
EDITED BY :  Marcelo Vivolo Aun, Natalia Blanca Lopez, Mariana C. Castells 

and Pedro Giavina-Bianchi

PUBLISHED IN : Frontiers in Immunology

THE ROLE OF MAST CELLS IN IMMEDIATE 
HYPERSENSITIVITY REACTIONS

https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/journals/immunology


Frontiers in Immunology 1 December 2021 | Mast Cells in Immediate Reactions

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88971-817-7 

DOI 10.3389/978-2-88971-817-7

https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Frontiers in Immunology 2 December 2021 | Mast Cells in Immediate Reactions

THE ROLE OF MAST CELLS IN IMMEDIATE 
HYPERSENSITIVITY REACTIONS

Topic Editors:
Marcelo Vivolo Aun, Albert Einstein Israelite Hospital, Brazil
Natalia Blanca Lopez, Independent researcher
Mariana C. Castells, Brigham and Women’s Hospital, Harvard Medical School, 
United States
Pedro Giavina-Bianchi, University of São Paulo, Brazil

Citation: Aun, M. V., Lopez, N. B., Castells, M. C., Giavina-Bianchi, P., (2021). The 
Role of Mast Cells in Immediate Hypersensitivity Reactions. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-817-7

https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/journals/immunology
http://doi.org/10.3389/978-2-88971-817-7


Frontiers in Immunology 3 December 2021 | Mast Cells in Immediate Reactions

05 Editorial: The Role of Mast Cells in Immediate Hypersensitivity Reactions

Marcelo Vivolo Aun, Natalia Blanca-López, Mariana C. Castells and  
Pedro Giavina-Bianchi

08 Case Report: Mastocytosis: The Long Road to Diagnosis

Tiago Azenha Rama, Diana Martins, Nuno Gomes, Jorge Pinheiro,  
Ana Nogueira, Luís Delgado, José Luís Plácido and Alice Coimbra

13 ORMDL3 Functions as a Negative Regulator of Antigen-Mediated Mast 
Cell Activation via an ATF6-UPR-Autophagy–Dependent Pathway

Jia Li, Md Ashik Ullah, Hongping Jin, Yuting Liang, Lihui Lin, Juan Wang,  
Xia Peng, Huanjin Liao, Yanning Li, Yiqin Ge and Li Li

26 Case Report: Refractory Chronic Spontaneous Urticaria Treated With 
Omalizumab in an Adolescent With Crohn’s Disease

Simona Barni, Mattia Giovannini, Giulia Liccioli, Lucrezia Sarti, Anna Gissi, 
Paolo Lionetti and Francesca Mori

31 Human Mast Cell Line HMC1 Expresses Functional Mas-Related G-Protein 
Coupled Receptor 2

Maud A. W. Hermans, Astrid C. van Stigt, Sanne van de Meerendonk, 
Benjamin Schrijver, Paul L. A. van Daele, Petrus M. van Hagen,  
Marloes van Splunter and Willem A. Dik

41 Case Report: Omalizumab for Chronic Spontaneous Urticaria in 
Pregnancy

Shuang-Lu Liao, Miao Yu, Zuo-Tao Zhao and Marcus Maurer

45 PD-L1 Blockade During Allergen Sensitization Inhibits the Synthesis of 
Specific Antibodies and Decreases Mast Cell Activation in a Murine Model 
of Active Cutaneous Anaphylaxis

Rafael Bonamichi-Santos, Marcelo Vivolo Aun, Jorge Kalil,  
Mariana Concepcion Castells and Pedro Giavina-Bianchi

54 Cold Agglutinins and Cryoglobulins Associate With Clinical and 
Laboratory Parameters of Cold Urticaria

Mojca Bizjak, Mitja Košnik, Dorothea Terhorst-Molawi, Dejan Dinevski and 
Marcus Maurer

63 Lower IgA Levels in Chronic Spontaneous Urticaria Are Associated With 
Lower IgE Levels and Autoimmunity

Merle Sauer, Jörg Scheffel, Stefan Frischbutter, Pavel Kolkhir, Yi-Kui Xiang, 
Frank Siebenhaar, Sabine Altrichter, Marcus Maurer, Martin Metz and 
Karoline Krause

75 Cryoglobulins, Cryofibrinogens, and Cold Agglutinins in Cold  
Urticaria: Literature Review, Retrospective Patient Analysis, and 
Observational Study in 49 Patients

Katharina Ginter, Dalia Melina Ahsan, Mojca Bizjak, Karoline Krause,  
Marcus Maurer, Sabine Altrichter and Dorothea Terhorst-Molawi

Table of Contents

https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/journals/immunology


Frontiers in Immunology 4 December 2021 | Mast Cells in Immediate Reactions

84 Case Report and Review of the Literature: Bullous Skin Eruption After the 
Booster-Dose of Influenza Vaccine in a Pediatric Patient With 
Polymorphic Maculopapular Cutaneous Mastocytosis

Davide Sarcina, Mattia Giovannini, Teresa Oranges, Simona Barni,  
Fausto Andrea Pedaci, Giulia Liccioli, Clementina Canessa, Lucrezia Sarti, 
Lorenzo Lodi, Cesare Filippeschi, Chiara Azzari, Silvia Ricci and  
Francesca Mori

92 Novel Insights on MRGPRX2-Mediated Hypersensitivity to Neuromuscular 
Blocking Agents And Fluoroquinolones

Jessy Elst, Marcus Maurer, Vito Sabato, Margaretha A. Faber,  
Chris H. Bridts, Christel Mertens, Michel Van Houdt, Athina L. Van Gasse, 
Marie-Line M. van der Poorten, Leander P. De Puysseleyr,  
Margo M. Hagendorens, Viggo F. Van Tendeloo, Eva Lion,  
Diana Campillo-Davo and Didier G. Ebo

104 Annexin A1 Mimetic Peptide Ac
2-26

 Modulates the Function of Murine 
Colonic and Human Mast Cells

Marcia Pereira Oliveira, Janesly Prates, Alexandre Dantas Gimenes,  
Silvia Graciela Correa and Sonia Maria Oliani

https://www.frontiersin.org/research-topics/13906/the-role-of-mast-cells-in-immediate-hypersensitivity-reactions
https://www.frontiersin.org/journals/immunology


Frontiers in Immunology | www.frontiersin.

Edited and reviewed by:
Francesca Granucci,

University of Milano-Bicocca, Italy

*Correspondence:
Marcelo Vivolo Aun

marcelovivoloaun@gmail.com

Specialty section:
This article was submitted to
Molecular Innate Immunity,

a section of the journal
Frontiers in Immunology

Received: 21 September 2021
Accepted: 22 September 2021

Published: 13 October 2021

Citation:
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Editorial on the Research Topic

The Role of Mast Cells in Immediate Hypersensitivity Reactions

Mast cells are important cells at the cross roads of innate and adaptive immunity. In an interesting
review paper about mast cells functions, Krystel-Whittemote described that they are present in all
organs systems and thought to play essential roles in the maintenance of many physiological
functions as well as in the pathophysiology of many diseases. They originate from pluripotent
progenitor cells in the bone marrow, and, under normal conditions, immature mast cell progenitors
travel in the blood stream, migrate into peripheral tissues and differentiate into mature mast cells
under the influence of stem cell factor and various homing cytokines (1). Typically, mature mast
cells do not circulate in the bloodstream.

Allergic diseases are associated with mast cell activation, degranulation, and release of pre-
formed mediators, leading to clinical manifestations such as urticaria, angioedema, bronchospasm
and anaphylaxis. These symptoms can be induced by many triggers which can induce IgE-and non
IgE-mediated reactions, and can occur as the result of an increased mast cell burden, as in
mastocytosis (2).

In the current Research Topic of Frontiers in Immunology, articles describing recent advances in
mast cell activation disorders are presented, which discuss new pathophysiological mechanisms and
emerging therapeutic targets in the management of those conditions.

One important receptors involved in mast cell activation is the Mas-related G-protein-coupled
receptor X2 (MRGPRX2), which has been linked to several mast cell-related diseases, such as
chronic spontaneous urticaria, atopic dermatitis and asthma. This receptor is expressed by different
mast cell subsets and it induces degranulation upon binding by different ligands such as quinolone
antibiotics, general anesthetics such as atracuronium and rocuronium and positively charged,
hydrophobic molecules such as vancomycin and morphine, as cited in a recent review manuscript
by McNeil. (3, 4). Working on in vitro cells, Hermans et al. showed that HMC1 cells express the
org October 2021 | Volume 12 | Article 78082915
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receptor MRGPRX2, at lower levels compared to LAD2 and
HuMC cells and pre-incubating these cells with latrunculin-B
leads to overexpression of MRGPRX2, which can be activated by
compound 48/80, resulting in efficient HMC1 degranulation.
Their findings suggest that HMC1 cells may be used to study
mast cell activation through MRGPRX2. Oliveira et al. described
that annexin A1, an endogenous 37 KDa glucocorticoid induced
monomeric protein, which inhibits MC degranulation in murine
models, is capable of interfering with the activation of HMC-1
cells. In vivo intraperitoneal administration of AnxA1to wild
type and IL-4 knock-out mice reduced mast cell activation,
suggesting its potential therapeutic use to reduce the release of
MC mediators in inflammatory allergic processes.

Two further studies address new pathways of mast cells
inhibition that could be investigated as potential future
therapeutic targets. Li et al. describe the orosomucoid-like-3
(ORMDL3) gene, which regulates the endoplasmic reticulum
stress (ERS)-induced unfolded protein response (UPR) and
autophagy, and show that its protein product can suppresses Ag-
mediated mast cell activation via an ATF6 UPR-autophagy
dependent pathway, attenuating anaphylactic reactions.

In a murine model of active cutaneous anaphylaxis (ACA),
Bonamichi-Santos et al. demonstrated that the programmed cell
death ligand 1 (PDL-1), which is known for its inhibitory effect
on T cell immune response and is expressed on the surface of
mast cells, may have a relevant role in allergic diseases. Using a
monoclonal antibody anti-PD-L1, the authors showed that PD-
L1 blockade during allergen sensitization inhibited the synthesis
of specific IgE and IgG1 and decreased mast cell activation. This
effect was not observed when anti-PD-L1 was administered
before antigen challenge, suggesting that the effect of blocking
PD-L1 pathway affects the induction phase of the immune
response not its effector phase.

Elst et al. provide further evidence of the functions of the
MRGPRX2 using peripheral blood-derived cultured mast cells
from healthy donors and drug allergic patients in order to assess
mast cell activation and degranulation throughMRGPRX2 and after
silencing its effect. They show that atracurium, ciprofloxacin, and
levofloxacin inducedactivationanddegranulation inprimaryhuman
mast cells, but only in MRGPRX2-positive and not in MRGPRX2-
negative or -silenced mast cells. Sugammadex attenuated the
atracurium-induced activation and degranulation of human mast
cells through MRGPRX2 by reducing free atracurium levels.

Two different studies addressed cold urticaria and its association
with the presence of cryoproteins, such as cryoglobulins and
cold agglutinins. In the first article, Bizjak et al. investigated
35 cold urticaria patients and found that 46% of them had a
positive cold agglutinin test, while 27% had a positive cryoglobulin
test. They demonstrated that a positive cold agglutinin test, but not a
positive cryoglobulin test, was associated with a higher rate of
reactions triggered by cold weather and by exposure to cold water,
aggravated by increased humidity. Patients with a positive cold
agglutinin test had a higher frequency of angioedema triggered by
ingestion of cold foods or drinks, and lower disease control. Ginter
et al. looked forevidenceof theassociationbetweencryoproteins and
cold urticaria. They performed initially a systematic review and
Frontiers in Immunology | www.frontiersin.org 26
identified 14 studies including 1151 cold urticaria patients. The
meta-analysis showed a low frequency of cryoproteins in those
patients, from 0.7% for cold agglutinins to 3.0% of cryoglobulins.
They then performed a retrospective analysis of 293 individuals in a
single Center of Reference in a 5 years period and found low
frequency of cryoproteins at 4.1%. Finally, they prospectively
studied 49 cold urticaria individuals and found a very low
frequency of cryoproteins: none with cryoglobulins, none with
cryofibrinogens, and 2/46 (4.3%) with cryoagglutinins, who did
not have underlying autoimmune or hematological disorders,
indicating that the pathogenesis of cold urticaria is independent
of cryoproteins.

In a large case series of more than 600 CSU patients, Sauer et al.
investigated the relation between IgA and IgE levels and
autoimmunity and autoreactivity. They found that lower IgA
levels were associated with lower IgE levels, a higher frequency of
recurrent angioedema, autoimmunity, and elevated levels of IgE-
anti-thyroid peroxidase.

CSU patients have been successfully treated with second
generation antihistamines, some of them with higher doses, but
refractory CSU is very common in clinical practice. Omalizumab
havebeenconsidered thefirst-linemedication indicated forpatients
with CSU who do not respond to a four-fold dose of non-sedating
antihistamines (5). Liao et al. described two pregnant women who
presented with refractory CSU and were safely and successfully
treated with omalizumab. They review the literature and found 11
pregnant women who were safely treated with omalizumab who
had resolution of symptoms and successful deliveries.

Barni and colleagues reported a pediatric patient who developed
refractory CSU associated with Chron’s Disease (CD) and who was
safely and successfully treated with omalizumab. She started
therapy for CD with azathioprine and mesalazine at the age of 12
without any disease relapse.When she was 17, she began to present
wheals and angioedema, whichwere not controlledwith high doses
of antihistamines.Omalizumabwas added-on toCSU therapy,with
a good clinical response and no relapse in CD.

Last but not least the role of mast cell activation in patients with
clonal mast cell disorders is provided by Rama et al. who reported
an 18-year-old male who presented a long-standing history of
atypical urticarial skin lesions, allergic rhinitis, exercise-induced
bronchospasm and food-related flushing and anaphylaxis. A
diagnosed of systemic mastocytosis was made and successfully
treated with antihistamines, montelukast and cromoglycate.
Another case is reported by Sarcina et al. who described an 18-
month-old female patient with cutaneous mastocytosis who had
severe bullous skin eruption 24 hours after the second dose
(booster dose) of inactivated-tetravalent influenza vaccine. The
reaction was treated with steroids and antihistamines and further
vaccination occurred without adverse events with premedication.

Mast cells have a dual physiological and pathological role,
maintaining homeostasis of connective tissues, and being involved
in many clinical disorders, particularly hypersensitivity reactions.
Animal models of immediate hypersensitivity, as well as in vitro
and ex vivo models of human mast cell activation, in addition to
investigation of case series and case reports should lead to a better
understanding and management of those conditions.
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Mastocytosis is a heterogeneous group of disorders characterized by expansion and

accumulation of clonal mast cells. Patients mainly present with either cutaneous lesions,

anaphylaxis, or both. Its low prevalence and unusual features often hinder its diagnosis

for several years. We report the case of an 18-year-old male who was referred to

our department with a long-standing history of atypical skin lesions, allergic rhinitis,

exercise-induced bronchoconstriction and what was believed to be food-related flushing

and anaphylaxis, that was later diagnosed with mastocytosis. This case illustrates the

need to consider investigating for mastocytosis when recurrent anaphylaxis is present,

especially in the presence of atypical skin lesions, even if normal serum basal tryptase

levels and allergic sensitization are present.

Keywords: mastocytosis, anaphylaxis, flushing, food allergy, diagnostics

INTRODUCTION

Mastocytosis is a heterogeneous group of disorders characterized by expansion and accumulation of
clonal mast cells (MC). Patientsmainly present with either skin lesions, anaphylaxis or both (1).MC
mediator release and associated symptoms often occur in patients both with or without cutaneous
involvement (2). Presentation with cutaneous lesions is particularly common among children and
predominantly onsets during the first 6 months of life (3). Low prevalence and unusual features of
mastocytosis often hinder its diagnosis for several years (4).

Here, we report the case of an 18-year-old male who was referred to our department
with a long-standing history of atypical skin lesions, allergic rhinitis, exercise-induced
bronchoconstriction and what was believed to be food allergy related flushing and anaphylaxis.

CASE REPORT

An 18-year-old male was referred to a Tertiary Hospital Allergy department due to recurrent
anaphylaxis that was attributed to food allergy. There was a history of recurrent wheezing since
early infancy, rhinitis and skin lesions on the scalp since the age of 8 months that frequently flared
and relapsed. Some of these flares were associated with flushing, angioedema and presyncope.
Food allergy was initially thought to be the trigger in some of these episodes. As such, at age 3
the patient was put on a strict avoidance diet and he was prescribed an adrenaline autoinjector
and glucocorticoids, on demand. At this age, he also developed skin lesions suggestive of atopic
dermatitis. At age 6, the patient started experiencing oral allergy symptoms with peanut and
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tree nuts, and throat tightness following balloon filling. This
clinical picture originated marked stress and anxiety that
required Psychiatry of Childhood and Adolescence follow-up.
At age 12, following ingestion of egg/egg containing food, he
complained of throat constriction without any other signs and
symptoms. A microarray multiple allergen component assay
(ImmunoCAP ISAC, Thermo Fisher Scientific, Uppsala, Sweden)
was performed, showing polysensitization to food and inhalant
allergens—tree nut, peanut, olive and mugwort lipid transfer
proteins (LTP), major latex allergen, kiwi thaumatin-like protein,
shrimp, timothy grass pollen, groups 1 and 2 allergens of house
dust mites (HDM), with a total IgE of 84 kU/L, resulting in
even further dietary restrictions. He was advised not to eat
apple, kiwi, and peach although no oral food challenges were
performed. Also, at age 12, the patient was started on monthly
anti-IgE (omalizumab) for “chronic spontaneous urticaria with
angioedema” that was maintained for 2 years without any
improvement. In fact, he often complained of angioedema
and flushing following omalizumab administration. During
endoscopic knee surgery at age 17, he reportedly presented
with flushing, in spite of five previous uneventful anesthetic
procedures (2 inguinal hernioplasties at 2 and 6 months of age,
adenoidectomy and tonsillectomy at 9 months, appendicectomy
and ankle surgery for apophysitis of the calcaneus at age 11).

At the first appointment at our department, the patient
complained of spells of flushing, sometimes with angioedema
and/or presyncope that occurred 3–4 times/week. At this time, he
had a highly restrictive diet not eating any fresh fruits other than
banana, although tolerating strawberries, mango, melon, grapes
and citrus. He avoided tree nuts, peanuts, chestnuts, walnuts and
despite previous tolerance, as well as apple, pear, kiwi, and olive
oil, as indicated by his previous physician. He had also been
advised to avoid codfish and shellfish, despite tolerating salmon,
hake, sardines, sea bass, swordfish, cat-fish and shrimp. He also
reported mild perennial allergic rhinitis symptoms that worsened
during pollen season and exercise-induced bronchoconstriction.

Physical examination was unremarkable except for the
presence of exuberant widespread keratosis pilaris involving
the whole trunk (Figure 1A), four scalp lesions and three
nodular lesions on the trunk that developed a wheal and
flare reaction upon stroking (Darier’s sign, Figure 1B).
Nasal and oropharyngeal inspection, cardiopulmonary
auscultation and abdominal inspection were unremarkable.
He was submitted to skin prick testing (SPT), with common
aeroallergens, nuts, shellfish and oral allergy syndrome specific
batteries (Laboratórios LETIPharma, Madrid, Spain), complete
blood counts, specific IgE (sIgE), and serum basal tryptase
measurements, and underwent oral food challenges with
apple, pear, and egg. Complete blood counts did not show
anemia, leukopenia or leukocytosis, or thrombocytopenia. SPT
were positive for HDM and olive tree pollen, while sIgE was
positive for HDM (Dermatophagoides pteronyssinus 51.5 kU/L,
Lepidoglyphus destructor 32.3 kU/L), grass mix (21.8 kU/L);
olive tree (4.5 kU/L); latex (11.9 kU/L), peanut (0.70 kU/L),
kiwi (0.54 kU/L), and tree nut (0.40 kU/L). sIgE for both egg
yolk and white, and codfish were negative. Serum basal tryptase
ranged between 7 and 9.4 ng/mL, 6 months apart. Spirometry

FIGURE 1 | Macroscopic and histologic findings of an 18-year-old male

patient with recurrent anaphylaxis, diagnosed with well-differentiated

mastocytosis. (A) Detail of the trunk depicting exuberant widespread keratosis

pilaris and a nodule (arrow) showing a wheal and flare reaction following

stroking with a tongue spatula (Darier’s sign). (B) Supraclavicular nodule

showing a wheal and flare reaction following stroking. (C) Skin biopsy

specimen of the nodule depicted in (B), showing a dense nodular aggregate of

mast cell in the reticular dermis, accompanied by variable numbers of

interstitial mast cell (hematoxylin and eosin stain, x40 magnification); (D). Mast

cells with round/polygonal morphology (hematoxylin and eosin stain, x400

magnification). (E). Diffuse cytoplasmatic c-kit expression in mast cells (c-kit

immunohistochemistry, x100 magnification).

was normal with negative bronchodilation test. All oral food
challenges were negative. He was referred to the dermatology
department due to the exuberance of the trunk keratosis
pilaris and nodules. Skin biopsy of the latter lesions showed a
CD30-positive large, round/polygonal, hypergranulated mast
cell infiltrate that was compatible with well-differentiated
mastocytosis (WDM) (Figures 1C–E). The patient was then
started on sodium cromoglycate (200mg, 3id), rupatadine
(10mg, id), and montelukast (10mg, id) with significant
improvement in both frequency and severity of the episodes
of flushing and/or angioedema. A topical nasal glucocorticoid
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and an on demand/pre-exertion inhaled glucocorticoid/long
acting beta agonist fixed association were also prescribed. He
also resumed the ingestion of egg, apple and pear with tolerance.
The patient was later submitted to an abdominal ultrasound and
bone densitometry which did not show any organomegalies or
bone mass changes.

DISCUSSION

This report illustrates the case of a polysensitized young male
with food allergy and a delayed diagnosis of mastocytosis, based
on a skin biopsy histopathology supporting a well-differentiated
mastocytosis. This case underlies the need to investigate
for mastocytosis in patients with recurrent anaphylaxis,
especially in the presence of longstanding skin lesions,
and even with the coexistence of normal tryptase and
allergic sensitization.

A recent classification categorizes mastocytosis in the skin
into maculopapular cutaneous mastocytosis (CM) which also
includes plaque and nodular forms, cutaneous mastocytoma and
diffuse CM (5). Maculopapular CM has been subcategorized
into monomorphic, formerly known as urticaria pigmentosa,
and polymorphic variants (5). While monomorphic cutaneous
involvement is easily recognized by experienced clinicians,
that may not be the case for the polymorphic variants.
The latter always onsets during childhood (6), presenting
with lesions of varying sizes and asymmetric distribution
throughout the cutaneous tegument and often involves the
head and neck, namely the face and scalp, in contrast with
monomorphic forms (5). Flushing is the most frequent MC
mediator release related symptom (7). This form is mostly
associated with low tryptase, KIT mutations involving exons
other than 17 and displays distinct histopathological features,
namely large, round hypergranulated MC that express CD30,
having been called well-differentiated mastocytosis (7). These
patients usually undergo partial or total remission during
puberty/adolescence (8) but may recur during adulthood with
aggressive systemic mastocytosis (SM) (9, 10). Our case displays a
polymorphic maculopapular cutaneous mastocytosis, displaying
a typical histopathology of WDM (hypergranulated, round
MC) that underwent partial remission of skin lesions while
maintaining significant MC mediator release related symptoms
into adulthood.

In contrast with the general population, the most frequent
causes for anaphylaxis among mastocytosis patients are
Hymenoptera venom and idiopathic causes with foods triggering
only 6 to 8% of anaphlaxis (11). However, among children
with mastocytosis, the prevalence of food-induced anaphylaxis
may reach 20% (12) to 33% (13), only surpassed by idiopathic
anaphylaxis with 60% (12) to 67% (13). Our patient displayed
MC mediator release symptoms that were thought to be
related to food ingestion, namely egg and tree nuts and
he was sensitized to LTP, thaumatin-like protein, tree nuts,
peanuts, shrimp, and codfish. Oral food challenges were
negative for fresh fruits containing LTP and egg. However,
tree nuts and peanuts induced reproducible oral allergy

syndrome manifestations that may be mediated by LTP.
This case illustrates that oral food challenges are not only
safe but indicated in mastocytosis patients, with suspected
food allergy.

Even when partial remission occurs, persistence of
mastocytosis in the skin and MC mediator release-related
symptoms into adulthood mandates a bone marrow (BM) study,
in order to assess systemic involvement (14). Proposed criteria
for the diagnosis of well-differentiated systemic mastocytosis
(WDSM) include one major criterion that is shared with
the remaining forms of SM (i.e., MC aggregates in the bone
marrow) and four minor criteria—expression of CD30 and/or
overexpression of carboxypeptidase A through flow cytometry;
clustering of BM MCs outside BM particles forming groups
of ≥ 2 MC; presence of mutations involving any codon of
KIT or a clonal human androgen receptor assay (HUMARA)
pattern; association of female sex with either pediatric disease
onset or familial aggregation in adults (7). Diagnosis of WDSM
is established in the presence of the major criterion and one
minor, or three minor criteria (7). As such, BM flow cytometric
evaluation should include assessment of BM MC expression
of, at least, CD25/CD2 (generally not present in WDSM),
CD30 and carboxypeptidase A (7, 15). KIT mutational analysis
should be performed, starting with D816V KIT mutation,
followed by KIT sequencing, if negative (16). If both D816V and
sequencing are negative, clonality should be assessed through
HUMARA (7). In this case, BM study is planned, although it
has not yet been performed due to constraints related to the
COVID19 pandemic. The term mastocytosis in the skin has
been used to differentiate patients with skin biopsy compatible
with mastocytosis that have not undergone BM studies (17).
Our patient has morphological and immunophenotipical
features that are compatible with well-differentiated cutaneous
mastocytosis (7). As such, the patient may be provisionally
classified as having a well-differentiated mastocytosis in
the skin.

Literature on the efficacy of omalizumab in mastocytosis
is still scarce (18) especially when it comes to cutaneous
mastocytosis in children (19). This monoclonal antibody binds
free IgE, preventing linkage and subsequent activation of its
high affinity receptor (FcεRI) expressed by MC and basophils
(20). Moreover, it seems to downregulate the expression of
FcεRI receptors which are thought to be also involved in MC
survival and non-immune activation (21). While it has been
shown to be effective in the prevention of MC mediator release
symptoms in both mastocytosis (19, 22–25) and food allergy
(26, 27), safety concerns have been raised by the Food and
Drug Administration (FDA) following reports of anaphylaxis
caused by omalizumab, later sustained by several studies (28).
Prevalence of such reactions was shown to reach 0.2% among
patients with asthma treated with this monoclonal antibody
(29). Allergy to its excipient, polysorbate (30) and activation of
MC FcγRI by IgE-omalizumab immune complexes (31) have
been proposed as potential causes for such reactions. While
its efficacy seems to be promising in adults (18), reports of
allergic reactions among mastocytosis patients, such as this case,
are scarce.
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Significant delays in the diagnosis of mastocytosis are
infrequently reported. However, delays may be prominent
in adults, averaging 6.5 to 8.1 years (4, 32) but reaching
up to 50 years (4). Years lost to diagnosis are particularly
important in cases without cutaneous involvement, especially
in those suffering from an aggressive form of the disease (33).
Nonetheless, this may also occur in patients presenting
with skin lesions and it may severely impair patients’
quality of life or carry more dire consequences, such as
organ dysfunction and death (in advanced forms), life-
threatening anaphylaxis, or pathological bone fractures
from severe osteoporosis (4, 34). Delays in diagnosis
may result from the use of insensitive techniques (34),
a misguided belief that normal basal tryptase values
preclude mastocytosis (35), or may be due to atypical
symptoms (32). While skin lesions were atypical in
this case, frequent spells of flushing, angioedema and
presyncope should have raised the suspicion sooner, even
in face of normal basal tryptase values and significant
allergic disease.

CONCLUSIONS

This case underlines the relevance of considering the diagnosis
of mastocytosis in the presence of recurrent anaphylaxis,
while stressing the need of a thorough skin examination for
mastocytosis skin lesions.
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Cell Activation via an ATF6-UPR-
Autophagy–Dependent Pathway
Jia Li1, Md Ashik Ullah2, Hongping Jin3, Yuting Liang4, Lihui Lin1, Juan Wang1,
Xia Peng1, Huanjin Liao1, Yanning Li1, Yiqin Ge1 and Li Li1*

1 Department of Laboratory Medicine, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine,
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Australia, 3 Department of Cell and Molecular Biology, QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia,
4 Center of Clinical Laboratory, The First Affiliated Hospital of Soochow University, Suzhou, China

Antigen (Ag)-mediated mast cell activation plays a critical role in the immunopathology of
IgE-dependent allergic diseases. Restraining the signaling cascade that regulates the
release of mast cell-derived inflammatory mediators is an attractive therapeutic strategy to
treat allergic diseases. Orosomucoid-like-3 (ORMDL3) regulates the endoplasmic
reticulum stress (ERS)-induced unfolded protein response (UPR) and autophagy.
Although ERS/UPR/autophagy pathway is crucial in Ag-induced mast cell activation, it
is unknown whether ORMDL3 regulates the ERS/UPR/autophagy pathway during mast
cell activation. In this study, we found that ORMDL3 expression was downregulated in Ag-
activated MC/9 cells. Overexpression of ORMDL3 significantly inhibited degranulation,
and cytokine/chemokine production, while the opposite effect was observed with
ORMDL3 knockdown in MC/9 cells. Importantly, ORMDL3 overexpression upregulated
mediators of ERS-UPR (SERCA2b, ATF6) and autophagy (Beclin 1 and LC3BII).
Knockdown of ATF6 and/or inhibition of autophagy reversed the decreased
degranulat ion and cytokine/chemokine expression caused by ORMDL3
overexpression. Moreover, in vivo knockdown of ORMDL3 and/or ATF6 enhanced
passive cutaneous anaphylaxis (PCA) reactions in mouse ears. These data indicate that
ORMDL3 suppresses Ag-mediated mast cell activation via an ATF6 UPR-autophagy
dependent pathway and thus, attenuates anaphylactic reaction. This highlights a potential
mechanism to intervene in mast cell mediated diseases.

Keywords: orosomucoid-like 3, mast cell activation, degranulation, activating transcription factor 6, autophagy,
passive cutaneous anaphylaxis
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INTRODUCTION

Mast cells are the key effector cells inducing immunoglobulin E
(IgE)-mediated inflammatory responses to allergens in sensitized
individuals (1).Mast cells expresshigh-affinityFcϵRIwhichbinds to
antigen (Ag)-specific IgE resulting in mast cell sensitization. Upon
subsequent exposure to the specific antigen, these sensitized mast
cells undergo degranulation and release histamine and lipid
mediators (prostaglandins, leukotrienes) followed by a diverse
range of cytokines and chemokines (2). These inflammatory
mediators trigger acute allergic reactions as observed in allergic
disorders, such as allergic asthma, atopic dermatitis, allergic rhinitis,
and life-threatening anaphylaxis (3).Hence, a better understanding
of the regulatorymechanismsofmast cell activationandsubsequent
release of inflammatorymediators andhow this can be restrained to
restore homeostasis is critical for the identification of novel
therapeutic targets to treat mast cell mediated diseases.

Orosomucoid-like 3 (ORMDL3) gene was first identified in
2007 as an asthma risk gene (4). To date, a number of studies have
been performed to investigate the molecular mechanisms by
which ORMDL3 contributes to the pathogenesis of asthma (5–
7). Airway epithelial cells overexpressing ORMDL3 showed
increased transcr ipt ions of genes encoding matr ix
metalloproteinase, chemokine and CXC chemokine (IL-8,
CXCL-10 and CXCL-11), oligoadenylate synthetases (OAS), and
ATF6 (8). Overexpression of ORMDL3 in bone marrow-derived
eosinophils causes increased rolling, distinct cytoskeletal
rearrangement and nuclear translocation of nuclear factor
kappa B. Knockdown of ORMDL3 significantly inhibits
activation-induced eosinophils shape changes, adhesion and
recruitment to sites of inflammation in vivo (9). In yeast
ORMDL proteins control sphingolipid biosynthesis by
regulating the bioactivity of serine palmitoyl transferase (SPT),
the rate-limiting enzyme of de novo pathway (10). However, the
regulatory role ofmammalsORMDLproteins in lipidmetabolism
appears to be much more complicated. Kiefer and his colleagues
demonstrated that mammalian SPT activity seems to be affected
only when simultaneously enhancing the expression ofORMDL1,
2, and 3while solomanipulation of anymember had no effect (11–
13). As an endoplasmic reticulum (ER)-resident transmembrane
protein, ORMDL3 also regulates ER stress (ERS) and unfolded
protein response (UPR) (10, 14). UPR is comprised of threemajor
signaling pathways, which are initiated by the activation of three
protein sensors—activating transcription factor 6 (ATF6), inositol
—requiring enzyme 1a (IRE1a) and PKR—like ER kinase
(PERK). All three arms of UPR regulate autophagy (15–19).
Multiple studies have attempted to uncover the physiological
role of ORMDL3 in the cells involved in allergic asthma
including airway epithelial cells, eosinophils, macrophages and
B cells (8, 9, 20, 21).ORMDL3 specifically binds to and inhibits the
sarcoendoplasmic reticulum calcium ATPase (SERCA) 2b
resulting in reduction of ER Ca2+ concentration and activation
of ERS-induced UPR signaling in HEK293 cells (12, 22).
Conversely, ORMDL3 has been shown to increase ATF6a level
and subsequent induction of SERCA2b expression in human
bronchial epithelial cells (BEC) (8), suggesting ORMDL3
mediated ERS-UPR response is cell-specific.
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ORMDL3 negatively regulates mast cell activation (23), with
ORMDL3 expression found to be lower in Ag-activated mast cells,
without affecting the degranulation process. However, the
molecular mechanism by which ORMDL3 regulates mast cell
function remains largely unknown. The high secretory demand of
mast cells is largely dependent on a well-developed ER and,
consequently, UPR signal (24, 25). Activation of mast cells
initiates the onset of dramatic Ca2+ mobilization and triggers
degranulation (26, 27). Autophagy, a regulatory process of
removing and degrading malfunctioning proteins and organelles,
and pathogens (28), is also critical for the degranulation of mast
cells. Bone marrow-derived mast cells (BMMCs) deficient in the
autophagy related gene (Atg)-7 exhibit normal granule formation,
but defective IgE-mediated degranulation demonstrating the
importance of autophagic machinery in granule movement and
release (29). Given the role of ORMDL3 in ERS-UPR and
autophagy in different immune/non-immune cells and the
requirement of ERS-UPR and autophagy in mast cell
degranulation, we hypothesized that ORMDL3 induces ERS-UPR
aswell as autophagy inmast cells and thus,ORMDL3regulatesmast
cell degranulation and cytokine/chemokine responses.
MATERIALS AND METHODS

Antibodies and Reagents
Antibodies against ORMDL3, ATF6, XBP1, p-eIF2a, SERCA2
ATPase, LC3B, and Beclin 1 were purchased from Abcam
(Cambridge, MA, USA). FITC-Concanavalin A was obtained
from MKbio (Shanghai, China). 3-MA was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture and Treatment
The MC/9 mouse mast cells (ATCC CRL-8306) were cultured in
DMEM supplemented with 10% FBS, 0.05 mM 2-mercaptoethanol,
0.1 mM MEM non-essential amino acids, 100 U/ml penicillin, 100
µg/ml streptomycin, 2 mM L-glutamine, 10 ng/ml recombinant
murine IL-3 and 10 ng/ml recombinant murine SCF at 37°C with
5% CO2. To inhibit autophagy, cells were serum starved overnight,
then treated with 3-MA (Sigma-Aldrich, USA) at indicated
concentrations for 24 h. LC3B expression was measured in cell
lysates by western blot to confirm the inhibitory effect of 3-MA.

Vector Construction
To construct the overexpression vector of ORMDL3, mouse
ORMDL3 gene coding sequence was synthesized according to
the gene sequence (NM_025661) in the GenBank and inserted
into the vector pLenti-GFP-IRES (provided by Novobio
Shanghai, China) via NheI and AscI restriction endonuclease
sites. To generate the knockdown vector of ORMDL3, shRNA
was prepared by synthesizing and annealing two oligonucleotides
( F o rwa rd p r ime r 5 ’ -CACCGCCAAGTATGACCA
AGTCCATTCGA AAATGGACTTGGTCATACTTGG-3’ and
Reverse complementary primer 5’-AAAACCAAGTATG
ACCAAGTCCATTTTCGAATGGACTTGGTCATACTTGGC-
3’) and then cloned into the vector pLenti-U6-shRNA-GFP
(provided by Novobio Shanghai, China) via two BsmBI sites.
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The knockdown vector of ATF6 was constructed by using
designed shRNA oligonucleotides (Forward primer 5’-CCG
GGCACTTTGATGCAGCACATGACGAATCATGTGCTGCA
TCAAAGTGCTTTTT-3’ and Reverse complementary primer
5’-AATTAAAAAGCACTTTGATGCAGCACATGATTCGT
CATGT GCTGCATCAAAGTGC-3 ’) which were then
inserted into an inducible knockdown system pLKO-Tet-On
(Addgene 21915) via AgeI and EcoRI sites. All the constructs
were verified by Sanger sequencing.

Virus Like Particles Production
HEK293T cells were seeded in a 10-cm dish (5 × 106 cells) 1 day
before transfection. The vectors of ORMDL3 overexpression,
ORMDL3-shRNA and ATF6-shRNA were respectively
transfected into HEK293T cells together with lentiviral packaging
plasmids pSPAX2 (Addgene 12260) andpMD2G(Addgene 12259)
at a ratioof10µg: 10µg: 5µgbyusing linearpolyethylenimine (PEI).
Six hours after transfection, media was changed to fresh DMEM
with 5% FBS plus Pen/Strep. Forty-eight hours after transfection,
VLPs in the supernatant were harvested by filtration with a sterile
0.45 mm filter and stored in -80°C. VLPs were quantified by using
CAp24 ELISA.

Cell Transduction
MC/9 cells were plated at a density of 2 × 104 cells per 35 mm plate
and transduced with VLPs (equivalent to 50 ng of CAp24)
conveying ORMDL3, ORMDL3-shRNA or ATF6-shRNA with
Polybrene at a concentration of 8 mg/ml. Transduced cells were
selectedwith 2.5 µg/ml blasticidin S (Sigma-Aldrich,MO,USA).To
induce varying levels of ATF6 downregulation, 10 ng/ml or 100 ng/
ml of doxycycline was added in the cell culture. The transduction
results were obtained using fluorescence microscope 48 h post-
transduction. The transduction efficiency was assessed by
measuring mRNA levels using qRT-PCR and protein expression
using Western blot.

Assessment of Mast Cell Degranulation
MC/9 cells were sensitized overnight with 1 µg/ml of anti-DNP
mouse IgE (SPE-7 monoclonal, Sigma, St. Louis, USA) and then
washed three times with PBS. Cells were stimulated with the
indicated concentrations of DNP–BSA (Santa Cruz, CA, USA)
for 30 min. The supernatants were collected and cell pellets were
lysed with 0.5% Triton-X 100 at 37°C for 30 min. Commercial
ELISA kits were used to detect the concentrations of histamine
(Elabscience, Wuhan, China), b-glucuronidase (Elabscience,
Wuhan, China) and tryptase (Cusabio, Wuhan, China) in both
supernatant and cell lysates. The percentage releasedwas calculated
using the following formula: release (%) = [S/(S + L)] × 100, where S
and L refer to the concentrations in supernatant and cell
lysate, respectively.

Quantitative Real-Time PCR
Total RNAwas isolated from cells usingTRIZOL reagent following
manufacturer’s protocols (Invitrogen, Carlsbad, CA,USA). Reverse
transcription was performed using the SuperScript III Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) as per
manufacturer’s instructions. qRT-PCR reaction was performed
Frontiers in Immunology | www.frontiersin.org 315
using the ChamQ SYBR qPCR Master Mix (Vazyme, China) on a
CFX96™ Real-Time System. The data was normalized to the level
ofb-actin geneexpression in thecell samples andcalculated asa fold
change of the corresponding control. All qRT-PCR primer
sequences are listed in Supplementary Table 1.

Western Blot Analysis
Total protein (30 µg) was separated from cell lysates by SDS-PAGE
at 100 V for 90 min and transferred onto a PVDFmembrane (Bio-
Rad, Hercules, CA). After blocking with 5% non-fat milk in TBS
containing 0.01% Tween-20 (TBST) at room temperature for 1 h,
the membrane was incubated with primary antibodies diluted at
1:1000 (Antibodies against ORMDL3, ATF6, XBP1, p-eIF2a,
SERCA2 ATPase, LC3B, and Beclin 1, Abcam, USA) overnight at
4°C. After washing with TBST, the membrane was incubated with
HRP-conjugated secondary antibodies diluted at 1:2000 in 5%non-
fatmilkat roomtemperature for 1h.AfterwashingwithTBST three
times, immunoreactive bands were detected using an ECL Kit
(Thermo Scientific, MA, USA) and visualized using a ChemiDoc
MP imager (Bio-Rad, California, USA) according to the
manufacturer’s instructions. Protein levels were normalized to
the amount of GAPDH used as a loading control and to the
corresponding controls.

Confocal Microscopy
For ORMDL3, ATF6 and LC3B staining, treated MC/9 cells were
first fixedwith 4%paraformaldehyde for 30min and permeabilized
using 0.5% Triton X-100 in PBS for 10 min. Non-specific binding
was blocked with 10% normal goat serum in PBS and then
incubated with anti-ORMDL3 (1:100 dilution; Abcam, USA),
anti-ATF6 (1:100 dilution; Abcam, USA) or anti-LC3B (1:100
dilution; Abcam, USA) overnight. Following labeling with
corresponding secondary antibodies (1:1000 dilution; iFluor 555
goat anti-rabbit IgG (H+L), AAT Bioquest, CA, USA) for 1 h at
room temperature, the cells were counterstained using DAPI
(1:10,000 dilution; Sigma, USA) and imaged on a Super-
resolution Multiphoton Confocal Microscope (Leica, Germany).
For ER staining, cells were incubated with FITC labelled
Concanavalin A (5 µg/ml; MKbio, China) at room temperature
for 30 min after DAPI.

Passive Cutaneous Anaphylaxis
All experiments and animal care procedures conform to the Guide
for the Care and Use of Laboratory Animals and were approved by
the Animal Ethics Committee of Shanghai General Hospital (No.
2016KY246). Eight-week-old BALB/c mice were injected into both
ears (intradermally) with 20 ml of PBS containing different
combinations of ORMDL3 overexpressing VLPs (20 ng of
CAp24), ORMDL3 knockdown VLPs (20 ng of CAp24) and
ATF6 knockdown VLPs (20 ng of CAp24) as follows: ORMDL3-
OE group was given ORMDL3 overexpression VLPs; ORMDL3-
KD group was given ORMDL3 knockdown VLPs; ATF6-KD group
was given ATF6 knockdown VLPs; ORMDL3-OE + ATF6-KD
group was given ORMDL3 overexpression VLPs and ATF6
knockdown VLPs; ORMDL3-KD + ATF6-KD group was given
ORMDL3knockdownVLPsandATF6knockdownVLPs.Negative
and positive control groups were not given any VLPs. Forty-eight
February 2021 | Volume 12 | Article 604974
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hours later, 20 ml PBS containing 100 ng anti-DNP IgE (SPE-7
monoclonal, Sigma, St. Louis, USA)was intradermally injected into
both ears. The next day, 200 ml PBS containing 10 mg DNP-BSA
(Santa Cruz, CA, USA) and 1% Evans blue was injected
intravenously, negative control group was given PBS containing
Evansblueonly. Twohours later, themicewere euthanized and skin
areas were photographed. Skin samples were harvested and Evans
blue dye was extracted by incubating the samples in 0.5 ml DMSO
for 24 h at 37 °C, and optical density (O.D.) was measured at
650 nm. ORMDL3 and ATF6 gene expression were measured by
qRT-PCR to confirm the efficiency of overexpression and
knockdown strategies.

Statistical Analysis
Data were presented as mean ± standard deviation (SD). One-way
ANOVA or two-way ANOVA with a Turkey’s multiple
comparisons test was applied as appropriate. GraphPad Prism
8.2.1 software (La Jolla, CA, USA) was used for statistical
analyses. (NS denotes not significant; * denotes P < 0.05; **
denotes P < 0.01; *** denotes P < 0.001; **** denotes P < 0.0001).
RESULTS

ORMDL3 Is Downregulated in Ag-
Activated Mast Cells
Firstly, mouse MC/9 mast cells were sensitized with DNP-specific
IgE and activated with DNP-BSA at different concentrations. The
Frontiers in Immunology | www.frontiersin.org 416
expression of ORMDL3 in mast cells was measured by qRT-PCR
and western blot. Ag-activation dose-dependently suppressed
ORMDL3 expression at both mRNA and protein levels in MC/9
cells with the maximum response observed with the challenge of
DNP-BSA at 100 ng/ml (Figures 1A, B). This was corroborated by
an increase in the release of b-glucuronidase, a marker of mast cell
degranulation (Figure 1C). Reduction in ORMDL3 expression
was not associated with increased death of activated mast cells
(data not shown). Next, we stained ER using FITC-Concanavalin
A and found that ORMDL3 is localized to the ER in MC/9 cells
(Figure 1D). Importantly, the expression of ORMDL3 was lower
in Ag-activated mast cells (Figure 1D). Taken together, this data
confirms that Ag-activation downregulates ORMDL3 expression.

ORMDL3 Negatively Regulates
Degranulation and the Production
of Cytokines and Chemokines in Ag-
Activated Mast Cells
To further investigate the role of ORMDL3 in the activation of
mast cells, we generated MC/9 cells with knockdown or
overexpression of ORMDL3. ORMDL3 mRNA was knocked
down approximately 70% by ORMDL3 shRNA (ORMDL3-
KD) in MC/9 cells compared to the negative control shRNA
(ORMDL3-KD-NC) and cell only groups (Figure 2A). The
knockdown level of ORMDL3 protein was confirmed by
western blot analysis. The level of ORMDL3 protein in the
knockdown cells reduced by approximately 60% when
compared to that of the negative control and cell only groups
A B

D

C

FIGURE 1 | ORMDL3 is downregulated in Ag-activated mast cells. MC/9 cells were sensitized overnight with 1 µg/ml of anti-DNP mouse IgE followed by stimulation
with PBS (0 ng/ml DNP-BSA) or indicated concentrations of DNP-BSA for 30 min. (A) Expression of ORMDL3 mRNA was measured by qRT-PCR. Data were
normalized to the amount of b-actin and calculated as a fold change of the non-stimulated group. (B) Expression of ORMDL3 protein was measured by western
blotting. GAPDH served as a loading control. (C) The release of b-glucuronidase was determined by ELISA. (D) Representative images depict ORMDL3 expression
[red, stained with iFluor 555 goat anti-rabbit IgG (H+L)] in MC/9 cells. Endoplasmic reticulum (ER, green) was stained with FITC-Concanavalin A and nuclei (blue)
were stained with DAPI. Scale bar 10 mm. All the results are shown as mean ± SDs of three independent experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001.
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as shown in Figure 2B. Overexpression of ORMDL3 (ORMDL3-
OE) was conducted by stably expressing ORMDL3 with a
lentiviral vector containing ORMDL3 cDNA in MC/9 cells.
The increase of ORMDL3 expression was checked at both the
mRNA (Figure 2A) and protein levels (Figure 2B). The mRNA
level of ORMDL3 was increased ~10-fold when compared to that
of cells expressing the empty vector (ORMDL3-OE-NC) and cell
only. The protein level of ORMDL3 increased approximately 6-
fold when compared to controls.

Using the cell models established above, we assessed the effects of
ORMDL3 on Ag-induced degranulation of MC/9 cells, which was
evaluated by the release levels of histamine, b-glucuronidase and
tryptase. Antigen induction significantly increased degranulation in
Frontiers in Immunology | www.frontiersin.org 517
the cell only and ORMDL3 controls (ORMDL3-OE-NC and
ORMDL3-KD-NC) as evidenced by increased release of
histamine, b-glucuronidase and tryptase (Figure 2C).
Importantly, Ag-induced degranulation was significantly down-
regulated by the overexpression of ORMDL3 (ORMDL3-OE) and
up-regulated by the knockdown of ORMDL3 (ORMDL3-KD;
Figure 2C). Consistent with the release results, the concentrations
of histamine, b-glucuronidase and tryptase were decreased in the
supernatant of Ag-activated cells in the ORMDL3-OE group and
increased in the ORMDL3-KD group (Supplementary Figure 1).
This was coupled with an increase of the intracellular
concentrations of these markers in ORMDL3-OE cells and a
decrease in ORMDL3-KD cells (Supplementary Figure 1).
A B

D

C

FIGURE 2 | ORMDL3 negatively regulates degranulation and the production of cytokines and chemokines in Ag-activated mast cell. MC/9 cells were transduced
with VLPs conveying ORMDL3-shRNA and ORMDL3 and referred to as ORMDL3-KD and ORMDL3-OE respectively. Controls transduced with empty VLPs are
referred to as ORMDL3-KD-NC and ORMDL3-OE-NC. (A, B) The knockdown and overexpression efficiency were determined by qRT-PCR and western blotting.
ORMDL3 mRNA level was normalized to the amount of b-actin and calculated as a fold change of cell only group. For western blotting, GAPDH was used as a
loading control. (C, D) Cells were sensitized overnight with 1 µg/ml of anti-DNP mouse IgE followed by stimulation with PBS (0 ng/ml DNP-BSA) or 100 ng/ml of
DNP-BSA for 30 min. Release of histamine, b-glucuronidase and tryptase was measured by ELISA. Quantification of cytokines (IL-6, IL-13, and TNF-a) and
chemokines (CCL3 and CCL4) was performed by qRT-PCR. Data were normalized to the amount of b-actin and calculated as a fold change of the non-stimulated
cell only group. Results are shown as mean ± SDs of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. VLPs, virus like particles;
KD, knockdown; OE, overexpression; NC, negative control.
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Mast cells also produce cytokines and chemokines critical for
inflammatory responses. Hence, we next measured the
expression of cytokines and chemokines in Ag-activated mast
cells. Ag-induction promoted the release of key effector cytokines
IL-6, IL-13, and TNF-a and chemokines CCL3 and CCL4.
Importantly, the release of these cytokines/chemokines were
significantly impaired in ORMDL3-OE cells and increased in
ORMDL3-KD cells (Figure 2D). In the non-activated MC/9
cells, there were no differences in the productions of studied
cytokines and chemokines. Collectively, these findings suggest
that ORMDL3 is a negative regulator of Ag-activated mast cell
degranulation as well as cytokine/chemokine production.

ORMDL3 Regulates ATF6-UPR and
Autophagy in Ag-Activated Mast Cells
To investigate whether the ERS-induced UPR-autophagy pathway
participates in the ORMDL3-mediated negative regulation of mast
Frontiers in Immunology | www.frontiersin.org 618
cell activation, we compared the ERS/UPR signaling and autophagy
biomarkers between ORMDL3-OE and ORMDL3-KD cells. The
mRNA levels of ERS markers SERCA2b/ATF6 and autophagy
markers Beclin 1 and light chain 3B (LC3B) showed a significant
increase in the activated ORMDL3-OE cells and a decrease in
ORMDL3-KD cells (Figure 3A). The protein levels of SERCA2b,
ATF6, Beclin 1 and LC3B II/I also increased in ORMDL3-OE cells
and decreased in ORMDL3-KD cells (Figure 3B). Other UPR
signaling molecules including XBP1u, XBP1s, Perk and BiP were
independent of ORMDL3 expression level (Supplementary Figure
2A), but the protein level of phosphorylated eukaryotic translation
initiation factor 2a (p-eIF2a) was up-regulated in activated
ORMDL3-OE cells and down-regulated in ORMDL3-KD cells
(Supplementary Figure 2B). Confocal microscopy analysis
further verified the effects of ORMDL3 on the ATF6-autophagy
pathway. As shown in Figures 3C, D, overexpression of ORMDL3
led to an increased nuclear localization of ATF6 and a significant
A

B

DC

FIGURE 3 | ORMDL3 regulates ATF6-UPR and autophagy in Ag-activated mast cell. MC/9 cells were treated as described in Figure 2. mRNA (A) and protein (B)
expression of ERS (SERCA2b, ATF6) and autophagy (Beclin 1, LC3B and LC3B II/LC3B I) markers in non-activated and Ag-activated mast cells was measured by
qRT-PCR and western blotting. mRNA level was normalized to the amount of b-actin and calculated as a fold change of the non-stimulated cell only group. For
western blotting, GAPDH served as a loading control. (C, D) Representative images depict expressions of ATF6 (red) and LC3B (red) in Ag-activated mast cells.
Scale bar 25 mm. Nuclei (blue) were stained with DAPI. Results are shown as mean ± SDs of 3 independent experiments. ***P < 0.001; ****P < 0.0001. KD,
knockdown; OE, overexpression; NC, negative control.
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increase of LC3B puncta in Ag-activated MC/9 cells, whereas these
markers were down-regulated in ORMDL3-KD cells. No significant
difference was observed between non-activated groups
(Supplementary Figures 3A, B).

Inhibition of Either ATF6 or Autophagy
Reverses ORMDL3 Overexpression-
Mediated Suppression of Mast Cell
Activation
ATF6 is an important protein sensor and is activated during
ORMDL3-mediated ERS/UPR signaling. To validate whether
ATF6-UPR facilitates ORMDL3-mediated negative regulation
of MC/9 function, we adapted a Tet-on system to knockdown the
expression of ATF6 to different levels in ORMDL3-OE cells. The
result showed that the expression of ATF6 was decreased by
doxycycline (Dox) in a dose-dependent manner, which was
confirmed by qRT-PCR and western blot analysis (Figure 4A).
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Interestingly, Ag-induced degranulation, and the production of
cytokines and chemokines was up-regulated in ATF6-KD (Dox
100 ng/ml) ORMDL3-OE cells, suggesting that impairments of
degranulation and cytokine and chemokine production caused
by overexpression of ORMDL3 were overcome by ATF6
downregulation, albeit not to the level of un-manipulated cells
(Figures 4B, C). In line with this, the activated ATF6-KD (Dox
100 ng/ml) ORMDL3-OE cells had higher concentrations in
supernatant and lower intracellular concentrations of histamine,
b-glucuronidase and tryptase compared with ORMDL3-OE cells
(Supplementary Figure 4). However, downregulation of ATF6
by Dox at 10 ng/ml did not rescue the impairment of
degranulation caused in ORMDL3-OE cells, but it did partially
reinitiate the production of IL-6, IL-13, TNF-a and CCL4
(Figure 4C). Moreover, as shown in Figures 4D, E, the
increased Beclin1 and LC3B mRNA expression as well as the
increased protein level of Beclin1 and LC3B II/I in ORMDL3-OE
A B

D E

C

FIGURE 4 | Knockdown of ATF6 reverses ORMDL3 overexpression-mediated suppression of mast cell activation. Knockdown of ATF6 was conducted by
transducing ORMDL3-OE cells with VLPs conveying ATF6-shRNA and the addition of doxycycline (Dox, 10 ng/ml or 100 ng/ml). Cells were sensitized overnight with
1 µg/ml of anti-DNP mouse IgE followed by stimulation with PBS (0 ng/ml DNP-BSA) or 100 ng/ml of DNP-BSA for 30 min. (A) The knockdown efficiencies were
determined by qRT-PCR and western blotting. mRNA level was normalized to the amount of b-actin and calculated as a fold change of the cell only group. For
western blotting, GAPDH served as a loading control. (B) Release of histamine, b-glucuronidase and tryptase was measured by ELISA. (C) mRNA expression of
cytokines (IL-6, IL-13, and TNF-a) and chemokines (CCL3 and CCL4). Data were normalized to the amount of b-actin and calculated as a fold change of the non-
stimulated cell only group. (D, E) qRT-PCR and western blot analysis of autophagy markers (Beclin 1, LC3B, and LC3B II/LC3B I). mRNA level was normalized to
the amount of b-actin and calculated as a fold change of the non-stimulated cell only group. For western blotting, GAPDH served as a loading control. Results are
shown as mean ± SDs of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. KD, knockdown; OE, overexpression.
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cells were markedly reversed by ATF6 knockdown (100 ng/ml
and 10 ng/ml Dox), suggesting that autophagy appears to be
downstream of the ORMDL3/ATF6 pathway.

To further determine the contribution of autophagy in the
inhibition role of ORMDL3 on mast cell activation, ORMDL3-
OE cells were treated with 3-MA, which is widely used as an
inhibitor of autophagy. The inhibition of autophagy was
demonstrated by the low expression of LC3B II/LC3B I, which
was confirmed by western blot analysis (Figure 5A). As shown in
Figures 5B, C, induction of degranulation and cytokine/
chemokine production in the 3-MA treated Ag-activated MC/9
cells was significantly increased when compared to the cell only
group. When ORMDL3-OE cells were treated with 3-MA and
activated, the decreased degranulation and the production of
cytokines and chemokines caused by ORMDL3 overexpression
was reversed. A similar result was observed in the 3-MA treated
ATF6-KD ORMDL3-OE cells. Taken together, these results
suggest that ORMDL3 negatively regulates degranulation as
well as cytokine and chemokine production of Ag-activated
MC/9 cells via the ATF6-autophagy pathway.

Knockdown of ORMDL3 and/or ATF6
Enhances PCA Reactions
To evaluate the in vivo relevance of the ORMDL3-mediaed ATF6
UPR pathway in mast cell functions, mice were intradermally
injected into both ears with ORMDL3 overexpressing virus like
particles (VLPs), ORMDL3 knockdown VLPs and/or ATF6
knockdown VLPs to change ORMDL3 and/or ATF6
Frontiers in Immunology | www.frontiersin.org 820
expression locally (Figure 6A). After 48 h of injection, the
efficiency of VLPs was confirmed by qRT-PCR (Figure 6B).
To assess local IgE-dependent mast cell degranulation by PCA
reactions, the mice were intradermally injected with anti-DNP
IgE into both ears and challenged intravenously with DNP-BSA
and Evans blue 24 h later (Figure 6A). As presented in Figures
6C, D, Evans blue extravasation at PCA reaction sites was
inhibited in mice injected with ORMDL3 overexpression VLPs,
whereas, ORMDL3 knockdown VLPs and/or ATF6 knockdown
VLPs injection enhanced Evans blue extravasation. As expected,
the ORMDL3-OE + ATF6-KD group had higher Evans blue
extravasation than the ORMDL3-OE group, which suggesting
that ATF6 knockdown reversed the inhibited PCA reaction
caused by ORMDL3 overexpression. Thus, we concluded that
the ORMDL3-mediated ATF6 UPR pathway plays a crucial role
in the degranulation of Ag-activated mast cells in vivo.
DISCUSSION

Our data revealed a novel mechanism of ORMDL3 mediated
regulation of mast cell activation. We found that ORMDL3
expression was downregulated in Ag-activated MC/9 cells.
Overexpress ion of ORMDL3 suppressed mast ce l l
degranulation and attenuated the release of inflammatory
cytokines and chemokines. The opposite responses were
observed with the knockdown of ORMDL3 in mast cells.
ORMDL3 overexpression also upregulated the ATF6-
A B

C

FIGURE 5 | Inhibition of autophagy reverses the effect of ORMDL3 overexpression-induced suppression of mast cell activation. (A) MC/9 cells were serum starved
overnight, then treated with 3-MA at indicated concentrations for 24 h. Western blot analysis shows the inhibition efficiency of indicated concentrations of 3-MA on
LC3B expressions. GAPDH served as a loading control. (B, C) ORMDL3 overexpression and ATF6 knockdown were conducted as described in Figures 2 and 4.
Cells were serum starved overnight followed by treatment with 1 µg/ml of anti-DNP mouse IgE together with or without 5 mM 3-MA for 24 h, then stimulated with
100 ng/ml of DNP-BSA for 30 min. Release of histamine, b-glucuronidase and tryptase was measured by ELISA. Quantification of cytokines (IL-6, IL-13, and TNF-a)
and chemokines (CCL3 and CCL4) mRNAs was performed by qRT-PCR. Data were normalized to the amount of b-actin and calculated as a fold change of the non-
stimulated cell only group. Results are presented as mean ± SDs of three independent experiments. ****P < 0.0001. KD, knockdown; OE, overexpression.
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dependent UPR response as well as promoted autophagy in mast
cells. Intriguingly, knockdown of ATF6 and/or autophagy
inhibition repressed ORMDL3-mediated inhibition of mast cell
activation. This was nicely corroborated with the findings that
ORMDL3-ATF6-UPR suppressed PCA reaction. Taken together
these data suggest that ORMDL3 negatively regulates mast cell
activation and subsequent immune responses via ATF6-
autophagy dependent pathway (Figure 7).

Mast cells are the crucial effector cells in IgE-dependent allergic
diseases. Mast cells release various pro-inflammatory cytokines and
chemokines upon antigen activation. We have shown that
knockdown of ORMDL3 in Ag-activated mast cells increased
mRNA expression of pro-inflammatory cytokines IL-6, IL-13 and
TNF-a, and chemokines CCL3 and CCL4. This observation is
consistent with a previous study using BMMCs in which the
Frontiers in Immunology | www.frontiersin.org 921
expression of cytokines and chemokines was found to be
significantly enhanced in Ag-activated ORMDL3-KD BMMCs
(23). Knockdown of ORMDL3 in Ag-activated mast cells causes
enhanced phosphorylation of IkBa, a master regulator of
transcription factor NF-kB (23, 30). ORMDL3 knockdown is also
known to enhance nuclear localization of NF-kBp65 subunit which
increases the transcription of NF-kB dependent genes of cytokines/
chemokines including IL-6, IL-13, TNF-a, CCL3, and CCL4.
However, Bugajev and colleagues reported that the mRNA
expression of these cytokines/chemokines was higher in
unstimulated ORMDL3-KD BMMCs whereas we did not find
any difference in unstimulated cells (23). They also reported that
ORMDL3 knockdown did not affect mast cell degranulation. This
can be ascribed to the inherent differences in using cell lines versus
primary cells and the different antigens being used in these
A

B

D

C

FIGURE 6 | Knockdown of ORMDL3 and/or ATF6 enhances passive cutaneous anaphylaxis (PCA) reactions. (A) The ears of mice were injected intradermally with
corresponding VLPs (ORMDL3 overexpressing, knockdown and/or ATF6 knockdown); both PCA negative and positive control were VLPs-free. Anti-DNP IgE was
injected intradermally into the ears 48 h later. DNP-BSA and Evans blue was injected intravenously another 24 h later, the negative control received Evan blue in PBS
only. Two hours later, mice were euthanized. (B) ORMDL3 and ATF6 quantification of extracts from ears was performed by qRT-PCR. Data were normalized to the
amount of b-actin and calculated as a fold change of the control group. Results are presented as mean ± SDs of 3 independent experiments. (C) Evans blue dye
was extracted by incubating the ear samples in 0.5 ml DMSO for 24 h at 37 °C, and optical density (O.D.) was measured at 650 nm. Quantitative data are presented
as mean ± SDs (n=6; pooled data from two independent experiments). (D) Representative photographs of ears from indicated mice 2 h after antigen challenge.
****P < 0.0001. VLPs, virus like particles; KD, knockdown; OE, overexpression.
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experiments. It would be beneficial to perform a side-by-side
comparison to investigate the underlying mechanisms of
such differences.

ORMDL3 exhibits a negative regulatory role in Ag-activated
mast cells, one that differs from activated eosinophils (9), airway
smooth muscle (31), and bronchial airway epithelial cells (8). In
fact, very few negative regulatory mediators have been reported
in allergic diseases compared to positive mediators, therefore it is
essential to explore the mechanisms involved. As an ER localized
protein, the role of ORMDL3 in the regulation of ERS-induced
UPR is an important mechanism to link ORMDL3 to asthma
pathogenesis (5, 8, 32, 33). UPR has three major distinct arms:
IRE1, PERK, and ATF6 (15, 16). Prior studies have demonstrated
that the role of ORMDL3 in the regulation of UPR signaling is
cell-specific. It is reported that the overexpression of ORMDL3
inhibited SERCA2b and activated the PERK/eIF2a arm of UPR
in HEK 293 cells (human embryonic kidney cells) (22). In airway
epithelium, ORMDL3 was found to activate the ATF6 pathway
and subsequently regulate the expression of SERCA2b, which has
been implicated in airway remodeling (8). In our study, we found
that both SERCA2b and ATF6 expression was significantly
increased in Ag-activated ORMDL3-OE cells, whereas it was
decreased in Ag-activated ORMDL3-KD cells, which suggests
that the ATF6 UPR pathway is regulated by ORMDL3
expression in Ag-activated mast cells. Meanwhile, our western
blot showed that p-eIF2a (phosphorylated by PERK) was
increased by overexpression of ORMDL3 and decreased by its
knockdown. However, qRT-PCR analysis revealed that the
mRNA levels of PERK were not significantly changed upon
alteration of ORMDL3 expression, suggesting that ORMDL3
Frontiers in Immunology | www.frontiersin.org 1022
might regulate eIF2a expression independent of PERK, but this
needs to be further investigated. To verify the contribution of the
ATF6 UPR pathway to the regulatory role of ORMDL3 on mast
cells, we constructed an ATF6-KD cell model in conjunction
with ORMDL3 overexpression in which varied level of ATF6
knockdown was achieved using different concentrations of
doxycycline. We observed that downregulation of ATF6
mRNA and protein level by 70% using 100 ng/ml Dox
reversed the impairment of degranulation as well as cytokine
and chemokine production by ORMDL3 overexpression.
Although ATF6 mRNA and protein level were downregulated
by 15% and 25% respectively using 10 ng/ml Dox, it did not
reverse the inhibition effect of ORMDL3 on mast cell
degranulation. However, it did partially restart cytokine and
chemokine production, suggesting that cytokine and chemokine
production is more responsive to the ORMDL3/ATF6 pathway
regulation than degranulation. These results suggest a potential
link between the ORMDL3 regulated ATF6 UPR pathway and
Ag-mediated mast cell activation.

Following this we then aimed to investigate the vital molecular
mechanisms by which the ORMDL3/ATF6 UPR pathway regulates
mast cell activation. ORMDL3 is considered to be an autophagy-
related gene, given its role in mediating inflammation, ERS and
UPR, which in turn are stimulating factors that induce autophagy
(19). It was suggested that high levels of ORMDL3 in B cells induce
ERS through ATF6 and results in autophagy (34). In endothelial
cells, oxidized low-density lipoprotein (ox-LDL) upregulates
ORMDL3 expression and subsequently promotes autophagy (35).
In macrophages, the anomalous expression of ORMDL3 affects
autophagy and contributes to the risk of inflammatory diseases (21).
FIGURE 7 | ORMDL3 negatively regulates mast cell activation via an ATF6-autophagy dependent pathway. ORMDL3 activates ATF6 pathway which upregulates the
transcription of autophagy gene Beclin 1. This results in increased autophagic activity in mast cells. The FcϵRI-mediated mast cell activation can be inhibited by autophagy.
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Autophagy is a process that determines a cells fate in different ways
(36); it can be regulated by any of the three branches of the UPR
(ATF6, IRE1a, and PERK), although regulation is cell-specific and
context-specific (12, 15–18). Interestingly, it is reported that
autophagy plays a crucial role in mast cell degranulation.
Conversion of LC3 I to LC3-II was found inherently induced in
mast cells, and LC3-II localized in secretory granules of mast cells.
Deletion of Atg7 has shown severe impairment of degranulation in
BMMCs (29). Therefore, considering the following points that:
there is a close relationship between ORMDL3 and autophagy;
ORMDL3 regulates ERS-inducedUPR; autophagy can be activated
by the UPR pathway; autophagy is crucial to mast cell
degranulation; we examined whether ORMDL3 may modulate
autophagy through the ATF6 UPR pathway, thereby facilitating
its regulatory role in mast cell activation. As expected, autophagy
markers Beclin 1 and LC3B were shown to be increased in Ag-
activated ORMDL3-OE cells, whereas they were decreased in
ORMDL3-KD cells. Confocal microscopy was used to validate
these results and demonstrated that ORMDL3-OE cells showed a
strengthened formation of LC3B puncta, and ORMDL3-KD cells
showed a decrease. ATF6 knockdown markedly reversed the
upregulated autophagic activity by ORMDL3 overexpression,
which confirmed that ORMDL3 regulates autophagy through
ATF6. Furthermore, we demonstrated that inhibition of
autophagy by 3-MA reversed the deficiency of degranulation and
cytokine/chemokine production caused by ORMDL3
overexpression and an enhanced reversal was observed by ATF6
knockdown together with 3-MA treatment. Consequently,
autophagy acts as a downstream effector of the ORMDL3/ATF6
UPR pathway.

The in vivo data corroborated the results obtained with MC/9
cells in vitro. PCAreaction is a commonly usedmeasure ofmast cell
function in vivo. The reaction is induced by means of injecting
antigen-specific IgE, which binds to FcϵRI on tissue mast cells and
results in mast cells sensitization. Twenty-four hours later, antigen
is co-administered intravenously with Evans blue dye, resulting in
localized degranulation of mast cells, secretion of vasoactive
mediators and extravasation of Evans blue (37, 38). The Evans
blue extravasation was enhanced in mice injected with ORMDL3
knockdown VLPs and/or ATF6 knockdown VLPs, whereas it was
inhibited in mice injected with ORMDL3 overexpression VLPs.
Based on these data, we confirmed that the ORMDL3-mediated
ATF6 UPR pathway negatively regulates the degranulation of Ag-
activatedmast cells invivo.One limitationofour study is thatwedid
not useOrmdl3−/−mice. However, it is important to note that these
mice have elevated serum levels of total sphingolipids, including
ceramides (13), which binds to leukocyte mono-immunoglobulin-
like receptor 3 (LMIR3) and inhibits mast cell activation (39, 40).
Another limitation of the study is the use of single cell line (MC/9)
for all the experiments. MC/9 cell line is derived from the fetal liver
of a F1mice. The size andmorphology ofMC/9 are similar to those
of BMMCs. MC/9 expresses functional FcϵRI and CD117. Its
binding ability to mouse IgE is similar to that of mouse peritoneal
mast cells. In our experiment, we successfully transduced MC/9
with ORMDL3 and ATF6 virus like particles (VLPs). We have
tested mouse BMMCs for this investigation. It was practically
Frontiers in Immunology | www.frontiersin.org 1123
difficult to obtain large number of cells required for this study.
Moreover, we could not achieve satisfactory transduction efficiency
of BMMCs which was critical for the investigation of the role of
ORMDL3/ATF6 in mast cell activation.

In conclusion, our work supports the current hypothesis that
ORMDL3 acts as a negative modulator of mast cell activation,
further to this we have identified that the ATF6 UPR-autophagy
pathway is critical in this response. A limitation of our study is
that we did not identify the mechanism by which autophagy
affects Ag-mediated mast cell activation. Although a previous
study found that cellular ATP levels, which may be crucial for
activation of kinases involved in mast cell function, were
increased in Atg7−/− BMMCs (29), whether autophagy
participates in mast cell function by alteration of cellular ATP
levels is currently unknown and needs to be further investigated.
Nevertheless, our findings provide evidence of the negative
regulatory role of ORMDL3 on mast cell degranulation as well
as cytokine and chemokine production. Additionally, we
demonstrated that ORMDL3 selectively regulates the ATF6
UPR-autophagy signaling pathway, which is an important
mechanism to link ORMDL3 to mast cell physiology providing
a cellular and molecular explanation for the association between
ORMDL3 and asthma pathogenesis.
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Chronic spontaneous urticaria (CSU) is a mast cell-driven disease that is often associated
with autoimmune or autoinflammatory conditions. Omalizumab is recommended in the
treatment of refractory CSU in patients over 12 years of age who do not respond to four
standard doses of antihistamines. Omalizumab blocks the mast cells’ degranulation, thus
interrupting the resulting inflammatory cascade driven by T-helper 2 (Th2) cytokines. The
efficacy of omalizumab in controlling CSU and possible associated diseases has been
studied in few patients so far. In particular, some case reports describe adults with CSU
and concomitant inflammatory bowel diseases (IBD), such as Crohn’s disease (CD) or
ulcerative colitis (UC). Although the treatment of CD with anti-tumor necrosis factors-a
(TNF-a) seems to be effective in controlling CSU, no cases of the utility of omalizumab in
patients with both conditions have been described so far. At the moment, there is no
evidence that the pathogenetic mechanisms underlying CD are linked to the same
pathways that are inhibited by omalizumab for the treatment of CSU. We present the
first pediatric case of refractory CSU and CD in which omalizumab led to CSU remission,
even if the follow-up period was limited. In conclusion, our experience shows how CSU
could be associated with CD and successfully treated with the monoclonal anti-IgE
antibody in a patient on immunosuppressive therapy. However, more data is needed from
a larger population.

Keywords: anti-IgE monoclonal antibody, chronic spontaneous urticaria, inflammatory bowel diseases, Crohn’s
disease, omalizumab, adolescent
INTRODUCTION

Omalizumab is a recombinant monoclonal antibody (mAb)—direct against the Fcϵ portion of the
immunoglobulin (Ig)E antibodies—that blocks interaction with the high-affinity receptors (FcϵRI)
expressed on the surface of target cells such as basophils and mast cells and that, consequently,
blocks their release of several mediators (1).
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Omalizumab acts mainly on a T-helper 2 (Th2) inflammation
with a prominent role on mastocytes by inhibiting their
degranulation and interrupting the resulting inflammatory
cascade driven by Th2 cytokines (2). The efficacy of omalizumab
has been proven in several diseases with a high level of evidence (i.e.,
allergic asthma, chronic urticaria, allergic rhinitis), medium level of
evidence (i.e., nasal polyposis, facilitation of oral food allergen
immunotherapy, facilitation of subcutaneous immunotherapy to
aeroallergens, non-allergic asthma, allergic bronchopulmonary
aspergillosis), and low level of evidence (i.e., mast cell activation
syndrome, idiopathic anaphylaxis, atopic dermatitis, eosinophilic
esophagitis, aspirin-exacerbated respiratory disease, asthma-chronic
obstructive pulmonary disease overlap) (3).

In particular, the utility and safety of omalizumab in the
treatment of severe allergic asthma has been known for many
years. Indeed, it was approved by the United States Food and
Drug Administration (FDA) in 2003, and 2 years later by the
European Medicine Agency (EMA).

Moreover, the European Academy of Allergy and Clinical
Immunology (EAACI), European Dermatology Forum (EDF),
Global Allergy and Asthma European Network (GA2LEN), and
World Allergy Organization (WAO) recommended the use of
omalizumab in step three of the treatment for chronic spontaneous
urticaria (CSU) in patients 12 years or older (3). CSU is defined by the
daily appearance of wheals and/or angioedema, without an identified
trigger, for a period lasting at least 6 weeks (3).

Autoimmunity seems to play a role of paramount importance
in CSU, which is frequently associated with other autoimmune
diseases, especially thyroiditis and celiac disease (4). Recently,
few reports describe CSU associated with autoinflammatory
gastrointestinal diseases, such as ulcerative colitis (UC) and
Crohn’s disease (CD), especially in adult patients (5–8).

We describe the first pediatric case of a girl with CD who
developed refractory CSU and required treatment with
omalizumab, leading to CSU remission.
CASE REPORT

We present the case of a Caucasian girl who has been suffering from
CD since she was 12 years old. The colonoscopy revealed linear
Frontiers in Immunology | www.frontiersin.org 227
millimetric ulcerations on slightly hyperemic mucosa in the
terminal ileum; the ileocecal valve presented rounded ulceration
on the proximal edge; the mucosa of the whole colon up to the
rectum was normal in appearance. The histological exam showed
that, at the level of the terminal ileum and ileo-cecal valve,
architecture of villi was within normal limits without an increase
in intraepithelial T lymphocytes with pseudo-atrophic aspects and
erosions of the epithelial lining. In the lamina propria, an increase in
the inflammatory component, partly in the form of hyperplastic
follicular lymphoid aggregates, partly in the neutrophilic and
eosinophilic component, involved in some points the glandular
structures without creating cryptic abscesses. There were no
giant cells or granulomas. The cecum, the ascending-transverse-
descending colon, the sigma and rectum were of normal
morphology. At 12 years old, she started therapy with azathioprine
and mesalazine without any disease relapse. At 17 years of age, she
began to present episodes of angioedema, which were, in the
beginning, isolated and, after 6 months, associated with urticaria.
The patient had not undergone any treatment change for CD in
the previous 5 years. In January 2019, she was referred to our
Allergy Unit as urticarial episodes occurred daily (Figure 1) and
persistently for more than 6 weeks despite being treated with
second-generation non-sedating H1-antihistamines (sgAH1) up
to 2 fold the approved doses. On the physical examination, she
presented diffuse wheals, especially on the trunk and legs but
sparing the face, in the absence of angioedema or other relevant
clinical manifestations, including articular or musculoskeletal
ones. Moreover, no clinical features of urticarial vasculitis were
detected, which allowed us to rule it out. A full diagnostic work-up
for chronic urticaria was performed (Table 1). She underwent a
gastroenterology visit with esophagogastroduodenoscopy and
colonoscopy with retrograde ileoscopy, which ruled out a
relapse of CD. Moreover, the fecal calprotectin and the
erythrocyte sedimentation rate (ESR) were in the normal range
(Table 1). Therefore, she was diagnosed with CSU and
angioedema in a patient with CD in remission.

We suggested maintaining the dose of sgAH1 twice a day and
monitoring the disease activity by filling out the seven-day
Urticaria Activity Score weekly (UAS7) as recommended by
the EAACI/GA2LEN/EDF/WAO guideline (9). According to
our center’s clinical guidance and as recently explained in a
FIGURE 1 | Urticaria on the thighs and legs of the patient.
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published article by Sarti et al., we adjusted the dose of the sgAH1
therapy based on the patient’s UAS7. Specifically, if the UAS7
was higher than 15 for at least 2 weeks, a step-up in therapy was
performed. If it was 1–15, the sgAH1 dose was maintained.
Finally, if it was 0 for at least 2 weeks, a step-down in therapy was
performed (10). After 4 weeks, the patient was evaluated again
through telemedicine; due to the low disease control, we
suggested increasing the sgAH1 dose to three times a day
(Figure 2). Taking into account the low control of urticaria
despite the sgAH1 treatment at threefold, the approved doses
and the occurrence of somnolence as a side effect of antihistamines
at high doses, in June 2019, we started treatment with subcutaneous
omalizumab (300 mg) every 4 weeks (Figure 1). The patient
continued taking sgAH1 three times a day for the first two
months of treatment with the monoclonal antibody. As her
UAS7 progressively improved, the sgAH1 dose was tapered to
two times a day and to once a day in September 2019 (Figure 2).
After the sixth injection (November 2019), omalizumab was
stopped for two months according to the therapeutic schedule
approved in Italy. The patient continued to take only one dose of
cetirizine until February 2020, when a relapse of urticaria’s and
angioedema’s clinical manifestations occurred. For this reason, she
was given a twofold increase in the standard dosage of her sgAH1
Frontiers in Immunology | www.frontiersin.org 328
treatment. Also, to exclude a reactivation of CD, she underwent
new tests (Table 1), which gave normal results. Because of the poor
management of urticaria, sgAH1 was prescribed three times a day
for a short period of time. Because of the poor tolerance to the latter
therapy, in May 2020, we started the second cycle of treatment with
subcutaneous omalizumab (300 mg) every 4 weeks (Figure 2).
Through telemedicine, we decided to progressively reduce sgAH1
to twice a day and finally once a day from September 2020. In
October 2020, she underwent the last omalizumab injection. From
August to October 2020, the registered UAS7 was 0 (Figure 2).
After one month from the last omalizumab injection, the urticaria
and angioedema were under control with sgAH1 once a day, and
UAS7 was still 0. Moreover, the patient received 12 injections of
omalizumab without reporting any side effects.
DISCUSSION

In this case report, we highlighted the efficacy and safety of
omalizumab in an adolescent with refractory CSU and CD in
remission on immunosuppressive therapy. The use of
monoclonal anti-IgE therapy in the immunosuppressed host is
limited to a few case reports, including adult patients with the
hyper-IgE syndrome (HIES) (11) and HIV infection (12) and an
adolescent with a common variable immunodeficiency (CVI)
(13). In particular, Bard et al. (11) reported the first case of a 26-
year-old woman with HIES with severe recalcitrant eczematous
dermatitis, which was successfully treated with high-dose
monoclonal anti-IgE therapy. Moreover, Iemoli et al. (12)
described a case of excellent tolerability and efficacy of
omalizumab in the treatment of CSU in a 56-year-old HIV-
positive man on antiretroviral therapy; in particular, the viral
load remained undetectable, and the CD4+ T cell counts
improved. Recently, Comberiati et al. (13) reported the first
case of a 19-year-old female with CVID treated successfully in
terms of efficacy and safety with omalizumab for CSU after a
non-effective trial with intravenous immunoglobulin at
immunomodulatory dosage. The remission of cutaneous
symptoms was obtained after the first omalizumab injection
and persisted after the 12-month follow-up period.

As already described, CSU is a mast cell-driven disease (14).
Two groups of mast cell degranulating signals have been
described so far: IgE auto-antibodies to auto-allergens (type I
autoimmunity) and IgG or IgM autoantibodies targeting
activating mast-cell receptors (type II autoimmunity) (15).
These two types of autoimmune mechanisms of skin mast cell
degranulation are considered to be relevant causes of CSU in
most patients (15). Indeed, CSU has been associated with
numerous autoimmune diseases, including inflammatory bowel
diseases (IBDs) (4). However, very few case reports of CSU or
angioedema in adult patients associated with IBDs have been
described so far (5–8).

Farkas et al. andFreeman (5, 6) described two cases ofhereditary
angioedema (HAE) associated with CD: twomales aged 35 and 29.
The particularity of the latter clinical case (6) was that the patient’s
mother suffered from the same diseases—HAE and CD—that are,
TABLE 1 | Laboratory workup.

Parameters, unit of
measure

January 2019 February 2020 Normal range

CBC:
- WBC, n/mm3

- EOS, n/mm3
5,310
63.7

4,980
81.2

4,000–10,000
30–350

AST, U/L 14 16 1–31
ALT, U/L 10 9 1–31
Creatinine, mg/dl 0.65 0.60 0.50–1.20
CRP, mg/dl 0.6 0.5 0–0.7
ESR, mm/hr 13 15 2–37
Specific IgE to common
airway (mites, molds, animal
epithelia and grass, weed,
birch, olive, cypress pollens)
and common food allergens
(milk, egg, wheat, cod,
tomato, soy, peanut), KU/l

<0.10 np <0.10

HP-Abs U/ml 0.10 np <0.30
TSH mlU/ml 3.13 3.01 0.35–4.94
fT4, pg/ml 8.8 8.5 6-12
TG-Ab, IU/ml 1 1 <4
TPO-Ab, IU/ml 1 1 <9
tTG-IgA, U/ml 0.4 1 <7
ANA neg neg <1:80
C3, mg/dl 80 np 66–185
C4, mg/dl 35 np 15-52
C1-INH quantitative, g/l 0.22 np 0.15–0.33
C1-INH functional, % 100 np 70–100
Fecal calprotectin, mg/g 30 20 <70
ANA, antinuclear antibodies; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; C-reactive protein; CBC, complete blood count; C1-INH, C1
esterase inhibitor; CRP, C-reactive protein; EOS, eosinophils; ESR, erythrocytes
sedimentation rate; fT4, free-thyroxine; HP-Abs, Helicobacter pylori-antibodies; IgE,
Immunoglobulin E; neg, negative; np, not performed; TG-Ab, thyroglobulin-antibodies;
TPO-antibodies, thyroid peroxidase-antibodies; TSH, thyroid-stimulating hormone; tTG-
IgA, transglutaminase-Immunoglobulin A-antibodies; WBC, white blood cell.
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apparently, two unrelated conditions. Nevertheless, in this case,
they appeared tobe genetically linked.Mansueto et al. (16) reported
the case of a 64-year-old man with CSU who presented signs and
symptoms of subclinical CD, a manifestation that had never been
previously described in these patients.

Currently, the action mechanism of omalizumab is not fully
understood. It is known that it binds to free IgE, thus lowering free
IgE levels and their receptors (17). In the literature, the use of
omalizumab to treat CSU in patients with concomitant IBDs is
limited to a few case reports. In particular,Witten et al. (18) described
the successful use of omalizumab in a 23-year-old male with triple
immune/autoinflammatorydisease:CSUandangioedemaassociated
with CD and familial Mediterranean fever (FMF). Grieco et al. (19)
reported the case of a 49-year-old woman with UC who was under
mesalazine treatment. She had autoimmune thyroiditis, chronic
hypereosinophilia and CSU plus Besnier’s prurigo treated with
omalizumab with the resolution of urticaria and improvement of
cutaneous clinical manifestations of prurigo.

The CSU and CD have a strong autoimmune involvement
with an increase of proinflammatory cytokines (20). One
common thread in the pathophysiology of both diseases is the
imbalance in cytokine levels, in particular for IL-17 and TNF-a
(21–23). Habal et al. (24) described the first case of CSU with
angioedema coexistent with CD that was successfully treated
with anti-TNF-a agents. Whether the CSU was cured due to the
remission of the CD or because the TNF- a was a common
cytokine in the pathogenetic pathway of the two diseases is
difficult to understand. The authors hypothesized that given the
similarity of cytokine derangements in CSU and CD, therapies
that target the TNF- a could be effective in both conditions (24).
In support of this hypothesis, cases of patients with refractory
Frontiers in Immunology | www.frontiersin.org 429
CSU, who were successfully treated with TNF-a inhibitors, are
described in the literature (25, 26). Conversely, so far, no studies
have concluded that anti-IgE therapy could improve both CSU
and CD. Indeed, although CSU and CD are autoimmune diseases
sharing the imbalance of some cytokines, when present in the
same patient, they appear to be two concomitant diseases, and
one is not the cause of the other.

In conclusion, even if the follow-up period of our case was
limited and more data would be needed on more extensive
populations, our experience shows how CSU could be associated
with CD and successfully treated with monoclonal anti-IgE
antibody even in a patient on immunosuppressive therapy.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

Written informed consent was obtained from the minor(s)’ legal
guardian/next of kin for the publication of any potentially
identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS

SB, MG, GL, and LS conceptualized the work. SB, MG, FM, AG,
and PL drafted the manuscript. SB and FM performed the
FIGURE 2 | Effect of second-generation not sedating H1-antihistamines and omalizumab on the clinical manifestation of chronic spontaneous urticaria described
through 7-day Urticaria Activity Score (UAS7).
March 2021 | Volume 12 | Article 635069

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


Barni et al. Case Report: Omalizumab in Crohn’s Disease
investigations and critically revised the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

The research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. The
publication fee was financed by Novartis. The funder was not
Frontiers in Immunology | www.frontiersin.org 530
involved in the study design, collection, analysis, interpretation
of data, the writing of this article or the decision to submit it
for publication.
ACKNOWLEDGMENTS

The authors want to thank Novartis for its support in relation to
this work.
REFERENCES

1. Holgate S, Casale T, Wenzel S, Bousquet J, Deniz Y, Reisner C. The anti-
inflammatory effects of omalizumab confirm the central role of IgE in allergic
inflammation. J Allergy Clin Immunol (2005) 115(3):459–65. doi: 10.1016/
j.jaci.2004.11.053

2. Chang TW, Chen C, Lin CJ, Metz M, Church MK, Maurer M. The potential
pharmacologic mechanisms of omalizumab in patients with chronic
spontaneous urticaria. J Allergy Clin Immunol (2015) 135(2):337–42.e2.
doi: 10.1016/j.jaci.2014.04.036

3. Cardet JC, Casale TB. New insights into the utility of omalizumab. J Allergy
Clin Immunol (2019) 143(3):923–6.e1. doi: 10.1016/j.jaci.2019.01.016

4. Kolkhir P, Borzova E, Grattan C, Asero R, Pogorelov D, Maurer M.
Autoimmune comorbidity in chronic spontaneous urticaria: A systematic
review. Autoimmun Rev (2017) 16:1196–208. doi: 10.1016/j.autrev.2017.10.003

5. Farkas H, Gyeney L, Nemesanszky E, Kaldi G, Kukán F, Masszi I, et al. Case
Report Coincidence Of Hereditary Angioedema (Hae) With Crohn’s Disease.
Immunol Investigations (1999) 28(1):43–53. doi: 10.3109/08820139909022722

6. Freeman HJ. Hereditary angioneurotic edema and familial Crohn’s disease.
Can J Gastroenterol (2000) 14(4):337–9. doi: 10.1155/2000/828679

7. Naimeh LG, Muller BA. Chronic urticaria in a 17-year-old patient with a past
history of bowel disease. Ann Allergy Asthma Immunol (2001) 86(5):511–6.
doi: 10.1016/S1081-1206(10)62898-0

8. Liutu M, Kalimo K, Kalimo J, Kalimo H. Etiologic aspects of chronic urticaria
Int J Dermatol (1998) 37(7):515–9. doi: 10.1046/j.1365-4362.1998.00328.x

9. Zuberbier T, Asero R, Bindslev-Jensen C, Walter Canonica G, Church MK,
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Marloes van Splunter1 and Willem A. Dik1,2
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The Mas-related G-protein-coupled receptor X2 (MRGPRX2) is prominently expressed by
mast cells and induces degranulation upon binding by different ligands. Its activation has been
linked to various mast cell-related diseases, such as chronic spontaneous urticaria, atopic
dermatitis and asthma. Therefore, inhibition of MRGPRX2 activity represents a therapeutic
target for these conditions. However, the exact pathophysiology of this receptor is still
unknown. In vitro research with mast cells is often hampered by the technical limitations of
available cell lines. The human mast cell types LAD2 and HuMC (human mast cells cultured
fromCD34+ progenitor cells) most closely resemblemature humanmast cells, yet have a very
slow growth rate. A fast proliferating alternative is the humanmast cell line HMC1, but they are
considered unsuitable for degranulation assays due to their immature phenotype. Moreover,
the expression and functionality of MRGPRX2 on HMC1 is controversial. Here, we describe
theMRGPRX2 expression and functionality in HMC1 cells, and compare thesewith LAD2 and
HuMC. We also propose a model to render HMC1 suitable for degranulation assays by pre-
incubating themwith latrunculin-B (Lat-B). Expression of MRGPRX2 by HMC1was proven by
RQ-PCR and flowcytometry, although at lower levels compared with LAD2 and HuMC. Pre-
incubation of HMC1 cells with Lat-B significantly increased the overall degranulation capacity,
without significantly changing their MRGPRX2 expression, phenotype or morphology. The
MRGPRX2 specific compound 48/80 (C48/80) effectively induced degranulation of HMC1 as
measured by CD63 membrane expression and b-hexosaminidase release, albeit in lower
levels than for LAD2 or HuMC. HMC1, LAD2 and HuMC each had different degranulation
kinetics upon stimulation with C48/80. Incubation with the MRGPRX2 specific inhibitor QWF
inhibited C48/80-induced degranulation, confirming the functionality of MRGPRX2 on HMC1.
In conclusion, HMC1 cells have lower levels of MRGPRX2 expression than LAD2 or HuMC,
but are attractive for in vitro research because of their high growth rate and stable phenotype.
HMC1 can be used to study MRGPRX2-mediated degranulation after pre-incubation with
Lat-B, which provides the opportunity to explore MPRGRX2 biology in mast cells in a
feasible way.
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INTRODUCTION

Mast cells are innate-type leukocytes that reside at barrier
surfaces of the body, mainly the skin and mucosa. Here, they
contribute to local immune responses induced by exogenous or
physical triggers that disturb local tissue homeostasis (1). Mature
mast cells harbor a wide array of surface membrane receptors
that enable them to respond to many different triggers,
provoking their effector functions (1). Depending on the type
of stimulus, different types of activation can be induced, typically
resulting in degranulation whereby different kinds of preformed
mediators can be rapidly expelled (1, 2). Histamine, leukotrienes,
prostaglandins and other vasoactive substances that are released
by mast cells contribute to symptoms of anaphylaxis (3). Next to
the rapid degranulation of preformed molecules, mast cells can
initiate a slower pro-inflammatory response. This involves
synthesis and secretion of cytokines and chemokines that
subsequently activate neighboring cells and recruit and activate
infiltrating immune cells (1). Furthermore, mast cells strongly
interact with fibroblasts in wound healing responses, and mast
cell-derived proteases are important in eradicating toxic venoms
(4, 5). All the functional characteristics above illustrate the
importance of mast cells in the control of variety of
physiological and pathophysiological effects.

In modern medicine, mast cells have a mainly negative image
due to their role in allergic disease. Consequently, the IgE-
mediated route of mast cell activation has gained the most
scientific attention in the past decades (6). More recently, it
has become clear that other routes of mast cell activation can also
lead to degranulation and, thereby, anaphylaxis. An intriguing
G-protein coupled receptor termed the Mas-Related G-protein
coupled Receptor X2 (MRGPRX2) was initially considered to be
expressed exclusively on mast cells in humans (7). More recently,
functional MRGPRX2 membrane surface expression has also
been described on eosinophils and basophils, although no
quantitative comparison was made with mast cells (8). It has
also become clear that the expression and functionality of
MRGPRX2 on human MC extracted from different bodily
tissues can vary: skin mast cells appear to have the highest
MRGPRX2 expression whereas lung mast cells do not express
MRGPRX2 (9). MRGPRX2 has many ligands, including
hormones and neuropeptides, small molecule drugs and
venoms (7). It has extensively been proven that binding of one
of these ligands to MRGPRX2 induces mast cell degranulation,
but little to none cytokine production by mast cells (10, 11).
However, the intracellular signaling cascade downstream of the
receptor has not yet been fully elucidated.

Mast cell activation through MRGPRX2 presumably plays a
major role in pseudo-allergic reactions induced by small
molecule drugs, including neuromuscular blocking agents and
insect venom (10, 12). However, it is unknown why not all
individuals experience such hypersensitivity reactions upon
administration of the mentioned MRGPRX2 ligands and, more
importantly, how to prevent them. Next to hypersensitivity
reactions to exogenous substances, MRGPRX2 activation has
been linked to chronic spontaneous urticaria (13, 14), atopic
Frontiers in Immunology | www.frontiersin.org 232
dermatitis (15) and allergic asthma (16). Thereby, it forms a
potentially interesting target for treatment of various mast cell
related diseases. In order to develop effective therapies, the
biological behavior of the receptor and its downstream
intracellular mechanisms need to be elucidated. This requires
profound insight into MRGPRX2 biology in mast cells, which
could ideally be obtained from comprehensive in vitro
approaches, where a standardized experimental setting
is provided.

In vitro research with human mast cells is severely hampered
by the fact that they typically display low proliferative activity.
Moreover, the delicate nature of these cells is easily disturbed by
physical triggers, including mechanical stress (17). Many
researchers culture human mast cells (HuMC) from CD34+

myeloid progenitor cells derived from buffy coats, cord blood
or bone marrow to study human mast cell biology in vitro (18).
These HuMC, which develop from progenitors cells by use of
specific culture medium conditions, indeed resemble normal
human mast cells closely and have been shown to express
MRGPRX2 accordingly (19). Unfortunately, the method to
differentiate them is time consuming and expensive.
Furthermore, there is appears to be a limited time span in
which they can be optimally used for experiments, e.g. at the
age of 12-16 weeks (20).

To avoid these practical difficulties, a few human mast cell
lines are available. Laboratory of Allergic Diseases type 2 cells
(LAD2) were derived from CD34+ cells isolated from bone
marrow aspirate of a patient with aggressive systemic
mastocytosis without any detectable KIT mutation (21). LAD2
cells stably express IgE receptor type 1 (FceR1), display a
granular appearance, require stem cell factor (SCF) for survival
and proliferate slowly (doubling time of 2 weeks). Furthermore,
LAD2 cells have been proven to functionally express MRGPRX2
(22, 23). As such, the LAD2 cell line could be considered as
reasonably resembling normal human mast cells. However, a
main disadvantage for the use of LAD2 for in vitro research is
their very slow proliferation rate, making massive expansion
troublesome (21).

Another human mast cell line is Human Mast Cell 1 line
(HMC1), that was derived from a patient with mast cell
leukemia. HMC1 cells harbor either 1 or 2 activating
mutations in KIT (dependent on the exact subtype of HMC1
line), rendering them independent of SCF for survival and
making them highly proliferative with a doubling time of 2-3
days (24, 25). HMC1 displays a dedifferentiated phenotype as
evidenced by marginal FceR1 expression and a spindle-shaped
hypogranular appearance. While they display only little release of
histamine, tryptase and other typical mast cell mediators upon
degranulation, HMC1 cells can produce large amounts of
cytokines upon activation (24, 26). Although it is an immature,
immortalized human mast cell line with consequential
dissimilarities as compared with normal human mast cells,
HMC1 could represent an attractive model for MRGPRX2
research, mainly due to its high in vitro proliferation rate. To
our knowledge, only one other group has previously investigated
the expression of MRGPRX2 in HMC1. In their paper, they
March 2021 | Volume 12 | Article 625284

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


Hermans et al. HMC1 Expresses Functional MRGPRX2
briefly described the functionality of HMC1 as nonexistent,
although based on rather limited data (27).

It is thus clear that there is a need for a feasible in vitro mast
cell model to study MRGPRX2 biology in this cell type. Although
HMC1 have practical advantages over LAD2 and HuMC when
used for in vitro studies, it should first be ensured whether they
express and respond to MRGPRX2 and how this relates to LAD2
and HuMC. The goal of this study was to examine the expression
and functionality of MRGPRX2 on HMC1, and compare this to
LAD2 and HuMC. Moreover, we developed a method to
improve HMC1 degranulation capacity which renders them a
potentially useful model to functionally study MRGPRX2.
METHODS

Cell Culture
HMC1.2 cells [kindly provided by Dr. Butterfield, Mayo Clinic
Rochester, Minnesota (25)], were cultured in Roswell Park
Memorial Institute medium (RPMI, Lonza, Verviers, Belgium)
supplemented with 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES, Lonza, Verviers, Belgium), 10%
inactivated fetal calf serum (FCS), 50 mM b‐mercapto‐ethanol
(Sigma‐Aldrich, St. Louis, Missouri), and 1% antibiotics
(penicillin/streptomycin, Lonza, Verviers, Belgium). We have
used HMC1.2 cells, which harbor the G560V and D816V
mutations in KIT. For the rest of this manuscript, the term
‘HMC1’ will be used. HMC1 cells were passaged 2-3 times a week
and maintained at a density of 1-1.2*10^6 cells/ml.

LAD2 cells [kindly provided by Drs. Kirshenbaum and
Metcalfe, National Institute of Allergy and Infectious
Diseases, Bethesda, Maryland (21)] were cultured in Stem
Pro‐34 medium, supplemented with 2.6% nutrient
supplement (both Life Technologies, Grand Island, New
York), 2 mmol/L ultraglutamine (Lonza, Verviers, Belgium),
recombinant human stem cell factor (rhSCF) (100 ng/ml, R&D
systems, Abbingdon, UK), and 1% antibiotics (penicillin/
streptomycin). Cells were passaged once a week, preserving
50% old medium and adding 50% new medium with freshly
added rhSCF (100 ng/ml).

Primary human mast cells (HuMC) were established from
CD34+ myeloid progenitors cells isolated from buffy coats of
peripheral blood obtained from healthy blood bank donors,
based on the protocol published by Folkerts et al. (28). First,
peripheral blood mononuclear cells (PBMCs) were isolated from
the buffy coats by ficoll density separation. Subsequently, lineage
depletion (CD3/CD19/CD14) was conducted by magnetic-
activated cell sorting with magnetic beads (Human Lineage
Cell Depletion Kit; Miltenyi Biotec, Galdbach, Germany). The
negative fraction, considered to be enriched for CD34+

hematopoietic stem cells, was exposed to selection pressure
using specific culturing conditions, enabling the progenitor
cells to develop into HuMC. During the first month, cells were
cultured in culture medium I, containing StemSpan medium
(StemCell technologies, Vancouver, British Columbia, Canada)
supplemented with 1% penicillin/streptomycin, recombinant
Frontiers in Immunology | www.frontiersin.org 333
human interleukin 6 (rhIL-6, 50 ng/mL, Peprotech, Rocky Hill,
NJ), rhIL-3 (10 ng/mL, Peprotech), and rhSCF (100 ng/mL,
Peprotech). Cells were kept at a density of 0.5-1*106 cells/ml.
With every passage, 50% of the old medium was preserved and
50% of new medium with freshly included rhSCF, rhIL-6 and
rhIL-3 was added. Hereafter, culture medium I was gradually
substituted by culture medium II by again adding 50% new
medium to 50% preserved medium with every passage. Culture
medium II contained Iscove’s modified Dulbeccos medium with
GlutaMAX-I (IMDM, Lonza, Verviers, Belgium), 50 mM b‐
mercapto-ethanol, 0.5% FCS, 1% Insulin-Transferrin-Selenium
(Life Technologies, Carlsbad, CA), with 1% antibiotics
(penicillin/streptomycin), with fresh addition of 100 ng/ml
rhSCF and 50 ng/ml rhIL-6. HuMC were confirmed to have a
specific mast cell phenotype after ~12 weeks in culture, by
toluidine blue staining and flowcytometric analysis of FceR1,
KIT and MRGPRX2 expression (see below). HuMC aged 12-16
weeks were used for further experiments.

Receptor Profiling
Surface membrane expression of KIT (CD117), FceRI and
MRGPRX2 was assessed by flowcytometry on LAD2, HMC1,
HuMC and PBMCs (as triple negative control). Hereto, 2*105

cells were suspended in 500 ml of phosphate-buffered saline
(PBS), followed by centrifugation at 200g (HuMC), 300g
(HMC1 and LAD2) or 500g (PBMC) for 5 minutes. After
removal of the supernatant, cell pellets were resuspended in 90
ml PBS. Subsequently, cells were stained by adding 5 ml
monoclonal mouse-anti-human MRGPRX2-alexafluor488
antibody (R&D systems, Mineapolis U.S.), 1 ml monoclonal
mouse-anti-human CD117-Pe-Cy7 antibody (Beckman
Coulter, Brea, U.S.) and 2 ml monoclonal mouse-anti-human
FceRI-APC-A antibody (Biolegend, San Diego, U.S), followed by
15 minutes incubation at room temperature (RT) in the dark.
Thereafter, cells were washed with 2 mL PBS, resuspended in 150
ml FACS flow buffer (1% FCS, 0.09% NaN3, PBS) and analyzed
on a flowcytometer (LSRII, Becton Dickinson, Franklin Lakes,
New Jersey, U.S). The mean fluorescent intensity (MFI) for each
antibody was determined by measuring at least 2*104 single live
cells. Per cell type, unstained and unstimulated stained
conditions were always included. For each time point, the
experiment was conducted two fold.

Toluidine Blue Staining
Firstly, cells were washed and resuspended in PBS in a
concentration of 2*105 cells/ml. In order to make cytospin
slides, 50 μl of cell suspension was loaded into loading
chambers, followed by centrifugation for 5 minutes at 14g
using a cytofuge (Nordic Immunological laboratories, the
Netherlands), thus transferring cells onto glass slides. Next, the
cells were fixed with Mota’s fixative for 10 minutes, which was
then removed via indirect rinsing with deionized water.
Subsequently, 2-3 droplets of toluidine blue dye were added
onto the cells for 20 minutes, followed by indirect rinsing with
deionized water. Cells were tapped dry and a second coverslip
was placed over the stained cells, mounted with warmed gelatin
March 2021 | Volume 12 | Article 625284
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(Boom, Meppel, Netherlands). Stained slides were stored at 4 °C.
The images were analyzed using an Axiovert microscope with
AxioCAM MR5 (Zeiss , Oberkochen, Germany) and
photographed at 100x magnification, within five days after the
staining procedure.

HMC1 Degranulation Assay Using
Latrunculin-B
HMC1 are recognized to display poor degranulation activity
(26). To optimize HMC1 degranulation, we explored the effect of
the zinc-finger toxic protein Latrunculin B (Lat-B) on
degranulation induced by calcium ionophore A23187 (1mM,
Sigma Aldrich, Missouri, U.S), since this has proven to be a
potent general mast cell activator in our hands (29). Lat-B is a
macrolide-type protein derived from the Red Sea sponge
Latrunculina magnifica that influences actin in the
cytoskeleton and thereby theoretically enhances degranulation
capacity (30). Degranulation was determined by b-
hexosaminidase release and CD63 expression, as described
below. Degranulation assays were performed two to six fold for
each time point.

MRGPRX2-Dependent Mast Cell
Stimulation
Stimulation experiments were performed using the MRGPRX2
specific ligand compound 48/80 (C48/80, Sigma Aldrich,
Missouri, U.S). For LAD2, a concentration range of 0.1-1.5-10
mg/ml C48/80 was used, while for HMC1 1-5-10-50-100 mg/ml of
C48/80 was used. Based on the results found with LAD2 and
HMC1, a concentration range of 0.1-1-10-50-100 mg/ml C48/80
was used to stimulate HuMC. As a positive control, cells were
stimulated with A23187 (1 mM). Stimulation time ranged from
15 and 30 to 60 minutes and all stimulations were performed at
37°C. Due to a limited amount of cells, caused by the
aforementioned slow proliferation rates of LAD2 and HuMC,
not all concentrations and stimulation time-points could be
tested for all three different types of mast cells.

To further prove the functionality and specificity of
MRGPRX2 activation, additional inhibition experiments were
conducted by pre-incubation with the MRGPRX2 specific
antagonist QWF (Boc-Gln-D-Trp(Formyl)-Phe benzyl ester
trifluoroacetate salt, Santa Cruz biotechnology, Texas, U.S (10,
31)) for 10 minutes, at concentrations of 10, 25 and 100 mM. An
unstimulated condition containing an equal amount of the QWF
diluent, dimethyl sulfoxide (DMSO), was included in every
experiment as a control condition, not exceeding the maximal
concentration of 0.28% DMSO during stimulation of the cells.
Degranulation was assessed by b-hexosaminidase release and
CD63 expression, as described below.

b-Hexosaminidase Release Assay
Mast cell degranulation was measured by b-hexosaminidase
assay, essentially as previously described (29). The cells were
diluted in PBS containing 1.5 mM Ca2+ and seeded in a 96-well
plate at a concentration of 2*104 cells/well. C48/80 or A23187,
also diluted in PBS, were added in the indicated concentrations.
Frontiers in Immunology | www.frontiersin.org 434
After stimulation, the plate was centrifuged for 5 minutes at
300g. Hereafter, 50 ml of supernatant was transferred to another
96-wells plate (Nunc MaxiSorp™ flat-bottom) containing 50 ml 4
mM p‐nitrophenyl N‐acetyl‐ b‐D‐glucosamine (p‐NAG, Sigma
Aldrich, Missouri, U.S) in citrate buffer (pH 4.5). The cell pellet
was lysed using 150 ml 0.1% Triton X solution (Sigma Aldrich,
Missouri, U.S). Hereafter, 50 ml of cell lysate was transferred to
another 96-wells plate containing 50 ml 4 mM pNAG solution.
After incubation for 90 minutes at 37°C, 100 ml of glycine 400
mM was added to each well to end the reaction. Optical density
(OD) values were measured at 405 and 620 nm, using ELISA
plate reader (VersaMax microplate reader, Molecular Devices,
San Jose, U.S.). The relative b‐hexosaminidase release was
calculated as follows:

%  b � hexosaminidase release

=
2x Dsupernatan( = OD supernatant − OD blank condition)

(Dsupernatant + 4 ∗  Dcell lysate)ð

Surface Membrane CD63 Expression
Upregulation of CD63 expression was used as a measure for mast
cell degranulation, as described previously (32). In brief, the cells
were suspended in PBS with 1.5 mM Ca2+ to a concentration of
2x104 cells in 500 mL per tube. The cells were stimulated as
described above. Thereafter, the cells were fixed with 1%
paraformaldehyde (PFA, Sigma Aldrich, Missouri, U.S),
washed with FACS buffer and stained with 2 ml monoclonal
Mouse-anti-Human CD63-APC antibody (ThermoFisher,
Waltham, Massachusetts) and with 1 ml monoclonal mouse-
anti-human CD117-PE-Cy7 as a positive control. Surface
membrane expression of CD63 was measured using a
flowcytometer (Canto II, Becton Dickinson, Franklin Lakes,
New Jersey).

Because the percentage of CD63 positive cells on
unstimulated mast cells could vary, especially for HMC1, a
combination of CD63 expression plus increase in sideward
scatter was used to determine the percentage of degranulated
mast cells, and the relative increase of CD63 expression was
calculated. Figure S1 shows a representative example of
flowcytometry results.

The x-fold increase of CD63 expression was calculated as
follows:

x − fold increase

=
percentage CD63 positive cells of total stimulated condition

percentage CD63 positive cells of total unstimulated condition

Statistical Analysis
Statistical analysis was performed in GraphPad Prism version 5
or IBM SPSS statistics version 25. Per statistical analysis, data
were checked for having a Gaussian distribution using a Shapiro-
Wilk test in combination with a Q-Q plot. If data were normally
distributed, a paired t-test was performed for the comparison of
two groups, and a two-way ANOVA with Bonferroni post-hoc
test for the comparison of multiple groups. When data had a
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non-Gaussian distribution, Mann Whitney U tests were used to
statistically compare continuous non-paired variables, and the
Wilcoxon signed rank test for paired variables.
RESULTS

Expression of the Mast Cell Specific
Receptors MRGPRX2, FcϵRI and KIT
Surface membrane expression of MRGPRX2, FcϵRI and KIT
receptor was detected on all three different types of mast cells,
albeit at different levels, with HuMC showing the highest and
HMC1 showing the lowest expression level (Figure 1). All three
receptors were hardly expressed by PBMC, confirming its use as
negative control. Since MRGPRX2 surface expression by HMC1
was relatively low, we conducted real-time quantitative
polymerase chain reaction (RQ-PCR) to confirm its expression.
MRGPRX2 mRNA was expressed by HMC1 as well as HuMC
(serving as positive control), while no MRGPRX2 mRNA was
detected in PBMC (Figure S2).

Optimized HMC1 Degranulation Assay
Since HMC1 generally have a poor degranulation capacity, we
first aimed at optimizing the degranulation assay for this cell
type, in order to subsequently examine MRGPRX2 functionality.
HMC1 cells displayed little granularity in comparison to LAD2
and HuMC (Figure 2), which might explain their limited
immediate degranulation capacity (26). Pre-incubation of
HMC1 cells with 2 μg/ml Lat-B for 24 hours approximately
doubled the stimulatory effect of A23187 on degranulation, as
shown by enhanced CD63 surface membrane expression as well
as b-hexosaminidase release (Figures 3A, B).

Lat-B pre-incubation resulted in a marginal increase in
MRGPRX2 and FcϵR1 expression and a slight decrease in KIT
expression on HMC1, but none of these changes were statistically
significant (Figures 4A–C). Toluidine blue assessment revealed
no gross morphological alterations of HMC1 upon incubation
with Lat-B (Figures 4D, E).
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MRGPRX2 Functionality
After establishing that incubation with Lat-B provided a suitable
model for HMC1 degranulation, the potential of the MRGPRX2
specific agonist C48/80 to induce degranulation of HMC1 with
and without Lat-B was investigated. C48/80 did induce surface
membrane CD63 expression as well as b-hexosaminidase release
by HMC1, which was enhanced by Lat-B pre-incubation
(Figures 5A, B).

To further explore MRGPRX2 functionality, combined
titration and time course experiments with C48/80 and the
MRGPRX2 specific antagonist QWF were conducted. These
experiments revealed that 100 times lower concentration of C48/
80 was required to induce degranulation of LAD2, compared with
HMC1; 1 mg/mL versus 100 mg/mL, respectively (Figure 6).
Furthermore, C48/80-induced degranulation appeared optimal
after 15-30 minutes of stimulation for LAD2, whereas at least 60
minutes stimulation was required for HMC1 (Figure 6).
Unexpectedly, HuMC required higher concentrations of C48/80
than we anticipated on the basis of the previously observed
MRGPRX2 expression (Figure 1), while the duration of
stimulation did not influence the level of CD63 expression.
Overall, HuMC and LAD2 reached much higher levels of CD63
surface membrane expression than HMC1.

To confirm the specificity of C48/80 for MRGPRX2,
inhibition experiments were performed using the MRGPRX2-
specific antagonist QWF to pre-incubate the cells. Indeed, C48/
80-induced degranulation of HMC1 was significantly inhibited
by QWF, as measured by CD63 surface membrane expression
(Figure 7A) as well as b-hexosaminidase release (Figure 7B).
The inhibitory effect of QWF displayed a dose-dependent
manner (Figure S3). To check for nonspecific stimulation of
b-hexosaminidase release or CD63 expression by the diluent
DMSO or the inhibitor QWF, compound control experiments
were performed with both substances in the highest
concentrations used in this study. It was noted that only QWF
appeared to increase CD63 surface membrane expression in itself
(Figure S4A), whereas neither DMSO nor QWF induced any
relevant b-hexosaminidase release (Figure S4B). To prevent bias
A B C

FIGURE 1 | Expression of MRGPRX2 (A) FcϵR1 (B) and KIT (C) by different mast cell lines: HuMC, LAD2, HMC1. Receptor expression was assessed by triple
staining and measured by flowcytometry. The mean fluorescent intensity (MFI) with SEM is shown of single, live population of HuMC (n=3) and LAD2, HMC1 and
PBMCs (all n=6), stained with MRGPRX2-AF488, FcϵRI-APC and cKIT-PE-Cy7. *p<0.05 for MFI compared with PBMC.
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by this nonspecific effect of QWF on CD63 expression, the
concentration of QWF that did not induce more CD63
expression than the negative controls was selected as the
maximal concentration used in inhibition experiments.
However, this probably explains the fact that the effect of QWF
on C48/80-induced CD63 expression was smaller than on b-
hexosaminidase release as can be appreciated from Figure 7,
although the biological explanation for this finding is lacking.
DISCUSSION

Here, for the first time to our knowledge, we have demonstrated
that MRGPRX2 is functionally expressed by the HMC1 cell line.
Since MRGPRX2 activation mainly induces mast cell
degranulation and little to none cytokine production (11), a
model was sought to enhance the degranulation by HMC1.
Although these cells displayed diminished degranulation
capacity compared with LAD2 and HuMC, we found HMC1
suitable for degranulation studies after pre-incubation with Lat-B.

The main advantage of HMC1 over other mast cell lines, is
the fact that they have a 10-fold higher division rate than LAD2
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and HuMC. Unfortunately, working with HMC1 also has several
caveats, most importantly its poor degranulation capacity.
Furthermore, its high constitutive KIT activity might have a
negative influence on MGRPRX2-mediated activation (33). Until
now, it was unclear whether HMC1 expressed MRGPRX2. In
fact, one published study briefly described MRGPRX2
functionality on HMC1 as nonexistent, although this appeared
to be based on somewhat unusual techniques and stimulation
compounds for the investigation of MRGPRX2 functionality in
human mast cells (cortistatin and bovine adrenal medulla
docosapeptide) (27). However, some degree of MRGPRX2
expression could be demonstrated by realtime-PCR in this
study, although the researchers did not use other techniques
such as flowcytometry to confirm their findings (27).

Overall, HuMC theoretically form a more representative cell
type to investigate MRGPRX2 biology in vitro. However,
HuMC required much higher concentrations of C48/80 than
we expected from the high levels of MRGPRX2 expression that
were initially found. It must be noted that the HuMC which
were used for the initial measurement of receptor expression
(Figures 1 and S2) were derived from different donors than the
HuMC which were used for the stimulation assays (Figure 6).
A B

FIGURE 3 | Calcium ionophore A23187 induced degranulation of HMC1 with or without Lat-B. HMC1s pre-incubated with 2 µg/ml Lat-B for 24 hours showed an
overall higher fold induction of CD63 expression upon stimulation with 1 mM A23187, as compared to HMC1 cells without pre-incubation (A). The same effect was
seen on b-hexosaminidase release (B). No substantial differences were seen regarding the length of stimulation time.
A B C

FIGURE 2 | Morphologic appearance of different mast cell lines: HuMC, LAD2, HMC1. Toluidine blue staining of HuMC (A) and LAD2 (B) show a typical granular
pattern. HMC1 (C) shows a different morphology as compared to HuMC and LAD2, in particular, granules are absent.
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Upon determining the MRGPRX2 expression on the latter
HuMC batches, we found a considerably lower MRGPRX2
expression than on the HuMC from the first two donors,
using flowcytometry as well as RQ-PCR. The MRGPRX2
expression of unstimulated HuMC could vary up to a factor
10 between different donors, whereas the KIT expression was
comparable across all donors (data not shown). Whether this
Frontiers in Immunology | www.frontiersin.org 737
can be influenced by tweaking the culture media or that it is
merely an inter-individual difference needs to be further
investigated. This inter-donor variability of MRGPRX2
expression shows that although resembling mature human mast
cells, HuMC derived from buffy coats are an unpredictable system
for studying MRGPRX2-mediated degranulation, potentially
causing incompatible results of assays.
A B

D
E

C

FIGURE 4 | Latrunculin-B does not induce phenotypical changes to HMC1 cells. The receptor expression of HMC1s with and without pre-incubation with 2 µg/ml
Lat-B for 24 hours is shown (n=3, Mean Fluorescent Intensity with SEM). The expression of MRGRPX2 (A) and FcϵRI (B) is slightly upregulated after pre-incubation
with Lat-B, but not statistically significant. The expression of KIT is decreased after pre-incubation with Lat-B, but again not statistically significant (C). The morphological
appearance of HMC1s is not changed upon pre-incubation with Lat-B (D, E).
A B

FIGURE 5 | C48/80 induced degranulation of HMC1 with and without Lat-B. (A) Stronger upregulation of CD63 in response to C48/80 stimulation was seen after
pre-incubation with Lat-B, with a dose dependent effect. (B) The relative b-hexosaminidase release was increased after pre-incubation with Lat-B compared to
without Lat-B, but not reaching statistical significance.
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To avoid differences in MRGPRX2 expression throughout
experimental settings, the use of a phenotypically stable cell line
such as HMC1 is more attractive, especially knowing that the
degranulation capacity can be optimized with Lat-B. The effect of
Lat-B on cell degranulation has been described before, and is
presumed to be caused by its binding to monomeric actin,
inhibiting F-actin polymerization and thereby disrupting
micro-filament mediated processes (30). Disruption of this F-
actin barrier is necessary to allow exocytosis of granules. F-actin
disruption, followed by rapid cortical actin disassembly, is
therefore an important feature of mast cell and basophil
degranulation, as has been demonstrated for example by IgE-
mediated degranulation in rat basophilic leukemia cell line (RBL)
cells (34). Accordingly, Frigeri and Apgar showed augmentation
of IgE-mediated degranulation by RBL cells after pre-incubation
with Lat-B, with an increase in b-hexosaminidase release from
20% to 40% (35). Next to this, Smrz et al. found that SCF could
solely induce degranulation of HuMC after incubation with Lat-
Frontiers in Immunology | www.frontiersin.org 838
B (36). This will probably not be of significance to HMC1, since
they are independent of SCF due to the activating mutations in
KIT which are the hallmark of this cell line.

Although we have attempted to exclude functional effects of Lat-
B on mast cell behavior, it remains an artificial method which is
different from the in vivo situation in various ways. Furthermore,
the degranulation of HMC1 will never be an optimal representation
of wild-type cell lines. For example, several endogenous and
exogenous stimuli can influence MRGPRX2 activity in the human
body, such as other cytokines and hormones (15). This might be
different for HMC1 due to their immature phenotype and
continuous KIT activity. Moreover, the kinetics of HMC1
degranulation are different compared with other mast cell types as
was demonstrated here. Gaudenzio et al. previously demonstrated
that the degranulation kinetics of HuMC can also vary according to
different stimuli as well (11).

Dependent on the aim of a study and the stimuli used,
researchers will have to choose the most suitable cell line based
A B

FIGURE 7 | QWF effectively inhibits C48/80 induced degranulation. (A) QWF effectively and significantly inhibits C48/80 induced degranulation of HMC1s, as
measured by CD63 expression (*p 0.03, Wilcoxon rank test). (B) QWF effectively and significantly inhibits C48/80 induced degranulation of HMC1s, as measured by
b-hexosaminidase release (*p 0.01). Relative increases compared with the negative control are shown, the dashed line thus represents the negative control condition.
A B C

FIGURE 6 | Different kinetics of MRGPRX2 mediated degranulation of three mast cell lines: HMC1, LAD2, HuMC. The mean x-fold increase of CD63 expression
upon stimulation with C48/80 is shown for all three cell lines at different concentrations of C48/80 and different time periods of stimulation. The error bars depict
SEM. n=2 for HuMC and LAD2s and n=3 for HMC1s. (A) HuMCs of two donors were used. Both showed a similar pattern, with significant CD63 upregulation only
for the highest concentrations of C48/80. There was no difference for different periods of stimulation. (B) LAD2s responded to much lower concentrations of C48/80,
and 30 minutes proved the optimal period of stimulation. However, considerable variation was seen between the experiments. (C) HMC1s, pre-incubated with Lat-B,
only showed CD63 upregulation upon stimulation with C48/80 at a concentration of 50 or 100 µg/ml for 60 minutes.
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on the characteristics of each cell type. HuMC theoretically form
the most optimally representative cells for biological research,
but since this is not a stable cell line, the phenotype and receptor
expression can vary between donors. Furthermore, it is yet
unknown to what extent the receptor expression fluctuates
according to the maturation of the HuMC. LAD2 represents a
more stable cell line, but is less useful for in vitro research due to
its low proliferation rate.

In conclusion, HMC1 functionally expresses MRGPRX2, albeit
at a lower level than LAD2 and HuMC. The use of HMC1 has the
benefits of a phenotypically stable cell line with high proliferative
activity, making them feasible to conduct extensive in vitro
experiments. Incubation with the actin-disruptive macrolide Lat-
B enhances the degranulation capacity of HMC1 without
functionally changing their phenotype. Although HMC1 have
different degranulation kinetics compared with wild-type mast
cells, they form a feasible model for the investigation of mast cell
degranulation and MRGPRX2 biology.
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Supplementary Figure 1 | Representative example of flowcytometry results for
CD63 upregulation upon C48/80 induced degranulation of HMC. Degranulated
mast cells are in Q2: they are CD63 positive, and have increase sideward scatter.
(A). For the negative control condition, only 0.290% of all cells are degranulated.
(B). After stimulation with C48/80, 25.7% of HMC1 are in Q2, thus considered
degranulated.

Supplementary Figure 2 | Confirmation of MRGPRX2 RNA expression by
HMC1. A clear mRNA expression of MRGPRX2 was shown to be present in HMC1
(n=3), but not in PBC (n=2), which were used as negative control. Mean with SEM is
shown for CT values.

Supplementary Figure 3 | QWF dose-dependently inhibits C48/80 induced
HMC1 degranulation. A titration of QWF doses was performed to identify the
optimally inhibiting dose of QWF. Two representative experiments are shown.
HMC1s, pre-incubated with Lat-B, were first incubated with QWF for 10 minutes
and subsequently stimulated with C48/80 for 60 minutes. A dose-dependent
decrease of QWF on CD63 expression was found.

Supplementary Figure 4 | Control conditions of the compounds used in this
study. The effect of DMSO and QWF alone on the activation of HMC1 was
investigated as an extra control. The highest concentrations used in the study were
taken: 0.28% DMSO, and 100 µg/ml QWF. (A) Both DMSO and QWF did not
induce relevant b-hexosaminidase release (n=3). (B) QWF appeared to induce a
nonspecific CD63 upregulation although not statistically significant compared with
the diluent control DMSO (n=6).
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Most chronic spontaneous urticaria (CSU) patients are female, and pregnancy can
aggravate the disease activity of patients, but little is known about the efficacy and
safety of omalizumab in pregnant CSU patients. We report two pregnant CSU patients
treated with omalizumab and review the published information on omalizumab treatment
during 11 pregnancies. The outcomes reported on patients with known pregnancies
showed they had normal pregnancies and healthy babies as well as complete control of
their CSU. The two new cases we reported support the view that omalizumab could be an
effective and safe treatment option for pregnant and breastfeeding CSU patients. Further
high-quality studies need to be carried out in order to obtain more information on the long-
term efficacy and safety of the use of omalizumab during pregnancy in patients with
chronic urticaria, including CSU.

Keywords: omalizumab, pregnancy, chronic spontaneous urticaria, wheals, angioedema
INTRODUCTION

Chronic spontaneous urticaria (CSU) is a heterogeneous disorder with recurrent pruritic wheals and
angioedema or both that markedly affects patients’ quality of life (1, 2). The anti-IgE antibody
omalizumab is used in CSU patients resistant to antihistamine treatment (3). Most CSU patients are
female, and little is known about the efficacy and safety of omalizumab in pregnant CSU patients.
We treated patient #1 and patient #2 at Peking University First Hospital with omalizumab and
reviewed the published information on this treatment during pregnancy.
CASE DESCRIPTION

The first patient is a 33-year-old woman diagnosed with CSU and comorbid symptomatic
dermographism 2 years ago. She had a history of spontaneously occurring recurrent pruritic
Abbreviations: CSU, Chronic Spontaneous Urticaria; UCT, Urticaria Control Test; DLQI, Dermatology Life Quality Index;
CU-Q2ol, Chronic Urticaria Quality of Life Questionnaire.
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wheals, most often on the extremities and trunk, that would last
less than 24 h. As confirmed by provocation testing, patient #1
also developed wheals in response to rubbing of skin that
happened in real life, and this was true even with minor
triggers such as drying herself with a towel after showering.
Patient #1 had not experienced angioedema. Treatment with
first cetirizine 10mg/day and then, due to drowsiness, ebastine
10mg/day for several weeks did not reduce disease activity. As
Patient #1 did not consent to the use of a higher than standard
dosed antihistamine, we initiated treatment with omalizumab, in
June 2020, at 300mg/month, which led to complete control as
assessed by the use of the urticaria control test (UCT). The UCT
assesses disease control in patients with CSU with four questions,
each with five answer options (scored with 0–4 points), where a
low total score indicates poor disease control and the maximum
total score of 16 reflects complete control (4, 5). The UCT score
of patient #1, 4 weeks after starting omalizumab, was 16. During
the first 4 weeks, patient #1 also experienced a marked
improvement of quality of life (QoL) impairment as assessed
by the Dermatology Life Quality Index (DLQI) and the Chronic
Urticaria QoL Questionnaire (CU-Q2oL). For the DLQI and CU-
Q2oL, higher scores reflect higher QoL impairment, and a score
of 0–1, for the DLQI, and of 23, for the CU-Q2ol, indicated that
there was no QoL impairment. A total of 4 weeks after the start of
omalizumab application, the DLQI and CU-Q2oL scores were 0
and 23, respectively. After 10 days of the third omalizumab
application (August 2020), 10 weeks after the first application,
patient #1 was found to be 10 weeks pregnant. She chose to stop
omalizumab, continued with cetirizine treatment, 10 mg every
3 days, and has remained free of CU signs and symptoms
since then.

The second patient is a 36-year-old woman with CSU. She had
recurrent generalized wheals with pruritus (daily or almost daily
for 5 years) that lasted for several hours each time and occurred
without known triggers. Serum total IgE concentration was
measured by a chemiluminescent immunoassay (ImmunoCAP;
Thermo-Fisher Scientific, Sweden), and levels of 100 kU/L or
greater were defined as increased. Thyroid autoantibodies,
including serum anti-thyroid peroxidase antibody (anti-TPO
IgG) and anti-thyroglobulin antibody (anti-TG IgG), were
determined using an electrochemiluminescence immunoassay
(Roche Elecsys-2010; Roche Diagnostics, U.S.) with normal
reference ranges of 0–34 IU/ml and 0–115 IU/ml, respectively;
the serum total IgE of Patient #2 was low at 19.3 kU/L, anti-TPO
IgG was found to be elevated at 87 IU/ml, and anti-TG IgG was
normal at 20 IU/ml). A biopsy taken from lesional skin of patient
#2 showed a perivascular inflammatory infiltrate of lymphocytes
and eosinophils, erythrocyte extravasation, and scant edema
within the superficial and mid dermis, without fibrinoid deposits
and leukocytoclasis, consistent with urticaria. Patient #2, after
being diagnosed with CSU in June 2018, was treated with
cyclosporine and was controlled well during the 10 months of
treatment. In May 2019, CSU showed exacerbation, cyclosporine
was stopped, and omalizumab treatment was started (UCT:1;
DLQI:15; CU-Q2ol:80). Three days after the first application
(300 mg), she was free of CSU signs and symptoms but only for
Frontiers in Immunology | www.frontiersin.org 242
5 days. We increased the dose of a second application after
4 weeks to 450 mg, which led to complete recovery within 3 days
for 3 months, at 450 mg/month (UCT:16; DLQI:0; CU-Q2ol:23).
We then decreased the dose to 300 mg/month, and complete
control was maintained by this treatment until January 2020,
when patient #2 experienced severe exacerbation of CSU
phenotype (UCT:1; DLQI:12; Cu-Q2ol:65) and was found to be
12 weeks pregnant. With the patient’s informed consent, we
increased the dose of omalizumab to 450 mg, and she regained
complete control within 3 days. Two attempts to reduce to 300
mg/month failed, and 450 mg/month omalizumab treatment was
maintained until August 2020, when patient #2 gave birth to a full-
term healthy male infant (weight 3350g, length 50cm). Patient #2
is breastfeeding her child and is symptom-free with 450
mg/month omalizumab.

Patient #1 and Patient #2 have given written informed
consent to the publication of their case details. The study was
conducted according to the Declaration of Helsinki. It was
approved by the Chinese Ethics Committee of Registering
Clinical Trial (ChiECRCT20190131) and registered with the
Chinese clinical trial registry (ChiCTR1900024869).
DISCUSSION

Taken together, both patients described herein became pregnant
while on omalizumab treatment, both achieved complete
response during pregnancy (albeit at higher than the standard
dose in one patient), and both pregnancies were unproblematic.

At this time, only 11 pregnancies in CSU patients treated with
omalizumab were reported in the literature (Table 1 (6–11)).
Similar to patients #1 and #2, almost all patients previously
reported had normal pregnancies and healthy babies as well as
complete control of their CSU. Of note, increasing the dose of
omalizumab during pregnancy was only reported in one
previous CSU patient. In this patient, the first CSU patient
ever reported to receive omalizumab during pregnancy, disease
activity while on omalizumab 150mg/month increased markedly,
and intervals were shortened to every 15 days, which resulted in
complete remission (11). Patient #2 was also given an increased
dose during pregnancy, from 300mg to 450mg omalizumab per
month, and is the first pregnant CSU patient reported to receive
more than the licensed dosed omalizumab. Nonresponse to
standard dosed omalizumab in CSU had not previously been
linked to high body weight, and patient #2 was 70–80 kg (before,
during, and after pregnancy) and 165 cm, i.e., not overweight.
Omalizumab blood concentrations of patient #2 had not been
assessed as no assay to do so was available to us and nonresponse
to standard dosed omalizumab in CSU had not previously been
linked to altered blood levels of omalizumab.

No evidence of a relationship between omalizumab exposure
and increased risk of adverse events in pregnant patients and
their infants was reported (12). Omalizumab can be an effective
option for pregnant CSU patients and those who want to
become pregnant.
March 2021 | Volume 12 | Article 652973
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TABLE 1 | Characteristics of reported cases of pregnant CU patients with omalizumab treatment.
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Title Author year disease number

of

patients

Age

range

Timing of

exposure

Omalizumab

dose/interval

Evidence

of efficacy

Eviden

Maternal
adverse
events

Live
births

Small for
Gestational

Age

Low
birth

weight

Preterm
birth

(<37wk)

1 Our study Our group 2020 CU 2 33,37 First

Trimester

1/2:150-

300mg/4 wk,

1/2:300-

450mg/4 wk

complete

control

0/2 1/1† 0/1 0/1 0/1

2 Omalizumab

concentrations in

pregnancy and

lactation: A case

study

Saito, J.

et al.

2020 CSU 1 38 First

Trimester

150mg/4 wk complete

control

0/1 1/1 0/1 0/1 0/1

3 Omalizumab as

Third-Line

Therapy for

Urticaria During

Pregnancy

Ensina, L.

F. et al.

2017 CSU 2 29,32 First

Trimester

1/2:150 mg/4

wk,

1/2:300mg

twice with an

interval of 12

wk

complete

control

0/2 3/3 0/3 0/3 0/3

4 Omalizumab use

during

pregnancy for

chronic

spontaneous

urticaria (CSU):

report of two

cases

González-

Medina, M.

et al.

2017 CSU 2 37,37 First

Trimester

300 mg/4 wk complete

control

0/2 2/2 0/2 0/2 0/2

5 Omalizumab use

during

pregnancy for

CIU: a tertiary

care experience

Cuervo-

Pardo L.

et al.

2016 CSU 4 25-28 First

Trimester

300 mg/4 wk complete

control

0/4 4/4 0/4 0/4 0/4

6 Successful and

Safe Treatment

of Chronic

Spontaneous

Urticaria with

Omalizumab in a

Woman during

Two

Consecutive

Pregnancies

Ghazanfar,

M. N. et.al.

2015 CSU 1 32 First

Trimester

150mg/2wk,

300mg/4wk

complete

control

0/1 2/2 0/2 0/2 0/2

7 Effects of

omalizumab in a

patient with three

types of chronic

urticaria

Vieira Dos

Santos R.

et al.

2014 CSU

CIndU

1 37 First

Trimester

150mg/4wk,

150mg/2wk

complete

control

0/1 1/1† 0/1 0/1 0/1

†The other patient was still pregnant. CU, Chronic Urticaria; CSU, Chronic Spontaneous Urticaria; CIndU, inducible urticaria.
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third-line therapy for urticaria during pregnancy. J Investig Allergol Clin
Immunol (2017) 27(5):326–7. doi: 10.18176/jiaci.0179
8. González-Medina M, Curto-Barredo L, Labrador-Horrillo M, Giménez-
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PD-L1 Blockade During Allergen
Sensitization Inhibits the Synthesis
of Specific Antibodies and
Decreases Mast Cell Activation
in a Murine Model of Active
Cutaneous Anaphylaxis
Rafael Bonamichi-Santos1,2, Marcelo Vivolo Aun1,3*, Jorge Kalil 1,
Mariana Concepcion Castells2 and Pedro Giavina-Bianchi1

1 Clinical Immunology and Allergy Division, University of São Paulo School of Medicine, São Paulo, Brazil, 2 Division of
Rheumatology, Immunology, and Allergy, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, United States, 3 Faculdade Israelita de Ciências da Saúde Albert Einstein, Hospital Israelita Albert Einstein,
São Paulo, Brazil

Programmed cell death ligand 1(PDL-1) is known for its inhibitory effect on the cellular
immune response. Even though it is expressed on the surface of mast cells, its role in
allergic diseases is unknown. We analyzed the effects of PD-L1 blockade in a murine
model of active cutaneous anaphylaxis (ACA). C57BL/6 mice were sensitized and
challenged with ovalbumin (OVA). Blood samples were collected to measure specific
immunoglobulins. The mice were divided into six groups that underwent the active
cutaneous anaphylaxis procedure. Group 1 (negative control) received 50 ml of
phosphate-buffered saline (PBS) subcutaneously, and the other five groups were
sensitized with 50 mg of OVA subcutaneously. Group 2 was the positive control, and
the others received the anti-PD-L1 antibody or its isotype during sensitization (groups 3
and 4) or during the challenge (groups 5 and 6). All animals that underwent ACA on the
ears with OVA and PBS were sacrificed, and the reaction was evaluated by extravasation
of Evans blue (measured by spectrophotometry) and histological analysis of the collected
fragments. Anti-PD-L1 blockade during the sensitization phase led to a reduction in
specific IgE and IgG1 levels, allergic reaction intensity at the ACA site, and mast cell
degranulation in the tissue. There was no significant biological effect of anti-PD-L1
administration on the challenge phase. PD-L1 blockade during allergen sensitization
inhibited the synthesis of specific IgE and IgG1 and decreased mast cell activation in this
murine model of anaphylaxis.
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INTRODUCTION

Anaphylaxis is an immediate systemic hypersensitivity reaction
induced by mast cell and basophil degranulation and is a medical
emergency that can lead to death (1, 2). Studies have shown a
growing incidence and mortality of anaphylactic reactions,
especially those induced by drugs and food (2).

Animal models are essential to better understand the
pathophysiological mechanisms involved in diseases and to
evaluate the safety and efficacy of new therapies before starting
clinical trials in humans. Anaphylaxis has been reproduced and
analyzed in murine models thanks to the practicality of rearing,
breeding, maintaining, and handling these animals and their
availability, including knockout and transgenic models (3).
Several animal models have been developed to study the
mechanisms involved in allergic inflammation, including
models of respiratory and food allergies and systemic and local
anaphylaxis (3–8). Cutaneous anaphylaxis induced in animal
models can be divided into active and passive anaphylaxis. In the
active cutaneous anaphylaxis (ACA) model, mice are sensitized
by receiving fractionated doses of the allergen, whereas in the
passive cutaneous anaphylaxis (PCA) model, the animals are
passively sensitized by receiving serum from other mice that
were previously actively sensitized (9).

The levels of specific serum immunoglobulin E (IgE) and IgG1,
which have anaphylactic functions in mice, and mast cell
degranulation are often measured as markers of IgE-mediated
allergic responses in animal models. Murine IgG1, present in the
Th2 immune response, resembles human IgG4, and murine IgG2a,
present in the Th1 immune response, has a similar function as
human IgG1 (9). In the evaluation of mast cell degranulation, cells
with preserved granules can be quantified by chloroacetate esterase
(CAE) staining techniques, and spectrophotometric techniques are
needed to measure the extravasation of dyes in tissues where there is
increased vascular permeability (5, 10).

Recent studies have further clarified the factors that reduce
the antitumor immune response, leading to the discovery of
several molecules that act in the costimulatory and coinhibitory
control pathways, called checkpoint pathways. A checkpoint
pathway molecule that mediates tumor-induced immune
suppression is the programmed cell death 1 (PD-1) protein.
PD-1 is considered a member of the CD28 receptor family, while
programmed cell death ligand 1 (PD-L1), one of its ligands, is a
member of the B7 receptor family and is also known as CD274
(11, 12). PD-1 is expressed in the membrane of T and B
lymphocytes, sending inhibitory signals into these cells when
activated by its ligand PD-L1 or PD-L2, which are found in the
membrane of dendritic cells and monocytes, but also in tumor
cells (13, 14).

Physiologically, the PD-1/PD-L1 pathway works to control
the degree of inflammation to prevent an exacerbated immune
response with damage to normal tissue. There is marked
expression of the PD-1 protein on the surface of activated T
cells. When a T lymphocyte recognizes the antigen expressed by
the MHC complex in the target cell, inflammatory cytokines are
produced that induce the expression of PD-L1 in the tissue,
which binds to and activates PD-1 in the T cell, inducing
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immune tolerance (15). In pathological processes, the
activation of the PD-1 receptor by its ligands has an inhibitory
effect on “exhausted” T lymphocytes against persistent chronic
antigenic stimulation, as observed in tumors and chronic
infections. The PD-1/PD-L1 pathway and its modulation are
being widely studied in oncology, and the evolution of
immunotherapy with antibodies against coinhibitory molecules
in the treatment of cancer is one of the most successful
therapeutic discoveries in recent years (16–18).

In addition to the inhibitory effect of PD-1 on lymphocytes, its
binding to PD-L1 or PD-L2 leads to polarization of the immune
response toward the Th2 or Th1 profile, respectively (19, 20). In an
animal model of respiratory allergy, pulmonary dendritic cells
express PD-L1 and PD-L2 after antigen recognition and
activation. The PD-1/PD-L1 interaction produces a Th2
response with increased production of IL-4 and increased airway
hyperresponsiveness (AHR). However, the PD-1/PD-L2
interaction initiates a Th1 response with increased expression of
IFN-g and, subsequently, a reduction in AHR (20).

A study in cultured mouse mast cells showed that these cells
express several costimulatory and coinhibitory molecules in their
membrane, including members of the B7 family, such as PD-L1
(21). Studies analyzing the expression of PD-L1 and its functions
in human mast cells are lacking. Despite the many studies on the
mechanisms of anaphylactic reactions, little is known about the
coinhibitory pathway of the PD-1 receptor and its PD-L1 ligand
in anaphylaxis. Exploring the coinhibitory pathway of
immunoregulation in an anaphylaxis model could expand the
range of treatment and prevention resources.

The objective of the present study was to evaluate the effects
of blockade of the PD-L1 molecule on the sensitization and
effector phases of ACA. We hypothesized that by blocking the
PD-1/PD-L1 interaction, we could observe either an increase in
the allergic reaction due to the lower inhibition of T
lymphocytes, or even a decrease in the reaction due to weaker
polarization of the immune response toward the Th2 profile.
MATERIALS AND METHODS

Animals
A total of 30 adult C57BL/6 mice aged 6 to 8 weeks were used,
provided by Jackson Laboratory (Bar Harbor, Maine), which
were reared according to the guidelines of the National Institutes
of Health (NIH). The project was approved by the ethics
committee of the two institutions involved in the project, the
Dana-Farber Cancer Institute, Boston, Massachusetts (DFCI IRB
15-046) and the University of São Paulo Medical School (CEUA-
FMUSP 1286-2019).
Experimental Design
The antigen was ovalbumin (OVA), and the adjuvant used was
aluminum hydroxide, both from Sigma-Aldrich. The PD-L1
protein was blocked by the anti-PD-L1 antibody Ultra-LEAF™

Purified anti-mouse CD274 (B7-H1, PD-L1) (BioLegend). The
Ultra-LEAF™ Purified Rat IgG2b antibody, k isotype (BioLegend)
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was used as a control for the intervention that would not activate
or block the PD-L1 molecule.

We used the local anaphylaxis technique to evaluate the
allergic inflammatory reaction, more specifically the ACA
technique, where the sensitization and challenge phases are
performed in the same animal. The sensitization protocol
lasted 28 days and was performed subcutaneously (sc) at the
base of the mouse’s tail.

The analyzed mice were divided into six groups of five
animals (Table 1). The animals in group 1 (negative control)
received injections of 50 ml of phosphate-buffered saline (PBS) in
the sensitization phase, whereas the animals in the other groups
were sensitized with 50 ml of OVA at 1 mg/ml on days (D) 1, 7, 14,
and 21. To evaluate the effects of PD-L1 blockade in both the
allergic sensitization and the effector (challenge) phase, four of
these groups were administered anti-PD-L1 antibody (groups 3
and 5) or its anti-PD-L1 isotype (groups 4 and 6) intraperitoneally
at a dose of 200 ml per application. These antibodies were
administered one day before each OVA application (D0, D6,
D13, and D20) in groups 3 and 4 to evaluate sensitization or
one day before challenge (D27) in groups 5 and 6 to evaluate the
effector phase. Thus, the six groups were the negative control
(PBS), positive control (OVA), anti-PD-L1 in the sensitization
phase, anti-PD-L1 isotype in the sensitization phase, anti-PD-L1
in the challenge phase, and anti-PD-L1 isotype in the challenge
phase (Table 1 and Figure 1).

Blood samples were collected on D0, D13, and D27 from the
ophthalmic plexus (300 ml/bleed) for measurement of specific
IgE, IgG1, and IgG2a antibodies in plasma by indirect enzyme-
linked immunosorbent assay (ELISA). On D28, the mice in
group 1 (negative control) were challenged with 50 ml of PBS,
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and the animals in the other groups were injected with 10 ml of
OVA at 5 mg/ml. On this occasion, mice from all groups also
received 200 ml of 0.025% Evans blue intravenously. After 10
minutes, the animals were euthanized in a CO2 gas chamber, and
the reaction was evaluated by the extravasation of Evans blue
measured by spectrophotometry and by histological analysis of
collected fragments (Figure 1).

Measurement of Specific Antibodies
The specific IgE, IgG1, and IgG2a antibodies were measured in
the plasma by indirect ELISA kits (Affymetrix and eBioscience).
All five mice in each group had serum antibodies specific for
OVA measured at D0, D14, and D28. The collected blood was
centrifuged at 2000 rpm for 10 minutes, and the plasma was
separated and frozen at -20°C. To quantify IgE, IgG1, and IgG2a,
a microplate was coated with ovalbumin. After incubation and
washing, the sera were added at a predetermined dilution. To
develop the reaction, biotinylated detection antibody specific for
IgE, IgG1, or IgG2a was added, followed by incubation and
washing. Lastly, the developer solution containing streptavidin-
peroxidase enzyme conjugate, substrate, and chromogen was
added. The colorimetric reaction was read in a spectrophotometer
at 450 nm. The results are expressed as mean absorbances and
were compared with the standard provided by the kit in
serial dilutions.

Active Cutaneous Anaphylaxis Reaction
The ACA assay was performed to evaluate the presence of a
specific IgE with anaphylactic activity on the skin of sensitized
mice. The animals received 10 ml of OVA at 5 mg/ml sc in the
right ear. In the left ear, 10 ml of PBS was applied as a negative
TABLE 1 | Experimental groups according to substances and techniques used.

Experimental groups Technique Sensitization Challenge Antibody

Sensitization Challenge

1 – Negative control ACA PBS PBS - -
2 – Positive control OVA OVA - -
3 – Anti-PD-L1 during sensitization Anti-PD-L1 -
4 – Anti-PD-L1 isotype during sensitization Isotype -
5 – Anti-PD-L1 during challenge - Anti-PD-L1
6 – Anti-PD-L1 isotype during challenge - Isotype
Ap
ril 2021 | Volume 12 | Art
PBS, phosphate-buffered saline; OVA, ovalbumin; ACA, active cutaneous anaphylaxis; Anti-PD-L1, Ultra-LEAF™ Purified anti-mouse CD274 (B7-H1, PD-L1) (BioLegend, ref.:124318);
isotype, Ultra-LEAF™ purified rat IgG2b antibody, k isotype (BioLegend, ref: 400644).
FIGURE 1 | Timeline of the experimental protocol (29-day duration – from D0 to D28). Animals were sensitized with phosphate-buffered saline (PBS) or ovalbumin
(OVA) on days 1, 7, 14 and 21 and challenged on D28, when euthanasia was also performed. * Blood collection for measurement of immunoglobulins (all groups);
↓ sensitization with PBS (group 1) or OVA (groups 2 to 6); ♦ anti-PD-L1 (during sensitization in group 3 or challenge in group 5); ⋄ anti-PD-L1 isotype (during
sensitization in group 4 or challenge in group 6); ▫ euthanasia, active cutaneous anaphylaxis and skin biopsy (all groups).
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control. Then 0.25% Evans blue was administered intravenously.
After 10 minutes of reaction, the animals were sacrificed in a CO2

chamber. The Evans blue that extravasated into the tissue was
extracted after 12 hours in 700 ml of formamide at 63°C. Then,
the absorbance of the solution composed of formamide and
Evans blue was measured on a spectrophotometer at 620 nm.
ACA was considered positive when the absorbance was greater
than 0.150 nm (Figure 2).

Histological Analysis: Staining and
Quantification of Mast Cells
CAE, which stains the granules of mast cells, was used to stain
the tissues. The number of stained cells is lower when these cells
are activated because degranulation occurs in this process. Tissue
samples from the ear challenged with OVA were fixed in 10%
buffered formalin and embedded in paraffin, ensuring a
transverse orientation of all tissues, and then cut to a thickness
of 4 mm. The slides were scanned using a Pannoramic 250 Flash
II 3D scanner (Histech, Budapest, Hungary). The mast cells were
quantified according to area (mm2) using computer-generated
image analysis (NIH ImageJ software, version 1.49v).

Statistical Analysis
Significant differences between the experimental groups were
detected by one-way analysis of variance followed by the
nonparametric Mann-Whitney test or the parametric Bonferroni
test. P-values < 0.05 were considered significant. SPSS software
was used for statistical analysis.
RESULTS

Specific IgE, IgG1, and IgG2a Antibodies
With PD-L1 Blockade
Positive control and anti-PD-L1 isotype groups developed high
levels of specific IgE for OVA since D13. At that moment,
specific IgE from anti-PD-L1 group was comparable to control
group (p>0.05). However, specific IgE levels from anti-PD-L1
Frontiers in Immunology | www.frontiersin.org 448
group increased in D27, reaching higher levels than the negative
control group, although they were lower than the positive control
and anti-PD-L1 isotype groups (Figure 3).

Regarding specific IgG1, levels on D13 were still low and
comparable between all groups. Nonetheless, serum specific IgG1
levels increased on D27 in the positive control and anti-PD-L1
isotype groups and this effect was blocked by anti-PD-L1
administration (Figure 4).

There was no difference in the serum IgG2a level between the
four groups (Figure 5).

ACA With PD-L1 Blockade
The ACA reaction was considered positive, with significant
extravasation of Evans blue, in groups 2 (OVA), 4 (anti-PD-L1
isotype during sensitization), 5 (anti-PD-L1 during challenge),
and 6 (anti-PD-L1 isotype during challenge). Administration of
the antibody anti-PD-L1 administered during sensitization
(group 3) lead to inhibition of ACA, as shown in Figure 6.

Histology With PD-L1 Blockade
Histological evaluation was performed on two mice from each
group. CAE staining of the tissue made it possible to visualize in
red the granules of mast cells that were at rest, i.e., that had not
degranulated. There were fewer tissue mast cells in the groups
sensitized to OVA, but anti-PD-L1 administered at sensitization
attenuated this effect (Figures 7 and 8).
DISCUSSION

Our study suggests that PD-L1 plays a crucial role in the
activation of the Th2 immune response profile. In an animal
model of OVA-induced allergy, PD-L1 blockade by anti-PD-L1
monoclonal antibody during sensitization decreased the specific
immunoglobulins IgE and IgG1, as well as mast cell activation, as
confirmed by ACA and by histology at the site of challenge.
These effects were not observed when the blockade occurred only
in the effector phase, suggesting that this pathway acts in the
FIGURE 2 | Active cutaneous anaphylaxis technique: Intradermal injection into the ear with allergen diluted in PBS. (A) After 10 minutes of exposure to the allergen,
the mouse is sacrificed and the ear is sectioned. (B) The ear fragment is kept in formamide at 63°C for 18 hours to extract Evans blue dye from the tissue (C).
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activation of Th2 cells and not directly in the activation of
mast cells.

The PD-L1 receptor is strongly expressed in murine mast
cells, but studies on its role in allergic processes are rare. To the
best of our knowledge, this is the first study to evaluate the action
of this protein in an allergy model focused on the immediate
phase of the Gell & Coombs type I hypersensitivity reaction.

Some studies have attempted to elucidate the role of PD-1
pathways, induced by its binding to both PD-L1 and PD-L2, in
murine models of allergic respiratory disease (19, 22–24). In a
Frontiers in Immunology | www.frontiersin.org 549
murine model of asthma, it was shown that PD-L1 was
constitutively expressed in dendritic cells, macrophages, and B
and T cells in the lungs of the animals and that this expression
increased after challenge with ovalbumin. In turn, PD-L2 was
poorly expressed in naïve dendritic cells, with a substantial
increase after challenge. PD-L2 blockade at the time of allergen
challenge, but not at sensitization, increased AHR and
eosinophilia, in addition to IL-5 and IL-13 production, but
reduced IFN-g production in the lungs and lymph nodes. These
effects were not observed with PD-L1 blockade, suggesting a
FIGURE 4 | Serum anti-OVA IgG1 concentration in groups 1, 2, 3, and 4. There was an increase in anti-OVA IgG1 in groups 2 and 4 on D27. ★ p < 0.001 compared
to group 1 (PBS). PBS, phosphate-buffered saline; OVA, ovalbumin.
FIGURE 3 | Concentration of serum anti-OVA IgE in groups 1, 2, 3, and 4. There was an increase in anti-OVA IgE in groups 2 and 4 on D13 and D27 and in group 3
on D27. Group 3 (anti-PD-L1) had lower anti-OVA IgE than groups 2 and 4. ★ p < 0.001 compared to group 1 (PBS); ★★ p < 0.001 compared to group 3 (anti-PD-L1).
PBS, phosphate-buffered saline; OVA, ovalbumin.
April 2021 | Volume 12 | Article 655958

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


Bonamichi-Santos et al. Blockade of PD-L1 Inhibits Anaphylaxis
particular role for PD-L2 in the asthmatic response (22). In
contrast, in a study assessing the impact of manipulation of the
PD-L1 and PD-L2 pathways on the development of asthma, it was
reported that blockade of the PD-L2 pathway led to increased
Frontiers in Immunology | www.frontiersin.org 650
airway inflammation, IL-4, and AHR. Blockade of the PD-L1
pathway led to a reduction in AHR and increased the production
of IFN-g (19). In another study, using an animal model of allergic
conjunctivitis, PD-L2 antagonism in the induction phase led to
increased Th2 cytokine levels in the supernatant of splenocytes in
culture. In addition, anti-PD-L2 in the effector phase led to
increased influx of eosinophils into the conjunctiva of the
animals. These effects were not clearly seen with PD-1
blockade (23).

Activation by the PD-L1, but not PD-L2, pathway can induce
Foxp3+ regulatory T cells (25). The PD-1 pathway is indeed
important for the action of Treg cells, as shown in a cockroach-
induced asthma model. PD-1 blockade causes an increase in IL-4,
IL-5 and IL-13, and a reduction in IL-10 in the bronchoalveolar
lavage of challenged animals that have been subjected to Treg
administration in the lungs (24). In a review article, based mainly
on respiratory allergy models, the authors concluded that the PD-
1/PD-L1 interaction seems to induce a Th2 response, with an
increase in IL-4, whereas the PD-1/PD-L2 interaction induces a
Th1 response with upregulated IFN-g. Thus, it was suggested that
the simultaneous expression of the PD-L1 and PD-L2 ligands
could neutralize these effects and not cause any polarization (20).

However, in a more recent study in which different mice
strains were subjected to another asthma model, blockade of the
PD-1/PD-L1 pathway resulted in increased AHR, not by
increasing Th2 activation but by increasing Th17. There were
also varied effects on the different populations of helper T cells,
and this effect also varied according to the mouse strain (26). We
have not found experimental models in which the PD-L1/PD-L2
pathways have been evaluated in other allergic diseases mediated
by IgE, such as systemic or cutaneous anaphylaxis.

In the present study, we blocked the interaction of PD-1/PD-
L1 with anti-PD-L1, which may have resulted in weaker
polarization toward Th2, with lower production of IgE and
FIGURE 6 | Absorbance of Evans blue extravasation in active cutaneous
anaphylaxis (ACA) of the six experimental groups. All animals underwent the
ACA test in both ears. PBS was administered to the left ear (negative control
– white column) and OVA to the right ear (allergen – black column). There was
an increase in extravasation in the right ear of groups 2, 4, 5, and 6. There
was no difference between the PBS and anti-PD-L1 groups during
sensitization. ★ p < 0.001 compared to group 1 (PBS). PBS, phosphate-
buffered saline; OVA, ovalbumin.
FIGURE 5 | Serum anti-OVA IgG2a concentration in groups 1, 2, 3, and 4. There was no difference in anti-OVA IgG2a between groups. PBS, phosphate-buffered
saline; OVA, ovalbumin.
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FIGURE 7 | Microscopy of a mouse ear fragment stained with chloroacetate esterase. Mast cells are indicated by black arrows. (A) Group 1 (phosphate-buffered
saline); (B) Group 2 (Ovalbumine); (C) Group 3 (anti-PD-L1); (D) Group 4 (anti-PD-L1 isotype).
FIGURE 8 | Histological analysis with the number of mast cells stained with chloroacetate esterase in groups 1 to 4. The number of mast cells was higher in group
1 (PBS) than in the other groups, suggesting lower degranulation. Group 3 (anti-PD-L1) had a higher number of mast cells than group 2 (OVA). ★ p < 0.0001
compared to the other groups; ★★ p < 0.01 between groups 2 and 3. PBS, phosphate-buffered saline; OVA, ovalbumin.
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IgG1. The serum level of specific IgE impacts mast cell
sensitization, explaining the observation of a lower number of
degranulated mast cells and lower allergic reaction in the group
treated with anti-PD-L1. Nonetheless, impact of anti-PD-L1 in
specific IgE levels on D27 was lower than on D13, suggesting a
partial failure on the effect of this monoclonal antibody with
repeated injections. It is possible that higher doses may be
necessary in long-term treatment with repeated injections of
anti-PD-L1.

Previous studies have led to interest in evaluating the role of
these pathways in allergic diseases in humans. Recently, it was
shown that in adults with mild asthma subjected to segmental
bronchial allergen challenge, there is an increase in the
expression of PD-1 and PD-L1 24 hours after the challenge,
corroborating the role of this pathway in this Th2-profile disease
(27). Increased expression of PD-1 in the cell membrane of a
patient with chronic rhinosinusitis with nasal polyposis (28) and
of both PD-1 and PD-L1 in individuals with allergic rhinitis (29)
have also been recently demonstrated.

The PD-1/PD-L1 pathway is classically associated with the
modulation of the immune response of T cells, so blocking this
pathway has become a standard strategy for the treatment of
some types of cancer. Contrary to the findings in murine models,
it was suggested that PD-L1 blockade in cancer in humans could
aggravate pre-existing allergic diseases. A recently published
clinical case of a patient with lung cancer and probable
asthma–chronic obstructive pulmonary syndrome overlap
syndrome reported that this patient presented worsened lung
condition when subjected to immunotherapy with anti-PD-L1
durvalumab. However, there was no evidence of worsened
pulmonary function or increased in eosinophils, making it
difficult to confirm that the monoclonal antibody caused the
exacerbation of the allergic condition (30). We can speculate that
blockade of this immunomodulatory pathway could result in
reduced regulatory cell function, aggravating pre-existing
inflammatory diseases. An active search for regulatory T cell
induction is ongoing through allergen-specific immunotherapy
for allergic diseases (31). A recent clinical trial with patients
allergic to peach subjected to sublingual immunotherapy showed
that the expression of PD-L1 by peripheral-blood monocytes
increased in the treated group, suggesting a role for this pathway
in allergen tolerance induction (32). This suggests that
immunotolerance may also use the PD-L1 pathway, but the
mechanisms have not been fully elucidated.

Our study has some limitations. We used a small number of
animals for histological analysis, which may have biased the
results. Moreover, although unlikely, it is possible that PD-L1
pathway has some direct action in mast cell activation
independently of the sensitization phase that was not
investigated. Future studies could evaluate the role of PD-L1 in
the effector phase in a PCA model, administrating it to animals
that were not previously sensitized with the allergen. In addition,
although we performed ACA in both ears, only the ear that
received the OVA challenge was biopsied. Although unlikely, it is
possible that there was some variation in the density of mast cells
in the tissue challenged with PBS.
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Although stimulation of the PD-1/PD-L1 regulatory axis has
the paradoxical functions of inhibiting the immune response and
inducing the Th2 immune response, in our study the PD-L1
pathway was directly associated with the allergic response. Its
blockade inhibited the synthesis of specific IgE and IgG1, mast
cell degranulation, and vascular permeability, which suggests
that the induction of the Th2 immune response by PD-L1
exceeded the inhibitory action of this receptor on T cells. The
immunomodulation of this axis may represent a new preventive
and therapeutic option in the treatment of allergic diseases such
as anaphylaxis.
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Cold Agglutinins and Cryoglobulins
Associate With Clinical and
Laboratory Parameters
of Cold Urticaria
Mojca Bizjak1†, Mitja Košnik1†, Dorothea Terhorst-Molawi2†, Dejan Dinevski 3†

and Marcus Maurer1*†

1 Urticaria Center of Reference and Excellence (UCARE), University Clinic of Respiratory and Allergic Diseases Golnik,
Golnik, Slovenia, 2 Urticaria Center of Reference and Excellence (UCARE), Dermatological Allergology, Allergie-Centrum-
Charité, Department of Dermatology and Allergy, Charité - Universitätsmedizin Berlin, Berlin, Germany, 3 Faculty of Medicine,
University of Maribor, Maribor, Slovenia

Mast cell-activating signals in cold urticaria are not yet well defined and are likely to be
heterogeneous. Cold agglutinins and cryoglobulins have been described as factors
possibly associated with cold urticaria, but their relevance has not been explained. We
performed a single-center prospective cohort study of 35 cold urticaria patients. Cold
agglutinin and cryoglobulin test results, demographics, detailed history data, cold
stimulation test results, complete blood count values, C-reactive protein, total
immunoglobulin E levels, and basal serum tryptase levels were analyzed. Forty six
percent (n = 16) of 35 tested patients had a positive cold agglutinin test and 27% (n =
9) of 33 tested patients had a positive cryoglobulin test. Cold agglutinin positive patients,
when compared to cold agglutinin negative ones, were mainly female (P = 0.030). No
gender-association was found for cryoglobulins. A positive cold agglutinin test, but not a
positive cryoglobulin test, was associated with a higher rate of reactions triggered by cold
ambient air (P = 0.009) or immersion in cold water (P = 0.041), and aggravated by
increased summer humidity (P = 0.007). Additionally, patients with a positive cold
agglutinin test had a higher frequency of angioedema triggered by ingestion of cold
foods or drinks (P = 0.043), and lower disease control based on Urticaria Control Test (P =
0.023). Cold agglutinin levels correlated with erythrocyte counts (r = −0.372, P = 0.028)
and monocyte counts (r = −0.425, P = 0.011). Cryoglobulin concentrations correlated
with basal serum tryptase levels (r = 0.733, P = 0.025) and cold urticaria duration (r =
0.683, P = 0.042). Results of our study suggest that cold agglutinins and cryoglobulins, in
a subpopulation of cold urticaria patients, are linked to the course and possibly the
pathogenesis of their disease.

Keywords: cold agglutinin, cryoglobulin, cold urticaria, mast cell, degranulation, clinical parameters, laboratory
parameters, cold triggers
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INTRODUCTION

Cold urticaria (ColdU) is a type of chronic inducible urticaria
(CIndU) characterized by the occurrence of wheals and/or
angioedema in response to cooling (1, 2). It is classified into: (a)
cold contact urticaria, which is characterized by whealing in
response to local cold stimulation tests (CSTs) on the forearm
with an ice cube and/or TempTest® technology, and (b) atypical
ColdU, in which other provocation methods are needed to
produce whealing (e.g., general body cooling) or local CSTs
produce atypical responses. Cold-induced anaphylaxis may also
occur (1). ColdU is confirmed by provocation testing, and disease
activity is measured by trigger threshold(s) (3–5). According to the
EAACI/GA2LEN/EDF/WAO urticaria guideline, laboratory tests
in ColdU are recommended only as an extended diagnostic
approach to rule out other diseases, especially infections (3). In
most patients, no underlying causes can be found (6).

ColdU is a mast cell-driven disease, where activating signals
cause release of histamine from dermal mast cells (7–9).
Histamine release in ColdU coincides with the onset of
pruritus and swelling (10). The mast cell-activating signals in
ColdU have not yet been well defined and are likely to be
heterogeneous (1, 3). Autoantibodies are held to play a role in
some patients with ColdU (1), and passive transfer studies found
that localized ColdU can be induced in healthy human subjects
by injecting them intradermally with serum of some ColdU
patients (11). Further studies found that the serum factors that
initiated ColdU depended on immunoglobulin E (IgE) (10, 12,
13), and rarely on immunoglobulin M (IgM) (14). A cold-
inducible antigen, however, has not yet been identified (1).

Cold agglutinins (CAs) are cold-reactive antibodies that are
able to agglutinate erythrocytes (15). Silpa-archa et al. found CAs
in 40% of 20 studied ColdU subjects and reported “mainly low
titers” (16). CAs were also described in a few ColdU case reports
(17–19). The majority of CAs are IgM proteins (20), but few
cases of immunoglobulin A (IgA) or immunoglobulin G (IgG)
CAs have also been described (15, 21–23). The ability of CAs to
agglutinate erythrocytes after binding to their cell surface can be
attributed to the pentameric structure and large molecular size of
IgM. Most CAs are directed against the Ii-blood group system of
carbohydrate antigens (15). CAs are assessed semi-quantitatively
by the CA titer, usually first measured at 4°C and defined as the
inverse of the maximum serum dilution at which agglutination of
donor erythrocytes is seen in vitro. The thermal amplitude is
defined as the highest temperature at which the CA will react
with its antigen (24). Interestingly, studies in hematology have
shown that the pathogenicity of CAs depends more on the
thermal amplitude, which can approach 37°C, than on the CA
titer (15, 23, 25).

CAs have been mostly studied for their pathogenic role in cold-
antibody autoimmune hemolytic anemias: (a) CA disease, a well-
Abbreviations: CA(s), cold agglutinin(s); ColdU, cold urticaria; CG(s),
cryoglobulin(s); CR(s), cold-induced reaction(s); CRP, C-reactive protein; CST(s),
cold stimulation test(s); CSTT, critical stimulation time threshold; CTT, critical
temperature threshold; Ig, immunoglobulin; IgA, immunoglobulin A; IgE,
immunoglobulin E; IgG, immunoglobulin G; IgM, immunoglobulin M; IQR,
interquartile range; SD, standard deviation; UCT, Urticaria Control Test.
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defined clonal B-cell lymphoproliferative disorder, and (b) CA
syndrome, most frequently caused by Mycoplasma pneumoniae,
Epstein-Barr virus, or aggressive lymphoma. Nearly all patients with
CA disease have a CA titer ≥64 (Table 1) (15). At decreased
ambient temperatures, cooling of peripheral skin sites (e.g., fingers,
toes, ears, tip of the nose) allows binding of the CAs to erythrocytes
in acral capillaries and their agglutination with subsequent possible
cold-induced ischemic manifestations (e.g., acrocyanosis, Raynaud’s
phenomenon, rarely gangrene) (15, 21, 23). CA binding to
erythrocytes activates the classical complement pathway and may
cause hemolysis (15, 28). ColdU is a rare feature of CA disease (29).
CAs are also found in a proportion of the adult population without
any hemolysis or clinical symptoms. Such CAs are present in low
titers (mostly <64), have low thermal amplitude, and are polyclonal
(Table 1) (15). In a study of 14900 patients screened prior to a
cardiopulmonary bypass procedure, 0.3% tested positive for CAs
(30). Non-pathogenic CAs may be remnants of a primitive
vertebrate immune system (15) and the product of either random
rearrangement of the immunoglobulin gene segments in the bone
marrow and/or produced as a result of molecular mimicry with
structures on the surface of infectious agents (31).

Cryoglobulins (CGs) are antibodies that precipitate in vitro at
temperatures below 37°C and dissolve after rewarming (26, 32, 33).
Their precipitation in vivo can cause vasculitis of small and
medium-sized vessels in the skin, joints, nerves and kidneys (26),
and consequently signs and symptoms such as intermittent
purpura, livedo, leg ulcers, acrocyanosis, Raynaud’s phenomenon,
arthralgias, and symptoms due to peripheral neuropathy (26, 34,
35). CGs have been detected in up to 10% of ColdU patients
studied in 4 case series with 71-208 enrolled patients (36–39).
Additionally, a few case reports of CG-positive ColdU patients have
been published (40–43). CGs are divided into: (a) single-
component monoclonal CGs, which contain only one
immunoglobulin isotype (IgG or IgM, rarely IgA), and (b) mixed
CGs, which are immune complexes composed of two different
immunoglobulin isotypes, most commonly IgM and IgG (26, 27).
Mixed CGs are often found secondary to chronic (viral, bacterial or
TABLE 1 | Cold agglutinin and cryoglobulin properties.

CA properties (15)

CA disease Anti-I (rarely anti-Pr or anti-IH)
CA titer usually ≥64 at 4°C

CA syndrome Anti-I or anti-i
IgM or IgG

Normally occurring CAs CA titer usually <64 at 4°C
Low thermal amplitude
Polyclonal

CG properties (26, 27)

Single-component CGs One Ig isotype (IgM or IgG, rarely IgA)
Monoclonal Ig
CG concentration often >2000 mg/L

Mixed CGs Two different Ig isotypes (usually IgM and IgG)
(a) Monoclonal Ig + polyclonal Ig or (b) polyclonal Ig

Normally occurring CGs CG concentration <20 mg/L
Mixed, polyclonal Ig
CA, cold agglutinin; CG, cryoglobulin; Ig, immunoglobulin.
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parasitic) infections (26). In studies performed by Sidana et al. (34),
Dammacco et al. (35), and Costanzi and Coltman (43), ColdU was
found in 2−4% of patients with CGs. Healthy individuals may have
CGs at low concentrations (26, 27, 44). CGs are different from CAs
(20, 45), although an IgM cryoprotein with both CA- and CG-
properties has been described (46).

So far nothing is known about the impact of CAs and CGs on
ColdU features on the molecular or clinical level, and no evaluation
strategies have been proposed for CA-positive and CG-positive
ColdU patients. In practice, referrals of these patients to
hematologists and rheumatologists does not help guide further
evaluation and treatment of ColdU. Consequently, we designed a
comprehensive study with the aim to overcome these knowledge
gaps. Detailed analysis of cold triggers has not yet been undertaken
either and the effects of different relevant cold triggers on the clinical
presentation of ColdU are still incompletely understood (1).
MATERIALS AND METHODS

Patients
Thirty five consecutive adult ColdU patients, who were referred
to the Urticaria Center of Reference and Excellence (UCARE) at
Frontiers in Immunology | www.frontiersin.org 356
the University Clinic Golnik (47), were recruited. Their age
ranged from 18 to 73 years (mean 41.4, SD ± 13.4). There
were 66% (n = 23) women and 34% (n = 12) men (Table 2). All
(n = 35) patients had ColdU based on their history and local
CSTs were performed. Routine physical examination was also
done. The study spanned through all seasons (from May 1, 2019
to March 31, 2020) and it was approved by the National Medical
Ethics Committee of the Republic of Slovenia. Patients gave
written informed consent.

Patient History
Detailed history data focusing on numerous clinical parameters
were obtained in all (n = 35) patients. The age at ColdU onset
ranged from 9 to 60 years (mean 33.5, SD ± 12.5), and 9% of
patients had a pediatric-onset ColdU (≤18 years). The duration of
ColdU ranged from 2 to 384 months (median 60, IQR 15−156).
The following frequencies of predefined cold-induced reactions
(CRs) were reported: itch in 94% (n = 33), wheals in 100% (n = 35),
angioedema in 37% (n = 13), gastrointestinal symptoms in 17%
(n = 6), respiratory symptoms in 40% (n = 14), and symptoms of
reduced blood pressure in 29% (n = 10). Eleven percent (n = 4) of
patients reported cold-induced gastrointestinal and respiratory
symptoms, 3% (n = 1) experienced gastrointestinal symptoms
TABLE 2 | Characteristics of patients with a positive vs. negative cold agglutinin test.

Parameter CA test

Total (N = 35) Negative (N = 19) Positive (N = 16) P value (positive vs. negative)

Female sex 23 (66) 9 (47) 14 (88) 0.030*
Triggers
Cold ambient air 28 (80) 12 (63) 16 (100) 0.009*
Immersion in <25°C water 19 (54) 7 (37) 12 (75) 0.041*
Higher summer humidity levels 15 (43) 4 (21) 11 (69) 0.007*
Ingestion of cold foods/drinks 13 (37) 4 (21) 9 (56) 0.043*

UCT score 12 (7−14) 13 (9−16) 11 (7−12) 0.023‡

CST results
Positive ice cube test 21 (60) 11 (58) 10 (63) 1.000
Positive TempTest® result 12 (34) 5 (26) 7 (44) 0.311
CSTT (s) 300 (30−300); N = 19 300 (98−300); N = 10 120 (30−300); N = 9 0.150
CTT (°C) 19 (15−25); N = 12 17 (16−25); N = 5 21 (14−24); N = 7 0.622

Laboratory findings
Erythrocyte count (1012/L) 4.7 ± 0.4 4.9 ± 0.4 4.5 ± 0.3 0.005†

Hemoglobin concentration (g/L) 142.6 ± 10.4 148.4 ± 8.7 135.8 ± 7.8 <0.001†

Hematocrit level (%) 41.7 ± 3.3 43.2 ± 3.4 40.0 ± 2.5 0.004†

Thrombocyte count (109/L) 265.9 ± 62.3 246.4 ± 52.3 289.0 ± 66.9 0.042†

Monocyte count (109/L) 0.5 ± 0.2 0.6 ± 0.2 0.4 ± 0.2 0.002†

Leukocyte count (109/L) 6.9 ± 1.7 7.3 ± 1.7 6.3 ± 1.5 0.070
Neutrophil count (109/L) 4.2 ± 1.3 4.5 ± 1.3 3.8 ± 1.2 0.121
Lymphocyte count (109/L) 1.9 ± 0.5 2.0 ± 0.5 1.9 ± 0.5 0.630
Eosinophil count (109/L) 0.2 ± 0.3 0.1 ± 0.1 0.1 ± 0.1 0.324
Basophil count (109/L) 0.04 ± 0.03; N = 34 0.04 ± 0.03; N = 19 0.04 ± 0.03; N = 15 0.620
CRP (mg/L) 1.7 (0.5−3.4) 1.2 (0.5−3.2) 2.1 (0.7−4.5) 0.320
Basal serum tryptase (ng/mL) 5.5 (3.9−7.6); N = 34 6.1 (4.3−8.7); N = 18 5.3 (3.7−6.0) 0.352
Total IgE (IU/mL) 99 (36−207); N = 31 82 (24−257); N = 15 113 (50−201) 0.782

Mean daily Temp. on
the day when blood was drawn

12.1 ± 7.3 9.3 ± 6.6 12.1 ± 7.3 0.008†
April 202
Data are given as no. (%), mean ± SD, and median (IQR). If data was not obtained in all patients, patient numbers are displayed as “N” next to results. Statistical significance of differences
between patient groups was calculated by *Fisher’s Exact test, ‡Mann-Whitney U test, and †Independent-samples T test. Statistically significant P values are in bold. ColdU, cold urticaria;
CA, cold agglutinin; CRP, C-reactive protein; CST, cold stimulation test; CSTT, critical stimulation time threshold; CTT, critical temperature threshold; IQR, interquartile range; N, number of
patients; s, second; SD, standard deviation; UCT, Urticaria Control Test.
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and symptoms of reduced blood pressure, and 26% (n = 9) of
patients had respiratory and hypotensive symptoms. Maximal
duration of wheals ranged from 5 to 720 minutes (median 60,
IQR 20−120), and the maximal duration of angioedema ranged
from 20 to 720 minutes (median 60, IQR 30−120).

A special emphasis in history taking was given to the relevance
of 6 predefined cold triggers and 3 predefined aggravating factors.
Triggers of at least one CR were the following: cold ambient air in
80% (n = 28), immersion in <25°C water in 54% (n = 19),
immersion in ≥25°C water in 20% (n = 7), localized contact
with cold liquids in 60% (n = 21), contact with cold surfaces in
54% (n = 19), and ingestion of cold foods or beverages in 51% (n =
18) of patients. Factors that aggravated at least one CR were: wind
in 63% (n = 22), increased humidity levels in the summer (e.g.,
morning humidity, rain, walking barefoot on grass) in 43% (n =
15), and increased non-summer humidity levels (e.g. rain in cold
seasons) in 43% (n = 15) of patients.

Treatment efficacy with daily second-generation H1-
antihistamines in up to four times the licensed dose was graded
as good in 23% (n = 8), moderate in 37% (n = 13), low in 9% (n =
3), no efficacy in 3% (n = 1), and unknown (not taken on a daily
basis) in 29% (n = 10) of patients. Omalizumab treatment was
required in 17% (n = 6) of patients. Nine percent (n = 3) of patients
had at least one of the following cold-induced extracutaneous
symptoms: fever, malaise, headache, eye redness, muscle pain,
joint pain, or bone pain. Seventeen percent (n = 6) of patients
also had chronic spontaneous urticaria, 6% (n = 2) symptomatic
dermographism, 9% (n = 3) cholinergic urticaria, and 3% (n = 1)
delayed pressure urticaria, but ColdU was a dominant disease in all
these patients. Provocation tests for other CIndU types was done
only in case of a suggestive history. Further history revealed the
following comorbidities: at least one atopic disease (asthma, allergic
rhinitis, allergic conjunctivitis, atopic dermatitis) in 40% (n = 14),
asthma in 34% (n = 12), thyroid disease in 17% (n = 6), Raynaud’s
phenomenon in 9% (n = 3), malignancy in 3% (n = 1), and
autoimmune connective tissue disease in 3% (n = 1) of patients. Six
percent (n = 2) of patients had a family history of ColdU.

Patient Questionnaires
All (n = 35) patients completed the Urticaria Control Test (UCT)
questionnaire containing four questions to determine the level of
disease control. UCT scores ranged from 3 to 16 (median 12, IQR
7−14) (Table 2). A score ≤11 indicates insufficient disease
control, whereas a score ≥12 suggests adequate disease control
(3, 4, 48).

Cold Stimulation Tests
Local CSTs on the volar forearm with an ice cube and a validated
instrument TempTest® were done in all (n = 35) patients. H1-
antihistamines and systemic glucocorticoids were discontinued
at least 3 and 7 days prior to CSTs, respectively (3–5). A five-
minute stimulation with a melting ice cube in a non-latex glove
was done first. Skin response was assessed 10 minutes after the
end of stimulation. If a positive reaction was observed (i.e.,
whealing on the cold stimulated area on the forearm), shorter
stimulation times (30 seconds, 1 minute, 2 minutes, 3 minutes, 4
minutes) were used to determine the shortest time needed for
Frontiers in Immunology | www.frontiersin.org 457
whealing (i.e., critical stimulation time threshold, CSTT). A 5-
minute stimulation with the TempTest® and reading 10 minutes
after the end of stimulation was used to determine the highest
temperature that can induce whealing in a specific patient (i.e.,
critical temperature threshold, CTT).

Cold Agglutinin Test
Blood samples for CA analysis need to be kept at 37–38°C from
sampling to separation of serum to avoid false low values and low
sensitivity (49). To avoid this, all (n = 35) patients were referred
to a dislocated Laboratory of Blood Transfusion Centre of
Slovenia, where venous blood samples were collected and
screened for the presence of CAs. The patients’ serum was
mixed with suspensions (0.9% sodium chloride) of group O
and RhD positive erythrocytes obtained from 5 random blood
donors, lightly shaken, incubated at 4°C for 2 hours, and scored
for macroscopic agglutination. The test was reported positive if
blood clot was readily visible. Blood donor erythrocytes that
produced the strongest agglutination were used for further
analyses with dilutions of patient’s sera. The highest dilution
able to agglutinate suspensions of erythrocytes at 4°C was
recorded as the CA titer. Mean daily temperature on the day
when blood for CA screening was drawn was obtained from the
national weather service website (Supplementary Table 1).

Cryoglobulin Test
Screening for the presence of CGs was performed in 94% (n = 33)
of patients at the Laboratory for Immunology of University
Medical Centre Ljubljana. Patients were referred to this
dislocated center to prevent improper sample collection and
transport since it is crucial to maintain blood samples at 37 ± 2°C
from the collection to the laboratory analysis (26). Blood samples
were allowed to clot at 37°C for 2 hours and then centrifugated at
37°C. Sera were decanted in conical bottom test tubes and placed
for 7 days at 4°C. After this incubation, cryoprecipitate was
isolated by cold centrifugation and purified using 3 washes with
centrifugation in cold phosphate-buffered saline to remove other
serum proteins. Following the last wash, phosphate-buffered saline
together with reagent for facilitating immune complex dissociation
was added to the samples. These samples were then placed at 37°C
for up to 1 hour to dissolve the precipitate for further analyses. The
detected cryoprecipitate was confirmed by quantification with a
spectrophotometer at 720 nm. A value below 100 mg/L was
reported as a negative result, whereas values of 100 mg/L or
higher were reported as precise CG concentrations. If the first
stage was positive, the second qualitative stage was also done. It
involved radial immunodiffusion for characterization of CG
isotypes (IgG, IgM, IgA) based on the presence or absence of a
precipitation ring (Supplementary Table 2). Mean daily
temperature on the day when blood for CG screening was
drawn was also obtained (Supplementary Table 3).

Other Laboratory Tests
Blood tests for most patients also included complete blood count
with differential analysis, C-reactive protein (CRP), basal serum
tryptase (ImmunoCAP 100 Thermo Fisher Scientific, Uppsala,
Sweden), and total IgE (Table 2).
April 2021 | Volume 12 | Article 665491

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


Bizjak et al. Cold-Reactive Antibodies in Cold Urticaria
Statistical Analyses
Data from completed paper survey documents were transferred to
an electronic databank and IBM SPSS Statistics version 27 was used
for analysis. Numerical variables were first assessed for normality
distribution using visualization and Shapiro-Wilk test of normality.
Descriptive measures included proportions, median with the first
and third quartile range, and mean with standard deviation.
Categorical variables were assessed using the Fisher’s Exact test.
Numerical continuous variables with normal distribution were
analyzed using parametric Independent-samples T test. Numerical
variables that didn’t meet parametric assumptions as well as ordinal
variables were analyzed using Mann-Whitney U test. Relationships
between continuous variables were assessed with Spearman’s
correlation. Spearman correlation coefficient was interpreted as
follows: 0.20−0.39 weak, 0.40−0.59 moderate, and 0.60−0.79
strong. Tables and figures were employed to summarize the data.
RESULTS

Cold Stimulation Test Results
Sixty percent (n = 21) of patients had a positive ice cube test and
34% (n = 12) of them had a positive TempTest® result (Table 2).
All patients with negative skin tests reported wheals on cold
exposure. All TempTest®-positive patients also had a positive ice
cube test, but only 57% (n = 12) of ice cube positive patients had
a positive TempTest® (P = 0.001). CSTT scores ranged from 30
to 300 seconds (median 300, IQR 30−300) and CTT scores
ranged from 13 to 25°C (median 19, IQR 15─25) (Table 2). Cold
contact urticaria (i.e., whealing on area on the forearm
stimulated by an ice cube and/or TempTest®) was diagnosed
in 63% (n = 22) of patients. In one of these patients, local CSTs
were negative at the point of enrollment, but the diagnosis was
established based on past positive local CSTs. The rest of the
patients (n = 13) had atypical forms of ColdU(1): 29% (n = 10)
had systemic atypical ColdU, one had localized ColdU, and 6%
(n = 2) had localized cold reflex urticaria.

Our Patient Cohort Has a High Frequency
of CA-Positive and CG-Positive Patients
Almost half of our patients, 16 of 35 (46%), tested positive for
CAs (Table 2), and their CA titers ranged from 1 to 16
(Supplementary Table 1). CGs were detectable in 27% (n = 9)
of 33 tested patients (Supplementary Table 2 and
Supplementary Table 3). Two patients had single-component
CGs of the IgG isotype, and 7 patients had mixed CGs. The
maximum CG concentration was 189 mg/L (mean 152.0, SD ±
29.5) (Supplementary Table 2). Six percent (n = 2) of patients
had a positive CA and CG test. No patients had a CA disease or a
clinically manifested cryoglobulinemia.

CAs, but Not CGs, Are Linked to
Female Gender
CA-positive patients were more often female than CA-negative
patients (88% vs. 47%, P = 0.030) (Table 2 and Figure 1A). No
gender-association was found for CGs (Supplementary Table 3).
Frontiers in Immunology | www.frontiersin.org 558
The Presence of CAs, but Not CGs,
Influences the Patients’ Real-Life
Reactivity to Specific Cold Triggers
When CA-positive and CA-negative patients were compared, the
former had a higher rate of reactions triggered by cold ambient
air (100% vs. 63%, P = 0.009), immersion in <25°C water (75% vs.
37%, P = 0.041), or aggravated by increased humidity levels in
the summer (69% vs. 21%, P = 0.007). They also had a higher rate
of angioedema triggered by ingestion of cold foods or drinks
(56% vs. 21%, P = 0.043) (Table 2 and Figure 1A). No significant
associations with specific cold triggers were found for CGs
(Supplementary Table 3).

CAs, but Not CGs, Are Linked to Poor
Disease Control
CA-positive patients had significantly lower UCT scores than CA-
negative patients (median 11, IQR 7−12 vs. median 13, IQR 9−16;
P = 0.023) (Table 2 and Supplementary Table 1). Furthermore,
CA titers weakly correlated with UCT scores (r = −0.359, P =
0.034) (Table 3 and Supplementary Table 1). No significant
differences in UCT scores were found between CG-positive and
CG-negative patients (Supplementary Table 3).

A Positive CA test, but Not a Positive CG
test, Was Associated With Specific
Complete Blood Count Parameters
A positive CA test was linked to lower erythrocyte counts (P = 0.005)
and lower hemoglobin concentrations (P <0.001) (Table 2; Figure
1B; Supplementary Table 1). CA titers correlated weakly with
erythrocyte counts (r = −0.372, P = 0.028), moderately with
hemoglobin concentrations (r = −0.557, P = 0.001), and moderately
with hematocrit levels (r = −0.397, P = 0.018) (Table 3). CA-positive
patients also had higher thrombocyte counts than CA-negative
patients (P = 0.042) (Figure 1B), but CA titers did not significantly
correlate with thrombocyte counts, albeit significance was borderline
(r = 0.328, P = 0.054). Furthermore, CA-positive patients had lower
monocyte counts when compared to CA-negative patients (P =
0.002) (Table 2 and Figure 1B), and CA titers moderately
correlated with monocyte counts as well (r = −0.425, P = 0.011)
(Table 3). No significant associations with complete blood count
parameters were found when CG-positive and CG-negative patients
were compared (Supplementary Table 3).

CA Titers Might Be Subject to
Seasonal Variations
We found a moderate correlation between CA titers and mean
daily temperatures on the days when blood was drawn (r = 0.456,
P = 0.006) (Table 3 and Supplementary Table 1). No such
associations were found for CG concentrations (Table 3).

CGs, but Not CAs, Are Linked to Basal
Serum Tryptase Levels and
ColdU Duration
CG concentrations strongly correlated with basal serum tryptase
levels (r = 0.733, P = 0.025) and ColdU duration (r = 0.683, P =
0.042). CA titers were not linked to these features (Table 3).
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DISCUSSION

In our study, a sizeable rate of ColdU patients tested positive for
CAs and CGs. More importantly, patients who expressed these
cold-reactive antibodies differed from those who did not in
demographic, clinical and laboratory markers. Our results
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suggest that CAs and CGs, in a subpopulation of ColdU
patients, are linked to the course and possibly the pathogenesis
of their disease.

Our ColdU patients showed higher frequencies of positive CA
and CG tests than previously reported (16, 36–39). There are
several possible explanations for this discrepancy. CA titers in
our patients were low (ranged from 1 to 16), and CG
concentrations averaged 150 mg/L with a maximum of 189
mg/L. Earlier studies on ColdU did not report CA titers or CG
concentrations and may have used higher thresholds for
classifying patients as positive or used assays that differ from
ours in sensitivity. Importantly, CAs and CGs may be
underdiagnosed in ColdU due to improper sample handling
(26, 49), and we very likely avoided false negative results by
having blood samples drawn at tertiary centers specialized in CA
and CG analysis. Other explanations include differences in
patient populations and times of sampling. Our study
population entailed patients with several different forms of
ColdU, and 37% had atypical types of ColdU including
systemic atypical ColdU (n = 10), localized ColdU (n = 1), and
localized cold reflex urticaria (n = 2). Although we did not detect
differences in CAs or CGs between ColdU subtypes (data not
shown), possibly due to the low number of patients, such
differences may exist. None of the previous ColdU studies
A

B

FIGURE 1 | Variables significantly linked to a positive CA-test (A) When CA-positive and CA-negative patients were compared, the former were more often female
and had a higher rate of reactions triggered by cold ambient air or immersion in cold water, a higher rate of reactions aggravated by increased humidity levels in the
summer, and a higher frequency of angioedema triggered by ingestion of cold foods or drinks. (B) When CA-positive and CA-negative patients were compared, the
former also had lower UCT scores, lower erythrocyte counts, lower hemoglobin concentrations, higher thrombocyte counts, and lower monocyte counts. CA, cold
agglutinin; UCT, Urticaria Control Test.
TABLE 3 | Correlations of cold agglutinin titers and cryoglobulin concentrations
with patient characteristics.

Patient characteristic CA titer
N = 35

CG concentration
N = 9

r P value r P value

UCT score −0.359 0.034 −0.059 0.880
Erythrocyte count −0.372 0.028 0.059 0.881
Hemoglobin concentration −0.557 0.001 0.000 1.000
Hematocrit level −0.397 0.018 0.200 0.606
Monocyte count −0.425 0.011 −0.017 0.966
Basal serum tryptase −0.105 0.554 0.733 0.025
Mean daily Temp. on the
day when blood was drawn

0.456 0.006 −0.663 0.073

ColdU duration 0.158 0.365 0.683 0.042
Statistically significant P values are in bold. CA, cold agglutinin; CG, cryoglobulin; ColdU,
cold urticaria; N, number of patients; r, Spearman correlation coefficient; Temp.,
temperature; UCT, Urticaria Control Test.
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report on sampling times, and our study showed a correlation
between CA titers and mean daily ambient temperatures on the
days when blood for CAs was drawn. CAs, in patients with
ColdU, may get depleted in cold seasons due to reactions to cold
ambient air. Bendix et al. analyzed CA titers of 276 healthy blood
donors in January and July and observed no seasonal variations
in CA titers (50). This may suggest that lower CA levels in cold
seasons may be linked to depletion of CAs in ColdU.

CA titers in our ColdU were significantly linked to a
demographic (i.e., female gender), clinical (i.e., reactivity to
cold ambient air, UCT scores), and laboratory features (i.e.,
lower erythrocyte counts, hemoglobin levels, hematocrit levels,
and monocyte counts). Studies in hematology have shown that
CA titers <64 do not necessarily indicate that CAs are not
pathogenically relevant at 4°C (51). Even fatal autoimmune
hemolytic anemia was reported in a patient with a CA titer 16
(52). Agglutination and lysis of erythrocytes are not related
directly to the CA titer and rather appear to depend on the
density of CA receptors on the erythrocyte surface (23).

Our CA-positive patients were significantly more often
female, which is consistent with previous reports (30, 50, 53).
Furthermore, higher CA titers were linked to a female gender.
Both may be explained by the presence of two X chromosomes,
which carry immune response genes, or hormonal factors that
influence CA expression (54).

In our study, a positive CA test was associated with a higher
rate of reactions triggered by cold ambient air or immersion in
cold water and aggravated by increased summer humidity. This
suggests that CA-positive patients are more sensitive to cold
exposure, and that CAs in the skin might get activated by
convective cooling due to moving currents (e.g., immersion in
cold water), and by rapid evaporative cooling (e.g., vaporization
of water directly from the skin in humid environments).

A positive CA test was also linked to a higher frequency of
angioedema triggered by the ingestion of cold foods or beverages.
The mechanism remains unexplained. Interestingly, I-antigen
was detected in the gastric mucosa of animals (23), and Innet
et al. described a CA-positive patient who experienced
intermittent anemia and preferred to drink warm liquids (55).
The fact that CA-positive patients react to cold ambient air and
more severely (angioedema due to cold foods/drinks) may
explain our finding that they also have lower disease control.

Our study does not explain why some patients with ColdU
have CAs. It is known that infections, for example with
Mycoplasma pneumoniae or Streptococcus pneumoniae, can
cause cold agglutinin disease (15, 21, 49, 56, 57). These
bacteria display I-related antigens on their surface and can
trigger CA production (31), and ColdU has often been linked
to preceding infections (1). Up to one third of ColdU patients
have been reported to benefit from treatment with doxycycline,
and 19% showed full remission (58), but the mechanisms for
such improvements have not yet been explained. Furthermore,
doxycycline is also effective against Mycoplasma pneumoniae
(59) and Streptococcus pneumoniae (60).

Since our patients’ serum was tested for agglutination of
group O erythrocytes, their CAs are likely auto-anti-I (54).
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Pruzanski and Katz (23) described the biological diversity of
CAs almost 40 years ago, which not only agglutinate
erythrocytes, but also have complex interactions with other
cells expressing the Ii-antigen (i.e., granulocytes, monocytes,
macrophages, lymphocytes, thrombocytes, fibroblasts).
Interestingly, higher CA titers in our patients correlated with
lower erythrocyte and monocyte counts. It is therefore tempting
to speculate that CAs in ColdU get activated when the skin is
cooled and bind to cells that express the Ii-antigens (like in CA
disease), thereby reducing their numbers. These cells may then
activate complement and generate C3a and C5a, which are
potent mast cell activators (28).

Defined cutoff levels of CGs, which would aid in the
interpretation of our results, do not yet exist for ColdU. Our
CG-positive patients were referred to a rheumatologist for
further evaluation, but none of them received a diagnosis of a
rheumatologic disease. Nonetheless, we found that higher CG
levels in our ColdU patients were strongly associated with longer
ColdU duration and higher basal serum tryptase levels. The latter
suggests that CGs may promote mast cell degranulation, as
serum tryptase is derived from mast cells and ColdU is a mast-
cell driven disease (61). Costanzi and Coltman demonstrated
that ColdU activity can be passively transferred to normal
recipients with IgG or IgG-IgM CGs obtained from sera of
patients with ColdU and cryoglobulinemia (43). All of our
CG-positive ColdU patients had the IgG CG-isotype, and 7 of
9 also had the IgM CG-isotype.

Only 6% (n = 2) of studied patients had both, a positive CA and
CG test. This suggests that having one type of cold protein does not
present a risk for having another. Furthermore, our study showed
that CAs and CGs are linked to different sets of markers of ColdU.

The major strengths of our study are that it was performed at a
single center allowing good comparability of results, and that we
obtained detailed history from all patients. However, it also has
limitations: (a) we analyzed a relatively low number of patients,
which did not allow for meaningful subgroup analyses, for
example of patients with typical vs. atypical ColdU, (b) CA and
CG tests were each performed in specialized laboratories and not
repeated, (c) the thermal amplitude of CAs was not determined,
and (d) we did not perform the same laboratory tests in a control
group of healthy, age-matched individuals who may have low-
titer, low-thermal amplitude CAs and low-concentration CGs in
their serum (Table 1).

Despite these limitations, this is the first study of CAs and
CGs in ColdU to show their association with clinical features,
and the fact that such links exist suggests relevance. Our results,
therefore, encourage further studies on CAs and CGs in ColdU
to explore their function, their use as markers and their impact
on treatment responses.
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Background: The pathogenesis of chronic spontaneous urticaria (CSU) is still
insufficiently understood. Recent findings suggest that immunoglobulins, in particular
IgE but also IgA, play a role in the development of CSU.

Objective: Our aim was to assess differences in clinical and laboratory markers between
CSU patients with and without lower levels of serum IgA and IgE.

Methods: We analyzed the data of 606 patients with CSU by dividing them into four
groups based on their IgA and IgE levels. The groups were compared for their spectrum of
symptoms, disease activity, concomitant autoimmunity and routine laboratory markers.
Autoreactivity was assessed by basophil activation test (BAT). Moreover, IgE-anti-thyroid
peroxidase (TPO) was measured.

Results: Of the patients with lower IgE levels, 66.5% also had lower IgA levels (r=0.316,
p<0.001). Patients with lower IgA and lower IgE levels showed a higher prevalence of
recurrent angioedema (p=0.03, p=0.04) and concomitant autoimmunity (p=0.006,
p<0.001). Autoreactivity was also found more frequently in patients with lower IgA and
lower IgE levels (p=0.003, p<0.001). Reduced basophil counts were linked to both, lower
IgA and lower IgE levels (p<0.001), whereas low eosinophil counts were primarily present
in patients with lower IgE levels (p=0.04, p<0.001). Patients with elevated IgE-anti-TPO
levels had lower IgA (p=0.007) and IgE levels (p=0.001).

Conclusion: Lower IgA levels in CSU are linked to lower IgE levels and features of
autoimmune urticaria. Our findings encourage to screen CSU patients for serum IgA and
IgE levels and to further assess their role as disease biomarkers.

Keywords: immunoglobulin A, immunoglobulin E, chronic spontaneous urticaria, autoreactivity, autoimmune
disease, basophils, eosinophils
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INTRODUCTION

Chronic spontaneous urticaria (CSU) is a common disease that
affects around 1% of the general population (1). It is
characterized by the appearance of pruritic wheals, angioedema
or both for more than six weeks without a specific and definite
triggering factor (2).

The symptoms of CSU are primarily caused by the activation
and degranulation of skin mast cells (3). The specific mechanisms
that lead to this activation are still not clarified entirely. Based on
recent pathomechanistic studies and different response profiles to
anti-immunoglobulin E (IgE) treatment, the concept of two
different types of autoimmunity in CSU was established (4). In
type I autoimmunity, or autoallergy, patients have IgE-antibodies
against different autoantigens, such as thyroid peroxidase (TPO)
(5), interleukin-24 (6) or double stranded DNA (7) that crosslink
the IgE on mast cells and basophils and thus lead to degranulation.
Type IIb autoimmunity is characterized by mast cell-activating
IgG-antibodies, for example against IgE (8) or its high-affinity
receptor FcϵRI (9), that induce histamine release of mast cells and
basophils. Patients with type IIb autoimmunity are characterized
by a positive autologous serum skin test (ASST), serum
autoreactivity in basophil activation test (BAT) or basophil
histamine release assay (BHRA) and a positive immunoassay for
IgG-antibodies against FcϵRI or IgE (10). However, recent findings
show that only in 8% of patients with type IIb autoimmune CSU all
three elements are present simultaneously (11).

Low levels of IgE in patients with CSU have been linked to
type IIb autoimmunity (11). Also, total levels of IgE are linked to
the response to treatment with omalizumab, a therapeutic anti-
IgE-antibody, with non-responders to this third-line treatment
showing lower levels of IgE (12). Patients with type IIb
autoimmune CSU also respond slower to omalizumab
treatment (13). In contrast, CSU patients with type I
autoimmunity and high IgE levels show better and faster
responses to omalizumab, respectively (14, 15).

Currently, little is known about the role of immunoglobulin A
(IgA) in CSU. Selective immunoglobulin A-deficiency (SIgAD) is
the most common primary immunodeficiency. It is defined as a
serum IgA level of less than 0.07 g/l with normal levels of serum
immunoglobulin G (IgG) and immunoglobulin M (IgM) in
patients older than four years in whom other causes of
hypogammaglobulinemia have been excluded (16). Patients with
SIgAD have a higher risk of autoimmune diseases (17), as do
patients with CSU (18). Furthermore, in patients with SIgAD the
prevalence of inflammatory skin diseases including CSU is higher
(19). Interestingly, Frossi et al. found SIgAD in patients with CSU to
be linked to the presence of other autoimmune diseases and signs of
Abbreviations: ANA, Anti-nuclear antibodies; ANCA, Anti-neutrophil cytoplasmic
antibodies; ASST, Autologous serum skin test; BAT, Basophil activation test; BSA,
Bovine serum albumin; CSU, Chronic spontaneous urticaria; DLQI, Dermatology life
quality index; EDTA, Ethylenediaminetetraacetic acid; FBS, Fetal bovine serum; IgA,
Immunoglobulin A; IgE, Immunoglobulin E; IgG, Immunoglobulin G; IgM,
Immunoglobulin M; IQR, Interquartile range; Md, Median; PBS, phosphate-
buffered saline; SIgAD, Selective immunoglobulin A-deficiency; TBS, Tris-buffered
saline; TPO, Thyroid peroxidase; UAS, Urticaria activity score.
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type IIb autoimmune CSU, such as positive ASST and BAT results
(20). However, only four patients (all of them with exceptionally
low IgA levels) were included in this study. Therefore, further work
on the importance of IgA in CSU in a bigger cohort is required.

We hypothesized that lower levels of IgA are linked to
features of type IIb autoimmune CSU including lower IgE. To
test our hypothesis, we measured total serum IgA and IgE levels
in more than 600 CSU patients and assessed those with lower
levels of one or both for their clinical and laboratory features.
METHODS

Patients
We analyzed the data of 606 patients with CSU treated at the
Urticaria Reference and Excellence Center (UCARE) (21) at
Charité-Universitätsmedizin Berlin. All patients provided oral
and written informed consent that included the publication of
their pseudonymized data. For affected children (n=10), parents
provided written informed consent. The study was approved by
the Ethics Committee of Charité-Universitätsmedizin
Berlin, Germany.

The patients were divided into four groups based on their IgA
and IgE levels: 1) lower IgA and lower IgE levels (IgAlowerIgElower),
2) lower IgA and normal or elevated IgE levels (IgAlowerIgEn/hi),
3) lower IgE and normal or elevated IgA levels (IgAn/hiIgElower) and
4) normal or elevated IgA and IgE levels (IgAn/hiIgEn/hi). Based on
the median IgA value of 1.84 g/l in this cohort of 606 CSU patients,
we classified patients who had a serum IgA level of <1.84 g/l as
having lower IgA levels. For lower IgE levels, the cut-off of <40 kU/l
was used as this had previously been reported to be clinically
relevant in CSU patients (11, 22).

All patients with complete routine diagnostic data on
immunoglobulin levels A, E, G and M, were included in the
study (n=523). Additionally, to increase group sizes, partially
missing immunoglobulin values were determined in retrospect
from frozen sera of patients who were known to have either
lower IgA or lower IgE levels (n=83).

Patients treated with anti-IgE-antibodies (omalizumab) or
immunosuppressives were not included in the study. Moreover,
patients were asked, if possible, to stop taking oral corticosteroids
and antihistamines, starting four weeks before the analysis, to
ensure reliable results.

Clinical Markers
Disease activity was measured by the 7-day once-daily urticaria
activity score (UAS7) that is based on wheal number and itch
severity documented by the patient (minimum: 0, maximum: 42)
(2). To assess health-related quality of life impairment, the
dermatology life quality index (DLQI) was applied (minimum:
0, maximum: 30) (23). Furthermore, the spectrum of symptoms
(wheals with or without angioedema) and the prevalence of
concomitant diseases, especially autoimmunity, were assessed.

Routine Laboratory Markers
Aside from serum levels of IgA and IgE, different serologic
markers were assessed in all patients including C-reactive
May 2021 | Volume 12 | Article 657211
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protein, leukocyte, basophil and eosinophil count, IgG and
IgM levels.

Assessment of Autoimmunity
Patients were screened for the presence of comorbid
autoimmune disease and elevated levels of anti-neutrophil
cytoplasmic antibodies (ANCA), (cANCA ≥10 U/ml,
pANCA ≥5 U/ml), anti-nuclear antibodies (ANA) (≥1:160),
rheumatoid factor IgM (≥20U/ml), circulating immune
complexes (≥55 μg/ml), IgG-anti-TPO (≥35 kU/l) or thyroid
stimulating hormone-receptor-antibodies (≥2 U/l).

Assessment of Autoreactivity
Autoreactivity was assessed by an indirect BAT to screen for
autoantibodies in the patients’ serum. Moreover, IgE-anti-TPO
as a potential relevant autoallergen in CSU was measured (5).

The BAT was performed with fresh healthy donor basophils
and frozen patient serum that was thawed and diluted in
phosphate-buffered saline (PBS) (final concentration of 20%).
50 μl of heparinized whole blood, taken from the same healthy
donor for all experiments, was incubated with 50 μl of 20%
serum for 15 minutes at 37°C and with 5% CO2 in a 96 well plate.
As a positive control, 50 μl PBS containing 2.5 μg/ml mouse anti-
human IgE HP6029 and 2.5 μg/ml mouse anti-human IgE
HP6061 (both SouthernBiotech, Birmingham, AL) was used.
PBS functioned as negative control. After washing the samples
with 150 μl PBS + 2mM ethylenediaminetetraacetic acid (EDTA;
Invitrogen, Carlsbad, CA) the plate was centrifuged at 340 x g for
10 minutes at 4°C. The supernatant was aspirated with a vacuum
pump and the cells were stained with antibodies against CD3
(BD Biosciences, Franklin Lakes, NJ, REF#560365), CD193 (BD
Biosciences, Franklin Lakes, NJ, REF#558208), CD63 (BD
Biosciences, Franklin Lakes, NJ, REF#561982) and CD203c
(Beckman Coulter, Brea, CA, REF#IM3575) at 1:42 each in
FACS buffer (1% bovine serum albumin [BSA; Serva,
Heidelberg, Germany] in PBS) supplemented with 2.4% Kiovig
(Baxter AG, Vienna, Austria). The cells were lysed with 200 μl of
red blood cell lysis buffer (BioLegend, San Diego, CA) for five
minutes. After centrifugation, the supernatant was discarded and
the pellet was resuspended in 250 μl MACS buffer (1% BSA + 2
mM EDTA in PBS). Samples were then measured by flow
cytometry (MACS Quant, Miltenyi Biotec, Bergisch Gladbach,
Germany) and analyzed using FlowJo (v.10.6.1, BD Biosciences,
Franklin Lakes, NJ). The gating strategy used here is shown in the
Supplemental Figure 1. The BAT was considered positive, if
more than 7.77% of the total basophils were both CD63 and
CD203c positive. As cut-off, the 95th percentile of double
positive cells induced by control sera (n=51) was used.

CSU serum levels of IgE-anti-TPO were measured in an
enzyme-linked immunosorbent assay. The plate was coated
overnight with 2 μg/ml of MHE-18 (BioLegend, San Diego,
CA). After blocking with 1% fetal bovine serum (FBS,
Biochrom, Berlin, Germany) in tris-buffered saline (TBS),
plates were incubated with serum (diluted 1:5 in TBS,
overnight, at 4°C), followed by biotinylated human-TPO
(in.vent Diagnostica GmbH, Hennigsdorf, Germany). For
detection, streptavidin-HRP (ThermoFisher Scientific,
Frontiers in Immunology | www.frontiersin.org 365
Waltham, MA) and ECL Prime (GE Healthcare, Chicago, IL)
were used. Between each step, intensive washing with TBS
containing 0.05% Tween 20 was performed. Chimeric human
IgE-anti-TPO was used as positive control and standard. It was
obtained from the supernatant of SP-2/Sp1.4 transfected mouse
myeloma cells (kindly provided by Sandra McLachlan, Thyroid
Autoimmune Disease Unit, Cedars-Sinai Medical Center and
University of California Los Angeles) grown in 2 mM L-
Glutamine, 10% FBS gold IMEM-medium, 10 μg/ml
Streptomycin and 100 U/ml Penicillin (all Sigma-Aldrich,
Deisenhofen, Germany), as described before (5). IgE-anti-TPO
levels >1.09 ng/ml were considered as elevated. As cut-off, the
95th percentile of IgE-anti-TPO levels measured in healthy
control sera (n=14) was used.

Statistical Analysis
Statistical analysis was performed with the Statistical Package for
the Social Science (IBM SPSS version 27; IBM Corp, New York,
NY) and figures were created using GraphPad Prism (version
9.0.0; GraphPad Software, San Diego, CA). Normal distribution
was tested with Kolmogorov Smirnov test. As the data was not
normally distributed, the median (Md) and interquartile range
(IQR) were used. For comparison of continuous variables, the
Mann-Whitney-U test was performed when comparing two
groups and the Kruskal-Wallis test (one-way ANOVA) was
applied when comparing more than two groups. Correlation
was assessed using Spearman-Rho test for variables that were not
normally distributed. Binary variables were analyzed using
Pearson Chi-square test. Post hoc analysis involved pairwise
comparisons using the z-test of two proportions with a
Bonferroni correction. Statistical significance was indicated by
p ≤ 0.05.
RESULTS

Lower IgA Levels Are Linked to Lower IgE
and IgG Levels and Higher IgM Levels
In our study cohort the median age of patients was 43 years,
ranging from 13 to 82 years. More female (n=461) than male
patients (n=145) with CSU were included in the cohort. The
median disease duration was two years and the median age at
diagnosis 36 years. During the examination period, 4.7% of
patients (n=17) received low to medium doses of oral
corticosteroids and 23.4% (n=88) received antihistamines
(Table 1).

More than a third of CSU patients showed lower IgE levels
(n=224, 37.0%). Of these patients, 66.5% (n=149) were classified
as having lower IgA levels (Table 1). IgA and IgE levels were
significantly correlated (r=0.316, p<0.001) (Figure 1A) and
patients with lower IgA (<1.84 g/l) also had significantly lower
IgE levels (md=42.50 kU/l vs. md=111.00 kU/l, p<0.001)
(Figure 1B).

Moreover, IgG levels were particularly lower in patients with
lower IgA levels. The difference was significant between
IgAlowerIgElower patients compared to IgAn/hiIgElower patients
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TABLE 1 | Main clinical and laboratory features of the patients.

A and normal or elevated IgE
evels (IgAlower IgEn/hi)

Lower IgE and normal or elevated IgA
levels (IgAn/hi IgElower)

Normal or elevated IgA and IgE
levels (IgAn/hi IgEn/hi)

Signifi-
cance level

n=154 (25.4%) n=75 (12.4%) n=228 (37.6%)

78.6% (121) 73.3 (55) 68.4 (156) p=0.001
31.92 (23.00-42.00) 41.00 (27.25-50.00) 37.00 (26.42-50.00) p=0.001
2.08 (1.00-7.00) 2.00 (1.00-6.00) 2.14 (1.00-8.00) p=0.16

23.7 (22) 25.5 (14) 22.1 (29) p=0.97
7.9 (7) 5.7 (3) 3.1 (4) p=0.35

1.42 (1.13-1.61) 2.37 (1.98-3.16) 2.47 (2.14-3.10) p<0.001
122.50 (64.00-241.00) 17.20 (8.54-27.70) 160.00 (89.95-287.00) p<0.001

9.57 (8.51-10.52) 10.05 (8.83-11.74) 10.24 (8.77-12.07) p<0.001
0.99 (0.67-1.40) 0.98 (0.71-1.30) 0.97 (0.67-1.37) p=0.33

18.00 (12.00-25.00) 17.00 (9.00-29.00) 16.00 (8.00-23.00) p=0.14
9.50 (6.00-15.00) 6.00 (3.00-12.50) 6.00 (3.00-11.00) p=0.01

33.8 (50) 34.3 (24) 35.1 (74) p=0.01
1.90 (0.70-6.45) 2.25 (0.90-5.25) 2.50 (1.00-5.60) p=0.65
6.61 (5.17-7.85) 5.59 (4.78-7.01) 6.31 (5.43-7.58) p=0.12
0.17 (0.09-0.29) 0.13 (0.08-0.19) 0.16 (0.10-0.24) p<0.001
0.02 (0.01-0.03) 0.02 (0.01-0.03) 0.02 (0.01-0.04) p<0.001
0.91 (0.73-1.16) 1.00 (0.83-1.13) 0.92 (0.76-1.08) p=0.26

munoglobulin G; IgM, Immunoglobulin M; IQR, Interquartile range; Md, Median; TPO, Thyroid peroxidase; UAS, Urticaria activity score.
ge 1-40 mg/d) at the time of immunoglobulin assessment or in the 7 days before.
ores minimum and maximum values are presented. Significances for differences between the groups were measured by Kruskal-Wallis test for
t correlations are written in boldface.
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Lower IgA and lower IgE levels
(IgAlower IgElower)

Lower Ig

n=149 (24.6%)

Female patients, % (n) 86.6 (129)
Age at diagnosis in years, md (IQR) 40.00 (26.00-49.60)
Disease duration in years, md (IQR) 1.58 (1.00-5.00)
Antihistamine treatment*, % (n) 23.7 (23)
Systemic corticosteroid
treatment*, % (n)

3.2 (3)

IgA in g/l (0.7-4.0), md (IQR) 1.27 (0.87-1.53)
IgE in kU/l (0.0-100.0), md (IQR) 14.60 (6.37-23.60)
IgG in g/l (7.0-16.0), md (IQR) 9.05 (7.81-10.80)
IgM in g/l (0.4-2.3), md (IQR) 1.05 (0.69-1.48)
UAS7 (0-42), md (IQR) 19.00 (10.00-27.00)
DLQI (0-30), md (IQR) 9.00 (4.00-13.00)
Presence of angioedema, % (n) 49.7 (73)
C-reactive protein in mg/l, md (IQR) 2.00 (1.00-5.40)
Leukocyte count/nl, md (IQR) 6.16 (5.15-7.47)
Eosinophil count/nl, md (IQR) 0.09 (0.06-0.17)
Basophil count/nl, md (IQR) 0.01 (0.00-0.02)
IgE-anti-TPO in ng/ml, md (IQR) 1.01 (0.80-1.17)

DLQI, Dermatology life quality index; IgA, Immunoglobulin A; IgE, Immunoglobulin E; IgG, Im
*Treatment with antihistamines or systemic corticosteroids (prednisone, median 7 mg/d, ran
Reference values for serum immunoglobulin classes are indicated in brackets. For clinical s
continuous variables and Pearson Chi-square test for binary variables. Statistically significan
l
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(p=0.002) and IgAn/hiIgEn/hi patients (p<0.001) (Figure 2A). IgG
levels also correlated significantly with IgA (r=0.280, p<0.001)
and less strongly with IgE levels (r=0.104, p=0.01) (Figure 2B).

IgM levels revealed no significant differences between the
groups but were especially high in IgAlowerIgElower patients
(Table 1) and showed a weak negative correlation with IgA
levels (r=-0.090, p=0.03).

Lower IgA and IgE Levels Are Associated
With Female Gender, High Rates of
Angioedema and Lower Basophil and
Eosinophil Counts
Levels of IgA were lower in women (md=1.76 g/l) compared tomen
(md=2.12 g/l) (p<0.001), as were levels of IgE (md=60.90 kU/l vs.
118.00 kU/l, p<0.001). The proportion of females was significantly
higher in IgAlowerIgElower patients compared to IgAn/hiIgEn/hi

patients (86.6% vs. 68.4%, p<0.001). With a median age of 32
years at diagnosis, IgAlowerIgEn/hi patients were significantly
younger compared to all other groups (IgAlowerIgElower: p=0.006,
IgAn/hiIgElower: p=0.009, IgAn/hiIgEn/hi: p=0.002) (Table 1).

The prevalence of recurrent angioedema was highest in
IgAlowerIgElower patients. Here, nearly half of the patients,
namely 49.7% showed angioedema. The difference was
significant compared to IgAlowerIgEn/hi patients (33.8%, p=0.03)
and IgAn/hiIgEn/hi patients (35.1%, p=0.04) (Table 1).

Quality of life impairment, as assessed by DLQI was highest
in patients with lower levels of IgA. The difference was significant
for IgAlowerIgEn/hi patients (md=9.5) compared to IgAn/hiIgEn/hi

patients (md=6.0, p=0.01). The disease activity did not show
significant differences between the groups as assessed by UAS7
Frontiers in Immunology | www.frontiersin.org 567
(Table 1). However, for both UAS7 and DLQI, a negative
correlation with IgA levels was found (UAS7: r=-0.095, p=0.04;
DLQI: r=-0.173, p=0.005). Of note, the correlations increased
when only including patients with concomitant recurrent
angioedema (UAS7: r=-0.242, p=0.001; DLQI: r=-0.291,
p=0.003) and the correlations completely disappeared when
exc luding pat ients wi th concomitant autoimmune
phenomena (n=248).

Basophil counts were lowest in IgAlowerIgElower patients. The
differences were significant compared to IgAlowerIgEn/hi patients
(p<0.001) and IgAn/hiIgEn/hi patients (p<0.001) (Figure 3A).
Eosinophil counts were mainly linked to lower IgE levels as
shown by significantly lower eosinophil numbers in
IgAlowerIgElower and IgAn/hiIgElower patients compared to
IgAlowerIgEn/hi patients (p<0.001, p=0.04) (Figure 3B).

Lower IgA and IgE Levels Are Linked to
High Rates of Concomitant Autoimmune
Diseases, Autoreactivity and High Levels
of IgE-anti-TPO
Four of ten CSU patients (248 of 594, 41.8%) had one or more
comorbid autoimmune disease and/or elevated levels of specific
relevant autoantibodies. The most common comorbid
autoimmune diseases were Hashimoto’s thyroiditis and Graves’
disease. Positivity to ANA, ANCA, rheumatoid factor IgM or
circulating immune complexes was associated mostly to lower
IgE levels (IgAlowerIgElower and IgAn/hiIgElower), whereas the
prevalence of thyroid autoimmune diseases was especially high
in patients with both lower IgA and lower IgE levels (Table 2). In
total, the proportion of patients with autoimmune diseases and/
A B

FIGURE 1 | Lower IgA levels are correlated with lower total IgE levels in the serum of CSU patients (Spearman-Rho) (A). Lower IgA levels are associated with lower
total IgE levels. Boxes are displayed as median and interquartile range. The whiskers indicate the range. For statistical significance, a Mann-Whitney-U test was
performed (B). IgA levels >6 g/l (A) and IgE levels >1000 kU/l (A, B) are not shown in this graphic.
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or elevated autoantibodies was therefore highest in patients with
lower IgE levels (Figure 4).

The BAT as a marker of type IIb autoimmunity was positive
in 16.6% of CSU patients (n=500), with highest percentages of
activated basophils (CD63 and CD203c positivity) in patients
with lower IgA and IgE levels (IgAlowerIgElower). The difference in
activation rates was significant compared to all other groups
Frontiers in Immunology | www.frontiersin.org 668
(p=0.006, p=0.005, p<0.001) (Figure 5A). This effect was
independent of the prevalence of autoimmune diseases as the
exclusion of all patients with autoimmune phenomena (n=275
remaining) still revealed highest rates in the IgAlowerIgElower

group compared to all other groups (p=0.04, p<0.001, p=0.009).
Both IgA and IgE levels showed a significant negative

correlation with the percentage of activated cells (IgA: r=-0.208,
A B

FIGURE 3 | Basophil counts are lowest in CSU patients with lower IgA and IgE levels (A), whereas eosinophil counts are low in CSU patients with lower IgE levels
with or without lower IgA levels (B). Boxes are displayed as median and interquartile range. The whiskers indicate the range. For statistical significance, a Kruskal-
Wallis test was performed. Basophil counts >0.12/nl and eosinophil counts >0.8/nl are not shown in this graphic.
BA

FIGURE 2 | Lower IgG levels are associated with lower IgA levels in the serum of CSU patients. Boxes are displayed as median and interquartile range. The
whiskers indicate the range. For statistical significance, a Kruskal-Wallis test was performed (A). Correlation of IgG with IgA and IgE levels by Spearman-Rho. IgA
levels >6 g/l and IgE levels >1000 kU/l are not shown in this graphic (B).
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p<0.001; IgE: r=-0.218, p<0.001) (Figure 5B). Positive BAT rates
were also found more often in IgAlowerIgElower patients (32.6%)
compared to IgAlowerIgEn/hi patients (14.2%, p=0.003) and IgAn/

hiIgEn/hi patients (7.1%, p<0.001). There was a weak correlation
between UAS7 and the percentage of activated cells
(r=0.106, p=0.04).

IgE-anti-TPO levels were measured in 399 patients. Although
quantitative IgE-anti-TPO levels did not markedly differ between
the four groups (Table 1), patients with elevated IgE-anti-TPO
levels had significantly lower IgA (md=1.72 g/l vs. 1.85 g/l,
p=0.007) (Figure 6A) and IgE levels (md=39.25 kU/l vs. 75.40
kU/l, p=0.001) (Figure 6B) and IgE-anti-TPO showed a weak
negative correlation with IgE levels (r=-0.120, p=0.02). Nearly
half of the patients with elevated levels of IgG-anti-TPO or
thyroid stimulating hormone-receptor antibodies (n=107), also
had elevated IgE-anti-TPO levels (n=52, 48.6%).
DISCUSSION

This is the first study on IgA levels in a sizeable cohort of CSU
patients. Lower IgA and lower IgE levels often appear together
and the combination of both is linked to features of
autoreactivity (e.g. positive BAT and elevated IgE-anti-TPO
levels) and the appearance of autoimmune phenomena.
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FIGURE 4 | Autoimmune phenomena are more prevalent in CSU patients
with lower serum IgE levels. Autoimmune phenomena were defined as the
presence of clinically diagnosed autoimmune diseases and/or elevated levels
of ANCA, ANA, rheumatoid factor IgM or circulating immune complexes and/
of elevated levels of IgG-anti-TPO or thyroid stimulating hormone-receptor-
antibodies, if they were in accordance with the clinical symptoms. For
statistical significance, the z-test of two proportions with a Bonferroni
correction was performed.
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A B

FIGURE 5 | BAT positivity is associated with lower serum IgA and IgE levels in CSU patients. Percentage of CD63 and CD203c positive cells in the BAT after
stimulation of healthy basophils with patient serum. Boxes are displayed as median and interquartile range. The whiskers indicate the range. For statistical
significance, a Kruskal-Wallis test was performed (A). IgA and IgE levels correlate negatively with the percentage of activated basophils by Spearman-Rho. IgA
levels >6 g/l and IgE levels >1000 kU/l are not shown in this graphic (B).
A B

FIGURE 6 | Elevated IgE-anti-TPO levels (>1.09 ng/ml, n=120) in CSU patients are associated with lower serum IgA (A) and IgE (B) levels compared to patients
with normal IgE-anti-TPO levels (≤1.09 ng/ml, n=279). Boxes are displayed as median and interquartile range. The whiskers indicate the range. For statistical
significance, a Mann-Whitney-U test was performed. IgA levels >6 g/l and IgE levels >1000 kU/l are not shown in this graphic.
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More than half of the patients with lower IgE levels also
showed reduced IgA levels, indicating that these two types of
immunoglobulins are linked to each other. This is supported by
observations in common variable immunodeficiency, which
frequently presents with very low levels of IgA in combination
with reduced levels of IgE (24). Interestingly, patients with both
lower IgA and lower IgE levels also had reduced IgG levels but
increased IgM levels as compared to other groups. An
explanation for this finding could be a B-cell defect resulting in
an impaired antibody class switch with imbalanced
immunoglobulin production in CSU. This has been reported
for patients with SIgAD, who showed increased levels of serum
IgM as a compensatory mechanism. The increased IgM levels
might protect patients against severe infections, as SIgAD
patients with normal IgM levels developed severe infections
more often (25).

However, it remains to be clarified whether lower IgA and IgE
levels were present in patients before the development of their
urticaria and were thus involved in the pathogenesis of the
disease, or whether the imbalanced immunoglobulins were
caused by the disease itself.

A functional role of lower IgA in the pathogenesis of CSU
could be attributed to the signaling through FcaRI. In a murine
IgE-mediated model of asthma it was shown that stimulation of
FcaRI with serum IgA inhibits FcϵRI-induced degranulation of
mast cells by IgE based on an antagonism between IgA and IgE
via their respective receptors (26). In humans, FcaRI is expressed
on immune cells such as eosinophils, neutrophils and monocytes
but not on mast cells. Serum IgA in humans is supposed to
negatively regulate immune cell activation and degranulation
via FcaRI (27, 28). One could hypothesize that lower IgA
in CSU would lead to increased activation of eosinophils,
neutrophils and monocytes resulting in inflammation
and autoimmunity.

The quality of life was impaired the greatest in patients with
lower IgA levels (IgAlowerIgElower and IgAlowerIgEn/hi), whereas
the CSU disease activity did not differ significantly. We attribute
the effect on quality of life to higher rates of concomitant
conditions, such as autoimmune phenomena and recurrent
angioedema in patients with lower IgA and lower IgE levels.
Rates of recurrent angioedema, for instance, were highest in
patients with lower IgA and lower IgE levels. Patients with
positive ASST results have been found to be more likely to
develop angioedema (29). This fits our observation of frequent
autoreactivity in patients with lower IgA and IgE levels. Of
further interest, Bond et al. reported a link between SIgAD and
hereditary angioedema (30).

In our study we found that basophil counts seem to be
influenced especially by the combination of lower IgA and
lower IgE levels, whereas eosinophil counts are related
predominantly to the levels of IgE. Earlier reports found that
basopenia is linked to severe, antihistamine-resistant CSU and
type IIb autoimmunity (31), which fits our results that patients
with lower IgA and IgE levels show more type IIb autoimmunity.
It is hypothesized that basopenia is caused by the recruitment of
circulating basophils into the wheals (8, 32). Recent findings also
Frontiers in Immunology | www.frontiersin.org 971
indicate a connection between eosinopenia and type IIb
autoimmunity, high disease activity, poor response to
treatment and lower IgE levels (33). This is in line with the
results of our study. Also, it was shown that some CSU patients
can benefit from anti-interleukin-5-targeted treatment with
mepolizumab (34) or reslizumab (35) which affect recruitment,
activation and survival of eosinophils. Beyond this, concomitant
lower IgA levels were found in some patients with eosinophil
deficiency (36). The exact role of eosinophils in the pathogenesis
of CSU, however, remains unclear (37).

Our data imply that lower IgA and lower IgE levels taken
together are more sensitive in diagnosing type IIb autoimmunity
in CSU patients than lower IgE levels alone. The connection
between lower levels of serum IgE and type IIb autoimmunity
that we found has been described previously (38, 39). However,
the reason for this remains unknown. One hypothesis is that IgE
complexes with anti-IgE-antibodies and is therefore not
measurable in these patients (40).

Recently, IgM- and IgA-antibodies against the IgE receptor
FcϵRI were found in addition to IgG-antibodies, which are
characteristic for type IIb autoimmunity in CSU (41).
Although only IgM-antibodies could be linked to type IIb
autoimmunity so far, based on our results it would be of
interest to measure IgA-antibodies in a CSU cohort.

The prevalence of SIgAD was shown to be increased in
patients with autoimmune diseases and the other way around
(42). Abolhassani et al. proposed that this effect is mediated by a
reduced mucosal defence in patients with SIgAD. Thus, antigens
from the environment could enter the ciruclation more easily
and result in the development of autoreactive antibodies via
induction of molecular mimicry and cross-reaction with self-
antigens (43). In our study only three patients showed signs of
SIgAD (meaning an IgA level <0.07 g/l), but it is reasonable to
think that lower normal levels of IgA, although not as low as in
SIgAD might have a similar, less strong effect. Another
explanation for the association of lower IgA levels with
autoreactivity may be the presence of IgG- or IgE-anti-IgA-
antibodies (44). Since patients with reduced IgA levels are more
likely to develop autoreactive antibodies, this could result in the
maturation of autoantibodies that are directed against IgE
leading to decreased serum IgE levels.

We also found that high IgE-anti-TPO levels, a common
autoantibody in type I autoimmunity in CSU, are connected
principally to lower total IgE levels. This stands in contrast to
earlier findings suggesting that type I autoimmunity in CSU is
connected to high levels of IgE (45, 46). Our results, instead,
indicate that lower IgE levels may be linked to features of both,
type I autoimmunity, as well as type IIb autoimmunity. Of note,
we did not assess other specific IgE autoantibodies besides IgE-
anti-TPO. As the levels of specific IgE autoantibodies may be
more relevant for the diagnosis of type I autoimmunity as
compared to the levels of total IgE, future studies should
screen for different IgE autoantibodies in order to distinguish
between types of autoimmunity in CSU.

A limitation of our study is the classification into lower vs.
normal and elevated IgA levels based on a median IgA level of
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1.84 g/l in our cohort. Whether the distribution of IgA values
differs in other populations, needs to be studied. Nevertheless,
our results emphasize that not only very low IgA levels are of
importance in CSU patients, but also that levels on the lower
range of the normal value should be evaluated.

Further limitations in the design of our study are the gender
and age differences between the four groups (Table 1). The fact
that women’s IgA and IgE levels are lower has been found
previously (47–49). Therefore, it has to be considered whether
sex is a confounding factor in our study. Especially when
investigating the prevalence of autoimmune phenomena this
could be of relevance, since these are known to be increased in
women. But when only looking at the male patients (n=145) in
our study population, autoimmune phenomena, although not
statistically significant, were also associated with lower levels of
IgE (47.4% in IgAlowerIgElower and 45.0% in IgAn/hiIgElower

patients compared to 31.3% in IgAlowerIgEn/hi and 27.1% in
IgAn/hiIgEn/hi patients).

In addition, IgAlowerIgEn/hi were younger at the time of
diagnosis compared to all other groups. IgA levels usually rise
with the age (47, 50), which could explain why younger patients
had lower IgA levels. However, this effect is not seen when
looking at patients who had lower IgE levels on top
(IgAlowerIgElower, md=40 years). This may be attributed to IgE
levels, that often drop with higher age, possibly due to the
decrease of sensitization (51). Further work on the effect of age
on the combined role of IgA and IgE levels is needed.

To conclude, our results show that reduced immunoglobulin
levels are common in CSU and associated with autoimmunity.
Our findings implicate that especially the combination of lower
serum IgA and IgE levels is of relevance in the diagnostic workup
of CSU patients, as it is connected to higher rates of type IIb
autoimmunity, according to BAT results, as well as more
angioedema and lower basophil counts. Lower IgE, independent
of IgA values, is connected to lower eosinophil counts, higher
levels of IgE-anti-TPO and autoimmune phenomena, whereas
lower IgA is connected to lower IgG levels and decreased quality of
life. The pathomechanisms underlying the decrease in
immunoglobulin levels and their interaction in CSU (e.g.
impaired class switch) are still not well understood and further
work on the role of both immunoglobulins as diagnostic
biomarkers is required. The assessment of serum IgA and IgE
levels is cost-effective and easy-to-perform. It may be useful in
diagnosing subgroups of CSU (e.g. type IIb autoimmunity). Also,
it may help to identify appropriate and optimal therapies for each
patient based on a precision medicine approach, such as anti-IgE-,
anti-interleukin-5-targeted therapies or immunosuppressives, if
CSU first-line-treatment fails.
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Cold Agglutinins in Cold Urticaria:
Literature Review, Retrospective
Patient Analysis, and Observational
Study in 49 Patients
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Marcus Maurer1*, Sabine Altrichter1,3 and Dorothea Terhorst-Molawi1
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Introduction: Cryoproteins, such as cryoglobulins, cryofibrinogens and cold agglutinins,
precipitate at low temperatures or agglutinate erythrocytes and dissolve again when warmed.
Their pathogenetic and diagnostic importance in cold urticaria (ColdU) is unclear. In this study,
we aimed to characterize the prevalence of cryoproteins in patients with ColdU.

Methods: We conducted 3 analyses: i) a systematic review and meta-analysis of
published data using an adapted version of the Joanna Briggs Institute’s critical
appraisal tool for case series, ii) a retrospective analysis of 293 ColdU patients treated
at our Urticaria Center of Reference and Excellence (UCARE) from 2014 to 2019, and iii) a
prospective observational study, from July 2019 to July 2020, with 49 ColdU patients as
defined by the EAACI/GA2LEN/EDF/UNEV consensus recommendations.

Results: Our systematic review identified 14 relevant studies with a total of 1151 ColdU
patients. The meta-analyses showed that 3.0% (19/628), 1.1% (4/357) and 0.7% (2/283)
of patients had elevated levels of cryoglobulins, cryofibrinogens and cold agglutinins,
respectively. Our retrospective analyses showed that cryoproteins were assessed in 4.1%
(12/293) of ColdU patients. None of 9 ColdU patients had cryoglobulins, and one of 5 had
cold agglutinins. In our prospective study, none of our patients had detectable
cryoglobulins (0/48) or cryofibrinogens (0/48), but 4.3% (2/46) of patients had cold
agglutinins (without any known underlying autoimmune or hematological disorder).

Conclusion: Our investigation suggests that only very few ColdU patients exhibit
cryoproteins and that the pathogenesis of ColdU is driven by other mechanisms, which
remain to be identified and characterized in detail.
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INTRODUCTION

Cold urticaria (ColdU) is a subtype of chronic inducible
urticaria, where wheals, angioedema or both are evoked by
exposure to low temperatures (1). A reliable medical history
and the results of cold stimulation tests (CSTs) such as the ice
cube test or the TempTest® establish the diagnosis (2).

Two different classification approaches can be found in the
published literature. The classification of ColdU based on CSTs
differentiates between typical ColdU, with wheals in the CSTs,
and atypical ColdU, without wheals or atypical wheals in the
CSTs (3). In the other approach, the etiology-based classification,
a hereditary and an acquired form are distinguished, the latter
being further subdivided into primary and secondary. Secondary
acquired ColdU can be caused by hematologic diseases,
infections, malignancies, cryoproteins (CPs) or other diseases
(4). The pathophysiology of ColdU is not well understood, and
autoallergic and autoimmune mechanisms, temperature-
sensitive receptors, neurogenic signals, and CPs have been
speculated to play a role (5, 6).

The term cryoprotein or cold protein usually includes
cryoglobulins, cryofibrinogens, cold agglutinins, and sometimes
other proteins. Cryoglobulins (CGs) are immunoglobulins that
precipitate in vitro at low temperatures and dissolve when
warmed (7). CGs can be divided into monoclonal (Type I) and
mixed (Type II and III) immunoglobulins (8) and can cause
various cold-related diseases with joint, nerve, and kidney
involvement, weakness, palpable purpura, Raynaud ’s
phenomenon, skin rashes and ulcers (9). Various infections,
especially hepatitis C, immune diseases and hematological
disorders have been described as possible triggers for the
occurrence of CGs (9, 10). Cryofibrinogens (CFs), which only
precipitate in plasma, can occur independently or in association
with CGs. Malignancies, infections and autoimmune diseases are
known to induce the occurrence of CFs (11, 12). CFs can cause
skin manifestations such as Raynaud’s phenomenon and purpura
as well as arterial and venous thromboses (11). Cryoglobulinemia
and cryofibrinogenemia, i.e. the presence of the respective CP, are
distinct from cryoglobulinemic or cryofibrinogenic diseases or
syndromes, i.e. resulting disease entities (11, 13). Healthy
individuals may have CGs (14, 15) or CFs (11).

Cold agglutinins (CAs), also known as cold(auto)antibodies,
are mostly type M immunoglobulins that agglutinate
erythrocytes at low temperatures and may lead to complement
activation (16).

As of now, the role and relevance of CPs in the pathogenesis of
ColdU remain ill-defined and many questions need to be
answered. There are several published reports on the prevalence
of CPs in patients with ColdU, including many case reports and
small case series. These have not been systematically analyzed at
the present time, and the rates of CP-positive ColdU patients,
thus, are not known. Also, it is largely unknown how often ColdU
patients are assessed for CPs and what drives the decision to do so.
Abbreviations: CA(s), Cold agglutinin(s); CF(s), Cryofibrinogens; CG(s),
Cryoglobulin(s); ColdU, Cold Urticaria; CP(s), Cryoprotein(s); CST(s), Cold
stimulation test(s); UCARE, Urticaria Center of Reference and Excellence.
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To answer these questions and address these unmet needs, we
used a three-tiered approach. First, we performed a systematic
review and meta-analysis of published reports on the rates of
ColdU patients who tested positive for CGs, CFs, and CAs.
Second, we retrospectively assessed how often close to 300
patients with ColdU treated at our Urticaria Center of
Reference and Excellence (UCARE) (17) were assessed for
these CPs and why. Finally, we prospectively measured CPs in
almost 50 consecutive patients with ColdU. The overall aim of
our report is to provide more clarity on the prevalence, role and
relevance of CPs in ColdU.
MATERIALS AND METHODS

Systematic Review and Meta-Analysis of
Published Reports
On June 30, 2020, we conducted a systematic PubMed literature
search with the terms (“cold urticaria”) AND (“cryoglobulin*”
OR “cryofibrinogen*” OR “cold agglutinin*”) in accordance with
the PRISMA guidelines (18) and included all published studies
between 1980 and 2019 in German, English, Spanish and French.
Additionally, we manually checked references in key
publications on ColdU (3, 19–21), since CPs are often only
reported as part of the patient description in the full text.

To be eligible, the studies had to have measured CPs in
patients with ColdU diagnosed according to established criteria
such as a typical patient history or positive CSTs. Accordingly,
the occurrence of CPs was not allowed to be a study exclusion
criterion. We excluded studies that exclusively dealt with
secondary or hereditary ColdU forms and case series with
fewer than 5 patients in order to avoid bias through selective
reporting and publishing.

The study selection was carried out independently by two
researchers based on predefined criteria. After excluding all non-
relevant studies based on title and abstract screening, we
procured the full texts and contacted the authors for additional
information, as necessary and possible. Patient characteristics
and results of CP testing were extracted independently by both
researchers using a survey table. Information on inclusion
criteria for the respective studies, reasons for incomplete
laboratory results and reported secondary diagnoses were also
collected to identify selective reporting. Where applicable, the
accordance of the term “cryoglobulinemia” in the respective
study with the definition used in this review was ensured. The
study quality and the bias risk were then independently assessed
by two researchers using a specifically adapted version of the
Joanna Briggs Institute’s critical appraisal tool for case series (22)
(see Table 1). Finally, the average percentage of CP-positive
patients, i.e. patients who tested positive for CGs, CFs, or CAs,
was calculated, weighted according to the respective study size.

Retrospective Analyses of ColdU Patients
We retrospectively searched the database of all chronic urticaria
patients diagnosed with ColdU who presented at the UCARE at
Charité-Universitätmedizin Berlin, Germany, between 2014 and
2019 for information on CPs. Collected data included patient
May 2021 | Volume 12 | Article 675451
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age, laboratory workup, type of diagnosis, onset of ColdU and
other diagnoses. Patient data were analyzed and reported
anonymously in accordance with data protection regulations,
and stored in a MS Excel Version 2019 based database.

Prospective Assessment of ColdU Patients
Between July 2019 and July 2020, we assessed 49 patients out of 60
consecutive patients with ColdU treated at our UCARE. Of the
patients originally seen during the study period (N = 60), 4 patients
were excluded because the diagnosis of ColdU was not confirmed
or was questionable; one patient was excluded because he no longer
had active disease. In 6 patients, a sufficient amount of blood could
not be obtained due to organizational reasons, patient-related
reasons or laboratory difficulties. There was no control group.
Our study was approved by the local ethics committee (reference
EA1/069/19), and all patients provided informed consent.
Inclusion criteria were 1) diagnosed ColdU as defined by the
2016 EAACI/GA2LEN/EDF/UNEV consensus recommendations
as the “recurrence of itchy wheals and/or angioedema [ … ]
reproducible in response to [ … ] cold exposure” (1), 2) disease
duration of 6 weeks or longer, 3) no intake of H1 antihistamines
within 3 days and/or glucocorticosteroids within 7 days prior to
CSTs and blood sampling. ColdU was diagnosed in all of our
patients based on their typical history and CSTs. For CSTs, the
TempTest 4.0® and the ice cube test with 5 minutes of cold
application and reading after 10 minutes were used (36). ColdU
was classified as “typical” in patients who developed a wheal at the
site of the CST within 10 minutes after cold exposure and as
“atypical” in patients who did not (3).

We obtained and analyzed patient demographics and the
course and severity of the disease including systemic reactions to
cold exposure. We also assessed patients for family history for
Frontiers in Immunology | www.frontiersin.org 377
ColdU, cold-associated complaints like wheals, pruritus or
angioedema and comorbidities such as atopic diseases,
infections, malignancies, connective tissue disorders, thyroid
diseases. Data were collected and pseudonymously entered in
an MS Excel Version 2019 based database.

Laboratory Workup
CP analyses were conducted at the central laboratory of the Charité
(Labor Berlin, CGs and CFs) and the Institute of Transfusion
Medicine (CAs). All peripheral-venous blood samples were
collected in a standardized way with prewarmed tubes and
transported directly to the laboratory, ensuring a constant
transport temperature of 37°C. Since temperature deviations are
a confounding factor for the analysis, a rapid and standardized
transport procedure for all samples was implemented.

CAs were determined in 6ml EDTA and 10ml native venous
blood, and plasma and sediment were separated at 37°C.
Subsequently, samples were analyzed for CAs of blood group
system I/i using foreign adult and umbilical vein erythrocytes.
Reaction strength at room temperature (20°C) was evaluated by
one to two observers depending on agglutination strength in
categories ranging from negative (no agglutination), within
physiological range (mild to moderate agglutination), borderline
(more severe agglutination) to pathological/positive (massive and
lumpy agglutination). At the same time, patient erythrocytes were
examined with the direct Coombs test, in which in most cases
only complement adhesion is expected, since any CAs detach
from the erythrocytes again upon recirculation.

CFs were determined using immunoprecipitation in 2ml EDTA,
and CGs were analyzed from 2 ml serum. After centrifugation, the
clear plasma or serum was examined for the formation of
precipitates for 72 hours at 4°C. If precipitates or turbidity were
TABLE 1 | Quality assessment of the studies identified through the systematic literature review.

1 Clear
Inclusion criteria

2 Clear
measurement
of diagnosis

3 Clear
demographics

4 If applicable: Clear
reasons for not testing

5 Type of cold
protein described

6 Report of
secondary
causes

Points
(max 6)

Neittaanmäki 1985 (23) Yes Yes 2/3 No Yes Yes 4.6
Wanderer et al., 1986 (4) Yes Yes 2/3 All tested Yes Yes 5.6
Doeglas et al., 1986 (24) Yes Yes 2/3 All tested Yes No 4.6
Henquet et al., 1992 (25) Yes Yes 2/3 No Yes No 3.6
Husz et al., 1994 (26) Yes Yes 2/3 All tested Yes N/A 5.6
Koeppel et al., 1996 (27) Yes Yes 2/3 No Yes cumulative 4.6
Möller et al., 1996 (28) Yes Yes 2/3 No No No 2.6
Santaolalla Montoya et al.,
2002 (29)

No Yes 2/3 Yes (“bad conservation”) Yes N/A 4.6

Tosoni et al., 2003 (30) No Yes 2/3 All tested Yes Yes 4.6
Alangari et al., 2004 (31) Yes Yes 3/3 No Yes cumulative 5
Katsarou-Katsari et al.,
2008 (32)

Yes Yes 3/3 No Yes Yes 6

Stepaniuk et al., 2018 (33) Yes Yes 1/3 Not for all patients Yes N/A 4.3
Yee et al., 2019 (34) Yes Yes 2/3 No Yes No 3.6
Kulthanan et al., 2019 (35) Yes Yes 3/3 Yes (“retrospective”) Yes N/A 6
May 2021 | Volum
e 12 | Article
1. Was there clear criteria for inclusion?
2. Was the condition (ColdU) measured in a standard, reliable way for all participants included?
3. Was there clear reporting of the demographics of the participants in the study? (age, age of disease onset and ColdU duration) (1/3 point per item)
4. Did the study have all patients tested? If not: Did the study provide information about the reasons?
5. Was the outcome parameter (cold protein) clearly defined?
6. Were secondary causes of positive cryoproteins clearly reported? [N/A (not applicable) and cumulative reporting count as 1 point].
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evident, the supernatant was warmed to 37°C and, if dissolved,
stored a second time at 4°C. Only in case of repeated dissolution and
formation of precipitates, the sample was considered positive for
CGs or CFs. Cryoprecipitates in the serum were considered as
positive CGs and cryoprecipitates in the EDTA as the sum of
positive CGs and positive CFs, so that both tests were always
performed simultaneously for differentiation. No further
differentiation or quantification of the samples was performed.

Statistical Methods
The quantitative variables reported in this study were
summarized using median, range (Min, Max) and interquartile
range (IQR) using R Version 3.6.3 (37).
RESULTS

Literature Review: The Studies to Date
Show a Wide Scatter of Results, but on
Average the Frequency of Positive CPs in
ColdU Patients was Low
Our systemic review identified 71 publications of potential
relevance (Figure 1), of which 68 were excluded after reviewing
the title, abstract or full-text. In addition, we found 11 relevant
publications by checking the references of key publications,
resulting in a total of 14 studies from the years 1985 to 2019 that
were evaluated in this review (Table 2). Most reports (11 of 14)
had 4 or more points out of possible 6 on the quality score and were
therefore considered to be of medium or high quality (Table 1).

CPs had been determined in all 14 studies in patient cohorts
ranging from 9 to 208 ColdU patients. In 0 to 28.6% (average
summarized for all studies 3.0%) of the ColdU patients, positive
CGs had been detected. This was reported to be associated with
secondary disease in two of these patients, one of whom had
lymphosarcoma (23) and one of whom had chronic lymphocytic
leukemia (4). CFs had been determined in 4 studies in patient
Frontiers in Immunology | www.frontiersin.org 478
cohorts ranging from 5 to 208 ColdU patients. In 0 to 20%
(summarized for all studies 0.7%) of the ColdU patients, positive
CFs had been detected. CAs had been analyzed in 9 studies
ranging from 7 to 208 patients. 0 to 21.4% (summarized for all
studies: 1.1%) positive CAs were reported.

Retrospective Study: In Routine Clinical
Practice, Very Few ColdU Patients Were
Tested for CPs, and the Rate of Positive
Tests Was Low
Between 2014 and 2019, 293 patients with various forms of
ColdU were seen at our UCARE. In 12 of these patients, CPs
were determined. CGs were determined in 9 patients, CA were
determined in 5 patients, both CG and CA were analyzed in 2
patients. CFs were not determined in any of the patients. The
main reasons for CP determination were the high disease severity
(in 9 of 12 patients) and suspicion of autoimmunity or
hematological disease (in 3 of 12 patients). We found no
anomalies in the 9 patients tested for CGs, but one of the 5
ColdU patients tested for CAs showed a positive result. However,
this patient is known to have Raynaud’s syndrome, which may be
associated with the presence of CAs.

Prospective Study: Rates of CP- Positive
ColdU Patients Were Very Low
Of the 49 analyzed ColdU patients, 73.5% (N = 36) were female
and 26.5% (N = 13) were male, the median age was 40 years (IQR:
40 – 53 years). 69.5% (N = 34) were diagnosed with typical ColdU.
Patient characteristics are described in Table 3 and anonymized
data of these patients is described in the supplementary material.

None of 48 patients tested positive for CGs or CFs, and 2 of 46
patients (4.3%) tested positive for CAs. The two patients with
positive CAs were female and aged 30 and 16 years, respectively.
Both reported having experienced pruritus, wheals and angioedema
within the 12 months prior to study inclusion. One woman had
been diagnosed with classic acquired (ice cube test negative,
FIGURE 1 | Study selection process during the systematic literature review.
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TempTest positive) and the other with atypical ColdU (IceCubeTest
and TempTest negative). The classic acquired ColdU patient also
reported cold-induced anaphylaxis and breathing difficulties in
response to cold exposure, suffered from hypothyroidism and has
experienced a systemic reaction after a hymenoptera sting. The
atypical ColdU patient reported no further diseases or systemic
reactions. Information on the clinical differences between patients
with physiological, elevated, and undetectable CAs is shown in
Frontiers in Immunology | www.frontiersin.org 579
Table 3. We could not detect major differences between patients
with physiological and undetectable CAs.
DISCUSSION

In this study, we showed that the frequency of positive CPs in
ColdU patients was low with all three methods used. Moreover,
TABLE 2 | Overview of the existing literature on ColdU and the rate of positive cryoproteins.

Author,
Year,
Country1,
Reference

ColdU forms N in study
(M/F)

N tested:
CG / CA / CF

Age2 Age of
disease
onset2

ColdU
duration2

CG: % CA: % CF: %

Neittaanmäki,
1985, FIN
(25)

All forms 220(81/139) 208 / 208 / 208 N/A M 25.1y
(R 1-74y)

M 6.3y
(R 3w-37y)

2: 1.0% 0 : 0% 0: 0%

Wanderer,
1986, USA (4)

Primary,
secondary, atypical

50(23/27) 50 / - / - N/A M 17.8y
(R 3-63y)

M 4.8y
(R 3m-22y)

2: 4.0% N/T N/T

Doeglas,
1986, NLD,
(28)

No combined cold
contact- and

cholinergic-heat
urticaria

39(14/25) 39 / 39 / - Mdn 36y
(R 10-71y)

N/A Mdn 5y
(R 4m–35y)

4: 10.3% 0: 0% N/T

Henquet,
1992, NLD
(52)

All + cold induced
cholinergic urticaria

30(10/20) 18 / 14 / 5 N/A M 26.2y
(R 9-58y)

Mdn 2y
(R 0-20y)

0: 0% 3 “slightly”:
21.4%

1 “slightly”:
20%

Husz, 1994,
HUN (53)

Cold contact
urticaria

42(14/28) 42 / 42 / - 12-63y N/A 4m - 5y 0: 0% 0: 0% N/T

Koeppel,
1996, FRA
(34)

Superficial and
deep cold urticaria

104(41/63) 72 / - / 56 N/A M 33.5y
(R 1-74y)

M 57m
(R 5d-62y)

4: 5.6% N/T 1: 1.8%

Möller, 1996,
DEU (31)

All forms 56(25/31) 34 / - M 41.0y ±
SD 15.6
(R 5-72y)

N/A M 7.9y ±SD 5.8 (1: 2.9%)* N/T

Santaolalla,
2002, ESP
(30)

Probably all forms,
children’s hospital

12(4/8) 9 / 7 / - N/A M 12.75y M 3.5y
(R 10m-8y)

0: 0% 0: 0% N/T

Tosoni, 2003,
ITA (29)

ColdU where
hydroxizine and
cetirizine therapy
was not fitting,

only positive CST

14(4/10) 14 / - / - M 30.4y
(R 11-50y)

N/A M 48.9m
(R 7-102m)

4: 28.6% N/T N/T

Alangari,
2004, USA
(54)

Age onset <18 30 (13/17) 19 / 17 / - Mdn 12.0y
(R 2.0-19y)

Mdn 7.0y
(R 0.5-14.5y)

Mdn 3.2y
(R 0.5-13.5y)

0: 0% 1: 5.9% N/T

Katsarou-
Katsari, 2008,
GRC (36)

No familiar ColdU 62(30/32) 50 / - / - M 41.5y ±
SD 15.6
(R 20-75y)

M 32.5 ±SD
16.5

(R 4-65y)

M 5.6y ±SD 3.5 2: 4% N/T N/T

Stepaniuk,
2018, CAN
(55)

No combined
urticaria

50(15/35) 16 / 15 / - Mdn 28.5y
(R 2-62y )

N/A N/A 0: 0% 0: 0% N/T

Yee, 2018,
USA (35)

Acquired ColdU,
age <19J

415(210/205) 71 / - / - N/A Mdn 8.0y
(IQR: 4.6-12y)

N/A 1: 1.4% N/T N/T

Kulthanan,
2019, THA
(56)

All forms, age
>18J

27(6/21) 20 / 15 / 14 M 37.5y ±SD
15.0

M 34.8y ±SD
16.5

M 8.0y ± 5.6
(6 patients)

0: 0% 0: 0% 0: 0%

Summary3 Different forms 1151
(490/661)

628 / 357 / 283 19: 3.0%
(R 0-28.6%)

4: 1.1%
(R 0-21.4%)

2: 0.7%
(R 0-20%)
May 2021 | V
olume 12 | Ar
M, Male; F, Female; N, number of patients; CST, Cold Stimulation Test; d, day(s); m, month(s); y, year(s); CG, cryoglobulins; CA, cold agglutinins; CF, cryofibrinogens; CP, cryoprotein(s);
N/A, information not available; N/T, Not tested; SD, Standard Deviation; R, Range; IQR, Interquartile Range; M, Mean; Mdn, Median.
1country code according to ISO 3166.
2if median and mean were given, only median was mentioned in this table.
3including only studies with available data, calculation: sum of positive tests in all studies divided by the total number of patients tested in all studies.
*This study was not included in the summary of cryoproteins.
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ColdU patients were rarely assessed for CPs in routine clinical
practice and testing positive was rarely linked to clinical features
or consequences. Our results discourage routine clinical testing
of ColdU patients for CPs and call for further characterization of
the role and relevance of CPs in ColdU patients who test positive.

Comparison with Previous Literature
When compared to previous publications, the findings of our
literature review are consistent with the review by Alain Claudy,
with whose dataset we calculated a proportion of 2% positive CGs
in ColdU patients (20). Contradictory results with a proportion of
20% positive CGs in ColdU patients were reported in the review by
Houser et al. (38), which was cited in the teaching book by
Czarnetzki (39). In order to summarize all publications until
1970, Houser et al. divided the number of publications with
ColdU patients and cryoglobulinemia by the total number of
publications with ColdU patients. Since the majority of the
Frontiers in Immunology | www.frontiersin.org 680
included studies are case reports, their result can be explained
by the distortion due to a presumably high reporting and
publication bias.

The frequency of positive CGs in the studies identified
through our systematic literature review ranged between 0%
and 28.6%, with strikingly high values in Doeglas (24), 10.3%,
and Tonsoni (30), 28.6%. The high percentage in Doeglas et al.
can be plausibly explained by the different study design, as it is
the only study with a measurement of CPs in patients at 3-6
different points in time. The high proportion in Tosoni et al. of 4
patients with slightly positive CGs (28.6%) can only be partly
attributed to the small number of cases (N = 14) and remains
largely unexplained.

Limitations
When evaluating the literature on CPs and ColdU, limitations on
several levels must be considered: On the one hand, distortion by
TABLE 3 | Demographic characteristics of 49 ColdU patients included at Charité Berlin between July 2019 and July 2020.

Overall (N = 49) Negative CAs (N = 22) Physiologic CAs (N = 22) Positive CAs (N = 2)

Age, Median [Min, Max] 40.0 [14.0, 82.0] 44.5 [17.0, 67.0] 39.0 [14.0, 82.0] 23.0 [16.0, 30.0]
Gender Female 36 (73.5%) 15 (68.2%) 16 (72.7%) 2 (100%)

Male 13 (26.5%) 7 (31.8%) 6 (27.3%) 0 (0%)
Ethnicity Caucasian 46 (93.9%) 22 (100%) 21 (95.5%) 2 (100%)

Latino/Hispanic 1 (2.0%) 0 (0%) 1 (4.5%) 0 (0%)
Middle East 2 (4.1%) 0 (0%) 0 (0%) 0 (0%)

Age of onset of the disease, Median [Min, Max] 31.0 [0, 81.0] 28.0 [0, 64.0] 34.5 [10.0, 81.0] 21.0 [12.0, 30.0]
Time since onset of symptoms in months, Median [Min,Max] 60.0 [3.00, 600] 95.0 [4.00, 600] 37.0 [3.00, 480] 26.0 [4.00, 48.0]
Cold-induced reactions ≤ 12 months
Pruritus 49 (100%) 22 (100%) 22 (100%) 2 (100%)
Wheals 40 (81.6%) 18 (81.8%) 18 (81.8%) 2 (100%)
Angioedema 28 (57.1%) 12 (54.5%) 13 (59.1%) 2 (100%)

Cold stimulation tests Ice Cube Test positive 31 (63.3%) 14 (63.6%) 15 (68.2%) 0 (0%)
TempTest positive 33 (67.3%) 15 (68.2%) 15 (68.2%) 1 (50.0%)

Cryoproteins
Cryoglobulins Negative 48 (98.0%) – – –

Not determined* 1 (2.0%) – – –

Cold agglutinins Positive 2 (4.1%) – – –

Negative 22 (44.9%) – – –

Within physiological range 22 (44.9%) – – –

Not determined* 3 (6.1%) – – –

Cryofibrinogens Negative 48 (98.0%) – – –

Not determined* 1 (2.0%) – – –

Diagnosis
Typical cold urticaria 34 (69.4%) 16 (72.7%) 16 (72.7%) 1 (50.0%)
Atypical cold urticaria 3 (6.1%) 2 (9.1%) 0 (0%) 1 (50.0%)
Probably atypical cold urticaria 10 (20.4%) 3 (13.6%) 6 (27.3%) 0 (0%)
Cholinergic cold urticaria 1 (2.0%) 1 (4.5%) 0 (0%) 0 (0%)
Cold-induced pruritus 1 (2.0%) 0 (0%) 0 (0%) 0 (0%)
Cold-induced anaphylaxis 23 (46.9%) 11 (50.0%) 10 (45.5%) 1 (50.0%)
First-degree relatives with ColdU 3 (6.1%) 1 (4.5%) 1 (4.5%) 0 (0%)
Past medical History
Raynaud’s syndrome 7 (14.3%) 3 (13.6%) 2 (9.1%) 0 (0%)
Lip cyanosis after cold exposure 7 (14.3%) 5 (22.7%) 0 (0%) 0 (0%)
Asthma bronchiale 6 (12.2%) 3 (13.6%) 3 (13.6%) 0 (0%)
Allergic rhinitis/conjunctivitis, atopic dermatitis 20 (40.8%) 10 (45.5%) 8 (36.4%) 0 (0%)
Current or previous malignancies 1 (2.0%) 0 (0%) 1 (4.5%) 0 (0%)
Thyroid disorders 12 (24.5%) 5 (22.7%) 5 (22.7%) 1 (50.0%)
Connective tissue disorders 2 (4.1%) 1 (4.5%) 1 (4.5%) 0 (0%)
Systemic reaction after hymenoptera sting 7 (14.3%) 3 (13.6%) 2 (9.1%) 1 (50.0%)
May 2021 | Volum
*Sample not suited for analysis.
N, number of patients; CAs, Cold agglutinins.
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a reporting bias should be considered, meaning that purely
negative laboratory tests and cases with negative CGs may not
be reported or published. This effect is reflected in the fact that
the proportion of positive CGs in the case reports is much higher
and decreases with increasing sample size.

The heterogeneity of the studies included in this review is a
further potential constraint when summarizing the literature
(see Table 1). Two studies (29, 30) did not clearly report their
inclusion criteria and one (28) did not differentiate between the
different CPs (28). Moreover, 7 studies did not explain the reasons
for their incomplete laboratory results. Different authors included
and excluded different forms of ColdU, while others did not
define criteria at all. None of the papers reported on the handling
of blood samples or on the laboratory procedure used, which
could lead to distortions due to different measurement standards
(7) and reference values (40) in different countries, as a survey of
137 European laboratories showed (41). Moreover, most
publications did not report on possible underlying diseases in
CP-positive patients, so that we could not distinguish between
primary and secondary cryoproteinemia.

The validity of the prospective and retrospective study might
be limited by the specific patient selection at our UCARE:
Patients who had already been seen by a specialist before study
enrollment may have been given a different diagnosis or referred
directly to other departments, such as hematology, as a result.
Additionally, because this study was conducted at a tertiary
hospital, patients with particularly severe ColdU may have
been primarily enrolled in the study. In addition, due to the
study design, we could not reconstruct the exact blood collection
and transport logistics in the retrospective analysis.

Nonetheless, this study analyzed a substantial number of
well-characterized ColdU patients with quality-controlled
sampling and transport, and only 5 other studies known to us
had included similar or higher numbers of patients (4, 23, 27,
32, 34).

Explanatory Approaches for the Low
Frequency of CPs and the Large Scatter of
Results of Previous Publications
Our results raise the question of why, on the one hand, such
disparate results were reported in the literature and why, on the
other hand, we observed such a low frequency of CPs.

First, according to a theory by Wanderer (42), many
laboratory results on CP could be false negatives and the actual
true frequency of positive CP in ColdU patients might be much
higher. However, this theory is contradicted by the fact that
all studies known to us involving a large number of patients
reported a very low percentage of positive CP [such as (23,
27, 34)].

More likely, therefore, is the theory that there are two
manifestations of ColdU: a CP-negative and a much rarer CP-
positive form. This theory is supported by the numerous case
reports of patients suffering from CG-positive ColdU and
additionally other diseases such as infections (38, 43–50) or
hematologic disorders/malignancies (5, 51–55). In these patients,
the underlying disease could have caused cryoproteinemia and as
Frontiers in Immunology | www.frontiersin.org 781
a consequence ColdU. It is possible that the underlying disease
may also be diagnosed later, as Polliack and Lugassy found out
(56). Furthermore, it is conceivable that the symptoms and the
clinical course of CP-positive and CP-negative ColdU differ,
although to our knowledge there have been no publications on
this subject to date.

Another explanatory approach is that the presence of CP in a
patient and the occurrence of ColdU could be completely
independent of each other. To verify this theory, a comparison
with the frequency of positive CPs in the general population
would be helpful, but we could not find any published data on
this. Furthermore, it seems possible that a third disease has
caused both cryoglobulinemia and ColdU in CP-positive
patients. In this case, CPs might have a diagnostical, but only
an indirect pathogenical relation to ColdU.

Implications
Overall, we have found that CPs are rare in ColdU patients,
suggesting that physicians may limit the measurement of CPs
even more to patients with a clinical suspicion of secondary
ColdU. In addition to cost savings, this automatically leads to
fewer false positive findings and fewer unnecessary blood
samples taken from patients. It remains to be clarified to what
extent positive CPs have a diagnostic and therapeutic benefit for
ColdU patients or to what extent they influence the course of the
disease or the patients’ symptoms. Furthermore, we recommend
the development of an international standardized protocol and
defined threshold values for CP detection to reduce false negative
and false positive results. The pathomechanism of ColdU with
and without CPs continues to remain unclear and requires
further research.

Conclusion
In summary, both through our literature review and through the
analysis of our patient data, we could show that only few ColdU
patients exhibit CPs and that the pathogenesis of ColdU might
mainly be driven by other mechanisms, which remain to be
identified and characterized in detail.
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Literature: Bullous Skin Eruption
After the Booster-Dose of Influenza
Vaccine in a Pediatric Patient With
Polymorphic Maculopapular
Cutaneous Mastocytosis
Davide Sarcina1, Mattia Giovannini1*, Teresa Oranges2, Simona Barni1,
Fausto Andrea Pedaci2, Giulia Liccioli 1, Clementina Canessa3, Lucrezia Sarti 1,
Lorenzo Lodi3, Cesare Filippeschi2, Chiara Azzari3, Silvia Ricci3† and Francesca Mori1†

1 Allergy Unit, Department of Pediatrics, Meyer Children’s University Hospital, Florence, Italy, 2 Dermatology Unit, Department
of Pediatrics, Meyer Children’s University Hospital, Florence, Italy, 3 Immunology Unit, Department of Pediatrics, Meyer
Children’s University Hospital, Florence, Italy

Vaccination is a well-known trigger for mast cell degranulation in subjects affected by
mastocytosis. Nevertheless, there is no exact standardized protocol to prevent a possible
reaction after a vaccine injection, especially for patients who have already presented a
previous vaccine-related adverse event, considering that these patients frequently tolerate
future vaccine doses. For this reason, we aim to share our experience at Meyer Children’s
University Hospital in Florence to raise awareness on the potential risk for future
vaccinations and to discuss the valuable therapeutic strategies intended to prevent
them, taking into account what is proposed by experts in literature. We describe the
case of an 18-month-old female affected by a polymorphic variant of maculopapular
cutaneous mastocytosis that presented an extensive bullous cutaneous reaction 24 hours
after the second dose (booster dose) of inactivated-tetravalent influenza vaccine, treated
with a single dose of oral corticosteroid therapy with betamethasone (0.1 mg/kg) and an
oral antihistamine therapy with oxatomide (1 mg/kg/daily) for a week, until resolution. To
the best of our knowledge, in the literature, no documented case of reaction to influenza
vaccine in maculopapular cutaneous mastocytosis is described. Subsequently, the
patient started a background therapy with ketotifen daily (0.05 mg/kg twice daily), a
non-competitive H1-antihistamine, and a mast cell stabilizer (dual activity). A non-
standardized pharmacological premedication protocol with an H1-receptor antagonist
(oxatomide, 0.5 mg/kg) administered 12 hours before the immunizations, and a single
dose of betamethasone (0.05 mg/kg) together with another dose of oxatomide (0.5 mg/
kg) administered 2 hours before the injections was followed to make it possible for the
patient to continue with the scheduled vaccinations. Indeed, no reactions were
org July 2021 | Volume 12 | Article 688364184
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subsequently reported. Thus, in our experience, a background therapy with ketotifen
associatedwithapremedicationprotocolmadeby twodosesofoxatomideandasingledose
of betamethasone was helpful to make possible the execution of the other vaccines. We
suggest how in these children, it could be considered the idea of taking precaution when
vaccination isplanned, regardlessof thekindof vaccine and if a doseof the samevaccinewas
previously received. However, international consensus needs to be reached to manage
vaccinations in children with mastocytosis and previous adverse reactions to vaccines.
Keywords: vaccination, cutaneous mastocytosis, prevention, premedication, adverse reaction, pediatrics
INTRODUCTION

The term “mastocytosis” defines a various group of disorders
characterized by an increase of mast cells in cutaneous tissue and
different organs such as bone marrow, spleen, liver, lymph nodes,
and gastrointestinal tract (1, 2). The organs most frequently
involved are skin and bone marrow (2, 3). Mast cells’
uncontrolled proliferation is mainly associated with gaining
function mutations in c-KIT, the gene that encodes for a
tyrosine kinase receptor expressed by mast cells (4, 5). Disease
manifestations are mostly linked to mast-cell-derived mediators’
release, especially histamine, and include pruritus, flushing,
gastrointestinal signs and symptoms, and rarely anaphylaxis (6,
7). The typical Darier’s sign refers to the development of a wheal-
and-flare reaction after a few minutes of scratching or rubbing a
cutaneous lesion, due to the release of vasoactive mediators (8).

The current classification of mastocytosis, recently updated
by World Health Organization in 2016, identifies three major
disease groups: cutaneous mastocytosis, systemic mastocytosis,
and mast-cell sarcoma (9, 10).

The classification of cutaneous mastocytosis is subcategorized
based on the macroscopic features of the skin lesions, their
distribution, and onset into three groups: maculopapular
cutaneous mastocytosis (MPCM), formerly known as urticaria
pigmentosa (furtherly sub-dived in monomorphic and
polymorphic types), diffuse cutaneous mastocytosis (DCM),
and mastocytoma of the skin (3, 9).

In children, mastocytosis is commonly limited to the skin, has
a favorable prognosis, and improves spontaneously by the mid-
teenage years. On the contrary, adult mastocytosis is usually
systemic and may have a chronic or aggressive course (7, 9, 11).

The most frequent type of pediatric mastocytosis is MPCM,
specifically the polymorphic variant, followed by the cutaneous
isolated mastocytoma and then the diffuse cutaneous
mastocytosis (9). Mastocytosis can appear at all ages but, it is
possible to identify two incidence peaks: early childhood (65%)
and young adulthood (35%). Focusing on the pediatric age, about
15% are connatal forms, 30% appear in the first 6 months of life,
and the others between 2 and 15 years (7).

Patients affected by mastocytosis present a greater risk than
the general population for anaphylaxis. The main cause of
anaphylaxis in pediatric mastocytosis is idiopathic, followed by
some stimuli such as foods, medications, and Hymenoptera
venoms. The latter ones represent a rare cause of anaphylaxis
org 285
in pediatric mastocytosis, while they represent the most common
triggers in adult patients. In pediatric mastocytosis, the risk of
anaphylaxis is related to the extent and the density of lesions.
Elevated basal serum tryptase levels, systemic disease, KIT
D816V mutation, and previous episodes of anaphylaxis
represent other suggested risk factors. For this reason, it can be
considered reasonable to provide these children with extensive
disease and/or previous anaphylaxis with an emergency
autoinjector of epinephrine (12, 13).

Vaccination is a well-known trigger for mast cell
degranulation in subjects affected by mastocytosis .
Nevertheless, there is no exact standardized protocol to prevent
a possible reaction after a vaccine injection, especially for patients
who have already presented a previous vaccine-related adverse
event, considering that these patients frequently tolerate future
vaccine doses. For this reason, we aim to share our experience at
Meyer Children’s University Hospital in Florence to raise
awareness on the potential risk for future vaccinations and to
discuss the valuable therapeutic strategies intended to prevent
them, taking into account what is proposed by experts
in literature.
CASE REPORT

A female child of 18 months, affected by a polymorphic variant
of MPCM, was presented to our attention following a significant
diffuse bullous cutaneous reaction 24 hours after the injection of
the second dose (booster dose) of the inactivated tetravalent
influenza vaccine (Figure 1).

Before this event, the patient did not present any cutaneous
reactions to the injection of the other vaccinations scheduled in
Italy for this age group, although fever was frequently reported
after most of these immunizations (Table 1).

Hence, the patient was addressed to our center with the
primary purpose of continuing the scheduled vaccinations in a
hospital clinical setting. In her family history, no other cases of
mastocytosis were reported. The older sister was affected by
atopic dermatitis, and the mother had a history of reaction to
penicillins. No other significant disorders, except for
mastocytosis, were mentioned in her personal medical history.

At the age of 8 months, a first isolated mastocytoma appeared
on the neck followed by more lesions, heterogeneous in shape
July 2021 | Volume 12 | Article 688364
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and size, brownish-yellowish, on the head, chest, back, and legs.
Sometimes, blisters occurred within the existing lesions. The
diagnosis of polymorphic MPCM was made at the age of 9
months, after a dermatological evaluation that pointed out the
characteristic skin lesions. During the physical exam, a gentle
rubbing of a chest lesion revealed a prominent Darier’s sign
associated with flushing of the face, neck, and chest. The serum
tryptase level subsequently evaluated was within normal limits at
4.1 mcg/L. No skin biopsy was performed.

At the age of 13 months, the patient received her first dose of
influenza vaccine, and only a 2-day fever with no cutaneous
involvement was reported. One month later, the patient received
the second dose of inactivated-tetravalent influenza vaccine, and
after 24 hours from the injection, she presented an extensive
bullous skin eruption involving the face, head, chest, shoulder,
Frontiers in Immunology | www.frontiersin.org 386
back, hands, and feet (Figure 1). No blisters were present before
the immunization. Moreover, she showed significant irritability
and generalized pruritus. The adverse reaction was promptly
treated with a single dose of oral betamethasone (0.1 mg/kg) and
an oral antihistamine therapy with oxatomide (1 mg/kg/daily)
for a week, with the complete resolution of the lesions.

After 6 days from the resolution of the clinical manifestations,
another evaluation of serum tryptase level was made, showing
results within normal limits (2 mcg/L). After this adverse
reaction, parents refused the next Italian scheduled vaccination
with the third dose of 13-valent Pneumococcal conjugate vaccine
(PCV13). The patient was later addressed by our Allergy Unit
thanks to the parents’ desire to catch up with the scheduled
vaccination in a hospital clinical setting.

After a clinical evaluation of the patient, we planned the third
dose of the PCV13 after 2 weeks from the first visit. Until that day,
the patient assumed a background therapy with ketotifen (0.05mg/
kg twice daily), a non-competitive H1-antihistamine, and a mast
cell stabilizer (dual activity). Furthermore, 12 hours before the
injection, the patient assumed oxatomide (0.5 mg/kg), and 2 hours
before the injection, she assumed the same dose of oxatomide
together with a single dose of betamethasone (0.05 mg/kg). We
decided not to perform a patch test to evaluate a possible delayed
reaction to a component of the vaccine because of the possibility of
provoking mastocytes degranulation. After 2 hours of observation
from the injection, the patient did not present any cutaneous or
systemic clinical manifestations. The patient was discharged with
instructions to continue the therapy with ketotifen (0.05 mg/kg
twice daily).
A B

FIGURE 1 | (A) Initial bullous skin eruption involving the back of the patient after 24 hours from the second dose of the influenza vaccine; (B) Bullous lesions
presented on the left foot of the patient after 24 hours from the second dose of the influenza vaccine.
TABLE 1 | Vaccines received by the patient in accordance to the Italian
scheduled vaccinations.

Vaccines Number of doses Adverse clinical
manifestations

Hexavalent vaccine 3 Fever*
Meningococcal B vaccine 3 Fever*
Rotavirus vaccine 3 Fever*
Meningococcal C vaccine 1 Fever*
Pneumococcal vaccine 2 Fever*
*Fever arisen 6–8 hours after each dose. Influenza vaccine is highly recommended in Italy.
For children under 9 years of age who have not previously been vaccinated against
influenza, a second dose should be administered after an interval of at least 4 weeks.
July 2021 | Volume 12 | Article 688364
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Afterward, the patient continued the same background therapy
with ketotifen until the varicella vaccination, planned after 1month.
Similarly to the previous vaccination, the patient assumed
oxatomide (0.5 mg/kg) 12 hours before the immunization and
the same dose of oxatomide together with a single dose of
betamethasone (0.05 mg/kg) 2 hours before the immunization.
After the immunization, no adverse reactions were presented,
including fever.
DISCUSSION

MPCM, the most common form of mastocytosis seen in
childhood, is subdivided into two variants: polymorphic and
monomorphic (9).

In the polymorphic variant, lesions are larger and
asymmetric, and they have a typical distribution that affects
the head, neck, and extremities. The lesions can be red, brown, or
yellow and appear flat or elevated with sharp or indistinct
margins. Darier’s sign, pruritus, and dermographism are
usually present, while blistering may occur, especially in
children under 3 years old. Serum tryptase levels are usually in
the normal range; rarely patients with pronounced lesions can
present increased level that usually decreases within 1 or 2 years
(8, 14). The prognosis is excellent, and usually, lesions resolve by
adolescence (2).

On the other side, the monomorphic variant is typical of adult
age. The lesions are usually smaller, round, and similar. In these
patients, serum tryptase levels can be persistently increased over
time, and the disease tends to persist into adulthood with a
higher risk of developing systemic mastocytosis (3, 8, 14).

Mastocytoma is the second most common lesion in the
pediatric population. It usually occurs in the form of a single
lesion, yellow-brownish, with the frequent formation of
pomphoid lesions, the possible formation of bullous skin
eruptions, and regional or diffuse flushing after the mechanical
stimulation of the lesion. It has a dynamic pattern and can
increase by dimensions (but not number) and usually regress by
mid-teenage years (14, 15). According to Hartmann et al., a
maximum of three compatible lesions still should qualify as
mastocytoma, while more than three lesions should be
considered as attributable to a case of MPCM (3). The
diagnosis is based exclusively on clinical manifestations, and
serum tryptase levels are usually within the normal range (3, 14).

DCM is characterized by diffuse infiltration of the dermis
with mast cells, which results in generalized erythema and diffuse
papules associated with pachydermia, darker skin, and accentuation
of hair follicles “peau d’orange” (16). Dermographism and
blistering are characterizing signs of disease (3, 8). Diagnosis is
made by skin biopsy (16). DCM can resolve by adolescence, but
sometimes progress toward systemic mastocytosis can be seen,
usually accompanied by hepatomegaly, splenomegaly, and bone
marrow involvement (3, 8).

With a complete inspection of the skin accompanied by
Darier’s sign evaluation, the physical examination is critical to
have an initial approach to the disease. A skin biopsy that shows
Frontiers in Immunology | www.frontiersin.org 487
evidence of compatible histological findings can confirm the
diagnosis, even if, in the absence of them, a diagnosis cannot be
ruled out (17). As concerns the laboratory test, a significant role
is played by the serum level of tryptase. In cutaneous
mastocytosis and isolated mastocytoma, serum levels of
tryptase are usually within the standard limit. If a tryptase
serum level >20 mcg/L is detected, without signs and
symptoms of systemic involvement, the value should be
considered in first place associated with a release of mediators
by cutaneous mast cells. The evaluation of serum levels is indeed
recommended after 24 hours from the resolution of a clinical
event caused by mast cells degranulation. Anyway, periodic
control of tryptase should be considered in order to rule out a
progression of disease (18). The study of c-KIT mutation should
be carried out in selected patients (8), while a bone marrow
biopsy should be requested if systemic clinical manifestations,
especially organomegaly, in conjunction with elevation of
tryptase level are present (9, 19).

Multiple pathways have been described in the activation
and degranulation of mast cells. One important signaling
pathway is induced by the high-affinity receptor for IgE, and
it is involved in immediate allergic reactions. Other triggers for
mast cell activation are known, and they involve certain
cytokines, immune complexes, complement proteins, drugs
(e.g., non-steroidal anti-inflammatory drugs and opioids),
radiocontrast media, products of bacteria, or parasites.
Physical factors such as heat, cold, friction, stress, and
physical effort can induce mast cell activation and act as
cofactors in allergic and anaphylactic reactions (20, 21). In
our experience, we indeed avoided these known cofactors of
mast cell degranulation. The vaccine was kept out of the fridge
for 2 hours to bring it to room temperature, and the injection
was carefully carried out as not to rub the skin. The patient
was quiet, and we knew that she was not assuming other
medications, except for the ones that we prescribed, and that
she did not have histamine liberators food.

Vaccines may act as triggers in patients with mastocytosis,
especially children. Indeed, some substances contained in
vaccines, such as dextran, gelatin, and polymyxin B, may be
responsible for this adverse reaction (22). However, literature
does not specifically describe the pathway associated with
mastocyte degranulation after immunization.

An Italian study of 102 patients, including 35 children and 67
adults with mastocytosis, demonstrated no relationship between
types of vaccines and risk of mast cell degranulation after
immunization. Seven children in the study presented reactions
after the immunization. Subsequently, some of these children
tolerated the same vaccine components, strengthening the
hypothesis on the possible role of variable triggers in
determining reactions to vaccines in cases of mastocytosis
(Table 2) (22).

Parente et al., supposed that mast cell activation could be
induced by a component in vaccines that acts like a superantigen,
which unspecifically binds to human IgE, leading to mast cell
degranulation. Furthermore, they speculated that the
development of IgG or IgM after the first dose of vaccine,
July 2021 | Volume 12 | Article 688364
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TABLE 2 | Clinical data about patients from the analyzed studies on vaccination and mastocytosis.

Reaction/Time interval Therapy Subsequent Vaccines/
Premedication

Urticaria and angioedema/20 min Unknown symptomatic treatment DTaP, IPV, HB, Hib, MMRV/not
available

Local and facial flushing/20 min Hexavalent/not available
Fever and gastrointestinal clinical manifestations/
24 h

PCV/not available

Injection site reaction and fever/8 h
Fever/8 h
Hives on arm and nasal obstruction/12 h
Hives and itch on trunk and febrile convulsions/12 h

Bullous skin reaction/6–12 h Oral antihistamine Other mandatory vaccines/oral
antihistamines

Diffuse urticaria/1–4 h Oral antihistamine Other mandatory vaccines
Diffuse urticaria/1–4 h Oral antihistamine Other mandatory vaccines
Bullous skin reaction and mild bronchospasm/
6–12 h

Nebulized epinephrine and oral
antihistamine

Other mandatory vaccines/oral
antihistamines

Confluent blisters on the back, abdomen, and upper
arms/a day later

5-day course of low-dose oral
steroids

Unknown/oral and topical sodium
cromolyn

Skin flushing, itch, blisters, gastrointestinal clinical
manifestations/hours

Oral antihistamine

Skin flushing and pruritus/minutes Oral antihistamine
Fever/hours Acetaminophen

o vaccine (IPV)–Haemophilus influenzae B vaccine (HiB); h, hours; HPV, human papilloma virus vaccine; IPV, inactivated polio vaccine;
e; PCV, pneumococcal vaccine.
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received)

Zanoni et al.
(22)

7/102 (35 children and
67 adults)

Mastocytoma/0.5 Hexavalent (1)

Mastocytoma/0.4 Hexavalent (2)
Mastocytoma/2 MenC (1)

Mastocytoma/0.6 Hexavalent (3)
MPCM/0.2 PCV (2), MenC (1)
MPCM/0.5 HPV (1)
DCM/0.4 Hexavalent (1, 2) PCV

(1, 2)
Parente et al.
(6)

4/72 children MPCM/0.3 Hexavalent (1)

Mastocytoma/2 Hexavalent (1)
Mastocytoma/4 Hexavalent (1)
DCM/0.1 Hexavalent (1)

Bankova et al.
(16)

1 child DCM DTaP IPV HiB PCV
Rotavirus

Johansen
et al. (23)

3/35 children MPCM DTaP IPV HiB PCV
Rotavirus

MPCM DTaP
MPCM All vaccines

Hexavalent, diphtheria–tetanus toxoid–acellular pertussis (DTaP)–hepatitis B (HB)–inactivated pol
min, minutes; Men C, meningococcal C vaccine; MMRV, measles, mumps, rubella, varicella vacci
i
n
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which neutralizes the superantigens before they interact with IgE,
could explain the lack of reaction to the booster vaccination.

This possible role of variable triggers in determining reactions
to vaccines in cases of mastocytosis is not deeply analyzed in the
literature. Additionally, when a specific trigger was identified, its
role in the underlying mechanisms of reactions and cofactors
could not be explained. For that reason, in the future, it will be of
great interest to analyze the role of possible cofactors in cases of
reactions to vaccines in patients with mastocytosis.

Parente et al., in their study of the evaluation of vaccination
safety in 72 pediatric patients with mastocytosis, concluded that
vaccine reactions in mastocytosis are usually mild and do not
generally occur with boosters (as confirmed by Hussain et al.)
(Table 2) (6, 9). After the first dose of the hexavalent vaccine,
four patients presented cutaneous reactions. All four of the
children who presented a vaccine-related reaction received the
subsequent vaccinations and boosters in a monitored hospital
setting. Among them, the two patients who presented a previous
bullous reaction assumed oral antihistamines beginning 48 hours
before vaccine administration. Moreover, the patient affected by
DCM was on a continuous antihistamine treatment. None of the
four children presented a further reaction to the subsequent two
boosters of hexavalent or the other mandatory vaccines, which
may demonstrate a potential role for antihistaminic treatment in
preventing further reaction. Hence, Parente et al., propose to
limit a prolonged observing time to 2 hours, only in case of
administration of the first dose of vaccine (6). In our experience,
considering the significant reaction that occurred on the booster
dose of a previous vaccine and in contrast to scientific literature
that defines how adverse events usually occur with the first dose
of vaccine, we found it difficult to stigmatize reaction to
vaccination in mastocytosis, and so we decided to extend the
2-hours observation time for all the vaccines administered (6).
Parents should be trained to identify the warning signs of an
early adverse reaction and taught how to use an epinephrine
autoinjector when necessary (12, 22). In the analyzed study by
Parente et al., hexavalent vaccines (and therefore, polyvalent
formulation) seem to be associated with a higher risk of reaction
(6). Nevertheless, there is no significant overwhelming scientific
evidence in the literature to suggest avoiding polyvalent
formulation. Taking into account ministerial Italian
recommendations (24) and other sources of information (16,
22), would suggest avoiding the co-administration of multiple
vaccines (22) and not the use of polyvalent vaccines, also for
practical reasons, including the maximization of the adherence to
scheduled vaccinations. We decided to administer varicella
vaccine in a single injection, instead of measles, mumps,
rubella, and varicella vaccine polyvalent formulation, only for
the wish of patient’s family, that was still frightened and
distrustful of vaccines. It is indeed very important that families
regain their trust in vaccinations, especially among these kinds of
patients and in the anti-vaccination movement era (25).

A recent retrospective study of 35 patients evaluated
vaccination reactions in pediatric patients with MPCM
(Table 2) (23). The study’s conclusions are similar to previous
ones and highlight that vaccination reactions in mastocytosis
Frontiers in Immunology | www.frontiersin.org 689
tend to be mild, so scheduled vaccinations should be
continued (23).

Bankova et al., highlight the importance of precautions with
procedures and adequate premedication to reduce the risk of
severe complications. The authors describe a case of generalized
bullous cutaneous reaction in a 5-month-old boy affected by
DCM after the scheduled 4-month vaccinations (Table 2). In this
case, the patient was treated with a low-dose oral steroid for
5 days, which was indicated by the authors as the preferred
therapy for cases with blister formation according to indications
reported in the literature. Subsequently, the patient presented two
additional episodes of blistering associated with vaccination and
viral illness but, these episodes became milder, thanks to the
initiation of a regimen of oral and topical sodium cromolyn (16).
CONCLUSION

The lack of specific guidelines to follow in case of vaccination
reaction in cutaneous mastocytosis represents a significant issue
to face. The lack of predictive elements of the risk of reaction
makes it impossible to define its level for future vaccinations,
even if the literature states that these patients frequently tolerate
future vaccine doses. Furthermore, there is a lack of consensus on
which therapy is most appropriate. In addition, there are no
criteria to define a stratification of risk that allows us to identify
who is the most deserving patient to receive it. It would be very
important to collect extensive multicentric data with the aim to
compare different schemes of premedication to establish the
most efficient protocol in the most suitable patient, but this is
made difficult by the rarity of pathology.

In this case report, we are far from establishing the best
therapeutic strategy to adopt, but we took into account and
shared information collected from the literature to define a non-
standardized pharmacological and procedural protocol, which
we adopted in our experience. Thus, a background therapy with
ketotifen associated with a premedication protocol made by two
doses of oxatomide and a single dose of betamethasone was
helpful to make possible the execution of the other vaccines.
Though, as previously underlined, since the incidence of future
reactions appears unpredictable, the child might have tolerated
the subsequent vaccination without premedication, but we did
not consider this a deterrent to not perform a premedication
therapy considering the significant role of premedication
described in literature in these patients to prevent and control
adverse events and the patient’s family fear to execute the other
mandatory vaccinations, especially so shortly after a relevant
reaction. It is indeed important to highlight as well the significant
role played by the premedication therapy to make the patient’s
family trust vaccinations again, considering that the patient
subsequently did not present in the two vaccinations executed
in our center any kind of clinical manifestations.

The choice to use betamethasone in our premedication protocol
can be justified by the long-time latency between vaccine injection
and clinicalmanifestations, so to control any delayed reactions.We
avoided all the possible stimuli of reaction, and we adopted specific
July 2021 | Volume 12 | Article 688364
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measures of care, as explained in literature (16, 21, 22). Finally, we
suggest how in these children, it could be considered the idea of
taking precaution when vaccination is planned, regardless of the
kind of vaccine and if a dose of the same vaccine was previously
received. However, international consensus needs to be reached to
manage vaccinations in children with mastocytosis and previous
adverse reactions to vaccines.
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Novel Insights on MRGPRX2-
Mediated Hypersensitivity to
Neuromuscular Blocking Agents
And Fluoroquinolones
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Neuromuscular blocking agents (NMBAs) like atracurium and rocuronium as well as
fluoroquinolones (FQs) cause mast cell-mediated anaphylaxis by activating Mas-related G
protein-coupled receptor X2 (MRGPRX2), but many questions remain unanswered. Here,
we address three of them, namely whether primary human mast cells show similar
activation by these drugs as murine mast cells and mast cell lines, how sugammadex
protects from atracurium-induced MRGPRX2-mediated mast cell activation, and why
some but not all patients treated with rocuronium develop anaphylaxis. We used
peripheral blood-derived cultured mast cells from healthy donors and patients,
assessed mast cell activation and degranulation by quantifying intracellular calcium and
CD63 expression, respectively, and made use of MRGPRX2-silencing, via electroporation
with Dicer-substrate small interfering RNAs, and single cell flow cytometric analyses.
Atracurium, ciprofloxacin, and levofloxacin activated and degranulated primary human
mast cells, but only MRGPRX2-positive and not MRGPRX2-negative or -silenced mast
cells. Sugammadex attenuated the atracurium-induced and MRGPRX2-mediated
activation and degranulation of human mast cells by reducing free atracurium levels.
The mast cells of patients with IgE-independent anaphylaxis to rocuronium were similar, in
their MRGPRX2 expression and function, to those of patients with IgE-mediated
anaphylaxis. These findings further improve our understanding of the role and relevance
of MRGPRX2-driven mast cell activation in anaphylactic reactions to NMBAs and FQs and
may help to improve their prediction, prevention, and treatment.

Keywords: MRGPRX2, IgE, mast cell, drug, anaphylaxis, CD63, flow cytometry, rocuronium
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INTRODUCTION

The activation of Mas-related G protein-coupled receptor X2
(MRGPRX2) on mast cells (MCs) is held to be a major pathway
in the pathogenesis of IgE-independent immediate drug
hypersensitivity reactions (IDHRs) that occur in response to
neuromuscular blocking agents (NMBAs) such as atracurium
and rocuronium as well as fluoroquinolones (FQs) such as
moxifloxacin and ciprofloxacin. NMBAs and FQs can cause
perioperative anaphylaxis, and adverse reactions to these drugs
administered during general anesthesia may be very severe and
life-threatening, with a mortality rate of up to 9% (1–7).

As of today, many questions on the role of MRGPRX2 in
NMBA- and FQ-induced anaphylaxis remain unanswered and
need to be addressed. These include, but are not limited to, 1)
whether findings on MRGPRX2 activation by NMBAs and FQs
from mouse models or genetically modified cell lines can be
extrapolated to humans, 2) what the precise role and
mechanisms of action of sugammadex, a NMBA reversal agent,
are in atracurium-induced and MRGPRX2-induced adverse
reactions (8), and 3) why some but not all patients treated with
NMBAs experience MRGPRX2-related IDHRs.

At present, most of the information on the effects of NMBAs
and FQs on MRGPRX2 are derived from studies performed with
MRGPRX2-expressing neoplastic cells, like the LAD-2 MC line,
or with the mouse orthologue, MRGPRB2. It is clear that there
are differences between these cellular models and primary
human MCs. LAD-2 cells, for example, are more responsive to
MRGPRX2-agonists than human peripheral blood-derived
cultured MCs (PBCMCs) (9, 10), and some NMBAs are less
potent activators of MRGPRX2 than MRGPRB2 (11). This
makes it difficult, at present, to assess NMBAs and FQs for
their MRGPRX2-activating capacity and potency in the human
system and to predict the risk that comes with their use. What is
needed are results from studies with primary human cells. Such
studies, until very recently, were not possible due to the lack of
suitable tools, models and assays.

Sugammadex is a modified g-cyclodextrin designed as a
selective relaxant-binding agent that acts by encapsulating
rocuronium as an inclusion complex and removing it from the
neuromuscular junction (12). Although sugammadex does not
reverse atracurium-induced neuromuscular block (13), it has
recently been shown to attenuate atracurium-inducedMRGPRX2-
dependentMCactivation inLAD-2 cells, whenused atmolar excess
(14). Currently, the underlying mechanisms of this effect are
unclear. The prevention of atracurium-induced MC activation
may be caused by atracurium encapsulation, i.e. the elimination
of free atracurium, by a direct inhibition via sugammadex, or by
Abbreviations: BAT, Basophil activation test; DsiRNA, dicer small interference
RNA; FcϵRI, High affinity receptor for IgE; FMO, fluorescence minus one; FQ(s),
fluoroquinolone(s); IDHR(s), immediate drug hypersensitivity reaction(s); IDT(s),
intradermal test(s); IgE, Immunoglobulin E; IL, interleukin; LDL, low-density
lipoprotein; MC(s), mast cell(s); MRGPRX2, mas-related G protein coupled
receptor X2; NMBA(s), neuromuscular blocking agent(s); PBCMC(s), peripheral
blood cultured mast cell(s); PBMC(s), peripheral blood mononuclear cell(s); S-A-
Cx, sugammadex-atracurium inclusion complex; SCF, stem cell factor; SEM,
standard error of the mean; sIgE, specific IgE antibody; SPT(s), skin prick test(s).
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inhibitory effects of sugammadex-atracurium complexes.
Addressing this gap of knowledge may guide the development of
more effective approaches for the use of sugammadex for the
prevention of NMBA-induced IDHRs.

Although MCs in all humans are held to express MRGPRX2,
very fewpatients develop IDHRswhen treatedwithNMBAs suchas
rocuronium. The reasons for this are unknown, but may include
genetic polymorphisms and mutations resulting in an augmented
responsiveness of MRGPRX2, distinct receptor binding sites,
differences in MRGPRX2 signalosome, epigenetic modifications,
post-transcriptional modifications resulting in synthesis of
MRGPRX2 variants, temporarily or constitutively varying surface
expressions and the influence of co-factors (15) (10). As recently
suggested by Chompunud et al. (10), one way to address the role of
MRGPRX2 mutations is to compare MCs for MRGPRX2
expression and function between patients who experienced
IDHRs and had a positive skin test rocuronium, with and without
rocuronium-specific IgE and/or positive BAT rocuronium (16).

Recently, we and others developed tools, models and assays that
allow for the investigation of the three questions at hand. These
include a primary human MC model in which silencing of
MRGPRX2 via DsiRNA electroporation is coupled to flow
cytometric analysis (17). In this model, the introduction of
MRGPRX2-targeting DsiRNA (MRGPRX2-DsiRNA) almost
completely mitigates intracellular calcium elevations and/or
degranulation in response to MRGPRX2 ligands such as the
opiate morphine, the FQ moxifloxacin, and the NMBA
rocuronium (17). Here, we made use of these novel instruments
to address important and unanswered questions on the role of
MRPRX2 in NMBA- and FQ-induced IDHRs.
MATERIALS AND METHODS

Generation of Human Peripheral Blood-
Derived Cultured Mast Cells (PBCMCs)
Human PBCMCs were generated as described previously (18).
Briefly, peripheral blood mononuclear cells (PBMCs) were
isolated from blood samples of healthy donors or rocuronium-
hypersensitive patients usingHistopaque.Next, CD34+ progenitors
were isolated from PBMCs (EasySep Human CD34 Selection Kit,
Stemcell Technologies) and cultured, for 4-5 weeks, in serum-free
methylcellulose-based medium (MethoCult SF H4236, Stemcell
Technologies) supplemented with penicillin (100 units/mL, Life
Technologies), streptomycin (100 mg/mL, Life Technologies), low-
density lipoprotein (LDL, 10 mg/mL, Stemcell Technologies), 2-
mercaptoethanol (55 mmol/L, Life Technologies), stem cell factor
(SCF, 100 ng/mL,Miltenyi Biotec), interleukin-3 (IL-3, 100 ng/mL,
PeproTech) and interleukin-6 (IL-6, 50 ng/mL, Miltenyi Biotec).
PBCMCs harbor a MRGPRX2+ and a MRGPRX2- subpopulation
(Supplementary Figure 1). Each PBCMC culture yielded 75 ± 5%
MRGPRX2+ cells (n=15).

Assessment of Mast Cell Activation by
Intracellular Calcium Staining
For intracellular calcium staining, PBCMCs at a concentration of
5x105 cells/mL, were loaded with 1 µM Fluo-4 AM (ThermoFisher
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Scientific) for 45 min at 37°C, washed with phosphate-buffer saline
(PBS, ThermoFisher Scientific), and resuspended in 300 µL pre-
warmed (37°C) Tyrode’s buffer (Sigma-Aldrich). The intensity of
Fluo-4AMwasmeasured at a single cell level for 50 secondswithout
stimulation. Next, the cells were stimulated with Tyrode’s buffer as
negative control, substance P (74 µM, Sigma Aldrich) as positive
control for theMRGPRX2pathway, anti-FcϵRI as a positive control
for the IgE-pathway (2.5 µg/mL, ThermoFisher Scientific),
succinylcholine (Celocurine®, CSP Benelux), atracurium
(Tracrium®; Aspen Pharma), ciprofloxacin (Bayer) or
levofloxacin (Fresenius Kabi), followed by immediate further
reading for 2 min. Dose-response experiments (Supplementary
Figure 2) were done with succinylcholine (27.7 µM, 277 µM,
1384 µM, 2768 µM and 5536 µM), atracurium (10.8 µM, 108 µM,
538 µM, 1076 µM and 2152 µM), ciprofloxacin (15.1 µM, 151
µM, 755 µM and 1510 µM) and levofloxacin (13.8 µM, 138 µM, 692
µM, 1384 µM and 2767 µM). Optimal stimulation concentrations
were 5536µMfor succinylcholine, 2152 µM for atracurium, 755 µM
for ciprofloxacin (1510 µM appeared to be cytotoxic) and 2767 µM
for levofloxacin. Combining the staining of MRGPRX2 and
intracellular calcium comprised first staining of the membrane
expression of MRGPRX2 for 20 min at 4°C, after which the cells
werewashedwithPBSand stainedwithFluo-4AMaccording to the
protocol described above.

Assessment of Mast Cell Degranulation by
CD63 Up-Regulation
For CD63 measurements, PBCMCs, defined as CD117+ and
CD203c+ cells, were dissolved in pre-warmed (37°C) Tyrode’s
buffer at a concentration of 5x105 cells/mL. Next, 100 mL of the
cells were stimulated with 100 µL tyrode buffer, anti-FcϵRI,
substance P, succinylcholine, atracurium, ciprofloxacine or
levofloxacin, for 3 and 20 min at 37°C. Reactions were stopped
by placing the cells on ice. Subsequently, supernatants were
removed by centrifugation (500 x g, 4°C, 5 min). Cells were
stained with anti-human CD117-APC (clone 104D2, BD
Biosciences), anti-human CD203c-PECy7 (clone NP4D6,
eBioscience), anti-human MRGPRX2-PE (clone K125H4,
BioLegend) and anti-human CD63-FITC (clone H5C6, BD
Biosciences) for 20 min at 4°C. Next, cells were fixed with 1
mL Phosflow Lyse/Fix buffer (BD Biosciences) for 20 min.
Finally, cells were washed and resuspended in PBS with 0.1%
sodium azide and measured using flow cytometry.

MRGPRX2 Silencing by DsiRNA
Electroporation
PBCMCs at a concentration of 1x106 cells/mLwerewashed twice in
cold serum-free Opti-MEM I medium (Gibco Invitrogen) and
resuspended in 200 µL of the same medium. Cells were
transferred to a 4.0-mm electroporation cuvette (Cell Projects),
and 1 µM pool of twoDsiRNA againstMRGPRX2 at a 1:1 ratio or a
non–targeting control DsiRNA (Integrated DNA Technologies,
Catalog #:51-01-14-03) were added to the cuvette (Duplex
sequences: DsiRNA 1: 5’-GGCAUUCAGUGGUUCCUAAUAU
UAT-3’ and 3’-AACCGUAAGUCACCAAGGA UUAUAAUA-5’,
DsiRNA 2: 5’GUUACGUGUUCCA CAGAAUAAAATA-3’ and
3’-UUCA AUGCACAAGGUGUCUUAUUUUAU-5’). A square
Frontiers in Immunology | www.frontiersin.org 394
wave protocol (500 V, 5 ms, 0 gap, 1 pulse) was used to
electroporate the cells (Gene Pulser Xcell™ device, Bio-Rad
Laboratories). Immediately after electroporation, cells were
transferred to 5 mL of IMDM medium (Thermofischer Scientific)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich)
(pre-heated at 37°C) and incubated for 20 min at 37°C and 5% CO2.
Thereafter, cells were centrifuged and transferred to IMDMmedium
withSCFand IL-6. Fivedays after electroporation, a repeated analysis
of MRGPRX2 expression and functionality of the PBCMCs was
performed as described above.

Sugammadex-Atracurium Inclusion
Complex (S-A-Cx) Experiments
To investigate the effects of sugammadex on MRGPRX2-
mediated activation of MCs induced by atracurium, cells were
stimulated with atracurium and sugammadex (Bridion®; MSD),
alone or together (designated as S-A-Cx 1, 2 and 3), in equimolar
concentrations (atracurium: 538 µM, 1076 µM and 2152 µM;
sugammadex: 551 µM, 1102 µM and 2204 µM). S-A-Cx 1
consisted of 538 µM atracurium and 551 µM sugammadex, S-
A-Cx 2 of 1076 µM atracurium and 1102 µM sugammadex, and
S-A-Cx 3 of 2152 µM atracurium and 2204 µM sugammadex.
Based on the known affinity of sugammadex for atracurium, we
estimated the remaining free atracurium concentrations of S-A-
Cx 1, 2, and 3 to be 263 µM, 407 µM, and 612 µM, respectively.
Therefore, outcomes from the S-A-Cx analyses were compared
with results obtained in cells exposed to the corresponding free
atracurium concentration. The activation and degranulation
were studied using both intracellular calcium staining and
CD63-upregulation, according to the protocol described above.

In Vivo and Ex Vivo Testing for Responses
to Rocuronium
We assessed eight patients with previous IDHRs and rocuronium
hypersensitivity was documented by skin testing, as previously
described (19). Their PBCMCs were investigated for MRGPRX2
levels and function. Skin tests were done with rocuronium
(Esmeron®; Merck Sharp and Dohme, Brussels, Belgium), saline
buffer as a negative control and histamine as a positive control (10
mg/mL; HAL Allergy Benelux NV, Haarlem, The Netherlands),
first as skin prick tests (SPTs) and, if negative, by intradermal tests
(IDTs).Themaximalnon-irritating rocuroniumconcentrationwas
10 mg/mL for SPTs and 0.05 mg/mL for IDTs. Rocuronium was
diluted immediately before use. SPTs with a wheal ≥ 3 mm with
surrounding erythema after 15 minutes were considered positive.
For IDTs, injection of 0.02 mL was performed, and reactions were
read after 20-30 minutes. IDT responses with a wheal surrounded
by an erythema ≥ 8 mm (or doubling compared to injection bleb)
were considered positive. The direct basophil activation test (BAT)
for rocuronium using the patients’ basophils was performed as
described (20). Results were expressed as the net percentages of
CD63+ basophils, and the threshold of positivity was set at 4% (20).
Total IgE and specific IgE (sIgE) tomorphinewere quantifiedby the
FEIA ImmunoCAP system (Phadia Thermo Fisher, Uppsala,
Sweden) according to the manufacturer’s instructions (21).
As shown in Table 1, patients were stratified by the results of
their rocuronium basophil test and/or levels of specific IgE as
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positive (i.e. IgE-dependent,patients1-4) andnegative (i.e. non IgE-
dependent and probably MRGPRX2-mediated, patients 5-8).
MRGPRX2 expression and functionality of their PBCMCs were
compared between the two groups (16).

PBCMCs of rocuronium-hypersensitive patients were
functionally studied using intracellular calcium staining and
CD63 upregulation as described above. PBCMCs were stimulated
with tyrode buffer, substance P (74 µM), anti-FcϵRI (0.5, 2.5 and 5.0
µg/mL), amoxicillin (1370 µM, GSK), morphine hydrochloride (50
µM, 250 µM and 500 µM, Sterop), or rocuronium bromide (1.64
µM, 16.4 µM, 164 µmM, 1640 µM; Esmeron®, Organon). Dose
response testing was performed as previously described (17).

Flow Cytometric Analyses
Flow cytometric analyses were performed on a calibrated
FACSCalibur (BD Immunocytometry systems) with argon-ion
lasers (488nm and 633nm), for the intracellular calcium
measurements, or on a calibrated FACSCanto II flow cytometer
(BDImmunocytometry Systems, San Jose,CA) equippedwith three
lasers (405 nm, 488 nm and 633 nm), for the CD63 measurement.
Correct compensation settings were performed using BD
CompBeads (BD Biosciences). Flow cytometric data were
analyzed using Kaluza Analysis 2.1 software (Beckman Coulter)
and FCS6 Express 6 flow research edition (de novo software,
Glendale, California). A fluorescence minus one (FMO) sample
was used to set a marker between positive and negative cells
according to the 99th percentile. The results of the calcium
measurements were expressed as fold increase against the basal
intensity. Results of CD63measurements were expressed as the net
value of percentages of positive cells, i.e. the percentage of CD63+

cells in stimulated cells minus the percentage of CD63+ cells in
resting cells. Al least 500 PBCMCs were counted per sample.

Statistical Analysis
GraphPad Prism version 7 software was used for data analysis and
paired Student’s t-tests were performed. Results are expressed as
Frontiers in Immunology | www.frontiersin.org 495
mean ± SEM. A P-value of < 0.05 was considered significant. The
“n” in the figures denotes the total number of different donors used.

Ethical Considerations
Our study was approved by the Ethical Committee of the
Antwerp University Hospital (Belgium B300201837509). All
participants gave written informed consent.

RESULTS

Ciprofloxacin, Levofloxacin, and
Atracurium, but Not Succinylcholine,
Induce Activation and Degranulation of
PBCMCs via MRGPRX2
The FQs ciprofloxacin and levofloxacin potently activated PBCMCs,
with a rapid increase in intracellular calcium (Figure 1A and
Supplementary Figure 3). They also induced degranulation, with
upregulated surface expression of the lysosomal degranulation
marker CD63 (Figure 1B). Of the two NMBAs tested, atracurium,
but not succinylcholine, induced significant activationof PBCMCsas
demonstrated by increase in intracellular calcium (Figure 1A and
Supplementary Figure 3), and degranulation, i.e. upregulation of
CD63 (Figure 1B). EC50 values are displayed in Table 2.

Only PBCMCs that expressed MRGPRX2, but not
MRGPRX2-negative PBCMCs, showed significant activation by
ciprofloxacin, levofloxacin, and atracurium, as assessed by
calcium flux (Figure 2A and Supplementary Figure 4) as well
as degranulation (Figure 2B). Moreover, degranulation of
MRGPRX2-positive PBCMCs was most pronounced in cells
with the highest surface expression of MRGPRX2 (Figure 2B).
Silencing of MRGPRX2 in PBCMCs, by treatment with
MRGPRX2-DsiRNA, reduced MRGPRX2 expression by more
than 70% and prevented PBCMCs activation and degranulation
by ciprofloxacin, levofloxacin, and atracurium (Figure 3 and
Supplementary Figures 5–7).

Sugammadex Attenuates Atracurium-
Induced Activation and Degranulation
of PBCMCs
Atracuriumdose-dependently activated and degranulated PBCMCs,
via MRGPRX2, whereas sugammadex did not cause PBCMC
activation or degranulation (Figure 4 and Supplementary
Figure 4). Complexing of atracurium with sugammadex, at a 1:1
molar ratio, markedly reduced, but did not completely eliminate the
activation and degranulation of PBCMCs (Figure 4). Degranulation
by free atracurium, induced at the concentrations achieved by
complexing with sugammadex, was comparable to that induced by
the sugammadex-atracurium complexes (Figure 5).

Rocuronium Causes Similar Activation and
Degranulation of PBCMCs From
Rocuronium-Hypersensitive Patients Who
Have Specific IgE and Those Who Do Not
PBCMCs obtained from patients with rocuronium hypersensitivity,
i.e. a history of rocuronium-induced IDHR, showed similar levels of
activation and degranulation in patients who had specific IgE and/
TABLE 1 | Outcome of rocuronium skin and basophil activation tests as well as
levels of rocuronium-specific IgE in patients with immediate hypersensitivity
reactions to rocuronium.

Patient Rocuronium response assessed Total IgE

Skin test positivity BAT sIgE*

1 SPT pos neg/0.5 46.5
2 SPT pos 0.3/3.2 58
3 IDT (0.01 mg/mL) NR 0.4/2.1 157
4 IDT (0.05 mg/mL) NR 10/92.7 1118
5 SPT neg neg 213
6 IDT (0.05 mg/mL) neg neg 193
7 IDT (0.05 mg/mL) neg neg 26
8 IDT (0.05 mg/mL) neg neg 455
Skin tests were done with rocuronium (10 mg/mL), saline buffer as a negative control and
histamine as a positive control (10 mg/mL), first as skin prick tests and, if negative, by
intradermal tests. SPT, skin prick test; IDT, intradermal test; BAT, basophil activation test;
sIgE, specific IgE; pos, positive test; neg, negative test; NR, non-responder; total IgE is
expressed as kU/L; * data provided are for specific IgE, in kUA/L, to rocuronium/morphine,
with thresholds for positivity: > 0.13 kUA/L (21)/>0.35 kUA/L. Specific IgE to morphine is a
marker for sensitization to tertiary and quaternary ammonium structures (21–23).
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or a positive BAT to rocuronium as compared to those who did not
(Figures 6 and 7). Rocuronium-hypersensitive patients with and
without specific IgE and/or a positive BAT to rocuronium had
similar rates of MRGPRX2-positive cells, 65 ± 11% and 63 ± 4%,
respectively (Supplementary Figure 8).
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DISCUSSION

Here, we answer three important questions on the role and
relevance of the MRGPRX2 pathway in MC-dependent
immediate hypersensitivity reactions to NMBAs and FQs (11,
15, 24, 25). We show 1) that atracurium, ciprofloxacin and
levofloxacin degranulate human MCs via MRGPRX2, 2) that
sugammadex attenuates atracurium-induced and MRGPRX2-
mediated MC degranulation by reducing free atracurium, and
3) that rocuronium-hypersensitive patients with and without
sensitization to this NMBA show similar mast cell MRGPRX2
expression and function. These findings help our understanding
A

B

FIGURE 1 | (A) Calcium staining and (B) time curves of CD63 up-regulation after incubation with buffer, the natural ligand of MRGPRX2 substance P (74 µM),
succinylcholine (5536 µM), atracurium (2152 µM), ciprofloxacin (755 µM) or levofloxacin (2767 µM). In all experiments, n=5. Fold increase is calculated against the
basal intensity. s, seconds.
TABLE 2 | EC50 values.

EC50 (µM)

Atracurium 391 µM
Ciprofloxacin 319 µM
Levofloxacin 1557 µM
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and may improve the prevention of anaphylactic reactions to
NMBAs and FQs.

Our results of studies with primary human MCs show that
degranulation in response to atracurium, ciprofloxacin and
levofloxacin is restricted to the MRGPRX2+ subpopulation and
that these responses can be effectively mitigated by silencing of
MRGPRX2. In contrast, succinylcholine did not degranulate
human MCs. These observations are in line with the results of
previous studies withmurine cells and humanMC lines (11, 14, 25,
26). Our results also confirm that selective MRGPRX2 silencing in
primary human MCs via electroporation of DsiRNA against
Frontiers in Immunology | www.frontiersin.org 697
MRGPRX2 enables studying the effects of receptor activation on
both calcium mobilization and degranulation (17). As shown
previously, this silencing approach has a high transfection
efficiency and results in markedly downregulated cell surface
levels of MRGPRX2 (17). Combined with the novel flow
cytometric technique we used in this study, this approach enables
analyses at the single cell level, which allows for the identification
and characterization of cellular subsets in non-homogeneous
populations, such as PBCMCs with MRGPRX2 positive and
negative subsets. This also explains why traditional mediator
release tests, which only provide averaged results across all cells,
A

B

FIGURE 2 | (A) Calcium imaging in the MRGPRX2+ (black) and MRGPRX2- (red) subpopulations and (B) up-regulation of surface CD63. (A) Calcium staining and
(B) representative plots for CD63 up-regulation after incubation with buffer, the natural ligand of MRGPRX2 substance P (74 µM), succinylcholine (5536 µM),
atracurium (2152 µM), ciprofloxacin (755 µM) or levofloxacin (2767 µM). For the representative plot, PBCMCs were incubated for 3 min. In all experiments, n=5. Fold
increase is calculated against the basal intensity. Area under the curves were compared using a paired student t-test, p < 0.05*, p < 0.01**. s, seconds.
July 2021 | Volume 12 | Article 668962

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


Elst et al. MRGPRX2 and Drugs
are of limited use for the characterization of MRGPRX2-mediated
responses in human MCs.

How does sugammadex, a NMBA reversal agent, prevent
atracurium-induced and MRGPRX2-induced adverse reactions?
Earlier work with leukemic LAD-2 cells demonstrated that co-
incubation of atracurium with sugammadex, in molar excess, can
inhibit atracurium-induced MRGPRX2-mediated calcium
mobilization and degranulation (14). Our findings from studies
with primary human PBCMCs confirm that this is indeed the case.
More importantly, our study shows that sugammadex reduces
MRGPRX2 responses by sequestration of free atracurium.
Sugammadex-atracurium complexes, by themselves, are not
inhibitory. While this is interesting, mechanistically, it may be of
limited clinical relevance, as recent reports suggest that sugammadex
Frontiers in Immunology | www.frontiersin.org 798
does not stop atracurium-induced basophil and MC degranulation,
once initiated (14, 19). This argues against the use of sugammadex in
patients with ongoing atracurium-mediated perioperative
anaphylaxis (27).

That NMBAs inducedMRGPRX2-related IDHRs occur only in
some patients and not most or all has been suggested to be due to
higher levels ofMRGPRX2 expressionor susceptibility to activation
in the former (10, 15). Our findings suggest that this is probably not
the case. The mast cells of rocuronium-hypersensitive patients
without specific IgE to rocuronium and a negative BAT, i.e.
patients with IgE-independent IDHRs to rocuronium, had the
same levels of MRGPRX2 expression and the same susceptibility
to MRGPRX2 activation as rocuronium-sensitized patients, i.e.
patients with IgE-dependent IDHRs to rocuronium (16). Further
A

B

FIGURE 3 | Effect of MRGPRX2 silencing on PBCMC functionality after MRGPRX2-specific DsiRNA electroporation. PBCMCs were electroporated with a negative
control DsiRNA (black) or a MRGPRX2-specific DsiRNA (red). (A) Effect of the silencing on the calcium levels and (B) CD63 up-regulation after 3 min of incubation.
Incubation with substance P (74 µM), the natural agonist of MRGPRX2, anti-FcϵRI (2.5 µg/mL), succinylcholine (5536 µM), atracurium (2152 µM), ciprofloxacin (755
µM) or levofloxacin (2767 µM). In all experiments, n=5. Area under the curves were compared using a paired student t-test, p < 0.05*, p < 0.01**, p < 0.001***,
p < 0.0001****. Note that the effect of MRGPRX2 silencing align with the differences observed between MRGPRX2+ and MRGPRX2- cells as shown in Figure 1B
and Supplementary Figure 4. As shown previously, MRGPRX2 silencing has no significant effect on anti-FcϵRI-dependent intracellular calcium signalling and
degranulation (17). s, seconds.
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studies aimed at identifying those at risk of rocuronium IDHRs
should focusonalternativemechanisms (15).Our results comewith
two caveats. First, we analyzed patient PBCMCs rather than skin
mast cells (there are some differences) (10), and second, our
conclusions are based on the assumption that positive sIgE and
BAT results are indicative for an IgE-dependent reaction and that
the absence of sIgE and a negative BAT point to a MRGPRX2-
dependent reaction. There is, currently, no validated assay to test
patients forMRGPRX2-dependent anaphylaxis. Exclusion of other
mechanisms, i.e. IgE-mediated activation, by sIgE and BAT is the
best approach to identifying patients with probably MRGPRX2-
dependent reactions (16, 28). Unlike MCs, resting circulation
basophils barely express MRGPRX2 (29, 30) and have repeatedly
been shown not to respond in a non-specific manner to potent
MRGPRX2 agonists such as opiates (e.g. morphine, codeine and
pholcodine) (31, 32), FQs (e.g. moxifloxacin, ciprofloxacin,
Frontiers in Immunology | www.frontiersin.org 899
levofloxacin) (6, 33) and certain NMBAs (e.g. atracurium,
mivacurium) (3, 34, 35). Positive CD63-BAT results together with
sIgE andwortmannin inhibition experiments point to patients with
specific sensitization and IgE-dependent reactions (32, 33, 36).

Our study has several strengths and limitations. Its major
strength is that we assessed MRGPRX2, across all three questions
we addressed, with novel and powerful models and techniques
including primary human MCs generated from peripheral blood,
silencing of MRGPRX2 via DsiRNA electroporation, and single
cell flow cytometric analyses. Its limitations include the relatively
low number of patients analyzed, which did not allow for
meaningful comparisons of subpopulations of patients, owed
largely to the rare occurrence of NMBA-mediated IDHRs.
Another limitation of our approach, as in many in vitro and ex
vivo experiments, lies in the necessity of supra-therapeutic
(sometimes near toxic) stimulation concentrations.
A

B

FIGURE 4 | Effect of sugammadex on PBCMC activation induced by atracurium. (A) Intracellular calcium staining or (B) CD63 upregulation of PBCMCs after
incubation with atracurium (538 µM, 1076 µM or 2152 µM) (black), sugammadex (551 µM, 1102 µM or 2204 µM) (blue) or the S-A-Cx in equimolar concentrations
(red). In all experiments, n=5. Area under the curves were compared using a paired student t-test, p < 0.05*, p < 0.01**, p < 0.001***, p < 0.0001***. s, seconds.
FIGURE 5 | Sugammadex-atracurium complexes (S-A-Cx) and corresponding free atracurium show similar mast cell degranulation. CD63 upregulation of PBCMCs
after incubation for 3 or 20 minutes with the S-A-Cx (red) or the corresponding estimated concentrations of free atracurium (black) (263 µM, 407 µM or 612 µM). In
all experiments, n=3.
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FIGURE 6 | Calcium imaging of PBCMCs derived from patients with IgE-mediated (red) and non IgE-mediated, i.e. probably MRGPRX2-mediated, rocuronium
hypersensitivity (black). Incubation with buffer, the positive control substance P (74 µM), the natural agonist of MRGPRX2, anti-FcϵRI (0.5 µg/mL, 2.5 µg/mL or 5 µg/
mL), amoxicillin (1370 µM), morphine (50 µM, 250 µM or 500 µM), or rocuronium (1.6 µM, 16.4 µM, 164 µM or 1640 µM). Fold increase is calculated against the
basal intensity. N= 2 or 4. s, seconds.
FIGURE 7 | Dose-response curves for CD63 expression in PBCMCs of patients with IgE-mediated (red) and non IgE-mediated, i.e. probably MRGPRX2-mediated,
rocuronium hypersensitivity (black). Dose-response curves of CD63 up-regulation after 3 min of stimulation or after 20 min of stimulation. N=4.
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Taken together, this is the first study to show, in primary human
MCs, that the NMBA atracurium as well as the FQs ciprofloxacin
and levofloxacin induce degranulation via MRGPRX2, that
sugammadex attenuates atracurium-induced MRGPRX2-
activation and downstream MC degranulation by reducing free
atracurium, and that MCs of rocuronium-hypersensitive patients
with IgE-independent IDHRs to this NMBA are not different in
their MRGPRX2 expression and function as compared to patients
with IgE-dependent IDHRs. We also conclude that the use of
PBCMCs together with MRGPRX2-targeted silencing can
contribute to answer further questions on the role and relevance
of MRGPRX2 in IDHRs and beyond (37). Our results should
encourage such studies, as a better understanding of theMRGPRX2
pathway is needed to improve the prevention and treatment of
anaphylactic reactions to NMBAs and FQs.
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Supplementary Figure 1 | Representative plot for the MRGPRX2 expression on
PBCMCs. Peripheral blood cultured mast cells (PBCMCs) are defined as
CD117+CD203c+ cells. PBCMCs harbor two subpopulations: cells with surface
expression of MRGPRX2 (MRGPRX2+) and cells without expression of MRGPRX2
(MRGPRX2-).

Supplementary Figure 2 | Dose-response curves for changes in intracellular
calcium and CD63 expression in PBCMCs. (A) Dose-response curves of
intracellular calcium levels. (B) Dose-response curves of CD63 up-regulation after
3 min of stimulation or (C) after 20 min of stimulation. Attempts to increase the
ciprofloxacin concentration revealed to be cytotoxic.

Supplementary Figure 3 | Representative plots for intracellular calcium imaging
in PBCMCs. PBCMCs were, after 50 sec, stimulated with buffer, substance P
(74 µM), the natural agonist of MRGPRX2, succinylcholine (5536 µM), atracurium
(2152 µM), ciprofloxacin (755 µM) or levofloxacin (2767 µM).

Supplementary Figure 4 | Representative plot for intracellular calcium imaging in
MRGPRX2+ (A) and MRGPRX2- (B) subpopulations. PBCMCs were, after 50 sec,
stimulated with buffer, substance P (74 µM), the natural agonist of MRGPRX2,
succinylcholine (5536 µM), atracurium (2152 µM), ciprofloxacin (755 µM) or
levofloxacin (2767 µM).

Supplementary Figure 5 | Silencing of theMRGPRX2-receptor after electroporation
withMRGPRX2-specific DsiRNA. A comparison of the surface expression of MRGPRX2
or FcϵRI between PBCMC electroporated with control DsiRNA or DsiRNA specific for
MRGPRX2. Inall experiments,n=5.p<0.001***.Asshownearlier, themaximalexpression
of FcϵRI remains unaltered in MRGPRX2 silenced cells (17).

Supplementary Figure 6 | Representative plots of CD63 up-regulation after
silencing of MRGPRX2. Cells were electroporated with a negative control (A) or
MRGPRX2-specific DsiRNA (B). Thereafter, cells were incubated with buffer,
substance P (74 µM), anti-FcϵRI (2.5 µg/mL), succinylcholine (5536 µM), atracurium
(2152 µM), ciprofloxacin (755 µM) or levofloxacin (2767 µM). MRGPRX2 silencing has
no significant effect on anti-FcϵRI-dependent intracellular calcium signalling (17).

Supplementary Figure 7 | Representative plots of CD63 up-regulation after
silencing of MRGPRX2. Cells were electroporated with a negative control (A) or
target specific DsiRNA (B). Thereafter, cells were incubated for 3 minutes with
buffer, substance P (74 µM), anti-FcϵRI (2.5 µg/mL), succinylcholine (5536 µM),
atracurium (2152 µM), ciprofloxacin (755 µM) or levofloxacin (2767 µM). MRGPRX2
silencing has no significant effect on anti-FcϵRI degranulation (17).

Supplementary Figure 8 | MRGPRX2 expression on PBCMCs cultured from
patients with an IgE-dependent and non IgE-mediated, i.e. probably MRGPRX2-
mediated, rocuronium hypersensitivity reaction. Peripheral blood cultured mast cells
(PBCMCs) are defined as CD117+CD203c+ cells. PBCMCs harbor two
subpopulations: cells with surface expression of MRGPRX2 (MRGPRX2+) and cells
without expression of MRGPRX2 (MRGPRX2-).
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Annexin A1 Mimetic Peptide Ac2-26
Modulates the Function of Murine
Colonic and Human Mast Cells
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Mast cells (MCs) are main effector cells in allergic inflammation and after activation, they
release stored (histamine, heparin, proteases) and newly synthesized (lipid mediators and
cytokines) substances. In the gastrointestinal tract the largest MC population is located in
the lamina propria and submucosa whereas several signals such as the cytokine IL-4, seem
to increase the granule content and to stimulate a remarkable expansion of intestinal MCs.
The broad range of MC-derived bioactive molecules may explain their involvement in many
different allergic disorders of the gastrointestinal tract. Annexin A1 (AnxA1) is a 37 KDa
glucocorticoid induced monomeric protein selectively distributed in certain tissues. Its
activity can be reproduced by mimetic peptides of the N-terminal portion, such as Ac2-26,
that share the same receptor FPR-L1. Although previous reports demonstrated that AnxA1
inhibits MC degranulation in murine models, the effects of exogenous peptide Ac2-26 on
intestinal MCs or the biological functions of the Ac2-26/FPR2 system in human MCs have
been poorly studied. To determine the effects of Ac2-26 on the function of MCs toward the
possibility of AnxA1-based therapeutics, we treated WT and IL-4 knockout mice with
peptide Ac2-26, and we examined the spontaneous and compound 48/80 stimulated
colonic MC degranulation and cytokine production. Moreover, in vitro, using human mast
cell line HMC-1 we demonstrated that exogenous AnxA1 peptide is capable of interfering
with the HMC-1 degranulation in a direct pathway through formyl peptide receptors (FPRs).
We envisage that our results can provide therapeutic strategies to reduce the release of MC
mediators in inflammatory allergic processes.

Keywords: mast cell (MC), compound 48/80, human MC line (HMC-1), colon explant culture, annexin A1, IL-4, FPRs
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INTRODUCTION

Mast cells (MCs) have been identified as the main effector cells
for allergic inflammation. They are distributed in specific sites
such as skin, blood vessels, respiratory and intestinal mucosa,
contributing to host defenses. The classical and most effective
mechanism for MC activation is cross-linking of cell-surface
bound IgE to its high-affinity receptor (FcϵRI) by allergen in
acute allergic reactions. After activation, MCs are able to release
newly synthesized (lipid mediators and cytokines) and stored
(histamine, heparin, proteases) substances which are contained
in their cytoplasmic lipid bodies and granules (1–3). In mice, the
ability of MCs to respond to particular stimuli, can be modulated
by cytokines, growth factors, and other microenvironmental
signals. The heterogeneity of MC subpopulations depends on
the anatomical site in which they reside, allowing improved
flexibility and diversity of responsiveness (4). Considering that
MCs complete the differentiation and maturation in target
tissues in the presence of local trophic factors such as IL-9,
IL-10, IL-3, IL-4, IL-33, CXCL12 (5), the absence of some of
these signals could determine differences on the biological
activity of these cells.

The normal gastrointestinal tract (GI) contains the largest
MC population in the lamina propria of the mucosa and in the
submucosa. This amount can increase up to tenfold in the course
of many intestinal diseases. Several findings support that the
function of MCs in the GI is not limited to the antigen-reactive
effector cells, playing a central role in the control of the barrier
fitness and the transport properties of the intestinal epithelium
(6). Mucosal MCs can respond to both IgE/antigen-dependent
and non-IgE-dependent stimulation by a mechanism depending
on the release of bioactive mediators into adjacent tissues that
leads to physiological responses (7). Recently, it became clear
that MC regulation is essential for normal functioning of the
bowel tissues (8).

The broad range of MC-derived bioactive molecules may
explain their involvement in many different pathological
conditions including infections, neoplastic diseases as well as
many types of allergic disorders of the GI (9). Studies in
hypersensitivity and stress models have shown that alterations in
mucosal functionare attributable toeitherdirect actiononepithelial
receptors by MC mediators and/or indirect action by
neurotransmitters (10). IL-4 is well known as a Th2 cell
differentiation promoter although some role in directing Th1
responses has been claimed (11). Cells of several lineages produce
IL-4, including CD4 and CD8 T cells, NKT cells, eosinophils, MCs
and basophils. IL-4 has been shown not only to elicit the FcϵRI
expression but also to increase the granule content (12). While
several reports found normal/similar numbers of MCs in IL-4-
deficient mice other authors demonstrated that the cytokine
stimulates a remarkable expansion of intestinal MCs from
enhanced signaling through the IL-4Ra chain in rodent model of
food allergy (13). Remarkably, differences in the effects of the
compound 48/80 have been detected studying humoral immunity
in WTmice and MC deficient mice (14).

Annexin A1 (AnxA1) is a 37 KDa glucocorticoid induced
monomeric protein with selective distribution in certain tissues.
Frontiers in Immunology | www.frontiersin.org 2105
It is synthetized in some immune cells, mainly myeloid cells
including macrophages, MCs, eosinophils, and neutrophils,
beyond the neuroendocrine system (15–17). Glucocorticoids not
only stimulateAnxA1 transcription, but also induce the release into
the cytoplasm of its pre-existing forms via a receptor-dependent,
non-genomic pathway, preceded by phosphorylation at key sites in
the N-terminus and other sites (18). The activity of this protein can
be reproduced by mimetic peptides of the N-terminal portion (19)
includingAc2-26, that have been investigated inmany acute (20, 21),
chronic (17, 22) and systemic (23) inflammation models. AnxA1
and its activederivedpeptideAc2-26 share the samereceptorFPR-L1
(FPR2/ALX inman)which inhibits cell activation inanautocrine or
paracrine pathway (24).

AnxA1 induces the expression of IL-4 and IL-10 in
inflammatory conditions (25), two cytokines that play an
important role in the regulation of peripheral intestinal tolerance
(26, 27). Also, pro-inflammatory cytokines such as IL-6 andTNF-a
may induced the AnxA1 protein expression (28). Our research
group showed that the induction of peritonitis promotes both
reorganization of cytoplasmic granules and de novo synthesis of
AnxA1,with important effects in the regulationof the inflammatory
infiltrate and cytokine production in the mesentery (16).

We have reported the localization of AnxA1 in connective
tissue MCs, and that its expression is susceptible not only to
glucocorticoid treatment, but also to acute inflammatory
response (29). Moreover, previous study demonstrated that
AnxA1 inhibits MC degranulation in rodent models (30).
However, relatively little is known regarding on the effects of
AnxA1 on the biological functions of human MCs and more
studies are required to comprehend the effects of exogenous
AnxA1/FPR2 system.

While cell lines derived from tumor tissues differ from normal
primary MCs, valuable information can be obtained from the
HMC-1 cell line derived from a MC leukaemia patient. Although
HMC-1 cells are immature, they display many primary
characteristics of tissue MCs, such as histamine, heparin, b-
hexosaminidase and tryptase expression (31–33). Based on these
data, HMC-1 cells are suitable platform for the study of human
MC degranulation in acute response (34).

Building upon these observations, we considered the
possibility that the effect of Ac2-26 peptide could be specific in
WT and IL-4 knockout mice. Considering that type 2 responses
are implicated in several aspects of gut homeostasis but also in
chronic intestinal inflammation, we examined the spontaneous
and acute stimulated colonic MC degranulation and cytokine
production under Ac2-26 treatment in both mouse strains.
Moreover, using the HMC-1 cell line we demonstrated that
exogenous AnxA1 peptide is capable to interfere with MC
degranulation triggered by acute stimulation through formyl
peptide receptors (FPRs).
MATERIAL AND METHODS

Animals
All animal experiments were performed in accordance with the
Argentina animal welfare legislation and approved by the
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Committee on the Ethics of Animal Experiments from Cordoba
National University (resolution 1412/2012). Six- to eight-week-
old male C57BL/6 wild type (WT) and C57BL/6 interleukin-4-
knockout (IL-4 KO) mice maintained under specific-pathogen-
free conditions were used for all experiments. The animals were
housed with a 12-h light–dark cycle and were allowed food and
water ad libitum.

Treatment Protocol
The effects of Ac2-26 N-terminal peptide of AnxA1 (Ac-
AMVSEFLKQAWFIENEEQEYVQTVK- Invitrogen, USA)
were determined by intraperitoneal administration of 1 mg/kg
peptide (23). As control, animals received phosphate-buffered
saline (PBS). For experiments in Figures 1–3, 32 male mice were
used, being 16 WT and 16 IL4- KO; experiments were performed
twice with 4 mice/group. All mice were euthanized for colon
extraction. The organ was weighed and measured and,
afterwards, divided into four fragments of 1cm for histological
analysis and ex vivo assays, respectively.

Histological Analysis
Colonic fragments were opened longitudinally along the entire
length and after macro dissection, were fixed in 10% buffered
paraformaldehyde for 24 h for histological processing. Fragments
were dehydrated in graded ethanol and embedded in paraffin.
Serial longitudinal 4µm sections were obtained using microtome
(Leica Biosystems, RM2265, Wetzlar, German) and stained with
0.5% Toluidine Blue (Sigma, St. Louis, MO, USA) for MC
analysis based on their morphological characteristics. The
average number of MC was calculated and recorded. Values
are expressed as the mean ± SD of the number of cells per 0.1
mm2. Sections were analyzed on an Axioskop 2-mot plus Zeiss
microscope (Carl Zeiss, Jena, Germany).
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Explant Culture
Colon fragments were used for explant culture as follows: tissues
were transferred to 48-wells plates containing Roswell Park
Memorial Institute medium (RPMI, Gibco/Thermo Fischer,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS), 1% gentamicin and L-glutamine. Tissues were
cultivated with 3µM AnxA1 peptide and 20µg/mL compound
48/80 (Sigma, St. Louis, MO, USA) in a humidified incubator at
5% CO2 during 24 h according to (35). After incubation
supernatants were collected and 20µg/mL compound 48/80
(Sigma, St. Louis, MO, USA) in RPMI medium was again
added to cultures. Then, after 24 h the supernatants collected.
The control samples were maintained in supplemented RPMI
medium alone. All supernatants were stored at -20°C until
cytokine quantification and b-hexosaminidase release assays.

Quantification of TNF-a, IL-4, IL-10 and
IL-12 Cytokines
Cytokines were evaluated using commercial immunoassay kits
(Mouse Set OptEIA™ for TNF-a: Code 555268; IL-4: Code
555232; IL-10: Code 555252, BD Biosciences. IL-12: Code 14-
7122, BD Biosciences, San Jose, CA, USA), according to the
manufacturer’s instructions. For the tests, 25µl of undiluted
explant supernatants were used.

Human MC Line HMC-1
The human MC line HMC-1 was kindly provided by Dr. Joseph
H. Butterfield (Mayo Clinic, Rochester, MN, USA) and cultured
in Iscove’s Modified Dulbecco’s Medium- (IMDM, Gibco-
Thermo Fisher) supplemented with 10% FBS (Cultilab,
Campinas, SP, Brazil), 40U/ml penicillin/streptomycin (Sigma)
and 1.2 mM a-thioglycerol (Sigma, St. Louis, MO, USA). HMC-
1 cells (5×105 cells/well in 24-well plates) were pre-treated with
A B

FIGURE 1 | Histological analysis of the distal colon of C57BL/6 WT and C57BL/6 IL-4 KO mice. (A) Representative colon sections after PBS or peptide Ac2-26
treatment (1 mg/kg i.p.). Arrows indicate examples of MCs in the tissue. Insets show higher magnification. Staining: Toluidine Blue. Sections: 4mm. Scale bars: 20 mm.
(B) Quantitative analysis of MCs in the colon fragments. Experiments were performed twice with n = 4 animals/group. Results of cell numbers/mm2 are expressed as the
mean ± S.D, n = 8. Data were analyzed using one-way ANOVA. ##p <0.01 compared to WT PBS group. ###p <0.001 compared to WT PBS group.
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A B

FIGURE 2 | Effect of peptide Ac2-26 on MC degranulation in colon explants. C57BL/6 WT and C57BL/6 interleukin-4- KO mice were pre-treated with PBS (-) or
3µM Ac2 -26 (+) and stimulated with 20µg/mL compound 48/80 ex vivo for 24 (h) (A) Representative colon sections with examples of intact (arrowheads) and
degranulated (arrows) MCs. Staining: Toluidine Blue. Sections: 4mm. Scale bars: 20 mm. (B) Degranulation of MCs was assessed by an enzymatic assay. Experiments
were performed twice with n = 4 animals/group. Values of the percentage of b hexosaminidase release are expressed as the mean ± S.D., n = 8. Data were analyzed
using one-way ANOVA (post Tukey multiple-comparison test). **p <0.01 compared to respective WT group. ##p <0.01 compared to untreated in vivo and ex vivo (-/-)
and &&p <0.01 compared to treated and not treated ex vivo (-/+).
A B

DC

FIGURE 3 | Cytokine production by colon explants from C57BL/6 WT and C57BL/6 IL-4 KO mice treated in vivo with 1 mg/kg i.p. Ac2-26 (+) or PBS (-). ELISA
determined the concentration of IL-12 (A), TNF-a (B), IL-10 (C) and IL-4 (D) in explants stimulated for 24 h, with 20µg/mL compound 48/80 and with or without
3µM Ac2-26 treatment. Experiments were performed twice with n = 4 animals/group. Values of concentration in pg/mL are expressed as the mean ± S.D, n = 8.
Data were analyzed using one-way ANOVA (post Tukey multiple-comparison test). **p <0.01 vs. respective WT group. ##p <0.01 vs. untreated in vivo and ex vivo
(-/-) and &&p <0.01 vs treated in vivo and not treated ex vivo (-/+).
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Ac2-26 peptide (3, 5 and 10uM) in addition to 5µg/mL of the
antagonist of FPRs, BOC-2/Boc-FLFLFL (Sigma, St. Louis, MO,
USA) or PBS at 37°C in a humidified incubator at 5% CO2. Then,
cells were stimulated with 20 µg/mL compound 48/80 (Sigma, St.
Louis, MO, USA) at the same conditions. Culture supernatants
were collected, and total cell lysates were obtained by adding
0.1% Triton X-100 (Sigma, St. Louis, MO, USA) in PBS to the
pellets. The number of viable cells was determined by trypan
blue staining.

b-hexosaminidase Release Assay
The degranulation of MCs was determined by measuring b-
hexosaminidase release in the extracellular medium (36). In a 96-
well ELISA plate, samples were incubated with 60 µL of the
substrate 1mM p-nitrophenyl-N-acetyl-b-D-glycosaminidase in
0.05M citrate, pH 4.5 (Sigma, St. Louis, MO, USA). The plate was
incubated at 37°C for 1 h. The reaction was stopped by adding
0.1M Na2CO3-NaHCO3 buffer pH 10. The absorbance was
measured in a microplate reader at 415nm. The percentage of
b hexosaminidase release was calculated as follows: b-
hexosaminidase release rate (%) = 100 × {(supernatant - blank
supernatant)/[(supernatant - blank supernatant) + (total
cell lysate]}.

Statistical Analysis
Statistical comparisons were performed with GraphPad Prism 6
(San Diego, CA, USA) using one-way ANOVA followed by
Bonferroni multiple comparison post-test or unpaired t-test.
All data are the mean ± SD. P values < 0.05 were considered
statistically significant.
RESULTS

Histological Analysis
To characterize MCs in WT and KO mice, we analyzed and
quantified distal colon sections of PBS or peptide Ac2-26-treated
animals. In both strains we found singly dispersed MCs with no
aggregates located predominantly in the lamina propria
(Figure 1A). The MC density in WT-PBS group was
significantly lower compared to peptide Ac2-26 treated mice; in
the colon mucosa of IL-4 KO mice the frequency of MCs was
significantly higher compared with WT PBS group, although for
PBS and AnxA1 peptide Ac2-26 treated hosts, MC numbers were
similar (Figure 1B).

Ac2-26 Modulates MC Acute Reaction in
Colonic Explants of WT but Not IL-4
KO Mice
Initially, in order to examine the effect of AnxA1 in colonic MCs,
C57BL/6 WT and IL-4 KO mice received intraperitoneal
administration of peptide Ac2-26 or PBS. After 24 h the colon
was obtained as described in Materials & Methods for explant
cultures under different conditions and the degranulation of
MCs was determined by assessing the activity of b-
hexosaminidase (Figures 2A, B). Resident MCs from the colon
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of IL-4 KO mice displayed a significantly reduced degranulation
induced by compound 48/80 when compared to WT group
(p<0.01); on the other hand, the treatment with AnxA1
peptide Ac2-26 did not modify the degranulation pattern of
MCs in both WT and IL-4 KO mice. However, when explant
cultures were re-exposed ex vivo to the peptide Ac2-26, the
degranulation triggered by compound 48/80 was selectively
abolished in WT, but not in IL-4 KO samples (p<0.01).

Effects of Ac2-26 Treatment on the
Cytokine Release of Colonic Explants
Stimulated by Compound 48/80
In supernatants of colonic explants of WT and IL-4 KO mice
stimulated as above we also assessed IL-12, IL-10, TNF- a and
IL-4 levels (Figure 3). While no differences in IL-12 were
observed, after peptide Ac2-26 and compound 48/80
stimulation ex vivo, we found a significant increment in IL-10
levels, a pivotal regulatory cytokine, in both mouse strains
(p<0.01). In contrast to untreated WT group, IL-4 KO mice
showed reduced release of the pro-inflammatory cytokine TNF-
a, that was not modified by compound 48/80 stimulation ex vivo
with or without Ac2-26 treatment. Interestingly, the treatment
with Ac2-26 ex vivo yielded a significant decrease in TNF-a and
IL-4 release upon compound 48/80 stimulation in colonic
explants from WT mice (p < 0.05).

In Vitro Ac2-26 Peptide Treatment Inhibits
Degranulation of HMC-1 Cells
As studies in animals, especially those related to pharmaceutical
products, do not always reproduce the complexity of human
allergic diseases (37), next we tested the effects of exogenous
AnxA1 peptide on acute reaction of human MCs. For that
purpose, we took advantage of the well-established cell line
HMC-1 to confirm the effect Ac2-26. The HMC-1 cells were
pre-treated with 3, 5, or 10 peptide Ac2-26 (µM), for 30 min prior
to stimulation with 20 µg/mL compound 48/80 and the
degranulation was assessed by the release of b-hexosaminidase.
As shown in Figure 4, pretreatment with the optimal dose
(10 µM) of peptide Ac2-26 significantly inhibited human MC
degranulation and this reduction was selectively blocked when
FPRs antagonist BOC-2 was added before stimulation. The pre-
treatment with both peptide Ac2-26 and the antagonist BOC-2 at
the doses evaluated did not affect cell viability and survival of
HMC-1 cells (Figure 5). Collectively, these in vitro studies
indicate that AnxA1 peptide can inhibit degranulation of
HMC-1 cells in a direct pathway, suggesting that the
exogenous AnxA1 peptide/FPR axis may alter human
MC function.
DISCUSSION

The MCs are widely distributed throughout most tissues,
especially at the mucosal interface where they can respond to a
variety of stimuli, with notable differences based on their tissue
residency. Previous report using microarray assays indicated that
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the expression of genes coding for MC proteases Cpa3, Mcpt4,
Mcpt5, Mcpt6, and Mcpt10 is restricted to MCs in the peritoneal
cavity, which are connective tissue cells. However, the lack of
Frontiers in Immunology | www.frontiersin.org 6109
expression of Mcpt1 and Mcpt2 in peritoneal MCs is to be
expected, since the expression Mcpt1 and Mcpt2 is found in
intestinal MCs (38). Specifically, in the intestine, mucosal MCs
express cysteinyl leukotrienes and have high TLR expression,
suggesting their commitment to inflammatory responses (39).
Due to their location, they secrete a wide range of mediators
many of which may affect the intestinal epithelial barrier
directly (40).

Depending on the intrinsic secretory phenotype, MCs exhibit
different activation profiles from resting, low activation with
small secretion of mediators to highly activated (4). In the GI, the
MCs exert their biological functions mainly by humoral
functions, releasing a range of mediators with some of them
involved in monocyte and macrophage activation (TNF-a and
IL-6) and others exhibiting regulatory functions (TGFb1 and IL-
10) (41). Remarkably, the perception on MC function has been
expanded and now it is well accepted that they perform
additional and unexpected activities in strict collaboration with
immune and non-immune cells (5). However, little is known
about the way MCs interact with or affect the biologic activities of
other tissue-resident cells during an inflammatory response.

In this work we found a significantly higher frequency of
intact MCs in the colon mucosa of IL-4 KO mice. Consistent
with this, IL-4 deficient mice have a higher number of peritoneal
MCs (42) and IL-4-deficient bone marrow cell cultures result in a
constant increase in the number of MCs and the expression of
FcϵRI (43), supporting the role of IL-4 as an endogenous
regulator of MC development. On the other hand, after the
administration of peptide Ac2-26 in vivo, while the MC count
remained unchanged in the IL-4 KOmice, it increased notably in
the WT samples, suggesting an improvement in the
identification in the tissue. In agreement, using an intraocular
inflammation model, our group demonstrated that the
administration of Ac2-26 significantly increases the number of
the number of intact mast cells and decreased the proportion of
degranulated cells (25), confirming that in mice treated with
mimetic peptide, its ability to prevent cellular degranulation
results in higher numbers of MCs in tissue sections.
Furthermore, we found that without any stimulation, the
frequency of degranulated MCs in the colon mucosa of WT
and IL-4 KO mice was similar, which is in agreement with
previous evidence. MC maturation, phenotype and function can
vary according to anatomical location, strain background, in vivo
or in vitro studies or cytokine milieu. For instance, IL-4 regulates
positively the proliferation and expression of surface receptors,
although its deficiency does not influence the number, size,
granularity or histamine content, suggesting the compensatory
activity of other factors. In the gastrointestinal tract, the largest
MC population is found in the mucosa contributing to the
regulation of epithelial barrier and participating in both innate
and adaptive immune responses. We provide evidence for a
negative modulation for basal MC function in the GI tract of IL-4
deficient mice. In agreement, mouse MCs derived from bone
marrow cells cultured with IL-3, released higher levels of b-
hexosaminidase upon substance P challenge only after 6 days of
treatment with SCF plus IL-4 (44). Other groups instead
FIGURE 4 | Exogenous AnxA1 (peptide Ac2-26) inhibits HMC-1 cell line
degranulation induced by compound 48/80. HMC-1 cells were pre-treated
with 3, 5, or 10µM peptide Ac2-26 for 30 min in the absence or presence of
FPRs antagonist BOC-2 (5µg/mL). Degranulation was assessed measuring
the activity of b-hexosaminidase in culture supernatants. Results are
expressed as percentage of enzyme release. All experiments were conducted
in triplicate. Data are expressed as the mean ± S.D from four different
experiments and analyzed using one-way ANOVA. ***p <0.001 compared to
cells treated with 48/80 alone or 48/80 + Ac2-26 (3 or 5 µM); **p <0.01
compared to cells treated with 48/80 + Ac2-26 (10 µM) + BOC-2; ##p <0.01
compared to cells treated with 48/80 alone.
FIGURE 5 | Exogenous AnxA1 (peptide Ac2-26) did not alter viability of HMC-1
cell line. Cells were pre-treated with 3, 5, or 10µM peptide Ac2-26 for 30 min in the
absence or presence of FPRs antagonist BOC-2 (5µg/mL). The cells were then
stimulated with 20 µg/mL compound 48/80 for 30 min. Cell viability was assessed
by trypan blue exclusion assay and results are expressed as percentage. All
experiments were performed in triplicate. Data are expressed as the mean ± S.D
from four different experiments.
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reported that despite a lack of degranulation in response to anti-
IgE, peritoneal MCs from IL-4/IL-13- or IL-4R-deficient mice do
not have a general degranulation defect, as they responded
normally to IgE-independent stimuli such as compound 48/80,
or ionomycin (45). One possible explanation for these differences
is that the sensitivity of MCs to activation by non-immunological
stimuli is dependent on the MC population examined (44). The
inability of IL-4 KO mice to orchestrate strong MC activation
was not altered by the treatment in vivo and ex vivo with
exogenous peptide Ac2-26. However, the IL-4 production in
WT mice was affected using the same treatment protocol.
Accordingly, in naive T cells from mouse, overexpression of
AnxA1 significantly increased IFNg and reduced IL-4
production, while AnxA1-silenced T cells exhibited decreased
IFNg and increased IL-4 production (46).

It is well accepted that AnxA1 is an important endogenous
regulator of MCs, inhibiting their activation when cells are in the
resting state and limiting the extent of degranulation and
activation response (47). We hypothesize that differences in MC
population in normal conditions could determine differential
release of MC mediators and the pattern of anaphylactic or
acute response after specific stimuli. We uncovered that, after
in vivo and ex vivo administration of Ac2-26, WT and KO mice
colon explants released higher levels of IL-10 when compared to
untreated animals. These results suggest that some of the anti-
inflammatory effects of AnxA1 may result from a subsequent
release of IL-10 (48). Still, MCs can affect various immune cells by
releasing cytokines and chemical mediators (49), therefore the
production of IL-10 could be an indirect effect. On the other
hand, high expression of TNF-a in activated MCs plays an
instrumental role is the pathogenesis of colitis in mice (50).
Our data showed an overall reduced production of the pro-
inflammatory cytokine TNF-a levels in colon explant cultures
from animals lacking IL-4 gene, while administration ex vivo of
exogenous peptide Ac2-26 attenuated TNF-a levels in WT mice.
The data highlights that depending on the stimulus, MCs
calibrate their pattern of mediator release, modulate the
amplification of inflammation, or are involved in the resolution
of the immune responses (5). Also, it is difficult to determine the
biological relevance of MCs as sources of cytokines in settings
where multiple different immune cells represent alternative
potential sources of the same products (51). Our findings in the
cytokine release experiments illustrate the overall response of the
colonic tissue upon compound 48/80 stimulation, which
represents a suitable approach to understand how activation or
mimetic peptide inhibition of MCs, produces certain outcomes.

Many studies have shown the role of MCs in visceral
hypersensitivity reaction mechanisms based on in vitro assays
using human HMC-1 cell line (52–54). For that reason, the
human HMC-1 cell line is considered a good model to evaluate
the role of AnxA1 on cell function. Previous reports
demonstrated that the release of histamine and prostaglandin
D2 by cord-derived human MCs (CBDMCs) activated by IgE-
FcRϵ1 crosslinking (55) or treatment with the compound 48/80
(56) was inhibited by pre-treatment with cromoglycate,
nedocromil, dexamethasone, and human recombinant AnxA1.
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Remarkably, our study demonstrated that the AnxA1-derived
peptide Ac2-26 inhibited in vitro the degranulation of HMC-1
cells stimulated with compound 48/80 in FPR-dependent
manner, as assessed by blocking the degranulation system
using the antagonist BOC-2. Former results with mouse model
revealed that AnxA1 is able to downregulate MCs function in
allergic disorders (56). Moreover, using human cord-blood
derived MCs it has been shown that AnxA1 is an important
regulator of MC reactivity to compound 48/80 exerting a
negative feedback effect through a mechanism that depends at
least partly on the FPR receptor (47).

In summary, Ac2-26 showed a strong inhibitory activity inWT
colon, reducing the production of TNF-a and IL-4 as well as the
MC degranulation. In IL-4 KO mice, the constitutively expanded
MCs population seemed less reactive to acute stimulation,
although upon Ac2-26 treatment, the release of IL-10 the
hallmark anti-inflammatory cytokine of the intestinal mucosa-
was similar to WT hosts. Herein, we have uncovered properties
that include HMC-1 cells with focus particularly on allergic or
acute responses. AnxA1 may contribute to biological regulation
of human cell line HMC-1, via paracrine mechanisms mediated
by FPRs. Our study sheds additional light on the function of
intestinal MCs and HMC-1 after AnxA1 treatment, delineating
new strategies to reduce the release of inflammatory mediators.
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