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Modulation of Inhaled Antigen-Induced IgE Tolerance by
Ongoing Th2 Responses in the Luny

Stephen D. Hurst?* Brian W. P. Seymour,* Tony Muchamuel,* Viswanath P. Kurup, " and
Robert L. Coffman*

The normal response to inhaled Ag is the absence of Ag-specific IgE and cytokine production to later Ag challenges. Although the
mechanism of this aerosol-induced IgE tolerance is not completely understood, it may prevent sensitization to inhaled Ags, which
could otherwise lead to allergy and asthma. We examined the consequences of ongoing Thl and Th2 responses in the lungs of mice
during OVA inhalation to mimic conditions that may subvert tolerance and lead to sensitization. We found that concurrent,
secondary Th2 lung responses to keyhole limpet hemocyanin or primary responses Mippostrongyluslarvae or Asperigillus
fumagatusextract prevented establishment of IgE tolerance to aerosolized OVA. Intranasal rIL-4 given before OVA aerosolization
also prevented establishment of tolerance, whereas concurrent Thl responses to influenza virusMycobacterium bovidacillus
Calmette-Guérin had no effect. However, once established, aerosol tolerance to OVA could not be completely broken by OVA
rechallenge concurrent with a secondary Th2 response to keyhole limpet hemocyanin é. fumagatusextract, or by intranasal
rlL-4. These data suggest that the immune status of the lung of an individual may profoundly influence the initial response to
inhaled Ag, and that aerosol-induced IgE tolerance may not be appropriately established in individuals undergoing concurrent,
Th2-mediated responses to Ags or pathogensThe Journal of Immunology,2001, 166: 4922—4930.

is constantly exposed to airborne Ags during its function CD8" cells noryd™ T cells (15). Nor does aerosol-induced IgE
of gas exchange. Therefore, the lung compartment mustolerance appear to require Ag ingestion, as oral tolerance typically
maintain normal function while closely regulating the immune re-results in the down-regulation of all Ag-specific Ab isotypes, and

sponses it mounts to inhaled Ag (1-5). Specifically, the respiratoryhe levels of Ag exposure during inhalation are insufficient to pro-
immune system must differentiate between harmless airborne Agguce IgE tolerance via ingestion (15-17).

T he lung is unigue among mucosal compartments in that itbus work demonstrated that this form of tolerance required neither
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up-regulation of the immune system, whereas the normal responsg, .

to most nonpathogenic Ags is noninflammatory. some individuals to otherwise harmless Ags. The result of this

Experlmenta_lly, inhalation of harmles; _aerosollzed protein Agsensitization can include elevated production of Ag-specific IL-4
usually results in the absence of Ag-specific Th2 responses such as Lo ) . . <
. - and IgE, which, in turn, can result in bronchial hyperresponsive- n
IgE (aerosol-induced IgE tolerance) and IL-4 production but o o
. o ness, cellular infiltration, allergy, and asthma (22—-24). =
primes for Ag-specific IgG1 and 1gG2a Abs (6—15). Importantly, Th dulati fi by st t N
aerosol-induced IgE tolerance does not appear to involve either € modula |o|n odlimune reshponsesh y sbrong_concgrrendr_e-
immune deviation or a shifted cytokine response from Th2 prod_sponses to unrelated Ags or pathogens has been investigated in a
ucts such as IL-4 and IL-5 to Thl products such as HNer

variety of experimental models. In general, these studies have ex-
suppressive products such as IL-10. Importantly, H&id IL-10 amined either the ability of ongoing Th1 responses sucBras

are not specifically expressed following challenge of inhaled Ag,cella (25), Listeria (26), Influenza (27), and bacterial CpG (28) to
and IFN-y~'~ and IL-10~ mice establish normal aerosokin |nh|t_)|t Th2 responses or the ab_lllty of ongoing Th_2 responses such
duced IgE tolerance to hen egg OVA (15). In addition, our previ-asNippostrongylug29-31),Schistosom&32), Brugia malayi(33,
34), andHeligmosomoides polygyr85, 36) to enhance IL-4 and
IgE to unrelated Ags. More recently, viral infection has been dem-
*DNAX Research Institute of Molecular and Cellular Biology, Palo Alto, CA 94304; onstrated to sensitize mice to inhaled Ag (37). With these results
and "Allergy and Immunology Division, Department of Medicine and Pediatrics, in mind, we have investigated the effects of ongoing Thl and Th2
Medical College of Wisconsin, Department of Veterans Affairs Medical Center, Mil- . . .
waukee, W| 53226 responses during the establlshn_]ent of aerosol-induced IgE to!er-
Received for publication November 28, 2000. Accepted for publication Februaryance' We demonStra_te thé.\t ongoing Th2 requnses, produce_d either
5, 2001. by Ag challenge or infection or locally administered riL-4 given
The costs of publication of this article were defrayed in part by the payment of pageduring Ag inhalation can prevent the establishment of aerosol-
charges. This article must therefore be hereby masddertisemenin accordance induced IgE tolerance and lead instead to Th2 priming to OVA.
ith 18 U.S.C. Section 1734 solely to indicate this fact. )
:\" e 'On' , soelyfo indieate ',S a ] These results suggest that the IgE and IL-4 unresponsiveness nor-
DNAX Research Institute is supported by Schering-Plough (Kenilworth, NJ). mally following Ag inhalation may be converted into a sensitiza-
2 Address correspondence and reprint requests to Dr. Stephen D. Hurst, Corgenteg: . o .
gf?on in the milieu of a concurrent, IL-4-producing Th2 response.

Inc., 601 Gateway Boulevard, South San Francisco, CA 94080. E-mail address. o | .
hurst@corgentech.com These findings help suggest a mechanism for the establishment of

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00
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aerosol-induced IgE tolerance and may have important implica- Day
tions for our understanding of acquired allergy and asthma in hu-
man disease.

-7 | Presensitization

Materials and Methods

Animals PBS OVA or |OVA/Alumi.p.

Aerosol OR Aerosol Sensitization

YRy VY-
A f“\

BALB/cANN mice were obtained from Taconic Farms (Germantown, NY).

Mice were between 5 and 7 wk of age at the beginning of each experiment
and were housed under specific pathogen-free conditions at the DNAX
Research Institute animal facility. Experiments were conducted following 15 | <—0vA/Alum i.p. 20 challenge
protocols approved by the DNAX Animal Use Review Committee.

Immunizations and infection

. . . 22 | < Day 7 post 2° challenge bleed
Fig. 1 shows the standard treatment regimens for these experiments. OVA vre 9

(grade V; Sigma, St. Louis, MO) was exposed to animals for inhalation as
a 1% solution in PBS as previously described (15). Aerosolization was
performed for 20 min every other day for 10 days (five times) from days 29 | <«—Day 14 post 2° challenge bleed
0-8. Previous studies have demonstrated that each aerosolization treat-
ment delivers~5 pg/mouse. All treatment groups then received the fol-
lowing regimen of challenges: 7 days following the final aerosolization 36 | < OVA Aerosol 3° challenge
(day 15) mice were bled (prebleed), and later that day challenged with
OVA. OVA sensitization and challenge was performed byﬁig.)p. injection of
10 ng OVA precipitated in 2 mg aluminum hydroxide (Alurrgel (OVA/ o

Alum). Mice were then bled weekly on days 22 and 29 (referred to as day 43 | <~Day 7 post 3¢ challenge bleed
7 post 2 and day 14 post? respectively) and then given a finaf, GVA
aerosolization challenge on day 36 and bled on day 43 (referred to as ddyiIGURE 1. Treatment regimen. Groups of mice were treated as de-
7 post 3). When indicated, 1Qug of keyhole limpet hemocyanin (KLH;  scribed inMaterials and Methodgor each experiment. Following these
Pierce, Rockford, IL) was delivered intranasally (i.n.) in PBS or injected treatments, mice in afiroups were challenged on days 15 and 33 and bled on

i.p. in 2 mg Alum (KLH/Alum). In some experiments, mice were sensitized gays 22, 29, and 43. Any additions to the treatment regimen were performed
at day —7 (presensitized) before aerosolizations with i.p. injections of ;<" qascribed in the text.

KLH/Alum. rIL-4 was purified at DNAX and was delivered i.n. in PBS.
Administration of infectious pathogens and pathogen extract was per-
formed to maximize infection before the initial OVA aerosolization (day 0)
as follows: mice were infected with 240 U bffluenzavirusstrain A (a gift
from Peter Doherty and David Topham, St. Jude’s Children’s Researc

“RAMM W04 PoPE0UMOQ

jtrate. Plates were developed, stopped, and read at 415 nm. Data wer

Hospital, Memphis, TN) on day-7 before aerosolizatioiippostrongylus ~ 2nalyzed using a statistical program, InstatP (GraphPad Software), and=
brasiliensislarvae (Nb) were prepared at DNAX as previously described levels Ofl Atl)s V\:jere caI((:jL_JIated ahs mean anc:]_SEM. The twol-t@llmlues g
(38). Mice were given 500 larvae s.c. at da@ before aerosolization. Live  Were calculated according to the Mann-Whitrigytest. A value ofp < =
Mycobacterium bovidacillus Calmette-Guérin (BCG, a gift from Alan 0.05 was considered significant. o
Sher, National Institute of Allergy and Infectious Diseases, National Insti- Q
tutes of Health, Bethesda, MD) was given to mice i.v. at édy. Finally, Results Q
50 ug of Asperigillus fumagatusulture extract (39, 40) in 501 of PBS  Ag-specific Th2 recall responses in the lung can prevent the S
was given to mice i.n. on days 0, 4, and 8 of the standard aerosolizatiopstaplishment of aerosol-induced IgE tolerance =
regimen for a total of three exposures. &

To investigate the effects of an ongoing, but unrelated, Th2 recall =,

In vitro restimulation and IL-4 ELISA response during establishment of aerosol-induced IgE tolerance;
For IL-4 production, mice were aerosolized OVA at the end of the exper-mice were sensitized i.p. on day7 with 10 ug of KLH/Alum to
imental time course. Five qayg following a_erosolizatio_n, whole Iun‘g tissuegenerate a Th2 KLH-specific T cell population in vivo. KLH-sen-
homogenate was assayed in vitro for cytokine production as described (154iti;ed mice were then given the standard treatment regimen of five

IL-4 was analyzed as previously described (41). Briefly, 96-well plates - s . .
were coated with 11B11 mAb overnight. Plates were then blocked Withaerosollzed OVA exposures, beginning at day 0, with or without

20% FCS-PBS containing 0.04% Tween 20 (Sigma) and washed, and sar@ i-n. or i.p. challenge of 1fig KLH in PBS immediately before
ple supernatants were added. Plates were incubated overnight at room te@ach aerosolization. Additional control groups of mice were ini-
perature and washed, and the second step mAb BVD6-BIO was addegqly either exposed to aerosolized PBS, or sensitized witjg0

following dilution in 20% FCS-PBS containing 0.04% Tween 20. Plates ; ; 0
were then incubated, washed, incubated with StAv-HRP, and then deve-OVA/Alum I.p., or exposed to aerosolized 1% OVA. All groups of

oped with tetramethylbenzidine (TMB) substrate (Kirkegaard & Perry Lab-Mice were then Challer_lged i.p. with 30 OVA/AIum and sub-
oratories, Gaithersburg, MD). Plates were then stopped and read at 415 nggquently with aerosolized OVA and bled according to the stan-

. dard regimen to determine the effect of the KLH-specific Th2 re-
IgE isotype ELISA sponse on OVA-specific tolerance induction. The data shown in
Analysis of total and OVA-specific IgE was performed as previously de-Fig. 2 are the titers of OVA-specific IgE in the serum of mice at
scribed (15). Briefly, wells were coated with the IgE-specific mAb EM95. day 43 (day 7 post@Bchallenge). Mice sensitized with KLH fol

Wells were then blocked and washed, and serum samples were load ; . : ; ;
Samples were incubated overnight and then washed. For total IgE prodf‘%\l\led by iL.n. administration of KLH immediately before each

tion, anti-IgE-BIO was added to wells, followed by StAv-HRP and then %)VA aerosolization did not establish OVA-specific IgE tolerance
TMB substrate (Kirkegaard & Perry Laboratories). For OVA-specific IgE, to subsequent OVA challenges, but instead developed high titers of
digoxigenin-conjugated OVA (DIG-OVA) was added following sample OVA-specific IgE compared with mice sensitized with KLH but
incubation, followed by addition of anti-digoxigenin Fab coupled to per- not given KLH before OVA aerosolizatiorp(< 0.05). In contrast,
oxidase (Boehringer-Mannheim, Indianapolis, IN) and then TMB su “both control OVA-aerosolized mice and mice that were adminis-
tered i.p. KLH immediately before OVA aerosolization established

3 Abbreviations used in this paper: Alum, aluminum hydroxide; KLH, keyhole limpet IgE tolerance, demonstrated by very low titers of OVA-specific
hemocyanin; NbNippostrongylus brasiliensitarvae; BCG,Mycobacterium bovis IgE. These results suggested that a concurrent Th2 recall response

bacillus Calmette-Guérin; i.n., intranasal(ly); TMB, tetramethylbenzidine; RSV, re- ; - ]
spiratory syncytial virus. to an unrelated Ag during the inhalation of OVA rendered the

AN
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DAY 43 (DAY 7 POST 3° CHALLENGE)
FIGURE 2. OVA aerosolization during Ag recall SENSITIZATION AEROSOL Days 0-8
prevents establishment of OVA-specific IgE tolerance. 100 200 390 400
Naive BALB/c mice were primed i.p. with 1Gwg I ' ' [
KLH/Alum on day —7. Mice were then OVA aero- AERO PBS
solized five times every other day (days 0—8) or aero-
solized OVA following i.n. administration of 1Q.g OVA/Alum i.p. Day 0 ——‘
KLH in PBS. On days 15 and 22, all groups of mice
were bled and challenged with 23y OVA/Alum i.p. 1% AERO OVA i"
Following these challenges, all groups of mice were
OVA aerosol challenged again on day 36 and bled on  KLH/Alum i.p. Day -7 1% AERO OVA |
day 43 (day 7 post@3challenge). Data shown are the
mean* SEM of OVA-specific IgE titers (ng/ml) at ki H/Alum i.p. Day-7 KLH ip./ 1% AERO OVA | *
day 43 as analyzed by ELISA, p < 0.05 vs control

treatment group. KLH/Alum i.p. Day -7 KLHi.n./1% AERO OVA _—1

animal sensitized rather than unresponsive to OVA. In additionand pathological examination of the lungs of an animal and in vitro
these data demonstrate that tifeTh2 response must be localized recall assays confirmed successful infection (data not shown). In
to the lung compartment during the inhalation of the unrelated Agaddition, RT-PCR analysis of inflammatory gene transcripts
to prevent establishment of tolerance because i.p. challenge ahowed up-regulation at the time points used for Ag aerosolization g
KLH had no effect on establishment of IgE tolerance. (data not shown). For Th2 responses, mice were infected s.c. withS
) ) 500 Nb on day-3 before the first aerosolization. Other groups of
Primary, concurrent Th2 but not Th1 response-producing mice were administered 5Qg of A. fumagatusculture extract
pathogens can prevent the establishment of aerosol-induced 9B ee times i.n. on days 0, 4, and 8 of the aerosol OVA treatments
tolerance immediately before aerosolization for a total of theegumagatus
Having established that a concurrefttr2sponse in the lungs of administrations. All groups of mice were then challenged and bled
mice that had been previously sensitized to an unrelated Ag (KLH}gccording to the standard treatment regimen (Fig. 1). The data in
was able to prevent establishment of aerosol-induced tolerance feig. 3 are the final OVA-specific IgE titers in mice at day 43 (day
anew Ag (OVA) we tested whether ongoing Thl or Th2 responsed post 3 challenge). The development of aerosol-induced IgE tol
to pathogens or pathogen extracts in the lung could prevent IgErance was unaffected by concurrent Thl-dominated lung infec-
tolerance. Previous work has demonstrated that pathogens suchtéens of either influenza virus (2 ng/ml OVA-specific IgE) or BCG
Influenza (27) and BCG (42) can evoke a Thl lung response dom2 ng/ml OVA-specific IgE). However, ongoing Th2-dominated
inated by IL-12 and IFNy, and pathogens such as Nb (38, 43) andlung responses to Nb ok. fumagatusduring the inhalation of
extracts fromA. fumagatug39, 40, 44) cultures evoke a Th2 lung OVA prevented the establishment of aerosol-induced IgE toler-
response dominated by IL-4. For Th1 responses, groups of micance as judged by the high titers of OVA-specific IgE to these =
were infected with Influenza on day7, or BCG on day—14 treatments (148 and 750 ng/ml, respectively) vs OVA-aerosolized
before the initial aerosolization. In these experiments, batches afontrols (p < 0.05). These data suggested that the ongoing Th2 =
pathogens had been previously demonstrated to be infectious (45gsponses within the lung during aerosolization of OVA were able
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OVA-Specific IgE (ng/ml)

DAY 43 {DAY 7 POST 3% CHALLENGE)

TREATMENT GROUP

00

INFECTION / SENSITIZATION AEROSOL Days o-s| 200 400

T T I
/
PBS _*
FIGURE 3. Ongoing Th2, but not Thl pathogen

OVA/Alum i.p. Day 0 _ responses prevent establishment of OVA-specific IgE

tolerance. Naive BALB/c mice were administered live
Influenza virus, BCG or Nb oA. fumagatusculture

1% OVA <2 /] - extract as described Materials and Methods. Groups
of mice were then exposed to aerosolized OVA and
challenged as described in Figs. 1 and 2. Data shown
are the meant SEM of OVA-specific IgE titers (ng/
ml) at day 43 as analyzed by ELISA, p < 0.05 vs
control treatment group.

; 8
/

Influenza Day -7 1% OVA

BCG Day -14 1% OVA

Nb larvae Day -3 1% OVA

<2
<2
A. fumagatis Days 0,4and8 1% OVA — -
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Table I. Nb infection orA. fumagatusextract administration changes OVA aerosolization into a priming

event
Treatment Group OVA-Specific IgE (ng/ml)

Day 7 Day 14 Day 7 RecalllL-4

Sensitization/infection Aerosol days 0-8 post 2°  post 2° post 3° (pg/ml)
PBS 9+ 2.0 21*+16 390+ 211 10£ 2.9
OVA/Alum i.p. day 0 13+ 2.2 71+28 506+ 202 364+ 177
1% OVA 13£26 6*x1.0 29*16 5+1.0

Nb larvae s.c. day-3 1% OVA 11+ 6.1 19+ 11 148+73 192+ 88

A. fumagatis.n. days 0, 4, and 8 1% OVA 24 9.0 33+ 19 904+ 399 245+ 118

to prevent aerosol-induced IgE tolerance, whereas ongoing rénduced unresponsiveness to a Th2 priming event we performed in
sponses to Thl-inducing pathogens had no effect. vitro OVA challenge of lung cells 5 days following thé ®VA

) aerosolization and assayed for OVA-specific IL-4 production. In
Aerosol exposure to OVA with a concurrent Th2 response leadscomparison to the low IL-4 production by the control-aerosolized
to priming for OVA-specific IgE group (5 ng/ml), mice that had been aerosolized OVA in both the
Having established that concurrent Th2 lung responses could prgroup that had been coadminister&dfumagatusextract during
vent the establishment of aerosol-induced IgE tolerance to OVAg@erosolization or infected with Nb at day3 before aerosolization
we examined the individual bleed time points and the status oproduced high levels of IL-4 in vitro in response to OVA (245 and
OVA-specific T cells in nontolerant vs tolerant mice. As was 192 ng/ml, respectively). Together, these results suggested that th
shown in Fig. 3, coadministration of Nb @. fumagatusextract ~ ongoing Th2 lung responses to pathogens or pathogen extractsQ
during aerosolization prevented IgE tolerance. However, close exduring OVA aerosolization not only prevented tolerance, resulting
amination of individual bleed time points shows that this coad-in high titers of OVA-specific IgE, but also primed for the differ-
ministration had the additional effect of converting the initial aero- entiation of IL-4-producing OVA-specific T cells.
solization of OVA into a priming exposure. This effect is L ) ) ) .
demonstrated in Table | by the high titers of OVA-specific IgE in 'Ntranasal administration of riL-4 during Ag inhalation can
the A. fumagatusand, to a lesser extent, in the Nb-treated groupPre€vent the establishment of tolerance
compared with the control groups. This effect is demonstrated irBecause IL-4 is the one cytokine capable of inducing Th2 differ-
Table | by the high titers of OVA-specific IgE in the fumagatus  entiation, we postulated that IL-4 production was a key component =.
and, to a lesser extent, in the Nb-treated group compared to thia the prevention of aerosol-induced unresponsiveness to OVA by 3
control groups. In this experiment, naive BALB/c mice were ad-concurrent Th2 responses in the lung. To test whether IL-4 alone 2
ministered Nb larvae oA. fumagatuextract and then aerosolized could inhibit aerosol-induced unresponsiveness, mice were admin-a
and challenged OVA as described in the legend to Fig. 3. In adistered rIL-4 immediately before each inhalation of OVA. Mice g
dition, lung tissue was harvested and cultured for in vitro IL-4 were then bled and challenged according to the standard treatmer@
production in response to OVA. Data shown are the meé&8EM regimen. The data in Fig. 4 show the OVA-specific IgE titers at =
of OVA-specific IgE titers (ng/ml) during the experiment plus the day 43 (day 7 post©3challenge). Administration of rIL-4 i.n. be
IL-4-produced (pg/ml) in vitro in response to OVA protein. These fore OVA aerosolization was sufficient to prevent IgE tolerance
results suggested that the coadministratioA dumagatugxtract  compared with OVA-aerosolized control mice € 0.05). This
and Nb during OVA aerosolization not only prevented the onset ofability to prevent tolerance was dose dependent, ag@56f i.n.
tolerance, but also primed to OVA. These results suggested thatL-4 resulted in higher OVA-specific IgE titers than didug of
the coadministration of. fumagatusextract and Nb during OVA i.n. rIL-4. Furthermore, prevention of tolerance required local ad-
aerosolization not only prevented the onset of tolerance, but alsministration of rIL-4, as i.p. injection of rlL-4 had no effect. This
primed to OVA. To further investigate this conversion of aerosol-finding argued that one critical component in the ability of ongoing

MMM WoJ ) papeo umBdP

zroz 'T fen

DAY 43 (DAY 7 POST 39 CHALLENGE} ".'4
SENSITIZATION ~ AEROSOL Day 0-8 200 400 600 800 (pg/ml)

FIGURE 4. rlL-4 i.n. administration is suffi- AERO PBS - 5+1.0
cient to prevent IgE tolerance. Naive BALB/c
mice were administered either 5 or 2% i.p or OVA/Alum i.p. Day 0 _—1 364 + 141
i.n. immediately before each of five OVA aero-
solizations. Data shown are the mearSEM of 1% AERO OVA | —| 10+25
OVA-specific IgE titers (ng/ml) at day 43 as an- -
alyzed by ELISA, plus the IL-4 produced (pg/ml) 5ug tiL-4 i.p./ 1% AERO OVA 20+6.0
by whole lung tissue homogenates in vitro in re- *
sponse to OVA proteins, p < 0.05 vs relevant 25ug rlL-4 i.p./ 1% AERO OVA | i 44+19
control treatment group.

5ug riL-4 i.n./ 1% AERO OVA _—| 257+ 91

2sugri-4in./1% AEro ovA NN | 531 : 230
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OVA-Specific IgE (ng/ml)

TREATMENT GROUP
DAY 43 (DAY 7 POST 3° CHALLENGE)
FIGURE 5. Established IgE tolerance cannot ~ SENSITIZATION ~ AEROSOL Days0-8 20 CHALLENGE 100 200 300 400
be broken by subsequent Ag-specific Th2 re-
sponses. Naive mice were primed with L@ PBS OVA/Alum i.p.

T T T T
OVA/Alum or 10 png KLH/Alum as described in
Figs. 1 and 2. Groups were then aerosolized and OVA/Alum i.p. Day 0 OVA/Alum i.p. _—1

finally challenged with 1Qug OVA/Alum or 10

g OVA/Alum mixed with 10 ug KLH/Alum. 1% OVA ova/aumip. H
Data shown are the mean SEM of OVA-spe-
cific IgE titers (ng/ml) at day 43 as analyzed by  KLH/Alum i.p. Day -7 1% OVA OVA/Alum i.p. F—|
ELISA.

KLH/Alum i.p. Day -7 1% OVA KLH + OVA/Alum i.p.

Th2 lung responses to Nb ér. fumagatuextract to prevent aero- tolerance, but instead produced high titers of OVA-specific IgE in
sol-induced IgE tolerance and IL-4 unresponsiveness was their pdhe serum and high levels of IL-4 during in vitro restimulation with
tential to evoke significant production of IL-4 from the host during OVA (Table ). Therefore, we tested whether administration of a
aerosol exposure of OVA. strong Th2 stimulator such a&s fumagatusor rIL-4 could break
) ) previously established IgE tolerance. In Fig. 6, mice that had been

Once established, aerosol-induced IgE tolerance cannot be  {gjerized by five OVA aerosolizations were challenged with OVA/
broken by concurrent Th2 responses Alum, A. fumagatus+ OVA/Alum, 5 ug riL-4, or 25 ug riL-4.
Because the establishment of aerosol-induced IgE tolerance coufebr the 3 challenge some groups of mice were given additignal
be prevented by a concurrent, secondary Th2 response, a strofigmagatusor riL-4 i.n. before aerosolization. However, despite
primary Th2 response, or i.n. administration of rlL-4, we next concurrent administration of these highly potent Th2 inducers, the
investigated whether previously established aerosol-induced IgEJE tolerance to OVA remained intact as indicated by very low
tolerance could be broken by similar Th2 responses concurrerevels of OVA-specific IgE. The effectiveness of thefumagatus
with Ag challenge. Mice were primed to KLH on day7 by ani.p  and rlL-4 administrations were demonstrated by detection of high
injection of KLH/Alum. Mice were then given aerosolized OVA serum titers of total IgE (1325 and 80 ng/ml, respectively) in the =
five times from days 0—8 to establish IgE tolerance and then chalsame mice that maintained IgE tolerance specifically to OVA. This 3’
lenged with either OVA/Alum or OVA+KLH in Alum on day 15. finding demonstrated that previously established IgE tolerance g
Subsequent bleeds and OVA challenges were performed accordirgginnot be broken, even by very strong inducers of Th2 responses,3
to the standard treatment regimen. The data in Fig. 5 show thicluding riL-4. In addition, these findings suggest that, once es- o
OVA-specific IgE and total IgE titers at day 43 (day 7 poSt 3 tablished, IgE tolerance is strongly imposed on the immune sys-@
challenge). In contrast to the ability of a Th2 recall response to prevertem, and that the same mechanisms that can prevent the establish3
the establishment of aerosol-induced IgE tolerance, the concurrenent of this tolerance, i.e., IL-4, cannot break it. Finally, the <
Th2 recall to KLH during the challenge to OVA was unable to breakfinding that total IgE can be highly induced in the absence of g
established tolerance. Nor was the Th2 response to KLH inhibited byreviously tolerized, Ag-specific IgE suggested that the simple ab- =
concurrent OVA challenge, as high levels of both total IgE and anti-sence of IL-4 in the lung may not account for IgE tolerance fol-
KLH IgE resulted from this challenge (Fig. 5 and data not shown). lowing aerosolization. Instead, it may be that IgE tolerance fol-

In previous experiments, mice that had been gikefumagatus  lowing Ag inhalation was imposed upon the immune system of the
culture extract during aerosolization of OVA did not establish IgE lung in both the Ag-specific T cell as well as B cell populations.
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TREATMENT GROUP OVA-Specific IgE (ng/ml)
0 .
SENSITIZATION AEROSOL 20 CHALLENGE 3° CHALLENGE PAY 43 (DAYTFOST 37 GHALLENGS FIGURE 6. Established .IgE toler-
Day 0 Days 0-8 i.p. AERO 100 200 300 400 ance cannot be broken by eitherfuma-
t t t t gatus extract or rlL-4 administration.
PBS OVA/Alum 1% OVA __‘ Naive mice were primed or exposed to
aerosolized OVA as described in Figs. 1
OVA/Alum i.p. OVA/Alum 1% OVA and 2. For the 2i.p. challenges some
groups of mice were given 10g OVA/
1% OVA OVA/Alum 1% OVA Alum, 10 ng OVA/Alum mixed with 50

ng A. fumagatusextract/Alum, 5 ug
riL-4, or 25 ug riL-4. For the 3 chal-
lenge, mice were given i.n. 50g A.

1% OVA  A.fum+OVA/Alum 1% OVA

a

1% OVA A fum + OVA/Alum ‘:'1":/:”0""'1-2- fumagatusn PBS, 5ug rlL-4, or 25ug
rIL-4 immediately before OVA aerosol-

1% OVA 5ug riL-4 5ug riL-4 i.n. ization. Data shown are the mean
+ OVA/Alum +1%0VA SEM of OVA-specific IgE titers (ng/ml)

1% OVA 25ug riL-4 25ug riL-4 i.n. at day 43 as analyzed by ELISA.
+ OVA/Alum +1%0VA F
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Discussion ment of IgE tolerance in mice following aerosolization. Interestingly,

In this report we have investigated the mechanism of aerosol-insystemic delivery of riL-4 was not able to redirect the course of tol-
duced IgE tolerance. This tolerance is established following theerance development, most likely due to insufficient local concentra-
inhalation of small amounts of aerosolized Ag and results in theiions of both IL-4 and Ag. It is important to reiterate that the delivery
absence of Ag-specific IgE in vivo, and both Th1l and Th2 cyto-of riL-4 to the lung resulted in Th2 priming of T cells in addition to
kines upon Ag restimulation in vitro. It is important to note that the high titers of IgE. This result was demonstrated by the production of
establishment of aerosol-induced IgE tolerance does not appear tb-4 by T cells from the lung following in vitro restimulation with
involve either immune deviation or a shifted cytokine responseOVA. This result suggests that the administration of riL-4 was not
from Th2 products such as IL-4 and IL-5 to Th1 products such assimply bypassing the T cell compartment of the lung and causing B
IFN-vy (15). On the contrary, this unique tolerance appears to resultell switching to IgE, but instead was provoking the Th2 sensitization
in the absence of both Th2 and Th1 cytokines, and the productioof the respiratory immune system to OVA. Our data showing that the
only of Ag-specific IgG1 and 1gG2a. delivery of rIL-4 alone is sufficient to mimic the sensitization results
Aerosol-induced tolerance may be a normal, protective consesbtained with KLH lung challenge, Nb, @ fumagatugxtract sug-
quence of Ag inhalation that serves to prevent the sensitization ofest that the ability of these strong Th2 challenges to promote IL-4
the immune system to commonly encountered Ags. However, weroduction was a critical step in the prevention of IgE tolerance, sub-
speculated that environmental factors that could subvert the estaBequent sensitization to OVA, and permanent misdirection of the IgE
lishment of aerosol-induced tolerance may have the potential tgesponse. Also, preliminary experiments using blocking Ab to IL-4
redirect a tolerizing Ag encounter into a sensitization. In this reportsuggested that eliminating the production of IL-4 Ay fumagatus
we have demonstrated that the establishment of normal IgE tolefextract could prevent sensitization to inhaled OVA (data not shown).
ance to inhaled OVA Ag could indeed be subverted by strong, |n this experimental OVA aerosolization system the prevention of
local Th2 responses, but not Thl responses, to unrelated Ags ®§E tolerance by ongoing Th2 responses was accompanied by the
pathogens in the lung, and that this prevention was largely theyroduction of IL-4 during in vitro Ag challenge. This finding may be &
consequence of local IL-4 production immediately before inhala-important for future studies that may more directly dissect the mech- 5
tion of OVA. In our system an i.n. KLH challenge to sensitized anjsm of aerosol-induced tolerance. Although the precise mechanismgQ
KLH/Alum before the primary exposure of mice to OVA by aero- of this tolerance remains elusive, we speculate that the small increas
solization resulted in the sensitization, not tolerance, of mice tqp |gE that has been observed by our group as well as other investi- =
OVA. This sensitization was easily demonstrable by high titers ofyators (46), following the initial Ag aerosol treatments, may be some- S
OVA-specific IgE and Th2 cytokine production. Likewise, infec- 1o down-regulated before later Ag challenges by a mechanism in-
tion of mice with Ags such as Nb or exposure Ao fumagatus  ojying the down-regulation of IL-4 production. In fact, we have

extract, both of which produce vigorous Th2 responses, prevented thg,n that shifting the OVA/Alum i.p. challenge to a proximal time

establishment of IgE tolerance to aerosolized OVA. However, conygint immediately following the final aerosol treatment prevents com-

current Thl-inducing infections such as BCG and Influenza were noﬁlete IgE tolerance (S.D.H., unpublished results) perhaps by reacti-

able to prevent establishment of this IgE tolerance. Likewise, the aly; .0 ‘¢ Ag-specific IL-4-producing T cells before this down-regu-
sence of OVA-specific IgE in mice that had been infected with eitherlation This finding suggests that there may be a critical IL-4

the Th1 pathogens BCG or Influenza does not appear to be the res
of inhibitory levels of IFN+, as positive control mice that had been

sensitized with OVA/Alum following infection showed high titers of

OVA-specific IgE. This is in contrast to the results obtained from
mice that had been given the Th2 pathogens NE\.ofumagatus

[:mmm w
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|Ijétgulatory event in the establishment of IgE tolerance and that any‘g
Th2 response that undermines this event can result in the continuing>
production of IL-4 and the induction of IgE. Thus, although additional

mechanisms involving other cytokines or cell populations may be &

o ; - important at maintaining tolerance at distal time points from Ag aero-
extract before OVA aerosolization, where titers of OVA-specific IgE p . g . P g S
solization, the shutoff and continued absence of IL-4 appears to beS

were far higher that the OVA-aerosolized mice. » - .
. . o critical for initial establishment of tolerance.

Provocation of endogenous IL-4 was identified as the mecha- i }
nism most likely responsible for preventing the establishment of HOWeVer, in contrast to the prevention of tolerance by Th2 re-
IgE tolerance, as coadministration of rlL-4 alone during Ag aero-SPONSes, established aerosol-induced IgE tolerance cannot be bro-
solization was sufficient to prevent unresponsiveness and led k&N by concurrent Th2 responses, even by Th2 responses that
priming a Th2 response. It is also noteworthy that administratior"ormally resultin very high titers of IgE when administered con-
of Th2 pathogens such as Nb Ar fumagatusextract, or admin-  currently with Ag aerosolization. The inability of strong Th2 stim-
istration of rIL-4 not only prevented the establishment of aerosol-Ulation to break established tolerance suggests that the mechanism
induced tolerance, but resulted in the priming of mice to aerosolfhat prevents T or B cell responses is highly dominant. This result
ized OVA and to the in vivo differentiation of OVA-specific Th2 also suggests that the mechanism of established tolerance may par-
cells. This finding suggests that the respiratory immune response fé@lly involve B cell tolerance. In each experiment IgE tolerance at
Ag is strictly binary in that mice became either completely tolerantlate time points was accompanied by high titers of Ag-specific
following aerosolization of OVA or became highly primed for 19G1 (data not shown) and total, nonOVA-specific IgE. In our
OVA-specific IgE and Th2 cytokines following administration of attempts to break established IgE tolerance specific to OVA we
Th2 pathogens or rlL-4 before aerosolization. This strict binaryadministered high, systemic doses of riL-4. Presumably, B cells
response may reflect the normal course of immune differentiatiothat were actively producing OVA-specific IgG1 were exposed to
in the lung compartment to novel Ags and suggests that the earlglL-4 during the course of these experiments. However, despite the
stages of establishment of complete IgE tolerance following inhapresence of this rlL-4 these B cells did not demonstrate significant
lation may be inherently fragile. switching to OVA-specific IgE but instead maintained their status

The contribution of IL-4 in the switching of Ag-specific B cells to as IgG1-only producers. In preliminary experiments we observed
IgE producers was closely examined by administration of rlL-4 i.n.that depletion of T cells following tolerance induction with mAb
before OVA aerosolization. These experiments showed that high, laresulted in low titers of OVA-specific IgG1 (data not shown). This
cal concentrations of rIL-4 were sufficient to prevent the establishfinding may suggest that Ag-specific T cells are maintained and
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that their help is critical for OVA-specific IgG1 even in the ab- sensitization can occur in the lung even in the presence of signif-
sence of OVA-specific IgE. Whether these findings reflect a curicant IFN-y concentrations (78—-80). In fact, in contrast to our
rently unappreciated mechanism of IgE regulation at the cellulafindings it has recently been suggested that similar types of IgE
level is unknown. However, these data may reflect the ability of artolerance may be inhibited bpfluenzainfection, although the Ag
individual to establish and maintain lifetime insensitivity to in- administration, challenge, and infection time points are different
haled allergens provided that tolerance to the allergen was apprdrom those described here (81). From these and other studies it is
priately established upon initial exposure. apparent that in vivo immune responses to complex pathogens
Modulation of IgE and IL-4 production by bystander responsessuch as respiratory viruses may not be exclusively either Th1 or
has been previously described with a variety of Th2-inducing in-Th2 in nature, and that sufficient IL-4 and IL-5 may be produced
fections. These reports demonstrate that ongoing responses to skew subsequent allergen responses. In addition, although our
pathogens can dramatically alter the normal immune response tystem of modulated OVA tolerance may be useful for the analysis
Ag. Both Schistosomand Brugia malayimicrofilariae infections  of IgE regulation there clearly exist multiple pathways to the com-
can up-regulate IL-4 production to concurrently sensitized Ag (32 ,plex pathology of clinical asthma (82, 83).
33). In addition, oral tolerance to Th2 responses does not com- In conclusion, we have demonstrated that ongoing Th2 re-
pletely establish itself in mice with gut infections of the helminth sponses to Ags or pathogens can prevent the establishment of aero-
H. polygyrus(35). Experimentally, the phenomenon of allergen sol-induced IgE tolerance. These results underscore the importance
sensitization via the lung as a result of coincidental exposure t@f our understanding the normal regulation of IgE and Th2 cyto-
environmental “adjuvants” or infectious agents has also been prekines in response to inhaled Ag, and in addition, of our under-
viously described. Among the infectious factors that may contrib-standing the mechanisms that may subvert this normal regulation
ute to permanent IgE sensitization are respiratory syncytial virugluring the onset of lung disease. We propose that these results
(RSV) (47-51)Rhinovirus(52, 53),Bordetella pertussigs4-57),  demonstrate the subversive potential of ongoing Th2 responses
and EBV. In addition, the ability of environmental factors to alter that may contribute to the acquisition and maintenance of allergen g
the development of IgE tolerance such as exposure to smoke, disensitivity in susceptible individuals. The accumulation of sensi- g
sel particles, or ozone has been described (58, 59). Among infedivities to several harmless, airborne Ags could in turn produce a %
tious pathogens the most thoroughly characterized in its ability tacascade effect, where new Ags would be encountered in a con-g
modulate the lung immune response is RSV. The first demonstrastantly IL-4-rich Th2 milieu. This acquired allergy scenario could &
tions that RSV could alter immune responses in mice suggesteeventually lead to cellular infiltration and bronchial hyperrespon- :“
that OVA exposure following infection resulted in Ag sensitization siveness. A further understanding of the mechanisms involved in 3
as determined by hyperreactivity, although the mechanism of thigerosol-induced IgE tolerance and the factors that maintain it may

effect was unclear (48, 49, 60). RSV-infected murine lungs werecontribute to clinical intervention of lung disease.

characterized by increased eosinophilia, cytokine production (in-

cluding IL-4), and inflammation, including up-regulation of adhe- References
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