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Summary

1.

Summary

Allergic reactions have been linked to a subset of T helper lymphocytes, termed Th2,
characterized by the secretion of interleukin-4 (IL-4), IL-5 and IL-13. In the last decade,
increasing evidences supported the existence of phenotypically different subpopulations
within the Th2 subset, which might play distinct functions in the immune response to
allergens.
This thesis aims to characterize human T lymphocyte responses against allergens by
investigating the heterogeneity among allergen-reactive CD4+ T cells. Fifteen allergic and
four non-allergic donors were involved in the study and the T cell response to three seasonal
allergens (timothy grass, ragweed and European white birch) and to one non-seasonal
allergen (house dust mite) was analyzed.
First, CD4+ T lymphocytes were sorted into four memory subsets, on the basis of chemokine
receptor expression: CCR4+ CRTh2+, CCR4+ CCR10+, CCR4+ CRTh2‒ CCR10‒ (defined as
CCR4+ DN) and CCR4‒. The distribution and frequency of allergen-reactive T cells within
each subset were assessed by the analysis of T cell libraries and confirmed by ex vivo
stimulation. Highest frequencies of T cells reactive to all the allergens tested were found in
the CCR4+ CRTh2+ subset of allergic donors. CCR4+ DN T cells also responded to all
allergens, but allergen-reactive T cells were rarer than in the CCR4+ CRTh2+ subset.
Interestingly, CCR4+ CCR10+ T cells were found to react only against house dust mite.
Then, allergen-reactive T cells from each subset were analyzed for expression of effector
cytokines. We found that CCR4+ CRTh2+ T cells secreted high amounts of IL-4, IL-5, IL-9
and IL-13, while CCR4+ CCR10+ T cells produced mainly IL-22 and CCR4+ DN T cells
released low doses of IL-4 together with some IL-17 and IL-22. These results demonstrate
the existence of two subpopulations of Th2 cells, characterized by different effector
functions, which are both involved in allergic reactions. CCR4+ CRTh2+ T cells secrete high
levels of type 2 cytokines and represent a population of inflammatory Th2 cells, while the
CCR4+ DN subset comprises Th2 cells with reduced effector functions. In addition, CCR4+
CRTh2+ T cells express higher level of PPARγ, a transcription factor involved in Th2 cell
differentiation and effector functions.
TCRβ repertoire analysis revealed that allergic reactions to house dust mite are coordinated
by few CCR4+ CRTh2+ and CCR4+ CCR10+ clones highly expanded. Allergen-reactive T
5
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cells in the CCR4+ DN subset are more diverse and relatively lower expanded. Extensive
TCRβ clonotype sharing was observed between the CCR4+ DN subset and the CCR4+
CRTh2+ or the CCR4+ CCR10+ subsets. Conversely, few TCRβ clonotypes were shared
between the CCR4+ CRTh2+ and the CCR4+ CCR10+ subsets. These data suggest that initial
allergen sensitization might induce a pool of allergen-reactive CCR4+ DN T cells which,
upon repeated allergen exposure, acquire CRTh2 or CCR10 expression, depending on the
initial site of antigen priming.
In conclusion, this study reveals that CCR4+ CRTh2+ T cells contribute most to allergic
reactions. These cells are characterized by enhanced cytokine production and expression of
PPARγ and may represent a pathogenic Th2 population which differentiates from nonpathogenic Th2 cells upon repeated allergen exposure. CCR4+ CCR10+ skin-homing T cells
participate to responses against specific allergens, like house dust mite, and exert effector
functions typical of Th22 cells.
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Riassunto

Riassunto
Le reazioni allergiche sono state associate ad un subset di linfociti T helper, chiamato Th2, il
quale è caratterizzato dalla produzione di interleuchina 4 (IL-4), IL-5 e IL-13. Negli ultimi
anni, crescenti evidenze sperimentali hanno dimostrato l’esistenza di popolazioni
fenotipicamente distinte all’interno del subset Th2, che potrebbero svolgere funzioni diverse
nel contesto di una risposta allergica.
Questa tesi ha lo scopo di caratterizzare le risposte allergiche mediate da linfociti T
nell’uomo, attraverso lo studio della diversità fenotipica e funzionale di cellule T reattive agli
allergeni. Quindici donatori allergici e quattro donatori non allergici sono stati coinvolti nello
studio in cui è stata analizzata la risposta dei linfociti T a tre allergeni stagionali (Phleum
pratense, ambrosia e betulla) e ad un allergene non stagionale (acaro della polvere).
Inizialmente, i linfociti T CD4+ sono stati separati in quattro subset, sulla base
dell’espressione di recettori per le chemochine: CCR4+ CRTh2+, CCR4+ CCR10+, CCR4+
CRTh2‒ CCR10‒ (definito come CCR4+ DN) e CCR4‒. La distribuzione e la frequenza di
cellule T reattive agli allergeni in ciascun subset sono state determinate mediante l’analisi di
“library” di cellule T e sono state confermate attraverso stimolazione ex vivo. La maggiore
frequenza di cellule T reattive a tutti gli allergeni testati è stata trovata nel subset CCR4 +
CRTh2+ di donatori allergici. Anche cellule T CCR4+ DN hanno risposto a tutti gli allergeni,
ma con frequenza minore che nel subset CCR4+ CRTh2+. Invece, cellule T CCR4+ CCR10+
hanno risposto solo all’acaro della polvere.
Successivamente, le cellule T reattive agli allergeni nei diversi subset sono state analizzate
per l’espressione di citochine. Abbiamo osservato che cellule T CCR4+ CRTh2+ secernono
elevate quantità di IL-4, IL-5, IL-9 e IL-13, mentre cellule T CCR4+ CCR10+ producono
principalmente IL-22 e cellule T CCR4+ DN esprimono bassi livelli di IL-4, IL-17 e IL-22.
Questi risultati dimostrano l’esistenza di due popolazioni di cellule Th2, caratterizzate da
diverse funzionalità, entrambe coinvolte nelle reazioni allergiche. Cellule T CCR4 + CRTh2+
secernono dosi elevate di citochine di tipo 2 e rappresentano una popolazione di cellule Th2
infiammatorie, mentre il subset CCR4+ DN comprende cellule Th2 con ridotte funzionalità.
Inoltre, cellule T CCR4+ CRTh2+ esprimono elevati livelli di PPARγ, un fattore di
trascrizione che è stato coinvolto nel differenziamento e nella funzionalità delle cellule Th2.

7
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L’analisi delle sequenze TCRβ espresse dalle cellule T reattive all’acaro della polvere ha
rilevato che le reazioni immunitarie a questo allergene sono coordinate da pochi cloni CCR4+
CRTh2+ e CCR4+ CCR10+ molto espansi. Le cellule T reattive agli allergeni nel subset
CCR4+ DN sono più diversificate e relativamente meno espanse. Abbiamo inoltre osservato
che un elevato numero di sequenze TCRβ era condiviso dal subset CCR4+ DN con il subset
CCR4+ CRTh2+ o con il subset CCR4+ CCR10+. Al contrario, poche sequenze TCRβ erano
condivise dai subset CCR4+ CRTh2+ e CCR4+ CCR10+. Questi risultati suggeriscono che
l’iniziale sensitizzazione agli allergeni potrebbe indurre un pool di cellule T CCR4+ DN che,
dopo successive esposizioni allo specifico allergene, acquisiscono l’espressione di CRTh2 o
di CCR10, a seconda dell’organo in cui è avvenuto il priming.
In conclusione, questo studio dimostra che cellule T CCR4+ CRTh2+ contribuiscono
maggiormente alle reazioni allergiche. Queste cellule sono caratterizzate da un’elevata
produzione di citochine Th2 e dall’espressione di PPARγ e potrebbero rappresentare una
popolazione di cellule Th2 infiammatorie che differenziano in seguito a successive
esposizioni agli allergeni. Cellule T CCR4+ CCR10+ partecipano alle risposte a specifici
allergeni, come l’acaro della polvere, ed esercitano funzioni caratteristiche di cellule Th22.

8

Abbreviations

2.

Abbreviations

AD
AHR
AIT
APC
AP-1
BCR
BLT1
C
CD
CDR
CLA
CRAC
CRLF2
CRTh2
CTLA-4
c-Maf
D
DAG
DC
DN
DNA
DNA-PK
DP
ERK
ETP
EWB
FOXP3

atopic dermatitis
aryl hydrocarbon receptor
allergen immunotherapy
antigen presenting cell
activator protein 1
B cell receptor
leukotriene B4 receptor 1
constant
cluster of differentiation
complementarity-determining region
cutaneous lymphocyte-associated antigen
calcium-release activated channel
cytokine receptor-like factor 2
chemoattractant receptor-homologous molecule expressed on Th2 cells
cytotoxic T lymphocyte antigen 4
v-maf musculoaponeurotic fibrosarcoma oncogene homolog
diversity
diacylglycerol
dendritic cell
double-negative
deoxyribonucleic acid
DNA-dependent protein kinase
double-positive
extracellular signal-regulated kinase
early T cell progenitor
European white birch
forkhead box P3

Grb-2
HDM
HSC
ICAM
ICOS
ICS
IFN
Ig
IκB

growth factor receptor-bound protein 2
house dust mite
hematopoietic stem cell
intercellular adhesion molecule
inducible co-stimulator
intracellular cytokine staining
interferon
immunoglobulin
Inhibitor of κB
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IKK
IL
IP3
IRF4
ITAM
iTreg
J
JNK
LAT
Lck

IκB kinase
interleukin
inositol 1,4,5-trisphosphate
interferon regulatory factor 4
immunoreceptor tyrosine-based activating motif
induced Treg
joining
c-Jun N-terminal kinase
linker of activation of T cells
lymphocyte-specific protein tyrosine kinase

LFA-1
LPS
MACS
MAPK
MHC
mRNA
mTOR
mTORC
NFAT
NF-κB

lymphocyte function-associated antigen 1
lipopolysaccharide
magnetic-activated cell sorting
mitogen-activated protein kinase
major histocompatibility complex
messenger RNA
mammalian target of rapamycin
mTOR complex
nuclear factor of activated T cells
Nuclear factor κ-light chain-enhancer of activated B cells

nTreg
PAMP
PAR
PBMC
PD-1
PGD2
PHA
PIP2
PKC
PLC-γ

natural Treg
pathogen-associated molecular pattern
protease-activated receptor
peripheral blood mononuclear cell
programmed death-1
prostaglandin D2
phytohaemagglutinin
phosphatidylinositol 4,5-bisphosphate
protein kinase C
phospholipase C-γ

PMA
PPAR
PPR
Rag
RAPTOR
RAR

phorbol 12-myristate 13-acetate
peroxisome proliferator-activated receptor
pattern recognition receptor
recombination-activating gene
regulatory associated protein of mTOR
retinoic acid receptor

RICTOR
RNA

rapamycin-insensitive companion of mTOR
ribonucleic acid
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Abbreviations
RSS
RW
SMAC
SOCS5
SOS
SP
STAT
TCM
TCR
TdT

recombination signal sequence
ragweed
supramolecular activation cluster
suppressor of cytokine signaling 5
son of sevenless
single-positive
signal transducer and activator of transcription
central memory T cell
T cell receptor
terminal deoxynucleotidyl transferase

TEM
Tfh
TG
TGF-β
Th
TLR
TNF
Treg
TSCM
TSLP

effector memory T cell
T follicular helper
timothy grass
transforming growth factor β
T helper
Toll-like receptor
tumor necrosis factor
T regulatory
stem memory T cell
thymic-stromal lymphopoietin

TTE
TTM
V
ZAP-70

terminal effector T cell
transitional memory T cell
variable
Zeta-chain-associated protein kinase 70
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3.

Introduction

3.1

Innate and adaptive immune responses

Protection against infectious microbes is made possible by a complex network of cells and
molecules known as the immune system. The ability to distinguish between self and non-self
has evolved early in multicellular organisms. Simple mechanisms of defense are already
present in invertebrates and defined as innate immunity. The more specialized adaptive
immunity emerged for the first time in fishes and became a hallmark of the vertebrate
immune system (Abbas et al., 2012).
Innate immunity consists of cellular and molecular defense mechanisms that are present
before the infection and that generate an early and rapid response to microbes. Epithelial
barriers prevent the entrance of foreign substances through the skin and the respiratory,
gastrointestinal and urogenital tract. Microbes that breach the epithelium are recognized by
the cells of the innate immune system through germline encoded pattern recognition receptors
(PPRs). PPRs bind to pathogen-associated molecular patterns (PAMPs) present on a broad
range of microbes and induce their phagocytosis by specialized immune cells. In addition,
innate immune cell functions include the release of pro-inflammatory molecules and antigen
presentation to cells of the adaptive immune system (Abbas et al., 2012; Murphy, 2012).
The recognition of a specific antigen is required to activate and amplify adaptive immune
responses. These are mediated by bone-marrow derived B lymphocytes and thymus derived T
lymphocytes. Each lymphocyte bears a unique antigen-specific receptor, the B cell receptor
(BCR) or the T cell receptor (TCR), which allows the recognition of an extreme variety of
pathogens. B and T lymphocytes must expand upon primary antigen encountering to generate
a clonal population of antigen-specific cells and elicit a strong and effective immune
response. Mechanisms of defense in the adaptive immune system comprise the release of
antigen-specific antibodies, pro-inflammatory cytokines and cytotoxic compounds. Another
critical feature of adaptive immunity is the ability to generate a population of long-lived
lymphocytes that persists in the body after pathogen clearance and promptly responds to a
subsequent exposure (Abbas et al., 2012; Murphy, 2012).
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3.2

T cell receptor diversity

The T cell receptor is a heterodimer of two polypeptides, either the α and the β chains or the γ
and the δ chains. αβ TCRs are the most common being expressed by the 90% of T
lymphocytes. Both TCRα and TCRβ present two extracellular immunoglobulin-like domains,
the N-terminal variable (V) domain and the constant (C) domain (Figure 3.1A). The C
domain is connected to the transmembrane region through a hinge segment where a disulfide
bridge links the two chains. The cytoplasmic tail is reduced and lacks signal-transducing
domains (Abbas et al., 2012; Murphy, 2012).
The Vα and Vβ domains contain three regions called complementarity-determining regions
(CDRs) where all the variability between different TCRs is located. CDR1, 2 and 3 are
responsible for the binding to the peptide-major histocompatibility complex (MHC) on
antigen presenting cells (APCs). The β chain bears a fourth CDR region which is recognized
by some bacterial and viral compounds and causes non-specific T cell activation (Abbas et
al., 2012; Murphy, 2012).
A first level of TCR diversity is acquired through random recombination at the α and β loci.
Germline TCRα and TCRβ genes consist of several V, D (only for TCRβ) and J segments and
cannot be transcribed into mRNAs (Figure 3.1B). During T cell maturation a DNA
rearrangement leads to the generation of the V(D)J exon where one segment of each category
is joint to the others (Abbas et al., 2012; Murphy, 2012).
TCR gene recombination is initiated by two enzymes, Recombination-activating gene 1 (Rag1) and Recombination-activating gene 2 (Rag-2) (Figure 3.1C). Rag-1 and Rag-2 are
expressed in developing lymphocytes and form a tetrameric complex, the V(D)J
recombinase. Rag-1 and Rag-2 recognize particular sequences, called recombination signal
sequences (RSSs), at the 3’ of V segments, at the 5’ of J segments and on both sides of D
segments. RSSs consist of two conserved regions of seven (heptamer) and nine (nonamer)
nucleotides separated by a non-conserved spacer of 12 or 23 basis. V(D)J recombinase
introduces a double-strand break at the side of two coding segments, only if they are flanked
by RSSs of different spacer length (12 and 23 nucleotides). This condition ensures that
recombination occurs only between V and D or D and J segments in the β locus, and only
between V and J segments in the α locus (Abbas et al., 2012; Schatz and Spanopoulou, 2005).
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Further variability in the TCR gene is obtained by random deletion or insertion of nucleotides
at the junctions of V, D and J segments before ligation. In this process the enzyme terminal
deoxynucleotidyl transferase (TdT) plays a critical role. CDR3 is encoded by the V(D)J
joining region and bears the highest level of diversity, while CDR1 and CDR2 are encoded
by the V segment (Abbas et al., 2012; Schatz and Spanopoulou, 2005).
Ligation of the two segments is catalyzed by a group of ubiquitous enzymes, namely Ku70,
Ku80, DNA-PK, Artemis and DNA ligase IV, which generate a functionally active gene
encoding for each TCR chain. TCR recombination brings the V gene promoter close to
downstream enhancers, inducing expression of the rearranged gene (Abbas et al., 2012).
Finally, a third layer of diversity is introduced by the combined expression of one TCRα and
one TCRβ chain. Theoretically more than 1015 different αβTCR can be generated; however it
is thought that, at a given time, about 2∙107 T cells of different specificity are circulating in
humans (Nikolich-Zugich et al., 2004).
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A

C

B

Figure 3.1
(A) αβTCR structure: the V and C extracellular domains are

indicated. (B) Germline

organization of the human TCR β, α, δ and γ loci. C genes are represented as single segments
but are constituted by several exons, as illustrated for Cβ. (C) Sequential events during V(D)J
recombination (from Abbas et al., 2012).

15

Introduction

3.3

T cell receptor signaling

Signal transduction through the TCR requires the CD3 complex, the ζ homodimer and one
co-receptor, the CD4 or the CD8 molecule. The CD3 complex consists of two heterodimers
of the CD3 γ, δ, and ε proteins, which present an immunoglobulin-like extracellular domain,
a transmembrane negatively-charged domain and a cytoplasmic domain. The ζ proteins span
the cell membrane and contain a long cytoplasmic tail. The CD3 γ, δ, ε and the ζ proteins are
non-covalently associated to the TCRα and the TCRβ chains and share a conserved motif
called ITAM (immunoreceptor tyrosine-based activating motif) on their cytoplasmic region
(Abbas et al., 2012; Smith-Garvin et al., 2009).
The CD4 and CD8 co-receptors are two transmembrane proteins constituted by one and two
polypeptides, respectively. Their extracellular Ig-like domain binds to a non-polymorphic
region in the MHC molecule. CD4 recognizes MHC class II molecules while CD8 is specific
for MHC class I. On the cytoplasmic side, CD4 and CD8 bind Lck, a tyrosine kinase of the
Src family (Abbas et al., 2012; Smith-Garvin et al., 2009).
Upon antigen recognition, the binding of the co-receptor to the MHC brings Lck in close
proximity of the CD3 and ζ proteins and leads to the phosphorylation of ITAMs (Figure 3.2).
Phosphorylated ITAMs are ligated by another tyrosine kinase, ZAP-70, which is in turn
phosphorylated and activated by Lck. Activated ZAP-70 phosphorylates the adaptor LAT
which recruits numerous proteins to form a complex called LAT signalosome (Smith-Garvin
et al., 2009; Ngoenkam et al., 2018).
Within this complex, phospholipase C-γ (PLC-γ) is activated by ZAP-70 and catalyzes the
hydrolysis of PIP2, a phospholipid of the cell membrane, into inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). IP3 and DAG activate two different signaling pathways that
induce expression of genes involved in T cell proliferation, differentiation and effector
functions (Brownlie and Zamoyska, 2013).
IP3 induces a rapid increase in intracellular calcium concentration by mediating calcium
release from the endoplasmic reticulum. This is followed by the influx of extracellular
calcium through the ion channel CRAC (calcium-release activated channel). In the cytosol,
calcium ions bind to the protein calmodulin and calcium-calmodulin complexes regulate the
activity of several enzymes. One of these is the serine/threonine phosphatase calcineurin,
which mediates the nuclear translocation of the transcription factor NFAT, required for
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expression of several cytokine genes like IL-2, IL-4 and TNF (Brownlie and Zamoyska,
2013).
After PIP2 cleavage, the lipid DAG remains within the cell membrane and activates different
isoforms of the protein kinase C (PKC). PKC-θ is involved in the nuclear translocation of the
transcription factor NF-κB, which induces the expression of pro-inflammatory cytokines and
other target genes. Before TCR triggering, NF-κB is located into the cytoplasm bound to its
inhibitor IκB. Phosphorylation of IκB by the IκB kinase (IKK) complex, which is indirectly
activated by PKC-θ, allows NF-κB release and access to the nucleus (Brownlie and
Zamoyska, 2013).
Another pathway induced by antigen recognition involves small guanine nucleotide-binding
proteins (G proteins) which activate different members of the mitogen-activated protein
kinase (MAPK) family. The adaptor protein Grb-2 binds to phosphorylated LAT and recruits
SOS, a GTP/GDP exchange factor for the G-protein Ras. Ras bound to GTP activates a
MAPK cascade which results in the phosphorylation and in the nuclear translocation of ERK.
ERK phosphorylates the transcription activator Elk leading to the transcription of c-Fos. A
parallel MAPK cascade is initiated by Rac, a small G protein activated by the GTP/GDP
exchange factor Vav upon TCR stimulation. This terminates with the activation of JNK and
the phosphorylation of c-Jun. c-Fos and c-Jun constitute the transcription factor AP-1 and
phosphorylation of c-Jun increases its activity. AP-1 can associate to other transcription
factors like NFAT (Brownlie and Zamoyska, 2013).
Upon TCR engagement, an immunologic synapse is formed at the interface between the T
cell and the dendritic cell (DC). This synapse, also known as the supramolecular activation
cluster (SMAC), consists of three concentric rings of different surface proteins interacting
between the two cells. Several TCR complexes are recruited to the central region (cSMAC)
together with the co-receptors, co-stimulators and downstream signaling molecules, such as
Lck and PKC-θ. Adhesion molecules like LFA-1 (on the T cell side), ICAM-1 and ICAM-2
(on the DC side) reside in the peripheral SMAC (pSMAC) ring. Other molecules like CD45
are confined in the distal SMAC (dSMAC). The immunologic synapse exerts numerous
important functions in the context of T cell activation. For example, it stabilizes T cell-DC
interaction allowing prolonged and effective TCR signaling. It facilitates signal transduction
by recruiting downstream signaling molecules and increases T cell-DC communication
through secreted cytokine and surface proteins (Dustin and Choudhuri, 2016).

17

Introduction

Figure 3.2
Overview of TCR signaling pathways. Upon TCR triggering, Lck is recruited to the TCR
complex and phosphorylates ITAMs on the CD3 and ζ chains. Phosphorylated ITAMs recruit
ZAP70, which is activated by Lck to phosphorylate LAT leading to the LAT signalosome
formation. PLC-γ catalyzes the hydrolysis of PIP2 (PtdIns(4,5)P2) into IP3 (InsP3) and DAG,
which ultimately activate NFAT and NF-κB. Grb-2 and Vav are also part of the LAT
signalosome and activate two independent MAPK cascades that terminate with the activation
of AP-1 (from Brownlie and Zamoyska, 2013).
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3.4

T lymphocyte maturation

T lymphocytes derive from hematopoietic stem cells (HSCs) localized in the bone-marrow
that differentiate into multipotent lymphoid progenitors before migrating into the thymus. T
cell progenitors express the chemokine receptor CCR9 which drives their migration towards
the thymus cortex, where the chemokine CCL25 is released. Thymic stromal cells also
secrete IL-7, a critical T cell growth factor. When entering the thymic cortex T cell
precursors do not express the T cell receptor, the CD4 and the CD8 co-receptors and are
called early T cell progenitors (ETPs) or double-negative (DN) thymocytes (Figure 3.3).
ETPs progressively lose multipotency through a sequential process defined by four
phenotypic stages (from DN1 to DN4) (Carpenter and Bosselut, 2010; Rothenberg et al.,
2008).
At the DN2 stage, T cell precursors are committed to the T cell lineage and at the DN3 stage
initiate Tcrb and Tcrg gene rearrangement. About 10% of double-negative thymocytes
rearrange the γ and the δ chain loci and are committed to the γδ T cell lineage.
Rearrangement of the β-chain locus occurs first in αβ T cells. If the rearrangement is
productive, a pre-TCR, composed by the β chain, the CD3 and ζ proteins plus an invariant
protein called pre-Tα, is expressed on the surface of DN4 thymocytes. Pre-TCR signals
promote survival and proliferation and activate the next steps of lymphocyte maturation. The
rearrangement of the α-chain locus leads to the expression of a complete αβ TCR. At this
stage thymocytes express the CD4 and the CD8 proteins and are called double-positive (DP)
thymocytes (Germain, 2002; Carpenter and Bosselut, 2010; Rothenberg et al., 2008).
In the thymic cortex, DP thymocytes undergo positive selection to ensure the survival of selfMHC restricted T cells. Thymic epithelial cells display self peptides bound to class I and
class II MHC proteins. Only the thymocytes which recognize the peptide-MHC complexes
with low affinity will survive and differentiate into mature T lymphocytes. Thymocytes
expressing a MHC I-restricted TCR will differentiate into CD4‒ CD8+ or cytotoxic T
lymphocytes, while those expressing a MHC II-restricted TCR will become CD4+ CD8‒ or
helper T lymphocytes (Germain, 2002; Carpenter and Bosselut, 2010).
Single-positive (SP) thymocytes migrate to the thymic medulla where bone-marrow derived
dendritic cells (DCs), macrophages and epithelial cells negatively select self-reactive
thymocytes and induce apoptosis. This process leads to the deletion of potentially dangerous

19

Introduction
self-reactive T cells and guarantees self-tolerance. Mature T cells leave the thymus and
circulate to peripheral lymphoid organs (Germain, 2002; Carpenter and Bosselut, 2010).
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Figure 3.3
T lymphocyte maturation in the thymus. Committed lymphoid precursors leave the bonemarrow and migrate to the thymus. Early T cell progenitors are CD4‒ CD8‒ and are called
double-negative (DN) thymocytes. DN thymocytes progressively differentiate from the DN1 to
the DN4 stage, rearrange the TCRβ and α loci and start expressing a functional TCR together
with the co-receptors CD4 and CD8. Double-positive (DP) thymocytes undergo positive
selection and become committed to the CD4+ or the CD8+ T cell subset. Finally non selfreactive T cells avoid negative-selection and leave the thymus (from Germain, 2002).
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3.5

T helper cell activation

In secondary lymphoid organs, naïve T cells encounter their cognate antigen presented by
professional antigen presenting cells (Abbas et al., 2012; Murphy, 2012). The most important
APCs for T helper cell activation are dendritic cells, however also macrophages and B cells
can present antigens through MHC class II molecules. DCs patrol peripheral tissues and
capture microbes and foreign molecules by phagocytosis. After antigen uptake, DCs
differentiate into mature antigen presenting cells, acquire CCR7 expression and migrate
towards the draining lymph nodes (Sallusto et al., 1998c). After endocytic digestion, antigen
peptides are presented on the cell surface associated to MHC class II molecules.
Together with antigen-MHC complexes, DCs provide co-stimulatory molecules and
cytokines that allow complete T helper cell activation and sustain proliferation. Costimulators are present at low levels on resting DCs and are induced in response to PAMPs or
pro-inflammatory cytokines released by innate immune cells. In absence of co-stimulation,
TCR signaling can result in T cell death or anergy, a state of unresponsiveness that induces
immune tolerance (Lanzavecchia, 1999).
T lymphocytes express a variety of co-stimulatory receptors, the most known being those
belonging to the CD28 family, CD28 and ICOS. CD28 is constitutively expressed by naïve T
cells and binds to the co-stimulatory molecules CD80 and CD86 (also known as B7-1 and
B7-2) through Ig-like domains (Sharpe and Abbas, 2006). It initiates different signaling
pathways that amplify signals from the TCR. These include the Ras/ERK and the Rac/JNK
MAPK cascades and the activation of PI3-kinase. CD80 and CD86 expression on DCs is
enhanced by a positive feedback loop that involves engagement of CD40 by its ligand
CD40L on activated T cells. ICOS (inducible co-stimulator) is expressed by T helper cells
upon activation and binds to ICOS-L on the surface of APCs. In follicular helper T cells it
drives B cell activation in the germinal center reaction (Dong et al., 2001).
T lymphocytes express inhibitory receptors, like CTLA-4 (cytotoxic T lymphocyte antigen 4)
and PD-1 (programmed death 1), that recognize proteins on the surface of APCs and prevent
activation. Therefore it is the balance between co-stimulatory and inhibitory signals that
determines the outcome of T cell antigen recognition. For example, CD80 and CD86 bind to
CD28 with low affinity, while they are recognized by CTLA-4 with high affinity. In resting
DCs CD80 and CD86 are poorly expressed and are mainly engaged with CTLA-4. In this
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situation a T cell response is highly inhibited. However upon inflammation, DCs upregulate
CD80 and CD86 leading to CD28 binding and T cell activation (Krummel and Allison,
1995).
Antigen recognition associated to co-stimulation induces the expression of several surface
molecules and the secretion of specific cytokines by T cells. Some of these surface proteins
have been mentioned above and include ICOS, CD40L, CTLA-4 and PD-1. An additional
marker of T cell activation is CD25, the α chain of the IL-2 receptor (IL-2Rα). The IL-2
receptor is a trimeric protein made by CD25, IL-2/15Rβ and common γ chain (γC). While IL2/15Rβ and γC are shared with the receptors for other cytokines, IL-2Rα is found only in the
IL-2 receptor. IL-2 is expressed mainly by T helper cells upon activation and functions as an
autocrine and paracrine factor that stimulates survival, proliferation and differentiation of T
lymphocytes. IL-2 is also required by T regulatory cells for their survival and effector
functions. Therefore IL-2 is involved both in the initiation and in the dampening of adaptive
immune responses (Létourneau et al., 2009).
Activated T lymphocytes modulate expression of adhesion molecules and chemokine
receptors in order to leave secondary lymphoid organs and reach the peripheral tissues where
the immune reaction occurs. For example, they downregulate CCR7 allowing egress from the
lymph nodes and upregulate various tissue-homing chemokine receptors (Sallusto et al.,
1998b).

3.6

T helper effector subsets

In response to their cognate antigen, naïve T cells clonally expand generating a progeny of
thousands T cells with the same TCR. Most of these T cells differentiate into effector cells
and will die by apoptosis once their specific antigen is cleared. A minor fraction of activated
T cells generates a memory population of long-lived antigen-specific cells which are prone to
respond to a subsequent antigen encounter (Abbas et al., 2012).
Effector T helper cells express surface molecules and soluble cytokines to modulate the
activity of immune and non-immune cells. To date various T helper subsets have been
identified, each one with a specific immune function (Figure 3.4A).
Th1 cells are involved in the defense against intracellular bacteria and viruses. They express
interferon- (IFN-) γ and tumor necrosis factor- (TNF-) α to induce infected cell clearance by
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macrophages and cytotoxic T cells. They also induce intracellular antigen presentation
through MHC class I molecules in non-immune cells. Acquisition of the Th1 phenotype is
induced by IL-12, which drives expression of the Th1 master transcription factor T-bet
(Zielinski et al., 2011; Zhu and Paul, 2010).
Th2 cells have evolved to defend against multicellular parasites, like helminthes, but in atopic
individuals can become pathogenic and react to innocuous allergens. Th2 cells secrete IL-4,
IL-5 and IL-13 which induce IgE production by B cells, activation of mast cells and
eosinophils, mucus production and smooth muscle contraction. The transcription factor
GATA3 induces Th2 cell differentiation in response to IL-4 (Allen and Sutherland, 2014;
Zhu and Paul, 2010). The effector functions of Th2 cells and their instruction in the context
of allergic reactions will be discussed more in detail in a following section.
Th17 cells protect against extracellular bacteria and fungi. They release IL-17A and IL-17F,
which mediate neutrophil recruitment and activation. In humans, IL-6, IL-1β and IL-23 are
required for the differentiation of Th17 cells which express the master transcription factor
retinoic acid-related orphan receptor gamma thymus (RORγt) (Bettelli et al., 2008; Zielinski
et al., 2011).
Th22 cells have been identified in humans as major producers of IL-22. IL-22 induces
epithelial cells and keratinocytes to release antimicrobial peptides and to express genes
involved in cellular differentiation and survival. However, Th22 are implicated in T cellmediated diseases in the skin such as atopic dermatitis (AD) and psoriasis. Th22
differentiation has been proposed to be driven by the transcription factor AHR (aryl
hydrocarbon receptor) and to be induced by IL-6, IL-21 and TNF (Duhen et al., 2009; Trifari
et al., 2009).
In 2008, Th9 cells have been proposed as a new T helper subset which secretes IL-9. Th9
cells have been involved in atopic diseases like AD and allergic asthma, as well as in
autoimmune diseases and tumor immunity. PU.1 has been identified as a key transcription
factor in Th9 cell development, however clear evidence for its role as a master transcription
regulator is still missing (Dardalhon et al., 2008; Kaplan, 2013; Neurath and Kaplan, 2017;
Veldhoen et al., 2008).
T follicular helper (Tfh) cells reside in the follicular zone of germinal centers where they
promote immunoglobulin class switch and affinity maturation of B cells. Tfh differentiation

24

Introduction
requires expression of the transcription factor Bcl-6 and is induced by IL-6 and IL-21. Tfh
cells express high levels of ICOS and PD-1 and secrete IL-21 (Crotty, 2011).
Immune reactions are dampened by regulatory T (Treg) cells, which maintain immune
homeostasis and protect from autoimmunity. FOXP3 expression determines Treg
development and effector functions. Two sub-types of Treg cells exist which differ for their
origin. Natural Treg (nTreg) cells develop in the thymus from potentially autoreactive
thymocytes. Induced Treg (iTreg) cells derive from naïve CD4+ T cells which acquire a
regulatory phenotype in the periphery. Treg effector functions are mediated by antiinflammatory cytokines, such as TGF-β, IL-10 and IL-35, as well as inhibitory receptors, like
CTLA-4. Treg constitutively express CD25, the IL-2Rα, and reduce IL-2 availability in the
extracellular environment (Ohkura et al., 2013; Zhu and Paul, 2010).

Figure 3.4 (next page)
(A) T helper effector subsets. Activated naïve T cells can differentiate into different effector
subsets depending on various signals, including the cytokine milieu. Cytokines induce master
transcription factors which drive the expression of lineage-associated effector molecules
(from Carbo et al., 2014). (B) T helper memory subsets. Expression of CD45RO, CCR7,
CD28 and CD95 distinguishes five CD4+ memory subsets. Upon repeated activation, T
helper memory cells differentiate from TSCM to TTE and progressively lose and acquire
specific functions (from Mahnke et al., 2013).
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3.7

T helper memory cells

Two major subsets of memory T helper cells have been described, namely central memory
(TCM) and effector memory (TEM) T cells (Sallusto et al., 1999). TCM cells, like naïve T cells,
recirculate through secondary lymphoid organs thanks to the expression of the homing
receptors CD62L and CCR7. CD62L, also known as L-selectin, is the receptor for
sialomucins expressed on high endothelial venules, through which T cells entry the lymph
nodes. Stromal cells in the lymph node T cell zone release CCL19 and CCL21 which are
sensed by CCR7. Upon TCR stimulation, TCM cells release high amounts of IL-2 and low
amounts of effector cytokines. In contrast TEM cells traffic mainly through peripheral tissues
and exert rapid effector functions upon stimulation (Sallusto et al., 2004).
One model has been proposed to explain the differentiation of naïve T cells into the different
memory subsets (Figure 3.4B). Upon priming, naïve T cells differentiate first in stem
memory T cells (TSCM), a rare T cell population characterized by self-renewing potential
(Gattinoni et al., 2011). Subsequent antigen encounter leads to the generation of
progressively differentiated memory subsets: central memory, transitional memory (TTM),
effector memory and terminal effectors (TTE) (Mahnke et al., 2013). Other memory T cell
subsets include tissue resident memory T cells (TRM) which do not circulate through the
blood but reside into tissues (Shin and Awasaki, 2013).

3.8

Chemokine receptors and T cell migration

The ability to move towards specific districts is a fundamental property of immune cells, and
in particular of T helper lymphocytes. Naïve T cells leave the thymus and migrate through the
peripheral blood to secondary lymphoid organs where they can encounter their cognate
antigen presented by APCs (Sallusto et al., 1999). Once they differentiate into effector T
cells, they exit the lymph nodes and migrate to the sites of inflammation. TCM cells circulate
through the blood and secondary lymphoid organs, while TEM patrol the periphery.
The surface receptors involved in T cell migration are selectins, integrins and chemokine
receptors. Selectins and integrins interact with their cognate ligands expressed by endothelial
cells and mediate T cell rolling and adhesion on endothelial surfaces. Chemokine receptors
recognize chemoattractant molecules expressed by a variety of immune and non-immune
cells and allow T cell extravasation and migration to the target tissues (Sallusto et al., 1998a).
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Chemokine receptors are seven-transmembrane G protein-coupled receptors which, upon
binding to their specific chemokine, induce calcium influx and signaling pathways that result
in the cell movement towards a chemoattractant gradient (chemotaxis). Chemokines can be
distinguished as inflammatory and homeostatic. At the site of immune reaction inflammatory
chemokines are released and recruit effector T cells and other cells of the immune system.
Inflammatory chemokines are key drivers of immune responses and several chemokine
receptor antagonists are now used as drugs in immune diseases such as allergy (Islam and
Luster, 2012). Contrarily, homeostatic chemokines are constitutively expressed.
Chemokines and adhesion molecules can be distinctive of particular organs and therefore
their cognate receptors provide homing-specificity to the cells where they are expressed. For
instance, skin-homing T cells express the selectin cutaneous lymphocyte antigen (CLA) and
the chemokine receptors CCR4 and CCR10 that mediate migration to ligands expressed in
the skin blood vessels and epidermis (Sallusto and Lanzavecchia, 2009).
T cell functions are determined by the expression of specific cytokines (as discussed
previously) but also by the receptors that mediate T cell migration and localization. Indeed
the master transcription factors that determine T cell differentiation towards a specific lineage
regulate also the expression of particular chemokine receptors (Lord et al., 2005; Mjösberg et
al., 2012). For this reason chemokine receptors are commonly used as surface markers for T
helper subsets.
Th1 cells express CXCR3 and CCR5, while CCR3, CCR4, CCR8 and CRTh2 are found on
Th2 cells (Sallusto and Lanzavecchia, 2009). CCR4+ CCR6+ T helper cells have been defined
as Th17 and the same receptors have been found on Th22, which express them in
combination with CCR10. CXCR5 is the hallmark of Tfh cells and mediates their migration
to B cell follicles. Despite this knowledge, a clear definition of each T cell subset by means
of its chemokine receptors can be challenging, as I will illustrate in the case of Th2 cells.
Additionally, the combination of CCR7 with other surface receptors (like CD45RA) allows
us to distinguish naïve T cells, TCM and TEM. As I described before, the ligands for CCR7,
CCL19 and CCL21, are expressed in the lymph nodes and recruit naïve and central memory
T cells, as well as DCs (Sallusto et al., 1999).
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3.9

Allergy and type 2 immunity

Allergy is a hypersensitivity disease mediated by the expansion of T helper 2 cells and the
production of IgE antibodies against innocuous environmental antigens (allergens). These
proteins primarily enter the body via the respiratory tract, the gastrointestinal tract, the skin,
an insect sting or upon injection of a drug (Valenta et al., 2010). Allergic diseases include
asthma, rhinoconjunctivitis, sinusitis, food allergy, atopic dermatitis, angioedema and
urticaria, anaphylaxis and insect or drug allergy (Holgate and Polosa, 2008). However, for
some of these diseases such as asthma two forms exist: the allergic one, dependent on IgE
antibodies (allergic asthma), and the non-allergic.
Allergens are mostly highly immunogenic proteins or glycoproteins of 5-80 kDa. To date the
DNA and amino acid sequences of the most common allergens are known and their threedimensional structures revealed. However, the comparison of molecular and structural
features of many different allergens could not reveal any common motif that distinguishes an
allergen from other non-allergenic particles (Valenta, 2002). Many allergens are cysteine or
serine proteases and for some of them the loss of this enzymatic activity leads to the inability
to mount an inflammatory response. However, many proteases are known to be perceived by
the immune system without driving a type 2 reaction. Other factors, such as innate receptor
activation or atopy, must be required to confer allergenic properties to these proteins.
In Western industrialized countries, allergic diseases have reached epidemic proportions, with
more than 25% of the population being affected. Half of the urban population worldwide is
predisposed to develop IgE antibodies, a condition named atopy (Murphy, 2012). These
individuals are characterized by higher IgE and eosinophil levels in the blood and by the
enhanced probability to develop an allergic disease. Genomic analyses have revealed a
considerable number of genes potentially correlated with allergy, although these differ
between different diseases. Environmental factors and a life style typical of Western
countries (reduced exposure to infectious diseases in early childhood, dietary changes,
increased environmental pollution and allergen levels), have also been ascribed to induce
predisposition to allergies (Lambrecht and Hammad, 2017; Strachan, 1989).
The “hygiene hypothesis”, proposed in 1989 by David Strachan, noticed that in less hygienic
environments newborns are more susceptible to infections but also more protected from atopy
and asthma (Strachan, 1989). This theory is based on the idea that during early infancy Th2
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responses predominate but Th1 induction by microbial infections can reprogram the immune
system towards Th1-dominated responses. Other observations support this hypothesis: for
instance, there is a reduced risk of developing allergic diseases among children who live on
farms (Von Ehrenstein et al., 2000). However, a negative correlation was also reported
between infections by helminthes and the development of allergies that is difficult to explain
with this theory (Lynch et al., 1993). Indeed, parasites like helminthes induce a strong Th2
response and, according to the hygiene theory, they should exacerbate atopy instead of
dampen it. These observations have led to a revised hygiene hypothesis proposing that
various types of infection can protect against the development of allergy by driving the
production of regulatory cytokines like IL-10 and TGF-β that downregulate both Th2 and
Th1 responses (Okada et al., 2013). In particular it seems that the infectious agents that coevolved with us can protect from immune disorders, while those that evolved recently cannot.

3.10 The allergic cascade
Sensitization
Allergic sensitization, the primary response to allergens, usually occurs early in childhood
after allergen encounter by atopic persons. Indeed in allergic individuals the presence of
allergen-specific IgE is detectable in the first few years after birth (Valenta et al., 2010).
Antigen presenting cells, like DCs, patrol the airways, the gut mucosal surface and the skin
where, during sensitization, they take up the allergen and migrate to the draining lymph
nodes. Here DCs present the processed allergen to CD4+ naïve T cells which will proliferate
and differentiate in Th2 cells (Figure 3.5).
IL-4 secreted by Th2 activated cells promotes the immunoglobulin class switching from IgM
to IgE in B cells. Allergen recognition by membrane-bound IgE leads to B cell activation and
IgE-secreting plasma cell generation. Allergen-specific IgEs are released in the bloodstream
during sensitization and will bind to high-affinity receptor FcεRI on the surface of mast cells
and basophils in the tissues, preparing them for the next allergen exposure (Valenta, 2002).
After sensitization, allergen-specific T cells generate a pool of memory T cells that persist in
lymphoid organs and in peripheral non-lymphoid tissues. These cells can rapidly respond to
cognate allergens presented by APCs. In a sensitized person, allergen-specific IgE levels
increase a few weeks after allergen exposure and do not involve IgM production, suggesting
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that they are secreted by IgE+ memory B cells. Hence B cells also give rise to a memory
population that is activated after a second allergen exposure and generates an increasing pool
of IgE-secreting plasma cells. IgE+ memory B cell activation normally requires two signals:
allergen-specific binding and signals from effector Th2 cells; yet it has been demonstrated in
an experimental animal model that secondary IgE responses can occur in a T-cell
independent manner (Valenta, 2002).
Re-exposure to allergen
When a sensitized person is exposed to allergens, Th2 memory cells are attracted by the
chemokines CCL17 and CCL22 released by DCs and epithelial cells to the site where the
allergen was recognized. Here, DCs activate Th2 memory cells through antigen presentation
by MHCII molecules (Hammad and Lambrecht, 2008).
Through the secretion of IL-4, IL-5 and IL-13 Th2 cells organize innate and adaptive immune
cells to mount a strong inflammatory response against allergens. They activate memory B
cells to produce allergen-specific IgEs, recruit mast cells, basophils and eosinophils and
promote eosinophil maturation.
Allergen-specific IgEs circulating in the bloodstream are mostly bound to their high-affinity
receptor FcεRI on the surface of mast cells and basophils. Allergens consist of proteins or
glycoproteins with multiple epitopes that can simultaneously bind different IgE antibodies
allowing the cross-linking of IgE-FcεRI complexes on these cells (Valenta et al., 2010). This
leads to the degranulation of mast cells and basophils that release inflammatory mediators,
like histamine, serotonine and cysteinyl leukotrienes (Figure 3.5). These promote smoothmuscle contraction, mucus production, vascular permeability and inflammatory cell
recruitment. IgEs are the least abundant immunoglobulins in the blood but they generate
extremely strong reactions against minute amounts of allergens. This is achieved by the high
affinity between IgEs and their receptors (FcεRI and RII) as well as between IgEs and their
specific allergen. Moreover the expression of FcεRI by mast cells and basophils is further
enhanced by IgE cross-linking, providing a powerful amplification mechanism for allergic
reactions (Holgate and Polosa, 2008). Mast cells and basophils also release cytokines and
chemokines that attract and modulate various immune cells, such as Th2 cells, macrophages,
eosinophils

and

neutrophils.

Eosinophils

produce

inflammatory

immunoregulatory cytokines responsible of the late-phase allergic reactions.
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Figure 3.5
The allergic cascade. Naïve T cells are activated by allergen-presenting DCs and differentiate
into Th2 cells. These secrete IL-4 and IL-13 and induce Ig class-switch by allergen-specific
B cells. After sensitization (a), a pool of memory allergen-specific B and T cells remains in
circulation, while allergen-specific IgEs are bound to the surface of mast cell through the
FcεRI receptor. Upon secondary exposure, mast cells immediately degranulate and release
inflammatory mediators (immediate reaction, b). APCs mediate the activation of memory
Th2 cells which proliferate giving rise to a population of effector cells (late reaction, c). IL-5
secreted by effector Th2 cells recruits and activates eosinophils (from Valenta, 2002).
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3.11 Th2 cell effector functions
During a type 2 response, T helper 2 cells induce B cell activation and immunoglobulin class
switching and recruit mast cells, eosinophils and basophils to the site of inflammation.
Immature B cells respond to IL-4 with immunoglobulin class switching to IgE. These are
then secreted by activated B cells and plasma cells and mediate mast cells activation in
response to allergens or parasite-derived antigens. IL-4 receptor α (IL-4Rα) is expressed by
Th2 cells and these cells respond to autocrine and paracrine IL-4 signals promoting T cell
polarization towards a Th2 fate (Holgate and Polosa, 2008).
IL-5 is sensed by eosinophils and attracts them to the site of inflammation (eosinophilia). IL5 induces eosinophil maturation leading to the secretion of various inflammatory mediators
responsible of the late phase of parasite clearance and allergic reactions (Holgate and Polosa,
2008). IL-13 and IL-4 act on epithelial and smooth muscle cells inducing mucus production,
goblet cell metaplasia and airway hyper-responsiveness in asthmatic reactions. IL-13 is one
of the key effector cytokines for helminth expulsion. IL-9 is important for mast cell
recruitment and maturation (Paul and Zhu, 2010). This cytokine has been related to type 2
responses; yet whether Th2 cells are a major source of IL-9 is still debated as I discuss below.
IL-25 promotes IL-4, IL-5 and IL-13 expression by Th2 cells. It is secreted by Th2 cells and
by epithelial cells in response to allergens and therefore it serves as an initiation as well as an
amplification factor for Th2 responses (Hammad and Lambrecht, 2008).
IL-10 has been described as a Th2 cytokine although it dampens allergic inflammation (Zhu
and Paul, 2008). Ito et al. described a Th2 cell population negative for IL-10 but secreting
high amounts of the pro-inflammatory cytokine TNF-α and suggested that Th2 cells can
acquire two different phenotypes, an anti-inflammatory (IL-10+ TNF-α‒) or a proinflammatory (IL-10‒ TNF-α+). Whether these two profiles belong to distinct Th2 populations
or characterize two different activation states of the same cells has not yet been elucidated
(Ito et al., 2005).

3.12 Th2 cell differentiation upon allergen exposure
Upon TCR engagement, naïve CD4+ T cells differentiate into distinct T helper cell subsets.
Allergen-presenting DCs have the ability to drive T cell polarization towards a T helper 2
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profile through co-stimulatory and PRR-mediated signals. Epithelial cell-derived cytokines as
well as allergen dose and enzymatic activity have also been implicated in Th2 cell instruction
during allergic reactions (Pulendran and Artis, 2012).
IL-4 is the critical cytokine that drives Th2 cell differentiation (Mowen and Glimcher, 2004;
Nakayama and Yamashita, 2008). STAT6 transduces the signals coming from IL-4/IL-4R
interactions on T cells and upregulates a set of genes including Gata3 (Nakayama et al.,
2017). In addition, the IL-4/STAT6 pathway suppresses genes promoting alternative T helper
cell fates (Vahedi et al., 2012). However, high-level of GATA3 expression requires the
activation of other signaling pathways, such as the ERK/MAPK pathway induced by TCR
binding (Nakayama et al., 2017).
IL-2 is also required for Th2 cell differentiation through the activation of STAT5 (Vahedi et
al., 2012). STAT5 interacts with GATA3 to induce IL-4 and can promote Th2 development
even if GATA3 expression is low (Zhu and Paul, 2008). IL-4 and IL-2 are mainly produced
by Th2 cells and are important in the amplification of type 2 responses.
Epithelium-derived cytokines like TSLP, IL-25 and IL-33 promote Th2 cell priming and
effector functions (Paul and Zhu, 2010). TSLP acts on T cells and induces Th2 differentiation
through STAT5 (Al-Shami et al., 2004; Zhou et al., 2005). In addition it promotes OX40L
expression by DCs and Th2 development (Ito et al., 2005). IL-25 upregulates GATA3 and
induces IL-4, IL-5 and IL-13 expression (Fort et al., 2001). IL-33 signals through the ST2
receptor expressed on Th2 cells and induces cytokine production (Schmitz et al., 2005;
Wambre et al., 2017).
The transcription factor GATA3 is the master regulator of Th2 differentiation; Th2 cell
development in the absence of GATA3 is completely blocked both in vitro and in vivo. Also
completely differentiated Th2 cells lose IL-5 and IL-13 expression when GATA3 is deleted
(Paul and Zhu, 2010). Conversely, induction of GATA3 in differentiating Th1 cells leads to
repression of IFN-γ and expression of Th2 cytokines (Ansel et al., 2006). GATA3 has been
reported to induce chromatin remodeling and accessibility of the Th2 cytokine loci. On the
other side, GATA3 converts Ifng and Il12Rβ loci to a closed configuration inhibiting
transcription (Ansel et al., 2006).
Other factors involved in Th2 differentiation are c-Maf, that enhances IL-4 production, and
IRF4 that is thought to up-regulate GATA3 (Zhu and Paul, 2008).

34

Introduction
Together with cytokine-derived signals, antigen dose has been implicated in the
differentiation of naïve CD4+ T cells towards a Th1 or a Th2 phenotype. Low TCR strength
stimulation has been proposed to induce IL-4 production and Th2 cell differentiation
(Constant et al., 1995). At the same time, another study demonstrated that both very high and
very low antigen doses promote Th2 cell development (Hosken et al., 1995). Although there
is some debate about which one of these two contradictory hypotheses is more accurate,
recent reports seem to support that Th2 differentiation is sustained by low and high amounts
of antigen, while intermediate amounts induce Th1 cells (Nakayama and Yamashita, 2010).
Induction of type 2 responses by some allergens, such as dust mite major allergens Der p1
and Der f1, has been related to their cysteine or serine protease activity. Indeed, mice
immunization with an inactive form of Der p1 demonstrated that its proteolytic activity is
crucial for allergic sensitization (Gough et al., 2001). Different mechanisms behind proteasemediated induction of type 2 immunity have been proposed. For instance, it has been
demonstrated that the proteolytic activity of Der p1 increases IgE secretion by plasma cells
(Schulz et al., 1995). However, also Th2 cell differentiation could be influenced by allergenderived proteases. Indeed, in one study trypsin and papain have been reported to induce TSLP
production by epithelial cells through protease-activated receptor 2 (PAR-2) (Kouzaki et al.,
2009).
Other stimuli like nutrients and growth factors control T helper cell differentiation through
the mTOR kinase (Chi, 2012). In mammalians, mTOR exists in two complexes, the
mTORC1, which comprises the scaffold protein RAPTOR, and the mTORC2, which contains
RICTOR. mTORC2 promotes Th2 cell development by inhibiting SOCS5, a suppressor of
STAT6. Conversely the role of mTORC1 in Th2 cell differentiation is still controversial.
However mTORC1 has been reported to regulate metabolic re-programming during Th2 cell
fate acquisition (Chi, 2012).
Th2 lineage-associated cytokines, IL-4, IL-5 and IL-13, are encoded by genes located on the
same locus (on human chromosome 5q31 and mouse chromosome 11). While the IL-4 and
the IL-13 genes are adjacent to each other, the IL-5 gene is 120 kb distant and in the opposite
orientation. This structural organization may allow different transcriptional and epigenetic
regulation of the three genes. Specifically, different levels of H3-K4 methylation at the Il5p
have been found in IL-5+ and IL-5‒ Th2 subpopulations, whereas IL-4 and IL-13 were not
affected (Endo et al. 2011). In the same study, Eomesodermin was shown to repress IL-5 but
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not IL-4 and IL-13 expression. In addition, the retinoic acid receptor α (RARα) was reported
to regulate IL-5 expression likely through a retinoic acid response element found exclusively
on the Il5p (Wansley et al. 2013).

3.13 Th2 heterogeneity
For a long time Th2 cells have been described as a homogeneous population; however in the
last decade there has been increasing evidence for heterogeneity of this subset in the context
of allergic inflammation.
In 2011 three groups reported the existence of a pathogenic Th2 population which is
characterized by expression of IL-5 (Figure 3.6). Nakayama and colleagues identified an IL5-producing Th2 subpopulation which is required for induction of airway eosinophilic
inflammation in mice (Endo et al., 2011). In their model, IL-4 and IL-13 were highly
expressed by memory Th2 cells while IL-5 was found only in a CD62Llo CXCR3lo Th2
subpopulation. IL-5 expression was accompanied by high H3-K4 methylation at the IL-5
gene promoter and correlated with repression of the transcription factor Eomesodermin. They
proposed that Eomesodermin regulates IL-5 expression by interacting with GATA3 and
preventing its binding to the Il5p in IL-5‒ Th2 cells.
Upadhyaya et al. showed that human Th2 cells acquire IL-5 expression after multiple rounds
of in vitro antigen stimulation (Upadhyaya et al., 2011). IL-5+ Th2 cells expressed low levels
of CD27, a member of the tumor necrosis factor superfamily which is downregulated during
CD4+ T cell differentiation, and higher levels of IL-4, IL-13 and GATA3. These observations
suggested that IL-5-producing Th2 cells represent a highly differentiated Th2 population.
Luster and colleagues identified a similar IL-5+ Th2 population which expressed the
chemokine receptor CCR8 and was recruited to inflamed skin in a murine model of AD
(Islam et al., 2011). CCR8 depletion in T cells protected mice from atopic skin inflammation,
confirming that IL-5+ Th2 cells are pathogenic.
Recently, Wambre et al. used MHC class II tetramers to isolate and characterize human
allergen-specific Th2 cells (Wambre et al., 2017). They defined a profile consisting of four
surface T cell markers (CRTh2, CD161, CD45RB and CD27) that identifies a population of
inflammatory Th2 cells (that they called Th2A subset), which is absent in non-allergic
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individuals. This Th2 subpopulation was shown to express higher levels of IL-5, together
with IL-9.
IL-5+ Th2 cells also upregulated surface receptors for epithelium-derived cytokines like IL17RB (IL-25 receptor), ST2 (IL-33 receptor) and CRLF2 (TSLP receptor), which are known
to be involved in allergic/asthmatic responses (Wambre et al., 2017). Notably, ST2
expression and IL-33 responsiveness are acquired by Th2 cells after repeated rounds of in
vitro differentiation, similarly to IL-5 expression (Guo et al., 2009).
Heterogeneity is observed also at the level of chemokine receptor expression, implicating
different migration properties within the Th2 subset. Th2 cells typically express the
chemokine receptor CCR4 in absence of CCR6 (Bonecchi et al., 1998; Sallusto et al., 1998b).
However other chemokine receptors have been associated to Th2 cells and found to be coexpressed with CCR4.
CRTh2 is expressed in Th2 cells both in vitro and in vivo and it is not found in Th1 or other T
cell subsets (Nagata et al., 1999). Confirming these observations, it is upregulated by IL-4,
which induces Th2 differentiation, and it is inhibited by IL-12, which promotes Th1
polarization (Hirai et al., 2001). CRTh2 is found also in innate immune cells involved in
allergic responses, like eosinophils and basophils. These and the finding that CRTh2 responds
to prostaglandin D2 (PGD2), an inflammatory mediator released by mast cells during allergic
reactions, suggest an important role for CRTh2 during allergic responses.
PGD2 signalling via prostanoid receptors like DP was related to allergic inflammation before
the discovery of CRTh2 (Hirai et al., 2001), even if not all the effects induced by PGD2 could
be explained by this pathway. Importantly, only PGD2–CRTh2 interactions can mediate T
cell extravasation and migration to inflamed tissue.
Other Th2-associated chemokine receptors are CCR3 and CCR8. CCR3+ cells from human
peripheral blood produced high level of IL-4 and IL-5 after in vitro expansion (Sallusto et al.,
1997). CCR3, as discussed previously for CRTh2, is also found on basophils and eosinophils
and its ligand, eotaxin, is found in allergic inflamed tissues.
CCR8 expression is high in the thymus of mice but lower levels are found also in activated
Th2 cells in the periphery (Zingoni et al., 1998). Asthmatic individuals present more CCR8positive cells in the blood than non-asthmatic, suggesting that this chemokine receptor could
be upregulated during allergic inflammation (Mutalithas et al., 2010). As mentioned above,
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CCR8 has been also involved in Th2 cell migration to the skin in the context of AD (Islam et
al., 2011).
T cells with a hybrid phenotype between Th2 and Th17 or between Th2 and Th1 have also
been identified (Figure 3.6). Th2/Th17 cells which produce IL-4 and IL-17 were found at
higher frequency in asthmatic patients compared to healthy controls (Wang et al. 2010).
These cells also co-expressed CRTh2 and CCR6 as well as GATA3 and RORγt. Th1/Th2
cells which secrete IFN-γ and IL-4 have also been described, yet their potential role in
allergic diseases has not been elucidated (Hegazy et al., 2010).

38

Introduction

Figure 3.6
Th2 heterogeneity. Upon repeated allergen exposure Th2 cells can further differentiate in an
IL-5+ CCR8+ with enhanced pathogenic functions. If re-stimulation occurs in presence of
virus- or fungi-derived antigens, Th2 cells can acquire IFN-γ or IL-17 production through the
expression of Th1- and Th17-lineage transcription factors (from Islam and Luster, 2012).
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3.14 IL-9 in type 2 immunity
IL-9 was discovered more than twenty years ago and first characterized as a T cell and mast
cell growth factor termed p40 (Goswami and Kaplan, 2011). After that, many cell types
including immune and non-immune cells were reported to express the IL-9 receptor: among
these are mast cells, T and B lymphocytes, epithelial cells and smooth muscle cells (Noelle
and Nowak, 2010). IL-9-induced effects are multiple, target-specific and dependent on the
cellular/cytokine environment.
Several studies describe IL-9 as important during allergic inflammation. In mice, transgenic
expression of IL-9 in the lung induces allergic inflammation through a mechanism that is
partially dependent on Th2 cytokines (Goswami and Kaplan, 2011). In an adoptive transfer
model IL-9-expressing T helper cells induce allergic responses (Staudt et al., 2010).
Reduction in IL-9 synthesis caused by deficiency for PU.1 (a transcription factor involved in
IL-9 expression) dampens allergen-driven inflammation and administration of an IL-9neutralizing antibody ameliorates ovalbumin-induced airway inflammation (Chang et al.,
2010; Cheng et al., 2002). However, in some circumstances IL-9 might not be necessary for
the initiation of allergic reactions. Indeed, one study has shown that IL-9 knockout mice are
not protected against allergen-induced inflammation (McMillan et al., 2002).
A role for IL-9 during allergen-induced immune responses is also suggested by its effects on
mast cells, B cells and airway epithelial cells that could exacerbate these types of reactions.
IL-9 promotes mast cell growth and survival during an antigen-induced response, while basal
levels of mast cells are independent of IL-9 (Noelle and Nowak, 2010). Moreover it induces
mast cell protease, proallergic cytokine (such as IL-5 and IL-13) and FcεRI expression. On B
cells, it enhances IL-4-mediated IgE production, but it has also been shown to increase IgG
synthesis. Transgenic expression of IL-9 in the lungs of mice results in goblet cell metaplasia
of airway epithelial cells. IL-9-producing T cells have been reported to induce inflammation
in the skin (Schlapbach et al., 2014).
IL-9 provides a protective role in immunity to intestinal parasites. In mice, transgenic
expression of IL-9 promotes clearance of Trichuris muris and Trichinella spiralis infections,
whereas an IL-9-neutralizing antibody inhibits these immune responses. Also in the case of
parasitic defense IL-9 has a positive effect but is not always required since different reports
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show that IL-9-deficient mice are still able to control infection with helminthes (Goswami
and Kaplan, 2011; Licona-Limón, 2013).
Because of its role in type 2 immune responses, IL-9 was first considered a Th2-related
cytokine (Beriou et al., 2010). IL-9 received renewed interest when in 2008 two groups
described a T helper subset that produced IL-9 and no other T lineage-associated cytokines
(Dardalhon et al., 2008; Veldhoen et al., 2008). These cells differentiated from naïve CD4+ T
cells under administration of IL-4 and TGF-β and were named “Th9” cells.
Whether Th9 represents a distinct T helper subset or a subpopulation of Th2 cells is still a
matter of debate, but several evidences support the second hypothesis. First, although Th9
cells seem to be involved in different immune responses, allergic reactions are orchestrated
by both Th2 and Th9 cells. In addition, various transcription factors and molecular signals are
required for the development of both. Indeed IL-4 is a key factor for Th2 and Th9
differentiation in vitro, as well as the IL-4-signal transducer STAT6 and its target
transcription factors IRF4 and GATA3 (Putheti et al., 2010). IL-25, IL-33 and TSLP induce
Th2 and Th9 cells to increase cytokine production during an allergic reaction
(Angkasekwinai et al., 2010; Blom et al., 2011; Jones et al., 2012). Furthermore IL-9-positive
cells were found to be enriched among memory T cells expressing CRTh2 (Gessner et al.,
1993). Finally Th2 and Th9 phenotypes seem to be very flexible since Th2 differentiated
cells can down-regulate the expression of IL-4, IL-5 and IL-13 and acquire an IL-9+
phenotype in response to TGF-β while Th9 cells can convert to a Th2 profile when cultured
in presence of Th2-polarizing cytokines (Veldhoen et al., 2008; Yao et al., 2013).

3.15 PPARγ in type 2 immunity
Peroxisome proliferator-activated receptors (PPARs) belong to the superfamily of nuclearhormone-receptor. Three isoforms have been described, PPARα, PPARβ/δ and PPARγ.
PPARs are activated by the binding of different types of lipids, including fatty acids and
eicosanoids. Lipid metabolism regulates inflammation and PPARs are likely involved in this
process. Indeed PPARα and PPARγ can modulate the expression of several transcription
factors involved in immune responses, such as NF-κB, AP-1 and NFAT (Daynes and Jones,
2002).
PPARγ is mainly expressed in adipocytes and regulate adipogenesis, lipid metabolism and
energy homeostasis. It can be transcribed into three different splice variants: PPARG1 and
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PPARG3 are translated to the same protein PPARγ1, while PPARG2 codes for PPARγ2
(Fajas et al., 1998; Zhu et al., 1995).
PPARγ is found also in immune cells, including macrophages, DCs, eosinophils, B and T
lymphocytes. It polarizes macrophages towards an anti-inflammatory (M2) phenotype and it
is required for the development of alveolar macrophages in the lungs (Bouhlel et al., 2007;
Schneider et al., 2014). PPARγ expression in DCs and eosinophils has been associated to the
inhibition of allergic inflammation in the airways (Hammad et al., 2004; Woerly et al., 2003).

3.16 T cell trafficking to allergen-exposed tissues
Selectins, integrins and chemokine receptors regulate T cell homing to inflamed tissues
where their specific ligands are upregulated. As mentioned before, the expression of specific
chemokine receptors is induced by master transcription factors and differs among T helper
cell subsets (Sallusto and Lanzavecchia, 2009). However, T cell homing receptor profile can
be also determined by the initial site of antigen priming (Sallusto et al., 2000). In allergic
diseases, this process, known as tissue-specific imprinting, allows effector T cells to reach the
sites of allergen entry (Islam and Luster, 2012). After sensitization, tissue-specific receptors
guide memory T cells to circulate through the organs where they have more chances to reencounter their specific antigens (Figure 3.7).
Human skin-homing T cells express CLA, CCR4, CCR8 and CCR10 and these receptors
have been associated to atopic dermatitis (Campbell and Kemp, 1999; Vestergaard et al.,
2003; Duhen et al., 2009; Islam et al., 2011). CCR10 is expressed by human Th22 cells,
mediates their migration through a CCL27 gradient and CCR10-CCL27 interactions have
been shown to promote AD (Homey et al., 2002). CCR4 drives T cell homing to the skin
during the initiation phase of cutaneous allergic inflammation, when skin-resident antigenspecific memory cells are still absent (Oyoshi et al., 2011). However, after repeated antigen
exposure, CCR4 may be not necessary for T cell recruitment to the skin, whereas CCR8 and
CCR10 might be important in this context (Islam and Luster, 2012).
T cell trafficking to the airways during an allergic asthmatic reaction involves multiple
chemokines and inflammatory mediators, which are released by innate and adaptive immune
cells. During the early phase of allergic reaction, mast cells recruit T cells by secreting
leukotrienes, prostaglandins and chemokines (Islam and Luster, 2012). Leukotriene B4 is
rapidly released and mediates T cell migration through its receptor BLT1, which is found on
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Th1, Th2 and Th17 cells (Tager et al., 2003). Prostaglandin D2 (PGD2) is the ligand for
CRTh2, which is expressed by Th2 cells, eosinophils and basophils (Hirai et al., 2001).
Among the chemokines released by mast cells there are CCL1 (the ligand of CCR8), CCL17
and CCL2 (both ligands of CCR4).
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Figure 3.7
Tissue-specific imprinting and T cell trafficking to allergy-prone organs. T cell priming in the
skin leads to expression of CLA, CCR4, CCR8 and CCR10 whose specific ligands are
released by postcapillary venules in the skin and epidermal cells. Gut-homing T cells express
CCR9 and α4β7 which direct their migration to the small intestine where their ligands,
CCL25 and MADCAM1, are expressed. The receptors involved in lung homing at the steady
state have not been clarified yet. However, upon lung inflammation, T helper cells migration
to the airways is mediated by CRTh2, CCR4 and CCR8 (from Islam and Luster, 2012).
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3.17 Immune tolerance to allergens
In non-allergic individuals the first exposure to allergens leads to the development of immune
tolerance, although the mechanisms involved are unclear. T regulatory cells (Tregs) are likely
part of this process through the production of IL-10 and TGF-β and through the expression of
CTLA-4 and PD-1 (Lloyd and Hessel, 2010). Tregs can limit T cell stimulation by
downregulating the expression of MHC-II and co-stimulatory molecules CD80 and CD86 on
APCs. The lower percentages of CD4+ CD25+ Tregs found in asthmatic compared to healthy
children suggest that alterations in Treg development or functionality could explain the
inappropriate immune response of allergic individuals. There are other studies, however,
where Tregs were similar in number and activity between allergic and non-allergic subjects
(Valenta et al., 2010). Likely, dysfunctions in the Treg compartment could be responsible for
allergic development in some cases and different factors may cause the same disease in
others.

3.18 Allergy therapies
Several mediators of type 2 responses have been targeted for the development of therapeutic
strategies against allergic diseases. Established treatments for asthmatic symptoms include
corticosteroids (Holgate and Polosa, 2008). These act as inhibitors of Th2 cell effector
functions by regulating the expression of specific target genes, like NF-κB and AP-1.
Corticosteroids bind to cytoplasmic glucocorticoid receptors and translocate to the nucleus
where they exert their function.
Allergen immunotherapy (AIT) consists in the repeated administration of allergens by
subcutaneous injection or sublingual application (Jutel et al., 2015). AIT is the only potential
disease-modifying treatment for allergic diseases. It prevents allergic reactions in atopic
individuals through the induction of allergen-specific IgG4 antibodies which compete with
IgE for their binding sites on the allergen (Valenta et al., 2016). AIT induces allergen
tolerance by promoting Treg cell secretion of the inhibitory cytokines IL-10 and TGF-β.
Under AIT, recruitment of mast cells, eosinophils and basophils to the skin and to the airways
is reduced (Valenta et al., 2016; Wu et al., 2007).
Targeting Th2-associated cytokines and their receptors constitutes a potential strategy for
dampening allergic reactions. Dupilumab, a monoclonal antibody for the IL-4 α receptor, has
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been shown to ameliorate allergic symptoms in asthmatic and AD patients (Landolina and
Levi-Schaffer, 2016). Different monoclonal antibodies for IL-4 and IL-13 (pascolizumab,
tralokinumab, lebrikizumab) are being now evaluated in clinical trials for the treatment of
allergic asthma. Anti-IL-5 neutralizing antibodies and antibodies for the IL-5 α receptor have
also been studied for reducing eosinophilia in the context of allergic asthma. Th2 cell
trafficking has also been targeted and inhibitors for the chemoattractant receptors CRTh2,
CCR3 and CCR4 have been developed (Islam and Luster, 2012).
Other allergy treatments include the administration of IgE-specific antibodies, like
omalizumab, which prevent IgE binding to FcεRI and FcεRII and the release of inflammatory
mediators by mast cells and basophils (Holgate and Polosa, 2008).
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Aims

In the past, allergic reactions have been linked to T helper 2 lymphocytes, which were
defined as a homogeneous subset of cells secreting IL-4, IL-5 and IL-13. In the last decade,
several evidences supported the existence of phenotypically different subpopulations within
the Th2 subset, which might play distinct functions in the immune response to allergens.
This thesis aims to characterize T lymphocyte responses against allergens in humans by
investigating the heterogeneity among allergen-reactive CD4+ T cells.
In particular, different aspects of allergen-reactive T cell heterogeneity have been studied:
1.

The cytokine expression profile, in order to define whether T helper lymphocytes with
different effector functions are involved in allergic reactions;

2.

The expression of specific patterns of chemokine receptors, which determine T helper
cell trafficking and homing to specific tissues. This allowed us to understand whether
functionally different T cells migrate to distinct allergen-exposed organs leading to the
generation of site-specific allergic reactions;

3.

The TCRβ repertoire that defines the clonal diversity of T lymphocytes specific for the
same allergen. This allowed us to define the relationship between phenotypically
different allergen-reactive T cells and to formulate hypothesis regarding how different
populations of allergen-reactive T cells originate and differentiate.

To address these aims, T cells were first sorted into four subsets, defined by the expression of
chemokine receptors, and distribution of allergen-reactive T cells within each subset was
determined. The data collected in this study are ready to be submitted for publication.
During my thesis, I collaborated with the group of Prof. Kopf in a study to address the role of
the transcription factor PPARγ in type 2 immunity (Nobs et al., 2017). The data collected by
this study add further information to the functional characterization of human Th2 cells.
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Survey of results

The results I will describe in the next session, except for the study on PPARγ expression, are
part of a study entitled “IL-9 and IL-22 production in distinct CD4 T cell subsets in allergy”,
which is currently under preparation. Within this study, Tess M. Brodie performed
experiments with T cell libraries and analyzed data. Elena Brenna and Sofia Tousa also
participated to these experiments. Tess M. Brodie and I performed experiments on the T
helper cell response to allergens ex vivo and analyzed data. I performed the TCRβ repertoire
analysis of HDM-reactive T cells.
The analysis of PPARγ expression in human Th2 cells was done in collaboration with Samuel
P. Nobs, who performed qPCR on human T cell samples and analyzed data. These results are
part of a study done in collaboration with the laboratory of Prof. Manfred Kopf entitled
“PPARγ in dendritic cells and T cells drives pathogenic type-2 effector responses in lung
inflammation” (Nobs et al., 2017).
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6.1

Allergic and non-allergic donors involved in the study

In this study, the T helper cell response to allergens was analyzed in fifteen allergic and four
non-allergic volunteer donors. Donors were selected based on personal history of allergy and
skin prick test; they were then screened by ELISA for total and allergen-specific IgE.
Allergic donors had IgE specific for at least one of the following allergens: timothy grass
(TG, Phleum pratense), ragweed (RW, Ambrosia artemisiifolia), European white birch
(EWB, Betula pendula) and house dust mite (HDM, Dermatophagoides pteronyssinus). Nonallergic donors had low levels of total IgE and undetectable allergen-specific IgE.
Ten allergic and four non-allergic donors were involved in the first part of the study aimed to
investigate the phenotypic diversity of T helper cell response to the seasonal allergens TG,
RW, and EWB, and to the non-seasonal allergen HDM. Six donors allergic to HDM were
involved in the second part, where I studied the TCR repertoire of HDM-reactive T helper
cells in different memory subsets.

6.2

T helper cell subsets

The T cell response to allergens was analyzed in four T helper memory subsets, defined
according to the expression of the chemokine receptors CCR4, CCR10 and CRTh2. These
chemokine receptors have been associated to atopic diseases and have been shown to mediate
migration to allergy-prone organs during allergic inflammation (Banfield et al., 2010;
Campos Alberto et al., 2012; Homey et al., 2002; Luster and Islam, 2012).
T helper memory cell subsets have been defined as follows: CCR4+ CRTh2+, CCR4+
CCR10+, CCR4+ CRTh2‒ CCR10‒ (CCR4+ double negative, DN) and CCR4‒ (Figure 6.1A).
CCR4‒ T cells constitute more than 60% of the total CD4+ memory compartment. CCR4+ T
cells were sorted into three subsets. CCR4+ DN was the most abundant and consisted in about
30% of the total CD4+ memory T cells. Conversely, CCR4+ CRTh2+ and CCR4+ CCR10+ T
cells were always found at low frequencies and represented the 1% and the 4% of the total
CD4+ memory T cells, respectively (Figure 6.1B).
In addition to CCR4 and CRTh2, Th2 cells have been reported to express other chemokine
receptors, namely CCR3 and CCR8 (Islam et al., 2011; Sallusto et al., 1997). Eotaxin is
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released by mast cells upon allergic inflammation and drives T cell migration through CCR3.
However, we found that expression of CCR3 on CD4+ T cells ex vivo was extremely low and
that CCR3+ T cells corresponded to less than 1% of the total T helper memory compartment
(Figure 6.1C). It is possible that this chemokine receptor is induced on activated Th2 cells,
while it is poorly expressed at the resting state. Ex vivo analysis on CCR3+ T helper cells
would have been complicated by their small number, therefore we decided to exclude this
chemokine receptor from our study.
CCR8 has been reported to mediate migration of Th2 cells to the skin and to the lungs during
allergic reactions (Islam and Luster, 2012). Accordingly, we found that CCR8 in T helper
memory cells is always co-expressed with CCR4 (Figure 6.1D). Although both CCR8 and
CCR10 are found on skin-homing T cells, their expression does not define a unique T cell
population. Indeed, CCR8+ cells have been found both in the CCR10+ and in the CCR10‒ T
cell fractions (Figure 6.1D). Similarly, both CRTh2+ and CRTh2‒ T cells can express CCR8.
For these reasons, we decided to study T cell memory subsets defined only by CRTh2, CCR4
and CCR10.
Intracellular cytokine staining after sorting ex vivo revealed that the CCR4+ CRTh2+ subset
consisted mainly of IL-4+ Th2 cells, while the CCR4+ DN subset was more heterogeneous
and contained Th2 cells (IL-4+) together with IL-17+, IL-22+ and IFN-γ+ T cells (Figure 6.2).
CCR4+ CCR10+ T cells were IL-22+, a phenotype which has been associated to the skinhoming Th22 cell subset (Duhen et al., 2009). CCR4‒ T cells were mainly IFN-γ+ Th1 cells.
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Figure 6.1
(A) Sorting strategy. CD4+ CD8‒ CD14‒ CD19‒ CD25‒ CD56‒ (pre-gate not shown) total
memory T cells have been sorted into four subsets: CCR4‒; CCR4+ double negative (DN);
CCR4+ CRTh2+; CCR4+ CCR10+. (B) Percentages of cells from each subset within total
CD4+ memory T cells (8 donors at 3 different time points). (C) CCR3 expression on total
CD4+ T cells in one representative donor. (D) CCR8 expression relative to CCR4, CCR10
and CRTh2 on CD4+ memory T cells in one representative donor.
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Figure 6.2
Cytokine expression in the four CD4+ memory T cell subsets, as assessed by flow cytometry
after sorting ex vivo and re-stimulation with PMA/ionomycin.
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6.3

Distribution and frequency of allergen-reactive T cells in T helper
cell subsets

The T cell library method was developed in the Sallusto laboratory in order to determine the
frequency of rare antigen-reactive T cells within a specific T cell compartment (Geiger et al.,
2009). In this study this method was used to determine the distribution and frequency of
allergen-reactive T cells among the four CD4+ T cell subsets.
The response to HDM was studied in three groups of donors: i. atopic donors with allergy to
HDM (total IgE+, HDM-specific IgE+, SPT+); ii. atopic donors with no allergy to HDM (total
IgE+, HDM-specific IgE‒, SPT‒); iii. non-atopic donors (total IgE‒). Three T cell libraries
were set up from each HDM-allergic donor over a period of five months in the fall.
Figure 6.3A shows the results of a T cell library made from one HDM-allergic donor. HDMproliferating T cells were found in all lines derived from the CCR4+ CRTh2+ subset and in
some lines derived from the CCR4+ DN subset, consistent with the notion that allergenspecific cells are Th2. Surprisingly, HDM-reactive T cells were also found in several lines
derived from the CCR4+ CCR10+ subset, which is enriched in Th22 cells, while there were
few responding T cell lines in the CCR4– subset, which is enriched in Th1 cells. Figure 6.3B
shows the estimated frequency of HDM-reactive T cells in the four different subsets in
libraries derived from four HDM-allergic donors, each analyzed at three different time points.
In spite of some donor-to-donor variability, the data consistently showed that the CCR4+
CRTh2+ subset had the highest frequency of HDM-reactive cells in all donors tested.
Furthermore, all donors had detectable HDM-reactive T cells in the CCR4+ CCR10+ and
CCR4+ DN subsets. Compared to HDM-allergic donors, HDM-IgE‒ atopic and non-atopic
donors had a significantly lower frequency of HDM-specific T cells in the CCR4+ CRTh2+
and CCR4+ DN subsets (Figure 6.3C). However, all three groups of donors had comparable
frequency of HDM-reactive T cells in the CCR4+ CCR10+ subset.
The T cell library method was then used to study the response to seasonal allergens. From
each donor, three T cell libraries were set up in spring over a period of five months. As was
the case for HDM, the CCR4+ CRTh2+ subset in atopic donors contained the highest
frequency of TG-, EWB- and RW-reactive T cells (average of 2000 cells per million for
EWB and RW and of 800 cells per million for TG), while frequency was very low in atopic
IgE– and non-atopic donors (Fig. 6.3D). T cells reactive against TG, EWB and RW could be
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also found in the CCR4+ DN subset, although at significantly lower frequency. In contrast to
what observed in HDM-allergic donors, TG-, EWB-, and RW-reactive T cells were rarely
found in the CCR4+ CCR10+ subset.
Taken together, these data indicate that in atopic donors the relatively small subset of CD4+
memory T cells expressing CRTh2 is highly enriched in allergen-specific T cells. They also
reveal that HDM-specific T cells are present in a subset characterized by expression of the
skin-homing receptor CCR10 and by production of IL-22 in both allergic and non-allergic
donors.

Figure 6.3 (next page)
(A) Proliferation for one HDM-allergic donor T cell library after stimulation with HDM. (B)
Frequency per million cells in subset for all HDM-allergic donors in fall. Each point is the
frequency per million cells in subset for one donor. Data are from 4 donors and 3 time points
per donor. (C-D) Mean frequency (± SD) from all donors and 3 or 6 time points per donor.
Stimulation with HDM (n = 4 IgE+ allergic, n = 5 IgE– atopic, and n = 4 IgE– non-atopic
donors), TG (n = 4 IgE+ allergic, n = 2 IgE– atopic, and n = 2 IgE– non-atopic donors), EWB
(n = 3 IgE+ allergic, n = 3 IgE– atopic, and n = 2 IgE– non-atopic donors), RW (n = 2 IgE+
allergic, n = 4 IgE– atopic, and n = 2 IgE– non-atopic donors). Data were analyzed by 2tailed Student’s t-test (C, D). * P < 0.05; ** P < 0.01; *** P < 0.001.

54

Results

55

Results

6.4

Correlation between frequency of allergen-reactive cells in different
T cell subsets and IgE response

To correlate the magnitude and class of T cell responses to the IgE response to allergens, we
plotted the frequency of allergen-specific T cells in the different subsets and the O.D. values
of allergen-specific IgE measured in the same blood samples. The frequency of HDMspecific T cells in the CCR4+ CRTh2+ subset correlated best with the HDM-specific IgE
response (P < 0.001), with frequency in the CCR4+ DN subset correlating as well (P < 0.01)
(Figure 6.4A). Despite the high frequency in some individuals of HDM-reactive T cells in
the CCR4+ CCR10+ subset, there was no correlation to IgE, consistent with the finding that
HDM-reactive CCR10+ T cells could be found also in IgE– donors.
EWB- and RW-reactive T cells in the CCR4+ CRTh2+ and CCR4+ DN subsets both had
frequencies correlating best with IgE (P < 0.0001), while TG-reactive T cell frequencies in
the CCR4+ CRTh2+ subset had the best correlation (P < 0.05) (Figure 6.4B-D). These data
suggest that allergen-reactive T cells that are found in the CCR4+ CRTh2+ and CCR4+ DN
subsets have direct or indirect effect on IgE class switching.
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Figure 6.4
(A) HDM-specific IgE absorbance at 405nm (OD405) was plotted against the frequency of
HDM-reactive cells in the library subsets and correlation analysis was performed. (B-D)
Same analysis as A, but with IgE and T cell frequency from TG (B), EWB (C) or RW (D) (8
donors for all allergens and 3 time points per donor). Data were analyzed by 2-tailed
Student’s t-test and Pearson R2 assuming Gaussian populations, best-fit lines (± SD). * P <
0.05; ** P < 0.01; *** P < 0.001.
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6.5

T helper cell response to allergens ex vivo

To confirm the T cell library data on allergen-reactive T cell frequency in the different CD4+
memory subsets, we analyzed the T cell response to allergens ex vivo. CD4+ T cells were
isolated from peripheral blood mononuclear cells (PBMCs) obtained from allergic and nonallergic donors and sorted into the four memory subsets. T cells were then stimulated with
TG, RW, EWB or HDM in presence of autologous monocytes as presenting cells.
At day 5 of stimulation, activated cells were identified by the upregulation of ICOS and
CD25. Different percentages of ICOS+ CD25+ T cells were found among the subsets,
confirming a different contribution to allergic reactions (Figure 6.5).
The T cell response to HDM was dominated by the CCR4+ CRTh2+ subset. However,
activated CCR4+ CCR10+ cells were also found in two donors of the six tested. CCR4+ DN T
cells also responded to HDM, but at lower extent than CCR4+ CRTh2+ T cells. No activated
cells were found in the CCR4‒ subset.
The CCR4+ CRTh2+ subset had the highest frequency of activated cells in response to
seasonal allergens. In the CCR4+ DN subset, activated cells were generally present, although
at lower percentages than in the CCR4+ CRTh2+ subset. CCR4+ CCR10+ and CCR4‒ T cells
did not react to seasonal allergens. In non-allergic donors, allergen-reactive T cells were not
found in any T cell subset.
These results are in line with T cell library data. Indeed, percentages of ICOS + CD25+ T cells
upon ex vivo stimulation correlated with frequencies of allergen-reactive T cells found in T
cell libraries in the different subsets (Figure 6.6). These results confirm that CCR4+ CRTh2+
T cells are the major responders to seasonal and non-seasonal allergens. CCR4+ DN T cells
also contribute to allergic reactions but allergen-reactive T cells are rarer than in the CCR4+
CRTh2+ subset. The CCR4+ CCR10+ subset seems to be involved only in responses against
particular antigens, as in the case of HDM. However, we have found relevant frequencies of
HDM-reactive CCR4+ CCR10+ T cells in T cell libraries from allergic and non-allergic
donors, whereas, upon ex vivo stimulation, CCR4+ CCR10+ T cells responded only in two
HDM-allergic donors. This discrepancy could be due to the different sensitivity of the two
methods in detecting T cells specific for particular antigens. Indeed, the screening of
polyclonally expanded T cells has the potential to reveal even rare antigen-reactive T cells
that could be undetectable by other methods, as ex vivo stimulation (Geiger et al., 2009).
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Figure 6.5 (next page)
ICOS and CD25 expression at day 5 after ex vivo stimulation. In (A) the FACS plots for one
HDM-allergic donor stimulated with HDM, one EWB-allergic donor stimulated with EWB
and one non-allergic donor stimulated with HDM are shown. In (B) the percentage of
ICOS+/CD25+ T cells for 4 HDM-allergic donors (at one or two time points), 2 RW-allergic
donors (at one or two time points), 3 TG-allergic donors (at 2 time points), 3 EWB-allergic
donors (at one, two or three time points) and 7 non-allergic donors is reported. Data were
analyzed by 2-tailed Student’s t-test (B). * P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 6.6
Correlation between frequency of HDM-reactive T cells in the indicated subsets as
determined by the T cell library method and percentage of T cells expressing ICOS and
CD25 from ex vivo stimulation method. Data were analyzed by 2-tailed Student’s t-test and
Pearson R2 assuming Gaussian populations, best-fit lines (± SD). * P < 0.05; ** P < 0.01;
*** P < 0.001.
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6.6

Cytokine production by allergen-reactive T cells

At day 5 of ex vivo stimulation, T cells were phenotyped by intracellular cytokine staining
(ICS) to reveal the cytokine profile of allergen-reacting T cells.
Activated CCR4+ CRTh2+ T cells expressed high levels of the Th2 lineage-associated
cytokines IL-4, IL-5, IL-9 and IL-13 (Figure 6.7 and Figure 6.8). These cytokines were
generally co-expressed by allergen-reacting T cells. While IL-4, IL-5 and IL-13 were secreted
by about 60% of T cells activated by seasonal and non-seasonal allergens, IL-9 production
was higher in response to HDM (about 50% IL-9+ T cells) than in response to seasonal
allergens (about 20% IL-9+ T cells). CCR4+ CRTh2+ allergen-reacting T cells expressed little
amounts of IL-17, IL-22, IFN-γ and IL-10. Activated CCR4+ CRTh2+ T cells were sorted as
ICOS+ CD25+ and after 20 days culture ICS revealed that their phenotype was stable (data
not shown). Production of IL-4, IL-13 and, in particular, of IL-5 and IL-9 suggests that these
cells are highly pathogenic Th2 cells (Mitson-Salazar and Prussin, 2017; Wambre et al.,
2017).
Consistent with the notion that CCR10 expression is characteristic of Th22 cells (Duhen et
al., 2009), we found that CCR4+ CCR10+ T cells responding to HDM produced high amounts
of IL-22 (Figure 6.7). A proportion of these IL-22-producing cells also co-expressed IL-17 or
IL-4.
CCR4+ DN allergen-reacting T cells were more heterogeneous. About 20% of these cells
were IL-4-producers, and in some donors they also secreted low amounts of IL-13 (Figure 6.7
and Figure 6.8). CCR4+ DN cells also made IL-17 (18% and 25% IL-17+ T cells in response
to HDM and seasonal allergens, respectively) and IL-22 (15% and 13% IL-22+ T cells in
response to HDM and to seasonal allergens, respectively). These observations indicate that
allergen-reactive T cells in the CCR4+ DN subset are characterized by a Th2 or a Th17
phenotype. However, CCR4+ DN Th2 cells have reduced pathogenic functions respect to
CCR4+ CRTh2+ Th2 cells, lacking expression of IL-5 and IL-9.
To better understand the phenotypic differences between allergen-reactive T cells in the two
Th2 populations, we analyzed these cells at the clonal level. HDM-reactive ICOS+ CD25+ T
cells were sorted at day 5 after ex vivo stimulation and cloned by limiting dilution. Expanded
clones were analyzed upon re-stimulation with phorbol 12-myristate 13-acetate (PMA) and
ionomycin. Remarkably, high percentages of IL-4+, IL-5+ and IL-13+ T cells were found in
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all the CCR4+ CRTh2+ clones tested (Figure 6.9). Generally, these cytokines were all coexpressed by CCR4+ CRTh2+ clones. CCR4+ DN T cell clones expressed IL-4, IL-5 and IL13 as well, confirming that HDM-reactive T cells in this subset are mainly Th2 cells.
However, percentages of cytokine-producing T cells were markedly lower than for CCR4+
CRTh2+ clones, in particular for IL-5. IFN-γ+ T cells have been found in about half of the
CCR4+ DN clones and, at lower levels, in CCR4+ CRTh2+ clones.
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Figure 6.7
Cytokine expression by HDM-reactive T cells at day 5 after ex vivo stimulation. In (A) the
FACS plots for one HDM-allergic donor are reported. Events have been pre-gated as
ICOS+/CD25+. No HDM-responding T cells have been found in the CCR4‒ subset. In (B) the
percentage of T cells positive for the indicated cytokines in the different subsets is reported
(4 HDM-allergic donors at one or two time points).
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Figure 6.8
Cytokine expression by seasonal allergen-reactive T cells at day 5 after ex vivo stimulation.
In (A) the FACS plots for one TG-allergic donor are reported. Events have been pre-gated as
ICOS+/CD25+. No TG-responding T cells have been found in the CCR4‒ and in the CCR4+
CCR10+ subsets. In (B) the percentage of T cells positive for the indicated cytokines in the
different subsets is reported (2 RW-allergic donors, at one or two time points; 3 TG-allergic
donors, at 2 time points; 3 EWB-allergic donors, at one, two or three time points).
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Figure 6.9
Cytokine expression by CCR4+ CRTh2+ and CCR4+ DN HDM-reactive T cell clones. (A)
Percentage of cells positive for the indicated cytokines in 26 CCR4+ CRTh2+ and 30 CCR4+
DN HDM-reactive clones from one HDM-allergic donor. (B) FACS plots for one CCR4+
CRTh2+ and one CCR4+ DN clones.
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6.7

IL-9 production by allergen-reactive T cells

Upon ex vivo stimulation, IL-9 is highly produced by CCR4+ CRTh2+ but not CCR4+
CRTh2‒ T cells. IL-9 has been described as the feature cytokine of Th9 cells, which do not
express other lineage-associated cytokines (Dardalhon et al., 2008; Veldhoen et al., 2008).
Conversely, in our settings, most of allergen-reactive IL-9+ T cells co-expressed IL-4.
However, we noted that under strong stimulation, obtained by increasing the ratio of
monocytes to T cells, the fraction of IL-9-single positive T cells increased in the CCR4+
CRTh2+ subset (Figure 6.10A). TGF-β has been reported to convert Th2 cells to a Th9
phenotype (Veldhoen et al., 2008). To verify whether IL-9 production in CCR4+ CRTh2+
allergen-reactive T cells could be induced by TGF-β, T cells were stimulated with allergens
in presence of a TGF-β inhibitor. In this condition, IL-9 expression was downregulated, yet
IL-9+ T cells co-expressed IL-4. Variations in IL-9 production upon different stimulatory
conditions were observed mainly in the CCR4+ CRTh2+ T cell subset, while CCR4+ DN T
cells expressed always low levels of IL-9.
To better understand how IL-9 production by human CCR4+ CRTh2+ T cells could be
modulated, we analyzed cytokine expression under different conditions in T cells stimulated
with anti-CD3 and anti-CD28 antibodies. Interestingly, polyclonal stimulation induced
CCR4+ CRTh2+ T cells to express either IL-4 or IL-9, while co-expression of these two
cytokines was never observed (Figure 6.10B). In addition, increased co-stimulation led to an
increase in IL-9 production and IL-9 was further induced by addition of TGF-β (Figure
6.10B).

Figure 6.10 (next page)
(A) IL-4 and IL-9 expression by CCR4+ CRTh2+ and CCR4+ DN T cells form one HDMallergic donor stimulated ex vivo with HDM. T cells have been stimulated at different T cells
to monocytes ratios (2:1 or 1:2), in presence or absence of a TGF-β inhibitor. Events have
been pre-gated as ICOS+/CD25+. (B) IL-4 and IL-9 expression by CCR4+ CRTh2+ T cells
stimulated with anti-CD3 and different doses of anti-CD28 antibodies, in presence or absence
of TGF-β.
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6.8

TCRβ clonotype repertoire of allergen-reactive T cells

To investigate the clonal diversity of allergen-reactive T cells in the CD4+ memory subsets,
we performed TCRβ repertoire analysis on HDM-reactive T cells from six HDM-allergic
donors. CD4+ total memory T cells were sorted in three subsets, CCR4+ CRTh2+, CCR4+
CCR10+ and CCR4+ DN. CCR4‒ T cells were excluded from this study because HDMreactive T cells were not found in this subset. ICOS+ CD25+ activated T cells were isolated
after 6 days of ex vivo stimulation with HDM in presence of autologous monocytes. TCRβ
sequencing was performed on genomic DNA to determine the number and the relative
frequency of TCRβ clonotypes in the subsets.
In figure 6.11A the number of clonotypes found in the CD4+ memory subsets has been
reported for the six donors. Overall, clonotype diversity in the three subsets was conserved
among donors. The CCR4+ DN subset had the most diverse repertoire of HDM-reactive T
cells. The number of clonotypes found in this subset ranged from 915 to 1822. CCR4 +
CRTh2+ and CCR4+ CCR10+ T cells had comparable numbers of HDM-reactive TCRβ
clonotypes. In the CCR4+ CRTh2+ subset we found a mean of 643 clonotypes, ranging from
478 to 956, while in the CCR4+ CCR10+ subset, these varied from 306 to 1032, with a mean
value of 650 (Figure 6.11B).
A small fraction of the TCRβ clonotypes was shared between two or three subsets. 25 to 198
clonotypes were found in the CCR4+ DN and in the CCR4+ CRTh2+ subsets, and 45 to 225
clonotypes were shared by the CCR4+ DN subset with the CCR4+ CCR10+ (Figure 6.11C).
Fewer clonotypes were found in the CCR4+ CRTh2+ and in the CCR4+ CCR10+ subsets
(from 6 to 38) or in all the three subsets (from 10 to 85).
Individual clonotype frequency varied widely in all the subsets (Figure 6.12A). Expanded
clonotypes reached a frequency higher than 10% within one subset, while the rarest ones
were found at frequencies lower than 10‒3%. In the CCR4+ CRTh2+ and in the CCR4+
CCR10+ subsets few expanded clonotypes made up the majority of the response to HDM.
Indeed, in these subsets, only 3% of the clonotypes had individual frequency higher than 1%
(Figure 6.12B). However, these clonotypes accounted together for 70% and 81% (in the
CCR4+ CRTh2+ and in the CCR4+ CCR10+ subsets, respectively) of the total rearrangements
(Figure 6.12C). This was not the case for CCR4+ DN T cells, whose most frequent clonotypes
(frequency > 1%) contributed only to 46% of the total.
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These results demonstrate that in allergic donors the T helper response to HDM is dominated
by few CCR4+ CRTh2+ and CCR4+ CCR10+ clones highly expanded. CCR4+ DN T cell
clones that contribute to allergic reactions are more diverse and less expanded.

Figure 6.11 (next page)
(A) Venn diagrams representing the number of HDM-reactive TCRβ clonotypes found in the
T cell subsets in six HDM-allergic donors. Overlapping regions correspond to clonotypes
shared by two or three subsets, regions that do not overlap correspond to unshared
clonotypes. The area of each region is proportional to the number of clonotypes included. (B)
Number of total TCRβ clonotypes in the three subsets from six HDM-allergic donors. (C)
Number of clonotypes shared by two or three subsets from six HDM-allergic donors. Bars
indicate means (± SD) for B and C. Data were analyzed by 2-tailed Student’s t-test (B, C). *
P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 6.12
(A) Individual clonotype frequencies for one representative donor. Clonotypes (dots) are
ordered from the most to the least abundant. Total number of clonotypes in each subset is
indicated as well as the number of clonotypes with frequency above 1% and their cumulative
frequency. (B) Percentage of clonotypes with frequency above 1% within each subset from
six HDM-allergic donors. (C) Cumulative frequency of clonotypes with individual frequency
above 1% within each subset. Each dot corresponds to one of six HDM-allergic donors. Bars
indicate means (± SD) for B and C. Data were analyzed by 2-tailed Student’s t-test (C). * P <
0.05; ** P < 0.01; *** P < 0.001.
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6.9

TCRβ clonotype sharing

Comparing the TCRβ repertoire between the subsets, we observed that most of the CCR4+
CRTh2+ TCRβ clonotypes were not found in the CCR4+ CCR10+ subset (Figure 6.13).
Clonotypes shared by these subsets represented less than 1% of the total rearrangements
(Figure 6.13B).
CCR4+ CRTh2+ HDM-reactive cells shared more TCRβ clonotypes with CCR4+ DN T cells
(3.8% of total rearrangements). A similar situation was found between the CCR4+ CCR10+
and the CCR4+ DN subsets, which shared 4.7% of the clonotypes.
We also found few clonotypes (1.4% of total rearrangements) shared by all the three subsets.
Unshared clonotypes represented the 90% of the total rearrangements and were mainly found
in the CCR4+ DN subset (49%, Figure 6.13B).
Collectively, these results indicate that the CCR4+ CRTh2+ and the CCR4+ CCR10+ subsets
are highly different and recognize distinct epitopes on HDM. The CCR4+ DN subset has a
more diverse TCRβ repertoire and includes clonotypes found in one of the other subsets or in
both of them.
Looking at the frequency of shared and unshared clonotypes, we observed different patterns
in the three subsets (Figure 6.14). In the CCR4+ CRTh2+ subset, unshared clonotypes and
clonotypes shared with the CCR4+ DN subset were the most expanded and contributed to
43% and to 33% of the total reads. Clonotypes shared with the CCR4+ CCR10+ subset and
with all the three subsets were less expanded and represented the 10% and the 15% of the
total reads. These results confirmed that CCR4+ CRTh2+ clonotypes shared with the CCR4+
CCR10+ subset are rare and expand poorly. HDM-reactive CCR4+ CRTh2+ T cells are mostly
found exclusively in this subset or shared with the CCR4+ DN.
In the CCR4+ DN subset the unshared clonotypes contributed to most of the response to
HDM representing the 58% of the total reads. 11% of the clonotypes were shared with the
CCR4+ CRTh2+ subset, 15% with the CCR4+ CCR10+ and 16% with both of them. These
observations further confirmed the varied nature of the CCR4+ DN subset.
Conversely, in the CCR4+ CCR10+ subset, unshared clonotypes were found at a very low
frequency and together reached only the 8% of the total reads. Most of the CCR4+ CCR10+ T
cell response to HDM is made by clonotypes shared with the CCR4+ DN (52% of the total
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reads). However CCR4+ CCR10+ clonotypes shared by all the three subsets are also highly
expanded (38% of the total reads).
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Figure 6.13
(A) Clonotype sharing between subsets in one representative donor. In each graph the
frequency of clonotypes in two subsets is reported (one dot corresponds to one clonotype). In
the lower right corner the number of shared clonotypes is indicated. Total clonotypes in each
subset are indicated on the x and y axes. (B) Percentage of clonotypes non-shared and shared
between two or three subsets in six HDM-allergic donors. Percentages have been calculated
respect to the total number of clonotypes found among the three subsets. Bars indicate means
(± SD) for B. Data were analyzed by 2-tailed Student’s t-test (B). * P < 0.05; ** P < 0.01;
*** P < 0.001.
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Figure 6.14
Cumulative frequency of shared and unshared clonotypes in each subset from six donors (A)
and mean values (B). Bars indicate means (± SD) for A. Data were analyzed by 2-tailed ttest. * P < 0.05; ** P < 0.01; *** P < 0.001.
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6.10 PPARγ expression in Th2 cells
The role of PPARγ in type 2 immunity has been studied in a murine model of HDM-induced
airway inflammation (Nobs et al., 2017). It has been reported that PPARγ expression in both
T helper cells and dendritic cells is critical for induction of type 2 responses in the lungs. In T
helper cells, PPARγ promotes Th2 differentiation and effector functions, in particular the
expression of IL-5 and the IL-33 receptor. In lung CD11b+ DCs, PPARγ is induced by IL-4
and IL-33 and enhances Th2 cell priming.
In order to assess whether PPARγ is associated to Th2 responses in humans, we analyzed
PPARγ expression in different CD4+ T cell subsets in allergic and non-allergic donors. In
particular, two subsets of Th2 cells, the CRTh2+ CCR4+ and the CRTh2‒ CCR4+ subsets,
with distinct effector functions (as discussed in the previous section), have been compared
with Th1, Th1* and Th17 cell subsets for expression of PPARγ.
First, PPARγ expression was measured ex vivo on circulating polyclonal T cells from six
allergic (total IgE+) and seven non-allergic (total IgE‒) donors. CD4+ effector memory T cells
were sorted by FACS into five subsets, based on the expression of the chemokine receptors
CRTh2, CCR4, CXCR3 and CCR6: CRTh2+ CCR4+ CXCR3– CCR6– (enriched in
inflammatory Th2 cells); CCR4+ CRTh2– CXCR3– CCR6– (enriched in Th2 cells); CXCR3+
CCR4– CCR6– (enriched in Th1 cells); CXCR3+ CCR6+ CCR4– (enriched in Th1* cells);
CCR4+ CCR6+ CXCR3– (enriched in Th17 cells) (Acosta-Rodriguez et al., 2007; Messi et al.,
2003). The sorting strategy adopted is shown in figure 6.15A for one representative donor.
PPARG-1 and PPARG-2 mRNA expression in the different subsets was assessed
immediately after sorting (Figure 6.15B). The highest level of PPARγ was found in the
CRTh2+ CCR4+ subset, although variability between donors was pronounced. CRTh2‒
CCR4+ T cells also expressed PPARγ, but at lower levels than CRTh2+ CCR4+ T cells.
PPARγ expression was low in Th1, Th1* and Th17 cell subsets. Notably, PPARγ expression
in all the subsets was independent from the allergic status of the donor. Indeed, high levels of
PPARG-1 and PPARG-2 transcripts were found in CRTh2+ CCR4+ T cells both in IgE+ and
in IgE‒ donors.
To determine whether PPARγ expression correlated with Th2 effector functions, T cell
clones from two allergic and two non-allergic donors were analyzed. After sorting, T cells
from each subset (CRTh2+ Th2, CRTh2‒ Th2, Th1, Th1* and Th17) were cloned and
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expanded. Cytokine production upon re-stimulation with PMA and ionomycin confirmed the
phenotypic differences between clones from distinct subsets (Figure 6.16A, B). CRTh2+
CCR4+ and CRTh2‒ CCR4+ T cell clones displayed a typical Th2 phenotype, characterized
by the secretion of IL-4 and IL-5 and no expression of IFN-γ and IL-17. However, highest
levels of IL-4 and IL-5 production were found in CRTh2+ CCR4+ T cell clones, confirming
that this subset possesses enhanced effector functions respect to CRTh2‒ CCR4+ Th2 cells.
CXCR3+ CCR4– CCR6– T cell clones were IFN-γ+ IL-4‒ IL-5‒ IL-17‒, confirming their Th1
phenotype. Co-expression of IFN-γ and IL-17 was found in CXCR3+ CCR6+ CCR4– Th1*
clones, whereas CCR4+ CCR6+ CXCR3– Th17 clones secreted IL-17 only.
T cell clones from each subset were analyzed for PPARG-1 and PPARG-2 mRNA expression
(Figure 6.17A-D). In allergic donors, CRTh2+ CCR4+ T cell clones showed the highest level
of PPARγ expression. Significant differences in PPARγ expression were reported between
CRTh2+ CCR4+ and CRTh2‒ CCR4+ T cell clones, suggesting that this transcription factor
could be involved in the functional differences observed between these two Th2 subsets. The
lowest levels of PPARγ expression were found in Th1 and Th1* clones, while both PPARG-1
and PPARG-2 transcripts were expressed at low levels in some Th17 clones.
T cell clones from non-allergic donors expressed lower levels of PPARG-1 and PPARG-2
mRNA (Figure 6.17C, D). Still, PPARγ expression was higher in CRTh2+ CCR4+ T cell
clones, but the difference with clones from other subsets was significant only in one donor.
To further corroborate these results, cytokine production and PPARγ expression were
measured on T cell clones upon re-stimulation with anti-CD3 and anti-CD28 monoclonal
antibodies. T cell clone phenotype was confirmed, although cytokine secretion levels were
generally lower than observed upon PMA/ionomycin stimulation (Figure 6.16C). This is
consistent with the fact that anti-CD3 and anti-CD28 antibodies provide a weaker stimulus to
T cells than PMA/ionomycin. Accordingly, a decrease in the expression of PPARγ was
observed (Figure 6.17E-H). However, CRTh2+ CCR4+ T cell clones from allergic donors
expressed highest levels of PPARγ also under these stimulatory conditions. Instead, in nonallergic donors, PPARG-1 and PPARG-2 expression was not significantly increased in
CRTh2+ CCR4+ T cell clones.
Finally, the kinetics of PPARγ expression was assessed in one CRTh2+ Th2 clone from an
allergic donor (Figure 6.17I). PPARγ expression was low at the resting state and was induced
after 4 hours of stimulation with anti-CD3 and anti-CD28 antibodies. Subsequently,
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expression of PPARγ was downregulated and returned at the resting level after 24 hours of
stimulation. Conversely, a Th1 clone from the same donor did not induce PPARγ upon antiCD3 and anti-CD28 stimulation and expression remained low at all the different time points
(Figure 6.17J).
Overall these results demonstrate that PPARγ is specifically expressed by human Th2 cells
and is associated to the CRTh2+ CCR4+ inflammatory Th2 subset, characterized by enhanced
effector functions. Th2 cells from allergic and non-allergic donors express low levels of
PPARγ at the resting state, as assessed on ex vivo sorted T cells. However, only in allergic
donors, Th2 cells induce PPARγ upon stimulation.

79

Results

A

B

Figure 6.15
(A) Sorting strategy. CD4+ CD8‒ CD14‒ CD19‒ CD25‒ and CD56‒ T cells have been pregated (not shown). Effector memory T cells have been sorted in the indicated subsets based
on expression of CCR6, CXCR3, CCR4 and CRTh2. (B) mRNA expression of PPARG-1 and
PPARG-2 in the different T cell subsets sorted ex vivo from 7 IgE‒ non-allergic and 6 IgE+
allergic donors. Data were means ±SEM. Data were analyzed by ANOVA (one-way) (B). * P
< 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 (adapted from Nobs et al., 2017).
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Figure 6.16
Cytokine production in T cell clones analyzed for PPARγ expression. (A) FACS plots of one
T cell clone from each subset in one allergic donor. (B) Percentage of cells positive for the
indicated cytokines in clones from one allergic donor after re-stimulation with
PMA/ionomycin. (C) Percentage of cells positive for the indicated cytokines in clones from
one allergic donor after re-stimulation with anti-CD3 and anti-CD28 antibodies. Data are
means ±SEM (adapted from Nobs et al., 2017).
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Figure 6.17
(A-D) PPARG-1 and PPARG-2 expression in clones from two allergic (A, B) and two nonallergic donors (C, D), after re-stimulation with PMA/ionomycin. (E-H) PPARG-1 and
PPARG-2 expression in clones from two allergic (E, F) and two non-allergic donors (G, H),
after re-stimulation with anti-CD3 and anti-CD28. (I, J) PPARG-1 and PPARG-2 expression
in one CRTh2+ Th2 and one Th1 clones at the resting state and after 4hr, 12hr and 24hr of
stimulation with anti-CD3 and anti-CD28. Data are means ±SEM. Data were analyzed with
ANOVA (one-way). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 (adapted from
Nobs et al., 2017).
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7.

Discussion

In this study we used two experimental approaches to determine the distribution of allergenreactive lymphocytes in four subsets of CD4+ memory T cells. The analysis of T cell libraries
and the stimulation of T cells ex vivo revealed that most of T lymphocytes which react to
HDM, TG, RW and EWB reside in the CCR4+ CRTh2+ T helper subset. However, other
subsets contribute to allergic responses since allergen-reactive T cells have been found also in
the CCR4+ CCR10+ and in the CCR4+ DN subsets, albeit at low frequencies.
Virtually all allergen-reactive T cells express CCR4, which has been associated to Th2 cells
and which has been shown to mediate T cell migration to the skin and to the airways in the
context of allergic reactions (Bonecchi et al., 1998; Islam and Luster, 2012; Sallusto et al.,
1998b). In addition, they co-express either CRTh2 or CCR10, which suggests distinct homing
capabilities. Most of allergen-reactive T cells express CRTh2 in association to CCR4. CRTh2
is the receptor for prostaglandin D2, a lipidic inflammatory molecule released by mast cells
after secondary allergen exposure in the respiratory tract (Galli et al., 2005; Islam and Luster,
2012; Matsuoka et al., 2000). CRTh2 has been associated to allergic symptoms in the
airways, and likely mediates T lymphocyte migration towards this body district (Arima and
Fukuda, 2008; Cameron et al., 2009; Hirai et al., 2001). T cells which co-express CCR4 and
CCR10 have been found to be involved in responses against HDM, but not against seasonal
allergens such as TG, RW and EWB. CCR10 is expressed by a subset of IL-22-producing T
helper cells which has been named Th22 (Duhen et al., 2009; Trifari et al., 2009). CCR10
mediates Th22 cell homing to the skin and Th22 cells have been involved in inflammatory
skin diseases, like psoriasis and atopic dermatitis (Boniface et al., 2007; Czarnowicki et al.,
2015; Kupper and Fuhlbrigge, 2004; Gittler et al., 2012; Nograles et al., 2009).
T lymphocytes reactive to HDM, TG, RW and EWB have been found also in a subset of
CCR4+ T cells which do not express CRTh2 and CCR10. These cells may not migrate
towards specific peripheral organs but recirculate mainly through secondary lymphoid
organs, since they express CCR7, which is not found on CCR4+ CRTh2+ and on CCR4+
CCR10+ T cells (Natali et al., manuscript in preparation).
Frequency of allergen-reactive T cells in the CCR4+ CRTh2+ and in the CCR4+ DN T cell
subsets correlated with the concentration of allergene-specific IgE in blood (Figure 6.4),
suggesting that the abundance of these cells is linked to the outcomes of allergic disease. A
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similar correlation was not detected in the CCR4+ CCR10+ T cell subset, consistent with the
finding that HDM-reactive T cells in this subset are present both in allergic and in nonallergic donors (Figure 6.3C).
These observations lead to the question of what is the role of CCR4+ CCR10+ T cells in
allergic inflammation. Potentially, CCR10+ Th22 cells could have opposite functions
depending on the context where they are activated, as it has been shown that IL-22 possesses
both pro-inflammatory and tissue-protective properties (Sonnenberg et al., 2010; Zheng et al.,
2007). None of the donors involved in this study had atopic dermatitis to HDM or to other
allergens. Therefore HDM-reactive CCR10+ T cells found in these donors did not cause
allergic inflammation in the skin. Nonetheless, increased numbers of Th22 cells and
enhanced expression of IL-22 have been reported in AD patients (Czarnowicki et al., 2015;
Gittler et al., 2012). Further studies addressing the phenotype and function of allergenreactive T cells in AD patients are required to clarify the role of CCR4 + CCR10+ T cells in
allergy.
In this study, the definition of the homing receptor profile of allergen-reactive T cells has
been limited by the complexity of chemokine receptor expression on CD4+ memory T
lymphocytes. Indeed other chemokine receptors are generally used to identify T helper cell
subsets, such as CXCR3 for Th1 cells and CCR6 for Th17 and Th22 cells (Sallusto and
Lanzavecchia, 2009). As a consequence, the CCR4‒ T cell subset comprises CXCR3+ Th1
lymphocytes but also other CXCR3‒ T cells. Similarly, both CCR4+ CCR6‒ Th2 cells and
CCR4+ CCR6+ Th17 cells are part of the CCR4+ DN subset. The sorting strategy we adopted
allowed us to not exclude any T cell from the analysis, considering the limited number of T
cell subsets we could sort (maximum 4 or 5). However, the study of smaller subsets of T
helper lymphocytes would be necessary to clarify the relative contribution of different
subpopulations within the CCR4+ DN subset.
In addition, other chemokine receptors, like CCR8, have been associated to Th2 cells and
could define other Th2 cell subpopulations with distinct functions in the context of allergy
(D'Ambrosio et al., 1998; Zingoni et al., 1998). However the relative expression of CCR8,
CRTh2 and CCR10 (Figure 6.1D) and the small size of the T cell populations defined by
these chemokine receptors complicated any ex vivo analysis of allergen-reactive T cells.
We have shown that T lymphocytes with different effector functions react to seasonal and to
non-seasonal allergens. While CCR4+ CRTh2+ T cells secrete high amounts of IL-4, IL-5, IL84
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9 and IL-13 in response to allergens, CCR4+ CCR10+ T cells produce mainly IL-22 and
CCR4+ DN T cells release low doses of IL-4 together with some IL-17 and IL-22.
Remarkably, this study reveals the existence of two subpopulations of Th2 cells,
characterized by different effector functions, which are both involved in allergic reactions.
CCR4+ CRTh2+ T cells are highly enriched in allergen-reactive T cells and express higher
amounts of IL-4, IL-5, IL-9 and IL-13 respect to CCR4+ DN T cells. These phenotypic
differences suggest that CCR4+ CRTh2+ allergen-reactive T cells are more inflammatory and
constitute a population of pathogenic Th2 cells. In the last decade, several groups
investigated the heterogeneity within the Th2 subset and described a population of IL-5+ Th2
cells which acquires pathogenic functions upon subsequent allergen exposure (Endo et al.,
2011; Islam et al., 2011; Upadhyaya et al., 2011; Wambre et al., 2017). In line with these
observations, HDM-reactive CCR4+ CRTh2+ and CCR4+ DN T cell clones differed mainly
for the expression of IL-5 (Figure 6.9).
The structural organization of the Th2 cytokine locus allows different transcriptional and
epigenetic regulation of IL-4/IL-13 and IL-5 expression (Endo et al., 2011; Nakayama et al.,
2017). Indeed, the IL-4 and the IL-13 genes are adjacent to each other, while the IL-5 gene is
120kb distant and in the opposite orientation. Mechanistically, the transcription factor
Eomesodermin has been reported to repress IL-5 but not IL-4 and IL-13 expression (Endo et
al., 2011). More recently, it has been demonstrated that IL-33/ST2 signaling induces IL-5
expression by Th2 cells, but not IL-4 and IL-13 (Nobs et al., 2017).
We report that IL-9 is mainly produced by CCR4+ CRTh2+ T cells in response to allergens.
Moreover, induction of IL-9 under specific stimulatory conditions (higher ratios of
monocytes to T cells, higher doses of anti-CD28, addition of TGF-β or its inhibition) is seen
in the CCR4+ CRTh2+ but not in the CCR4+ DN subset.
IL-9 was originally described as a cytokine secreted by Th2 cells due to its expression in Th2
polarized cell lines and its role in allergy and protection from helminthes (Khan et al., 2003;
Louahed et al., 1995; Schmitt et al., 1990). Recently, it has been proposed that IL-9 secreting
T cells make up a separate subset of cells termed “Th9” (Dardalhon et al., 2008; Veldhoen et
al., 2008). By definition, Th9 cells secrete primarily IL-9 and no Th2-associated cytokines in
humans. These cells have also been shown to be involved in human and mouse studies on
allergy (Goswami and Kaplan, 2011; Sismanopoulos et al., 2012; Staudt et al., 2010). The
relationship between Th9 and Th2 cells is further complicated by the fact that Th9 cells are
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plastic and, when stimulated under Th2-polarizing conditions, acquire a Th2 phenotype (Tan
et al., 2010). Also, Th2 cells can become Th9 cells in presence of TGF-β (Veldhoen et al.,
2008).
In this study we report that IL-9-producing CCR4+ CRTh2+ allergen-reactive T cells are
typical Th2 cells and co-express IL-4, IL-5 and IL-13. The discrepancy with previous studies
can be explained by the different experimental procedure. Indeed, most human studies on
Th9 cells rely on in vitro differentiation of naive T cells through anti-CD3 and anti-CD28
stimulation in the presence of IL-4 and TGF-β. Upon ex vivo stimulation with allergens
presented by autologous monocytes, CCR4+ CRTh2+ T cells co-express IL-9 and IL-4, yet
changing the stimulatory conditions, such as the ratio of monocytes to T cells, can increase
the proportion of T cells that produce IL-9 only (Figure 6.10). In addition, when we activated
CCR4+ CRTh2+ T cells with anti-CD3 and anti-CD28, IL-9 and IL-4 were secreted by two
distinct cell populations, confirming that polyclonal stimulation induces the canonical Th9
phenotype.
Recently, the transcription factor PPARγ has been identified as a critical pro-inflammatory
factor in type 2 immunity (Nobs et al., 2017). In mice, PPARγ is expressed by Th2 cells and
promotes Th2 differentiation and effector functions. In particular, PPARγ induces ST2
expression and increases Th2 cell sensitivity for IL-33, which enhances IL-5 production. In
humans, we found that PPARG-1 and PPARG-2 expression is induced in Th2 cells compared
to other T helper cell subsets. Notably, highest expression of PPARγ was found in the
CRTh2+ Th2 subset, while CRTh2‒ Th2 cells expressed lower level. These results confirm
the heterogeneity observed within the Th2 subset and suggest a role for PPARγ in shaping
this diversity. In addition, they add new evidences supporting the hypothesis that CRTh2+
Th2 cells are pathogenic and are major drivers of allergic inflammation.
TCRβ repertoire analysis on HDM-reactive T cells revealed a different level of clonal
diversity among the CD4+ T cell subsets, which mirrors their phenotypic diversity. The
CCR4+ DN subset is highly diverse both in term of phenotype and in term of antigen
specificity. CCR4+ CRTh2+ and CCR4+ CCR10+ HDM-reactive T cells are less diverse, have
a well defined phenotype and are dominated by few highly expanded clonotypes.
Previous data from our group have shown that the chemokine receptor CCR7 is differentially
expressed by CCR4+ CRTh2+, CCR4+ CCR10+ and CCR4+ DN T cells (Natali et al.,
manuscript in preparation). Specifically, in the CCR4+ DN T cell subset about 60% of the
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cells are CCR7+, while CCR7 expression is lower in the CCR4+ CRTh2+ and in the CCR4+
CCR10+ T cell subsets (about 20% of CCR7+ T cells). These data indicate that CCR4+ DN T
cells circulate mainly through secondary lymphoid organs and are characterized by a central
memory phenotype (Sallusto et al., 1999). This is in line with the finding that allergenreactive CCR4+ DN T cells are highly heterogeneous and release low levels of effector
cytokines upon stimulation. Conversely, CCR4+ CRTh2+ and CCR4+ CCR10+ T cells are
more effector memory and circulate through peripheral tissues. They have a more
homogeneous phenotype and exert enhanced effector functions after antigen encounter. In
addition we observed that, when cultured in vitro, allergen-reactive CCR4+ DN T cells
proliferate at higher rates than CCR4+ CRTh2+ and CCR4+ CCR10+ T cells (data not shown),
consistent with their central and effector memory phenotype (Sallusto et al., 1999).
Higher cytokine expression and reduced proliferation potential suggest that allergen-reactive
CCR4+ CRTh2+ and CCR4+ CCR10+ T cells are more differentiated than CCR4+ DN T cells.
This is consistent with a previous study which demonstrated that CRTh2‒ Th2 cells but not
CRTh2+ Th2 cells are able to upregulate IFN-γ expression under Th1-polarizing conditions
(Messi et al., 2003). In addition, our observations support the model of a progressive
differentiation of central memory into effector memory T cells upon subsequent antigen
encountering (Mahnke et al., 2013).
Most of the CCR4+ CRTh2+ and CCR4+ CCR10+ TCRβ clonotypes are found exclusively in
one of these two subsets. During allergic sensitization naïve CD4+ T cells differentiate either
in CCR4+ CRTh2+ or in CCR4+ CCR10+ T cells. Rarely cells of the two phenotypes have
been generated by the same naïve T cell. The initial tissue of antigen priming has been shown
to affect the phenotype acquired by naïve T cells (Islam and Luster, 2012; Sallusto et al.,
2000). In this scenario we can hypothesize that HDM-reactive CCR4+ CTRh2+ and CCR4+
CCR10+ T cells differentiated from distinct naïve T cells that have been primed in different
tissues (the airways and the skin, respectively).
Several TCRβ clonotypes found in the CCR4+ CRTh2+ or in the CCR4+ CCR10+ subsets
were detected among CCR4+ DN T cells. Therefore, the same CD4+ naïve T lymphocyte
generates a progeny of cells which can acquire multiple phenotypes. In alternative, activated
naïve T cells could differentiate first in CCR4+ DN and, after repeated allergen exposure,
become either CCR4+ CRTh2+ or CCR4+ CCR10+ T cells. This is in accordance with the fact
that most expanded clonotypes are found in the CCR4+ CRTh2+ or in the CCR4+ CCR10+
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subsets. Other evidences support the idea that CCR4+ CRTh2+ T cells represent a further
differentiation of CCR4+ DN Th2 cells. For instance, it has been demonstrated that Th2 cells
acquire IL-5 expression after multiple rounds of in vitro stimulation and that IL-5+ Th2 cells
downregulate CD27 while increase IL-4, IL-13 and GATA3 expression (Upadhyaya et al.,
2011).
These data revealed that allergen-reactive Th cell differentiation occurs through two different
mechanisms, as it has been recently shown for T cells primed by pathogens and vaccines
(Becattini et al., 2015). On the one hand, a single Th naïve cell gives rise to a homogeneous
polarized progeny, thus the heterogeneity is at the population level (interclonal
heterogeneity). CCR4+ CRTh2+ Th2 and CCR4+ CCR10+ Th22 cells whose TCR is not found
in other subsets differentiated according to this “one cell, one fate” model. On the other hand,
intraclonal diversity is observed within HDM-reactive T cells which could be explained by a
“one cell, multiple fates” model. Our data suggest that a single Th naïve cell generates first a
progeny of CCR4+ DN daughter cells, which, upon repeated allergen exposure, acquire
CRTh2 or CCR10 expression and enhance the production of Th2- or Th22-related cytokines.
This would be the case of CCR4+ CRTh2+ and CCR4+ CCR10+ T cells whose TCR is shared
by CCR4+ DN T cells.
Multiple signals might be critical to determine the fate acquired by allergen-reactive Th naïve
cells upon priming and further investigation is required to delineate them. We can
hypothesize that the priming environment plays a major role, since allergen-reactive T cells
acquire expression of different chemokine receptors, which enable them to migrate to distinct
allergy-prone tissues (Islam and Luster, 2012). In addition, the nature of antigen-presenting
cells in different tissues might determine T cell differentiation towards distinct phenotypes
(Paul and Zhu, 2010; Sigmundsdottir and Butcher, 2008). Other mechanisms could involve
the strength of TCR stimulation and co-stimulation, epithelial-derived cytokines, repeated
allergen stimulation and the nature of the allergen (Lanzavecchia and Sallusto, 2005; Paul
and Zhu, 2010).
In this study we demonstrated that particular allergens like HDM induce Th22 responses,
while other allergens do not. This phenomenon could be related to intrinsic features of the
allergen which could affect T helper cell priming. Allergens are a wide class of molecules
which differ for molecular structure and function. The serine or cysteine protease activity of
some allergens, such as the HDM group 1 allergens Der p1 and Der f1, has been linked to
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their immunogenicity (Jacquet, 2011; Pulendran and Artis, 2012; Reed and Kita, 2004).
Allergen proteases may be sensed through protease-activated receptors (PARs) by immune
cells, including DCs and T lymphocytes, and by epithelial cells and may modulate cytokine
production and surface molecule expression (Asokananthan et al., 2002; Kouzaki et al., 2009;
Lee et al., 2010; Shpacovitch et al., 2008). In addition, it is known that some allergens signal
through PRRs and might affect T helper cell priming (Hammad et al., 2009; Salazar and
Ghaemmaghami, 2013). In the case of HDM, signaling through TLR4 could be initiated by
endotoxin contaminants or by major allergens like Der p2 which are structurally homologous
to LPS (Braun-Fahrländer et al., 2002; Trompette et al., 2008). Besides pattern recognition
and protease activity, it has been proposed that certain allergens induce type 2 responses as a
result of tissue damage (Allen and Wynn, 2011; Kool et al., 2011). IL-33 is released by
endothelial and epithelial cells upon apoptosis and may be critical for Th2 induction after
tissue injury. In addition, it is known that IL-22 can promote epithelial cell proliferation and
tissue repair (Aujla et al., 2008; Sonnenberg et al., 2010). In the future, it would be interesting
to investigate whether Th22 differentiation and IL-22 production could be induced by
specific allergens as a response to tissue damage.
In conclusion, this study demonstrates that, in humans, allergic reactions give rise to different
T cell subsets, which differ for tissue-homing capabilities and effector functions. Highest
frequencies of T cells reactive to allergens are found among CCR4+ CRTh2+ Th2 cells, which
are characterized by enhanced cytokine production and expression of PPARγ. These cells
may represent a pathogenic Th2 population which differentiates from non-pathogenic Th2
cells after repeated allergen exposure. Revealing the heterogeneity within allergen-reactive T
cells and identifying the T cells which contribute most to allergy pathogenesis will be helpful
for allergy diagnosis, disease characterization and development of novel therapeutic
approaches.
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8.

Experimental procedures

8.1

Human blood samples

Blood samples were obtained from the Swiss Blood Donation Center of Lugano and from
allergic donors. All blood donors provided written informed consent forms approved by the
Ethics committee of Canton of Ticino prior to inclusion in this study. Human primary cell
protocols were approved by the Federal Office of Public Health (authorization no. A000197/2
to Federica Sallusto).

8.2

Sorting of T helper cell subsets

Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Paque Plus (GE
Healthcare). Plasma samples were also collected for measuring IgE concentration by ELISA
(see below). CD4+ T cells and CD14+ monocytes were isolated by positive selection with
CD4 and CD14 magnetic micro-beads (Miltenyi Biotec). CD4+ T cells were then stained with
the sorting panel antibodies: CD4 PE Texas Red (S3.5; Invitrogen), CD45RA QD655 (MEM56; Invitrogen), CCR10 PE (314305; R&D), CRTh2 FITC (BM16; BD pharmingen), CCR4
PE-Cy7 (1G1, BD Biosciences), CCR7 BV421 (Brilliant Violet 421) (G043H7; Biolegend),
and PE-Cy5-conjugated CD8 (B9.11), CD25 (B1.49.9), CD14 (RMO52), CD19 (J3-119), and
CD56 (N901) (Beckman Coulter). CD4+ total memory T cell subsets were FACS sorted
(FACSAria III, BD Biosciences) as follows and after exclusion of CD8+, CD14+, CD19+,
CD25+, CD56+ and CD45RA+ CCR7+ cells: CCR4+ CRTh2+, CCR4+ CCR10+, CCR4+
CRTh2‒ CCR10‒ and CCR4‒.
In order to assess CCR3 expression on CD4+ T cells we added CCR3 APC (3A9; BD
pharmingen) to the sorting panel. Alternatively, we used CCR8 PE (L263G8; Biolegend),
CCR10 Per-CP Cy5.5 (1B5; BD parmingen), CRTh2 FITC (BM16; BD pharmingen) and
CCR4 phycoerythrin-cyanine 7 (PC7) (1G1; BD Biosciences) to measure CCR8 expression
on CD4+ T cell subsets.
To sort T helper subsets for PPARγ expression, CD4+ T cells were stained with the following
antibodies: CD4 PE Texas Red (S3.5; Invitrogen), CD45RA QD655 (MEM-56; Invitrogen),
CCR7 Brilliant Violet 421 (G043H7; Biolegend), CXCR3 Alexa Fluor 647 (G025H7;
BioLegend), CCR6 PE (11A9; BD pharmingen), CCR4 PE-Cy7 (1G1; BD pharmingen),
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CRTh2 FITC (BM16; BD Pharmingen), and PE-Cy5-conjugated CD8 (B9.11), CD14
(RMO52), CD19 (J3-119), CD25 (B1.49.9) and CD56 (N901) (Beckman Coulter). CD4+
effector memory T cell subsets were FACS sorted (FACSAria III, BD Biosciences) as
follows and after gating on CD4+ CD8– CD14– CD19– CD25– CD56– CD45RA– CCR7– cells:
CRTh2+ CCR4+ CXCR3– CCR6– (enriched in inflammatory Th2 cells); CCR4+ CRTh2–
CXCR3– CCR6– (enriched in Th2 cells); CXCR3+ CCR4– CCR6– (enriched in Th1 cells);
CXCR3+ CCR6+ CCR4– (enriched in Th1* cells); CCR4+ CCR6+ CXCR3– (enriched in Th17
cells).

8.3

T cell libraries

The T cell library method was performed as previously described with few changes (Geiger
et al., 2009). After sorting, CD4+ memory T cells from each subset were plated at 2 x 103
cells/well in 96-well plates in RPMI complete medium [RPMI 1640 medium, 2 mM
glutamine, 1% non-essential amino acids, 1% sodium pyruvate, 50 μM 2-mercaptoethanol,
1% penicillin/streptomycin (all from Life Technologies), 5% human serum (Swiss Red
Cross)] in the presence of 1 μg/ml phytohaemagglutinin (PHA) (Remel), irradiated allogeneic
PBMCs (5 x 104 per well) and 500 IU/ml IL-2. T cells were grown in IL-2-containing RPMI
complete medium and used on day 20-25 after initial stimulation.
T cell libraries were stimulated as previously published with few changes (Geiger et al.,
2009). Irradiated autologous monocytes were pulsed with whole allergen extracts (30 g/ml)
Dermatophagoides pteronyssinus (Greer), Phleum pratense (Greer), Ambrosia artemisiifolia
(Greer), Betula pendula (Greer), 2 g/ml tetanus toxoid (fall positive control) (provided by
G. Galli, Novartis Vaccines, Siena Italy) and 2 g/ml Inflexal influenza vaccine (spring
positive control) in complete media at 37°C for 5 hours. T cells were plated at 2.5 x 105
cells/well in 96-well plates and pipetted on top of pulsed monocytes. Proliferation was
quantified via 3H-thymidine incorporation with a luminescence counter.

Precursor

frequencies were calculated as described in the original publication for the T cell library
method (Geiger et al., 2009).

8.4

T cell ex vivo stimulation

T cells from each subset were plated at 3 x 104 cells/well in 96-well plates in RPMI complete
medium. Autologous monocytes were pulsed with allergen extracts (30 μg/ml) for 5 hours
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and then added on top of T cells at 1.5 x 104 cells/well (1:2 monocyte to T cell ratio).
Stimulated and unstimulated wells were incubated at 37°C. On the 5th day intracellular
cytokine staining was performed or ICOS+ CD25+ activated T cells were FACS sorted.

8.5

T cell anti-CD3/anti-CD28 stimulation

T cells were stimulated for 5 days on plates coated overnight with αCD3 (clone
TR66)/αCD28 (CD28.2; BD pharmingen) at different concentrations (low costimulation = 1
μg/ml anti-CD3 and 1 μg/ml anti-CD28; high costimulation = 1 μg/ml anti-CD3 and 10 μg/ml
anti-CD28) and then intracellular stained as described.

8.6

Intracellular cytokine staining

For functional analysis, cells were stimulated with PMA (Sigma-Aldrich) at 0.2 M and
ionomycin (Sigma-Aldrich) at 1 g/ml for 5 hours in RPMI complete medium. Brefeldin A
(Sigma-Aldrich) was added at 10 g/ml after two hours of stimulation. Cells were then
surface stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life technologies,
Molecular Probes), ICOS Pacific Blue (C398.4A; Biolegend), and CD25 BV785 (BC96;
Biolegend). T cells were then fixed and permeabilized with Cytofix/Cytoperm (BD
Biosciences), according to the manufacturer’s instructions and stained for intracellular
cytokines. The following monoclonal antibodies were used: IL-4 APC (MP4-25D2; BD
pharmingen), IL-4 Alexa Fluor 488 (8D4-8; eBioscince); IL-5 APC (TRFK5; BD
pharmingen); IL-13 V450 (JES10-5A2; BD horizon), IL-9 PE (MH9A4; BioLegend), IL-10
PE-Cy7 (JES3-9D7; Biolegend), IL-17 BV605 (BL168; Biolegend), IL-22 PerCP-eFluor710
(22URTI; eBioscience), IFN-γ BV650 (4S.B3; Biolegend), IFN-γ PE (B27; BD pharmingen)
and IFN-γ APC-Cy7 (B27; Biolegend).

8.7

ELISA

For quantification of total circulating IgE, flat bottom plates (Nunc Maxisorp) were coated
with mouse anti-human IgE (HP6029; SouthernBiotech) at 5ugs/ml in PBS (Gibco)
overnight. Plates were washed always with PBS + 0.05 % Tween-20 (Sigma-Aldrich) and
blocked in PBS + 1 % Bovine Serum Albumin (BSA) (Sigma Aldrich) for 2 hr at room
temperature. Donor plasma was added and serial dilutions were made in PBS + 1 % BSA.
Standards were done with human IgE from the T1E15.4 B cell line. Plates were incubated
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for 2 hrs at RT, then washed and secondary antibody polyclonal rabbit anti-human IgE
(Dako) was added at 10 g/ml in PBS + 1 % BSA for 1 hr at RT. Plates were washed and
tertiary antibody polyclonal goat anti-rabbit IgG(H+L)-AP (avidin peroxidase) was added in
PBS + 1 % BSA for 1 hr at RT. Plates were washed and development substrate was added by
adding 1 N2765 4-Nitrophenyl phosphate disodium salt hexahydrate (NPDSH) (SigmaAldrich) tablet per 20 mls bicarbonate buffer (pH 9.6) for 1 mg/ml. Plates developed for 1.5
hrs and were then read on an ELISA plate reader at 405 nm. For quantification of circulating
allergen specific IgE the same protocol as described before was used, but plates were coated
with 10 g/ml allergen of interest.

8.8

T cell clones

Allergen-specific T cell clones were made by sorting ICOS+ CD25+ cells after ex vivo
stimulation on day 5 and plating them at 0.5 cells/well in 384-well plates in RPMI complete
medium in presence of 1 g/ml PHA (Remel), irradiated allogeneic PBMCs (2.5 x 104
cells/well) and 500 IU/ml IL-2. T cell clones were grown in IL-2-containing RPMI complete
medium and used on day 18-20 after initial stimulation.
To assess cytokine production, T cell clones were re-stimulated in presence of their cognate
allergen presented by autologous monocytes or with anti-CD3 and anti-CD28 monoclonal
antibodies, as described above. At day 5 of stimulation, intracellular cytokine staining was
performed, as described above.
For PPARγ expression analysis, CD4+ T cells were sorted into five effector memory subsets
(CRTh2+ Th2, CRTh2‒ Th2, Th1, Th1* and Th17) and T cells from each subset were cloned.
Intracellular cytokine staining was performed to determine the functional phenotype of clones
in the different subsets.

8.9

TCRβ repertoire analysis

CD4+ T cells were stained as described above and total memory T cells were sorted in CCR4+
CRTh2+, CCR4+ CCR10+ and CCR4+ CRTh2- CCR10- T cell subsets. After ex vivo
stimulation, ICOS+ CD25+ T cells were FACS sorted. Genomic DNA was extracted from
5∙105 activated T cells per subset using QUIAamp Micro Kit (Qiagen) according to
manufacturer’s instruction. When T cells sorted after stimulation did not reach the required
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number they were expanded for 1 to 5 days in IL-2 RPMI medium. Genomic DNA quantity
and purity were assessed by spectrophotometric analysis. Deep sequencing of TCRβ was
performed by Adaptive Biotechnologies Corp. (Seattle, WA) using the ImmunoSEQ assay
(http://www.immunoseq.com) as previously published (Becattini et al.). The assay was
performed at survey level (detection sensitivity, 1 cell in 4 x 104). Data sets of TCRβ
sequences were analyzed using algorithms written in Java. DNA sequences containing frameshift or stop codons were removed prior to analysis.

8.10 PPARγ expression
For ex vivo analysis, PPARγ mRNA expression was measured by qPCR on T cell subsets
immediately after FACS sorting. Otherwise, T cell clones were stimulated for 4h with 0.2 μM
PMA and 1 μg/ml ionomycin or for 4h, 12h and 24h with immobilized anti-CD3 (TR66) and
anti-CD28 (CD28.2) monoclonal antibodies (BD Pharmingen), both at 1μg/mL, in RPMI
complete medium.
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