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Food allergies are common, costly and potentially life-threatening disorders. They are
driven by Th2, but inhibited by Th1 reactions. There is also evidence indicating that IL-2
agonist treatment inhibits allergic sensitization through expansion of regulatory T cells.
Here, we tested the impact of an IL-2 agonist in a novel model for food allergy to hen´s egg
in mice sensitized without artificial adjuvants. Prophylactic IL-2 agonist treatment
expanded Treg populations and inhibited allergen-specific sensitization. However, IL-2
agonist treatment of already sensitized mice increased mast cell responses and allergic
anaphylaxis upon allergen re-challenge. These effects depended on allergen-specific IgE
and were mediated through IFN-g, as shown by IgE transfer and blockade of IFN-g with
monoclonal antibodies. These results suggest that although shifting the allergic reaction
toward a Treg/Th1 response inhibits allergic sensitization, the prototypic Th1 cytokine
IFN-g promotes mast cell activation and allergen-induced anaphylaxis in individuals that
are already IgE-sensitized. Hence, while a Th1 response can prevent the development of
food allergy, IFN-g has the ability to exacerbate already established food allergy.
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INTRODUCTION

The Th2 cytokine IL-4 promotes class switching to IgE antibodies, which bind to the high affinity
IgE receptor FceRI on mast cells (1–3). Crosslinking of FceRI-bound IgE by antigen/allergen can
induce type-1 hypersensitivity reactions, including those responsible for food allergies (4, 5). Th1
reactions and their prototypic cytokine IFN-g can counterbalance Th2 responses, which reduces the
production of IL-4 and IgE and thereby inhibits allergic sensitization (6, 7). These observations
suggested that restoring the Th1/Th2 balance by increasing Th1 responses could inhibit IgE-
mediated allergy (8). This concept is generally well accepted, although it is clear that additional T
cell subsets, such as regulatory T cells (Tregs), also limit allergic reactions (9).

Allergy to chicken (Gallus gallus) egg is the second most prevalent food allergy in infants and
children, after cow’s milk allergy (10). A recent meta-analysis of European studies suggests an
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overall prevalence of 1.6% in children aged 2.5 years (11).
Chicken egg white (EW) contains several allergenic proteins.
The dominant allergenic protein in EW is the trypsin inhibitor
ovomucoid, which accounts for approximately 11% of EW
protein, while ovalbumin (OVA), the most abundant egg
allergen, accounts for 55% of EW protein. Two putative
allergens have been found in egg yolk (EY), chicken serum
albumin a-livetin and yolk glycoprotein 42 (12, 13). a-livetin
has also been identified as the major inhalant allergen in bird-to-
egg syndrome (14, 15), which links respiratory hypersensitivity
to bird antigens to egg allergy (16). Exposure to pet birds,
poultry, etc. can lead to respiratory allergies, including asthma,
by sensitizing people to airborne avian allergens (17–21). Blood,
feathers and droppings can be sources of these aeroallergens (22,
23), including serum albumin a-livetin. Reciprocal cross-
inhibition of IgE-binding between extracts of bird feathers and
egg yolk has been observed for patients diagnosed with bird to
egg syndrome (24). Thus, although inhalation of avian
airborne allergens first leads to respiratory hypersensitivity,
subsequent ingestion of cross-reacting serum albumin in egg
yolk can provoke gastro-intestinal symptoms, including diarrhea
and vomiting.

T regulatory cells (Tregs) are important for maintaining oral
tolerance and preventing food allergy (25). These cells can
suppress the production of type 2 cytokines, B cell Ig isotype
switching to IgE and the effector functions of mast cells and
basophils (26). Tregs constitutively express high levels of CD25, a
required component of the high-affinity receptor for IL-2, which
maintains Treg homeostasis and survival in response to IL 2 (27–
29). In the absence of CD25, CD122, and CD132 form a lower
affinity receptor for this cytokine, which is predominantly
expressed by effector CD8+ T cells and natural killer (NK)
cells (30, 31). Accordingly, application of low doses of IL-2 is
believed to selectively expand Treg populations, and has
demonstrated therapeutic potential against some autoimmune
disorders in clinical trials (32–35). Interestingly, it was reported
that this treatment inhibits allergic symptoms, but does not
impair IgE production in a murine model of food allergy to
OVA (36).

IL-2 can be complexed with a mAb that blocks its binding to
the low affinity form of the IL-2R to increase its selectivity for
cells, such as Tregs, that express the high affinity IL-2R. In mice,
that can be achieved with the anti-CD122 mAb JES6.
Complexing IL-2 with JES6 also increases its in vivo half-life
and activity (37). Accordingly, IL-2/JES6 is a potent IL-2 agonist
and treatment with IL-2/JES6 can suppress some inflammatory
diseases (38–41). IL-2/JES6 can expand both “natural Tregs” and
“peripheral Tregs”, two distinct Treg subpopulations that are
respectively generated in the thymus without exposure to foreign
antigens, or formed after antigen contact in the periphery,
respectively (42).

In the current study, we physiologically sensitize mice to egg
allergens by intra-tracheal (i.t.) inoculation with EW and EY
plasma (EYP, the liquid, lipid-containing fraction of EY)
without artificial adjuvant. Upon subsequent oral challenge with
the same allergens, the sensitized mice developed diarrhea and
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anaphylaxis, which manifests as hypothermia. Using this model
we found that IL-2/JES6 induces an IFN-g response; while this
response inhibits Th2 cytokine and IgE production during the
sensitization phase, it reduces the threshold for IgE-mediated mast
cell activation in already sensitized mice.
MATERIALS AND METHODS

Mice
Female Balb/c mice were purchased from Charles River
Laboratories (Sulzfeld, Germany) and maintained under
pathogen-free housing conditions. Animal studies were
performed at the animal facilities of Cincinnati Children’s
Hospital Medical Center and the University of Lübeck, with
approval from the respective authorities.

IL 2/JES6-complex treatment: IL 2/JES6-complex was
prepared by mixing multiples of 1 µg recombinant mouse IL 2
(Immunotools) with 5 µg anti-IL 2 mAb (clone JES6-1A12;
purified from culture supernatants of the hybridoma),
dissolved in 200 µl sterile Dulbecco’s phosphate buffered saline
(DPBS). The solution was incubated for 30 min at 37°C in a
CO2-incubator. IL 2/JES6-complexes were administered i.p. as
described (42).

IFN-g-neutralizing antibody treatment: 100 µg anti-IFN-g
mAb (clone: XMG1.2; kindly donated by Katrin Luger, DRFZ
Berlin.) in 100 µl PBS was intra-peritoneal administered (i.p.) to
allergic mice either one, or three times on three consecutive days,
together with IL-2/JES6.

Experimental Food Allergy to Hen’s Egg
Eggs from the local grocery were swabbed for 5 min with 70%
ethanol and subsequently irradiated for 2 min with UV light. EW
and EY were separated in autoclaved beakers. The EW was
transferred to dialysis tubing (MWCO 6.000–8.000 Da), then
dialyzed against distilled water for 48 h at 4°C, lyophilized, and
stored at 20°C. EY was diluted 1:3 in sterile DPBS and then
centrifuged for 10 min at 13,000 x g, 4°C, after which the
supernatant, EYP, was collected and stored at 20°C.

Mice were anesthetized by i.p. injection of 200 ml anesthetics (5
mg/ml Ketanest S, 1.5 mg/ml Rompun in DPBS), restrained and
sensitized by i.t. application of 40 µl EYP containing 50 µg EW.
The procedure was repeated according to the sensitization
schedules. For antigen (Ag) challenges, lyophilized EW was
dissolved in sterile DPBS to a concentration of 500 mg/ml, then
mixed with an equal volume of EYP. To assess diarrhea
development, EW plus EYP was supplemented with food dye.
Mice were intra-gastrically challenged with 300 µl of this mixture.
Body temperature was measured by rectal thermometry
(Physitemp). IgE-Transfer Model of Passive Systemic Anaphylaxis

Mice were i.v. injected with 10 µg of IgE-anti-TNP mAb (clone
IgEL2a; purified from hybridoma culture supernatants) in 200 µl
sterile DPBS. To induce systemic anaphylaxis 24 h after sensitization,
mice were challenged by gastric lavage with 20 mg of TNP-BSA.
Body temperature was measured by rectal thermometry.
December 2020 | Volume 11 | Article 596772
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ELISAs
To determine anti-OVA IgE and IgG1 levels, white Costar® 96-
well plates were coated with 10 µg/ml OVA in Tris/saline buffer
(pH 7.2). Briefly, wells were washed and subsequently blocked
with 2% skim milk solution. Standards (IgE (Serotec) and IgG1
(Sigma-Aldrich)) were serially diluted 1:2, starting at 200 ng/ml
or 500 ng/ml, respectively. After incubation with standards and
diluted samples, wells were repeatedly washed and subsequently
incubated with biotinylated anti-mouse IgE (BD) or anti-mouse
IgG1 (Southern Biotech). Wells were then washed and incubated
with Streptavidin-HRP (Thermo Scientific). Following further
washing, substrate (Thermo Scientific) was added to the wells
and responses were immediately measured with a Luminometer
(FlUOstar Omega, BMG Labtech). For quantification of serum
MMCP-1, serum was obtained 4 h after oral gavage (o.g.)
challenge. MMCP-1 concentrations were determined by ELISA
following the manufacturer’s instructions (eBiosciences).

In Vivo Cytokine Capture Assay
IVCCA was performed as described (43). Briefly, mice were i.v.
injected with 10 µg of biotinylated anti-mouse IL-4 (clone
BVD4-1D11) either alone or in combination with 10 µg of
biotinylated anti-mouse IL-13 (clone SZ45-54D1) 4 h before
o.g. challenge. Blood was sampled 4 h after o.g. challenge. Serum
IL 4 and IL 13 levels were measured by luminescence ELISA.

ILC Isolation
Mice were sacrificed and the small intestine was extracted, flushed
with ice cold 1×Hank’s balanced salt solution (without Ca2+ and
Mg2+; HBSS (w/o)) and patches were removed. Lamina propria
lymphocytes were isolated from the entire small intestine using the
isolation kit from Miltenyi Biotech (#130-097-410) according to
the manufacturer’s manual with slight modifications.

Flow Cytometry
Single-cell suspensions were prepared from spleen, mesenteric
LN and mediastinal LN. Subsequently, they were filtered through
a 70-µm cell strainer, washed, and resuspended in PBS/BSA
containing anti-FcgRIIB/RIII mAb (clone 2.4G2) for 5 min.
eF450-labeled anti-CD4 (GK1.5; eBioscience) and Brilliant
Violet 421-labeled anti-CD3 (145-2C11; Biolegend) mAbs were
used for surface staining.

For analysis of ILC, lamina propria lymphocytes were isolated
as described above and stained for: CD3, (clone 17A2; Biolegend)
B220 (clone RA3-6B2; Biolegend), CD11b (clone M1/70;
Biolegend), Gr-1 (clone RB6-8C5; Biolegend), Ter-119 (clone
TER-119; Biolegend), CD49b (clone DX5; Biolegend), CD326
(clone G8.8; Biolegend), CD25 (clone 3C7; Biolegend), CD127
(clone A7R34; Biolegend) Sca-1 (clone D7; Biolegend) and
CD117/c-kit (2B8; BD).

For analysis of intracellular cytokine expression, cells were re-
stimulated by PMA/ionomycin and subsequently protein
secretion was inhibited by Brefeldin A. Then cells were stained
for lineage markers as described above, washed once with PBS,
fixed with fixation solution (BioLegend) according to the
manufacturer’s protocol and permeabilized with the FoxP3
Frontiers in Immunology | www.frontiersin.org 3
Perm buffer (BioLegend), for 15 min at RT. Subsequently, cells
were washed with ice-cold PBS and intra cellular cytokines IL-10
and IFN-g were stained by incubation with BV605 labeled anti-
IL-10 mAb (clone: JES5-16E3, Biolegend) and APC conjugated
anti-IFN-g mAb (XMG1.2, Biolegend) for 60 min at RT.

Chloroacetate Esterase (CAE) Staining
Paraffin slides of formaldehyde-fixed jejunum and duodenum were
de-paraffinized in a Rotihistol (Roth) bath (3 changes, 10 min. per
change) followed by ethanol (Chemsolut) baths of decreasing
concentrations (100%, 95%, 70% V/V). De-paraffinized slides
were rinsed with phosphate buffer (0.1M, pH 7.6). Washed slides
were stained with freshly prepared solutions. First, a new fuchsin
solution (40 mg/ml in 2N HCl; Sigma) was mixed with 4% sodium
nitrite (Sigma). Meanwhile, naphtol AS-D chloroacetate (2 mg/ml
in N,N dimethylformamid; Sigma both) was mixed with phosphate
buffer (0.1M, pH 7.6). The new fuchsin-sodium nitrite solution was
combined with the naphtol AS-D chloroacetate solution, added
dropwise to the slides and incubated for 25 min. The stained slides
were washed with distilled water, counterstained with hematoxylin
gill´s no. 2 (Sigma) and washed with warm tap water. Slides were
dehydrated in an inverse order from the de-paraffination and
sealed under coverslips with Vectamount (Vector).

Statistical Analysis
Data analysis was performed using GraphPad PRISM 6 software,
statistical tests are indicated in individual figure legends. A
p-value <0.05 was considered significant.
RESULTS

Prophylactic IL-2/JES6-Treatment
Prevents IgE Production and
Sensitization to Hen’s Egg
Hen’s egg allergy was induced by i.t. sensitization and oral challenge
with EW plus EYP. Before sensitization, Treg populations were
expanded by three injections of the IL-2 agonist IL 2/JES6 (Figure
1A). Treatment with IL 2/JES6 increased percentages and numbers
of CD3+ CD4+ FoxP3+ Tregs in spleen, blood and mesenteric
lymph nodes approximately 1.5-fold (Figure 1B; Figure S1). After
sensitization, blood samples were collected to evaluate immune
sensitization to hen’s egg. Total IgE and OVA-specific serum IgE
and IgG1 levels were all approximately 5-fold reduced in mice
treated with IL 2/JES6 (Figure 1C). Control mice that were
sensitized to and subsequently challenged with hen’s egg
developed anaphylaxis (manifested as hypothermia) as early as the
sixth oral challenge with EW plus EYP; hypothermia plateaued at a
decrease of ~3.0°C by the eighth challenge (Figure 1D). 83% of these
mice also developed allergic diarrhea subsequent to antigen
challenge six. In contrast, mice treated with IL 2/JES6 were
completely protected from allergic reactions, with no hypothermia
and development of diarrhea in only 6.6% (Figure 1D).

In order to investigate possible effects of IL-2/JES6 treatment
on sensitivity to histamine, mice were prophylactic treated with
December 2020 | Volume 11 | Article 596772
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A

B

D

C

FIGURE 1 | Prophylactic IL-2/JES6 treatment. (A) Experimental scheme. Mice were treated with IL 2/JES6 or saline (up-arrows) and sensitized by i.t. inoculations
with egg white (EW) plus egg yolk plasma (EYP), as indicated (down-arrows). Later, mice were repeatedly challenged with EW plus EYP. (B) CD3+ CD4+ FoxP3+
Treg populations in spleen after the 12th challenge, analyzed by flow cytometry. (C) Total serum IgE, ovalbumin (OVA)-specific IgE and IgG1 after six i.t.
sensitizations, as assessed by ELISA. (D) Rectal temperature curve (left) and diarrhea development (right) after oral antigen challenges six to eight. Data shown from
one of two independent experiments (n = 14 15). Data depicted represent mean ± SEM. ***p < 0.001, ****p < 0.0001 (Student’s t-test).
Frontiers in Immunology | www.frontiersin.org December 2020 | Volume 11 | Article 5967724
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IL-2/JES6, subsequently challenged with allergen and finally
injected with histamine. Compared to a control group treated
with saline, IL-2/JES6 treatment had no effect or slightly
increased histamine-induced hypothermia (Figure S2). Hence,
preventive treatment with the IL-2 agonist IL-2/JES6 blocked
anaphylaxis in our model, most likely by expanding Treg
populations and decreasing allergen-specific IgE production,
rather than by inhibiting the response to histamine. These
findings are in accordance with previous findings obtained in
murine food allergy to milk proteins (44).

After Sensitization, IL-2/JES6-Treatment
Increases Mast Cell Responsiveness and
Exacerbates Acute Allergic Symptoms
In order to test IL 2/JES6 in a therapeutic rather than a
prophylactic setting, the IL-2 agonist was applied to mice that
were already allergic. Repeated challenges with EW plus EYP
induced an allergic response in sensitized mice, as manifested by
hypothermia and diarrhea (Figure 2A). Starting one day after the
11th challenge, allergic mice were treated with IL 2/JES6 on three
consecutive days. Four hours after the last IL 2/JES6 treatment,
mice received a single oral allergen challenge. Strikingly, all IL 2/
JES6-treated mice challenged with allergen developed severe
hypothermia and lethal anaphylaxis while the body temperature
of control mice decreased much less, comparable to previous
challenges (Figure 2B). IL 2/JES6 treatment did not alter the
frequencies of innate lymphoid cells (ILC) in the small intestine of
allergic mice (Figure S3), indicating that IL 2/JES6 may have no
immediate effect on intestinal IL2C.

Mice challenged 72 h after IL 2/JES6 treatment still developed
increased systemic anaphylaxis (Figure 2C), although less severe
than mice challenged 4 h after IL 2/JES6 treatment. As indicated
by increased MMCP-1 levels, IL 2/JES6 treatment led to an
exacerbated mast cell response, while OVA-specific IgE levels
were not affected (Figure 2D). In order to determine if allergen-
sensitization alone is sufficient to induce susceptibility to IL-2/
JES6-mediated exacerbation of anaphylaxis, mice were treated
with IL 2/JES6 directly after allergen sensitization but before the
first oral allergen challenge (Figure 3A). Although saline-treated
mice developed neither hypothermia nor diarrhea to the first oral
challenge, sensitized and IL 2/JES6-treated mice developed an
approximately 5°C drop (Figure 3B). Consistently, compared to
controls, IL 2/JES6-treated mice showed substantially increased
MMCP 1, IL-4 and IL-13 levels in serum (Figure 3C).

Together, these experiments demonstrate that IL-2/JES6
administration that is first administered after mice have been
sensitized does not affect allergen-specific IgE, but exacerbates
anaphylaxis and increases the allergen-reactivity of IgE-sensitive
effector cells, most likely mast cells. To investigate the role of Ag-
specific IgE further, we used an IgE transfer model of systemic
anaphylaxis that depends solely on mast cell activation, but
circumvents the induction of an allergen-specific B and T cell
response (3, 45). Mice were treated with three daily doses of IL-2/
JES6. Two days after the last IL-2/JES6 dose they were passively
sensitized with a single dose of monoclonal murine IgE-anti-
trinitrophenyl (TNP) and 24 h later challenged with TNP-BSA
Frontiers in Immunology | www.frontiersin.org 5
(Figure 4A). IL-2/JES6 treatment increased the anaphylactic and
MMCP-1 responses to allergen-challenge in mice that had
received IgE-anti-TNP (Figures 4B, C). Thus, the IL-2/JES6-
induced increase in mast cell degranulation and anaphylaxis
severity is at least partially independent of increased Ag-specific
IgE levels.
A

B

D

C

FIGURE 2 | Therapeutic IL-2/JES6 treatment. Sensitized and repeatedly
challenged mice were treated with IL-2/JES6 either four or 72 h before the
final allergen challenge. (A) Hypothermia and diarrhea following allergen
challenges, before IL-2/JES6 administration. (B) Rectal temperature curve
(left) and maximal temperature drop (right) of mice treated with IL-2/JES6 4 h
before allergen challenge. (C) Rectal temperature curve (left) and maximal
temperature drop (right) of mice treated with IL-2/JES6 at 72 h before
allergen challenge. (D) Total IgE, ovalbumin (OVA)-specific IgE and IgG1 and
MMCP-1 in serum measured by ELISA (after challenge 13, 72 h after the last
IL-2/JES6 treatment). Data depicted represent mean ± SEM (A: n = 35,
(B–D) n = 7 8). *p < 0.05, **p < 0.01, ****p < 0.0001 (Student’s t-test).
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Collectively, these data indicate that the IL-2 agonist increases
the allergen-responsiveness of mast cells in the presence of IgE,
which under pathophysiological conditions is the case in already
sensitized individuals.

IFN-g Mediates Exacerbation of Acute
Anaphylaxis by IL-2/JES6
To determine how IL-2/JES6 increases IgE-mediated mast cell
responses and exacerbates anaphylaxis, we investigated the
effects of IL-2/JES6 treatment on the size of mast cell
populations in the gut, early events in mast cell activation, and
cytokine responses by T helper cells.
Frontiers in Immunology | www.frontiersin.org 6
Allergic mice repeatedly treated with IL-2/JES6 did not have
increased mast cell populations in either the mucosa or
connective tissues of the jejunum and the duodenum (Figure
5); thus, IL-2 agonist neither promotes mast cell proliferation nor
increases mast recruitment to the gut.

In order to test whether IL-2/JES6 has an immediate effect on
mast cell activation, mice were sensitized to TNP by injection of
IgE-anti-TNP and received a single injection of the IL-2 agonist
20 h later. Another 4 h later, the mice were challenged with TNP-
BSA. After this single, short treatment, IL-2/JES6 did not promote
anaphylaxis (Figure S4), suggesting that more prolonged treatment
with the IL-2 agonist is required to affect mast cell responsiveness.
A

B

C

FIGURE 3 | IL-2/JES6 treatment after allergen sensitization. Mice were treated with IL-2/JES6 after sensitization and before the first challenge. (A) Treatment
regimen. (B) Rectal temperature curve (left) and maximal temperature drop (right) after antigen challenge. (C) Serum mMCP-1 as assessed by ELISA. IL-4 and IL-13
were measured by IVCCA. Data shown represent mean ± SEM (n = 6). ***p < 0.001, ****p < 0.0001 (Student’s t-test).
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While IL-2/JES6 neither had immediate effects on mast cells,
nor led to the expansion of mast cell populations, repeated
applications of the IL-2 agonist increased the frequencies of
IFN-g+ cells within the CD4+ population, but had no impact on
the frequencies of IL-4+/CD4+, IL-10+/CD4+, and IL-17A+/
CD4+ cells (Figure 6; Figure S5).

Of note, although IFN-g is the prototypic Th1 cytokine and is
known to counteract type-1 hypersensitivity, it has been
previously reported to promote mast cell effector functions and
contribute to disease pathology in a mouse model of chronic
asthma (46). Therefore, we tested whether the IL-2/JES6-induced
increase in IFN-g production could be responsible for the
increased mast cell response and exacerbated anaphylaxis
observed in allergic mice. Mice were sensitized to hen’s egg and
challenged repeatedly with EW plus EYP until they developed
considerable titers of allergen-specific IgE but did not yet have
diarrhea or hypothermia following allergen challenge.
Afterwards, the mice were divided into various groups showing
comparable IgE titers. These groups were treated on three
consecutive days with either IL-2/JES6 or saline as a control,
and received one or three injections of anti- IFN-g blocking or
control mAb. The mice were challenged 4 h after the last injection
of anti-IFN-g blocking antibodies. As before, mice not treated
with the IL-2 agonist did not develop detectable temperature
drops. In contrast, all mice treated with the IL-2 agonist but
without IFN-g blockade consistently showed temperature drops
of approximately 5°C (Figures 7A, B). IFN-g blockade
completely inhibited the IL-2/JES6-induced temperature drops.
In addition, mice treated with IL 2/JES6 had increased serum
Frontiers in Immunology | www.frontiersin.org 7
levels of mast cell-derived proteases that were also reversed by
anti-IFN-g blocking antibodies (Figure 7C). The IFN-g
dependence of IL-2/JES6 exacerbation of anaphylaxis and mast
cell degranulation probably reflects a direct effect of IFN-g on
mast cells, because the addition of IFN-g to cell cultures of bone
marrow-derived mast cells generated from wild-type mice, but
not from IFN-g receptor-deficient mice, has been shown to
enhance mast cell responses in vitro (46).

Collectively, these results show that treating allergic mice
with the IL-2 agonist IL 2/JES6 increases the IFN-g response;
which enhances IgE-mediated mast cell degranulation and
consequently exacerbates allergic anaphylaxis.
DISCUSSION

Here, we established a novel model of food allergy to whole egg
that involves sensitization through a biologically relevant route
(the airways) without a requirement for an exogenous adjuvant.
Using this model, we confirmed that IL-2 agonist treatment prior
initial exposure to allergen, inhibits allergic sensitization and
prevents allergen challenge-induced anaphylaxis. However, we
also found that IL-2 agonist treatment drastically intensifies IgE-
dependent mast cell responses and allergic anaphylaxis when
administered to already sensitized mice and that this mechanism,
surprisingly, depends on IFN-g.

Designing experimental models of food allergy that resemble the
pathophysiology of the human disease provides a challenge (47).
A B

C

FIGURE 4 | IL-2/JES6 treatment enhances mast cell activation and aggravates IgE-transfer-mediated systemic anaphylaxis. Mice were treated with IL-2/JES6 or
saline, passively sensitized to trinitrophenyl (TNP) by transfer of monoclonal anti-TNP IgE and subsequently challenged with TNP-BSA. (A) Treatment regimen.
(B) Rectal temperature curve (left) and maximal temperature drop (right) following oral challenge. (C) Serum mMCP-1 as assessed by ELISA. Data represent mean ±
SEM (n = 6–7). Data shown from one of two independent experiments. **p < 0.01 (Student’s t-test); *p < 0.05, ****p < 0.0001 (one-way ANOVA followed by Tukey’s
post hoc test).
December 2020 | Volume 11 | Article 596772

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Link et al. IFN-g Exacerbates Food Allergy
Most murine egg allergy models use model antigens, such as OVA,
which initially are applied together with artificial adjuvants.
Intraperitoneal injection with alum adjuvant is the typical route
for sensitization, although this has been replaced, in some
studies, by epicutaneous sensitization through abraded skin.
Intraperitoneal injection of OVA with alum is a strong, albeit
artificial stimulus that allows the use of commercially available
genetically modified mouse strains that express allergen-specific B
and T cell receptors. However, chicken’s egg contains several
allergens. While OVA is the most abundant EW protein,
ovomucoid is the most allergenic (48). Furthermore, in addition
to several protein allergens, hen’s egg contains high concentrations
of saturated fat in egg yolk that appear to act as a natural adjuvant
Frontiers in Immunology | www.frontiersin.org 8
for the induction of food allergy, an effect that has been observed
with saturated medium chain triglycerides (47) and U. Samavedam
et al., manuscript in preparation. The combination of multiple
protein allergens with lipid adjuvants in egg is likely to be
important in the pathogenesis of food allergy to hen´s egg. In
addition to mimicking the clinically relevant sensitization of
humans with whole egg, rather than a single egg protein, our
airway sensitization scheme has the advantage of mimicking a
natural route of sensitization of humans to eggs, as established for
patients who have developed the bird-to-egg syndrome (49, 50) or
have inhaled powdered egg during its manufacture (17–20).

The most novel aspect of our study, however, is not the
sensitization procedure used, but rather the observation that
A

B

FIGURE 5 | Mast cell populations in the gut. Gut sections from sensitized mice treated with IL-2/JES6 or PBS for three days prior to sensitization. Mast cells were
identified by chloroacetate esterase (CAE) staining. (A) Representative section of duodenum, 40x magnification. (B) All mast cells, connective tissue mast cells and
mucosal mast cells in jejunum (upper row) and duodenum (lower row) are shown, as indicated. Plots show mast cells per field of view (MC/field). Upper row:
jejunum, lower row: duodenum, as indicated. Each dot represents the average mast cell counts from one individual mouse, two to six slices were counted per
mouse (n = 5; Mann-Whitney U test). ns, not significant.
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IL-2 exacerbates disease in sensitized individuals by inducing an
IFN-g response. Although the Th2 cytokine IL-4 is well known to
play a critical role for the induction of immunoglobulin class
switch to IgE and the development of food allergy (51–54), the
prototypic Th1 cytokine IFN-g can inhibit allergy by suppressing
IL-4-induced IgE synthesis. Accordingly, shifting the immune
response toward the Th1 phenotype can have beneficial effects
on IgE-mediated allergic diseases (7, 55, 56).

In contrast, despite its protective role during the initiation of
IgE-mediated allergies, IFN-g has been shown to contribute to
Frontiers in Immunology | www.frontiersin.org 9
the pathogenesis of allergic asthma, particularly in patients with
severe disease and during its chronic phase (46, 57–59). The
development of full blown disease in one murine model of
chronic asthma has been shown to depend on mast cell
expression of IFN-g receptor-1 (46). IFN-g mediated signals
seem to promote airway inflammation in this model in
multiple ways, including increasing IgE-dependent mast cell
histamine production.

Our data now demonstrate that IFN-g can also exacerbate
established food allergy. This effect similarly depends on
A

B

FIGURE 6 | Cytokine expression by CD4+ T cells. After challenge 15, allergic mice were therapeutically inoculated for three days with IL-2/JES6 and analyzed 4 h
after the last IL-2/JES6 injection. Cells from mesenteric LNs were stained for lineage markers and intracellular cytokine expression and analyzed by flow cytometry.
(A) Gating. (B) Percentage of IFN-g- and IL-10-expressing CD4+ cells in IL-2/JES6 (circles) and PBS treated controls (squares). Data represent mean ± SEM (n = 10
to 23). **p < 0.01 (two-way ANOVA with Bonferroni past post hoc test).
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allergen-specific IgE, appears to involve enhanced mast cell
mediator (protease) production of mast cell proteases rather
than an increase in mast cell number (46), takes > 1 day to
develop and dissipates over a few days in the absence of elevated
IFN-g levels. Treatment with the IL-2 agonist IL 2/JES6 led to
increased IFN-g production by CD4 T cells, and IFN-g was
Frontiers in Immunology | www.frontiersin.org 10
responsible for increased anaphylaxis, most likely through
stimulation of mast cells. Because we show that the IL-2
agonist effect can occur in 3 days or less and IFN-g -dependent
and IL-2 predominantly induces rapid IFN-g production by NK
cells (60), it is likely that IL-2 induction of IFN-g production by
these cells is also involved.
A

B

C

FIGURE 7 | Impact of IFN-g blockade. Egg-allergic mice were treated daily on three consecutive days with IL-2/JES6 and challenged with allergen after the last IL-2/
JES6 injection. Some groups additionally received one or three injections of anti-IFN-g blocking antibodies, with all or only the last injection of IL-2/JES6, respectively.
Mice were challenged 4 h after the last IL-2/JES6 injection. (A) Temperature drop curve. Representative data from one of two experiments are shown (B) Changes
of maximal temperature drops before and after anti-IFN-g blockade in individual mice (left, statistics: two way ANOVA with Sidak’s multiple comparison test) and
maximal temperature drops after treatment in the various groups (right, statistics: Kruskal-Wallis Test with Dunn’s multiple comparison test) are shown, as indicated.
Data are pooled from two independent experiments. (C) Blood was drawn 1.5 h after the challenge and serum levels of mMCP-1 and mMCP-7 were measured by
ELISA. Data represent mean ± SEM. Representative data from one of two experiments are shown (statistics: Kuskal-Wallis Test with Dunn’s multiple comparison
test). *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.
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In addition to the likelihood that IFN-g directly enhances the
mast cell response to FceRI-mediated stimulation (46), it is
possible that IFN-g increases mast cell Ag presentation, which
promotes mutually stimulatory mast cell-T cell interactions that
could enhance effector molecule production, cytokine
production, and mast cell degranulation by reducing the
threshold for mast cells activation via FcgRI (61, 62).
Consistent with this possibility, IFN-g has been shown to
increase mast cell MHC II expression (63, 64). Although IFN-g
can inhibit mast cell functioning and even kill mast cells in the
absence of FceRI crosslinking, FceRI crosslinking reverses this
inhibition and increases mast cell antigen presentation via
MHCII (65, 66). This may well apply to our model, in which
mast cells are already loaded with allergen-specific IgE when they
encounter increased levels of IFN-g and in which FceRI
crosslinking is induced by allergen-challenge.

Our observation that IL-2-induced IFN-g can exacerbate food
allergy may appear to contradict previous observations that
endogenously produced IFN-g inhibits allergy. One explanation for
this apparent difference is that IL-2/JES6 treatment of sensitized mice
increases their IL-4 and IL-13 responses to the sensitizing Ag as
observed in our study, in addition to greatly increasing IL-2 levels,
while the TLR agonists and herbal extract used in previous studies to
increase IFN-g production suppress the production of Th2 cytokines
(67–70). Consequently, the presence of IL-2, IL-4 and/or IL-13 may
unmask an enhancing effect of IFN-g on mast cell responses, while
IFN-g in the absence of these cytokines has an inhibitory effect.

Our observation that IFN-g exacerbates established food allergy
has clinical implications. The efficacy of low-dose IL-2 therapy,
which has been shown to restore Treg populations in systemic
lupus erythematosus, is currently being evaluated in clinical trials.
Our findings raise the concern that such therapy could be
problematic in food-allergic patients. The impact of IFN-g
during established food allergy reveals also novel aspects on the
relationship between Th2/IgE-mediated allergies and infections.
IFN-g is produced during the immune response against many
infectious pathogens (71, 72). The hygiene hypothesis stipulates
that a low prevalence of infection results in a Th2 bias and
eventually contributes to the development of atopic disorders,
including food allergies. However, epidemiological studies have
failed to demonstrate a clear negative correlation between food
allergy and infection. While some papers report that infection with
Helicobacter pylori and Epstein-Barr virus increases the risk of
developing food allergy (73–76), other studies found no correlation
between Helicobacter pylori infection and food allergy or showed
that this infection is associated with a decreased food allergy risk
(77, 78). These inconsistent results are consistent with our
observation that IFN-g can inhibit food allergy during the
sensitization stage, but exacerbate established food allergy.
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74. Bartuzi Z, Korenkiewicz J, Romański B. Correlation between Helicobacter
pylori infection and food allergy in chronic gastritis. Med Sci Monit Int Med J
Exp Clin Res (2000) 6:530–8.

75. Figura N, Perrone A, Gennari C, Orlandini G, Giannace R, Lenzi C, et al. CagA-
positive Helicobacter pylori infection may increase the risk of food allergy
development. J Physiol Pharmacol Off J Pol Physiol Soc (1999) 50:827–31.

76. Pan Y, Nie Z, Zhang Y, Zhang K, Li J, Wang L. Identification of EBV infection
in adults with egg specific food allergy. Virol J (2013) 10:9. doi: 10.1186/1743-
422X-10-9

77. Ma ZF, Majid NA, Yamaoka Y, Lee YY. Food Allergy and Helicobacter pylori
Infection: A Systematic Review. Front Microbiol (2016) 7, 368. doi: 10.3389/
fmicb.2016.00368

78. Konturek PC, Rienecker H, Hahn EG, Raithel M. Helicobacter pylori as a
protective factor against food allergy. Med Sci Monit Int Med J Exp Clin Res
(2008) 14:CR452–458.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Link, Rau, Udoye, Ragab, Korkmaz, Comdühr, Clauder,
Lindemann, Frehse, Hofmann, Almeida, Laumonnier, Beidaq, Finkelman and
Manz. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
December 2020 | Volume 11 | Article 596772

https://doi.org/10.4049/jimmunol.1600508
https://doi.org/10.1002/0471142735.im0628s54
https://doi.org/10.1111/all.13402
https://doi.org/10.1016/j.jaci.2012.03.004
https://doi.org/10.1172/JCI43598
https://doi.org/10.1016/j.jcmgh.2018.05.010
https://doi.org/10.1016/j.molimm.2015.04.016
https://doi.org/10.1016/j.molimm.2015.04.016
https://doi.org/10.1016/j.jaci.2012.11.032
https://doi.org/10.1016/j.pcl.2011.02.014
https://doi.org/10.1016/s0091-6749(95)70199-0
https://doi.org/10.1016/s0091-6749(95)70199-0
https://doi.org/10.1016/j.immuni.2017.07.004
https://doi.org/10.1016/j.coi.2014.08.001
https://doi.org/10.1016/s0952-7915(02)00388-6
https://doi.org/10.1016/s0952-7915(02)00388-6
https://doi.org/10.1016/j.jaci.2003.11.025
https://doi.org/10.1016/j.jaci.2019.08.006
https://doi.org/10.1172/JCI80911
https://doi.org/10.1111/j.1365-2222.2012.03983.x
https://doi.org/10.1002/1521-4141(200111)31:11
https://doi.org/10.1016/j.jaci.2013.01.029
https://doi.org/10.1182/blood-2009-02-202648
https://doi.org/10.1006/cimm.1995.1120
https://doi.org/10.1006/cimm.1995.1120
https://doi.org/10.1016/j.jaci.2017.02.048
https://doi.org/10.1046/j.1365-2567.1996.d01-768.x
https://doi.org/10.1186/1471-2172-15-27
https://doi.org/10.1002/mnfr.201200410
https://doi.org/10.1002/mnfr.201200410
https://doi.org/10.1016/j.jaci.2008.12.1107
https://doi.org/10.1016/j.jaci.2008.12.1107
https://doi.org/10.1016/j.jaci.2007.05.015
https://doi.org/10.1159/000189193
https://doi.org/10.1159/000189193
https://doi.org/10.1007/bf00812260
https://doi.org/10.1146/annurev.immunol.21.120601.140942
https://doi.org/10.1186/1743-422X-10-9
https://doi.org/10.1186/1743-422X-10-9
https://doi.org/10.3389/fmicb.2016.00368
https://doi.org/10.3389/fmicb.2016.00368
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	IL-2-Agonist-Induced IFN-&gamma; Exacerbates Systemic Anaphylaxis in Food Allergen-Sensitized Mice
	Introduction
	Materials and Methods
	Mice
	Experimental Food Allergy to Hen’s Egg
	ELISAs
	In Vivo Cytokine Capture Assay
	ILC Isolation
	Flow Cytometry
	Chloroacetate Esterase (CAE) Staining
	Statistical Analysis

	Results
	Prophylactic IL-2/JES6-Treatment Prevents IgE Production and Sensitization to Hen’s Egg
	After Sensitization, IL-2/JES6-Treatment Increases Mast Cell Responsiveness and Exacerbates Acute Allergic Symptoms
	IFN-&gamma; Mediates Exacerbation of Acute Anaphylaxis by IL-2/JES6

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


