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1. Summary

IL-1β is a pleiotropic cytokine that plays a role in several inflammatory disorders in
humans and in experimental animal models, including mouse experimental autoimmune
encephalomyelitis (EAE). IL-1β is produced after pro-IL-1β cleavage by IL-1 converting
enzyme (caspase-1), which in turn is activated by a complex of proteins called
inflammasome. IL-1β drives human Th17 cells polarization and triggers the
differentiation of mouse inflammatory Th17 cells characterized by the co-expression of
IL-17 and IFN-γ.
In the study presented in this thesis, it is reported that mice deficient for IL-1β production
or for a component of the inflammasome (the apoptosis-associated speck-like protein
containing a caspase recruitment domain, also known as ASC) do not develop EAE
following immunization with myelin oligodendrocyte glycoprotein (MOG), emulsified in
complete Freund’s adjuvant (CFA), and pertussis toxin (PT) administration. Autoreactive
T cells were primed in both wild-type (wt), IL-1β–/– and ASC–/– mice. However, while in
wt mice T cells proliferated extensively and acquired the capacity to produce
inflammatory cytokines, such as IL-17, IL-22, IFN-γ and GM-CSF, in IL-1β–/– and ASC–
/–

mice, the T cells expanded poorly and showed reduced capacity to produce

simultaneously several inflammatory cytokines, in particular GM-CSF.
Interestingly, generation of multifunctional (IL-17+, IL-22+, IFN-γ+, GM-CSF+) T cells in
wt mice required the presence of PT at the time of immunization. PT was found to rapidly
induce IL-1β secretion by CD11c+ and Gr1+ myeloid cells in secondary lymphoid organs
in vivo, and by bone-marrow-derived dendritic cells (BM-DCs) in vitro. Moreover, in
mice where Gr1+ myeloid cells were depleted or in mice with impaired migration of
monocytes due to the deficiency in the chemokine receptor CCR2 (binding the monocyte
chemoattractant protein-1, MCP-1), IL-1β production was not induced by PT and
multifunctional T cells priming was impaired.
When T cells were primed in mice deficient for myeloid differentiation primary response
protein 88 (MyD88) encoding gene, the PT-driven recruitment of inflammatory myeloid
cells in the lymph node and the generation of multifunctional T cells were also impaired.
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Moreover, selective deletion of MyD88 in T cells was sufficient to block the PT-induced
differentiation of multifunctional Th17 cells.
Taking together, these data support the notion that the disease-inducing effect of PT is
due to its ability to determine recruitment of myeloid cells, production of IL-1β and
differentiation of highly pathogenic multifunctional T cells.
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L’interleuchina 1β (IL-1β) e’ una citochina pleiotropica che riveste un ruolo importante in
diverse patologie infiammatorie e in modelli sperimentali di malattie autoimmuni, come
ad esempio nella encefalomielite autoimmune sperimentale (EAE) murina. L’ IL-1β viene
sintetizzata come pro-IL-1β, funzionalmente inattiva, e prodotta nella forma attiva a
seguito del taglio enzimatico da parte dell’enzima caspasi-1, che viene a sua attivato da
un complesso di proteine che prende il nome di inflammasoma.
Studi in vitro nell’uomo hanno dimostrato che l’ IL-1β e’ importante per indurre i
linfociti T naive a differenziare in linfociti effector di tipo Th17. Nel topo, i linfociti T
naive stimolati in presenza di IL-1β acquisiscono un fenotipo Th17 infiammatorio,
caratterizzato dalla produzione di IL-17 ed IFN-γ. Lo studio oggetto di questa tesi
sperimentale dimostra che topi deficienti in IL-1β o ASC (apoptosis-associated speck-like
protein

containing

a

caspase

recruitment

domain),

una

proteina

adattatrice

dell’inflammasoma, non sviluppano EAE dopo immunizzazione con l’antigene MOG
(una glicoproteina mielinica prodotta dagli oligodendrociti), in presenza dell’adiuvante
CFA (complete Freund’s adjuvant) e la somministrazione della tossina della pertosse
(PT). L’analisi al giorno 5 del linfonodo drenante il sito di immunizzazione dimostra che
nei tre gruppi di topi analizzati, wild-type (wt), IL-1β–/– e ASC–/–, le cellule T specifiche
per l’antigene MOG sono stimolate e proliferano in modo comparabile. Pero’, mentre nei
topi wt le cellule T attivate acquisiscono un fenotipo infiammatorio caratterizzato dalla
capacita’ di produrre diverse citochine infiammatorie, come IL-17, IL-22, IFN-γ e GMCSF, le cellule T attivate in topi IL-1β–/– e ASC–/– producono IL-17 e IL-10, una citochina
con attivita’ anti-infiammatoria. Inoltre, lo studio dimostra anche che la generazione di
cellule T multifunzionali (IL-17+, IL-22+, IFN-γ+, GM-CSF+) nei topi wt dipende dalla
presenza della PT al momento dell’immunizzazione. Nel linfonodo la PT induce una
rapida secrezione di IL-1β da parte di cellule mieloidi CD11c+ e Gr1+. In topi nei quali le
cellule mieloidi Gr1+ sono state depletate o in topi in cui la migrazione di cellule mieloidi
e’ difettiva a seguito della delezione del gene che codifica per il recettore per chemochine
CCR2, il trattamento con PT non induce produzione di IL-1β e, di conseguenza,
l’attivazione e differenziazione di cellule T multifunzionali. Il reclutamento di cellule
mieloidi e la differenziazione di linfociti Th17 multifunzionali e’ anche difettiva in topi
12
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deficienti per la molecola MyD88 responsabile della trasduzione del segnale dai recettori
TLR e dal recettore per l’ IL-1 (IL-1R). La mancanza di MyD88 nelle sole cellule T e’
sufficiente per bloccare la differenziazione a cellule Th17 multifunzionali.
Questi dati, nel loro insieme, sono consistenti con un modello nel quale l’effetto
patogenetico della PT nel modello di EAE e’ dovuto alla capacita’ di agire nelle prime
fasi di induzione della malattia attraverso il reclutamento negli organi linfoidi secondari
di cellule mieloidi, la produzione di IL-1β e la differenziazione di linfociti infiammatori T
multifunzionali altamente patogenetici.
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ADP – Adenosine diphosphate
AHR – Aryl hydrocarbon receptor
APC – Antigen presenting cell
ASC – Adaptor protein apoptosis-associated speck-like protein containing a C-terminal
caspase recruitment domain
ATP – Adenosine triphosphate
BBB – Blood-brain barrier
BM – Bone marrow
BM-DC – Bone marrow-derived dendritic cell
cAMP – cyclic Adenosine monophosphate
CAR – Chimeric antigen receptors
cDC – Conventional dendritic cell
CFA – Complete Freund’s adjuvant
CIA – Collagen-induced arthritis
CNS – Central nervous system
CSF – Cerebrospinal fluid
DC – Dendritic cell
DLN – Draining lymph node
EAM – Experimental autoimmune myocarditis
EAE – Experimental autoimmune encephalomyelitis
EAU – Experimental autoimmune uveitis
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EBV – Epstein-Barr virus
ECM – Extracellular matrix
GM-CSF – Granulocyte macrophage-colony-stimulating factor
GPI – Glucose-6-phosphate isomerase
GTP – Guanosine triphosphate
HEV – High endothelial venule
HHV6 – Human herpesvirus 6
HIF-1α – Hypoxia-inducible factor 1 α
HIN – Hemopoietic expression, interferon-inducibility, nuclear localization
ICAM-1 – Intercellular adhesion molecule-1
IFN – Interferon
IFN-γR – Interferon γ receptor
IKK – Inhibitor of NFκB kinase
IL – Interleukin
IL- 1Ra – IL-1R antagonist
IL-1R – IL-1 receptor
IL-1RAcP – IL-1R accessory protein
ILC – Innate lymphoid cell
IRAK – IL-1R-associated kinase
IRF4 –IFN regulatory factor 4
LFA1 – Lymphocyte function-associated antigen-1
LN – Lymph node
LPS – Lipopolysaccharide
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MBP – Myelin basic protein
MCP-1 – Monocyte chemoattractant protein-1
MHC – Major histocompatibility complex
MMP – Matrix-metalloprotease
moDC – Monocyte-derived DCs
MOG – Myelin oligodendrocyte glycoprotein
MS – Multiple sclerosis
MyD88 – Myeloid differentiation primary response protein 88
NFAT – Nuclear factor of activated T cells
NF-κB – The nuclear factor κ-light-chain-enhancer of activated B cells
NKT – Natural killer T cell
NLR – Nod-like receptor
NLRP3 – NOD-like receptor, pyrin domain containing-3
PAMP – Pathogen-associated molecular pattern
pDC – Plasmacytoid dendritic cell
PD-L1 – Programmed cell death 1 ligand 1
PLP – Proteolipid protein
PMNL – Polymorphonuclear leukocyte
PolyI:C – Polyinosinic-polycytidylic acid
PRR – Pattern recognition receptor
pSTAT – Phosphorylated STAT
PT – Pertussis toxin
RA – Rheumatoid arthritis
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RORE – ROR response elements
RORγt – Retinoic acid receptor-related orphan receptor-γt
ROS – Reactive oxygen species
SDF-1α – Stromal cell-derived factor 1α
STAT – Signal transducer and activator of transcription
TCR – T cell receptor
TGF-β – Transforming growth factor-β
Th – T helper
TIR – Toll/IL-1 receptor
TLR – Toll-like receptor
Treg – T regulatory cell
VCAM-1 – Vascular cell adhesion molecule-1
VEGF-A – Vascular endothelial growth factor-A
VLA4 – Very late antigen-4
wt – Wild type
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4.1 Multiple sclerosis
Multiple sclerosis (MS) is a chronic autoimmune disease that devastates the central
nervous system (CNS) in which the myelin sheath is attacked by autoimmune cells,
leading to inflammatory demyelination of the white matter and causing progressive
paralysis, characterized by deficits in motor, sensory, autonomic, and neurocognitive
functions.
MS and has been more commonly seen in Western European ancestry and the greatest
incidence of the disease is inclined to be at the latitudes of the northern and southern
hemispheres (Rejdak et al, 2010). Disease onset usually occurs in young adults and
impacts approximately 60-200 per 100,000 people in Northern Europe and North
America, considered high risk areas, and 6-20 per 100,000 people in low risk areas with a
prevalence ranging between 2 and 150 per 100,000 (Sospedra & Martin, 2005). The so
called “hygiene hypothesis” may explain the observed global distribution and temporal
changes in the incidence of allergic and autoimmune diseases, such as MS. It has been
proposed that the lack of multiple infections in industrialized countries owing to
improved hygiene, use of antibiotics and vaccination may alter the immune system in the
way that it responds inappropriately to environmental or self antigens (Yazdanbakhsh et
al, 2002). Furthermore frequency in women is double compared to men, mirroring a
tendency observed in other autoimmune diseases such as rheumatoid arthritis or systemic
lupus erythematosus and indicating possible hormonal variables as risk factors (Rejdak et
al, 2010; Sospedra & Martin, 2005).
The pathology of MS is characterized by neuroinflammation, infiltration of lymphocytes,
demyelination and axonal loss. According to lesion patterns and clinical outcomes three
main categories for MS have been set (Pittock & Lucchinetti, 2007): primary progressive,
relapsing-remitting, and fulminant MS (Joller et al, 2012). Relapsing-remitting MS is the
most frequent form, characterized by a process of recovery of nervous function between
each relapse. In fact, a spontaneous repairing process of remyelination, carried on by
oligodendrocytes, may occur following demyelination, and takes place in the early phases
of the disease. This adaptation allows a recovery from nervous disability, which is
20

4. Introduction
4.1 Multiple sclerosis

however only partial since oligodendrocytes cannot completely rebuild the myelin sheath
of the cell. Demyelination and remyelination balance during MS pathology is mediated
by the innate and adaptive immune system, determining the outcome of the disease and
the elapsing time between relapses and remits (Chari, 2007; Mayo et al, 2012; Doring &
Yong, 2011; Hanafy & Sloane, 2011; Weiner, 2008). Relapsing-remitting MS can persist
for many years; however, patients usually convert to the secondary progressive stage of
the disease in which the extent of recovery after each episode of neurological deficit
decreases, because of repeated attacks that lead to successively fewer effective
remyelination processes. From 10% to 20% of MS patients exhibit primary progressive
MS in which after each relapse there is less recovery, while fulminant MS is less frequent
(Thompson et al, 1997; Pierson et al, 2012).
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MS pathogenesis appears to be a result of genetic, environmental and viral factors
interacting each other.
Genetic factors play an important role in determining MS susceptibility. For example
first-degree relatives of MS patients, have an approximately 2-5% higher risk to develop
MS, and rates in monozygotic twins vary between 20% and 35% (Dyment et al, 2004).
As mentioned in paragraph 4.1, the higher prevalence of MS in females than in males
indicates possible hormonal variables as risk factors. The HLA-DRB1 gene on
chromosome 6p21, coding for the major histocompatibility complex (MHC), is the
strongest genetic factor identified as influencing MS susceptibility. It is thought to
account for 10%-60% of the genetic risk and it underlines the immunological basis of MS
pathogenesis (Hauser & Oksenberg, 2006; Madsen et al, 1999).
Susceptibility to disease onset can also be affected by environmental factors: high level of
vitamin D decreases the risk for MS development, while smoking is a well known risk
factor (Giovannoni & Ebers, 2007; Ragheb & Lisak, 1993).
Several evidences suggested that MS development may be influenced by exposure to
some infectious viral agents. Human herpesvirus 6 (HHV-6) and Epstein-Barr virus
(EBV) have been most strongly implicated as both have been shown to be present at a
high rate, 80% and 90% respectively, in patients with MS (Sospedra & Martin, 2005).
One of the mechanisms which have been proposed to explain how virus infections may
correlate to susceptibility to develop MS is molecular mimicry: autoreactive T cells, that
have escaped thymic negative selection, are cross-activated by pathogen-derived peptides
because of sequence similarities between non- and self-peptides. When these potentially
self-reactive T cells encounter an antigen that they may recognize, enter in the CNS by
crossing the blood-brain barrier (BBB), and if antigen is then recognized, MS may be
triggered. Bystander activation is another mechanism that may explain the role of
infectious agents in MS. The reaction of T cells to viral tissue damage, where viral cells
are recognized and killed, leads to the destruction of self-tissue and self-antigen release,
causing the activation of autoreactive T cells and autoimmune disease (Serafini et al,
2007; Sospedra & Martin, 2005).
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None of these factors alone can completely explain MS pathogenesis, commonly
considered an autoimmune disease mediated by autoreactive CD4+ T cells because of the
association with immunologically relevant genes (Chao et al, 2009), such as MHC, and
the therapeutic effects of immunosuppressive drugs (Beck et al, 1992). The strongest
evidence supporting the immune-mediated pathogenesis of the disease is that autoreactive
T cells are found in all the active lesions of MS patients (Hohlfeld, 2009). Animal models
of virus-induced encephalomyelitis or experimental autoimmune encephalomyelitis
(EAE) provide also evidence for the role of autoreactive CD4+ T cells in MS
development. These mouse models show that CD4+ T cells, reactive against self-proteins,
cause a demyelinating pathology, sharing several features with the human disease
(McDevitt et al, 1987; Zamvil et al, 1985).
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EAE is the most commonly used animal model for studying different aspects of human
MS.
The first model of active EAE was established long time ago, in 1925, by transferring
human spinal cord homogenate in naive rabbits, that exhibited spinal cord inflammation
and paralysis, resembling, indeed, MS human features. Over the years, the protocols for
EAE induction have been greatly improved: brain-specific antigens, such as myelin basic
protein (MBP), were found to enable EAE induction efficiently in several animal species.
Moreover, the use of the complete Freund’s adjuvant (CFA), a solution of mineral oil and
inactivated Mycobacterium tuberculosis, effective in stimulating cell-mediated immunity,
and the addition of pertussis toxin (PT) administration, increased the efficiency of EAE
induction protocol (Kabat et al, 1947; Levine & Sowinski, 1973).
EAE is now usually induced by a single immunization, which leads to a CD4+ T cellmediated autoimmune disease, characterized by perivascular CD4+ T cell infiltrate,
mononuclear cell inflammation and subsequent primary demyelination of axonal tracks in
the CNS, directing to a progressive paralysis (Stromnes & Goverman, 2006a). Spinal cord
homogenate fractionation allowed identification of encephalitogenic myelin antigens such
as MBP (Martenson et al, 1969) and proteolipid protein (PLP) (Olitsky & Tal, 1952). In
SJL mice, EAE is induced by PLP-specific T cells and it resembles the relapsingremitting form of human MS. In C57BL⁄6 mice EAE is driven by myelin oligodendrocyte
glycoprotein (MOG)-specific T cells, which carry to a primary progressive form of the
disease.
EAE can be induced by immunization with myelin antigens (active EAE) or by transfer
of myelin antigen-specific effector CD4+ T cells in susceptible animals (passive EAE).
The principles driving active and passive EAE are basically the same: in both cases
peripheral myelin-specific CD4+ T cells are activated and acquire the capacity to cross the
BBB. In a standard protocol of active EAE, C57BL/6 mice are immunized by a
subcutaneous injection of MOG35-55 peptide emulsified in CFA. On the same day of the
immunization and two days later, mice receive intravenously (i.v.) PT. The disease is
clinically characterized by an ascending flaccid paralysis beginning with a limp tail and
24
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progressing to the hind and forelimbs (Seamons et al, 2003; Hickey, 1991; Brabb et al,
2000; Stromnes & Goverman, 2006a, 2006b).
Through subcutaneous immunization with the self-antigen emulsified in CFA, myelinspecific CD4+ T cells are primed in the peripheral draining lymph nodes (DLNs) by
dendritic cells (DCs), which are presenting myelin epitopes on MHC class II (MHC-II)
molecules expressed on their surface. Upon priming in the periphery, pioneer autoreactive
T cells migrate into the non-inflamed CNS. Antigen-presenting cells (APCs) resident in
the CNS may capture myelin antigens in situ and can present processed peptides to
migrating CD4+ T cells, leading to their reactivation. APCs can also migrate to cervical
LNs (DLNs of the CNS) and soluble myelin antigens may also drain from the CNS to
LNs to be phagocytosed by LN resident APCs. Once in the subarachnoid space,
autoreactive T cells engage their cognate-peptide-MHC-II complexes expressed on APCs
and initiate inflammation. In the second step of EAE pathogenesis, local inflammation
induces breakdown of the BBB and massive recruitment to the inflamed tissue of
inflammatory T cells and other leukocytes with effector phenotype (Figure 1 and 2)
(Sallusto et al, 2012; Goverman, 2009; Pierson et al, 2012).
During EAE development, the BBB becomes increasingly permeable, allowing the
entrance to the CNS of naive T cells, some of them specific for myelin epitopes different
from that of the initial infiltrating T-cell population. This process leads to a phenomenon,
known as epitope-spreading, characterized by a chronic inflammation propagation
because of continuously generated APCs and by myelin-specific T-cell response
diversification (Tuohy et al, 1998; Ryan et al, 1998; Miller et al, 2007).
CD4+ T cells enter the subarachnoid space by crossing the blood-cerebrospinal fluid
(CSF) barrier either in the choroid plexus or the meningeal venules (Stromnes &
Goverman, 2006a). Peripherally activated CD4+ T cells, express cell surface activation
markers, such as the chemokine receptor CCR6, that facilitate their extravasation across
the CSF barrier and the homing process to the non-inflamed CNS. The choroid plexus,
through the constitutive expression of CCL20, the ligand for CCR6, facilitates the entry
of pioneer CCR6+ CD4+ T cells primed in the periphery into the CNS (Sallusto et al,
2012; Reboldi et al, 2009; Elhofy et al, 2009; Stromnes & Goverman, 2006a; Goverman,
2009) (Figure 1 and 2).
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Figure 1: A two-step model of EAE pathogenesis (Sallusto et al, 2012).

During EAE development and maintenance, the role of APCs is of great importance.
CD4+ T cells, that have been primed in the peripheral LN, are reactivated in the CNS by
DCs, perivascular macrophages and within the subarachnoid space, by MHC-II+
macrophages and DCs, expressing myelin epitopes. Once T cells have been reactivated in
the CNS, they activate microglial cells in the subpial region, determining activation of
blood vessels and distal microglial cells for further disease progression. During EAE
development, the number of MHC-II+ APCs which are presenting antigen to CD4+ T cells
raises within the CNS, mainly because of the recruitment of circulating monocytes, which
enter the inflamed tissue and differentiate into inflammatory DCs and macrophages (King
et al, 2009; Goverman, 2009) (Figure 2).
EAE induced CNS tissue damage is due to pro-inflammatory mediators, such as tumor
necrosis factor-α (TNF-α) and interleukin (IL)-1, secreted by inflammatory myeloid cells,
leading to a perpetuating inflammation (Kuchroo et al, 2002). Demyelination is triggered
by soluble mediators secreted by activated macrophages, microglial cells and T cells, that
entered the parenchyma. Similarly to the pathology seen in MS, this neuroinflammatory
response results in infiltrates composed by T and B cells, macrophages, and focal plaques
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of demyelination in the CNS (Sospedra & Martin, 2005; Raine & Scheinberg, 1988;
Goverman, 2009) (Figure 2).

Figure 2: Peripheral and CNS activation of myelin-specific CD4+ T cells (Goverman, 2009).

Several factors influence the clinical course of EAE in the acute, chronic or relapsingremitting form: type and dose of immunizing antigen, the animal strain, age and gender
(Teuscher et al, 2004; Smith et al, 1999), the use of PT (Levine et al, 1966; Tsunoda et
al, 2000), the preparation of antigen / adjuvant emulsions (Fillmore et al, 2003; Määttä et
al, 2000; Sakuma et al, 2004), and epigenetic factors (Sobel, 2000).
EAE can be useful in order to elucidate the mechanisms of autoimmune-mediated CNS
inflammation, demyelination and axonal damage or to define mechanisms facilitating
immune cell migration across the BBB (Weiner et al, 1994). Moreover EAE may
elucidate pathways with regulatory activities suppressing autoimmunity in the CNS. Most
importantly, EAE may represent an important model for discovering and testing potential
therapeutic targets for MS.
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Despite the benefits associated with the use of EAE, as animal model of human MS,
caution must be applied in using results obtained in EAE to predict efficacy of MS
treatments, in fact EAE has some limitations (Sriram & Steiner, 2005; Steinman &
Zamvil, 2006; Friese et al, 2006). First EAE is induced by a non-physiological stimulus
of immunization with myelin antigens in adjuvant. Secondly, synthetic myelin peptides
and recombinant proteins, used as immunogens for EAE induction, do not contain
potentially important post-translational modifications, which are instead found on
endogenous myelin proteins in vivo (Zhou et al, 1995; Nicholas et al, 2005; Raijmakers et
al, 2005). Thus, it is possible that T cells primed by some synthetic peptides in EAE, may
be different from T cells specific for peptides processed from the native myelin protein in
physiological conditions. Finally, CD4+ T cells are the primary effector T cells in EAE
model, because disease induction by immunization with antigens in adjuvant is optimal
for eliciting MHC-II-restricted but not MHC-I-restricted T cells. This is an important
limitation, as the potential role of CD8+ T in MS pathogenesis has been increasingly
recognized (Lassmann & Ransohoff, 2004; Goverman et al, 2005; Friese & Fugger, 2005;
McDole et al, 2006).

28

4. Introduction
4.4 EAE and the innate immune system

4.4 EAE and the innate immune system

Cellular barrier such as the mucosal surfaces of the gastrointestinal and respiratory tracts,
the skin and blood-CNS barriers are the first line of defense of the human body.
An additional early line of defense of our organism against invading pathogens is
represented by cells of the innate immunity. They control and eliminate infections by
providing a rapid response against various types of microbes, stimulate and modulate the
adaptive immune system, that mounts a more selective and specific response against a
given infection and pathogen. Innate immune cells include myeloid cells, such as DCs,
macrophages, monocytes, natural killer (NK) cells, and other innate lymphoid cells
(ILCs), natural killer T (NKT) cells, mast cells, granulocytes, γδ-T cells in the periphery,
microglia cells in the CNS, and non-myeloid cells such as thymic epithelial cells in the
periphery and astrocytes in the CNS.
Innate immune cells, in EAE as in MS, may act in a beneficial as well as in a deleterious
manner, supporting CNS inflammation or promoting disease control. In fact, they may
drive autoimmunity by directing T-cells towards a regulatory phenotype, by secreting
neurotrophic growth factors and by supporting remyelination processes. However, innate
immune cells may also play a pathogenic role promoting differentiation of T helper (Th)1
and Th17 cells, that can kill neurons and oligodendrocytes, preventing remyelination, and
directly inducing demyelination, driving acute inflammatory events (Mayo et al, 2012).
-Dendritic cells: T-cell differentiation into regulatory or effector T cells is driven by the
DCs and CD4+ T cells interaction, that is crucial in determining the result of the
differentiation of primed T cells towards different T cell subsets, thus modulating the
adaptive response (Wu et al, 2011; Quintana et al, 2008; Severson & Hafler, 2010).
According to different functions they can provide and the expression of surface markers,
DCs can be divided in several subsets. The two main subsets of DCs are the so called
conventional / classical DCs (cDCs, CD11c+), and the plasmacytoid DCs (pDCs,
CD11cdim). During passive EAE pathogenesis, it has been demonstrated that the only
APCs required for the disease initiation are cDCs, and that DCs expression of MHC-II
molecules is sufficient for EAE onset in the active induction model, even if there are not
other MHC-II+ cell types (Greter et al, 2005). DCs are the most effective APCs in the
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CNS in mediating epitope spreading (McMahon et al, 2005; Miller et al, 2007) and the
increase of DCs number directly correlates with disease severity (Greter et al, 2005). DCs
are found in MS lesions (Greter et al, 2005; Bailey et al, 2007; Miller et al, 2007) and in
the peripheral blood of MS patients, where they exhibit an altered phenotype and capacity
in terms of T-cell proliferation or generation of regulatory T cells (Treg), as well as in the
expression of activation markers (CD83, CD86 and CD40) (Stasiolek et al, 2006; Mayo
et al, 2012). Manipulation of DC functions, may alter T-cell response, thus affecting
disease course.
-Inflammatory monocytes: During EAE pathogenesis, tissue-resident DCs are replaced by
another population of DCs, termed inflammatory DCs. Circulating Ly6Chi inflammatory
monocytes are considered to be the direct precursors of inflammatory DCs, called
monocyte-derived DCs (moDCs) (Domínguez & Ardavín, 2010), and are the most
abundant myeloid cell population among CNS infiltrates in EAE (King et al, 2009).
These cells are characterized by the expression of F4/80, Ly6C, CD11b, MHC-II, and
intermediate levels of CD11c (Domínguez & Ardavín, 2010). The CNS-invading
monocyte population is transient and when inflammation is resolved it decreases, turning
back to the steady state dimension. Inflammatory monocytes have the ability to interact
with pathogenic CNS invading T cells, but their precise role in the pathogenesis of EAE
is not completely understood. The accumulation of Ly6Chi cells in the blood, as well as in
the CNS, precedes the onset of EAE, suggesting a key role for monocytes / moDCs in
EAE development. In the course of EAE, in the CNS, monocytes acquire a proinflammatory phenotype: upregulate expression of Toll-like receptors (TLRs) and secrete
an array of pro-inflammatory mediators, including IL-1β, TNF-α, IL-23, and IL-12,
indicating that they are able to promote and sustain autoreactive encephalitogenic T cells
(Figure 6) (King et al, 2009). In addition, inflammatory Ly6Chi monocytes are better in
inducing the differentiation of Th17 cells in EAE compared to macrophages, CD11b–
DCs, and pDCs (Mayo et al, 2012; Bailey et al, 2007).
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Figure 6: Monocyte phenotype and inflammation (Libby et al, 2009).

In EAE as well as in MS, inflammatory monocytes contribute to demyelination and
phagocytosis of the degraded myelin and neuronal debris (Huizinga et al, 2012; Bauer et
al, 1994). They also have a role in antigen presentation to T cells and in epitope spreading
(Katz-Levy et al, 2000; McMahon et al, 2005). Inflammatory monocytes, identified as
CCR2+ (the receptor, together with CCR4, for the monocyte chemotactic protein CCL2),
have been shown to promote EAE progression since CCR2-deficient mice are resistant to
EAE induction (Ajami et al, 2011; Mildner et al, 2009; Fife et al, 2000; Izikson et al,
2000; King et al, 2009; Mayo et al, 2012; Doring & Yong, 2011) and the absence of
CCL2 expression leads to decreased local antigen-specific Th1 cells (Huang et al, 2001).
-Macrophages and microglial cells: Inflammatory monocytes become mature and
differentiate to macrophages in the inflamed CNS. Resident macrophages of the CNS are
microglial cells, which regulates local innate and adaptive immunity. Resting microglia
cells in steady state CNS, are constantly immune-surveying their surroundings
(Nimmerjahn et al, 2005; Davalos et al, 2005) but they can rapidly acquire a reactive
profile in response to an altered homeostasis, such as during neurodegenerative diseases.
Upon activation, microglial cells begin a large number of mechanisms: these cells
produce pro-inflammatory cytokines, as IL-6, IL-12, IL-23 and IL-1β, triggering cytokine
production by encephalitogenic T cells (Aloisi, 2001; Murphy et al, 2010), and they
recruit, by chemokines secretion, a variety of leukocytes, phagocyte debris, pathogens
and apoptotic cells, leading to the antigen presentation to T cells. Since a microglial cell31

4. Introduction
4.4 EAE and the innate immune system

specific deficiency in expression of CD40 or MyD88 (myeloid differentiation primary
response protein 88), or a transient inactivation of microglia, reduced EAE severity, it has
been concluded that microglial cells play a key role in the maintenance of autoimmune
responses in the CNS (Becher et al, 2001; Heppner et al, 2005; Prinz et al, 2006).
Confirming the observations above, it has been demonstrated that depletion of activated
microglia ⁄ monocytes, by killing them through clodronate liposomes administration,
leads to a reduction in EAE disease severity (Tran et al, 1998). However, microglia cells
may also participate in anti-inflammatory processes: they are able to release growth
factors and anti-inflammatory cytokines (Ransohoff & Perry, 2009; Kettenmann et al,
2011) and they may decrease the adaptive immune response by secreting IL-10, TGF-β,
and nitric oxide, or by expressing inhibitory molecules, such as programmed cell death 1
ligand 1 (PD-L1) (Magnus et al, 2005; Duncan & Miller, 2011) and inducing Tim-3
signaling (Anderson et al, 2007). Microglia and macrophages may support remyelination,
promote neural survival, and suppress the adaptive immune response in the CNS
(Kettenmann et al, 2011; Doring & Yong, 2011). Thus, during EAE microglial cells and
monocytes / macrophages may perform both neuro-destructive and neuro-protective
functions and skewing their function from neuro-destructive to neuro-protective could be
useful in order to prevent chronic demyelination and disease progression (Mayo et al,
2012; Weiner, 2008).
Activated microglia is phenotypically heterogeneous and even in the healthy CNS it does
not constitute a single cell population but exhibits various characteristics in different
regions of the CNS (Kettenmann et al, 2011). CNS-invading inflammatory monocytes,
that differentiate into macrophages into the inflamed tissue, share several features with
resident microglia. The expression level of CD45 has been used for discrimination
between resident microglia and infiltrating monocytes, but also novel markers have been
suggested to distinguish between microglial cells and inflammatory monocytes coming
from the periphery. Inflammatory monocytes are CD11b+ CX3CR1+ Ly6Chi and CCR2+
cells, while there is weak expression of these markers on microglial cells (Kettenmann et
al, 2011; Mizutani et al, 2012; Saederup et al, 2010; Mayo et al, 2012).
-Natural Killer (NK) cells: NK cell is another cell type involved in the regulation of CNS
homeostasis and in EAE development. NK cells may play a regulatory role in modulating
demyelination by affecting activation and survival of autoreactive T cells and other innate
cells through cytokine production and direct cytotoxicity. Interestingly it has been
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reported that when EAE is induced in NK-depleted rats, it has a more severe
development, suggesting that NK cells are important for the regulation of disease
progression (Shi et al, 2000; Matsumoto et al, 1998; Vollmer et al, 2005). By blocking
NK cell homing to the CNS, and by inducing EAE in mice in which NK cells are
enriched in vivo, it has been demonstrated that NK cells have a protective role in EAE.
The protective function of NK cells during EAE may be linked to a reduction in Th17 cell
number in the CNS, to the production of neurotrophic factors and also to changes in the
phenotype of microglia cells and DCs, that, as described above, are fundamental for the
control or progression of autoimmunity (Hammarberg et al, 2000; Mayo et al, 2012).
-Mast cells: Mast cells are known for their role in allergic reactions, but they also have an
important role in autoimmune disease, including MS, rheumatoid arthritis, and type 1
diabetes. Mast cells have been observed at sites of inflammatory demyelination in the
brain and spinal cord of MS patients as well as in EAE mice (Brandes et al, 2005;
Ibrahim et al, 1996). Furthermore, elevated levels of tryptase, a mast cell-specific
protease, and changes in blood histamine concentrations, that may increase BBB
permeability (Larochelle et al, 2011), have been detected in the cerebrospinal fluid of MS
patients and EAE mice (Rozniecki et al, 1995; Iarosh & Kanevs’ka, 1992). Studies using
mast cell-deficient mice or inducing EAE in animals in which key functions of mast cells
are inhibited, demonstrated the role of mast cells in demyelination processes (Dimitriadou
et al, 2000; Rinaldi et al, 2006). In fact, mast cells-deficient mice, once immunized for
EAE induction, exhibit significantly reduced disease severity. This experimental data
may be due to the observation that mast cells are closely associated with astrocytes and
BBB. When EAE is induced these mice, there is a reduced permeability of the BBB and
then few inflammatory cells infiltrate the CNS (Sayed et al, 2011; Secor et al, 2000).
Therefore, mast cells seem to play a role in rendering the CNS more susceptible to
immune cells infiltration, promoting inflammation and demyelination. Furthermore, mast
cells can control adaptive immune response in the CNS by reducing Treg suppressive
function, through the expression of OX40L or histamine secretion, and they can promote
the differentiation of Th17 cells (Piconese et al, 2009; Forward et al, 2009). Mast cells
may also affect B-cell survival, proliferation, and differentiation into CD138+ plasma
cells (Walker et al, 2012). However, it is still not completely understood the precise role
of mast cells during demyelination (Mayo et al, 2012).
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-Astrocytes: Astrocytes are the most abundant cell type in the CNS. The functions of
astrocytes are related to brain homeostasis and immunity (Kimelberg, 2010) and astrocyte
activation has been associated with MS (Nair et al, 2008) and EAE (Basso & Frenkel,
2008; Farez et al, 2009a; Kang et al, 2010; Levy et al, 2010). In fact, studies in which
EAE is induced in mice where astrocytes are killed, demonstrated a much more severe
disease phenotype, characterized by an increased demyelination and breakdown of the
BBB, by elevated numbers of infiltrating immune cells (T cells and monocytes), and
altered chemokine profiles (Toft-Hansen et al, 2011). Astrocytes express a wide spectrum
of pattern recognition receptors (PRRs) including TLRs, Nod-like receptors (NLRs), and
complement receptors (Nair et al, 2008; Farina et al, 2007), which enable them to sense
external stimuli in order to modulate the immune response by secreting various cytokines,
growth factors and other soluble proteins. It has been reported that astrocytes secrete
chemokines that attract peripheral immune cells, such as T cells, inflammatory monocytes
and DCs, to the inflamed CNS, and resident CNS cells, such as microglia. CCL2
(monocyte chemoattractant protein-1) is one of the chemokines which are upregulated by
astrocytes in MS lesions and EAE, and it plays a fundamental role in the recruitment of
CCR4+ / CCR2+ (CCL2 receptors) T cells, monocytes and other inflammatory myeloid
cells to the CNS. Moreover, astrocytes express MHC-II under pathological conditions
(Zeinstra et al, 2000) and thus they are capable of presenting myelin-related antigens
(Kort et al, 2006). Nonetheless, is not completely understood if astrocytes can express
costimulatory molecules (CD40, CD80, and CD86), thus it is not possible to clearly
conclude that they may function as APCs (Chastain et al, 2011). However it has been
shown that astrocytes may present antigen to the CNS-infiltrating CD4+ T cells and
secrete cytokines such as TGF-β, IL-1, IL-6, IL-10, IL-12, IL-15, IL-23, and IL-27
(Miljković et al, 2011) with the potential to commit T cells towards a pro-inflammatory
(Th1, Th17) or regulatory phenotype (Treg) (Figure 7) (Mayo et al, 2012).
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Figure 7: Astrocyte modulation of T cells functions (Mayo et al, 2012).

Furthermore, astrocytes participate to the BBB formation (Abbott et al, 2006) and are an
integral part of it. It has been shown that astrocytes directly affect cell entry to the CNS,
by regulating the expression of adhesion molecules (Abbott et al, 2006; Sobel et al,
1990), such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) that bind to the lymphocyte function-associated antigen-1 (LFA1)
and very late antigen-4 (VLA4) receptors, respectively. By secreting matrixmetalloproteases (MMPs), such as MMP2 and MMP9, that has been observed to be
induced by astrocytes in MS lesions (Liuzzi et al, 2004; Mohan et al, 2010; Cuzner et al,
1996), astrocytes may affect the extracellular matrix (ECM) in the BBB, thus increasing
BBB permeability (Figure 7) (Mayo et al, 2012).
-Polymorphonuclear leukocytes: Among the first cells that migrate into the CNS shortly
after EAE induction are polymorphonuclear leukocytes (PMNLs) (Wu et al, 2010). The
role of this cell type in EAE is very controversial; it has been observed that depletion of
peripheral blood PMNLs shortly after immunization significantly delayed, and in some
cases totally prevented, development of EAE, whereas, depletion before and after disease
induction had no effect on the subsequent development of EAE. Further evidence that
granulocytes might be necessary in the effector phases of CNS inflammation came from
studies in passive transfer models in which mice receiving MBP-specific effector T cells
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but depleted of granulocytes displayed reduced CNS inflammation compared to control
group (McColl et al, 1998).
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During EAE induction, when self-reactive Th cells are activated and acquire an
appropriate pro-inflammatory effector phenotype, autoimmune tissue inflammation
process is initiated. Both CD4+ and CD8+ T cells may contribute to the pathogenesis of
EAE, nevertheless, the roles of CD4+ T cells during EAE development have been much
more investigated since EAE is a pathology driven preferentially by CD4+ T cells.
Self-reactive CD4+ T cells are able to induce EAE development not only because they are
specific for the self-antigens used for the priming in the periphery but even because, and
most importantly, they have specific effector functions (Jäger & Kuchroo, 2010). A naive
T cell which carries a self-antigen specific T cell receptor (TCR) is primed through the
interaction with an APC that expresses self-antigen-MHC-II complexes, proliferates and
acquires effector function. Costimulatory molecule upregulation, such as CD80 and
CD86, and cytokines provided by the stimulatory microenvironment, are required for the
complete and efficient differentiation of a specific Th cell subset, characterized by the
expression of transcription factors that regulate the polarization of naive cells into cells
with effector properties (Deenick et al, 2011).
Distinct subsets of effector CD4+ T cells can be identified by the production of a set of
“canonical” cytokines that endow the cells with specific functions. These T-cell subsets
have very different properties and each of them is primed in order to mount the
appropriate immune response accordingly to the infectious agent that have been
encountered. Th cell subsets include the well-defined Th1 and Th2 cells, as well as Th17,
Th9 and Th22 (Figure 3) (Deenick et al, 2011)
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Figure 3: Naive CD4+ T differentiation in multiple effector subsets (Deenick et al, 2011).

Over the years a lot of research groups focused on MS and EAE pathogenesis, trying to
identify which Th cell subset is the main player during disease onset.
Initially several experimental data led to the consideration that Th1 cells, characterized by
the signature cytokine IFN-γ, were the pathogenic T cells mediating inflammation during
EAE development. Th1 cells are induced by TCR triggering followed by signal
transducer and activator of transcription (STAT) 1 signaling, induced by interferons
(IFNs). Phosphorylated STAT1 (pSTAT1) drives the expression of the Th1-master
transcription factor T-bet, which determines Th1 differentiation by trans-activation of
IFN-γ and the receptor for IL-12. Thus, Th cells become responsive to IL-12, which is
produced by activated APCs, and subsequent IL-12 signaling through STAT4 stabilizes
the Th1 phenotype.
IL-12 and IFN-γ have been detected in cerebrospinal fluid of MS lesions and IFN-γ was
found to be secreted by CNS-infiltrating T cells in EAE mice (Traugott & Lebon, 1988;
38

4. Introduction
4.5 T helper cell subsets and the role of cytokines in EAE

Merrill et al, 1992; Renno et al, 1995; Lock et al, 2002; Nicoletti et al, 1996a).
Additionally, T-cell clones producing IFN-γ, and Th1 cells generated in vitro were able to
induce EAE upon adoptive transfer (Baron et al, 1993; Segal & Shevach, 1996; Kuchroo
et al, 1993). Moreover it was shown that Th1 cells attracted and activated destructive
macrophages in the CNS lesions (Kuchroo et al, 1993) and that a deficiency in T-bet
conferred resistance to EAE (Bettelli et al, 2004). Furthermore IFN-γ treatment
exacerbated disease in MS patients (Panitch et al, 1987): IFN-γ is involved in many
activities that could be pathogenic in the CNS. For example, IFN-γ induces MHC-II
expression and activates CNS-resident microglia and macrophages and it induces the
production of specific chemokines important for inflammatory cell recruitment (Sanvito
et al, 2010).
Subsequent experimental data led to the paradigm that IFN-γ was the major pathogenic
cytokine in EAE. It was demonstrated that IL-12–⁄– (Gran et al, 2002; Becher et al, 2002),
IFN-γ–⁄– mice (Ferber et al, 1996) and animals lacking key Th1-associated factors,
including the signature molecules IFN-γR (the receptor for IFN-γ), STAT1, and IL-12p35
(one of the two subunits forming IL-12), remain very susceptible to the development of
multiple autoimmune diseases, including EAE (Cua et al, 2003; Bettelli et al, 2004),
experimental autoimmune uveitis (EAU) (Jones et al, 1997), and collagen-induced
arthritis (CIA) (Matthys et al, 1998). Indeed these observations question about the precise
role of IFN-γ in the pathogenesis of EAE.
IL-12 is a heterodimeric cytokine encoded by two separate genes, IL-12A (p35 subunit)
and IL-12B (p40 subunit), the latter shared by another important cytokine, IL23, formed
by the subunits p40 and p19. While mice lacking the p35 subunit remain very susceptible
to EAE induction, mice lacking the p19 subunit show disease resistance. The discovery
that the cytokine IL-23 is crucial for the development of autoimmunity (Langrish et al,
2005; Cua et al, 2003) shifted the focus from Th1 toward Th17 cells as the candidate for
the Th cell subset responsible of EAE development.
Differentiation of Th17 cells is driven by a combination of cytokines: TGF-β and IL-6
(Bettelli et al, 2006; Veldhoen et al, 2006), or TGF-β plus IL-21 (Korn et al, 2007), and
depends on STAT3 signaling (Yang et al, 2007). IL-1β can synergize with IL-6 to induce
murine Th17 cell differentiation, and, together with TGF-β, IL-6 and IL-21, IL-1β has
also been described as a critical differentiation factor for human Th17 cells (Yang et al,
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2008; Acosta-Rodriguez et al, 2007). IL-6 and TGF-β signals lead to the expression of
the Th17 specific transcription factor retinoic acid receptor-related orphan receptor-γt
(RORγt), which trans-activates many Th17- associated genes, including the signature
cytokines IL-17A and IL-17F (Zhou & Littman, 2009). Differentiation of naive T cells
into Th17 cells does not require IL-23. However, IL-23 is essential for terminal
differentiation of Th17 cells (Zheng et al, 2007), stabilization of their effector phenotype
(Awasthi et al, 2009; Jäger et al, 2009) and possibly for long-term survival and/or
expansion of pathogenic Th17 cells in EAE (Liu et al, 2010b).
Th17 cells are particularly suited for the promotion of autoimmune inflammation due to
production of IL-17, which induces secretion of multiple pro-inflammatory cytokines and
chemokines from responding parenchymal cells (Bettelli et al, 2008). IL-17-producing
cells have been detected in both EAE and MS lesions (Kebir et al, 2007). Moreover, IL17 neutralizing antibodies ameliorate EAE, and various studies have shown a reduced
incidence, severity, and delayed onset of EAE in the absence of IL-17A or its receptors
(Hofstetter et al, 2005; Komiyama et al, 2006; Gonzalez-García et al, 2009; Hu et al,
2010).
However, other observations have questioned the essential role of IL-17 in EAE: no
major decrease in EAE susceptibility was observed when the activities of both IL-17A
and IL-17F were neutralized (Haak et al, 2009) and studies showing the importance of
Th1 or Th17 cells, are based on detection of cytokines in the tissue, and they are
complicated by evidence that IL-17-producing cells can readily convert to IFN-γ
producing cells because of Th cells plasticity (Hirota et al, 2011).
While IL-17 and IFN-γ may not be essential for EAE induction, another T-cell cytokine,
granulocyte macrophage colony-stimulating factor (GM-CSF), appears to play a critical
role in EAE development (Pierson et al, 2012). GM-CSF is a growth factor for
granulocytes and macrophages, but also a pro-inflammatory cytokine. It promotes the
maturation and activation of monocytes and DCs: GM-CSF produced by T cells has been
linked to several autoimmune inflammatory diseases, including MS, myocarditis and
arthritis (Kroenke et al, 2008; Sonderegger et al, 2008). T cells do not have receptors for
GM-CSF (El-Behi et al, 2011a; Codarri et al, 2011a); instead, macrophages and DCs
respond to GM-CSF by increasing expression of MHC-II molecules and production of
cytokines. GM-CSF deficiency has been reported to result in impaired T cell expansion
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and Th17 differentiation in vivo through effects on DCs, which in these conditions
produce less IL-6 (Sonderegger et al, 2008; McQualter et al, 2001; King et al, 2010).
GM-CSF–/– mice are resistant to EAE (McQualter et al, 2001) since GM-CSF production
by T cells is required for their pathogenicity (Ponomarev et al, 2007) and these mice
show in the CNS a lower expression of MHC-II on microglia cells and fewer infiltrating
macrophages and myeloid cells compared to EAE wild type (wt) mice (McQualter et al,
2001; King et al, 2010). Microglial expression of the GM-CSF receptor is not required
for EAE induction but the accumulation of macrophages is dependent on stimuli from
GM-CSF (McQualter et al, 2001; King et al, 2010; El-Behi et al, 2011a; Codarri et al,
2011a; McGeachy, 2011). The precise mechanism by which GM-CSF promotes the
infiltration of macrophages into the CNS has not be described yet.
All together these observations underline the importance of GM-CSF in the promotion of
CNS inflammation: GM-CSF mobilizes Ly6Chi inflammatory monocytes from the bone
marrow (BM) into the bloodstream, facilitating their infiltration into the CNS during EAE
where they differentiate into inflammatory DCs and macrophage (King et al, 2009).
During EAE, GM-CSF drives the generation of migratory CD103+ DCs in LNs that
strongly promote differentiation of CD4+ T cells into effector T-cell subsets (King et al,
2010). Moreover, as mentioned before, GM-CSF upregulates MHC-II and proinflammatory cytokine expression in microglia, macrophages, and DCs (Codarri et al,
2011a; El-Behi et al, 2011a; Alvaro-Gracia et al, 1989).
An alternative role for GM-CSF in mediating autoimmune disease onset is that GM-CSF
produced by effector Th17 cells, induces IL-23 and other pro-inflammatory cytokines
production by DCs, which promote continued activation of Th17 cells and the de novo
generation of Th17 effector cells. Since Th17 are associated with chronic inflammatory
diseases, this IL-23/GM-CSF circuit and positive feedback loop regulation could help the
perpetuation of the disease cycle (Figure 4).
One possible way by which IL-23 drives GM-CSF production by Th17 cells is through
the binding of RORγt to ROR response elements (RORE) in the gene encoding GM-CSF
(Csf2). Other mechanisms may also promote GM-CSF production by Th cells, for
example the one mediated by IL-1, but they have not been well defined yet (Figure 4)
(McGeachy, 2011; El-Behi et al, 2011a; Codarri et al, 2011a).
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Figure 4: The central role of GM-CSF in Th17 cell-mediated inflammation in the CNS
(McGeachy, 2011).

Th1 cells, as Th17 cells, can produce, GM-CSF to induce EAE. Th1 cells produce lower
amount of GM-CSF compared to Th17 cells. In addition, the mechanisms driving GMCSF production by Th1 cells is not completely clear: IL-12 and IFN-γ are negative
regulators of GM-CSF, but Th1 cells can increase GM-CSF expression in the CNS of
EAE mice. The difference in GM-CSF expression and secretion could explain why IL-23driven Th17 cells are more pathogenic than IL-12-driven Th1 cells in EAE. Moreover,
IL-1 enhances production of GM-CSF by both Th17 and Th1 cells, although Th1 cells
seem to have lower expression of the IL-1R compared to Th17 cells. Th17-cell
production of GM-CSF seems to be influenced by multiple cytokines: IL-23 and IL-1β
upregulate T-cell production of GM-CSF by Th17 cells, whereas IL-12, IL-27, and IFN-γ
inhibit GM-CSF production (Codarri et al, 2011a; McQualter et al, 2001; McGeachy,
2011).
T-bet is the master transcription factor of Th1 cells but is also expressed by GM-CSF+.
Th17 cells. As T-bet, also RORγt is implicated as an important transcription factor for
GM-CSF expression, even if neither T-bet or RORγt are strictly required for GM-CSF
production by pathogenic Th cells (El-Behi et al, 2011a; Codarri et al, 2011a; McQualter
et al, 2001; McGeachy, 2011).
Based on the above discoveries on pathogenic Th17 cells and cytokines during EAE onset
and development, proposal was made that there are two different types of Th17 cells: a
subset, referred to as Th17(β), is generated in vitro by stimulation with IL-6 and TGF-β,
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expresses RORγt+ and aryl hydrocarbon receptor (AhR, the master trasncptional factor
for Th22 cells)+ and produces IL-17, IL-9 and IL-10. This Th17 subset is not pathogenic
when used in passive EAE model, possibly because of the absence of GM-CSF
production and instead production of IL-10, an important anti-inflammatory cytokine
(McGeachy et al, 2007). The second subset of Th17 cells, referred to as Th17(23), is
induced in vitro by stimulation with IL-6, Il-23 and IL-1β, expresses RORγt and T-bet
and produces Il-17, Il-22, IFN-γ and GM-CSF. This second subset of Th17 cells is
considered highly pathogenic in the mouse model of EAE (Figure 5) (Ghoreschi et al,
2010; El-Behi et al, 2011a; Codarri et al, 2011a; Peters et al, 2011).

Figure 5: Two different pathways leading to the development of pathogenic or not pathogenic
Th17 cells in the mouse model of EAE (El-Behi et al, 2011a; Codarri et al, 2011a; McGeachy et
al, 2007; Ghoreschi et al, 2010; Peters et al, 2011).
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PT is one of the most complex known toxin. It is exclusively produced by Bordetella
pertussis, the etiological agent of whooping cough, and even if the closely-related strains
of Bordetella parapertussis and Bordetella bronchiseptica contain the PT coding genes
(Marchitto et al, 1987), these are not expressed, because of an accumulation of nucleotide
changes in their promoter regions (Aricò & Rappuoli, 1987).
PT is a multimeric bacterial protein of 105 kDa and it is composed of five different
subunits, named accordingly to their decreasing molecular weights from S1 to S5. PT is a
member of the A-B family of protein toxins (Tamura et al, 1982). The enzymatically
active subunit is the largest, S1 subunit, also named the A protomer. Subunits S2 to S5
constitute a heteromultimeric complex referred to as the B oligomer, with the
stoichiometry: 1S2:1S3:2S4:1S5. The B oligomer is responsible for the binding of the
toxin to its receptors on the target cells surface. The S1 subunit contains regions of
homology to the active subunit of cholera toxin. Moreover S2 and S3 subunits, from the
B oligomer, share a high degree of sequence similarity (Locht & Keith, 1986; Nicosia et
al, 1986). The crystal structure of PT disclosed a molecule with a pyramid shape
characterized by a triangular base formed by the B oligomer (Figure 8) (Locht et al,
2011).
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Figure 8: Crystal structure of PT. On the left the side view and on the right the bottom view of the
holotoxin. The different subunits are labeled and shown in different colors (Locht et al, 2011;
Stein et al, 1994).

On top of this triangle, subunit S1 is stabilized via its C-terminal end which ends into the
center of the triangular base formed by five α-helices, each coming from one of the five
subunits of the B oligomer (Stein et al, 1994).
PT is a member of the adenosine diphosphate (ADP)-ribosylating toxin family (Katada &
Ui, 1982), similarly to other bacterial toxin, as cholera and diphtheria toxin. PT has
various biological activities and, because of that, it was originally referred to as
histamine-sensitizing factor, lymphocytosis-promoting factor, hemagglutinin and isletsactivating protein. Since almost every eukaryotic cell contains PT substrates, upon
secretion by B. pertussis, PT is able to interact with a very large variety of different target
cells, thus leading to the wide spectrum of the toxin biological activities. The first
identified PT acceptor substrate was the α-subunit of the trimeric G protein (Gi) (Bokoch
et al, 1983), a guanosine triphospahte (GTP)-binding signal-transducing regulator of the
membrane-bound adenylate cyclase. As a consequence of PT-mediated Giα ADPribosylation, negative regulation of the adenylate cyclase activity is inhibited and cyclic
adenosine monophosphate (cAMP) levels are increased in the target cells. Subsequently,
other G proteins have been identified as PT substrates. Many cell surface
sialoglycoproteins (Armstrong et al, 1988) could be PT receptors. Moreover PT can bind
to glycoproteins, such as haptoglobin and fetuin, which can be used as model proteins for
PT receptors. In addition, the toxin binds to the glycolipid GD1a with high affinity
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(Hausman & Burns, 1993). Receptors glycosylation is not an absolute requirement for PT
binding since even certain peptides can bind to the toxin (Bogdan et al, 2003). The PT
receptor proteins vary in size from 43 kDa (Rogers et al, 1990) to over 200 kDa (el Bayâ
et al, 1995), on the surface of human lymphocytes and on pancreatic β cell derived
insulin-secreting cells, respectively. Despite that most of the biological PT effects rely on
the ADP-ribosyltransferase activity catalyzed by S1, some activities, such as T cell
mitogenicity and hemagglutination, are only dependent on the B oligomer moiety.

Figure 9: Pertussis toxin ATP bindind site (Hazes et al, 1996).

Upon receptor-mediated endocytosis, the holotoxin traffics via the endosomal pathway
and Golgi apparatus to the endoplasmic reticulum, where it encounters adenosine
triphosphate (ATP) (Figure 9) and disulphide isomerases, that results in the S1 subunit
release from the B oligomer. S1 then translocates directly, without further help from the
B pentamer, through the endoplasmic reticulum membrane into the cytosol (Xu &
Barbieri, 1995; el Bayâ et al, 1997) (Figure 10). Inside the target cells PT-induced cAMP
accumulation, disturbing cellular metabolic processes. This accumulation is at the origin
of most of the systemic pathological events caused by B. pertussis infection (Locht et al,
2011).
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Figure 10: Intracellular trafficking of PT (Locht et al, 2011).

It has been demonstrated that PT may activate both MyD88- dependent and independent
signaling pathways in DCs, whereas a form of the toxin, enzymatically inactive,
preferentially triggers the MyD88-independent pathway (Fan et al, 2004). MyD88 plays
an important role in immunity as adapter protein in the intracellular signal transduction of
both TLRs and IL-1R. MyD88 mediates receptor signaling leading to NF-κB (the nuclear
factor κ-light-chain-enhancer of activated B cells) activation, which results in the
production of many pro-inflammatory cytokines, such as IL-6 or IL-12, by activated cells
(Akira, 2003). Among the TLRs upstream of MyD88, some studies have highlighted the
role of TLR4 signaling in mediating PT activation of DCs and macrophages (Fan et al,
2004; Wang et al, 2006; Kerfoot et al, 2004). Furthermore, by using a genetically
detoxified PT, it has been observed the possible involvement of TLR2 signaling pathway
in PT-mediated DCs activation (Nasso et al, 2009; Locht et al, 2011). It has been shown
that another B. pertussis virulence factor, the adenylate cyclase toxin (CyaA), promotes
innate IL-1β production via activation of NLRP3 inflammasome leading to the
polarization of T cell towards Th17 subset that plays important role in bacteria clearance
from the respiratory tract in infection model (Dunne et al, 2010). Moreover it has been
observed that CyaA synergizes with lipopolysaccharide (LPS) to promote innate
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interleukin-10 production and enhances the induction of Th2 and regulatory T cells (Ross
et al, 2004).
Another mechanism is mediated by the enzimatically inactive B protomer of PT: it has
been demonstrated that B subunits are able to block chemokine receptors (such as CCR5
and CXCR4) expressed in different immune cell types, including T and B cells and
monocytes (Alfano et al, 1999; Schneider et al, 2009).
Antigen- specific T and B cells mediate the protective adaptive immune response, driven
by specialized APCs such as DCs and macrophages, against B. pertussis infection. In
several studies, it has been observed that PT may induce DCs maturation, leading to the
up-regulation of co-stimulatory molecules and to the production of pro-inflammatory
cytokines. The activity of PT, leading to DCs activation and maturation, can be directly
associated with its well described adjuvant properties (Denkinger et al, 2007; Ryan et al,
1998); however the enzymatic activity role in driving the effects of the toxin on APCs is
still controversial (Bagley et al, 2002; Fan et al, 2004). It has been shown that PTactivated DCs will subsequently lead to the polarization of Th1 cells (Hou et al, 2003;
Wakatsuki et al, 2003). Nonetheless, some reports indicated that PT is able to
concomitantly enhance both Th1 and Th2 cells (Hofstetter et al, 2002; Mu & Sewell,
1994) through costimulation mediated by CD80 ⁄ CD86 molecules (Denkinger et al,
2007). Additionally, it has been observed that PT, when used as an adjuvant for T cells
activation, promotes Th17 cells differentiation through IL-6 induction (Chen et al, 2007a;
Hofstetter et al, 2007), accordingly with other studies showing that B. pertussis infection
is able to induce a mixed Th1 ⁄ Th17 immune response (Andreasen et al, 2009; Skerry &
Mahon, 2011; Locht et al, 2011).
The role of PT in EAE as well as in other autoimmune diseases (EAU, glucose-6phosphate isomerase (GPI)-induced arthritis, experimental autoimmune myocarditis)
induction is unclear. Administration of PT for the induction of autoimmune pathology is
strictly required and it has been showed that PT enhances disease induction in rats and
other species and that it is essential for inducing disease in mice. In a spontaneous EAE
mouse model, PT administration alone can induce the disease onset and development
(Goverman et al, 1993). It has been assumed that the adjuvant effect of PT in the
induction of EAE is the results of a histamine sensitizing activity that affects the vascular
permeability of the CNS, thus enabling the access of self-reactive T cells to the target
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tissue (Kügler et al, 2007; Linthicum et al, 1982). PT also promotes the production of
Th1 cytokines and low doses of PT promote a delayed-type hypersensitivity response
(DTH) (Agarwal et al, 2002; Silver et al, 1999). High doses of the toxin can result in
reduced disease or DTH (Agarwal et al, 2002; Su et al, 2003). The mechanism of this
dose dependent effect of PT is unknown. Moreover, PT could induce some MBP
presenting cells, such as microglia, to secrete cytokines they do not synthesize normally.
PT-sensitive G proteins are expressed by a variety of cells in the lymphoid tissues and in
the CNS, such as macrophages, neutrophils, dendritic cells, microglia, astrocytes and
oligodendrocytes. Some other research groups demonstrated that administration of PT
prevents induction of T cell anergy (Kamradt et al, 1991; Goverman et al, 1993).
Recently it has postulated that PT ability in the induction of EAE is linked to the
suppression of IL-10 production by DCs during disease onset and development (Zhou et
al, 2014). It has been shown that PT may reduce the number and function of regulatory
CD4+ T cells (Cassan et al, 2006; Chen et al, 2006). On the other hand it has been shown
that repetitive injection of PT leads to EAE protection, thanks to a decreased proliferation
and pro-inflammatory differentiation of self-reactive T cells. In this experimental system
PT administration leads to Treg expansion and regulation of the autoimmune disease
development (Weber et al, 2010). About CD8+ T cells, it is known that PT induces their
polyclonal activation and effector functions, with upregulation of CD28 and CD69 and
the production of IFN-γ and IL-17 (Locht et al, 2011; Murphey et al, 2011).
Conclusively, the mechanisms of the promotion of experimental autoimmune diseases by
PT may be based upon PT-induced disruption of the blood barriers facilitating the
infiltration, the modulation of migration and the enhancement of the activation of
inflammatory cells. PT enhances frequency and severity of EAE probably mimicking
some unknown environmental hit (Linthicum et al, 1982; Goverman et al, 1993; Yadav et
al, 2010).
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Many cells respond to activation stimuli by producing and secreting several cytokines,
that usually are under transcriptional control and, upon induction, released outside the
cytoplasm by secretory pathway. IL-1β and IL-1-cytokine family members, with the
exception of IL-1R antagonist (IL-1Ra), differ from other cytokines because they lack a
leader sequence and are expressed in the cytoplasm of cells as biologically inactive proforms (Latz, 2010).
Originally IL-1 family was composed only by IL-1α and IL-1β, since these cytokines
have been the first to be discovered and cloned and because of their strong proinflammatory effects. Over the years IL-1 family has expanded and it is now composed
by 11 members, each of them involved in several pro- and anti-inflammatory immune
mechanisms (Table 1) (Dinarello, 2011).

Table 1: The IL-1 family members: receptor, coreceptor and property (Dinarello, 2011).
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Since these 11 members of the IL-1 family have a highly conserved gene structure and a
more modest preservation of key amino acid sequences that allow the folding of each
protein into a 12-stranded β-barrel, probably they arose from the duplication of a common
ancestral gene. All the genes encoding IL-1 family members, with the exception of IL-18
and IL-33, are clustered in a 400 kb region of human chromosome 2 (Taylor et al, 2002;
Nicklin et al, 2002).
Cellular sources of IL-1 family members and their effects on innate immune cells are
briefly summarized in Figure 11 (Sims & Smith, 2010).

Figure 11: Cellular sources of IL-1 family members and their effects on innate immune cells
(Sims & Smith, 2010).

All the IL-1 family cytokines are extracellular in their mature form. Only the gene for IL1Ra encodes a signal peptide enabling secretion of the cytokine by the endoplasmic
reticulum and Golgi apparatus. IL-1β and IL-18, have pro-domains at their amino termini;
they require the cleavage by a protein assembly known as the inflammasome for the
biologically active forms generation and secretion (Martinon et al, 2009). Also IL-1α has
a pro-domain, that can be cleaved by the cysteine protease calpain, but, unlike IL-1β and
IL-18, this is not required for its biological activity. IL-36Ra, IL-36α, IL-36β, IL-36γ and
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IL-33 have biological activity as full-length molecules, although they are less potent than
forms lacking the complete N termini, the putative processed peptide (Lüthi et al, 2009;
Talabot-Ayer et al, 2009). The inflammasome does not process these molecules and the
mechanism of secretion of these other IL-1 family members remains unknown (Figure
12) (Sims & Smith, 2010).

Figure 12: IL-1 family members: processing, receptors and regulation (Sims & Smith, 2010).

IL-1 family members signal through a group of closely related receptors characterized by
encoding genes also clustered in a short region of human chromosome 2. The IL-1
receptors (IL-1Rs) family comprises 9 distinct genes and includes coreceptors, decoy
receptors, binding proteins, and inhibitory receptors (Figure 13) (Dinarello, 2011, 2009).
IL-1Rs are composed by an extracellular immunoglobulin domains, the IL-1 receptor
type I (IL-1RI) and a Toll/IL-1 receptor (TIR) domain in the cytoplasmic portion. First,
the ligand binds to its primary receptor subunit: IL-1α or IL-1β binds to IL-1RI, the
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ligand-binding chain. Binding of the ligand allows the recruitment of a second receptor
subunit, the coreceptor chain, termed IL-1R accessory protein (IL-1RAcP) (Figure 12 and
13). Indeed, a complex is formed between IL-1RI, IL-1 and the coreceptor IL-1RAcP.
Therefore, formation of the receptor heterodimer induces signaling because the
juxtaposition of the two TIR domains enables the recruitment of the adaptor protein
MyD88. This process allows the phosphorylation of IL-1R-associated kinases (IRAKs)
and inhibitor of NFκB kinase (IKK), NF-κB translocation to the nucleus and the
expression of a large number of inflammatory genes (Figure 13).
IL-1R and TLR share similar functions: each of the 11 human TLRs has a unique
extracellular domain, which recognize bacterial products, nucleic acids, and some
endogenous lipoproteins. TLR has in the intracellular compartment a functional TIR
domain as the IL-1RI does. Similar to IL-1Rs, almost all TLRs recruit the intracellular
adaptor protein MyD88 to the TIR domain as the first step to initiate signal transduction.
The TIR domain is also present in two of the IL-1 family receptors that function to inhibit
inflammation: the single Ig IL-1-related receptor (SIGIRR) (Garlanda et al, 2009) and IL1R accessory protein called IL-1RAcPb (Smith et al, 2009). In these receptors the TIR
domain has amino acid substitutions (indicated in Figure 13 as TIRb), altering charge
distribution and preventing intracellular signaling because of MyD88 recruitment
inhibition (Dinarello, 2009). Moreover deletion of the TIR domain from IL-1RI prevented
IL-1 signaling (Smith et al, 2009). IL 1 receptor type II (IL-1RII) does not signal because
it lacks a cytoplasmic segment, and, without a TIR domain, docking of MyD88 and thus
receptor signaling cannot take place (Figure 13). It has been shonw that this receptor is
expressed mostly on macrophages and B cells. IL-1RII functions as a decoy receptor for
IL-1β because it binds IL-1β with a greater affinity than that of IL-1RI, leading to IL-1β
sequestration (Figure 13) (Dinarello, 2011; Colotta et al, 1993).
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Figure 13: Signaling and inhibition of signaling by IL-1Rs (Dinarello, 2011)

Many of the IL-1 family members, as IL-1β and IL-1α, are produced in response to TLR
signaling. These pro-inflammatory cytokines probably evolved as biological method to
spread and amplify the danger message to other parts of the body or to cells that cannot
recognize microbial products directly. By their activating and cytokine-inducing effects
on cells of the innate immune system, IL-1 family members represent a crucial link in
translating the innate immune responses into the appropriate adaptive ones (Sims &
Smith, 2010).

54

4. Introduction
4.8 The inflammasomes

4.8 The inflammasomes

IL-1β and IL-18 precursors molecules are synthesized at low level in steady state
conditions in the cell cytoplasm, where they are the substrates of the cysteine protease
caspase-1, that cleaves the longer inactive form of precursors, leading to the release of
shorter, mature and biologically active cytokines. Caspase-1 itself is present in the cell
cytoplasm as an inactive precursor molecule and it is activated by proteolytic selfprocessing (Thornberry et al, 1992).
The inflammasome is a complex of multiple proteins identified as the activator of
caspase-1 (Martinon et al, 2009). Inflammasome is essentially composed by a sensor
protein, the adapter protein ASC, and the inflammatory protease caspase-1. Changing in
the conformation of the sensor protein determine the assembly of the inflammasome
platform, which will finally activate caspase-1 for the cleavage of pro-IL-1β and pro-IL18.
Four different receptors may form the inflammasome: three of them belong to the NLR
protein family (NLRP1, NLRP3, and NLRC4), while one is a receptor of the HIN
(hemopoietic expression, interferon-inducibility, nuclear localization) group of proteins
(AIM2) (Figure 14) (Horvath et al, 2011). Formation of the NLRP1, NLRC4, and AIM2
inflammasomes is associated to specific stimuli, while the NLRP3 (NOD-like receptor,
pyrin domain containing-3) inflammasome, the most studied and then the most known
type of inflammasome, is activated in response to several physically and chemically
triggers.
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Figure 14: Four different inflammasomes: domains organization and composition (Horvath et al,
2011).

Two main steps are required for a successful NLRP3 inflammasomes activity and for the
final secretion of the mature form of IL-1β and IL-18: the priming and the activation steps
(Figure 15) (Horvath et al, 2011).
-Priming step. In resting cells, NLRP3 proteins levels are too low to enable
inflammasome activation. Moreover pro-IL-1β and pro-IL-18 are not constitutively
expressed in the cytoplasm of myeloid cells in steady state conditions, but the
transcription of the pro-forms is rapidly inducible upon exposure to various inflammatory
stimuli. Most of the studies on the inflammasome, use LPS to raise pro-IL-1β levels prior
to the inflammasome stimulation. Transcriptionally active signaling receptors, such as
PRRs or cytokine receptors, induce NF-κB-dependent induction of NLRP3 and of the
substrates for the caspase-1. Signal one is therefore acting to induce the transcription of
NLRP3 to sufficient levels for its activation, and this priming signal acts at the same time
in the induction of pro-IL-1β and pro-IL-18 transcription, awaiting its cleavage after
inflammasome activation (Figure 15) (Horvath et al, 2011; Bauernfeind et al, 2009;
Franchi et al, 2009).
-Activation step. The second signal, the activation step, leads to the assembly of a multimolecular inflammasome complex together with the proteins ASC and pro-caspase-1,
changing thus the signaling incompetent conformation of NLRP3 to the active structure.
Multiple signals can be potentially provided in combination and trigger the formation of
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an active inflammasome, finally obtaining the cleavage and release of bioactive IL-1
cytokines (Figure 15) (Halle et al, 2008; Duewell et al, 2010; Hornung et al, 2008). Three
possible machanisms, probably not exclusive, by which the inflammasome is activated
have been proposed (Figure 15). First, reactive oxygen species (ROS), evolutionarily
conserved danger signals, are the proximal signals for NLRP3 inflammasome activation.
Elevated ROS production has been observed upon treatment with many NLRP3 activators
(Cassel et al, 2008; Cruz et al, 2007; Dostert et al, 2008). Secondly, potassium (K+)
efflux, through endogenous ion channel or a pore-forming bacterial toxin, leads to
decreased cytoplasmic K+ levels and thereby inflammasome activation (Schroder &
Tschopp, 2010; Pétrilli et al, 2007). Consistent with these hypotheses, several reports
have shown that sequestration of ROS or blockade of K+ efflux induced by most of the
NLRP3 activators, suppresses inflammasome activation as measured by caspase-1
activation and IL-1β maturation (Cassel et al, 2008; Cruz et al, 2007; Dostert et al, 2008;
Pétrilli et al, 2007; Gross et al, 2009; Shio et al, 2009). Third, the phagocytosis of
particulate, agonists or live pathogens can be followed by disruption of the lysosomal
membrane, causing release of putative NLRP3-activating lysosomal contents into the
cytosol (Hornung et al, 2008; Halle et al, 2008). This hypothesis is supported by the
efficacy of phagocytosis inhibitors in blocking inflammasome activation by particulates.
Despite these three established and studied factors of inflammasome activation (the
involvement for K+ efflux, elevated ROS levels, and lysosomal rupture) we still have very
little insight into the mechanism by which they act.
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Figure 15: The NLRP3 inflammasome: priming and activation step (Horvath et al, 2011).

For the other inflammasomes AIM2 (Hornung et al, 2009) NLRP1 (Boyden & Dietrich,
2006) and NLRC4 (Franchi et al, 2006) the activation mechanisms seem to follow the
conventional model of PRRs (Medzhitov, 2009): specific pathogen-associated molecular
patterns (PAMPs), upon their entry into the cytoplasm, induce inflammasome activation.
For NLRP3, the picture is more complex, since it responds to a specific foreign activator
and does not follow the standard model of foreign molecular patterns recognition.
Both priming and activation steps are regulated by important feedback loops (Figure 16).
The induction of anti-inflammatory cytokines, such as IL-10, controls the effects of LPS
in the priming of myeloid cells for the transcription of NLRP3 and pro-IL-1β. IL-10dependent regulation of IL-1α and IL-1β levels was first described when it was observed
an increase in the levels of IL-1α and IL-1β by neutralizing LPS-induced IL-10 in
myeloid cell cultures (Gross et al, 2011; de Waal Malefyt et al, 1991; Fiorentino et al,
1991). IL-10 acts in an autocrine and / or paracrine manner to suppress the intracellular
concentration of pro-IL-1β and IL-10 production is triggered by IFN-α and IFN-β, which
synergize with LPS to enhance IL-10 production (Guarda et al, 2011; Chang et al, 2007).
Moreover autophagy regulates IL-1β production via the removal of damaged
58

4. Introduction
4.8 The inflammasomes

mitochondria, potent sources of ROS driving NLRP3 activation. Additionally,
autophagosomes sequester intracellular stores of pro-IL-1β and target it for degradation.
Interactions between ligands of the TNF superfamily and their receptors mediate the
block of NLRP3 inflammasomes by effector and memory T cells (Figure 16) (Rathinam
et al, 2012).

Figure 16: NLRP3 inflammasome regulation mechanisms (Rathinam et al, 2012).

Other mediators control the levels of pro-IL-1α and pro-IL-1β induced by inflammatory
stimuli, as for example the anti-inflammatory cytokines TGF-β and IL-35 or antiinflammatory lipid mediators. Moreover the action of IL-1α and IL-β could be antagonize
by the feedback secretion of IL-1Ra, which competes with them for the binding to the
receptor.
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It has been shown that IL-1 family cytokines may influence T cells phenotype and the
activation of early polarized Th1, Th2 and Th17 cell subsets. Members of the IL-1 family
appear to be involved in both activation, maintenance and subsequent lineage
commitment decision of CD4+ T cells (Figure 17) (Sims & Smith, 2010).
IL-1β signaling in T cells markedly induces robust and durable primary and secondary
CD4+ T cells responses and IL-1β enhances antigen-primed CD4+ and CD8+ T-cell
expansion, differentiation, and migration to the periphery and the acquisition of a
memory phenotype (Sims & Smith, 2010; Ben-Sasson et al, 2009, 2011). Several reports
showed that IL-1β plays a key role for the differentiation, development and maintenance
in vivo and in vitro of the Th17 cell subset, which express the IL-1R, as well as for the
promotion of IL-17 and IL-22 producing memory T cell responses in both mice and
humans (Chung et al, 2009; Staschke et al, 2009; Kryczek et al, 2007; Acosta-Rodriguez
et al, 2007; Wilson et al, 2007; Sutton et al, 2006). In fact, IL-1β can contribute to Th17
cell development by the induction of the transcription factor IFN regulatory factor 4
(IRF4), required for Th17 (and Th2) cell development (Brüstle et al, 2007; Chung et al,
2009). Moreover, by cooperating with STAT3-inducing cytokines, IL-1β induces RORγt
and IL-1R expression, reinforcing Th17 cell functions. It has been demonstrated that mice
deficient for the expression of IL-1R have a decreased Th17 cell responses after selfantigen in adjuvant immunization, showing protection to EAE induction (Chung et al,
2009; Sutton et al, 2006). Th17 cells are particularly prevalent in the gut: this fact may be
explained by the enhanced inflammasome activation and thus IL-1 secretion in response
ATP, a strong activator of the inflammasome through the P2X7 purinergic receptor,
derived from commensal bacteria (Atarashi et al, 2008). Additionally, IL-2 inhibits Th17
cell development by down-regulating the expression of RORγt, IL-1R and IL-23R
(Kryczek et al, 2007; Chung et al, 2009). IL-1β can also interfere with the development
of Th1 cells by decreasing IL-12R expression and by interfering with IL-6 induced
phosphorylation of STAT1, an upstream activator of the key IFN-γ transcription factor Tbet (Shen et al, 2000; Meng et al, 2009).
IL-1β signaling influences not only the development of specific CD4+ T effector subsets,
but it also regulates the interaction between effector and Treg cells. Treg cells express the
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IL-1R (Chaudhry et al, 2009; Mercer et al, 2010) even if the roles of IL-1 on Treg cell
functions are not clearly understood. IL-1β signaling had been suggested to compromise
the suppressive capability of Treg cells (Mercer et al, 2010; O’Sullivan et al, 2006) by an
unknown mechanism requiring STAT5 (Laurence et al, 2007). Additionally, as it will be
described in paragraph 4.11, IL-1 may act on naive and effector T cells in order to make
them refractory to the suppressive activity of Treg cells (Schenten et al, 2014). It has been
also shown that Treg cells, through Il-1R expression, may deprive CD4+ effector T cells
of IL-1β (Chaudhry et al, 2009). Moreover, IL-1β may enable the conversion of induced
Treg cells into Th17 cells: as a matter of fact, in an inflammatory milieu, Treg cells can
be reprogrammed into IL-17 secreting T cells (Beriou et al, 2009) and this
reprogramming requires IL-1β (Chung et al, 2009). Furthermore, IL-1β activates IL-1Rassociated kinase (IRAK1), which enhances STAT3 transcriptional activity by the
phosphorylation of Ser727 (Beriou et al, 2009). IRAK1 also inactivates nuclear factor of
activated T cells (NFAT), a transcription factor that is required for the induction of the
Treg cells associated transcription factor forkhead box P3 (FOXP3) (Wang et al, 2008).
γδ T cells make high amount of IL-17 after stimulation with IL-1β and IL-23, and these
cells can infiltrate the brain and may have an important role in driving EAE development
(Sutton et al, 2009). IL-17 production by γδ T cells in response to IL-1β is TCR
stimulation-independent.
In addition to its role in Th17 cell biology, however, it has been suggested that IL-1β
plays an important role in the generation of both primary as well as secondary Th1 cell
responses (Ben-Sasson et al, 2009; Sims & Smith, 2010). Some studies detected IL-1R on
naive and Th1 cells, whereas others found no evidences for the expression of the receptor
(Chung et al, 2009; Guo et al, 2009; Taylor-Robinson & Phillips, 1994): nonetheless, it
seems that IL-1 signaling contributes to the generation of Th1 cell responses. For
example, it has been shown that IL-1β promotes the upregulation of the IL-2 receptor α
chain (CD25), prevents apoptosis, and enhances Th1 cell expansion (Ben-Sasson et al,
2009; O’Neill, 2008). Moreover, BM chimeras harboring IL-1R–/– T cells have reduced
numbers of Th1 cells during the course of EAE (Ben-Sasson et al, 2009; Chung et al,
2009). Therefore, IL-1β plays a role in the generation of both Th1 and Th17 cell
responses.
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IL-18 and IL-33 reinforce the polarization of T cells into Th1 and Th2 subsets,
respectively, by working in cooperation with other cytokines that activate STAT4 for Th1
cells and STAT5 for Th2 subset, as well as IL-1β does with STAT3 (Guo et al, 2009).
Moreover it has been observed that IL-18 plays a role in inhibiting the suppressive
capability of Treg cells, expressing IL-18R (Carroll et al, 2008). The combination of the
correct STAT and the correct IL-1R signals leads to increased expression of the relevant
subset-specific transcription factor (T-bet for Th1 cells, GATA3 for Th2 cells and RORγt
for Th17 cells) and of the appropriate IL-1R to reinforce the polarized phenotype (Figure
17) (Sims & Smith, 2010).
Notably, each of the IL-1 family members and most of the other cytokines that are
necessary for the activation of the relevant STAT molecules can be produced in a TCRindependent manner. Thus, the effector functions of memory T cells at the site of
inflammation can be induced without specific antigen. (Sims & Smith, 2010).
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Figure 17: The effects of IL-1 family members on CD4+ T cells (Sims & Smith, 2010).
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IL-1β, that is released in the CNS by monocytes, microglial cells, astrocytes and brain
endothelial cells (Corsini et al, 1996), is involved in inflammatory reactions of the CNS
(Cannella & Raine, 1995; Schrijver et al, 1999). In normal CNS tissue, there is almost no
expression of IL-1β, but in MS lesions increased levels of this cytokine have been
described (Cannella & Raine, 1995).
Mice lacking either IL-1β or IL-1R show resistance to EAE induction. Furthermore, a
failure to induce EAE in IL-1R–/– mice has been associated with a failure to generate
Th17 cells (Sutton et al, 2006). Treatment of EAE mice with IL-1 inhibitors or IL-1Ra
administration delays onset, reduces severity and shortens the duration of the disease
(Sutton et al, 2006; Chung et al, 2009; Matsuki et al, 2006; Badovinac et al, 1998; Martin
& Near, 1995). It has been shown that the balance between IL-1β and IL-1Ra production,
rather than the absolute level of each cytokine alone, might be of importance for MS and
that abnormal T cell activation caused by the imbalance of the IL-1/IL-1Ra system could
be responsible for the development of EAE (Matsuki et al, 2006). Interestingly IFN-β and
glatiramer acetate, therapies for multiple sclerosis, raise serum levels of IL-1Ra both in
EAE and in MS patients (Nicoletti et al, 1996b; Burger et al, 2009).
It has been demonstrated that type I IFN controls NLRP3 inflammasome activity and IL-1
production, raising IL-10 levels, and accounting for both the efficacy of IFNs in
therapeutic settings and the immunosuppressive effects of this cytokine after viral
infection. Type I IFN strongly suppressed IL-1 production because of STAT1-dependent
inhibition of NLRP3 and NLRP1 inflammasome activity. In BM-derived macrophages,
type I IFN enhanced the production of IL-10, which in turn decreased the levels of proIL-1α and pro-IL-1β, as described above in paragraph 4.8. Moreover, it has been shown
that monocytes derived from IFN-β-treated MS patients have decreased ability to produce
IL-1β in response to inflammasome stimulation, recapitulating the suppressive effects of
type I IFN in NLRP1 and NLRP3-triggered inflammasomes activity and caspase-1dependent IL-1β production (Guarda et al, 2011).
In addition, IL-1β increases BBB permeability; it has been shown that in human
astrocytes, IL-1β induced the expression of genes favoring vessel plasticity, including
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HIF-1α (hypoxia-inducible factor 1-α) and its target, vascular endothelial growth factor-A
(VEGF-A) (Argaw et al, 2006). Moreover IL- β induces a redistribution of CXCL12 in
the brain blood vessels from its normal location on the parenchymal side to a depolarized
distribution on both sides of the endothelium, leading to vascular leakage and to the entry
of T cells into the brain parenchyma in the early phase of disease process (McCandless et
al, 2009).
During EAE, caspase-1 mRNA blood levels increase in parallel with those of proinflammatory cytokines, such as IL-1β, IL-6, TNF-α, and IFN-γ, and peak at the time of
maximal EAE severity. In caspase-1 deficient mice it has been observed a reduction of
EAE incidence and severity, depending on the amount of the MOG peptide used and on
its immunogenicity. Pharmacological blockade of caspase-1 reduces the incidence of
EAE in a preventive but not therapeutic protocol. These data indicate that caspase-1 plays
an important role in the immune-mediated pathogenic events leading to EAE and might
represent a suitable therapeutic target of the active phase of the immune-mediated
inflammatory demyelination (Furlan et al, 1999).
Deficiency in ASC does not affect MOG-specific T cell proliferation or cytokine
production in the periphery. However, ASC plays a role in the peripheral survival of
mature CD4+ T cells. Therefore, ASC–/– mice have reduced numbers of MOG-specific T
cells in the LN and CNS resulting in protection from EAE (Shaw et al, 2010).
NLRP3 inflammasome plays a critical role in inducing Th cell migration into the CNS.
To gain migratory ability, CD4+ T cells need to be primed by NLRP3 inflammasomesufficient APCs to up-regulate chemotaxis-related proteins, such as osteopontin, CCR2,
and CXCR6. In the presence of the NLRP3 inflammasome, DCs and macrophages also
induce chemotactic ability and up-regulate chemotaxis-related proteins (Inoue et al,
2012).
IL-18 is also expressed in the brain tissue lesions of patients with MS, and its levels are
increased in cerebrospinal fluid and serum, especially during relapse. IL-18 may promote
development and increase in the severity of EAE by enhancing Th1 cell and NK cell
responses (Shi et al, 2000). However, conflicting results have been obtained with IL-18–/–
mice regarding whether IL-18 is required for disease progression (Shi et al, 2000;
Gutcher et al, 2006).
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Finally, although conflicting data exist, polymorphisms encoded within the IL-1 cluster of
genes located on long arm of chromosome 2 have been associated with MS onset
susceptibility (Schrijver et al, 1999; Kantarci et al, 2000; Luomala et al, 2001; Sciacca et
al, 1999; Wansen et al, 1997; de Jong et al, 2002).
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Multiple control levels determine the instruction of the innate immune system to the
adaptive one: the activation of PRRs on APCs, such as TLRs on DCs, leads to the
upregulation of costimulatory molecules and secretion of pro-inflammatory cytokines that
promotes the priming and activation of different Th cell subsets. Moreover the activation
of the innate immune system provides a critical discrimination between self and non-self
and, indeed, is essential for the activation of a specific T cell responses against a given
infection and antigen (Mills, 2011; Iwasaki & Medzhitov, 2010; Schenten & Medzhitov,
2011).
As previously described, the active induction of EAE in C57BL/6 wt mice requires the
immunization with MOG peptide emulsified in CFA. Since CFA contains killed
Mycobacterium tuberculosis, PAMPs from these bacteria may activate innate immune
responses, which in turn promote pathogenic autoreactive T cell responses (Mills, 2011).
An increased TLRs expression within the CNS during EAE has been observed, even in
the absence of any apparent microbial involvement. Moreover it has been shown that
mice knock out for MyD88, the common adaptor molecule of the IL-1R and TLR
signaling pathway, are completely resistant to both passive and active EAE induction
(Mills, 2011; Prinz et al, 2006; Marta et al, 2008; Miranda-Hernandez et al, 2011;
Schenten et al, 2014).
With the exception of TLR3, all of the TLRs, use MyD88 for the intracellular activation
of inflammatory mediators (Figure 18) (Ruggiero, 2012; Mills, 2011).
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Figure 18: TLRs and intracellular signaling pathways (Ruggiero, 2012).

MyD88 is an essential modulators of EAE process during the effector phase of the
disease due to the fact that endogenous danger signals modulate the disease pathogenesis
(Prinz et al, 2006). MyD88–/– mice are completely EAE resistant and purified splenic
MyD88–/– DCs express much less IL-6 and IL-23, leading to a reduced IL-17 and IFN-γ
production by T cells (Marta et al, 2008). MyD88–/– mice are also resistant to passive
EAE induction: MOG-specific autoreactive T cells migrate to the CNS once transferred
in the MyD88–/– host mice and they produce IFN-γ, but inflammatory infiltrates do not
progress and clinical EAE does not develop. The resistance of the MyD88–/– mice to
adoptive EAE has been found to result from the secretion of IL-10 by Treg and MOGspecific T cells (Cohen et al, 2010). Furthermore MyD88 and, by extension, TLR
activation in T cells has been suggested to deliver a survival signal to CD4+ T cells
(Gelman et al, 2006; Rahman et al, 2008).
Following an active EAE induction characterized by a double immunization with the
MOG peptide in the CFA emulsion, TLR1–/–, TLR4–/– and TLR6–/– mice have a normal
susceptibility to disease while disease severity is reduced in TLR2–/– and TLR9–/– mice,
although not as dramatically as in MyD88–/– mice. These results are confirmed by passive
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adoptive transfer of EAE into TLR2–/– and TLR9–/– mice (Prinz et al, 2006; MirandaHernandez et al, 2011) and implicate a role for TLR9-induced innate immune activation
in promoting the pathogenic function of autoreactive T cells (Prinz et al, 2006). Indeed,
APC activation through TLR9 could break tolerance and facilitate the induction of EAE
(Ichikawa et al, 2002). This is consistent with the demonstration that TLR9 activation can
circumvent tolerance and promote intestinal inflammation by suppressing the generation
of Treg cells (Hall et al, 2008; Schenten et al, 2014). Protection in the absence of TLR2 is
associated with fewer infiltrating CD4+ cells in the CNS, reduced prevalence of
detectable circulating IL-6, and increased proportions of Tregs (Miranda-Hernandez et al,
2011).
Nevertheless, it has been shown that, after a standard single immunization for active EAE
induction with MOG-CFA, TLR9–/–, as well as TLR4–/–, mice exhibit more severe EAE
symptoms than wt animals, because of an increased expression of IL-6, IL-17 and IL-23
(Mills, 2011; Marta et al, 2008; Prinz et al, 2006; Schenten et al, 2014).
Additionally, parenteral injection of polyinosinic-polycytidylic acid (polyI:C), a TLR3
ligand, suppresses relapsing-remitting EAE, and this is associated with an increased IFNβ production (Touil et al, 2006).
Mice with a lymphoid cell-specific TLR2 deficiency are less susceptible to EAE and have
reduced Th17 responses compared to wt controls. When EAE is induced following
adoptive transfer of TLR2-deficient T cells the reduction in disease severity and in IL-17
production is even more dramatic, suggesting that TLR2 signaling in T cells may be
important for the induction of EAE (Reynolds et al, 2010). TLR2 may be involved also in
the activation of microglia, astrocytes or CNS-infiltrating macrophages during the
development of EAE (Farez et al, 2009b).
The precise patterns of TLR expression in specific CD4+ T cell subsets are still subject to
debate (Cairns et al, 2006; Caramalho et al, 2003; Fukata et al, 2008; González-Navajas
et al, 2010; Kabelitz, 2007) and the effective expression and signaling of TLR on T cells
is not well understood yet (Schenten et al, 2014). Some studies report several effects of
TLR stimulation in T cells: it has been shown that T cell-specific TLR2 activation can
enhance the generation of Th17 cell responses (Reynolds et al, 2010) and that TLR9
agonists stimulation of CD4+ T cells enhances proliferation, survival, and secretion of IL2 (Gelman et al, 2004). A major role for T cell-specific TLR4 or TLR9 activation in the
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generation of Th1 or Th17 cells has not been observed (Schenten et al, 2014). Some
TLRs also appear to influence natural Treg cells by dampening their suppressive
capabilities, in part by lowering the expression of FOXP3 (Schenten et al, 2014; LaRosa
et al, 2007; Liu et al, 2006; Sutmuller et al, 2006). Thus, TLRs seem to modulate both
CD4+ effector and regulatory T cell in order to promote a specific generation of CD4+ T
cell response (Schenten et al, 2014).
It has been recently shown that T cell-intrinsic MyD88 activation delivers an important
signal for the induction of CD4+ T cell responses in vivo. Impairment of the CD4+ T cell
response in mice with the specific ablation of MyD88 signaling on T cells is due to the
lack of IL-1 signaling and not to the absence of TLRs intracellular pathways. IL-1
signaling may compromise the suppressive capability of Treg cells (Mercer et al, 2010;
O’Sullivan et al, 2006), and can act on naive or effector CD4+ T cells in order to render
them refractory to the suppressive effects of natural Treg cells. Moreover, mice defective
for MyD88 expression on CD4+ T cells generate antigen-specific CD4+ memory T cells
as wt animals, but these memory T cells are impaired in their ability to differentiate into
IFN-γ secreting T cells after secondary immunization. Indeed, expansion of memory
CD4+ T cells is sensitive to IL-1 signaling after secondary challenge with antigen
(Luqman et al, 1992): this aspect might be an intrinsic feature of memory CD4+ T cells
that is independent of their control by Treg cells.
Overall, despite the progress in understanding the biology of TLR and IL-1, the T cellspecific function of these signals are still incompletely understood, in part due to the
pleiotropic nature of these triggers (Schenten et al, 2014; Mills, 2011).
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In the study presented in this thesis, we used EAE as mouse model of MS. In this model
C57BL/6 mice are immunized subcutaneously with the immunodominant epitope of
myelin oligodendrocyte glycoprotein (MOG35-55), emulsified in CFA. At the time of
immunization (day 0) and two days later (day +2), mice are intravenously injected with
pertussis toxin (PT). This protocol leads to the activation in the draining LNs of myelinspecific naive CD4+ T cells that escaped central tolerance and circulate in the periphery
(Seamons et al, 2003). The CNS-infiltrating T cells are reactivated locally and initiate a
cascade of events - such as chemokine and cytokine secretion - leading to myeloid and
other immune cell recruitment and activation in the CNS and tissue damage (Kuchroo et
al, 2002).
Recent studies have suggested that T cells characterized by the co-expression of IL-17
and IFN-γ may be crucial in EAE pathogenesis (Ghoreschi et al, 2010; Wilson et al,
2007; McQualter et al, 2001; Ivanov et al, 2006; Chen et al, 2007b; Axtell et al, 2006).
The ability of Th1 and Th17 to secrete many other pro-inflammatory mediators, such as
IL-6, GM-CSF, matrix metalloproteinases and CXCL8, could also contribute
significantly to CNS inflammation. Indeed, GM-CSF–/– mice have been shown to be
resistant to EAE induction and GM-CSF production by autoreactive T cells appears to be
required both for EAE onset and activation of microglia in the disease effector phase
(Ponomarev et al, 2007).
Pro-inflammatory mediators secreted by myeloid cells are important for perpetuating
inflammation, contributing to CNS tissue damage (Sospedra & Martin, 2005).
Macrophages have an integral role in EAE pathogenesis since their depletion significantly
inhibits disease (Van Furth et al, 1973). It has been demonstrated that during EAE
inflammatory monocytes are recruited and differentiate into macrophages at
inflammatory sites (Aloisi, 2001), including the CNS. Moreover, it has been shown that
CCR2–/– mice do not develop clinical EAE or CNS histopathology which is associated
with a significant reduction in CNS-infiltrating CD45hi F4/80+ monocytes and T cells
(Fife et al, 2000).
My project stems from earlier studies performed in our laboratory on the role of IL-β in
induction of human and mouse Th17 cells. It is known that ASC–/– mice do not develop
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EAE following immunization with MOG in CFA and PT (Shaw et al, 2010), while a
disregulated or imbalanced production of IL-1β and IL-1Ra is considered a risk factor for
MS susceptibility and progression (Matsuki et al, 2006). Furthermore, it has been
demonstrated that IL-1β signaling contributes to Th17-driven EAE exacerbation (Chung
et al, 2009; Sutton et al, 2009, 2006). Last but not least, mice lacking IL-1R, MyD88,
caspase-1, ASC or NLRP3 expression are markedly protected from EAE induction and
severity (Furlan et al, 1999; Shaw et al, 2010; Gris et al, 2010).
We found that autoreactive Th17 cells are primed in IL-1β–/– and ASC–/– mice; however,
the cells expand poorly and show a reduced capacity to produce inflammatory cytokines,
in particular IFN-γ and GM-CSF. Strikingly, the induction of multifunctional (IL- 17+, IL22+, IFN-γ+, GM-CSF+) highly encephalitogenic Th17 cells in wt, but not IL-1β–/– and
ASC–/– mice, was dependent on the presence of PT during the time of immunization. The
role of PT in EAE induction still remains enigmatic. While it is well established that high
PT concentrations inhibit chemokine-induced lymphocyte migration by blocking Giprotein coupled chemokine receptors (Kamradt et al, 1991), the prevailing hypothesis to
explain its activity in EAE is that PT induces an increase in the blood brain barrier (BBB)
permeability. It has been also shown that PT promotes maturation of APCs leading to the
up-regulation of MHC-II and co-stimulatory molecules, as well as production of IL-12
(Tonon et al, 2002; Huizinga et al, 2012; Darabi et al, 2004); moreover PT boosts both
Th1 and Th2 responses (Hofstetter et al, 2002; Shive et al, 2000; Mielcarek et al, 2001)
and inhibits production of IL-6 and IL-10 by mast cells (Mielcarek et al, 2001) and of IL10 by DCs (Zhou et al, 2014). In vivo treatment of PT reduces the number and function of
T regulatory cells, increasing the inflammatory activity of autoreactive T cells (Cassan et
al, 2006; Chen et al, 2006) and promoting differentiation of Th17 cells (Tran et al, 1998).
PT-sensitive G proteins are expressed by a variety of cells, both in the lymphoid tissues
as well as in the CNS, and it is therefore possible that several mechanisms contribute to
explain the role of PT in EAE.
To gain a better understanding on how encephalitogenic T cells are induced and drive
EAE disease onset and progression and the role of PT and IL-1β in these processes, we
focused on the early phases of EAE and on both innate and adaptive components of the
immune response.
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Experimental autoimmune encephalomyelitis (EAE), the mouse model of multiple
sclerosis (MS), is caused by Th17 cells, a subset of CD4+ T helper cells that produce IL17A and F and express the lineage-specifying transcription factor RORγt. In this study we
demonstrate that priming of encephalitogenic Th17 cells expressing RORγt and T-bet and
producing IL-17A, IFN-γ and GM-CSF, but not IL-10, was dependent on the presence of
pertussis toxin (PT) at the time of immunization. PT induced early production of IL-1β by
CD11c+ CCR2+ Gr1+ myeloid cells, which are rapidly recruited in the antigen-draining
lymph nodes after injection of PT. Recruitment of myeloid cells, priming of
multifunctional Th17 cells and development of EAE were impaired in mice deficient in
IL-1β or in the adaptor protein apoptosis-associated speck-like protein containing a Cterminal caspase recruitment domain (ASC). Furthermore, PT-induced production of IL1β and generation of multifunctional Th17 cells was impaired in mice depleted of Gr1+
cells or in CCR2–/– mice, in which myeloid cells failed to migrate to lymph nodes. We
finally demonstrate that the effects of PT and IL-1β were dependent on the expression of
MyD88 on both T cells and non-T cells. Taking together, these data shed light on the
enigmatic function of PT in induction of EAE and support the notion that the diseaseenhancing effect of PT is due to its ability to induce recruitment of CCR2+ Gr1+ myeloid
cells, production of IL-1β, and differentiation of pathogenic multifunctional T cells.

76

6. Manuscript
6.2 Introduction

6.2 Introduction

Experimental autoimmune encephalomyelitis (EAE) is the most commonly used mouse
model for the study of multiple sclerosis (MS), a human T cell-mediated autoimmune
disease in which the myelin sheath around the axons is damaged, leading to
demyelization as well as a broad spectrum of clinical signs and symptoms.
It is now well established that CD4+ T cells producing the T helper cell type 17 (Th17)
IL-17A, IL-17F, and IL-22 are implicated in the onset and maintenance of EAE. Mice
lacking RORγt, the Th17-specifying transcription factor (Ivanov et al, 2006; Eberl et al,
2004), or IL-23, a Th17 growth and differentiation factor (Cua et al, 2003), do not
develop EAE. However, the findings that IFN-γ-producing Th1 cells are also present in
brain lesions of EAE mice and that mice lacking T-bet (the Th1-specifyng transcription
factor) are almost resistant to EAE (O’Connor et al, 2013; Bettelli et al, 2004), suggest
that both Th17 and Th1 cells are involved in EAE pathogenesis, may be acting at
different time points or at different sites. More recent studies showed that autoreactive
Th17 cells primed in vitro in the presence of IL-6, IL-23 and IL-1β and producing IL-17A
and IFN-γ could induce EAE, whereas Th17 cells primed in the presence of TGF-β and
IL-6 and producing IL-17A and IL-10 were non-pathogenic (Ghoreschi et al, 2010). In
addition, GM-CSF has emerged as a crucial T cell-derived cytokine in EAE (Ponomarev
et al, 2007; Codarri et al, 2011b; El-Behi et al, 2011b). It is clear that a better definition
of the class of T cells causing EAE pathogenesis and how these cells are generated is of
both fundamental and practical relevance.
The protocol to induce EAE in animal models was developed more than 80 years ago
(Stromnes & Goverman, 2006a). Since then, the protocol was constantly improved, for
instance by the use of well defined antigens, such as myelin oligodendrocyte glycoprotein
(MOG) or myelin proteolipid protein (PLP) peptides, admixed with complete Freund’s
adjuvant (CFA). The empiric discovery that addition of pertussis toxin (PT), the major
virulence factor of Bordetella pertussis, greatly improved the efficiency of EAE induction
(Kabat et al, 1947; Levine et al, 1966), especially in C57BL/6 mice (Miller & Karpus,
2007), facilitated the use of the model in the field. PT was found to improve other murine
autoimmune

disease

models,

such

as

experimental

autoimmune

myocarditis,
77

6. Manuscript
6.2 Introduction

experimental autoimmune uveitis, and GPI-induced arthritis (Bora et al, 1997;
Afanasyeva et al, 2001; Iwanami et al, 2008). In spite of the wide use, the precise
mechanism of action of PT has remained elusive. Experimental evidence indicates that
PT increases the permeability of blood vessels of the central nervous system (CNS), thus
favouring the entry of leukocyte populations in the effector phase of EAE (Yong et al,
1993; Linthicum et al, 1982).
In this study we demonstrate that PT has dramatic effects in the induction phase of EAE,
thus providing a new mechanism by which PT enhances EAE pathogenesis. We show that
PT induces IL-1β production in the lymph nodes where autoreactive T cells are primed.
The PT-induced production of IL-1β was essential to drive differentiation of pathogenic
Th17 cells that produce IL-17A, IFN- and GM-CSF, but not IL-10. We also demonstrate
that IL-1β is produced by neutrophils and inflammatory monocytes that are recruited in
the antigen-draining lymph node in a PT-dependent fashion. Finally, we show that
MyD88 expression on T cells was necessary for the induction of multifunctional
encephalitogenic T cells.
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6.3.1 Pertussis toxin promotes the development of pathogenic multifunctional Th17
cells
In this study we used a standard protocol to induce EAE in the presence of PT. C57BL/6
(wt) mice were immunized subcutaneously (s.c.) with MOG peptide (MOG35-55) admixed
with Complete Freund Adjuvant (MOG-CFA) and received two i.v. injections of PT (200
ng/mouse) or PBS on day 0 and day +2. Consistent with earlier report (Stromnes &
Goverman, 2006a), mice that received MOG-CFA and PT developed a monophasic
disease characterized by ascending paralysis between day 5 and day 15 following
immunization, with prominent infiltration of CD4+ T lymphocytes in the CNS (Fig. S1a,
b). In contrast, mice that received MOG-CFA and PBS developed a very mild disease
with much less lymphocyte infiltrate. Thus, administration of PT was an absolute
requirement for induction of EAE, which correlated with the accumulation of effector
CD4+ T cells in the CNS.
To gain insights into the mechanism of action of PT in the EAE model, we decided to
analyse early events occurring in the draining lymph nodes (dLNs) after immunization.
CD90.1+ MOG-specific naive 2D2-transgenic T cells were adoptively transferred into
CD90.2+ wt mice that were then immunized with MOG-CFA and received two injections
of PT (PT-treated mice) or PBS (control mice). As shown in Fig. 1a, on day +5 after
immunization, frequency and absolute number of 2D2 cells in dLNs were significantly
higher in PT-treated mice than in PBS-treated mice. Compared to control mice, 2D2 cells
were also found in higher numbers in the spleen of PT-treated mice (peaking on day +7)
and in the brain on day +7 and +10 (Fig. S2a).
To analyse the functional properties of 2D2 cells primed in presence or absence of PT,
2D2 cells were isolated from the dLNs on day 5 and restimulated in vitro with MOGpulsed antigen-presenting cells. 2D2 cells from PT-treated mice and control mice released
IL-17A and IL-22 to comparable levels (Fig. 1b). Strikingly, however, 2D2 cells from
PT-treated mice produced high amounts of IFN-γ and GM-CSF, which were almost
undetectable in control mice. Conversely, IL-10 was produced by 2D2 cells from control
mice but at very low levels by 2D2 cells from PT-treated mice (Fig. 1b). This cytokine
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switch was not induced by holotoxin or subunit A or B of PT, as well as by a non toxic
9K/129G PT mutant, which is enzymatically inactive but maintains the ability to bind to
cellular receptors (Nencioni et al, 1990) (data not shown). Intracellular cytokine staining
performed after a short polyclonal restimulation in vitro showed that a large proportion of
IL-17A-producing 2D2 cells from PT-treated mice produced simultaneously IFN- and
GM-CSF (77.4% IL-17A+IFN-+ cells and 83.4%, IL-17A+GM-CSF+ cells in the
experiment shown in Fig. 1c). Consistent with the cytokine profile, T-bet and RORγt
mRNAs were more abundantly expressed by 2D2 cells primed in the presence of PT
compared to control T cells, while mRNAs for the arylhydrocarbonreceptor (AhR, a
Th17- and Th22-transcription factor) and IL-23R were expressed at comparable levels
(Fig. 1d). When re-stimulated in vitro with MOG35-55-peptide, 2D2 cells from PT-treated
mice were able to proliferate and produce cytokines at much lower antigen concentrations
than control 2D2 cells (Fig. S3a, b). Interestingly, lipid rafts, which are cholesterol- and
sphingolipid-enriched domains of the plasma membrane that increase TCR-signalling and
lymphocyte activation (Viola & Gupta, 2007), were present in higher amounts in PTtreated 2D2 cells compared to control cells (Fig. S3c). Taken together, these data indicate
that, in the context of EAE, PT can function at the time of T cell priming to induce
autoreactive T cells with high antigenic sensitivity and displaying a pathogenic
multifunctional phenotype characterized by production of IL-17A, IFN- and GM-CSF,
but not IL-10.
Finally, we asked whether PT could induce multifunctional T cells from naive T cells
primed in the presence of other innate stimuli. We immunized mice adoptively transferred
with naïve 2D2-transgenic T cells with MOG in the presence of LPS or extracts from M.
tuberculosis, E. coli, or S. pyogenes, each containing combinations of ligands for TLRs
and other innate sensors (Fitzgerald et al, 2003; Means et al, 2001; Takeuchi et al, 1999;
Tchaptchet et al, 2012). Production of IL-17A, IFN-γ, IL-22 and GM-CSF was measured
by multicolour intracellular cytokine staining on day 5 post immunization and data were
analyzed using a Boolean gating strategy (Seder et al, 2008). In all conditions, a higher
proportion of T cells produced simultaneously at least three cytokines when primed in the
presence of PT (Fig. S3d). Similar results were obtained using different CD4+ and CD8+
TCR transgenic T cells, including OT-II and OT-I cells primed by OVA peptides, TCR7
cells primed by HEL, and 6.5 cells (a TCR transgenic mouse on Balb/c background)
primed by influenza hemagglutinin (data not shown). Based on these results, we
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concluded that PT enhances the T cell stimulatory properties of different innate stimuli by
inducing T cells with multifunctional effector phenotypes.

6.3.2 IL-1β is required for the PT-induced priming of multifunctional T cells
To gain further insight into the early events triggered by PT in the EAE model, we
analyzed dLNs at different time points after MOG-CFA immunization in the presence or
absence of PT. Real-time PCR assays revealed that IL-1β mRNA was rapidly increased in
dLNs of PT-treated mice but not in control mice (Fig. 2a). Interestingly, a sharp increase
of IL-1β mRNA was detected after each one of the two injections of PT. In contrast, IL1α, IL-18, and IL-23 were not induced in either PT-treated or control mice.
To test if IL-1β production induced by PT played a role in priming of pathogenic
multifunctional T cells, we transferred naïve CD90.1+ 2D2 cells into wt, IL-1β–/– and
ASC–/– mice (which lack the adaptor molecule ASC that mediates cleavage of pro-IL-1β
into mature IL-1β) (Srinivasula et al, 2002; Wang et al, 2002). Recipient mice were then
immunized with MOG-CFA and injected with PT on day 0 and day 2. Compared to wt
mice, 2D2 cells expanded poorly in PT-treated IL-1β–/– and ASC–/– mice (Fig. 2b).
Furthermore, only 2D2 cells in wt mice acquired the capacity to produce IFN- and GMCSF and downregulated IL-10 production, in the presence of PT (Fig. 2c-d). When
analyzed at late time points, ASC- and IL-1β-deficient mice developed a significantly
milder disease compared to wt controls (Fig. S4a).
In our experimental set up, we found that IL-12 and IL-23 did not play a role in the initial
expansion and differentiation of multifunctional T cells. Indeed, naïve CD90.1+ 2D2transgenic T cells primed in IL-12p35–/– mice (that lack IL-12 and IL-35) or in IL-12p40–
/–-

mice (that lack IL-12 and IL-23), expanded to a similar extent compared to wt mice

(Fig. S4b). Furthermore, 2D2 cells in both IL-12p35–/– and IL-12p40–/– mice acquired the
capacity to produce, in addition to IL-17A, IFN-γ and/or GM-CSF (Fig. S4c). To
corroborate the finding that IL-23 was not required in the PT-induced priming of
multifunctional T cells, IL-23R-sufficient and IL-23R-deficient OT-II cells were
transferred in mice immunized with OVA-CFA in the absence or presence of PT. Also in
81

6. Manuscript
6.3 Results

this case, PT induced IFN- and GM-CSF production from both IL-23R+/+ and IL-23R–/–
OT-II cells (Fig. S4d).
Taken together these observations indicate that PT-induced production of IL-1β in dLNs
occurred in an inflammasome-dependent manner and that IL-1β played a key role in the
induction phase of EAE by enhancing expansion and polarization of multifunctional
pathogenic T cells.

6.3.3

Pertussis toxin induces recruitment in draining lymph nodes of IL-1β-

producing myeloid cells
Production of cytokines and chemokines was then analysed in dLNs of mice immunized
with MOG-CFA in the presence or absence of PT using a mouse protein array. This
assay, performed on total LN cells isolated 24 hours after the second PT or PBS injection,
confirmed that IL-1β was rapidly upregulated in PT-treated mice but not in control mice,
and revealed a concomitant upregulation of C5a (complement component 5a), sICAM-1,
IL-1Ra, CXCL10, KC, CCL2, CXCL9, CXCL2, and TREM-1 (Fig. S5a, b).
Interestingly, the induction of chemokines and cytokines was induced by injection of PT
alone (Fig. S5c), indicating that CFA plays a minor contribution.
Consistent with the upregulation of chemokines involved in recruitment of T cells and
myeloid cells, dLNs from PT-treated mice contained significantly higher numbers of
neutrophils (CD11b+ Gr1+ Ly6Ghi Ly6Cint) and inflammatory monocytes (CD11b+ Gr1+
Ly6G– Ly6C+) compared to PBS-treated mice (Fig. 3a). In contrast, the number of
CD11c+ cells, macrophages (F4/80+), NK and B cells were not significantly different in
the two groups (data not shown). Interestingly, the first injection of PT led to an increase
in the number of neutrophils and inflammatory monocytes in dLNs and spleen, which
however declined at 48h, while the second injection led to a higher and more sustained
increase in the number of neutrophils and inflammatory monocytes in dLNs as well as in
spleen and, a late time points, in brain (Fig. 3b and Fig. S6a, b). Upregulation of
inflammatory chemokines and recruitment of neutrophils and inflammatory monocytes
was impaired in IL-1β–/– and ASC–/– mice (Fig. 3c). Thus, IL-1β seemed to be important
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in the recruitment and / or expansion of pro-inflammatory myeloid cells in dLNs after PT
treatment.
IL-1β can be produced by different myeloid cells. To identify which cells in dLNs
produced IL-β in response to PT, we used two different approaches. Firstly, we isolated
different cell types based on surface markers and measured their ability to produce IL-1β
after a short period of culture in vitro. Secondly, we performed selective cell depletion
and monitored production of IL-1β in the dLNs. As shown in Fig. 4a, CD11c+ cells,
inflammatory monocytes, and F4/80+ macrophages from PT-treated mice were all capable
of producing IL-1β in vitro, albeit to different extent. However, depletion of F4/80+
macrophages (by clodronate liposome treatment) or CD11c+ cells (by generation of bone
marrow chimeric mice with cells from CD11c-DTR mice) did not result in significant
changes in IL-1β production induced by PT (data not shown). In contrast, depletion of
Gr1+ cells (using the depleting antibody RB6-8C5 (Tepper et al, 1992)), or PT-treatment
of CCR2–/– mice, in which recruitment of inflammatory myeloid cells in dLNs was
impaired, led to a dramatic decrease in IL-1β expression (Fig. 4b). Taken together, these
data support the notion that Gr1+ CCR2+ cells are the relevant source of IL-1β in LNs
following PT-treatment.
To determine if the PT-induced increase in the number of Gr1+ CCR2+ cells in dLNs was
important also for induction of multifunctional T cells, anti-Gr1-treated mice and CCR2–/–
mice were immunized with MOG-CFA in the presence or absence of PT and the number
and function of adoptively transferred 2D2 cells was measured on day +5. In both groups
of mice, the number of 2D2 T cells in the dLNs was reduced, and the cells did not acquire
the multifunctional pathogenic IFN-+ GM-CSF+ Th17 phenotype (Fig. 4c, d).

6.3.4 Generation of multifunctional T cells by PT is MyD88-dependent
Previous studies have shown that PT can trigger DCs by engagement of TLRs (Hickey et
al, 2008; Wang et al, 2006). To address whether TLRs were involved in the observed PTinduced phenomena, we induced EAE in TLR4–/–, TLR2–/– and TLR9–/– mice. There was
no significant difference in terms of PT-induced multifunctional T cell differentiation or
myeloid cells recruitment in TLR-deficient mice as compared to wt animals (data not
shown). We next investigated the role of MyD88, an adaptor molecule for most TLRs as
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well as IL-1R. Strikingly, in MyD88–/– hosts there was no recruitment of inflammatory
monocytes and neutrophils upon PT-treatment nor increased expansion of 2D2 cells (Fig.
5a, b). Furthermore, although 2D2 cells differentiated toward Th17 cells in MyD88–/–
mice, they did not acquire the capacity to produce IFN- and GM-CSF (Fig. 5b). These
results indicate that MyD88-signaling on host cells, most likely induced by engagement
of IL-1R, was required to recruit inflammatory myeloid cells in the dLNs of PT-treated
mice and for the generation of multifunctional T cells.
To ask whether MyD88 on T cells was required for the acquisition of the multifunctional
phenotype, we crossed 2D2 transgenic mice with MyD88–/– mice and compared wt and
MyD88-deficient 2D2 cells in MyD88-sufficient hosts. While wt 2D2 cells readily
acquired a multifunctional phenotype, MyD88–/– 2D2 cells expanded poorly and did not
acquire the multifunctional phenotype (Fig. 5c). Taken together, these results suggest that
MyD88-signaling downstream of IL-1R on T cells is required for the generation of
multifunctional T cells.
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Figure 1: PT induces multifunctional T cells.

Fig. 1
(a) Absolute number and frequency of 7AAD– CD4+ CD90.1+ 2D2 cells in dLNs of mice
immunized 5 days earlier with MOG35-55 in CFA and receiving 2 doses of PBS or PT on
day 0 and day +2. Each symbol represents an individual mouse; data are representative of
more than five independent experiments with at least three mice per group.
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(b) IFN-γ, IL-17A, IL-22, GM-CSF and IL-10 in supernatants of flow cytometry-sorted
CD90.1+ CD4+ 2D2 cells from dLNs of wt mice immunized 5 days earlier with s.c.
injection of MOG35-55 in CFA, and 2 doses of PBS or PT i.v. Cells were re-stimulated in
vitro with 20 µg of MOG35-55-pulsed and fixed BM-derived LPS-matured DCs. Cytokines
were assessed after 72 h of culture. Data represent mean ± s.d. and are from two
independent experiments with at least three mice per group.
(c) Frequency of CD90.1+ CD4+ 2D2 T cells, isolated from dLNs on day +5, producing
IL-17A, IL-22, GM-CSF and IFN-γ. Cells were stimulated for 5 h with PMA and
ionomycin, in the presence of BFA for the last 3 h before intracellular cytokine staining.
Data are representative of more than five independent experiments with at least three
mice per group.
(d) RT-PCR analysis of the expression of mRNA encoding T-bet (Tbx21), RORγt (Rorc),
AhR (Ahr) and IL-23R (Il23r) in 2D2 cells primed in vivo in the presence or absence of
PT. Naïve CD4+ T cells were included as control. AU, arbitrary units. Data represent
mean ± s.d..and are from two independent experiments with at least three mice per group.
***, P < 0.001; **, P < 0.01; *, P < 0.05 (Student’s t test).
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Figure 2: IL-1β is required for priming of multifunctional T cells.

Fig. 2
(a) RT-PCR analysis of the expression of mRNA encoding IL-6, IL-1α, proIL-1β, IL-23
and proIL-18 by dLN cells at different time points after immunization with MOG-CFA
and 2 doses of PBS or PT on d0 and d2. AU, arbitrary units. Data are representative of
one of two independent experiments with at least three mice per group.
(b) Absolute number of dLN 7AAD- CD4+ CD90.1+ 2D2 cells primed 5 days earlier in
wt, ASC–/– and IL-1β–/– mice immunized with MOG35-55 in CFA, and 2 doses of PBS or
PT on d0 and d2. Each symbol represents an individual mouse. Data are representative of
one of more than three independent experiments with at least three mice per group in
each.
(c) Frequency of dLN CD90.1+ CD4+ 2D2 cells producing GM-CSF and IFN-γ primed 5
days earlier in wt, ASC–/– or IL-1β–/– mice immunized with MOG35-55 in CFA, and 2
doses of PBS or PT on d0 and d2. Cells were stimulated ex-vivo for 5 h with PMA and
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ionomycin, in the presence of BFA for the last 3 h and then intracellular cytokine
staining.
(d) IL-10 in supernatants of flow cytometry-sorted CD90.1+ CD4+ 2D2 cells obtained
from dLN of wt or IL-1β–/– mice that were immunized with MOG35-55 in CFA, and 2
doses of PBS or PT, 5 days earlier. Cells were restimulated in vitro with 20 µg of MOG3555

loaded on fixed BM-derived LPS-matured DCs and cytokines were assessed after 72 h

of culture.
***, P < 0.001; **, P <0.01 (Student’s t test).
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Figure 3: PT induces recruitment of IL-1β-producing myeloid cells.
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Fig. 3
(a) Absolute number of dLN 7AAD- CD11b+ Gr1+ Ly6C- Ly6Ghi (neutrophils) or Ly6Chi
Ly6Glow (monocytes) cells after 72 h in wt mice immunized with MOG35-55 in CFA, and 2
doses of PBS or PT on d0 and d2. Each symbol represents an individual mouse; data are
representative of more than five independent experiments with at least three mice per
group.
(b) Absolute number of dLN 7AAD- CD11b+ Gr1+ Ly6C- Ly6Ghi (neutrophils) or Ly6Chi
Ly6Glow (monocytes) cells after different time points post-immunization in wt mice that
received 2 doses of PBS or PT on day 0 and day +2. Data are representative of more than
three independent experiments with at least three mice per group.
(c) Absolute number of dLN 7AAD- CD11b+ Gr1+ Ly6C- Ly6Ghi (neutrophils) or Ly6Chi
Ly6Glow (monocytes) cells after different time points in wt, ASC–/– and IL-1β–/– mice not
immunized or immunized with MOG35-55 in CFA, and 2 doses of PBS or PT on day 0 and
day +2. Each symbol represents an individual mouse. Data are representative of more
than three independent experiments with 5-6 mice per group.
***, P < 0.001; **, P <0.01 (Student’s t test).
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Figure 4: PT induces recruitment of IL-1β-producing myeloid cells.

Fig. 4
(a) IL-1β in supernatants of different DLN myeloid cells sorted from dLN 72 h after
immunization as described before. Data are representative of two independent
experiments with at least three mice per group.
(b) RT-PCR analysis of the expression of mRNA encoding IL-1β by LN cells 72 h after
immunization with CFA and 2 doses of PBS or PT on d0 and d2. Left: dLN cells from
mice injected with isotype control antibodies (Ctrl) or depleting antibody for Gr1 (RB6).
Right: dLN cells from wt or CCR2–/– mice. AU, arbitrary units. Data are representative of
three independent experiments with at least three mice per group in each.
(c) Absolute number of dLN 7AAD– CD4+ CD90.1+ 2D2 cells 5 days post immunization
in wt mice immunized with MOG35-55 in CFA, and 2 doses of PBS or PT on d0 and d2, in
presence or absence of Gr1 depleting antibody (on the left). Absolute number of dLN
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7AAD– CD4+ CD90.1+ 2D2 T cells 5 days post immunization in wt or CCR2–/– mice
immunized with MOG35-55 in CFA, and 2 doses of PBS or PT on d0 and d2 (on the right).
Data are representative of more than three independent experiments with at least three
mice per group. Each symbol represents an individual mouse.
(d) Frequency of dLN CD90.1+ CD4+ 2D2 cells producing GM-CSF and IFN-γ obtained
from wt mice immunized 5 days earlier with MOG35-55 in CFA, and 2 doses of PBS or PT
on d0 and d2, with injections of isotype control antibodies (Ctrl) or depleting antibody for
Gr1 (RB6) (on the left), and in wt or CCR2–/– mice (on the right). Cells were stimulated
ex-vivo for 5 h with PMA and ionomycin, in the presence of BFA for the last 3 h and
were then stained for intracellular cytokine. Data represent mean ± s.d. and are pooled
from two independent experiments with at least three mice per group.
***, P < 0.001; **, P <0.01; *, P < 0.05 (Student’s t test).
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Figure 5: PT effects are MyD88-dependent

Fig. 5
(a) Absolute number and of dLN neutrophils and inflammatory monocytes 5 days post
priming of naïve wt 2D2 cells in wt or MyD88–/– hosts. Mice were immunized with
MOG35-55 in CFA, and 2 doses of PBS or PT on d0 and d2. Data are representative of
three independent experiments with at least three mice per group.
(b) Left: Absolute number of dLN 7AAD- CD4+ CD90.1+ 2D2 cells primed 5 days earlier
in wt and MyD88–/– mice immunized with MOG35-55 in CFA, and 2 doses of PBS or PT
on d0 and d2. Data are representative of three independent experiments with at least three
mice per group. Right: Frequency of dLN CD90.1+ CD4+ 2D2 cells producing GM-CSF
and IFN-γ from wt or MyD88–/– mice that were immunized 5 days earlier with MOG35-55
in CFA, and 2 doses of PBS or PT on d0 and d2. Cells were stimulated ex-vivo for 5 h
with PMA and ionomycin, in the presence of BFA for the last 3 h and then intracellular
cytokine staining. Data are pooled from three independent experiments with at least three
mice per group in each (mean and s.d.).
(c) Left: Absolute number of dLN 7AAD- CD4+ CD90.1+ 2D2 wt or MyD88–/– cells
primed 5 days earlier in wt mice immunized with MOG35-55 in CFA, and 2 doses of PBS
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or PT on d0 and d2. Data are representative of three independent experiments with at
least three mice per group. Right: Frequency of dLN CD90.1+ CD4+ 2D2 wt or MyD88–/–
cells producing GM-CSF and IFN-γ from wt mice that were immunized 5 days earlier
with MOG35-55 in CFA, and 2 doses of PBS or PT on d0 and d2. Cells were stimulated exvivo for 5 h with PMA and ionomycin, in the presence of BFA for the last 3 h and then
intracellular cytokine staining. Data are pooled from three independent experiments with
at least three mice per group in each (mean and s.d.)
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Supplementary Figure 1: PT favours EAE pathogenesis.

Fig. S1
(a) Clinical scores of wt mice at various times after immunization with MOG35-55 in CFA
and 2 doses of PBS or PT.
(b) Absolute number of brain and spinal cord CD4+ T cells on d15 after immunization
with MOG in CFA, and 2 doses of PBS or PT on d0 and 2. Each symbol represents an
individual mouse. Data are representative of more than three independent experiments
with at least three mice per group.
***, P < 0.001 (Student’s t test).
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Supplementary Figure 2: T cells primed in the presence of PT expand more in dLNs,
spleen and brain.

Fig. S2
(a) Absolute number in brain, dLNs and spleen- 7AAD- CD4+ CD90.1+ 2D2 cells and
brain 7AAD- CD4+ T cells in wt mice at different time points from the immunization.
Mice were immunized with MOG35-55 in CFA, and 2 doses of PBS or PT on d0 and d2.
Data are representative of more than five independent experiments with at least three
mice per group.
**, P <0.01; *, P < 0.05 (Student’s t test).
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Supplementary Figure 3: PT enhances multifunctional effector cells.

Fig. S3
(a) Frequency of proliferating CFSE– CD4+ CD90.1+ 2D2 cells enriched from dLN
obtained from MOG35-55 in CFA, and 2 doses of PBS or PT, immunized wt mice, 5 days
earlier. Cells were restimulated in vitro with fixed BM-derived LPS-matured DCs pulsed
with the indicated antigen doses. Proliferation was assessed after 72 h of culture. Data are
representative of three independent experiments with at least three mice per group.
(b) IFN-γ, GM-CSF and IL-17A in supernatants of flow cytometry-sorted CD90.1+ CD4+
2D2 cells obtained from dLN of wt mice that were immunized with MOG35-55 in CFA,
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and 2 doses of PBS or PT, 5 days earlier. Cells were restimulated in vitro with the
indicated doses of MOG35-55 loaded on fixed BM-derived LPS-matured DCs and
cytokines were assessed after 24 h of culture. Data are representative of three independent
experiments with at least three mice per group.
(c) Staining with the B subunit of cholera toxin on gated CD90.1+ CD4+ 2D2 cells
isolated from dLN obtained from MOG35-55 in CFA, and 2 doses of PBS or PT,
immunized wt mice, 5 days earlier. Data are representative of three independent
experiments with at least three mice per group.
(d) Boolean gating analysis showing each possible combination of production of IFN-γ,
IL-17A, IL-22 and GM-CSF by dLN CD90.1+ CD4+ 2D2 T cells and frequency of T cells
producing IL-17A, GM-CSF, IL-22 or IFN-γ primed 5 days earlier in wt mice immunized
with MOG35-55 in CFA, LPS, M. tuberculosis, E. coli, P. acnes and S. pyogenes and 2
doses of PBS or PT on d0 and d2. Cells were stimulated ex-vivo for 5 h with PMA and
ionomycin, in the presence of BFA for the last 3 h and then intracellular cytokine
staining.
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Supplementary Figure 4: ASC and IL-1β deficient mice are resistant to EAE and
IL-12p35–/– and IL-12p40–/– mice respond to PT treatment.

Fig. S4
(a) Left: Clinical scores of wt, ASC–/– and IL-1β–/– mice at various times after
immunization with MOG35-55 in CFA and 2 doses of PT. Data are representative of more
than three independent experiments with three mice per group each (mean ± s.d.). Right:
Clinical scores of wt, ASC–/– and IL-1β–/– mice at various times after immunization with
MOG35-55 in CFA and 2 doses of PT, with previous injection of naïve 2D2 cells. Data are
representative of more than three independent experiments with three mice per group
(mean ± s.d.). *, P < 0.05 (Student’s t test).
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(b) Absolute number of dLN 7AAD- CD4+ CD90.1+ 2D2 cells primed 5 days earlier in
wt, IL-12p35–/– and IL-12p40–/– mice immunized with MOG35-55 in CFA, and 2 doses of
PBS or PT on d0 and d2. Each symbol represents an individual mouse. Data are
representative of two independent experiments with at least three mice per group.
(c) Frequency of dLN CD90.1+ CD4+ 2D2 cells producing IL-17A or GM-CSF and IFN-γ
primed 5 days earlier in wt, IL-12p35–/– or IL-12p40–/– mice immunized with MOG35-55 in
CFA, and 2 doses of PBS or PT on d0 and d2. Cells were stimulated ex-vivo for 5 h with
PMA and ionomycin, in the presence of BFA for the last 3 h and then intracellular
cytokine staining. Data are representative of two independent experiments with at least
three mice per group.
(d) Frequency of dLN CD90.1+ CD4+ wt or IL-23R–/– OT-II cells producing IL-17A or
GM-CSF and IFN-γ primed 5 days earlier in wt mice immunized with MOG35-55 in CFA,
and 2 doses of PBS or PT on day 0 and day +2. Cells were stimulated ex-vivo for 5 h with
PMA and ionomycin, in the presence of BFA for the last 3 h and then intracellular
cytokine staining.
*, P < 0.05 (Student’s t test).
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Supplementary Figure 5: PT induces the production of IL-1β and inflammatory
cytokines and chemokines in dLNs.

Fig. S5
(a) Proteome profiler assay on LN lysates from wt mice immunized with PBS (ctrl), CFA
or CFA and PT 72 hrs before. Organs were lysated at 72 hrs post-immunization and
proteins were extracted and loaded onto nitrocellulose membranes following the
manifacturer’s instructions. Protein samples come from a pool of 6 LNs/group from 3
immunized mice. Data are representative of three independent experiments.
101

6. Manuscript
6.4 Figures

(b) Quantification of the cytokine array data.
(c) Quantification of the cytokine array data performed on serum samples from ctrl (PBS
treated d0 + d2) or PT injected (d0 + d2) mice, at 6 h after the second injection.
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Supplementary Figure 6: Pertussis toxin induces inflammatory monocytes and
neutrophils recruitment in the spleen and brain of wt mice.

Fig. S6
(a) and (b) Absolute number of spleen and brain 7AAD- CD11b+ Gr1+ Ly6C- Ly6Ghi
(neutrophils) or Ly6Chi Ly6Glow (monocytes) cells after different time points postimmunization in wt mice immunized with MOG35-55 in CFA, and 2 doses of PBS or PT
on day 0 and day +2. Data are representative of more than three independent experiments
with at least three mice per group.
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In this study we propose a new mechanism by which PT enhances disease development in
EAE, a mouse of multiple sclerosis. Our data demonstrated that PT acts at very early time
points following immunization by inducing recruitment and accumulation of neutrophils
and inflammatory monocytes as well as production of inflammatory cytokines and
chemokines in the dLN where T cell priming takes place. We also demonstrated that PTinduced production of IL-1β by CCR2+ Gr1+ myeloid cells is an essential requirement for
the differentiation of encephalitogenic Th17 cells that express RORt and T-bet and
produce, in addition to IL-17A, high amounts of IFN- and GM-CSF but not IL-10. We
finally provide evidence to exert its effects PT need to be enzymatically active and
capable of binding to surface receptors and requires expression of MyD88 on both T cells
and non-T cells, but is independent from TLR4, TLR9, and TLR3 expression.
PT is required not only in some EAE models, but also in other models of autoimmune
diseases, such as autoimmune myocarditis, autoimmune uveitis or GPI-induced arthritis
(Afanasyeva et al, 2001; Bora et al, 1997; Iwanami et al, 2008). Surprisingly, our
understanding on the molecular mechanisms behind PT function in these diseases remain
very poor. In the case of EAE, it has been hypothesized that PT facilitates leukocyte
recruitment in the CNS by increasing permeability across the blood-brain barrier, an
effect that is at least partly dependent on TLR4 (Kerfoot et al, 2004). PT is composed of
five subunits (S1 to S5) arranged in an A-B structure: the A protomer contains the
enzymatically active subunit that catalyzes ADP-ribosylation of the α subunit of trimeric
G proteins, leading to a variety of biological activities, while the B oligomer is
responsible for binding of the toxin to target cell receptors and internalization via
receptor-mediated endocytosis (Ladant & Ullmann, 1999). Although it was shown that
the subunit B of PT, which mediates binding to cellular receptors, is sufficient to
stimulate T cell proliferation in presence of APCs or fibroblasts (Wakatsuki et al, 2003),
our data demonstrate that both subunit A, which possesses the catalytic ADP-ribosyl
transferase activity, and subunit B are required to induce myeloid cell recruitment and
generation of multifunctional Th17 cells. Furthermore, we found that PT can directly
stimulate IL-1β production by DCs but PT-treated DCs were not able to prime
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multifunctional T cells in vitro (data not shown). These data support the notion that PT
targets several cell types and triggers multiple responses.
It has been clearly established that Th17 cells come in different flavours and that not all
Th17 cells are pathogenic (Peters et al, 2011). In particular, Ghoreschi et al. showed that
naïve T cells primed in vitro in the presence of IL-23, IL-6 and IL-1β develop into Th17
cells that express RORt and T-bet and produce IL-17A and IFN-, while naïve T cells
primed in the presence of IL-6 and TGFβ express RORt and produce IL-17A and IL-10
(Ghoreschi et al, 2010). When adoptively transferred in vivo, only Th17 cells generated
with IL-23 without TGFβ were pathogenic and able to induce CNS inflammation. The
Th17 cells that we describe in the present study and that are induced in vivo in the
presence of PT resemble the IL-23-induced Th17 cells of this earlier report. In both cases,
the cells express RORt and T-bet and produce IL-17A and IFN-, while IL-10
production is downregulated. In addition, we show that PT-induced Th17 cells produce
also high amounts of GM-CSF, an essential cytokine to initiate neuroinflammation
(Codarri et al, 2011a; El-Behi et al, 2011b; Ponomarev et al, 2007). We also show that
while IL-1 was essential to induce multifunctional Th17 in the antigen-draining LNs,
IL-23 or IL-12 were dispensable. These data support the notion that different cytokines
are required in the early and late phase of EAE to generate and maintain encephalitogenic
T cells
Another important aspect of our study is the role of Gr1+ CCR2+ myeloid cells, in
particular neutrophils and inflammatory monocytes, in the induction of multifunctional
Th17 cells. Previous studies have implicated an important role of inflammatory
monocytes in the effector phase of EAE. Mice that lack CCR2, a chemokine receptor that
binds to monocyte chemoattractant protein 1 (MCP-1/CCL2) that is highly expressed in
the inflamed CNS, have a strong reduction of inflammatory monocytes in the CNS, fail to
develop EAE after active immunization and are resistant to induction of EAE by adoptive
transfer of encephalitogenic T cells (Fife et al, 2000; Izikson et al, 2000). Moreover,
studies in MCP-1-deficient mice have indicated an important role for the CCR2-MCP-1
axis in recruitment into the CNS of circulating monocytes and macrophage-precursors
which are required for the primed T cells to execute their effector functions in the tissue
(Huang et al, 2001). It should be noted that it has been recently suggested that naïve
monocytes can inhibit T-cell proliferation in vitro, but that the suppressive function of
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blood monocytes appeared to be impaired in mice immunized with MOG35−55 peptide to
induce EAE (Marigo et al, 2010). The adoptive transfer of naive monocytes in fact did
not confer protection to EAE, and the authors suggested that environmental cues turned
off the suppressive function of naïve monocytes. It is possible that blocking monocyte
extravasation in the CNS as well as in lymph nodes may result in a synergistic effect by
limiting both generation and effector function of pathogenic T cells.
While the heterogeneity of the monocyte lineage and the role these cells play in different
diseases, including cardiovascular diseases or type 1 diabetes, are becoming increasingly
understood, the role and function of neutrophils in autoimmune diseases are still very
poorly understood. Recently, it has been suggested that neutrophils could facilitate
inflammatory demyelination through CXCR2 expression that permits their migration to
the brain in CNS inflammation (Liu et al, 2010a). Moreover, in patients with Systemic
Lupus Erythematosus (SLE) extracellular traps released by neutrophils facilitates the
uptake and recognition of DNA by plasmacytoid DCs, activating these cells to produce
IFN-γ, which plays a crucial role in the disease pathogenesis (Garcia-Romo et al, 2011).
It would be important to better investigate the role of neutrophils in animal models or in
patients affected by autoimmune diseases as possible target for future therapies.
The important role of IL-1 in the induction of a subset of inflammatory Th17 cells and its
involvement in autoimmune diseases such as MS was previously shown by several
groups, including ours (Acosta-Rodriguez et al, 2007; Guarda et al, 2011; Schenten et al,
2014; Sutton et al, 2006; Zielinski et al, 2012). By linking PT to IL- production and
induction of multifunctional Th17 cells, our study provides a plausible explanation for the
disease-inducing effect of PT. The identification of endogenous or environmental factors
which can affect human Th17 function in a way similar to those induced by PT and
described in this study may provide new insights into the pathogenic mechanisms of MS
and other Th17-mediated autoimmune diseases.
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Mice. C57BL/6J mice were obtained from Harlan (Italy), IL-1β–/– mice were provided by
Y. Iwakura and M. Bachmann, ASC–/– mice were provided by V. Dixit and J. Tschopp.
IL-12p35–/– and IL-12p40–/– mice were provided by B. Becher. MyD88–/–, TLR4–/–,
TLR9–/– and TLR2–/– mice were provided by S. Akira and M. Manz. CCR2–/– mice are
from Jackson Laboratory (004999). 2D2 TCR-transgenic mice (006912, The Jackson
Laboratory) were bred onto backgrounds of various CD90 alleles and crossed with
MyD88–/– mice. Mice were maintained under specific pathogen-free conditions at the
Institute for Research in Biomedicine animal facility. Mice were treated in accordance
with guidelines of the Swiss Federal Veterinary Office and experiments were approved by
the Dipartimento della Sanità e Socialità.

EAE model and in vivo experiments. EAE was induced as described before (Stromnes
& Goverman, 2006a). Briefly, 7-10 week old female mice were immunized s.c. on day 0
with 150 µg MOG35-55 peptide (MEVVGWYRSPFSRVVHLYRNGK; Servei de
Proteòmica, Pompeu Fabra University, Barcelona, Spain) emulsified in CFA (IFA plus 4
mg/ml of M. tuberculosis H37RA, Difco). Pertussis toxin (PT, Sigma) was injected at 200
ng/injection/mouse in 200 µl saline i.v. on day 0 and day +2. Control mice received 200
µl saline only. In some experiments, MOG-CFA immunized mice were injected on day 0
and day +2 with subunit A or B of PT-A (both from Santa Cruz), or a 9K/129G PT
mutant (provided by R. Rappuoli). Disease severity was assigned as described before
(Stromnes & Goverman, 2006a). For adoptive transfer, naïve CD90.1+ 2D2 T cells (0.3-1
x 105/mouse) were injected i.v. 16 h before immunization. To deplete Gr1+ cells, α-Gr1
antibody (clone RB6-8C5 from BioXCell) or rat IgG2b isotype control antibody (clone
LTF2 from BioXCell) was daily injected i.p. for 4 days at a dose of 400 µg/mouse. In
some experiments, mice were immunized subcutaneously with antigen in combination
with 15 µg/mouse of LPS (ultrapure E. coli O111-BA LPS, Invivogen), 0.8 mg/mouse of
M. tuberculosis (H37RA, Difco) or of E. coli, P.acnes and S. pyogenes (heat inactivated,
pathogen extracts), as adjuvants.
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Cell preparation and isolation from tissues. To isolate naïve 2D2 T cells, cells from
spleen and LNs were first enriched with anti-CD4 magnetic beads (L3T4, Miltenyi
Biotec) and then sorted on a FACSAria Cell Sorter (BD Biosciences) to obtain cells with
a CD4+CD8–CD25–CD44lowCD62Lhigh phenotype. To study T cells primed in vivo, mice
were sacrificed on day +5, or as indicated, and CD90.1+ 2D2 T cells or total CD4+ T cells
from lymphoid organs and the brain were first enriched with anti-CD90.1 or anti-CD4
beads (Miltenyi Biotech) and then further purified by FACS sorting. Myeloid cells from
dLNs and lymphocytes from CNS were isolated after dissecting the organ and incubation
of 45 min at 37°C in a solution with 1 mg/ml of Collagenase D (Roche) and 40 µg/ml of
DNase I (Roche). Cells were then passed through a Nylon filter 40 µm and residues were
smashed. After washing, cells from the CNS were separated on Percoll (GE Healthcare)
gradient (70%:37%) to obtain mononuclear cells. BM-derived DCs were generated
according to a standard protocol (Lutz et al, 1999) using the supernatant of a GM-CSF
producing cell line (Zal et al, 1994; Martín-Fontecha et al, 2004).

Flow cytometry. For analysis of mouse T cell phenotypes, the following monoclonal
antibodies were used: α-CD3 (clone: 145-2C11), α-CD4 (RM4-5), α-CD8α (53-6.7), αCD25 (PC61), α-CD44 (IM7), α-CD62L (MEL14), α-CD90.1 (OX-7), α-CD40L (MR-1),
α-CD11c (HL3), α-CD11b (M1/70), α-Ly6C (HK1.4), α-Ly6G (1A8), α-F4/80 (BM8), αIFN-γ (XMG1.2), α-IL-17A (TC11-18H10), α-GM-CSF (MP1-22E9) (all from
BioLegend), α-IL-22 (AM22-3; provided by J.C. Renauld). For staining of lipid rafts,
biotin-conjugated cholera toxin subunit B (Molecular Probes) was used together with
fluorochrome-conjugated streptavidin (BioLegend). Dead cells were excluded with 7AAD (BioLegend). For intracellular cytokine staining, cells were stimulated for 5h with
phorbol 12-myristate 13-acetate (4 x 10-7 M; Sigma) and ionomycin (1 µg/ml; Sigma), in
the presence of brefeldin A (10 µg/ml; Sigma) for the last 3 h of culture. Cells were fixed
with 4% (wt/vol) paraformaldehyde and permeabilized with 0.5% (wt/vol) saponin
(Sigma). Eight-colour staining was performed with the appropriate combinations of
antibodies conjugated to fluorochromes. Samples were acquired on a FACSCanto II (BD
Biosciences) and analyzed with FlowJo software (TreeStar).
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In vitro experiments. 2D2 cells sorted from dLNs on day +5 after immunization were
labelled with CFSE and cultured (2 x 104 cells/well) in round bottom 96-well plates with
glutaraldehyde-fixed MOG35-55-pulsed, LPS-matured, DCs (1 x 104 cells/well) as
described previously (Martín-Fontecha et al, 2004). T cell proliferation was assessed by
flow cytometry on the basis of CFSE-dilution after 72 h of culture. Supernatants of the T
cell cultures were harvested and analysed by ELISA. DC stimulation was induced by
overnight incubation with 0.5 µg/ml LPS (ultrapure E. coli O111-BA LPS, Invivogen)
and different PT concentrations, with the addition of 0.1 mg/ml ATP-γ-S (Sigma).
Supernatants of the culture was then harvested and analysed by ELISA.

Quantitative real-time PCR. RNA was prepared from transferred transgenic T cells or
from total dLN cells using TRIzol LS reagent (Invitrogen) according to manufacturer’s
instructions. dLN were dissected, cut into pieces and incubated for 45 min at 37°C with 1
mg/ml of Collagenase D and 40 µg/ml of DNase I (both from Roche). The cell
suspension was passed through nylon filter (40 µm) and then processed for cell sorting
and RNA extraction or directly for RNA extraction or protein analysis. RNA was
transcribed into cDNA, and analyzed as described before (Reboldi et al, 2009). Briefly,
random primers and MMLV Reverse Transcriptase (Invitrogen) were used for cDNA
synthesis. Transcripts were quantified by real-time quantitative PCR on an ABI PRISM
7700 Sequence Detector (Perkin-Elmer Applied Biosystems) with Applied Biosystems
predesigned TaqMan Gene Expression Assays and reagents according to manufacturer’s
instructions. The following probes were used (identified by Applied Biosystems assay
identification number): Tbx21 (Mm00450960_m1), RORc (Mm01261019_m1), AhR
(Mm00478932_m1), IL-23R (Mm00519943_m1), IL-1β (Mm01336189_m1). For each
sample, mRNA abundance was normalized to the amount of 18S rRNA and expressed as
arbitrary units (AU).

Proteome Profiler. LN cells were lysed using RIPA lysis buffer and proteinase inhibitors
(Roche) to extract proteins. Protein concentration was determined by BCA Protein Assay
Reagent (bicinchoninic acid) (Pierce). Protein from tissue lysates (70 µg) or sera (1 ml)
were analysed using a commercial kit (Mouse cytokine array panel A Array kit from
R&D Systems) containing nitrocellulose membranes coated with 40 different anti109
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cytokine or anti-chemokine antibodies printed in duplicate, following manufacturer’s
instructions. Chemiluminescency was measured by ImageQuantum LAS4000 (GE
Healthcare Life Science) and signals quantified using AIDA Evaluation Software
(BioImaging). We loaded 70 µg of proteins onto each membrane. The protein
concentrations were determined by BCS Protein Assay Reagents (bicinchoninic acid,
Pierce).

ELISA. To measure cytokine concentration in cell culture supernatants, the following
ELISA kits were used: IL-6 (R&D Systems), IL-1β (R&D Systems), IFN-γ (BD
Biosciences), IL-17A (BD Biosciences), IL-22 (Antigenix America), GM-CSF
(eBioscience), IL-10 (eBioscience). ELISA assays were performed according to the
manufacturer’s instructions.

Statistics. Data were analyzed with Prism 5 (GraphPad Software) using the Student’s ttest or the nonparametric unpaired Mann-Whitney U test. Graphs show the mean ± SEM.
*, P < 0.05; **, P < 0.01; ***, P< 0.001
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With this study we propose a new mechanism by which PT enhances disease
development in EAE (Figure 19). We demonstrated that PT acts at very early time points
following immunization by inducing recruitment of neutrophils and inflammatory
Gr1+CCR2+ monocytes through the upregulation in the antigen draining lymph node of
pro-inflammatory cytokines and chemokines, such as IL-1β, CCL2 and CXCL2.
Although, the molecular mechanism behind PT function remains to be established, our
data clearly demonstrate that PT-induced IL-1β is the main driver of this inflammatory
process. Indeed, IL-1β produced by lymph node resident and recruited myeloid cells,
together with other cytokines, induces the MyD88-dependent differentiation of
multifunctional Th17 cells producing IL-17, IFN-γ and GM-CSF. These highly
encephalitogenic T cells have the ability to cross the blood brain barrier, enter into the
CNS, and cause neuroinflammation (Figure 19).

Figure 19: Project Overview

The originality of our work lies in the identification of conditions to generate in vivo
multifunctional Th17 cells. These Th17 cells are characterized by expression of RORγt
118

7. Project Perspectives

and T-bet, high sensitivity to antigenic stimulation, and pro-inflammatory activity, due to
their ability to produce IL-17, GM-CSF and IFN-γ and inability to produce the antiinflammatory cytokine IL-10. Previous work on GM-CSF-producing Th17 cells have
used adoptively transferred cells generated in vitro in models of passive EAE (McGeachy
et al, 2007; Ghoreschi et al, 2010; Codarri et al, 2011b; El-Behi et al, 2011b). In our
model of active EAE, multifunctional T cells were generated in vivo through a
mechanism that required IL-1β secretion by CCR2+Gr1+ inflammatory myeloid cells,
which are recruited in high numbers in the antigen draining lymph node.
It is important to note that the IL-1β-dependent multifunctional phenotype is acquired not
only by MOG-reactive 2D2 T cells upon immunization with MOG and CFA, but also by
CD4+ and CD8+ T cells harboring TCR of different specificities (e.g. OVA- or HAspecific CD4 and CD8 T cells) after immunization with antigen in different adjuvants,
provided that PT is given at the time of and 2 days after immunization. This data suggests
that PT can be used to address the role of multifunctional T cells in other experimental
systems. Although in our system, multifunctional MOG-reactive Th17 cells are generated
only when PT was administered at the time of priming, it is conceivable that Th17 cells
capable of producing IL-17, IFN-γ, and GM-CSF are induced in response to certain
pathogens, such as Candida albicans (Zielinski et al, 2012).
Recent data has revealed a crosstalk between IL-1β-secreting macrophages and GM-CSFproducing RORγt+ type 3 ILCs (ILC3) in the intestinal mucosa (Mortha et al, 2014).
MyD88-dependent, microbiota-driven IL-1β production by macrophages, promotes
release of GM-CSF by ILC3, which in turn controls CD103+CD11b+ lamina propria DCs
and macrophages and colonic Treg cell homeostasis. Additionally, ablation of GM-CSF
reduces DC and macrophage numbers, impairing their ability to produce regulatory
factors such as retinoic acid and IL-10 required for Treg homeostasis. Conversely,
administration of GM-CSF increased Treg frequency in the gut (Mortha et al, 2014).
Furthermore, RORγt+ ILC3 that lack IL-1R signaling abrogate oral tolerance to dietary
antigens and compromise intestinal immune homeostasis in vivo (Mortha et al, 2014).
Thus, GM-CSF could play both protective and detrimental roles during inflammation.
While in some autoimmune disease, such as RA and MS, GM-CSF blockade may have
beneficial effects on disease progression, in other inflammatory conditions, such as
inflammatory bowel diseases, may actually promote inflammation and break tolerance.
Investigation on how PT may affect gut equilibrium and its effects on mucosal
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macrophages, ILCs and lamina propria DCs, may help understanding the deeply regulated
balance of the gut immune system.
It is well established that GM-CSF may play an important role in protection against
tumor. Indeed, several groups have demonstrated that GM-CSF-secreting tumor cells
have massive leukocyte infiltrate (Dranoff et al, 1993; Mach et al, 2000) and enhanced
immunogenicity (Bausero et al, 1996; Abe et al, 1995; Armstrong et al, 1994; Krosl et al,
1996; Wakimoto et al, 1996; Sanda et al, 1994; Shrayer et al, 1996; Sampson et al, 1996;
Dunussi-Joannopoulos et al, 1998; Kielian et al; Qin & Chatterjee, 1996; Lee et al, 1997;
Dong et al, 1998). One important function of GM-CSF in this system is to enhance tumor
antigen presentation, since GM-CSF production leads to the recruitment of large numbers
of professional APCs (Dranoff et al, 1993; Huang et al, 1994). It is tempting to speculate
that GM-CSF producing tumor-reactive multifunctional T cells (CD4 and CD8) may be
potent effector cells in cancer immunotherapy. However, vaccine-based strategies are
significantly limited by the fact that cancer patients are immunocompromised and that T
cells infiltrating tumor usually exist in a functionally tolerant state (Kalos & June, 2013).
In this context it would be important to evaluate the ability of PT to induce a more robust
CD4 and CD8 T cell boost in vaccination / immunization strategies, thus enhancing T cell
activation and response against poorly immunogenic tumor antigens. Moreover, GM-CSF
produced by T cells differentiated in the presence of PT, may act in a paracrine manner in
order to activate resting cells infiltrating the tumor, and to exercise the above mentioned
adjuvant properties, stimulating the recruitment of CD11b+ inflammatory myeloid cells
and APCs to the tumor site and leading to their activation and cytokines production.
Adoptive T cell transfer therapy offers the potential to overcome limitations of vaccinebased strategies. Several approaches for this therapy have been tested, initially using T
cells isolated from the tumor (Dudley et al, 2008). An alternative strategy is represented
by the adoptive transfer of armed effector T cells obtained in vitro after expansion of
circulating precursors (Rapoport et al, 2005). However, this approach does not
specifically enrich for antigen-specific T cells, but generates a population of activated T
cells characterized by a low activation threshold. A way to overcome this limitation is
represented by the use of engineered tumor antigen-specific T cells. Recent clinical trials
with T cells carrying chimeric antigen receptors (CAR) are starting to reveal the potential
of adoptive T cell therapy in tumor eradication, with objective clinical response in a
number of cases (Kochenderfer et al, 2012; Johnson et al, 2009; Brentjens et al, 2013),
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and complete and long-lasting durable responses in some (Grupp et al, 2013; Kalos et al,
2011). Thus, it would be interesting to investigate the anti-tumor activity of CD4+ and
CD8+ T cells specific for tumor antigens generated in the presence of PT, since these cells
are better effectors in terms of cytokine production and cytotoxic activity compared to
cells generated in the presence of PBS.
While systemic administration of GM-CSF is used in the clinic for treatment of
neutropenia after chemotherapy (Metcalf, 2008), as well as adjuvant in anti-tumor
immunity (Disis et al, 1996; Slingluff et al, 2003), blockade of GM-CSF may be crucial
in several human inflammatory and autoimmune diseases. Elevated tissue levels of GMCSF have been detected in multiple inflammatory conditions, such as RA, MS, obesity
and lung disease (Hamilton, 2008; Weisberg et al, 2003; Levine et al, 1998; Wei et al,
2005; Baran et al, 2007; Campbell et al, 1997; Bischof et al, 2000; Campbell et al, 2000;
Marusic et al, 2002; Yang et al, 2010; McInnes & Schett, 2007; Lukens et al, 2012).
However is not yet completely clear which is the role of GM-CSF-producing T cells in
any of these diseases. Abnormalities in production of GM-CSF or in expression and
function of GM-CSF receptor have been linked to some human pathologies such as RA
(Bell et al, 1995), juvenile myelomonocytic leukaemia (Birnbaum et al, 2000), chronic
myelomonocytic leukaemia (Ramshaw et al, 2002) and pulmonary alveolar proteinosis
(Dirksen et al, 1998; Seymour et al, 1998). Mice deficient for the expression of GM-CSF
are not only resistant to EAE induction (Ponomarev et al, 2007; McQualter et al, 2001),
but are also protected from other autoimmune diseases, such as collagen-induced or
methylated BSA/IL-1-induced arthritis (Lawlor et al, 2005) (Campbell et al, 1998) and
experimental autoimmune myocarditis (EAM) (Sonderegger et al, 2008), all models that
require T cells for pathogenesis. Moreover, in a CD4+ T cell-mediated model of
myocarditis, it has been shown that GM-CSF promotes induction and maintenance of
autoimmune Th17 effector cells (Sonderegger et al, 2008). In models of acute
inflammatory arthritis or peritonitis, GM-CSF production by T cells is dependent on NFκB and is required for the local differentiation of inflammatory monocytes into DCs (van
Nieuwenhuijze et al, 2013; Campbell et al, 2011). The close relationship that we showed
between GM-CSF+ Th17 cells and IL-1β, suggests that therapeutic inhibition of either
one might have an effect on the other, thus affecting disease development.
GM-CSF blockade after disease onset was shown to have therapeutic effect in several
inflammatory disease models, such as CIA, correlating with decreased levels of TNFα
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and IL-1β in joint tissues (Cook et al, 2001). RA patients are treated with drugs
neutralizing GM-CSF only when they are not responding to conventional treatments.
Moreover, GM-CSF receptor has been surprisingly found expressed on sensory nerves,
leading to investigation on the role of GM-CSF as mediator of pain (Schweizerhof et al,
2009). Identification of multifunctional Th17 cells producing IFN-γ and GM-CSF in the
inflammatory tissues and lesions of patients with autoimmune disorders would be of
fundamental importance in order to clarify the possible role of this cytokine in disease
pathogenesis and to get insight on the mechanisms and relationship between innate and
adaptive immune responses leading to inflammation.
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