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An mRNA-delivered consensus allergen
induces a neutralizing IgG response against
food and pollen allergens

Mark Møiniche1,14, Kristoffer H. Johansen 2,14, Jorge Parrón-Ballesteros 3,
Josefine K. Corneliussen 1, Helena Højsted Eriksen 1, Lasse F. Voss 2,
Blanca Morillo1, Ulrikke F. Furland1, Jens Vindahl Kringelum 4,
Sine Reker Hadrup 2, Olga Luengo5, Victoria Cardona 5, Joan Bartra6,7,8,
Mariona Pascal7,8,9, Juan L. Paris10, Carlos J. Aranda11,12, Javier Turnay 3,
Mayte Villalba3, Rasmus Münter 2, Cristobalina Mayorga10,13,
Timothy P. Jenkins 1, Andreas H. Laustsen 1 &
Esperanza Rivera-de-Torre 1

Cross-allergies affect a significant proportion of the population, and con-
tribute to detrimental health and socioeconomic impacts, yet allergen
immunotherapies often target a single allergen source disregarding cross-
reactive allergens from other sources. Here we introduce an immunization
approach developed for improved desensitization in cross-allergic patients
using a consensus allergen (cnsLTP1), which contains orthologous non-specific
lipid transfer proteins (nsLTP) derived from relevant fruit and pollen allergens.
In BALB/c mice, vaccination via either mRNA-lipid nanoparticle (LNP) vehicle
or traditional protein formulation induces cnsLTP1-specific IgGs capable of
recognizing and binding tomultiple nsLTPs. These IgGs block allergen binding
by patient serum IgEs and prevent humanized rat basophil degranulation
in vitro. Meanwhile, in an allergic mouse model, the mRNA-LNP formulation is
tolerated and induces allergen-specific IgG responses but does not ameliorate
subsequent allergen challenge responses. Regardless, this cross-allergen
mRNA-LNP-based immunotherapy may have translation value once route of
administration, formulation and/or dosing are optimized.

Allergy is a chronic condition affecting 10–30% of the global popula-
tion, with increasing incidence1. Cross-reactivity occurs when struc-
turally similar proteins from different sources share epitopes, leading
to immune recognition and reactions induced bymultiple allergens2–4.
The management of food allergy is complicated by an abundance of
homologous, cross-reactive proteins in edible foods and
aeroallergens5,6. This results in patients having allergic sensitization to
many biologically related foods or cross-reactivity between pollen and
plant foods4.

The short-term treatment of food allergy involves either avoiding
the allergen source or using nonspecific acute treatments, such as
antihistamines for milder cases and adrenaline for severe systemic
cases (anaphylaxis)7. Besides avoidance measures, the only approach
for mitigating the effects of food allergy is food allergy immunother-
apy (AIT) (through oral (OIT), sublingual (SLIT), or epicutaneous (EPIT)
routes) either alone or in combination with an anti-IgE monoclonal
antibody, such as omalizumab8. However, these therapies are often
associated with frequent and potentially severe adverse reactions.
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Pollen AIT has proven effective for the treatment of respiratory
symptoms, but prospective studies are needed to establish its role in
the prevention and moderation of symptoms upon food exposure in
cases of pollen-food allergy syndrome (PFAS)2. Over time, AIT mod-
ulates the immune response, shifting the production of allergen-
specific antibodies from IgE to IgG4 subtypes, while inducing a tolerant
TH1- and regulatory T (Treg)-cell phenotype

9,10. These allergen-specific
IgG4 antibodies protect against allergic reactions by blocking the
allergen, thereby reducing allergen sensitivity11–14.

Even though AIT may effectively reduce the frequency and risk of
severe food allergic reactions, its main limitations include the risk of
severe adverse reactions and the duration of treatment. In the case of
OIT, long-term tolerance may require continued ingestion of a main-
tenance dose. For pollen AIT, the treatment lasts from three to five
years with frequent clinical follow-ups and variable efficacy among
patients11. Moreover, traditional AIT relies on protein extracts where
the specific allergens crucial for desensitization are combined with
other proteins at undetermined concentrations. Each mixture there-
fore not only contains the target allergen, but also other unrelated
proteins that might restrict the immune response against the trigger-
ing allergen15. Particularly for patients with multiple food allergies due
to genuine and cross-reactive allergens, desensitization to a specific
allergen isoform in the extract might not induce protection against
other related allergens found inother food andpollen sources16–18. This
lack of paraspecificity, coupled with lengthy treatment durations
contributes to high discontinuation rates observed in AIT for respira-
tory allergens like grass pollen19–21. Specifically, studies report dis-
continuation rates of up to 77% for SCIT and 36% for SLIT22.

In this study, we explore a new therapeutic approach for miti-
gating the effect of extensive cross-reactive food allergies by com-
bining mRNA-based immunization with a designed consensus
allergen - a single engineered protein that closely resembles multiple
related natural allergens. Successful delivery of natural allergens
encoded by mRNA has already been achieved in the context of
AIT23–26. Therefore, we hypothesized that an approach relying on a
consensus allergen would enable simultaneous treatment ofmultiple
allergies. Further, delivery via mRNA encapsulated in a lipid nano-
particle (mRNA-LNP) can ensure predominantly intracellular
expression, thereby reducing extracellular allergen presence and
availability for binding by preexisting IgEs. With this approach, we
aim to provide a treatment that alleviatesmany of the adverse effects
associated with conventional AIT.

To explore the utilization of the abovementioned strategy for
cross-protection against different allergies, we focused on widely
cross-reactive allergens: non-specific lipid transfer proteins (nsLTPs).
nsLTPs are allergens belonging to a highly conserved protein family
found in multiple plant-derived foods, such as peaches, apples, and
nuts, as well as in pollen from olive tree, plane tree, pellitory, and
mugwort. LTP syndrome ismore prevalent inMediterranean countries
and is often linked to peach as the primary sensitizing food. Due to the
broad cross-reactivity of nsLTPs, patients develop symptoms upon
consumption of fruits, nuts, and vegetables, and symptoms can range
frommild oral reactions to severe anaphylaxis18,25. Commonly, patients
with nsLTP allergies are polysensitized to several nsLTPs, potentially
hampering the clinical efficacy of traditional AIT protocols.

To evaluate our immunization approach, we immunise naivemice
with either mRNA or protein-based formulations of the consensus
allergen and characterize the cross-binding properties of serum anti-
bodies to a panel of recombinant and natural nsLTPs, as well as their
capacity to prevent IgE binding to allergens and basophil degranula-
tion, demonstrating the IgG blocking capacity. In addition, we test our
formulation in an allergicmousemodel. ThemRNA-LNP formulation is
well tolerated upon injection, while inducing allergen-specific IgG
responses. Taken together, our results provide proof of concept for a
new treatment strategy based on mRNA-LNP technology and

consensus allergens, as well as showcase the utility of this approach on
nsLTPs involved in LTP syndrome.

Results
Consensus allergen retains nsLTP folding and binds IgE
For the design of the consensus allergen (cnsLTP1), nsLTP amino acid
sequences from different plant botanical families, constituting food
and pollen allergens, were included to broadly represent the ubiqui-
tous nsLTP family. While the designed consensus allergen did not
mirror any specific natural sequence, it exhibited the highest sequence
identity to food nsLTPs, with Mal d 3 (apple) being the closest related,
showing over 81% sequence identity, followed by Pru p 3 (peach) with
75% sequence identity. In contrast, the least identity was observedwith
pellitory pollen nsLTPs, to the consensus allergen sharing less than
30% identity with Par j 2 (Supplementary Fig. 1). This broad range of
sequence diversity, fromhigh identity withMal d 3 to low identity with
Par j 2, highlights the ability of the cnsLTP1 to encompass epitopic
features across diverse nsLTP variants, supporting its utility in eliciting
cross-reactive immune responses.

For characterization and further comparison of the cnsLTP1 to
other nsLTPs, we designed a panel of recombinant allergens. This
panel included a variety of nsLTP allergens from both food (like fruit,
nuts, and legumes) and pollen sources. These allergens were chosen
for their significant differences in amino acid sequences, as shown in
the sequence identity matrix (Fig. 1c). The selected allergens have
varying degrees of identity to the cnsLTP1, ranging from29.35% (Par j 2
and Ole e 7) to 74.73% (Pru p 3), as detailed in Fig. 1c. Despite con-
siderable sequence variability across the nsLTP family, structural
comparison revealed high identity between pollen and foodnsLTPs, as
well as with the consensus allergen (Fig. 1a), suggesting that all nsLTP
variants and the consensus allergen share a common structural scaf-
fold. The far-UV circular dichroism (CD) spectrum of the cnsLTP1
(Fig. 1b) indicated a predominant α-helical structure, fitting well with
its predicted three-dimensional conformation. When heated to 85 °C,
the protein did not fully denature but retained a spectrum indicative of
an α-helix-rich structure. The original three-dimensional structure was
restored after cooling the sample to 25 °C.

The panel of recombinant allergens, appearing with a molecular
weight between 10 and 15 kDa on SDS-PAGE, were all recognized by a
commercial Mal d 3 polyclonal antibody in their reduced but not in
their native form, indicating a change in structure upon reduction and
the presence of hidden epitopes (Supplementary Fig. 2). We hypo-
thesize that the anti-Mal d 3 antibody has been raised against an
unfoldedMal d 3 and, therefore, is restricted to linear epitopes that are
hidden when the protein is not completely reduced.

To ascertain the clinical relevance of the designed cnsLTP1, we
assessed its recognition by IgEs present in the serum of patients
diagnosedwith nsLTP cross-allergies.Our analysis included 10patients
presenting severe oral allergy syndrome, who were recruited after
systemic reactions to nsLTP-containing foods and were sensitized to
various nsLTPs but exhibited distinct sensitization patterns (Supple-
mentary Table 2). The patients did not show any other relevant co-
sensitization beyond nsLTPs. Western blotting demonstrated that IgE
antibodies from all tested patients recognized the cnsLTP1 (Supple-
mentary Fig. 3). These findings substantiate that the cnsLTP1 contains
relevant IgE epitopes, underscoring its clinical relevance in the context
of nsLTP cross-allergies.

cnsLTP1 IgG induction bymRNA-LNP and protein immunization
To evaluate the immunogenicity of the cnsLTP1, we introduced
cnsLTP1, Pru p 3, and Par j 2 by intramuscular administration to naive
BALB/c mice through anmRNA-LNP. The cnsLTP1 was also tested by a
conventional protein immunization with incomplete Freund’s adju-
vant. Additionally, we evaluated the effect of the route of administra-
tion by testing the cnsLTP1 mRNA formulation and the protein
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formulation with poly(I:C) or Freund’s adjuvant via subcutaneous
injection. All formulations were administered three times at three-
week intervals (Fig. 2a). No signs of discomfort or fever were observed
in the animals throughout the study.

Both methods of immunization increased antibody titers across
all isotypes, except IgA, compared to PBS-treated controls (Fig. 2b).
Protein immunization resulted in significantly increased IgG1, whereas
mRNA immunization significantly increased IgG2a and IgM compared
to the PBS-treated controls, indicating a more IgG2a- and IgM-driven
response in themRNA-immunizedmice (Fig. 2b). Themice immunized
with either the cnsLTP1 or the Pru p 3 mRNA-LNP formulation pro-
duced low levels of cnsLTP1-binding antibodies after a single dose (day
21) (Fig. 2c). In contrast, theprotein formulationnecessitated a booster
dose to elicit a comparable response. Both mRNA and protein for-
mulation demonstrated increased allergen-specific antibody titers
after the first (day 42) and second (day 63) booster doses, with
increased IgG1 for bothprotein andmRNA immunization,whereas only
mRNA immunization significantly increased cnsLTP1-binding IgG2a

titers (Figs. 2d and 3). Equivalent results were found using sub-
cutaneous administration (Supplementary Fig. 4a–c).

Thus, a distinct trend emerged, where cnsLTP1-binding IgG2a

titers in mRNA-immunizedmice were higher than IgG1 titers, while the
opposite was observed in protein-immunizedmice, where the titers of
IgG1 were higher than those of IgG2a (Figs. 2c and 3). In the context of
allergen neutralization, the human isotype IgG4 is responsible for
neutralizing allergens andpreventing thebinding to IgE27. Such a role is
performed by IgG1 and IgG2a isotypes in mice28.

To evaluate the induction of TH1/TH2 cells in response tomRNAor
protein immunization, we restimulated T cells from the spleen and
draining inguinal lymph nodes (iLNs) (Supplementary Figs. 5, 6). Fol-
lowing intramuscular immunization, spleens of mice subjected to

mRNA immunization had slightly lower percentages of IFNgamma
(IFNg)-producing TH1 cells and higher IL4-producing TH2 cells, result-
ing in a lower TH1/TH2 ratio, whereas the cnsLTP1 protein formulation
was similar to PBS (Supplementary Fig. 5a, b). The draining iLNs,
however, had similar or higher percentages of TH1 cells following
mRNA immunization compared to protein immunization or PBS, with
no significant differences observed for TH2 cells and TH1/TH2 ratios
(Supplementary Fig. 5c, d). Following subcutaneous immunization, no
significant differences were observed across neither the spleen nor
iLNs (Supplementary Fig. 5e–h).

We also assessed the induction of IgE to compare the potential of
the two immunization formulations for triggering an allergic reaction.
No allergen-specific IgE was detected in mice immunized intra-
muscularly with either the mRNA-LNP or protein formulation. How-
ever, in the subcutaneous administration of the protein formulation,
the inclusion of an adjuvant, specifically poly(I:C), significantly
increased the production of allergen-specific IgE compared to PBS-
treated mice (Supplementary Fig. 4d, e).

Cross-reactivity of IgGs with recombinant nsLTP
To assess whether antibodies produced in response to immunization
with the cnsLTP1 recognized natural allergens, we conducted an IgG1

and IgG2a ELISA with a panel of recombinantly expressed allergens.
Antibodies elicited against the cnsLTP1 demonstrated binding cap-
abilities across all tested allergens except Ole e 7, with significantly
stronger recognition than antibodies derived from Pru p 3 or Par j 2
immunizations. Specifically, mice immunized with the cnsLTP1 mRNA
formulation showed broader cross-reactivity, recognizing all allergens
tested, including Pru p 3, Cor a 8, Ara h 9, Par j 2, Pla a 3, and Tri a 14. In
contrast,mice immunizedwith Prup 3mRNA recognized Prup 3, Cor a
8, Ara h 9, and Pla a 3, but not Tri a 14 or Par j 2. Similarly, mice

Fig. 1 | Design and structural stability of the nsLTP1 consensus allergen.
a Superimposed structures of nsLTP allergens and the consensus allergen, visua-
lized with ChimeraX. Structures were retrieved fromRCSB.org (Pru p 3: 2B5S; Cor a
8: 4XUW) or homology modeled (Par j 2, Ara h 9, Ole e 7, Tri a 14, Pla a 3, and

cnsLTP1). b Circular dichroism spectroscopy of the consensus allergen before and
after heating to 85 °C. c Sequence identity matrix (%) including all the recombinant
allergens used in the study (Clustal Omega).
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immunized with Par j 2 mRNA primarily recognized Par j 2 and Pla a 3,
but showed no significant recognition of the other allergens (Fig. 4).

A comparison of cnsLTP1 mRNA and protein formulations
revealed that the former induced significant IgG1 recognition of Pru p
3, Cor a 8, and Par j 2 (Fig. 3a). Regarding IgG2a, the antibodies induced
using the mRNA formulation demonstrated significant binding to all
the allergens compared to the antibodies derived using the protein
formulation (Fig. 3b). This enhanced recognition was accompanied by
higher titers of allergen-specific IgG2a. Notably, the intensity of
recognition observed in the ELISA correlated with the percentage
sequence identity shared with the cnsLTP1, with the strongest signal
observed for Pru p 3 (74.73% sequence identity) and the weakest for
Par j 2 and Ole e 7 (29.35% sequence identity).

Murine antibodies block allergen-IgE interaction
To investigate the ability of vaccine-induced antibodies to block rele-
vant human IgE epitopes, we evaluated whether murine antibodies
induced by immunizationwith the cnsLTP1 could block the interaction
between allergens and human IgEs from patient sera using two com-
plementary assays: an IgE ELISA (Fig. 5) and a degranulation assay with

hRBL-2H3 cells (Fig. 6). Initial tests revealed that the patient sera
exhibited varied sensitization patterns across the panel of recombi-
nant allergens, including the cnsLTP1, Pru p 3, Cor a 8, Ara h 9, Par j 2,
Tri a 14, and Pla a 3. These patterns were consistent between the IgE
ELISA and the degranulation assay, confirming the utility of both
approaches for evaluating allergen-IgE interactions (Figs. 5a and 6a).

Blocking experiments demonstrated that antibodies from both
mRNA-LNP and protein-immunized mice could effectively inhibit IgE
binding to all recombinant allergens in a dose-dependent manner
(Fig. 5c). Furthermore, this blocking translated into functional inhibi-
tion, as reduced degranulation of hRBL-2H3 cells was observed when
the allergens were preincubated with mouse serum prior to being
introduced to the cells pre-sensitizedwithpatient serum (Fig. 6c). Even
though serum from mRNA-LNP-immunized mice showed stronger
blocking potency compared to serum from protein-immunized mice,
as evidenced by lower IC50 values, the differences were not statistically
significant (Figs. 5b, 6b; Supplementary Table 3). These findings indi-
cate that the cnsLTP1 in the mRNA-LNP and protein formulations
induced a robust and effective antibody response capable of disrupt-
ing allergen-IgE interactions and strongly reducing cellular
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Fig. 2 | Antibody profiles of mice immunized intramuscularly with cnsLTP1-
mRNA, Pru p 3-mRNA, Par j 2-mRNA, or cnsLTP1-protein. a Injection and
bleeding schedule for immunized mice. b Total antibody titers were measured by
ELISA on day 63 for selected isotypes in mice immunised with PBS (black dots),
cnsLTP1-protein (pink squares), cnsLTP1-mRNA (teal triangles), Pru p 3-mRNA
(orange upward triangles) or Par j 2-mRNA (green rhombus) c cnsLTP1 allergen-
specific IgG1 antibody responses measured by ELISA following injection with no
doses (day 0), 1 dose (day 21), 2 doses (day 42), or 3 doses (day 63) of PBS (black
dots), cnsLTP1-protein (pink squares), cnsLTP1-mRNA (teal triangles), Pru p
3-mRNA (orange upward triangles) or Par j 2-mRNA (green rhombus) d cnsLTP1

allergen-specific IgG2a antibody responses measured by ELISA following injection
with no doses (day 0), 1 dose (day 21), 2 doses (day 42), or 3 doses (day 63) PBS
(black dots), cnsLTP1-protein (pink squares), cnsLTP1-mRNA (teal triangles), Pru p
3-mRNA (orange upward triangles) or Par j 2-mRNA (green rhombus). Bar heights
are means ± SD. Statistical significance was determined using a two-way ANOVA
with Dunnett’s multiple comparisons test comparing each sample in a group to the
respective PBS control: * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001. Figures
were created in BioRender. Rivera de Torre, E. (2026) https://BioRender.com/
8olw5jx, and graphs were plotted using GraphPad Prism version 10.
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degranulation in response to a wide range of nsLTPs originating from
pollen and food sources.

mRNA-LNP cnsLTP1 induces allergen-specific antibodies in an
allergic mouse model
To assess the therapeutic potential of the cnsLTP1 mRNA-LNP for-
mulation in a sensitized setting, we established anallergic anaphylactic
mouse model using intranasal Pru p 3 and LPS (Fig. 7a). After sensiti-
zation, mice were monitored after each injection of the mRNA-LNP
formulation, and no clinical signs of allergy or anaphylaxis were
observed. Following intraperitoneal challenge with Pru p 3, body
temperature in the treated animals did not differ significantly from
that of sensitized but untreated mice. Thus, with the employed
experimental setup and small cohorts of mice, the utility of the
immunization approach for reducing the level of anaphylaxis could
not be established. Measurement of mMCP-1, a marker of mast cell
degranulation, did not reveal significant differences between groups
(Fig. 7c). Analysis of Pru p 3–specific antibodies in the serum of the
mice revealed that levels of IgE were comparable between treated and
untreated sensitized groups (Fig. 7g). Allergen-specific IgG1 levelswere
comparable for non-treated and treated mice for Pru p 3, Cor a 8, and
Ara h 9 (Fig. 7d). However, the levels of Par j 2, Tri a 14, and Pla a
3-specific IgGswere significantly higher in treatedmice, demonstrating

the induction of cross-reactive antibody populations caused by the
cnsLTP1-mRNA treatment. Following the same tendency, mice immu-
nized with cnsLTP1 mRNA-LNP exhibited a significant increase in IgG2a

and IgG2b levels for all the nsLTPs tested (Fig. 7e-f).
Although the therapeutic utilization of induced antibodies in the

allergic mouse model could not be established in the current setup
(Fig. 7b), their induction demonstrates the capacity of the consensus
allergen to elicit an antigen-specific antibody response. We therefore
speculate that changing the route of administration and further opti-
mizing formulation and/or dosing could lead to protective efficacy.

Discussion
For patients suffering frommultiple allergies, diagnosis and treatment
are often complex, especially in the context of allergy cross-reactivity.
Patients undergoing existing methods of AIT are generally desensi-
tized only against themajor sensitized allergen, which does not ensure
protection against cross-reactive allergens, leading to long and inef-
fective treatment regimens2,29–31. For food allergies, patients are
advised to avoid allergen sources, leading to dietary restrictions and
reduced quality of life, especially for those suffering from cross-
reactive allergies32–34. To address these challenges, we present a new
strategy for inducing broadly neutralizing IgG antibodies via immuni-
zation based on the design of a consensus allergen delivered using

a IgG1

b IgG2a

Pru p 3 Cor a 8 Ara h 9 Par j 2 Tri a 14 Pla a 3 Ole e 7
0

500

1000

1500

Allergen

N
or

m
al

iz
ed

 A
45

0 ✱✱✱✱ ✱✱✱✱
✱✱✱✱

✱✱✱✱
✱✱✱✱

✱✱✱✱ ✱✱✱ ✱✱✱✱
✱✱✱✱

Pru p 3 Cor a 8 Ara h 9 Par j 2 Tri a 14 Pla a 3 Ole e 7
0

500

1000

1500

2000

2500

Allergen

N
or

m
al

iz
ed

A 4
50

✱✱✱✱
✱✱✱✱

✱✱✱✱
✱✱✱✱

✱✱✱✱
✱✱✱✱

✱✱✱✱ ✱✱✱✱ ✱✱✱✱
✱✱✱✱

Fig. 3 | Comparison of IgG subclass responses induced by cnsLTP1 mRNA and
protein immunisation. a Serum IgG1 responses measured on day 63 (after three
immunisations) in mice immunised with PBS (black dots), cnsLTP1-mRNA (teal
upward triangles), or cnsLTP1-protein (pink squares). Each data point represents an
individual mouse (technical triplicates), with five mice per group. Data are pre-
sented asmean ± SD.b IgG2 titres. Serum IgG2 responsesmeasuredonday63 (after
three immunisations) in mice immunised with PBS (black dots), cnsLTP1 mRNA

(teal upward triangles), or cnsLTP1 protein (pink squares). Each data point repre-
sents an individual mouse (technical triplicates), with five mice per group. Data are
presented as mean± SD. Statistical significance was determined using two-way
ANOVA with Dunnett’s multiple comparisons test, comparing each immunised
group to the respective PBS control (***P ≤0.0001). Graphs were generated using
GraphPad Prism version 10.
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mRNA-LNP or protein format, offering potential simultaneous desen-
sitization against multiple allergies.

Central to our approach is the structural conservation of nsLTPs,
rendering them ideal candidates for consensus allergen representa-
tion. Our design combined sequences from diverse food- and pollen-
derived nsLTPs, resulting in the cnsLTP1. Remarkably, the cnsLTP1
demonstrated renaturation capabilities post-thermal denaturation,
underscoring the indispensable role of its intramolecular disulfide
bonds in structural integrity, as observed before in natural nsLTPs35,
validating the structural integrity of the designed allergen.

Further validating the clinical relevance of the cnsLTP1, its
recognition by patient-derived IgEs supports that the designed protein
shares epitopes with native allergens. This recognition indirectly
points toward the potential of the cnsLTP1 for eliciting IgG-blocking
antibodies capable of inhibiting IgE epitope binding, which is one of
the key features to consider for its use as a potential immunization
approach36,37.

Using the cnsLTP1 for immunization, we observed distinct out-
comesbasedon the formulation (mRNA-LNPorprotein), adjuvant, and
route of administration, as well as the use of natural versus consensus
allergens. The mRNA-LNP formulation consistently induced higher
IgG2a responses than protein formulations, eliciting comparable levels

of IgG1 and IgG2a (Fig. 2, Fig. 4; Supplementary Fig. 4). Substitution of
poly(I:C) with Freund’s adjuvant in protein formulations demonstrated
that Freund’s adjuvant avoids the induction of allergen-specific IgE
while maintaining IgG1 and IgG2a responses (Supplementary Fig. 4)38.
This highlights the significant impact of adjuvant selection on the
immunological outcomes of protein immunizations.

Comparisons between natural and consensus allergens revealed
that the cnsLTP1 induces broader cross-reactive antibodies, with the
ability to recognize conformational epitopes of a diverse panel of
allergens, including both food- and pollen-derived nsLTPs, with the
exception of Ole e 7. Interestingly, although Ole e 7 shares structural
similarity with other nsLTPs in terms of secondary and tertiary struc-
ture, it is part of a different nsLTP family and exhibits significant
divergence in its primary amino acid sequence24,25. This likely accounts
for the lack of recognition by antibodies raised against the cnsLTP1. In
contrast, immunizations with natural allergens, such as Pru p 3 or Par j
2, produced restricted cross-reactivity profiles, with Pru p 3 eliciting
antibodies that predominantly recognized food nsLTPs, while Par j 2
immunization induced antibodies binding only to pollen Par j 2 and Pla
a 3. These findings highlight the effectiveness of consensus designs in
addressing cross-reactive allergies comprehensively, particularlywhen
epitopic diversity across allergen families is a critical consideration.

Pru p 3 Cor a 8 Ara h 9 Par j 2 Tri a 14 Pla a 3 Ole e 7
0

500

1000

1500

Allergen

N
or

m
al

iz
ed

 A
45

0 ✱✱✱✱
✱✱✱✱

✱✱✱✱
✱✱

✱✱✱✱
✱✱

✱✱✱✱
✱✱✱

✱✱✱✱ ✱✱✱✱
✱✱✱✱

✱

a IgG1

b IgG2a

Pru p 3 Cor a 8 Ara h 9 Par j 2 Tri a 14 Pla a 3 Ole e 7
0

500

1000

1500

2000

2500

Allergen

N
or

m
al

iz
ed

 A
45

0

✱✱✱✱
✱✱✱✱

✱✱✱✱
✱

✱✱✱✱
✱

✱✱✱✱
✱✱

✱✱✱✱ ✱✱✱✱
✱✱

Fig. 4 | Antigen-specific IgG subclass responses followingmRNA immunisation.
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against specific allergens. Each data point represents an individual mouse (tech-
nical triplicates), with fivemice per group. Data are presented as mean± SD. b IgG2

titres. Serum IgG2 responses measured on day 63 (after three immunisations) in

mice immunisedwith PBS (blackdots), Prup 3-mRNA (orange downward triangles),
Par j 2-mRNA (green rhombus), or cnsLTP1-mRNA (teal upward triangles). Eachdata
point represents an individual mouse (technical triplicates), with five mice per
group. Data are presented as mean± SD. Statistical significance was determined
using two-way ANOVA with Dunnett’s multiple comparisons test, comparing each
immunised group to the respective PBS control (*P ≤0.05, **P ≤0.01, ***P ≤0.001,
****P ≤0.0001). Graphs were generated using GraphPad Prism version 10.
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Furthermore, while the observed IgG1/IgG2a ratios post-mRNA-LNP
immunization suggested a potential TH1 bias in previous studies, our
results did not yield conclusive IgG1/IgG2a ratios indicative of a clear
TH1- or TH2-skewed response39–41.

To further evaluate the immune profile induced by mRNA-LNP
immunization, we analyzed T-cell populations. Flow cytometry analy-
sis of T-cell populations in the spleen and lymph nodes did not reveal
significant polarization of a specific T-cell subset. These findings

suggest that while the mRNA-LNP formulation induces robust anti-
body responses, its effects on T cell–mediated immunity remain
unclear and warrant further investigation. Clarifying these aspects will
be essential to better understand the immune response and safety of
the treatment38,42.

Functionally, the cross-reactive antibodies raised upon immuni-
zation with the cnsLTP1 effectively hindered human serum IgE binding
and demonstrated functional relevance by preventing the
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degranulation of hRBL-2H3 cells. Therefore, the antibodies raised
upon immunization with the cnsLTP1 can bind to conformational IgE
epitopes. This underscores their blocking potential toward several
clinically relevant epitopes across both pollen and food allergens
within the nsLTP family. Such attributes enhance the potential of
consensus design, particularly for patients affected by cross-reactive
allergies.

In addition to studies in naïve mice, we evaluated the mRNA-LNP
consensus allergen in a Pru p 3–sensitized anaphylactic mouse model
to gain insights into its performance under allergic conditions. The
absence of symptoms in the sensitized mice upon immunization sug-
gests that leakage of the expressed consensus allergen is minimal or
insufficient to elicit immediate reactions, indicating that the treatment
was well tolerated in allergic patients. However, upon allergen
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Fig. 7 | Evaluation of the allergic anaphylactic mouse model immunized
intramuscularly with cnsLTP1 mRNA-LNP. a Schematic overview of the sensiti-
zation, treatment, and allergen challenge protocol, including timing of intramus-
cular immunization, blood collection, intraperitoneal challenge, and body
temperature monitoring. b Change in core body temperature following intraper-
itoneal challenge with Pru p 3.in sensitized anaphylactic control (black), and sen-
sitizedmice treatedwith cnsLTP1mRNA-LNP (teal)mice. Statistical significancewas
determined using the two-sided Mann–Whitney test. c Serum mouse mast cell
protease-1 (mMCP-1) concentrations measured by ELISA in non-sensitized healthy
control (grey), sensitized anaphylactic control (black), and sensitized mice treated
with cnsLTP1 mRNA-LNP (teal) mice. d Allergen-specific IgG1 antibody levels mea-
sured by ELISA in non-sensitized healthy control (grey), sensitized anaphylactic
control (black), and sensitized mice treated with cnsLTP1 mRNA-LNP (teal) mice.
e Allergen-specific IgG2a antibody levels measured by ELISA in non-sensitized

healthy control (grey), sensitized anaphylactic control (black), and sensitized
mice treated with cnsLTP1 mRNA-LNP (teal) mice. f Allergen-specific IgG2b

antibody levels measured by ELISA non-sensitized healthy control (grey),
sensitized anaphylactic control (black), and sensitized mice treated with
cnsLTP1 mRNA-LNP (teal) mice. g Pru p 3–specific IgE levels determined by
ELISA in non-sensitized healthy control (grey), sensitized anaphylactic control
(black), and sensitized mice treated with cnsLTP1 mRNA-LNP (teal) mice. All
data are presented asmean ± standard SD,with eightmiceper group. Statistical
significance was determined using one-way ANOVA with two-sided Dunnett’s
multiple comparisons test (unless otherwise stated), comparing each group to
the anaphylactic control: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Exact
P values are indicated where P > 0.05. Schematics were created in BioRender.
Rivera de torre, E. (2026) https://BioRender.com/q5fxgfj, and graphs were
plotted using GraphPad Prism version 10.
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challenge, body temperature was not significantly different between
treated and non-treated anaphylactic mice. The therapeutic utility of
our immunization approach could thus not be established, and it is
likely that a higher titer or Treg support might be necessary to fully
block anaphylaxis43,44. Nevertheless, the immunized sensitized mice
displayed a significant increase in allergen specific–IgG1, IgG2a, and
IgG2b, consistent with a broad cross-reactive humoral response. These
results suggest that optimization of the route of administration, for-
mulation, or immunization schedule could be worth pursuing in the
aim to achieve clinically meaningful protection in sensitized
individuals43,45.

Together, these findings highlight both the promise and current
limitations of the consensus mRNA-LNP approach. While effective
induction of cross-reactive antibodies was achieved in both naïve and
allergic contexts, further optimization and testing in sensitizedmodels
(with larger cohorts) is essential before the approach can be translated
into clinical settings.

Beyond the broad applications of the technology platform and
the immunization approach described here, our findingsmay also find
immediate utility for management of other allergies where cross-
reactivity is prevalent, including profilins and storage proteins (2S
albumins, 11S globulins, and 7S vicilins). The successful management
of cross-reactive syndromes has the potential to improve the quality of
life of millions of patients and may offer significant cost savings for
their associated healthcare, as well as it could help reduce absenteeism
from work43,45. Additionally, the presented approach could find broad
utilization beyond these specific allergies, extending to areas such as
vaccination against viral and bacterial pathogens with highmutational
capacity and antigenic diversity.

Methods
This study complies with all relevant ethical regulations and is
approved by the Danish Animal Experiments Inspectorate, Institu-
tional Animal Care and Use Committee of IBIMA and by the Consejería
deAgricultura, Ganadería, PescayDesarrollo Sostenibleof the Junta de
Andalucía. A summary tablewith all the antibodies, catalogue numbers
and dilutions can be found in Supplementary Table 4.

Design of consensus allergen
nsLTPs were selected based on phylogenetic clustering of sequences
and different allergen families26. For each cluster or allergen family,
at least a single nsLTP was chosen. Amino acid sequences were
retrieved from UniProt and aligned using the Clustal Omega algo-
rithm, accessed through the European Bioinformatics Institute
(EMBL-EBI) web server (https://www.ebi.ac.uk/Tools/msa/clustalo/)
with default parameters46,47. Only sequences of ~90 amino acids in
length were selected to be included in the consensus design. The
consensus sequence was designed based on the selection of themost
conserved or physicochemical-relevant amino acid for each position.
For each position, themost frequent amino acid was kept, and in case
of a tie, the most abundant amino acid within the most present
physicochemical property was used: acid (E, D), basic (K, R), polar (S,
T, Y, N, Q), and nonpolar (G, A, V, L, I, M, W, F). P and C formed their
own group. The final sequence is in Supplementary Table 5.

Expression of nsLTP allergens
Recombinant allergens were generated by cloning and heterologous
expression. Codon-optimized consensus allergen cDNA (Eurofins) was
subcloned into the pPICZαA expression vector (#V19520, Invitrogen)
and introduced into Komagataella phaffii KM71H (#C18200, Invitro-
gen) by electroporation47. Colonies were selected by their ability to
grow in the presence of YPDS (20 g/L peptone, 10 g/L yeast extract,
20% (w/v) dextrose, 182.2 g/L sorbitol, 20 g/L agar) supplementedwith
Zeocin 1000 µg/mL plates. Individual colonies grew at 30 °C and
220 rpm for 24 h in BMGY (10 g/L yeast extract, 20 g/L peptone, 0.1M

potassium phosphate pH 6.0, 1.34% (w/v) yeast nitrogen base (YNB),
0.04μg/mL biotin, 1% (v/v) glycerol), and expressionwas induced over
72 h in BMMY (10 g/L yeast extract, 20 g/L peptone, 0.1M potassium
phosphate pH 6.0, 1.34% (w/v) YNB, 0.04μg/mL biotin, 0.5% (v/v)
methanol) with addition of 1% (v/v) methanol every 24 h. The super-
natant was collected and filtered through a 0.22 µm membrane and
dialyzed against Bis-Tris 20mMpH 6.0 in a 3.5 KMWCO nitrocellulose
membrane. Dialyzed samples were purified by cation exchange on a
UNOSphereS (BioRad) column. Elutions corresponding to the correct
molecular weight acoording to SDS-PAGE analysis were pooled, dia-
lyzed against 50mM ammonium bicarbonate pH 7.0, lyophilized, and
stored at −80 °C.

Characterization of consensus allergen
Purified proteins (2μg/well) were mixed with 3X loading dye, with or
without 1mM DTT, and boiled for 10min at 95 °C47. Proteins were
transferred to a pre-activated PVDF membrane (#LC2002, Novex)
using a SureLockMinicell at 30 V for 1 h. Subsequently, the membrane
was blocked overnight in a solution of PBS containing 0.1% Tween 20
(v/v) (PBST) and 5% (w/v) skim milk. After blocking, the membrane
underwent three washes with PBST, followed by incubation with a
primary rabbit anti-Mal d 3 polyclonal antibody (Catalog #abx300086,
Abbexa) for 1 h. This step was succeeded by another series of washes.
The membrane was then incubated with a secondary HRP-conjugated
goat anti-rabbit antibody (#31460, Invitrogen) for 1 h, concluded by a
final wash. Detection of bound antibodies was achieved using Clarity
ECL Substrate (#1705061, BioRad), with chemiluminescence signals
measured thereafter.

The secondary structure of recombinant proteins and thermal
stability was analyzed with far-UV CD spectroscopy using a Jasco J-715
spectropolarimeter equippedwith a NeslabRTE-111 thermostat using a
0.1 cm pathlength thermostated cuvette. Consensus allergens were
dissolved in 10mM HEPES, 0.1M NaCl to avoid pH changes during
heating. CD spectra were recorded at 25 °C and 85 °C, after 0.5 °C/min
heating while registering changes in ellipticity at 208 nm. Reverse
cooling was performed at the same rate, and final spectra were
recorded after cooling down to 25 °C.

Sera from allergic patients
Patients were selected due to their history of cross-reactivity to mul-
tiple nsLTPs confirmed by skin prick test and ImmunoCAP (Thermo
Fisher). All studies involving human material were reviewed and
approved prior to initiation by the Comitè d’Ètica de la Investigació
amb Medicaments (CEIm) de l’Hospital Universitari Vall d’Hebron and
by the Comitè d’Ètica de la Investigació amb Medicaments (CEIm) de
l’Hospital Clínic de Barcelona, as applicable. All participants were
recruited in accordance with the approved protocols and provided
written informed consent prior to sample collection.

IgE recognition of consensus allergen in patients
IgE recognition of the cnsLTP1 was tested with human sera from 10
food nsLTP allergic patients. Purified protein was transferred onto a
nitrocellulose membrane after SDS-PAGE (200 ng/strip) and an indir-
ect Western blot was performed with patients’ sera to test for IgE
recognition. After 1 h of incubation with blocking buffer, strips were
incubated with individual patient sera (1/5 diluted in blocking buffer)
for 2 h at room temperature (RT) and later washed three times with
PBST. Peroxidase-labeled anti-IgE antibody (#9160-05, Southern Bio-
tech) was incubated (1/1000) for 1 h, and after the final three washes,
bound IgE was detected with Clarity ECL Substrate (Bio-Rad) using
chemiluminescence detector Fujifilm LAS3000.

mRNA design
The cnsLTP1 mRNA sequence was designed for MHC-II presentation
through targeted lysosomal delivery mechanisms by fusing the
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cnsLTP1 coding sequence to a lysosomal transmembrane domain
(LAMP1) and a C-terminal lysosomal translocation sequence48. The
mRNA encoding for cnsLTP1 was codon-optimized for humans and
single-point synonymous modifications were included to avoid sec-
ondary structure formation in the mRNA. The mRNA encoding the
consensus allergen was purchased from RiboPro, including a 150nt
poly-A-tail and a Cap1 sequence.

Consensus allergen mRNA-LNP preparations
The mRNA was encapsulated in LNP based on the Pfizer/BioNTech
vaccine Comirnaty (BNT162b2), but with the PEGylated lipid ALC-0159
exchanged with DMG-PEG2000, resulting in a formulation consisting
of ALC0315:Cholesterol:DSPC:DMG-PEG2000 (molar ratio
46.3:42.7:9.4:1.6, N/P ratio 6 corresponding to 39 nmol lipid per µg
mRNA)49,50. All lipids were acquired from Avanti Polar Lipids. Lipids
were dissolved in ethanol andmRNA in 100mMsodiumacetate (pH4),
and particles were formed by mixing in 1:3 ratios using the NanoAs-
semblr Ignite microfluidic mixer (Precision Nanosystems) at a final
concentration of 100 µg/mLmRNA. Particles werebuffer exchanged to
HBS (25mM HEPES, 150mM NaCl, pH 7.4) by discontinuous diafiltra-
tion using Amicon Ultracel spin filters (100 kDa cutoff) and upcon-
centrated to0.35 µg/µL. Characterization ofmRNA-LNPswas donewith
dynamic light scattering (DLS) andM3-PALS using a Zetasizer Nano ZS
(Malvern Instruments) to determine size, polydispersity, and zeta
potential and found to have a size (Z-Ave) of 76.4 ± 5.6 nm and a PDI of
0.11 ± 0.04 (mean values for four batches prepared). Encapsulation
efficiency and final yield of mRNA were determined with the Ribo-
Green Assay, by comparing the RiboGreen emission for LNPs in Tris
buffer to LNPs disassembled by incubating with 0.1% Triton X-100 at
60 °C for 30min. The particles were slightly smaller and more mono-
disperse than those in BNT162b250. The zeta potential of−12.0 ± 5.0mV
is comparable to what has been reported for BNT162b250. The mRNA
encapsulation efficiency was high, reaching 91.7 ± 3.6%. Particles were
diluted in 5% sucrose to the desired concentrations and volumes and
stored at −80 °C until use. The size (Z-Ave), polydispersity, zeta
potential, and encapsulation efficiency were determined after thaw to
confirm LNP stability (Supplementary Table 1).

Consensus allergen protein preparations
The consensus allergen protein was dissolved in sterile PBS containing
50 µg/mL of polyinosinic–polycytidylic acid sodium salt (poly(I:C)
#P1530, Sigma-Aldrich) or mixed 50% (v/v) with incomplete Freund’s
adjuvant (#F5506, Sigma-Aldrich).

Immunization schedule for naïve mice
The studies were approved by the Danish Animal Experiments
Inspectorate (approval #2020-15-0201-00748). The animals were co-
housed in the DTU BioFacility which includes SPF-status barrier
breeding unit, a laboratory for sample processing and facilities for
surgical procedures. Animals were maintained on a 12 h light/12 h dark
cycle, with ambient temperature kept at 20–22 °C and relative
humidity maintained at 45–65%. Food and water were provided ad
libitum, and animals were group-housed with environmental enrich-
ment. The immunizationwas performed in two independent groups of
mice, subcutaneously or intramuscularly. For the subcutaneous
immunization, 4-to-5-week-old BALB/cAnNRj female mice (#0003
Janvier Labs) were immunized by subcutaneous injection three times
at three-week intervals with 9 µg mRNA-LNP (n = 6), 24 µg protein-
poly(I:C) (n = 3), 24 µg protein-incomplete Freund’s adjuvant (n = 3), or
PBS (n = 7). For the intramuscular immunization, four-to-five-week-old
BALB/cAnNRj femalemice were immunized by intramuscular injection
three times at three-week intervals with 7.5 µgmRNA-LNP (n = 5), 20 µg
protein-incomplete Freund’s adjuvant (n = 5), or PBS (n = 5). Mice were
euthanised by cervical dislocation. The specific amounts ofmRNA-LNP
or protein were determined in titration experiments comprising three

mice each, and the responses were evaluated by measuring the pre-
sence of total Igs and allergen-specific IgG1 and IgG2a. The specific
doses were determined in previous titration experiments, and the
range was established42,51–53.

Establishment of allergic anaphylactic mouse model and
immunization schedule
Four- to five-week-old BALB/cAnNRj mice were obtained from Janvier
Labs (Le Genest-Saint-Isle, France) and housed at the IBIMAPlataforma
BIONAND animal facility, which includes SPF-status barrier breeding
unit, a laboratory for sample processing and facilities for surgical
procedures (Registration No. ES 290670001687). All animal experi-
ments were formally reviewed and authorized prior to initiation by the
Institutional Animal Care and Use Committee of IBIMA and by the
Consejería de Agricultura, Ganadería, Pesca y Desarrollo Sostenible of
the Junta de Andalucía, under approved protocol number 14/05/2025/
051. All procedures were conducted in full compliance with Spanish
and European legislation regulating animal experimentation (RD1201/
2005, Law 32/2007, Directive 2010/63/EU, and RD53/2013) and
adhered to the principles of Replacement, Reduction, and Refinement
(3Rs). Animals were maintained on a 12 h light/12 h dark cycle, with
ambient temperature kept at 20–22 °C and relative humidity main-
tained at 45–65%. Food andwater were provided ad libitum. Micewere
divided into three co-housed groups: non-sensitized controls (n = 8),
sensitized non-treated (n = 8), and sensitized mRNA-LNP treated
(n = 8). In all groups 3 male and 5 female mice were included. Sensiti-
zation was performed intranasally under isoflurane anesthesia using
20 µg of natural Pru p 3 (Bial Laboratory, Zamudio, Spain) combined
with 20 ng of LPS (InvivoGen, San Diego, CA) in a final volume of 12 µL
PBS. Control mice received 12 µL PBS following the same schedule54,55.
Starting atweek 6,mice in the treatment group received intramuscular
injections of 7.5 µg cnsLTP1 mRNA-LNP in 30 µL once weekly for four
consecutive weeks, while control and sensitized non-treated groups
received 30 µL PBS according to the same schedule. Oneweek after the
last treatment dose, sensitizedmice were challenged intraperitoneally
with 100 µg of Pru p 3 to assess systemic reactions. Anaphylaxis was
evaluated within 30–40min after challenge by monitoring rectal
temperature and recording clinical symptoms according to an estab-
lished scoring system56. Immediately after the last rectal temperature
measurement, mice were bled from the retro-orbital plexus under
ketamine-xylazine intraperitoneal anesthesia, and sera were stored at
–20 °C for humoral analyses. Following blood extraction, mice were
euthanized by cervical dislocation, and spleens were aseptically
removed to prepare single-cell suspensions for cellular assays.

Total antibodies evaluation by ELISA
Total antibodies were measured according to the manufacturer’s
instructions (#88-50630-88, Invitrogen), using 1/5000 diluted
mouse serum.

Mouse Igs recognition of cnsLTP1 and natural nsLTPs by ELISA
Two types of ELISAs were performed to quantify mouse antibody
responses against cnsLTP1, recombinant nsLTPs, and Pru p 3. Unless
otherwise stated, all assays were performed in duplicate and washed
thoroughly between steps using PBS containing 0.05% (v/v) Tween-
20 (PBST).

Assays were carried out using the Mouse Ig Isotyping Uncoated
ELISA Kit (#88-50630-88, Invitrogen) with minor modifications. Half-
area 96-well plates (#675061, Greiner) were coated overnight at 4 °C
with 500ng/well of either cnsLTP1 or recombinant nsLTPs. Plates were
washedwith PBST and PBS and blockedwith 125 µL blocking buffer for
2 h at room temperature (RT). A mixture of 25 µL assay buffer (PBS
containing 0.05% Tween-20 and 0.5% BSA) and 25 µL of diluted mouse
serum (1:1000 or 1:5000) was added and incubated for 1 h at RT. After
washing, wells were incubated with anti-mouse isotype-specific
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antibodies for 1 h, followed by a goat anti-rat IgG (H+ L) HRP-
conjugated secondary antibody (#A10549, Invitrogen; 1:2000, 1 h at
RT). Bound antibodies were detected using 50 µL/well TMB substrate,
and the reaction was stopped with 1M H₂SO₄ before reading absor-
bance at 450nm.

To quantify Pru p 3–specific antibodies (IgG1, IgG2a, IgG2b, and
IgE), high-binding 96-well ELISA plates (#439454, Thermo Scientific)
were coated overnight at 4 °Cwith purified Pru p 3. After blockingwith
BSA-containing buffer, mouse sera were added at 1:8 dilution for IgE
detection and 1:50 dilution for IgG isotypes and incubated overnight at
4 °C. Plates were washed and incubated with biotinylated rat anti-
mouse isotype-specific antibodies, followed by avidin–horseradish
peroxidase (HRP). Detection was performed with TMB substrate, and
the reaction was stopped with H₂SO₄ prior to reading absorbance
at 450nm.

Mouse IgE recognition of cnsLTP1 and natural nsLTPs by DELFIA
Half-area 96-well plates were coated overnight at 4 °C with 2.5μg/mL
anti-mouse IgE antibody (MA5-16779, Invitrogen). Following coating,
the plateswerewashed three timeswith PBST and three timeswith PBS
before being blocked with 125μL of blocking buffer for 2 h at RT. To
each well, 25μL of assay buffer (PBS with 0.05% Tween-20 and 0.5%
BSA) and 25μL of dilutedmouse serum (1/1000or 1/5000)were added
and incubated for 1 h at RT. The plates were then washed, and 50μL of
biotinylated cnsLTP1 (10 µg/mL) was added to each well. After five
washes with PBST and three washes with PBS, europium-labeled
streptavidin (#1244-360, Revvity) was added at a 1/500 dilution in
assay buffer and incubated at 19–21 °C for 30min. The plates were
washed again with PBST and PBS, followed by the addition of DELFIA
enhancement solution (#4001-0010, Revvity) for 5min. Finally, time-
resolvedfluorescence (TRF)wasmeasured at615 nmafter excitation at
340 nm using a VICTOR Nivo plate reader (PerkinElmer).

Inhibition of IgE binding to natural nsLTPs by ELISA
ELISAplateswerecoated, blocked, andwashed as described. Following
the addition of mouse serum in increasing serial dilutions, the plate
was incubated for 1 h at RT and washed three times with PBST and
three times with PBS. Human serum from four allergic patients with
proven IgE-mediated peach allergies was pooled and added in 1/10
dilutions to wells following 1 h incubation. goat antihuman IgE sec-
ondary antibody, HRP (#A18793, Invitrogen) was diluted (1/500) and
added to wells and incubated for 1 h. Bound antibodies were detected
with 50 µL/well TMB substrate, the reaction was stopped with 1M
H2SO4, and the plates were read at 450 nm.

mMCP-1 assay
To obtain an additional readout of systemic anaphylaxis, serum levels
of mouse mast cell protease-1 (mMCP-1) were measured following
allergen challenge. Blood was collected from the retro-orbital plexus
1 h after intraperitoneal administration of Pru p 3, allowed to clot at
room temperature, and centrifuged at 10,000 rpm g for 10min at 4 °C.
Serawere stored at–20 °Cuntil analysis.Quantification ofmMCP-1was
performed using a commercial ELISA kit (88-7503-88, Invitrogen)
according to the manufacturer’s instructions. Absorbance was read at
450nm with wavelength correction at 570 nm using a microplate
reader. Concentrations of mMCP-1 were calculated from a standard
curve generated with recombinant mMCP-1 supplied in the kit.

TH1/TH2 cell polarization following immunization
The right iLN and spleen were harvested from the mice on the day of
takedown and kept in PBS. Cells were released from the tissues by
mashing through a 70 µm cell strainer, and the spleen cells were sub-
jected to RBC lysis buffer (#00-4333-57, eBioscience) to remove red
blood cells. Cells were activated in RPMI 1640 (#61870044, Thermo
Fisher Scientific), 10% fetal bovine serum (FBS), and 1% penicillin/

streptomycin, with 1X Leukocyte ActivationCocktail, withGolgiPlug (#
550583, BD Bioscience) for 6 h in a humidified 37 °C incubator. Cells
were washed in PBS and 2% FBS (FACS buffer) and stained at 4 °C for
25min in staining buffer containing anti-B220-BV605 (#563708, BD
Horizon), anti-CD3e-PerCP (#561089, BD Horizon), anti-CD44-BV480
(#566200, BD Horizon), anti-CD62L-PECy7 (#560516, BD Horizon),
anti-CD4-FITC (#100406, Biolegend), and LD-near infrared (#L34976A,
Invitrogen). Cells were washed twice in FACS buffer and fixed for
15min at RT in BDCytofix (#554714, BDBioscience). Cells werewashed
twice and incubated for 15min in 1X Cytoperm buffer (#554714, BD
Bioscience) atRT. Cells were spundown and resuspended inCytoperm
containing anti-IFN-γ-PE (#554412, BD Pharmingen), anti-IL4-BV421
(#562915, BD Horizon), and anti-IL13-APC (#159405, Biolegend) and
stained for 30min at RT. Cells were washed twice in Cytoperm,
resuspended in FACS buffer, and acquired on a FACSymphony S6 (BD
Bioscience). For gating strategy, see Supplementary Fig. 6.

Inhibition of allergen-induced degranulation in RBL-2H3
RBL-2H3 cells (#ACC312, DSMZ), originating from rat basophilic leu-
kemia, were transfected using TurboFectin 8.0 (#TF81001, OriGene)
with DNA encoding the human high-affinity IgE receptor α-unit
(hFcεRIα) (RC203321, OriGene), resulting in their humanization
(hRBL-2H3)57. These cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) (#36253, Stemcell) supplemented with 5%
(v/v) FBS (# F4135, Sigma-Aldrich), 300 µg/ml L-glutamine, 50U/mL
penicillin, and 50 µg/mL streptomycin. Cultures were grown in 25 cm²
flasks (#156367, Thermo Fisher) at 37 °C within a humidified environ-
ment containing 5% (v/v) CO₂. Cells were subcultured twice weekly
using 0.25% (w/v) trypsin with 10mM EDTA (#25200056, Fisher Sci-
entific). To evaluate allergen-induced degranulation, the release of N-
acetyl-β-D-hexosaminidase was measured. Cells were first IgE-coated
overnight in completemediumcontaining 5% (v/v) serum fromallergic
patients. The next day, the medium was discarded, and the cells were
stimulated with 50 nM of allergen diluted in Tyrode’s solution
(#J67607-AP, AlphaAesar). The enzymatic activitywas assessed using a
colorimetric assay, as described by Vogel et al53. 1 h after stimulation,
30 µL of cell supernatant was transferred to a 96-well plate and com-
bined with 50 µL of a substrate solution containing 40mM citric acid,
0.35% (w/v) p-nitrophenyl-N-acetyl-β-D-glucosaminide, pH 4.5. The
mixture was incubated for 1 h at 37 °C. The reaction was terminated by
adding 100 µL of 0.4M glycine (pH 10.7) to each well, and absorbance
was measured at 405 nm using a VICTOR Nivo plate reader (Perki-
nElmer). For total β-hexosaminidase activity, cells in unstimulated
control wells were lysed with compound C48/80 (C2313, Sigma-
Aldrich) at 100 µg/mL58. A 30 µL aliquot of the lysate was used for the
enzymatic reaction. For the inhibition experiment, mouse serum in
increasing serial dilutions was preincubated for 1 h at 37 °C with the
allergen prior to addition to the cells preincubatedwith 5% (v/v) serum
from allergic patients.

Data and statistical analysis
We analyzed data and performed statistics in GraphPad Prism
(Graphpad, v10.4.1). Flow cytometry analysis was performed using
FlowJo (BD, v10.10.0). When comparing multiple groups to control,
we conducted two-way ANOVA analyses with Dunnett’s multiple
comparison tests comparing the groups to the PBS controls. When
comparing two groups, we used unpaired two-tailed Student’s
T-tests. For the anaphylactic model we conducted one-way ANOVA
analyses assuming normal (Gaussian) distribution. We considered
P ≤0.05 to be statistically significant and indicated P values with * for
P ≤0.05, ** for P ≤0.01, *** for P ≤0.001, and **** for P ≤0.0001. For
the murine serum-induced blocking of human IgEs, we fitted non-
linear regressions using a three-parameter inhibition versus response
equation (Y = Bottom + (Top−Bottom)/(X/IC50)) using least squares
regression.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Any further requests can be addressed to the
corresponding author. Source data are provided with this paper.
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