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Abstract

The inflammation of allergic diseases is characterized by a complex interaction be-
tween type 2 and type 3 immune responses, explaining clinical symptoms and histo-
pathological patterns. Airborne stimuli activate the mucosal epithelium to release a
number of molecules impacting the activity of resident immune and environmental
cells. Signals from the mucosal barrier, regulatory cells, and the inflamed tissue are
crucial conditions able to modify innate and adaptive effector cells providing the se-
lective homing of eosinophils or neutrophils. The high plasticity of resident T- and
innate lymphoid cells responding to external signals is the prerequisite to explain the

multiplicity of endotypes of allergic diseases. This notion paved the way for the huge
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use of specific biologic drugs interfering with pathogenic mechanisms of inflamma-
tion. Based on the response of the epithelial barrier, the activity of resident regula-

tory cells, and functions of structural non-lymphoid environmental cells, this review

which can be associated with a precise phenotype of asthma. Recent literature in-
dicates that similar concepts can also be applied to the inflammation of other non-
respiratory allergic disorders. The next challenges will consist in defining specific
biomarker(s) of each endotype allowing for a quick diagnosis and the most effective

personalized therapy.
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1 | INTRODUCTION

Allergic disorders, including bronchial asthma (BA), allergic rhino-
conjunctivitis (AR), chronic rhinosinusitis with/without nasal pol-
yps (CRSw/sNP), some food allergies (FA) eosinophilic esophagitis
(EoE), and atopic dermatitis (AD), display a chronic inflammation
sharing several pathogenic mechanisms.>? In the last five decades,
the knowledge of such mechanisms extraordinarily improved with
relevant clinical outputs and radical changes in the therapeutic
approaches.3™1°

These diseases, in particular BA, are multifactorial disorders,
influenced by genetic and environmental factors.**** Asthma dis-
plays a marked heterogeneity in etiology, symptom triggers, clini-
cal characteristics, and response to therapy.>™'” Research has been
determinant to define various phenotypes combining clinical pat-
terns, relevant outcomes, inflammatory features, and response to
treatment.'® By contrast, the term endotype has been introduced
to describe “a subtype condition defined by an unique or distinctive
functional or pathophysiologic mechanism”.}”?° Recent data provide
evidence that BA and other allergic diseases share endotypes or
sub-endotypes corresponding to defined clinical phenotypes21 Both
innate and acquired immune responses contribute to the different
endotypes while non-allergic mechanisms such as environmental
factors, activation of metabolic pathways, resident cells, or epithe-
lial barrier dysfunction have been shown to modulate the profile of
inflammation.?? This review will focus on genetic/epigenetic and
environmental factors conditioning innate and adaptive immunity,
mucosal barrier, tissue environmental, and effector cells plasticity
which, in different combinations, may explain the heterogeneity of
endotypes/sub-endotypes and the related phenotypes in these pa-
tients (Figure 1).
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2 | GENETIC AND EPIGENETIC FACTORS
CONTRIBUTE TO THE DEVELOPMENT OF
ALLERGIC INFLAMMATION

Genetic-epigenetic alterations influence the development of allergic
diseases: the main well-documented genes involved in genetic/epi-
genetic alterations in these diseases are listed in Tables 1-4. Gene
markers and loci associated with asthma susceptibility have been
identified; alterations close to ORMDL3/GSDMB genes have been
associated with childhood-onset asthma, IL-33 and IL1RL1, single-
nucleotide polymorphisms (SNPs) associated with atopic asthma,
and thymic stromal lymphopoietin (TSLP) gene with the protection
from the T2-high asthma endotype.?®

The human genes involved in IgE response include those con-
trolling the IgE locus and those encoding the HLA class Il complex
favoring the expansion of allergen-specific Th2 cells and the IgE
switch of B cells. These genes are located in the chromosome (chr)
5 (region 5g23-35) encoding type-2 cytokines, chré encoding HLA
class Il alleles and the peptide transport molecules TAP1 and TAP2,
chr11 for the high-affinity Fce receptor (FceRl), chr12 for the signal
transducer and activator of transcription 6 (STATé), and chr1é for
the IL-4R a-chain.?*%% Several polymorphisms associated with can-
didate genes for respiratory allergy have been described, which may
vary according to racial diversity.?” The principal well-documented
genes involved in the genetic alterations in these diseases are listed
in Table 1.

Among epigenetic factors, DNA methylation is the most de-
scribed mechanism, while others include histone modifications and
changes in miRNAs expression. Since DNA methylation pattern
is tissue- and cell-specific, several studies have focused on DNA

methylation of different cell types and tissues of asthmatic patients

ENDOTYPES

CLINICAL
PHENOTYPES

FIGURE 1 A comprehensive view
of factors contributing to the different
endotypes and related phenotypes in
allergic diseases
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TABLE 1 Reported genes associated with asthma, allergic rhinitis, and chronic rhinosinusitis (in bold loci involved in the pathogenesis of

asthma)?

Chr-
1

10

11

12

13
14
15

16

17

18

19

20
21
22

Genes

SFPQ, ZMYM4, RUNX3, RERE, TNFRSF14, FAM213B, Clorf54, MRPS21,
FLG, IL6R, RORC, RPTN, HRNR, PYHIN1, DARC, FCER1A, OR10J3,
NDUFS2, FCER1G, CD247, FASLG, TNFSF18, TNFSF4, CRB1,
DENND1B, CHI3L1, ITPKB

ASB3, SOCS, JUND, CEBPB, IL18R1, IL1RL1, ILIRL2, BCL2L11, ANAPC1,
IL1B, KYNU, ARHGAP15, PLCL1, IKZF2, CCL20, DAW1, INPP5D,
D2HGDH

RYBP, GLB1, IL5RA, ABI3BP, FAM172B, TRMT10C, SLC15A2, GATA2,
RASA2, BCL6, LPP, DLG1, FBXO45, CEP19

TLR1, TLRé, TLR10, STX18, MSX1, SRIP1, GC, MANBA, ADAD1, IL2, IL21,
GAB1

DAB2, PTGER4, IL7R, FBXL7, FAM105A, PDE4D, TMEM232, SLC25A46,
TSLP, WDR36, CAMK4, TNFAIPS8, C50rf56, IL13, RAD50, IL5,
DIAPH1, NDFIP1, LMAN2, RGS14

GRM4, HGMA1, ITPR3, BTNL2, Céorf10, HLA-DPB1, HLA-DOA, HLA-
DPA1, HLA-DQA1, HLA-DQA2, HLA-DQB1, HLA-DRA, BTNL2,
NOTCH4, PBX2, HLA-B, MICA, HLA-C, NCR3, AIF1, PSORS1C1,
TNXB, CREBL1, HLA-A, HLA-G, HLA-J, BACH2, ATG5, PTPRK,
TNFAIP3, ARID1B, RNASET2

C70rf72, IKZF1, JAZF1, NPY, FERD3L, ITGB8, ABCB5, GSAP, CDHR3
TUSC3, ZBTB10, TPD52, SLC30A8, MYC

EQTN, TEK, MOB3BZBTB10, JKAMPP1, TYRP1, JAK2, RANBPS, IL33,
PHF19, TRAF1, C9orf114, LRRC8A, PTGES

GATA3, SFTA1P, AKR1E2, IL2RA, ZNF365, JMJD1C, REEP3, PSAP, HPSE2,
C100rf95, ACTR1A, TCF7L2

DBX1, NAV2, HTATIP2, PRMT3, AP5B1, OVOL1, WNT11, LRRC32,
C110rf30, SESN3, FAM76B, LAYN, SIK2, DDX6, CXCR5,
KIRREL3-AS3, ETS1

HDAC7, AQP2, CDK2, SUOX, IKZF4, STAT6, NAB2, ATXN2, SLC22A5,
C12orf65, CDK2AP1, SPPL3, HNF1A-AS1

FOXO1, PIBF1, KLF5
PSMAG6, FOXA1, TTCé, RAD51B, JDP2, BATF, RCOR1, TRAF3
RTF1, ITPKA, RORA, SMAD3, IQGAP1

CLEC16A, RMI2, LITAF

SMTNL2, ALOX15, GRB7, GSDMA, GSDMB, CRKRS, ORMDL3, PERLD1,
IKZF3, PNMT, PSMD3, ZPBP2, CCR7, SMARCE1, STAT5B, MAP3K14,
ARHGAP27,ZNF652

LPIN2, DYNAP, RAB27B, TNFRSF11A
SLC7A10, CEBPA, ZNF614, ZNF841, ZNF432, ZNF776

NFATC2, ZNF217, RTEL1
RUNX1, SIK1
IL2RB, TEF, TOB2

3GWAS/SNPs with p level <1078

Possible function in allergy

IgE receptor in epithelial and immune
cells, apoptosis-associated
transcription factor, cytokine
receptor

Cytokines and chemokines, cytokine
receptors

Cytokine receptor, transcription factor

PRR of innate immunity, NFxB-
dependent activation of inflammatory
pathways, immune regulatory effects,
cytokines

Type 2 immune response, Immature IL-
7R+T cells subset

Antigen presentation, self tolerance

Transcription repressor
Unknown

Defensins

Transcription factor of the type 2
response, NFkB complex subunit
involved in TLR signaling regulation

T cells regulation, TGF-f signaling,
epithelial barrier function, chemokine
receptors expressed on Tfh or B cells

Transcription factor of Th2 cells,
hematopoiesis, and downstream of
TCR activation

B cell re-editing
TLR signaling

Inhibition of immune signaling, tyrosine
kinase activity downstream TCR
activation, natural helper cells

Expression in the lung, in T and B cells
with unknown function

Chemokine receptor, transcription factor
of Tfh cells

Unknown

Lung development, inflammatory
adhesion process

Unknown
Unknown

Cytokine receptor

Refs

28-33

29,31,34,35,42

29,31

31,34,36

29,31,34,37,42

29,31,34,35,36,37,38,39,40

29,31
31,39

29,31,35,40

28,29,31,36,40,42

29,31,33,34

29,31,36

18,29
4,18

24,8

4,44

31,35,41,42

23,44

28

23,44
23,44

35,43
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TABLE 2 miRNAs, target genes, epigenetic modifications, and clinical outcomes in bronchial asthma and allergic rhinitis
Clinical
miRNAs Target genes Function outcomes Refs
miR-21 IL-3, IL-5, IL-12 Suppression of eosinophil response BA 46
miR-21 IL-12p35 Induction of type 1 response Severe BA o
miR-146a IRAK1 Neutrophil migration, IL-5/IL-13 expression BA 8
miR-1248 IL-5 Eosinophil response BA L
miR-1 VEGF/Mpl, SELP, CCL26, Th2 inflammation, eosinophil regulation BA 53
TSLP
miR23 IL-4 regulator genes IL-4 expression BA =
miR27 IL-4 regulator genes IL-4 expression BA 54
circHIPK3 miR326/STIM1 axis Airway remodeling BA %
miR-15a VEGF BA 58
miR-19b TSLP Airway remodeling BA >
miR-192-5p MMP-16, ATG7 Airway remodeling BA 60
miR-27-b-3p SYK, EGFR Pediatric BA et
miR-323-3p IL-22 BA 62
miR-20a-5p HADAC4 Allergic inflammation BA 63
Let-7 JAK1/STAT3, IL-13, SOCS4 Regulation of IL-13 secretion, modulation of type 2 BA/AR 49,6473
inflammation
miR-16 ADRB?2, Ikb/NFkB Prevents IL-13-driven cytokine secretion BA/AR SR
miR-155 S1pri, IL-13Ral Th1/Th2 response, control of proliferation of Treg cells, BA/AR 52656673
regulates IL-13 pathway in macrophages
miR-126 VEGF, IRS1, TOM1 Regulation of IL-4 effects, eosinophil recruitment BA/AR ELCE
miR-19a TGF-p1PTEN/A20 Reduces allergen suppression by IL-10 in peripheral DC,  BA/AR 57,6773
airway remodeling
miR-206 S100A7A, VEGF VEGF pathway AR 68
miR-338-3p WNT/j-catenin E-M transition by inhibiting the WNT-p catenin AR 68
pathway
miR-498 STAT3 Inhibition of Th17 differentiation AR S
miR-187 CD276 T cell response regulation AR 64,69
miR-143 TGF-p1 Inhibition of memory T cell differentiation AR S
miR-886-3p SMAD3, FoxO1 Regulation of TGF-f pathway AR 64,69
miR-224 SMAD4 Regulation of TGF-p pathway AR S
miR-18a CTGF TGF-B pathway AR 68
miR-205 MICAL2 Activation of ERK17 pathway AR o4
miR-375 JAK2/STAT3 Prevention of apoptosis of nasal epithelial cells AR 70
miR-26a SMAD2/SMAD3 Modulation of TGF-B-dependent pathway, Inhibition of AR &
NF-kB, promoting Treg cells
miR-135a GATA-3 Increased levels of IL-4 and IgE in the nasal mucosa, AR 7173

prevention of mast cells activation

Abbreviations: AR, allergic rhinitis; BA, bronchial asthma; miRNAs, micro-RNAs.

with regard to airway remodeling, phagocytosis, and other lung
functions.>>*?4> Genes involved in the epigenetic alterations well-
documented in these diseases are listed in Tables 2-4.

Life-style changes have been considered the most relevant epi-
genetic factor able to increase the prevalence of allergy in devel-
oped countries. The reduced exposure to pathogens during the first
years of life is the critical factor for IgE-mediated pathology. Such
Hygiene Hypothesis foresees that, in early life, a failure of the phys-
iological shift of the type 2 response to allergens toward a more

protective type-1 profile occurs. The reduced microbial insults
with the consequently decreased cytokines promoting the Th1 cell
development are favored by the use of vaccines, antibiotics, and
cryopreserved foods, as well as reduced promiscuity and increased
environmental hygiene.’%8112 Reduced regulatory mechanisms have
been also emphasized to explain the Hygiene Hypothesis,109 which
is based on (i) the reduced prevalence of allergy in countries with
widespread helminth infestations inducing Th2 response, (ii) the
parallel increase in the developed countries of diseases associated
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MAGGI ET AL.
TABLE 4 Some well-documented histone-modified genes
Epigenetic modifications Genes Clinical association Refs
Downregulation of histone deacetylase complex Glucocorticoid Receptor Severe asthma 97,107
(HDAC) 2
Hyper-acetylation of H3K9, H3K14, H3K16, H3K18, Notch1 Asthma ey
H3K27. Trimethylation of H3K4 and H3K79
Hypo-acetylation LAT Asthma 99,107
Upregulation f HDAC2 SOX2 Asthma Ay
Trimethylation of H3K4 IFN-g, IL-17A, IL-17F, IL-4, Foxp3, Rorgt Asthma allergic diseases 101,107
Acetylation IL-13, Foxp3 Asthma o2
Hypo-acetylation ORMDL3 Asthma 103,107
Acetylation of H3K18 ANpé63, STATS, EGFR Asthma 104
Acetylation of H3K18 CXCL8 Asthma 105
Dimethylation of H3K4 CCR4, CCL3 Asthma ooy
1gG1
IL- 10 &
IgG4 Y
KO G
LYFE STYLE FACTORS CONDITIONING Farm Dust
i Regulatory \
ALLERGY DEVELOPMENT IN NEWBORNS Endotoxins 3. Protective
DAMPS/PAMPS DCs ‘
Early Life Exposure of Newborns Microbioma IL12 } Lyfestyle
*Diet (breast milk vs formula) metabolites .3
*Birth Mode oc _vl
(Vaginal delivery vs Caesarian section) @ @
-Infect.lo_ns.and vaccines ‘' pro-Thi
*Antibiotic exposure oC
*Household size and number of siblings S
*Close contacts with pets and farm animals
IL-33
Newborn’s Development 21 L25 ——s wC2
*Organs’ development TSLP -
*Immune system development ™ IgE Y
sSkin, airway and gut microbioma ergens 315 oxaou /
Pollutants : r_< Westernized
S. Pneumoniae
Maternal Exposure during pregnan —p
e aDiet e Rhinoviruses %1« @ @ LyfeStyle
*Antibiotics Pro-Th2
+3i= DCs

FIGURE 2 Mechanisms of the “Hygiene Hypothesis” responsible for allergy development in newborns. Several factors such as early life
exposure of newborns, newborns' development, and maternal exposure during pregnancy to environmental stimuli together with different
airway insults may favor a submucosal environment oriented toward a type 1- and regulatory (Protective lifestyle) or type 2- (Westernized
lifestyle) response. These latter conditions heavily contribute to allergy onset in newborns. DAMPS, damage-associated molecular patterns,
DCs, dendritic cells; ILCs, innate lymphoid cells; PAMPS, pathogen-associated molecular patterns; Th, T helper cells; TSLP, thymic stromal

lymphopoietin

with a Th1 response (i.e., Type | diabetes and Crohn's disease), and
(iii) the ability of microbial stimuli to induce high levels of regulatory
cytokines.109 Figure 2 summarizes the main mechanisms of condi-

tioning allergy development in newborns.

3 | EFFECTOR AND REGULATORY T CELLS
PLAY A MAJOR ROLE IN BA AND OTHER
ALLERGIC DISORDERS

Effector and regulatory T cells are usually referred to as immune
cells able to favor (T helper [Th] and T cytotoxic [Tc] cells) or inhibit

(T regulatory cells [Treg]) the function of other cells involved in aller-
gic inflammation. In addition, other cells not belonging to the T-cell
lineage may display effector (such innate lymphoid cells [ILCs], mast
cells, eosinophils, and others) or regulatory (immature dendritic cells
[iDCs], myeloid-derived suppressor cells [MDSCs], and others) activ-
ity at the mucosal level.

Human effector CD4+ Th cells are classified into different sub-
sets on the basis of differentiation signals, cytokine production
profiles, and the expression of main regulators of transcription.113
Th1 cells express the transcription factor T-bet, produce interferon
(IFN)-y and IL-2, and are protective against intracellular patho-
gens. Th2 cells express the main regulator GATA-3, produce type 2
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cytokines, and protect against helminths.*** The Th17 subset pro-
duces IL-17A, IL-17F, and 1L-22,1%° expresses the transcription factor
RORyt116 and the surface lectin receptor CD161,* and mainly rec-
ognize extracellular bacteria and fungi. Both Thl and Th17 cells are
involved in the response to chronic viral and bacterial infections as
well as in the majority of autoimmune diseases, whereas Th2 cells
associate with allergy and parasitic infections.**® Finally, Th9 cells
produce IL-9 and IL-10, express the main regulator PU1, and are in-
volved in allergic inflammation and tumors, while the Th22 subset
synthesizes mainly IL-22, expresses aryl hydrocarbon receptor and
associates with mucosal defense, tissue repair, and wound heal-
ing.28%11% Features of the main Th cell subsets are summarized in
Figure 3.

3.1 | Th2cells

In people with genetic susceptibility for atopy, the first contact
with an allergen induces the development of effector T cells with
a type-2 profile which has been extensively characterized.»®? They
develop from naive T cells following a contact (interaction between
Notch1 ligand/-Delta4-expressed on DCs and Notchl on T cells),
and soluble signals (IL-4 produced by circulating or tissue eosino-
phils, mast cells [MCs] or activated NKT cells). Alarmins (IL-25, IL-33,
and thymic stromal lymphopoietin [TSLP]) produced by epithelial

cells (and subepithelial DCs), are the main contributors to the Th2
cell development.>*?° Transcription factors STAT6 and cMaf and the
main regulator GATA3 are activated by alarmins which also favor
the expression of chemokine receptors (CCR3, CCR4, CCRS8, and
CRTh2) relevant for tissue homing.!?? Once activated, cells with a
Th2 phenotype are detectable in the bloodstream or within tissues
(CD11a+CD49a+CD69+CD103+T resident memory [Trm2] and
CXCR5+T follicular helper cells [Tfh2]).

Trm2 cells survive in inflamed bronchi and influence the local

immune response!?!

while circulating memory Th2 cells provide
systemic host defense.}??12% |n allergic inflammation circulating
Th2 and Trm2 cells display distinct nonredundant functions and
transcriptional analysis indicates that they share a core of Th2 gene
signature but also distinct transcriptional profiles.*?® In the mouse
Trm2 cells are able to promote airway hyperreactivity (AHR) and cell
homing even when circulating Th2 cells have been depleted!?%12°

IL-4 and IL-13 in addition to the surface signal CD154 (CD40L)
favor the cooperation between Tfh2 and mature B cells promot-
ing, at the follicular level, the IgE switch, and the development of
allergen-specific IgE-producing plasmablasts migrating into the
bone marrow.?” Then, IgE bind the FceRI expressed by MCs and
basophils.

After the primary response, few memory Th2-lymphocytes,
IgE+B cells, and IgE-producing plasma cells persist.! At a subsequent

exposure, the allergen binds IgE fixed on MC, thus triggering three

dat Cytokine - Activity Protection Associated
i ke production ool on towards pathological
- P = SN condition
TYPE 1 | - oy
| - | | ] & e | Intracellular Infections
IFN- ILC1 . Macrophages
RESPONSE @ @ / ¥ ..-. bacteria Autoimmunity
] = _ = 0o Protozoa
Main regulators T-bet T-bet/Eomes T-bet T-bet/Eomes Viruses
Dlﬁergntnatnng 12 IL-15, IL-7
Cytokines
TYPE 2 Mast cells Extracellular Helminthiases
RESPONSE "_ 5 | ILC2 | Eosinophils helminths Asthma
: IL-13 Basophils Venoms Allergic Diseases
Main regulators Gata3 V Gata3
Differentiating
3 IL-4, IL-25, IL-33, TSLP 1L-25, IL-33, TSLP
Cytokines
TYPE 3 / ' Neutrophils Intracellular Chronic infections
RESPONSE | ! o | I-17AF | CILC3 | LTi ) Macrophages  bacteria Autoimmunity
\ Ik22 Fungi Mycoses
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FIGURE 3 Features of innate and adaptive immune cells involved in the three main immune responses. The characteristics of terminally
differentiated cells of type 1, type 2, or type 3 immune responses of both innate (ILCs/NK) and adaptive (Th/Tc) arms of immunity are
depicted together with main regulators and cytokines promoting cell differentiation. The picture also synthesizes cytokine production,
activity on terminal effector cells, protection toward different pathogens, and associated pathological conditions of each type of immune
response. ILCs, innate lymphoid cells; LTi, lymphoid tissue-inducer cells; Tc, T cytotoxic cells; Th, T helper cells; TSLP, thymic stromal

lymphopoietin
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different pathways, PKC, PLA2, and MAP-kinases followed by the
release of preformed (histamine, kinins, serotonin, and so on) and
newly synthesized mediators such as eicosanoids (leukotrienes,
prostaglandins-PG-, and thromboxanes) in addition to several cyto-
kines responsible for immediate reactions and symptoms flare-up.*?®

The persistence of inflammation is due to cells recruited into
tissues and their ongoing activation. The first event is the local ac-
tivation of endothelial cells by different cytokines (IL-18, IL-4, IL-13,
TNF-a, and IFN-a) upregulating the expression of adhesion mole-
cules. The recruitment of blood cells is promoted by chemokines,
cytokines, and mediators (histamine and leukotrienes) released from
T lymphocytes, MCs, and other resident cells; notably, IL-5, IL-3,
GM-CSF, and platelet-activating factor are responsible for eosino-
phil homing 127131

The expansion of long-lived memory Th2 cells characterizes this
phase. Both IL-4 and IL-13 act as IgE-switching factors, while 1L-13
induces inflammatory cytokines, hyperplasia of mucus-secreting
cells, AHR, and fibrosis. IL-5 is the major chemotactic factor for eo-
sinophil precursors and promotes their amplification and survival,
whereas IL-3, IL-4, IL-9, and IL-13 are involved in MC recruitment.
Finally, IL-9, IL-13, and IL-31 further induce epithelium damage con-
tributing to worsening AHR.? Chronic bronchial inflammation leads
to airways remodeling which combines goblet cell hyperplasia, ep-
ithelial damage, subepithelial collagen deposition, airway smooth
muscle hyperplasia, and increased angiogenesis*321%3

Th2 cells are not homogeneous effector cells. A Th2 subset
specifically recognizing allergens has been identified in allergic in-
dividuals exclusively.'®*'3> Such pathogenic cells, called Th2A, are
terminally differentiated CD27- CD45RB- CD4+ T cells with high
expression of CRTH2, CD49d, CD161, and alarmin receptors and
strong production of both IL-5 and I1L-9.1%¢ Transcriptome analysis of
Th2A cells revealed a distinct pathway during the initial response to
allergens. Importantly, reduction in Th2A-cells is a marker of clinical
response following allergen immunotherapy (AIT) for pollens or oral
immunotherapy for peanuts.®’1%?

The type 2 response, however, cannot fully explain the whole
features of allergic inflammation and other cells play a not ancillary

role in this process.

3.2 | Thi7cells

Th17 are the new actors involved in some asthma phenotypes. They
belong to a lineage different from Thl and Th2 cells, and usually
favor neutrophilic inflammation.'*° The development of Th17 cells
from naive T lymphocytes is induced in mice by transforming growth
factor beta (TGF-p) and IL-6, whereas IL-21, IL-22, and IL-23 are re-
sponsible for their amplification and stabilization. In humans, the
induction of Th17 cells mainly depends on IL-18 and IL-23 which are
highly produced following inflammasome activation.?*¢**! In vitro
Th17 cells are poorly sensitive to regulation from Foxp3+Treg cells
or soluble TGF-p,'Y” suggesting complex crosstalk between Th17
and regulatory cells. Th17 cells are devoted to the recognition of

fungal or extracellular bacteria, and, usually, eliminate pathogens not
adequately controlled by type 1 or 2 responses.}'3142143 \When acti-
vated, Th17 cells produce IL-17A/F, IL-22, IL-6, and TNF-a. IL-17A/F
trigger specific receptors (IL-17RA and IL-17RC) broadly expressed
on many cell types (fibroblasts, epithelial and endothelial cells,
smooth muscle cells, and eosinophils) of the inflamed environment.
This favors the release of proinflammatory cytokines (TNF-a, IL-6,
G-CSF, and IL-1B) and chemokines (CXCL1, CXCL8, CCL4, and oth-
ers) promoting neutrophil homing and increased in situ granulopoie-
sis. These molecules, IL-6 in particular, would be further evaluated
as potential biomarkers of the T2 low endotype of asthma. Th17
cells may move into the skin and bronchial mucosa through recep-
tors such as CCR4 and CCRé6 which recognize CCL17 and CCL20, re-
spectively. Th17 cells are associated with several different diseases
such as infections, autoimmune disorders, and tumors. In asthmatic
patients, IL-17A is increased in the lung, induced sputum, bronchoal-
veolar lavage fluid (BALF), and serum after allergenic challenge. In
addition, the severity of unspecific bronchoreactivity and obstruc-
tion correlates with IL-17A levels in BALF, whereas polymorphisms of

IL-17F correlate with protection from allergic asthma.'*4

3.3 | Unconventional T cells

Among unconventional T cells, y8T cells are likely involved in some
pathogenic aspects of allergic inflammation. While Vy1+ 8T cells
favor AHR by secreting type 2 cytokines, Vy4+ y8T cells decrease
AHR via the IFN-y production.'*>1%¢ |n asthmatic patients, airway

d,147

epithelial y8T cells are prevalently type 2-oriente whereas in

murine models of asthma lung infiltrating y8T cells mainly express
the type 3 profile of cytokine production.#¢48

Similarly, specific invariant NKT (iNKT) cells with a type 2 profile
are increased in the blood and BALF of severe asthmatic patients.
They express alarmin receptors which, if triggered, favor the secre-
tion of IL-4 and IL-13.149152

Mucosal-associated invariant T cells (MAIT) are resident cells
able to recognize microbial-derived riboflavin metabolites restricted
to invariant MHC-class | molecule MR1. MAIT quickly responds to
endogenous bacterial stimuli or environmental signals by producing
type 2 and type 3 cytokines. Recent data in adult and pediatric asth-
matic patients indicate that the proportion of MAIT cells in periph-
eral blood and sputum inversely correlates with the severity of the

disease.t>3155

3.4 | Regulatory T cells

Effector cells of allergic inflammation are under the control of
regulatory cells and cytokines, contributing to the expression of
different endotypes.'>1°® Memory Foxp3+Treg cells, IL-10- or IL-
35-producing T regulatory (Tr1 or Tr35) cells as well as the Breg and
Breg35 cells inhibit Th2- (or their subsets) and, to a minor extent,
Th17-mediated responses. Similarly, regulatory molecules (IDO
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and PGE2) and cytokines (TGF-, IL-10, IL-35, IL-37, and IL-38) have
a strong inhibitory activity on Th2- but mild on Th17 cells.t>%1¢°
Increased proportions of regulatory cells and molecules have been
also found after AIT or desensitization procedures to biologics in
patients suffering from IgE-mediated drug adverse reactions.!¢11¢>
The excess of regulatory mechanisms may be in turn responsible for
the exhaustion and depletion of effector cells as observed in the
pauci-leucocytic asthmatic phenotype.t%

Based on the prevalence of the two major types of effector T
cells, endotypes of BA have been distinguished into “type 2" (or T2
high) and “non-type 2” (or T2 low) asthma.?®171671%8 Type 2 high
(type 3 low) endotype is commonly, but not exclusively, induced by
allergic inflammation, characterized by the presence of eosinophils
in the lung. However, type-2 eosinophilic asthma may also exist in
the absence of allergic sensitization, such as, for example, in late-
onset eosinophilic asthma.'® The type 2 low (type 3 high) endotype
includes heterogeneous conditions which share the feature to be
unrelated to allergic and/or eosinophilic inflammation, as found in
neutrophilic asthma and pauci-granulocytic asthma.'®’ The latter
types are mainly sustained by type 1 and type 3 immune responses,
with high- or low neutrophils. Finally, in the mixed granulocytic en-
dotypes of asthma (neutrophilic plus eosinophilic), both type 2 and
type 3 immune responses are involved. Even though these patterns
generally develop independently, they can coexist in the same pa-
tient, mainly because of the time length of the disease and the plas-

ticity of immune cells.}”®

4 | EPITHELIAL BARRIER,
ENVIRONMENTAL, AND INNATE LYMPHOID
CELLS CONDITION THE TYPE AND
SEVERITY OF INFLAMMATION

The analysis of candidate genes for different asthma endotypes
indicates that innate immunity- and steroid resistance-associated
genes are linked to the more severe disease with a parallel decrease
in the expression of genes related to adaptive immunity.?’* Indeed,
factors released from damaged epithelia like alarmins and damage-
associated molecular patterns (DAMPSs) trigger macrophages, innate
lymphoid cells (ILCs), and other environmental cells and induce a T-

cell independent inflammation resembling adaptive immunity.?’?

4.1 | Epithelial barrier

The airway epithelium is a physical barrier that, when activated by
external agents, releases molecules active on submucosal cells.t?173
The bronchial epithelium is exposed to a cascade of materials'’* and
its dysfunction is a common feature of asthma, due to the increased
exposure of tissues to inhaled allergens and air pollutants.t”>7”
The high sensitivity/permeability of epithelium to environmen-

tal triggers and oxidative stress signals reduces the threshold of

epithelial damage,'’® further promotes allergic sensitization, affects
immunological responses, and modifies the diversity of asthmatic
microbiota.”?162

Dysfunctional epithelium may lead to airway remodeling through
a mechanism of impaired wound repair and excessive proliferation.

183,184 y ascular endothe-

Damaged epithelium secretes I1L-13, TGF-p,
lial growth factor, metalloproteinases, and osteopontin,les’laé which,
in turn, activate and transform the underlying mesenchymal cells
into fibroblasts.'®” This epithelium-fibroblast signaling pathway,
called epithelial-mesenchymal trophic unit, may explain the dissoci-
ation between inflammation and airway remodeling.'%8 IL-4, IL-17A,
and amphiregulin from ILCs, Trm cells, MC, and eosinophils in addi-
tion to TGF-p from macrophages and DCs induce the collagen syn-
thesis by fibroblasts favoring the airway remodeling and basement
membrane thickening.189

Epithelial cells may be pre-committed to T2 high (so-called E2)-
or T2 low (so-called E1)-like phenotypes by different airway stimuli
(allergens or pollutants, as example). The molecules differently syn-
thesized by E2 and E1 cells affect the immune responses at the mu-
cosal level as favoring the development and the expansion of Th2/
ILC2 or Th17/ILC3 cells, respectively (Figure 4).

E2 cell activation by allergens or pathogen-associated molecu-
lar patterns (PAMPs) induces the release of pro-inflammatory mol-
ecules favoring type 2 inflammation. The production of alarmins
TSLP, IL-25, 1L-31, and IL-33 contributes to the local expansion of
Trm2 and ILC2, while chemokines, such as CCL2, CCL5, CCL7, CCLS,
CCL11, CCL24, and CCL26 favor the recruitment of eosinophils and
other inflammatory cells.*8%1%°

E1 epithelial cells can be triggered by several signals like smoke,
pollutants, oxidants, endotoxins, drugs, hypoxia, DAMPs and
PAMPs, fungi, and viruses. After that, they release chemokines
(CXCL2, CXCL8, CCL17, and CCL20) and cytokines (IL-1p, IL-12, and
IL-23) recruiting and amplifying DCs, ILC3, Th17, Th1, and unconven-
tional T cells (y8T, MAIT, iINKT with type 3 profiles). Some cytokines
with antiviral activity (IFN-y, IL-2, IL-17A/F, TNF-q, 1L-12, IL-18, and
IL-36) induce resistance in not-infected phagocytic cells. Neutrophils
are recruited by CXCL8 produced by the majority of IL-17-triggered
resident cells, and when activated by IL-12 and IFN-y, can release
pro-inflammatory cytokines contributing to infection containment,
hyperthermia, and recruitment of further phagocytic cells.?° The
history of allergen- or pathogen-derived stimuli can leave some kind
of memory in neutrophils, now known as “trained immunity”.2?+%72

In addition to E1- or E2-priming signals from epithelial cells,
other mechanisms may contribute to the local shift toward a type 3
(Th17/Tc17/ILC3) response from an original type 2-oriented (Th2/
Tc2/ILC2) inflammation of the lung. As an example, the hyperpro-
duction of PGE2 inhibits type 2-response while improving type 3.1%2
Secondly, the airway microbiota shifts eosinophilic vs neutrophilic
endotype.>'* Finally, the excess of eosinophils induces Charcot-
Leyden crystals (formed by galectin 10) able to activate inflam-
masome whose cytokines amplify the type 3- at the expense of the

type 2 response.’””
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FIGURE 4 E2- and El-mediated epithelium signals conditioning type 2 or type 3 tissue immune responses in respiratory allergy. Epithelial
cells are primed by two distinct groups of airway stimuli able to induce the development and the maintenance of T2 high- or T2 low-
phenotypes. A cascade of two different sets of molecules (including cytokines, chemokines, other growth factors, defensins, and others) is
synthesized by E2 or E1 cells with the effect to influence mucosal immune cells and direct toward type 2 or type 3 responses, respectively.
DAMPS, damage-associated molecular patterns; EOS, eosinophils; ILCs, innate lymphoid cells; MAIT, Mucosal-associated T cells; NEU,
neutrophils; NKT, Natural Killer T cells; PAMPS, pathogen-associated molecular patterns; Th, T helper cells; TSLP, thymic stromal lymphopoietin

4.2 | Innate lymphoid cells

ILCs are newly described, predominantly hematopoietic, tissue-
resident effector cells. They are involved in lymphoid tissue forma-
tion, tissue remodeling after damage, homeostasis of stromal cells,
and protection from pathogens.}”® Based on the expression of their
specific transcription factors, surface markers, and cytokine secre-
tion, helper ILCs are classified into four groups (ILC1, ILC2, ILC3, and
lymphoid tissue-inducer cells -LTi) mirroring the functional profiles
of adaptive CD4+ Th1/Th2/Th17 cells. ILC2 and ILC3 are involved in
asthma pathogenesis, ILC2 favoring eosinophil and ILC3 neutrophilic
prevalence'®”® (Figure 3).

Alarmins play a pivotal role in ILC2 activation starting allergic in-
flammation.1?81%? Activated ILC2 express GATA3/cMaf and produce
IL-5 and IL-13 with low IL-4. However, atopic patients display circu-
lating ILC2 producing a higher level of IL-4 and IL-13 than healthy
donors.?%° |LC2 also releases amphiregulin, a member of the EGF
family, favoring fibroblasts activation and airway remodeling.?°!
When activated, human ILC2 expresses CD154 for a long time and
secrete 1L-4/IL-13 favoring polyclonal IgE production by B cells.2°
A high proportion of ILC2 has been found in tissues of patients with
all atopic disorders.2°%2%5 The number of ILC2 is two logs higher
in nasal polyps than in the bloodstream.?°® Increased proportions
of ILC2 have been detected in blood and sputum of patients with
severe- compared to mild asthma.?%42%8 ||-5/|L-13-producing ILC2
are expanded in severe eosinophilic asthma and following allergen
challenge,?®’ suggesting bidirectional crosstalk between ILC2 and
other cells as DC and Th cells, which amplify type 2 response.ﬂo'212
Lung ILC2, which expresses the IL.-4Ra chain, can be triggered by
Th2-derived IL-4/IL-13 followed by the activation of the STAT6

signaling pathway.?'32% |L-4 secreted by basophils may also in-
duce the recruitment/proliferation of ILC2 in murine inflamed tis-
sues.?>21¢ Notably, not controlled-asthma is associated with higher
ILC2 proportions than well-controlled disease, suggesting a relation-
ship between ILC2 and disease severity.?1":218

There are limited reports on ILC3 and LTi cells in asthma so far.
The ILC3-mediated production of IL-17A may contribute to explain
some different alterations: (i) IL-17-associated severe asthma, (ii)
neutrophilic asthma, and (iii) asthma exacerbations and airway re-
modeling mainly due to neutrophil infiltration.?*? Although fewer in
number, ILC3 are high producers of type 3 cytokines (IL-17A, 1L-22,
and GM-CSF).??° Furthermore, the development of AHR and inflam-
masome activation in obesity-related asthma in mice is related to
IL-17A-producing ILC3.%2! A high proportion of IL-17A*ILC3 cells has
been found in the sputum and BALF of severe asthma.??%2%2 Along
with this, ILC3 gene signatures are enriched in total RNA from pa-
tients with adult-onset non-eosinophilic asthma.??®

In conclusion, ILCs are relevant partners in an inflammatory en-
vironment that promotes chronic respiratory diseases, potentiating
both type 2 and type 3 responses (Figure 3).

Figure 5 details the phenotype and function of the different sub-
sets of innate and adaptive effector and regulatory cells contribut-
ing to the T2 high- and T2 low- endotypes of asthma and allergic
disorders.

4.3 | Other environmental effector cells

Resident cells are immune cells with a circulating counterpart (such
as Trm, MAIT, 8T, and iNKT cells) with tissue tropism, whereas

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET



MAGGI e AL.
Sk Allergy
Innate Immunity [ EFFECTOR CELLS ] Adaptive Immunity
| a3 = —_
l. Bl ]
|
| = = /’ﬁ
| :::'; IL-9 "\ REGULATORY CELLS
W o 10 | IL-10, TGF-B, IL-35, IL-37 - 2
(IL-4) | |
. W2 « — | T2 HIGH ENDOTYPE '“.LS@ @ @
IL-13,IL-31
IL-5, IL-13 lea i ja < = =
s |13 g | 'E13 IL-4, 1113
o @ s Y
:@ . »@ | IL-5 - 5 =
| - . . UNCONVENTIONAL = -
. | 2 - _TCELLS @ ) ()
Y . ) v | @ o=
L2 TNFa | N S — =
« ‘K-H | IL-17AQIL-4 N IFN-y, TNF-a = - '@ | .@ )
’ TNF-of IL-13 b
IL-17A/F ! = >
- ey ——| T2L0WENDOTYPE ILA7ASF @ . IL-10, TGF-B, IL-35, IL-37
. 2 | IL-21, TNF-a '@ | '@s-
b e AN-\' | IIL-ZZ IFN-y Mea i \ 2 = /
| = = »
et | : ,
’ @
B . -

FIGURE 5 Effector and regulatory ILCs and T cell subsets involved in allergic inflammation. The figure synthesizes the complex network
of cells and molecules conditioning the development of T2-high and T2-low endotypes. Allergic inflammation is essentially due to the
activity of innate and adaptive effector cells and of unconventional T cells (such as MAIT, NKT, and y8T cells) counterbalanced by a large
panel of lymphocytes with regulatory function (iTreg, nTreg, ICOS+Treg, CD8+Treg, IL-17+Treg, iTrl, iTr35, Breg, Breg35, and ILC-reg)
producing suppressive cytokines. Breg, B regulatory cells; Breg35, IL-35-producing Breg cells; ILC-reg, regulatory ILCs; iTr1, inducible T
regulatory 1 cells; iTr35, IL-35-producing inducible T regulatory cells; iTreg, inducible regulatory T cells; MAIT, mucosal-associated invariant T
cells; ncTh1, non-conventional Thl cells; NKT, natural killer T cells; nTreg, natural regulatory T cells; Tfh, follicular helper T cells; Th, T helper

cells; Trm, resident memory T cells

environmental cells are tissue non-immune cells such as epithelial,
endothelial, smooth muscle and muciparous cells, fibroblasts, and
others. The environmental compartment is a privileged target of
type 2 or type 3 cytokines produced by Th- and ILC subsets, and
in turn, stimulates the release of pro-inflammatory cytokines and
chemokines. For instance, smooth muscle cell hyperplasia and hy-
pertrophy, described in severe asthma, are due to the chronic stim-
ulation exerted by LTs, PGD2 TGF-p1, IL-1, IL-6, CCL2, and CCL3
secreted from environmental cells.*3%224

Goblet cells hyperplasia and mucus hypersecretion induced by
MUCS5AC and MUC5B gene activation are the effects of this chronic
cascade of stimuli.??® IL-13, which is the major inducer of mucus pro-
duction, maintains inflammation also stimulating exhaled nitric oxide
(FeNO) release from epithelial cells.?2®

Tissue eosinophils establish a vicious circle directly or indirectly
enhancing type 2 responses through cytokines, chemokines, and the
release of granule proteins. For instance, eosinophil-derived neu-
rotoxin promotes DC migration/activation which further amplifies
memory of Th2 cells.??’ In parallel, eosinophils damage the airway
mucosa through the release of basic proteins, oxygen free radicals,
and lipid mediators. Chemokines like CCL2, CCL5, CCL7, CCL11,
and CCL26 produced by the damaged epithelium recruit eosinophils

through CCR3, a receptor also shared by basophils and Th2 cells.??®

The activated epithelium, through the overproduction of IL-33 and
TSLP, favors the formation of eosinophil extracellular traps which
may indirectly activate lung ILC2%%” and whose number is high in
severe inflammation.??”"21 A similar vicious circle is maintained by
neutrophils in T2 low asthma where they release proteases, con-
tribute to oxidative stress, and release neutrophil extracellular traps
(NETSs) which, in turn, induce local inflammasome activation, Th17/

ILC3 expansion, and further promote neutrophil recruitment.?%?

5 | THE FLEXIBILITY OF TISSUE
EFFECTOR CELLS AFFECTS THE TYPES OF
ALLERGIC INFLAMMATION

Thirty years ago we showed for the first time that not only naive
but also fully polarized memory T cells in humans display high flex-
ibility in response to external signals.?%® Based on a huge of con-

234236 \we now know that Th2 or Th17 cells cannot

firming results,
be considered terminal lineages but rather flexible cells with a high
degree of plasticity (Figure 6). For instance, molecules such as IL-12

can epigenetically modulate both Th2 and Th17 responses toward
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a pro-Thl direction, even though the progeny can maintain some
features of the original cells.}1¢:117:237.238.239.240 Th17_derived Thl
cells have been defined as “non-classical Th1” or, alternatively, “Th1
stars.” These cells were found in the BALF of children with severe
asthma and the Th1 signature was associated with both the pres-
ence of IFN-y+IL-17+ and IFN-y-IL-17+ T cells and high serum levels
of IL-23, this latter cytokine being crucial for the differentiation and
proliferation of Th17 cells.?** Th1 cells may seldom associate with a
T2 high endotype upon treatment with biologicals shifting type 2-
into type 1 profile.242 Importantly IL-4 itself can induce in vitro the
expression of type 2 cytokines by clonal Th17 cells.?*® Such a new
subset of memory Th2/Th17 effector cells exerts a strong patho-
genic effect on the lung by promoting the exacerbation of chronic
asthma in mouse models.?*# Increased dual memory Th2/Th17 cells
have been found in the periphery and in the BALF of a proportion of
severe asthmatic patients.?*

Moreover, in the presence of TGF-B, Th2 cells; can lose their abil-
ity to produce IL-4 or IL-5 but maintain IL-9 and IL-10, giving rise to
new functional Th9 cells exhibiting strong pro-inflammatory proper-
ties.?*¢ In addition, IL-9 itself is able to induce the synthesis of IL-17A
by T and non-T cells.?*” Some reports indicate that both Th9 and
Th17 cells play an essential role in the chronicity of IgE- or non-IgE-
mediated asthma and in tissue remodeling. In particular, Th17 cells
are prone to expand into chronically inflamed tissue, because they
do not require IL-2 for their differentiation and are poorly affected
by down-regulating signals provided by Treg cells, regulatory cyto-
kines (TGF-p), and membrane PD-L1.2*® Further, both Th2/Th17 and
Th9 cells would be resistant to steroid effects because of the up-
regulation of the transcription factor MEK1, thus resulting as more
pathogenic.24>24?

Finally, the presence of IL-12 plus IL-27 and the interaction
Notch1L-Notch1l makes the IL-10 gene suitable for activation in all
polarized Th subsets.?*° Indeed, IL-10-producing Th1 cells are fre-
quently observed upon antigen hyperstimulation which is responsi-
ble for the exhaustion of T cell functions, as it can be observed in AIT,

251-255 (

in chronic administration of biologics, and in cancer Figure 6).

The same plasticity of memory Th cells is also found in other
tissue-resident cells such as Trm-, Tfh-, y8T, NKT, MAIT, and Treg
cells.2%4257 |LCs are highly plastic upon environmental signals, and
this could be likely due to the abundance of cytokine receptors on
their surface able to mediate switching effects from each other ILC
subset.?®2%? Actually, steroid-resistant ILC3/ILC2 dual cells, as well
as IL-10-producing ILC2 (so-called ILC2-reg) would play a role in

steroid-resistant asthma and in AIT,163260.261

6 | PLASTICITY OF EFFECTOR CELLS AND
ENVIRONMENTAL SIGNALS AFFECT THE
DIFFERENT ENDOTYPES AND THE RELATED
ASTHMA PHENOTYPES

The type and strength of signals from inflamed tissue, which may
vary over time, are able to activate innate and adaptive cells, thus
favoring their reciprocal cross-talk and plasticity.2?2%* The patho-
genic effector cells of allergic inflammation are highly flexible in re-
sponse to molecules from the inflamed tissue and may shift to more
heterogeneous and aggressive profiles. Taking into account both
the flexibility of effector cells and the chronicity (usually years) of
the airway inflammation, a crucial question is whether they both
are responsible for the different phenotypes described in allergic
disorders.

As discussed so far, at least three main variables may condition
the immunological scenarios of chronic inflammation in asthma: (i)
signals deriving from the mucosal barrier and submucosal DCs; (ii)
strength of regulatory signals exerted by cells and molecules, and (iii)
activity of signals from environmental non-lymphoid cells. All these
variables may be responsible for at least four scenarios characteriz-
ing asthma endotypes as depicted in Figure 7.

When the mucosal barrier and the related DCs are exclusively
stimulated by E2-priming signals, and intact regulatory mechanisms
with poor or no tissue cytokines are present, effector cells will be
oriented towards the type 2 response as seen in the T2 high (type

| Slgnals to acquire a different effector phenotype

| Signals to acquire a regulatory phenotype
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\ FIGURE 6 Invitro plasticity of
polarized mature Th cells upon signals
from inflamed lung tissue. The cytokines
prevalently produced by APC (with

the possible contribution of contact
signals) condition the final phenotype of
effector or regulatory T cells. Terminally
differentiated T cells, as well as ILCs, are
particularly susceptible to such external
! signals which can shift phenotype and

J function of the original cells toward new
and unconventional cellular profiles. iTr1,
inducible T regulatory 1 cells; ncTh1,
nonconventional Thl cells; Th, T helper
cells
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FIGURE 7 Mechanisms involved in the modulation of resident effector ILCs and T cells into the main functional profiles characterizing
asthma endotypes. At least three variables may affect the immunological responses in asthma chronic inflammation: (A) signals deriving
from the mucosal barrier and submucosal DCs, (B) strength of regulatory signals exerted by cells and molecules, and (C) effects of signals
from non-lymphoid cell compartments. These variables, differently associated, may generate at least four scenarios of inflammation defining
asthma endotypes: T2 high (or type 3 low). T2-low (or type 3 high), mixed (type 1, 2, 3 high), and pauci-granulocytic (type 1, 2, 3 low).
Therapeutic regimens or intercurrent environment modifications may favor reciprocal interchanges in endotypes. Moreover, a particular
endotype may remain unaltered since the beginning of the disease or may progress toward differently oriented responses on the influence
of local signals. Breg, B regulatory cells; ILC-reg, regulatory ILCs; iTrd, inducible T regulatory 1 cells; iTr35, IL-35-producing inducible T
regulatory cells; ncTh1, non-conventional Thl cells; Th, T helper cells; Treg, regulatory T cells

3 low) endotype. Vice versa but similarly, when the mucosal bar-
rier and the related APCs are exclusively stimulated by E1-priming
molecules and normal regulatory mechanisms and few or no envi-
ronmental cytokines are present, the effector cells will be oriented
towards the type 3 response mirrored by the T2 low (type 3 high)
endotype. As a fact, such type 2- and type 3-oriented profiles are
really rare, especially in long-lasting diseases. Actually, the so-called
mixed endotype (type 2 and 3 high) is far more common and es-
tablished when mixed E1- plus E2-priming signals associate with
intact regulatory mechanisms and high cytokine production from
the microenvironment, thus conditioning the presence of several
different effector cells: Th17/Th2, not classical Th1l, Th9, ILC1,
ILC2/3, and others. Finally, when ongoing E1- and E2-signals are
followed by overactivation and exhaustion of most of the effector
cells and regulatory mechanisms are efficiently active, effector cells
are replaced by few regulatory cells (i.e., iTreg, Breg, Tr1, Tr35, and
ILCreg) such as in the pauci-granulocytic (types 2/3 low) endotype
(Figure 7). These four endotypes reflect the clinical phenotypes of
inflammatory airway diseases proposed by Barnes PJ et al'!; within
each endotype, the different proportions of effector cells may con-
dition further subclinical patterns'® (Figure 3). In the T2-high en-
dotype, for instance, the prevalence of Th2 on ILC2 cells features

a distinct pattern with high IgE levels, pluri-sensitivities, few eo-
sinophils in the blood and sputum, mild severity observed in the
“early onset allergic asthma.” Vice versa, when ILC2 predominates
on Th2 cells, high numbers of eosinophils in the blood/sputum, nor-
mal IgE levels, and high severity characterize the different types of
“adult-onset eosinophilic asthma”.?¢>28 The pure T2-low endotype
is always counterbalanced by a high number of neutrophils in BALF
and sputum, together with normal eosinophil counts, normal to low
IgE levels, and high clinical severity as seen in “non-eosinophilic

» o«

neutrophilic asthma”, “obesity-associated asthma,” or “late onset
non-allergic asthma of the elderly”.2°”27° Furthermore, in the mixed
endotype a spectrum of different phenotypes can be hypothesized,
as based on the expansion of a defined subset of effector cells with
respect to the others. The type 1 predominance, involving Th1 cells
or non-classic Th17-derived Thl lymphocytes, Tcl or ILC1 cells, is
observed in “virus-induced asthma” and in “smoking/pollutants as-
sociated asthma.?’! On the other hand, unusual effectors such as
Th9, dual Th2/Th17 or ILC2/3 cells associate with “severe steroid-
resistant asthma.” Finally, the pauci-granulocytic endotype may
be frequently coupled with some “children's idiopathic asthma,”
“brittle asthma,” “exercise-mediated asthma,” and other rare phe-

266 (

notypes Figure 8).
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FIGURE 8 The tight association of each pathogenic endotype/sub-endotype with a defined phenotype of asthma. The four endotypes
reported in Figure 7 reflect the clinical phenotypes of inflammatory airway diseases as proposed by Barnes et al. Inside each endotype,
the different proportions of effector cells may result in further subclinical patterns (as for instance, in the T2-high endotype). Each endotype
(or sub-endotype) is linked to eosinophil or neutrophil prevalence in BALF or sputum, the degree of disease severity, or additional clinical
features. Thus, all the conceivable endotypes or sub-endotypes can be related to the majority of the known asthma phenotypes. BALF,
bronchoalveolar lavage fluid; Breg, B regulatory cells; ILC-reg, regulatory ILCs; iTr1, inducible T regulatory 1 cells; iTr35, IL-35-producing
inducible T regulatory cells; ncTh1, non-conventional Thl cells; Th, T helper cells; Treg, regulatory T cells

It is indeed possible that, as a long-lasting disease, therapeutic
regimens themselves or intercurrent modified environment condi-
tions might favor reciprocal interchanges in endotypes. And, finally,
it is questionable whether a particular endotype is present since the
beginning of the disease or, instead, is progressively and differently
oriented by local signals. Both scenarios are equally probable be-
cause of the high plasticity of effector cells.

Importantly, several recent studies, clearly indicate that asthma
endotypes/sub-endotypes are also shared by other allergic dis-
eases.?2272273.274 T2_high inflammation is a major feature of AR
and CRSwWNP. Penetration of allergens through the nasal mucosa
triggers a T2-dominant inflammatory cascade with eosinophilia and
IgE production.?’>27¢ A T2-low inflammation, mainly characterized

277-279 can be

by the presence of neutrophils in the nasal mucosa
triggered by infections or chronic irritation; these latter events
can dysregulate innate immunity, activate the IL-17 pathway, and
recruit neutrophils,?2°28> Notably, CRSWNP are usually pheno-
typed as eosinophilic- and CRSsNP as neutrophilic disorders, re-
spectively.?®¢ On the basis of cytokines, eosinophils, and IgE levels,
CRS can be endotyped as non-type T2 (or T2-low), moderate T2
(mixed), and severe T2 (T2-high).273287288 According to geograph-
ical location (so-called “region-types”), the eosinophil-dominant
T2-high endotype is more frequent in Western-countries whereas

the neutrophilic endotype prevails in Asians. CRSsNP usually rec-
ognizes non-eosinophilic mechanisms with prevalent ILC3/Th17
cells.?8%290 Notably, the response to fungi and extracellular bacte-
ria infections, frequently associated with CRSsNP, is a prerogative
of Th17 cells.??

All the same, AD is characterized by a highly heterogenous endo-
type repertoire with the activation of the diverse T cell phenotypes
(Th1, Th2, Th17, and/or Th22 cells) together with the compromise
of the epidermal barrier and lipid and tight junction abnormali-
ties.2?229% A T2-high vs a T2-low inflammation was suggested for

AD endotyping,?%2

even though several other sub-endotypes en-
compass children vs adults, ethnic origin and region-types, disease
stage (chronic vs acute), IgE levels, and filaggrin expression have
been proposed.?’?

Even though more heterogeneous, some FA can display endo-
types similarly to other allergic disorders.?’* Four endotypes are
described: (i) Alpha-gal- and red meat allergies which display a clas-
sical T2-high profile.?>2% (ii) Oral allergy syndrome due to cross-
reactivity between some foods and pollens exerting a T2-high
response.?”’ (iii) Food protein-induced gastrointestinal endotype (as

)298.299 related to a

in food protein-induced enterocolitis syndrome
type 3/type 1 (T2-low) immune response.300 (iv) EoE with a typi-

cal eosinophilic endotype,®°? although displaying phenotypic and
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endotypic heterogeneity.3°?3% As a fact, a T2-low endotype also

exists®0¢

in a limited number of EoE patients sharing symptoms with
the classical disease, strong familial aggregation but the absence of
eosinophilic infiltration.3%”-3%% Based on the prevalent T2-high/T2-
low inflammation, Shoda and coworkers®°? have proposed three po-
tential endotypes of EoE.31°

The features of endotypes and phenotypes in AR, CRS, AD, FA,
and EoE are summarized in Table 5.

Based on the previous immunopathologic view of allergic inflam-
mation, the next challenges will be the suitable biomarkers and novel

therapeutic targets for each endotype.

TABLE 5 Endotypes and related phenotypes of allergic diseases

Allergic disease Phenotype Endotype
Allergic rhinitis Allergic/local rhinitis T2
Infectious rhinitis Non-T2
Idiopathic rhinitis Non-T2
Other rhinites Mixed
Chronic CRSwNP T2
rhino-sinusitis CRSSNP Non-T2
CRSw/sNP Mixed
CRSWNP (North America) T2
CRSwWNP (Europe) T2
CRSWNP (Asian/China) Mixed
CRSwWNP (Australia) Mixed
Atopic dermatitis Extrinsic T2
Intrinsic Non-T2
Early phase T2
Late phase Non-T2
AD in infancy Mixed
AD in elderly Non-T2

Extrinsic AD in Europeans T2
Extrinsic AD in Asians Mixed

Extrinsic AD in T2
Afro-Americans

Food allergy o-Gal allergy T2

Food-pollen and oral T2
allergy

Food protein-induced Non-T2
enterocolitis

Other food allergies Mixed

Eosinophilic EoE 1 (atopy, steroid T2
esophagitis sensitivity, and normal
endoscopy)

EoE2 (pediatric onset, Mixed
steroid-refractory, and
inflammatory)

EoE3 (non-atopy, adult Non-T2

onset, and fibrostenosis)

Abbreviation: NA, not applicable.

WiLEY- L2

Several biomarkers have been studied in allergic diseases, but
only a few are readily available for clinical use in T2-high profile
asthma and indicated to choose the most suitable therapy, as cir-
culating/sputum/BALF eosinophils, FeNO, serum IgE, and periostin
levels. Following several posthoc analyses of the clinical trials of bio-
logicals targeting type 2 inflammation,3**314 the European Academy
of Allergy and Clinical Immunology (EAACI) recently reviewed all the
currently available biologic therapies together with the required bio-
markers to better identify the target patient.315

For instance, blood eosinophils count is a reliable marker of re-
sponse to the anti-IL-4R «-chain monoclonal antibody dupilumab

Tissue immune response
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dysfunctional (E2 signals) epithelial barrier
- environmental cells (fibroblasts, endothelial cells etc)
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FIGURE 9 New potential biomarkers of asthma and allergic diseases based on the pathogenic mechanisms underlying T2-high and T2-low

endotypes

in patients with severe eosinophilic- or corticosteroid-dependent
asthma even though a good response to the drug may also be ex-
pected in cases of low circulating eosinophil counts and high FeNO
levels. Blood eosinophil counts 2150/ul was recommended for anti-
IL-5 therapy with a good likelihood of response. Even if eosinophil
counts 2260/pl and FeNO levels 219.5 ppb were suggested for a
good response, the anti-IgE therapy is not prescribed according to
the levels of eosinophils and FeNO.31¢ Anyway, currently available
biomarkers are of limited value for true precision medicine. Indeed,
the T2-related biomarkers are commonly present in the majority of
the previously described phenotypes of asthma,%?73%7 and thus,
it is urgent to identify novel biomarkers inside the dominant in-
flammatory mediators driving disease pathogenesis. They must be
easily detectable molecules related to the different effector cells
which characterize the described endotypes/sub-endotypes. They
must be sought among cytokines and chemokines, receptors, non-
signaling surface molecules, transcription factors, miRNAs, or sig-
naling factors. Soluble and surface molecules favoring the plasticity
of ILC or T cells and epithelium- or monocyte/macrophages-derived
cytokines, costimulatory proteins, and glycans might be additional
factors useful to be evaluated. Furthermore, exosomes derived

from activated ILC or T cell subsets should be studied as possibly
carrying molecules and surface proteins favoring the plasticity of
effector cells. EAACI position paper emphasizes the opportunity of
a “multi-omic” (genomics, epigenomics, transcriptomics, proteom-
ics, metabolomics, and lipidomics) stratification as a tool to over-
come asthma complexity of adequate biomarker identification®*®
(Figure 9).

As novel therapeutic targets, some molecules which are crucial
for the effector cells of the previously defined endotypes may be
suitable, exemplified by omics, activation signals, shifting mole-
cules, surface or cytosolic receptors, and signaling molecules. In this
context, caution is needed and some immunological basic notions
carefully revised: (i) the redundancy and pleiotropism of some cyto-
kines, (i) the possible opposite effects elicited by signaling receptors
shared by different cells, (iii) the decoy activity of some receptors,
and (iv) the pathways redirecting to other (and opposite) pathogenic
arms of inflammation, like from the type 2 to the type 3 response.

The most effective to quickly and adequately define new pre-
dictive biomarkers and therapeutic targets is the processing of big
data coming from International Registries for mild as well as severe
asthma.
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BOX 1 Conclusive bullet points

e |n allergic inflammation, the pathogenic effector cells of
innate and adaptive immunity exhibit type-2 or type-3
profiles.

e External stimuli activate bronchial epithelium which in
turn releases molecules with high impact on the func-
tion of tissue effector cells.

e The plasticity of resident effector cells in response to
environmental signals is the prerequisite to explain
the multiple endotypes of asthma and other allergic
diseases.

e Variability in the epithelial response, tissue regulatory
mechanisms, and activity of microenvironmental cells
allows delineating four different pathogenic scenarios
as responsible for the principal endotypes of bronchial
asthma.

o Different types of the immune response characterize
each one of these endotypes which, in turn, corresponds
to an individual phenotype of asthma.

e This unifying view of the pathogenesis of bronchial
asthma may also be extended to other allergic disorders
displaying similar endotypes.

e The availability of highly effective personalized therapy
for bronchial asthma and other allergic diseases urgently
requires to define specific biomarkers for each endotype.

e Such a view overcomes the concept of fixed endotypes

to move to the “patient endotype.”

7 | CONCLUSIONS

New pathogenic mechanisms suggest that allergic inflammation is
due to complex interactions involving effector cells with type-2 and
type-3 profiles. A huge amount of different stimuli activate the mu-
cosal epithelium which, in turn, releases molecules impacting the
function of the resident immune and environmental cells. These
variable conditions modify tissue innate and adaptive cells, providing
selective homing of eosinophils or neutrophils. The high plasticity of
resident ILCs and T cells is the prerequisite to fully explain the multi-
ple endotypes (or sub-endotypes) of asthma. The notion that effec-
tor cells are flexible and easily affected by external signals allowed
the broad use of biologics interfering with pathogenic mechanisms
of inflammation. The variable conditions with regards to the type
of epithelial response, the tissue regulatory mechanisms, and the
function of environmental cells allow hypothesizing different patho-
genic scenarios for the principal endotypes. The immune response
as the base of each endotype corresponds to a precise phenotype of
asthma. This unifying integrated pathogenic view may be also true
for other allergic disorders displaying similar endotypes. The next

challenges will consist of the definition of specific biomarker(s) for

each endotype to reach an early diagnosis and establish the best
target(s) for the most effective personalized therapy (Box 1). In con-
clusion, our proposal wants to overcome the concept of fixed en-
dotypes to move to a “patient endotype,” which takes into account
also a series of clinical variables, including the history of the disease,
the number of exacerbations, concomitant infections, and previous/

present therapeutic regimens.

FUNDING INFORMATION

This work was supported by grants from the Ministero della Salute
(grant no. RC-2020 OPBG to L.M. and E.M.), Associazione lItaliana
per la Ricerca sul Cancro (project no. 5x1000 2018 Id 21147, pro-
jects no. IG 2017 Id 19920) to L.M.

ACKNOWLEDGMENTS
Open access funding provided by Ospedale Pediatrico Bambino
Gesu.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

REFERENCES

1. Hammad H, Lambrecht BN. The basic immunology of asthma. Cell.
2021;184(6):1469-1485. doi:10.1016/j.cell.2021.02.016

2. Colas L, Magnan A, Brouard S. Immunoglobulin E response in
health and disease beyond allergic disorders. Allergy. 2022;77(6).
doi:10.1111/all.15230

3. Romagnani S, Del Prete GF, Maggi E. Development and appli-
cation of in vitro models for the study of human IgE synthesis.
Allergy. 1988;43(suppl 5):32-37. doi:10.1111/j.1398-9995.1988.
tb05045.x

4. Maggi E, Del Prete GF, Macchia D, et al. Profiles of lymphokine
activities and helper function for IgE in human T cell clones. Eur J
Immunol. 1988;18(7):1045-1050. doi:10.1002/€ji.1830180712

5. Del Prete GF, De Carli M, Mastromauro C, et al. Purified pro-
tein derivative of Mycobacterium tuberculosis and excretory-
secretory antigen(s) of Toxocara canis expand in vitro human T
cells with stable and opposite (type 1 T helper or type 2 T helper)
profile of cytokine production. J Clin Invest. 1991;88(1):346-350.
doi:10.1172/JCI115300

6. Parronchi P, Macchia D, Piccinni MP, et al. Allergen- and bacterial
antigen-specific T-cell clones established from atopic donors show
a different profile of cytokine production. Proc Natl Acad Sci USA.
1991;88(10):4538-4542. doi:10.1073/pnas.88.10.4538

7. Maggi E, Biswas P, Del Prete GF, et al. Accumulation of Th-2-like
helper T cells in the conjunctiva of patients with vernal conjuncti-
vitis. J Immunol. 1991;146(4):1169-1174.

8. Lambrecht BN, Hammad H, Fahy JV. The cytokines of asthma.
Immunity. 2019;50(4):975-991.d0i:10.1016/j.immuni.2019.03.018

9. Scadding GK, Scadding GW. Innate and adaptive immunity in aller-
gic airway disease. Curr Opin Allergy Clin Immunol. 2022;22(1):10-
15. doi:10.1097/AC1.0000000000000800

10. Brusselle GG, Koppelman GH. Biologic therapies for severe asthma.

N Engl J Med. 2022;386(2):157-171. d0i:10.1056/NEJMra2032506

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.cell.2021.02.016
https://doi.org/10.1111/all.15230
https://doi.org/10.1111/j.1398-9995.1988.tb05045.x
https://doi.org/10.1111/j.1398-9995.1988.tb05045.x
https://doi.org/10.1002/eji.1830180712
https://doi.org/10.1172/JCI115300
https://doi.org/10.1073/pnas.88.10.4538
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1097/ACI.0000000000000800
https://doi.org/10.1056/NEJMra2032506

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

MAGGI ET AL.

Barnes PJ. Therapeutic approaches to asthma-chronic obstruc-
tive pulmonary disease overlap syndromes. J Allergy Clin Immunol.
2015;136(3):531-545. doi:10.1016/j.jaci.2015.05.052

Gregory LG, Lloyd CM. Orchestrating house dust mite asso-
ciated allergy in the lung. Trends Immunol. 2011;32:402-411.
doi:10.1016/j.it.2011.06.006

Kim H, Seed B. The many paths to asthma: phenotype shaped by
innate and adaptive immunity. Nat Immunol. 2010;11:577-584.
doi:10.1038/ni.1892

Gelfand EW, Kraft M. The importance and features of the distal air-
ways in children and adults. J Allergy Clin Immunol. 2010;124:584-
$87. doi:10.1016/j.jaci.2009.07.062

Global Initiative for Asthma (GINA). Global strategy for asthma
management and prevention—updated 2016. 2016. Accessed
January 13, 2017. http://ginasthma.org/gina-reports/

Reddel HK, Bateman ED, Becker A, et al. A summary of the
new GINA strategy: a roadmap to asthma control. Eur Respir J.
2015;46:622-639. doi:10.1183/13993003.00853-2015

Wenzel SE. Asthma: defining of the persistent adult phenotypes.
Lancet. 2006;368:804-813. doi:10.1016/50140-6736(06)69290-8
Corren J. Asthma phenotypes and endotypes: an evolving para-
digm for classification. Discov Med. 2013;15:243-249.

Lotvall J, Akdis CA, Bacharier LB, et al. Asthma endotypes: a
new approach to classification of disease entities within the
asthma syndrome. J Allergy Clin Immunol. 2011;127:355-360.
doi:10.1016/j.jaci.2010.11.037

Wenzel S. Severe asthma: from characteristics to pheno-
types to endotypes. Clin Exp Allergy. 2012;42:650-658.
doi:10.1111/j.1365-2222.2011.03929.x

Muraro A, Lemanske RF Jr, Hellings PW, et al. Precision medi-
cine in patients with allergic diseases: airway diseases and atopic
dermatitis-PRACTALL document of the European Academy of
Allergy and Clinical Immunology and the American Academy
of Allergy, Asthma & Immunology. J Allergy Clin Immunol.
2016;137(5):1347-1358. d0i:10.1016/j.jaci.2016.03.010

Agache I. Akdis CA Endotypes of allergic diseases and asthma: An
important step in building blocks for the future of precision medi-
cine. Allergol Int. 2016;65:243-252. d0i:10.1016/j.alit.2016.04.011
Ntontsi P, Photiades A, Zervas E, et al. Genetics and epigenetics
in asthma. Int J Mol Sci. 2021;22:2412-2424. doi:10.3390/
ijms22052412

Agache |, Cojanu C, Laculiceanu A, Rogozea L. Genetics and epi-
genetics of allergy. Curr Opin Allergy Clin Immunol. 2020;20(3):223-
232. doi:10.1097/ACI1.0000000000000634

Bellanti JA. Genetics/epigenetics/allergy: the gun is loaded but
what pulls the trigger? Allergy Asthma Proc. 2019;40(2):76-83.
doi:10.2500/aap.2019.40.4205

Long A, Bunning B, Sampath V, et al. Epigenetics and the environ-
ment in airway disease: asthma and allergic rhinitis. Adv Exp Med
Biol. 2020;1253:153-181. doi:10.1007/978-981-15-3449-2_6
Tizaoui K, Hamzaoui K, Hamzaoui A. Update on asthma genetics:
results from meta-analyses of candidate gene association studies.
Curr Mol Med. 2017;17(10):647-667. d0i:10.2174/1566524018666
180322162646

Andiappan AK, de Wang Y, Anantharaman R, et al. Genome-wide
association study for atopy and allergic rhinitis in a Singapore
Chinese population. PLoS ONE. 2011;6:e19719. doi:10.1371/jour-
nal.pone.0019719

Waage J, Standl M, Curtin JA, et al. Genome-wide association
and HLA fine-mapping studies identify risk loci and genetic path-
ways underlying allergic rhinitis. Nat Genet. 2018;50:1072-1080.
doi:10.1038/s41588-018-0157-1

Portelli MA, Hodge E, Sayers |. Genetic risk factors for the devel-
opment of allergic disease identified by genome-wide association.
Clin Exp Allergy. 2015;45:21-31. doi:10.1111/cea.12327

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Pickrell JK, Berisa T, Liu JZ, et al. Detection and interpretation
of shared genetic influences on 42 human traits. Nat Genet.
2016;48:709-717. doi:10.1038/ng.3570

Silverberg MS, Cho JH, Rioux JD, et al. Ulcerative colitis-risk loci
on chromosomes 1p36 and 12q15 found by genome-wide associ-
ation study. Nat Genet. 2009;41:216-220. doi:10.1038/ng.275
Ferreira MA, Matheson MC, Duffy DL, et al. Identification of
IL6R and chromosome 11q13.5 as risk loci for asthma. Lancet.
2011;378:1006-1014. doi:10.1016/50140-6736(11)60874-X
Ramasamy A, Kuokkanen M, Vedantam S, et al. Genome-wide as-
sociation studies of asthma in population-based cohorts confirm
known and suggested loci and identify an additional association
near HLA. PLOS ONE. 2012;2012(7):e44008. doi:10.1371/journal.
pone.0044008

Moffatt MF, Gut IG, Demenais F, et al. A large-scale, consortium-
based genome wide association study of asthma. N Engl J Med.
2010;363:1211-1221. doi:10.1056/NEJM0a0906312

Hirota T, Takahashi A, Kubo M, et al. Genome-wide association
study identifies three new susceptibility loci for adult asthmain the
Japanese population. Nat Genet. 2011;43:893-896. doi:10.1038/
ng.887

Himes BE, Hunninghake GM, Baurley JW, et al. Genome-wide asso-
ciation analysis identifies PDE4D as an asthma-susceptibility gene.
Am J Hum Genet. 2009;84:581-593. doi:10.1016/j.ajhg.2009.04.006
Lasky-Su J, Himes BE, Raby BA, et al. 2012. HLA-DQ strikes again:
genomewideassociation study further confirms HLA-DQ in the di-
agnosis of asthmaamongadults. Clin Exp Allergy. 2012;42(12):1724-
1733. d0i:10.1111/cea.12000

Noguchi E, SakamotoH HT, et al. Genome-wide association study
identifies HLA-DP as a susceptibility gene for pediatric asthma in
Asian populations. PLOS Genet. 2011;7:e1002170. doi:10.1371/
journal.pgen.1002170

Almoguera B, Vazquez L, Mentch F, et al. Identification of four
novel loci in asthma in European American and African American
populations. Am J Respir Crit Care Med. 2017;95:456-463.
doi:10.1164/rccm.201604-08610C

Moffatt MF, Kabesch M, Liang L, et al. Genetic variants regulating
ORMDL3 expression contribute to the risk of childhood asthma.
Nature. 2007;448:470-473. doi:10.1038/nature06014

Torgerson DG, Ampleford EJ, Chiu GY, et al. Meta-analysis of
genome-wide association studies of asthma in ethnically di-
verse North American populations. Nat Genet. 2011;43:887-892.
doi:10.1038/ng.888

Willis-Owen SAG, Cookson WOC, Moffatt MF. The Genetics and
Genomics of Asthma. Annu Rev Genomics Hum Genet. 2018;19:223-
246. doi:10.1146/annurev-genom-083117-021651
Laulajainen-Hongisto A, Lyly A, Hanif T, et al. Genomics of asthma,
allergy and chronic rhinosinusitis: novel concepts and relevance
in airway mucosa. Clin Transl Allergy. 2020;10:45. doi:10.1186/
s13601-020-00347-6

Gruzieva O, Merid SK, Koppelman GH, Melén E. An update
on the epigenetics of asthma. Curr Opin Allergy Clin Immunol.
2021;21(2):175-181. doi:10.1097/AC1.0000000000000723

Kim RY, Horvat JC, Pinkerton JW, et al. MicroRNA-21 drives severe,
steroid-insensitive experimental asthma by amplifying phosphoinos-
itide 3-kinase-mediated suppression of histone deacetylase 2. JAllergy
Clin Immunol. 2017;139:519-532. d0i:10.1016/j.jaci.2016.04.038
Elbehidy RM, Youssef DM, el-Shal AS, et al. Micro- RNA-21 as a
novel biomarker in diagnosis and response to therapy in asthmatic
children. Mol Immunol. 2016;2016(71):107-114. doi:10.1016/j.
molimm.2015.12.015

Lyu B, Wei Z, Jiang L, et al. Micro-RNA-146a negatively regu-
lates IL-33 in activated group 2 innate lymphoid cells by inhibiting
IRAK1 and TRAF6. Genes Immun. 2020;21:37-44. doi:10.1038/
s41435-019-0084-x

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.jaci.2015.05.052
https://doi.org/10.1016/j.it.2011.06.006
https://doi.org/10.1038/ni.1892
https://doi.org/10.1016/j.jaci.2009.07.062
http://ginasthma.org/gina-reports/
https://doi.org/10.1183/13993003.00853-2015
https://doi.org/10.1016/S0140-6736(06)69290-8
https://doi.org/10.1016/j.jaci.2010.11.037
https://doi.org/10.1111/j.1365-2222.2011.03929.x
https://doi.org/10.1016/j.jaci.2016.03.010
https://doi.org/10.1016/j.alit.2016.04.011
https://doi.org/10.3390/ijms22052412
https://doi.org/10.3390/ijms22052412
https://doi.org/10.1097/ACI.0000000000000634
https://doi.org/10.2500/aap.2019.40.4205
https://doi.org/10.1007/978-981-15-3449-2_6
https://doi.org/10.2174/1566524018666180322162646
https://doi.org/10.2174/1566524018666180322162646
https://doi.org/10.1371/journal.pone.0019719
https://doi.org/10.1371/journal.pone.0019719
https://doi.org/10.1038/s41588-018-0157-1
https://doi.org/10.1111/cea.12327
https://doi.org/10.1038/ng.3570
https://doi.org/10.1038/ng.275
https://doi.org/10.1016/S0140-6736(11)60874-X
https://doi.org/10.1371/journal.pone.0044008
https://doi.org/10.1371/journal.pone.0044008
https://doi.org/10.1056/NEJMoa0906312
https://doi.org/10.1038/ng.887
https://doi.org/10.1038/ng.887
https://doi.org/10.1016/j.ajhg.2009.04.006
https://doi.org/10.1111/cea.12000
https://doi.org/10.1371/journal.pgen.1002170
https://doi.org/10.1371/journal.pgen.1002170
https://doi.org/10.1164/rccm.201604-0861OC
https://doi.org/10.1038/nature06014
https://doi.org/10.1038/ng.888
https://doi.org/10.1146/annurev-genom-083117-021651
https://doi.org/10.1186/s13601-020-00347-6
https://doi.org/10.1186/s13601-020-00347-6
https://doi.org/10.1097/ACI.0000000000000723
https://doi.org/10.1016/j.jaci.2016.04.038
https://doi.org/10.1016/j.molimm.2015.12.015
https://doi.org/10.1016/j.molimm.2015.12.015
https://doi.org/10.1038/s41435-019-0084-x
https://doi.org/10.1038/s41435-019-0084-x

MAGGI ET AL.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Polikepahad S, Knight JM, Naghavi AO, et al. Proinflammatory
role for let-7 MicroRNAS in experimental asthma. J Biol Chem.
2010;285:30139-30149. doi:10.1074/jbc.M110.145698
Panganiban RP, Pinkerton MH, Maru SY, et al. Differential mi-
croRNA epression in asthma and the role of miR-1248 in regulation
of IL- 5. Am J Clin Exp Immunol. 2012;1:154-165. PMID: 23885321.
Collison A, Herbert C, Siegle JS, et al. Altered expression of
microRNA in the airway wall in chronic asthma: miR-126 as
a potential therapeutic target. BMC Pulm Med. 2011;11:29.
doi:10.1186/1471-2466-11-29

Arroyo M, Salka K, Chorvinsky E, et al. Airway miR-155 responses
are associated with TH1 cytokine polarization in young children
with viral respiratory infections. PLoS One. 2020;15:e0233352.
doi:10.1371/journal.pone.0233352

Korde A, Ahangari F, Haslip M, et al. An endothelial microRNA-1-
regulated network controls eosinophil trafficking in asthma and
chronic rhinosinusitis. J Allergy Clin Immunol. 2020;145:550-562.
doi:10.1016/j.jaci.2019.10.031

Cho S, Wu CJ, Yasuda T, et al. miR-23~27~24 clusters control ef-
fector T cell differentiation and function. J Exp Med. 2016;213:235-
249. doi:10.1084/jem.20150990

Yu B, Yao L, Liu C, et al. Upregulation of microRNA-16 alters the re-
sponse to inhaled fFagonists in patients with asthma though mod-
ulating expression of ADRB2. Mol Med Rep. 2019;19:4027-4034.
doi:10.3892/mmr.2019.10097

Lin J, Feng X, Zhang J. Circular RNA circHIPK3 modulates the pro-
liferation of airway smooth muscle cells by miR-326/STIM1 axis.
Life Sci. 2020;255:117835. doi:10.1016/j.1fs.2020.117835

Sun Q, Liu L, Wang H, et al. Constitutive high expression of protein
arginine methyltransferase 1 in asthmatic airway smooth muscle
cells is caused by reduced microRNA-19a expression and leads to
enhanced remodeling. J Allergy Clin Immunol. 2017;140:510-524.
e3. doi:10.1016/j.jaci.2016.11.013

Nakano T, Inoue Y, Shimojo N, et al. Lower levels of hsamir-15a,
which decreases VEGFA, in the CD4+ T cells of pediatric patients
with asthma. J Allergy Clin Immunol. 2013;132:1224-1227.e12.
doi:10.1016/j.jaci.2013.06.041

Ye L, Mou Y, Wang J, Jin ML. Effects of microRNA-19b on airway
remodeling, airway inflammation and degree of oxidative stress by
targeting TSLP through the Stat3 signaling pathway in a mouse
model of asthma. Oncotarget. 2017;8:47533-47546. doi:10.18632/
oncotarget.17258

Lou L, Tian M, Chang J, et al. miRNA-192-5p attenuates airway
remodeling and autophagy in asthma by targeting MMP-16 and
ATG7. Biomed Pharmacother. 2020;122:109692. doi:10.1016/j.
biopha.2019.109692

Dong X, Zhong N, Fang Y, et al. MicroRNA 27b-3p modulates SYK
in pediatric asthma induced by dust mites. Front Ped. 2018;6:301.
doi:10.3389/fped.2018.00301

Karner J, Wawrzyniak M, Tankov S, et al. Increased microRNA-
323-3p in IL-22/IL-17-producing T cells and asthma: a role in the
regulation of the TGF-$ pathway and IL-22 production. Allergy.
2017;72:55-65. doi:10.1111/all.12907

Lu Y, Li Z, Xie B, et al. hsa-miR-20a-5p attenuates allergic in-
flammation in HMC-1 cells by targeting HDAC4. Mol Immunol.
2019;107:84-90. doi:10.1016/j.molimm.2019.01.010

Suojalehto H, Lindstrom I, Majuri ML, et al. Altered microRNA
expression of nasal mucosa in long-term asthma and aller-
gic rhinitis. Int Arch Allergy Immunol. 2014;163:168-178.
doi:10.1159/000358486

Kohlhaas S, Garden OA, Scudamore C, et al. Cutting edge: the
Foxp3 target miR-155 contributes to the development of reg-
ulatory T cells. J Immunol. 2009;182:2578-2582. doi:10.4049/
jimmunol.0803162

Martinez-Nunez RT, Louafi F, Sanchez-Elsner T. The interleu-
kin 13 (IL-13) pathway in human macrophages is modulated by

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

microRNA-155viadirect targeting of interleukin 13 receptoralphal
(IL13Ralphal). J Biol Chem. 2011;286:1786-1794. doi:10.1074/jbc.
M110.169367

Jia M, Chu C, Wang M. Correlation of microRNA profiles with
disease risk and severity of allergic rhinitis. Int J Clin Exp Pathol.
2018;11:1791-1802. PMC6958134

Panganiban RP, Wang Y, Howrylak J, et al. Circulating microR-
NAs as biomarkers in patients with allergic rhinitis and asthma.
J Allergy Clin Immunol. 2016;137:1423-1432. doi:10.1016/j.
jaci.2016.01.029

Shaoqing Y, Ruxin Z, Guojun L, et al. Microarray analysis of dif-
ferentially expressed microRNAs in allergic rhinitis. Am J Rhinol
Allergy. 2011;25:242-246. doi:10.2500/ajra.2011.25.3682

Wang T, Chen D, Wang P, et al. miR-375 prevents nasal mucosa
cells from apoptosis and ameliorates allergic rhinitis via inhibiting
JAK2/STAT3 pathway. Biomed. Pharmacother. 2018;103:621-627.
doi:10.1016/j.biopha.2018.04.050

Deng YQ, Yang YQ, Wang SB, et al. Intranasal administration of
lentiviral miR-135° regulates mast cell and allergen-induced in-
flammation by targeting GATA-3. PLoS ONE. 2015;10:e0139322.
doi:10.1371/journal.pone.0139322

Choi BY, Han M, Kwak JW, Kim TH. Genetics and epigenetics in al-
lergic rhinitis. Genes. 2021;12:2004. doi:10.3390/genes12122004
Wasti B, Liu S, Xiang X. Role of epigenetics in the patho-
genesis, treatment, prediction, and cellular transformation
of asthma. Mediators Inflamm. 2021; Article ID 9412929.
doi:10.1155/2021/9412929

Morales E, Bustamante M, Vilahur N, et al. DNA hypomethyla-
tion atALOX12Is associated with persistent wheezing in child-
hood. Am J Respir Crit Care Med. 2012;185:937-943. doi:10.1164/
rccm.201105-08700C

Runyon RS, Cachola LM, Rajeshuni N, et al. Asthma discordancein
twins is linked to epigenetic modifications of T cells. PLoS One.
2012;7:€48796. doi:10.1371/journal.pone.0048796

Yang IV, Pedersen BS, Liu A, et al. DNA methylation and childhood
asthma in the inner city. J Allergy Clin Immunol. 2015;136:69-80.
doi:10.1016/j.jaci.2015.01.025
ArathimosR,SudermanM,SharpGC,etal.Epigenomewideassociation
study of asthma and wheeze in childhood and adolescence. Clin
Epigenetics. 2017;9:112. doi:10.1186/s13148-017-0414-7

Pascual M, Suzuki M, Isidoro-Garcia M, et al. Epigenetic changes
in B lymphocytes associated with house dust mite allergic asthma.
Epigenetics. 2011;6:1131-1137. doi:10.4161/epi.6.9.16061
Gagné-Ouellet V, Guay SP, Boucher-Lafleur AM, et al. DNA meth-
ylation signature of interleukin 1 receptor type Il in asthma. Clin
Epigenetics. 2015;7:80. doi:10.1186/s13148-015-0114-0

Fu A, Leaderer BP, Gent JF, et al. An environmental epi-
genetic study of ADRB2 5-UTR methylation and child-
hood asthma severity. Clin Exp Allergy. 2012;42:1575-1581.
doi:10.1111/j.1365-2222.2012.04055.x

Gunawardhana LP, Gibson PB, Simpson JL, et al. Characteristic
DNA methylation profiles in peripheral blood monocytes are as-
sociated with inflammatory phenotypes of asthma. Epigenetics.
2014;9:1302-1316. d0i:10.4161/epi.33066

Curtin A, Simpson A, Belgrave D, et al. Methylation of IL-2 pro-
moter at birth alters the risk of asthma exacerbations during
childhood. Clin Exp Allergy. 2013;43:304-311. doi:10.1111/
cea.12046

Barton SJ, Ngo S, Costello P, et al. DNA methylation of Th2 lineage
determination genes at birth is associated with allergic outcomes
in childhood. Clin Exp Allergy. 2017;47:1599-1608. doi:10.1111/
cea.12988

Peng C, Cardenas A, Rifas-Shiman SL, et al. Epigenomewide as-
sociation study of total serum immunoglobulin E in children: a
life course approach. Clin Epigenetics. 2018;10:55. doi:10.1186/
s13148-018-0488-x

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1074/jbc.M110.145698
https://doi.org/10.1186/1471-2466-11-29
https://doi.org/10.1371/journal.pone.0233352
https://doi.org/10.1016/j.jaci.2019.10.031
https://doi.org/10.1084/jem.20150990
https://doi.org/10.3892/mmr.2019.10097
https://doi.org/10.1016/j.lfs.2020.117835
https://doi.org/10.1016/j.jaci.2016.11.013
https://doi.org/10.1016/j.jaci.2013.06.041
https://doi.org/10.18632/oncotarget.17258
https://doi.org/10.18632/oncotarget.17258
https://doi.org/10.1016/j.biopha.2019.109692
https://doi.org/10.1016/j.biopha.2019.109692
https://doi.org/10.3389/fped.2018.00301
https://doi.org/10.1111/all.12907
https://doi.org/10.1016/j.molimm.2019.01.010
https://doi.org/10.1159/000358486
https://doi.org/10.4049/jimmunol.0803162
https://doi.org/10.4049/jimmunol.0803162
https://doi.org/10.1074/jbc.M110.169367
https://doi.org/10.1074/jbc.M110.169367
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc6958134/
https://doi.org/10.1016/j.jaci.2016.01.029
https://doi.org/10.1016/j.jaci.2016.01.029
https://doi.org/10.2500/ajra.2011.25.3682
https://doi.org/10.1016/j.biopha.2018.04.050
https://doi.org/10.1371/journal.pone.0139322
https://doi.org/10.3390/genes12122004
https://doi.org/10.1155/2021
https://doi.org/10.1164/rccm.201105-0870OC
https://doi.org/10.1164/rccm.201105-0870OC
https://doi.org/10.1371/journal.pone.0048796
https://doi.org/10.1016/j.jaci.2015.01.025
https://doi.org/10.1186/s13148-017-0414-7
https://doi.org/10.4161/epi.6.9.16061
https://doi.org/10.1186/s13148-015-0114-0
https://doi.org/10.1111/j.1365-2222.2012.04055.x
https://doi.org/10.4161/epi.33066
https://doi.org/10.1111/cea.12046
https://doi.org/10.1111/cea.12046
https://doi.org/10.1111/cea.12988
https://doi.org/10.1111/cea.12988
https://doi.org/10.1186/s13148-018-0488-x
https://doi.org/10.1186/s13148-018-0488-x

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

MAGGI ET AL.

Gao L, Millstein J, Siegmund KD, et al. Epigenetic regulation of
AXL and risk of childhood asthma symptoms. Clin Epigenetics.
2017;9:121. doi:10.1186/s13148-017-0421-8

Yang |V, Pedersen BS, Liu AH, et al. The nasal methylome and
childhood atopic asthma. J Allergy Clin Immunol. 2017;139:1478-
1488. doi:10.1016/j.jaci.2016.07.036

Somineni HK, Zhang X, Biagini Myers JM, et al. Teneleven trans-
location 1 (TET1) methylation is associated with childhood
asthma and traffic-related air pollution. J Allergy Clin Immunol.
2016;137:797-805.€5. doi:10.1016/j.jaci.2015.10.021

Forno E, Wang T, Qi C, et al. DNA methylation in nasal epithelium,
atopy, and atopic asthma in children: a genome-wide study. Lancet
Respir Med. 2019;7:336-346. doi:10.1016/52213-2600(18)30466-1
Breton CV, Byun HM, Wang X, et al. DNA methylation in
thearginase-nitric oxide synthase pathway is associated with ex-
haled nitric oxide in children with asthma. Am J Respir Crit Care
Med. 2011;184:191-197. doi:10.1164/rccm.201012-20290C
Gaffin JM, Raby BA, Petty CR, et al. #2 adrenergic receptor
gene methylation is associated with decreased asthma severity
in inner-city schoolchildren: asthma and rhinitis. Clin Exp Allergy.
2014;44:681-689. doi:10.1111/cea.12219

Baccarelli A, Rusconi AF, Bollati V, et al. Nasal cell DNA methyl-
ation, inflammation, lung function and wheezing in children with
asthma. Epigenomics. 2012;4:91-100. doi:10.2217/epi.11.106
Stefanowicz D, Hackett TL, Garmaroudi FS, et al. DNA methylation
profiles of airway epithelial cells and PBMCs from healthy, atopic
and asthmatic children. PLoS One. 2012;7:e44213. doi:10.1371/
journal.pone.0044213

Sood A, Petersen H, Blanchette CM, et al. Methylated genes in
sputum among older smokers with asthma. Chest. 2012;142:425-
431. doi:10.1378/chest.11-2519

Nicodemus-Johnson J, Myers RA, Sakabe NJ, et al. DNA methyl-
ation in lung cells is associated with asthma endotypes and ge-
netic risk. J Clin Invest Insight. 2016;1:e90151. doi:10.1172/jci.
insight.90151

Nicodemus-Johnson J, Naughton KA, Sudi J, et al. Genome-wide
methylation study identifies an IL-13-induced epigenetic signature
in asthmatic airways. Am J Respir Crit Care Med. 2016;193:376-385.
doi:10.1164/rccm.201506-12430C

Naumova AK, Al Tuwaijri A, Morin A, et al. Sex- and agedepen-
dent DNA methylation at the 17g12-g21 locus associated with
childhood asthma. Hum Genet. 2013;132:811-822. doi:10.1007/
s00439-013-1298-z

Barnes PJ. Histone deacetylase-2 and airway disease. Ther Adv
Respir Dis. 2009;3:235-243. doi:10.1177/1753465809348648

Cui ZL, Gu W, Ding T, et al. Histone modifications of Notchl
promoter affect lung CD4+ T cell differentiation inasth-
matic rats. Int J Immunopathol Pharmacol. 2013;26:371-381.
doi:10.1177/039463201302600210

Li CY, Peng J, Ren LP, et al. Roles of histone hypoacetylation in
LAT expression on T cells and Th2 polarization in allergic asthma. J
Trans| Med. 2013;11:26. doi:10.1186/1479-5876-11-26

Wang Y, Tian Y, Morley MP, et al. Development and regeneration
of Sox2+ endoderm progenitors are regulated by a Hdacl/2-
Bmp4/Rbl regulatory pathway. Dev Cell. 2013;24:345-358.
doi:10.1016/j.devcel.2013.01.012

Rowell E, Wilson CB. Programming perpetual T helper cell plas-
ticity. Immunity. 2009;30:7-9. doi:10.1016/j.immuni.2008.12.012
Harb H, Raedler D, Ballenberger DN, et al. Childhood aller-
gic asthma is associated with increased IL-13 and FOXP3 his-
tone acetylation. J Allergy Clin Immunol. 2015;136:200-202.
doi:10.1016/j.jaci.2015.01.027

Cheng Q, Shang Y, Huang W, et al. p300 mediates the histone
acetylation of ORMDL3 to affect airway inflammation and re-
modeling in asthma. Int Immunopharmacol. 2019;76:105885.
doi:10.1016/j.intimp.2019.105885

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Stefanowicz D, Lee JY, Lee K, et al. Elevated H3K18 acetyla-
tion in airway epithelial cells of asthmatic subjects. Respir Res.
2015;16:95. doi:10.1186/512931-015-0254-y

Clifford RL, Patel JK, John AE, et al. CXCL8 histone H3 acetylation
is dysfunctional in airway smooth muscle in asthma: regulation
by BET. Am J Physiol Lung Cell Mol Physiol. 2015;308:L962-L972.
doi:10.1152/ajplung.00021.2015

Brook PO, Perry MM, Adcock IM, Durham AL. Epigenome-
modifying tools in asthma. Epigenomics. 2015;7:1017-1032.
doi:10.2217/epi.15.53

Maleki MSM, Vargooran ME, Amiri V. A review of epigenetic
changes in asthma: methylation and acetylation. Clin Epigenet.
2021;13:65. doi:10.1186/s13148-021-01049-x

Pfefferle PI, Postigo I, Garn H. Editorial: the immunological impli-
cations of the hygiene hypothesis. Front Imnmunol. 2021;12:732127.
doi:10.3389/fimmu.2021.732127

Haspeslagh E, Heyndrickx I, Hammad H, Lambrecht BN. The
hygiene hypothesis: immunological mechanisms of airway tol-
erance. Curr Opin Immunol. 2018;54:102-108. do0i:10.1016/j.
€0i.2018.06.007

Hrusch CL, Stein MM, Gozdz J, et al. T-cell phenotypes are as-
sociated with serum IgE levels in Amish and Hutterite children. J
Allergy Clin Immunol. 2019;144(5):1391-1401.e10. doi:10.1016/j.
jaci.2019.07.034

von Mutius E. Maternal farm exposure/ingestion of unpasteur-
ized cow's milk and allergic disease. Curr Opin Gastroenterol.
2012;28(6):570-576. doi:10.1097/MOG.0b013e32835955d3
Jackson CM, Mahmood MM, Jarvinen KM. Farming lifestyle and
human milk: modulation of the infant microbiome and protection
against allergy. Acta Paediatr. 2022;111(1):54-58. doi:10.1111/
apa.16147

Annunziato F, Cosmi L, Liotta F, Maggi E, Romagnani S. Defining the
human T helper 17 cell phenotype. Trends Immunol. 2012;33:505-
512. doi:10.1016/j.it.2012.05.004

Romagnani S. Lymphokine production by human T cells in disease
states. Annu Rev Immunol. 1994;12:227-257. doi:10.1146/annurev.
iy.12.040194.001303

Yang W, Koli JK, Zheng Y. The biological functions of T helper 17
cell effector cytokines in inflammation. Immunity. 2008;28:454-
467. doi:10.1016/j.immuni.2008.03.004

Annunziato F, Cosmi L, Santarlasci V, et al. Phenotypic and func-
tional features of human Th17 cells. J Exp Med. 2007;204(8):1849-
1861. doi:10.1084/jem.20070663

Cosmi L, De Palma R, Santarlasci V, et al. Human interleu-
kin 17-producing cells originate from a CD161+CD4+ T cell
precursor. J Exp Med. 2008;205(8):1903-1916. doi:10.1084/
jem.20080397

Cosmi L, Liotta F, Maggi E, et al. Th17 and non-classic Thl
cells in chronic inflammatory disorders: two sides of the
same coin. Int Arch Allergy Immunol. 2014;164:171-177.
doi:10.1159/000363502

Akdis CA, Arkwright PD, Briiggen MC, et al. Type 2 immunity in
the skin and lungs. Allergy. 2020;75(7):1582-1605. doi:10.1111/
all.14318

Cayrol C. IL-33,an alarmin of the IL-1 family involved in allergic and
non allergic inflammation: focus on the mechanisms of regulation
of its activity. Cells. 2021;11(1):107. doi:10.3390/cells11010107
Mackay LK, Wynne-Jones E, Freestone D, et al. T-box transcrip-
tion factors combine with the cytokines TGF-p and IL-15 to control
tissue-resident memory T cell fate. Immunity. 2015;43(6):1101-
1111. doi:10.1016/j.immuni.2015.11.008

Jameson SC, Masopust D. Understanding subset diversity in
T cell memory. Immunity. 2018;48(2):214-226. doi:10.1016/j.
immuni.2018.02.010

Hondowicz BD, An D, Schenkel JM, et al. Interleukin-2-dependent
allergen-specific tissue-resident memory cells drive asthma.

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1186/s13148-017-0421-8
https://doi.org/10.1016/j.jaci.2016.07.036
https://doi.org/10.1016/j.jaci.2015.10.021
https://doi.org/10.1016/S2213-2600(18)30466-1
https://doi.org/10.1164/rccm.201012-2029OC
https://doi.org/10.1111/cea.12219
https://doi.org/10.2217/epi.11.106
https://doi.org/10.1371/journal.pone.0044213
https://doi.org/10.1371/journal.pone.0044213
https://doi.org/10.1378/chest.11-2519
https://doi.org/10.1172/jci.insight.90151
https://doi.org/10.1172/jci.insight.90151
https://doi.org/10.1164/rccm.201506-1243OC
https://doi.org/10.1007/s00439-013-1298-z
https://doi.org/10.1007/s00439-013-1298-z
https://doi.org/10.1177/1753465809348648
https://doi.org/10.1177/039463201302600210
https://doi.org/10.1186/1479-5876-11-26
https://doi.org/10.1016/j.devcel.2013.01.012
https://doi.org/10.1016/j.immuni.2008.12.012
https://doi.org/10.1016/j.jaci.2015.01.027
https://doi.org/10.1016/j.intimp.2019.105885
https://doi.org/10.1186/s12931-015-0254-y
https://doi.org/10.1152/ajplung.00021.2015
https://doi.org/10.2217/epi.15.53
https://doi.org/10.1186/s13148-021-01049-x
https://doi.org/10.3389/fimmu.2021.732127
https://doi.org/10.1016/j.coi.2018.06.007
https://doi.org/10.1016/j.coi.2018.06.007
https://doi.org/10.1016/j.jaci.2019.07.034
https://doi.org/10.1016/j.jaci.2019.07.034
https://doi.org/10.1097/MOG.0b013e32835955d3
https://doi.org/10.1111/apa.16147
https://doi.org/10.1111/apa.16147
https://doi.org/10.1016/j.it.2012.05.004
https://doi.org/10.1146/annurev.iy.12.040194.001303
https://doi.org/10.1146/annurev.iy.12.040194.001303
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1084/jem.20070663
https://doi.org/10.1084/jem.20080397
https://doi.org/10.1084/jem.20080397
https://doi.org/10.1159/000363502
https://doi.org/10.1111/all.14318
https://doi.org/10.1111/all.14318
https://doi.org/10.3390/cells11010107
https://doi.org/10.1016/j.immuni.2015.11.008
https://doi.org/10.1016/j.immuni.2018.02.010
https://doi.org/10.1016/j.immuni.2018.02.010

MAGGI ET AL.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Immunity. 2016;44(1):155-166. d0i:10.1016/j.immuni.2015.11.004
Epub 2015 Dec 29.

Nakayama T, Hirahara K, Onodera A, et al. Th2 cells in health
and disease. Annu Rev Immunol. 2017;35:53-84. doi:10.1146/
annurev-immunol-051116-052350

Turner DL, Goldklang M, Cvetkovski F, et al. Biased generation and
in situ activation of lung tissue-resident memory CD4 T cells in
the pathogenesis of allergic asthma. J Immunol. 2018;200(5):1561-
1569. doi:10.4049/jimmunol.1700257

Rahimi RA, Nepal K, Cetinbas M, et al. Distinct functions of tissue-
resident and circulating memory Th2 cells in allergic airway disease.
J Exp Med. 2020;217(9):e20190865. doi:10.1084/jem.20190865
Gowthaman U, Chen JS, Eisenbarth SC. Regulation of IgE by
T follicular helper cells. J Leukoc Biol. 2020;107(3):409-418.
doi:10.1002/JLB.3RI1219-425R

Nakamura T. The roles of lipid mediators in type | hypersen-
sitivity. J Pharmacol Sci. 2021;147(1):126-131. doi:10.1016/j.
jphs.2021.06.001

Pastwiriska J, Zelechowska P, Walczak-Drzewiecka A, et al. The
art of mast cell adhesion. Cells. 2020;9(12):2664. doi:10.3390/
cells9122664

Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of
inflammation. Science. 2021;374(6571):1076-1080. doi:10.1126/
science.abi5934

Nagata M, Nakagome K, Soma T. Mechanisms of eosinophilic in-
flammation. Asia Pac Allergy. 2020;10(2):e14. doi:10.5415/apal-
lergy.2020.10.e14

Matucci A, Bormioli S, Nencini F, et al. Asthma and chronic rhi-
nosinusitis: How similar are they in pathogenesis and treat-
ment responses? Int J Mol Sci. 2021;22(7):3340. doi:10.3390/
ijms2207334

Joubert P,Hamid Q. Role of airway smooth muscle in airway remod-
eling. J. Allergy Clin. Immunol. 2005;116:713-716. doi:10.1016/j.
jaci.2005.05.042

Wambre E, Bajzik V, DelLong JH, et al. A phenotypically and
functionally distinct human T,,2 cell subpopulation is associated
with allergic disorders. Sci Transl Med. 2017;9(401).eaam9171.
doi:10.1126/scitranslmed.aam9171

Bertschi NL, Bazzini C, Schlapbach C. The concept of patho-
genic TH2 cells: collegium internationale allergologicum up-
date 2021. Int Arch Allergy Immunol. 2021;182(5):365-380.
doi:10.1159/000515144

Calise J, Garabatos N, Bajzik V, et al. Optimal human patho-
genic T(H)2 cell effector function requires local epithelial cyto-
kine signaling. J Allergy Clin Immunol. 2021;148(3):867-875.€4.
doi:10.1016/j.jaci.2021.02.019

Matsumoto Y, Noguchi E, Imoto Y, et al. Upregulation of IL17RB
during natural allergen exposure in patients with seasonal al-
lergic rhinitis. Allergol Int. 2011;60(1):87-92. doi:10.2332/
allergolint.10-OA-0230

Brinda Monian B, Tu AA, Ruiter B, et al. Peanut oral immuno-
therapy differentially suppresses clonally distinct subsets of T
helper cells. J Clin Invest. 2022;132(2):e150634. doi:10.1172/
JCI150634

Luce S, Batard T, Bordas-Le Floch V, et al. Decrease in CD38(+)
TH2A cell frequencies following immunotherapy with house dust
mite tablet correlates with humoral responses. Clin Exp Allergy.
2021;51(8):1057-1068. doi:10.1111/cea.13891

Cosmi L, Liotta F, Maggi E, et al. Thl7 cells: new play-
ers in asthma pathogenesis. Allergy. 2011;66(8):989-998.
doi:10.1111/j.1398-9995.2011.02576.x

Annunziato F, Cosmi L, Romagnani S. Human and murine
Th17. Curr Opin HIV AIDS. 2010;5(2):114-119. do0i:10.1097/
COH.0b013e32833647c2

Annunziato F, Cosmi L, Liotta F, et al. Main features of human T
helper 17 cells. Ann N Y Acad Sci. 2013;1284:66-70. doi:10.1111/
nyas.12075

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

XieY, Abel PW, Casale TB, Tu Y. T helper 17 cells and corticosteroid
insensitivity in severe asthma. J Allergy Clin Immunol. 2021;S0091-
6749(21)02672-5. doi:10.1016/j.jaci.2021.12.769

Jin'Y, Deng Z, Cao C, Li L. IL-17 polymorphisms and asthma risk:
a meta-analysis of 11 single nucleotide polymorphisms. J Asthma.
2015;52(10):981-988. d0i:10.3109/02770903.2015.1044251
Cook L, Miyahara N, Jin N, et al. Evidence that CD8 + dendritic
cells enable the development of y8 T cells that modulate airway
hyperresponsiveness. J Immunol. 2008;181:309-319. doi:10.4049/
jimmunol.181.1.309

Zarobkiewicz MK, Wawryk-Gawda E, Kowalska W, et al. T lym-
phocytes in asthma: a complicated picture. Arch Immunol Ther Exp
(Warsz). 2021;69(1):4. doi:10.1007/s00005-021-00608-7
Schramm CM, Puddington L, Yiamouyiannis CA, et al. Pro- inflam-
matory roles of T-cell receptor (TCR) y5 and TCR aff lymphocytes in
a murine model of asthma. Am J Respir Cell Mol Biol. 2000;22:218-
225. doi:10.1165/ajrcmb.22.2.3620

Belkadi A, Dietrich C, Machavoine F, et al. yd T cells amplify Blomia
tropicalis-induced allergic airway disease. Allergy. 2019;74:395-
398.doi:10.1111/all.13618

Nagata Y, Kamijuku H, Taniguchi M, et al. Differential role of thy-
mic stromal lymphopoietin in the induction of airway hyperreac-
tivity and Th2 immune response in antigen-induced asthma with
respect to natural killer T cell function. Int Arch Allergy Immunol.
2007;144(4):305-314. doi:10.1159/000106319

Terashima A, Watarai H, Inoue S, et al. A novel subset of mouse
NKT cells bearing the IL-17 receptor B responds to IL-25 and con-
tributes to airway hyperreactivity. J Exp Med. 2008;205(12):2727-
2733. d0i:10.1084/jem.20080698

Camelo A, Barlow JL, Drynan LF, et al. Blocking IL-25 signalling
protects against gut inflammation in a type-2 model of colitis
by suppressing nuocyte and NKT derived IL-13. J Gastroenterol.
2012;47(11):1198-1211. doi:10.1007/s00535-012-0591-2
Bourgeois E, Van LP, Samson M, et al. The pro-Th2 cytokine IL-
33 directly interacts with invariant NKT and NK cells to induce
IFN-gamma production. Eur J Immunol. 2009;39(4):1046-1055.
doi:10.1002/€ji.200838575

Fan X, Rudensky AY. Hallmarks of tissue-resident lymphocytes.
Cell. 2016;164:1198-1211.

Lezmi G, Invariant Natural L-D-MA. Killer T cells and mucosal-
associated invariant T cells in asthmatic patients. Front Immunol.
2018;9:1766-1775. doi:10.3389/fimmu.2018.01766

Iwamura C, Nakayama T. Role of CD1d- and MR1-restricted T
Cells in asthma. Front Immunol. 2018;9:1942-1955. doi:10.3389/
fimmu.2018.01942

Lan F, Zhang N, Bachert C, Zhang L. Stability of regulatory
T cells in T helper 2-biased allergic airway diseases. Allergy.
2020;75(8):1918-1926. doi:10.1111/all.14257

Jansen K, Cevhertas L, Ma S, et al. Regulatory B cells, A to Z.
Allergy. 2021;76(9):2699-2715. doi:10.1111/all.14763
Boonpiyathad T, Sokolowska M, Morita H, et al. Der p 1-specific
regulatory T-cell response during house dust mite allergen immu-
notherapy. Allergy. 2019;74(5):976-985. doi:10.1111/all.13684
Takatori H, Makita S, Ito T, Matsuki A, Nakajima H. Regulatory
mechanisms of [L-33-ST2-mediated allergic inflammation. Front
Immunol. 2018;9:2004. doi:10.3389/fimmu.2018.02004
Boonpiyathad T, Satitsuksanoa P, Akdis M, Akdis CA. IL-10 pro-
ducing T and B cells in allergy. Semin Immunol. 2019;44:101326.
doi:10.1016/j.smim.2019.101326

Layhadi JA, Eguiluz-Gracia I, Shamji MH. Role of IL-35 in sub-
lingual allergen immunotherapy. Curr Opin Allergy Clin Immunol.
2019;19(1):12-17. doi:10.1097/ACI1.0000000000000499
Kucuksezer UC, Ozdemir C, Cevhertas L, et al. Mechanisms of
allergen-specific immunotherapy and allergen tolerance. Allergol
Int. 2020;69(4):549-560. doi:10.1016/j.alit.2020.08.002

Golebski K, Layhadi JA, Sahiner U, et al. Induction of IL-10-
producing type 2 innate lymphoid cells by allergen immunotherapy

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.immuni.2015.11.004
https://doi.org/10.1146/annurev-immunol-051116-052350
https://doi.org/10.1146/annurev-immunol-051116-052350
https://doi.org/10.4049/jimmunol.1700257
https://doi.org/10.1084/jem.20190865
https://doi.org/10.1002/JLB.3RI1219-425R
https://doi.org/10.1016/j.jphs.2021.06.001
https://doi.org/10.1016/j.jphs.2021.06.001
https://doi.org/10.3390/cells9122664
https://doi.org/10.3390/cells9122664
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1126/science.abi5934
https://doi.org/10.5415/apallergy.2020.10.e14
https://doi.org/10.5415/apallergy.2020.10.e14
https://doi.org/10.3390/ijms2207334
https://doi.org/10.3390/ijms2207334
https://doi.org/10.1016/j.jaci.2005.05.042
https://doi.org/10.1016/j.jaci.2005.05.042
https://doi.org/10.1126/scitranslmed.aam9171
https://doi.org/10.1159/000515144
https://doi.org/10.1016/j.jaci.2021.02.019
https://doi.org/10.2332/allergolint.10-OA-0230
https://doi.org/10.2332/allergolint.10-OA-0230
https://doi.org/10.1172/JCI150634
https://doi.org/10.1172/JCI150634
https://doi.org/10.1111/cea.13891
https://doi.org/10.1111/j.1398-9995.2011.02576.x
https://doi.org/10.1097/COH.0b013e32833647c2
https://doi.org/10.1097/COH.0b013e32833647c2
https://doi.org/10.1111/nyas.12075
https://doi.org/10.1111/nyas.12075
https://doi.org/10.1016/j.jaci.2021.12.769
https://doi.org/10.3109/02770903.2015.1044251
https://doi.org/10.4049/jimmunol.181.1.309
https://doi.org/10.4049/jimmunol.181.1.309
https://doi.org/10.1007/s00005-021-00608-7
https://doi.org/10.1165/ajrcmb.22.2.3620
https://doi.org/10.1111/all.13618
https://doi.org/10.1159/000106319
https://doi.org/10.1084/jem.20080698
https://doi.org/10.1007/s00535-012-0591-2
https://doi.org/10.1002/eji.200838575
https://doi.org/10.3389/fimmu.2018.01766
https://doi.org/10.3389/fimmu.2018.01942
https://doi.org/10.3389/fimmu.2018.01942
https://doi.org/10.1111/all.14257
https://doi.org/10.1111/all.14763
https://doi.org/10.1111/all.13684
https://doi.org/10.3389/fimmu.2018.02004
https://doi.org/10.1016/j.smim.2019.101326
https://doi.org/10.1097/ACI.0000000000000499
https://doi.org/10.1016/j.alit.2020.08.002

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

MAGGI ET AL.

is associated with clinical response. Immunity. 2021;54(2):291-307.
e7.doi:10.1016/j.immuni.2020.12.013

Vultaggio A, Nencini F, Bormioli S, et al. Desensitization mod-
ulates humoral and cellular immune response to infliximab in a
patient with an immediate hypersensitivity reaction. J Allergy
Clin  Immunol Pract. 2020;8(5):1764-1767.e1l. doi:10.1016/j.
jaip.2019.12.040

Vultaggio A, Nencini F, Bormioli S, et al. Drug-specific Treg cells
are induced during desensitization procedure for rituximab and to-
cilizumab in patients with anaphylaxis. Sci Rep. 2021;11(1):12558.
doi:10.1038/s41598-021-91851-7

Tliba O, Panettieri RA Jr. Paucigranulocytic asthma: uncoupling
of airway obstruction from inflammation. J Allergy Clin Immunol.
2019;143(4):1287-1294. d0i:10.1016/j.jaci.2018.06.008

Chung KF. Precision medicine in asthma: linking phenotypes
to targeted treatments. Curr Opin Pulm Med. 2018;24(1):4-10.
doi:10.1097/MCP.0000000000000434

Gauthier M, Ray A, Wenzel SE. Evolving concepts of asthma.
Am J Respir Crit Care Med. 2015;192(6):660-668. doi:10.1164/
rccm.201504-0763PP

Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet.
2018;391(10122):783-800. doi:10.1016/50140-6736(17)33311-1
Cosmi L, Liotta F, Annunziato F. Th17 regulating lower airway dis-
ease. Curr Opin Allergy Clin Immunol. 2016;16(1):1-6. doi:10.1097/
ACI.0000000000000227

Anderson GP. Endotyping asthma: new insights into key patho-
genic mechanisms in a complex, heterogeneous disease. Lancet.
2008;372:1107-1119. doi:10.1016/50140-6736(08)61452-X
Lambrecht BN, Hammad H. The airway epithelium in asthma. Nat
Med. 2012;18:684-692. doi:10.1038/nm.2737

Grainge CL, Davies DE. Epithelial injury and repair in airways dis-
eases. Chest. 2013;144:1906-1912. doi:10.1378/chest.12-1944
Global Initiative for Asthma. Global strategy for asthma manage-
ment and prevention [Internet]. GINA 2020 [cited 2021 Feb 23].
Davies DE. Epithelial barrier function and immunity in asthma.
Ann Am Thorac Soc. 2014;11(suppl 5):5244-S251. doi:10.1513/
AnnalsATS.201407-304AW

Akdis CA. The epithelial barrier hypothesis proposes a compre-
hensive understanding of the origins of allergic and other chronic
noncommunicable diseases. J Allergy Clin Immunol. 2022;149:41-
44, doi:10.1016/j.jaci.2021.11.010

Inoue H, Akimoto K, Homma T, et al. Airway epithelial dysfunction
in asthma: relevant to epidermal growth factor receptors and air-
way epithelial cells. J Clin Med. 2020;9:3698-3712. doi:10.3390/
jcm9113698

Bucchieri F, Puddicombe SM, Lordan JL, et al. Asthmatic bron-
chial epithelium is more susceptible to oxidant-induced apop-
tosis. Am J Respir Cell Mol Biol. 2002;27:179-185. doi:10.1165/
ajrcmb.27.2.4699

Durack J, Lynch SV, Nariya S, et al. Features of the bronchial bac-
terial microbiome associated with atopy, asthma, and responsive-
ness to inhaled corticosteroid treatment. J Allergy Clin Immunol.
2017;140:63-75. doi:10.1016/j.jaci.2016.08.055

Celebi Sozener Z, Ozdel Ozturk B, Cerci P, et al. Epithelial bar-
rier hypothesis: effect of external exposome on microbiome and
epithelial barriers in allergic disease. Allergy. 2022;77:1418-1419.
doi:10.1111/all.15240

Loxham M, Davies DE. Phenotypic and genetic aspects of epithe-
lial barrier function in asthmatic patients. J Allergy Clin Immunol.
2017;139:1736-1751. doi:10.1016/j.jaci.2017.04.005

Holgate ST. The sentinel role of the airway epithelium in
asthma  pathogenesis. Immunol Rev. 2011;242:205-219.
doi:10.1111/j.1600-065X.2011.01030.x

Samitas K, Poulos N, Semitekolou M, et al. Activin-A is overex-
pressed in severe asthma and is implicated in angiogenic processes.
Eur Respir J. 2016;47:769-782. doi:10.1183/13993003.00437-2015

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Kariyawasam HH, Pegorier S, Barkans J, et al. Activin and trans-
forming growth factor-beta signaling pathways are activated
after allergen challenge in mild asthma. J Allergy Clin Immunol.
2009;124:454-462. doi:10.1016/j.jaci.2009.06.022

Samitas K, Zervas E, Vittorakis S, et al. Osteopontin expression
and relation to disease severity in human asthma. Eur Respir J.
2010;37:331-341. doi:10.1183/09031936.00017810

Meyer N, Akdis CA. Vascular endothelial growth factor as a key
inducer of angiogenesis in the asthmatic airways. Curr Allergy
Asthma Rep. 2012;13:1-9. doi:10.1007/s11882-012-0317-9
Holgate ST. Mechanisms of asthma and implications for its preven-
tion and treatment: a personal journey. Allergy Asthma Immunol.
Res. 2013;5:343-347. d0i:10.4168/aair.2013.5.6.343

Holgate ST, Davies DE, Lackie PM, et al. Epithelial-mesenchymal
interactions in the pathogenesis of asthma. J Allergy Clin. Inmunol.
2000;105:193-204. doi:10.1016/s0091-6749(00)90066-6
Hirahara K, Aoki A, Morimoto Y, et al. The immunopathology
of lung fibrosis: amphiregulin-producing pathogenic memory
T helper-2 cells control the airway fibrotic responses by induc-
ing eosinophils to secrete osteopontin. Semin Immunopathol.
2019;41(3):339-348. doi:10.1007/s00281-019-00735-6

Frey A, Lunding LP, Ehlers JC, et al. More than just a barrier: the
immune functions of the airway epithelium in asthma pathogene-
sis. Front Immunol. 2020;11:761. doi:10.3389/fimmu.2020.00761
Bekkering S, Dominguez-Andrés J, Joosten LAB, et al. Trained
immunity: reprogramming innate immunity in health and dis-
ease. Annu Rev Immunol. 2021;39:667-693. doi:10.1146/
annurev-immunol-102119-073855

Netea MG, Joosten LAB. Trained immunity and local innate
immune memory in the lung. Cell. 2018;175(6):1463-1465.
doi:10.1016/j.cell.2018.11.007

Taylor SL, Leong LEX, Choo JM, et al. Inflammatory phenotypes
in patients with severe asthma are associated with distinct air-
way microbiology. J Allergy Clin Immunol. 2018;141(1):94-103.e15.
doi:10.1016/j.jaci.2017.03.044

Son JH, Kim JH, Chang HS, et al. Relationship of microbial pro-
file with airway immune response in eosinophilic or neutro-
philic inflammation of asthmatics. Allergy Asthma Immunol Res.
2020;12(3):412-429. doi:10.4168/aair.2020.12.3.412

Persson EK, Verstraete K, Heyndrickx |, et al. Protein crystalliza-
tion promotes type 2 immunity and is reversible by antibody treat-
ment. Science. 2019;364(6442).eaaw4295. doi:10.1126/science.
aaw429

Bartemes KR, Kita HJ. Roles of innate lymphoid cells (ILCs)
in allergic diseases: the 10-year anniversary for ILC2s. J
Allergy Clin Immunol. 2021;147(5):1531-1547. doi:10.1016/j.
jaci.2021.03.015

Maggi E, Veneziani |, Moretta L, et al. Group 2 innate lym-
phoid cells: a double-edged sword in cancer? Cancers (Basel).
2020;12(11):3452. doi:10.3390/cancers12113452

Krabbendam L, Bernink JH, Spits H. Innate lymphoid cells: from
helper to killer. Curr Opin Immunol. 2021;68:28-33. doi:10.1016/j.
€0i.2020.08.007

Cosmi L, Liotta F, Maggi L, Annunziato F. Role of type 2 innate lym-
phoid cellsin allergic diseases. Curr Allergy Asthma Rep. 2017;17:66.
doi:10.1007/s11882-017-0735-9

Maggi L, Montaini G, Mazzoni A, et al. Human circulating group 2
innate lymphoid cells can express CD154 and promote IgE produc-
tion. J Allergy Clin Immunol. 2017;139(3):964-976.e4. doi:10.1016/j.
jaci.2016.06.032

Zaiss DM, Yang L, Shah PR, Kobie JJ, Urban JF, Mosmann TR.
Amphiregulin, a TH2 cytokine enhancing resistance to nematodes.
Science. 2006;314(5806):1746. doi:10.1126/science.1133715
Salimi M, Barlow JL, Saunders SP, et al. A role for IL-25 and IL-33-
driven type-2 innate lymphoid cells in atopic dermatitis. J Exp Med.
2013;210(13):2939-2950. doi:10.1084/jem.20130351

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.immuni.2020.12.013
https://doi.org/10.1016/j.jaip.2019.12.040
https://doi.org/10.1016/j.jaip.2019.12.040
https://doi.org/10.1038/s41598-021-91851-7
https://doi.org/10.1016/j.jaci.2018.06.008
https://doi.org/10.1097/MCP.0000000000000434
https://doi.org/10.1164/rccm.201504-0763PP
https://doi.org/10.1164/rccm.201504-0763PP
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1097/ACI.0000000000000227
https://doi.org/10.1097/ACI.0000000000000227
https://doi.org/10.1016/S0140-6736(08)61452-X
https://doi.org/10.1038/nm.2737
https://doi.org/10.1378/chest.12-1944
https://doi.org/10.1513/AnnalsATS.201407-304AW
https://doi.org/10.1513/AnnalsATS.201407-304AW
https://doi.org/10.1016/j.jaci.2021.11.010
https://doi.org/10.3390/jcm9113698
https://doi.org/10.3390/jcm9113698
https://doi.org/10.1165/ajrcmb.27.2.4699
https://doi.org/10.1165/ajrcmb.27.2.4699
https://doi.org/10.1016/j.jaci.2016.08.055
https://doi.org/10.1111/all.15240
https://doi.org/10.1016/j.jaci.2017.04.005
https://doi.org/10.1111/j.1600-065X.2011.01030.x
https://doi.org/10.1183/13993003.00437-2015
https://doi.org/10.1016/j.jaci.2009.06.022
https://doi.org/10.1183/09031936.00017810
https://doi.org/10.1007/s11882-012-0317-9
https://doi.org/10.4168/aair.2013.5.6.343
https://doi.org/10.1016/s0091-6749(00)90066-6
https://doi.org/10.1007/s00281-019-00735-6
https://doi.org/10.3389/fimmu.2020.00761
https://doi.org/10.1146/annurev-immunol-102119-073855
https://doi.org/10.1146/annurev-immunol-102119-073855
https://doi.org/10.1016/j.cell.2018.11.007
https://doi.org/10.1016/j.jaci.2017.03.044
https://doi.org/10.4168/aair.2020.12.3.412
https://doi.org/10.1126/science.aaw429
https://doi.org/10.1126/science.aaw429
https://doi.org/10.1016/j.jaci.2021.03.015
https://doi.org/10.1016/j.jaci.2021.03.015
https://doi.org/10.3390/cancers12113452
https://doi.org/10.1016/j.coi.2020.08.007
https://doi.org/10.1016/j.coi.2020.08.007
https://doi.org/10.1007/s11882-017-0735-9
https://doi.org/10.1016/j.jaci.2016.06.032
https://doi.org/10.1016/j.jaci.2016.06.032
https://doi.org/10.1126/science.1133715
https://doi.org/10.1084/jem.20130351

MAGGI ET AL.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Dhariwal J, Cameron A, Trujillo-Torralbo MB, et al. Mucosal type 2
innate lymphoid cells are a key component of the allergic response
to aeroallergens. Am J Respir Crit Care Med. 2017;195(12):1586-
1596. doi:10.1164/rccm.201609-18460C

Zheng H-C, Wang Y-A, Liu Z-R, et al. Consumption of lamb meat or
basa fish shapes the gut microbiota and aggravates pulmonary in-
flammation in asthmatic mice. J Asthma Allergy. 2020;13:509-520.
doi:10.2147/JAA.S266584

Halim TYF. Group 2 innate lymphoid cells in disease. Int Inmunol.
2016;28(1):13-22. doi:10.1093/intimm/dxv050

Gold MJ, Antignano F, Halim TY, et al. Group 2 innate lymphoid
cells facilitate sensitization to local, but not systemic, TH2-inducing
allergen exposures. J Allergy Clin Immunol. 2014;133:1142-1148.
doi:10.1016/j.jaci.2014.02.033

Smith SG, Chen R, Kjarsgaard M, et al. Increased numbers of ac-
tivated group 2 innate lymphoid cells in the airways of patients
with severe asthma and persistent airway eosinophilia. J Allergy
Clin Immunol. 2016;137:75-86. doi:10.1016/j.jaci.2015.05.037
Lombardi V, Beuraud C, Neukirch C, et al. Circulating innate lym-
phoid cells are differentially regulated in allergic and nonallergic
subjects. J Allergy Clin Immunol. 2016;138:305-308. doi:10.1016/j.
jaci.2015.12.1325

Chen R, Smith SG, Salter B, et al. Allergen-induced increases in
sputum levels of group 2 innate lymphoid cells in subjects with
asthma. Am J Respir Crit Care Med. 2017;196:700-712. doi:10.1164/
rccm.201612-24270C

Symowski C, Voehringer D. Interactions between innate lymphoid
cells and cells of the innate and adaptive immune system. Front
Immunol. 2017;8:1422-1430. doi:10.3389/fimmu.2017.01422
Halim TY, Steer CA, Matha L, et al. Group 2 innate lymphoid
cells are critical for the initiation of adaptive T helper 2 cell-
mediated allergic lung inflammation. Immunity. 2014;40:425-435.
doi:10.1016/j.immuni.2014.01.011

Schwartz C, Khan AR, Floudas A, et al. ILC2s regulate adap-
tive Th2 cell functions via PD-L1 checkpoint control. J Exp Med.
2017;214:2507-2521. doi:10.1084/jem.20170051

Symowski C, Voehringer D. Th2 cell-derived IL-4/IL-13 promote
ILC2 accumulation in the lung by ILC2-intrinsic STATé signal-
ing in mice. Eur J Immunol. 2019;49:1421-1432. doi:10.1002/
€ji.201948161

Bando JK, Nussbaum JC, Liang HE, et al. Type 2 innate lymphoid
cells constitutively express arginase-I in the naive and inflamed
lung. J Leukoc Biol. 2013;94:877-884. doi:10.1189/j1b.0213084
Motomura Y, Morita H, Moro K, et al. Basophil-derived inter-
leukin-4 controls the function of natural helper cells, a mem-
ber of ILC2s, in lung inflammation. Immunity. 2014;40:758-771.
doi:10.1016/j.immuni.2014.04.013

Kim BS, Wang K, Siracusa MC, et al. Basophils promote innate lym-
phoid cell responses in inflamed skin. J Immunol. 2014;193:3717-
3725. doi:10.4049/jimmunol.1401307

Martinez FD, Vercelli D. Asthma. Lancet. 2013;382(9901):1360-
1372. doi:10.1016/50140-6736(13)61536-6

JiaY,Fang X, Zhu X, et al. IL-13+type 2 innate lymphoid cells correlate
with asthma control status and treatment response. Am J Respir Cell
Mol Biol. 2016;55:675-683. d0i:10.1165/rcmb.2016-00990C
Lindén A. Role of interleukin-17 and the neutrophil in
asthma. Int Arch Allergy Immunol. 2001;126(3):179-184.
doi:10.1159/000049511

Hagau N, Slavcovici A, Gonganau DN, et al. Clinical aspects and
cytokine response in severe HIN1 influenza A virus infection. Crit
Care. 2010;14:R203. d0i:10.1186/cc9324

Kim HY, Lee HJ, Chang Y-J, et al. Interleukin-17-producing innate
lymphoid cells and the NLRP3 inflammasome facilitate obesity-
associated airway hyperreactivity. Nat Med. 2014;20(1):54-61.
doi:10.1038/nm.3423

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

238.

234.

235.

236.

237.

238.

239.

Molet S, Hamid Q, Davoine F, et al. IL-17 is increased in asthmatic
airways and induces human bronchial fibroblasts to produce cyto-
kines. J Allergy Clin Immunol. 2001;108(3):430-438. doi:10.1067/
mai.2001.117929

Hekking PP, Loza MJ, Pavlidis S, et al. Pathway discovery using
transcriptomic profiles in adultonset severe asthma. J Allergy Clin
Immunol. 2018;141:1280-1290. doi:10.1016/j.jaci.2017.06.037

Li L-H, Lu B, Wu H-K, Hao Zhang H, Yao F-F. Apigenin inhibits TGF-
pl-induced proliferation and migration of airway smooth mus-
cle cells. Int J Clin Exp Pathol. 2015;8(10):12557-12563. https://
pubmed.ncbi.nlm.nih.gov/26722444/-affiliation-1

Lee K, Tai J, Lee SH, Kim TH. Advances in the knowledge of the
underlying airway remodeling mechanisms in chronic rhinosinus-
itis based on the endotypes: a review. Int J Mol Sci. 2021;22(2):910.
doi:10.3390/ijms22020910

Coumou H, Bel EH. Improving the diagnosis of eosinophilic
asthma. Expert Rev Respir Med. 2016;10(10):1093-1103. doi:10.10
80/17476348.2017.1236688

Choi Y, Sim S, Park HS. Distinct functions of eosinophils in se-
vere asthma with type 2 phenotype: clinical implications. Korean
J Intern Med. 2020;35(4):823-833. d0i:10.3904/kjim.2020.022
Wechsler ME, Munitz A, Ackerman SJ, et al. Eosinophils in
health and disease: a state-of-the-art review. Mayo Clin Proc.
2021;96(10):2694-2707. doi:10.1016/j.mayocp.2021.04.025
Williams TL, Rada B, Tandon E, Gestal MC. NETs and EETs, a whole
web of mess. Microorganisms. 2020;8(12):1925. doi:10.3390/
microorganisms8121925

Gevaert E, Zhang N, Krysko O, et al. Extracellular eosinophilic
traps in association with Staphylococcus aureus at the site of epi-
thelial barrier defects in patients with severe airway inflammation.
J Allergy Clin Immunol. 2017;139(6):1849-1860.e6. doi:10.1016/j.
jaci.2017.01.019

lype J, Fux M. Basophils orchestrating eosinophils' chemotaxis
and function in allergic inflammation. Cells. 2021;10(4):895.
doi:10.3390/cells10040895

Wright TK, Gibson PG, Simpson JL, et al. Neutrophil extracellular
traps are associated with inflammation in chronic airway disease.
Respirology. 2016;21(3):467-475.

Maggi E, Parronchi P, Manetti R, et al. Reciprocal regulatory ef-
fects of IFN-gamma and IL-4 on the in vitro development of human
Th1 and Th2 clones. J Immunol. 1992;148(7):2142-2147.

Manetti R, Annunziato F, Tomasevic L, et al. Polyinosinic acid:
polycytidylic acid promotes T helper type 1-specific immune re-
sponses by stimulating macrophage production of interferon-
alpha and interleukin-12. Eur J Immunol. 1995;25(9):2656-2660.
doi:10.1002/€ji.1830250938

Annunziato F, Cosmi L, Manetti R, et al. Reversal of human
allergen-specific CRTH2+ T(H)2 cells by IL-12 or the PS-DSP30 oli-
godeoxynucleotide. J Allergy Clin Immunol. 2001;108(5):815-821.
doi:10.1067/mai.2001.119156

O'Shea JJ, Paul WE. Mechanisms underlying lineage commitment
andplasticity of helper CD4+ T cells. Science. 2010;327(5969):1098-
1102. doi:10.1126/science.1178334

Fili L, Ferri S, Guarna F, Sampognaro S, et al. Redirection of
allergen-specific TH2 responses by a modified adenine through
Toll-like receptor 7 interaction and IL-12/1FN release. J Allergy Clin
Immunol. 2006;118(2):511-517. doi:10.1016/j.jaci.2006.05.027

Fili L, Vultaggio A, Cardilicchia E, et al. A novel allergen-adjuvant
conjugate suitable for specific inmunotherapy of respiratory al-
lergy. J Allergy Clin Immunol. 2013;132(1):84-92. doi:10.1016/j.
jaci.2013.01.030

Mazzoni A, Santarlasci V, Maggi L, et al. Demethylation of the
RORC2 and IL17A in human CD4+ T lymphocytes defines Th17
origin of nonclassic Th1 cells. J Immunol. 2015;194(7):3116-3126.
doi:10.4049/jimmunol.1401303

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1164/rccm.201609-1846OC
https://doi.org/10.2147/JAA.S266584
https://doi.org/10.1093/intimm
https://doi.org/10.1016/j.jaci.2014.02.033
https://doi.org/10.1016/j.jaci.2015.05.037
https://doi.org/10.1016/j.jaci.2015.12.1325
https://doi.org/10.1016/j.jaci.2015.12.1325
https://doi.org/10.1164/rccm.201612-2427OC
https://doi.org/10.1164/rccm.201612-2427OC
https://doi.org/10.3389/fimmu.2017.01422
https://doi.org/10.1016/j.immuni.2014.01.011
https://doi.org/10.1084/jem.20170051
https://doi.org/10.1002/eji.201948161
https://doi.org/10.1002/eji.201948161
https://doi.org/10.1189/jlb.0213084
https://doi.org/10.1016/j.immuni.2014.04.013
https://doi.org/10.4049/jimmunol.1401307
https://doi.org/10.1016/S0140-6736(13)61536-6
https://doi.org/10.1165/rcmb.2016-0099OC
https://doi.org/10.1159/000049511
https://doi.org/10.1186/cc9324
https://doi.org/10.1038/nm.3423
https://doi.org/10.1067/mai.2001.117929
https://doi.org/10.1067/mai.2001.117929
https://doi.org/10.1016/j.jaci.2017.06.037
https://pubmed.ncbi.nlm.nih.gov/26722444/
https://pubmed.ncbi.nlm.nih.gov/26722444/
https://doi.org/10.3390/ijms22020910
https://doi.org/10.1080/17476348.2017.1236688
https://doi.org/10.1080/17476348.2017.1236688
https://doi.org/10.3904/kjim.2020.022
https://doi.org/10.1016/j.mayocp.2021.04.025
https://doi.org/10.3390/microorganisms8121925
https://doi.org/10.3390/microorganisms8121925
https://doi.org/10.1016/j.jaci.2017.01.019
https://doi.org/10.1016/j.jaci.2017.01.019
https://doi.org/10.3390/cells10040895
https://doi.org/10.1002/eji.1830250938
https://doi.org/10.1067/mai.2001.119156
https://doi.org/10.1126/science.1178334
https://doi.org/10.1016/j.jaci.2006.05.027
https://doi.org/10.1016/j.jaci.2013.01.030
https://doi.org/10.1016/j.jaci.2013.01.030
https://doi.org/10.4049/jimmunol.1401303

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

MAGGI ET AL.

Maggi L, Cimaz R, Capone M, et al. Brief report: etanercept inhibits
the tumor necrosis factor alpha-driven shift of Th17 lymphocytes
toward a nonclassic Th1l phenotype in juvenile idiopathic arthritis.
Arthritis Rheumatol. 2014;66(5):1372-1377. doi:10.1002/art.38355
Wisniewski JA, Muehling LM, Eccles JD, et al. T |, 1 signatures are
present in the lower airways of children with severe asthma, re-
gardless of allergic status. Allergy Clin Immunol. 2018;141:2048,
€13-2060. doi:10.1016/j.jaci.2017.08.020

Trichot C, Faucheux L, Karpf L, et al. TH cell diversity and re-
sponse to dupilumab in patients with atopic dermatitis. J Allergy
Clin Immunol. 2020;147:756 €9. doi:10.1016/j.jaci.2020.05.037
Cosmi L, Maggi L, Santarlasci V, et al. Identification of a novel sub-
set of human circulating memory CD4(+) T cells that produce both
IL-17A and IL-4. J Allergy Clin Immunol. 2010;125(1):222-230.e1-4.
doi:10.1016/j.jaci.2009.10.012

Wang Y-H, Voo KS, Liu B, et al. A novel subset of CD4+
Th2memory/effector cells that produce inflammatory IL-17 cyto-
kine and promote the exacerbation of chronic allergic asthma. J
Exp Med. 2010;207(11):2479-2491. doi:10.1084/jem.20101376
Irvin C, Zafar |, Good J, et al. Increased frequency of dual-positive
TH2/TH17 cells in bronchoalveolar lavage fluid characterizes a
population of patients with severe asthma. Allergy Clin Immunol.
2014;134(5):1175-1186.e7. d0i:10.1016/j.jaci.2014.05.038

Saeki M, Kaminuma O, Nishimura T, et al. TH9 cells induce steroid-
resistant bronchial hyperresponsiveness in mice. Allergol Int.
2017;665:535-5S40. doi:10.1016/j.alit.2017.07.001

Ruocco G, Rossi S, Motta C, et al. T helper 9 cells induced by
plasmacytoid dendritic cells regulate interleukin-17 in multi-
ple sclerosis. Clin Sci (Lond). 2015;129(4):291-303. doi:10.1042/
CS20140608

Santarlasci V, Maggi L, Capone M, et al. Rarity of human T helper
17 cells is due to retinoic acid orphan receptor-dependent mech-
anisms that limit their expansion. Immunity. 2012;36(2):201-214.
doi:10.1016/j.immuni.2011.12.013

Fukakusa M, Bergeron C, Tulic MK, et al. Oral corticosteroids de-
crease eosinophil and CC chemokine expression but increase neu-
trophil, IL-8, and IFN-gamma-inducible protein 10 expression in
asthmatic airway mucosa. J Allergy Clin Immunol. 2005;115(2):280-
286. doi:10.1016/j.jaci.2004.10.036

Rutz S, Janke M, Kassner N, et al. Notch regulates IL-10 produc-
tion by T helper 1 cells. Proc Natl Acad Sci USA. 2008;105(9):3497-
3502. doi:10.1073/pnas.0712102105

Gruarin P, Maglie S, De Simone M, et al. Eomesodermin controls
a unique differentiation program in human IL-10 and IFN-y co-
producing regulatory T cells. Eur J Immunol. 2019;49(1):96-111.
doi:10.1002/€ji.201847722

Mascanfroni ID, Takenaka MC, Yeste A, et al. Metabolic control
of type 1 regulatory T cell differentiation by AHR and HIF1-«. Nat
Med. 2015;21(6):638-646. doi:10.1038/nm.3868

Roncarolo MG, Gregory S, Bacchetta R, et al. The biology of
T regulatory type 1 cells and their therapeutic application in
immune-mediated diseases. Immunity. 2018;49(6):1004-1019.
doi:10.1016/j.immuni.2018.12.001

Alfen JS, Larghi P, Facciotti F, et al. Intestinal IFN-y-producing
type 1 regulatory T cells coexpress CCR5 and programmed cell
death protein 1 and downregulate IL-10 in the inflamed guts of
patients with inflammatory bowel disease. J. Allergy Clin. Immunol.
2018;142(5):1537-1547.€8. d0i:10.1016/j.jaci.2017.12.984

Bonnal RJP, Rossetti G, Lugli E, et al. Clonally expanded EOMES™
Tr1-like cells in primary and metastatic tumors are associated
with disease progression. Nat Immunol. 2021;22(6):735-745.
doi:10.1038/s41590-021-00930-4

Giri S, Lal G. Differentiation and functional plasticity of gamma
delta (gammadelta) T cells under homeostatic and disease
conditions. Mol Immunol. 2021;136:138-149. doi:10.1016/j.
molimm.2021.06.006

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Borger JG, Lau M, Hibbs ML. The influence of innate lymphoid cells
and unconventional T cells in chronic inflammatory lung disease.
Front Immunol. 2019;10:1597. doi:10.3389/fimmu.2019.01597

Bal SM, Golebski K, Spits H. Plasticity of innate lymphoid cell
subsets. Nat Rev Immunol. 2020;20(9):552-565. doi:10.1038/
s41577-020-0282-9

Krabbendam L, Bal SM, Spits H, Golebski K. New insights into the
function, development, and plasticity of type 2 innate lymphoid
cells. Immunol Rev. 2018;286(1):74-85. doi:10.1111/imr.12708
Bernink JH, Ohne Y, Teunissen MBM, et al. c-Kit-positive ILC2s ex-
hibit an ILC3-like signature that may contribute to IL-17-mediated
pathologies. Nat Immunol. 2019;20(8):992-1003. doi:10.1038/
s41590-019-0423-0

Sun H, Wu, Zhang Y, Ni B. IL-10-producing ILCs: molecular mech-
anisms and disease relevance. Front Immunol. 2021;12:650200.
doi:10.3389/fimmu.2021.650200

Oliphant CJ, Hwang YY, Walker JA, et al. MHCII-mediated dialog
between group 2 innate lymphoid cells and CD4(+) T cells poten-
tiates type 2 immunity and promotes parasitic helminth expulsion.
Immunity. 2014;41(2):283-295. doi:10.1016/j.immuni.2014.06.016
Roediger B, Kyle R, Tay SS, et al. IL-2 is a critical regulator of group 2 in-
nate lymphoid cell function during pulmonary inflammation. J Allergy
Clin Immunol. 2015;136:1653-1663. doi:10.1016/].jaci.2015.03.043
Bouchery T, Kyle R, Camberis M, et al. ILC2s and T cells coop-
erate to ensure maintenance of M2 macrophages for lung im-
munity against hookworms. Nat Commun. 2015;6:6970-6980.
d0i:10.1038/ncomms7970

Al Heialy S, Ramakrishnan RK, Hamid QJ. Recent advances in
the immunopathogenesis of severe asthma. Allergy Clin Immunol.
2022;149:455-465. doi:10.1016/j.jaci.2021.12.765

Ramphul M, Lo DKH, Gaillard EA. Precision medicine for paedi-
atric severe asthma: current status and future direction. J Asthma
Allergy. 2021;14:525-538. doi:10.2147/JAA.S5265657

Cevhertas L, Ogulur I, Maurer DJ, et al. Advances and recent de-
velopments in asthma in 2020. Allergy. 2020;75(12):3124-3146.
doi:10.1111/all.14607

Agache |, Eguiluz-Gracia I, Cojanu C, et al. Advances and high-
lights in asthma in 2021. Allergy. 2021,76:3390-3407. d0i:10.1111/
all.15054

Boonpiyathad T, Soézener ZC, Satitsuksanoa P, Akdis CA.
Immunologic  mechanisms in  asthma. Semin Immunol.
2019;46:101333. doi:10.1016/j.smim.2019.101333

Ricciardolo FLM, Carriero V, Bertolini F. Which therapy for non-
type(T)2/T2-low asthma. J Pers Med. 2021;12:10. doi:10.3390/
jpm12010010

Agache |, Akdis CA. Precision medicine and phenotypes, endo-
types, genotypes, regiotypes, and theratypes of allergic diseases.
J Clin Invest. 2019;129:1493-1503. doi:10.1172/JCI124611
Czarnowicki T, He H, Krueger JG, Guttman-Yassky E. Atopic
dermatitis endotypes and implications for targeted therapeu-
tics. J Allergy Clin Immunol. 2019;143(1):1-11. doi:10.1016/j.
jaci.2018.10.032

Staudacher AG, Peters AT, Kato A, Stevens WW. Use of endo-
types, phenotypes, and inflammatory markers to guide treatment
decisions in chronic rhinosinusitis. Ann Allergy Asthma Immunol.
2020;124(4):318-325. doi:10.1016/j.anai.2020.01.013

Dunn JLM, Shoda T, Caldwell JM, et al. Esophageal type 2 cyto-
kine expression heterogeneity in eosinophilic esophagitis in a mul-
tisite cohort. J Allergy Clin Immunol. 2020;145(6):1629-1640.e4.
doi:10.1016/j.jaci.2020.01.051

Bousquet J, Anto JM, Bachert C, et al. Allergic rhinitis. Nat Rev Dis
Primers. 2020;6:95. doi:10.1038/s41572-020-00227-0

Mullol J, Del Cuvillo A, Lockey RF. Rhinitis phenotypes. J Allergy Clin
Immunol Pract. 2020;8:1492-1503. doi:10.1016/j.jaip.2020.02.004
Zhang N, Van Zele T, Perez-Novo C, et al. Different types of T-
effector cells orchestrate mucosal inflammation in chronic sinus

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1002/art.38355
https://doi.org/10.1016/j.jaci.2017.08.020
https://doi.org/10.1016/j.jaci.2020.05.037
https://doi.org/10.1016/j.jaci.2009.10.012
https://doi.org/10.1084/jem.20101376
https://doi.org/10.1016/j.jaci.2014.05.038
https://doi.org/10.1016/j.alit.2017.07.001
https://doi.org/10.1042/CS20140608
https://doi.org/10.1042/CS20140608
https://doi.org/10.1016/j.immuni.2011.12.013
https://doi.org/10.1016/j.jaci.2004.10.036
https://doi.org/10.1073/pnas.0712102105
https://doi.org/10.1002/eji.201847722
https://doi.org/10.1038/nm.3868
https://doi.org/10.1016/j.immuni.2018.12.001
https://doi.org/10.1016/j.jaci.2017.12.984
https://doi.org/10.1038/s41590-021-00930-4
https://doi.org/10.1016/j.molimm.2021.06.006
https://doi.org/10.1016/j.molimm.2021.06.006
https://doi.org/10.3389/fimmu.2019.01597
https://doi.org/10.1038/s41577-020-0282-9
https://doi.org/10.1038/s41577-020-0282-9
https://doi.org/10.1111/imr.12708
https://doi.org/10.1038/s41590-019-0423-0
https://doi.org/10.1038/s41590-019-0423-0
https://doi.org/10.3389/fimmu.2021.650200
https://doi.org/10.1016/j.immuni.2014.06.016
https://doi.org/10.1016/j.jaci.2015.03.043
https://doi.org/10.1038/ncomms7970
https://doi.org/10.1016/j.jaci.2021.12.765
https://doi.org/10.2147/JAA.S265657
https://doi.org/10.1111/all.14607
https://doi.org/10.1111/all.15054
https://doi.org/10.1111/all.15054
https://doi.org/10.1016/j.smim.2019.101333
https://doi.org/10.3390/jpm12010010
https://doi.org/10.3390/jpm12010010
https://doi.org/10.1172/JCI124611
https://doi.org/10.1016/j.jaci.2018.10.032
https://doi.org/10.1016/j.jaci.2018.10.032
https://doi.org/10.1016/j.anai.2020.01.013
https://doi.org/10.1016/j.jaci.2020.01.051
https://doi.org/10.1038/s41572-020-00227-0
https://doi.org/10.1016/j.jaip.2020.02.004

MAGGI ET AL.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

disease. J Allergy Clin Immunol. 2008;122:961-968. doi:10.1016/j.
jaci.2008.07.008

Tomassen P, Vandeplas G, Van Zele T, et al. Inflammatory endo-
types of chronic rhinosinusitis based on cluster analysis of bio-
markers. J Allergy Clin Immunol. 2016;137:1449. doi:10.1016/j.
jaci.2015.12.1324

Cao PP, Li HB, Wang BF, et al. Distinct immunopathologic char-
acteristics of various types of chronic rhinosinusitis in adult
Chinese. J Allergy Clin Immunol. 2009;124:478-484. doi:10.1016/j.
jaci.2009.05.017

Bullens DM, Truyen E, Coteur L, et al. IL-17 mRNA in sputum of
asthmatic patients: linking T cell driven inflammation and granulo-
cytic influx? Respir Res. 2006;7:135. doi:10.1186/1465-9921-7-135
Hellings PW, Kasran A, Liu Z, et al. Interleukin-17 orchestrates the
granulocyte influx into airways after allergen inhalation in a mouse
model of allergic asthma. Am J Respir Cell Mol Biol. 2003;28(1):42-
50. doi:10.1165/rcmb.4832

Lindén A, Dahlén B. Interleukin-17 cytokine signalling in pa-
tients with asthma. Eur Respir J. 2014;44(5):1319-1331.
doi:10.1183/09031936.00002314

Venkatesan N, Lavigne P, Lavigne F, Hamid Q. Effects of fluticasone
furoate on clinical and immunological outcomes (IL-17) for patients
with nasal polyposis naive to steroid treatment. Ann Otol Rhinol
Laryngol. 2016;125(3):213-218. doi:10.1177/0003489415606449
Wen W, LiuW, Zhang L, et al. Increased neutrophilia in nasal polyps
reduces the response to oral corticosteroid therapy. J Allergy Clin
Immunol. 2012;129:1522-1528. doi:10.1016/j.jaci.2012.01.079
De Greve G, Hellings PW, Wytske J, et al. Endotype-driven
treatment in chronic upper airway diseases. Clin Transl Allergy.
2017;7:22. doi:10.1186/s13601-017-0157-8

Muluk NB, Cingi C, Glenis K, et al. Chronic rhinosinusitis—could
phenotyping or endotyping aid therapy? Am J Rhinol Allergy.
2019;33:83-93. d0i:10.1177/1945892418807590

Bachert C, Akdis CA. Phenotypes and emerging endotypes of
chronic rhinosinusitis. J Allergy Clin Immunol Pract. 2016;4:621-
628. doi:10.1016/j.jaip.2016.05.004

Cao PP, Wang Z-C, Schleimer RP, Liu Z. Pathophysiologic mech-
anisms of chronic rhinosinusitis and their roles in emerging dis-
ease endotypes. Ann Allergy Asthma Immunol. 2019;122:33-40.
doi:10.1016/j.anai.2018.10.014

Gurrola J, Borish L. Chronic rhinosinusitis: endotypes, biomarkers,
and treatment response. J Allergy Clin Immunol. 2017;140:1499-
1508. d0i:10.1016/j.jaci.2017.10.006

Wang X, Zhang N, Bo M, et al. Diversity of TH cytokine profiles in
patients with chronic rhinosinusitis: a multicenter study in Europe,
Asia, and Oceania. J Allergy Clin Immunol. 2016;138:1344-1353.
doi:10.1016/j.jaci.2016.05.041

Kennedy JL, Stoner AN, Borish L. Aspirin-exacerbated respiratory
disease: prevalence, diagnosis, treatment, and considerations for
the future. Am J Rhinol Allergy. 2016;30:407-413. do0i:10.2500/
ajra.2016.30.4370

Brunner PM, Leung DYM, Guttman-Yassky E. Immunologic, mi-
crobial, and epithelial interactions in atopic dermatitis. Ann Allergy
Asthma Immunol. 2018;120:34-41. d0i:10.1016/j.anai.2017.09.055
Roesner LM, Heratizadeh A, Begemann G, et al. Der p1 and Der
p2-specific T cells display a Th2, Th17, and Th2/Th17 pheno-
type in atopic dermatitis. J Invest Dermatol. 2015;135:2324-2327.
doi:10.1038/jid.2015.162

Platts-Mills TA, Schuyler AJ, Erwin EA, et al. IgE in the diagno-
sis and treatment of allergic disease. J Allergy Clin Immunol.
2016;137:1662-1670. doi:10.1016/j.jaci.2016.04.010

Apostolovic D, Tran TA, Sanchez-Vidaurre S, et al. Red meat aller-
gic patients have a selective IgE response to the alpha-Gal glycan.
Allergy. 2015;70:1497-1500. doi:10.1111/all.12695

Commins SP, James HR, Stevens W, et al. Delayed clinical
and ex vivo response to mammalian meat in patients with

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

IgE to galactose-alpha-1,3-galactose. J Allergy Clin Immunol.
2014;134:108-115. d0i:10.1016/j.jaci.2014.01.024
Geroldinger-Simic M, Zelniker T, Aberer W, et al. Birch pollen-
related foodallergy: clinical aspects and the role of allergen-specific
IgE and IgG4 antibodies. J Allergy Clin Immunol. 2011;127:616-622.
doi:10.1016/j.jaci.2010.10.027

Miceli Sopo S, Monaco S, Badina L, et al. Food protein- induced en-
terocolitis syndrome caused by fish and/or shellfish in Italy. Pediatr
Allergy Immunol. 2015;26:731-736. d0i:10.1111/pai.12461
Nowak-Wegrzyn A, Muraro A. Food protein-induced enteroco-
litis syndrome. Curr Opin Allergy Clin Immunol. 2009;9:371-377.
doi:10.1097/ACI.0b013e32832d6315

Gonzalez-Delgado P, Caparros E, Moreno MV, et al. Clinical and
immunological characteristics of a pediatric population with food
protein-induced enterocolitis syndrome (FPIES) to fish. Pediatr
Allergy Immunol. 2016;27:269-275. doi:10.1111/pai.12529

Muraro A, Lemanske RF Jr, Castells M, et al. Precision medicine
in allergic disease—food allergy, drug allergy, and anaphylaxis—
PRACTALL document of the European Academy of Allergy and
Clinical Immunology and the American Academy of allergy, asthma
and immunology. Allergy. 2017;72:1006-1021. doi:10.1111/
all.13132

Proper SP, Azouz NP, Mersha TB. Achieving precision medi-
cine in allergic disease: progress and challenges. Front Immunol.
2021;12:720746. doi:10.3389/fimmu.2021.720746

Erwin EA, Jaramillo LM, Smith B, et al. Sex differences in blood
transcriptional profiles and clinical phenotypes in pediatric pa-
tients with eosinophilic esophagitis. J. Allergy Clin Immunol Pract.
2021;9:3350-3358.e8. doi:10.1016/j.jaip.2021.06.043

Hill DA, Spergel JM. Is eosinophilic esophagitis a member of the
atopic march? Ann Allergy Asthma Immunol. 2018;120:113-114.
doi:10.1016/j.anai.2017.10.003

Merves J, Muir A, Modayur Chandramouleeswaran P,
et al. Eosinophilic esophagitis. Ann Allergy Asthma Immunol.
2014;112:397-403. d0i:10.1016/j.anai.2014.01.023

Mulder DJ, Mak N, Hurlbut DJ, Justinich CJ. Atopic and non-atopic
eosinophilic oesophagitis are distinguished by immunoglobulin
E-bearing intraepithelial mast cells. Histopathology. 2012;61:810-
822.doi:10.1111/j.1365-2559.2012.4303.x

Straumann A, Blanchard C, Radonjic-Hoesli S, et al. A new eosin-
ophilic esophagitis (EoE)-like disease without tissue eosinophilia
found in EoE families. Allergy. 2016;71:889-900. doi:10.1111/
all.12879

Agache |, Strasser DS, Klenk A, et al. Serum IL-5 and IL-13 con-
sistently serve as the best predictors for the blood eosinophilia
phenotype in adult asthmatics. Allergy. 2016;71:1192-1202.
doi:10.1111/all.12906

Shoda T, Wen T, Aceves SS, et al. Eosinophilic oesophagitis en-
dotype classification by molecular, clinical, and histopathological
analyses: a cross-sectional study. Lancet Gastroenterol Hepatol.
2018;3:477-488. doi:10.1016/52468-1253(18)30096-7

Ruffner MA, Cianferoni A. Phenotypes and endotypes in eosin-
ophilic esophagitis. Ann Allergy Asthma Immunol. 2020;124:233-
239. doi:10.1016/j.anai.2019.12.011

Menzies-Gow A, Hoyte FL, Price DB, et al. Clinical remission in
severe asthma: a pooled post hoc analysis of the patient journey
with Benralizumab. Adv Ther. 2022;39:2065-2084. doi:10.1007/
$12325-022-02098-1

Geng B, Bachert C, Busse WW, et al. Respiratory infections and
anti-infective medication use from phase 3 dupilumab respi-
ratory studies. J Allergy Clin Immunol Pract. 2022;10:732-741.
doi:10.1016/j.jaip.2021.12.006

Bermejo |, Stevenson M, Cooper K, et al. Mepolizumab for treating
severe eosinophilic asthma: an evidence review group perspec-
tive of a NICE single technology appraisal. Pharmacoeconomics.
2018;36:131-144. doi:10.1007/s40273-017-0571-8

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.jaci.2008.07.008
https://doi.org/10.1016/j.jaci.2008.07.008
https://doi.org/10.1016/j.jaci.2015.12.1324
https://doi.org/10.1016/j.jaci.2015.12.1324
https://doi.org/10.1016/j.jaci.2009.05.017
https://doi.org/10.1016/j.jaci.2009.05.017
https://doi.org/10.1186/1465-9921-7-135
https://doi.org/10.1165/rcmb.4832
https://doi.org/10.1183/09031936.00002314
https://doi.org/10.1177/0003489415606449
https://doi.org/10.1016/j.jaci.2012.01.079
https://doi.org/10.1186/s13601-017-0157-8
https://doi.org/10.1177/1945892418807590
https://doi.org/10.1016/j.jaip.2016.05.004
https://doi.org/10.1016/j.anai.2018.10.014
https://doi.org/10.1016/j.jaci.2017.10.006
https://doi.org/10.1016/j.jaci.2016.05.041
https://doi.org/10.2500/ajra.2016.30.4370
https://doi.org/10.2500/ajra.2016.30.4370
https://doi.org/10.1016/j.anai.2017.09.055
https://doi.org/10.1038/jid.2015.162
https://doi.org/10.1016/j.jaci.2016.04.010
https://doi.org/10.1111/all.12695
https://doi.org/10.1016/j.jaci.2014.01.024
https://doi.org/10.1016/j.jaci.2010.10.027
https://doi.org/10.1111/pai.12461
https://doi.org/10.1097/ACI.0b013e32832d6315
https://doi.org/10.1111/pai.12529
https://doi.org/10.1111/all.13132
https://doi.org/10.1111/all.13132
https://doi.org/10.3389/fimmu.2021.720746
https://doi.org/10.1016/j.jaip.2021.06.043
https://doi.org/10.1016/j.anai.2017.10.003
https://doi.org/10.1016/j.anai.2014.01.023
https://doi.org/10.1111/j.1365-2559.2012.4303.x
https://doi.org/10.1111/all.12879
https://doi.org/10.1111/all.12879
https://doi.org/10.1111/all.12906
https://doi.org/10.1016/S2468-1253(18)30096-7
https://doi.org/10.1016/j.anai.2019.12.011
https://doi.org/10.1007/s12325-022-02098-1
https://doi.org/10.1007/s12325-022-02098-1
https://doi.org/10.1016/j.jaip.2021.12.006
https://doi.org/10.1007/s40273-017-0571-8

314.

315.

316.

317.

MAGGI ET AL.

Oppenheimer J, Hoyte FCL, Phipatanakul W, et al. Allergic and
eosinophilic asthma in the era of biomarkers and biologics: similar-
ities, differences and misconceptions. Ann Allergy Asthma Immunol.
2022;51081-1206(22)00170-3. doi:10.1016/j.anai.2022.02.021
Roth- Walter F, Adcock IM, Benito- Villalvilla C, et al. Comparing
biologicals and small molecule drug therapies for chronic respira-
tory diseases: an EAACI Taskforce on Immunopharmacology posi-
tion paper. Allergy. 2019;74(3):432-448. doi:10.1111/all.13642
Agache |, Akdis C, Akdis M, et al. EAACI biologicals guidelines—
recommendations for severe asthma. Allergy. 2021;76:14-44.
doi:10.1111/all.14425

Custovic A, Siddiqui S, Saglani S. Considering biomarkers in
asthma disease severity. J Allergy Clin Immunol. 2021;149(2):480-
487. doi:10.1016/j.jaci.2021.11.021

How to cite this article: Maggi E, Parronchi P, Azzarone BG,
Moretta L. A pathogenic integrated view explaining the
different endotypes of asthma and allergic disorders. Allergy.
2022;77:3267-3292. doi: 10.1111/all.15445

85U8017 SUOLULLIOD BATea1D 3edldde aup Aq peuienob aJe sspie YO ‘SN JO Sa|n 1oy ARiqiT8uljuQ A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LIOD" A3 |IM A e1q Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[2202/2T/2T] Uo AriqITaulluO A8]IM euweisIS 8zualld | eISeAIUN AQ SyGT I/TTTT OT/I0P/W00 A8 1M ARIq Ul |Uo//:Sdny Wouy pepeojumod ‘TT ‘2202 ‘S66686ET


https://doi.org/10.1016/j.anai.2022.02.021
https://doi.org/10.1111/all.13642
https://doi.org/10.1111/all.14425
https://doi.org/10.1016/j.jaci.2021.11.021
https://doi.org/10.1111/all.15445

	A pathogenic integrated view explaining the different endotypes of asthma and allergic disorders
	Abstract
	1|INTRODUCTION
	2|GENETIC AND EPIGENETIC FACTORS CONTRIBUTE TO THE DEVELOPMENT OF ALLERGIC INFLAMMATION
	3|EFFECTOR AND REGULATORY T CELLS PLAY A MAJOR ROLE IN BA AND OTHER ALLERGIC DISORDERS
	3.1|Th2 cells
	3.2|Th17 cells
	3.3|Unconventional T cells
	3.4|Regulatory T cells

	4|EPITHELIAL BARRIER, ENVIRONMENTAL, AND INNATE LYMPHOID CELLS CONDITION THE TYPE AND SEVERITY OF INFLAMMATION
	4.1|Epithelial barrier
	4.2|Innate lymphoid cells
	4.3|Other environmental effector cells

	5|THE FLEXIBILITY OF TISSUE EFFECTOR CELLS AFFECTS THE TYPES OF ALLERGIC INFLAMMATION
	6|PLASTICITY OF EFFECTOR CELLS AND ENVIRONMENTAL SIGNALS AFFECT THE DIFFERENT ENDOTYPES AND THE RELATED ASTHMA PHENOTYPES
	7|CONCLUSIONS
	FUNDING INFORMATION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


