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2. General Summary
2.1 Summary (English)
CD4+ T helper (Th) cells are crucial players in the adaptive immune response to pathogens.
Unlike Th1 cells, which activate immunity to intracellular pathogens by secretion of IFN-γ, or
Th2 cells, which secrete IL-4, IL-5 and IL-13 and are essential against extracellular parasites,
Th17 cells protect from fungal pathogens such as Candida albicans. We developed a high
throughput cell based assay that, combined with sorting of T cell subsets and in vitro priming
assays, can provide new insights on the class and specificity of the human T cell response to
pathogens. With this approach, we recently demonstrated that in healthy donors memory T
cells specific for C. albicans are present at high frequency in CCR6+ Th17 and Th1* subsets
and at low frequency in CCR6- Th1 and Th2 subsets. Using next generation TCRVβ
sequencing, we also demonstrated that several clonotypes were present in more than one subset
and, in some cases, in all subsets, unraveling an unexpected degree of intraclonal functional
heterogeneity of the human T cell response to pathogens.
To understand the role of different T cell subsets in host protection, we focused our following
studies on human genetic immunodeficiencies. We analyzed the properties of protective
immune responses in chronic mucocutaneous candidiasis disease patients with inborn STAT1GOF mutations and we showed that T cell heterogeneity is an important trait of the T cell
response, guaranteeing the proper protection only when the ratio among the different subsets
is maintained. Patients showed an altered distribution of C. albicans-specific T cells in
memory subsets, with a high frequency of cells present in the CCR6- Th1 and Th2 subsets and
a few present in the CCR6+ Th17 and Th1* subsets. Our approach highlighted that STAT1GOF patients have a quantitative defect of the proper T cell subsets and this gives birth to a
greatly unbalanced system in which C. albicans-specific T cells, mainly detected in the IFNγ, IL-4 and IL-5 producing subsets, are not able to confer protection against the fungus. This
notion was unequivocally confirmed by our in vivo assessment of the Th17 cells protective
role in our mouse model of vulvovaginal candidiasis. Not only we showed that IL-17
production by T cells is required for long-term containment of protection against C. albicans
but, in addition, we highlighted the fundamental role of Th17 cells, differently from Th1 or
Th2 cells, to confer protection to vulvovaginal candidiasis.
The analysis of the antigenic specificity in these patients appeared to be shifted toward the
identification, by Th1 and Th2 cells, of the proteins that are typically recognized by Th17 and
Th1* cells in healthy donors. This is in line with our naïve priming data and with the
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hypothesis that Th1 and Th2 cells in STAT1-GOF patients represent “missed” Th17 cells that
have not been able to go over their differentiation fate.
T cell heterogeneity is a recurrent hallmark of the immune response, not only against Candida
species but also against other skin commensals such as Malassezia spp., conferring the proper
protection and equilibrium in the host-commensal interaction only when the balance among
the different T helper subsets is maintained. Analogously to C. albicans, the IL-17 pathway
was shown to be a key player in the command of the Malassezia commensals, a trait that is
dysregulated in the atopic dermatitis (AD) condition.
Our work elucidates new and exciting features in the context of the human T cell response to
fungi and opens a series of new exciting questions in the field of human immunology. A better
understanding of the Th response to fungal pathogens is expected to improve our knowledge
about the pathogenesis of fungal diseases and may be useful for the design of novel
immunotherapeutic strategies.

2.2 Riassunto (Italiano)
I linfociti T helper (Th) CD4+ svolgono un ruolo fondamentale nella risposta immunitaria
adattativa ai patogeni. A differenza delle cellule Th1, che inducono immunità ai patogeni
intracellulari mediante la secrezione di IFN-γ o delle cellule Th2, che secernono IL-4, IL-5 e
IL-13 e sono essenziali contro i parassiti extracellulari, le cellule Th17 proteggono da agenti
patogeni fungini come Candida albicans. Abbiamo sviluppato una tecnica ad alta efficienza
che, in combinazione con la citofluorimetria a flusso di sottopopolazioni di cellule T e saggi
di priming in vitro, può fornire nuove informazioni sulla classe e la specificità della risposta
umana delle cellule T ai patogeni. Con questo approccio, abbiamo recentemente dimostrato
che in donatori sani le cellule T della memoria specifiche per C. albicans sono presenti ad alta
frequenza nelle sottopopolazioni CCR6+ Th17 e Th1* e a bassa frequenza nelle
sottopopolazioni CCR6- Th1 e Th2. Usando il sequenziamento di ultima generazione della
regione Vβ del TCR, abbiamo anche dimostrato che diversi clonotipi erano presenti in più di
un sottotipo e, in alcuni casi, in tutti i sottotipi, svelando un inaspettato livello di eterogeneità
funzionale intraclonale della risposta T umana contro i patogeni.
Per comprendere il ruolo dei diversi sottogruppi di cellule T nella protezione dell'ospite,
abbiamo focalizzato i nostri studi seguenti sulle immunodeficienze genetiche umane. Abbiamo
analizzato le proprietà delle risposte immunitarie protettive nei pazienti con candidiasi cronica
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mucocutanea con mutazioni innate STAT1-GOF e abbiamo dimostrato che l'eterogeneità delle
cellule T è un tratto importante della risposta T, garantendo la protezione adeguata solo quando
i rapporti tra i diversi sottogruppi vengono mantenuti. I pazienti hanno mostrato una
distribuzione alterata di cellule T specifiche per C. albicans nelle sottopopolazioni della
memoria, con un’elevata frequenza di cellule presenti nei sottotipi CCR6- Th1 e Th2 e una
bassa frequenza nei sottotipi CCR6+ Th17e Th1*. Il nostro approccio ha evidenziato che i
pazienti STAT1-GOF hanno un difetto quantitativo dei rispettivi sottogruppi di cellule T e
questo dà vita a un sistema fortemente sbilanciato in cui cellule T specifiche per C. albicans
vengono principalmente rilevate nei sottotipi produttori di IFN-γ, IL-4 e IL -5, non in grado di
conferire protezione contro il fungo. Questa nozione è stata confermata inequivocabilmente
dalla nostra valutazione in vivo del ruolo protettivo delle cellule Th17 in un modello murino
di candidiasi vulvovaginale. Non solo abbiamo dimostrato che la produzione di IL-17 da parte
delle cellule T è necessaria per il contenimento a lungo termine della protezione contro C.
albicans ma, in aggiunta, abbiamo evidenziato il ruolo fondamentale delle cellule Th17, a
differenza delle cellule Th1 o Th2, nel conferire protezione contro la candidiasi vulvovaginale.
L'analisi della specificità antigenica in questi pazienti sembra essere spostata verso
l’identificazione, da parte delle cellule Th1 e Th2, delle proteine che sono tipicamente
riconosciute, in donatori sani, dalle cellule Th17 e Th1*. Ciò è in linea con i nostri dati di
priming di naïve e con l'ipotesi che le cellule Th1 e Th2 nei pazienti STAT1-GOF
rappresentano cellule Th17 "mancate" che non sono state in grado di seguire il loro destinato
differenziamento.
L’eterogeneità delle cellule T è un tratto ricorrente della risposta immunitaria, non solo contro
specie di Candida ma anche contro altri commensali cutanei come ad esempio specie di
Malassezia, e conferisce l’appropriata protezione ed equilibrio nell’interazione ospitecommensale solo quando il bilanciamento tra le diverse sottopopolazioni di cellule T helper è
mantenuto. Analogamente alla C. albicans, la via metabolica della IL-17 è stata mostrata avere
un ruolo chiave nel controllo dei commensali del genere Malassezia, un tratto distintivo che
appare alterato nella condizione di dermatite atopica.
Il nostro lavoro mette in risalto nuove ed entusiasmanti caratteristiche nel contesto della
risposta delle cellule T umane ai patogeni fungini e apre una serie di nuove interessanti
domande nel campo dell'immunologia umana. Ci si aspetta che una migliore comprensione
della risposta Th ai patogeni fungini migliori la nostra conoscenza sulla patogenesi delle
malattie fungine e possa essere utile per la progettazione di nuove strategie
immunoterapeutiche.
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AD
AD
AD HIES
AE
AHR
AIRE
ALS3
AMP
APC
AR
ARAPS-I
CA
CARD9
CCR
CD
CD
CDR
CFSE
CG
CID
CKR
CLR
CMC
CR3
CT
CTL
CXCR
DAG
DC
DN
DP
ETP
FcγRs
FGF-7
FOXO1
FOXP3
GATA3
GM-CSF
HEV
HSC

Atopic dermatitis
Autosomal dominant
Autosomal dominant hyper IgE syndrome
Atopic eczema
Aryl-hydrocarbon receptor
Autoimmune regulator gene
Agglutinin-like sequence 3
Antimicrobial peptide
Antigen-presenting cell
Autosomal recessive
Autosomal recessive autoimmune polyendocrinopathy syndrome type I
Candida albicans
Caspase activation and recruitment domain-containing 9
C-C chemokine receptor
Cluster of differentiation
Candida dubliniensis
Complementary determining region
Carboxyfluorescein succinimidyl ester
Candida glabrata
Combined immunodeficiency
Chemokine receptor
C-type lectin receptor
Chronic mucocutaneous candidiasis
Complement receptor 3
Candida tropicalis
Cytotoxic T cell
CXC-chemokine receptor
Diacylglycerol
Dendritic cell
Double negative
Double positive
Early T cell progenitor
Fcγ receptors
Fibroblast growth factor-7
Forkhead box protein O1
Forkhead box protein P3
GATA binding protein 3
Granulocyte macrophage colony-stimulating factor
High endothelial venules
Hematopoetic stem cell
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HSP
HWP1
HYR1
ICAM
ICCS
ICOS
IFN
Ig
IL
ILC
Iono
IP3
ISP
ITAM
GC
GOF
ITK
LAT
LFA-1
LN
LOF
LR
LTβR
MAPK
MHC
MLR
MR
MSMD
mTOR1
NET
NFAT
NF-κB
NK
NLR
NLRP3
OPC
PAMP
PBMC
PD1
PHA
PID
PIP2
PKC

Heat shock protein
Hyphal wall protein 1
Hyphally regulated protein 1
Intracellular adhesion molecule
Intracellular cytokine staining
Inducible costimulator
Interferon
Immunoglobulin
Interleukin
Innate lymphoid cell
Ionomycin
Inositol 1,4,5-triphosphate
Immature Single Positive
Immunoreceptor tyrosine based activation motif
Germinal center
Gain of function
Inducible T cell kinase
Linker for activation of T cells
Lymphocyte function-associated antigen 1
Lymph node
Loss of function
Lectin receptor
Lymphotoxin beta receptor
Mitogen-activated protein kinase
Major histocompatability complex
Mixed leukocyte reactions
Mannose receptor
Mendelian susceptibility to mycobacterial disease
Mechanistic target of rapamycin complex 1
Neutrophil extracellular trap
Nuclear factor of activated T cells
Nuclear Factor kappa-light-chain-enhancer of activated B cells
Natural killer
NOD-like receptor
NOD-LRR- and pyrin domain-containing 3
Oropharyngeal candidiasis
Pathogen associated molecular pattern
Peripheral blood mononuclear cell
Programmed death 1
Phytohemagglutinin
Primary immunodeficiencies
Phosphatidylinositol 4,5-bisphosphate
Protein kinase C
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PLCγ1
PMA
PRR
RAG
RASGRP
RLRs
ROS
RSS
S1P1
SAP
SCID
SD
SMAC
SP
STAT
SYK
T-bet
TCR
TCM
TdT
TEC
TE
TEM
TFH
TGF-β
Th
TLR
TNF
TREC
Treg
TSA
TSCM
V(D)J
VVC
RVVC

Phospholipase Cγ1
Phorbol 12-myristate 13-acetate
Pattern recognition receptor
Recombination-activating gene
RAS guanyl-nucleotide releasing protein
RIG-I-like receptors
Reactive oxygen species
Recombination signal sequence
Sphingosine 1-phosphate receptor-1
S-aspartyl protease
Severe combined immunodeficiency
Seborrheic dermatitis
Supramolecular activation cluster
Single positive
Signal transducer and activator of transcription
Spleen tyrosine kinase
T-cell-specific T-box
T cell receptor
T central memory cell
Terminal deoxynucleotidyltransferase
Thymic epithelial cell
T effector cell
T effector memory cell
T follicular helper cell
Transforming growth factor beta
T helper
Toll-like receptor
Tumor necrosis factor
T cells receptor excision circle
T regulatory cell
Tissue specific antigen
T memory stem cell
Variable, diversity, joining
Vulvo-vaginal candidiasis
Recurrent vulvo-vaginal candidiasis
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4.1 CD4+ T cells and their role in the immune response
4.1.1 CD4+ T lymphocytes generation
The generation of mature T cells is a multiple developmental process occurring in the thymus,
a bilobed organ located in the anterior mediastinum between the sternum and the heart. Each
lobe of this organ appears to be composed of multiple lobules, characterized by an outer
cortical region and an inner medullary region. The cortical area is composed of a dense
agglomeration of T lymphocytes, while the medullary area is less densely populated by
lymphocytes. The stages of T lymphocytes development in the thymus take place in several
stromal niches. In fact, the thymocytes in course of their maturation migrate through the
thymic tissue, guided by soluble factors and stimuli produced by different resident cell types,
such as thymic epithelial cells (TEC), dendritic cells (DCs) and macrophages. TECs form a
network of cytoplasmic extensions within the cortical area of the thymus, DCs are present at
the level of the cortical-medullary junction and in the medullary area of the thymus, while
macrophages are present especially at the medullary level. Also, in the medullary area,
Hassall’s corpuscles formed by tightly packed epithelial cells are found (Iwasaki and Akashi,
2006; Ladi et al., 2006). The thymus possesses a rich vascularization as well as efferent
lymphatic vessels leading to mediastinal lymph nodes (Abbas et al., 2014).
Studies on murine models allowed the identification of one of the key regulators in thymus
development: the transcription factor FoxN1, that correlates with the status of specialization
of thymic epithelial cells and is necessary for the recruitment of lymphocyte precursors (Gill
et al., 2003; Gray et al., 2005; Klug et al., 2002). Among the factors driving the proliferation
of medullary TECs are the fibroblast growth factor (FGF)-7, also known as keratinocyte
growth factor (Gray et al., 2005), and the Lymphotoxin beta receptor (LTβR) (Boehm et al.,
2003).
Hematopoietic stem cells (HSCs), located in the bone marrow, represent the precursors of
multipotent lymphoid progenitors that migrate from the bone marrow to the thymus, where
they start their differentiation process (Abbas et al., 2014). Once entered the thymus at the
level of the cortical-medullary junction, the precursors migrate to the external subcapsular
cortical area of the thymus; from here, they cross the cortical area, where most of the
subsequent maturing events occur. Finally, thymocytes penetrate in the medullary area of the
thymus, where they complete their development, before escaping into the circulatory torrent
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and migrate to the periphery, where they will perform their effector functions. Thanks to this
process, the passage of thymocytes through this tissue arrangements allows the physical
interactions among the cells necessary for the maturation of lymphocytes (Iwasaki and Akashi,
2006; Ladi et al., 2006).
Following the colonization of the thymus, the maturation of the T lymphocytes proceeds
through a series of sequential stages consisting in the rearrangement of the genetic loci of the
TCR chains (TCRδ, TCRγ, TCRβ, TCRα). Events of positive and negative selections
eventually lead to the expression of mature T cell receptors (TCRs), αβ TCR or γδ TCR able
to recognize "non-self" peptides presented by molecules of the major histocompatibility
complex (MHC). This process alternates selection phases with intense phases of proliferation
and goes through a series of phenotypic stages characterized by the expression on the cell
surface of specific differentiation markers, among which in particular the CD4 and CD8 coreceptors. These markers are commonly used to distinguish the different stages of thymic
development. Both in humans and in mice, thymocytes are subdivided by stage of maturation
into DN (Double Negative; CD4-/CD8-), ISP (Immature Single Positive; CD4+/CD3- in human
or CD8+/CD3- in mice), DP (Double Positive; CD4+/CD8+) and SP CD4 (Single Positive CD4;
CD4+/CD8-/CD3+) or SP CD8 (Single Positive CD8; CD4-/CD8+/CD3+).
T cell precursors entering the thymic cortex lack CD3 TCR complex, CD4 and CD8 coreceptors and are referred to as Early T cell Progenitors (ETPs) or double-negative (DN)
thymocytes. In association with the expression of CD25 and CD44, these cells undergo a
sequential differentiation process characterized by four distinct stages (from DN1 to DN4) and
by the progressive loss of multipotency (Godfrey et al., 1993; Rothenberg et al., 2008). DN1
progenitors are found in the corticomedullary junction and, being not yet determined toward
the T cell lineage, they still maintain the ability to differentiate in NK cells, DCs, myeloid cells
and, in rare cases, also in B cells. Notch1 has been identified as a key player in the
differentiation of ETPs toward the T cell fate (Radtke et al., 1999). At the DN2 stage, cells
leave the corticomedullary junction and are found into the cortex, where they give rise to two
subgroups: DN2a, from which DCs and NK cells derive, and DN2b, that downregulate CD117
and increase the expression of genes responsible for the gene rearrangement at the TCRδ,
TCRγ and TCRβ loci (Masuda et al., 2007). IL-7 expression seems to play a key role in the
determination of DN2b cell lineage: DN2 cells expressing high levels of IL-7Rα appear to be
the ones giving rise to the γδ T cell lineage, whereas DN2 expressing low levels of IL-7Rα are
largely responsible for the generation of αβ T cells (Kang et al., 2001). DN2b cells migrating
into the subcapsular zone are the ones differentiating into DN3 cells. When the cells reach the
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DN3 stage, they stop the proliferation process and undergo V(D)J recombination, expressing
on the cell surface the TCR β chain paired with a pre-TCR α chain (pT-α) and forming a
complete pre-TCR. Importantly, approximately 10% of DN thymocytes follow a different
pathway, rearranging their γ and δ chain loci and giving rise to γδ T cells (Figure 1). The next
maturation step is represented by the DN4 stage and this is reached as soon as the pre-TCR αβ
associates with the CD3/ξ complex. Signals released by the functional pre-TCR allow for
survival and proliferation of thymocytes, leading to the inhibition of further rearrangements of
the TCRβ loci and the beginning of the TCRα loci rearrangements with the resulting
expression of a mature αβ TCR (Pang et al., 2010). The expression of CD4 and CD8 costimulatory molecules begins at this stage and the resulting population is characterized by
double positive (DP) cells, found in the inner cortical zone of the thymus.
Following the expression of a mature TCR on the surface, DP T cells are subjected to a positive
selection for their ability to effectively recognize the antigens presented in the context of self
MHC molecules. Cells having a weak binding ability to self MHC molecules die by apoptosis
and this process is mediated by cortical TECs (Klein et al., 2014). The second step of selection
is the so called negative selection. It occurs mainly in the medulla and is mediated by
medullary TECs. During this process, very strong interactions between TCR and self peptideMHC complexes lead to apoptosis. The transcription factor AIRE has been shown to be a
fundamental player in the maintenance of tolerance because it induces, in TECs, the expression
of tissue-specific antigens (TSAs) that are commonly present in the periphery (Liston et al.,
2003). Moreover, it has been recently shown that the process of negative selection can also
occur in the cortex, being mediated by specific subsets of DCs (Stritesky et al., 2013). This
way, the selection of the T cell immune repertoire is accomplished and auto-reactive T cells
are eliminated to avoid autoimmune reactions (Mueller, 2010). It has been estimated that about
95% of thymocytes undergo apoptosis during the different selection steps in the thymus. DP
cells that successfully overcome these selective processes continue migrating in the medulla
of the thymus and mature in SP CD4+ or CD8+ T cells, which subsequently come out of the
thymus to migrate to the periphery as naïve T lymphocytes. The process of alternative
commitment of T cells to the helper or the cytotoxic lineage occurs in parallel with positive
selection and two models have been proposed to explain this event. The first is named
instructive model and postulates that different signals received during thymic antigen
presentation determine the selection of one of the two co-receptors. The second model, known
as the stochastic model, suggests that the maintenance of one of the two co-receptors is chosen
randomly. Consequently, only SP thymocytes possessing a functional TCR-co-receptor
coupling will survive (Germain, 2002; Singer et al., 2008). The co-receptor molecules, present
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on the surface of mature T lymphocytes and associated with the TCR, are responsible for the
selective binding to MHC class II or MHC class I molecules. Cytotoxic CD8+ lymphocytes
recognize peptides in combination with class I MHC molecules that are virtually expressed by
all the nucleated cells. These MHC molecules are principally linked to peptides deriving from
the processing of endogenous antigens, such as viral or tumor proteins synthesized within the
same cell or derived from bacteria and protozoa penetrated into the cytoplasm. On the other
hand, mature CD4+ T cells are activated by the recognition of peptides derived from
extracellular antigens and generally presented on MHC class II molecules. These are only
expressed by specialized professional antigen presenting cells (APCs), including monocytes,
B cells, DCs and macrophages (Abbas et al., 2014).
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B

Figure 1. T cell development. Fig. 1A. Path of T cell precursors during their development in the thymus. Shown is the migration
of ETPs entering the thymus through vessels near the cortical-medullary junction and differentiating toward mature T cells. LMPP
= lymphoid-primed multipotent progenitor; ETP = early thymic progenitor; DN = double negative T cell; ISP = immature single
positive T cell; DP = double positive T cell; SP = single positive T cell. Adapted from (Rothenberg et al., 2008). Fig. 1B. In (pro)T cells progenitors, the first antigen-receptor chain locus undergoes V(D)J recombination, generating the β-chain of the T-cell
receptor (TCRβ) in αβ T cells. Moreover, the genes encoding TCRδ and TCRγ recombine in pro-T cells, sometimes giving rise
to γδ T cells. The first receptor chain then associates with the (pre)-TCR α-chain (pTα) in pre-T cells, yielding pre-TCR complex.
The signals deriving from this complex mediate proliferation and developmental progression. Next, lymphocytes stop dividing
and recombine the genes of the second receptor chain, generating αβ TCR in T cells. In the main pathway of αβ T cell
development, continued rearrangement at the TCRα locus often occurs because of autoreactivity or lack of positive selection,
creating either a non-functional rearrangement (reverse arrow) or an edited receptor with a new TCRα. Positive selection
ultimately stops gene rearrangements and promotes the loss of either CD4 or CD8. Adapted from (Nemazee, 2006).
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4.1.2 αβ T cell receptor: diversity and structure
It is an axiom that the genetic constitution of an organism is inherited by all the somatic cells
and does not undergo changes in the DNA content. Effectively, the acquisition of different
phenotypes in somatic cells takes place through a differential control of gene expression
(Lewin, 2004). The genetic composition of T and B cells represents an exception to this general
rule and this is due to the fact that the large variety of receptors, needed to provide an efficient
immune response to the enormous spectrum of antigens, could not be compatible with the size
of the genome. For this reason, both T and B cells are endowed with a very efficient system
of somatic rearrangement of their genetic loci encoding the antigen receptor. The molecular
mechanisms leading to the high diversity of the TCR have been investigated intensively
(Bassing et al., 2002; Davis and Bjorkman, 1988; Sadofsky, 2001), elucidating the process of
site-specific DNA recombination responsible for the highly variable repertoire.
According to the genetic germline scheme, all the germline TCR loci are characterized by
several groups of genes named V (Variability), D (Diversity), J (Joining) and C (Constant)
segments. The β chain locus is found on chromosome 7 and contains 48 functional V genes, 2
D genes, that are followed by 7 J genes, and one C gene. Chromosome 14 hosts the α chain
locus that is composed of 45 functional V genes, 50 functional J genes and one C gene (Figure
2). Also, the locus encoding for the δ chain is found on the same chromosome (Matsuda et al.,
1998; Murphy and Walport, 2011). The genes encoding the TCR segments are joined to form
a functional chain of the TCR in a process, typical of the lymphocyte progenitors, known as
V(D)J recombination. This recombination process occurs only in T lymphocytes over their
developmental stages and only between TCR gene segments that are flanked by particular
conserved regions called recombination signal sequences (RSSs). Each RSS consists of a
highly conserved sequence of 7 nucleotides called heptamer (always located next to the coding
sequence), followed by a non-conserved sequence of 12 or 23 nucleotides named spacer, in
turn followed by another conserved sequence of 9 nucleotides, called nonamer (Jung et al.,
2006; Schatz and Spanopoulou, 2005). V(D)J recombination is guided by the coordinated
activity of an enzymatic complex including the recombination-activating gene (Rag)-1 and
Rag-2 proteins (Oettinger et al., 1990; Schatz et al., 1989). These enzymes act on the RSSs,
cleaving the DNA specifically between the recombination signal sequences and the flanking
coding elements. Through their enzymatic activity, 2 gene segments are joined, one for the β
chain (containing one V, one D and one J segment) and one for the α chain (with one V and
one J segment). Over the recombination process the “12/23 rule” is generally followed and it
provides for the rearrangement of two gene segments only if one has a spacer of 12 nucleotides
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and the other has a spacer of 23 nucleotides (Kavaler et al., 1984; Kurosawa et al., 1981). This
gives an explanation for the series of events in the recombination of the heavy chains: each
segment VH and JH has a spacer of 23 nucleotides and cannot be recombined. The
recombination is possible only between V and D or D and J segments. Rearrangements
between segments V and J are instead allowed in the α locus, where the conserved segments
have spacer sequences of 12 and 23 pairs of bases. Spacers are key elements to avoid incorrect
recombination, for example between gene segments of the same type or, in the case of the H
locus, between V and J segments. Rag-1 and Rag-2 form a tetrameric complex called V(D)J
recombinase and act introducing double-strand breaks at the side of two coding segments. If
the segments joined together have the same orientation, a circular product called TRECs (T
cell Receptor Excision Circles) is generated. In the final step of the recombination process, a
group of ubiquitous enzymes is involved, being composed by Ku70, Ku80, DNA-PK, Artemis
and DNA ligase IV. They mediate the ligation of the ends of the DNA strands, generating a
DNA sequence encoding for the TCR chain (Abbas et al., 2014).
From a structural perspective, the αβ TCR is a heterodimer with both chains, α and β, having
two extracellular immunoglobulin-like domains (one constant and one variable), a short hinge
region that connects the C domain to the transmembrane region and a cytoplasmic tail that
lacks signal-transducing activity (Abbas et al., 2014). Both the Vα and Vβ domain contribute
to the antigen-binding site via their complementary determining regions (CDRs) 1, 2 and 3,
where all the aminoacidic variability is concentrated (Figure 3). CDR1 and 2 are encoded by
V elements, interact partially with the peptide and with the MHC complex itself and possess a
moderate diversity, deriving from the number of germline V region gene segments (Goldrath
and Bevan, 1999). On the other side, the CDR3 region of the α and β chains, which interact
directly with the peptide, has a much higher level of diversity deriving from the rearrangement
of each V segment to any (D)J segment. More specifically, a random deletion or insertion of
nucleotides at the junctions of V, D and J segments can occur before ligation and the enzyme
terminal deoxynucleotidyl transferase (TdT) play a critical role in this process (Cabaniols et
al., 2001). Together with junctional diversity and combinatorial diversity, a third factor that
increases the enormous diversity of mature T cell repertoires is the juxtaposition of two
different randomly generated Vα and Vβ molecules in the TCR. Theoretically the number of
different αβ TCR that can be produced amounts to 1016 but the real number in humans is
probably around 107, as a consequence of positive and negative selection processes (NikolichZugich et al., 2004).
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Figure 2. Germline organization of TCR α and β genetic loci and V(D)J recombination. Fig. 2A. Structure of the human α
and β genetic loci on chromosome 14 and 7, respectively. Fig. 2B. Schematic representation of gene rearrangement in αβ T cells;
of note, J segments downstream the rearrangement site are spliced out from mRNA (lower panel). Adapted from (Murphy and
Walport, 2011).
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Figure 3. αβ T cell receptor structure. Schematic representation of the TCR. V and C extracellular domains are indicated. On
the right, an x-ray crystallography-based ribbon diagram of the extracellular portion of the TCR is represented. Adapted from
(Abbas et al., 2014).
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4.1.3 T cell receptor signaling
Antigen-specific TCRs engagement represents a prerequisite for T cell activation. The area of
interaction between a T cell and an APC is known as immunological synapse (Dustin et al.,
1998; Paul and Seder, 1994). In this particular zone, TCRs are triggered by specific ligands
and this is followed by a series of cascade events. The consequent proliferation and functional
response of the T cells are depending on the duration, efficiency and amount of TCR triggering
(Lanzavecchia and Sallusto, 2001; Rudolph et al., 2006). The TCR does not possess an
intrinsic enzymatic activity and the signal transduction is possible thanks to the involvement
of other molecules that are part of the TCR complex. The complex is characterized by the αβ
TCR, the CD3 complex (made of two heterodimers of CD3 γ, δ and ε proteins) and a
homodimer of ζ chains. The CD3 complex and the TCRζ chains are electrostatically linked to
the TCRα and the TCRβ chains and they contain a unique motif in their cytoplasmic portion,
called immunoreceptor tyrosine-based activation motif (ITAM). CD4 and CD8 co-receptors
also play a fundamental role in the signaling pathway, possessing an extracellular Ig-like
domain, that binds respectively to MHC class II or class I molecules, and a binding site, on
their cytoplasmic portion, specific for the tyrosine kinase Lck (Abbas et al., 2014; SmithGarvin et al., 2009).
As soon as the antigen is recognized, the binding of CD4 to the MHC favours the close contact
of Lck with the CD3 and the ζ chains, with the consequent phosphorylation of ITAMs (Figure
4). This step is followed by the recruitment of ZAP-70 (ζ-associated protein of 70KD), a
tyrosine kinase which is in turn phosphorylated by Lck (Chan et al., 1995). Once multiple
numbers of ZAP-70 are activated, they phosphorylate the adapter protein LAT (Linker for
Activation of T cells) and the cascade proceeds with the recruitment of other proteins to form
the LAT signalosome. The propagation of the TCR signaling continues with the intervention
of other effector molecules like phospholipase Cγ1 (PLCγ1) and the TEC family kinase IL-2
inducible T cell kinase (ITK) (Li and Rudensky, 2016).
The LAT signalosome formation represents a critical step in the TCR signaling pathway, since
from this stage on several signaling pathways are initiated. One of these is the rapid increase
of intracellular Ca2+ concentration directed by PLCγ1, which catalyzes the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). Both the products of the catalysis initiated by PLCγ1 have an effect in
the downstream cascade events. More in detail, IP3 is responsible for the calcium release from
the endoplasmic reticulum. Calcium ions activate calcineurin that acts on the transcription
factor NFAT (nuclear factor of activated T cells), responsible for the expression of different
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cytokine genes. Simultaneously, DAG localizes at the cell membrane level and activates PKCθ, an isoform of protein kinase C, whose activity leads to the translocation of NF-κB (nuclear
factor κB) into the nucleus with the consequent induction of target genes expression, such as
pro-inflammatory cytokine genes. Furthermore, DAG is responsible for the recruitment of
RASGRP1 (RAS guanyl-nucleotide releasing protein 1) at the cell membrane level and this
accounts for the activation of the MAPK (mitogen-activated protein kinase) pathway which is
followed by the activation of the AP-1 transcription factor (Brownlie and Zamoyska, 2013).
Also, through the RAS pathway, phosphatidylinositol 3,4,5-triphosphate is metabolized and
this results in the inactivation of the transcription factor FOXO1 (forkhead box protein O1)
and the activation of mTOR1 (mechanistic target of rapamycin complex 1) (Li and Rudensky,
2016). All these events lead to the regulation of metabolic responses that promote proliferation
and survival in the activated T cell.

Figure 4. T cell receptor signaling pathways. Upon antigen recognition, Lck is recruited to the TCR complex and
phosphorylates ITAMs on the CD3 and ζ chains. The following activation of ZAP70 by Lck leads to the phosphorilation of LAT
and the formation of the LAT signalosome. The LAT signalosome propagates signals which can activate three major signaling
pathways, the Ca2+, the mitogen-activated protein kinase (MAPK), and the nuclear factor-κB (NF-κB) signaling pathway, which
lead to the recruitment of transcription factors essential for T cell growth and differentiation. From (Brownlie and Zamoyska,
2013).
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4.1.4 CD4+ T cell activation
The encounter of the cognate peptide-MHC class II complex displayed on professional APCs
represents the first event of CD4+ T cells activation. Only upon this step, T cells undergo a size
increase (up to 10-12 μm) and start their proliferation process. DCs are the main APCs
involved in T cell activation, although also B cells and macrophages are able to exert antigen
presentation activity (Abbas et al., 2014). The immunological synapse, also known as
supramolecular activation cluster (SMAC), is generated to stabilize the interaction of APCs
and naïve CD4+ T cells. It consists of a ring of integrins that surrounds the central portion of
the synapse, constituted of peptide-MHC complexes, costimulatory molecules and TCRs
(Lanzavecchia and Sallusto, 2001).
T cell activation depends on three main signals provided by DCs (Figure 5). First, the signal
received from the TCR bound to the peptide-MHC complex; second, costimulatory signals
provided by various surface molecules having either inhibitory or stimulatory functions and
third, cytokine production. The first signal allows naïve T cells to start their proliferation
process, thanks to IL-2 production and to the expression of the α subunit of IL-2 receptor,
known as CD25. It has been shown that a very low number of peptide-MHC complexes
(around 10) is sufficient to allow a CD4+ T cell to complete its activation and that already three
complexes are able to trigger effector functions (Irvine et al., 2002). This is a very important
trait of the T cell activation process, being related both to the low dissociation constant
between peptides and MHC molecules and to the capability of one complex to trigger multiple
TCR molecules (up to 200) (Lanzavecchia et al., 1992; Valitutti et al., 1995).

Figure 5. The three main signals for T cell activation. The activation of a naïve T cell requires interaction with an APC that
provides multiple signals: ‘signal 1’ is delivered through interaction of the TCR with peptide–MHC complexes; ‘signal 2’ involves
co-stimulatory molecules; and ‘signal 3’ is mediated by instructive cytokines. The ability to deliver these three signals is the
defining characteristic of a professional APC. From (Kambayashi and Laufer, 2014).
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Costimulatory signals have a fundamental role in the expansion of naïve T cell clones and they
act promoting cell cycle progression and effector cytokine release. T cells that encounter an
antigen in the absence of costimulation can either become anergic or acquire a tolerogenic
phenotype (Schwartz, 2003). Two among the better characterized costimulatory molecules are
CD80 (or B7.1) and CD86 (or B7.2) (Figure 6). They bind to CD28, which is constitutively
expressed on the cell surface of naïve T cells, and are responsible for the amplification and
stabilization of the TCR activation pathway (Acuto and Michel, 2003). ICOS ligand (Inducible
T cell Costimulator ligand, ICOSL) is another well characterized costimulatory molecule that
binds to the receptor ICOS. Differently from CD28, ICOS is not expressed by naïve T cells
and is upregulated only after activation (Yoshinaga et al., 1999). Moreover, it acts in an IL-2
independent manner in the T cell effector functions stimulation (Greenwald et al., 2005).
Despite being the main costimulators for naïve T cells, CD80 and CD86 can also act in a coinhibitory fashion when they bind to CTLA-4 (Cytotoxic T-lymphocyte antigen 4), whose
expression increases after T cell activation. Both CTLA-4 and CD28 interact with B7
molecules but with different affinities; CTLA-4 is, in fact, the higher affinity receptor for B7.1
and B7.2 (Sharpe and Freeman, 2002). It has been hypothesized that this could be an internal
mechanism of T cell tolerance and autoimmunity regulation, aiming to control the excessive
proliferation of activated T cells (Tivol et al., 1995). PD-1 (Programmed death 1) is also a
member of the CD28 family that is involved in the negative control of T cell activation (Chen,
2004).

Figure 6. The B7-1/B7-2–CD28/CTLA-4 superfamily members. Costimulator molecules B7.1 (CD80) and B7.2 (CD86)
stimulate naïve T cells through CD28. Also, they can act in a co-inhibitory manner after the interaction with CTLA-4. CD28 and
CTLA-4 have a MYPPPY motif, essential for binding B7-1 and B7-2, whereas ICOS has a FDPPPF motif and binds ICOSL. PD1 is a receptor for both PD-L1 and PD-L2, which might also bind to other, as yet unidentified, receptors on T cells (indicated by
the dotted arrows). B7 family members are immunoglobulin superfamily members with immunoglobulin-V-like and
immunoglobulin-C-like domains. From (Sharpe and Freeman, 2002).
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4.1.5 Naïve T cell priming and T cell recirculation
The term “priming” indicates the process through which naïve T cells are triggered by their
cognate antigens in secondary lymphoid organs. Naïve T cells are characterized by a small
diameter (8-10 μm) and their resting state is constantly regulated by homeostatic mechanisms.
In particular IL-7 and TCR-MHC signaling allow the survival of naïve T cells in interphase
and mediate the expression of antiapoptotic molecules (Surh and Sprent, 2008). Naïve T cells
are found in the majority of human tissues, where they can recognize foreign antigens, and
they constantly re-circulate between the blood and the secondary lymphoid organs. Among
these, the principal organs where innate immune responses lead to acquired immunity are the
lymph nodes (LNs).
Lymph nodes, under normal conditions, are small ovoid organs strategically distributed along
the lymphatic vessels designated to collect antigens that are present in peripheral tissues of
higher animals (von Andrian and Mempel, 2003). These secondary lymphoid organs are
connected by multiple afferent vessels and one efferent vessel that allow the flux of the lymph,
which is composed of drained interstitial fluids, proteins, antigens and immune cells. Lymph
nodes are surrounded by a dense capsular connective tissue that penetrates through short septa
into the organ parenchyma. The cortical area, more peripheral, is located immediately below
the connective capsule and is made up of numerous oval formations called follicles. They are
B-cell areas that, after antigen challenge, become germinal center. Under the cortical area, a
zone rich of T lymphocytes, clumped to form a thick net, is located and is called paracortical
or T cell zone. Here particular blood vessel terminations named HEVs (high endothelial
venules) are found and they are responsible for the extravasation of circulating leukocytes. Of
note, lymphocytes enter the lymph node through two pathways: one represented by the afferent
lymphatic vessels, when they circulate in the lymph, and the second represented by the HEVs,
when lymphocytes are present in the blood (Figure 7) (Abbas et al., 2014). The central portion
of the LNs is composed by the medullary area, made of a dense net of lymph-draining sinuses
and medullary cords where memory T cells, macrophages and plasma cells can be found (von
Andrian and Mempel, 2003).
Dendritic cells, originally described by Steinman and Cohn in 1973, are the most important
APCs specialized in the capture of the antigen and are the most powerful cells in inducing and
regulating an immune response mediated by T lymphocytes. DCs own a characteristic treelike morphology that favours the phagocytosis and the antigen uptake process (Steinman and
Cohn, 1973). These APCs, deriving from bone marrow stem cells, are highly concentrated in
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lymphoid organs as well as in the skin, respiratory tract and intestine, where the encounter
with foreign antigens is a common process. DCs go through different stages of both phenotypic
and functional differentiation: they shift from progenitor cells (first phase) to immature DCs
(second phase) and finally to mature DCs (third phase) (Lipscomb and Masten, 2002; Lotze
and Thomson, 2001). Peripheral tissues are the main sites in which immature DCs are
generally found to perform their patrol against invading pathogens and dying host cells.
Immature DCs are highly efficient in carrying out fluid phase (pinocytosis and
micropinocytosis) and receptor mediated endocytosis (Sallusto et al., 1995; Sallusto and
Lanzavecchia, 1994). Consequently, they can accumulate large amounts of soluble and cellbound antigens (Mellman, 2013). Furthermore, they express a broad spectrum of pathogensensing and phagocytic receptors, such as toll-like receptors (TLRs), NOD-like receptors
(NLR) and C-type lectin receptors (CLRs), which are especially expressed by immature DCs
(Osorio and Reis e Sousa, 2011). At this stage DCs are not yet able to present the antigenic
epitopes to lymphocytes because they lack all the membrane signals necessary for T cells
activation. After antigen uptake, DCs start a maturation process consisting of substantial
structural, morphological and functional changes. First of all, DCs receive signals that promote
migration through the lymphatic vessels to reach the paracortical region of LNs and interact
with T lymphocytes. At the same time, they lose the ability to recognize and take up antigens,
but become strongly capable of activating T cells through antigen presentation and
costimulation. The production of cytokines and the expression of membrane molecules with a
key role in the interaction between APC and lymphocytes increases; among them, adhesion
molecules (ICAM-1, ICAM-3, LFA-3), MHC molecules (in humans HLA-DR, -DQ, -DP),
and co-stimulatory molecules (CD40, CD80, CD86) (Cella et al., 1997; de Jong et al., 2005).
The migration to the draining lymph nodes is guided by the chemokine receptor CCR7, that is
upregulated and guides DCs toward chemo-attractant factors, that are CCL19 and CCL21,
highly concentrated in the T cell area (Sallusto et al., 1998b). Importantly, the antigens used
to trigger T cell activation can either be transported by tissue resident DCs or can directly
reach the LNs via the lymph and, once there, be recognized and taken up by resident DCs.
Naïve blood-borne T cells enter LNs where they scan APCs for cognate antigen before they
egress via the efferent lymphatics. CCR7 and CD62L play a key role in the extravasation of
naïve T cells. More in detail, CD62L (L-selectin), expressed on T cells, mediates the tethering
of T lymphocytes on HEVs through short-term interactions with 6-sulpho sialyl Lewis X
oligosaccharides that are linked to various core proteins expressed on HEVs (Rosen, 2004).
Simultaneously, CCL21, which is bound to heparin glycosaminoglycans on HEVs, is
recognized by CCR7 and mediates the subsequent activation of lymphocyte function-
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associated antigen 1 (LFA-1) (Bao et al., 2010). Activated LFA1 binds intercellular adhesion
molecule 1 (ICAM1), and this causes the arrest of T cells and their transmigration into the T
cell zone of lymph nodes (Masopust and Schenkel, 2013). Another critical aspect to take into
account is the maximization of cell-to-cell interactions that has to be guaranteed inside the
lymph nodes. When naïve T cells are at the paracortex level of LNs, a gradient of CCL18CCL19-CCL21 is maintained in the T cell zone and increases T cell motility (Kaiser et al.,
2005). This facilitates the scanning process and it is estimated that a single DC can interact
with up to five hundred T cells per hour (Bousso and Robey, 2003). If the activation of T cells
does not occur, they go back into the lymphatic circulation, a process that is mediated by the
upregulation of S1P1 (sphingosine 1-phosphate receptor-1) (Rot and von Andrian, 2004).
After successful activation T cells undergo clonal expansion, a process that generates both
short-lived effector T cells, that are in charge of fighting directly the foreign agent, and
memory T cells, that are able to mount a faster and stronger immune response at a second
encounter with the pathogen. Thousands of T cells are generated from the clonal expansion of
a single naïve T cell. The effector phase of the T cell response is followed by a period that
lasts from one to two weeks during which about 95% of the progeny die by apoptosis. The 5%
of the remaining progeny will become part of the memory compartment of long-lived antigenspecific cells (Pepper and Jenkins, 2011).
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Figure 7. T cell recirculation through lymph nodes. Fig. 7A. T cells reach the lymph nodes from blood and exit lymph nodes
via the efferent lymph. Efferent lymph collects in the thoracic duct before returning into the blood circulation. Fig. 7B. T cells
enter lymph nodes from blood within high endothelial venules (HEVs) that express homing molecules responsible for rolling,
activation and arrest of T cells. Fig. 7C. T cells have also a second access to the lymph node sinuses represented by the lymphatics.
T cells can reach them either from upstream lymph nodes or from non-lymphoid tissues. Regardless of the mechanism of lymph
node entry, further migration into the T cell zone is CC-chemokine receptor 7 (CCR7) dependent. Fig. 7D. Sphingosine1-phosphate (S1P) is present in blood and lymph, whereas CC-chemokine ligand 19 (CCL19) is expressed in the T cell zone of
lymph nodes. Exposure to either CCL19 or S1P induces transient CCR7 or S1P receptor 1 (S1PR1) desensitization, respectively.
This process allows T cells recirculation among lymph nodes, lymph and blood. ICAM1= intercellular adhesion molecule 1;
PNAd= peripheral node addressin. Adapted from (Masopust and Schenkel, 2013).
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4.1.6 Memory CD4+ T cells
After an acute immunological response, only few effector T cells survives and become longlived memory lymphocytes, being maintained as a quiescent population. When a second
encounter of the pathogen occurs, memory T cells, having acquired antigen experience, are
able to mount a more rapid and efficient response that is due to their increased frequency,
higher functionality and lower activation threshold as compared to naïve T cells (Ahmed and
Gray, 1996; Lees and Farber, 2010).
Concerning the classification of memory T cells, in 1999 Sallusto and colleagues discovered
two different subsets of circulating memory T cells, based on their migratory and proliferative
ability and effector functions. Both CD4+ and CD8+ memory T cells have been classified in
central memory T cells (TCM) and effector memory T cells (TEM) based on the expression of
the following cell surface molecules: the chemokine receptor CCR7, the adhesion molecule
L-selectin (CD62L) and two splice variant isoforms of CD45, named CD45RA and CD45RO
(Sallusto et al., 1999). TCM cells, characterized as CD45RA-CCR7+CD62L+, possess the
capacity to home to lymphoid organs and rapidly expand upon antigenic stimulation,
producing IL-2 but very few pro-inflammatory cytokines. In this context, TCM are able to
proliferate extensively generating more differentiated effector T cells (TE) and effector
memory T cells (TEM). On the other hand, TEM cells, identified as CD45RA-/+CCR7-CD62L-,
express receptors for migration to peripheral non-lymphoid tissues where they perform their
effector functions, producing pro-inflammatory cytokines. TEM have a limited proliferative
capacity in response to a second stimulation (Figure 8) (Masopust et al., 2001; Reinhardt et
al., 2001; Sallusto et al., 1999).
Recently, a new naïve-like memory T cell subset has been identified and referred to as stem
cell memory T cells (TSCM). These are cells expressing CD45RA, CD62L, CCR7, but also the
death receptor CD95 and the memory-associated marker CD122 (Gattinoni et al., 2011). There
is still very few knowledge about the role of this subset. What is already known is that TSCM
are multipotent, meaning that they can give rise to other T cell subsets (Gattinoni et al., 2012).
Another population of memory T cells has been recently described and it has been named
tissue-resident memory T cells (TRM) (Jiang et al., 2012; Sathaliyawala et al., 2013). These
cells are permanently localized in peripheral tissues after clearance of infection and can be
characterized by the expression of a particular set of surface receptors. The population has not
yet been well classified but recent studies showed that integrin αE (CD103) and the
transmembrane C-type lectin CD69 might be present at the surface of these cells (Mueller et
al., 2013).
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Importantly, all the previously described memory T cell subsets are maintained viable and go
through a homeostatic proliferation thanks to the effect of cytokines such as IL-7 and IL-15.
In particular, IL-7 controls cell survival and IL-15 is responsible for proliferation (Surh and
Sprent, 2008). The effects of these cytokine are anyway slightly different if we compare TCM
and TEM cells. In fact, even if they both proliferate, TCM cells can self-renew and differentiate,
while TEM undergo apoptotic death (Geginat et al., 2003; Lees and Farber, 2010).
Several models have been proposed to explain the relationship among memory subsets. The
most intuitive one is based on a progressive linear differentiation pathway, that is
naïve>TSCM>TCM>TEM. According to this model, each step represents a precursor for the
following one and for effector T cells that are identified as the last differentiation step
(Lanzavecchia and Sallusto, 2002; Sallusto et al., 1999). Years later, a study based on the
transfer of CD8+ T cells single precursors in naïve hosts and subsequent infection, confirmed
this hypothesized pathway (Buchholz et al., 2013; Gerlach et al., 2010; Graef et al., 2014).
Naïve cells would be responsible for the generation of TCM precursors, which then would
differentiate into TEM cells. In some cases, naïve T cells can also directly give birth to TEM
precursors. The terminal differentiation of these precursors into short-lived TE cells would be
the last step of the whole differentiation pathway. The generated precursors are capable to selfmaintain and to create a progeny of highly differentiated and proliferating TE cells (Buchholz
et al., 2013; Gerlach et al., 2010; Graef et al., 2014).
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Figure 8. Phenotypic characterization of memory T cell subsets. Fig. 8A. Shown are the three major circulating populations
(TSCM, TEM, and TCM cells) and their migration among the blood, tissues and lymph nodes. Specific chemokine receptors or
integrins mediate the migration process. TRM, recently described as a “non-recirculating” subset, resides permanently in the
tissues, such as skin, lungs, bone marrow and intestine. Fig. 8B. Definition of the distinct memory subsets according to the
expression of different surface markers. This classification allows the distinction of circulating and resident subsets with different
functional properties. Adapted from (Farber et al., 2014).
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4.1.7 CD4+ T cell subsets: phenotypical and functional properties
As previously discussed, once the pathogen is cleared, central memory (TCM) and effector
memory (TEM) T cells remain part of the memory pool to assure systemic immune protection
in lymphoid organs and in peripheral tissues in case of a re-exposure to the pathogen. Effector
and memory T cells own a distinctive heterogeneity in their phenotype and function.
CD4+ T cells are key players in the performance of immune responses thanks to their ability
to orchestrate many other immune and non-immune cells (Sallusto and Lanzavecchia, 2009).
This is the reason why they are referred to as T helper (Th) cells. They contribute actively in
many processes such as B cell antibody production, activity regulation of APCs and
enhancement of the CD8+ T cell response. Moreover, CD4+ T cells are involved in the
regulation of the magnitude and persistence of immune responses.
The extreme variability that characterizes the immune response toward a wide set of pathogens
is likewise associated to a broad multiplicity of effector functions. In order to face this
heterogeneity, CD4+ T cells possess an extraordinary ability to differentiate toward
phenotypically and functionally different effector lineages. A peculiar trait of these cell
populations is the acquisition of a well-defined pattern of cytokine production that is favoured
by polarizing signals and lineage-specific transcription factors (Sallusto and Lanzavecchia,
2009). Another particular feature is the coordinate expression, together with the subsetspecific cytokines, of chemokine receptors (CKRs) and other surface effector molecules,
among which selectins and integrins. The last two categories of molecules interact with their
cognate ligands expressed by endothelial cells and mediate T cell rolling and adhesion
processes along the endothelium. CKRs, instead, recognize chemoattractant molecules and
permit T cell extravasation and migration to specific tissues (Sallusto et al., 1998a).
Chemokine receptors are seven-transmembrane G protein-coupled receptors that act,
following the binding with their specific ligand chemokine, inducing a calcium influx and the
subsequent activation of a signaling pathway followed by the migration toward a
chemoattractant gradient. CKRs are classified in two main categories, namely inflammatory
and homeostatic, the latter being constitutively expressed (Table 1) (Abbas et al., 2014).
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Receptor Ligand(s)
CCR4

CCL17, CCL22

Expression pattern
Skin-tropic

CD4+ cells

Function(s)
Migration to normal and inflamed skin

TH2 cells

Migration to asthmatic airways

TH17 cells

Migration to sites of inflammation

Treg cells
CCR5

CCL3, CCL4, CCL5, CCL8 Naïve CD8+ cells

Guided encounters with ‘helped’ DCs in lymph
nodes

CCL11, CCL14, CCL16

TH1 cells

Migration to inflamed tissues

CTLs

Migration to inflamed tissues

Some Treg cells
CCR6

CCL20

TH17 cells

Migration to inflamed tissues

CCR7

CCL19, CCL21

Naïve cells

Migration to resting lymph nodes
Interstitial motility in lymph nodes

CM T cells

Migration to resting lymph nodes

Some Treg cells
CCR8

CCL1

TH2 cells

Migration to normal skin

Treg cells

Migration to sites of allergic inflammation

Skin-tropic γδ T cells
CCR9

CCL25

Gut-tropic CD4+ and CD8+
cells

Migration to lamina propria and GALT

CCR10

CCL27

Skin-tropic CD4+ and CD8+
cells

Migration to normal and inflamed skin

CXCR1

CCL6, CCL8

CTLs

Migration to inflamed tissues

CXCR3

CCL9–CCL11

TH1 cells

Migration to inflamed tissues

CTLs

Migration to inflamed lymph nodes and tissue

TH17 cells

Migration to inflamed tissues

NK T cells

Migration to inflamed tissues

Some Treg cells
CXCR4

CXCL12

CM T cells

Migration to resting lymph nodes

Naïve cells
CXCR5

CXCL13

Follicular helper CD4+cells

Migration to T cell–B cell border and GC in
lymph nodes

Some Treg cells
CXCR6

CXCL16

NK T cells

Migration to tissue

Table 1. Chemokine receptors and their cognate ligands. The table shows the list of the well-characterized chemokine
receptors and their specific ligands, linked to the migratory capacity of T cells. Adapted from (Bromley et al., 2008).

Over the years several studies have been conducted to elucidate the phenomenon of T cell
differentiation in the context of an immune response. Also in this case, the interplay between
genetic programs and environmental factors is a leading mechanism. In particular, the cytokine
milieu created during the activation process has been identified as the principal driver of T cell
differentiation. The activation of DCs, mediated by several pathogen recognition receptors,
triggers signaling pathways in the antigen-presenting cells that, in turn, lead to the generation
of defined priming microenvironments (Pulendran, 2005). STAT proteins and the so called
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“master” regulators transcription factors play a key role in the lineages definition. Upstream
of this process, cytokines act on their receptors expressed on the T cell surface, modulating
activation of intracellular cascades. This leads to the phosphorylation of a specific signaling
transducer and activator of transcription (STAT) protein, followed by the dimerization of
STAT proteins and their translocation into the nucleus, where they activate the transcription
of lineage-specifying molecules, among which “master” regulator transcription factors. The
lineage and fate of the proliferating T cells are shaped at this level, when STAT proteins and
master regulators coordinate the expression of effector cytokines and tissue homing
chemokine receptors. Several CD4+ T cell subset have already been identified and extensively
characterized and each of them results tailored to fight a peculiar type of pathogens (Figure 9)
(O'Shea and Paul, 2010; Zhu and Paul, 2010; Zhu et al., 2010). A detailed description of the
principal T helper subsets is reported as follows.

Th1. The acquisition of a Th1 phenotype is determined by the expression of STAT-4, which
is activated by DC-derived IL-12 (Hsieh et al., 1993). It has also been shown that the Th1 cell
fate determination is not only dependent on the cytokines effect but also on the dose of the
antigen (van Panhuys et al., 2014). Th1 cells have a leading role in the T cell response against
viruses and intracellular bacteria, with the main function to activate macrophages and CD8+ T
cells. The signature cytokine of Th1 cells is interferon-γ (IFN-γ), the principal macrophageactivating cytokine; in addition to interferon, this subset also produces TNF-α and various
chemokines that contribute to the enhancement of the inflammation. Importantly, Th1 cells
can also produce IL-10 that inhibits DCs and macrophages and, consequently, Th1 activation.
This is, in fact, a case of negative feedback control of Th1 immune response (Abbas et al.,
2014). Of note, IFN-γ can act in an autocrine as well as in a paracrine manner, if produced by
IL-12-activated NK cells, and can promote by positive feedback the expression of STAT-1 via
T-bet activation; this reinforces the acquisition of the Th1 phenotype. Often, as a general rule,
when a differentiation pathway is switched on, the alternative pathways are simultaneously
switched off. This happens, for example, in Th1 cells where STAT-4 and T-bet repress
GATA3, a master regulator that would bring to a Th2 differentiation (Yamane and Paul, 2012;
Zielinski et al., 2011). Inflamed tissue homing receptors, CXCR3 and CCR5, are characteristic
of the Th1 subset.
Th2. The master regulator of the Th2 subset has been identified as GATA3, whose activation
depends on IL-4 secretion and on the consequent activity of STAT-6. Th2 cells are endowed
with the ability to express chemokine receptors such as CCR4, CCR3 and CRTh2 and with
the capacity to produce IL-4, IL-5, and IL-13. It has been demonstrated that the Th2 fate can
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also be independent of IL-4 and STAT-6 but the activation of GATA3 remains necessary (Dent
et al., 1998; Jankovic et al., 2000). With regards to alternative differentiation stimuli, IL-2
signaling has in fact been shown to act synergistically with IL-4, activating STAT-5 (Le Gros
et al., 1990; Yamane and Paul, 2012). Th2 cells stimulate reactions that are mediated by
Immunoglobulin E (IgE) and eosinophils and are responsible for special defense mechanism
against multicellular parasites like helminths. IL-4, IL-5 and IL-13 cooperate to eradicate these
infections with IL-4 acting on one hand to induce B cell Ig heavy chain class switching to IgE
and, on the other hand, collaborating with IL-13 to recruit eosinophils and induce mucus
secretion from gut epithelial cells and from the airway. IL-5 is an activator of eosinophil
maturation and differentiation. Importantly, Th2 cells are also key players in venom protection
and allergic reactions (Abbas et al., 2014). Several studies have been conducted on the
Th1/Th2 fate decision; van Panhuys and colleagues recently identified the antigen dose as the
main factor determining this decision, showing that antigen concentration is a dominating
factor over adjuvant cytokines in the control of T cell polarity (van Panhuys et al., 2014).
Th17. With some differences between the human and the mouse systems, TGF-β, IL-6 and
IL-1β are responsible for the induction of STAT-3 (Acosta-Rodriguez et al., 2007a; Bettelli et
al., 2006; Chung et al., 2009; Manel et al., 2008). This, in turn, brings to the activation of a
transcription factor that specifies for the Th17 lineage, named RORγt (Harrington et al., 2005;
Ivanov et al., 2006; Park et al., 2005). Th17 represents a leader subset in the defense against
fungi and extracellular bacteria (Hernandez-Santos and Gaffen, 2012; LeibundGut-Landmann
et al., 2012). Th17 cells produce several cytokines but the majority of their inflammatory
activities are mediated by IL-17A/IL-17F and IL-22, member of the IL-10 cytokine family is
produced at the epithelial level. Thanks to these cytokines, Th17 cells trigger the recruitment
of neutrophils and the production of antimicrobial peptides from several cell types, also
assuring epithelial integrity and repair functions (Abbas et al., 2014). Th17 typically express
the mucosal, CNS and skin-homing markers called CCR6 and CCR4 together with the NK
marker CD161 (Acosta-Rodriguez et al., 2007a; Acosta-Rodriguez et al., 2007b; Annunziato
et al., 2007). IL-21 and IL-23 have been identified as the main responsible interleukins in Th17
development (Korn et al., 2007; Nurieva et al., 2007; Volpe et al., 2008; Zhou et al., 2007).
Th22. The Th22 subset has been identified as a population endowed with the ability to
exclusively produce IL-22 and to express the chemokine receptor CCR6, as well as skin
homing molecules such as CCR4 and CCR10 (Duhen et al., 2009; Trifari et al., 2009). The
specific functions of this subset remain to be fully understood but it has been suggested a role
for Th22 cells in protection against skin pathogens, being involved in anti-microbial peptides
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production that is induced in epithelial cells (Sallusto and Lanzavecchia, 2009). IL-6 and TNF
have been identified as the polarizing cytokines for this population and a fundamental
transcription factor is the xenobiotic receptor aryl-hydrocarbon receptor (AHR).
TFH. The differentiation towards a TFH fate is driven by IL-2, which in turn leads to the
activation of the transcription factor Bcl-6. T follicular helper are fundamental for B cell
activity; they have a leading role in germinal center formation and in the development of high
affinity antibodies and memory B cells. These cells are characterized by expression of high
levels of PD-1, ICOS and CXCR5 and by the production of IL-21 as an effector cytokine
(Crotty, 2011; Johnston et al., 2009). It is anyway still to be elucidated if TFH constitute an
independent lineage or a functional state of cells from different subsets (Zhu et al., 2010).
Tregs. T regulatory cells are a specialized subset of T cell having the task to suppress an
immune response, preserving the homeostasis of the system. It has been shown that Tregs are
capable to inhibit T cell proliferation and consequent cytokine production, acting as a crucial
subset in the prevention of autoimmunity. Tregs can exert their functions by producing soluble
factors, such as TGF-β, and via cell-cell contact mediated by cell surface inhibitory receptors,
such as CTLA-4. TGF-β and IL-2 have been identified as polarizing cytokines for this subset,
linked to the activation of the transcription factors Foxp3 (Fontenot et al., 2003; Hori et al.,
2003). Two principal categories of Treg cells have been identified: natural Tregs (nTregs) and
inducible Tregs (iTregs). Natural Treg cells develop in the thymus and trigger active
mechanisms of peripheral tolerance, particularly to self-antigens. While the majority of selfreactive T cells go through clonal deletion, a very small percentage of them differentiate into
Tregs, a process known as clonal diversion. The decision between the two phenomena is
dependent on the strength and duration of the TCR signaling during the process of antigen
presentation by TECs. In fact, it has been hypothesized that the strength of this interaction is
intermediate between the thresholds of negative selection and the one inducing non-self
specific T cells (Klein et al., 2014). Inducible Tregs are instead regulatory T cells whose
phenotype in induced in the periphery through a process of antigen presentation occurring in
the absence of costimulatory molecules and inflammatory cytokines (Chen et al., 2003).
Tr1. Another independent subset showing regulatory function is the so called Tr1 subset. Little
is known about this population but it is composed of T cells that stably produce high amounts
of IL-10 and TGF-β and that do not express Foxp3. For this reason, it is considered a separated
subset (Roncarolo et al., 2006). The differentiation of Tr1 can be induced both in vitro and in
vivo by antigenic stimulation together with IL-10 or immunosuppressive drugs (O'Garra and
Barrat, 2003; Sayos et al., 1998).
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Figure 9. CD4+ T helper subsets differentiation. Fig. 9A. Schematic representation of the T cell priming process. Different
polarizing signals are delivered by the DC and this in turn causes the activation of distinct STAT molecules. STAT proteins
trigger the expression of different lineage-specifying transcription factors, known as master regulators, with the consequent
acquisition of specific functional properties. From (O'Shea and Paul, 2010). Fig. 9B. List of the major T cell subsets and their
role in immune response. Adapted from (Sallusto and Lanzavecchia, 2009).
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4.2 Candida albicans: the fine line between commensalism and opportunism
4.2.1 The genus Candida
The genus Candida consists of more than fifty well characterized species and represents a
heterogeneous group of yeasts that are normal components of the human flora. Candida
species, in healthy individuals, are in fact commensals typically colonizing the skin and the
mucosal surfaces (Brown et al., 2012). Despite this, when the tissue homeostasis is altered,
they can be responsible of a variety of superficial diseases, such as oropharyngeal,
vulvovaginal and cutaneous candidiasis, or systemic diseases. For this reason they are referred
to as opportunistic pathogens (Conti and Gaffen, 2010; Richardson and Warnock, 2003).
Superficial infections are relatively harmless and mainly involve the gastrointestinal tract and
the vaginal mucosa. Vulvo-vaginal candidiasis (VVC) is the most common among the mild
infections caused by Candida species, affecting a very high percentage of women at least once
in their lives, especially during their reproductive age, and becoming recurrent (RVVC) in
10% of them (Cassone, 2013). On the other side, systemic infections, characterized by
Candida dissemination in the bloodstream and by the consequent multiple organ colonization,
are a major threat with mortality in the 40% of cases (Khader et al., 2009). This kind of severe
infections are common among chemotherapy-treated patients as well as transplant recipients
receiving immunosuppressants. Moreover, they represent a life-threatening disease in
immunocompromised individuals, such as AIDS and patients suffering from Primary
immunodeficiencies (PID) with acquired or inherited T cell deficits. Another situation in
which individuals are more susceptible to Candida infections is the compositional alteration
of competitive commensal bacterial populations (Gow et al., 2011). The dimorphic fungus
Candida albicans is the most common species provoking candidemia but there is a high
variability in the range of non-albicans Candida species isolated worldwide (Eggimann et al.,
2003). Among these, C. glabrata, C. krusei, C. parasilosis, C. tropicalis, C. dubliniensis and
C. rugosa have been identified as significant causes of disease in humans (Williams et al.,
2013). Although C. albicans represents the most relevant species isolated in different hospitals
and in different patient groups, it results the less common species in the environment, as
compared to other Candida species (Richardson and Rautemaa, 2009).
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4.2.2 Candida albicans virulence factors
C. albicans shows a certain number of complex virulence and commensal characteristics that
help the fungus to colonize and infect the host. One of the most important virulence factors of
C. albicans is considered to be the morphological transition from a budding yeast to a
filamentous hyphal form (Biswas et al., 2007). Cells in the yeast form are considered important
for the dissemination phase of the infection, while the hyphal form is more invasive and
responsible for tissue damage (Saville et al., 2003). This is the explanation of the fact that
hyphae are predominantly found in association with a pathological state, while conidia from
C. albicans are identified on the mucosal surfaces of the host not necessarily linked to an
altered physiological condition (Cassone, 2015). The cell wall of C. albicans is a particularly
important component of the fungus that represents a relevant compartment in terms of immune
activation. Indeed, it is made of two main layers: the inner layer containing the polysaccharides
chitin and β-1,3-glucan that contribute to the cell shape and the outer layer, highly enriched
with O- and N-linked mannose polymers, named mannans, covalently linked to proteins to
form glycoproteins. The two layers are connected each other by glycosylphosphatidylinositol
(GPI) residues and β-1,6-glucan (Figure 10). Cell wall proteins are highly expressed when C.
albicans undergoes the transition from yeast to hyphae; among these, Hwp1 (hyphal wall
protein 1), Hyr1 (hyphally regulated protein 1) and agglutinin-like sequence 3 (Als3).
Variations in the cell-wall composition are associated with the cellular morphogenesis and this
process is strictly linked to the subsequent immune response by the host (Gow et al., 2011).

Figure 10. Cell wall structure of Candida albicans. Represented are inner and outer layers forming the cell wall of C. albicans.
From (Gow et al., 2011).
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Apart from the already mentioned morphogenesis, there are also other important virulence
factors that contribute to the pathogenicity of C. albicans. One of these, which is closely
related to the morphogenesis, is adhesion. Hyphae have been previously considered the more
adherent forms of C. albicans, a theory which is basically true if we consider that, once these
structures are formed, the expression of adhesins has a fundamental role in the following
processes of infection. Despite this, it is worthy to mention that the initial steps of adhesions
occur between yeasts and epithelial cells, with peculiar adhesins, namely Als5,7 and 9,
exclusively found of the surface of yeast cells (Modrzewska and Kurnatowski, 2015). Other
two proteins that play a key role in this process are Hwp1 (Staab et al., 2004) and the putative
β-glucanase Mp65 (Zhu and Filler, 2010). In particular, Mp65 acts modifying the structure of
the cell wall, facilitating the function of other adhesins.
Host cell invasion is mediated by two mechanisms in C. albicans: active penetration and
induced endocytosis (Wachtler et al., 2011). The first is an active process consisting in the
penetration of both killed and living cells. Through this pathway, the pathogen is able to cross
the intercellular junctions at the epithelial level (Gow and Hube, 2012). In this case the
secretion of hydrolytic enzymes is a key element for the whole process (Wachtler et al., 2012).
The second mechanism, on the other side, is a passive actin-dependent process that starts with
the interaction of C. albicans invasins such as Ssa1, member of the Hsp70 family of heat shock
proteins, with host cell receptors (Mayer et al., 2013). Biofilm formation is an additional
virulence factor of C. albicans, which is able to form these fungal communities on both biotic
and abiotic surfaces (Hofs et al., 2016). The phase of biofilm formation in C. albicans are
comparable to the ones observed in many other bacterial species endowed with the same
ability. The process is, in fact, characterized by four steps during which, in the first stages,
adherence and cell proliferation occur and then, in the final steps of biofilm generation, the
development of hyphal forms and the secretion of an extracellular matrix are observed. Yeast
cells from a mature biofilm can also migrate from the original site of biofilm generation to
colonize different sites of the host (Blankenship and Mitchell, 2006; Kaneko et al., 2013).
Moreover, biofilm generation is strictly correlated to an increase in antifungal therapy
resistance. Several studies have explained this phenomenon that appears to be linked to a
slower proliferation rate, to the upregulation of efflux pumps, to the composition of the
extracellular matrix that is highly impermeable and, finally, to the presence of metabolically
inactive cells inside the biofilm, known as persister cells (Al-Fattani and Douglas, 2006;
LaFleur et al., 2006).
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4.2.3 Innate sensing of Candida albicans
The recognition of C. albicans, and in general of other Candida species, involves different and
sometimes synchronized pathways. The general framework, despite some little differences
among the species, is very similar and consists in the recognition of conserved pathogenassociated molecular patterns (PAMPs) by different families of PRRs (pattern recognition
receptors) as Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors
(CLRs) and RIG-I-like receptors (RLRs) (Netea et al., 2015). Four are the main innate immune
cell types involved in the recognition of the invading pathogen: monocytes, macrophages,
neutrophils and dendritic cells. Monocytes are characterized by high and moderate expression
levels respectively of TLRs and lectin receptors (LRs). When they differentiate into
macrophages, their expression levels of LRs strongly increase, generating a cell type which is
fundamental in the fungal recognition. Neutrophils are very important as well, expressing
TLRs and, more importantly, phagocytic receptors like CR3 (complement receptor 3) and Fcγ
receptors (FcγRs). DCs are key elements in antigen presentation and express the majority of
PRRs useful for Candida sensing. Among these, the mannose receptor (MR), CR3 and TLRs.
Conversely, the expression of PRRs on the T cell surface is limited (Figure 11) (Netea et al.,
2008).

Figure 11. Cell populations and their typical pattern-recognition receptors involved in C. albicans recognition. The figure
shows the principal PRRs expressed on the cell surface of monocytes, macrophages, neutrophils, dendritic cells and CD4 T cells.
From (Netea et al., 2008).
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Describing more in detail the processes of innate response, TLRs are among the main PRRs
mediating the recognition of cell-wall molecular components of C. albicans (Figure 12). Of
note, O-linked mannan are recognized by TLR4 and phospholipomannans and β-glucans are
specifically identified by the heterodimers of TLR2/1 and TLR 6/2. All these TLRs molecules
are membrane-bound and, among them, TLR-4 has been extensively studied and identified as
an inducer of Th1 responses, triggering the production of type I IFNs and TNF-α (LeibundGutLandmann et al., 2012; Netea et al., 2008). Moreover, it has become evident that also
intracellular receptors such as TLR3 and TLR9, recognizing cytoplasmic nucleic acids, have
a role in the response against Candida. TLR9 is also able to recognize chitin, inducing an antiinflammatory response needed to balance the immune response (Wagener et al., 2014). TLR2
is, instead, a receptor showing a controversial role in the response to the fungus, having been
shown to induce the production of anti-inflammatory cytokines and a Th2 phenotype.
According to this hypothesis, TLR2 knockout mice showed an increase survival rate when
systemically infected by C. albicans (Netea et al., 2004).
As far as it concerns CLRs, this is considered the most important family of innate receptors in
the triggering of the immune response to C. albicans, having the ability to stimulate a T cell
differentiation process towards Th1 and Th17 protective fates. The key components
recognized by CLRs are cell-wall molecules. Dectin-1 is the most studied β-glucan receptor
together with Dectin-2 and Mincle that recognize α-mannans and α-mannose, respectively
(Osorio and Reis e Sousa, 2011). All these CLRs induce intracellular signals mediated by the
spleen tyrosine kinase (SYK), the protein kinase PKCδ and the adaptor protein CARD9
(caspase activation and recruitment domain-containing 9). These pathways lead to the
activation of NFκB, NFAT and NLRP3 (NOD- LRR- and pyrin domain-containing 3)
inflammasome that stimulate the release of pro-inflammatory cytokines, like IL-1β, IL-6, IL23 and TNF-α, by DCs, consequently activating a Th1 and Th17 differentiation pathway
(LeibundGut-Landmann et al., 2007; Saijo et al., 2010). Recently, a new important function
of Dectin1 has been identified; the molecule seems in fact involved in the prevention of diffuse
tissue damage during fungal infection avoiding the excessive release of neutrophil
extracellular traps (NETs) (Branzk et al., 2014). The importance of these receptors is
illustrated by the evidence that polymorphisms in Dectin 1 are linked to recurrent vulvovaginal
candidiasis and other fungal infections, like aspergillosis, in humans (Ferwerda et al., 2009).
Another potent inducer of Th17 responses against Candida has been identified as Mannose
receptor that triggers IL-1β and TNF-α production in macrophages after the recognition of αmannans (van de Veerdonk et al., 2009). Mannose receptor presents more than one ligand, in
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fact it has been recently reported that also chitin is able to activate this receptor, inducing IL10 production in APCs (Wagener et al., 2014). Chitin has also been associated to a Th2
response and the induction of allergy and asthma in diverse models (Van Dyken et al., 2014)
giving another confirmation of the extreme heterogeneity of the immune response to such a
convoluted pathogen like C. albicans.
NLRs are cytoplasmic receptors whose function, in the context of C. albicans response, is the
activation of inflammasome NLRP3. This inflammasome activates caspase 1 and converts
pro-IL-1β and pro-IL-18 in their active forms (Agostini et al., 2004). The function of NLRs is
very important to build a proper immune response to Candida, as shown by a mouse model
deficient in NLRP3, which is distinguished by an increased susceptibility to candidiasis (Gross
et al., 2009; LeibundGut-Landmann et al., 2012).

Figure 12. Candida albicans innate recognition and T cell polarization. Schematic representation of the activation of innate
pathways linked to C. albicans associated PAMPs. Intracellular TLRs and NLRs are not shown in the panel but their importance
in the recognition of Candida species has been widely shown, as discussed in the text. The figure highlights also the T cell
differentiation pathways associated to the main PRRs. From (Netea et al., 2008).
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4.2.4 Effector mechanisms of defense against Candida albicans
After the first step of recognition of fungal PAMPs, the host cells give rise to a cascade of
effector events aiming at the clearance of C. albicans and involving both non-immune and
immune cells (Figure 13) (Netea et al., 2015).
Epithelial cells represent the very first mechanical barrier encountered by the invading fungus.
Particularly, the hyphal form of C. albicans is perceived by the host epithelial cells, which
produce cytokines like IL-1β, TNF and IL-6, via a MAPK1- and FOS- dependent pathway,
responsible for the recruitment of phagocytes. Epithelial cells may also produce β-defensins
as a first mechanism of clearance of the pathogen. When C. albicans invades the tissue, the
resident macrophages phagocytose the pathogen and, at the same time, start producing
inflammatory cytokines to recruit other immune cells such as neutrophils. Their activation has
been shown to be essential for the clearance of C. albicans, with neutropenia being a
significative risk factor for invasive infections caused by the fungus (Horn et al., 2009).
Neutrophils activate both oxidative and non-oxidative mechanism; more in detail, they are
endowed with the capacity to produce reactive oxygen species (ROS) as well as neutrophils
extracellular traps (NETs) inhibiting fungal growth. This inhibition is also mediated by the
secretion of antimicrobial factors, among which calprotectin, lysozyme, elastase and cathepsin
G (Amulic et al., 2012). Also NK cells, equipped of perforin-secretion activity, and
inflammatory monocytes are recruited to the site of infection (Voigt et al., 2014).
The described first line of defense mediated by the innate immunity system is in many cases
sufficient to contrast tissue invasion by Candida. Nonetheless, in other scenarios the innate
intervention is not enough and adaptive immunity protection is required. In this context, DCs
take a lead both for their production of IFN-β (del Fresno et al., 2013) and for processing and
presenting fungal antigens, shaping adaptive T helper cell responses. The relevance of Th1
cell responses and the consequent IFN-γ production aiming at the stimulation of neutrophils
and macrophages antifungal activity has been proven (Nathan et al., 1983; Shalaby et al.,
1985). Early studies have in fact shown a differential contribution to C. albicans Th response
when comparing Th1 and Th2 responses, identifying the first as protective and the second as
deleterious for the killing of the pathogen (Cenci et al., 1995; Romani, 1999; Tonnetti et al.,
1995). These studies were performed prior to the discovery of the Th17 subset so the
hypothesis that other Th lineages, different from Th1 or Th2, might be involved was not taken
into consideration. Later it was shown that mice lacking IL-12 p40 subunit or IL-12R were
more susceptible to Candida infections compared to mice deficient for IFN-γ. This divergence
was clarified after the discovery of IL-23 and its identification as a cytokine responsible for
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IL-17 expression on T cells (Aggarwal et al., 2003). The p40 subunit of IL-12 has been in fact
shown to be shared with IL-23 and IL-12Rβ1 is a common chain with IL23R (Ghilardi and
Ouyang, 2007). So mice deficient in IL-12p40 subunit or IL-12β1 are not only deficient in
Th1 cells, due to the lack of IL-12, but are also deficient in Th17 cells, because of the fact that
also IL-23 is missing (Hernandez-Santos and Gaffen, 2012). The fundamental role of the Th17
subset in the protection against C. albicans has been extensively proven and is strongly
supported, as it will be discussed further, by the link between chronic candidiasis and human
genetic deficiencies impairing the IL-17 axis developmental path (Hernandez-Santos and
Gaffen, 2012; Puel et al., 2011).
IL-17 and IL-22 produced by Th17 cells have been revealed to be important cytokines for host
defense. These cytokine are responsible for the activation of epithelial cells and the release of
β-defensins as well as for the trafficking and activation of neutrophils (Liang et al., 2006). IL17, in particular, is the most important cytokine in the context of fungal infections. As already
mentioned, it promotes granulopoiesis and neutrophils chemotaxis but, importantly, it acts,
together with IL-22, targeting genes encoding for antimicrobial peptides (AMPs) including
S100A8 and S100A9, that heterodimerize to form calprotectin, β-defensin 3 and lipocalin 2
(Conti et al., 2009; Sparber and LeibundGut-Landmann, 2015). These antimicrobials on one
side exert a direct antifungal activity mediated by membrane depolarization and
permeabilization or by dispossessing the fungus of metal ions (Goetz et al., 2002; Sohnle et
al., 1996; Vylkova et al., 2007), on the other side they act as chemoattractants for other immune
cells (Sparber and LeibundGut-Landmann, 2015). Another key role for IL-17 has been
elucidated in a model of systemic candidiasis where NK cells, upon exposure to IL-17, acquire
the ability to produce GM-CSF and activate neutrophils (Bar et al., 2014). In this and in other
experimental models it still remains to be elucidated what is the source of IL-17. In addition
to Th17, other cell types such as innate lymphoid cells (ILCs) and γδ T cells have in fact been
recently shown to be able to produce IL-17 (Gladiator and LeibundGut-Landmann, 2013). Six
IL-17 cytokines (from A to F) have been discovered in human and in mouse. IL-17A and IL17F, in particular, show the highest sequence homology and they are usually co-expressed.
Also, they are endowed with the ability to form homo- and hetero-dimers. IL-17C is a cytokine
functionally correlated with the A and F variants; conversely, IL-17E, also known as IL-25, is
linked to type 2 immunity (Gaffen, 2009).
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Figure 13. Effector mechanisms for the clearance of Candida albicans. Schematic representation of the principal innate and
adaptive immune effector mechanisms aiming at counteracting tissue invasion and disseminated infection. From (Netea et al.,
2015).

44

4. Introduction

4.3 Genetic susceptibility to Candida albicans infections
4.3.1 Chronic mucocutaneous candidiasis and primary T-cell immunodeficiencies
Chronic mucocutaneous candidiasis (CMC) is the term used to define a complex and
heterogeneous group of syndromes characterized by chronic and recurrent infections of the
skin, nails and mucosa caused by Candida species, especially C. albicans (Eyerich et al.,
2010).
CMC is a common condition in patients having acquired or inherited T-cell deficiencies, who
usually display multiple infections and/or autoimmune diseases (de Repentigny et al., 2004;
Vinh, 2011). Severe oropharyngeal candidiasis is common in HIV-infected patients (Pirofski
and Casadevall, 2009) or in patients on immunosuppressive, antibiotic or steroid treatments
(Kirkpatrick, 2001). Other two clinical scenarios belonging to this group are identified in SCID
(severe combined immunodeficiency) and CID (combined immunodeficiency) patients. Both
cases are related to primary immunodeficiencies (PIDs), disorders whose cause is not
secondary in nature. Most PIDs are in fact genetic disorders (Lim and Elenitoba-Johnson,
2004). Patients with SCID have a deficiency in T cells and are highly susceptible to a large
group of infections caused by several microorganisms. Also, patients having CIDs show
alterations in T cell development and/or function and, as well as SCIDs patients, are subjected
to CMC. Despite this, CMC does not often represent the main infectious disease in CID
patients, who instead are affected by other severe infectious diseases (Shuster, 1999). Notably,
PIDs that do not involve abnormal modifications in T cell number and function are not usually
linked with CMC. Examples of these PIDs are those affecting B cells or phagocytes. This
observation is a proof of the importance of the human T cell response against C. albicans at
the mucocutaneous level (Al-Herz et al., 2011).
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4.3.2 Syndromic chronic mucocutaneous candidiasis
CMC is the main clinical manifestation also in some PIDs that are associated with fewer
clinical features and this condition is referred to as Syndromic CMC (Puel et al., 2012). One
of these is the autosomal dominant hyper IgE syndrome (AD HIES) also known as Job’s
syndrome, caused by heterozygous STAT3 LOF (loss of function) mutations and associated
with recurrent staphylococcal diseases (Minegishi, 2009; Paulson et al., 2008). These patients
show a significantly reduced proportion of IL-17 and IL-22 producing T cells, probably due
to impaired responses to IL-6, IL-21 and IL-23 (Figure 14), leading to the consequent blockade
of Th17 cell development (de Beaucoudrey et al., 2008; Milner et al., 2008). A similar
condition is found in autosomal recessive (AR) IL-12p40 and IL12-Rβ1 deficient individuals,
where CMC is the typical manifestation together with MSMD (Mendelian susceptibility to
mycobacterial disease) (Bustamante et al., 2014; Ouederni et al., 2014; Prando et al., 2013). A
reduced number of circulating Th17 cells is also detected in AR CARD9 deficiency. The only
kindred belonging to this group reported to date, appeared to be characterized by CMC
associated with dermatophytosis and Candida meningitis (Glocker et al., 2009). Also this
seems to be a case of impaired Th17 development, as CARD9 is an adaptor protein important
for the innate detection of fungal infections, involving Dectin-1, Dectin-2 and MINCLE
(Figure 14), and for the downstream production of IL-17 (LeibundGut-Landmann et al., 2007;
Robinson et al., 2009). Autosomal recessive autoimmune polyendocrinopathy syndrome type
I (AR APS-I) is another pathological condition caused by AIRE (autoimmune regulator gene)
mutations. These patients exclusively suffer from CMC and they present in their plasma high
levels of neutralizing anti-IL-17A, anti-IL-22 and anti-IL17F autoantibodies (Figure 14)
(Kisand et al., 2011; Puel et al., 2010a). Overall, it appears clear from these studies that the
described inborn errors underlie an impairment in the Th17 response and the consequent onset
of CMC (Puel et al., 2012).
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4.3.3 Chronic mucocutaneous candidiasis disease
From the 1960s onwards, a new series of sporadic and familial cases of CMC were identified.
In these patients, who do not present any of the genetic defects listed above, CMC is described
as an AD (autosomal dominant) or an AR (autosomal recessive) segregating trait, suggesting
that it is the result, in the majority of the cases, of single-gene mutations (Puel et al., 2012;
Puel et al., 2010b). This inherited form of CMC is named CMCD (CMC disease) and it is a
rare condition (about 1/100.000 individuals). The clinical manifestations of these inherited
forms of CMC usually begin during the early infancy and CMCD can be present either as the
only infectious phenotype or, in other cases, as a pathological condition combined together
with other manifestations. Some patients, for example, display skin infections caused by
Staphylococcus aureus, recurrent herpes virus diseases, dermatophytosis or thyroid
autoimmunity (Chipps et al., 1979; Herrod, 1990; Lilic, 2002; Myhre et al., 2004; Shama and
Kirkpatrick, 1980). Thanks to molecular studies performed on CMCD patients, in 2011 the
first genetic mutations were identified, confirming the key role played by IL-17 in the
protection against C. albicans and, to a smaller degree, against S. aureus. More in detail,
CMCD has been associated with AD partial IL-17F deficiency and AR IL-17 receptor C (AR
IL-17RC) defects, being in this case an isolated pathological condition. Furthermore, CMCD
has been linked to other mutations, namely AR IL-17RA and ACT-1 (key adapter in the IL17 pathway), in these cases displayed together with pulmonary and skin bacterial infections
(Figure 14) (Boisson et al., 2013; Levy et al., 2016; Ling et al., 2015; Puel et al., 2011).
Particularly important was also the discovery of a further set of mutations inducing gain of
function in the transcription factor STAT1. These heterozygous missense gain-of-function
(GOF) mutations of STAT1 were identified in CMCD patients, some of them having CMC in
combination with one or more different pathologies, among which autoimmune, bacterial,
viral, auto-immune or cancer diseases (Liu et al., 2011; Okada et al., 2016; van de Veerdonk
et al., 2011). Such mutations occur in the coiled-coil domain of the STAT1 protein and bring
to a prolonged activation due to an impairment in the nuclear dephosphorylation. The effect is
consequently an enhanced STAT1-dependent response to Th17 phenotype repressors, such as
IFN-γ, IFN-α/β and IL-27. On the other hand, the stronger STAT1 activation could also depend
on IL-6, IL-21 and IL-23, which normally activate predominantly STAT3 to induce Th17
differentiation (Figure 14). This leads to an impairment in the differentiation of IL-17A, IL17F and IL-22 producing cells also in this genetic setting. Despite this, about half of CMCD
cases still remains to be characterized for the genetic etiology (Liu et al., 2011; Milner and
Holland, 2013).
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Figure 14. Inborn errors of IL-17 immunity in CMCD patients. Schematic representation of the IL-17 pathway and
interactions between cells recognizing C. albicans and IL-17 producing cells. The pink color is associated with the pathological
pathways of patients with AR CARD9 deficiency, AD STAT3-LOF and AR AIRE deficiency, the last characterized by high
levels of autoantibodies. These individuals suffer from syndromic CMC and show an impaired IL-17 mediated immunity. The
blue color indicates CMCD conditions, in which patients have an impaired IL-17 response or function respectively due to AR IL17RA and AD IL-17F deficiency. Moreover, the AD STAT1-GOF condition is reported, with the consequent impairment in the
development of IL-17 producing T cells. From (Puel et al., 2012).
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4.4 Malassezia spp. and their emerging role in inflammatory skin disorders
4.4.1 Host-Malassezia interactions
Malassezia spp. are lipophilic yeasts and represent the most common skin inhabitants in warmblooded animals. The genus Malassezia comprehends 17 species of commensal yeasts that
widely constitute the microbial flora of the skin, especially seborrheic, in healthy individuals
(Grice and Dawson, 2017; Sparber and LeibundGut-Landmann, 2017). One genomic trait of
Malassezia spp. is the loss of carbohydrate processing and fatty acid synthase genes. Due to
their limited and specific genomic content, they evolved to colonize sebaceous skin that
represents their exogenous source of lipids (Gioti et al., 2013; Park et al., 2017). In the recent
years, the genus Malassezia has been studied not only for the commensal features of its species
but also for its association with the etiologies of various skin diseases. It has been established
that these lipophilic species have a causative role in Pityriasis versicolor. Differently, in other
skin diseases such as atopic eczema (AE), seborrheic dermatitis (SD) and atopic dermatitis
(AD), the role of Malassezia is less clear but still hypothesized (Prohic et al., 2016).
The fungus has been shown to interact with the host either directly, via interaction of cell wall
components with the PRRs widely expressed on the surface of many host cell types, or
indirectly, through the production of soluble metabolites (Sparber and LeibundGut-Landmann,
2017). Several studies have shown that Malassezia cell wall has a different organization
compared to other fungal species. Kruppa et al. demonstrated that M. sympodialis is
characterized by mannose residues mainly composed of β-(1,6) glucans but almost no β-(1,3)
glucans. Analogous data have been reported in other studies that showed the presence of
polymer interconnections and unique structural properties. Chitin and its de-N-acetylated form
are quite abundant in the cell wall of Malassezia, being instead a minor component in other
yeasts. Interestingly, there could be a connection between the level of chitosan and the high
quantity of cell wall lipid, being chitosan a main lipid-interacting molecule (Kruppa et al.,
2009; Stalhberger et al., 2014). Several PRRs are responsible for the recognition of the cell
wall carbohydrates and glycoproteins; among them the Syk-coupled CLRs such as Dectin-2,
Dectin-1 and Mincle. In particular, Dectin-1 was discovered to activate the NLRP3
inflammasome following recognition of Malassezia (Kistowska et al., 2014). Also Langerin,
highly expressed in Langerhans cells and dermal DCs, has been identified as a skin-associated
receptor for the lipophilic yeasts (de Jong et al., 2010; Tateno et al., 2010). Finally TLRs,
foremost TLR2 which is expressed by many skin-associated cells such as epidermal
keratinocytes or mast cells, have been shown to recognize Malassezia or its derivates. Once
fungus-derived residues are bound to the receptor, ligand internalization occurs with the
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consequent activation of different signaling pathways, among which MAPK, NFAT, NF-κB
and inflammasome. This process is followed by the secretion of inflammatory cytokines and
antimicrobial peptides (Baroni et al., 2006; Donnarumma et al., 2014).
Specific metabolic products from Malassezia are virulence factors for the host while others
dampen the inflammatory response. Belonging to the first group are lipases and
phospholipases, with a key role in the initiation of an inflammatory reaction in the host caused
by the release of irritant fatty acids (Lee et al., 2013; Riciputo et al., 1996), such as oleic and
arachidonic acid, that act provoking damages to the epithelial barrier and to keratinocytes
(Katsuta et al., 2005; Plotkin et al., 1998). Also, yeast-derived indoles, obtained from
tryptophan, are potent agonists for the aryl hydrocarbon receptor (AhR) expressed by many
hematopoietic and non-hematopoietic cells of the skin and present a broad range of effects on
the host cells, like apoptotic or inhibitory effects (Figure 15) (Gaitanis et al., 2008; Magiatis
et al., 2013; Mexia et al., 2015).

Figure 15. Interaction between Malassezia spp. and mammalian skin. PRRs are expressed on the surface of non-hematopoietic
and hematopoietic cells and, through direct interactions with cell wall components, transmit signals that result in the induction of
inflammation or in the regulation and tolerance of the host toward the fungus. On the other hand, indirect interactions of
Malassezia with the skin consist in the release of fungus-derived metabolites. KCs= keratinocytes; LCs= Langerhans cells; DCs
= Dendritic cells; Mϕ = macrophages; MCs = mast cells; SC = stratum corneum; AhR = aryl hydrocarbon receptor. From (Sparber
and LeibundGut-Landmann, 2017).

4.4.2 Innate and adaptive immunity to Malassezia
As previously mentioned, Malassezia spp. have been correlated with inflammatory skin
disorders and allergic responses. Innate immune responses at the skin level have been
hypothesized to occur following the disruption of the uppermost layers of the epidermis. In
vitro studies conducted on myeloid cells and keratinocytes, consisting in the stimulation with
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Malassezia, resulted in the induction of antimicrobial peptides, proinflammatory cytokines
and chemokines, highlighting the inflammatory nature of immune reactions to these species
(Sparber and LeibundGut-Landmann, 2017). Moreover, similar studies have been conducted
on mast-cells (MCs), showing that in AE patients the progenitor-derived MCs contain high
amounts of granule mediators, like histamine, and respond to M. sympodialis with a high IL
6 production. In addition, MCs in AE skin sections show increased expression of Dectin-1
(Ribbing et al., 2011). M. sympodialis extract has also been used by Selander and colleagues
to activate MCs, where IgE-mediated degranulation was induced and where it was shown that
MAPK activation was dependent on the TLR2/MyD88 pathway activation (Selander et al.,
2009).
Fewer studies have been conducted on the adaptive immune response to Malassezia spp., even
though all of them underline the involvement of cellular and humoral responses, both in
healthy donors and in patients suffering from Malassezia-related diseases. Quantitatively and
qualitatively differences exist in the type of immune response in patients compared to the
healthy donors. As far as it concerns the humoral responses, patients suffering from a particular
form of atopic dermatitis show increased levels of Malassezia-specific IgE which are not
detected in healthy individuals. This is observed both in humans and in animals, in particular
in atopic dogs (Ashbee and Bond, 2010; Johansson et al., 2003; Kang et al., 2014).
Preliminary studies have been conducted on AE patients, where it has been shown the
involvement of Th2 cells in the response to Malassezia. More in detail, T cell reactivity to M.
sympodialis was characterized by IL-4 and IL-5 production and showed a strongly positive
correlation with the Atopy patch testing (APT) score (Johansson et al., 2009). Analogous
observations were made in pityriasis versicolor patients, where GATA3 positive cells were
identified at the level of skin lesions (Levy and Magro, 2017). Despite the involvement of the
Th2 subset, also other T cell subpopulations, such as Th22 and Th17, seem to contribute to
allergic reactions. In Malassezia-sensitized AD patients the T cell response was found to be
characterized not only by skin homing T cells belonging to the Th1 and Th2 subsets, but also
by T cells producing IL-17 and IL-22 (Balaji et al., 2011; Cavani et al., 2012). Further studies
are needed to elucidate on the contribution of IL-17 and IL-22 to the pathogenicity in AD
patients as well as on the Malassezia spp. T cell response in healthy individuals. Research on
Malassezia and its involvement in skin disorders so far focused on in vitro experiments which
are very difficult to interpret due to the different experimental setup used in different
laboratories. For this reason, many findings from these experiments still remain to be validated
for their relevance in vivo.
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5. Aims of the Thesis
CD4+ T helper (Th) cells are crucial players in the adaptive immune response to pathogens.
Unlike Th1 cells, which activate immunity to intracellular pathogens by secretion of IFN-γ, or
Th2 cells, which secrete IL-4, IL-5 and IL-13 and are essential against extracellular parasites,
Th17 cells protect from fungal pathogens such as Candida albicans. T cells have been shown
to have a certain degree of flexibility and have been demonstrated to go through phenotypic
changes in a series of experimental conditions. By using high throughput cell based assay and
next generation TCRVβ sequencing we aimed at dissecting the human T cell response to
microbes and vaccines, focusing on the investigation of the heterogeneity of the T cell response
against C. albicans.
Based on the knowledge deriving from these initial studies, we aimed to characterize the T
cell response in chronic mucocutaneous candidiasis patients, considering this study being
extremely useful to elucidate the requirements for a protective immune response. Particularly,
our goals were the following:
-

Phenotypically characterize STAT1-GOF patients

-

Analyze the heterogeneity of the T cell response in CMCD individuals and identify a
possible involvement in the pathology

-

Analyze the antigenic specificity of T cell subsets

-

Assess the in vivo Th17 cells protective role in vulvovaginal candidiasis

-

Extend the analysis of the heterogeneity of the memory T cell response and the Th17
cells role in the protection against other opportunistic pathogens such as Malassezia
spp. (in collaboration with the group of Prof. Salomé LeibundGut-Landmann)

A better understanding of the Th response to Candida and Malassezia in these pathological
conditions is expected to improve our knowledge about the pathogenesis of the disease and
may be useful for the design of novel immunotherapeutic strategies.
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The publication “Functional heterogeneity of human memory T cell clones primed by
pathogens or vaccines” (Becattini et al., 2015) forms the basis for the 7.1 chapter of the thesis.
Within this chapter, Simone Becattini and I performed experiments and analyzed data of cell
enrichment to identify functional memory T cell subsets in human PBMCs as well as ex vivo
T cell stimulation of memory T cell subsets with C. albicans. RNA extraction and transcription
factor qRT-PCR were performed by Simone Becattini. Together with Simone Becattini, I
prepared samples of T cells isolated from C. albicans-stimulated T helper subsets to perform
TCRVβ next generation sequencing. Analysis of TCRVβ sequencing data was done by
Mathilde Foglierini and Simone Becattini. Isolation of C. albicans-specific T cell clones from
different memory T cell subsets, their functional characterization and amplification of TCRVβ
genes was performed by me and Simone Becattini. Sequencing of the TCRVα chain was done
in collaboration with Ton Schumacher.
The sections “Characterization of the T cell response in Chronic Mucocutaneous Candidiasis
Disease patients”, “In vitro priming of naïve T cells in CMCD patients” and “In vivo
assessment of Th17 cells protective role during vulvovaginal candidiasis infection” are part of
a manuscript which is currently under preparation. Within this, I and Simone Becattini
performed phenotypical characterization of STAT1-GOF patients as well as a first set of
libraries stimulation. Bioinformatic analysis of C. albicans proteins to synthesize
immunodominant peptides was done by Simone Becattini in collaboration with Alessandro
Sette. Experiments on the new set of STAT1-GOF patients, using peptides pools from C.
albicans, were performed by me, while in vitro priming on these patients were performed by
Daniela Latorre. Roberta Marzi and Camilla Basso performed in vivo experiments in the
context of the mouse model of VVC infection.
The analysis of the T cell response to Malassezia spp. was done in collaboration with Florian
Sparber, Salomé Leibundgut-Landmann and Martin Glatz. The results presented in this thesis
are part of a manuscript entitled “The IL-23/IL-17 axis exerts a dual role in the host response
to the skin commensal yeast Malassezia by providing immunosurveillance and exacerbating
skin inflammation”, currently under preparation. Florian Sparber performed mice experiments
and I performed the experiments on human healthy donors and on atopic dermatitis patients.
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7.1 Functional heterogeneity of human memory T cell clones in response to
C. albicans
7.1.1 Functional heterogeneity and clonal composition of C. albicans-specific
CD4+ T cells
T helper subsets have historically been described as alternative fates deriving from CD4+ T
cells differentiation, a process that relies on several factors such as signals from the TCR,
costimulatory molecules and innate cytokines (Iwasaki and Medzhitov, 2010; O'Garra et al.,
2011; Zhu et al., 2010). While in the past T helper subsets compartmentalization was believed
to be extremely stable, there is increasing evidence of a certain degree of flexibility in this
system. The one cell-multiple fate model has been proven in mouse experiments where naïve
CD8+ T cells were identified as progenitors of TCM and TEM cells (Chang et al., 2007; Gerlach
et al., 2010; Stemberger et al., 2007). Also, single naïve CD4+ T cells were shown to generate
Th1 and TFH cells (Tubo et al., 2013). Our aim was consequently to elucidate the one cellmultiple fate theory in human T helper subpopulations.
In order to analyze the human memory CD4+ T cells specific for C. albicans (CA) in terms of
their heterogeneity, T helper cell subsets were isolated from peripheral blood mononuclear
cells (PBMCs) of healthy donors according to chemokine receptors expression. The four T
helper memory cell subsets we analyzed are defined as follows: Th1 cells, identified as
CXCR3+CCR4-CCR6-, Th2 cells that are CXCR3-CCR4+CCR6- and Th17, corresponding to
CXCR3-CCR4+CCR6+ cells. Each of these subsets was characterized by its peculiar cytokine
production and the expression of its typical transcription factor. So for example, Th1 cells
produced IFN-γ and expressed T-bet mRNA, Th2 cells produced higher levels of IL-4 and
expressed the highest level of GATA3 mRNA and Th17 cells produced IL-17 and expressed
ROR-γt. Moreover, we isolated a fourth subset, named Th1*, characterized by CCR6 and
CXCR3 expression and negative for the chemokine receptor CCR4. Th1* cells produced IFNγ and low levels of IL-17 and expressed both T-bet and ROR-γt (Figure 16).
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Figure 16. Sorting strategy of memory T cell subsets in human peripheral blood. Fig. 16A. Expression of chemokine
receptors identifies four subsets of human CD4+ memory T cells. Cells expressing CD45RA, CD25, CD14, CD19 were excluded
from the gate. Fig. 16B and C. Cytokine production by the four subsets after stimulation with PMA and Ionomycin for 4 hours.
Dot plots from a representative donor (B). Mean ± s.e.m. of 4 donors (C). Fig. 16D. TBX21, GATA3, and RORC mRNA levels in
the four subset immediately after sorting. Data are the mean ± s.e.m. of 4 donors.
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The first set of experiments consisted in ex vivo stimulations of the four CFSE labeled Th
subsets with C. albicans and autologous monocytes. We performed ex vivo stimulation in 20
donors which showed the higher levels of CFSElo cells in the Th17 and Th1* subsets. Despite
this, proliferating cells were also detected in Th1 and Th2 subsets (Figure 17A and B). The
cytokine production, measured in the supernatants of stimulated cell cultures, was
characteristic of each subset (Figure 17C). These findings indicate that human memory CD4+
T cells primed by C. albicans are functionally heterogeneous considering their migratory
properties and cytokine production.
We next aimed to analyze the TCR repertoire of C. albicans-specific memory T helper cells.
To do this, we performed TCRVβ CDR3 sequence analysis on genomic DNA extracted from
CFSElo cells. Interestingly, the numbers of clonotypes in the four subsets were comparable in
all donors (Figure 17D). Also, when we looked at the frequency distribution of individual
clonotypes, this appeared to be analogous in the four subsets and characterized by a wide range
of distribution, going from 20% to 0.01% of total reads (Figure 17E). In all donors, as well as
in all subsets, less than 20 clonotypes were detected at frequencies >1% and were
corresponding to the 34-43% of total reads (Figure 17F and G). To understand if there was a
correspondence between the clonotypes identified after in vitro stimulation and the ones
already expanded in vivo, we performed TCRVβ sequencing in the same donor on total
memory T cells directly isolated from peripheral blood and compared the resulting clonal
composition with the one of in vitro stimulated specific T cells. We detected in 5x106 total
memory ex vivo T cells and in C. albicans-specific T cells in vitro stimulated respectively
300,945 and 2,350 clonotypes (Figure 17H). Among these 2,350 clonotypes, 1,426 were
identified in ex vivo total memory T cells as well and they accounted for the 60.7% of unique
clonotypes and 86.7% of total reads. Finally, there was a significant positive correlation
between in vitro and ex vivo frequencies. These data indicate that the frequency distribution of
individual clonotypes is very broad, is comparable in the four T cell subsets and mirrors their
frequency in the CD4+ total memory population.
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Figure 17. Functional heterogeneity and clonal composition of C. albicans-specific CD4 T cells. Fig. 17A and B. Human
memory CD4 T cell subsets were isolated according to the expression of chemokine receptors, labeled with CFSE and stimulated
with heat-killed C. albicans in the presence of autologous monocytes. Shown are CFSE profiles on day 6 and percentage of
CFSElo proliferating cells in a representative donor (A) and median values with 25 and 75 percentiles in 20 donors with whiskers
representing the highest and lowest values in each subset (B). ***P<0.0001, ** P<0.001, * P<0.05 as determined by nonparametric Friedman test. Fig. 17C. Cytokine production measured on day 6 in the supernatants of the C. albicans-stimulated
cultures. Values represent mean ± s.e.m. Fig. 17D. Number of TCRVβ unique clonotypes detected by sequencing of genomic
DNA from C. albicans-specific T cells isolated form the 4 memory subsets. Each symbol represents a different donor. Lines
represent mean values. Fig. 17E. Frequency distribution of clonotypes in the four C. albicans-specific T cell subsets from a
representative donor (CA-01). Dotted line represents the 1% frequency threshold. Indicated are the number of clonotypes with
frequencies >1% and their cumulative frequencies expressed as % of reads (values in parentheses). Fig. 17F and G. Percent of
clonotypes with frequencies >1% (F) and their cumulative frequencies expressed as % of reads (G) in 5 donors (mean ± s.e.m.).
Fig. 17H. Comparison of clonotype frequency distribution of C. albicans-specific memory CD4+ T cells (y-axis) and total memory
CD4+ T cells sequenced directly ex vivo after sorting (x-axis). Shown is the Spearman correlation and the significance analyzed
by paired t test.
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7.1.2 Clonotype sharing among C. albicans-specific memory T cell subsets
The observed diversity and functional heterogeneity of memory T cells specific for C. albicans
could derive from two phenomena: the first consisting in the polarization of different clones
to a distinct fate and the second in the acquisition of multiple fates in clones undergoing
intraclonal differentiation. For this reason, we decided to verify if individual clonotypes were
present in different subsets and, if so, to what degree. The comparative analysis of the TCRVβ
repertoires of C. albicans-specific memory T cells in one representative donor, named CA-01,
resulted in the detection of 395 clonotypes in Th17 cells. Among these, 143 clonotypes were
also found in Th1* cells, 53 in Th2 and very few, 8 to be precise, were shared with the Th1
subset (Figure 18A). Surprisingly, there was a correlation between clonotypes expansion in
Th17 and Th1*; in fact, we found that the several shared clonotypes were highly expanded in
both subsets. We reported these data in a Venn diagram that draws attention to the fact that 27
out of the 143 clonotypes shared between Th1* and Th17 were found in Th2 and 3 were found
both in Th2 and Th1 populations (Figure 18B). A similar trend of clonotypes sharing have also
been observed in 4 additional donors tested (data not shown). Of note, we ruled out the
possibility that clonotypes sharing was a consequence of contaminations among the T cell
subsets during the sorting procedure because of the detection of several expanded clonotypes
also in an individual subset. As highlighted by the bar histograms showing for 5 donors the
percentage of clonotypes and the percentage of reads shared by the subsets (Figure 18C), the
highest sharing was found between Th17 and Th1* and the lowest between Th1 and Th17.
The two couples Th17/Th2 and Th1*/Th2 were also characterized by a certain degree of
clonotypes sharing. Collectively these results show that the memory T cell response to C.
albicans is both dependent on clones uniquely differentiated toward a single fate and on clones
that went through a process of intraclonal diversification giving rise to multiple T cell fates.
In order to verify if Th17 and Th1* are generally characterized by high levels of clonotype
sharing, we also performed a parallel analysis on memory T cells specific for another chosen
pathogen, Mycobacterium tuberculosis (data not shown). This study revealed distinct patterns
of clonotype sharing between different Th subsets, as compared to C. albicans, showing the
association between these patterns and the nature of the antigen.
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Figure 18. Unique and shared clonotypes among C. albicans-specific memory T cell subsets. Fig. 18A. Comparison of
clonotype frequency distribution in samples of T cells isolated from C. albicans-stimulated Th1, Th2, Th1* or Th17 subsets from
donor CA-01. Frequencies are shown as % of total reads. The total number of clonotypes in each sample is indicated in parenthesis
in the x- and y-axis. Values in the lower right corner represent the number of shared clonotypes between the two samples. The
Spearman correlation and paired t test value are also shown when significant. Fig. 18B. Venn diagrams showing the number of
unique and shared clonotypes in the 4 subsets of donor CA-01. Fig. 18C. Bar histograms showing for 5 donors the percentage of
clonotypes (left) and the percentage of reads (right) that are shared by the indicated subsets.
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7.1.3 Identification of sister T cell clones in different memory subsets
To further show that memory T cells with the very same αβ TCR can acquire in vivo different
functional properties and phenotypes, we characterized T cell clones isolated from the CFSElo
C. albicans-specific cells deriving from the 4 Th subsets and frozen as a backup. Figure 19A
shows the results of the representative donor CA-01, from which we isolated 242 C. albicansspecific T cell clones. Of these, some were sister clones with identical TCRVβ chains, found
most of the time in two subsets that were as expected Th17 and Th1* or Th17 and Th2, and in
one case (clonotypes 32) in three subsets (Figure 19B). Also, thanks to our collaboration with
Dr. Ton Schumacher (NKI, The Netherlands) sequencing of the TCR α chain confirmed the
identity of the αβ TCR receptor.
We next characterized the sister clones functionally and phenotypically. Regarding the
cytokine production, the clones showed a phenotype that was corresponding with the original
Th population. An exception to this general trend was represented by IFN-γ, which was overall
produced by all clones due to the prolonged in vitro culture (Figure 19C). Also, CCR6
expression and RORγt mRNA were detected in clones derived from Th17 or Th1* (Figure 19
D and E). Two examples of sister clones isolated from two different Th subsets and belonging
to two clonotypes, respectively clonotypes 64 and 11, are reported in Figures 19F and G. Here
it is shown the characteristic polarized cytokine production as well as expression of
transcription factors, typical of each subset. These results confirmed that clonotype sharing is
found in different memory T cell subsets where sister clones preserve their functional and
phenotypic properties.

61

7. Results

Figure 19. Isolation of sister T cell clones from different memory subsets. T cell clones were isolated from cryopreserved
samples of C. albicans-stimulated CFSElo Th1, Th2, Th1* and Th17 cells from donor CA-01 and TCR αβ sequences were
obtained by Sanger sequencing on amplified cDNA. For each subset the number of individual clonotypes is indicated. Fig. 19A.
The plot indicates the total number of clones (center), the number of clones unique to that subset (white section) and the number
of clones whose TCR was found also in T cell clones isolated from another subset (color coded sections). Fig. 19B. List of the
clonotypes that were found in two or more subsets. Fig. 19C, D and E. Characterization of sister clones specific for C. albicans
isolated from different memory subsets and expressing one of the shared TCR clonotypes. Shown are cytokine production (C),
and expression of transcription factors (D) and CCR6 (E). Fig. 19F and G. Characterization of two pairs of sister clones isolated
from Th1* and Th17 subsets (F) and from Th2 and Th17 subsets (G).
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7.2 The T cell library method and its application to dissect the human
memory T cell response to Candida species
7.2.1 The CD4+ T cell response against C. albicans in healthy donors
The T cell library method has been developed in our lab and has been extensively applied to
study the human T cell repertoires (Geiger et al., 2009). The practical usefulness of the T cell
library method relies in the possibility to amplify a limited number of CD4+ T cells to combine
functional and molecular analysis. The assay consists in the polyclonal activation and
proliferation with high efficiency of T cell lines. T cells are distributed in small numbers (1002000) in multiple replicate wells and are polyclonally expanded in the presence of irradiated
allogenic PBMCs, used as feeder cells, IL-2 and Phytohemagglutinin (PHA). After a period
of two-three weeks of proliferation, each T cell is amplified 1000-5000 fold, originating a
progeny of daughter cells. Each library can then be tested for the T cell response to one or
more chosen antigens using conventional proliferation assays, typically through thymidine
incorporation. The most commonly used APCs to screen CD4+ T cell libraries are monocytes
or B cells. The frequency of specific T cells in the CD4+ pool can then be estimated based on
the number of negative wells according to the Poisson distribution and expressed per million
cells.
This in vitro T cell assay consists in the screening of polyclonally expanded T cell libraries
and is fundamental to determine frequency and epitope specificity of human T cells specific
for a variety of antigens. This allows the comparison of antigen-specific T cells in the naïve
and memory repertoires. Furthermore, another important advantage of the technique is
represented by the possibility to select positive lines and isolate T cell clones from the human
T cell repertoire for further analysis.
Exploiting the power of this technique, we widely used it to screen CD4+ memory T cell
libraries from healthy donors with monocytes as APCs, pulsed with heat killed C. albicans
yeast particles (3 particles for each monocyte) (Figure 20). Despite the highest frequency of
C. albicans-specific T cells is found, as expected, in the CCR6+ compartment (especially in
Th17 cells), also the other two subsets, Th1 and Th2, contribute to the response, in line with
the previous work described. The heterogeneity of the T cell response to the fungus emerges
again as a peculiar trait of the human T cell response, visible also through the application of
the library screening assay.
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Figure 20. Comparison of C. albicans specific CD4 memory T cells in Th1, Th2, Th1* and Th17 subsets. Fig 20A. Typical
readout deriving from a library of the 4 Th subsets cultured with autologous monocytes in the presence or absence of heat killed
C. albicans particles. Shown is one representative donor. Proliferative response was measured using [3H]-thymidine incorporation
after 3 days of antigenic stimulation. Each dot represents one library line out of 96 screened. Fig. 20B. Frequencies of C. albicansspecific T cells per subset. Results are presented as precursor frequency per million CD4+ T cells per subset. Each dot represents
one different donor. Th1 n=15, Th2 n=25, Th1* n=14, Th17 n=25.
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7.2.2 Cross-reactivity in memory T CD4+ cells in response to Candida species
One of the greatest advantage of the T cell library method relies in the possibility to perform
parallel screenings using multiple antigens. We decided to take advantage of this aspect to
evaluate T cell cross-reactivity in response to Candida species; this phenomenon in fact has
been recently described to be occurring in T cells (Birnbaum et al., 2014). For our T cell
stimulation we used, in addition to C. albicans, conidia from other clinically relevant Candida
species, namely C. dubliniensis (CD), C. tropicalis (CT) and C. glabrata (CG). Moreover, we
added to this list of ATCC strains also a C. albicans clinical isolate, deriving from the skin of
a healthy volunteer and referred to as CV. Library screenings in three healthy donors revealed
a huge heterogeneity in the memory T cell response, comparable to the one that characterizes
the response against C. albicans.
Our interest was not only to understand how much a single T cell line, inside one Th subset,
was cross-reactive, but especially how cross-reactivity was distributed among the four T cell
memory subsets. In all three donors, this distribution appeared extremely variable, going from
a high percentage of single positive T cell lines in Th1 cells to a very high percentage of crossreactive lines to two or more species in Th17 cells. On one side, considering one representative
donor as an example, 60% of Th17 lines were cross-reactive to the 4 Candida strains (CACD-CT-CV) and 23% were positive to CA, CD and CV (Table 2 and Figure 21A). In Th17
cells none of the lines responded to only one strain of Candida. In contrast, the Th1 population
appeared mainly composed of single-reacting lines. In the summary plot (Figure 21B) the
percentage of cross-reactive lines is reported in the three donors tested, all of them showing a
similar trend. These data lead to the conclusion that Th1 cells against Candida are most
probably generated versus secondary, or non-dominant, epitopes. A second hypothesis is that
Th1 cells could recognize epitopes of other pathogens and then cross-react with secondary
epitopes from Candida spp. In contrast, Th17 lines show the highest level of cross-reactivity,
while Th1* and Th2 have an intermediate pattern.
It is important to specify that, from this set of experiments, we can only hypothesize that the
Th17 response is deriving from a single T cell clone, found in one T cell line, which is cross
reacting to other strains. The possible presence of a second T cell clone in the same T cell
polyclonal line, reacting to other species, cannot be completely ruled out, even if the initial
input of the Th17 cell library was quite low (starting from 150 cells per well). However, in
previous experiments performed in our lab we detected C. albicans-specific Th17 cell clones
reacting with up to eight different Candida species (data not shown) strongly supporting our
hypotheses.
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% of Candida response

Th1

Th2

Th1*

Th17

C.A only
C.D only
C.T. only
C.V. only
C.G. only

5%
10%
10%
16%
43%

9%
4%
2%
0%
2%

6%
6%
0%
8%
3%

0%
0%
0%
0%
0%

Broadly cross-reactive
CA-CD-CT-CV
CA-CD-CT-CG
CA-CD-CV-CG
CA-CT-CV-CG
CD-CT-CV-CG
CA-CD-CT
CA-CD-CV
CA-CD-CG
CA-CT-CV
CA-CT-CG
CA-CV-CG
CD-CT-CV
CD-CT-CG
CD-CV-CG
CT-CV-CG
CA-CD
CA-CT
CA-CV
CA-CG
CD-CT
CD-CV
CD-CG
CT-CV
CT-CG
CV-CG

0%
0%
0%
0%
0%
0%
0%
5%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
5%
0%
0%
5%
0%
0%
0%
0%

14%
24%
0%
5%
0%
0%
4%
20%
2%
4%
0%
0%
0%
0%
0%
0%
2%
1%
4%
0%
0%
1%
0%
0%
1%
0%

0%
20%
0%
3%
0%
0%
0%
20%
0%
0%
0%
0%
0%
0%
0%
0%
8%
0%
14%
3%
0%
8%
0%
0%
0%
0%

13%
60%
0%
3%
0%
0%
0%
23%
0%
1%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

Table 2. Percentages of single and cross-reactive lines towards Candida species in one representative
donor.
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Figure 21. Cross-reactivity distribution among T helper CD4+ subsets. Fig. 21A. The doughnut charts shows the percentages
of single and cross-reactive lines towards Candida species in the Th subsets of one representative donor (see also Table 2 for
percentages values of the same donor). Fig. 21B. Cumulative data of the distribution of cross-reactivity in healthy donors (n=3).
Each red dot represents the percentage of lines positive to 2 or more strains of Candida. Lines indicate mean values.
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7.3 The characterization of the T cell response in Chronic Mucocutaneous
Candidiasis Disease patients
7.3.1 The CD4+ T cell memory response and antigenic specificity against C.
albicans in CMCD patients
The study of the T cell response in the context of human genetic deficiencies can be extremely
helpful to elucidate the requirements for a protective immune response. Important observations
have been done in the previous years on the fundamental role of the IL-17-driven response for
C. albicans control in patients affected by chronic and acute infections. The term chronic
mucocutaneous candidiasis (CMC) refers to a complex and heterogeneous group of
pathologies characterized by chronic and recurrent infections of the skin, nails and mucosa
caused by Candida species, especially C. albicans (Eyerich et al., 2010). All these inborn
errors have as a common trait the impairment of the IL-17 axis, causing tissue invasion and
overgrowth of the fungi. However, it remains to be elucidated if the type and magnitude of the
immune response is intact in these patients or altered, being in the latter case linked to a nonprotective phenotype.
Thanks to the establishment of a collaboration with Dr. Anne Puel (Institute Imagine, Paris,
France) and Prof. Jean Laurent Casanova (Rockefeller University, NY, USA), we had the
possibility to study the T cell response in chronic mucocutaneous candidiasis disease (CMCD)
patients with a gain of function in the STAT1 transcription factor (STAT1-GOF). These
patients are characterized by an impairment in the development of T cells producing IL-17A,
IL-17F, and IL-22, a condition that is associated with the onset of the chronic disease (Liu et
al., 2011). Previous studies only partially focused on CMCD patients and the role of T cells in
the chronic infections provoked by C. albicans; indeed, the CD4+ memory T cell response still
remains to be examined in this scenario.
In our approach we aimed both at a phenotypical and at a functional analysis of CD4+ memory
T cells. Blood samples were collected from patients and controls at the Institute Imagine (Paris,
France). Only in two cases blood from healthy donors was obtained from the Swiss Blood
Donation Center of Lugano. We received two groups of CMCD samples: in the first CD14+
and CD14- PBMC fractions were enriched by magnetic beads after Ficoll-Plaque gradient,
frozen and shipped to our laboratory. The second group was instead composed by PBMCs
frozen directly after Ficoll-Plaque gradient (no bead separation was performed). CD14PBMCs from the first group or total PBMCs from the second were thawed and stained for
exclusion markers (CD8, CD14, CD16, CD25, CD56), CD4 memory markers (CD4+ and
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CD45RA-), and chemokine receptors (CCR6 and CXCR3). Regarding the CD19 staining, two
different antibodies were used for the two groups. In the first, since we possessed CD14+ cells
as APCs from each donor, we included the CD19 in the exclusion markers group. In the
second, for which we did not have any antigen presenting cell population, we decided to sort
B cells to expand and use them as APCs in our experiments. This turned out to be the best
solution in order to recover the highest number of cells from each sample, without going
through CD14 beads enrichment that, after the thawing of such small samples, would cause a
huge cellular loss. The sorting strategy we applied in these sets of experiments is slightly
different from the one previously described that included also CCR4 as a chemokine receptor
marker. Our aim in this case, dealing with very small samples, was to maximize the cellular
recovery during cell sorting. The only disadvantage of this sorting strategy could be
represented by the inclusion of memory T cells negative for the three chemokine receptors
(CCR6, CXCR3 and CCR4) in the Th2 population. Despite this, the four memory T cell
subsets obtained appeared correctly enriched for the populations of interest and showed the
different cytokine production profiles expected according to the classical sorting strategy
(Figure 22F). The Th subsets sorted were: Th1 (identified as CXCR3+CCR6-), Th2 (CXCR3CCR6-), Th17 (sorted as CCR6+CXCR3-) and double positive Th1* cells (CCR6+CXCR3+)
(Figure 22A and Table 3).
A general trend was detected in STAT1-GOF patients consisting in a severe reduction of
CCR6 and an increase of CXCR3 expression. This is in line with the genetic background of
these patients, being CXCR3 expression regulated by IFN-γ-induced STAT1 and CCR6
expression regulated by RORγt. Patients show, in fact, a reduced number of circulating
memory Th17 cells and increased numbers of Th1 cells (Figure 22A and B). Also, when we
evaluated CCR6 expression in CD4+ memory T cells and CD4- lymphocytes, it appeared to be
selectively reduced only in the first population and not in the second, where it resulted even
higher in comparison to healthy donors (Figure 22C). This shows that the CCR6 reduced
expression in STAT1-GOF patients is restricted to memory CD4+ T cells, being possibly
regulated by diverse signals in CD4+ T cells and CD4- lymphocytes.
In our phenotypical characterization of STAT1-GOF patients a basic goal was to understand
if functional alterations of the CCR6 cellular compartment were linked to its numeric
reduction. To this aim, we cloned by limiting dilution Th1* and Th17 subsets and performed
intracellular cytokine staining. The results indicate a similar production of IL-17 and IL-22
between controls and patients both in Th1* and in Th17 clones. Concerning IFN-γ production
there was not a consistent variation across samples in Th1*. On the contrary, Th17 clones
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revealed a significant increase in the percentage of IFN-γ positive cells in all patients tested
compared to their healthy controls (Figure 22D and E). This may suggest a skewed
differentiation toward an IFN-γ positive phenotype in the context of T cell priming in a
STAT1-GOF pathological condition.
Furthermore, ICCS was conducted on the T cell libraries derived from each subset and also in
this case a similar cytokine production was observed in the two groups, confirming the absence
of a functional defect. This assay also served as an internal control to validate, as previously
mentioned, our sorting strategy by which we obtained comparable levels of enrichment in the
sorted subsets (Figure 22F).
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Table 3. Sorted T cell subsets according to the surface expression of CCR6 and CXCR3. Th1 (CXCR3+CCR6-), Th2
(CXCR3–CCR6–), Th1* (CXCR3+CCR6+), Th17 (CXCR3–CCR6+).
Figure 22. Phenotypic analysis of memory T cells in STAT1-GOF patients suffering from CMCD. Fig. 22A. Adopted sorting
strategy; shown are two representative panels (1 patient, 1 healthy control) for CCR6 and CXCR3 expression in CD4+ T cells
(pre-gated as lin–CD4+CD45RA-, not shown). Fig. 22B. Quantification of cells sorted as in (A) from several donors (n=10
controls, n=13 patients). Fig. 22C. Quantification of CCR6 expression in CD4+ and CD4– compartments (n=10 controls, n=13
patients). Fig. 22D and E. T cell clones were obtained by limiting dilution from Th1* sorted subset (D) and Th17 (E); cytokine
production in several couples of healthy donors and patients was assessed by ICCS. Each dot represents one clone. Shown is the
percentage of cytokine producing cells within individual T cell clones. Line at median. Fig. 22F. Cytokine production by T cell
library lines pools per subsets was assessed by Intracellular Cytokine Staining (ICCS) (n=9 controls, n=12 patients). Shown is
the significance analyzed by unpaired parametric t-test (with Welch’s correction) * p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

We decided to apply the T cell library method to dissect the memory response in STAT1-GOF
patients in order to gain new insights about its properties. The first set of experiments was
conducted using monocytes as APCs pulsed with heat-killed C. albicans. Thanks to our sorting
strategy we targeted the global T cell memory compartment, so we could estimate the
frequency of C. albicans-specific T cells in total memory CD4+ by the sum of the frequencies
for each single subset. Importantly, these frequencies were always normalized based on the
sorting percentages, meaning based on the relative proportion of the subset within the global
population. Surprisingly we found that the frequency of circulating C. albicans-specific
memory T cells was similar to the one of healthy controls (Figure 23A). Nevertheless, when
we looked at the distribution of C. albicans-specific cells among the four Th subsets we
observed that STAT1-GOF patients have a mirroring distribution compared to healthy
controls. In fact, while the response in healthy donors appears, as previously shown, Th17
driven with a small percentage of Th1 cells accounting for the specificity to the fungus,
STAT1-GOF donors have a reversed condition, with the highest percentage of specificity
(around 50%) represented by Th1 and only a very small, abnormal, percentage in Th17 (Figure
23B).

71

7. Results

% C. albicans-specific cells

B

C. albicans-specific cells/
106 memory CD4

A

Figure 23. Frequency of C. albicans-specific memory T cells in STAT1-GOF patients suffering from CMCD. Fig. 23A.
Frequency of circulating C. albicans-specific memory T cells calculated through T cell library assay. Each dot represents one
donor. Line at median. Fig. 23B. Distribution of C. albicans-specific T cells among different subsets; values were calculated
considering the relative expansion of each circulating subset through chemokine receptors surface staining. Values represent mean
± s.e.m. Shown is the significance analyzed by unpaired parametric t-test (with Welch’s correction) * p<0.05, ***p<0.001.
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Starting from this observation, we decided to investigate more in detail the antigenic
specificity of C. albicans-specific T cells in STAT1-GOF patients in order to understand if
CD4+ T cells of CMCD patients recognize the same C. albicans antigens preferentially seen
by healthy donors.
In a previous set of experiments conducted in our lab we focused on the relationship between
C. albicans antigens and elicited T cell response in healthy donors. Our approach consisted in
the selection of 80 C. albicans proteins among the most relevant in literature, being well
characterized, described as immunogenic and having different cellular localization and
functions. In collaboration with Dr. Alessandro Sette (LIAI, CA, USA) a bioinformatic
analysis was performed to predict and synthesize immunoprevalent peptides from the chosen
proteins (Table 4) (see “Experimental procedures” for details). Eighty peptide pools were
obtained in the end, each of them composed by a different number of peptides. We tested the
T cell response to the 80 peptide pools in healthy donors, through ex vivo stimulation of total
memory T cells, CFSE labeled, from five healthy donors co-cultured with autologous
monocytes pulsed with each of the 80 peptide pools (Figure 24). The T cell response to the
peptide pools varied greatly, going from a very low or absent proliferation to the majority of
the peptide pools to a very strong proliferative response detected in all or almost all the donors
towards some other peptide pools, consistent with the concept that some antigens are
immunodominant in the human population.
The top 15 peptide pools, which appeared to be the most immunogenic, were also used in a
following set of experiments consisting in T cell library assays aiming at the estimation of the
frequency of antigen-specific cells in the four different Th subsets. As expected, the strength
of the response appeared highly diverse in association to the analyzed subset. On one side,
Th17 cells showed high reactivity to the majority of the 15 peptide pools, on the other side
Th1 had a rare specificity to the tested pools. Of note, Hyr1 and MP65, already described as
immunodominant antigens from C. albicans cell wall, were among the mostly recognized
proteins. Together with these two proteins, also the peptide pools from S-aspartyl proteases
(SAPs) 4, 5 and 6 have been showed as strongly immunogenic for Th17 cells (data not shown).
Th1* cells, as predicted, had a response comparable to the Th17 compartment, a result
coherent with the high clonotype sharing revealed by the TCR sequencing. Conversely, the
Th2 subset appeared to be different from the CCR6+ even though there were still some
common traits with this compartment in the T cell response against C. albicans peptide pools,
especially if compared to the Th1 subset, which showed the lowest response to all the 15
peptide pools tested. Still, Th1 and Th2 subsets presented a similar response toward some
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peptide pools. In summary, with this approach, we highlighted the existence of a sort of
antigenic fingerprint that characterizes the T cell response to a complex pathogen such as C.
albicans. The main antigens, among which MP65, Hyr1 and Saps, are responsible for the
induction of a strong response in the CCR6+ subpopulations (Th17 and Th1*). Contrary to
this, other proteins belonging to the top 15 group, like Als6, Lip5 and Plb4, were discovered
to preferably induce a Th1/Th2 response (data not shown).

Table 4. Selected peptide pools for immunogenicity screening. Eighty C. albicans cytosolic, cell-wall associated or secreted
proteins were selected (Uniprot accession code in the table) and predictably immunodominant peptides from each sequence were
produced and pooled together to form one peptide pool per protein. Eighty peptide pools were obtained in the end, each composed
by a different number of peptides (indicated in the last column).
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Figure 24. Antigenic specificity of C. albicans-specific memory T cells. T cell memory proliferation in response to 80 C.
albicans-derived peptide pools. CD4+CD45RO+ memory T cells were obtained by beads enrichment based on negative selection,
CFSE-labeled and co-cultured with autologous monocytes pulsed with a peptide pool. After 7 days, 50U/ml IL-2 were added to
the culture and CFSE dilution was assessed at day 12. Each pool was tested in duplicate for each donor, 5 donors were tested;
bars show average level of proliferating cells in all 5 donors, color scale indicates the number of donors in which a significant
response (defined as CFSElo % > 5 x background proliferation in the absence of stimulation).
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The results on healthy donors described above turned out to be fundamental to draw a
conclusion on the antigenic specificity that portrays the memory T cell response against C.
albicans. An interesting question to address was related to the STAT1-GOF genetic condition,
in which the dissection of the antigenic specificity would have been of great relevance in order
to understand if this can be altered in a pathological condition where the T helper response
appears overall skewed.
We took advantage of the high level of immunogenicity of our peptide pools and prepared a
pool of peptides, named C. albicans megapool, composed of the 15 top-ranking immunogenic
peptide pools previously described (Table 5). We used this megapool for the second set of T
cell library stimulations performed on STAT1-GOF and relative controls, from which we had
previously sorted B cells with the aim of using them as APCs for the library screenings. Results
from the second group of STAT1-GOF donors confirmed our previous observations deriving
from the first set of samples, for whom we used monocytes as APCs in the screenings. Again,
the frequency of circulating C. albicans megapool-specific memory T cells was similar
between the two groups (Figure 25A) but the distribution of C. albicans megapool-specific T
cells among the four Th subsets was reversed in STAT1-GOF patients, with a significant
increase in the frequencies of C. albicans megapool in Th1 and Th2 subsets, as compared to
the healthy controls, and a significant decrease in the Th17 subset (Figure 25B).
Similar results were obtained from the libraries screenings with single peptides pools,
performed for the samples of which we had enough B cells to test also these conditions. We
chose the three most immunogenic peptide pools corresponding to Hyr1, MP65 and SAP4, 5
and 6 proteins (SAPs were pulled together due to their sequence homology). Analogously,
frequencies of total memory specific T cells were comparable between controls and patients
and accounted for a huge proportion of the T cell response in total memory (Figure 25C, E,
G). Although, the contribution of the CCR6- compartment to the T cell response against these
proteins appeared significantly higher in STAT1-GOF patients, with a correspondent drastic
reduction in the frequencies of Th17 cells (Figure 25D, F, H). Also in this case the frequencies
were normalized based on the relative proportion of each subset within the total memory
population.
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Table 5. Selected peptide pools for STAT1-GOF libraries screenings. The 15 top-ranking immunogenic peptide pools were
joint together to constitute the C. albicans megapool. Reported is the list of proteins, and corresponding peptide pool, used for
the megapool (Uniprot accession code in the table).
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Figure 25. Frequencies of C. albicans megapool and single pools specific memory T cells in STAT1-GOF patients suffering
from CMCD. Fig. 25A. Frequency of circulating C. albicans megapool-specific memory T cells calculated through T cell library
assay. Each dot represents one donor. Line at median. Fig. 23B. Distribution of C. albicans megapool-specific T cells among
different subsets; values were calculated considering the relative expansion of each circulating subset through chemokine
receptors surface staining. Values represent mean ± s.e.m. Fig. 25C, E and G. Frequencies of circulating SAPs (C), Hyr1 (E) and
MP65-specific memory T cells (G). Each dot represents one donor. Line at median. Fig. 25D, F and H. Distribution of SAPs (D),
Hyr1 (F) and MP65-specific T cells (H) among the Th subsets. Values represent mean ± s.e.m. Shown is the significance analyzed
by unpaired parametric t-test (with Welch’s correction). * p<0.05, **p<0.01, ***p<0.001.
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To confirm our results about the lack of functional alterations in the CCR6+ cellular
populations of STAT1-GOF patients, obtained from the previously mentioned phenotypical
characterization of Th1* and Th17 clones, we collected the supernatants of the stimulated
libraries lines with C. albicans megapool and we measured cytokine production. IFN-γ, IL-4,
IL-5, IL-10, IL-17A and IL-22 levels were measured in all the Th subsets positive lines by
cytometric bead arrays on FlexMAP 3D (Luminex). The results showed a comparable
production of all the cytokines tested, without any statistically significant difference (Figure
26). Also in this case, a higher IFN-γ production emerged as a peculiarity of the Th17 subset
in STAT1-GOF patients, even if not statistically significant (Figure 26D). Importantly, no
differences were detected in IL-17A and IL-22 production between controls and patients in
response to C. albicans megapool.
Our results are in contrast to previous work that showed an impaired production of IL-17A
and IL-22 in CMCD patients (van de Veerdonk et al., 2011; Yamazaki et al., 2014).
Nevertheless, the IL-17 production by T cells in these patients was only assessed on total
PBMCs or CD4+ T cells by PMA+Ionomycin or α-CD3/α-CD28 polyclonal stimulation on the
total memory population, where the proportion of Th17 cells is much lower compared to
normal conditions. Consequently, in this system, the reduced or absent detection of Th17
cytokines can be predicted and explained based on the reduced number of Th17 cells in these
patients. Conversely, we show that STAT1-GOF patients do not have a functional defect in
cytokine production, since the expanded Th17 clones, as well as the few positive libraries lines
responding to C. albicans megapool, are able to produce IL-17 and IL-22 cytokines similarly
to controls. In the second case, cytokine production is in fact the result of a clonal expansion
due to a specific T cell response to the antigen, clearly showing that T cell specific to the
megapool of C. albicans are perfectly functional.
Two are the main issues that appear related to the pathogenesis of CMCD. First, the lack of
circulating CCR6+ T cells (Liu et al., 2011) that, being severely reduced from a numerical
point of view, are not able to contribute to the host protection against the fungus. Second, the
unexpected unbalanced response and the inverted distribution of C. albicans-specific as well
as of MP65-, Hyr1- and SAPs-specific T cells among the Th subsets. Primarily Th1, but also
Th2 cells, in a STAT1-GOF condition showed a modified antigenic specificity commensurate
to the one of the CCR6+ compartment in healthy donors, a feature that is crucial for the
susceptibility to C. albicans infection and the origin of the CMC disease.
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Figure 26. Cytokine production in C. albicans megapool positive T cell lines. Cytokine production was measured at 48h in
the supernatants of C. albicans megapool-stimulated Th cell cultures during libraries screening. Fig. 26A. Th1 lines. Fig. 26B.
Th2 lines. Fig. 26C. Th1* lines. Fig. 26D. Th17 lines. Values represent mean ± s.e.m (n=4 ctrls, n=5 patients). Each dot
corresponds to the average production of the indicated cytokine in the positive lines of each donor. Statistical significance was
analyzed by unpaired parametric t-test (with Welch’s correction).
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7.3.2 In vitro priming of naïve T cells in CMCD patients
Our data provided new exciting insights on the C. albicans-specific memory T cell response
in STAT1-GOF patients and paved the way for a new series of experimental questions. One
of these consisted in the role of naïve priming and the origin of the observed phenotypic skew.
Indeed, we aimed to investigate the problem at the bottom of the altered differentiation in
CMCD patients.
To test naïve differentiation in the STAT1-GOF disorder, we isolated pure naïve CD4+ T cells,
labeled them with CFSE and stimulated with heat-inactivated C. albicans in the presence of
autologous monocytes (Zielinski et al., 2011). Proliferating CFSE low T cells were analyzed
on day 18-20 for CCR6 expression by surface staining. Moreover, for one out of three STAT1GOF patients we had enough cells to perform, on day 15, intracellular cytokine staining to
assess IL-17, IL-22, IL-4 and IFN-γ production (Figure 27). Results underline an impaired
differentiation of naïve T cells toward a Th17 fate, with the absence of IL-17 and IL-22
production. Importantly, in all donors tested also CCR6 expression was impaired (Figure
27D). Moreover, we found a variability in the CFSE low values that appeared much lower in
two patients, a result that would need to be confirmed in additional donors before drawing any
conclusions (Figure 27E). Of note, the impairment in Th17 differentiation is particularly
evident from the CBA performed on the supernatants of cell cultures after αCD3-αCD28
stimulation performed on day 18 that revealed a significant reduction in IL-17 production
(Figure 28).
Figure 27 (next page). Naïve CD4+ T cells from STAT1-GOF patients primed in vitro by C. albicans. Fig. 27A. Naïve CFSElabeled CD4+ T cells from STAT1-GOF patients or healthy donors (controls) were cultured with autologous monocytes pulsed
with heat-inactivated C. albicans. Proliferation was assessed on day 7 by analyzing CFSE dilution. Fig. 27B and C. The
proliferating T cells were expanded with IL-2 and CFSE– cells were analyzed on day 10-15 for production of IL-17, IL-22 and
IFN-γ by intracellular staining after restimulation for 5 hours with PMA and ionomycin (B) and on day 18-20 for expression of
CCR6 by surface staining (C). Data are from one representative STAT1-GOF patient and one control. Fig. 27D and E. Cumulative
data from patients and controls reported as percentages of CCR6+ cells (D) and CFSElo cells (E). Values represent mean ± s.e.m
(n= 3 patients, n=4 ctrls). Significance was analyzed by unpaired parametric t-test (with Welch’s correction). *p<0.05.
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Figure 28. Cytokine production by in vitro-primed C. albicans-specific T cells from controls and STAT1-GOF patients. In
vitro primed C. albicans-specific T cells from controls (white bars) or STAT1-GOF patients (black bars) were primed as described
in Figure 27. On day 18 T cells were stimulated with plate-bound anti-CD3 and anti-CD28. Culture supernatants were harvested
after 8h and cytokines were measured by CBA. Data represent mean and s.e.m. of n=4 controls and n=2 STAT1-GOF patients.
Unpaired parametric t-test was used for statistical analysis.*p<0.05.
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To understand if the differentiation defect was attributable to naïve T cells or to the antigen
presenting cells from CMCD patients, mixed leukocyte reactions (MLR) were performed by
culturing CFSE-labeled naïve CD4+ T cells from STAT1-GOF or healthy donors with
allogenic monocytes in the presence of heat-killed C. albicans. Interestingly, also in this case
the Th17 differentiation pathway was impaired, with a statistically significant reduction of IL17 producing cells differentiation, linked to a reduced CCR6 expression in the resulting
population stained at day 18 (Figure 29). CBA on culture supernatants after αCD3-αCD28
stimulation confirmed the altered differentiation pathway with an abnormal reduction in IL17 production (Figure 30). Our results clearly confirm the intrinsic defect of CMCD patients
in Th17 differentiation that leads to a preferential Th1/Th2 differentiation pathway, strictly
related to an intrinsic defect of naïve T cells rather than to abnormalities of the APCs.

A

B

C

Figure 29. Naïve CD4+ T cells from STAT1-GOF patients primed in vitro by allogenic monocytes. Mixed leukocyte reactions
(MLR) were established by culturing CFSE-labeled naïve CD4+ T cells from STAT1-GOF patients or healthy donors (controls)
with allogeneic monocytes in the presence of heat-killed C. albicans. Proliferation was assessed on day 7 by analyzing CFSE
dilution. Fig. 29A. The proliferating T cells were expanded with IL-2 and CFSElo cells were analyzed on day 10-15 for production
of IL-17, IL-22 and IFN-γ by intracellular staining after restimulation for 5 hours with PMA and ionomycin and (Fig. 29B) on
day 18-20 for expression of CCR6 by surface staining. Fig. 29C. Cumulative data from patients and controls reported as
percentages of CFSElo cells. Values represent mean ± s.e.m (n=3 patients, n=4 ctrls). Significance was analyzed by unpaired
parametric t-test (with Welch’s correction). *p<0.05.
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Figure 30. Cytokine production by in vitro primed alloreactive T cells from controls and STAT1-GOF patients.
Alloreactive T cells from controls (white bars) or STAT1-GOF patients (black bars) were primed as described in Figure 29. On
day 18 T cells were stimulated with plate-bound anti-CD3 and anti-CD28. Culture supernatants were harvested after 8h and
cytokines were measured by CBA. Data represent mean and s.e.m. of n=3 controls and n=4 STAT1-GOF patients. Unpaired
parametric t-test was used for statistical analysis.**p<0.01.
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7.4 In vivo assessment of Th17 cells protective role during vulvovaginal
candidiasis infection
IL-17 has been identified as the key player in anti-fungal response, triggering neutrophil
recruitment and activation, accompanied by the action of IL-22 that induces at the epithelial
level the production of antimicrobial peptides. ILCs have been found to be involved in the
first-line defense against C. albicans, being activated by the pathogen within the first hours of
infection. More in detail, LeibundGut-Landmann and colleagues showed that ILCs are
essential for protection in a model of oropharyngeal candidiasis (OPC) (Gladiator and
LeibundGut-Landmann, 2013).
Vulvovaginal candidiasis (VVC) is the most common manifestation of C. albicans infection,
affecting more or less the 75% of healthy women worldwide during a lifetime and can become
recurrent in 5-10% of the cases (Mosci et al., 2013). Mice lacking IL-23, either IL-17R subunit
or the adaptor Act1, are susceptible to oral and dermal candidiasis (Conti et al., 2015).
However, IL-17RA-/- and IL-23-/- mice appeared not susceptible to vaginal infection (Yano et
al., 2012).
Of note, these previous studies analyzed only the early phases of the host-pathogen interplay,
which is generally life-long in humans. In our approach, we set up kinetic experiments to
establish the relative contribution of Th17 cells in persistent VVC. In previous animal models
of VVC, OPC and skin infection only the early phases of host-pathogen interaction was usually
taken into account. To assess the relative contribution of T cells in our model of vaginal
infection, we infected with C. albicans 3153A WT mice, Rag γc-/- mice (which lack T, B NK
and ILCs) CD3ɛ-/- mice (lacking T cells), and µMT mice (lacking B cells). Rag γc-/- mice
started shortly losing weight and dying after infection, confirming that innate immunity is
involved in C. albicans infection during the first weeks (Figure 31). At later time points,
adaptive immunity mediated by T cells appears to be absolutely necessary for long term
protection, as confirmed by the observation that CD3ɛ-/- mice are not able to control the fungal
burden while µMT mice, analogously to WT mice, control the infection.
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Figure 31. T cells are required to protect the host from C. albicans vaginal infection at late time points. The indicated mice
were treated with 17-βestradiol at d-7 and d0 and infected intravaginally at d0 and d1 with 5*105 particles of live C. albicans
strain 3153a (106 conidia in total). Fig. 31A. Survival was monitored for 133 days post infection. Mice were sacrificed according
to humane endpoint guidelines. Fig. 31B. % of body weight loss was monitored for 133 days during infection. Fig. 31C. Fungal
burden was measured in vagina tissue from animals sacrificed in the experiment shown in (A) upon animal euthanasia. Unpaired
parametric t-test was used for statistical analysis.*p<0.05.

After this first observation, we monitored the survival upon C. albicans vaginal infection in
CD3ɛ-/- mice and CD3ɛ-/- mice reconstituted with CD4+ naïve THECTOR cells, using WT infected
mice as control. Hector transgenic (Tg) mice carry TCR Tg T cells specific for the C. albicans
antigen ADH1 (alcohol dehydrogenase 1) (in collaboration with Prof. Salomé LeibundGutLandmann) (Trautwein-Weidner et al., 2015). Reconstituted CD3ɛ-/- mice became able to
control fungal infection, highlighting once again the anti-fungal key contribution of CD4+ T
cells. Moreover, in order to assess the relative contribution of Th17 cytokines IL-17 and IL22 in fungal clearance, we monitored the survival upon infection of CD3ɛ-/- mice reconstituted
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either with CD4+ naïve THECTOR IL-22-/- or with CD4+ naïve THECTOR IL-17-/- cells, (Figure 32A and
B). Interestingly, CD3ɛ-/- mice reconstituted with CD4+ naïve THECTOR

IL-22

-/-

survived and

cleaned the pathogen while CD3ɛ-/- mice reconstituted with CD4+ naïve THECTOR IL-17-/- cells
died exactly as CD3ɛ-/- mice not reconstituted. We concluded that IL-17 produced by T cells
is required for long-term containment of C. albicans vaginal infection.
A

B

Figure 32. IL-17 production by T cells is required for long-term containment of protection. The indicated mice were treated
with 17-βestradiol at d-7 and d0 and infected intravaginally at d0 and d1 with 5*105 particles of live C. albicans strain 3153a (106
conidia in total). Fig. 32A. CD3ɛ-/- mice were adoptively transferred one day before infection with 0.5*106 naïve CD4+ Hector T
cells, 0.5*106 naïve CD4+ IL-22-/- Hector T cells or 0.5*106 naïve CD4+ IL-17-/- Hector T cells. Fig. 32B. Fungal burden was
measured in vagina tissue upon animals sacrifice. Unpaired parametric t-test was used for statistical analysis.*p<0.05, **p<0.01.

In order to really assess the protective role of Th17 cells and the possible pathological
contribution of Th1 and Th2, we polarized in vitro CD4+ T hector cells with polarizing
cytokines in Th1, Th2 and Th17 subsets and we transferred them intravenously in CD3ɛ-/recipient mice one day before infection. On day 84 post infection Th2 reconstituted CD3ɛ-/mice showed body weight loss and high fungal burden while Th17 transferred mice were able
to clear the pathogen. Th1 reconstituted mice, although not undergoing weight loss at day 84
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p.i., showed significant high fungal burden in the vaginal tissue, comparable to Th2
reconstituted mice (Figure 33A and B), suggesting that also Th1 cells are not able to protect
against C. albicans. Further experiments, consisting in the monitoring of C. albicans infected
CD3ɛ-/- mice reconstituted with Th1 polarized cells are required in order to better understand
this observation.
A

B

Figure 33. Th17 cells but not Th1 or Th2 cells confer protection to VVC. CD4+ Hector T cells were polarized in vitro with
polarizing cytokines in Th1, Th2 and Th17 subsets. CD3ɛ-/- mice were adoptively transferred one day before infection with
0.5*106 in vitro polarized T cell subsets and infected intravaginally at d0 and d1 with 5*105 particles of live C. albicans strain
3153a (106 conidia in total). Mice were also treated with 17-βestradiol at d-7 and d0. Fig. 33A. % of body weight loss was
monitored. Fig. 33B. Fungal burden was measured in vagina tissue upon animals sacrifice. Unpaired parametric t-test was used
for statistical analysis.*p<0.05.

We next wondered what could happen if we mimic in a mouse model the effect of the
unbalanced T cell response found in the human CMCD pathological condition. To this aim,
we co-transferred Th2 and Th17 in vitro polarized THECTOR cells in recipient CD3ɛ-/- mice
(Figure 34A and B). The co-transferred Th2 cells have a detrimental effect on Th17 cells
affecting their expansion (data not shown) probably through IL-4 production since anti IL-4
treatment restores Th17 ability to control infection (data not shown).
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Figure 34. Th2 cells impaired the ability of Th17 cells to confer protection to VVC. CD4+ Hector T cells were polarized in
vitro with polarizing cytokines in Th2 and Th17 subsets. CD3ɛ-/- mice were adoptively transferred one day before infection with
0.5*106 in vitro polarized Th17 cells, 0.5*106 Th2 cells or co-tranferred 0.5*106 Th2 + 0.5*106 Th17 (1:1) and infected
intravaginally at d0 and d1 with 5*105 particles of live C. albicans strain 3153a (106 conidia in total). Mice were also treated with
17-βestradiol at d-7 and d0. Fig. 34A. % of body weight loss was monitored. Fig. 34B. Fungal burden was measured in vagina
tissue upon animals sacrifice. Unpaired parametric t-test was used for statistical analysis.*p<0.05, **p<0.01.

Our results show that CD4+ Th17 cells are required for long-term control of C. albicans vaginal
infection while Th2 can suppress the ability of Th17 to confer protection.
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7.5 Type-17 immunity and its involvement in Malassezia-mediated skin
infection
The skin microbiota appears characterized not only by bacteria but also by fungal species,
among which Malassezia spp. are by far the most abundant. There is increasing evidence that
Malassezia spp. are involved in the development and/or in the worsening of various chronic
inflammatory skin diseases including dandruff, seborrhoeic eczema, pityriasis versicolor and
atopic dermatitis. However, the causal relationship between the fungi and these pathologies
remains still unclear (Sparber and LeibundGut-Landmann, 2017).
In collaboration with Prof. Salomé Leibundgut-Landmann, Dr. Florian Sparber and Dr. Martin
Glatz we carried out a project aiming to investigate the role of Malassezia-induced immune
responses in the development of chronic inflammatory skin disorders such as atopic dermatitis
(AD).
The experimental mouse model for Malassezia-skin infection involved the application of a
total of 2ODA600 of Malassezia yeast on the dorsal side of the mouse ear. Barrier disruption of
the skin was induced using tape stripping prior to infection, in order to recapitulate barrier
deficiency which is one hallmark of AD. The following results were obtained by using M.
pachydermatis. However, similar results were generated using two additional species, namely
M. furfur and M. sympodialis (data not shown). The epicutaneous application of Malassezia
onto barrier disrupted skin led to a prominent skin inflammation and host response,
characterized by the increase in ear thickness and the development of skin lesions (Figure
35A). Analysis of the fungal burden over time indicated a robust colonization of the ear skin
until approximately 1.5 weeks post infection (Figure 35C). The cutaneous inflammation was
also evident from the histological analysis of ear sections from infected animals (Figure 35D).
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Figure 35. Epicutaneous application of M. pachydermatis onto barrier disrupted ear skin of mice exaggerates skin
pathology and inflammatory response. Fig. 35A. Increase in ear thickness of infected and vehicle-treated mice on day 2, 4, 7
and 12 post-infection relative to untreated controls. Graph shows mean day 12 +/- SEM of two independent experiments with at
least 2 mice per groups each. Fig. 35B. Macroscopic images of the dorsal ear skin of infected and vehicle-treated mice on day 6
post infection. Fig. 35C. Fungal burden in the ear skin of infected and vehicle-treated mice on day 2, 4, 7 and 12 post infection.
Each dot represents one animal. Graphs show pooled data from two independent experiments. Fig. 35D. Histological analysis of
ear sections from infected and vehicle-treated animals stained with H&E on day 5 post infection. Statistics were calculated using
one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

One of the main questions the model should address concerns the type of adaptive immune
response Malassezia elicits upon skin infections. To answer this question, cells from the
auricular skin draining lymph nodes from infected and vehicle-treated WT mice were analyzed
for the production of signature cytokines. The induction of a type-17 adaptive immune
response was highlighted by a significant increase of the percentage of IL-17A positive cells
in M. pachydermatis infected mice and by the absence of IFN-γ and IL-13 production (data
not shown) (Figure 36).
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Figure 36. Malassezia skin infection induces a robust Th17 adaptive immune response. Auricular lymph node cells from
infected and vehicle-treated WT animals on day 12 post infection were analyzed for the production of Th17 (IL-17A), Th1 (INFγ) and Th2 (IL-13) signature cytokines by intracellular staining and flow cytometry, after re-stimulated with dendritic cells that
were pulsed with heat-killed M pachydermatis. Mock-restimulated lymph node cells served as negative control (Data not shown).
Fig. 36A and B. Representative FACS plots (A) and summary graph (B) showing the percentage of cytokine-positive CD3+CD4+
T cells. Cells were pre-gated on viable lymphocytes. Each symbol in the graph indicates one animal. Graphs show pooled data
from two to three independent experiments. Statistics calculated using unpaired t-test. ***p<0.001.

In line with the adaptive Th17 immune response elicited by Malassezia, mice deficient for IL17 such as Il23a-/- and Il17af-/-animals were not able to clear the fungus as indicated by the
increased fungal burden on day 12 post infection (Figure 37).

Figure 37. Protective immunity upon Malassezia-mediated skin infection relies on a functional IL-23/IL-17 immune axis.
WT, il23a-/- and il17af-/- mice were analyzed for the fungal burden on day 12 post infection. Each symbol represents one animal.
Graphs show pooled data from two to three independent experiments. Statistics were calculated using one-way ANOVA.
****p<0.0001.

Consistent with the previous observations in our mouse model, also in human healthy
individuals we found that Malassezia-specific memory T cells do not only belong to the CCR6subset but to the same extent, if not more, to the CCR6+ T cell subset. To dissect the human T
cell response to Malassezia, we performed ex vivo T cell stimulations, labeling T cells with
CFSE and stimulating them with autologous monocytes pulsed with the indicated heat-killed
Malassezia species or C. albicans. The typical pattern observed in the T cell response of
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healthy individuals appeared altered when we analyzed the T cell proliferation towards several
Malassezia spp. in AD patients. In fact, the ex vivo T cell stimulations of CCR6- and CCR6+
showed an increased proliferation in patients, both in the CCR6+ and in the CCR6- subsets. Of
note, especially against one species, namely M. furfur, that is associated with the higher
pathogenicity in atopic dermatitis, the CFSElo percentage of CCR6- T cells were the highest as
compared to M. slooffiae and C. albicans, the last used in this set of experiments as a reference
control (Figure 38).

Figure 38. Human CD4+ memory T cells respond to Malassezia spp. Human CCR6+ and CCR6- memory CD4+ T cell subsets
were isolated by cell sorting from PBMCs of healthy, skin prick test (SPT)-negative, donors and of atopic dermatitis patients.
Cells were labeled with CFSE and stimulated with autologous monocytes pulsed with the indicated heat-killed Malassezia species
or C. albicans as control (3:1 ratio). Mean values +/- s.e.m. and individual values of CFSElo cells in 5 donors and 6 patients are
reported.

AD patients showed an enhanced proliferation of Malassezia-specific T cells but we aimed at
characterizing more in detail the type of T cell response triggered by the antigen-specific in
vitro stimulation. To do so, we assessed cytokine production by analyzing the supernatants of
the Malassezia-stimulated CCR6+ and CCR6- T cell cultures, both in controls and patients,
again using C. albicans as an internal control (Figure 39). Interestingly we observed an
increased production of type-2 cytokines, IL-4 and IL-5, in the CCR6- subsets from patients
as compared to controls. In parallel, it was possible to notice an increase also in type-17
associated cytokines in the CCR6+ subset, characterized by a stronger production of IL-17 and
IL-22 against Malassezia spp. in patients as compared to controls (Figure 40).
Altogether, our results support a critical and so far unrecognized role of type 17 immunity in
maintaining the balance between the skin commensal Malassezia and the mammalian immune
system. For the first time, we elucidate the importance of the CCR6+ subset, particularly Th17,
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in the host-pathogen interaction and in the maintenance of the required balance among Th
subsets in the context of the human T cell response to Malassezia spp. The importance of the
IL-17 pathway is a common trait in the control of other fungal commensals such as Candida
spp. This underlines the key role of IL-17 in host protection at barrier tissues, a role that
appears altered in pathological condition such as AD, where a dysregulation in the T cell
response is probably linked to a pathological potential.
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Figure 39. Cytokine production in C. albicans-stimulated CCR6+ and CCR6- T cell cultures. Cytometric bead arrays on
FlexMAP 3D (Luminex) performed on day 5 in the supernatants of C. albicans-stimulated CCR6+ and CCR6- T cell cultures.
Values represent mean ± s.e.m (n=5 controls, n=6 patients). Significance was analyzed by unpaired parametric t-test (with
Welch’s correction).
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B CCR6+

Figure 40. Cytokine production in Malassezia-stimulated CCR6+ and CCR6- T cell cultures. Cytometric bead arrays on
FlexMAP 3D (Luminex) performed on day 5 in the supernatants of Malassezia-stimulated CCR6+ and CCR6- T cell cultures.
Values represent mean ± s.e.m (n=5 controls, n=6 patients). Significance was analyzed by unpaired parametric t-test (with
Welch’s correction).
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8. Discussion and Outlook
For a long time, the possible generation of an heterogeneous T cell response toward an
encountered pathogen was not taken into account. In our approach, we interrogated the
memory T cell response of healthy donors to complex pathogens and vaccines, using a series
of cellular and molecular high throughput assays. Chemokine receptor expression is a
powerful mean to sort differently polarized T cell subsets (Sallusto and Lanzavecchia, 2009).
We took advantage of this approach to interrogate the repertoires of pathogen or antigenspecific cells in four T helper subsets tested, each of whom having distinct phenotypic and
functional hallmarks. The unexpected high levels of intraclonal diversity that we observed
endorse a one cell-multiple fates model for CD4 T cell differentiation, proving the importance
of T cell plasticity in the human T cell response and leading to a renewal of the classic theories
in human immunology (Becattini et al., 2015).
Thanks to the combination of antigenic stimulation, TCR deep sequencing and isolation of T
cell clones, we detected an unexpected level of heterogeneity in the memory CD4+ T cell
response, not only versus C. albicans but also against M. tuberculosis and the vaccine antigen
TT (data not shown). Two are the main causes of the heterogeneity observed. The first is
interclonal heterogeneity, due to diverse clones that originate a homogeneous polarized
progeny; the second is intraclonal heterogeneity that occurs when daughter cells, deriving from
T cell clones, acquire different fates. Several mechanism can be hypothesized to explain
interclonal and intraclonal heterogeneity; these include the type of antigen presenting cells
performing antigen presentation in different tissues, the strength of TCR triggering, the antigen
dose as well as the large spectrum of PAMPs and DAMPs displayed by a complex pathogen
or vaccine.
A second relevant mechanism behind interclonal and intraclonal heterogeneity, especially for
complex pathogens, may be mediated by cross-reactive antigens that, when recognized by T
cells, could give rise to heterologous immunity (Mason, 1998; Welsh and Selin, 2002). Indeed,
in this perspective, T cell heterogeneity stands for an important adaptive mechanism used by
memory T cells to cross-react to antigens different from the ones responsible for their priming.
This mechanism is considered to be diffuse especially in elderly individuals, where the naïve
repertoire can go through a drastic reduction (Yamane and Paul, 2012). Our cross-reactivity
experiments performed on healthy donors against several Candida species are in line with this
concept and confirmed the observed heterogeneity in the memory T cell response, not only
against C. albicans but also against other Candida species. Particularly, analyzing how cross-
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reactivity was distributed among the four T cell memory subsets, we observed an extremely
variable trend, going from a high percentage of single positive T cell lines in Th1 cells to a
very high percentage of cross-reactive lines to two or more species in Th17 cells. These data
lead to the hypothesis that Th1 cells against Candida are generated versus secondary, or nondominant, epitopes or, in addition, could recognize epitopes from other pathogens and then
cross-react with secondary epitopes from Candida spp. Differently, Th17 lines showed the
highest level of cross-reactivity towards Candida species, being also the ones with the highest
frequency against these species, as compared to the other subsets.
Thanks to our studies on human genetic immunodeficiencies, focusing on CMCD patients with
inborn STAT1-GOF mutations, we were able to analyze the properties of protective immune
responses and to show that T cell heterogeneity is an important trait of the T cell response,
guaranteeing the proper protection only when the ratio among the different subsets is
maintained. In fact, while the response against C. albicans in healthy donors appeared, as
extensively shown, Th17 driven with a small percentage of Th1 cells accounting for the
specificity to the fungus, STAT1-GOF donors had surprisingly a mirrored condition, with the
highest percentage of specificity represented by Th1, followed by Th2 cells and only a very
small percentage of Th17 specific cells. Thus, C. albicans-specific circulating total memory T
cells in CMCD patients did not appear altered in terms of number, but rather in terms of
frequency distribution among T helper subsets.
We have clearly shown the absence of functional alterations in the CCR6+ cellular populations
of STAT1-GOF patients. Indeed, the results showed a comparable production of all the
cytokines tested, included IL-17 and IL-22, between controls and patients. This is not in line
with previous works that showed an impairment in the production of IL-17A and IL-22 in
CMCD patients (van de Veerdonk et al., 2011; Yamazaki et al., 2014). Nevertheless, the
approaches used to detect IL-17 production by T cells in these patients was not precise enough,
as in those systems the reduced or absent detection of Th17 cytokines was due to the fact that
the analysis was performed on the bulk PBMCs or CD4 population. This did not allow
detecting a sufficient amount of IL-17 and IL-22 because of the reduced number of Th17 cells
in these patients. Conversely, we showed that STAT1-GOF patients do not have a functional
defect in cytokine production, since the expanded Th17 clones, as well as the few positive
libraries lines responding to C. albicans, are able to produce IL-17 and IL-22 cytokines
similarly to controls. They simply have a quantitative defect of the proper T cell subsets and
this gives birth to a greatly unbalanced system in which C. albicans-specific T cells, mainly
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detected in the IFN-γ, IL-4 and IL-5 producing subsets, are not able to confer protection against
the fungus.
This notion was unequivocally confirmed by our in vivo assessment of the Th17 cells
protective role during vulvovaginal candidiasis infection. Not only we showed that IL-17
production by T cells is required for long-term containment of protection against C. albicans
but, in addition, we highlighted the fundamental role of Th17 cells, differently from Th1 or
Th2 cells, to confer protection to vulvovaginal candidiasis. Moreover, when we mimicked in
our mouse model the effect of the unbalanced T cell response detected in human CMCD
patients, performing co-transfer experiments of Th2 and Th17 in vitro polarized THECTOR cells
in recipient CD3ɛ-/- mice, it became evident that co-transferred Th2 cells had a detrimental
effect on Th17 cells. As a matter of fact, the Th2 subset affected Th17 cells expansion,
probably through IL-4 production since anti IL-4 treatment restored Th17 ability to control
infection (data not shown). Current experiments are on going in order to deepen our knowledge
on the detrimental effect of Th2 cells and new experiments will be extended also to Th1 cells,
with the aim to elucidate their relative role in the interaction with the Th17 subset in the context
of Candida tissue invasion. Interestingly, we assessed that the presence of a certain amount of
T cells having different effector and homing properties causes a broad damage to the host
tissues, compromising the Th17 efficiency in protection from C. albicans.
Previous examples demonstrating the key role of the balance among T helper subsets can be
found in literature, but these were mainly focused on Th1 and Th2 subsets. A first example
reported is the one of Leishmania major infection. A substantial difference in the capability to
counteract the infection was reported in C57BL/6 and BALB/c mice, the first being able to
defeat Leishmania infection through IFN-γ production and macrophages activation, the second
being much more susceptible to the spread of the infection. The reason of this significant
difference between the two groups relied on the different genetic background of the mice, with
the second group showing a preferential generation of a Th2 response, accompanied by IL-4
production (Heinzel et al., 1989). Consistently with this, IL-4-/- or IL-4R-/- BALB/c mice
survive better to Leishmania major infection, supporting the notion that the inability to fight
the pathogen is associated with the fate undertaken by pathogen-specific T cells (NobenTrauth et al., 1999).
A predominant Th2 response was shown to be dangerous for the organism in many other
infectious diseases. One of these is the human infection with Mycobacterium tuberculosis,
whose severity appears linked to a Th2 phenotype (Lindestam Arlehamn and Sette, 2014).
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For the first time we provided new important insights about the C. albicans-specific T cell
response in the context of CMC disease, putting a new light on the CCR6+/CCR6- T cells
dichotomy and confirming a negative role of the “non-protective” subsets that are historically
known as detrimental in certain pathological conditions.
We strongly believe that the detected unbalanced response in STAT1-GOF patients is involved
in both susceptibility to Candida infections and pathogenesis of the disease. On the one side
this is the effect of the reduced number of circulating CCR6+ T cells in these patients, resulting
in the inadequate T cell homing and in the consequent lack of IL-17-producing cells in the
mucosal tissues. On the other side, Th1 cells, that express the homing receptor to inflamed
tissues CXCR3, could also reach the infection site and start producing Th1 and Th2-type
cytokines. The last have historically been linked to the absence of protection against C.
albicans (Romani, 1999), endowed with the ability to reduce neutrophils migration to the site
of infection and β-defensins expression (Eyerich et al., 2010). IFN-γ could, as well, have
deleterious effects at the mucosal level and trigger inflammation.
Furthermore, our in vitro priming data in STAT1-GOF patients highlighted a Th17
differentiation defect that was attributable to naïve T cells themselves rather than a missed
functionality of the antigen presenting cells. The results of this deficiency would be a shift
towards the Th1/Th2 differentiation pathway.
The antigenic specificity of C. albicans-specific T cells in healthy donors appeared to be
critical to elucidate the relationship between some strong C. albicans antigens and the elicited
T cell response in CMCD patients. An interesting question to address was, in fact, related to
the STAT1-GOF individuals where analyzing the antigenic specificity would have been of
great relevance to see a possible alteration toward the recognition of secondary antigens and
to identify the range of antigens seen by the Th subsets with the highest frequency of Candidareactive T cells. Unfortunately we were limited by the number of APCs from each donor we
had available and we could not use our entire panel of antigens to screen the T helper libraries
from the patients. Although, the results obtained both from the peptides megapool of C.
albicans and from the most immunogenic single peptides pools (Hyr1, MP65 and SAPs
proteins) revealed a very high frequencies of specific T cells for all the three peptides pools in
the CCR6- subsets. This underlined an interesting shift in the antigenic specificity of these
patients, which can be further analyzed in a next set of experiments where the screenings will
be performed using other peptides pools from the 15 top ranking proteins selected. This time
other antigens, for example those triggering a preferential Th1 and Th2 response in healthy
donors, can be used. Despite this, our preliminar results for some of these peptide pools
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(namely PLB4, LIP5 and ALS4) did not evidence a strong proliferative response to these
proteins (data not shown), supporting the idea that the antigenic specificity in these patients is
shifted as well toward the recognition, by Th1 and Th2 cells, of the typical Th17 and Th1*
proteins. This is in line with our naïve priming data and with the hypothesis that Th1 and Th2
cells in STAT1-GOF patients represent “missed” Th17 cells that have not been able to go over
their differentiation fate.
We are currently planning to extend our analysis of the T cell memory response to other
cohorts of patients affected by PIDs, comprehending not only individuals with inherited
defects causing selective susceptibility to C. albicans but also patients affected by MSMD,
having severe infections due to virulent Mycobacteria. It would be interesting to link the
identified genetic defects involved in IFN-γ or IL-17 immunity with the development and
differentiation of Th subsets and with the function of naïve and memory T cells specific for
Mycobacteria or Candida. A third category of CMC patients which we are planning to study
is represented by STAT3-LOF patients, affected by the autosomal dominant hyper IgE
syndrome (AD HIES), caused by heterozygous STAT3 LOF (loss of function) mutations and
associated with recurrent staphylococcal diseases (Puel et al., 2012). High throughput
interrogation of the T cell repertoires can be performed in all these patients using different
peptide pools from M. tuberculosis, C. albicans and other bacterial or viral pathogens (for
example S. aureus, cytomegalovirus, Respiratory Syncytial Virus and Epstein-Barr Virus).
T cell heterogeneity is a recurrent hallmark of the T cell response, not only against Candida
species but also against other skin commensals such as Malassezia spp., conferring the proper
protection and equilibrium in the host-commensal interaction only when the balance among
the different T helper subsets is maintained. We analyzed in detail, for the first time, the type
of T cell response triggered by the fungus and we observed that Malassezia skin infection
induces a robust Th17 adaptive immune response in our experimental mouse model for
Malassezia infection. The experiments performed on M. pachydermatis infected WT, il23a-/and il17a-/- mice clearly showed that protective immunity upon Malassezia-mediated skin
infection depends on a functional IL-23/IL-17 immune axis. Analogously to the mouse model,
also the CCR6+ subset of healthy individuals was found to be specific to Malassezia spp. with
an heterogeneous trend if we looked at the T cell response also in the CCR6- cells. The
proliferative response was found to be even stronger in AD patients, not only in the CCR6+
compartment but also in the CCR6-, in support of the concept that an exaggerated Th2 response
can be linked to a pathological phenotype such as AD. For the first time, we demonstrated the
key contribution of Th17 cells in the T cell response to Malassezia spp. and, again, in another
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pathological setting such as AD, the retention of the necessary balance among Th subsets
importantly emerges as a necessary condition for host protection. Analogously to C. albicans,
the IL-17 pathway was shown to be a key player in the command of the Malassezia
commensals, a trait that is dysregulated in the AD condition.
Further experiments will be centred on the combination of the Malassezia infection model
with AD mouse models, such as Fillagrin KO, in order to specifically determine the role of
the fungus in eliciting and/or contributing to the inflammatory condition observed in atopic
dermatitis patients. Also, as a follow up study we will extend the analysis of the T cell response
to other cohorts of patients affected by other skin disorders, like dandruff and pityriasis
versicolor, whose development has been linked to Malassezia spp. (Sparber and LeibundGutLandmann, 2017).
Finally, we think that our work elucidates new and exciting features in the context of the
human T cell response to fungal pathogens and opens a series of new exciting questions in the
field of human immunology.
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Cell enrichment and sorting
Blood from healthy donors was received from the Swiss Blood Donation Center of Basel and
Lugano, and used in compliance with the Federal Office of Public Health (authorization no.
A000197/2 to F.S). Peripheral Blood Mononuclear Cells (PBMCs) were isolated using FicollPaque Plus (GE Healthcare) density gradient. Monocytes and total CD4 T cells were enriched
using CD14 and CD4 magnetic microbeads, respectively, for positive selection (Miltenyi
Biotech). Memory T helper cell subsets were sorted to over 97% purity as CD8-CD14-CD16CD19-CD25-CD56-CD45RA- cells: CCR6-CXCR3+CCR4- Th1, CCR6-CXCR3+CCR4- Th2,
CCR6+CXCR3+CCR4- Th1*, CCR6+CXCR3-CCR4+ Th17. Naïve T cells were sorted as CD8CD14-CD16-CD19-CD25-CD56-CD45RO-CD45RA+CCR7+CD95-.
The following fluorochrome-labeled mouse monoclonal α-human antibodies were used:
CD45RA FITC (ALB11), CD45RO PE (UCHL1), CD8 PE-Cy5 (B9.11), CD14 PE-Cy5
(RMO52), CD16 PE-Cy5 (3G8), CD19 PE-Cy5 (J3-119), CD25 PE-Cy5 (B1.49.9), CD56 PECy5 (N901), CD14 PE-Cy5 (RMO52) (all from Beckman Coulter), CD19 FITC (HIB19) (BD
Biosciences), CD45RA Qdot 655 (MEM-56) (Thermo-scientific), CD4 PE-Texas Red (S3.5)
(Thermo-scientific), CCR6 PE (11A9) (BD Biosciences), CCR4 PE-Cy7 (1G1) (BD
Biosciences), CXCR3 AlexaFluor 647 (G025H7), CCR7 BV421 (G043H7) (Biolegend),
CD95 APC (DX2) (Biolegend). Cells were stained for 20 minutes and sorted with FACSAria
III (BD Biosciences).
Relatively to the project in collaboration with Prof. LeibundGut-Landmann and Dr. Martin
Glatz, blood from healthy donors and atopic dermatitis patients was obtained from the Allergy
Unit of the Department of Dermatology of the University Hospital of Zurich. PBMCs were
isolated by Ficoll-Paque Plus (GE Healthcare) density gradient. Total CD4+ T cells and
monocytes were isolated by positive selection using CD4 and CD14 magnetic microbeads
(Miltenyi Biotech), respectively. Memory CD4+ CCR6+ and CD4+ CCR6- T cell subsets were
sorted after exclusion of naïve T cells (CD45RA+CCR7+) and of CD8+ CD14+ CD16+ CD19+
CD25+ CD56+ cells. The following fluorochrome-labeled mouse monoclonal antibodies were
used: CD45RA Qdot 655 (MEM-56), CD4 PE-Texas Red (S3.5) (from Thermo Fischer
Scientific), CD8 PE-Cy5 (B9.11), CD14 PE-Cy5 (RMO52), CD16 PE-Cy5 (3G8),CD19 PECy5 (J3-119), CD25 PE-Cy5 (B1.49.9), CD56 PE-Cy5 (N901) (all from Beckman Coulter),
CCR6 PE (11A9, from BD Biosciences), CCR7 BV421 (G043H7, from Biolegend). Cells
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were stained at room temperature for 20 minutes and sorted with FACSAria III (BD
Biosciences).
Fungal strains
C. albicans strain SC5314 was cultured in YPD medium for 16h at 30°C, extensively washed
in PBS and heat-inactivated at 65°C for 30 minutes. Ratio used for stimulation assays was 3
particles per monocyte. C. glabrata ATCC 2001, C. dubliniensis ATCC MYA-646, C.
tropicalis and C. albicans clinical isolates yeast forms were kindly provided by the Istituto
Cantonale di Microbiologia (Bellinzona, Ticino). C. albicans strain 3153a was used for
induction of vaginal infection.
The M. pachydermatis strain ATCC 14522 (CBS 1879) was purchased from ATCC. M.
sympodialis strain ATCC 42132 and M. furfur strain JPLK23 (CBS 14141) were obtained
from Joseph Heitman (Duke University, Durham). M. sympodialis and M. slooffiae clinical
isolates were collected from AD patients at the University Hospital Zurich, Switzerland.
Malassezia spp. were grown for 3-4 days at 30°C, 180 rpm in liquid modified Dixon medium
(for 500 ml liquid medium: 18 g Malt Extract (Sigmal Aldrich) , 10 g dessicated Ox-bile
(Sigma Aldrich), 5 ml Tween-40 (Sigmal Aldrich), 3 g Peptone (Oxoid), 1 ml Glycerol
(Honeywell), 1 ml Oleic Acid (Sigma Aldrich)).
Ex vivo T cell stimulation and intracellular staining
T cells were cultured in RPMI 1640 supplemented with 2 mM glutamine, 1% nonessential
amino acids, 1% sodium pyruvate, 1% penicillin/streptomycin (all from Life Technologies),
and 5% human serum (Swiss Blood Center). For some experiments up to 500 IU/ml IL-2 was
added to the medium. 50000 sorted memory T cells were labeled with carboxyfluorescein
succinimidyl ester (CFSE) and cultured for 5-6 days with 25000 autologous irradiated
monocytes pre-pulsed for 3-5h with the antigen of interest. Proliferating cells were sorted as
CFSElo, stained for surface markers or intracellular cytokine production upon stimulation with
PMA/Ionomycin for 5h, with the addition of BFA over the last 2.5 h (reagents from SIGMAALDRICH). Cells were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences)
according to the manufacturer’s instructions and stained with anti-cytokine antibodies: IL-17A
eFluor660 (64DEC17), IL-22 PerCP-eFluor710 (22URTI) (eBioscience), IFN-γ APC-Cy7
(4S.B3) (Biolegend), IFN-γ FITC (B27), IL-4 PE (MP425D2) (BD Biosciences). Cytokine
concentration in supernatants was measured by cytometric bead arrays on FlexMAP 3D
(Luminex).
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In our experiments in collaboration with Prof. LeibunGut-Landmann, sorted T cells were
labeled with CFSE and cultured at a ratio of 3:1 with irradiated autologous monocytes prepulsed for 3-5 hours with heat killed M. furfur, M. sympodialis or M. slooffiae (3 particles per
monocyte). As control, some cultures were stimulated with heat-killed C. albicans (3 particles
per monocyte). At day 5 culture supernatants were collected and cytokines (IFN-γ, IL-4, IL5, IL-10, IL-17A and IL-22) were measured by cytometric bead arrays on FlexMAP 3D
(Luminex).
In vitro T cell priming and T cell analysis
CFSE-labeled naïve CD4+ T cells were co-cultured with irradiated (45Gy) allogeneic CD14+
monocytes (for MLR assays) or autologous irradiated monocytes (for priming of C. albicansreactive cells) at a 2:1 ratio. In both cases, heat-inactivated C. albicans was added to the
culture. T cells were stained using anti-CCR6-BV605 antibody (G034E3, BioLegend) and
analyzed on LSRFortessa (BD Bioscience). For intracellular cytokine staining, cells were
restimulated for 5 hours with PMA and ionomycin in the presence of brefeldin A (all from
Sigma-Aldrich) for the final 2.5 hours of culture. Cells were fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) according to the manufacturer’s instructions. Cells were
stained with anti-IL-17 (eBIO64-DEC17; eBioscience), anti-IFN-γ (B27; BD Biosciences or
4S.B3; BioLegend) and anti-IL-22 (22URTI; eBiosciences), conjugated with different
fluorochromes, and were analyzed by FACS. Cytokine secretion by T cells was measured in
the culture supernatants by cytometric bead arrays (eBiosciences) after restimulation for 8
hours with plate-bound anti-CD3 (5µg/ml, TR66) and anti-CD28 (1 μg/ml, CD28.2; BD
Biosciences).
T cell library
The T cell library method was performed as previously described (Geiger et al., 2009). T cells
(500-2,000 cells/well, depending on the subset) were polyclonally expanded in the presence
of 1 μg/ml PHA (Remel, Thermo Scientific), irradiated (45Gy) allogeneic feeder cells and IL2 (500 IU/ml). After approximately 3 weeks, T cells from each well were washed and
restimulated in the presence of autologous monocytes pulsed with the antigens of interest.
Proliferation was measured at day 4after 16 h incubation with 1μCi/ml [3H] Thymidine (GE
Healthcare). Precursor frequencies were calculated based on the number of negative wells
according to the Poisson distribution. Frequencies were expressed per million cells. STAT1GOF and relative controls libraries were stimulated using irradiated (45Gy) autologous B cells
as APCs pulsed with peptide pools. At 48 hours of stimulation supernatants were collected

106

9. Experimental procedures

and cytokines (IFN-γ, IL-4, IL-5, IL-10, IL-17A and IL-22) were measured by cytometric bead
arrays on FlexMAP 3D (Luminex).
T cell clones
T cell clones from STAT1-GOF and CTRL donors were obtained after ex vivo sorting of the
different Th subsets. T cells were plated at 0.5 cells/well in 384 well plates in RPMI complete
medium in the presence of 1 μg/ml PHA (Remel, Thermo Scientific), irradiated allogenic
PBMCs (2.5 x 104 cells/well) and 500 IU/mL IL-2. T cells clones were grown in RPMI
complete medium supplemented with IL-2 and used on day 20 after initial stimulation. To
assess cytokine production, intracellular cytokine staining was performed using IL-17A
eFluor660 (64DEC17), IL-22 PerCP-eFluor710 (22URTI) (eBioscience), IFN-γ FITC (B27),
IL-4 PE (MP425D2) (BD Biosciences).
RNA extraction and transcription factor qRT-PCR
Total RNA was extracted using TRIzol reagent (Life Technologies) or E.Z.N.A. DNA/RNA
Isolation Kit (OMEGA bio-tek) according to manufacturer’s instructions. qScript cDNA
SuperMix (Quanta Biosciences) was used for cDNA synthesis. Quantification of transcripts
was performed by qRT–PCR on an ABI PRISM 7900HT with predesigned TaqMan Gene
Expression Assays: RORC (Hs01076122_m1), TBX21 (Hs00203436_m1), GATA3
(Hs00231122_m1) (Life Technologies). Expression of target genes was normalized to 18S
ribosomal RNA (Applied Biosystems) and expressed as arbitrary units (A.U.) (Becattini et al.,
2015).

Amplification of TCR-Vβ genes
Individual T cell clone total cDNA was obtained from 1,000-10,000- cells/reaction. Reaction
was carried out using Oligo dT(15) primers (Promega) and SuperscriptIII (Life technologies)
reverse transcriptase, in a reaction mix containing DTT, NP40, dNTPs, RNAsin (Promega).
The following program was used for reactions: 42°C x 10min, 25°C x 10min, 50°C x 1h, 94°C
x 5min. cDNA (3 μl) were added to a PCR mix (final volume 25 μl) containing PfuUltra II
Fusion HS DNA Polymerase (Agilent Genomics). Sequences were amplified using one or both
the designed TCR Vβ-specific forward primer pools (pool fw1, pool fw2) and TBC-rev reverse
primer pairing to C1-C2 β chain constant region with the following program: 95°C x 1min;
(95°C x 20sec; 50°C x 20sec; 72°C x 30sec) x 45 cycles; 72°C x 3min. Sequence amplification
was assessed through agarose gel electrophoresis and successfully amplified fragments were
sequenced through Sanger method using TBC-Rev primer (Becattini et al., 2015).
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TCR Vβ next-generation sequencing
A minimum number of antigen specific 106 cells was obtained for all experiments, and each
sample was split in two, half of which was frozen as a backup. In case cells sorted upon
stimulation did not reach the required number, they were expanded for 1-5 days in the presence
of 50 IU/ml IL-2. Cells to be analyzed through TCR Next Generation Sequences were
centrifuged and washed in PBS, and genomic DNA was extracted from the pellet using
QUIAamp Micro Kit (QUIAGEN) according to manufacturer’s instruction. gDNA quantity
and purity were assessed through spectrophotometric analysis. Next generation sequencing
(NGS) of CDR3 Vβ regions was performed by Adaptive Biotechnologies Corp. (Seattle, WA)
using the ImmunoSEQ assay (www.immunoseq.com). Briefly, following multiplex PCR
reaction designed to target any CDR3 Vβ fragment, amplicons were sequenced using the
Illumina HiSeq platform. Raw data consisting of all retrieved sequences of 87 nucleotides or
corresponding aminoacidic sequences and containing CDR3 region were exported and further
processed using in house-developed software. Usually the assay was performed at Survey level
(detection sensitivity: 1 cell in 40,000); for a few samples a Deep level analysis was used
(detection sensitivity: 1 cell in 200,000). Data sets of TCR-β sequences were analyzed using
algorithms written in Java. DNA sequences containing frameshift or stop codons were
removed prior to analysis (Becattini et al., 2015).
Peptide bioinformatic analysis and production
80 C. albicans proteins with different cellular location and functions (cytosolic enzymes, cellwall associated structural and enzymatic proteins, extracellular hydrolases) were selected
based on a literature base according to their described immunogenic activity. All 15-mer
peptides overlapping by 10 residues spanning each sequence were extracted using
bioinformatics tools (8059 15-mers in total). Each peptide was scored for predicted binding to
a panel of 24 common different HLA class II DR, DP and DQ molecules for which binding
assays are available. For 23 of the molecules the peptides were scored utilizing the
recommended IEDB consensus algorithm; for one molecule (DRB3*02:02) the IEDB
recommended method was NetMHCIIpan. For each molecule we applied a consensus score ≥
20% to define a binder. Finally, a set of 1273 peptides was selected corresponding to those
peptides scoring in the top 20% for 12 or more of the 24 class II molecules probed. Each
protein was represented by a minimum of 4 to a maximum of 51 peptides (average 16.8). The
peptides were synthesized by A and A (San Diego, CA) as crude material on a small (1mg)
scale, individually resuspended in DMSO and pooled accordingly to the belonging protein.
Individual peptides and pools were divided in aliquots and stored at -80°C.
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Mice
C57BL/6 inbred mice (WT, Wild type) were purchased from Charles River Laboratory Italy
Srl or JanvierElevage for VVC model or Malassezia infection model respectively. CD3ε-/mice were obtained from Prof. Bernard Malissen (Centre D`Immunologie de MarseilleLuminy, Marseille, France). IL-17-/- mice, IL-22-/- mice, Rag γc-/- mice and IL-23p19-/- mice
were obtained from Prof. Burchard Becker (University of Zurich). μMT mice were obtained
from JAX–The Jackson Laboratory (002288). Hector Tg mice were obtained from Prof.
Salomé LeibundGut-Landmann (University of Zurich). IL-17-/- Hector Tg mice and IL-22-/Hector Tg mice were generated in our facility. All mice were bred and maintained under
specific pathogen-free conditions. Mice were used for experiments at the age of 6-12 weeks
of age in sex- and age-matched groups. They were treated in accordance with guidelines of the
Swiss Federal Veterinary Office and the experiments were approved by the Dipartimento della
sanità e della socialità of Canton Ticino.
Mouse infection
Vaginal infection: β-estradiol 17-valerate (SIGMA, 200 μg/mice) was solubilized in ethanol
100% and brought to final volume of 100 μl/mouse in sesam oil. Isofluorane-anesthetized
animals were injected s.c. on the back d-7 and d0. C. albicans strain 3153a, which has been
reported to be optimal for induction of vaginal infection, was cultured in YPD medium for 16h
at 37°C on rotator. Cultured conidia were confirmed to be in log phase growth by λ 660 nm
O.D. measurement, then washed twice with PBS, and delivered into the vagina of asleep
animals in a volume of 10μl. 5x105 particles per mouse were delivered for two consecutive
days (106 particles/mouse in total); particle number was determined through O.D.
measurement, considering that O.D.=1 corresponds to 107 conidia/ml. Mice were weighted
weekly and euthanized accordingly to humane endpoint criteria. Colony forming units were
assessed upon 36 hrs of culture at 37°C. Vagina tissue was removed from sacrificed animals,
smashed and seeded on Sabouraud plates. Animals were treated in accordance with guidelines
of the Swiss Federal Veterinary Office and weekly controlled by the AWO (Animal Welfare
Officer). Experiments were approved by the Dipartimento della Sanità e Socialità of Canton
Ticino.

For Malassezia spp. infection experiments, Malassezia spp. were grown for 3-4 days at 30°C,
180 rpm in liquid modified Dixon medium (for 500 ml liquid medium: 18 g Malt Extract
(Sigmal Aldrich) , 10 g dessicated Ox-bile (Sigma Aldrich), 5 ml Tween-40 (Sigmal Aldrich),
3 g Peptone (Oxoid), 1 ml Glycerol (Honeywell), 1 ml Oleic Acid (Sigma Aldrich)). Cells
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were washed in PBS and suspended in olive oil (native olive oil extra, SPAR) at a density of
20 ODA600/ml. 100 µl suspension (corresponding to 2 ODA600 of yeast cells) was applied
topically onto the dorsal ear skin while mice were anaesthetized. In some experiments, the
dorsal ear skin was disrupted by mild tape stripping (TransporeTM Hypoallergenic, 3M; 5
rounds per ear). Ear thickness was monitored prior and after infection using the Oditest S0247
0-5 mm measurement device (KROEPLIN). For determination of fungal loads in the skin,
tissue was transferred in aqua dest. supplemented with 0.05 % Nonidet P40 (AxonLab),
homogenized and plated on modified Dixon agar and incubated at 30°C for 3-4 days.

Isolation of skin and lymph node cells
For digestion of total ear skin, ears were removed, cut into small pieces and transferred into
Hank’s medium (Ca2+- and Mg2+-free, Gibco), supplemented with Liberase TM (0.15 mg/ml,
Roche) and DNase I (0.12 mg/ml, Roche) and incubated for 1 hour at 37 °C. The cell
suspension was filtered through a 40 µm cell strainer (Falcon) and rinsed with PBS
supplemented with 5 mM EDTA (Invitrogen) and 1% FCS. Auricular lymph nodes were were
manually shredded using fine scissors and digested with DNAse I (2.4mg/ml Roche) and
Collagenase I (2.4mg/ml, Roche) in PBS for 20 min at 37°C. The cell suspension was filtered
through a 40 µm cell strainer (Falcon) and rinsed with PBS supplemented with 5 mM EDTA
(Invitrogen) and 1 % FCS.

Flow cytometry
Single cell suspensions of skin and lymph nodes were stained in PBS supplemented with 1%
FSC, 5mM EDTA and 0.02% NaN3. LIVE/DEAD Near IR stain (Life Technologies) was used
for exclusion of dead cells. The following antibodies (from Biolegend, if not stated otherwise)
were used for surface markers: anti-CD45.2 (104), anti-CD11b (eBioscience, M1/70), antiCD11c (N418), anti-MHCII (M5/114.15.2), anti-Ly6C (HK1.4), anti-Ly6G (1A8), antiSiglecF (BD Bioscience, E50-2440) anti-CD3 (145-2C11) and anti-CD4 (RM4-5). For
intracellular cytokine staining, tongue cells were fixed and permeabilized using BD
Cytofix/Cytoperm reagent (BD Bioscience) and subsequently incubated in Perm/Wash buffer
(BD Bioscience) containing the following cytokine-directed antibodies: anti-IL-17A (TC1118H10.1), anti-IFNγ (XMG1.2), anti-IL-13 (eBio13A, eBioscience). All extracellular and
intracellular staining steps were carried out on ice. Cells were acquired on a FACS Gallios
(Beckman Coulter) and the data were analyzed with FlowJo software (Tristar). In all the
experiments, the cells were pre-gated on viable and single cells for analysis. Absolute cell
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numbers of myeloid cell populations were calculated based on a defined number of counting
beads (BD Bioscience, Calibrite Beads), which were added to the samples before flow
cytometric acquisition.

Histochemistry
For histology, tissue were fixed in 4% PBS-buffered paraformaldehyde overnight and
embedded in paraffin. Saggital sections (9µm) were stained with Periodic-acidic Schiff (PAS)
reagent and counterstained with Haematoxilin or with Haematoxylin-Eosin and mounted with
Pertex (Biosystem, Switzerland) according to standard protocols.

Mouse T cell sorting, in vitro polarization and T cell transfer
Naïve cells were obtained from lymphnodes and spleens of donor mice and sorted as CD4+
CD62Lhi CD44lo CD25-. For T cell in vitro polarization experiments, sorted naïve T cells were
plated in 200 µL/well at a concentration of 2x104 per well in Nunc 96 well-plate flat bottom
precoated with αCD3 (BD) ([X]f=2ug/mL) and αCD28 (BD) ([X]f=2ug/mL). Stimulating
conditions were the following. Th2 polarizing conditions: rmIL-4 [X]f=10 ng/mL; Th1
polarizing conditions: rmIL-12 [X]f=10 ng/mL, Th17 polarizing conditions: rmIL-6 [X]f=25
ng/mL + rmTGF-β [X]f=2 ng/mL + rmIL-1β [X]f=20ng/mL + rmIL-23= 25 ng/mL. After 2
days cells were harvested, transferred in a new 96 well-plate U bottom and rIL-2 (50.000
U/mL) was added. At day 5 of the polarization process cells were harvested and checked for
cytokine production before T cell transfer in recipient mice. For T cell transfer, 5x105 or 1x106
polarized cells were injected i.v. into the tail vein of recipient mice.

Statistical analysis
Statistical analysis was performed with the Prism software (GraphPad). Data in columns
represent mean ± s.e.m. values. Significance was assessed by non-parametric unpaired
(Friedman), paired t-test, parametric unpaired t-test (with or without Welch’s correction) or
one-way Anova. Non-parametric Spearman correlation coefficient was determined for shared
sequences.
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