell dependency of changes in OA-specific responsiveness

To examine the means by which IgE responses were inhibited,
whole or T-cell depleted spleen cell populations obtained from
mice treated with OA-POL 6 months earlier were transferred to
normal recipients, which were then challenged with OA
[Al(OH)3]. Recipients ofT cells from mice treated with OA-POL
6 months previously (Fig. 3) exhibited 400-600-fold increases in
anti-OA IgG2a, concomitant with marked inhibition of IgE
responses, in comparison to mice receiving normal or T-cell
depleted spleen cells. These increases in IgG2a production were
decreased by 60-80% if donor T cells were depleted prior to
transfer. Residual increases in IgG2a probably reflect the
contribution of OA-specific B cells that had undergone gene
rearrangement to IgG2a in the OA-POL-treated donor prior to
cell transfer.

DISCUSSION

A major goal in studies of IgE regulation is the induction of
long-lasting, IgE-selective unresponsiveness. Here, we report
the induction of IgE-specific, T-cell dependent, split tolerance in
which treated mice were capable of generating OA-specific IgE
responses that, at most, were 1-3% of those obtained in
untreated controls. This state of virtual unresponsiveness
peristed for the duration of the study (> 350 days). The
mechanism by which OA-POL-induced T cells mediate these
changes in responsiveness remains unresolved, but the 500-
1500-fold increases in anti-OA IgG2a production which were
found concomitant with the inhibition of IgE responsiveness
provide support for our hypothesis that treatment with these
chemically modified allergens results in preferential induction of
antigen-specific IFN-y-secreting T cells.24 An alternative
hypothesis, that exposure to OA-POL results in decreased IL-4
production by the OA-specific T-cell repertoire, is not excluded.
We are currently examining the frequency of IFN-y versus IL-4
synthesizing cells by limiting dilution analysis to directly address
this issue.

The longevity and resilience of the changes in antibody
production induced upon treatment with this polymerized
allergen are surprising. As demonstrated in Tables 2 and 3, at no
point were IgE responses in OA-POL-treated groups compar-
able to those elicited in untreated controls. This isotype-selective
unresponsive state persisted in spite of five booster immuniza-
tions with native allergen in adjuvant given over a 1-year period
from the single initial course of treatment. In contrast, produc-
tion of IgGI was invariably increased in primary responses
following OA-POL (or unmodified OA) administration, while
secondary IgGI responses tended to be inhibited. This may be
explicable by a stricter dependence of IgE on IL-4, or a greater
sensitivity to IFN-y, than IgGl, particularly in antigen-specific
responses. 14

Development of immunotherapeutic strategies for control
ofimmediate hypersensitivity has long been hindered by a major
challenge; persistent inhibition of IgE responsiveness is difficult
to establish. Allergen immunotherapy currently involves a
multiple series of injections of allergen extracts with the stated
goal of decreasing the patient's sensitivity to that allergen.
Although widely practised, such therapy often yields equivocal
results and is the subject of increasing scrutiny in terms of safety
and efficacy.33-36. Much attention has been paid to different
forms of chemically modified allergens, the major objectives
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Treatment Immunization OA-specific IgE OA-specific IgG2a

0 100 200 400 800 1600 0 310 625 1250 2500 5000 10,000

None OA _

None (anti-Thy-1 + C) OA _

OA-POL OA

OA-POL (anti-Thy-1 + C) OA |_

Figure 3. T-cell dependency of reciprocal changes in OA-specific IgE and IgG2a production. Responses were obtained in normal
recipients following transfer of 8 x I07 spleen cells, or T-depleted spleen cells, from mice treated with OA-POL 6 months previously. All
recipients were immunized with 2 pg OA in AI(OH)3 immediately after cell transfer and bled 10 days later. Treatment with anti-Thy- 1.2
(HO 13.4) tissue culture supernatant and complement resulted in 41 0/° cell lysis, while complement alone killed 8% in this experiment.
Data (titres) presented are from one of three experiments.

being increased efficacy and decreased likelihood of anaphylac-
tic reactions (reviewed by refs 26 and 27), but in general the
clinical results obtained have often proven disappointing.

This may be attributable in part to two limitations observed
in most experimental approaches to allergen immunotherapy:
(i) an inability to effectively inhibit previously established IgE
responses, and (ii) difficulty in maintaining IgE inhibition in the
face of repeated allergenic exposure. We have found that OA-
POL treatment leads to inhibition of murine IgE responses
which are (i) IgE specific, (ii) durable and (iii) resistant to
multiple challenges-requirements which suggest that this
approach may provide a useful system for examination of the
role of differential activation of cytokine genes in IgE regula-
tion. Moreover, even well established, ongoing IgE responses
are effectively abrogated (96-99% decreased) by three courses of
treatment with OA-POL.20 To our knowledge, these studies
represent the first successful exploitation of differential cytokine
synthesis patterns for modulation of hypersensitivity responses.

Although this approach is successful in abrogating ongoing
murine IgE responses, it should be cautioned that the amounts
and conditions required far exceed the amount practical for
administration to humans. Thus, at this stage, the primary value
of this approach lies in its utility as a tool to examine conditions
which govern the induction and regulation of in vivo antibody
responses. Established in vivo IgE responses likely consist of IL-
4-dependent and IL-4-independent components,'4 each of
which may display different requirements for inhibition.37

Studies carried out in several laboratories suggested that
murine Th clones can be subdivided into (at least) three major
groups based on function and the pattern of lymphokines
secreted, with ThI cells secreting IL-2, lymphotoxin and IFN-y,
Th2 producing IL-4, IL-5 and IL-6, and ThO clones displaying
an intermediate pattern of cytokine synthesis upon stimulation
with antigen or Con A.38 It remains unclear if these three subsets
exist as independent lineages or if the nature of the antigenic or
environmental stimuli encountered determines the pattern of
cytokine production. Also unresolved is the question ofwhether
commitment to one or another pattern of cytokine synthesis by
any given clone is absolute39-4' or irreversible. Evidence has been
obtained that Thl-like and Th2-like responses can be dis-
tinguished in normal cell populations,42 47 raising the possibility
that induction of distinct patterns of lymphokine production

may play an important role in the regulation of humoral
immune responses in vivo, but this remains an unresolved issue.
The IFN-y-dependent mechanism of regulation, demonstrated
in short-term studies24 and supported by the data in this report,
is consistent with preferential induction of Th I -like patterns of
cytokine synthesis in preference to the Th2-like pattern nor-
mally observed following OA Al(OH)3 immunization-a re-
sponse which leads to strong IgE and virtually undetectable
IgG2a production. However, it remains to be determined if this
reflects the Thl/Th2 paradigm at the single cell level.

The influences which shape the pattern of cytokine produc-
tion dominating any given antigen-specific response comprise
an active area of investigation. Earlier studies suggest that the
genetic background of the individual is a determining factor.4-7
However, the nature of the antigenic stimulus48 and the type of
antigen-presenting cell have also been shown to qualitatively
influence cytokine production. Thus, Hauser et al. (49) demon-
strated that Langerhans' cells play a critical role in selecting for
Th2-like patterns in the derivation of antigen-specific T-cell
clones, while Magilavy et al.Y° found that hepatic non-parenchy-
mal cells support the proliferation of Thl but not Th2 clones.
The present study indicates that the form of the antigen plays a
critical role in determining the dominant immune response in
vivo. In this regard, the approximately 102-fold decreased
capacity of OA-POL to be bound by B cells29 in comparison to
unmodified OA may effectively remove B-cell antigen presen-
tation5'-53 ofOA-POL and thus indirectly determine the pattern
of cytokine production elicited. The role of different antigen-
presenting cells in processing and presenting OA versus OA-
POL to the OA specific T-cell repertoire is currently under
investigation.

ACKNOWLEDGMENTS
We thank Drs K. Ishizaka, C. Janeway, T. Mosmann, D. Rayner and A.
Sehon for critical review of the manuscript and Ms K. Risk for
secretarial assistance. This work was supported by the Medical
Research Council of Canada.

REFERENCES
1. ASHERSON G.L. & STONE S.H. (1965) Selective and specific inhibi-

tion of 24 hour skin reactions in the guinea-pig. I. Immune



Reciprocal regulation of murine IgE and IgG2a responses in vivo 413

deviation: description of the phenomenon and the effect of splenec-
tomy. Immunology, 9, 205.

2. CROWLE A.J. & Hu C.C. (1966) Split tolerance affecting delayed
hypersensitivity and induced in mice by pre-immunization with
protein antigens in solution. Clin. exp. Immunol. 1, 323.

3. PARISH C.R. (1971) Immune response to chemically modified
flagellin. II. Evidence for a fundamental relationship between
humoral and cell-mediated immunity. J. exp. Med. 134, 21.

4. HEINZEL F.P., SADICK M.D., HOLADAY B.J., COFFMAN R.L. &
LOCKSLEY R.M. (1989) Reciprocal expression of Interferon-y or IL
4 during the resolution or progression of murine Leishmaniasis. J.
exp. Med. 169, 59.

5. MUELLER I., PEDRAZZINi T., FARRELL J.P. & Louis J. (1989) T-cell
responses and immunity to experimental infection with Leishmania
major. Ann. Rev. Immunol. 7, 561.

6. TiTE J., MOELLMER H., MADRI J. & JANEWAY C. (1987) Inverse Ir
gene control of the antibody and T cell proliferative responses to
human basement membrane collagen. J. Immunol. 139, 2892.

7. MURRAY J.S., MADRI J., TiTE J., CARDING S.R. & BoTroMLY K.
(1989) MHC control ofCD4I T cell subset activation. J. exp. Med.
170, 2135.

8. COFFMAN R.L. & CARTY J. (1986) A T cell activity that enhances
polyclonal IgE production and its inhibition by interferon-y. J.
Immunol. 136, 949.

9. RABIN E., MOND J., OHARA J. & PAUL W.E. (1986) Interferon-y
inhibits the action of B cell stimulatory factor (BSF)- I on resting B
cells. J. Immunol. 136, 949.

10. REYNOLDS D., BooM W. & ABBAS A. (1987) Inhibition of B
lymphocyte activation by interferon-y. J. Immunol. 139, 767.

11. SNAPPER C.M., PESCHEL C. & PAUL W.E.J. (1988) IFN-y stimulates
IgG2a secretion by murine B cells stimulated with bacterial LPS. J.
Immunol. 140, 2121.

12. SNAPPER C.M. & PAUL W.E. (1987) Interferon-y and B cell
stimulatory factor-l reciprocally regulate Ig isotype production.
Science, 236, 944.

13. FINKELMAN F.D., KATONA I.E., URBAN J.F., SNAPPER C.M., OHARA
J. & PAUL W.E. (1986) Suppression of in vivo polyclonal IgE
responses by monoclonal antibody to the lymphokine BSF- 1. Proc.
nati. Acad. Sci. U.S.A. 83,9675.

14. FINKELMAN F.D., HOLMES J., KATONA I.M., URBAN J.F., BECK-
MANN M.P., SCHOOLEY K.A., COFFMAN R.L., MOSMANN T.R. &
PAUL W.E. (1990) Lymphokine control of in vivo immunoglobulin
isotype selection. Ann. Rev. Immunol. 8, 303.

15. FINKELMAN F.D., KATONA I.M., MOSMANN T.R. & COFFMAN R.L.
(1988) IFN-y regulates the isotypes of Ig secreted during in vivo
humoral immune responses. J. Immunol. 140, 1022.

16. NISBET A.D., SAUNDRY R.H., MOIR A.J.G., FOTHERGILL L.A. &
FOTHERGILL J.E. (1981) The complete amino-acid sequence of hen
ovalbumin. Eur. J. Biochem. 115, 335.

17. STEIN P.E., LESLIE A.G.W., FINCH J.T., TURNELL W.G., MCLAUGH-
LIN P.J. & CAVELL R.W. (1990) Crystal structure of ovalbumin as a
model for the reactive centre of serpins. Nature, 347, 99.

18. LANGELAND T. & HARBITZ 0. (1983) A clinical and immunological
study of allergy to hen's egg white. Allergy, 38, 131.

19. ELSAYED S., HAMMER A.S.E., KALVENES M.B., FLORVAAG E.,
APOLD J. & VIK H. (1986) Antigenic and allergenic determinants of
ovalbumin. I. Peptide mapping, cleavage at the methidonyl peptide
bonds and enzymic hydrolysis of native and carboxymethyl OA.
Int. Archs Allergy appl. Immun. 79, 101.

20. HAYGLASS K.T. & STEFURA W. (1990) Isotype selective abrogation
of established IgE responses. Clin. exp. Immunol. 82,429.

21. PATTERSON R., SUSZKO I.M., ZEISS C.R., PRUZANSKY J.J. & BACAL
E. (1976) Comparison of immune reactivity to polyvalent mono-
meric and polymeric ragweed antigens. J. Allergy clin. Immunol.
61, 28.

22. MORAN D. & WHEELER A.W. (1976) Chemical modification ofcrude
timothy grass pollen extract. I. Antigenicity and immunogenicity

changes following amino group modification. Int. Archs. Allergy
appl. Immun. 50, 693.

23. ATrALLAH N.A., KUROUME T. & SEHON A.H. (1975) Conversion of
nonimmunogenic low molecular weight ragweed components to
immunogens for induction of homocytotropic antibody. Immuno-
chemistry, 12, 555.

24. HAYGLASS K.T. & STEFURA W. (1991) Anti-IFN-y treatment blocks
the ability of glutaraldehyde-polymerized allergens to inhibit
specific IgE responses. J. exp. Med. 173, 279.

25. HAYGLASS K.T., MOSMANN T. & STEFURA W. (1990) In vivo
regulation of IgE responses by preferential induction of IFN-y
producing CD4 T cells. FASEB J. 4, A1867.

26. SEHON A.H. (1982) Suppression of IgE antibody responses with
tolerogenic conjugates of allergens and haptens. Prog. Allergy,
32, 161.

27. ISHIZAKA K. (1989) Regulation of IgE biosynthesis. Adv. Immunol.
47, 1.

28. NORMAN P.S. (1982) Immunotherapy. Prog. Allergy, 32, 318.
29. HAYGLASS K.T. & STREJAN G.H. (1983) Antigen and IgE class-

specific suppression mediated by Ts cells. Int. Archs. Allergy appl.
Immun. 71, 23.

30. HAYGLASS K.T. & STREJAN G.H. (1984) Suppression of the IgE
antibody response by glutaraldehyde-modified ovalbumin: disso-
ciation between loss of antigenic reactivity and ability to induce
suppression. Int. Archs. Allergy appl. Immun. 74, 332.

31. OVARY Z. (1986) Passive cutaneous anaphylaxis. In: Handbook of
Experimental Immunology (ed. by D. M. Weir), Vol, 1, p. 33.1.
Blackwell Scientific Publications, Oxford.

32. HAYGLASS K.T. & STEFURA W. Antigen-specific modulation of
murine IgE and IgG2a responses with glutaraldehyde-polymerized
allergen is independent of MHC haplotype and Igh allotype.
Immunology, 73, 24.

33. COMMITTEE ON SAFETY OF MEDICINES (1986) Desensitizing vaccines.
Br. Med. J. 293, 948.

34. THOMPSON R.A., BOUSQUET J., COHEN S., FREI P.C., JAGER L.,
LAMBERT P.H. et al. (1989) Current status of allergen immuno-
therapy (hyposensitization): Memorandum from a WHO/IUIS
Meeting. Bull. WHO, 67, 263.

35. NORMAN P.S. (1988) Immunotherapy for nasal allergy. J. Allergy
clin. Immunol. 81, 992.

36. BouSQuET J. & MICHEL F.B. (1989) Specific immunotherapy: a
treatment of the past? Allergy clin. Immunol. News, 1, 7.

37. KEMENY D.M. & DIAZ-SANCHEZ D. (1990) Can persistent IgE
responses be suppressed? Clin. exp. Immunol. 82, 423.

38. MOSMANN T.R. & COFFMAN R.L. (1989) THI and TH2 cells:
different patterns of lymphokines secretion lead to different func-
tional properties. Ann. Rev. Immunol. 7, 145.

39. KELSO A. & GOUGH N.M. (1988) Coexpression of granulocyte-
macrophage colony-stimulating factor, y interferon, and interleuk-
ins 3 and 4 is random in murine alloreactive T-lymphocyte clones.
Proc. natl. Acad. Sci. U.S.A. 85, 9189.

40. FIRESTEIN G.W., ROEDER W.D., LAXER J.A., TOWNSEND K.S.,
WEAVER C.T., LINTON J., TORBETr B.E. & GLASEBROOK A.L. (1989)
A new murine CD4 T cell subset with an unrestricted cytokine
profile. J. Immunol. 143, 518.

41. KELSO A. (1990) Frequency analysis of lymphokine-secreting CD4+
and CD8 + T cells activated in a graft-versus-host reaction. J.
Immunol. 145, 2167.

42. POWERS G.D., ABBAS A.K. & MILLER R.A. (1988) Frequencies of
IL-2 and IL-4-secreting T cells in naive and antigen-stimulated
lymphocyte populations. J. Immunol. 140, 3352.

43. SWAIN S.L., MCKENZIE D.T., WEINBERG A.D. & HANCOCK W.
(1988) Characterization ofT helper I and 2 subsets in normal mice:
helper T cells responsible for IL-4 and IL-5 production are present
as precursors which require priming before they develop into
lymphokine-secreting cells. J. Immunol. 141, 3445.

44. SWAIN S.L., WEINBERG A.D. & ENGLISH M. (1990) CD4+ T cell



414 K. T. HayGlass, R. S. Gieni & W. P. Stefura

subsets. Lymphokine secretion ofmemory cells and of effector cells
that develop from precursors in vitro. J. Immunol. 144, 1788.

45. STREET N.E., SCHUMACHER J.H., FONG T.A.T., BASS H., FIOREN-
TINO D.R., LEVERAH J.A. & MOSMANN T.R. (1990) Heterogeneity of
mouse helper T cells. Evidence from bulk cultures and limiting
dilution cloning for precursors of Thl and Th2 cells. J. Immunol.
144, 1629.

46. BASS H., MOSMANN T. & STROBER S. (1989) Evidence for mouse Th I
and Th2-like helper T cells in vivo. J. exp. Med. 170, 1495.

47. POND L., WASSON D.L. & HAYES C. (1989) Evidence for differential
induction of helper T cell subsets during Trichinella spiralis
infection. J. Immunol. 143,4232.

48. CARDING S.R., WEST J., WOODS A. & BOTTOMLY K. (1989)
Differential activation of cytokine genes in normal CD4-bearing T
cells is stimulus dependent. Eur. J. Immunol. 19, 231.

49. HAUSER C., SNAPPER C.M., OHARA J., PAUL W.E. & KATZ S.I.
(1989) T helper cells grown with hapten-modified cultured Langer-
hans cells produce interleukin 4 and stimulate IgE production by B
cells. Eur. J. Immunol. 19, 245.

50. MAGILAVY D.B., FITCH F.W. & GAJEWSKI T.F. (1989) Murine
hepatic accessory cells support the proliferation ofTh I but not Th2
helper lymphocyte clones. J. exp. Med. 170, 985.

51. LANZAVECCHIA A. (1985) Antigen-specific interaction between T
and B cells. Nature, 314, 537.

52. HAYGLASS K.T., NAIDES S.J., SCOTT C.F., BENACERRAF B. & Sy M.
(1986) T cell development in B cell-deficient mice. IV. The role of B
cells as antigen-presenting cells in vivo. J. Immunol. 136, 823.

53. SCHULTZ K., KLARNET J., GIENI R., HAYGLASS K. & GREENBERG P.
The role of B cells for in vivo T cell responses to a friend virus-
induced leukemia. Science, 249,921.


