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Infection with the fish parasite Anisakis following exposure to contaminated fish can lead to allergic
reactions in humans. The present study examined the immunological mechanisms underlying the devel-
opment of allergic airway inflammation in mice after different routes of sensitization to Anisakis. Wild-type
and interleukin-4 receptor alpha (IL-4Ra)-deficient BALB/c mice were sensitized intraperitoneally with
live or heat-Kkilled Anisakis larvae or by intranasal administration of an Anisakis extract and were
subsequently challenged intranasally with an Anisakis extract. Both routes of sensitization induced
IL-4Ra-dependent allergic airway responses, whereas allergen-specific antibody responses developed only
when mice were sensitized intraperitoneally. Intranasal sensitization induced airway hyperresponsiveness
(AHR) in wild-type mice only, showing that AHR was IL-4/IL-13 dependent. Unexpectedly, infection with
Anisakis larvae induced AHR in both wild-type and IL-4Ra-deficient mice. IL-4Ra-independent AHR was
mediated by gamma interferon (IFN-vy), as evidenced by the fact that in vivo neutralization of IFN-vy
abrogated AHR. Together, these results demonstrate that both infection with larvae and inhalational
exposure to Anisakis proteins are potent routes of allergic sensitization to Anisakis, explaining food- and
work-related allergies in humans. Importantly for diagnosis, allergic airway inflammation can be inde-
pendent of detectable Anisakis-specific antibodies. Moreover, depending on the route of sensitization, AHR

can be induced either by IL-4/IL-13 or by IFN-y.

While it is believed that many parasitic worms protect
against allergy, the fish parasite Anisakis can induce acute
gastroallergic or anaphylactic reactions in a subset of in-
fected patients (4). Anisakis spp. are nematode parasites of
marine mammals with larval stages that pass through several
intermediate hosts. The infectious-stage larvae (L;) are
found worldwide in sea fish or cephalopods and can be
accidentally ingested by humans (32). If ingested live due to
consumption of raw or undercooked fish, Anisakis L; are
able to parasitize humans, causing the zoonotic disease
known as anisakiasis. This is usually an acute and transient
infection, with the larvae dying within a few weeks, since the
host environment does not permit development into adult
worms (6). Within hours of being ingested, Anisakis L5 pen-
etrate the mucosal layers of the gastrointestinal tract, caus-
ing direct tissue damage that may lead to abdominal pain,
nausea, and/or diarrhea. Furthermore, some patients de-
velop an immunoglobulin E (IgE)-mediated “gastroallergic
anisakiasis,” which presents with clinical manifestations
ranging from urticaria to allergic reactions and life-threat-
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ening anaphylactic shock (5, 13, 14). To date, nine allergens
from Anisakis simplex, some of which are cross-reactive to
other seafood allergens, have been characterized on a mo-
lecular level (28). The importance of the problem is dem-
onstrated by studies that have found Anisakis to be a leading
cause of food allergy in Spain (2) and have found a higher
prevalence of sensitization to Anisakis than to seafood
among almost 5 million Japanese (24). Anisakis is also an
important cause of occupational allergy in fish-processing
workers, as shown in a recent epidemiological study by our
group, including 578 workers from fish-processing factories
in South Africa, in which Anisakis sensitization was associ-
ated with dermatitis and nonspecific bronchial hyperreactiv-
ity (37). Because sensitization to Anisakis was associated
with increased fish consumption, we investigated the under-
lying immune mechanisms by infecting mice with Anisakis L,
and subsequently challenging them orally with an Anisakis
crude antigen extract. This induced striking allergic reac-
tions, including airway inflammation and lung mucus hyper-
secretion, which were associated with T-helper 2 (Th2)/type
2 responses (37). Furthermore, mice exposed epicutane-
ously to Anisakis proteins developed protein contact derma-
titis (36). Local skin pathology was interleukin-13 (IL-13)
dependent, as evidenced by the fact that it was abolished in
IL-13- and IL-4 receptor alpha (IL-4Ra)-deficient mice,
whereas IL-4 was important for systemic allergic sensitiza-
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tion (36). Together, these studies show that sensitization by
Anisakis infection and subsequent oral challenge with an
Anisakis extract can cause allergic airway disease, while epi-
cutaneous exposure to Anisakis proteins can lead to derma-
titis, explaining the observations of human prevalence
studies.

However, it is still unclear whether live infection is needed
for the development of allergic airway reactions or whether
exposure to nematode-derived protein is sufficient (4). This is
an important clinical question in view of the fact that several
case and prevalence studies, including ours, indicate that sen-
sitization by inhalation of Anisakis proteins might be an im-
portant cause of work-related allergies (1, 3, 7, 37, 39, 40).
Aerosolized food allergens cause as much as 10% of asthma in
the occupational environment (41), and Anisakis allergens
aerosolized during fish cleaning, cooking, or fish meal produc-
tion may therefore pose a risk for workers.

In this study we aimed to determine whether sensitization
through Anisakis infection is essential for the induction of
allergic airway disease or if exposure to larval proteins or
heat-killed larvae is sufficient to induce allergic airway reac-
tions. In addition, we investigated the effects of IL-4/IL-13
signaling by using mice deficient in IL-4Ra, an important re-
ceptor chain in allergic airway disease through which both IL-4
and IL-13 signal (8). Wild-type and IL-4Ra '~ mice were
either sensitized intraperitoneally (i.p.) with live or heat-killed
Anisakis L or sensitized intranasally to an Anisakis extract and
were subsequently challenged by intranasal administration of
an Anisakis extract in order to mimic aerosolized exposure. All
sensitization protocols induced symptoms of allergic airway
disease, but allergen-specific antibody responses were present
only when mice were sensitized intraperitoneally by live or
heat-killed larvae. Interestingly, while the development of air-
way hyperresponsiveness (AHR) was dependent on IL-4Ra
responsiveness when mice were sensitized intranasally, mice
sensitized with live or heat-killed Anisakis L, developed AHR
independently of IL-4Ra responsiveness. This IL-4Ra-inde-
pendent AHR was shown to be dependent on gamma inter-
feron (IFN-v).

MATERIALS AND METHODS

Mice. Experiments were performed with 6- to 8-week-old wild-type BALB/c
mice or IL-4Ra™/~ mice on a BALB/c genetic background (34). Animals were
housed in the University of Cape Town animal unit under specific-pathogen-free
conditions. All experiments were approved by the Research Animal Ethics Com-
mittee of the University of Cape Town.

Anisakis live infection and intranasal challenge. Anisakis pegreffii larvae were
collected, and an Anisakis extract was prepared, as described previously (37). The
endotoxin concentration in Anisakis extract preparations was between 2.5 and 5
endotoxin units (EU)/mg. For Anisakis infection studies, anesthetized mice were
injected intraperitoneally with two larvae in 1 ml phosphate-buffered saline
(PBS) at day 0 and day 21. Where indicated, Anisakis larvae were heat killed for
20 min at 95°C before injection. On days 42, 43, and 44, anesthetized mice were
challenged with 0.1 mg Anisakis protein extract in 50 wl PBS by intranasal
administration. For neutralization studies, mice received anti-IFN-y monoclonal
antibodies (rat IgG2a, clone ANI 18KL6; 0.2 mg/mouse; endotoxin level, 10 to 70
EU) intraperitoneally on days 41 and 44. Lung tissue was homogenized in PBS
plus protease inhibitors (Roche Diagnostics, Germany) and was then centrifuged
for 20 min at 12,000 X g for determination of IFN-y concentrations after treat-
ment with anti-IFN-y antibodies. IFN-vy levels in the supernatant were measured
by enzyme-linked immunosorbent assays (ELISA). For nasal sensitization stud-
ies with an Anisakis extract, anesthetized mice were sensitized on days 0, 7, and
14 with 50 pg Anisakis protein extract—1.3 mg/ml aluminum hydroxide (Sigma,
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Germany) in 10 pl PBS by intranasal administration. On days 21, 22, and 23,
anesthetized mice were challenged with 0.1 mg Anisakis extract in 50 wl PBS by
intranasal administration. PBS control groups were treated identically during
sensitization or infection, but Anisakis extract was excluded from the solutions
during allergen challenge. In separate experiments, naive mice were challenged
intranasally with 1 ug recombinant mouse IFN-y (endotoxin concentration, <0.1
ng per pg; BD Pharmingen) in 50 pl PBS-bovine serum albumin (BSA) or
PBS-BSA alone on 4 consecutive days, and airway hyperresponsiveness was
measured 6 h after each challenge. Endotoxin levels were determined by a
Limulus amebocyte lysate assay (QCL-1000; Lonza).

Airway hyperresponsiveness. Responsiveness to B-methacholine (Sigma) by
conscious, unrestrained mice was assessed using a whole-body plethysmograph
(emka Technologies, France). This system measures pressure changes induced
by the breathing of the mice and computes values for enhanced pause (Penh), a
dimensionless parameter reflecting airway hyperresponsiveness. It has been
shown previously that changes in Penh values correlate with changes in airway
resistance in the BALB/c mouse strain under conditions similar to those used
here (18). Baseline readings were taken for 5 min before each exposure to
increasing doses of aerosolized B-methacholine in PBS. The results are com-
puted as the average for the first 5 min minus the average of the baseline
readings.

Serum antibodies. Blood samples were taken directly from mice after killing,
and antibody concentrations were measured in blood serum by ELISA as de-
scribed previously (37). Ninety-six-well plates were coated with 5 pg/ml or 1
mg/ml Anisakis extract in PBS for the antigen-specific IgG or IgE antibody
ELISA, respectively. For the total-IgE ELISA, plates were coated with an anti-
mouse IgE antibody (1 pg/ml; clone 84.1C).

Bronchoalveolar lavage (BAL). Mice were killed by CO, asphyxiation, and
lungs were washed once with 1 ml PBS. A maximum of 2 X 10° cells were
centrifuged on a microscope slide and were stained with the Rapi Diff stain set
(Clinical Diagnostics CC, South Africa). Differential cell counts were made at a
magnification of X400, and at least 100 cells were counted per slide.

In vitro restimulation of lymphocytes. Lymphocytes were purified from pooled
lung-draining lymph nodes for in vitro restimulation experiments. A total of 2 X
10° lymphocytes were restimulated in 96-well plates (Nunc, Denmark) with 100
pg/ml Anisakis extract for 96 h in Iscove’s modified Dulbecco’s medium
(IMDM)-10% fetal calf serum (FCS) at 37°C. Cytokine concentrations in the
supernatant were determined by ELISA using anti-IL-4 (clone 11B11), anti-IL-5
(BD), anti-IL-13 (R&D Systems), or anti-IFN-y (clone AN18KL6) capture an-
tibodies and biotinylated secondary antibodies.

Lung histology. Lung tissue was fixed in 4% formaldehyde-PBS, embedded in
paraffin, and cut into 5- to 7-wm-thick sections. Sections were stained with
periodic acid-Schiff reagent (PAS) or hematoxylin and eosin (H&E). Pictures
were taken at magnifications of X100 for PAS staining and X800 for H&E
staining.

Statistical analysis. Values are given as means * standard deviations (SD),
and significant differences were determined using analysis of variance (ANOVA)
and a Bonferroni posttest (GraphPad Prism software). P values of <0.05 were
considered significant.

RESULTS

Antibody responses after infection of mice with Anisakis
larvae and nasal exposure to an Anisakis extract. To investi-
gate the influence that different sensitization routes might have
on the development of allergic airway disease in response to
inhaled Anisakis allergens, wild-type and IL-4Ra-deficient
BALB/c mice were either infected with 2 live Anisakis larvae
on day 0 and day 21 postinfection or sensitized by intranasal
administration of an Anisakis extract with aluminum hydroxide
on days 0, 7, and 14. After injection, Anisakis L survive for
approximately 14 to 21 days in the peritoneal cavity without
penetrating the intestines or causing any obvious intestinal
inflammation (reference 23 and our own observations). In both
sensitization models, mice were subsequently challenged intra-
nasally with an Anisakis protein extract to induce allergic air-
way responses to inhaled allergens (Fig. 1A).

After infection with Anisakis larvae, antibody levels in wild-
type and IL-4Ra ™/~ mice were determined on day 46 postin-



VoL. 78, 2010 IFN-y-DEPENDENT AIRWAY HYPERRESPONSIVENESS 4079
A i.p. infection with 4 AnisakisL; intranasal challenge AHR  sacrifice
[ (] (] ] (]
day 0 day 21 day 42-44 day 45 day 46 [ ] BALB/c naive
. L . - Il BALB/c Anisakis
intranasal sensitisation intranasal challenge AHR  sacrifice N
L ] 1 [ | [ 1 [ IL-4Ra™" Anisakis
day 0 day 7 day 14 day 21-23 day 24 day 25
B Anisakisinfection
61 Total IgE 0.67 specific IgE 0.6 specific IgG1 061 specific IgG 2a 0.67 specific IgG2b
*kk *kk L *% * %k
54 0.5 0.5 0.5 0.51
*k* *k% JOYORN
_ H = 0.44 ~ 0.4+ = 0.44 T = 0.4
E 5 5 H E dekk
) w v w0 v
£ 3 S 031 F 031 g 0.3 § 0.3 ok
& a a 2 a
2 © 0.2 © 02 © 02 © 0.2 -
T
1 0.1 0.1 0.1 0.1
o e 0.0 0.0 m—— 0.0 —
C Anisakisnasal sensitisation
61 Total IgE 061 specific IgE 061 specific IgG1 067 specific IgG 2a %67 specific IgG2b
51 0.51 0.5 0.5 0.5
_ 4 = 0.4 — 0.4 = 0.4 = 0.4
El £ g g
1) w w; w w,
£ 3 g 031 S 03 3 0.3 3 03
5 S Y 2 =
2 © 0.2 © 02 © 02 C o2
1 0.14 0.11 0.1 0.1
NI~ BRI B R el TN e T W s RN = F

FIG. 1. (A) Mice were either infected intraperitoneally with 4 live Anisakis pegreffii larvae or sensitized intranasally with an Anisakis extract.
This was followed by 3 intranasal challenges with an Anisakis extract. (B and C) Infection of mice with Anisakis larvae (B) but not nasal sensitization
with an Anisakis extract (C) induces a specific antibody response. Antibody concentrations in serum were determined by ELISA. Data represent
pooled results of two independent experiments = SD (6 to 8 animals per group). ND, not detected. #*, P < 0.01; »%%, P < 0.001.

fection and were compared to those of noninfected mice. Lev-
els of total IgE and Anisakis-specific IgG1 and IgE in serum
were significantly higher in infected than in unsensitized wild-
type mice (Fig. 1B). IL-4Ra /" mice produced specific [gG2a
and IgG2b and, to a lesser extent, [gG1. IgE antibodies were
not detected in IL-4Ra™/~ mice (Fig. 1B). In contrast, re-
peated nasal sensitization did not induce a significant specific
IgG or IgE antibody response in either wild-type or IL-4Ra ™/~
mice, and concentrations of total IgE were not affected by
intranasal Anisakis sensitization (Fig. 1C). The Anisakis ex-
tract was immunogenic, and the failure to induce an anti-
body response was not due to dose-dependent effects, since
sensitization by intraperitoneal injection with an equal an-
tigen dose and an identical time course induced robust an-
tigen-specific IgG1 and IgE responses in wild-type mice and
IgG2a and IgG2b responses in IL-4Ra ™/~ mice in separate
experiments (data not shown). Together, these results sug-
gest that sensitization with Anisakis L5, but not intranasal
sensitization with an Anisakis extract, induces a predomi-
nant type 2 antibody response, which is dependent on IL-
4Ra responsiveness.

Allergen-specific cytokine responses after intranasal aller-
gen challenge. Lymphocytes from lung-draining lymph nodes
were restimulated in vitro with an Anisakis extract, and cyto-
kine production was analyzed by ELISA. Wild-type mice sen-
sitized intraperitoneally with live Anisakis larvae (Fig. 2A) or
intranasally with an Anisakis extract (Fig. 2B) showed predom-
inantly Th2 type antigen-specific cytokine responses, as dem-
onstrated by higher levels of IL-4, IL-5, and IL-13 than those
in PBS-challenged mice but similar levels of IFN-y (Fig. 2A).
In contrast, IL-4Ra /" mice responded with a predominantly
Th1 type cytokine response, characterized by greatly increased
IFN-vy production and low IL-4, IL-5, and IL-13 production
(Fig. 2A). Of note, sensitization with larvae induced strikingly
higher production of IL-5 in wild-type mice, and of IL-5 and
IFN-vy in IL-4Ra™/~ mice, than in the corresponding mice
sensitized intranasally with an Anisakis extract. Together, these
results demonstrate that both routes of sensitization induce
IL-4Ra-dependent Th2-type cytokine responses in wild-type
mice.

Recruitment of inflammatory cells to the lungs and pulmonary
pathology after airway challenge with an Anisakis extract. During
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FIG. 2. IL-4Ra-dependent Th2-type cytokine production in lung-draining lymph nodes of mice challenged with Anisakis antigens after
sensitization with Anisakis larvae (A) or nasal administration of an Anisakis extract (B). Cytokine secretion by ex vivo-stimulated lymphocytes (4
mice/group) is shown. Data represent one of two independent experiments = SD. ND, not detected. **, P < 0.01; ***, P < 0.001.

allergic airway reactions, inflammatory cells infiltrate the lung
tissue around blood vessels and airways. Following sensitiza-
tion of mice by intraperitoneal infection with live larvae or
intranasal administration of an Anisakis extract, we challenged
mice intranasally with the Anisakis extract for three consecu-
tive days. This resulted in perivascular and peribronchial in-
flammation in both wild-type and IL-4Ra ™'~ mice, which was
not observed in PBS-challenged controls (Fig. 3A). Many eo-
sinophils, characteristic of allergic asthma, were present in the
inflammatory-cell infiltrates in wild-type mice (Fig. 3A, arrows)
but not IL-4Ra/~ mice. Hyperplasia of mucus-producing
goblet cells in the lung epithelium is also a feature of allergic
asthma and similarly occurred only in the lungs of challenged
wild-type mice, irrespective of the route of sensitization (Fig.
3B), indicating that goblet cell hyperplasia was IL-4Ra depen-
dent. In allergic asthma, bronchi and alveoli are infiltrated by
inflammatory cells such as eosinophils, a hallmark of allergic
inflammation, and neutrophils, associated with asthma exacer-
bations. Differential cell counts revealed that the predominant
cell type in the bronchoalveolar lavage (BAL) fluid from wild-
type mice was eosinophils, whereas neutrophils were the most
common cell type in IL-4Ra™'~ mice (Fig. 3C). This is con-
sistent with the higher production of IL-5, a known eosino-
philic growth factor, in wild-type mice than in IL4Ra ™/~ mice
(Fig. 2). The total number of cells in the BAL fluid was sig-
nificantly higher in wild-type than in IL-4Ra ™'~ mice (7.3 X
10° versus 3.7 X 10°) after sensitization with live Anisakis
larvae (Fig. 3C) but not after nasal sensitization with an Ani-
sakis extract (4.8 X 10° versus 4.5 X 10°) (Fig. 3D). In sum-

mary, both routes of sensitization induced infiltration of in-
flammatory cells into the lungs, and eosinophils were the
predominant cell type in wild-type mice.

Airway hyperresponsiveness after intranasal allergen chal-
lenge. Airway hyperresponsiveness (AHR) to nonspecific
bronchoconstrictors is characteristic of allergic asthma. Intra-
nasal challenge with an Anisakis extract induced airway hyper-
responsiveness in wild-type mice irrespective of the route of
sensitization, as reflected by significantly increased Penh values
after exposure to 20 mg/ml aerosolized B-methacholine (Fig.
4A and B). Interestingly, AHR was present in IL-4Ra ™/~ mice
sensitized with Anisakis larvae (Fig. 4A) but not in mice sen-
sitized intranasally with an Anisakis extract (Fig. 4B). To test
whether live larvae were necessary for the induction of IL-
4Ra-independent AHR, we sensitized mice with heat-killed
Anisakis 1. Subsequent intranasal challenge induced AHR in
both wild-type and IL-4Ra ™/~ mice, as seen when live larvae
were used (Fig. 5A). Moreover, sensitization with live or heat-
killed Anisakis L5 induced a strong antigen-specific IFN-vy re-
sponse in lung-draining lymph nodes in IL-4Ra ™'~ mice com-
pared to control mice (Fig. 5B). Heat-treated Anisakis L,
induced a specific IgE response in wild-type mice, indicating
allergic sensitization (Fig. 5C), whereas IL-4Ra~/~ mice re-
sponded with a Thl-type antibody response reflected by spe-
cific IgG2a (Fig. 5D). Together, these data demonstrate that
intranasal challenge with an Anisakis extract after intraperito-
neal sensitization with larvae or sensitization with an Anisakis
extract is able to induce airway hyperresponsiveness. Further-
more, AHR can occur independently of IL-4Ra responsive-
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FIG. 3. (A and B) Airway inflammation after intranasal challenge with an Anisakis extract. Lung sections were stained with H&E (A) to
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ments = SD (6 to 8 mice/group) are shown. *, P < 0.05; %%, P < 0.01; %%, P < 0.001.

ness after intraperitoneal sensitization with larvae but was
strictly dependent on IL-4Ra responsiveness after intranasal
sensitization.

Airway hyperresponsiveness in IL-4Ra™/~ mice is depen-
dent on IFN-y. Several studies have demonstrated IL-4Ra-
independent AHR in murine models of ovalbumin-induced
allergic airway hyperresponsiveness, but the factors involved
remain elusive (31, 38, 46). IFN-y-associated AHR has been
described previously in a mouse model of chronic asthma,
where administration of anti-IFN-vy antibodies reduced AHR
(26). Since AHR was associated with strikingly increased
IFN-vy levels in IL-4Ra™/~ mice sensitized intraperitoneally
with live or heat-killed larvae, we hypothesized that IFN-y
might play a role in IL-4Ra-independent AHR. In order to test
this, we sensitized mice with live larvae and injected neutral-
izing anti-IFN-y antibodies prior to allergen challenge, result-

ing in significantly reduced levels of IFN-y in the lungs (Fig.
6A). Of importance, in vivo IFN-y depletion had no significant
effect on AHR in wild-type mice but abrogated AHR in IL-
4R/~ mice (Fig. 6B), providing evidence that IFN-y was
responsible for IL-4Ra-independent AHR. Impairment of
AHR following IFN-y depletion was not due to altered Th1-
type antibody responses; levels of Anisakis-specific [gG2a and
IgG2b were not significantly different from those for untreated
controls (Fig. 6C). Depletion of IFN-y also had no significant
effect on airway inflammation or the cellular composition of
the BAL fluid (Fig. 6D). Together these data indicated that
IFN-y might directly induce AHR similarly to IL-13 (17). To
investigate this possibility, we challenged naive wild-type and
IL-4Ra ™'~ mice intranasally with recombinant IFN-y or saline
on 4 consecutive days, measuring AHR after each challenge
(Fig. 6E). AHR increased significantly on days 1 to 4 in IL-
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4R/~ mice administered IFN-y, compared to that for PBS
controls. In wild-type mice, a significant effect on AHR was
evident at day 4 only. These results strongly suggest that IFN-y
is able to induce AHR in mice, particularly in the absence of
IL-4Ra responsiveness.

DISCUSSION

Accidental infection of humans with Anisakis L, after inges-
tion of fish can cause disease ranging from acute gastrointes-
tinal reactions to anaphylactic shock (6). In this study, we
investigated the influence of different routes of sensitization to
Anisakis pegreffii on the outcome of experimental allergic air-
way inflammation. Sensitization by infection with live or heat-
killed Anisakis larvae was compared with nasal sensitization of
mice with an Anisakis extract. Both routes of sensitization
primed mice to exhibit allergic airway inflammation after sub-
sequent intranasal challenge with an Anisakis extract. This
finding is important, because it strongly suggests that repeated
inhalation of aerosolized Anisakis proteins is able to cause
respiratory reactions, as suggested by previous studies of hu-
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mans (1, 3, 37). This is particularly relevant for food- and
work-related allergies in exposed individuals. Both live and
heat-killed Anisakis larvae induced specific IgE in wild-type
mice. This outcome suggests the presence of heat-stable so-
matic allergens and confirms evidence that cooking of contam-
inated fish may not be sufficient to prevent allergic reactions to
Anisakis (10, 35). Furthermore, our additional finding that
intranasal sensitization/challenge with an Anisakis extract in-
duced allergic airway inflammation and AHR in the absence of
a detectable antibody response may have consequences for the
diagnosis of Anisakis allergies, which currently relies on the
detection of specific IgE antibodies (29).

As expected, AHR was dependent on the Th2-type cyto-
kines IL-4 and IL-13 in wild-type mice. However, following i.p.
sensitization with live or heat-killed Anisakis L;, AHR was
dependent on IFN-v in the absence of IL-4Ra responsiveness.
Indeed, recombinant IFN-y was sufficient to induce AHR in
the absence of allergic sensitization of IL-4Ra ™'~ mice. These
results support a very recent allergic airway inflammation
model, which demonstrated that cooperative signals of IFN-y
and Toll-like receptor 4 (TLR4)/MyD88 are able to induce
profound AHR (47).

Intranasal challenge with an Anisakis extract after nasal or
intraperitoneal sensitization resulted in profound allergic air-
way inflammation in wild-type mice, characterized by AHR,
eosinophilic airway inflammation, Th2-type cytokine re-
sponses, and goblet cell hyperplasia. In contrast, IL-4Ra™/~
mice developed mixed Th1/Th2 cytokine responses and neu-
trophilic airway inflammation but no goblet cell hyperplasia.
Importantly, AHR was dependent on IL-4Ra responsiveness
only after nasal sensitization, not after injection with live or
heat-killed Anisakis larvae. This was somewhat unexpected,
since IL-4Ra expression is generally considered critical for the
development of AHR (17). Previous studies have implicated
IL-5 and IL-13 in IL-4Ra-independent AHR in murine models
of ovalbumin-induced allergic AHR, but possible mechanisms
have remained elusive (31, 38, 46). Our data showed that
IL-4Ra-independent AHR after intraperitoneal sensitization
with larvae was associated with elevated IFN-y production.
Consequently, we performed in vivo neutralization studies and
found that IFN-y was critical for the development of IL-4Ra-
independent AHR. This result supports the findings of a recent
study that used a mouse model of ovalbumin-induced allergic
airway disease to demonstrate that glucocorticoid-resistant
AHR was dependent on cooperative signals from IFN-y and
TLR4/MyDS88 and that it could be abolished by treatment with
anti-IFN-vy antibodies without affecting the numbers of neu-
trophils in the BAL fluid (47). We did not investigate the Toll
receptor pathway in our model, but in vivo neutralization of
IFN-y abrogated AHR without affecting neutrophil numbers
in the BAL fluid. Furthermore, IFN-y-induced AHR was not
affected by neutrophil depletion (data not shown).

In order to investigate whether IFN-y could directly induce
AHR, we challenged naive wild-type and IL-4Ra /" mice in-
tranasally with recombinant IFN-vy for 4 consecutive days. This
treatment induced AHR from day 1 onward in IL-4Ra ™/~
mice and from day 4 in wild-type mice, demonstrating that
recombinant IFN-y was sufficient to induce AHR, particularly
in IL-4Ra™’~ mice. Since the endotoxin level of the IFN-y
administered was less than 0.1 ng/pg, it is unlikely that TLR
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of live or heat-killed parasites were found.

induction took place due to endotoxin contamination. We
found low concentrations of endotoxin in the Anisakis extract
used for intranasal sensitization (2.5 to 5 EU/mg), which are
below the LPS concentrations used previously to determine the
influence of endotoxin on AHR in mice (15, 44, 47). Since
Anisakis L, remain in the peritoneal cavity after injection into
mice for approximately 14 to 21 days without penetrating the
intestine (reference 23 and our own observations), it is unlikely
that leakage of intestinal contents into the peritoneum was a
source of endotoxin. Furthermore, IL-4Ra-independent AHR
also occurred in mice injected with heat-killed larvae. This may
indicate that IFN-y-dependent AHR is also possible via TLR4-
independent mechanisms. The involvement of IFN-y in the
pathology of asthma may extend to humans, since a positive
correlation between serum IFN-y concentrations and the se-
verity of asthma pathogenesis has been described for asthmatic
patients, and higher numbers of IFN-y-producing T cells were
found in the BAL fluid and blood of asthmatics than in those
of healthy control subjects (9, 30, 45).

In wild-type mice, AHR was accompanied by goblet cell
hyperplasia and eosinophilic lung inflammation. This pathol-
ogy is in agreement with the strong Th2 cytokine response
induced by Anisakis infection (37), which could drive goblet
cell hyperplasia through increased IL-4Ra signaling in airway
epithelial cells (27) and eosinophilia through IL-5 (25). Eosin-

ophilia may also be promoted by the chemotactic properties of
the Anisakis extract (16). Intranasal sensitization resulted in
lower numbers of eosinophils in the BAL fluid and lower levels
of IL-5 production than those obtained with live infection.
Together, these results demonstrate that Anisakis infection
and intraperitoneal sensitization are more potent inducers of
Th2-type immune responses than nasal sensitization with an
Anisakis extract. In IL-4Ra™/~ mice, neutrophils but not eo-
sinophils were recruited to the airways after allergen challenge.
Augmented neutrophil recruitment and impaired eosinophil
recruitment in IL-4Ra ™'~ mice also occurred in our previous
studies and were shown to be IL-17 dependent (42). The pro-
duction of IL-17 in response to allergens is increased in the
absence of IL-4/IL-13 responsiveness (19, 42), and conversely,
IL-17 downregulates the production of Th2 cytokines (42).
This may play an important role during sensitization to Ani-
sakis by promoting a strong IFN-y response and the develop-
ment of IFN-y-dependent AHR.

An important finding of this study was that, unlike mice
sensitized intraperitoneally with Anisakis larvae, nasally sensi-
tized mice failed to launch Anisakis-specific IgE and IgG an-
tibody responses, despite a normal Th2-type allergic inflam-
matory disease phenotype. Allergic airway symptoms in the
absence of IgE have been described in models using aerosol-
ized ovalbumin or Aspergillus allergens in either IL-4-, B-cell-,
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or IgE-deficient mice (12, 20, 33). Interestingly, failure to in- duce specific antibodies (our unpublished data). Non-IgE-me-
duce Anisakis-specific IgE and IgG antibody responses was diated asthma has been described in human studies, and res-
dependent on the intranasal sensitization route, since mice piratory symptoms have been ascribed to the presence of 1L-4,
sensitized intraperitoneally with an Anisakis extract did pro- IL-5, and IL-13 in the lung (11, 21, 22). The outcome of our
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studies could be important for improving the diagnosis of Ani-
sakis-related allergic reactions and explaining airway hyperre-
activity in the absence of specific IgE antibodies.
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