
Antistaminici: utilizzati nelle reazioni
allergiche lievi come l’orticaria o la febbre da
fieno; legano i recettori dell’istamina a livello
del tessuto interessato e impediscono
l’azione dell’istamina.
Cromoni (sodio cromoglicato): sono in grado
di alleviare i sintomi della rinite e dell’asma
allergico, probabilmente inibiscono la
degranulazione dei mastociti.
Nel trattamento dell’asma sono impiegati:

Corticosteroidi: hanno una azione anti-
infiammatoria perché bloccano la sintesi di
diverse citochine infiammatorie. Agiscono
inibendo diversi fattori trascrizionali coinvolti
nella espressione delle citochine.
I corticosteroidi inalati sono i farmaci
maggiormente utilizzati nel trattamento
dell’asma.
Farmaci con pochi effetti collaterali se

assunti a dosaggi ridotti.

Trattamento delle reazioni allergiche 



Agonisti b2 adrenergici:
agiscono attivando l’adenilato
ciclasi che aumenta i livelli di
AMPc inibendo la contrazione
delle cellule muscolari lisce.
Antagonisti dei recettore dei
leucotrieni: agiscono
bloccando il legame di questi
mediatori alle cellule muscolari
lisce bronchiali prevenendo il
bronco spasmo.
Adrenalina: farmaco utilizzato
nello shock anafilattico e nel
broncospasmo grave agisce
favorendo la broncodilatazione
e la vasocostrizione periferica.



Immunoterapia delle reazioni allergiche: Anticorpi anti-IgE 

Un altro approccio terapeutico
prevede l'utilizzo di anticorpi
ricombinanti anti-IgE umanizzati in
cui all’immunoglobulina umana sono
sostituiti CDR1,2,3 murini. Questa
terapia è risultata benefica in alcuni
pazienti con asma allergico
moderato o grave, con riniti
allergiche e dermatite atopica. Gli
anticorpi anti-IgE umanizzati
agiscono:
•legando le IgE libere
•riducendo l’espressione dell’FceRI
sui mastociti.
•riducendo il rilascio di mediatori da
parte dei mastociti.

Somministrazione sottocutanea

Omalizumab è stato approvato nel 2003 nei casi di asma 
allergico persistente da moderato a grave.



Immunoterapia delle reazioni allergiche: Anticorpi anti-IL-5

Il Mepolizumab (IgG1) e il
Reslizumab (IgG4)
riconoscono e bloccano l’IL-
5. Questi anticorpi bloccano
le riacutizzazioni e le
emergenze nei casi di asma
eosinofilico resistente al
trattamento con i
corticosteroidi. Il
mepolizumab è stato
approvato nel 2015.



Immunoterapia delle reazioni allergiche: Anticorpi anti-IL-4 e IL-13

Basic aspects of dupilumab

Production of IL-4 and IL-13

IL-4 and IL-13 are signature type 2 cytokines. TH2 cells have been
thought tomainly produce both IL-4 and IL-13.1 It has recently been
revealed that group 2 innate lymphoid cells (ILC2) are important
sources of IL-13,4 whereas follicular helper T cells (TFH) are, along
with TH2 cells, sources of IL-4.5 Additionally, mast cells, basophils,
and eosinophils also secrete IL-4 and IL-13. Expression of IL-4 and
IL-13 is significantly enhanced in the inflamed sites of allergic
diseases such as AD, asthma, and chronic rhinosinusitis in which
type 2 inflammation is dominant.6

Composition of IL-4 and IL-13 receptors

Both IL-4 and IL-13 bind to their receptors on their target cells.1

Two forms of IL-4Rs exist: type 1 IL-4R and type 2 IL-4R (Fig. 1).
Type 1 IL-4R is composed of IL-4Ra and the common g chain (gc)
that is shared by IL-2, IL-7, IL-9, IL-15, and IL-21, whereas type 2 IL-
4R comprises IL-4Ra and the IL-13R a1 chain (IL-13Ra1). Because
IL-13 also binds to type 2 IL-4R, this receptor acts as the functional
IL-13R. Hematopoietic/immune cells mainly express type 1 IL-4R,
whereas type 2 IL-4R/IL-13R is ubiquitously expressed on non-
hematopoietic/immune cells or tissue-resident cells.1 Due to the
different distributions of IL-4R/IL-13R and the concentrations of IL-
4/IL-13, IL-4 exerts its actions mainly in hematopoietic/immune
cells, whereas IL-13 does so mainly in non-hematopoietic/immune
cells. Another IL-13ebinding component that exists, in addition to
IL-13Ra1, is the IL-13R a2 chain (IL-13Ra2), which cannot transduce
signals that act as a decoy receptor. However, the role of IL-13Ra2 in
the IL-13 signals is controversial; there are several reports showing
that the cytoplasmic tail of IL-13Ra2 interacts with some signal-
transducing molecules involved in the IL-13 signals.7,8

Signal pathways of IL-4 and IL-13

The JAK/STAT pathways are the main signal pathways for IL-4
and IL-13 as well as for other cytokines.1 In addition to these

pathways, MAP kinase and phosphatidylinositol-3 kinase pathway
are also involved. IL-4Ra, gc, and IL-13Ra1 bind to JAK1, JAK3, and
TYK2, respectively, activating STAT6, along with STAT1 and STAT3
in some cases, and play a critical role in the IL-4/IL-13 signals
(Fig. 1).

IL-4 is an essential factor for type 2 inflammation because it
induces Th2 differentiation in T cells and class switching into IgE
in B cells.1 Although IL-13 also has the potency to induce class
switching into IgE, its ability is less than that of IL-4. Additionally,
IL-4 and IL-13 activate other hematopoietic/immune cells such as
mast cells, basophils, and macrophages. IL-13, and to a lesser
extent IL-4, act on non-immune/hematopoietic cells such as
epithelial cells, fibroblasts, and smooth muscle cells. In airways,
IL-13 causes goblet cell hyperplasia in epithelial cells and prolif-
eration of smooth muscle cells.1,3,9 whereas in skin, IL-4 and IL-13
cause barrier dysfunction on epidermis by downregulating
expression of the components in the epidermal differentiation
complex (such as filaggrin, loricrin, and involucrin) as well as
increasing susceptibility to infections by inhibiting production of
antimicrobial peptides, human b defensing-2 and -3 (Fig. 2).1

Moreover, IL-13 induces deposition of extracellular matrix
(ECM) proteins in fibroblasts and production of inflammatory
mediators such as cytokines and chemokines in various cells.
Together, the actions of IL-4 and IL-13 on both hematopoietic/
immune cells and non-hematopoietic/immune cells are critical in
leading to the phenotypes of allergic diseases such as AD, asthma,
and CRSwNP.

The pathological roles of IL-4/IL-13 in mice

Many studies using mice defective in various IL-4/IL-13 signal-
transducing molecules have been performed for the mouse model
of asthma. Application of IL-4e or IL-13edeficient mice or
administration of neutralizing antieIL-4 Abs to allergen-
challenged mice partially diminished asthmatic phenotypes such
as eosinophilia or enhanced airway hyperreactivity.10e14 In
contrast, in mice defective in either IL-4Ra or STAT6, signal-
transducing components common in the IL-4 and IL-13 signals,
the asthmatic phenotypes were more severely or even completely

Fig. 1. The receptors and the signal pathways of IL-4 and IL-13. The receptor components and the JAK/STAT pathways of IL-4 and IL-13 are depicted. It is of note that dupilumab
binds to IL-4R, inhibiting the binding of IL-4 and IL-13 to both type 1 IL-4R and type 2 IL-4R/IL-13R.
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diminished,15e18 suggesting that IL-4 and IL-13 are redundant in
inducing asthmatic phenotypes. However, a specific blockage or
defect of IL-13 diminishes asthmatic phenotypes more than that of
IL-4, demonstrating that IL-13 rather than IL-4 is central in the
pathogenesis of asthma in mice.15,19e21

Analyses of gene-manipulatedmice have shown the importance
of IL-4 or IL-13 in the pathogenesis of AD as well. Ectopic expression
of IL-4 or IL-13 in the skin caused xerosis and pruritic inflammatory
skin accompanied by elevated type 2 immune responses,22e24

which reproduced all key features of human AD. Moreover,
ectopic overexpression of IL-13 in mouse skin showed significant
fibrosis,24 which is typically observed in chronic AD patients. In
contrast, although application of IL-4edeficient mice to repeated
epicutaneous sensitization to ovalbumin decreased eosinophils and
serum IgE, it did not change the thickness of epidermis or dermis,
the chemokine expression, or the infiltration of CD45þ, CD4þ, and
CD8þ cells,25 suggesting again the redundant roles of IL-4 and IL-13
in the pathogenesis of AD in mice.

Application of dupilumab to AD

Background of AD

AD is a common relapsing inflammatory skin disease,
frequently associated with perturbed epidermal barrier function
and type 2 immune responses to food and environmental aller-
gens.26 Approximately 20% of adult patients with AD have
moderate-to-severe disease until their 30s.27 AD causes many
disease burdens such as poor quality of life (QOL), as assessed by
both generic and specific QOL questionnaires.28,29 Pruritus and
skin pain, repeated flares, mood and sleep disturbances, and co-
morbid economic burdens were frequently experienced in this
condition, worsening patients’ QOL and impairing their produc-
tivity and activity.28,29 First-line treatments include topical corti-
costeroids (TCS) and calcineurin inhibitors (TCI).26 Systemic
immunosuppressants may be prescribed for patients who cannot

achieve remission with TCS or TCI.26 However, according to the
study by Simpson et al., adults with moderate-to-severe AD re-
ported problems with itch frequency (85% of patients), duration
(41.5% reported itching "18 h/d), and severity (6.5 of 10 on a
numeric rating scale), moreover, 55% reported AD-related sleep
disturbances 5 day/week or more, despite almost half of the pa-
tients using systemic therapies in addition to topical anti-
inflammatory agents.30 These findings suggest that many AD pa-
tients, especially those with moderate-to-severe disease, are un-
likely to be satisfied with current treatments.

Pathogenesis of AD

Perturbed epidermal barrier function, allergic inflammation,
and pruritus contribute to the pathogenesis of AD.26,31 Intercellular
lipids such as ceramides and natural moisturizing factors whose
major source is filaggrin are important in maintaining skin barrier
function.26,31 Decreased levels of ceramides and filaggrin have been
reported in patients with AD.32,33 Interestingly, type 2 cytokines
have been shown to reduce ceramide and filaggrin production in
epidermal keratinocytes.32,33 Impaired epidermal barrier function
in AD patients leads to hypersusceptibility to external stimuli such
as saliva and sweat, resulting in non-specific skin inflammation.
Allergens such as mites and pollen penetrating barrier-impaired
epidermis induce epicutaneous sensitization and type 2 immune
reaction, contributing to the “allergic inflammation” in AD. Pruritus
is the most bothersome symptom for AD patients. Nowadays, many
mediators of pruritusd including type 2 cytokines such as IL-4, IL-
13, and IL-31d have been described.34,35 In addition, sensory nerve
fibers have been shown to be distributed in the epidermis and
cornified layers of AD patients and may play a role in the hyper-
sensitivity to pruritus frequently seen in these patients.36 Scratch-
ing the skin aggravates eczema in AD. Taken together, type 2
cytokines such as IL-4 and IL-13 play major roles in the patho-
genesis of AD and are considered to be promising treatment targets.

Fig. 2. The actions of IL-4 and IL-13 on various hematopoietic/immune and non-hematopoietic/immune cells. Diverse actions of IL-4/IL-13 on various hematopoietic/immune and
non-hematopoietic/immune cells are depicted.
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Azione dell’IL-4 e IL-13 

Il Dupilumab è un anticorpo monoclonale umano di isotipo IgG4
che riconosce l’IL-4Ra e che blocca la segnalazione indotta
dall’IL-4 e dall’IL-13.

Il Dupilumab 



 

 
Official address  Domenico Scarlattilaan 6  ł  1083 HS Amsterdam  ł  The Netherlands 

An agency of the European Union     
Address for visits and deliveries  Refer to www.ema.europa.eu/how-to-find-us  
Send us a question  Go to www.ema.europa.eu/contact  Telephone +31 (0)88 781 6000 
 

 
© European Medicines Agency, 2023. Reproduction is authorised provided the source is acknowledged. 

 

EMA/66599/2023 
EMEA/H/C/004390 

Dupixent (dupilumab) 
Sintesi di Dupixent e perché è autorizzato nell’Unione europea (UE) 

Cos’è Dupixent e per cosa si usa? 

Dupixent è un medicinale usato per trattare: 

x dermatite atopica da moderata a severa (nota anche come eczema atopico, in cui la pelle è 
pruriginosa, rossa e secca) nei pazienti di età pari o superiore a 12 anni quando i trattamenti 
applicati sulla pelle non sono sufficienti o appropriati. Il medicinale può essere somministrato anche 
a pazienti di età compresa tra sei mesi e 12 anni se la loro affezione è grave; 

x asma grave in pazienti di età pari o superiore a sei anni il cui asma non è adeguatamente 
controllato da una terapia combinata appropriata (corticosteroidi somministrati per inalazione 
assieme a un altro medicinale usato per la prevenzione dell’asma). Dupixent è aggiunto al 
trattamento di mantenimento ed è destinato unicamente ai pazienti con un tipo di infiammazione 
delle vie aeree denominata “infiammazione di tipo 2”; 

x infiammazione del naso e dei seni nasali associata a escrescenze (polipi) che ostruiscono le vie 
aeree nel naso (rinosinusite cronica con poliposi nasale). È usato negli adulti in aggiunta al 
trattamento locale con corticosteroidi qualora altri trattamenti non siano stati sufficientemente 
efficaci; 

x prurigo nodulare da moderata a severa (una malattia cutanea di lungo periodo con un’eruzione 
cutanea che causa noduli con forte prurito) negli adulti. È usato con o senza corticosteroidi topici 
(applicati sulla pelle); 

x esofagite eosinofila (una condizione allergica dell’esofago) negli adulti e nei bambini di età 
superiore ai 12 anni che non possono assumere una terapia convenzionale o per i quali non 
funziona. 

Dupixent contiene il principio attivo dupilumab. 

Come si usa Dupixent? 

Dupixent è disponibile sotto forma di penne o siringhe pre-riempite di vari dosaggi contenenti 
dupilumab in una soluzione iniettabile sotto la pelle, solitamente nella coscia o nella pancia. Le dosi più 
elevate vengono somministrate con due iniezioni in due siti diversi. La dose dipende dall’età e dal peso 
corporeo del paziente, oltre che dall’affezione trattata. 

Il dupilumab è
disponibile sottoforma
di penne o siringhe
pre-riempite con una
soluzione iniettabile
sottopelle
generalmente nella
coscia o nella pancia.



Epithelial–immune cell interactions in allergic diseases

Eur J Immunol, First published: 07 October 2023, DOI: (10.1002/eji.202249982) 

Epithelial–immune cell interactions in allergic diseases
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Bersagli delle risposte di tipo 2 approvati nella terapia con gli anticorpi

L’anticorpo monoclonale
anti-TSLP (tezepelumab)
ha dimostrato efficacia in
studi clinici per il
trattamento dell’asma ed
è stato approvato dalla
FDA e dall’EMA nel 2022.



Immunoterapia delle reazioni allergiche (AIT)

La prevenzione e il trattamento di molte
malattie che sono causate dalla disregolazione
della risposta immunitaria si basano su strategie
atte ad indurre la tolleranza all’antigene.

Nel caso delle allergie in clinica viene usata
l’immunoterapia all’allergene (AIT) che si basa
sulla induzione della tolleranza ad allergeni
quali pollini, acari della polvere e veleni.

Questo trattamento consiste nella
somministrazione di piccole ma crescenti
quantità di allergene per via sottocutanea o
sublinguale.

L’AIT si utilizza nel trattamento di riniti e asma.
Oltre a ridurre i sintomi delle reazioni allergiche
ha l’obiettivo di modificare il corso della
malattia allergica inducendo una tolleranza
antigene specifica. I suoi effetti includono: la
riduzione di sintomi, la riduzione nell’uso di
farmaci e il miglioramento della qualità della
vita.



Treg

IgG4

IgE
degranulazione 
mastociti 

Risposta immunitaria durante l’immunoterapia allergene specifica 

Numero di mastociti 
e eosinofili tissutali

Reattività allo skin test



Studi nel modello animale hanno
dimostrato che i linfociti T
regolatori svolgono un ruolo
essenziale nella induzione e nel
mantenimento della tolleranza
all’allergene. Dopo qualche
settimana dall’inizio della
immunoterapia si osserva una
induzione preferenziale di linfociti
T regolatori.
I Treg sono una sottopopolazione
soppressiva di linfociti T che in
condizioni normali mantengono la
tolleranza verso gli autoantigeni
prevenendo la reattività verso il
proprio organismo.

Meccanismi alla base della soppressione 
dell’infiammazione allergica nell’AIT 

expression, thus ensuring Treg cell lineage identity.65 A molecular
mechanism linking TGF-b and FOXP3 expression in humans was
reported demonstrating that the induction of RUNX1 and RUNX3
by TGF-b is essential for the generation and suppressive function
of induced Treg cells.66 Although TGF-b drives the conversion of
naı̈ve T cells into Treg cells,67 it mainly promotes the generation of
Th17 cells in the presence of IL-6.68 Other metabolites such as
retinoic acid contribute to the balance of Th17 and Treg cells by
enhancing the expression of FOXP3 through a STAT3/STAT5-
independent mechanism.69 It was also demonstrated that the
inhibition of FOXP3 expression by direct GATA3-binding to the
promoter region constitutes a mechanism for the inhibition of
tolerance by Th2-type immune response.70 Recent findings
indicated that the expression of FOXP3 alone is not sufficient for
conferring Treg cell function and phenotype. It was demonstrated
that Treg-cell-specific epigenetic changes are also critical for the
maintenance of FOXP3 expression, Treg cell differentiation and to
establish a stable lineage.71,72 In addition, detailed biochemical
and mass spectrometry analysis revealed that FOXP3 associates to
other transcription factor partners to control distinct aspects of
Treg cell biology.73 Novel findings have also shown that
alternative transcriptional programs, including those regulated
by FOXO1 control Treg cell function.74 The study of the epigenetic
changes leading to FOXP3 expression and maintenance as well as
the role played by other transcriptional programs is a new exciting
area of research that may contribute to determine the pathways
involved in the establishment of functional nTreg cells.

IL-10-PRODUCING TYPE 1 TREG (TR1) CELLS
In addition to naturally occurring CD4þCD25þFoxp3þ Treg cells,
Tr1 cells represent a key subset of iTreg cells generated in the
periphery after antigenic stimulation characterized by high levels
of IL-10 production and regulatory/suppressive properties.10,75

Different studies demonstrated that the generation of IL-10-
producing Tr1 cells has a very important role in the maintenance
of healthy immune response in different diseases, such as allergy,
autoimmunity or graft-versus-host disease.10,76,77 Tr1 cells are
generated after constant exposure to peripheral antigens in the

presence of IL-10. Although the main cytokine produced by Tr1
cells is IL-10, they also produce low/medium levels of TGF-b, IFN-g
and IL-5, but not IL-4 nor IL-2, which could be a limitation for
therapeutic interventions.78,79 Tr1 cells suppress effector T cell
responses by mechanisms that depend on IL-10 and also TGF-b
and produce perforin and granzymes to kill antigen-presenting
cells.75 A strategy designed to generate Tr1 cell-secreting IL-10,
in the absence of Th1- and Th2-associated cytokines, has
utilized in vitro stimulation of CD4þ cells in the presence of
glucocorticoids, either alone or more effectively, together with the
active form of vitamin D, 1a25-dihydroxyvitamin D3, cytokines
(IL-10 and IFN-a or TGF-b and IL-27) or anti-CD3 in combination
with anti-CD46 monoclonal antibodies. Similarly, a wide range of
antigen administration protocols has been used to induce Tr1
cells, not only in vitro, but also in vivo. These cells were able
to regulate autoimmunity in vivo (experimental allergic
encephalomyelitis or EAE) in an IL-10-dependent manner.80

Interestingly, in mice, these drug-induced Tr1 cells were shown
to have similar suppressive properties toward naturally occurring
Treg cells in vitro. In addition, they were able to inhibit naı̈ve T cells
via cell contact-dependent pathways, even though they did not
express Foxp3.81 In humans, these drug-induced Tr1 cells inhibited
the proliferation and cytokine responses of naı̈ve as well as
established Th1 and Th2 cells, including allergen-specific Th2 cell
lines.82 Interestingly, the enforced expression of IL-10 by
transducing human CD4þ T cells with a bidirectional lentiviral
vector encoding for human IL-10 leads to a stable T-cell
population that recapitulated the phenotype and function of Tr1
cells.83 Recent findings demonstrated that the coexpression of
CD49b and lymphocyte activation gene--3 identifies human and
mouse functional Tr1 cells.76 The authors proposed the
combination of these two markers to track Tr1 cells in vivo and
to purify them for cellular therapy aiming at restoration of
immune tolerance.

MECHANISMS OF GENERATION OF TREG CELLS: ROLE OF DCS
DCs have an essential role in the initiation of adequate immune
responses and directly participate in the generation of functional

Figure 2. Treg cells inhibit allergic inflammation by different modes of action. Immature DCs or mature DCs conditioned by different stimulus
such as Treg cell-derived molecules, exogenous signals or specific molecules produced by probiotics or pathogens promote the generation of
functional Treg cells able to inhibit the ongoing allergic diseases by acting on different cells and tissues. Treg cells directly or indirectly inhibit
the activation of effector T cells (Th1, Th2 and Th17), basophils, mast cells and eosinophils, inhibit inflammatory DCs promoting
the generation of tolerogenic DCs, suppress the production of IgE, induce IgG4 and suppress the infiltration of T cells to inflamed tissues
and remodeling. ICOS, inducible costimulatory molecule; IDO, indoleamine 2,3-dioxygenase; ILT, immunoglobulin-like transcripts;
PD-1, program death 1; RA, retinoic acid; RALDH, retinaldehyde dehydrogenase.
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Le cellule regolatorie possono originare
direttamente dal timo e prendono il nome
di natural Treg T CD4+ CD25+ FOXP3+ o
possono essere indotte in periferia in
condizioni tollerigeniche (assenza di una
forte attivazione dell’immunità innata).
FOXP3 è il principale fattore di trascrizione
responsabile della generazione delle Treg.
Esistono anche popolazioni di cellule T
regolatorie che non esprimono FOXP3 e
che includono:
cellule Tr1 , popolazione di cellule T
attivate nella periferia dopo stimolazione
da parte dell’antigene in presenza di IL-10
esprimenti LAG-3 e CD49b, FOXP3-

producono elevati livelli di IL-10.
Th3 che differenziano sempre in periferia
e mediano la soppressione mediante la
secrezione di TGF-β;

Ruolo delle Treg nell’AIT 

Mouse immune tolerance models have been well studied and
the role of Treg cells in allergen tolerance has been demonstrated
in adaptive transfer models.22 Obviously, in humans, immune
tolerance studies are more difficult to obtain evidence at the level
of mouse models, but none of the human reported studies have
shown any similarity to anti-viral or anti-bacterial vaccines. There
are three levels of evidence that prove this concept in humans.
First, the relationship of clinical non-reactivity (allergen tolerance)
to allergens and immune tolerance could be observed in two
types of direct tissue analysis. One of them is investigation of skin
late phase responses, and the second one is investigation of nasal
mucosa biopsies in allergic rhinitis. These data show decrease in
Th2 cells and eosinophils in both cases by AIT and a parallel
increase in these tissue Treg cells and their related cytokines.23,24

Similar data have been shown also in T-cell epitope peptide
immunotherapy.25 In addition, allergen tolerance in beekeepers is
also associated with similar mechanisms and decreased skin late
phase responses.10 Second, direct analysis of human peripheral
blood cells without any further culture has been obtained for
mechanisms of allergen tolerance in healthy beekeepers, who are
exposed to high dose of venom allergens and also during AIT.
Allergen tetramer-positive CD4þ antigen-specific T cells have
been analyzed or cytokine-secreting cells have been purified in
these studies, and the data demonstrate that allergen-specific
Treg cells increase in these clinical allergen tolerance models.10,26

Third, in both allergen extract and peptide immunotherapy,
peripheral T-cell tolerance has been shown with the development
of decreased T-cell reactivity to whole allergens and their T-cell
epitope peptides at the cell culture level.25,27

The essential role played by the inhibitory cytokines interleukin
(IL)-10 and transforming growth factor (TGF)-b produced by Treg
cells in the immunosuppression of allergic reactions has been
studied in detail during the last decades. In addition, a regulatory/
suppressor role for IL-10-secreting B cells has been recently
suggested.13 Dendritic cells (DCs), natural killer cells, epithelial
cells, macrophages and glial cells also express suppressor
cytokines such as IL-10 and TGF-b.28 Apparently, multiple
cellular and molecular mechanisms have roles on allergen
tolerance. The aim of this review is to discuss mechanisms of
immune regulation of allergic diseases with special focus on the
role played by the immunosuppressive cytokines IL-10 and TGF-b
produced by Treg cells in the establishment of tolerance to
allergens.

ROLE OF TREG CELLS IN THE INDUCTION OF IMMUNE
TOLERANCE TO ALLERGENS
Treg cells comprise a group of different T-cell subsets with
suppressive capacity being essential not only to avoid excessive
immune responses to pathogens, but also for the induction of
immune tolerance.29 For long time, it has been accepted based on
mouse experiments that exposure to high doses of antigens leads
mainly to anergy or clonal deletion of antigen-specific T cells,
whereas low doses induce preferentially Treg cells.30,31 Recent
findings in mice demonstrated that exposure to high doses of
antigens through the oral route induced allergen-specific Treg
cells, thus supporting the main role of Treg cells in the generation
of oral tolerance to allergens.32,33

Two broad subsets of CD3þCD4þ Treg cells have been
described (Figure 1). These are the thymus-derived naturally
occurring CD4þCD25þ forkhead box protein 3 (FOXP3)þ Treg
cells, also called natural Treg (nTreg) cells, and the inducible Treg
(iTreg) cells. The iTreg cells are generated in the periphery after
antigenic stimulation34 and three main subsets have been
characterized: (i) induced FOXP3þ Treg cells, (ii) CD4þFOXP3"

IL-10-producing type 1 Treg (Tr1) cells and (iii) TGF-b-expressing
TH3 cells.35 In humans, these cells co-exist in many immune
tolerance-related situations such as allergic or autoimmune

diseases.36 In addition, other Treg cell populations, such as
CD8þ Treg cells,37 double negative CD4–CD8– TCRabþ Treg cells,
which mediate tolerance in several experimental autoimmune
diseases,38 and TCRgd Treg cells, which can have a role in the
inhibition of immune responses to tumors,39 have been described.

There are several important tissues in the body, where the
generation of tolerance to allergens through the generation of
allergen-specific Treg cells and regulatory B cells take place
including tonsils, gastrointestinal mucosa, respiratory tract, skin
and oral mucosa.11–13,40,41 The detailed mechanisms underlying
immune tolerance in gastrointestinal tissues have not been
completely understood yet. Interestingly, it has been recently
shown that human tonsils have important roles in immune
tolerance, where the generation of functional allergen-specific
iTreg cells occurs by mechanisms partially depending on
plasmacytoid DCs (pDCs).11 In that study, tonsil allergen-specific
Treg cells were detected using major histocompatibility complex
class II tetramer molecules coupled to specific peptides of the
allergen, Bet v 1, which showed allergen-specific suppressive
effect on T cells. Supporting these data, two other studies
demonstrated that extrathymic Treg cells might develop in
tonsils.42,43 In addition, T-cell cytokine profile of tonsils from
allergic patients is characterized by low levels of interferon (IFN)-g,
T-bet and IL-10 with increased Th2/Th1 ratio in polyallergic atopic
individuals an indicative of the atopic status.12

For a long time, it has been an open question how allergen
tolerance is broken in sensitized individuals. It was recently
demonstrated that triggering of Toll-like receptor (TLR)-4 or TLR8
and proinflammatory cytokines, such as IL-1b and IL-6, breaks
allergen-specific T-cell tolerance in human tonsils and peripheral
blood.12 Particularly, myeloid DCs are essential in breaking
allergen tolerance, whereas pDCs do not change the tolerance
status. Considering that relatively large lingual tonsil is not
removed by tonsillectomy and remains life-long intact, it is
reasonable to conceive that tonsils represent the immunological
sites, where immune tolerance induction during successful
sublingual immunotherapy may take place, thus representing a
potential novel target for future therapeutic interventions.11,12

NATURALLY OCCURRING CD4þCD25þFOXP3þ TREG CELLS
Thymic-derived nTreg cells represent less than 5% of the T-cell
population in healthy mice and humans. Concerning the
generation of nTreg cells, there are two hypotheses. One suggest
that nTreg cells emerge from the thymus as a distinct subset of
mature T cells with defined functions.44 Conversely, other studies
demonstrated that Treg may arise from naive T cells in the
periphery.34 The relative contribution of the two pathways in vivo

Figure 1. Different subsets of Treg cells. The naturally occurring
CD4þCD25þFOXP3þ Treg (nTreg) cells are generated in the
thymus, whereas three different subsets of inducible Treg (iTreg)
cells can be generated in the periphery: (i) FOXP3þTreg cells,
(ii) CD4þFOXP3" IL-10–producing Tr1 cells and (iii) TGF-b-expressing
TH3 cells.
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other effector T cells into inflamed tissues.65 Importantly, Tregs may 
interact with resident tissue cells and contribute to tissue remodel-
ing.61,62 For example, in asthma, Treg- derived TGF- β constitutes an 
important factor for lung healing with important immunomodulatory 
and fibrogenic activities that might aim to contribute to the repair of 
asthmatic airways but end up with incorrect remodeling with some 
fibrosis.66 The role of TGF- β produced by Tregs in asthma is complex 
and needs to be further investigated as many other cells including 
eosinophils and tissues also produce TGF- β. Recently, it has been 
demonstrated that the numbers of Tregs in the asthmatic patients 
are significantly reduced during viral and non- viral exacerbations, 
supporting their essential role in lung homeostasis and possibility of 
breaking allergen tolerance by viral infections.17,47,67,68

ƒĺƐՊ|Պ$_�l�vŊ�7;ub�;7��	Ɠ+ �	ƑƔ+ 
o�rƒ+ Tregs

Thymus- derived Tregs (tTregs) cells represent <5% of the T- cell popu-
lation in healthy mice and humans.69 There is still some controversy 
regarding their in vivo generation, mainly due to the lack of defini-
tive markers to distinguish between tTregs generated in the thymus 
or potentially induced in the periphery.53,70 Different studies suggest 
that tTregs specific for self- peptides arise from the thymus, whereas 
those required to avoid pathologies triggered by antigens/allergens 
may be generated in the periphery from naïve T cells after antigen 
encounter.71,72

The forkhead- winged transcription factor FOXP3 (forkhead box 
P3) is the master switch transcription factor for the generation of func-
tional tTregs.73,74 Although FOXP3 is exclusively expressed by tTreg 
cells in mice,75,76 in humans it might be also expressed in a  proportion 
of activated T cells.77 The role of FOXP3 for tTregs development was 

initially demonstrated in mice with a deletion in the forkhead domain 
of FOXP3 (scurfy mice), showing an intense multiorgan inflammatory 
response associated with allergic airway inflammation, a  striking hyper 
IgE, eosinophilia, and dysregulated Th1 and Th2 cytokine  production.78 
More recently, essential in vivo functions of Tregs have been demon-
strated in the DEpletion of REGulatory T cells (DEREG) mice,79–81 
allowing selective depletion of FOXP3+ Tregs.

The key role of FOXP3 for functional tTregs development in humans 
was definitely confirmed in subjects with typical severe autoimmune 
and allergic phenotype starting on from infancy, including eczema, 
food allergy, and eosinophilic inflammation. These patients suffer from 
the immune dysregulation polyendocrinopathy enteropathy- X- linked 
syndrome or the X- linked autoimmune and allergic dysregulation syn-
drome, characterized by mutations in FOXP3.82,83 The retroviral trans-
duction of FOXP3 and allergen- specific TCR αβ- chains allowed the 
generation of allergen- specific Tregs with suppressive capacity.84 The 
knowledge of the molecular mechanisms involved in the control of 
FOXP3 expression has also improved in the last years. TGF- β induces 
RUNX1 and RUNX3, which are essential for FOXP3 expression and for 
the generation of Tregs with suppressive capacity.85 GATA- 3 binds to 
the promoter region of FOXP3 inhibiting its expression, which consti-
tutes a mechanism by which Type 2 immune responses might inhibit 
tolerance.86 Treg- cell- specific epigenetic changes are also critical for 
the maintenance of FOXP3 expression and functional and stable 
Tregs generation.76,87,88 In mice, it was shown that FOXP3 partners 
with other transcription factors to control distinct biologic aspects of 
Treg cells.89 Other transcription factors such as FOXO1 play important 
roles in the control of functional Tregs cells.76,90

Different surface markers have been identified to be highly 
expressed by tTregs but none of them are fully specific and are also 


 ��&!� �ƒՊTreg cells suppress allergic reactions by inhibiting different key inflammatory events. Steady- state dendritic cell (DCs) or DCs 
conditioned by exogenous signals, ECs, pathogens, microbiota, etc., promote the generation of different types of functional Treg cells that 
employ four main mechanisms for suppression (inhibitory cytokines, cytolysis, metabolic disruption, and targeting DCs) using a plethora of 
soluble and surface- bound molecules. Treg cells prevent and inhibit ongoing inflammation by acting on many different cell types driving allergic 
inflammation including B cells, endothelial and smooth muscle cells, effector cells, DCs, T cells, and tissues

Meccanismi di soppressione della risposta immune da parte delle Treg

FIGURE 2 | Mechanisms of Treg suppression. (A) Disruption of metabolic 
pathways. The ectoenzymes CD39 and CD73, expressed on Tregs, result in 
the metabolism of ATP to AMP and in turn producing the immunoregulatory 
purine, adenosine. Tregs have also been found to express high levels of 
intracellular cAMP. This is transferred to T effector cells through gap 
junctions, which leads to the upregulation of ICER and in turn the inhibition of 
NFAT and Il-2 transcription leading to apoptosis by IL-2 deprivation. 
(B) Modulation of APC maturation and function. The interaction of CTLA-4 on 
Tregs with its ligand CD80/86 on APCs delivers a negative signal for T cell 
activation. CTLA-4’s mechanism of action is varied including the capture of 
its APC-expressed ligands and subsequent trans-endocytosis and also the 
upregulation of IDO and the generation of kynurenines. (C) Anti-in"ammatory 
cytokine production. The secretion of anti-in"ammatory cytokines, such as 
IL-10, IL-35, and TGF-β, has been linked with inhibition of T cell activation 
in vivo. (D) Induction of apoptosis. Tregs have the capacity to directly induce 
apoptosis via granzyme A/B and perforin, TRAIL, the Fas/Fas-ligand 
pathway, the galectin-9/TIM-3 pathway, or the production of galectin-1. 
Abbreviations: APC, antigen presenting cell; AMP, adenosine 
monophosphate; ATP, adenosine triphosphate; cAMP, cyclic adenosine 
monophosphate; CD, cluster differentiation; CTLA-4-cytotoxic T lymphocyte 
antigen-4; DC, dendritic cells; ICER, inducible cAMP early repressor, IDO, 
indoleamine 2,3-dioxygenase IL, interleukin; NFAT, nuclear factor of activated 
T cells; TGF-β, transforming growth factor-β; TIM-3, T cell immunoglobulin 
and mucin domain-3; TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; Treg, regulatory T cells.
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Series of pre-clinical rodent models of skin and cardiac trans-
plantation demonstrated that Tregs present in the recipient at the 
time of transplantation are critical in the induction and mainte-
nance of tolerance [reviewed in Ref. (35)]. Additionally, mouse 
models of BMT further supported the importance of adoptive 
Treg therapy, whereby the transfer of freshly isolated Tregs 
together with the bone-marrow allogra! resulted in amelioration 
of gra! versus host disease (GvHD) and facilitated engra!ment 
(36, 37).

Moreover, adoptive transfer of Tregs has been shown to pre-
vent rejection in other murine models of transplantation, such as 
pancreatic islets (38).

An issue for consideration in Treg cell therapy in transplan-
tation is the relevance of Treg allospeci"city with the selective 
advantage that the immunomodulatory function of these cells 
would be concentrated at the site of alloantigen and immune 
activation (39). An additional advantage of alloantigen-speci"c 
cellular therapy is that undesirable pan-suppression, resulting in 
increased risk of infections and cancers, is less likely to occur.

Although the indirect pathway has been implicated in acute 
gra! rejection (40), its in#uence has been more closely associated 
with chronic allogra! rejection (41). Indeed, much evidence sug-
gests that for tolerance to occur, this is the pathway that needs to 
be regulated and it is this pathway of allorecognition that is used 
by Tregs for immunoregulation (29, 41–44).

In agreement, we have shown that using Tregs with indirect 
pathway anti-donor allospeci"city for a single MHC class I result 
in the induction of donor-speci"c transplantation tolerance in a 
murine skin transplant model following thymectomy and selec-
tive T cell depletion (45). However, in a later study, we reported 
that Treg lines speci"c for directly and indirectly presented 
alloantigens are needed to induce inde"nite survival of MHC-
mismatched heart allogra!s, with Tregs with indirect allospeci-
"city necessary to prevent chronic vasculopathy (46). Moreover, 
Jo$re et  al. have provided additional evidence that Tregs with 
direct allospeci"city alone cannot protect against chronic rejec-
tions (47) supporting the notion that Tregs with both speci"cities 
are necessary to control allogra! rejection.

Additional support for the use of alloantigen-speci"c Tregs 
in the transplant setting has been made available by the use of 
currently available humanized mouse models of allotransplanta-
tion (48–52). &ese models are based on the reconstitution of 
immunode"cient mice with human immune cells. Our group 
has recently shown the e'cacy of human Tregs with direct allo-
speci"city in preventing alloimmune dermal tissue injury using 
a humanized mouse model of skin transplantation in which only 
T cells have engra!ed (53). &e general consensus throughout 
these studies concluded that donor antigen-speci"c Tregs are 
more e$ective as compared to polyclonal Tregs.

In addition to the evidence supporting the importance of 
antigen-speci"c Tregs in preventing solid-organ rejection, a!er 
BMT donor-speci"c Tregs have been shown to preserve gra! 
versus tumor activity, while inhibiting GvHD (54). However, 
further studies in the context of GvHD have reported that the 
transfer of Tregs enriched for alloantigen-speci"city showed only 
moderately improved e'cacy when compared to polyclonal Treg 
cell populations (55). As such, phase I clinical trials, using poly-
clonal Tregs, following hematopoietic stem cell transplantation 
have been conducted (56–58).

Such adoptive transfer experiments in rodents, therefore, have 
informed and instigated e$orts to harness the immunoregulatory 
properties of these cells in novel tolerance promoting strategies 
in the prevention of rejection a!er organ transplantation. &us, 
“tipping the balance” in favor of regulation by directly applying 
ex vivo-expanded Tregs is a promising strategy. In the next sec-
tion, we will highlight the advances in the "eld in view of Treg 

• Le T reg producono citochine inibitorie (IL-10,
TGF-b, IL-35) per i linfociti T e le cellule
dendritiche.

• Le Treg rilasciano elevati livelli di ATP che è
convertito dal CD39 e CD71 ad adenosina che
interferisce con l’attivazione delle cellule T.

• Le Treg producono elevati livelli di cAMP che
viene trasferito alle cellule T e blocca la
trascrizione di IL-2

• Le Treg esprimono costitutivamente CTLA4 e
modulano la maturazione e le funzioni delle APC
mediante l’interazione CTLA-4 con le molecole B7

• Le Treg sono in grado di indurre apoptosi delle
cellule bersaglio attraverso la secrezione di
Granzyme B/A e perforine.



have greater immunosuppressive effects than non- 
apoptotic Treg cells84,85. Apoptosis in Treg cells has been 
attributed to their weak NRF2-associated antioxidant 
system and thus high vulnerability to reactive oxygen 
species generated in the TME84. Apoptotic Treg cells in 
the TME have been shown convert large amounts of  
ATP to adenosine via CD39 (also known as ecto-
nucleoside triphosphate diphosphohydrolase 1) and 
CD73 (5ʹ-nucleotidase), thereby suppressing the 
activity of local immune cells through the adenosine 
A2A receptor pathway84,85.

One possible mechanism of the seemingly strong 
activation of Treg cells in the TME is that proliferat-
ing and dying tumour cells present a large number 
of self- antigens, which are preferentially recognized 
by Treg cells86. Furthermore, tumours can contain a 
subset of immature dendritic cells that promote the 
activation and/or proliferation of Treg cells in a TGFβ- 
dependent manner in animal models86,87. Indeed, the 

TCR repertoire of tumour- infiltrating Treg cells is skewed 
— perhaps towards self- antigens — and largely dis-
tinct from that of tumour- infiltrating Tconv cells, which 
is characterized by a high level of diversity, indicating 
that Treg cells recognize specific self- antigens and are 
able to clonally expand in the TME88,89. At this stage, 
whether the antigens recognized by Treg cells are exclu-
sive or shared with TH cells is unclear86,90; however, 
Treg cells usually harbour higher- affinity TCRs than 
those of Tconv cells and thus should predominantly be 
activated even in competition with Tconv cells in the TME. 
These findings mainly come from animal models and,  
in particular, the existence of TGFβ- induced Treg cells in  
humans has not been demonstrated unequivocally; 
therefore, studies of human tumour specimens are war-
ranted in order to elucidate the phenotypes and origins 
of tumour- infiltrating Treg cells.

The epigenetic landscape of Treg cells has been well 
investigated50–53, as discussed; however, the epigenomic 
profiles of tumour- infiltrating Treg cells, which might 
provide insights into their origin and the mechanisms 
of activation, remain unclear. In a study that was mainly 
focused on the epigenetic changes that occur during 
effector T cell exhaustion, Treg cells were found to have a 
similar tendency for epigenetic changes associated with 
effector T cell exhaustion in a mouse model of chronic 
viral infection91. Again, data from patient samples are 
limited, and further investigations of the epigenetics of 
human tumour- infiltrating Treg cells are required.

#EEWOWNCVKQP�QH�6reg|EGNNU�KP�VJG�VWOQWT�OKETQGPXK-
TQPOGPV��One can envisage that Treg cells are chemo- 
attracted to the TME, where they can recognize their 
cognate antigens, become activated and proliferate, par-
ticularly in humans — evidence of Treg cell induction in 
the periphery in humans remains obscure, as described 
above; thus, tumour- infiltrated Treg cells are unlikely to 
be iTreg cells induced from Tconv cells in the TME. The 
chemotaxis of Treg cells to the TME is mediated though 
combinations of chemokines and their receptors (for 
example, CCL22–CCR4, CCL28–CCR10, CXCL12–
CXCR4, CCL5–CCR5 and/or CCL1–CCR8), which 
vary between cancers5,92–97. In mouse models, blockade 
of chemotactic signalling using antibodies or small mol-
ecules (for example, targeting CCR4) can reduce Treg cell 
accumulation in tumours15. Indeed, Treg cell- recruiting 
chemokines are produced by macrophages and/or 
tumour cells in the TME5,92–96. Furthermore, some CD8+ 
T cells, particularly dysfunctional, exhausted CD8+ 
T cells within tumours, can also produce such chemo-
kines, including CCL1 and CCL22 (REFS14,15). However, 
these chemokines might also recruit Tconv cell popula-
tions with similar profiles of chemokine receptor expres-
sion; therefore, further studies using animal models and 
human samples are required to define the mechanisms 
of Treg cell recruitment and thereby establish whether 
specific targeting of Treg cell chemotaxis is possible.

In addition, cancers exploit different immune escape 
mechanisms that are sometimes dependent on particular 
tumour intrinsic factors, such as driver gene alterations; 
for example, aberrations in components of the WNT–β- 
catenin pathway, PTEN, LKB1 (also known as STK11), 
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Meccanismi di immunosoppressione mediati dalle Treg

Le Treg esprimono
elevati livelli del
recettore ad alta affinità
dell’IL-2 (CD25). Per
questo le Treg deprivano
di IL-2 le altre cellule T.



cells generated in the presence of tumor cells express
ectonucleotidases (CD39 and CD73) and Cyclooxygenase 2
(COX-2). Adenosine, one of the major immunosuppressive
factors is produced by CD39 and CD73, and prostaglandin E2
(PGE2) is the product of COX-2. They bind their receptor A2aR
and EP2R respectively, and increase intracellular cyclic
adenosine monophosphate (cAMP) levels via the enzymatic
hydrolysis of extracellular adenosine triphosphate (eATP), a
strong pro-inflammatory signal. Elevated cAMP disrupts
effector T cell metabolism (40). In addition, AhR boosts Tr1
cell differentiation through HIF1-a degradation, while eATP and
HIF1-a induced by inflammation destabilize AhR and inhibit
Tr1 cell differentiation. Crosstalk between HIF1-a and AhR
regulates the differentiation of Tr1 cells through a metabolic
program associated with aerobic glycolysis (41).

Taken together, Tr1 cells promote immunological tolerance
through multiple mechanisms. It is tempting to reason the
suppressive mechanism of Tr1 cells in patients might be
associated with the origin of Tr1 cells, the stage of the disease,
and pathological microenvironment.

TR1 CELL INDUCTION

The induction of Tr1 cells were first found in the periphery upon
antigen exposure under tolerogenic conditions (42). Until now,
several methods have been established to induce Tr1 cells in vitro
and in vivowhich are essential for studying the role of Tr1 cells in
transplantation and for developing appropriate therapeutics.
Tr1-cell inducers include:

Cytokines
Cytokines, cytokine receptors and transcription factors establish
a signaling transduction network to induce Tr1 cells in vitro and
in vivo (Figure 3). IL-10 and other cytokines are used for Tr1 cell
generation. Human and murine Tr1 cells are induced by chronic
stimulation of CD4+ T cells with IL-10 (2). Several methods have
been identified to induce murine Tr1 cells. STAT3-dependent
activation by the IL-10/IL-10R interaction is the main driving
force, and other STAT3 activating cytokines such as IFN-a, IL-6
and IL-27 also promote murine IL-10-producing Tr1 cells (25,
43–45). Among them, IL-27 is the best-studied cytokine.
However, the role of IL-27 in inducing human Tr1 cells
remains unclear. Moreover, IL-10 in combination with anti-
CD45RB mAb and Rapamycin or G-CSF is good for induction of
murine Tr1 cells in vivo (46).

The interesting alternative ways to generate human Tr1 cells
are to constitutively over-express IL-10. The use of lentiviral
vector (LV)-mediated IL-10 gene transfer converts human
conventional CD4+ T cells into Tr1-like cells. The method
allows the generation of a large number of Tr1 from the
peripheral blood of patients for clinical practice (39, 47). In
addition, APVO210, a bispecific fusion protein composed of an
anti-CD86 antibody fused with monomeric IL-10 is used for
inducing human Tr1 cells in vivo which had a lesser pleiotropic
compared to IL-10. APVO210 differentiates CD14+ monocytes
into tolerogenic DCs. The tolerogenic DCs are able to induce Tr1
cells by producing high levels of IL-10 (48). However, the new
clinic data show the repeated doses of APVO210 could induce
increasing titers of anti-drug antibodies (ADA) which lead to the
failure of the clinical trial. Further improvements of APVO210 to

FIGURE 2 | Multiple suppressive mechanisms of Tr1 cells in immune responses. The mechanisms of Tr1 cells to inhibit effector cells include: (1) Tr1 cells exert their
suppressive function primarily via the secretion of IL-10 and TGF-b. (2) Tr1 cells contact and suppress other effector cells through inhibitory receptors, including
CTLA-4 and PD-1. (3) Tr1 cells selectively kill myeloid APCs via secretion of Granzyme B and perforin to inhibit effector T cells. (4) CD39 and CD73 on Tr1 cells
produce adenosine which increase intracellular cAMP levels and disrupts effector T cell metabolism.
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I due subset di cellule T
regolatorie inducibili indotte
dall’AIT sono le FOXP3+ e le
Tr1.
Durante l’AIT l’analisi dei
tessuti e della risposta
tardiva all’allergene nella
cute di individui allergici ha
dimostrato un aumento di
cellule Treg e un decremento
di linfociti Th2 e eosinofili.
Inoltre la somministrazione
sottocutanea o sublinguale
dell’allergene si associa ad un
incremento di citochine che
mediano la tolleranza (IL-10
TGF-b) prodotte dalle Treg.

.

Cellule regolatorie e tolleranza agli allergeni 



Nel corso dell’AIT le Treg
producono IL-10 che
downregola:
• l’espressione delle molecole
MHC e costimolatorie sulle APC
e inibisce la produzione di
citochine proinfiammatorie.
•IL-10 riduce la produzione di
Th2 e down regola l’attivazione
degli eosinofili.
•L’IL-10 down regola
l’espressione dell’FceRI sui
mastociti.
•L’IL-10 favorisce la produzione
di IgG4.

Ruolo dell’IL-10 nell’AIT



Modificazioni della risposta anticorpale  durante l’AIT 

Oltre ad un aumento di Treg
nell’AIT si osserva un aumento di
una sottopopolazione di linfociti B
che producono IL-10 (Breg).
L’importanza delle cellule Breg
nella tolleranza agli allergeni è
stata dimostrata in studi sugli
apicoltori. Le cellule B isolate dagli
apicoltori che non sviluppano
allergia alla fosfolipasi A2
(maggiore allergene nel veleno
delle api) producono elevati livelli
di IL-10 e esprimono elevati livelli
di mRNA delle IgG4. Cellule B
producenti IL-10 e IgG4 specifiche
sono state evidenziate anche
durante l’immunoterapia con il
veleno.
Nell’uomo è stato dimostrato che
le cellule B esprimenti IgG4
derivano da cellule B reg inducibili
e producenti IL-10.



Modulazione della risposta anticorpale durante l’AIT 

Durante l’AIT si osserva un aumento
transiente nei livelli di IgE specifiche
per l’allergene nel siero.
Successivamente a distanza di mesi o
anni si osserva una graduale
diminuzione delle IgE. Al contrario si
sviluppano anticorpi di isotipo IgG4 sin
dalle prime somministrazioni
dell’allergene. Tali anticorpi possono
essere specifici per lo stesso epitopo
delle IgE e quindi agire da competitori.
Gli anticorpi allergene specifici di
isotipo IgG4 agiscono catturando
l’allergene prima che esso raggiunga le
IgE legate ai mastociti

Le IgG4 non sono in grado di attivare il
complemento conferendo a questo
isotipo un effetto anti-infiammatorio.



Effetto dell’AIT sui mastociti basofili e eosinofili  

La desensibilizzazione
dei mastociti e dei
basofili che è
caratterizzata da una
diminuzione della
degranulazione ha
luogo sin dal primo
trattamento con AIT e
persiste durante tutto il
trattamento.
Nei basofili il blocco
della attivazione
indotta dall’FceR è
mediata dalla up-
regolazione del
recettore 2
dell’istamina HR2.



L’efficacia clinica della AIT
è stata dimostrata per
l’asma e la rinite allergica.
L’AIT resta poco utilizzata a
causa
• Lunghezza del

trattamento per
ottenere l remissione
dei sintomi allergici.

• Assenza di risposta in
alcuni individui.

• Insorgenza di rare
reazioni anafilattiche



Fattori che contribuiscono allo sviluppo delle allergie 

Mentre i fattori ambientali
contribuiscono allo sviluppo
delle allergie, la tendenza di un
individuo a sviluppare una
allergia è legata alla
suscettibilità genetica
dell’individuo.
In una famiglia in cui entrambi i
genitori soffrono di una allergia,
i figli avranno una possibilità
pari al 50% di sviluppare una
allergia rispetto ad una
probabilità del 19% di figli di
famiglie prive di precedenti
storie di allergia.
Alleli specifici di alcuni geni
polimorfici sono stati associati
allo sviluppo di atopia.



Basi genetiche della predisposizione alle allergie

Attraverso diversi approcci (
clonazione posizionale,
caratterizzazione di geni
candidati) è stato possibile
identificare numerose varianti
genetiche che determinano una
aumentata suscettibilità all’asma
o ad altre malattie atopiche.
In questo modo è stato
identificato un locus di
suscettibilità all’atopia sul
cromosoma 5 in prossimità del
gruppo di geni che codifica per
l’IL-4, l’IL-5, l’IL-13. Queste
citochine sono importanti nella
regolazione della produzione
delle IgE e nella crescita e
differenziamento degli eosinofili.



Genome wide association studies (GWAS) on allergy and allergic 
sensitization

L’introduzione di tecniche che permettono di determinare centinaia di migliaia di varianti
genetiche, tipicamente single nucleotide polymorphism (SNP) ha accelerato
l’identificazione di loci di suscettibilità alle malattie allergiche.

Studi GWAS che
hanno investigato la
sensibilizzazione
all’allergene (elevati
livellli di IgE
specifiche per
l’allergene e o prick
test positivo) hanno
permesso di
identificare almeno
18 loci di
suscettibilità.



I geni le cui variazioni sono
state associate all’asma o
all’atopia possono essere
distinti in gruppi:
A) geni codificanti molecole
associate all’induzione delle
risposte allergiche attraverso
l’attivazione dei linfociti Th2
(MHC).
B)geni per molecole che
regolano il differenziamento
e le funzioni effettrici dei
linfociti Th2 (GATA-3, STAT6).
C)geni che codificano per
chemochine e fattori che
mantengono l’integrità degli
epiteli.

Potenziali pathway patogenici nelle malattie allergiche



Genetica delle malattie allergiche e della marcia atopica 

Studi genetici hanno dimostrato l’importanza dei difetti della barriera
epiteliale nello sviluppo della dermatite atopica e di altre malattie
allergiche.

In particolare mutazioni in geni che codificano per importanti componenti
della barriera epiteliale (filaggrin, serin peptidasi inhibitor Kazal-type
(SPINK5) e corneodesmosin) sono state associate allo sviluppo di
dermatite atopica.

Mutazioni della filaggrina causano l’ittiosi volgare che è un disordine della
cheratinizzazione della pelle; mutazioni di SPINK5 e CDSN causano
sindromi da esfoliazione della pelle.



Dermatite atopica
La dermatite atopica (AD) è caratterizzata da
lesioni croniche della pelle, eczematose,
secche e pruriginose. La dermatite atopica
fa parte della triade atopica che include
l’asma e la rinite allergica.
Istologicamente la AD consiste in una
iperplasia (aumento del volume di tessuto o
di un organo per aumento del numero delle
cellule) dell’epidermide, con una infiltrato di
linfociti Th2 e cellule dendritiche nel derma
superficiale.
L’AD è diagnosticata in base alla morfologia
tipica, alla distribuzione delle lesioni della
pelle e alla presenza di elevate
concentrazioni di IgE nel siero.
Le lesioni nella dermatite atopica sono
caratterizzate da elevati livelli di IL-4, IL-5 e
IL-13 ed i cheratinociti di queste lesioni
esprimono elevati livelli di TSLP, IL33 e IL-25.



Caratteristiche cliniche dell’ittiosi volgare 

Loss of function mutations in FLG causano
l’ittiosi volgare, un disturbo della pelle
caratterizzato dalla presenza di squame
secche sulla pelle.
Questa patologia è il più frequente
disordine della cheratinizzazione con una
prevalenza di 1 caso su 250 persone ed è
caratterizzata dalla comparsa alla nascita di
pelle secca e desquamazione.
I pazienti affetti da questa malattia non
presentano filaggrina nei granuli
cheratoialini dei cheratinociti dello strato
granuloso dell’epidermide. Le mutazioni
del gene della filaggrina sono associate ad
un ampio spettro di malattie allergiche.



Organizzazione del gene  e proteina filaggrin 

La profilaggrina è una proteina con PM> 400 kDa costituita da una porzione NH2 terminale in
grado di legare il Ca2+ seguita da 10, 11 o 12 filaggrin repeat che sono in grado di legare la
cheratina. La profilaggrina è funzionalmente inattiva e viene tagliata in monomeri di
filagggrina durante il differenziamento dei cheratinociti. Il gene codificante la filaggrina è
localizzato in un gruppo di circa 60 geni coinvolti nel differenziamento dei cheratinociti e
comprende 3 esoni. Il primo esone non è codificante, il secondo codifica una parte del
dominio S100 mentre il terzo codifica quasi l’intera proteina.



Struttura dell’epidermide e ruolo della filaggrina  

Lo strato corneo rappresenta la prima linea
di difesa dell’organismo dall’ambiente
esterno. Lo strato corneo rappresenta
l’ultimo stadio del processo di
differenziamento dei cheratinociti che dallo
strato germinativo progrediscono e formano
lo strato spinoso e granuloso fino a formare
multistrati di corneociti ricchi in lipidi
intracellulari.
La matrice dello strato corneo è costituita
da proteine e lipidi organizzati in doppi-
strati lamellari.



Funzioni della filaggrina e processamento della proteina 

La profillagrina rappresenta la
maggior componente dei granuli
cheratoialini delle cellule dello
strato granuloso dell’epidermide.
Nella zona di transizione fra lo
strato granuloso e lo strato
corneo le cellule dello strato
granuloso daranno origine allo
strato corneo che è costituito da
cheratinociti anucleati, appiattiti
e strettamente impilati (squame).
Nella zona di transizione la
profilaggrina viene trasformata,
ad opera di proteasi, in
monomeri di filaggrina che
legano la cheratina
organizzandola in fasci
contribuendo alla integrità dello
strato corneo e favorendo il
collasso e l’appiattimento delle
cellule squamose.

SB: strato basale; SS: strato spinoso; SG: strato granuloso; SC: strato corneo



Nello strato più esterno la
filaggrina viene degradata
in aminoacidi. Tali
aminoacidi fanno parte
dei fattori idratanti
naturali/natural
moisturizing factors
(NMF). Tali fattori
contribuiscono al
mantenimento del pH
acido della pelle e al suo
effetto anti-microbico.

influences on filaggrin and how they contribute to AD and allergic
disease.

Filaggrin Biology

Filaggrin is a large (37-kD), histidine-rich protein named after its
ability to aggregate keratin intermediate filaments (Filament
aggregating Protein).3 Its larger (>400 kD) precursor profilaggrin is
a highly phosphorylated, functionally inactive polymer. Structur-
ally, profilaggrin comprises a S100 calcium binding motif at the
N-terminal tandemly linked to 10 to 12 filaggrin monomers and a
carboxy-terminal domain.4,5

Filaggrin is crucial to the structure and function of the stratum
corneum (SC). The SC provides the physical barrier and acts as the
first line of host defense against the environment, pathogens, and
allergens and is critical for water homeostasis. The epidermis
continuously regenerates over approximately 28 days, concluding
in the terminal differentiation process known as keratinization or
cornification. Migration of keratinocytes from the basal to upper
spinous and granular layers marks the onset of cornification.6 This
process results in a toughmultilayer cornified envelope made up of
10 to 20 layers of dead cells. The cornified envelope is surrounded
by lipids. During differentiation, keratinocytes produce lipids and
extrude them into the extracellular space to form lipid-enriched
lamellae. The SC has been described as a “bricks and mortar”
configuration in which squames are the bricks and the lipid
lamellae are the mortar.7 This continuous lipid matrix is composed
mainly of cholesterol, free fatty acids, and ceramides, which regu-
late the permeability of the epidermal barrier.8,9 Paracellular pro-
teins, tight junctions, adherens junctions, and desmosomes also
provide a permeability barrier and play roles in cell adhesion.9

The precursor profilaggrin is expressed late in epidermal dif-
ferentiation and is stored in keratohyalin granules, which lie in the
granular layer.6 Posttranslational modification of filaggrin is sum-
marized in Figure 1. Profilaggrin is dephosphorylated and cleaved
by several endoproteases (including caspase 19)10 into 10, 11, or 12
filaggrin monomers. Matriptase is an example of an extracellular
protease that can alter the expression of filaggrin monomers.11 Skin
aspartic protease/tissue plasminogen activator-inducible aspartic
proteinase-like gene/aspartic protease, retroviral-like 1 is a vital
protease for this profilaggrin processing.12 This protease activity is
controlled by a number of inhibitors, LETKI encoded by SPINK5
being the most well characterised. Filaggrin monomers contribute
to the mechanical strength of the cytoskeleton by binding to and
collapsing keratin filaments into a flattened squame.13 The keratin
filaments are anchored in the SC by corneodesmosomes. Corneo-
desmosomes, similar to desmosomes, contain cytoplasmic
anchoring proteins desmoplakin and plakoglobin, and adhesion
molecules, such as desmocollin 1 and desmogelin 1.14 Filaggrin
monomers go through further processing and are deaminated and
degraded by proteases. Cysteine/aspartic proteases, bleomycin hy-
drolase, calpain-1 (C-1), and caspase-14 are important proteases
involved in the degradation of filaggrin.15,16 C-1 also plays a role in
maturing corneocytes and profilaggrin processing.17,18

Degradation of filaggrin releases a pool of hygroscopic amino
acids and derivates of the natural moisturising factor (NMF).
Filaggrins’ major metabolites are trans-organic acid and pyrrolio-
done-5-carboxylic acid. These metabolites, together with sodium
and chloride ions, urea, and lactate, form the natural moisturising
factor.19 The NMF is vital for skin pH, hydration, UV protection,20

and the integrity of the epidermal barrier.21

Filaggrin Genomics

Profilaggrin is encoded by the FLG gene, a large, highly repetitive
gene located in the epidermal differentiation complex on chromo-
some 1q23.3.3 This is a 3-exon gene with a single exon (exon 3)

coding the entire protein. Diagnostic sequencing of this exon is
particularly difficult because of its highly repetitive DNA sequence.
The FLG gene has intragenic Copy Number Variation (CNV) with
alleles encoding either 10, 11, or 12 filaggrin monomers. These
variant alleles result in varying levels of filaggrin protein in the
epidermis.22 After excluding FLG null mutation carriers, a statisti-
cally higher number of copy numbers are seen in controls when
comparedwithADpatients,meaning that lowCNV is a risk factor for
AD, independent of classic loss-of-functionmutations in FLG. Linear
regression analysis also showed a relationship with urocanic acid
concentration (breakdown product of filaggrin) and total copy
numbers.22 FLG LoF mutations confer a strong susceptibility to
AD.3,23,24 Loss of function mutations in FLG cause complete loss of
the expressed protein on that allele. Homozygotes or compound
heterozygotes for FLG LoF mutations cause complete loss of pro-
cessed filaggrin, regardless of where themutation is located.25Most
studies have looked for the most common LoF variants to report
allele frequencies. This can result in the underreporting of the ge-
netic contribution to AD in other ethnic populations in which there
is a more diverse range of LoF variants.26 Unique LoF variants have
been demonstrated in different ethnic groups. The 2 most common
variants (p.R501X and c.2282del4) in northern Europeans make up
80% of themutation load.27 In contrast, East Asian ethnicities showa
much more varied mutation range, with fewer prevailing vari-
ants.22,28 A large longitudinal study looked at FLG mutations in Af-
rican American children. Previous studies had been unable to
correctly identify FLG mutations in this cohort because of technical
limitations. This study showed that uncommon FLG LoF variants

Figure 1. Posttranslational processingoffilaggrin. The precursor proteinprofilaggrin
is encoded byexon3 on the FLGgene. Profilaggrin is stored in keratohyalin granules in
the stratum granulosum. Profilaggrin is dephosophorylated and cleaved by endo-
proteases into 10- to 12-filaggrin monomers, which bind to keratin filaments.
Filaggrin momomers are deamimated and degraded by proteases, releasing a pool of
hygroscopic amino acids and derivatives of the NMF. Adapted from Fleury et al.141
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Funzioni della filaggrina e processamento della proteina  



Ruolo della profilaggrina e la filaggrina nel mantenimento 
della struttura e della funzione di barriera della pelle

La profilaggrina, la filaggrina e gli
aminoacidi che ne derivano
contribuiscono alla struttura
dell’epidermide e alla sue funzioni di
barriera e difensive.

CORNEO



Mutazioni nella filaggrina aumentano il rischio di sviluppare dermatite 
atopica   •Nel 2006 identificazione di mutazioni loss

of function nel gene FLG (filaggrina) in
individui affetti da ittiosi volgare (IV).

•Molte delle famiglie irlandesi affette da IV
mostravano una alta incidenza di
malattie allergiche come dermatite
atopica, febbre da fieno, asma.

•Dimostrazione che la presenza di
mutazioni loss of function della FLG
conferiscono un alto rischio di sviluppare
AD. Questa associazione è stata poi
confermata in altri 30 studi.

•Nel modello murino “flaky tail” deficiente
nella filaggrina è stato dimostrato che la
deficienza in filaggrina permette il
passaggio dell’allergene attraverso
l’epidermide inducendo una risposta
immune Th2. Questi studi hanno
confermato l’ipotesi che l’alterazione della
barriera epiteliale induce risposte Th2
verso l’allergene.



Mutazioni della filaggrina sono associate allo sviluppo di dermatite atopica

• mutazioni nel gene della filaggrina umano rappresentano il maggiore fattore di
rischio nello sviluppo di dermatite atopica.

• La dermatite atopica colpisce circa l’11% dei bambini negli Stati Uniti e circa il
25% nel Regno Unito.

• La dermatite atopica è caratterizzata da alterazioni della barriera epidermica,
infiammazione cutanea, presenza di una risposta immune di tipo 2 sistemica
frequente colonizzazione da parte di Staphylococcus aureus.

• La dermatite atopica è la più frequente malattia infiammatoria cronica della
prima infanzia e rappresenta spesso lo stadio iniziale di quella che viene
definita ”atopic march” che si manifesta con il successivo sviluppo di allergie,
allergie ad alimenti, riniti allergiche e asma allergico.



Malattie associate a mutazioni della filaggrina

Le mutazioni “loss of function”
della filaggrina oltre alla
dermatite atopica conferiscono il
rischio di sviluppare nel tempo
anche altre malattie allergiche.
Alcuni studi hanno riportato una 
forte associazione con lo sviluppo 
di allergie alimentari, di rinite 
allergica e con l’asma allergico.  



L’importanza dell’IL-4 e l’IL-13 nello
sviluppo della dermatite atopica è stata
dimostrata dalla risoluzione
dell’infiammazione nei pazienti con AD
grave o moderata dopo trattamento con
dupilumab. Il dupilumab è un anticorpo
che si lega alla catena alfa dei recettori per
l’IL-4 e l’IL-13. Oltre a causare
infiammazione l’espressione cronica di IL-4
e IL-13 predispongono alle infezioni da
parte di Staphylococcus aureus in questi
pazienti. L’IL-4 e l’IL-13 favoriscono la
colonizzazione batterica inibendo la
produzione di peptidi antimicrobici e
l’immunità protettiva Th17.

Use of Dupilumab in Allergic Diseases
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Mechanism of Action of Dupilumab
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Dupilumab: Clinical Trials
Dupilumab for AD
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Figure. Mechanism of action of dupilumab. Dupilumab is a fully human 
monoclonal antibody against IL-4RĮ that inhibits IL-4/IL-13 signaling 
and targets type I (IL-4RĮ/ȖC) and type II (IL-4RĮ/ IL-13RĮ1) receptors. 
Downstream signaling from these receptors, which is mainly mediated 
by phosphorylated STAT6, activates expression of numerous TH2-related 
genes, including those associated with IgE class switching.
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L’inibizione del recettore dell’IL-4 e dell’IL-13 blocca la dermatite atopica  



• A partire dalla metà del 1900 l’incidenza delle malattie atopiche è notevolmente
aumentata nei paesi maggiormente industrializzati. Nei paesi occidentali le
allergie sono 20 volte più comuni rispetto ai paesi a basso reddito.

• Per spiegare tale aumento è stata proposta “l’ipotesi dell’igiene”. Tale teoria è
stata formulata nel 1989, dopo uno studio che aveva dimostrato una relazione
inversa fra il numero di fratelli e il tasso di malattie allergiche in un individuo.
Proponendo che un ridotto numero di fratelli e alti standard igienici
determinassero una riduzione di cross-infezioni con conseguente aumento dello
sviluppo di malattie allergiche.

• I dati a maggior sostegno della Teoria dell’Igiene derivano da studi sui bambini
cresciuti nelle fattorie che dimostrano come crescere in tali ambienti, dove è
aumentata l’esposizione ai microrganismi, protegge dallo sviluppo di asma.

Fattori ambientali nello sviluppo delle malattie atopiche 



Studi epidemiologici in
popolazioni con stesso substrato
etnico, ma cresciuti in diverse
condizioni ambientali hanno
dimostrato una forte riduzione
nello sviluppo di malattie
allergiche (asma allergico in età
scolare) in bambini cresciuti in
ambienti rurali rispetto ai
bambini cresciuti nelle città.
L’ambiente rurale favorisce il
contatto con elevate dosi di
allergeni, materiale di origine
vegetale e animale, batteri,
funghi.
Anche fattori della nutrizione
come il consumo di latte di
mucca non processato sono
essenziali nella protezione
dall’asma.

Effetto dell’esposizione all’ambiente rurale sullo sviluppo delle malattie 
allergiche  



Meccanismi di protezione 

Il sistema immunitario dei neonati è
immaturo ed inclinato allo sviluppo di
risposte Th2.
La maturazione della risposta
immune avviene verso i 3 anni in
seguito all’esposizione ai microbi
ambientali e al microbiota.
I commensali nell’intestino per
esempio stimolano lo sviluppo dei
linfociti T reg che sono responsabili
della tolleranza agli antigeni negli
alimenti.
La crescita in ambienti rurali si
associa ad un elevata diversità del
microbiota intestinale.
La riduzione della diversità del
microbiota nei paesi industrializzati
potrebbe essere dovuto al tipo di
allattamento, al contenuto di fibre
nella dieta della madre e del figlio,
alla presenza di animali.
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Humoral immune regulation in response to allergens
Few studies have addressed the effects of a Western lifestyle and 
chronic infections on humoral immunity. Healthy or ‘tolerant’ individ-
uals often produce high amounts of allergen-specific IgG4 and/or IgA, 
and IgA-deficient individuals are at risk of developing an allergy51. 
Recently, it was shown that children who respond to allergens with a 
positive serum IgE count but a negative skin test have higher titers of 
allergen-specific IgG, which suggests that the presence of IgG can sup-
press tissue inflammation caused by allergens41. This reduced skin-
test reactivity to allergens is also seen in helminth-infected allergic 
children. Through polyclonal expansion of IgE-secreting B cell popu-
lations, helminth infections increase the total serum IgE concentra-
tion, which might increase competition with allergen-specific IgE for 
binding to the high-affinity receptors on mast cells and basophils52. 
Helminth infections also induce high concentrations of IgG4, which 
can intercept an allergen before it binds to IgE and can cross-link the 
inhibitory receptor FcγRIIb, shutting down FcεRI signaling and thus 
reducing skin-test reactivity and clinical symptoms of allergy41,53,54. 
Recent protein-sequence analyses have shown that a large number 
of allergens have linear and conformational epitopes that are highly 
similar to helminth-derived proteins55,56. Chronic exposure to these 

cross-reactive antigens in helminth-infected people may, in the long 
run, lead to tolerance, similar to what is observed with allergen immu-
notherapy, which is also associated with IgG4 responses57.

Allergen cross-reactive antibodies directed to selected microbes of 
the gut and lung microbiome have also been described recently. An 
antibody to α-1,3-glucan-bearing Enterobacter cloacae was shown 
to cross-react with the cockroach allergen Bla g 2. Neonatal, but not 
adult, mice immunized with E. cloacae were protected from cock-
roach-induced asthma, and this protection was found to depend on 
IgA-producing plasma cells that accumulated in the lungs58. HDM 
allergen contains phosphorylcholine (PC) epitopes shared with PC of 
Streptococcus pneumoniae. Neonatal mice immunized with formalin-
inactivated PC-bearing S. pneumoniae were found to be protected 
from HDM-driven asthma, and this response was dependent on the 
presence of PC in the bacterium and accumulation of PC-specific 
B cells in the lungs. PC-specific antibodies were able to block the 
uptake of HDM allergen by DCs and subsequent induction of TH2 
cell immunity in vitro and in vivo59. Along the same lines, antibodies 
cross-reactive to polysaccharides on group A streptococci, as well as 
immunization with these streptococci, suppress respiratory allergy 
to chitin and Aspergillus spores in neonatal mice60. Strikingly, all of 

• Mode of delivery
• Maternal diet
• Maternal antibiotics

• Family size
• Sibship order
• Daycare attendance

• ‘Time window’
• Organ development
• Immune system
  development

• Infant formula
• Raw cow’s milk

• Infection history
• Antibiotic use
• Vaccination

• Close contact with pets
  and farm animals

• Breast milk

Skin
microbiome

Nasopharynx
microbiome

Lung
microbiome

Gut
microbiome

D
eb

bi
e 

M
ai

ze
ls

/S
pr

in
ge

r N
at

ur
e

Figure 1 Protective and risk factors for allergy development in early life. Many of the risk factors for allergic disease affect the microbiome of the skin, 
nasopharynx, lung and gut, particularly in a critical window in the early postnatal period when these organs, as well as the immune system, are still 
developing. Infections can have both protective and detrimental effects on allergy. Often these factors occur together, so the absence of one protective 
factor does not necessarily mean that allergic disease will ensue. Also, many risk factors are associated. Antibiotic use is hard to disentangle from 
infection history.
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Figure 1 Protective and risk factors for allergy development in early life. Many of the risk factors for allergic disease affect the microbiome of the skin, 
nasopharynx, lung and gut, particularly in a critical window in the early postnatal period when these organs, as well as the immune system, are still 
developing. Infections can have both protective and detrimental effects on allergy. Often these factors occur together, so the absence of one protective 
factor does not necessarily mean that allergic disease will ensue. Also, many risk factors are associated. Antibiotic use is hard to disentangle from 
infection history.

Lo stile di vita occidentale causa disbiosi 

Diversi fattori protettivi o
di rischio per lo sviluppo di
allergie sono stati
identificati. Studi recenti
suggeriscono che
l’aumento di malattie
allergiche nei paesi
occidentali possa essere
dovuto una riduzione della
diversità del microbioma e
questo potrebbe essere
dovuto al tipo di
allattamento, al contenuto
di fibre nella dieta della
madre e del figlio, alla
presenza di animali.
Cambiamenti del
microbioma dell’intestino,
della pelle e del naso sono
stati associati con la
dermatite atopica, l’asma
e allergie alimentari.
Ipotesi «old friends».


