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Abstract
Regulatory T (Treg) cells play a fundamental role in suppressing excessive inflammatory
responses to pathogens and in maintaining peripheral tolerance to self-antigens. A
breakdown in self-tolerance or defect in Treg cells can result in uncontrolled effector T cell
responses to self-antigens and the development o f autoimmune disorders. Approaches that
enhance the generation of auto-antigen-specific Treg cells have potential for the prevention
or treatment of autoimmune disease. The aim o f the present study was to address the
hypothesis that it is possible to induce self-antigen-specific Treg cells in vivo. Furthermore,
the study examined the possibility that prophylactic treatments that induced self-antigenspecific Treg cells have the capacity to prevent development o f autoimmune diseases.
Toll-like receptor (TLR) activation o f dendritic cells (DC) promotes production o f
the inflammatory cytokines, IL-12, IL-1 and IL-23, that drive induction o f effector T hl and
T h l7 cells. However TLR activation also induces anti-inflammatory cytokines, including
IL-10 that direct the induction o f Treg cells. Therefore activation o f DC with TLR agonists
in the presence o f inhibitors o f the signaling pathways that mediate expression o f proinflammatory cytokines has the capacity to selectively drive Treg cell responses. This study
revealed that activation o f DC with the TLR2 and dectin-1 agonist zymosan promoted IL10 as well as lL-1 and IL-23 production by DC. Inhibition o f M EK l/2, caspase-1 and
GSK3 blocked IL-1 and IL-23, but not IL-10 production and enhanced the ability of
zymosan-stimulated DC to induce IL-10- and Foxp3-expressing T cells. Furthermore,
treatment o f mice with zymosan and M EK l/2, caspase-I and GSK3 inhibitors enhanced
antigen-specific IL-10 and decreased antigen-specific IFN-y and IL-17 production by T
cells in vivo. However, immunization o f mice with auto-antigen myelin oligodendrocyte
glycoprotein (MOG) and zymosan in the presence o f M E K l/2, caspase-1 and GKS3
inhibitors did not prevent induction o f experimental autoimmune encephalomyelitis (EAE),
a mouse model o f multiple sclerosis.
Induction o f Treg cells is enhanced by anti-inflammatory cytokines, with IL-10 and
IL-27 promoting the generation o f IL-lO-secreting TrI-type Treg cells. This study
demonstrated that immunization with antigen in the presence o f IL-10 promoted the
generation o f antigen-specific IL -10-producing T rl cells in vivo. Moreover, immunization
o f mice with MOG and IL-10 (weeks -3 and -1) before induction o f EAE attenuated clinical
symptoms o f disease. The attenuation o f EAE was associated with delayed leukocyte
infiltration into CNS and enhanced M OG-specific IL-10 production by splenic T cells. In
addition, adoptive transfer o f spleen cells isolated from mice immunized with MOG and
IL-10 protected against actively induced EAE in recipient mice.
Epidemiology studies have shown that a higher incidence o f parasitic infections in
humans is associated with a lower incidence o f allergy and autoimmune diseases. Infection
o f mice with the helminth parasite Fasciola hepatica or treatment with excretory-secretory
(ES) products from F. hepatica attenuated EAE. This study showed that total extract (TE)
from F. hepatica increased expression of anti-inflammatory molecules and M2
macrophages markers arginase, RELM -a and PD-L2 in vitro and in vivo. Furthermore,
prophylactic immunization o f mice with MOG in the presence o f TE prevented the
development o f EAE. Surprisingly prophylactic treatment o f mice with the F. hepatica
extract (without MOG) also protected against development o f EAE. This was associated
with a reduction o f infiltration pathogenic IL-17- and IFN-y-producing T cells into CNS.
This study has contributed to the understanding o f the immunoregulatory
mechanisms that control autoimmunity and constitute a foundation for development o f
novel regulatory-based immunotherapies for autoimmune diseases.
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Chapter 1

General introduction

CHAPTER 1 GENERAL INTRODUCTION
1.1

Im m u n e sy ste m

The immune system developed to protect from infections, caused by viruses, bacteria,
fungi and other parasites. A fundamental feature o f the immune system is the ability to
distinguish

self from

potentially

harmful

foreign

molecules.

The

ability

of

discrimination between “s e lf’ versus “n o n -self’ dates back to the early stages o f life.
The process o f recognition and absorption o f foreign molecules through phagocytosis,
which is a foundation o f successful immune response, developed in primitive single-cell
life forms (protozoans) as far back as 2.5 billion years ago (1). In 1882, a Russian
zoologist Elie M etchnikoff first observed the innate response o f phagocytic cells o f
starfish larva, a multicellular marine animal, which remained unchanged by the
evolution for 600 million years (2). A non-specific response, called innate or natural
immunity, is the only form o f immune defence present in invertebrates. In evolutionary
more complex vertebrate animals the specialized and specific adoptive (acquired)
immunity evolved to work in coordination with innate immune system.
During a m am m al’s lifetime the immune system is constantly adapting to recognize and
effectively eliminate not only external pathogens, but also internal pathological threats,
such as cancer. On the other hand, immunoregulatory mechanisms maintain tolerance to
the own tissues, symbiotic microflora and non-pathogenic ingested or inhaled antigens
and minimize the collateral damage during the fight against the infection. Host defence
mechanisms consist o f innate phase, which includes the initial, rapid protection against
pathogens, and provides the initiation o f adaptive immunity. Slowly generated adaptive
immune response is specialized in specific and effective defence against infections and
includes development o f immunological memory, which facilitates protection against
re-exposure to the same pathogen.
The cells o f the immune system originate in the bone marrow and derive from the same
precursors - pluripotent hematopoietic stem cells, which separate into myeloid or
lymphoid progenitor cells. The myeloid progenitors are the precursors o f innate
leukocytes:

granulocytic

polymorphonuclear

(PMN)

leukocytes

(neutrophils,

eosinophils and basophils), mast cells precursors and mononuclear phagocytes monocytes, macrophages and dendritic cells (DC). Monocytes circulating in the
bloodstream differentiate further into a range o f tissue resident macrophages and
1

dendritic cells (3). Lym phoid progenitor cells differentiate into the cells o f an adaptive
arm o f the im m une system , m ainly lym phocytes. T and B lym phocytes acquire a unique
antigenic specificity by irreversible genetic recom bination o f antigen receptor gene
segm ents (catalysed by RAG recom binase) and give rise to the progeny cell clones o f
the sam e specificity, including the long-living m em ory cells, which are a key feature
long-lasting acquired imm unity.
Recently, other m em bers o f the lym phoid lineage have been identified, hinate-like B
(B-1) cells, the invariant natural killer T (iN K T) cells, y8 T cells and innate lym phoid
cells are developm entally related to conventional B or T cells but differ in functional
properties. Those innate-like lym phocytes do not respond in an antigen-specific
m anner, but play an im portant role in early im m une responses and are a m ajor source o f
cytokines associated w ith adaptive im m unity. In contrast, the natural killer (N K ) cells,
granular lym phocytes traditionally defined as cells o f the innate im m une response, have
been show n to develop antigen-specific, but R A G -independent specific m em ory (4).
The im m unological m em ory has been one o f the classical features distinguishing
adaptive from innate imm unity. H ow ever, there is evidence from invertebrates to
suggest that im m une m em ory can develop independently o f lym phocytes possessing
rearranged antigen receptors. Experim ental exposure o f m any invertebrates, e.g. insects
to their natural pathogens resulted in enhanced resistance against subsequent re 
challenge, w hich was dependent exclusively on phagocytic innate cells (5,6). Taken
together, the recent discoveries o f innate features o f lym phocytes and the m em ory o f
the innate cells question the traditionally established boundaries betw een the adaptive
and innate im m une systems.
Cells o f both adaptive and innate arm s o f the im m une system cooperate w ith each other;
innate cells directly shape the response o f the adaptive im m unity and receive feedback
signals. The initiation o f the im m une response is m ediated by phagocytic cells:
m acrophages, neutrophils and DC - the professional antigen-presenting cells (APC),
w hich provide the bridge linking innate and adaptive im m unity (7).

1.2

Innate immunity

The innate (natural) im m unity is a system o f phylogenetically ancient m echanism s o f
defence against invading pathogens, present in all vertebrates and invertebrates,
including anim als as evolutionary old as sea sponges (8). Innate im m unity serves a
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quick response against infection and is based on recognition o f common features o f
pathogens through invariant, germ-Hne coded receptors located on the surface or
intracellular in innate immune cells. The innate immune system is efficient in
eliminating pathogens but is also crucial for initiation o f more sophisticated methods o f
defence, provided by the adaptive immunity.

1.2.1 Innate immune recognition
The innate immune system responses to exogenous threats using a strategy to recognize
a “microbial n o n self’. In 1989, during the Cold Spring Harbor Symposium o f
quantitative biology, Charles Janeway proposed that evolutionary old immune cells
bear receptors that allow the recognition o f certain pathogen-associated molecules (9).
Indeed, these receptors enable detection o f evolutionary conserved microbial products,
essential for their function, called pathogen-associated molecular patterns (PAMPs).
PAMPs are unique for microorganisms and are not produced by the host. They include
such common structures as lipopolysaccharide (LPS) on gram-negative bacteria,
teichoic acid on gram-positive bacteria or short sequences o f unmethylated bacterial
DNA. These and other PAMPs are recognized by receptors called pattern recognition
receptors (PRRs), present either on the surface or in the cytoplasm on the immune cells.
The mix o f signals recognized through PRRs determines the type and intensity o f
immune defence pathways and also shapes the type o f adaptive immune response (10)
PRRs also detect patterns that are associated with host own products using the strategies
to recognize “missing s e lf’ and “induced or altered s e lf’. The first strategy is based on
the recognition o f markers o f normal and healthy cells, which are unique to the host and
are missing during the pathogenic conditions. The second strategy allows detection o f
markers induced in the host cells by abnormal situation, such as a viral infection,
cellular transformation or cell death. Pathogens are not the only threats to host’s health
and both those strategies enable the immune system to defend not only against
infections but also to prevent the development o f tumours. For example, certain types o f
infections or cellular transformation are associated with decreased expression o f
constitutive cells surface markers, which is a signal for activation o f NK cells and
selective elimination o f the altered cells among the healthy ones ( I I )
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Apoptosis is one o f the mechanisms o f host defence, preventing the spread o f infection
and proliferation o f mutated cells. Cells undergoing apoptosis present specific markers
on their surface, which can be recognized by phagocytic cells that clear the cellular
debris, without inducing the inflammatory response. On the other hand, chronic
infection or mechanical injury leading to tissue and cell damage, are associated with
release o f host cellular components, such as DNA fragments, metabolic intermediates
or heat shock proteins. Those endogenous molecules that signal disintegration o f cells,
called alarmins, constitute the larger group o f damage-associated molecular patterns
(DAMPs), which can be recognized by some o f the PRRs that also detect PAMPs (12).

1.2.1.1 Pathogen recognition receptors
The exogenous PRR ligands separate into two classes. The first class includes microbial
cell-wall components, such as LPS, peptydoglican, lipoglycans, porins, zymosan (yeast
cell wall) or viral envelope proteins. Viruses and some bacteria replicate inside cells,
therefore the second class contains bacterial and viral nucleic acids. PRRs can be
divided into several different families and include transmembrane proteins such as Toll
like receptors (TLRs) and C-type lectin receptors (CLR) and cytoplasmic proteins, such
as NOD-like receptors (NLRs) and retinoic acid-induced gene (RIG)-I-like receptors
(RLRs). TLRs can detect bacteria and viruses located outside o f the cells and trapped in
the endosomes. In contrast, RLRs and NLRs detect the microbial products in the
cytoplasm. In addition, some o f the NLRs are activated by DAMPs and are the
components o f the molecular complex called inflammasome that links detection o f
microbes and metabolic stress resulting in activation o f pro-inflammatory cytokines
IL -ip a n d IL -1 8 (I3 ).
Toll-like receptors
TLRs is a family o f evolutionary conserved PRRs from Caenorhabditis elegans to
mammals (14, 15). Toll receptor was firstly described as an essential protein during the
embryonic development o f dorsoventral polarity o f fruit fly Drosophila melanogaster.
In 1996 Lemaitre et al showed that functional Toll is also critical for antifungal immune
response in fruit flies (16). Soon after the human homologue o f Toll was identified by
Medzhitov et al drawing attention to mammalian TLR and their potential role in
immune regulation (17). Finally, the genetic evidence that TLR is involved in bacterial
sensing was provided by Poltorak et al, who showed that mammalian TLR4 is
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responsible for recognition o f LPS (18). Subsequently, ten human and twelve murine
members o f TLR family have been identified (19).
TLRs are type I integral membrane glycoproteins characterized by leucine-rich repeats
(LRR) in the extracellular domain. The cytoplasmic domain shows high similarity to
the intracellular domain o f IL-1 receptor family members and is now known as
Toll/interleukin-1 receptor (TIR) domain. During signal transduction, all TLRs use one
or more adaptor proteins. M ost o f TLRs utilizes the myeloid differentiation primary
response 88 (MyD88) adaptor protein, except TLR3, which uses TIR-domain
containing adaptor-inducing IFN-P (TRIP) domain. TLR4 was shown to use four
adaptor molecules, MyD88, TRIP and additionally, TRIP-related adaptor molecule
(TRAM) and MYD88-adaptor-like protein (MAL) (also known as TIRAP), therefore
having the most complex signalling arrangement among TLRs (20). Activation o f TLR
triggers downstream signalling cascades, such as mitogen-activated protein (MAP)
kinases, p38, or ERK, which effectively activates transcription factors such as nuclear
factor kappa-light-chain-enhancer o f activated B cells (N P- kB), and interferonregulatory factors (IRPs), cyclic AM P-responsive element-binding protein (CREB) or
activator protein 1 (A PI). This leads to the production o f type I IPN, pro-inflammatory
and anti-inflammatory cytokines, chemokines and enhanced expression o f co
stimulatory molecules (21). The differential responses mediated by distinct TLR ligands
arise from the selective engagement o f the adaptor molecules, activating different
downstream signalling pathways (22) and inducing the most appropriate and effective
immune response.
TLRs can be divided into subgroups according to the class o f PAMPs they recognize.
TLR2 with TLRl or TLR6 recognize lipid structures such as peptidoglycan, bacterial
lipopeptides, bacterial lipoarabinomannan and yeast zymosan. The major ligand for
TLR4 is LPS from Gram negative bacteria. TLRS binds bacterial flagellin. TLR3
recognizes viral dsRNA, whereas TLR7 and TLR8 bind ssRNA. The ligand for TLR9 is
bacterial CpG DNA. M ost o f the TLRs are expressed on the cell surface, whereas others
(TLR3, 7, 8 and 9) are present in the endosomes (10, 23). The discovery o f ligand for
TLR3 showed that TLRs also are involved not only in antibacterial but also in antiviral
response. Among 10 known TLRs in humans, TLR 10 remains an orphan receptor,
however, a recent study suggested a role in influenza A virus infection (24). The
expression o f TLR 10 was not detected in mice and only the partial genomic sequences
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for TLRIO with gaps and retroviral insertions were identified (25). M urine T L R ll
family includes products o f closely related genes, T lr ll, T lrl2 and T lrl3 (26). The
endosomal T L R ll in cooperation with TLR12 recognize Toxoplasma go«c///-derived
protein profilin (27, 28), whereas TLR13 was recently discovered to recognize a
conserved bacterial 23S ribosomal RNA (29). In contrast, human TLRl 1 gene is a non
functional pseudogene and genes for T L R l2 and T L R l3 are missing in the human
genome (26, 30).
The pattern o f cellular expression categorizes TLRs as ubiquitous, restricted or specific.
For example TLRl is the most widely expressed among the human leukocytes cells,
whereas TLR3 seems to be specific for immature DC (31). The pattern o f TLR
expressed by different innate cells in different locations determines the profile o f the
immune response.

1.2.2 Dendritic ceils
DC were first visualized by in 1868 in skin as Langerhans cells (LCs) and in 1974 were
shown by Ralph Steinman to be the essential immune cells in driving the T-cell
mediated response and therefore linking the innate and adaptive immunity (32). DC are
one o f the many phagocytic cells that can present antigens to the T cells, but due to their
functional

specialization and high efficacy

in antigen uptake, processing and

presentation and consequently facilitating activation o f naive T cells, DC are termed
professional APCs (7). M acrophages and B cells can also function as the professional
APCs, however DC are the most potent in T cells activation. Initially, DC were
characterized as a population o f cells enriched from the mouse spleen. Today, the term
DC refers to a group o f several cell types, functioning as APC that differ in their origin
and other properties. DC located in all lymphoid and non-lymphoid tissues are the
conventional or classical DC (cDC), which originate from the bone marrow. The tissueresident DC, such as LCs o f epidermis, function as sentinels and traffic to the lymphoid
organs for T cell priming. In addition, the inflammatory conditions can initiate
development o f blood monocyte-derived “inflammatory DC”, producing large amounts
o f tumor necrosis factor (TNF) and nitric oxide (NO) (33). Finally, a small subset o f
plasmacytoid DC (pDC), produce high amounts o f type 1 interferon (IFN), when
exposed to viral particles (34).
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DC sample both microbial and host-derived antigens in the peripheral tissues through
various mechanisms, such as phagocytosis, micropinocytosis and receptor-mediated
endocytosis. Antigen capture initiates structural and functional changes in DC, called
DC maturation, which involves loss o f phagocytic capabilities, migration to the
draining lymph nodes, increased expression o f surface stimulatory molecules and
initiation o f the antigen processing and antigen presentation on the cell surface through
major histocom patibility complex (MHC) proteins (35). DC express a variety o f PRRs
and their stimulation initiates the cytokine expression. The profile o f cytokines released
by DC at the time o f interaction with T cells determines their differentiation into an
effector T cell type.

1.3

Adaptive im m unity

The innate immune cells are activated by a limited number o f conserved microbial
structures through genetically encoded receptors. In contrast, the individual T and B
cells o f adaptive immune system can distinguish between a structurally very similar
molecules with high specificity and the whole lymphocyte pool o f the host can respond
to an almost unlimited amount o f antigens. The adaptive immunity evolved in jawed
vertebrates and the specificity and diversity o f response was achieved by development
o f mechanism facilitating the generation o f a unique antigen receptor by each
lymphocyte. Another feature o f adaptive immunity is the generation o f immunological
memory - the most important biological consequence o f the development o f the
adaptive immunity (36). After the primary infection a portion o f highly specific longliving lymphocytes remains in the system, ready for a rapid response after re-encounter
with pathogen.

1.3.1 Immune recognition by lymphocytes
The major cells o f adaptive immunity are B and T lymphocytes - two lineages that
specifically recognize and respond to antigenic determinants o f pathogens through
specialized receptors, called B-cell receptor (BCR) and T-cell receptor (TCR). TCRs
are members o f the immunoglobulin superfamily, however they are expressed
exclusively on the T cell surface. Each receptor consist o f two different protein chains
a, P, y, or 5. A majority o f T cells, called conventional T cells bear a;P TCR, and 3-5%
o f T cells have alternative y:8 TCR (37). TCR ligands are short peptide fragments.
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recognized only, when bound to the MHC molecules on the APCs. TCR itself does not
transmit signals upon binding the ligand, but it is covalently associated with CD3
signalling molecules, forming a multisubunit TCR complex (38).
The specificity o f each TCR and BCR is determined by the amino acid sequence o f the
variable region o f the receptor. The diversity o f lymphocyte receptor specificity is
achieved by somatic recombination o f gene segments for variable region o f TCR and
immunoglobulins, called V(D)J recombination and catalized by RAG-1 and RAG-2
enzymes. V(D)J recombination occurs early in the lymphopoiesis and in the B cells it
takes place in the bone marrow. In the peripheral organs the somatic hypermutations
introduce point mutations into the genes for variable regions, additionally diversifying
the specificity o f BCRs. In contrast, TCR gene rearrangement take place in the thymus
and the somatic hypermutations do not include TCR gene sequences (7).
The random rearrangement o f lymphocyte receptor genes can generate an almost
infinite number o f receptors with unique specificities including the receptors that
recognize body’s own antigens. Self-reactivity o f adaptive immune cells inevitably
leads to the pathologic conditions and damage o f the tissues and organs. Thus the
elimination o f autoreactive lymphocytes in their early development is the basic
mechanism for maintenance o f self-tolerance.
T cells migrate from the bone marrow to the thymus, where they acquire specificity and
mature T cell surface markers. Developing T cells rearrange TCR genes and
differentiate into the a(i or y5 TCR-expressing cells. The ap TCR thymocytes begin to
express both CD8 and CD4 molecules. At this stage, the TCR affinity for self-peptideMHC complex determines the fate o f the thymocytes. The weak interaction o f TCR
with peptide-MHC is required to rescue the thymocytes from the death by neglect and
to direct for the positive selection, whereas a strong interactions between TCR

and

peptide-MHC causes apoptosis, which is the basis o f clonal deletion (39). Importantly,
some o f the T cells, exhibiting medium-strong affinity to the self-peptides are not
deleted but re-directed into the regulatory T (Treg) cell lineage and acquire
immunosuppressive properties. The negative selection o f highly self-reactive T cells
and development o f Treg cells are the mechanisms o f the central tolerance. However,
despite these sophisticated mechanisms o f selection, some o f the auto-reactive B and T

cells pass to the periphery, where they are tightly controlled by mechanisms o f the
peripheral tolerance (40).

1.3.2 Antigen presentation and activation of T cells
Newly generated conventional a[3 T (Tconv) cells leave the thymus as mature antigenspecific T cells. They circulate between the peripheral lymphoid tissues, interacting
through TCR with many both immune and non-immune cells and these repeated low
affinity interactions with M HC-peptides complexes, that initially positively selected
them in the thymus, are essential for their survival and homeostasis in a non-activated
state in the periphery. Tconv are restricted to the recognition o f an antigen through
either MHC-I or MHC-II molecules via interaction of, respectively, CDS and CD4
molecules expressed on the T cell surface. MHC class I molecules are ubiquitously
expressed by all nucleated cells and present intracellular peptides degraded by cj^osolic
and nuclear proteasomes. Professional APCs are the majority o f cells expressing MHC
class II molecules, which present peptides derived from exogenous proteins, firstly
captured by APCs through macropinocytosis or phagocytosis.
A fundamental requirement for the priming o f nai've T cells is the direct interaction with
a specific antigen expressed by matured APCs in the lymphoid tissue. Naive T cells
require

two

independent

signals

simultaneously

delivered

by

DC

to

induce

proliferation. The first signal is the recognition o f specific ligand-MHC complex by
TCR and the second signal is provided by the co-stimulatory molecules expressed on
the surface o f the DC. Co-stimulatory molecules CD80 (B7.1) and CD86 (B7.2) belong
to the immunoglobulin family o f B7 proteins. Activation o f CD28 co-receptor on T cell
surface by 8 7 molecules synergizes with the signal from TCR to induce expression o f
the cytokine IL-2 and the high-affinity receptor for IL-2. IL-2 binds to the receptor in
the autocrine manner and induces proliferation (clonal expansion) o f the T cell. Other
co-stimulatory molecules, such as CD40, programmed death-ligand 1 (PD -L l), PD-L2
on APCs and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or inducible co
stim ulator (ICOS) on APCs can modify the activation status o f T cells, amplifying or
inhibiting the signals from TCR (7).
In the peripheral tissues, immature DC express low levels o f MHC molecules and co
stimulatory molecules, therefore are weak activators o f T cells. Upon antigen uptake
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and activation o f PRRs, DC migrate to the local lymph nodes and undergo a process o f
maturation, which involves loss o f the phagocytic abilities, initiation o f antigen
processing and increased expression o f M HC molecules and co-stimulatory molecules,
which is further amplified via interactions with T cells. DC presenting specific antigens
to T cells without co-stimulation induce a state o f unresponsiveness, called anergy,
which in case o f naive T cells may lead to their apoptosis. Anergy is one o f the
mechanisms for maintenance o f peripheral tolerance to self-peptides, harmless
commensal bacteria and food antigens (41).
In addition to antigen presentation and co-stimulation, the cytokine milieu plays a
pivotal role in polarisation o f naive CD4^ T cells into a specific subset o f effector cells.
The activation o f the DC via PRRs is associated with the secretion o f various cytokines,
which, along with the cytokines produced by other immune cells, drive differentiation
o f T cells into particular subset. The cytokines provide a third signal required for
complete activation o f the adaptive immune response (42).

1.3.3 Effector T cells subsets
The naive CDS’" T cells differentiate into cytotoxic T lymphocytes (CTL) after
recognition o f antigens derived from intracellular pathogens, such as viruses,
intracellular bacteria and protozoa and antigens from transformed host cells. The main
mechanism o f their cytotoxicity is the induction o f apoptosis in target cells by release o f
granules containing perforin and preformed proteolytic proteins, called granzymes and
secretion o f Fas ligand (FasL). CTL produce also a range o f cytokines, particularly
IFN-y (43).
W hen stimulated by APCs, naive CD4^ T cells primarily produce large amounts o f IL-2
and later, dependently on the cytokine context provided by APCs, they differentiate into
one o f the T helper (Th) cell subset. The most important role o f Th cells is assisting in
activation o f other immune cells and enhancing the most appropriate response to the
type o f infection. In 1986, M osman and Coffman identified two subsets o f CD4^ cells,
T h l and Th2 cells, which differed in their cytokine secretion and functions (44). Th cell
subsets were firstly distinguished by the cytokine profile that they produce after
activation. Today, the distinct Th cells can be characterized by specific surface markers
and transcriptions factors that regulate their effector properties.
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T h l cells
T hl cells are induced during infections with viruses, intracellular bacteria and protozoa
and the main cytokines produced by this T cell subtype is IFN-y and lym photoxin a
(LTa) (44). IFN-y can directly inhibit replication o f viral particles in infected cells or
kill virus-infected cells, inducing apoptosis (45). Together with TNF-a, IFN-y induces
the classical activation o f macrophages to increase their microbicidal properties and
recruits macrophages to the site o f the infection (46). IFN-y also actives N K cells. In
addition, T h l cells stimulate proliferation and activation o f CTL cells to enhance the
anti-viral response and their presence is essential for the development and maintenance
o f memory CDS* T cells (47). IL-12, expressed by innate cells, is a key cytokine
triggering differentiation o f CD4^ T cells into the T hl subset. The functional IL-12 is
composed o f two subunits, IL-12p40 and IL-12p35 (together forming IL-12p70), which
are expressed independently. The transcription o f IL-12p40 is driven by stimulation o f
TLR, whereas expression o f IL-12p35 is initiated by type I IFN and IFN-y secreted by
activated NK. cells and by T hl cells themselves. Thus, the IFN-y signalling works in a
positive feedback loop for enhanced development o f T hl cells (45). The main regulator
o f T h l differentiation, triggering expression o f IFN-y, is Tbox transcription factor (Tbet), which is up-regulated in response to IL-12 signalling through activation o f signal
transducers and activators o f transcription 1, 3, 4 and 5 (S T A T l, 3, 4 and 5) (48-50).
Recently, other cytokines, including IL-18 and IL-27 have been shown to play an
important role in activation o f Thl cells. IL-18, a member o f IL-1 cytokine family, is
not directly involved in differentiation o f T hl cells, but can synergize with IL-12 to
induce
IFN-y production through upregulation o f IL-12 receptor (51). IL-27 drives expression
o f T-bet in naive CD4^ T cells, but also promotes expression o f anti-inflammatory
cytokine IL-10, therefore the role o f IL-27 in controlling Thl development remains
unclear (52).
Initially, it was considered that the development o f self-reactive T hl cells is a
requirement for induction o f organ-specific autoimmunity. Early studies showed that
mice susceptible to experimental autoimmune encephalomyelitis (EAE) had enhanced
levels o f IFN-y, which positively correlated with severity o f disease (53). M oreover, the
CNS infiltrating CD4* T in EAE were identified as a major source o f IFN-y (54).
However, it was later demonstrated that IFN-y-deficient, IFN-y-receptor-deficient mice
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or IL-12- and IL-12R-defiecient mice were more susceptible to EAE (55, 56). These
findings raised the possibility that other cells, different from Thl cells, are required for
the induction phase o f organ-specific autoimmune inflammation (57).

Th2 cells
Th2 cells mediate defense against the extracellular bacteria, allergens, fungi and
parasites, including helminthic worms. The differentiation o f Th2 cells depends mainly
on IL-4, which signals through IL-4R and signal transducer and activator o f
transcription 6 (STAT6) to enhance expression o f the key Th2 gene regulator,
transcription GATA binding protein 3 (GATA3) (58). Also other factors have been
implicated in the development o f Th2 cells. For example, an alarmin IL-33, produced
by fibroblasts, epithelial and endothelial cells in response to tissue damage, enhances
production o f cytokines by polarized Th2 cells (59).
Th2 cells produce various cytokines, regulating B cells, eosinophil, basophil, mast cell
and macrophage responses. IL-4, produced by Th2 cells works in the positive feedback
loop to enhance Th2 cell differentiation and, together with IL-13, stimulates B cell
proliferation and maturation into the plasm a cells and regulates the antibody class
switching into IgE. IgE bind to FcR on basophils and mast cells, which after crosslinking by an antigen, leads to release o f histamine, serotonin and the type-2 cytokines,
IL-4 and IL-13, thus enhancing the generation o f Th2 responses. IL-5 plays a crucial
role in the activation and recruitment o f eosinophils, whereas IL-3, IL-4, IL-9 and IL-13
attract and directly activate basophils and mast cells for degranulation (60). IL-25 (IL17E) induces expression o f IL-4, IL-5 and IL-13 by newly characterized innate
lymphoid cells type 2 (ILC2), which further amplifies Th2 responses (61). Together,
these cytokines initiate and regulate an immune response leading to the effective
clearance o f extracellular pathogens and expulsion o f helminths. However, an
imbalanced function and overactivation o f Th2 cells in responsible for the development
o f hypersensitivity

reactions

to

common

environmental

antigens,

leading

to

pathological conditions such as allergy and asthma.
Th2 cytokines IL-4 and IL-13 also drive the alternative activation o f macrophages. In
contrast to the classical activation triggered by IFN-y which

induces strong

inflammatory response alternative activation results in the enhanced expression o f
MHC class II and mannose receptors that stimulate endocytosis and enhanced
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production o f IL-10 and mediators o f tissue repair (62). Signalling o f IL-4 through
STAT6 together with stimulation o f TGF-P contributes to the development o f another
effector T cell subset, Th9, which are also implicated in immune responses against
parasites and allergy (63). Th9 do not produce the typical Th2 cytokines, but IL-9,
which enhances the production o f mucin by epithelial cells (64)

Thl7 cells
In 2003, it was shown that IL-23 but not IL-12, is crucial for development o f EAE,
confirming that T hl is not the key T cell subset required for the initiation o f organspecific autoimmunity. It was subsequently established that IL-23 is involved in the
development IL-I7-producing CD4^ T cells that are capable o f inducing EAE, when
adoptively transferred to naive mice (65). On the basis o f those studies, it was proposed
that lL -I7-producing CD4^ T cells are a distinct effector T cells subset that was named
T h l7 cells.
Since naive CD4^ T cells do not express IL-23R, is became clear that IL-23 is not the
differentiation

factor for T h l7 cell development.

Several

independent

studies

established that TGF-P together with IL-6 are both essential factors initiating
transcriptional program for mouse T h l7 cells differentiation (57), leading to the
expression o f transcription factor RAR-related orphan receptor y/TOR (RORyt).
Recently, it has been proposed that TGF-P plays an indirect role in the initial
differentiation o f T h l7 cells by suppression o f T-bet and GATA3, thus preventing Thl
and Th2 differentiation. In that context, IL-6 is sufficient for induction o f RORyt (66).
IL-6 is also a strong inducer o f IL-21, which is a growth factor for differentiating T h l7
cells and acts in a positive feedback loop for their amplification. Finally, RORyt
enhances the expression o f IL-23R, which enables IL-23 to stabilize the commitment o f
CD4"^ T cells into T h l7 subset and their maintenance. Furthermore, IL -ip , together with
IL-23, enhance effector functions o f both mouse and human Thl 7 cells by promoting
IL-17 production (67).
Apart from IL-17 (also called IL-17A), T h l7 cells have been shown to produce IL-17F,
IL-22, IFN-y, GM -CSF and in humans IL-26. Although characterized as effector cells
in autoimmunity, the primary function o f T hl 7 cells is the clearance o f certain types o f
pathogens that require a strong inflammatory response and cannot be combatted by Thl
and Th2 cells. IL-17A is a strong pro-inflammatory cytokine, which acts on the broad
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range o f cell types to induce expression o f other pro-inflammatory cytokines, such as
TNF-a, IL-l-P, IL-6 and GM-SCF and chem okines, which leads to a recruitment and
activation o f macrophages and neutrophils. IL-17 plays an important role in the
clearance o f the extracellular bacteria, such as Staphylococcus aureus, C itrobacter
rodentium or K lebsiella pneum onia, which colonize epithelial or mucosal surfaces (68).
Moreover, T h l7 cells and IL-17 are crucial in immunity to fungi, since patients with
genetic defects in IL-23/IL-17 axis develop severe uncontrolled fungal infections (69).
IL-17-producing cells T cells, together with Thl cells, also mediate the protective
function o f natural and vaccine-induced immunity to B ordetella pertu ssis (70). IL-22, a
member o f IL-10 family o f cytokines, is produced by terminally differentiated T h l7
cells. The main function o f IL-22 is induction o f antimicrobial m olecules by
keratinocytes, which is essential for the immunity o f epithelial barriers. In humans, IL22 is often co-expressed at high levels with IL-26, acting on non-hematopoietic cells,
such as keratinocytes and intestinal epithelial cells to induce expression o f certain proinflammatory cytokines (71). IL-26 has been also found to be overexpressed in Crohn’s
disease and rheumatoid arthritis, indicating its potential pathogenic role in human
inflammatory diseases (72).

1.3.4 y S T cells
y5 T cells are a unique population o f T cells, which develop in the thymus along with
conventional ap T cells. These lym phocytes, however, together with invariant NKT
cells, have been named non-conventional or innate-like T cells, because o f many
characteristic features that they share with innate immune cells. Although they express
rearranged TCR o f limited diversity, the recognition o f antigen does not engage the
MHC-antigen com plexes and still little is known about the specificity o f y5 TCRs. It is
proposed that they recognize non-peptide antigens derived either from pathogens or
expressed by stressed cells, similarly to PAM Ps and DAM Ps recognized by innate cells
through PRRs. Unlike Tconv, y6 T cells, constitute a very small fraction (3-5% ) o f adult
mouse and human T cells in the thymus, spleen, lymph nodes and peripheral blood. In
contrast, they are enriched in the tissues associated with the epithelial surfaces o f the
body, such as skin, intestinal and lung epithelium and mucosae o f upper respiratory and
digestive tract (73).
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The tissue distribution reflects the function o f y5 T cells. They play an important role in
initiation o f the early immune responses to infection, as they are rapidly activated by
exposure to bacterial, fungal, viral and parasitic pathogens, and by inflammatory
cytokines, produced by DC and macrophages. The effector functions o f yb T cells
involve direct bacterial clearance by production o f defensins and other bacteriostatic
molecules and killing o f infected or transformed cells through death-inducing receptors,
such as CD95 (Fas) or TNF-related apoptosis-inducing ligand receptors (TRAIL) and
by release o f cytotoxic molecules, such as perforin and granzymes. y8 T cells also
contribute to the immunomodulation o f different immune cell types by production o f
broad range o f cytokines, characteristic for the individual subset and dependent on the
type o f infection. For example, yS T cells present in dermis, lungs, lymphoid tissues and
spleen produce TN F-a, IFN-y and IL-17. Furthermore, studies have demonstrated that
in mice infected with M. tuberculosis, y5 T cells, but not T h l7 cells, are the primary
source o f IL-17 (7 4 ).IL -la or IL -ip has been shown to synergize with IL-23 to promote
production o f IL-17 from both human and mouse y5 T cells (75). Since IL-17 is
associated with pathology o f autoimmune inflammation, there is a growing interest in
the role o f IL-17-producing y5 T cells in the development o f autoimmune diseases.
TCR6-deficient mice are less susceptible to EAE (76). Moreover, studies in mouse
models have shown that y5 T cells accumulate in the CNS rapidly after induction o f
EAE, serving as an early source o f IL -17 and IL -2 1, enhancing the leukocyte migration
to the CNS and augmenting the responses o f the pathogenic T h l7 cells (75, 77).

1.3.5 Regulatory T cells
In 1970, a fundamental immunological discovery was made by Gershon and Kondo,
who dem onstrated that some T cells can act as suppressor cells and inhibit the activity
o f other cell types by producing soluble factors (78). In parallel in 1969 a series o f
experiments carried out by Nishizuka and Sakakura showed that neonatal thymectomy
(NTx) o f mice between 2 and 4 days after birth resulted in destruction o f ovaries (79),
which could be alleviated by transfer o f syngeneic thymic (80) or spleen (81) cells. The
abnormal development o f ovaries was initially suspected to be caused by lack o f
thym us-derived

hormones.

Further

inflammation after NTx also occurred
prostate

investigation,

however,

revealed

that

the

in other organs such as the stomach, testes,

and salivary gland and that this resulted from pathogenic autoimmune
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responses (82). Importantly, inoculation o f normal syngeneic T cells, particularly CD4^
T cells, inhibited development o f NTx-induced autoimmunity (83, 84). Together, these
findings suggested that the thymus produces a population o f T cells with suppressive
activity and abrogation o f their development results in autoimmunity. Over the next
fifteen years this suppressor T cell subset was intensively investigated by many groups.
In 1985 Sakaguchi et al showed that depletion o f CD5'" T cells could break natural self
tolerance and result in autoimmunity (85). Powrie and Mason observed that a subset o f
CD45RB'° peripheral CD4^ T cells negatively regulates CD4^ effector cells (86).
However, the idea o f a distinct inhibitory T cell population was widely discredited and,
by 1990, the interest in suppressor T cells dramatically declined (87). The most
important reason for such a change o f views was due to a failure in finding specific and
reliable markers to distinguish suppressor T cells from other cell types.
The breakthrough finally came in 1995 with the discovery by Sakaguchi et al o f the
CD25 molecule (a-chain o f high affinity IL-2 receptor) as a marker o f CD4^ T cells,
which were able to prevent organ-specific autoimmune diseases when transferred to
BALB/c athymic nude {nu/nu) mice (88). Further investigation by Sakaguchi and
colleagues revealed that CD25^CD4^ T cells are produced naturally in the thymus and,
in mice, appear in the periphery immediately the third day after birth. They constitute 510% o f peripheral CD4^ T cells and engage in the maintenance o f tolerance to self
antigens and regulate immune responses to pathogens (89, 90). This T cell lineage
which are both functionally and developmentally distinct from other T cells, were
referred to as regulatory T cells (Treg).
After the discovery o f CD25 as the first marker o f Treg cells, several studies revealed
that the ligand for CD25 (IL-2) is essential for their function. Studies showed that IL-2deficient mice, which spontaneously developed autoimmune and

inflammatory

diseases, had significantly lower numbers o f CD4^CD25^ Treg cells (91). Autoimmune
disorders also occur in IL-2R-deficient (CD25- or CD 122-deficient) mice (92, 93).
Another milestone in Treg research was the discovery o f the transcription factor
forkhead box P3 (Foxp3) as a “master control gene” in Treg developm ent and function.
The FOXP3 gene was identified in 2001 as the disease-causative gene in Scurfy mice,
which spontaneously develop severe autoimmune and inflamm atory diseases as a result
o f a single gene mutation on the X chromosome (94). M utations o f the highly
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conserved human FOXP3 gene were subsequently found to be a cause o f human
syndrome IPEX (immune disregulation, polyendocrinopathy, enterophaty, X-linked),
which

is characterized by autoimmune disease in multiple endocrine

organs,

inflammatory bowel disease and severe allergy (95, 96). In 2003, several independent
groups confirm ed that Foxp3 is a crucial molecule for Treg biology, as CD25^CD4'^
peripheral T cells and CD25'^CD4^CD8‘ thymocytes specifically expressed Foxp3
mRNA and retroviral gene transfer o f Foxp3 into naive CD25 CD4^ T cells converted
them into Treg cells (97-99). Furthermore, continuous Foxp3 expression in mature
thymus-derived Treg cells was found to be necessary for maintenance o f the Treg cell
phenotype and their suppressive function (100, 101).
To date, several distinct T cell subsets with regulatory activity have been described and
characterized in mice and humans. They can be broadly divided based on their
anatomical origin into natural thymus-derived and periphery-derived Foxp3-expressing
Treg cells, and inducible T rl and Th3 regulatory T cells, secreting IL-10 or TGF-P,
respectively.

Natural Treg cells
Natural CD4'CD25^Foxp3" Treg (nTreg) cells develop in the thymus and enter
peripheral tissues as a mature T cell subpopulation. Unlike clonal deletion, where self
antigen reactive T cell clones are removed from the repertoire, the high-affinity
recognition o f self-antigen by TCR appears to be the key event to initiate nTreg cell
development (102). It was demonstrated in

studies o f transgenic mice with TCR

specific to foreign antigens that nTreg develop only when the foreign antigen is also
expressed in the thymus (103). Alternatively, the predisposition o f nTreg cells to carry
high-affinity self-reactive TCRs may be due to their resistance to negative selection and
greater survival (104). Foxp3 controls nTreg cell function and generation. In the
thymus, Foxp3^ T cells are detected from as early as the development o f double
positive CD4^CD8'^ thymocytes. Recent studies have shown, however, that the function
o f Foxp3 is not to initiate the differentiation o f thymocytes into the Treg cell lineage,
but to stabilize and sustain nTreg cell function as soon as nTreg cell fate is established
(105). Once generated, nTreg cells enter lymph nodes where they are activated by self
antigens. CD28 ligation seems to play an important role in both thymic development
and in peripheral homeostasis o f nTreg cells. It is speculated that the constant low level
CD28 co-stim ulatory signals from APCs are required to maintain a stable population by
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promoting homeostatic proliferation and survival (106). Interestingly, studies by
Takahashi and colleagues showed that nTregs can become activated and exert
suppression at up to 100-fold lower concentration o f specific antigen than naive
conventional T cells. This suggests that nTreg cells are capable o f becoming effector
Treg cells by interacting with immature DC, which have low expression o f co
stimulatory and MHCII molecules and therefore unable to activate pathogenic self
reactive T cells (107).
Unlike conventional T cells, which upregulate expression o f CD25 temporarily after
activation, nTreg cells constitutively express high levels o f CD25, m ost probably due to
constant ligation o f their TCR with MHC class Il-self-peptide complex o f APCs under
non-inflammatory conditions. The ligand for CD25 - IL-2 is a critical regulator o f
conventional T cell activation, proliferation and apoptosis (108). Therefore, it was
surprising that IL-2 (similarly to IL-2Ra and IL-2Rp-deficient) deficient mice do not
suffer from defects in T cell proliferation and function, but develop T-cell mediated
fatal inflammatory diseases with autoimmune components, generally called IL-2
deficiency syndrome (109). These studies suggest an important role for IL-2 signalling
in development, maintenance and suppressive function o f nTreg cells. However, the
precise model o f fiinction o f IL-2 in Treg biology in vivo has not been yet defined. Treg
cells do not produce IL-2 and rely on exogenous IL-2 secreted by activated T cells.
Thus, it has been suggested that reduced availability o f IL-2 for effector T cells is one
o f the mechanisms o f immunoregulation, which limits the necessity for active
suppression o f responses (cytokine-sink model) (110).

Induced Foxp3 Tregs (iTregs)
In addition to the nTreg cells that are continually produced in the thymus, naive and
memory conventional T cells in the periphery can be induced to express Foxp3 and
acquire suppressive functions under the influence o f immunoregulatory signals in a
process known as peripheral conversion. It was demonstrated in 2003 by Chen and
colleagues that the conversion o f naive CD4^CD25‘ into CD4^CD25^Foxp3^ is a
process dependent on TGF-P and TCR stimulation (111). CD4^ T cells converted by
TGF-P exhibited cell-contact-dependent suppressor activity in vitro when co-cultured
with normal CD4'^ T cells. Furthermore, TGFp-converted Treg cells can inhibit antigendriven CD4^ T cell expansion in vivo (111). It was later confirmed that TGF-P is
indispensable for induction o f Foxp3 expression in naive CD4^ T cells both in mice and
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humans (112), and this conversion is facilitated by IL-2 (IL-2 controls stability of
Foxp3) (113) and retinoic acid (a vitamin A metabolite) (114). Conversion o f naive
CD4* T cells does not seem to occur under the homeostatic conditions in the peripheral
lymph nodes and spleen. The mucosa-associated lymphoid tissues appear to be the main
place for de novo conversion of naive CD4^ T cells into Foxp3^ iTregs specific for
commensal bacteria and food antigens. There is a growing evidence that such a
mechanism for induction of Treg cells exists at least in the intestine, where T cells are
continuously stimulated by microbial products with tissue-generated TGF-P and DCderived retinoic acid (115).

T rl cells
In 1988, a new T cell subset with immunosuppressive function was discovered in the
immune system o f the patient with severe combined immunodeficiency (SCID), who
had developed long-lasting tolerance to a hematopoietic stem cell transplant, in the
absence of immunosuppressive therapy (116). It was subsequently established that the
CD4* T cell clones responsible for the tolerance in SCID patients produce large
amounts of immunosuppressive cytokine IL-10. It was later confirmed by Groux et al
that those IL-lO-producing T cells constitute to a distinct population of CD4* T cells,
termed Trl cells, with a unique cytokine profile and are able to mediate antigen-specific
tolerance (117). Naive CD4' T cells in the periphery can differentiate into Trl cells
after the encounter with cognate antigen presented by APC in the presence o f IL-10. In
mice, these Treg cells can be defined on the basis of secretion of high amounts of IL-10,
low amounts of IL-5, TGF-P and IFN-y, but no IL-4 (117). Although the engagement of
TCR is necessary to exert the suppressive properties, once activated, they can inhibit
effector T cell responses in a bystander manner, presumably by release of anti
inflammatory cytokines that can on both T cells and APCs. Since, Trl respond to IL-10
in an autocrine manner, their proliferative capacities ex vivo are limited. It has been
demonstrated, however, that they can be expanded in the presence of exogenous IL-2 or
IL-15, due to constitutive expression of IL-2R (118) Recent studies have also shown
that IL-27, a cytokine previously associated exclusively with Thl differentiation, is a
potent differentiation factor for Trl (52). Initially, IL-27 enhances the production of IL21, a member o f IL-2 family, and IL-21R. IL-21 acting in autocrine manner,
upregulates IL-10 expression. This mechanism of differentiation resembles that for
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T h l7 cells, where IL-17 is the main cytokine produced, but autocrine IL-21 serves as a
growth factor.
There is growing evidence, that Trl cells are important for the maintenance of
immunological

tolerance

and

restraining

the

inflammation

during

infections.

Administration o f IL-10 with rapamycin in vivo was shown to induce T rl cells that
mediated tolerance in type 1 diabetic mice after transplantation o f pancreatic islet (119).
Adoptive transfer o f T rl clones suppressed T hl-m ediated colitis induced by transfer o f
naive CD45RB*” cells into SCID mice (117). Since, IL-lO-deficient mice develop
spontaneous colitis in young age, these results suggest that Trl cells play a major role in
maintaining the immunological homeostasis to the intestinal microbiota. In mouse
model o f autoimmunity, the transfer o f ovalbumin- (OVA)-specific Trl clones
prevented the development o f EAE only after the administration o f OVA peptide,
confirming that T rl must be activate in an antigen-dependent manner but can suppress
autoimmune responses to the unrelated antigens (120). Finally, the generation o f Trl
cells is impaired in the MS patients compared to the healthy volunteer, suggesting that
Trl cells may play a protective role in autoimmune disorders in humans. In addition,
the generation o f Trl cells have been identified in many infection, for example with
Mycobacterium tuberculosis, Bordetella pertussis or malaria parasite Plasmodium
falciparum (121 123).

Th3 cells
Studies investigating oral tolerance identified another population o f Treg cells,
differentiating in the peripheral tissues from naive T cells. These Treg cells, later
termed Th3, express high levels o f TGF-P, low levels o f IL-4 and IL-10 and no IL-2
upon TCR stimulation and are Foxp3-negative. Th3 cells can be generated in the gut by
oral administration o f neural self-antigen and are capable o f suppressing Thl-m ediated
autoimmune disease (124). It was also demonstrated that in the absence of
inflammation, TGF-p secreted by Th3 cells upregulates the expression o f Foxp3 gene in
activated T cells during T cell expansion, inducing conversion o f peripheral CD4"^ T
cells into Foxp3 Treg cells in the absence o f thymic nTreg cells. This suggests that Th3
may

work

as

mediators

of

peripheral

immune

tolerance

by

both

direct

immunosuppressive effect o f secreted TGF-(3 on broad range o f immune cells and by
induction o f Foxp3^ Treg cells (125).
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Mechanisms of suppression by Treg cells
Both nTreg cells and induced Treg cells can suppress and regulate immune responses
by direct cell-cell contact and by production o f immunosuppressive cytokines,
modulating DC and T cells responses. The cell to cell contact suppression is provided
by expression o f inhibitory molecules on effector Tregs cells, such as CTLA4, which is
common for Foxp3 Treg and T rl cells. CTLA4 is exposed on the surface o f Treg cells
upon activation and is a ligand for co-stimulatory molecules on APCs. The mechanism
o f suppression is based on competition with co-stimulatory molecules CD28 for binding
o f CD80 and CD86 on APCs, which results on transduction o f negative signals that
induce T eff cell cycle arrest and inhibition o f IL-2 production. Additionally, the binding
o f B7 molecules leads to their capture and by trans-endocytosis which consequently
leads to downregulation o f CD80/CD86 expression o f the APCs surface (126). Other
surface

inhibitory

molecules

associated

with

Treg

suppressive

functions

are

programmed cells death 1 (PD-1), lymphocyte-activation gene 3 (LAG-3) and surfacebound TG F-P(127).
Another method o f immune suppression described mostly for Foxp3*Treg cells is
disruption o f cell metabolism by generation o f adenosine via the enzymatic hydrolysis
o f extracellular ATP by the enzymes present o f the Treg cell surface CD39 and CD73.
Adenosine binds to the A2A adenosine receptor on DC and T cells and inhibits
expression o f pro-inflammatory cytokines by elevation o f cyclic AMP (128). It has also
been described that both Foxp3^ Treg cells can directly kill target cell by release o f
granzymes and perforins (129).
The suppression o f immune responses by Foxp3^ Treg cells through production o f
immunosuppressive cytokines in not fully understood. The inhibitory effects o f TGF-P,
lL-10 and IL-35 produced by different types o f T cells have been described in vitro and
in vivo, but contribution o f these anti-inflammatory cytokines to the suppressive
functions o f Foxp3^ Treg cells is still to be determined (130, 131). In contrast, IL-10
production seems to be the m ajor mechanism o f suppressive functions o f T rl cells both
in vitro and in vivo. IL-10 is a pleiotropic cytokine exerting its effect on innate and
adaptive immune cells. Acting on DC, IL-10 inhibits production o f pro-inflammatory
cytokines, reduces expression o f MHC class II molecules, co-stimulatory molecules and
adhesion molecules, impairing the migration o f cells to the lymphoid tissues and
antigen presentation. The similar effect o f IL-10 signalling is observed in macrophages
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and monocytes. IL-10 directly supresses T cell responses by inhibiting IL-2, IFN-y, IL4 and IL-5 production, therefore, supressing both T hl and Th2 responses. Furthermore,
treatment o f PBMCs from RA patients with IL-10 decreased numbers o f IL-17producing RORyt CD4^ T cells, suggesting that IL-10 can also inhibit IL-17 expression
(132). Despite the inhibitory effects on effector Th cells, IL-10 increases the
proliferative responses o f activated CDS"^ T cells, which is associated with enhanced
anti-tumour effects and reduced tumour growth in vivo (133). IL-10 also enhances
survival, proliferation and differentiation o f B cells, therefore IL-10 was previously
associated with Th2-type o f responses.
The involvement o f TGF-P in Treg-mediated suppression is less clear. TGF-P has
potent inhibitory effects on T cells responses. TGF-p'^‘ mice develop lethal T cellmediated multi-organ autoimmunity early after birth (134). In contrast, mice with T
cells-specific TGF-P-deficiency are more resistant to actively induced EAE, due to the
impaired T h l7 induction. It is likely that the role o f TGF-P in T cell responses in vivo
depends on the site o f the immune response, type o f the target cell and presence o f other
environmental cytokines, since TGF-P also induces differentiation o f T h l 7 cells.
Studies by different research groups could not determine the involvement o f Tregderived TGF-P in inhibition o f T cell-mediated inflammatory or autoimmune diseases.
TGF-P production by Treg cells was necessary to prevent colitis in several models,
whereas in others, TGF-P-produced by other cell types, such as intestinal DC, appeared
to the involved in the protection (57). The function o f Treg-derived TGF-P m ight be
associated with both direct suppression o f effector T cells and with induction other
Tregs. TGF-P is synthesized as a precursor containing latency-associated peptide (LAP)
at the N-terminus and mature TGF-P at the C-terminus. The processing and cleavage of
the precursor protein leads to the formation o f LAP dimers and TGF-P dim ers that noncovalently associate to each other and form latent TGF-p complex. To exert its
properties TGF-P must be released from the latent complex, following its activation on
the cell surface, therefore LAP is a suitable marker for cells expressing TGF-p,
regardless o f it activity (135).

1.3.6 TLRs and regulation of T cell responses
It is commonly accepted that TLR-mediated recognition o f pathogens initiates adaptive
immune responses though activation o f APC, especially DC. However, recent findings

22

dem onstrate that TLR ligands can directly modulate T cell function TLRs are expressed
on alm ost all immune cells, including T cells, and the expression o f TLRs is related to
the functional states o f different subtypes o f T cells (136, 137). Murine naive T cells
can express TLR1-TLR9 however, there is a considerable variation in the expression
levels between different TLRs (138). It has been reported that TLR2 expressed on
human activated T cells functions as a co-stimulatory receptor for antigen-specific T
cell responses and participates in the maintenance o f T cell memory (139). Ligands for
TLR2, 5 and 7/8 have been shown to enhance proliferation as well as IL-2 and IFN-y
production by human CD4^ T cells, particularly by memory cells (140). M oreover, in
m ouse effector T hl cells the stimulation o f TLR2, but not o f other TLRs, directly
induced IFN-y production and cell proliferation and survival without TCR engagement.
In contrast, none o f TLR ligands affected the function o f effector Th2 cells (141).
Another study demonstrated that TLR2 signalling enhances T h l7 differentiation by
induction o f expression o f T hl 7-regulating transcription factors RORy and RO Ra
(142). In addition, TLR2 deficiency was found to reduce generation o f T h l7 cell in vivo
and confer protection against experimental autoimmune encephalomyelitis (EAE)
(142).
TLR2 also controls the function o f Treg cells. Netea et al demonstrated that the
num bers o f circulating CD25^CD4^ Treg cells are significantly reduced in TLR2'^', but
not TLR4‘^', mice compared to WT littermate controls (143). Moreover, TLR2
triggering o f Treg cells results in proliferation o f these cells in vitro and in vivo and
tem porarily abrogates their suppressive capabilities (144). In contrast, treatment o f
C D 25’^CD4^ Treg cells with TLR4 ligand LPS induces expression o f several activation
markers, enhances their survival and increases their suppressive ability by 10 fold
(145). Similarly, exposure o f CD25'^CD4^ Treg cells to TLRS ligand flagellin increases
their im munosuppressive capacity by enhancing Foxp3 expression, whereas TLR7
signalling enhances Treg cells suppressive function by sensitizing CD25^CD4* Treg
cells to IL-2-induced activation (146). These and other studies demonstrate that TLRs
play a crucial role in initiation o f adaptive immune responses as well as in direct
regulation o f T cell function.
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1.3.7 Relationships between T cell subsets
The differentiation o f T helper subsets involves positive feedback loops involving IFNy, IL-4 and IL-21 signalling for development o f T h l, Th2 and T h l7 cells, respectively.
This process also involves active cross-inhibition o f other lineage differentiation. IFN-y
suppresses development o f Th2 cells and conversely IL-4 inhibits Th 1 differentiation.
In addition, both IFN-y and IL-4 inhibit development o f the T h l7 subset. Treg-derived
IL-10 suppresses all effector T cells responses.
Studies o f Flavell et al have demonstrated that mice with altered TGF-P expression in T
cell develop a lethal inflammatory disorder mediated by uncontrolled T hl and Th2
responses, which indicated that Treg-derived TGF-P is required to control Thl and Th2
subsets. Interestingly, impaired TGF-P production by T cells led also to the inhibition o f
generation o f T hl 7 and decreased severity o f EAE (147). This study suggests that, apart
from innate cells, Foxp3^ Treg cells or other Treg cells themselves might be an
important source o f TGF-P for the differentiation o f T h l7 cells. This result is also
surprising, since TGF-P is necessary for the generation o f Foxp3^ iTreg cells. In vitro,
the differentiation o f mouse Foxp3^ iTreg cells and T h l7 cells is mutually exclusive.
Naive CD4^ T cells upregulate Foxp3^ expression when stimulated with TGF-P,
however, when IL-6 or IL-21 is added, the differentiation rapidly shifts to the T h l7
subset and production o f IL-17. It is still unclear, whether the same relationship occurs
in vivo. Kuchroo and colleagues have proposed that in the absence o f inflammation,
transient expression o f TGF-P by different cells predominantly induces the generation
o f Treg cells in order to maintain immunological tolerance (57). During inflammation,
IL-6 is one o f the first cytokines produced by innate cells that subsequently prevents the
development o f function o f T cells, and skews the developmental program into T h l7.
Therefore, IL-6 plays a crucial role in the balance between Treg and T h l7 cells (57). In
addition, IL-23 and IL-1

are necessary for further development and terminal

differentiation o f T h l7 cells, which might serve as an additional check point in the
induction o f protective immunity. Schematic representation o f differentiation and
regulation o f different T cell subsets is shown in Fig. 1.1
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1.3.8 Immunological memory
CD4^ T cells complete the differentiation into a particular subset in the lymphoid
tissues. Once differentiated, effector T cells leave lymphoid tissues and enter the blood
stream through efferent lymphatics and thoracic duct. Due to the enhanced expression
o f chemokine receptors and adhesion molecules that bind ligands on endothelial cells,
they enter the peripheral tissues, particularly the sites o f inflammation to exert their
effector fiinctions after encountering cognate antigens. During the resolution o f
infection most o f the antigen-specific effector T cells die, but small percentage o f T
cells remains in the tissues and are maintained as long-lived memory T cells. The
survival and homeostatic proliferation o f memory T cells (and also naive T cells) is
largely dependent on signals from lL-7 which is produced by epithelial cells,
keratinocytes, bone marrow cells and by follicular DC (148). The most recent studies
have demonstrated that memory T cells share molecular and functional features with
stem cells. For example, memory T cells have partially conserved transcriptional profile
similar to hematopoietic stem cells, they undergo asymmetric division and activate
telomerase to maintain telomere length and replicative potential. Moreover, the whole
population o f memory T cells displays a hierarchical organization, with T memory stem
cell (Tmsc), being the m ost undifferentiated subset (149). Furthermore, the memory T
cells are divided into distinct subsets, based on expression o f lymphoid homing
receptors, effector function and proliferative capacity. Central memory T cells (Tcm),
similarly to naive T cells, express chemokine receptor CCR7 and L-selectin CD62L and
are predominantly situated in secondary lymphoid organs, spleen and blood, where they
are maintained though production o f IL-2. In contrast, effector memory T cells (Tem)
do not express those m olecules and migrate in the non-lym phoid organs, such as liver,
intestinal tract, kidney, adipose tissue. Recently, a new population o f memory T cells,
permanently residing in the peripheral tissues associated with epithelial and mucosal
surfaces has been characterised as tissue-resident memory T cells (Trm) (150).
Altogether, memory T cells provide the rapid and effective protection against
reoccurring pathogen, by the ability o f becom ing activated through recognition o f
antigens without co-stimulation.
Preventative vaccination against infectious disease is based on the development o f longlasting immunological memory. Prophylactic vaccines successfully eliminated some o f
the most dangerous, life-threatening diseases, such as smallpox or polio. By contrast,
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the strategy to induce immunological memory against tum our antigens might become
an effective immunotherapy to fight cancer. Moreover, inverse vaccination, developing
long-lasting tolerogenic memory for self-antigens might be an alternative for traditional
therapies against inflammatory and autoimmune diseases.
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IL-17

Naive \
Thymus

CD4^ T cell

Fig. 1.1 Differentiation and regulation of T cell subsets.
Naive a(3 CD4^ T cells, y6 T cells and CD4^ natural Treg cells
develop in the thym us. In the periphery, naive CD4^ T cells
differentiate into T h l, Th2, T h l7 or Treg cells (Foxp3^ iTreg, T r l
of Th3 cells) d e p en d e n tly on th e en viro nm en tal cytokine milieu.
The cytokines p rod uced by a p articu lar differentiating Th cell
sub set serve as autocrine g row th and polarisation factors for
th a t su b set and inhibit differentiation of o th er Th subsets. yS T
cell can be activated by cytokines w ith o u t TCR stim ulation and
provide a source of early inflam m atory cytokines enhancing the
inflam m atory response. Both natural an d peripherally induced
Treg cells su p p re ss the activation a n d function of Th cells
subsets by p rod u ctio n of su p p re ssin g soluble factors and via
m echanism s involving direct cell to cell contact.
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1.4 Autoimmunity
The concept o f autoimmunity was first proposed at the beginning o f the twentieth
century by a German haematologist and immunologist Paul Ehrlich. He proposed a
theory called “horror autotoxicus” stating that the organism is unwilling to endanger
itself by the formation o f toxic autoantibodies, in other words, that the normally
functioning immune system is unable to produce the immune response against own
antigens. However, the clinical observations showed the contrary - many disorders,
such

as

paroxysmal

cold

hemoglobinuria,

ocular

inflammation

and

certain

encephalitides was associated with formation o f autoantibodies. Moreover, it was
experimentally shown that the injections o f autologous thyroglobulin into the thyroid
glands o f rabbit leads to the development o f lesions in the thyroid tissues, an
autoimmune response similar to observed in H ashim oto’s thyroiditis. Finally, a theory
o f clonal selection o f lymphocytes, formulated in 1957 by Frank Burnett, was a basis
for explanation o f the phenomenon o f acquired immunity, but also the enabled
formulation o f theories about the immune tolerance and generation o f autoimmune
responses (151).
It is now clear that during lymphocyte development, almost indefinite amount o f
specificities can be generated by somatic recombination o f TCR genes. The
fundamental mechanism o f T cell tolerance to self-antigens is the process o f the clonal
deletion o f self-reactive T cells in the early stages o f their development in the thymus.
This process is referred to as central or recessive tolerance. However, not all the T cells
specific for auto-antigens are effectively removed from the system. Auto-reactive T
cells can be detected in healthy individuals and the immunization with self-protein in
the presence o f adjuvant results in the development o f autoimmune response (152). T
cells specific for environmental antigens or commensal bacteria antigens also pass the
process o f clonal deletion. Therefore, additional regulatory mechanisms o f peripheral or
dominant tolerance exist that restrain the numbers and fiinction o f mature circulating T
cells reactive to self- or non-harmflil antigens. These regulatory mechanisms depend on
T cell anergy and functions o f regulatory T cells.
The breakdown in immunological tolerance to environmental or self-antigens leads to
the development o f immune-mediated diseases. Autoimmune diseases are described as
pathologic responses o f the adaptive immune system directed against its own tissues,
resulting in the progressive damage o f the target organ. The exact cause o f loss o f
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tolerance is still unknown, but the combination o f both environmental and genetic
factors seems to be crucial. Epidemiological studies have shown the link between
infections and development or exacerbation o f autoimmune diseases (89). It is
speculated that the initiation o f the autoimmune response by the infectious agent might
be dependent on several mechanisms. Firstly, some pathogen-derived epitopes have
similar structure to self-peptides, which might be sufficient for activation o f auto
reactive T cells. Secondly, the killing o f pathogens is associated with collateral tissue
damage and released antigens can be presented by TLR-activated APCs, leading to the
initiation o f response

to

self-antigens

(epitope

spreading)

(153).

Finally,

the

inflammatory environment that results from infection triggers the non-antigen specific
activation o f immune cells and can lead to the expansion o f the previously activated T
cells in the process o f bystander activation. The other environmental factor suspected to
be responsible for breaking o f immunological tolerance are lack o f sunlight and
chemicals present in certain drugs, which can cause tissue damage and initiate the
inflammatory response (154).
Many autoimmune diseases have been associated with mutations in genes associated
with the maintenance o f central and peripheral tolerance, such as AIRE (autoimmune
regulator, encoding a protein responsible for thymic expression o f some antigens)
CTLA4

and

FOXP3

(155).

In

fact,

decreased

frequency

or

function

of

CD25^FOXP3^CD4' T cells correlate with severity o f disease in systemic lupus
erythtemathosus (SLE), rheumatoid arthritis (RA) and multiple sclerosis (MS) patients
(156). Some autoinflammatory disorders are caused by the abnormal activation o f the
innate immune system, as a result o f genetic mutations involved in expression pathways
for inflammatory cytokines, for example mutation in NLRP3 gene which leads to
sustained activation o f inflammasome and production o f IL -ip (157).

1.4.1 Role of Treg cells in autoimmune diseases
The hallmark features o f autoimmune diseases are: a breakdown o f mechanisms
responsible for discrimination between self and non-self and failure to control the
excessive

immune

responses to

self-antigens.

In

healthy

individuals

different

populations o f Treg cells play a dominant role in negative regulation o f immune
responses directed against self-antigens and in suppression o f autoimmune pathology.
Foxp3^ Treg cells play a crucial role in the prevention o f autoimmunity, since mutation
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in murine Foxp3 gene causes a range o f severe autoimmune diseases in scurfy mice.
Similarly, mutation in human F0X P3 gene is a cause o f severe autoimmune
inflammation in multiple tissues, called IPEX syndrome (95).
It has been described that patients with autoimmune diseases, such as psoriatic arthritis,
systemic lupus erythematosus or autoimmune liver disease have reduced levels o f
circulating CD4^CD25^ Treg cells compared to the healthy people and the lower levels
o f these cells correlate with a higher disease activity (158-160). In contrast, no
significant changes in circulating CD4^CD25^Foxp3^ Treg cells frequencies were
observed between healthy controls and patients with multiple sclerosis, type 1 diabetes
or spondyloarthritis, which suggests that the decreased numbers o f circulating Treg
cells are characteristic for only particular autoimmune diseases (158, 161, 162).
Moreover, studies dem onstrated an increased recruitment o f CD4^CD25^ Treg cells at
sites o f inflammation compared with peripheral blood in such autoimmune diseases as
rheumatoid arthritis or psoriatic arthritis (158). However, the local enrichment o f
CD4^CD25^ Treg cells at the sites o f inflammation is insufficient to restrict
inflammation, indicating the impaired Treg functions and imbalance between proinflammatory and regulatory T cell responses in the individuals with autoimmune
diseases. The dominant role o f Treg cells in prevention o f autoimmunity was
demonstrated in animal models. For example, depletion o f CD4^CD25"^ Treg cells in
mice with collagen-induced arthritis (CIA) caused rapid disease progression, but the
joint damage could be inhibited by transfer o f isolated and ex v/vo-proliferated
CD4^CD25^ Treg cells (163). Furthermore, Hori et al showed that retroviral
transduction o f Foxp3 to CD25 CD4^ T cells converts them into CD25^CD4^ Treg-like
cells both phenotypically and functionally. These Foxp3-transduced CD25 CD4^ T cells
were able to suppress proliferation o f other T cells in vitro as well as suppress
development o f inflamm atory bowel disease (97, 164).
T rl cells are induced in the periphery from uncommitted CD4^ T cells and have been
identified to play an important role during autoimmune inflammation. For instance,
they are found in large numbers in the intestine, where they are proposed to have a
protective role during colitis (117, 165). It was demonstrated in murine model o f colitis,
that the pathogenicity o f CD45RB'”®'’CD4^ T cells transferred into SCID mice could be
inhibited by co-transfer o f T rl clones induced from ovalbumin (OVA)-specific CD4^ T
cells and the inhibition was achieved only in recipient mice that received OVA antigen.

30

This experiment demonstrated that the immune suppression o f cohtis relayed on
antigen-specific activation o f Trl cells in vivo (117). Similarly, an adoptive transfer o f
in vitro generated OVA-specific T rl cells prevented developm ent o f EAE in mice,
when OVA peptide was injected intracranially (120). T rl cells were also induced in rats
by in vivo adm inistration o f soluble peptide myelin basic protein (MBP) and were able
to inhibit ongoing EAE induced by immunization with M BP (166). Moreover,
desmoglein 3-responsive

IL-lO-secreting T rl

cells were isolated

from

healthy

volunteers, but were rarely detected in patients suffering from pem phigus vulgaris, an
auto-antibody mediated autoimmune disease o f the skin associated with autoimmune
responses against desmosomal adhesion molecule desmoglein 3 (167). Finally, the
abnormal differentiation and impaired suppressive activity o f T rl responses was shown
in patients with MS compared to healthy donors (168 170).
Th3 cells have been identified as a unique population o f cells induced peripherally from
naive CD4^ T cells upon oral administration o f low doses o f antigen (124). Is has been
demonstrated that delivery o f neural antigen MBP by oral route can generate Th3 cells
producing high concentrations TGF-p. The M BP-specific clones were able to suppress
the development o f M BP-induced EAE as well as PLP-induced EAE and thie
suppression was blocked by in vivo injection o f anti-TGF-P antibodies. This suggests
that the suppressive effects o f Th3 cells are antigen-nonspecific and mediated by
bystander suppression via production o f TGF-(3 (171). In humans, M BP- and PLPspecific Th3 cells have been observed in the peripheral blood o f MS patients treated
with oral bovine myelin preparation but not in patients who were untreated (172).
Furthermore, it has been postulated that TGF-P-producing Th3 cells play a m ajor role in
inducing and maintaining peripheral tolerance by driving the differentiation o f antigenspecific Foxp3^ Treg cells in the periphery (125).
Considerable progress in understanding the mechanisms o f immune tolerance led to an
increasing

interest in developing new strategies for therapies

o f autoimmune

inflammation by manipulating both the function and number o f different populations o f
Treg cells. Effective m ethods for differentiation or expansion o f Treg cells ex vivo
could lead to the development o f cell based therapy for autoimm une diseases. In order
to use adoptive transfer o f Treg cell as a therapy, several methods have been established
for purification and ex vivo expansion o f human nTreg cells (173). For example, human
CD4^CD25'”®'’ nTreg cells can be isolated from umbilical cord blood and expanded
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using anti-CD3/anti-CD28-coated microbeads, recombinant IL-2 and rapamycin,
resulting in 200-300 fold expansion after 3 weeks o f culture (174). Furthermore, many
preclinical animal studies have dem onstrated that the adoptive transfer o f Foxp3^ nTreg
cells can prevent various autoimmune diseases (175). A major obstacle in using nTreg
cells is their low numbers in the peripheral blood and poorly defined antigen specificity,
which may result in general suppression o f the immune responses when polyclonally
expanded Treg cells are adoptively transferred in vivo.
Another approach to using adoptive im munotherapy o f Foxp3^ Treg cells is based on in
vitro conversion o f naive Tconv cells into Foxp3^ iTreg cells by stimulation with TGF-p.
While the ability o f TGF-P to convert naive Tconv cells into functional iTreg cells is well
documented in mice, the results from studies using human T cells are disputable (111,
176). Unlike murine cells, Foxp3 was shown to be also expressed in human activated
Teff cells, thus it is a poor marker o f suppressive activity o f human iTreg cells (177).
Consequently, several studies demonstrated that not all human Foxp3-positive T cells
induced in vitro by stimulation with TGF-P are immunosuppressive (176, 178).
Gregori et al identified and characterized a subset o f human tolerogenic DC (D C -10)
that occur in peripheral blood, secrete high levels o f IL-10 and are potent inducers o f
antigen-specific T rl cells in vitro (179). T rl cells require TCR stimulation with their
specific antigen to become activated and produce high amounts o f IL-10, but once
activated, they can mediate bystander tolerogenic effects. Therefore, induction and
expansion o f antigen-specific T rl cells ex vivo could give an opportunity for cell-based
therapy o f autoimmune diseases for which an antigen causing disease is known as well
as unknown (175). In fact, a first human study using antigens-specific T rl cell clones
has given a positive outcome in clinical trial phase 1/2 in patients with severe C rohn’s
disease. The study demonstrated that administration o f ovalbumin-specific T rl cells
was safe and lead to a significant clinical improvement in 8 o f the 20 patients (180).

1.4.2 Hygiene hypothesis
In the twentieth century, changes in lifestyle in industrialized countries, associated with
the use o f antibiotics and vaccination, improved hygiene and improved living and
housing conditions decreased the incidence o f infectious diseases. Conversely,
epidemiologic studies showed an increase in the incidence o f chronic inflammatory and
autoimmune disorders and allergy. The inverse correlation between exposure to
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pathogens and the incidence of allergy in children was described for the first time in
1989 by Strachan (181). The theory, known as the “hygiene hypothesis” was founded
on the observation that a reduction in microbial exposure, accompanied by a subsequent
decrease in Thl cell stimulation, led to a skewing of the immune response towards
excessive Th2 responses, the dominant type o f T-cell in the allergic responses (182).
However, this idea was disputed due to observations that the incidence o f Thl-mediated
autoimmune diseases was also increasing and that the incidence o f parasitic infections,
which induce strong Th2 responses, were inversely associated with allergy (183).
The hygiene hypothesis was re-evaluated following the discovery o f Treg cells. Based
on epidemiological and animal model data. Rook et al suggested that the chronic
inflammatory conditions result from a decrease in certain microbial stimuli, e.g. from
commensal and environmental species, which are recognized by the immune system as
harmless and prime tolerogenic responses mediated by release of anti-inflammatory
cytokines lL-10 and TGF-p. Hence, the failure to establish a continuous background of
bystander suppression by the immune system is the cause o f inappropriate inflammation
(184, 185). Various clinical data support this theory. For instance, studies of the
bacterial colonisation of the intestines of newborns have shown that more rapid and
diverse colonisation occurs in the developing countries. In contrast, the incidence of
allergy was found to be significantly lower in developing countries compared to that of
developed countries (186). Furthermore, there is the inverse association between the
prevalence of autoimmune diseases or allergy and helminth infections in humans;
Gabonese children naturally infected with Schistosoma had a reduced risk of
developing allergic skin reaction to house-dust mite compared with un-infected
individuals (183). Furthermore, people infected with helminths have lower risk of
developing MS and MS patients infected with intestinal parasites showed a significantly
lower number of relapses and brain lesions compared with the un-infected patients
(187). These observations led to the exploratory studies and subsequent phase 1 clinical
trials using oral administration o f Trichuris suis (188) in MS patients, called HINT
(Helminth-induced immunomodulation therapy). There has also been an increasing
interest in the use o f immunomodulatory products derived from helminth parasites as
immunotherapeutics against autoimmune and autoinflammatory diseases.
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1.4.3 Multiple sclerosis
MS is a chronic immune-mediated and neurodegenerative disease o f the nervous system
affecting, according to Atlas o f MS, approximately 2.3 million people worldwide,
mostly young adults. The disease occurs usually between 20 and 40 years o f age and
affects woman approximately twice as often as men. The primary damage in MS is
caused by inflammation o f the central nervous system, but the specific events initiating
the pathologic immune response are unknown. As a result o f inflammation, brain,
spinal cord and optic nerves are affected by demyelinating lesions in multiple locations.
The damage to oligodendrocytes, which cover the nerve fibres, results in axonal
degeneration with deficits in sensation and motor and autonomic functions and
subsequently leads to a complete loss o f axonal conduction (189). The majority o f
patients are initially affected by recurrent and reversible neurological deficits, which is
called relapsing-remitting MS (RRMS). There are cases o f primary progressive MS
(PPMS), characterized by gradual progression o f the disease, without periods o f
remission. H alf o f patients diagnosed with the relapsing-remitting form o f MS later
develop the secondary progressive (SPMS) form o f the disease (190).
Although the aetiology o f MS in not well defined, there is a substantial evidence that
genetic factors influence the susceptibility to MS. This is strongly suggested by 5%
concordance among same-sex dizygotic twins and 20%-30% concordance among
monozygotic twins compared to the prevalence o f approximately 0.1% in the whole
populations o f northern Europe areas (191). M oreover, the risk o f MS is highly
associated with specific genes for human leukocyte antigen (HLA) class II molecules.
Particularly, Caucasian haplotype HLA-DR15

is suspected to be one o f the

characteristic genetic factor conferring the development o f MS (192). Along with the
genetic predispositions, the exposure to certain infectious agents have been postulated
to trigger the development o f MS. Specifically, there is a 10-fold increased risk o f MS
is patients who were infected with Epstein Barr virus as children when com pared to
non-infected. There is also an established association between the common infections o f
upper respiratory or urinary tract and the severity o f the relapses in MS (191).
Studies, involving analysis o f cellular composition o f brain lesions o f MS patients and
animal models, demonstrated that the pathogenesis o f MS is associated with infiltration
o f inflammatory self-reactive lymphocytes into the CNS. The pathogenic T cells.
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infiltrating CNS, exhibit specificity for auto-antigens, such as myelin basic protein
(MBP), proteolipid protein (PLP) or myelin oligodendrocyte protein (MOG), all o f
which are abundant in the CNS (193). The animal model studies confirm that
autoreactive T hl and T h l7 cells are reactivated within the CNS and triggered to
produce their signature pro-inflammatory cytokines, activating the resident immune
cells and further attracting inflammatory leukocytes into CNS. Recent studies in mouse
models o f MS have revealed that IL-17-producing y5 T cells play a pivotal in the initial
stages o f the autoimmune inflammation in MS (75, 194). These events lead to cellmediated immunity against oligodendrocytes and subsequent destruction o f myelin
sheath (189). In patients with RRMS the acute inflammation and demyelination occurs
episodically and is followed by resolution o f inflammation, partial remyelination and
restoration o f the neuronal functions. In contrast, in progressive forms o f MS the
inflammatory processes dominate in the initial states o f the disease, whereas the
irreversible

and permanent neurological disability is associated

with a broad

neurodegeneration independent on inflammation (151).

1.4.4 Experimental autoimmune encephalom yelitis (EAE)
The key pathological features o f MS have been established based on the analysis o f
patients’ peripheral blood and brains lesions. However, many pathways and events have
been identified and confirmed using an animal model o f MS. Experimental autoimmune
encephalomyelitis (EAE), also called experimental allergic encephalomyelitis, is an
animal model o f inflammation in the central nervous system that is primed by CNSderived antigens. EAE is one o f the most widely studied models o f immune disease,
because o f its resemblance to human CNS demyelinating diseases. The origin o f EAE
dates back to the beginning o f 20"’ century when Thomas M. Rivers from The Johns
Hopkins University in Maryland (USA) injected emulsified rabbit brain to rhesus
monkeys and rabbits and observed that animals developed limb weakness and paralysis.
Further histological analysis o f the brain and spinal cord sections revealed extensive
cellular infiltration around blood vessels and areas o f myelin loss (195, 196).
Recently, a num ber o f different EAE models have been developed, using various
species o f mammals (197, 198). EAE can be induced by immunizing mice with proteins
found specifically within the CNS: spinal cord homogenate or purified neural proteins,
such as MBP, PLP, MOG, myelin-associated glycoprotein (MAG), S-100 or by
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adoptive transfer o f p athogenic T cells

sp ecific to neural antigens

(1 9 9 , 200).

C lassically, EAE is induced in suscep tib le strains by im m unization w ith neural antigen
em ulsified with com plete Freud adjuvant or other source o f TLR agonists, fo llo w ed by
injection o f pertussis toxin (PT). To ach ieve a particular pathological ou tcom e ranging
in severity and frequency o f sym ptom s, different susceptible m ou se strains are used.
C 57B L /6 m ice, im m unized w ith MOG35-55 peptide, d evelop acute chronic disease,
characterized

by

severe

inflam m ation

o f CNS

follow ed

by

dem yelin ation

and

neurodegeneration, w h ich approxim ates the progressive form s o f M S. In contrast, SJL
m ice, im m unized with P L P 139-151 peptide d evelop relapsing-rem itting form o f disease,
w hich resem bles the clinical course o f hum an RRM S (198).
EAE shares m any o f features o f R R M S, such

as T -cell (T hl and T h l7 )-m ed ia ted

inflam m ation, m icroglial activation, infiltration o f im m une cells (T cells, neutrophils,
m acrophages) into nervous tissue o f C N S , m ultiple lesion s and dam age to m yelin
sheaths, m aking it a com m on and useful m odel for the human d isease. T he major
difference

betw een

MS

and

its

m ou se

m odel

is

that

EAE

requires

external

im m unization to initiate the developm ent o f autoim m une reaction. Furthermore, in
EAE, the antigens that initiate the autoim m une response are know n, w hereas in M S the
exact com position o f antigens has not been defined. Another differen ce o f note is that
the usual anim al strains used to induce EAE
regulatory m echanism s, contrary to what often

do not exhibit d efects in im m une
is observed in M S

patients (198).

N everth eless, from the pathogenesis point o f v iew , EAE is a valuable tool to study the
m echanism s and potential targets for the developm ent o f therapies.
In E A E , a ctively induced by im m unization w ith M O G 35-55 peptide, autoreactive CD4^ T
cells are induced in the lym ph nodes and sp leen and, follow in g upregulation o f tissu ehom ing adhesion m olecu les, migrate to the peripheral tissues. A fter entering the C N S ,
M O G -sp ecific T cells are re-activated by local and infiltrating A P C s, w h ich results in
the production o f vasoactive inflam m atory m ediators, pro-inflam m atory cytokin es and
chem okines, recruiting other irmate and adaptive im m une cells.
B efore the d iscovery o f T h l 7 cells, EA E w as b elieved to be m ediated ex c lu siv ely by
IFN -y-producing T h l

cells. This theory w as supported by the observations that

enhanced IFN-y expression in the C N S correlated w ith clinical severity E A E and
adoptively transferred self-reactive T h l clon es induced in vitro w ere able to transfer
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EAE in the naive recipients (201). M oreover, T-bet-deficient mice were found to be
resistant to EAE. However, the concept o f Thl driven autoim m une inflammation was
challenged by the discovery that mice deficient in IFN-y, IFN-yR or IL-12p35 were
more susceptible to EAE (202). Subsequently, it was discovered that IL-12 and a novel
cytokine IL-23 share a second common chain p40. Cua et al dem onstrated that IL23pl9-deficient but not IL-12p35-deficient mice are protected from development o f
EAE, ultim ately confirm ing that IL-23 but not IL-12 is indispensable for induction o f
EAE (203). Soon after IL-23 occurred to be a pivotal differentiation factor for
development o f T h l7 cells, which were able to induce EAE when adoptively
transferred to the naive recipient mice (204).

1.4.5 Therapies for MS
The understanding o f the pathophysiology o f autoimmune diseases, have led to the
development o f new therapies. Currently, there is no cure for autoimmune diseases,
however disease-m odifying treatments (DMT) can prevent formation o f new lesions
and reduce the severity and frequencies o f relapses in patients with RRMS. DMT
however, have marginal or no effects in other forms o f MS. There are also additional
im mune-based treatments available for patients who do not respond to first-line DMT.
Most o f the current therapies focus on systemic inhibition o f inflammation however,
new approaches are emerging that concentrate on the suppression o f antigen-specific
immune responses.

1.4.5.1 Current therapies for RRMS
Interferon-P (IFN-P, Rebif, Avonex, Betaseron) was the first approved DMT for RRMS
patients. IFN-P treatm ent reduces the relapse rate by 30% compared to placebo,
however, less than 50% o f patients respond to IFN-P therapy (205). The exact
mechanism o f therapeutic action o f IFN-P is not com pletely understood. Studies on
prim ary cultures o f human blood-brain barrier endothelial cells (BBB-EC) and
astrocytes have indicated that treatment with IFN-P enhances the expression o f ecto-5’nucleotidase (CD73) on these cells. This increases the level o f adenosine, a key
m ediator o f endothelial permeability. Therefore, as a consequence o f improved function
o f the BBB, the transm igration o f lymphocytes into the CNS is reduced (206). Other
studies on mode o f action o f IFN-P in the EAE model and on PBMC from RRMS
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patients have demonstrated that IFN-P mediates the therapeutic effect partially through
induction o f IL-27, which is associated with impaired development o f T h l? cells (207),
Another first-line treatment for RRMS and for clinically isolated syndrome (CIS) o f MS
is glatiramer acetate (GA, Copaxone), also known as copolymer 1. GA is an effective
and approved therapy, based on the strategy o f inducing tolerance using altered peptide
ligands (APL). GA is a mixture o f synthetic polypeptides randomly com posed o f four
amino acids, glutamic acid, lysine, alanine and tyrosine that are the most abundant in
MBP. GA was first synthesized to mimic the encephalitogenic propertis o f MBP,
however the administration o f GA to mice was found to have the opposite effect - GA
blocked the induction o f EAE. The exact mechanism o f action o f GA is not yet clear,
however it was demonstrated that GA strongly binds to MHC class II molecules,
competing with and even replacing various myelin antigens for presentation to T cells,
thus inhibiting T cell activation and differentiation (208). In mouse model, GA induced
Th2 and Th3 cells, which secreted high am ount o f IL-4, IL-10 and TGF-P in response
to GA and MBP stimulation (209). Th2 and Th3 cells were also found in the brains and
spinal cords o f mice with EAE treated with GA (210). GA treatment was found to
induce a variety o f changes in RRMS patients. It reduced the proliferative capacity o f
GA-specific CD4"^ T cells and shifted the GA-reactive T cell populations from Thl to
anti-inflammatory Th2 and CD4*^CD25^Foxp3^ T cells, which may dampen the
inflammation in the CNS by mechanism o f bystander suppression (211,212).
Monoclonal antibodies are currently used to treat various autoimmune diseases with
more undergoing clinical trials. Natalizum ab (Tysabri) is a humanized antibody that
targets CD49 molecule, a a4 subunit o f very late antigen-4 (VLA-4) receptor, present o f
the surface o f T cells and other immune cells facilitating adhesion to endothelial cells.
Through binding VLA-4, natalizumab prevents the adhesion between the endothelial
cells and immune cells, consequently blocking the migration o f leukocytes through
BBB into the CNS. In clinical trials, natalizumab reduced annual relapse rate by nearly
70% compared to placebo and has been approved as a therapy for patients with severe
RRMS unresponsive to treatment with IFN-p (213). A monoclonal antibody against
TN F-a (infliximab, Remicade) is used for treatment o f RA, psoriasis, Crohn’s disease
and ankylosing spondylitis. M onoclonal antibody against CD20 is currently under
investigation for therapy o f RA and monoclonal antibody against IL-6R is in clinical
trials for therapy o f RA (214). In addition, a monoclonal antibody specific for CD52
38

(alemtuzumab), which has been used for treatm ent o f chronic lymphocytic B-cell
leukemia, has recently been licenced for treatment o f active RRMS (215).
Considerable interest has emerged in the developm ent o f oral treatments for
autoimmune diseases due to the convenience o f this route o f administration.
Specifically laquinimod and cladribine are new experimental agents for therapy o f
RRMS (216). Fingolimod, terifluomide and dim ethyl fumarate has been recently
licenced as a treatment. Fingolimod (FTY720) is structural analogue o f sphingosine and
exerts its biological effects by mimicking sphingosine 1 phosphate (S IP ) and binding to
S IP receptors on lymphocytes, resulting in internalization o f the receptor. Downregulation o f S IP receptors leads to the sequestration o f lymphocytes, which reduces
their recruitment to the sites o f inflammation (217). Terifluomide inhibits mitochondrial
dihydroorotate dehyreogenase, a crucial enzyme in the synthesis o f pyrimidine. Since
activated

lymphocytes

consume

de novo

synthesised

pyrimidine,

terufluomide

suppresses proliferation and effector functions o f activated T and B cells. Dimethyl
fumarate has been used in the treatment o f psoriasis since 1950s, however the exact
mechanis o f action is still unclear. The therapeutic effect has been attributed to the
reduced expression o f pro-inflammatory cytokines and chemokines (216).
Although m ostly used in treatment o f cancer therapies, several chemotherapy agents
have been investigated as possible treatments for autoim m une diseases. Cytotoxic drugs
such as mitoxantrone, cyclophosphamide, azathioprine and methotrexate have been
used as an additional therapy for MS patients who do not respond to first-line
treatments (218). Furthermore, because o f their potent anti-inflammatory effects
corticosteroids, have been used as a standard treatm ent for many autoimmune disorders,
including acute relapsing o f MS and early stage SLE.
Although the therapies for autoimmune diseases have evolved and become more
directed and selective, often with improved efficacy, they are still mostly based on the
generalized suppression o f immune responses. The treatment o f RRMS patients with
IFN-P and GA is well tolerated, usually with only m inor side effects, such as flu-like
symptoms, local skin reactions and liver enzyme abnormalities (218). Unfortunately,
more than h alf o f patients are resistant to the first-line treatments, partially because o f
the formation o f the antibodies against the therapeutic agent (anti-IFN-P). It has been
also speculated that different subtypes o f T cells might be involved in disease
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pathogenesis in different individuals, which may explain the different responses to IFNP treatment. Experiments in the mouse model o f MS indicated that although both
adoptively transferred T hl and T h l7 cell can mediate the disease, treatment with IFN-P
attenuated T hl-m ediated but exacerbated Thl7-m ediated disease (219). This is in
agreement with a study, showing that patients not responding to IFN-P treatment have
elevated levels o f IL-17 in the serum (219). Later studies demonstrated that IFN-P
inhibits T h l 7 cells partially though induction o f IL-27, and patients who failed to
respond to IFN-p therapy had impaired production o f IL-27 after stimulation with IFNP in vitro (207). The second-line treatments, such as natalizumab and fmgolimod, are
effective in up to 80% o f patients and reduce the frequency o f relapses by 50-60%,
however, they also significantly increase the risk o f adverse events associated with
suppression o f immune system (216). For example, therapy with natalizumab for
RRMS and C rohn’s disease has been linked with several incidence o f progressive
multifocal leucoencephhalopahy (PML), a life-threatening opportunistic brain infection
that leads to CNS demyelination by damage o f oligodendrocytes. PML occurs as a
results o f reactivation o f a polyoma John Cunningham virus (JCV) in the brain due to a
general suppression o f the immune responses (220). Therapy with fmgolimod has been
associated with several incidences o f acute viral infections, including varicella zoster
and herpes simplex encephalitis. In addition, administration o f fmgolimod increases the
risk o f developing skin cancer, breast cancer and malignant lymphomas (216). Due to
the potential the risk o f developing serious opportunistic infections and tumours, these
therapeutic agents, although highly effective, are only recommended for patients with
aggressive disease or when the initial therapy was unsuccessful. Therefore, the new
therapeutic strategies for autoimmune disease are being investigated in order to develop
treatments that are safe as well as effective.

1.4.5.2 Antigen-specific tolerance strategies
One aim o f current research on therapies for T-cell mediated autoimmune diseases is to
develop auto-antigen-specific tolerogenic treatments that allow specifically inhibit
pathogenic self-reactive immune cells but maintaining the ability to effectively respond
to infections and tumours. The methods for induction o f auto-antigen-specific tolerance
can be broadly divided into the generation o f antigen-specific unresponsiveness and the
generation o f antigen-specific Treg cells.
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Studies in animal models have demonstrated that treatment with high doses o f soluble
antigen results in T-cell unresponsiveness by blocking o f T cell proliferation and IL-2
production, which consequently might lead to clonal deletion by activation-induced cell
death (AICD) after antigen re-stimulation (221). Therefore, it has been postulated that
tolerance induced by administration o f soluble peptide may be an effective therapy for
human autoimmune diseases. Indeed, studies dem onstrated that intraperitoneal (i.p.)
administration o f high dose o f MBP induced M BP-specific T cell anergy and prevented
the development o f

M BP-induced EAE (222), whereas repeated intravenous (i.v.)

injections o f MBP significantly attenuated ongoing EAE (223). However, further
studies demonstrated that i.v. administration o f MOG peptide exacerbated disease in a
primate model o f M OG-induced EAE and treatment o f mice with established EAE
induced a fata! anaphylactic response (224). These severe adverse effects are thought to
be due to the route o f administration, since the spread o f antigen into the tissues after
i.v. injections might rapidly activate tissue-resident mast cells and induce Th2 response,
resulting in enhanced production o f pathogenic autoantibodies (225). The therapeutic
potential o f i.v. administration o f MBP peptide (M BP 85 -96 ) was evaluated in phase I
clinical trial with progressive MS patients, however the induction o f tolerance was not
found (226).
Approaches to induce tolerance by administration o f auto-antigen by mucosal routes
have a strong biological basis. The dietary and commensal bacteria-derived antigens are
tolerated

at the gastrointestinal sites because o f a highly

immunosuppressive

environm ent provided by mucosal APCs. High-dose treatment with antigen by oral
route was found to induce T cell anergy, whereas low doses o f antigen generated
antigen-specific Treg cells. Prophylactic oral adm inistration o f auto-antigen has been
shown to suppress the development o f various autoimm une diseases in animal models,
including EAE, colitis and uveitis, however the treatment was significantly less
effective in inhibition o f ongoing disease (227). Although the strategy for induction o f
antigen-specific tolerance through oral administration is particularly attractive due to
the ease o f delivery, the results o f multiple clinical trials failed to show any beneficial
effects. Administration o f bovine myelin (M yloral) or synthetic MBPg 2-98 peptide
(Dirucotide) to MS patients did not change the course o f the disease (228). DNA
vaccination also provides possibilities for induction o f antigen-specific tolerance, as it
offers the opportunity to combine expression o f antigen alone or together with anti-
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inflammatory cytokines, such as IL-10. Intram uscular injection with DNA vaccines
encoding self-antigens lead to induction o f T-cell anergy or development o f self
antigen-specific Treg cells and Th2 cells (229). The clinical trials, however, showed
only modest efficacy o f this treatment in patients with MS, with no significant changes
in relapse rate or lesion reduction compared to placebo-treated control patients (230).
Only one study so far demonstrated efficacious antigen-specific therapy exploiting the
strategy to induce tolerance by administration o f pure antigen. The clinical study
performed by W alczak et al demonstrated that transdermal application o f a mixture o f
myelin peptides, MBPg5-99, MOG35-55 and PLP139-155 in a form o f skin patch to patients
with RRMS significantly decreased the annual relapse rate compared with placebotreated patients (231). The suppression o f MS was associated with induction o f a unique
population o f DC in the skin-draining lymph nodes, inhibition o f proliferation o f
myelin-reactive T cells and increased levels o f IL-10 in the serum (232).
Other experimental antigen-specific therapies have been examined in clinical human
trials. One o f the more promising methods to induce antigen-specific tolerance is
intravenous treatment using antigen- or peptide-coupled

cells.

Antigen-specific

tolerance is induced through autologous carrier cells, usually PBM Cs, stimulated with
antigen in the presence o f chemical cross-linker ethylene carboiimide. Since, the major
problem with efficiency o f antigen-specific tolerance is epitope spreading that occurs
during the disease course, the advantage o f using the antigen-coupled cells is that they
can induce tolerance simultaneously to multiple antigens, when linked to the multiple
myelin peptides. Recently, antigen-coupled cells treatment has shown to be safe and
well-tolerated in the phase I clinical trial in MS patients (233). In other approach, T cell
or TCR vaccination aims at suppressing autoreactive T cells by inducing the response
directed against these T cells. Similarly, T-cell or TCR vaccines have been evaluated in
initial clinical trials in MS patients. Treatments with antigen-coupled cells or TCR
vaccines have been shown to have beneficial effects. Unfortunately, the major
disadvantage o f such a strategy is that each patient’s blood cells have to be individually
prepared ex vivo in an expensive process. Therefore, the simple, safe and effective
strategies to restore auto-antigen-specific tolerance in vivo are still the most preferable
for developing new treatments for autoimmune diseases.
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1.4.6 Helminth infections
Helminth parasites are a diverse group o f evolutionary old, multicellular worms that are
members o f the phyla nematodes (roundworms) and Platyhelminths (flatworms),
including classes o f Trematodes (flukes) and Cestodes (tapeworms). The parasitic
worms infecting humans vary in their biology and most o f them have complex life
cycles, requiring intermediate and definitive hosts o f different species. W hile the
definitive host is where helminths reach sexual m aturity and ability to reproduce, the
intermediate host is necessary for development o f one or multiple larvae stages during
the life cycle. In the definitive human host, different helminth species reside in different
target organs, including small intestine, colon, lungs, liver and lymphatic system. The
host protective im munity against helminths is mediated by a strong Th2 type o f
responses, which limit the degree o f infection and decreases the viability, but rarely kill
the parasites (234).
The understanding o f the cellular and molecular mechanism o f immune response to
helminths mostly com es from the studies o f infection in rodents. Helminths stimulate
immune responses by direct contact o f the outer body o f parasite (tegument) to the host
tissues and via host tissue damage. It has been demonstrated that production o f the
alarmin cytokines IL-33, IL-25 and thymic stromal lymphopoietin (TSLP), produced by
epithelial cells, are am ongst the first immune responses to helminth infection. Alarmins
rapidly activate type 2 innate lymphoid cells (ILC2), which provide an early source o f
the type 2 cytokines IL-5 and IL-13 (61, 235). In parallel, helminth products triggering
DC to generate Th2 cells, which produce IL-4, IL-5 and IL-13, and activate mast cells,
basophils, eosinophils and activate B cells to induce Ig class switching to IgE. In
addition, IL-4 and IL-13

promote alternative activation o f macrophages. The

differentiated M2 macrophages release effector proteins such as resistin-like m olecule-a
(RELM -a), chitinase 3-like proteins (Y M l and YM2) and arginase-1. W hile RELM -a
and chitinase play a role in directly damaging o f parasite, ariginase is postulated to
indirectly abrogate the metabolic functions o f helminths by local depletion o f Larginine, an essential aminoacid (236, 237). M2 macrophages also express matrix
m etaloproteinases and fibreonectin, therefore, play an important role in wound healing
and tissue repair in response to the parasite-mediated tissue damage (235). By
production o f regulatory molecules, such as PD-L2 and anti-inflammatory cytokines IL10, TGF-(3, M2 macrophages are predominantly immunosuppressive during the
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helminth

infections.

Fig

1.2 presents

helminth-induced

immunoregulation

that

contributes to the suppression o f autoimmune inflammation.
A characteristic feature o f chronic helminth infections is immunomodulation, leading to
the selective inhibition o f certain components o f type 2 responses. Infections with
filarial and schistosoma species are associated with down-modulation o f IL-5 but not
IL-4, which indicates that the immune regulation concentrates on dam pening o f the
effector but not the inducing arm o f Th2 responses, leading to the more regulatory form
o f type 2 response (238).
M any helminths have evolved similar highly effective mechanisms o f immune
subversion, enabling them to escape from the host’s immune attack, resulting in a
chronic and often asymptomatic disease. These mechanisms include: m odulation o f
APC function, induction o f tolerogenic DC and regulatory macrophages, generation o f
a less aggressive ‘modified Th2-type response’ and induction o f immunosuppressive
cytokines IL-10 and TGF-P from innate and adaptive immune cells that consequently
leads to the generation o f different populations o f Treg cells (239). Since, downregulation o f anti-helminthic immune responses protects its host against the collateral
tissue damage, helminth-derived immunoregulation is beneficial for both the parasite
and the host.
It has been estimated that approxim ately thirty percent o f human population is infected
with helminth parasites. M ost o f the helminth infections occur in developing countries
(240). On the other hand, over the last century there has been a dramatic increase in
number o f cases o f autoinflammatory, autoimmune and allergic diseases in the rich
developed countries (181, 241, 242). An inverse correlation between the distribution o f
helminth infections and the prevalence o f im mune-m ediated diseases has been
explained by the hygiene hypothesis. The principle o f this hypothesis is that the lack o f
infections in early life might impair the development o f properly educated immune
system, leading to the increased susceptibility to chronic autoimmune disorders.
Conversely, the chronic helminth infections induce immunoregulatory m echanism s that
suppress the anti-parasite response, leading to the parasite survival, but also inhibit
systemic immune response to unrelated antigens, resulting in the suppression o f
autoimmune inflammation. These epidemiological findings and recent experimental
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studies indicate that infection with helminth parasites might serve as an alternative
therapy for autoimmune diseases.

1.4.6.1 Probiotic helminth therapies
Helminth infections in mice were shown to suppress allergic responses, inhibit colitis,
EAE, CIA and diabetes in non-obese diabetic (NOD) mice (243, 244). Also, clinical
trials in humans, involving patients suffering from C rohn’s disease and ulcerative colitis
patients, with Trichuris suis (pig whipworm) ova or Necator americanus (human
hookworm) have demonstrated significant suppression o f autoimmune pathology (245,
246). An observational study o f Correale and Farez performed over the period o f 4.5
years on naturally infected and uninfected MS patients revealed a relationship between
the parasitic infections and clinical course o f MS (187). MS patients that were infected
with several different species o f gastrointestinal parasites showed a dramatically
reduced MS activity, manifested by significantly lower numbers o f new and enlarging
lesions, lower number o f relapses and consequently minimal changes in disability
scores. In addition, the parasite-driven protection was associated with induction o f Treg
cells and elevated numbers o f IL-10- and TGF-P-producing PBMCs. These exciting
results lead to first phase 1 clinical trials o f helminth therapy in RRMS patients in the
HINT study (Helminth-induced immunomodulation therapy), using oral administration
o f T. suis ova (TSO). The recently published study by Fleming and colleagues
dem onstrated that the TSO therapy is well tolerated and results in a modest decrease in
number o f CNS lessions (188, 247). Other clinical trials in MS patients using TSO in
Trichuris Suis Ova (TSO) in recurrent remittent multiple sclerosis and clinically
isolated syndrome (TRIOMS) study and N. americanus in worms for immune
regulation in MS (W IRM S-1) study are currently underway (248, 249).
Although clinical trials exploiting live helminth parasites have provided interesting
opportunities for alternative treatment o f autoimmune diseases, the probiotic helminth
therapy has disadvantages associated with potentially serious side effects. The adverse
effects m ight involve gastrointestinal reactions, such as diarrhoea and abdominal pain
even during short term treatment (250), and physical damage o f mucosa, fever, weight
loss, anem ia (251) during the long-term infection and possible damage o f other organs
during the larval stage o f certain parasites. Therefore the aim o f this study is to identify
the m echanism s o f immune suppression and the key helm inth-derived molecules which
could be safely used for immunomodulatory therapies.
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Fig. 1.2 Helminth-induced immune regulation contributing
to suppression of autoimmunity.
Helminthic antigens and and IMs induce Th2-type responses
and regulatory cells. Helminth products induce production of
soluble mediators from epithelial cells, which activate 1LC2 to
produce early type-2 cytokines. Helminth-activated DCs
promote development of Th2 cells or become tolerogenic DCs
that induce Treg cells. Th2 cells produce cytokines associated
with activation of classical type 2 -associated cells (B cells,
eosinophils, basophils and m ast cells) and alternatively
activated macrophages (M2 macrophages). Type 2 cytokines,
products of M2 macrophages and Treg cells inhibit T h l and
T h l7 cells including self-antigen specific, responsible for
autoimmune inflammation.
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1.5 Aim of the study
Traditional therapies for autoimmune diseases are based on the global suppression o f
the immune system, increasing the risk o f life-threatening opportunistic infections and
malignant transformations. A major goal o f research into new therapies for autoimmune
diseases includes the development o f antigen-specific treatments that would allow to
specifically block the pathogenic auto-reactive immune cells, while maintaining the
ability o f the immune system to respond to infection and cellular transformations. The
aim o f this study was to examine the hypothesis that is it possible to induce autoantigen-specific Treg cells in vivo using the following approaches:
■

adm inistration o f self-antigen in the presence o f TLR agonist and specific
inhibitors o f TLR-induced inflammatory cytokines;

■

adm inistration o f self-antigen with anti-inflammatory cytokines

■

adm inistration o f self-antigen with products derived from helminth parasite.

Furthermore, the study was designed to examine the capacity o f the tolerogenic
treatments to prevent the development o f autoimmune disease using the EAE models.
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Chapter 2

M aterials and m ethods

CHAPTER 2
2.1

MATERIALS AND METHODS

M aterials

2.1.1

Ceil culture m edium

Roswell Park Memorial Institute-1640 medium (RPMI) (Sigma) was supplemented
with 10% heat inactivated foetal calf serum (PCS; Sigma), 100 mM L-Glutamine
(Gibco) and 100 ^ig/ml penicillin/streptomycin (Biowest). Complete RPMI (cRPMI)
was used to culture murine bone marrow derived DC and macrophages while cRPMI
supplemented with P-mercaptoethanol (2-ME 50 [xM) was used to culture purified
T cells, spleen cells and lymph node cells ex-vivo.
2.1.2

Ethidium b ro m id e/acrid in e orange (EB/AO)

2.5 g ethidium bromide (Sigma)
2.5 g o f acridine orange (Sigma)
Dissolved in 50 ml of IxPBS
2.1.3

Red blood cell lysis solution

0.77% Ammonium chloride (NH 4 CI)
Prepared in sterile Baxter water
2.1.4 ELISA reagents
ELISA b lo ck in g b u ffer

10% (w/v) skimmed milk (Marvell)
Prepared in 1 X PBS
Or
1% (w/v) Bovine serum albumin (BSA, Sigma)
Prepared in 1 X PBS
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ELISA developing solution
1 O PT tablet (10 m g)
D isso lv ed in 25m l o f phosphate citrate buffer
15^1 o fH 2 0 2 (30% )

ELISA stopping solution
1 M

s u lp h u r ic a c id (H 2 S O 4 )

ELISA washing buffer
0.5% T w een
Prepared in 1 X PB S

Phosphate citrate buffer
10.19g anhydrous citric acid
3 6 .9g sodium phosphate dibasic (N a2H P04 ' 12 H 2 O)
D isso lv ed in IL o f d H 20, pH 5.0

Phosphate-buffered saline (PBS) 20 X
3 2 0 g sodium chloride (N aC l)
4 6 g sodium phosphate dibasic (N a 2 H P 0

4

• 12 H 2 O)

8g p otassium phosphate m on ob asic (KH2PO4)
8g p otassium chloride (K C l)
D isso lv ed in 2L o f d H 20, pH 7.2

Phosphate-buffered saline (PBS) 1 X
0.5 L P B S 20 X
9.5 L d H 20
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ELISA sets

Top working standard

Supplier

IL -la

1000 pg/ml

R&D

IL -ip

1000 pg/ml

R&D

IL-4

2500 pg/ml

BD Biosciences

IL-5

2500 pg/ml

BD Biosciences

IL-6

5000 pg/ml

BD Biosciences

IL-IO

2000 pg/ml

R&D

IL -I7A

1000 pg/ml

R&D

IL-12p70

2500 pg/ml

R&D

IL-23

2500 pg/ml

R&D

IFN-5

10 ng/ml

BD Biosciences

GM -CSF

500 pg/ml

R&D

T N F-a

1000 pg/ml

R&D

TGF-p

1000 pg/ml

R&D

Cytokine

2.1.5

FACS buffer

2% FCS (Sigma)
0.1% (w/v) sodium azide
Prepared in sterile IX PBS (Sigma)

2.1.6

MACS buffer

2% FCS (Sigma)
2mM EDTA (Sigma)
Prepared in IX sterile PBS

2.1.7

Red blood cell lysis solution

0.77% Ammonium chloride (NH 4 CI)
Prepared in sterile Baxter water
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2.1.8 Western blot reagents
RIP A b u ffer
50 mM Tris
150 mM NaCl
0.1% SDS
0.5% sodium deoxycholate
1% Triton X 100
Prepared in d H 2 0

Electrophoresis running buffer
125 mM Tris base
0.96 M Glycine
mM Sodium dodeca sulphate
Prepared in d H 2 0 (1L)

Transfer buffer
25.5 mM Tris-HCl pH 8.3
0.2 M Glycine
20% v/v Methanol
0.05% w/v SDS
Prepared in d H 2 0 (IL )

IX Sample Buffer
2.5 mM Tris-HCl pH 6.8
11% Glycerol
2% SDS
0.1% bromophenol blue
Prepared in d H 2 0
50mM dithiothreitol (DTT) added before use
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2.1.9

Isotonic Percoll solu tion

Isotonic Percoll solution was prepared by diluting Percoll reagent (GE Healthcare) 9:1
with sterile lOX PBS (Sigma-Aldrich). Isotonic Percoll solution prepared this way had
density o f 1.123 g/ml. 40% and 70% isotonic Percoll solution (made in PBS) was used
for isolation o f mononuclear cells from brain tissue.
2.1.10 TLR ligands u sed in vitro and in vivo
Receptor

Supplier

Cone, in vitro

TLR4

Invivogen

100 ng/ml

-

LPS

TLR4

Enzo

-

100 ng/mouse

CpG

TLR9

1 |ig/ml

50 fig /mouse

Pam3CSK4

TLR2

Invivogen

100 ng/ml

-

Invivogen

10 g/ml

Ligand
Ultrapure LPS

Zymosan

TLR2/dectin-l

Sigma-Genosys

Dose in vivo

100 |o,g /mouse

2.1.11 Inhibitors used in vitro and in vivo
Inhibitor

Target

Supplier

U0126

MEK 1/2

Calbiochem

5

50 ng/mouse

SB 216763

GSK3

Sigma

20

25 |xg/mouse

YVAD

Caspase-I

Calbiochem

40 |iM

25 |ig/mouse

Cone, in vitro

Dose in vivo

2.1.12 A ntibodies u sed for in vitro culture
Antibody

Clone

Supplier

Concentration

Anti-CD3e

145-2C11

BD Biosciences

1 fig/ml

Anti-CD28

37.51

BD Biosciences

1 or 5 |o.g/ml
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2.1.13 A ntibodies used in w estern blot
Antibody

Concentration

Supplier

Anti-p38 rabbit

1 1000

Cell Signalling

Anti-p-p38 rabbit

1 1000

Cell Signalling

Anti-ERK rabbit

1 1000

Cell Signalling

Anti-pERK rabbit

1 1000

Cell Signalling

Anti-P-actin rabbit

1 1000

Cell Signalling

Anti-rabbit HRP-conjugated

1 5000

Cell signalling

2.1.14 R ecom binant m urine cytokin es
Cytokine

Supplier

Cone, in vitro

Dose in vivo

IL-10

Immunotools

10 ng/ml

100 ng/mouse

IL-27

Immunotools

10 ng/ml

100 ng/mouse

TGF-pi

Immunotools

5 ng/ml

100 ng/mouse

IL-2

Immunotools

50

-

GM-CSF

J558 supernatant

20-40 ng/ml

M-CSF

L929 supernatant

20% (v/v)

-

2.1.15 A ntibodies used in flow cytom etry
Specificity

Fluorochrone

Clone

Isotype

Supplier

CD3

V450

17A2

Rat IgG2b

eBioscience

CD4

APC-eFluor780

GK1.5

Rat IgG2b

eBioscience

CD25

PE

PC61.5

Rat IgGl

eBioscience

Foxp3

PE

NRRF-30

Rat IgG2a

eBioscience

Foxp3

APC

FJK-16S

Rat IgG2a

eBioscience

IL-10

PE

JES5-16E3

Rat IgG2b

eBioscience

IL-10

APC

JES5-16E3

Rat IgG2b

eBioscience

IL-17A

PerCP-Cyanine5.5

eBioI7B7

Rat IgG2a

eBioscience

IFNy

PE-Cyanine7

XMG1.2

Rat IgGl

eBioscience

lL-4

FITC

BVD6-24G2

Rat IgGl

eBioscience

CD25

PE-Cyanine7

PC61.5

Rat IgG 1

eBioscience
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CD4

FITC

GK1.5

Rat IgG2b

eBioscience

CD3

APC-eFluor780

17A2

Rat IgG2b

eBioscience

LAP

PE

M ouse IgG 1

TW 7 16B4

eBioscience

CDllc

PE-Cyanine7

N418

AH IgG

eBioscience

F4/80

PerCP-Cyanine5.5

Rat IgG2a

BM8

eBioscience

LY6C

FITC

Rat IgM

AL-21

eBioscience

MHC-II

APC

Rat IgG2b

M 5/114.15.2

eBioscience

CDllb

APC-eFluor780

Rat IgG2b

Ml / 7 0

eBioscience

CDllc

BV785

AH IgG

N4 I 8

Biolegend

Siglec F

PE-CF594

Rat IgG 2 a

E50-2440

BD Biosciences

CD40

FITC

AH IgM

HM40-3

BD Pharmingen

CD80

PE

AH IgG

16-lOAl

Biolegend

CD86

PE-Cyanine5

Rat IgG2a

G Ll

eBioscience

CTLA4

APC

AH IgG

UC10-4B9

Biolegend

y5-TCR

FITC

AH IgG

GL3

BD Pharmingen

lL-17

BV421

Rat IgG l

TC-11-18H10

BD Biosciences

CD3

BV650

Rat IgG2b

17A2

Biolegend

PD-Ll

PE

Rat IgG2a

MIH5

eBioscience

PD-L2

FITC

Rat IgG2a

122

eBioscience

CD45R

PE

Rat IgG2a

RA3-6B2

BD Pharmingen

PD-1

PE

AH IgG

J43

eBioscience

2.1.16 Other reagents used in flow cytometry
Chemical

Description

Supplier

Concentration

CFSE

cell membrane dye

Invitrogen

0.31 |xM

L ive/D ead Aqua

fixable cell stain

Invitrogen

1 in 600 dilution

PMA

mitogen

Sigma

5 ng/ml

lonom ycin

ionophore

Sigma

500 ng/ml

Brefeldin A

inhibitor o f intracellular protein transport

Sigma

5 |J.g/ml
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2.1.17 A ntigens
Reagent

Supplier

Concentration in vitro

Dose in vivo

M O G 3 5 -5 5

Genscript

2-50 ng/ml

100 )ig/mouse

KLH

Calbiochem

2-50 |ig/ml

20 )ig/mouse

OVA protein

HyGlass

OVA 323-339

New England peptide

F. hepatica TE

Section

0.625-10%(v/v)

50 ug/mouse

F. hepatica ES-L

Section

-

50 p,l/mouse

F. hepatica ES-H

Section

-

50 |j.l/mouse

100 [ig/mouse

1-50 ^ig/ml

2.1.18 B acteria-derived m olecules
Reagent

Supplier

Concentration in vitro

Heat-killed Mtb

Chondrex

25 ug/ml

Mtb in CFA

Chondrex

-

400 ug/mouse

PT (liofiiized)

Kaketsuken

-

500 ng/mouse

PT (in glycerol)

Kaketsuken

-

125 ng/mouse

PT

LIST

-

500 ng/mouse

Dose in vivo
-

2.1.19 Prim ers used in quantitative real tim e PCR
Gene

Protein

Ref. sequence

Supplier

A rgl

A rg in ase-1

NM_ 007482.3

ABI

Nos2

iN O S

NM_ 010927.3

ABI

R entla

R E L M -a

NM_ 020509.3

ABI
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2.2

Anim als

Specific pathogen-free fem ale C 57B L6 and B A L B /c m ice w ere purchased from H arlan
U K Ltd. Specific pathogen-free fem ale D O l l . l O m ice w ere bred in-house in the
B ioR esourses U nit in T rinity C ollege D ublin. All m ice w ere m aintained according to the
regulations and guidelines o f the Irish D epartm ent o f H ealth and C hildren. All
experim ents w ere perform ed under license from H ealth Products R egulatory A uthority
and w ith the approval from T rinity C ollege D ublin C om parative M edicine departm ent.
M ice w ere age-m atched for each experim ent and at the tim e o f initiation o f each
experim ent m ice w ere 6-12 w eeks old. M ice w ere sacrificed by asphyxiation w ith C O 2 .

2.3

M ethods

2.3.1 Preparation of single cell suspensions
Single cell suspensions w ere prepared form spleen and lym ph nodes. O rgans w ere
dissociated using 40 fim cell strainer and suspended in cR PM I m edium for cell culture.
A dditionally spleen red blood cells w ere lysed by incubating cells w ith 0.87% am m onium
chloride for 5 m in at 37°C, w ashed, centrifuged at 300 g for 5 m in and re-suspended in
cR PM I.

2.3.2 Ceil culture
Single cell suspensions w ere cultured in com plete RPM I (cR PM I) (Singm a) or in
X -V IV O m edium (L onza), if the supernatants w ere used to determ ine the concentration
o f TG F-P by E L ISA . C ells w ere cultured in the atm osphere containing 5% C O 2 at 37°C.

2.3.3 Cell counting
C ell counts w ere perform ed by diluting cells w ith trypan blue (Sigm a) 1:10 and applying
10 |il o f the m ixture into disposable haem ocytom eter (H ycor B iom edical). U nder the light
m icroscope the viable unstained cells appear w hite in contrast to blue-stained dead cells.
A lternatively, cells w ere diluted in ethidium brom ide/acridine orange (EB /A O ) (Sigm aA ldrich) and counted under the U V fluorescent m icroscope, w here viable cells em it green
light, w hereas dead cells appear orange. T he concentration o f cells w as calculated using
the follow ing form ula: average cell num ber from large squares o f the cham ber x 10“* x
dilution factor = num ber o f cells/m l.
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2.3.4 Generation of bone marrow-derived dendritic cells
Bone m arrow-derived dendritic cells (BM DC) were generated from C57BL/6 or
BALB/C mice. Naive mice were sacrificed and their femurs and tibiae were rem oved and
dissected from the surrounding muscle and tissue. The bone marrow was flushed from
both o f the bones using a 27 gauge needle attached to a 20 ml syringe containing complete
RPMI. A single cell suspension was obtained by aspirating cell clusters using a 19G
needle attached to 20 ml syringe. The cell suspension was centrifuged at 300 g for 5 min
and the cells were re-suspended in 1 ml o f warm 0.87% ammonium chloride for 2 min,
to lyse red blood cells. The cells were washed in cRPM I and pelleted by centrifugation
at 300 g for 5 min. Cells were counted and cultured at 0.5 x 10^ cells/ml (C57BL/6) or 1
X 10^ cells/ml (BALB/c) in cRPM I supplem ented with 20 ng/ml o f granulocyte
macrophage-colony stim ulating factor (GM -CSF) in the form o f supernatant obtained
from culture o f J558 cells line. J558 cells line was obtained from BALC/b B myeloma
cells. GM -CSF-producing J558 cells are transfected with plasm id encoding for GM-CSF.
After 3 days o f culture, 25 ml o f fresh medium containing 20 ng/ml o f GM -CSF was
added to each flask. On day 6, the supernatant was gently removed to eliminate
contaminating cells from the culture. 20 ml o f warm sterile PBS (Sigma) was added to
each flask and after gentle agitating, PBS was transferred to 50 ml tube containing 10 ml
o f fresh cRPMI. Remaining cells were detached from the flask by incubation o f 20 ml o f
sterile EDTA (Sigma) in 37°C for 10 min. EDTA was transferred to 50 ml tube containing
10 ml o f fresh cRPMI. Cells in PBS and EDTA solutions were centrifuged at 300 g for 5
min, re-suspended in fresh cRPMI, pooled together and counted. The cells were cultured
in new flasks at 0.5 x 10^ cells/ml o f cRPM I supplem ented with 20 ng/ml o f GM-CSF.
After 2 days, (day 8) 20 ml o f fresh medium containing 20 ng/ml GM -CSF was added to
each o f the flasks. On day 10 the loosely adherent cells were harvested, counted and
seeded at the required concentration in tissue culture plates. The immature DC were
allowed to rest for at least 2h at 37°C before use.

2.3.5 Generation of bone marrow-derived macrophages
Bone m arrow-derived macrophages (BM DM ) were generated from C57BL/6 mice. Bone
marrow m ononuclear cells were isolated as described in 2.2.3 and cultured in petri dishes
at 1x10^ cells/ml in cRPMI supplemented with 20% v/v o f m acrophage-colony
stimulating factor (M -CSF) in the form o f supernatant obtained from culture o f L929
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cells line. The origin o f L929 cell line is mouse C3H/An connective tissue. M -CSFproducing L929 cells were obtained by transfection with plasm id encoding for murine
M-CSF. Additional 2 ml o f cRPMI supplemented with 20% v/v L929 medium was added
to the culture on day 3. On day 6 loosely adherent wells were removed by washing with
cRPM I and the adherent macrophages were gently scraped, counted and seeded at the
required concentration in tissue culture plates. BM DM were allowed to adhere and rest
for at least 3 h before use.

2.3.6 Isolation of peritoneal cells by peritoneal lavage
Nice were sacrificed by asphyxiation with CO 2 and the peritoneum was exposed by gentle
rem oving the skin in the abdomen. 6 ml o f cold cRPMI was injected into the peritoneal
cavity using a 25G needle. W ithout removing the needle, the mouse was gently shaken
to detach any adherent peritoneal cells, and as much o f the cell suspension as possible
was removed (4-5 ml) with the syringe. Peritoneal exudate cells (PEC) were placed on
ice to prevent adherence o f macrophages to the plastic. Cells were counted, re-suspended
at the required concentration and cultured in tissue culture plates for stimulation or
stained for flow cytom etry analysis.

2.3.7 Preparation of F. hepatica products
Flukes were collected from infected bovine liver at a local abattoir (Killdare Chilling
Ltd). Freshly isolated flukes were transported to the lab in PBS containing 100 [ig/ml
penicillin/streptom ycin (PBS/PS) and then washed several times with PBS/PS to remove
any contam inations and cellular debirs. Live flukes were incubated at 5-10 worms per 3
ml o f PBS/PS in an incubator at 37°C and 5% C02 for 24 h. Supernatant, containing
excretory-secretory products (ES), was collected from the tissue culture plate and filtered
through a 0.45 |o,m filter to remove small tissue parts and eggs. ES was than centrifuged
at 30,000 g for 30 m in to remove smaller contaminations, aliquoted and stored and stored
at -80°C. Flukes were washed several times in sterile PBS and after the last wash, the
supernatant was decanted. Flukes were mechanically hom ogenised and the homogenate
was centrifiaged for 30 min at 15,000 g. The soluble fraction o f the homogenate was
harvested, aliquoted and stored at -80°C. ES was fractionated into high m olecular weight
fraction (ES-H) and low m olecular weight fraction (ES-L) using a centrifugal filter unit
with 3 kDa m olecular weight cut off membrane (Am icon Ultra-4, 3000 MW CO,
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Milipore). 4 ml of ES was applied onto the filter device and centrifuged at 3000 g in 4°C
for 2 h. The fraction remaining over the filter and containing molecules larger than 3 kDa
was replenished to the volume o f 4 ml with PBS, aliquoted and stored in -80°C. The
eluted fraction, containing molecule smaller than 3 kDa was collected, aliquoted and
stored at -80°C.

2.3.8 BCA protein assay
Protein concentration in F. hepatica TE was determined using commercially available
BCA protein assay kit (Pierce Thermo Scientific). This method combines a reduction of
Cu^^ to C u’^ by proteins in an alkaline medium (biuret reaction) with colorimetric
detection of the Cu'"^ cation using a reagent containing bicinchoninic acid (BCA).
Reduced Cu'* cation chelates molecules o f BCA forming purple-coloured, water-soluble
complex, which absorbance can be read at 562 nm. TE diluted 1:10, 1:20 and 1:40 in
triplicates and together with 8-point standard curve samples (25-2000 |ig/ml) were
incubated on 96-well plate with BCA working solution for 30 min in 37°C in dark. The
absorbance was measured at 562 nm and the concentration o f protein in TE was
calculated based on standard curve.

2.3.9 Detection of endotoxin by LAL assay
The endotoxin concentration in F. hepatica TE was determined using limulus amebocyte
lysate (LAL) assay (LONZA) according to the manufacturer’s protocol. TE was diluted
1:10, 1:100 and 1:1000 in triplicates and together with 4-point standard curve samples
(0.1 EU/ml, 0.25 ELF/ml, 0.5 EU/ml and 1 EU/ml were mixed with LAL reagent and
incubated on a 37°C block for 10 min. Chromogenic substrate solution was added to the
reactions vessels and the samples were incubated on 37°C block for 6 min. In LAL assay
endotoxin triggers the enzymatic reaction releasing a yellow-coloured product from
colourless substrate, which can be measured photometrically at 405 nm, after the reaction
is stopped by stop reagent. The correlation between the absorbance and the endotoxin
concentration is linear in the range 0.1-1 EU/ml and the concentration o f endotoxin in the
sample can be calculated on the basis o f the standard curve.
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2 .3 .1 0 /u vitro stim ulation o f BMDC and BMDM
BMDC or BMDM were cultured at the concentration 1x10^ cells/ml in 96-wells roundbottom (BMDC) and flat-bottom (BMDM) plates. DC were cultured with specific
inhibitors for 30 min prior TLR ligand administration at the concentrations indicated in
section 2.1.10 and 2.1.11. After 24 h supernatants were recovered to determine the
concentration of cytokines by ELISA or cell death by LDH activity assay. In other
experiments, BMDC or BMDM were cultured with F. hepatica TE (2.5-5 % v/v) 1 h
before addition o f LPS, CpG or PAMCSK4 at the concentration indicated in section
2.1.10. The supernatants were collected after 24 h o f culture and the concentration of
cytokines was quantified by ELISA. If required, cells were stained for flow cytometry
analysis.

2.3.11 In vitro stim ulation of PEC with Mtb or LPS
Cells were isolated from peritoneal cavity of mice by peritoneal lavage. Cell were
cultured at the concentration 2 x 1 0 ^ cells/ml in 96-welI flat-bottom plates with LPS at
100 ng/ml or heat-killed Mycobacteria tuberculosis (Mtb) at 25 ^g/ml for 24 h.
Supernatants were collected and cytokine concentration was quantified by ELISA.

2.3.12 Injections of mice
Intraperitoneal injections
Mice were injected intraperitoneally (i.p.) with reagents or cells diluted in PBS. 200 |xl
o f solution was injected using 27G needle.

Subcutaneous injections
Mice were injected subcutaneously (s.c.) with reagents or cells diluted in PBS. 200 |o,l of
solution was injected using 27G needle. In case o f EAE induction, 200 fil o f CFA/MOG
emulsion was injected using I9G needle due to high viscosity of the reagent.

Footpad injections
Injection into the foot pad combines as intradermal and subcutaneous administration of
molecules. Mice were injected into each foot pad with reagents diluted in PBS in volume
o f 25 |il (total volume 50 |^l/mouse) using a tuberculin syringe with 27G needle. After 7
days, the foot draining popliteal lymph nodes were isolated to determine the local T cell
responses.
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2.3.13 Immunisation of mice
In order to assess the influence of treatment with TLR agonists and specific inhibitors of
cytokine expression pathways on development o f EAE, C57BL/6 mice were injected
subcutaneously into the back with 200 |il o f solution containing 100 |ig of MOG35-55
peptide (GenScript), MOG with 100 f^g of zymosan or MOG with zymosan and inhibitors
at the dose listed in sections 2.1.10 and 2.1.17 or MOG with zymosan and DMSO. In
other experiments, assessing the influence o f immunization with MOG and anti
inflammatory cytokines on development of EAE, mice were immunized with 100 |j,g of
MOG peptide, MOG with IL-10, MOG with IL-27 or MOG with IL-10 and IL-27.
Control mice were injected with PBS. Mice were injected at day 0 and day 14 and EAE
was induced at day 21. In order to assess the immune responses in the draining lymph
nodes or spleen, mice were injected with PBS, 100 |ig of MOG peptide or MOG with IL10. In other experiments mice were injected with PBS, 20 |ig o f KLH, KLH and F.
hepatica TE or KLH and CpG. Mice were injected at day 0, boosted at day 14 and the
immune responses in lymph nodes or spleen were assessed at day 21.

2.3.14 Adoptive transfer of cells prior to induction of EAE
Mice were immunized with MOG or MOG with IL-10 as described in section 2.3.13.
Seven days after the last injection, spleens were removed and processed. Spleen cells
were cultured ex vivo in 250 ml tissue culture flasks at 500 x 10^ cells in 50 ml of cRPMI
medium in the presence o f 20 |ig/ml MOG peptide and 50 U/ml rmIL-2. After 72 h of
culture, cells were washed with cRPMI medium and treated with RBC lysis buffer for 1
min. Cells were then washed 3 times with PBS and centrifuged. The cells were re
suspended in PBS counted. Mice were injected i.p. with 20 x 10^ cells / mouse in 200 |il
of PBS and EAE was induced 24 h later.

2.3.15 Prophylactic treatm ent of mice with TE
Mice were injected i.p. with 50 |j,g o f F. hepatica TE (200 |xl) or with PBS at day 0 and
14. EAE was induced 7 days after the last injection.
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2.3.16 Active Induction and assessm ent of EAE
EAE was induced in C57B1/6 mice by subcutaneous (s.c..) injection o f 100 |j.g/mouse o f
myelin oligodendrocyte glycoprotein (M OG ) 35-55 (GenScript) em ulsified in complete
Freund’s adjuvant (CFA, Chondrex Inc.) containing 4 m g/m l (400 |j,g/mouse) o f heat
killed H37 Ra M tb (Chondrex Inc). Mice were injected i.p. with 500 ng o f pertussis toxin
,TT purchased from Kaketsuken or List) or with 125 ng (PT in glycerol purchased from
(Caketsuken) on days 0 and 2. The different dose o f PT used for induction o f EAE resulted
from different activity o f supplied PT. Animals were m onitored daily for clinical signs o f
disease. Disease severity was graded as follows: grade 0 - normal; grade 1 - flaccid tail;
grade 2 -

w obbly gait; grade 3 - hind limb weakness; grade 4 -

hind limb

oaralysis/weakness in front legs; grade 5 - tetraparalysis/death. Animals were sacrificed
:br humane reasons when they reached a score above 4.

2.3.17 Isolation o f m ononuclear cells (MNC) from CNS tissue
Mice were lethally anesthetized by intraperitoneal injection o f 40 fxl sodium pentobarbital
(Eutheathal) and perfused intra-cardially with 20 ml ice-cold PBS to remove peripheral
blood from CNS tissue. Brain tissue was isolated, hom ogenised in ice-cold Hanks
balanced salt solution containing 3% PCS (HBSS/FCS), and passed through 100 (im cell
strainer. Tissue homogenate was washed with HBSS/FCS and centrifuged at 170 g for 10
min. Cell pellet was then suspended in 2ml o f HBSS/FCS containing collagenase D
(1 mg/ml; Calbiochem ) and DNase 1(10 |o.g/ml; Calbiochem ) and incubated for 45 min in
37°C with gentle shaking. Cells were then washed in HBSS/FCS and re-suspended in 5
ml o f 40% isotonic Percoll solution. This was carefully overlayed on 5 ml o f 70% isotonic
Percoll solution with a plastic Pasteur pipette. Percoll gradients were centrifuged at 2000g
for 20 min at 18°C, without brake. After centrifugation M NC were found on the interface
between 40% and 70% Percoll solutions, myelin debris were floating on the surface o f
the 40% Percoll. Cells were aspirated with a Pasteur pipette, washed twice with cRPMI,
counted with EB/AO and used as required.
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2.3.18 Antigen-specific re-stimulation.
Single cell suspensions prepared from lymph nodes and spleens as described in section
2.2.2. Cells were counted using trypan blue solution, re-suspended at 1 x 10^ (lymph
nodes) or 2 x 10^ (spleens) and seeded in 200 |xl in a 96-well round-bottom plate in
triplicate. 50 |il o f the solution o f antigen (OVA peptide, MOG peptide or KLH) was
added to the wells at final concentration o f 50 or 100 |a,g/ml (OVA), 2, 50 or 100 |^g/ml
(MOG and KLH). In addition, cells were stimulated with 5 ng/ml o f PMA and 1 |xg/ml
o f anti-CD3e as a positive control o f T cell responses. Cells were cultured for 5 days and
cytokine concentration in the supernatants was quantified by ELISA.

2.3.19 Isolation of CD4+ T
CD4 T cells were isolated from mouse lymph nodes and spleens using CD4^ Cell
Isolation Kits (Miltenyi Biotec). This method is based on depletion o f non-CD4 cells,
which are indirectly magnetically labelled with a cocktail o f biotin-conjugated
monoclonal antibodies and secondary anti-biotin monoclonal antibodies conjugated to
MicroBeads. Retention o f M icroBeads-labeled cells on the column placed in magnetic
field allows for the isolation o f untouched CD4* T cells that pass through column. C D 4’
T cells were isolated from single cells suspensions o f spleen and lymph node cells
according to the m anufacturer’s protocol and using manual MACS cell separator
(Miltenyi), re-suspended in cRPMI supplemented with 50 |iM 2-mercaptoethanol.

2.3.20 Isolation of CD4+CD25'T cells
C D 4^CD 25'T cells were purified for the Treg conversion assay. Mouse CD4^CD25‘ T
cells were isolated in a two-step procedure. Non-CD4^ cells were indirectly magnetically
labelled with a cocktail o f biotin-conjugated antibodies and anti-biotin Microbeads. In
parallel, the cells were labelled with anti-CD25-PE. CD4^ T cells were isolated by
depletion o f unwanted cells and the remained fraction was magnetically labelled with
anti-PE M icroBeads. Anti-PE-Iabeled cells are retained on the column and placed in
magnetic field, which allowed for collection o f unlabelled CD25' cells. CD4^CD25‘ T
cells were isolated from single cells suspensions o f spleen and lymph node cells
according to the m anufacturer’s protocol and using an autoMACS separator (Miltenyi),
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re-suspended in cRPMI supplemented with 50 |j,M 2-mercaptoethanol and immediately
used as required.

2.3.21 Stimulation of CD4+ T ceils in vitro

Polyclonal stim ulation of CD4+ T cells
Purified CD4^ T cells were cultured with plate bound anti-CD3e (1 jxg/ml: BD
Biosciences) and soluble anti-CD28 (1 [ig/ml: BD Biosciences). Plates were coated with
50 [il o f anti-CD3e diluted in PBS for 2h in 37°C and thoroughly washed with sterile
PBS. CD4^ T cells with anti-CD28 were seeded onto the plates in cRPMI supplemented
with 50 |iM 2-mercaptoethanol. The cells were incubated for 72 h and then analysed by
flow cytometry.

Treg conversion assay
Purified CD4^CD25' T cells were cultured with plate bound anti-CD3e (1 |ig/ml: BD
Bioscicnces) and soluble anti-CD28 (5 (ig/ml: BD Biosciences) in the presence o f IL-2
(10 ng/ml) and a range o f concentration o f TGF-P (0.2-10 ng/ml). Retinoic acid (RA;
Calbiochem; 100 nM ) was added to the culture as a positive control for enhancement o f
TGF-P-mediated Treg conversion. F. hepatica TE in a range o f concentrations (1-5 %
v/v) was added to the culture to alone or with TGF-p to determine the ability to induce or
enhance Treg conversion. Plates were coated with 50 |il o f anti-CD3e diluted in PBS for
2h in 37°C and thoroughly washed with sterile PBS. CD4^ T cells were cultured with
anti-CD28, IL-2 and TGF-|3 in 96-well plates in cRPMI supplemented with 50 |xM 2mercaptoethanol. The cells were incubated for 72 h and then analysed by flow cytometry
for expression o f CD25 and Foxp3.

Antigen-specific stim ulation of OVA-specific TCR-transgenic T cells
BMDC from BALB/C mice were cultured at the concentration o f 1 x 10^ cells/ml in 24well plates with ovalbumin peptide (OVA 323 -339 ) for 3 h prior to addition o f M E K l/2,
caspase-1 and GSK3 inhibitors and TLR ligand stimulation. After 24 h, the supernatants
were recovered and cells were scraped with a sterile syringe barrel and washed with
medium. BM DC were added to U-botton 96-well plates at concentration o f 0.2 x lOVml.
MACS isolated CD4 T cells at the concentration 1 x 1 0 ^ cells/ml (ratio DC:CD4 T cells
1:10) were added to the wells. In some experiments BM DC were cutlured with OVA
peptide only and CD4 T cells were added to the culture with recombinant cytokines listed
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in section 2.1.9 alone or in combination. After 5 days o f co-incubation CD4 T cells were
analysed by FACS.

2.3.22 Assessment of modulation of T-cell responses using OVA-specific TCR
transgenic T cells
CD4^ T cells were purified as described in section 2.3.20 from spleens and lymph nodes
o f OVA-specific, M HC class Il-restricted, aP TCR transgenic mice on a BALB/c
background (DO. 11.10). 1 x 10^ o f cells were adoptively transferred into the naive
BALB/c mice by i.v. injection. Mice were injected into the foot pad with PBS, ultrapure
OVA protein (Hyglass), OVA + zymosan, OVA + zym osan + M E K l/2, caspase-1 and
GSK3 inhibitors or OVA + CpG at the doses listed in sections 2.1.10 and 2.1.11. After 7
days foot draining popliteal lymph nodes were isolated and single cell suspensions were
restimulated with antigen as described in section 2.3.19.

2.3.23 LDH cytotoxicity assay
The release o f LDH into cell culture supernatants was measured by the CytoTox non
radioactive cytotoxicity assay kit (Promega) according to the m anufacturer’s instructions.
Supernatants from cultured cells (50 |^1) were transferred to flat-bottom 96-well plate and
incubated with 50 |il o f substrate solution at room temperature, protected from light, for
30 min. The reaction was stopped by adding 50 |il o f stop solution and absorbance was
recorded at 490 nm. The cell m aximum LDH release control was obtained by adding lOx
lysis solution to the cells, 30 min prior the supernatants collection.

2.3.24 Western blotting
Preparation of samples
BMDC were cultured at 1 x 10^ cells/ml (2 x 10^ cells per well) in 6 well tissue culture
plates. After the stimulation, the supernatant was removed, the cells were washed with
PBS and lysed in 100 |il o f RIPA buffer supplemented with com plete mini protease
inhibitor cocktail (Roche) (ltablet/25 ml) and phosphatase inhibitor cocktail 3 (Sigma)
diluted 1:1000. Samples were cleared by centrifugation at 13000g for 5 min at 4°C and
then stored at -20°C.
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SDS Polyacrylamide gel electrophoresis
Sam ples w ere diluted w ith 5x loading buffer and bo iled at 95°C for 5 m in. Sam ples w ere
then resolved by sodium dodecyl sulphate-polyacrylam ide gel electrophoresis (SD SPA G E) using B io-R ad M ini-PR O T E A N electrophoresis cell. Sam ples w ere run on 10%
polyacrylam ide gel at 120V w ith protein m arkers (precision plus standards; B io-R ad) as
m olecular w eight standards.

Table 2.1 Preparation of polyacrylamide gel
Stacking gel
dHzO
lMTris-HCL(pH6.8)
30% A c r y l a m i d e i b i s a c r y l a m i d e
P rot oGe l , N a t i o n a l D i a g n o s t i c s
10% SDS

R esolving gel 10%
4 . 1 ml
0 . 7 5 ml
1 ml
6 0 Hi

10% A mn n o ni u m p e r s u l f a t e (APS)
(Si gma)
TEMED (Fluka)

60

\x\

6 ^1

dHzO

5 . 9 ml

1 MTris-HCL(pH6.8)

3 . 8 ml

30% A crylamideibisacrylamide
ProtoGel, National Diagnostics
10% SDS

5 ml
1 5 0 Hi

10% A m m o n i u m p e r s u l f a t e (APS)
( Si gma )
TEMED (Fluka)

1 5 0 nl
6 hI

Transfer of proteins to membrane
Proteins w ere transferred from SD S-P A G E gels to polyvinylidene fluoride (PV D F)
m em brane (W hatm an) using a w et transfer system . PV D F was activated by im m ersion in
m ethanol and rinsed in transfer buffer. The gel and filter paper w ere soaked in transfer
buffer. M em brane w as placed on top o f tw o pieces o f filter paper follow ed by the gel and
then tw o other sheets o f filter paper to m ake a layered sandw ich. A ir bubbles w ere then
rem oved and the sandw ich w as placed betw een soft pads in the transfer cassette. The
cassette was placed in the transfer cell w hich w as filled w ith transfer buffer. The transfer
w as carried out at 200 m A for 60 mins.

Antibody blotting
M em branes w ere blocked to prevent non-specific binding by incubation in blocking
solution (5% BSA in PB S) for 1 hr at RT on a rocker. T he m em brane w as rinsed in w ash
buffer (PB S/0.05% T w een 20) and incubated w ith the prim ary antibody against pE R K l/2 , E R K l/2 , p-38, p-p38 or actin at 1:100 in a blocking solution, on a rocker, at
4°C overnight. The m em brane w as then w ashed in 3 tim es for 5 m in on a rocker and
incubated w ith the secondary horseradish peroxidase (H R P) linked antibody (goat a n ti
rabbit 1/5000) in blocking buffer for 1 hr at RT. T he m em brane w as then w ashed 3 tim es
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w ith w ash buffer. B lots w ere developed by EC L C hem ilum inescent substrate (GE
H ealthcare) according to the m anufacturers’ instructions. The m em brane w as placed
betw een tw o sheets o f transparent acetate foil in a cassette; photographic film w as placed
on the top o f the m em brane and exposed for the required tim e. The film w as processed
using a Fuji X -ray developer.

2.3.25 Analysis of cytokine concentration by ELISA
ELISA assays on supernatants w ere perform ed using com m ercially available E L ISA kits.
High binding 96-w ell plates (G reiner bio-one) w ere coated w ith 50 ^1 o f capture antibody
diluted in PBS and left overnight in 4°C . Plates were w ashed 5 tim es in w ash buffer and
non-specific binding sites w ere blocked by incubation w ith 150 |il o f blocking buffer for
2h at room tem perature. Plates w ere again w ashed 5 tim es before addition o f 50 |il per
well o f sam ple supernatant o r serially diluted recom binant standard protein. Plates w ere
incubated for 2 h in room tem perature or overnight in 4°C. A fter w ashing, 50 |al o f
specific biotinylated detection antibody, diluted in reagent diluent w as added per well
and the plates w ere incubated in room tem perature for 2 h. W ells w ere w ashed again and
incubated w ith 50 )il o f streptavidin-conjugated horseradish peroxidise (H R P) for 30 m in
at room tem perature in the dark. Plates w ere w ashed and 50 fil o f developing solution
w ere added per w ell. The reaction w as developed in dark and stopped by adding 25 ^1 o f
IM H2SO4. The absorbance o f sam ples w as m easure at w avelength 492 nm using a
V ersam ax m icroplate reader (M olecular D evices) and calculated based on the equation
o f the standard curve. For specific details regarding the concentration and w orking
dilutions o f antibodies and buffer see table below .

Table 2.2 ELISA system s

R&D system s

BD Bioscience

1:180

1:1000

Blocking b u ffer

1% BSA in PBS

10% s k i m m e d milk (Sigm a)

R e a g e n t d il u e n t

1% BSA in PBS

1% BSA in PBS

1 :1 8 0 ,

1:1 000

in c u b a t io n t i m e 2 h

in c u b a t io n t i m e 1 h

1:200

1:1 0 0 0

C a p tu r e a n t i b o d y d ilu tio n

D e t e c t i o n a n t i b o d y d ilu tio n

H R P -Streptavidin d ilu tion

D e v e l o p i n g s o l u t io n

OPD tablet dissolved in 25ml of
phosp h ate citrate buffer.
15nl o f hydrogen peroxide H2 O 2 added prior to use
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2.3.26 Gene expression assay using real-tim e PCR
RNA isolation
Total RNA was extracted from PEC or BMDM using TRIzol/chloroform method. PEC
were isolated by peritoneal lavage and counted. 1 x 10'’ cells was centrifuged in RNasefree tubes and the cell pellet was re-suspended in 600 |il o f TRIzol. In case o f BMDM,
after the required stimulation in 96-well plate, the supernatant was aspirated and cells
were re-suspended in 200 [il o f TRIzol/well. The triplicate cultures were collected into
RNase-free tubes, giving total volume o f 600 |il o f TRIzol. 120 |il o f chloroform was
added to each tube, mixed, left to stand at room tem perature for 5 min and centrifuged at
12000 g for 15 min. The upper aqueous phase was removed to RNase-free tubes and 300
|il o f isopropanol was added. Samples were mixed by inversion, left to stand at room
tem perature for 15 min and centrifuged at 12000 g for 15 min. Supernatants were
decanted, the pellets were washed twice with 500 |il 75% ethanol in nuclease-free water.
Samples were centrifuged at 7600 g for 3 min, ethanol was decanted and the pellets were
allowed to dry on air. RNA was re-suspended in 20 |xl o f RNase-free water, left to stand
on ice for 10 min. RNA was then heated to 65°C for 10 min to denature the secondary
structures and immediately placed on ice. RNA concentration was determined using
N anoD rop (Therm o Scientific) spectrophotometer. The purity o f sample was determined
by 260/280 nm ratio. Samples were stored at -20°C until used.

Reverse transcription PCR (RT-PCR)
Total cellular RNA was used as a template for reverse transcription reaction. Samples
containing 1 [ig o f RNA were topped up to 10 |al with RN ase-free water. Reverse
transcription m aster mix (High Capacity cD N A reverse transcription mix; Applied
Biosystem s), 2 x concentrated, was prepared according to the manufacturers protocol and
10 |j.l o f mix was added to each sample. The reverse transcription reaction was run in a
TProfessional Basic Gradient thermal cycler (Biom etra) using the following conditions:

Temperature (°C)
Time

Step 1

Step 2

Step 3

Step 4

25
10 min

37
120 min

85

4

5 sec

OO
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Quantitative real-time polym erase chain reaction (qPCR)
cDNA, 8 times diluted in nuclease-free water, was used as a template for qPCR reaction.
The reaction mix contained 4.5 |^1 o f diluted cDNA, 4.5 |il o f TaqM an Fast Universal
PCR M aster Mix 2x No Am pErase UNG (Applied Biosystems), 0.5 [il o f endogenous
primers (18S RNA; Applied Biosystem s) and 0.5 (il o f target gene prim ers (Applied
Biosystems). The reaction was carried on 7500 Fast Real-Time PCR System (Applied
Biosystems), using SDS Software v 1.3.1 with the following thermal conditions:
Step 1
Temperature (°C)
Time

95
20 sec

Step 2
95
3 sec

X

45
60
30 sec

For each sample, the am ount o f mRNA was normalized to the amount o f IBS ribosomal
RNA (rRNA) and was expressed as fold difference compared to the control sample, using
the logarithm

2.3.27 Flow cytometry
Stimulation of cells prior to detection of intracellular cytokines
Cells obtained from organs or from in vitro culture were added to sterile FACS tubes in
volume o f 500 |xl/tube or to sterile 96-well round-bottom plate in 200 |o,l/well and
incubated for 6 h in 37°C/5% CO 2 with 5 ng/ml PMA, 500 |ig/ml ionomycin in the
presence o f 5 |ig/ml brefeldin A (BFA) in cRPMI supplemented with 50 |iM 2-ME. After
incubation, cells were washed with 3 ml or 200 |il o f FACS buffer, pelleted by
centrifugation at 300 g for 5 min and stained as required.

Discrimination of dead cells
Dead cells were discriminated by staining with LIVE/DEAD® Fixable Aqua Dead Cell
stain (M olecular Probes, Life Technologies). LIVE/DEAD® Fixable Aqua Dead Cell
stain is amine reactive fluorescent dye that can penetrate into the cells though disrupted
cell membranes and react with free amines inside o f the cells and on the cell surface
resulting in an intense fluorescence o f cells. In contrast, staining o f live cells results in
relatively week fluorescence due to the small amount o f amines available to react with
the dye. Single cell suspensions were washed in 96-well plate with 200 fxl sterile PBS or
in FACS tubes with 1 ml o f FACS buffer and centrifuged at 300 g for 5 min. Cells were
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stained with LIVE/DEAD Aqua stain diluted 1:600 in PBS at room temperature in the
dark for 20 min prior to or during surface staining. Cells were washed with PBS and
stained with antibodies as required. In parallel, single stained compensation control for
Aqua flow cytom etry channel was prepared by staining the cells, previously treated with
70% ethanol for 2 min.

Surface staining
After staining for discrimination o f dead cells, non-specific binding o f antibodies to
cellular Fey receptors was blocked by incubation o f cells with anti-CD16/CD32 (FCy
block, eBioscience) for 15 min at 4°C. Then, cells were washed and stained with a
mixture o f appropriate antibodies diluted 1:100 or 1:200 in FACS buffer for 15 min in
4°C in the dark. In parallel, single stained com pensation controls were prepared using
FACS com pensation beads (BD). Fluorescence minus one (FMO) controls were also
stained, if required. Cells were washed with FACS buffer, re-suspended in 50-200 |j,l o f
FACS buffer and acquired by flow cytometer.

Intracellular staining
In order to stain for intracellular epitopes, cells were first stained with LIVE/DEAD Aqua
and surface m arkers antibodies and then fixed and permeabilised. After washing, cells
were re-suspended in 50 |xl o f 2% paraform aldehyde (PFA) in FACS buffer and incubated
for 15 min in 4°C in the dark. Cells were washed, re-suspended in 200 [il o f saponim
buffer (0.5% saponin in FACS buffer) and pelleted by centrifugation for 5 min. Then,
cells were stained with a mixture o f appropriate antibodies diluted 1:200 in saponin buffer
for 25 min 4°C in the dark. Cells were washed with 200 |^1 o f saponin buffer to remove
the unboud antibodies, pelleted and washed twice with FACS buffer for membrane
closure. Cell w ere then re-suspended in 50-200 |j,l o f FACS buffer and acquired by flow
cytometer.

Intranuclear staining
For

intranuclear

staining,

cells

were

fixed

and

perm eabilised

using

Foxp3

Fixation/Perm eabilisation Kit (eBioscience). After staining with LIVE/DEAD Aqua and
surface markers antibodies, cells were washed and pelleted by centrifugation. Cells were
then re-suspended in 100 |xl o f fixation/permeabilization working solution and incubated
for 30 min at RT in the dark. Next, cells were washed with IX permeabilization buffer
cells were stained with a mixture o f appropriate antibodies diluted 1:200 in IX
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permeabilization buffer for 1 h in 4°C in dark. Cells were washed twice with
permeabilization buffer and washed once with FACS buffer, re-suspended in 50-200 [il
o f FACS buffer and acquired by flow cytometer.

2.3.28 Acquisition of sam ples and analysis of flow cytometry data
Acquisition o f samples stained with viability dye and fluorochrom e-conjugated
antibodies was carried out on Canto II or LSRFortessa flow cytometer (BD Biosciences).
The cytometer was calibrated using single-stained compensation beads (BD Bioscience)
and cells stained only with LIVE/DEAD aqua stain. Flow cytometry data were analysed
using FlowJo software. The cellular debris were excluded based on SSC-Area and FSCArea gate. Doublets were excluded by FCS-Height and FSC-Area profile and dead cells
were discriminated based on staining with LIVE/DEAD aqua stain. The frequencies o f
cells were calculated on the basis o f the parent gate or total live cell population.

2.3.29 Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 software. Unpaired two-tailed
Student t-test was used compare the statistical difference between the mean values
between two groups. One-way Analysis o f Variance (ANOVA) test followed by
Bonferroni posttest was applied to determine the statistical difference between more than
two groups. Two-way ANOVA was used to examine the statistical differences between
groups in a course o f time. Statistical significance was considered for p values less than
0.05.
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Chapter 3

In d u ctio n o f T reg cells by
m o d u latin g T L R signalling
pathw ays in D C

CHAPTER 3

INDUCTION OF TREG CELLS BY MODULATING TLR SIGNALLING

PATHWAYS IN DC
3 .1

In tro d u ctio n

DC are crucial in inducing and shaping adaptive immune response and directing towards
either tolerance or protective immunity. They act not only as the most efficient APCs,
activating naive T cells, but also secrete various cytokines, providing a third signal for T
cell differentiation. DC recognize danger signals through TLRs and other PRRs, which
leads to the production o f a specific profile o f the pro- and anti-inflammatory cytokines
from DC. The traditional vaccines against infectious diseases composed o f attenuated or
killed pathogens are efficient at promoting adaptive immune responses due to a high
content o f various PAM Ps, activating DC and other innate cells. Specific TLR agonists
have a potent im m unoregulatory activity and are capable o f driving the adaptive immune
responses when co-adm inistered with antigens. Therefore, synthetic or pathogen-derived
TLR ligands have been exploited as adjuvants in vaccines against infectious diseases,
with TLR4 ligand monophosphoryl lipid A (MPL) being the first TLR agonist approved
for hum an use in the hepatitis B vaccine Fendrix (23). It has also been demonstrated that
TLR ligands can prom ote immune responses against tumours (eg. TLR7 agonist
Imiquimod) (252). M oreover, the mouse studies have shown that DC activated by TLR
ligands can break im munological tolerance to self-antigens, hence TLR-modulated DC
inducing T hl and T h l7 cells specific for tumour antigens are being used in the
developm ent o f antigen-specific cancer vaccines and immunotherapeutics (253, 254).
TLR ligands can induce both inflammatory and suppressive responses in DC and generate
effector and Treg cells. Consequently, there is a growing interest in targeting particular
TLR signalling pathw ays to modulate cytokine production in innate cells for treatment o f
autoim m une and inflam m atory diseases and cancer (255). Autoim mune disorders arise
from the breakdow n o f tolerance to self-antigens or due to a defect in Treg cell
developm ent or function. The uncontrolled effector T cell responses to self-antigens lead
to the continuous inflam m ation and progressive damage o f the affected tissues. The aim
o f this study was to address the hypothesis that it is possible to induce auto-antigenspecific Treg cells by vaccination with auto-antigen in the presence o f TLR agonist and
inhibitors o f inflam m atory cytokines.
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The study was conducted to determine the optimal composition o f TLR agonist and
specific inhibitors o f signalling pathways to be used as adjuvants to induce Treg cells that
prevent experimental autoimmune encephalomyelitis.The first objective was to analyse
the profile o f anti-inflammatory and pro-inflammatory cytokines produced by DC upon
stimulation with various TLR agonists; LPS, an agonist for TLR4, CpG, an agonist for
TLR9, Pam3CSK4, a synthetic triacylated lipopeptide (Pam3CysSerLys4) and a ligand
for TLRl and TLR2, and zymosan, an insoluble preparation of yeast Saccharomyces
cerevisiae cell wall, a ligand for TLR2 and C-type lectin receptor dectin-1. These four
TLR agonists have been shown to increase IL-10 expression in DC through mediators
such as p38, ERK, PI3K and transcription factors NF-kB and CREB (256-259).
Stimulation of naive T cells with IL-10 leads to the development of IL-lO-producing Trl
cells that do not express Foxp3, but exhibit similar suppressive properties to Foxp3^ Treg
cells. TGF'P is a key factor responsible for the conversion o f naive CD4^CD25‘ T cells
into Foxp3^ T cells and development o f Th3 cell subset. Given that TGF-P is a pleiotropic
cytokine and, when combined with IL-6 or IL-21, is involved in the differentiation of
effector T hl7 cells from naive cells, the modulation o f DC responses towards IL-10
expression seems to be a justified and reasonable approach in directing the selective
induction of tolerogenic T cells.
The next objective was to determine the composition o f inhibitors effectively decreasing
expression of pro-inflammatory cytokines induced by TLR-stimulated DC. Fig. 3.1.1
depicts the signalling pathways induced in DC in response to TLR stimulation and the
signalling pathways targeted for modulation o f cytokine production. Previous studies
have shown that IL-17 production by pathogenic CD4^ T cells and y5 T cells in EAE is
dependent on caspase-1-processed IL -ip (260). Moreover, TLR-driven production of IL23, triggering development o f T hl7 cells and activation o f y5 cells is mediated through
ERK MAPK pathway (261). Hence, caspase-1 and M EKI/2 (a kinase phosphorylating
ERK) specific inhibitors were used to suppress the production of IL -ip and IL-23 by DC.
Glycogen synthase kinase 3 (GSK3), a serine-threonine protein kinase constitutively
active in resting cells is associated with regulation of a multiple transcription factors,
including NF-kB and CREB and primarily promotes IL-12p70 and suppresses IL-10
upon TLR stimulation in mice (262) and humans (263). Thus, GSK3 inhibitor was used
to reverse the potential effect o f GSK3 activation.
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The eventual aim o f this study was to evaluate the therapeutic effect o f co-adm inistration
o f the m ost applicable combination o f TLR agonist and inhibitors with auto-antigen
M OG prior to the induction o f EAE.
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Fig. 3.1.1 Signalling pathways induced in DCs in response to TLR agonists and
signalling targets for m odulation o f cytokine production.
TLR activation induces multiple signaling pathways that m ediate expression of both proinflam m atory and anti-inflam matory cykines in DCs. Activation of transcription factor
NF- kB predom inantly leads to the transcription of a range of genes encoding proinflamm atory cytokines, including IL-12p40 and IL-lp. The functional IL-12 is composed
of two subunits IL-12p40 and IL-12p35 and the expression of 1L-I2p35 is initiated
independently by type I IFNs, IFNy or through TLR-induced interferon regulatory (IRF]
pathway. lL-12 is the key cytokine for driving T h l cells. NF- k B also initiates
transcription of the IL-1(3 precursor, pro-IL-ip. The m aturation of p ro -lL -ip into an
active form is facilitated by inflammasome-activated caspase-1. TLR ligation also results
in phosphorylation of mitogen-activated protein kinases [MAPKs). Phosphorylated
M EK l/2 MARK activates ERK MARK, which prom otes expression of IL -2 3 p l9 subunit
and synthesis of a functional IL-23 th at shares the IL-12p40 subunit w ith lL-12.
Together, IL-lfB and IL-23 prom ote expansion of T h l 7 cells. Phosphorylation of p38
MARK activates transcription factor CREB, leading to the production of IL-10, an anti
inflamm atory cytokine inducing developm ent of the T r l cell subset. IL-10 expression is
also partially controlled by ERK. Constitutively active GSK3 prom otes expression of IL-12
and inhibits transcriptional activity of CREB. Red arrow s indicate pathw ays inhibited by
specific inhibitors of M EKl/2, caspase 1 and GSK3, leading to the decreased production
of IL-ip, IL-12 and IL-23 and reduced developm ent of T h l and T h l 7 cells. Black a rrow s
indicate pathways th at have not been targeted. Green arro w s indicate pathway
prom oting IL-10 expression and enhanced developm ent of T r l cells.
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3.2

R esults

3.2.1 Effect of TLR agonists on cytokine production by murine DC
TLR agonists induce expression o f both pro-inflammatory and anti-inflammatory
cytokines. Stim ulation o f DC with different TLR ligands results in different patterns o f
cytokine secretion. Cytokine expression level depends on the dose or concentration o f the
TLR ligand. LPS, CpG, PAM 3CKS4 and zym osan induce production o f IL-10 but also
pro-inflam m atory cytokines. The ultimate aim o f this study was to use TLR agonists
together with inhibitors o f pro-inflam m atory cytokine expression pathways as a
therapeutic for autoimmune disease. Firstly, experiments were performed to investigate
the effect o f different concentrations o f TLR agonists on production o f pro- and anti
inflamm atory cytokines by murine DC. BM DC were stimulated with a range o f
concentrations o f LPS, CpG, PAM 3CSK4 or zymosan. After 24 h the supernatants were
collected and the concentrations o f IL -ip , IL-12p70, IL-23 and IL-10 were determined
by ELISA.
LPS and PAM 3CSK4, but not CpG, induced production o f IL -Ip, IL-23 in a dosedependent m anner (Fig. 3.1 - Fig. 3.3). Zym osan enhanced production o f IL -ip , IL-23,
IL -12.70 and IL-10 in a dose-dependent manner, how ever stim ulation with the highest
concentration o f zym osan (100 |xg/ml) was associated with decreased production o f
cytokines (Fig. 3.4). This result raised the possibility that high concentration o f zymosan
induced cell-death in DC. To test that hypothesis, DC were stimulated with a range o f
concentrations o f zymosan and after 24 h cell viability was determined by staining with
fluorescent dye (LIVE/DEAD Fixable Aqua Dead Cell Stain), penetrating cells with
com prom ised membranes. In addition, the supernatants were tested for activity o f LDH,
a metabolic enzym e, released upon the cell lysis. The activity o f LDH can be quantified
in a colorim etric assay by measuring the degradation o f LDH-specific substrate. The flow
cytometry analysis showed that high concentration o f zymosan (100 |ig/ml) induced high
level o f cell death, leaving only 43% (versus 86% o f viable cells in untreated control)
viable cells after 24 h o f stimulation (Fig. 3.5 A, B). This result was confirm ed by LDH
assay LDH (Fig. 3.5 C), showing increased LDH release from DC stimulated by zymosan
in concentration 100 [ig/ml.
All TLR agonists increased the secretion o f IL -ip compared with unstim ulated DC. The
production and release o f mature IL -lp requires two independent signals. The first signal
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leads to the synthesis o f an inactive form o f cytokine, p ro-IL -lp and is provided by
stimulation with PAMPS. The second signal is provided by the activation o f the
inflammasome and caspase-1, leading to pro-IL-1 p processing and release o f mature form
o f IL -ip (264). To compare the level o f IL -ip production by DC upon stim ulation ofT L R
with or without inflammasome activation, BM DC were cultured with LPS (100 ng/ml)
for 24h prior to the addition o f NLRP3 inflammasome activator adenosine triphosphate
(ATP) for 1 h. Consistent with published reports, after addition o f ATP, the concentration
o f IL -ip in the culture medium increased 12 fold compared with cells stim ulated with
LPS alone (3000 pg/ml versus 250 pg/ml from LPS stimulated DC), confirm ing that
stimulation o f TLR alone is insufficient for release o f high amounts o f IL-1P by DC (Fig.
3.6 F).
Having established the effectiveness o f induction o f pro- and anti-inflammatory
cytokines by DC by a range o f concentration o f TLR agonists, the optimal concentration
o f each TLR ligand was chosen, based on stimulation o f IL -10 production. The selected
concentration o f LPS, CpG and zymosan was 100 ng/ml, 1 |a.g/ml and 10 |^g/ml,
respectively (Fig. 3.1, Fig. 3.2 and Fig. 3.4). Since PAM 3CKS4 induced low amounts o f
IL-10 across the whole range o f concentrations, the optimal concentration 100 ng/ml was
selected based on induction o f low amount o f IL -ip and IL-23 (Fig. 3.3). Among the
TLRs tested, LPS in optimal concentration induced the highest level o f IL-1 p, IL-1 a, IL23, IL-6 and TGFp, which are crucial in the developm ent and maintenance o f T h l7 cells
(Fig. 3.6, Fig. 3.7). Consistently with published reports (259),(265) zym osan potently
induced production o f IL-10 (Fig. 3.7), but relatively low levels o f IL-12p70. Zymosan
also m oderately enhanced the production o f IL-1 p, IL-23 and IL-6 (Fig. 3.6). Although
PAM 3CSK4 shares TLR specificity with zymosan, it failed to induce production o f IL10 and IL-23 and IL -lp by DC.

3.2.2 Specific inhibitors of cytokine expression pathways modulate cytokine
production in TLR-stimulated DC
As established in the previous section, zymosan was the most effective inducer o f IL-10
from DC among TLR agonists tested. The next aim was to determine the m ost efficient
combination o f inhibitors that would decrease the production o f IL-23, IL -ip and
IL-12p70. Previous studies dem onstrated that inhibition o f ERK and caspase-1 decreased
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IL-23 and IL-1(3 production by DC and suppressed the ability o f antigen-pulsed TLRactivated DC to induce T h l7 cells in vivo (260, 261). In addition, was demonstrated, that
GKS3 is involved in TLR receptor signalling, differentially affecting N F-kB and CREB
transcriptional activity and administration o f GSK3 inhibitor potently suppressed LPSinduced IL-12p70 (262). Consequently, the different combinations o f caspase-1 inhibitor
YVAD, M E K l/2 inhibitor U0126 and GSK3 inhibitor SB216763 were used to modulate
TLR-induced cytokine production by DC. To compare the effect o f inhibition o f specific
pathways prior to stimulation by distinct TLR agonists, BM DC, were incubated with the
inhibitors separately or in combination for 30 min prior to addition o f the TLR agonists.
After 24 h o f culture, concentration o f IL-23, IL -ip , IL-12p70 and IL-10 in supernatants
was m easured by ELISA.
Inhibition o f ERK pathway significantly decreased the production o f IL-23 by zymosanstim ulated DC (Fig. 3.8) but not by LPS (Fig. 3.5), CpG (Fig. 3.6) or PAM 3CSK4stim ulated cells (Fig. 3.7). Inhibition o f caspase-I effectively decreased the production
o f IL -ip induced by TLR stimulation. Surprisingly, caspase-1 inhibition also suppressed
IL-23 production. In CpG- and zymosan-stimulated cells, treatment with both M E K l/2
and caspase-1 inhibitors further reduced IL-23 production in com parison with cells
treated with the caspase-1 inhibitor only. This synergy did not occur in LPS- and
PAM 3SCK4- stimulated cells.
Inhibition o f GSK3 enhanced the production o f IL-IO from LPS- and CpG-stimulated
DC, but not from PAM 3CSK4 and zymosan-treated cells. Expression o f IL-IO is
negatively controlled through GSK3, which directly inactivates the transcription factor
CREB, but largely depends on p38 and ERK signalling pathways. Consequently,
inhibition o f M E K l/2 decreased IL-10 production in CpG- and zym osan-stim ulated DC.
M oreover, the enhanced production o f IL-10 by BM DC treated with the GKS3 inhibitor
was suppressed by co-incubation with the M E K I/2 inhibitor. Inhibition o f GSK3
signalling suppressed IL-12p70 production by zym osan-stim ulated DC. Additionally,
inhibition o f M E K l/2 and caspase-1 fiirther decreased IL-12p70 to an undetectable level.
The expression o f IL-10 in innate cells is controlled by the activation o f ERK and p38
M APK and GSK3, which negatively regulates transcriptional activity o f CREB (266).
Consistently, the inhibition o f M E K l/2 decreased the production o f zymosan-stimulated
IL -10 by DC in a dose-dependent manner (Fig. 3.12 A). In addition, western blot analysis
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on cell lysates showed that the pre-treatm ent with combination o f inhibitors prior to TLR
stimulation decreased phosphorylation o fE R K in zym osan-stim ulated DC (Fig. 3.12 B).
In contrast, GSK3 inhibition did not substantially influence IL-10 production (Fig. 3.12
A). In order to verify whether inhibitors o f M E K l/2, GSK3 and caspase-1 nonspecifically influence activation o f p38 M APK, the phosphorylation o f p38 was
determined by western blot. Pre-treatment o f DC with inhibitors did not affect the
phosphorylation o f p38, confirm ing that com bination o f M E K l/2, GSK3 and caspase-1
inhibitors does not have indirect effects on zym osan-induced p38 signalling pathway
(Fig. 3.12 C).
Overall, the inhibition o f TLR-induced signalling pathways resulted in the specific
modulation o f cytokine production. Inhibition o f M E K l/2 and caspase-1 efficiently
decreased the production o f TLR-induced IL -ip and IL-23. Inhibition o f GSK3 prevented
the decrease o f IL-10 production. Addition o f all three inhibitors together completely
abolished zymosan-stimulated production o f IL-12p70. Zymosan also induced the
highest levels o f IL-10. These data suggest that zymosan is the most suitable TLR ligand
for stim ulating IL-10 production and for induction o f Treg cells, when used with specific
inhibitors.

3.2.3 Inhibition of caspase-1, M EKl/2 and GSK3 pathway does not induce
pro-inflammatory cytokine production
This study showed that inhibitors o f cytokine expression pathways efficiently modulated
the response o f DC stim ulated with different TLR ligands. In order to eliminate the
possibility that the inhibitors alone induce the cytokine expression by DC, the cytokine
production was analysed in the supernatants collected from the cultures o f DC incubated
with com bination o f inhibitors, but w ithout TLR stimulation. BMDC were incubated with
M E K l/2, caspase-1 and GSK3 inhibitors separately or in combination. Cells were also
stimulated with zym osan as a positive control for cytokine production. Supernatants were
recovered after 24 h and concentration o f IL -ip , IL-23, IL-12p70 and IL-10 was
determined by ELISA. Treatm ent with inhibitors separately or in combination did not
increase cytokine production by DC (Fig. 3.13). These results dem onstrated that
inhibitors alone do not modulate steady state immune responses in DC and that
stimulation by TLR agonists is necessary to elicit cytokine expression.
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3.2.4 DC stim ulated with zymosan and inhibitors m odulate cytokine
production from CD4+T cells in vitro
The present study demonstrated that zymosan is the most potent inducer o f IL-10 among
the TLR agonists tested. Furthermore, together w ith specific inhibitors, it was possible to
regulate

cytokine

production

o f zym osan-stim ulated

DC,

decreasing

the

pro-

inflammatory cytokines IL -ip , IL-23 and IL-12p70, involved in differentiation o f T h l7
and T hl cells, respectively. The following experiments were conducted to exam ine the
ability o f DC stimulated with zymosan and inhibitors to drive the differentiation and
cytokine production by CD4* T cells. BMDC (IxlO ^cells/m l) from BALB/C mice were
incubated with

O V A 3 2 3 -3 3 9

peptide for 3 h prior to adding the com binations o f inhibitors.

After 30 min o f incubation with inhibitors, zym osan was added to the BM DC for 24 h.
The cells were then washed twice with medium, scraped from the wells and re-cultured
into 96-well plate at concentration o f 5x10^ cells/ml. CD4^ T cells from D O l 1.10 mice,
carrying MHC class II restricted rearranged TCR, specific for OVA peptide antigen were
purified from the spleens and lymph nodes using magnetic cell sorting and were cocultured with DC in a ratio o f 1 to 10 (DC to T cells). A fter 72 h, cells were stimulated
with PMA, ionom ycin and BFA for 6 h and stained with fluorochrom e conjugated
antibodies against surface CD4, nuclear Foxp3 and intracellular IL-10, IL-17 and IFN-y.
Triplicate cultures were pooled and analysed by flow cytom etry. DC stimulated with
zymosan did not enhance IL-10 production by CD4^ T cells. However, the population o f
CD4^IL-10^ T cells significantly increased when DC were pre-treated with the
combination o f all three inhibitors (Fig. 3.14 A). The treatm ent o f DC with zym osan and
different com binations o f inhibitors also enhanced the expression o f Foxp3 by CD4^ T
cells (Fig. 3.14 B). In contrast, zym osan-stim ulated DC pre-treated with inhibitors did
not enhance IFN-y production by CD4^ T cells (Fig. 3.15 A). Surprisingly, CD4^ T cells
co-cultured with DC treated with zym osan and inhibitors significantly enhanced
expression o f IL-17, despite the fact that inhibitors efficiently decreased the production
o f IL -ip and IL-23 in zym osan-stimulated DC. (Fig. 3.15 B). Overall, inhibition o f
caspase-1, GSK3 and ERK increased the ability o f zym osan-stim ulated DC to induce IL10 and Foxp3 expression, but also IL-17 production by CD4^ T cells.
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3.2.5 Effect of treatm ent with zymosan and M EKl/2, GSK3 and caspase-1
inhibitors on antigen-specific cytokines production by T cells

Studies have demonstrated that zym osan induces IL-10 by DC and TGF- p by splenic
macrophages and in vivo experiments have shown that injection o f zym osan with an
antigen can promote antigen-specific T cell tolerance (259). In contrast, zymosaninduced peritonitis is associated with elevated levels o f both IL-17 and IFN-y (267). In
the present study, zym osan-stim ulated DC pre-treated with inhibitors o f proinflammatory signalling pathways, but not DC stimulated with zym osan only, enhanced
frequency o f IL-IO-producing and IL-17-producing CD4^ T cells in vitro (Fig. 3.15).
Experiments were performed to further determine the effects o f treatm ent with zymosan
and specific inhibitors on antigen-specific T cell responses in vivo. OVA-TCR transgenic
CD4^ T cells were purified by magnetic cell sorting from D O l 1.10 mice and 10^ o f cells
was adoptively transferred i.v. to BALB/c mice. BALB/c mice were subsequently
injected into the foot pad with PBS, OVA323-339 peptide, OVA with zym osan or OVA
with zymosan and M E K l/2, GSK3 and caspase-1 inhibitors. An additional group o f mice
was injected with OVA and CpG as a control for T cell responses. Seven days later, the
injection site draining popliteal lymph nodes (PLN), were isolated and the lym ph node
cells were cultured ex vivo with different concentrations o f OVA antigen.
A ssessment o f OVA-specific cytokine production 5 days later revealed that antigenspecific IL-10 production was marginally increased by lymph node cells from mice
injected with OVA and zymosan. Importantly, IL-10 production was not significantly
enhanced in mice injected with OVA, zym osan and inhibitors. Zym osan-stim ulated
antigen-specific IL-17 production was not significantly decreased in mice injected with
inhibitors. Antigen-specific IFN-y was induced m oderately in mice im munized with
OVA and zymosan and the injection o f inhibitors did not modulate the production o f this
cytokine (Fig. 3.16). These data dem onstrate a trend indicating that zym osan-induced
development o f antigen-specific IL-IO-producing CD4^ T cells can be augmented,
whereas induction o f antigen-specific T h l7 cells can be suppressed by co-treatm ent with
inhibitors o f M E K l/2, caspase-1 and GSK3.
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3.2.6 Effect of immunization with MOG, zymosan and M EKl/2, GSK3 and
caspase-1 inhibitors prior to induction of EAE

Having established that treatment with zym osan and M E K l/2, GSK3 and caspase-1
inhibitors m odulate antigen-specific T cell responses in vivo, the experiments were
designed to investigate if the combination o f TLR agonist and inhibitors can induce
antigen-specific Treg cells that prevent the developm ent o f autoimm une disease. EAE is
the m ost com m only used mouse model for hum an T cell-mediated dem yelinating disease
o f the CNS and shares clinical and pathological features with RRMS, including
inflamm ation, dem yelination and axonal loss. The acute EAE is induced actively in
C57BL/6 mice by immunization with M OG emulsified in CFA, followed by
adm inistration o f PT. The generation o f autoim m une T h l7 and T h l cells, as well as
pathogenic lL-17-producing y8 T cells is followed by the breakdown o f blood-brain
barrier (268). This subsequently results in infiltration o f the immune cells into the CNS.
The inflam m atory response leads to the degradation o f myelin sheath and manifests as
progressive paralysis.
To assess the capabilities o f prophylactic treatm ent with zymosan and M E K l/2, caspase1 and GSK3 inhibitors to induce M OG-specific protection against EAE, C57BL/6 mice
were im m unized s.c. with MOG (100 |o,g/mouse), M OG and zymosan (100 |ig/m ouse) or
MOG, zym osan and U0126 (50 |ag/mouse), Y VA D (25 |o.g/mouse) and S B 216763 (25
|ig/m ouse). To exclude the possibility that the inhibitors solvent influenced the outcome
o f the im m unization (Fig. 3.17), another group o f mice was treated with MOG and
zym osan with the vehicle DMSO (Fig. 3.18). M ice were boosted 14 days after the first
im m unization and EAE was induced 7 days after the last immunization by s.c. injection
o f M OG em ulsified with CFA. Mice were injected i.p. with 500 ng o f PT at days 0 and
2. A nim als were monitored daily for the clinical symptoms o f the disease and weight
change. Figure 3.17 shows the clinical scores and percentage o f weight change,
com bining four independent experiments.
In the control (PBS) group, mice developed mild paralysis from day 7 and severe EAE
by day 11. In contrast, the mice treated with M OG and zymosan developed EAE more
rapidly with severe paralysis as soon as 7 days after induction o f EAE (p<0.001 vs PBS
group). Pre-treatm ent with inhibitors significantly attenuated the severity o f EAE in
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comparison to MOG and zymosan immunized mice however, the severity o f EAE was
still increased compared with that in the control group until day 12. Interestingly,
compared with other groups, the onset o f the disease was accelerated in mice treated with
inhibitors, which showed early signs o f paralysis from day 3 with the average score from
0.25 to 1. Consistent with published reports, the administration o f auto-antigen MOG
alone before induction o f EAE attenuated the severity o f the disease, reducing the average
clinical score on day 14 from 3.5 in the control group to 1.7 (p<0.001).
In EAE mice gradually lose weight with a progression o f paralysis. Therefore, the general
condition o f the animals was assessed on the basis o f change in body mass (Fig. 3.17).
Throughout the disease course, the weight loss corresponded to the progression o f
paralysis in all groups o f mice. The largest decrease in weight was observed in M OG and
zymosan treated mice, which developed the most severe paralysis.
DMSO is an organic solvent that has been used in clinical treatm ent for num ber o f human
diseases by i.v. injections or topical administration. Due to the m iscibility with water,
DMSO is widely employed as a solvent for rcconstitution o f non-polar compounds, prior
to in vivo administration. It has been reported that only high concentrations o f DMSO
increased the cell death o f human PBMCs in vitro and abolished the proliferative capacity
o f T cells after the long-term exposure (269). In this study, all three the inhibitors were
firstly dissolved in DMSO and then mixed with w ater solution o f zym osan and MOG
prior to s.c. injection. Mice treated with DMSO developed m arginally less severe
paralysis compared to mice immunized with MOG and zymosan. This result confirms
that the solvent is not responsible for attenuation o f EAE in mice treated with inhibitors
(Fig.3.18). In summary, the treatment with M OG and zymosan exacerbated the clinical
course o f EAE, which was reduced by adm inistration o f inhibitors o f pro-inflam m atory
cytokines expression. However, the prophylactic therapy with M OG, zym osan and
inhibitors failed to further attenuate EAE.
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3.3 Discussion
A breakdown in self-tolerance or a defect in developm ent o f immune regulation
m echanisms can lead to an unrestrained effector T cell response to self-antigens and the
development o f autoimm une disorders, such as MS, type

1 diabetes or lupus

erythematosus. The conventional therapies for these conditions are not antigen-specific
and are based on systemic reduction o f inflammation. Such treatments, although
m oderately effective, can be associated with various side effects, including enhanced
susceptibility to chronic infections and occasional cancers. Hence, the aim this research
on new therapeutic approaches for autoimmune diseases was to develop treatments that
would specifically inhibit auto-reactive immune cells without hampering immunity to
foreign antigens. Currently, several methods are used for inducing peptide-specific
immune tolerance in vivo. Those methods are mostly based on the induction o f T cell
unresponsiveness (T cell apoptosis or anergy) for example, by repeated i.v. or topical
application o f high doses o f peptide antigen. However, the m ajor disadvantage o f
inducing antigen-specific T cell unresponsiveness is that during MS the myelin-specific
T cell reactivity can change over time (epitope spreading) and the newly generated
pathogenic T cells can promote relapses o f the disease (153). A nother method is based
on the induction o f tolerance by administration o f low-dose self-antigen through mucosal
(oral or nasal) routes, where mucosa-associated APCs preferentially initiate development
o f Treg cells. This method, however, was deemed to be unsuccessful in the treatment o f
the autoimm une diseases in clinical trials in humans (227). Therefore, the induction o f
antigen-specific Treg cells that are able to actively suppress the pathogenic responses,
still remains the ultim ate goal o f therapy for autoimm une diseases.
TLR ligands, when co-adm inistered with a foreign antigen, act as adjuvants to promote
immune responses specific for this antigen. This property o f TLR agonists was first used
in the developm ent o f vaccines against infectious diseases, but also later in the
development o f im m unotherapeutics against cancer.

M oreover, M arshall at al

dem onstrated that immunotherapy with a specific small molecule inhibitor o f PI3K,
increased the pro-inflam m atory effects o f TLR5 agonist flagellin and enhanced the
immune responses against tum ours (254). Different TLR ligands induce both pro- and
anti-inflam m atory cytokines from DC. Therefore, the aim o f this study was to explore the
potential o f TLR agonists combined with specific inhibitors o f inflamm atory cytokines
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to induce Treg cells that mediate long-lasting antigen-specific Treg protection against
autoimmune disease.
The results o f this study showed that zymosan was the most effective inducer o f IL-10
production from DC. Zym osan is a water insoluble preparation o f the yeast S. cerevisiae
cell wall, composed o f protein-carbohydrate com plexes, mostly P-glucans. TLR2 and a
C-type lectin receptor, dectin-1 can both recognize zymosan particles and initiate
cytokine response. Other groups have dem onstrated that zym osan-m ediated production
o f IL-10 involves ERK M APK activation downstream o f TLR2 and dectin-1 (259, 266).
The results o f the present study are consistent with those findings, since the inhibition o f
ERK pathway substantially, but not completely, decreased the production o f IL-10 by
zym osan-stimulated DC. Downstream signalling from TLR2 also involves activation o f
p38 MAPK, another m ediator o f IL-10 expression, which was unaffected by inhibition
o f M E K l/2, GKS3 or caspase-1. Zymosan also preferentially induced IL-23 expression
over IL-12, which is characteristic for TLR2 agonists (270). As expected, the inhibition
o f ERK, caspase-1 and GSK3 pathway decreased production o f the cytokines involved
in differentiation o f effector T hl and T h l7 cells. Based on the previous studies
dem onstrating that IL-10 promotes differentiation o f naive T cells into the T rl subset,
zymosan appeared to be the most appropriate TLR agonist for further studies.
Published reports have shown that a high dose o f zymosan injected into the peritoneal
cavity o f mice, induces an acute inflammatory response and infiltration o f several types
o f inflamm atory innate cells, which is associated with induction o f IL-17 expression. In
the present study, zym osan induced antigen-specific IL-17 and small amount o f IFN-y
from the lymph node cells, but it was possible to reduce this response when zymosan was
injected with inhibitors. Surprisingly, the increased production o f IL-17 by CD4^ T cells
was observed after in vitro co-culture, only when DC were pre-incubated with inhibitors
prior to zymosan stimulation. This result was not consistent with the in vitro findings that
showed decreased IL-23 and IL -ip production from DC after the incubation with
inhibitors. The in vitro data have shown that zym osan also induces IL-6 from DC at the
same level that is induced by LPS and CpG. Together with the moderate induction o f
TGF-p, it m ight be sufficient for the development o f T hl 7 cells, which are promoted by
IL-23 and IL -1p. TL R -induced IL-6 expression is regulated m ainly by NF-kB. The recent
report by Buxade et al has demonstrated, that the transcription factor, nuclear factor o f
activated T-cells 5 (NFAT5), is involved in transcription o f IL-6, upon dectin-1
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engagem ent in macrophages (271). NFAT5 rem ains under control o f p38 MAPK,
however, the combination o f inhibitors used did not m odulate the phosphorylation o f p38,
suggesting that the expression o f IL-6 was not enhanced. Therefore, it is unlikely, that
inhibition o f M E K l/2, GKS3 or caspase-1 enhanced expression o f IL-6.
Several published reports have demonstrated that it is possible to induce IL-lO-producing
T rl cells using pathogen-derived molecules. For example, Bordetella pertussis-dtr'wed.
molecule filamentous haemagglutinin (FHA), stim ulates IL-10 and TGF-P production
from DC and macrophages and induces developm ent o f pathogen-specific T rl cells
during infection (122). Furthermore, adm inistration o f FHA ameliorated T-cell
dependent colitis can induce development o f Treg cells specific to unrelated antigens
(272), Keogh et al, unpublished data). The ability o f microbial molecules to induce
tolerogenic responses is considered to be an immune subversion strategy that allows
pathogen persistence, resulting in a chronic infection. Commensal bacteria and some nonpathogenic fungi, exploit this as a method for long-lasting co-existence with the host. The
present study showed that DC treated with zym osan and inhibitors were able to increase
the production o f IL-10 by CD4^ T cells during in vitro co-culture. In addition, the
adm inistration o f zym osan induced small amount o f antigen-specific IL-10 from lymph
node cells. Importantly, the study confirmed, that the adm inistration o f zym osan together
with inhibitors and antigen in vivo enhances the antigen-specific IL -10 production from
T cells.
The present study dem onstrated that immunisation o f mice with self-antigen combined
with zymosan or zym osan with inhibitors o f inflam m atory cytokines before the induction
o f the EAE can modulate the clinical course o f the disease. The partial T cell
unresponsiveness, achieved by administration o f MOG peptide only and manifested by
attenuation o f the disease in mice, was overcome when the mice were injected with MOG
and zymosan. The pathogenesis o f EAE is based on the induction o f M OG-specific
effector T hl 7 and T h l cells by immunization with M OG/CFA. The exacerbation o f EAE
after treatment with MOG and zymosan suggests that zym osan induces inflammatory
responses and developm ent o f effector Th cells, which respond more rapidly to the
antigenic stim ulus during the active induction o f EAE. This result is consistent with data
showing a trend towards enhanced production o f O VA-specific IL-17 and IFN-y by
lymph node cells o f mice immunized with OVA and zymosan. Treatment with inhibitors
significantly attenuated EAE compared with zym osan-treated mice however the
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developed disease was more severe than in the control mice. This result indicates that
treatment with zymosan induces stronger Th effector responses than the tolerogenic
responses. Inflammatory Th effector responses can be reduced only partially by the
application o f inhibitors o f M EK l/2, caspase-1 and GSK3.
Although the present study did not establish whether injections of MOG and zymosan
promoted MOG-specific pathogenic T cells, the exacerbation o f EAE suggests that it did.
Further studies should be performed to determine if administration o f zymosan alone is
also able to increase the severity of EAE. There is an established correlation between
infections and autoimmune disease prevalence in humans. This association might result
from a nonspecific activation of innate immune responses by infections leading to the
breakdown o f the immunological tolerance to self-antigens and development o f self
antigen specific pathogenic T cells. To answer the question, whether the zymosan induces
nonspecific responses, responsible for exacerbation o f EAE, the experiment comparing
the effect o f immunization with MOG and zymosan versus zymosan only should be
conducted.
The more rapid development o f EAE after pre-treatment with

M OCj

and zymosan might

suggest that the innate immunity has been “trained” by the stimulation with TLR agonist
and the innate responses remain in the state of a long-term enhancement. Trained innate
immunity is an interesting concept emerging from the increasing evidence for innate
immune memory. It is based on the studies showing that plants and invertebrates are
protected against secondary infections, in spite of lacking adaptive immune responses.
Trained immunity is non-specific and the enhanced activation appears to be dependent
on the epigenetic reprogramming, mediated through recognition o f PAMPs (273). The
recent studies by Saeed et al investigated the immunological imprinting associated with
innate immune training. The results showed that stimulation of monocytes with Candida
albicans P-glucan induced innate immune training. Macrophages derived from
monocytes cultured in the presence o f P-glucan produced significantly more TNF-a and
IL-6 in response to re-stimulation with P-glucan (274). Functional changes of trained
macrophages were associated with epigenetic and transcriptional changes during
monocyte-to macrophage differentiation. Since zymosan is composed o f P-glucan and
induces innate responses via stimulation of dectin-1, these findings might explain the
exacerbation of EAE after pre-treatment o f mice with zymosan and MOG.
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Fig. 3.1 D ose-dependent production of cytokines by m urine DC
stim ulated with TLR4 ligand LPS. BMDCs from C57BL/6 mice were
cultured with different concentrations of LPS (0.001-10 |ig/ml) for 24h.
Supernatants were recovered and concentration of IL-1(3 1L-I2p70, IL23 and lL-10 was determined by ELISA. Results shown are the mean
values +/-SD from triplicate cultures and are representative of 2
independent experiments. **p<0.01, ***p<0.001 by ANOVA
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Fig. 3.2 Dose-dependent production of cytokines by murine DC
stimulated with TL9 ligand CpG.
BMDCs from C57BL/6 mice w ere treated with different concentration of
CpG (O.OOl-lOng/ml). After 24 h of incubation su p ern atan ts w ere
recovered and concentrationof IL-ip IL-12p70, IL-23 and IL-10 was
determ ined by ELISA. Results shown are the m ean values -h/-SD from
triplicate cultures and are representative of 2 independent experiments.
ns, not significant, *p<0.05, **p<0.01, ***p<0.001 by ANOVA
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Fig. 3.3 D ose-dependent production of cytokines by murine DC
stim ulated w ith TLR2 ligand PAM3CSK4. BMDCs from C57BL/6 mice
were treated with different concentration of PAM3CSK4 (0.00110[ig/ml). After 24 h of incubation supernatants were recovered and
concentration of IL-ip IL-12p70, IL-23 and IL-10 was determined by
ELISA. Results shown are the mean values +/-SD from triplicate cultures
and are representative of 2 independent experiments, ns, not significant,
*p<0.05, **p<0.01, ***p<0.001 by ANOVA
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Fig. 3.4 D ose-dependent production of cytokines by m urine DC
stim ulated with TLR2 and dectin-1 ligand zymosan. BMDCs from
C57BL/6 mice were treated with different concentration of PAM3CSK4
(O.Ol-lOO^g/ml). After 24 h of incubation supernatants were recovered
and concentration of IL-1(B 1L-I2p70, IL-23 and IL-10 was determined
by ELISA. Results shown are the mean values -I-/-SD from triplicate
cultures and are representative of 2 independent experiments, ns, not
significant, *p<0.05, **p<0.01, ***p<0.001 by ANOVA
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Fig. 3.5 Zymosan at high concentration induced the cell death in
murine DCs. BMDCs from C57BL/6 mice were incubated with different
concentrations of zymosan. After 24h cells were stained with
LIVE/DEAD cells stain and surface-stained with antibody specific for
CDllc. Results are representative (A) and the mean frequency of live
CDllc"^ cells (B). In addition, the supernatants were recovered and the
cell death was determined using non-radioactive cytotoxicity assay
based on m easurent of LDH activity in the culture media (C). Results
shown are the mean values +/-SD from triplicate cultures and are
representative of 2 independent experiments.
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Fig. 3.6 Production of pro-inflammatory cytokines by murine DC
stimulated with optimal concentrations of TLR ligands. A-E. BMDCs
from C57BL/6 mice were cultured with TLR agonists: LPS [lOOng/ml),
CpG (1 |ig/ ml], PAM3CSK4 (100 ng/m l], zymosan [10 [ig/ml). After 24
h of incubation supernatan ts w ere recovered and concentration of
IL-ip, IL-la, IL-12p70, IL-23 and IL-6 was determ ined by ELISA. Results
shown are the mean values +/-SEM (n=6 for IL-ip, IL-23, IL-12p70; n=2
for IL-6) **p<0.01 by one way ANOVA and Bonferroni post test. F.
BMDCs from C57BL/6 mice w ere cultured with LPS (O.l^ig/ml) for 24h
before the addition of ATP (5 mM) for 1 h. Supernatants were recovered
and concentration of IL-1(B was determ ined by ELISA. Results show n are
the m ean values +/-SD from triplicate cultures from single experiment.
**p<0.01 by ANOVA
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Fig. 3.7 TLR2 and dectin-1 ligand zym osan induced secretion of
anti-inflam m atory cytokine IL-10 by m urine DCs. BMDCs from
C57BL/6 mice were cultured with TLR agonists: LPS (100 ng/ml), CpG
(1 [ig/ ml), PAM3CSK4 (100 ng/ml), zymosan (10 |ig/ml). After 24 h of
incubation the supernatants were recovered and concentrations of
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Fig. 3.8 Inhibitors of MAPK, caspase-1 and GSK3 signalling
pathways modulate pro- and anti-inflammatory cytokine
production by LPS-stimulated DC. BMDCs from C57BL/6 mice were
pre-incubated w ith M E K l/2, GSK3 and caspase-1 inhibitors 30 min
prior LPS stimulation. After 24 h of incubation supernatants were
recovered and concentration of IL -ip , IL-12p70, IL-23 and lL-10 was
determined by ELISA. Results shown are the mean values +/- SD from
triplicate culture and are representative of 2 independent experiments,
ns, not significant, **p<0.01, ***p<0.001 vs medium, ##p<0,01,
###p<0.001 vs LPS-stimulated by ANOVA
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Fig. 3.9 Inhibitors of MAPK, caspase-1 and GSK3 signalling
pathways m odulate
pro- and anti-inflam m atory
cytokine
production by CpG-stimulated DC. BMDCs from C57BL/5 mice were
pre-incubated w ith M E K l/2 , GSK3 and caspase-1 inhibitors 30 min
p rio r CpG stim ulation. A fter 24 h of incubation supernatants were
recovered and concentration of IL-1(B ,IL-12p70, IL-23 and IL-10 was
determined by ELISA. Results shown are the mean values +/-SD from
triplicate culture and are representative of 2 independent experiments,
ns, not significant vs CpG-stimulated, ***p<0.001 vs medium, #p<0.05,
##p<0,01, ###p<0.001 vs CpG-stimulated, ns not significant vs CpGstimulated, by ANOVA
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Fig. 3.10 Inhibitors of MARK, caspase-1 and GSK3 signalling
pathways m odulate pro- and anti-inflam m atory cytokine
production PAM3CSK4-stimulated DC. BMDCs from C57BL/6 mice
were pre-incubated with MEKl/2, GSK3 and caspase-1 inhibitors 30
min prior PAM3CSK4 stimulation. After 24 h of incubation supernatants
were recovered and concentration of IL-ip, IL-12p70, IL-23 and IL-10
was determined by ELISA. Results shown are the mean values +/-SD
from triplicate culture and are representative of 2 independent
experiments. **p<0.01, ***p<0.001 vs medium, #p<0.05, ##p<0,01,
###p<0.001 vs PAM3CSK4-stimulated, ns not significant vs PAM3SK4stimulated by ANOVA
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Fig. 3.11 Inhibitors of MARK, caspase-1 and GSK3 signalling
pathways modulate pro- and anti-inflammatory cytokine
production by zymosan-stimulated DC. BMDCs from C57BL/6mice
were pre-incubated w ith M E K l/2, GSK3 and caspase-1 inhibitors 30
min prior zymosan stimulation. Supernatants were recovered after 24
h, 48 h and 72 h of incubation and concentration of IL -ip , IL-12p70,
lL-23 and IL-10 was determined by ELISA. Results shown are the mean
values +/-SD from triplicate culture and are representative of 2
independent experiments. *p<0.05, ***p<0.001 vs medium, #p<0.05„
###p<0.001 vs zymosan-stimulated, ns not significant vs zymosanstimulated by ANOVA
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Fig. 3.12 Modulation of zymosan-induced IL-10 production by
M E K l/2 , caspase-1 and GSK3 inhibitors does not involve p38
signalling pathway. A. BMDCs from C57BL/6 mice were pre-incubated
w ith different concentrations of M E K l/2, GSK3 and caspase-1 inhibitors
30 min prior zymosan stimulation. After 24h of culture supernatants
were recovered and concentration of IL-10 was determined by ELISA.
Results shown are the mean values -I-/-SD from triplicate culture and are
representative of 2 independent experiments. B. BMDCs from C57/BL6
mice were preatreate w ith M E K l/2 (5 |iM), caspase-1 (40 ^iM) and
GSK3 (20 nM) inhibitors 30 min prior zymosan stimulation. Cells were
lysed at the time of adding zymosan and after 5, 15, 30 and 60 min. Cell
lysates were resolved on SDS-PAGE and transferred to nitrocellulose
membrane. Blots were probed w ith anti-ER Kl/2, anti-phospho-ERKl/2,
anti-p38, anti-phospho-p38 and anti-actin. Results show one
experiment.
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Fig. 3.13 Inhibitors of M EKl/2, GSK3 and C l do not induce
sercetion of cytokines IL-ip, IL-12p70, IL-23 and IL-10 in murine
DCs w ithout stim ulation with TLR ligand. BMDCs from C57BL/6 mice
were incubated with MEKl/2, GSK3 and caspase-1 inhibitors or LPS
only. After 24 h of incubation supernatants were recovered and
concentration of IL-ip , IL-12p70, lL-23 and lL-10 was determined by
ELISA. Results shown are the mean values +/-SD from triplicate culture
and are respresentative of 2 independent experiments.
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Fig. 3.14 Co-culture w ith DC stim ulated w ith zymosan and
inhibitors of M E K l/2 , GSK3 and caspase-1 enhanced production of
IL-10 by OVA-specific CD4^ T cells and increased frequency of
FoxpS"^. BMDCs from BALB/C mice were incubated w ith OVA peptide for
3 h. M E K l/2 , GSK3 and caspase-1 inhibitors were added to the culture
30 min p rio r zymosan stim ulation. A fter 24 h the supernatants were
removed and BMDCs were washed twice w ith cRPMl. CD4'^ T cells were
isolated from single cell suspensions o f spleens and lym ph nodes of
OVA-TCR transgenic D O .ll mice and co-cultured w ith DCs in ratio 1:10
(DC:T cells) After 72 h cells were stim ulated w ith PMA, ionomycin and
BFA and stained for CD4, CD25, Foxp3 and intracellular IL-10. Results
shown are representative flow cytom etry plots (A) and mean frequency
of cells + /- SD from triplicate cultures (B). *p<0.05, **p<0.01,
***p<0.001 vs unstimulated cells; #p<0.05, ##p<0.01, ###p<0.001 vs
zymosan-stimulated cells by ANOVA
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Fig. 3.15 Co-culture w ith DC stim ulated w ith zymosan and
inhibitors of M E K l/2 , GSK3 and caspase-1 did not enhance
production o f IFNy, but enhanced production of IL-17 by OVAspeciflc CD4‘^ cells. BMDCs from BALB/C mice were incubated w ith
OVA peptide fo r 3 h. M E K l/2 , GSK3 and caspase-1 inhibitors were
added to the culture 30 min p rio r zymosan stim ulation. After 24 h the
supernatants were removed and BMDCs were washed twice w ith
cRPMl. CD4^ T cells were isolated from single cell suspensions of
spleens and lym ph nodes of OVA-TCR transgenic D O .ll mice and co
cultured w ith DCs in ratio 1:10 (DC:T cells) A fter 72 h cells were
stim ulated w ith PMA, ionomycin and BFA and stained for CD4 and
intracellular IFNy and IL-17. Results shown are representative flow
cytom etry plots (A) and the mean frequency of cells + /- SD from
triplicate cultures [B). * p<0.05, ** p<0.01, *** p<0.001 vs unstimulated
cells; # p<0.05, ## p<0.01, # # # p<0.001 vs zymosan-stimulated cells by
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Fig. 3.16 Effect of treatem ent w ith M E K l/2 , GSK3 and caspase-1
inhibitors on the production of zymosan-induced antigen-specific
IL-17, IFN-y and IL-10 by lymph nodes cells. CD4"^ T cells purified
from spleen and lymph nodes of OVA-TCR transgenic (D O .ll.lO ] mice
were adoptively transfered (i.v.) to BALB/C mice. BALB/C mice were
injected into the foot pad w ith PBS, OVA protein, OVA-i-zymosan,
OVA-i-zymosan or OVA-i-zymosan-i-MEKl/2, GSK3 and caspase-1
inhibitors. Additional group of mice injected w ith OVA-i-CpG was
included for an adjuvant positive control. A fter 7 days, popliteal lym ph
nodes were isolated and the single cell suspentions were cultured ex
vivo w ith OVA [50-100 ng/m l). The supernatans were collected 5 days
later and concentration of lL-10, IFNy and lL-17 were determ ined by
ELISA. Results shown are mean values + /- SEM from 2 independent
experiments; n=4 fo r all groups besides OVA-i-CpG, for which n=2. ns not
singificant vs OVA; # ns, not significant vs OVA-hZymosan by ANOVA.
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Fig. 3.17 Effect of treatm ent with MOG, zym osan and M EK l/2, GSK3
and caspase-1 inhibitors before induction of EAE. C57BL/6 mice
were s.c. immunized with MOG
peptide, zymosan and MEKl/2,
GSK3 and caspase-1 inhibitors 21 and 7 days before inductio of EAE.
EAE was induced by s.c. injection of MOG peptide emulsified with CFA,
followed by an i.p. injection with 500 ng PT on day 0 [day of induction]
and day 2. Animals were monitored daily for clinical signs of the disease.
Results shown are mean scores or percentage of body weight change +/SEM from 4 independent experiments; n=4-6/group,***p<0.001
MOG+zymosan vs. PBS, #p<0,05, ##p<0.01 MOG+zymosan+inhibitors
vs. MOG+zymosan, +++p<0.001 MOG vs. PBS, by two-way ANOVA and
Bonferroni post test.
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Fig. 3.18 Effect of treatm ent w ith MOG, zymosan and inhibitors vs
DMSO vehicle before induction of EAE. C57BL/6 mice were s.c.
immunized w ith MOG
peptide, zymosan and M E K l/2 , GSK3 and
caspase-1 inhibitors or zymosan and DMSO 21 and 7 days before
induction o f EAE. EAE was induced by s.c. injection o f MOG peptide
emulsified w ith CFA, followed by an i.p. injection w ith 500 ng PT on day
0 (day o f induction) and day 2. Animals were monitored daily for clinical
signs of the disease. Results shown are mean scores or percentage o f
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CHAPTER 4

INDUCTION OF ANTIGEN-SPECIFIC TREG CELLS USING ANTI

INFLAMMATORY CYTOKINES
4 .1

In tro d u c tio n

Under homeostatic conditions, anti-inflammatory cytokines serve as immunomodulators
limiting the potentially detrimental effects of excessive inflammatory responses. The
robust production of anti-inflammatory cytokines at the mucosal surfaces protects against
unnecessary responses to harmless commensal microorganism, whereas the induction of
anti-inflammatory cytokines during infections or injury counter-balances the effects of
pro-inflammatory cytokines and facilitates the resolution o f inflammation. The most
potent immunoregulatory cytokines with suppressive properties are TGF-P and IL-10 and
their physiological importance has been confirmed in TG F-pi- and IL-10-deficient mice.
TGF-P '' mice develop lethal multiorgan inflammatory disease as soon as 2 weeks after
birth (275), whereas IL-10'^‘ or IL-IOR" ‘mice acquire chronic enterocolitis in response to
normal intestinal flora (276). Similarly, in humans, defective IL-IOR signalling is
associated with development of life-threatening early-onset inflammatory bowel disease
(EO-IBD) in children (277).
IL-IO modulates both innate and adaptive immune responses and can be produced by
variety of cells. For example, DC and macrophages produce IL-IO in response to the
microbial stimuli, but also express IL-IOR and respond to IL-IO signalling, changing to
a more tolerogenic phenotype. Treg cells are the main source o f IL-10, but it is now
accepted that all T cell subpopulations are capable o f expressing IL-10 along with other
cytokines, dependently on the stimuli involved in their differentiation. In infection, T
cell-derived IL-10 plays a role in controlling the inflammation, but some pathogens, for
example Leishmania parasites or the bacteria Bordetella pertussis have evolved
mechanisms for induction o f IL-IO to evade protective immunity and to establish
persistent infections (278). IL-IO-producing Trl cells exhibit strong immunosuppressive
properties and are able to restore tolerance in several immune-mediated diseases through
bystander suppression. For example, it has been demonstrated that transfer o f in vitro
generated OVA-specific Trl cells prevented the development o f neurological symptoms
of EAE in mice, when OVA peptide was injected intracranially (120). Trl cells confer
protection against airway inflammation and allergen-specific Trl cells have been
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demonstrated to exhibit suppressive functions in an antigen-specific m anner in models o f
specific im munotherapy in patients with allergies (279, 280).
The development o f T rl cells is directly induced by APC-derived IL-10 and the results
presented in chapter 3 demonstrated that it is possible to induce antigen-specific IL-10producing T cells in vivo, using microbe-derived molecules that enhance IL-10
production by DC. In addition, IL-27, a member o f the IL -I2 cytokine family, previously
exclusively associated with development o f T hl cells, was recently shown to induce IL10 production from Foxp3 CD4^ T cells (52).
Recombinant cytokines have been tested in humans as therapies for different
immunological disorders. For example, treatment with IFN-P (Avonex, Betaseron, Rebif,
Extavia) has been approved as a therapy for relapsing-remitting MS. Those therapies have
been developed to restore the activity o f specific cytokines and system ically mobilize or
inhibit immune responses. In contrast, animal studies have shown that particular
cytokines, such as IL-12 or IFN-y can work as natural adjuvants, to enhance the antigenspecific immune response when administered together with a soluble antigen (281, 282).
The aim o f this part o f the study was to examine the hypothesis that the prophylactic
administration o f anti-inflammatory cytokines together with self-antigen MOG can lead
to the generation o f antigen-specific Treg cells that can suppress the development o f
autoimmune disease. The specific aim was to evaluate the capacity o f IL-10 or IL-27 or
the combination o f these two cytokines to induce IL-lO-producing T cells and to establish
the effect o f administration o f IL-10, IL-27 or both together with M OG peptide before
the induction o f EAE on the development o f clinical symptoms o f disease.
After the successfijl result in EAE model, the aim was to determ ine if repeated
immunization with self-peptide and anti-inflammatory cytokine can induce the
development o f antigen-specific IL -10-producing T cells.
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4.2

R esu lts

4.2.1 Effect of stim ulation with IL-10 or IL-27 on expression of cytokines and
Foxp3 by CD4+T cells
In m ice and humans, the differentiation o f T rl cells is facilitated by the presence o f
exogenous lL-10. Recently, several published studies have dem onstrated that IL-27 can
also directly enhance production o f IL-10 by CD4^ T cells. An experiment was conducted
to assess the abilities o f IL-10 and IL-27 to directly stimulate IL-10 production by CD4^
T cells and to determ ine the effect o f those cytokines on the expression o f Foxp3, IFN-y
and IL-17 by T cells. CD4^ T cells were purified from spleens o f C57BL/6 mice by
magnetic cell sorting. CD4* T cells were polyclonaly activated by plate-bound anti-CD3
and soluble anti-CD28 and cultured in the presence o f IL-10 (10 ng/m l), IL-27 (10 ng/ml)
or the com bination o f IL-10 and IL-27. In addition, cells were stimulated with TGF-P for
a positive control o f Foxp3 expression. As expected, IL-10 and IL-27 did not induce
expression o f FoxpB by CD4* T cells. In comparison, stim ulation with TGF-P enhanced
expression o f Foxp3 to 80% by CD4^ T cells. IL-27 alone did not induce IL-10
expression. IL-10 enhanced the frequency o f IL-lO-producing CD4^ T cells and addition
o f IL-27 further enhanced production o f IL-10. IL-lO-producing CD4^ T cells were
Foxp3-negative. IL-27, both alone and in com bination with IL-10 also enhanced the
frequency o f IFN-y-producing cells. IL-17 was not induced by IL-10 nor by IL-27
(Fig.4.1). These results demonstrate that IL-27 is a strong inducer o f IL-10 and IFN-y in
T cells in both polarizing and non-polarizing conditions. In this study IL-27 alone
increased IFN-y production and enhanced IL-lO-induced production o f IL-10 by CD4^ T
cells.

4.2.2 Effect o f adm inistration of MOG with IL-10 or IL-27 or both cytokines
prior to the induction of EAE
H avirg established that IL-10 and IL-27 directly modulate IL-10 production by CD4^ T
cells, experim ents were conducted to investigate if im m unization with MOG in the
presence o f IL-10, IL-27 or both cytokines could prevent or attenuate the development o f
EA E in an antigen-dependent manner. Mice were injected s.c. with MOG (100
|xg/mouse), M OG and IL-10 (100 ng/mouse), M OG and IL-27 (100 ng/ml), MOG with
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IL-10 and IL-27 or with PBS only 21 days and 7 days before induction o f EAE. EAE was
induced by s.c. injection o f M OG em ulsified with CFA, followed by i.p. injection o f 125
ng PT at days 0 and 2. The clinical scores and weights were recorded daily to measure
disease severity. The data are presented in Fig 4.2 and due to the fact that the development
o f EAE was inconsistent within the groups, the detailed characteristics, showing disease
incidence, cumulative score and average cum ulative score are also included as a table in
Fig.4.2 B. Mice injected with M OG and IL-27 developed EAE with similar disease
incidence and average cumulative score as PBS-injected mice (Fig.4.2). Interestingly,
administration o f MOG and IL-27 together with IL-10 resulted in the most severe EAE
with quicker onset, the highest disease incidence among the groups and nearly twice as
high average cumulative score as seen for control mice. In contrast, none o f the mice
treated with MOG and IL-10 developed clinical symptoms o f EAE until the day 16 after
induction o f EAE (cessation o f the experiment). Similarly, the mice treated with MOG
and IL-10 recovered from the initial weight loss after induction o f EAE (Fig.4.2).

4.2.3 Administration of MOG and IL-10 before induction of EAE induces
protection against the developm ent of EAE
The results have indicated that prophylactic adm inistration o f IL-10 and MOG results in
the protection against the development o f EAE, which is not achieved by treatment with
MOG only. It has been debated that therapeutic adm inistration o f IL-10 can be beneficial
in autoimmune or inflamm atory disorders. For example, it has been demonstrated that
administration o f IL-10 can prevent the development o f chronic experimental colitis, a
mouse model o f intestinal inflamm ation (283). Therefore, an experiment was performed
to determine if the protection against development o f EAE depends on co-administration
o f IL-10 with MOG or if it can be achieved by pre-treatm ent with IL-10 only. Mice were
injected with PBS, M OG, M OG with IL-10 or IL-10 alone 21 days and 7 days before
induction o f EAE. IL-IO-treated and M OG-treated mice had delayed onset o f the disease
in comparison with the control mice, how ever by day 14 after induction o f EAE the
disease scores were similar in all three groups. In contrast, mice injected with IL-10 and
MOG had delayed onset o f the disease and significantly (p<0.001) lower scores than IL10, MOG or PBS-treated mice. The results dem onstrated that the protection against
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development o f EAE is not mediated by non-specific activity o f IL-10 and can be
achieved only when mice are immunized with both auto-antigen MOG and IL-10.

4.2.4 Administration of MOG and IL-10 induces MOG-specific regulatory T
cells that transfer protection against actively induced EAE
The results from Chapter 3 dem onstrated that repeated treatment o f mice with self
antigen leads to antigen-specific T cell tolerance, or T cell unresponsiveness and results
in attenuation o f EAE. Consistent with those findings, the results o f the present study
shewed that M OG-treated mice had delayed onset o f EAE and slightly lower scores then
the PBS-treated mice. Classically, the anergy is induced when T cells encounter a cognate
antigen presented by APC with absence o f co-stimulation. Alternatively, T cell anergy
car. be induced when CD4* T cells are activated in the presence o f IL-10 or by APCs
previously treated with IL-10 (284). IL-10 can also exert a direct effect on the
dif:'erentiation o f T rl cells, which can inhibit antigen-specific effector T cell responses.
Trl cells are characterized by ability to produce antigen-specific IL-10 and IL-5 but not
IL-4, which is associated with type 2 response (117). Further experiments were designed
in order to exam ine whether repeated injection o f the self-antigen MOG and IL-10
indaces M OG-specific T rl cells or clonal anergy. Mice were injected s.c. with PBS,
MOG or M OG with IL-10 and boosted 14 days later. Seven days after the last injection,
spleens and inguinal lymph nodes were isolated and the spleen cells were cultured with
a raige o f concentrations o f MOG peptide. Additionally, cells were cultured with PMA
and anti-CD3 for a positive control o f T cell responses. After 5 days o f culture, the
concentrations o f IL-10, IL-5 and IL-4 were quantified by ELISA.
The production o f antigen-specific IL -10 was significantly enhanced in spleen and lymph
noce cells from mice im munized with MOG and IL-10. In contrast, a negligible amount
(less than 10 pg/ml) o f IL-10 was detected after M OG stim ulation o f lymph node cells
fron M OG -im m unized mice and the IL-10 produced by spleen cells was not antigenspe;ific. The lymph node cells, but not spleen cells, from mice injected with MOG and
IL-10 also produced low amounts o f IL-5 in response to MOG stimulation in vitro. In
conrast, IL-5 production was not detected in supernatants o f M OG-stim ulated lymph
node or spleen cells from M OG-injected mice (Fig. 4.4 A, B). These results demonstrate
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that im m unization with self-antigen MOG and IL-10 induces M OG-specific T cell
responses characteristic o f T rl cells.
Next, the experim ent was performed to further investigate whether the immune
suppression, associated with T rl induction, that develops in the periphery following
immunization with M OG with IL-10 can be adoptively transferred to naive host. Groups
o f mice were im munized at day 0 and 14 with M OG and IL-10, MOG only or PBS.
Spleens were isolated 7 days after the last injection and spleen cells were cultured with
MOG peptide and IL-2 for 3 days. 20 x 10^ o f cells were transferred i.p. into recipient
mice that were im munized for EAE 24 h later. The results in Fig. 4.5 show that spleen
cells from mice immunized with M OG+IL-10, but not from M OG -im m unized mice
transferred a level o f protection (p<0.01) against actively induccd EAE. Interestingly,
recipient mice that received cells from M OG-injected mice exhibited earlier disease onset
and slightly more severe EAE than the control mice. However, mice that received naive
spleen cells developed first signs o f the disease later (day 13 post EAE induction) than
mice that did not receive cells (day 8 post EAE induction, Fig 4.3). This indicates that
naive spleen cells are more capable o f delaying the onset o f EAE than the cells from
M OG-treated mice. To summarize, these results support the hypothesis that self-antigenspecific regulatory T cells induced by MOG and IL-10 can mediate protection against
autoimmune disease.

4.2.5 Administration of MOG and IL-10 before induction of EAE delays the
infiltration of leukocytes into the CNS during EAE
This study has shown that immunization with MOG and IL-10 before induction o f EAE
induces protection against developm ent o f clinical signs o f EAE. The pathogenesis o f
EAE is associated with infiltration o f several leukocyte subsets into the CNS. It has been
established that y5 T cells, activated in the periphery, migrate across the brain-blood
barrier early after induction o f EAE, followed by migration o f auto-antigen-specific ThI
and T h l7 into the CNS (77, 54). The encephalitogenic T hl and T h l7 cells have been
shown to play a m ajor role in the development o f autoimmune inflammation and neuronal
damage. In order to exam ine if immunization with MOG and IL-10 prevented
lymphocyte infiltration and cytokines production in the brains o f mice the mice were
injected with PBS, M OG or M OG with IL-10 at day 0 and 14 and immunized for EAE 7
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days later. The clinical scores were recorded until day 16 (Fig.4.6 A, B), when the mice
were sacrificed and perfused intracardially with PBS, to remove the blood from brain
vessels. Infiltrating mononuclear cells were recovered using a density gradient separation
and counted. At the end o f the experiment 50% o f mice previously immunized with MOG
and IL -10 had no clinical signs o f the disease (average score 0), whereas 50% developed
m oderate paralysis o f hind legs (average score 2.75). Overall, this group o f mice was
protected against the development o f EAE for 9 days (onset at day 17) after the first
sym ptom s o f disease occurred in the control group o f mice (day 7) (Fig.4.6 A). At day
16 post EAE induction, similar numbers o f cells were present in the brains o f PBS and
MOG-t,reated mice. In contrast, the number o f cells in the CNS o f M OG+IL-lO-treated
mice w ith no signs o f paralysis was 3.7 times lower than in the PBS control mice (0.53 x
10^ cells in the M OG+IL-10 vs 1.77 x 10^ cells in PBS). However, the developm ent o f
disease in M OG+IL-10 group was also associated with enhanced infiltration o f cells to
approxim ately 1.4 x 10^ (Fig.4.6 C). These results dem onstrate that the prophylactic
im m unization with M OG+IL-10 provides the protection against the development o f
EAE, w hich is associated with delayed trafficking o f leukocytes from the peripheral
tissues into the CNS.
To further exam ine the lymphocyte populations infiltrating the brains during EAE, the
recovered m ononuclear cells were stimulated with PMA and ionomycin in the presence
o f BFA for 5 h and stained with antibodies against surface markers, intracellular
cytokines and Foxp3. There were no apparent differences in frequencies o f CD3* T cells
in the brains in all groups o f mice, but the major change was observed in the frequencies
o f CD4^ T cells (Fig.4.7). All mice that developed EAE had an enhanced frequency o f
CD4^ T cells com pared with M OG+IL-lO-imm unized mice with clinical score 0 (Fig.
4.7). M ice that developed paralysis had enhanced frequencies o f IFN-y-producing CD4*
T cells in the brains com pared with healthy mice from M OG+IL-10 group (Fig. 4.8). This
was reflected by even more substantial differences in the absolute numbers o f all CD4^
and CD4*^IFN-y^ T cells in the brains o f sick and healthy mice. In addition, the frequency
o f y5 T cells and the num ber o f IL-17-producing y5 T cells was reduced in the CNS o f
mice that did not develop EAE following immunization with MOG and IL-10 (Fig. 4.9).
This study showed that the immunization with M OG+IL-10 induces development o f
M OG -specific cells, which remain in the draining lymph nodes and spleen for at least 7
days after the im m unization and produce IL-10 upon re-stim ulation with the antigen. To
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examine if the M OG-specific regulatory T cells infiltrate the brain o f mice protected
against EAE, the mononuclear cells recovered from the brains w ere stained for T cell
surface markers and for intracellular IL-IO and nuclear Foxp3. The results in Fig. 4.10
show that the frequency o f IL-lO-producing CD4^ T cells or CD25^Foxp3^T cells was
not increased in the M OG+IL-lO-imm unized mice. M oreover, the highest frequency o f
Foxp3^-expressing T cells was found in the brains o f control mice, w hich had the earliest
onset o f the disease among the groups (Fig. 4.10).
These results dem onstrate that the protection against the developm ent o f EAE induced
by immunization with MOG and IL-10 is associated with long-lasting inhibition o f
migration o f pathogenic y6 T cells and IFN-y and IL-17-producing T cell into the CNS.

4.2.6 Effect of adm inistration of MOG and IL-10 before induction of EAE on
the production of MOG-specific IFN-y, IL-17 and IL-10 by spleen and
lymph node cells during EAE
Induction o f M OG-specific autoimmune inflammation in EAE is facilitated by
subcutaneous injection o f MOG and CFA. Therefore, the initiation o f the adaptive
immune response occurs in the inguinal lymph nodes and the spleen. To investigate the
M OG-specific responses in the periphery in mice with EAE and in mice protected against
EAE by treatment with MOG and IL-10, the cells from inguinal lymph nodes and spleens
were cultured with increasing concentrations o f MOG antigen. A fter 5 days, the
supernatants were analysed for the concentration o f IFN-y, IL-17 and IL-10 by ELISA.
The production o f M OG-specific IFN-y by spleen cells, but not lymph node cells
decreased in mice immunized with MOG or MOG and IL -10 com pared with control mice
(Fig.4.11 A, B). In addition, the production o f antigen-specific IL-17 was not
significantly reduced by the spleen and the lymph node cells from M OG+IL-IOimmunized mice. Lymph node cells from PBS-treated mice produced IL-10 in response
to the highest concentration o f MOG peptide (Fig. 4.12 A). In contrast, lymph node cells
from both MOG and M OG+IL-IO-immunized mice produced IL-10 in response to the
lowest concentration o f MOG. The production o f IL-10 was also significantly (p<0.01)
enhanced by the spleen cells from MOG and M OG +IL-lO-treated com pared to the PBS
control in response to the highest concentration o f antigen. These results dem onstrate that
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im m unization with MOG and IL-10 decreased production o f M OG -specific IFN-y and
increased production o f M OG-specific IL-10 by spleen and lymph node cells during EAE
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4.3 Discussion
The loss o f Treg function appears to be one of the critical factors in the pathogenesis of
human autoimmune disease. It has been demonstrated that patients with MS have
decreased expression o f F0XP3 at both mJlNA and protein levels, which is directly
related to impaired immunoregulation by Tregs cells (285). In addition, the generation of
IL-lO-producing Trl cells was found to be impaired in patients with MS, when compared
with healthy volunteers (170). There is considerable interest in generating Trl cells as a
therapy for inflammatory and autoimmune diseases or transplantations due to the fact that
Trl cells can be differentiated from naive CD4^ T cells in vivo and ex vivo with the
appropriate stimulus. Several methods have been employed for ex vivo generation o f Trl
cells. IL-10 is considered to be the major differentiating factor for Trl cells. Studies
involving repeated TCR stimulation in the presence o f high dose IL-10 induced IL-10
producing T cells that were capable o f preventing DSS-induced colitis in mice (117).
Alternatively, culture o f T cells with anti-CD3 and anti-CD28 antibodies in the presence
of vitamin D3, the immunosuppressive drug dexamethasone in non-polarizing conditions
leads to differentiation o f Trl cells (120). In vivo, Trl differentiation can be driven by
tolerogenic APCs, especially immature DC. Thus, another approach for differentiation of
Trl cells is based on prolonged culture o f naive peripheral blood CD4^ T cells with
allogeneic immature DC (286).
The successful generation of Treg cells ex vivo could lead to the development o f a cell
based therapy for autoimmunity, involving adoptive transfers of immunosuppressive
cells to patients. However, the approach o f using ex vivo induced Trl cells is limited by
the difficulties in obtaining the pure population or in purification of those cells. Therefore,
an alternative approach could be based on generation o f Trl cells in vivo.
The results showed that it is possible to achieve protection against the development of
autoimmune disease by prophylactic subcutaneous administration of self-antigen with
IL-10. The protection against the development o f EAE induced by treatment with MOG
and IL-10 was associated with delayed infiltration of pathogenic IFN-y- and IL-17producing T cells into the CNS, which suggest that the immune suppression and
inhibition of the inflammatory responses occurs in the peripheral organs. In addition, the
protection lasted for more than 14 days after the induction of EAE. The MOG-specific
responses in the periphery during ongoing EAE, assessed by re-stimulation o f lymph
node and spleen cells confirmed that there was less IFN-y produced by the lymph node
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and spleen cells and less IL-17 produced by the lymph node cells o f mice immunized
with M OG and IL-10. Interestingly, the production o f IFN-y by lymph node cells from
mice treated with M OG and IL-10 was reduced with the increasing concentration o f
MOG peptide. At the same time the production o f IL -10 was enhanced with the increasing
concentration o f M OG peptide. This results suggests that the decreased o f IFN-y might
be due to the inhibitory effect o f the antigen-specific IL-10. Importantly, the production
o f IL-10 was significantly enhanced by the spleen cells from mice treated with MOG and
IL-10, com pared to the PBS-treated mice, which suggests that the suppression o f the
M OG/CFA-induced inflammatory responses is systemic and not limited to the local
draining lymph nodes.
The suppressive effect o f IL-10 in the lymph node might be based on direct inhibition o f
T cell activation or inhibition o f APC function. To examine this, the quantitative analysis
o f pro-inflam m atory cytokines IL-1, IL -I2 and IL-23 in the lymph nodes and spleens
could be performed. W olfer et al have shown that shortly after the immunization with
MOG and CFA, y6 T cells accumulate at the site o f the injection, in the CNS-draining
lymph nodes and in the spleen and undergo massive expansion. This is followed by a
rapid m igration o f those cells into the spinal cord and brain, which occurs before the onset
o f the first clinical symptoms o f the disease (77). The present study showed that there is
a delayed infiltration o f y5 T cells into the CNS o f mice immunized with M OG+IL-10.
Further studies should be conducted to determine the exact mechanism o f suppression o f
y6 T response and the role o f M OG-specific IL-10 produced by T rl cells in the lymph
nodes and spleen. Since it has been shown that addition o f IL-10 to the human PBMCs
stimulated with M. tuberculosis inhibits IFN-y production by y6 T cells (287), it is
possible that IL-10 produced by M OG-specific T rl cells inhibits directly the activation,
proliferation and cytokine production by y5 T cells.
The inhibition o f inflamm atory responses and lymphocyte infiltration into the CNS in
mice im m unized with M OG+IL-10 lasted more than 2 weeks after induction o f EAE,
however at day 16 post EAE induction two out o f four mice developed moderate paralysis
o f hind limbs. It is possible that the remaining two mice were at the stage when the
regulatory responses were becoming overpowered by the mounting pro-inflam m atory
stimuli provided by CFA-activated APCs. This would explain the lack o f y5 T cells
infiltrating the brain o f these two remaining M OG+IL-lO-treated mice, but not significant
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differences in M OG-specific IL-17 and IFN-y production by spleen and lymph node
com pared to the control mice.
Surprisingly, prophylactic administration o f M OG with IL-27 alone with IL-27 and
IL-10 failed to inhibit and even exacerbated the developm ent o f EAE. Several published
reports have shown that IL-27 induces IL-10 production from CD4^ T cells and this study
has also shown that IL-27 synergizes with IL-10 to induce IL-10 production from CD4^
T cells. The studies on human PBMC cultures and animal model o f MS have shown that
IFN-P, a com monly used immunomodulatory therapy for relapsing remitting MS, at least
partially mediates its therapeutic effect by inducing IL-27, which inhibits pathogenic
T h l7 cells (207). A later study by Fitzgerald et al however showed that the suppression
o f T h l7 cells is not mediated by IL-27-induced IL-10 (288). In fact, the recent study by
M ascanfroni et al demonstrated that the therapeutic effect o f IL-27 on autoimmune
inflam m ation is associated with IL-27 signalling in cDC (289). IL-27-conditioned DC
upregulate expression o f CD39 molecule, which reduces the extracellular concentration
o f ATP and decreases ATP-triggered activation o f NLRP3 inflammasome, limiting the
IL-1 p-mediated differentiation o f T hI7 cells (289). Undoubtedly, exogenous IL-27
suppresses T hl and T hl 7 responses and limits CNS inflammation in experimental animal
models o f MS, when applied during the effector phase o f EAE (290). However, in the
present study IL-27 alone or with IL-10 enhanced the production o f IFN-y from anti-CD3
and anti-CD28 stimulated CD4^ T cells. In addition, the pro-inflam m atory properties o f
IL-27 have been associated with enhancement o f CD8^ cytotoxic T cells (CTL) and IFNy production (48). The development o f EAE is predominantly mediated by initial
pathogenic responses o f CD4^ T cells; immunization o f mice with myelin antigens in
CFA promotes activation o f CD4^ T cells due to presentation o f myelin antigen by in the
context o f MHC class II molecules by DC. However, it is possible that CD8^ CTLs,
activated by IL-27, also might contribute to the more severe EAE pathology.
Imm unization with MOG and IL-10, but not with MOG alone was associated with
developm ent o f M OG-specific T cells in the lymph nodes and spleen that produced IL10 and IL-5 but not IL-4 following antigen re-stim ulation in vitro. These results
dem onstrate for the first time that the anti-inflammatory cytokine IL-10 can work as a
natural adjuvant for induction o f antigen-specific regulatory T cells. Those antigenspecific T rl-lik e T cells remained in the spleen and lymph nodes for at least 7 days after
the last adm inistration o f MOG with IL-10. M ouse T rl cells proliferate poorly in
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response to the antigenic stimulation due to lack o f expression o f IL-2. This might explain
the relatively low concentration of IL-10 (approximately 100 pg/ml) detected in the
supernatants from cells cultures. However, no IL-10 was detected in the supernatants
from the cells with medium only, which confirms that the production of IL-10 is truly
associated with antigen-specificity and not due to the generation o f polyclonal Trl cells.
For several years after this discovery, Trl cells could only be identified though the profile
o f cytokines they secreted after activation. Lack of specific surface or intracellular
markers, distinguishing them among other T cell subsets, was a major limiting factor for
studies and their clinical application. Recently, after the profiling o f gene expression of
human T rl cell clones, two surface molecules, CD49b and Lag3, have been identified as
stably present on human and mouse Trl cells (291). This discovery allows for easy
identification o f the Trl population. Further development o f the present study should
examine the presence of MOG-specific Trl cells after immunization with MOG and IL10 by staining with fluorochrome-conjugated MOG 35-55 tetramer and antibodies specific
for CD49b, Lag3 and intracellular IL-10 for flow cytometry analysis. Furthermore, Trl
cells generated after immunization with MOG and IL-10 should be purified to perform
the suppression assay in order to confirm their regulatory activity. It should also be
possible to determine if MOG-specific CD49b^ and Lag3^ CD4^ T cells are present in
the lymph nodes and spleen of MOG and IL-lO-immunized mice after induced for EAE.
This study showed that lymph node and spleen cells produced by MOG-specific IL-10
following ex vivo re-stimulation 7 days after the last immunization. Further study should
determine if the MOG-specific Trl cells remain in the peripheral lymphoid tissues for
longer periods o f time, for example for one or two months, and whether the initial
protection against the development of EAE will remain after that time.
It is known that administration of IL-10 in vivo temporarily suppresses immune responses
and induces T cell unresponsiveness. The present study also showed that administration
of IL -10 or MOG alone has the capacity to delay the onset of EAE. These findings suggest
that the generation of MOG-specific anergy upon administration o f MOG and IL-10
cannot be excluded as an additional mechanism o f protection against the development of
EAE. However, since adoptive transfer of spleen cells from mice immunized with with
MOG and IL-10, but not with MOG only, attenuated EAE, it is the most probable that
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the prolonged protection against development o f EAE in mice immunized with MOG and
IL-10 is based on function o f IL-lO-producing M OG-speciflc T cells.
Clinical studies in human healthy volunteers have established that subcutaneous or
intravenous adm inistration o f human recom binant IL-10 (rhIL-10, ilodecakin/tenovil) do
not result in severe adverse effects and only high doses leads to temporary moderate flu
like symptoms. Administration s.c. results in slow absorption from the site o f the injection
with is associated with prolonged im munosuppressive effects. M oreover, the production
o f rIL-lO-neutralizing antibodies was not observed. It has also been dem onstrated that in
vivo administered IL-10 retains its immunosuppressive properties (292). The potent
immunoregulatory effects o f IL-10 in vivo have led to the clinical trials in patients with
inflammatory diseases. Treatment o f patients with C rohn’s disease with rhIL-10 resulted
in a temporary or local reduction o f disease severity but in general the treatment did not
result in significant clinical improvement com pared to placebo treatment (293, 294). In
addition, the patients with C rohn’s disease receiving high doses o f IL-10 experienced
enhanced inflamm atory T cell responses with elevated levels o f IFN-y and TN F-a in the
serum (293). Several open-label studies have reported that subcutaneously injected rhlL10 had antipsoriatic effect (295). However, the randomized, double-blind and placebocontrolled trials did not show any significant improvement in the patients with psoriasis
treated with rhIL-10 compared with patients injected with placebo (296).
Taken together, the results indicate that the IL-10 has the most beneficial effect when
delivered in low doses and locally to the site o f inflammation (297). Consequently, in
vivo generation o f antigen-specific T rl cells m ight be an alternative approach for therapy
o f many autoimmune diseases. Taken together, this study presented a method for in vivo
generation o f antigen-specific T rl-lik e T cells and demonstrated that IL-10 can w ork as
a natural adjuvant for generation o f these cells.
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Fig. 4.1 Production of IL-10 and expression of Foxp3 in CD4^ T cells
stim ulated with IL-10, IL-27. CD4'' T cells were isolated from lymph
nodes and spleens of C57BL/6 mice and cultured with plate-bound antiCD3 and with soluble anti-CD28 with 10 ng/ml, IL-27 or with IL-10
together with IL-27 or TGF-(3. For Foxp3 expression control, CD 4* cells
were stimulated with 5 ng/ml of TGF-p. After 72 h cells were washed
and stimulated with PMA, ionomycin in the presence of BFA for 5 h. Cells
were pooled from triplicate cultures, stained with antibodies against
CD4, Foxp3, IL-10, IL-17 and IFN-y and analyzed by flow cytometry.
Results are flow cytometry plots of samples pooled from triplicate
cultures.
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Fig. 4.2 Effect of prophylactic immunization with MOG and IL-10 on
development of EAE. C57BL/6 mice v^ere s.c. injected w ith PBS, MOG,
MOG+lL-10 (100 ng], MOG+IL-27 (100 ng] or MOG+IL-lO+IL-27 21 and
7 days before inductio of EAE. EAE was induced by s.c. injection of MOG
peptide emulsified w ith CFA, followed by i.p. injection w ith PT on day 0
(day of induction) and day 2. Animals were monitored daily for clinical
signs of the disease. A. Results shown are mean scores or percentage of
body weight change; n=4-5/group. The statistical analysis was not
performed. B. Table presents detailed charastics of clinical scores of EAE
in each treatment group.
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Fig. 4.3 Administration of MOG and IL-10 prior to the induction of
d isease attenuates clinical sym ptom es of EAE. C57BL/6 mice were
s.c. injected with PBS, MOG, MOG with IL-10 (100 ng) or IL-10 only 21
and 7 days before induction of EAE. EAE was induced by s.c. injection of
MOG peptide emulsified with CPA, followed by an i.p. injection with 500
ng PT on day 0 (day of induction) and day 2. Animals were monitored
daily for clinical signs of the disease. Results shown are mean scores or
percentage of body weight change +/- SEM from 2 experiments; (n=810/group) ***p<0.001 MOG+IL-10 vs. PBS, ##p<p0.01, ###p<0.001
MOG+IL-10 vs MOG, +++p<0.001 MOG+IL-10 vs IL-10, by two-way
ANOVA and Bonferroni post-test.
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for analysis of IL-10 and IL-5 concentration by ELISA. Results represent
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Fig. 4.5 Transfer of spleen cells from mice im m unized w ith MOG
and lL-10 provides significant protection against actively induced
EAE. Donor mice were s.c. injected w ith PBS, MOG or MOG w ith lL-10
[100 ng) and boosted 14 days later. 7 days after the last im m unization
spleens were isolated and cultured w ith MOG (20 |ig /m l) and rIL-2 [50
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EAE was actively induced 24 h later. Results shown are mean scores + /SEM from 2 independent experiments; (n =7-9/group) * p<0.05 ,**
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MOG+IL-10 vs MOG by two-way ANOVA and Bonferroni post-test.

125

B
PBS
MOG
MOG+IL-10

40n
o 30-

tf)
>

1

20-

-

9 m 9 m
8

m mm • »
10 12 14

16

[days]

MOG+IL-10

Fig. 4.6 Adm inistration of MOG and IL-10 before induction of EAE
reduces the leukocyte in filtratio n into CNS during EAE. A. C57BL/6
mice were s.c. injected w ith PBS, MOG or MOG w ith IL-10 [100 ng) 21
and 7 days before induction of EAE. A, B. Animals were monitored daily
for clinical signs of disease. Results shown are mean scores + /- SEM
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isolated from brains of perfused mice at day 16 o f EAE and counted. The
numbers indicate the average score. Results are mean cell numbers + /SEM (n=4-5/group) from single experiment.
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Fig. 4.7 Effect of adm inistration of MOG and IL-10 p rio r to the
induction of EAE on frequency and absolute num ber of CD3-^ and
€04"^ T cells in the brain C57BL/6 mice were s.c. injected w ith PBS,
MOG or MOG w ith IL-10 [100 ng) 21 and 7 days before induction of EAE.
Mononuclear cells were isolated from the brains at day 16 o f EAE and
stained w ith antibodies against CDS, CD4 and y6 TCR and analyzed by
flow cytometry. Results are the mean frequency and absolute cell
numbers + / - SEM [n=4-5 /g ro u p ) from single experim ent; fo r group
MOG+IL-10, the results are separated into groups of mice w ith mean
score 2.75 and 0.
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Fig. 4.8 Effect of adm inistration of MOG and IL-10 prior to the
induction of EAE on frequency and absolute num ber of IFN-y and
IL-17-producing CD4^ T cells in the brain. C57BL/6 mice were s.c.
injected with PBS, MOG or MOG with lL-10 (100 ng) 21 and 7 days
before induction of EAE. Mononuclear cells were isolated from brains at
day 16 of EAE and stimulated with PMA and ionomycin in the presence
of BFA for 6 h, stained with antibodies against CDS, CD4, IFN-y and IL-17
and analyzed by flow cytometry. Results are representative plots for
each mice group (A] and the mean frequency and absolute cell numbers
+/- SEM (n=4-5/group) [B) from single experiment; for group
MOG+ILIO, the results are separated into groups of mice with average
clinical score 2.75 and 0.
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Fig. 4.9 Effect of adm inistration of MOG and IL-10 prior to the
induction of EAE on frequency and absolute num ber of IL-17producing
T cells in the brain. C57BL/6 mice were s.c. injected
with PBS, MOG or MOG with lL-10 (100 ng) 21 and 7 days before
induction of EAE. Mononuclear cells were isolated from brains at day 16
of EAE and stimulated with PMA and ionomycin in the presence of BFA
for 6 h, stained with antibodies against CDS, y^-TCR and IL-17 and
analyzed by flow cytometry. Results are representative plots for each
mice group (A) and the mean frequency and absolute cell numbers +/SEM (n=4-5/group) (B) from single experiment; for group MOG+ILIO,
the results are separated into groups of mice with average clinical score
2.75 and 0.
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Fig. 4.10 Effect of adm inistration of MOG and IL-10 p rio r to the
induction of EAE on frequency and absolute num ber of Foxp3^ and
IL-lO -producing CD4^ T cells in the brain. C57BL/6 mice were s.c.
injected w ith PBS, MOG or MOG w ith IL-10 (100 ng) 21 and 7 days
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and analyzed by flow cytometry. Results are representative plots for
each mice group (A) and the mean frequency and absolute cell numbers
+ /- SEM [n=4-5 /g ro u p ) (B) from single experiment; for group
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Fig. 4.11 Effect of adm inistration of MOG and IL-10 prior to the
induction of EAE on the production of MOG-specific IL-17 and IFN-y
by lymph nodes and spleen cells. C57BL/6 mice were s.c. injected
with PBS, MOG or MOG with IL-10 [100 ng) 21 and 7 days before
induction of EAE. Mice were sacrificed at day 16 after induction of EAE
and single cell suspenions of lymph node (A) and spleen (B) cells were
cultured with increasing concentrations of MOG [2. 10 and 50 ng/ml) or
PMA [5 ng/m l) with anti-CD3 (1 |ig/ml]. Supernatans were collected
after 5 days and the concentrations of IL-17 and IFN-y were quantified
by ELISA. Results shown are mean values +/- SEM (n=5-7/group) from 2
independent experiments.* p<0.05
P<0.01 ***p<0.001 vs medium,
###p<0.001 vs PBS group, ns not significant by ANOVA
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Fig. 4.12 Effect of administration of MOG and IL-10 prior to the
induction of EAE on the production of MOG-specific IL-10 by lymph
node and spleen cells. C57BL/6 mice were s.c. injected w ith PBS, MOG
or MOG w ith IL-10 (100 ng) 21 and 7 days before induction of EAE. Mice
were sacrificed at day 16 and single cell suspenions of lymph node (A)
and spleen (B) cells were stimulated w ith inycreasing concentrations of
MOG (2, 10 and 50 ng/m l) or PMA [5 ng/m l) w ith anti-CD3 (1 tig/m l).
Supernatans were collected after 5 days and the concentrations of IL-10
was quantified by ELISA. Results shown are mean values + /- SEM
(n=4-5/group). **p<0.01 MOG-^IL-IG vs PBS by ANOVA
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CHAPTER 5

PROPHYLACTIC TREATMENT OF MICE WITH F. HEPATICA TE

DELAYS THE DEVELOPMENT OF EAE
5 .1

I n tr o d u c tio n

Epidemiological and experimental studies have demonstrated that helminth infections
have beneficial effects in the prevention and suppression o f inflammatory, autoimmune
and allergic diseases. MS patients naturally infected with helminth parasites have less
severe symptoms of disease (187). Furthermore, experimental probiotic helminth therapy
in patients with Crohn’s disease significantly suppressed the pathology o f the disease
(298, 299). Helminths have evolved a wide variety of mechanisms for immune evasion,
enabling successful colonisation and prolonged survival within the host. Apart from the
protective Th2 type response that aims at elimination of the pathogen by the host,
helminths elicit regulatory responses by inducing the production o f anti-inflammatory
cytokines IL-10 and TGF-(3 from innate and adaptive immune cells. This in turn leads to
the generation of Treg cells. Helminth-induced Treg cells efficiently suppress anti
helminthic Th2 responses but can also inhibit unrelated T h l- and Thl 7-mediated
pathology by mechanisms o f bystander suppression. Moreover, the immunoregulatory
products produced by

helminth parasites

suppress

innate

immune

responses,

consequently leading to the impaired induction or maintenance o f pathogenic Thl and
T h l7 cells involved in autoimmune inflammation (239).
Helminths induce immune hyporesponsiveness and it has been shown that peripheral T
cells from infected patients are often unresponsive to parasite antigens as well as to
unrelated antigens (300, 301). Moreover, it has been demonstrated that infection of
Fasciola hepatica suppresses a protective Thl responses against microbial pathogens,
such as Mycobacterium bovis and Salmonella dublin in cattle (302, 303). In mouse model,
co-infection with F. hepatica suppressed Bordetella per/M.sj'M-specific IFN-y production,
which was associated with delayed bacterial clearance (304). It has also been
demonstrated that chronic infection with gastrointestinal parasite Heligmosomoides
polygyrus expands a population of CD4'^CD25'^Foxp3^ Treg cells in the mesenteric
lymph nodes and suppresses mucosal production o f IL-17 (305, 306).
A large number of studies in mouse models have confirmed that helminth infections can
ameliorate autoimmune diseases, such as type 1 diabetes, colitis and EAE (307-309).
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This study focused in particular on the immunoregulatory properties o f Fasciola hepatica
products. F. hepatica, also known as liver fluke, is a parasitic flatworm o f Trematoda
class that causes fasciolosis, a disease affecting the liver. F. hepatica is mostly a pathogen
of domesticated ruminants, such as cattle, sheep or goats, however, other animals, such
as rats and humans, can be infected (310). The life cycle requires two hosts. A freshwater
snail o f the family o f Lymnaeidea serves as an intermediate host for the transformation
o f the first stage larva miracidia into the second form o f larvae - cercarie, which asexually
multiply. After the cercariae exit the snail, they encyst in the water, forming
metacercariae which are ingested by a mammalian host. Within the definitive host,
metacercariae excyst and penetrate through the wall o f small intestine into the peritoneal
cavity. The juvenile flukes move into the liver parenchyma and eventually enter the bile
ducts, where they feed on blood, reach sexual maturity and produce eggs (311).
Previous studies by Walsh et al demonstrated that infection of mice with F. hepatica
attenuated the clinical course of EAE through a TGF-P-mediated mechanism (312).
Infection with F. hepatica induced TGF-P- and IL-lO-producing macrophages, IL-10producing DC and inhibited DC maturation. This was associated with expansion of
TGF-P-producing Th3 cells, Foxp3^CD4* Treg cells and helminth-specific IL-IOproducing Tri-like T cells in the peritoneal cavity o f infected mice. Moreover attenuation
o f EAE in F. hepatica-'miQcied mice was associated with TGF-P-mediated suppression
of auto-antigen-specific Thl and T hl7 cells (312). Later studies have shown that
administration of F. hepatica excretory-secretory products (ES) throughout the course
of the disease can mimick the immunosuppressive effect of live flukes and attenuate
clinical symptoms o f EAE by a yet undefined mechanism (C. Finlay, A. Stefahska and
K. H. G Mills unpublished data). Since the infection with live parasites is often associated
with severe side effects, such as anaemia, weight loss and extensive tissue damage, the
principal aim is to identify and purify the crucial immunomodulatory molecules that exert
immunosuppressive effects, which have a potential to be used as therapies for human
autoimmune diseases.
It has been demonstrated that F. hepatica ES modulates TLR-agonist-induced proinflammatory cytokine production from DC, inhibits their maturation and promotes
release o f TGF-P from DC and macrophages (313). The attenuation o f EAE by
administration of ES was associated with suppressed MOG-specific Thl and T h l7
responses in the spleen and enhanced expression o f TGF-P by CD4*^ T cells in the lymph
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nodes (C. M, Finlay, A. Stefanska, unpublished data). Moreover, the studies o f Carranza
and Falcon have shown that total soluble extract (TE) o f F. hepatica enhances the
tolerogenic phenotype o f TLR-stimulated DC (314). These data suggest that both F.
hepatica-dQx'wQd antigens and ES exhibit tolerogenic properties.
The aim o f this study was to examine the immunoregulatory properties o f F. hepatica
products, particularly the low molecular weight fraction (molecules smaller than 3kDa)
ES-L, high molecular fraction (molecules larger than 3 kDa) ES-H and TE. The study
examined if ES-L, ES-H and TE have a capacity to induce Treg cells in vivo. Further, the
helminth products were assessed as adjuvants to induce auto-antigen-specific Treg cells.
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5.2

Results

5.2.1 Repeated administration of TE increases production of IL-10 and LAP,
while ES-L enhances Foxp3+ expression by CD4+ T cells
A study by Stefanska and Finlay (unpublished) showed that treatment with F. hepatica
ES during EAE suppressed the clinical course of the disease and inhibited Thl and Thl7
responses to MOG. F.

hepatica ES was separated and examined for their

immunomodulatory activity. Further experiments by Stefanska and Finlay (unpublished)
revealed that the components o f ES-L induced release o f TGF-P from innate cells, but
the products retained in ES-H attenuated EAE. Therefore, in this study experiments were
conducted to investigate the abilities of ES-L, ES-H and TE to induce Treg cells in vivo.
C57BL/6 mice were injected i.p. with PBS, ES-L (50 |jl/mouse), ES-H (50 |il=50
|ig/mouse) or TE (50 |xg/mouse) at day 0, 4, 8 and 12. The procedure o f separation of
total ES into ES-L and ES-H did not change the molar concentrations in any of the
fractions, which allowed a comparison o f their activity on the basis o f volume. The dose
of TE was equalized to the amount of protein present in ES-H. PEC, spleen and peritoneal
cavity draining lymph nodes (mediastinal lymph nodes) were isolated 4 days after the last
injections. Cell suspensions were stimulated with PMA and ionomycin in the presence of
BFA for 5 h and stained with antibodies against surface CDS and CD4 and against
markers o f Treg cells - Foxp3, IL-10 and LAP.
Flow cytometry analysis showed that repeated i.p. administration o f ES-L significantly
enhanced the percentage o f Foxp3-expressing CD4^ T cells in the peritoneal cavity and
in the spleen (Fig. 5.1). Administration o f ES-L and ES-H induced expression o f LAP by
CD4^ T cells in the peritoneal cavity (Fig. 5.2). TE did not enhance the frequency o f
CD4^Foxp3^ cells, but significantly increased the expression o f IL-10 by Foxp3 CD4^ T
cells and expression of LAP by CD4^Foxp3^ PEC (Fig. 5.2). TE and ES-H also
moderately enhanced expression of IL-10 by CD4^ T cells in the spleen (Fig. 5.2).
Additionally, both ES-H and TE significantly enhanced the frequency o f IL-4-producing
T cells in the spleen and peritoneal cavity. However, only repeated treatment with TE
significantly increased the percentage o f CD4^IL-4^ T cells in the draining lymph nodes
(Fig. 5.1). Based on the induction o f IL-4 production, these results indicate that F.
hepatica high molecular weight products are the most effective at inducing Th2 type
response. The low molecular weight products from ES-L enhanced Foxp3 but not LAP
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expression by T cells. In contrast, although TE failed to enhance Foxp3 expression, it did
increase production o f IL-10 and surface LAP by CD4^ T cells. These data demonstrate
that ES-L and TE are the most suitable F. hepatica products for further investigation into
their ability to prevent the development of EAE, when prophylactically administered with
MOG auto-antigen.

5.2.2 Immunization with MOG and TE prevents developm ent of EAE
Having established that ES-L and TE are the most effective F. hepatica products at
inducing different Treg markers on CD4* T cells, this study investigated if prophylactic
administration o f these helminth products together with auto-antigen MOG protects
against the development o f EAE. C57BL/6 mice were injected s.c. with PBS, MOG (100
[ig/mouse), MOG and ES-L or MOG and TE 21 days and 7 days before the induction of
EAE. Animals were monitored daily for the clinical symptoms o f the disease and weight
change to assess the severity of disease. Consistent with published reports and this study
(Fig. 3.17, Fig. 4.3), the administration o f MOG alone before induction o f EAE attenuated
the severity of the disease. Mice immunized with MOG and ES-L developed EAE with
similar clinical severity as PBS-injected control mice (Fig. 5.3). In contrast, the
prophylactic immunization with MOG and TE delayed the onset o f the disease by 6 days
compared with the control mice and significantly attenuated the severity o f the disease
(Fig. 5.3). These data indicate that prophylactic administration o f MOG and TE inhibit
the development o f EAE.

5.2.3 Effect o f TE adm inistration on T cells responses in the draining lymph
nodes
As shown in Fig. 5.2, TE enhanced IL-10 and LAP expression by CD4^ T cells. This
might support the hypothesis that TE can generate MOG-specific Treg cells that protects
against the development o f EAE. Therefore, an experiment was performed to investigate
if TE can act as adjuvant for the induction o f Treg cells specific for unrelated antigens.
Keyhole limpet hemocyanin (KLH), a multisubunit protein, was chosen as an antigen due
to its strong immunogenicity. C57BL/6 mice were s.c. injected with PBS, KLH protein
(20 |j,g/mouse), KLH with TE and boosted after 14 days. An additional group of mice
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was injected with KLH and CpG (50 |o,g/mouse) as a positive control for antigen-specific
T cells responses. Seven days after the last immunization, inguinal lymph nodes were
isolated and single cell suspensions were cultured with increasing concentrations o f KLH
protein, or with PM A and anti-CD3 as a positive control. After 5 days o f culture, the
supernatants were collected and the concentration of IL-10, IL-4, IL-17 and IFN-y was
determined by ELISA.
The results showed that immunization of mice with KLH alone induced IL-10- and IL4-producing and to a lesser extent IFN-y-producing KLH-specific T cells in the lymph
nodes (Fig. 5.4). Co-administration o f KLH with CpG significantly increased KLHspecific IFN-y-producing T cells. Surprisingly, lymph node cells from mice immunized
with KLH and TE produced significantly less KLH-specific IL-10 and markedly less
KLH-specific IFN-y and IL-4 compared with the cells from KLH-immunized mice.
Interestingly, lymph node cells from mice immunized with KLH and TE produced less
IL-17, IFN-y and IL-4 when compared with cells from KLH-immunized mice in response
to stimulation with PMA and anti-CD3 (Fig. 5.4). These results indicate that
administration of TE suppressed the generation o f KLH-specific T cells in vivo and also
blocked non-specific response o f T cells.

5.2.4 Prophylactic treatm ent with TE delays developm ent of EAE
After immunization with MOG and CFA, the pathogenic auto-antigen-specific Thl and
ThlV cells develop in the lymph nodes and spleen, from where they migrate into the CNS
and exert autoimmune pathology. The results presented in Fig. 5.4 demonstrated that
treatment with TE inhibited Thl and ThlV cytokine production by lymph nodes cells and
that this effect was maintained for as long as 7 days after the last administration o f TE.
Therefore, an experiment was conducted to determine if prophylactic s.c. administration
of TE without MOG can inhibit the development of EAE. Mice were injected s.c. with
PBS, MOG and TE or with TE only 21 days and 7 days prior to the induction o f EAE.
The results presented in Fig. 5.5 show that 80% o f mice (4/5) treated with TE remained
without clinical signs o f disease until day 21 post induction of EAE. In contrast, PBSinjected mice rapidly developed severe EAE and all reached the humane endpoint by day
16 post EAE induction. These results demonstrate that prophylactic s.c. administration o f
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TE significantly slows the development o f EAE and that inhibition o f autoimm une
responses last for up to 4 weeks after the last adm inistration o f TE.

5.2.5 Effect o f prophylactic treatm ent with TE on T h l and T h l7 responses in
the spleen and lymph nodes during EAE
To investigate M OG-specific T cell responses in the draining lymph nodes and spleen
during EAE, the mice were sacrificed at the peak o f the disease o f the PBS-treated control
group o f mice (day 14 post EAE induction). At this time point, TE-treated mice did not
show any signs o f paralysis (Fig. 5.6). The inguinal lymph node cells and spleen cells
were cultured with increasing concentration o f M OG peptide or with PM A and anti-CD3.
The supernatants were collected after 5 days and the concentration o f IL-17 and IFN-y
were determined by ELISA. The lymph node, but not spleen cells from TE-treated mice
produced considerably (but not significantly) less antigen-specific IFN-y and IL-17 than
the cells from PBS-treated mice (Fig. 5.7). The production o f IFN-y and IL-17 by lymph
node and spleen cells after stimulation with PMA and anti-CD3 was sim ilar in both mice
groups. This result indicates a trend towards an inhibition o f pathogenic T h l and T hl 7
responses in the draining lymph nodes during EAE by prophylactic treatm ent with TE.

5.2.6 Prophylactic treatm ent with TE reduces accum ulation of leukocytes
and production of IL-17 and IFN-y by CD4+ T cells in CNS during EAE
After im m unization with MOG and CFA pathogenic T h l and T h l7 cells are initially
activated in the lymph nodes and spleen. W hen autoreactive T cells are re-activated in
the brain by M OG -presenting APC, they release cytokines and other immune mediators,
which facilitate local inflamm atory reactions and abrogate the BBB function. This allows
for the infiltration o f other innate and adaptive immune cells into the brain. To investigate
the effect o f prophylactic treatment with TE on the leukocyte infiltration into the CNS
during EAE, m ononuclear cells isolated from the brains o f mice with EAE were
stimulated with PM A and ionom ycin in the presence o f BFA for 6 h and stained with
antibodies against CD3, CD4, IL-17, IFN-y, IL-4 and Foxp3. In parallel, to determine the
frequency o f various subsets o f innate cells in the CNS, cells were stained with antibodies
against CD 19, Siglec F, C D l lb , C D l 1, F4/80 and MHC class II.
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The results show that there was significantly less m ononuclear cells in the brains o f mice
prophylactically treated with TE compared with the mice treated with PBS (0.5 x 10^
cells and 1.1 x 10^ cells respectively ( p<0.05; Fig. 5.8 A). The frequency o f CD4^ cells
among the

population was similar in both treatment groups (Fig. 5.8 A).

Interestingly, the percentage o f brain-infiltrating CD4^ T cell producing IL-17 and both
IL-17 and IFN-y was significantly lower in mice treated with TE (Fig. 5.8 B). The
frequency o f CD4^IFN-y^ and CD4'^IL-4^ T cells was also markedly, but not
significantly, lower in mice injected with TE. In contrast, there was no difference in the
frequency o f Foxp3'^CD4'^ T cells in the CNS o f TE-treated and control mice. These
results indicate that prophylactic treatment with TE not only suppresses infiltration o f
immune cells into the brain but also inhibits IL-17 and IFN-y production by infiltrating
CD4^ T cells.
The frequency o f C D llb^Ly6G ^ neutrophils in CNS o f mice was sim ilar in both
treatment groups (Fig. 5.9). Interestingly, the percentage o f siglec F^ eosinophils in the
CNS was 3 fold higher in the brains o f TE-treated mice compared with PBS-treated mice
(Fig. 5.9). After excluding o fC D l Ic^ cells, the frequency o fC D l lb^F4/80* macrophages
was twice as high in the brains o f mice treated with TE than in PBS-treated mice (Fig.
5.9). DC derived from monocyte in response to inflammation, including autoimmune
inflammation are called inflammatory DC and are characterized by expression o f C D l lb,
CD l Ic and high expression o f MHC class II molecules (315). Some reports indicate that
infDC also express F4/80 (15). W ithin the population o f C D llb^F4/80^ cells, the
frequency o f C D lIc^ MHC class Il-expressing infDC was considerably lower in the
brains o f mice treated with TE (Fig. 5.10). Conversely, the population o f F4/80’ infDC
was only slightly increased in TE-treated mice, compared with PBS-treated mice (Fig.
5.10). The frequency o f C D l Ib C D l Ic^ DC was sim ilar in mice treated with PBS and
TE, however, the percentage o f MHC class Il-expressing cells within the population o f
these DC was lower in brains o f mice treated with TE (Fig. 5.10).
Taken together, the results suggest that prophylactic treatment with TE is associated with
a decreased accumulation o f inflamm atory DC and a decreased expression o f the
activation marker MHC class II on DC. In contrast, TE treatment increases the
accumulation o f macrophages and eosinophils in the CNS o f mice with EAE.
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5.2.7 Effect of treatment with TE on expression of Treg markers by CD4+ T
cells in lymph nodes and spleen
The results presented in Fig. 5.2 showed that repeated i.p. adm inistration o f TE was
associated with higher frequencies o f IL-lO-producing and LAP-producing CD4^ T cells
at the site o f adm inistration but not in the draining lymph nodes. However, the
prophylactic treatm ent o f EAE with TE was adm inistrated at a different site and using a
different regime. S.c. adm inistration o f TE was associated with impaired production o f
IL-17, IFN-y and IL-4, but not IL-10, in response to PM A and anti-CD3 by the draining
lymph node cells (Fig. 5.4). Prophylactic treatm ent with TE suppressed developm ent o f
EAE (Fig. 5.5), which suggests that the inhibition o f T cell responses during EAE might
take place in the lymph nodes or in the spleen. Therefore, an experiment was performed
to exam ine the effect o f TE administered in the prophylactic regim e on the frequencies
and numbers o f Treg cells in the draining lymph nodes and spleen. C57BL/6 mice were
injected with PBS or TE at day 0 and 14 and spleens and lymph nodes were isolated and
analysed 7 days later. Spleen and lymph node cells were stimulated with PMA and
ionomycin in the presence o f BFA for 6 h, stained with antibodies against CD3, CD4,
LAP, IL-10 and Foxp3 and analysed by flow cytometry.
A dm inistration o f TE reduced the number o f cells in the lymph nodes after 7 days, but
significantly increased the absolute num ber o f cells in the spleen, suggesting that TE
treatment induced either proliferation o f T cells or enhanced m igration o f immune cells
into the spleen (Fig. 5.11, Fig. 5.12). The frequency ofFoxp3^CD 4^ T cells in both lymph
node and spleens was sim ilar in PBS versus TE-treated mice. Surprisingly, TE decreased
the percentage o f IL -10-producing and LAP-producing CD4^ T cells in the lymph nodes
(Fig. 5.11). The absolute num ber o f Foxp3^, IL-10^ and LAP^CD4^ T cells was
considerably low er in the lymph nodes o f mice treated with TE (Fig. 5.11). In contrast,
TE treatm ent m oderately increased the percentage o f IL -10-producing CD4^ T cells in
the spleen (Fig. 5.12). Despite the small differences in frequencies o f Treg cells, the
absolute num bers o f the different populations o f Treg cells were significantly higher in
the spleens o f m ice treated with TE (Fig. 5.12). The results indicate that treatment with
TE does not lead to the increased generation o f Treg cells in the draining lymph nodes 7
days after the last administration.
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5.2.8 TE treatment enhances accumulation of cells at the site of injection
The resuhs dem onstrated that the suppressed production o f inflamm atory cytokines by
lymph nodes o f mice treated with TE (Fig. 5.4) is not associated with increased number
or frequency o f Treg cells in the lymph nodes 7 days after the last injection (Fig. 5.11).
This indicates that the innate cells rather than induced Treg cells might be responsible for
the TE-associated inhibition o f T cells responses during EAE. Therefore, an experiment
was conducted to examine the composition o f innate cells at the site o f the injection 7
days after the last treatm ent with TE. For the experiments determining the effect o f
prophylactic adm inistration o f TE on the development o f EAE, TE was injected
subcutaneously. Since the isolation o f cells from the subcutaneous tissue is difficult and
might lead to recovery o f very low cell numbers, TE was injected i.p. C57BL/6 mice were
injected with PBS, TE or LPS at day 0 and 14. After 7 days, PEC were isolated by
peritoneal lavage, counted and stained with antibodies against CD 19, siglec F, CD l i b,
CDl Ic, Ly6G F4/80, MHC class II and CD206.
The absolute num ber o f cells recovered from TE-treated mice was 4.6 fold higher than in
PBS-treated mice (30 x 10^+/- SEM and 6.5 x 10^ +/- SEM, respectively; p<0.001; Fig.
513). In contrast, the number o f cells in peritoneal cavity o f LPS-injected mice was
similar in com parison to PBS-treated mice (Fig. 5.13). The relative frequency o f siglec
F"" eosinophils was increased from 2% in PBS-treated mice to 30% o f in mice treated
with TE (Fig. 5.14, Fig. 5.15). The relative frequency o f C D l lb'^Ly6G^ neutrophils and
CD I lb^F4/80^ macrophages were significantly lower in mice treated with TE (Fig. 5.14,
Fig. 5.15). The percentage o f F4/80^ infDC within the monocyte population was
markedly increased in LPS-treated mice but not in mice injected with TE (Fig. 5.16, Fig.
5.17 A). In addition, C D l lb^F4/80^ macrophages from mice injected with LPS but not
with TE increased expression o f MHC class II molecules (Fig. 5.17). The frequency o f
MHC class Il-expressing cells within the other populations o f DC (C D l Ib^ and C D l lb '
) was increased in TE-treated mice compared with PBS-injected mice (Fig.5.17).
Although the frequency o f M HC-class Il-expressing cells within the particular innate cell
populations were not significantly different between PBS- versus TE-treated mice, the
relative frequency o f these cells among the whole PEC was considerably, but not
significantly, lower in mice treated with TE (Fig. 5.17 B, C). These results indicate that
treatment with TE enhanced the accumulation o f eosinophils at the site o f injection,
which consequently decreased the relative percentage o f other immune cells.
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Interestingly, adm inistration o f LPS but not TE expanded the population o f infDC
(C D l Ib^C D l lc"F4/80"MHC-ir cells).

5.2.9 TE

treatment

enhances

expression

of alternatively

activated

macrophage markers in vivo
M annose receptor CD206, arginase, R EL M -a and co-inhibitory surface molecule
program m ed death ligand 2 (PD-L2) are characteristic markers expressed by alternatively
activated M2 macrophages. To determine if TE induces expression o f M2 macrophages
markers, cells isolated from peritoneal cavity were stained with antibodies against
CD206. To examine the expression o f other markers specific for classically and
alternatively activated macrophages, total RNA was isolated from PEC and the
expression o f mRNA encoding for arginase, relm -a, P D -L l, PD-L2 and inducible nitric
oxide (NOS2) was quantified by qPCR. The frequency o fC D l lb^F4/80^ cells expressing
CD206 molecule in the peritoneal cavity significantly increased in TE-treated mice
compared with PBS and LPS-treated mice (Fig. 5.18 A). There was also a trend towards
increased expression o f mRNA for arginase, relm -a, PD-L2 and PD -Ll in cells from TEtreated mice com pared with cells from PBS-injected mice (Fig. 5.18 B). In contrast, only
cells from LPS-treated mice enhanced expression o f m RNA for NOS2. These results
indicate that treatment with TE induces markers o f alternative macrophages, which are
expressed for at least 7 days after the last adm inistration o f TE.
In addition, PEC were stained for the markers o f Treg cells to determ ine if the frequency
o f Treg cells was changed at the injection site 7 days after the adm inistration o f TE. The
results presented in Fig. 5.19 showed that TE treatment did not increase the percentage
o f Foxp3^CD4^ T cells, how ever the percentage o f IL-10- and LA P-expressing CD4^ T
cells was not significantly increased com pared with PBS-injected mice. TE treatment
increased expression o f LAP by both FoxpB^and Foxp3'CD4^ populations. This result
indicates that TE injected using a prophylactic regim e induces IL-10 and LAP-producing
Treg cells that are present at the site o f injection 7 days after the last injection o f TE.
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5.2.10 TE treatment suppresses cytokine production from peritoneal cavity
cells stimulated with M.tb or LPS
The results presented in Fig. 5.5 and Fig. 5.6 demonstrate that prophylactic treatment
with TE protects against development o f EAE for more than 2 weeks post induction of
EAE. CFA used for induction o f EAE contains heat killed Mtb, a source o f PAMPs that
induce a strong inflammatory response, which consequently leads to the development of
MOG-specific Thl and T hl7 cells. The experiments also showed that administration of
TE changed the cellular composition and induced the markers o f alternatively activated
macrophages at the site of injections for at least 7 days after the last injection (Fig. 5.15,
Fig. 5.18). Therefore, experiments were conducted to examine the innate response o f PEC
from TE-treated mice to stimulation with Mtb or LPS ex vivo. Mice were injected with
PBS, TE or LPS at day 0 and 14. After 7 days PEC were isolated by peritoneal lavage
and cultured with LPS or heat killed Mtb for 24 h. Supernatants were collected and
concentrations of IL-ip, IL-23, IL-12p70, TNF-a, IL-17 and IL-10 were determined by
ELISA.
PEC from mice treated with TE and LPS produced less TNF-a, IL -ip and IL-17 in
response to ex vivo stimulation with LPS or Mtb than cells from PBS-treated mice (Fig.
5.20). The production o f IL-12 by PEC was similar in both PBS- and TE-treated mice but
significantly lower by PEC isolated from LPS-injected mice. PEC from TE-treated mice
produced similar amounts of IL-10 without stimulation and in response to LPS or Mtb in
comparison with cells from PBS-treated mice. These results indicate that TE treatment
suppresses pro-inflammatory cytokine production from PEC in response to LPS and Mtb
stimulation. The results also demonstrate that treatment with TE changes the response of
PEC to inflammatory stimuli differently than administration of LPS.

5.2.11 TE directly incudes expression of alternatively activated macrophage
markers by BMDM
During helminth infections, alternatively activated macrophages develop in response to
Th2-type cytokines IL-4 and IL-13. The recent study o f Adams et al demonstrated that
F. hepatica tegumental coat antigens and ES can induce M2-like macrophages in vivo
without engagement o f IL-4 and IL-13 (317). TE is obtained from the whole liver fluke
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and contains both tegumental antigens and com ponent o f ES. Therefore, experiments
w ere conducted to examine the ability o f TE to directly induce an M 2-like phenotype in
macrophages. BMDM were generated from C57BL/6 mice and cultured with different
concentrations o f TE for 1 h prior to the addition o f LPS or cultured with LPS only. After
24 h the supernatants were collected to determine cytokine concentration by ELISA,
whereas the cells were stained with antibodies against F4/80, PD -L l and PD-L2. Total
RNA was also isolated to exam ine expression o f mRNA for arginase, relm -a and NOS2.
Stim ulation with TE enhanced expression o f PD -L l and PD-L2 in BMDM even when
the cells were co-stimulated with LPS (Fig. 5.21 A). In addition, BM DM cultured with
TE enhanced the expression o f mRNA for arginase and relm -a but not for N 0 S 2 . In
contrast, LPS induced the expression o f mRNA for NOS2 (Fig. 5.21 B). These results
indicate that TE directly induccs the expression o f markers characteristic for M 2-like
macrophages.

5.2.12 TE induces production o f lL-10 by BMDM and BMDC
M 2-like phenotype is associated with an increased expression o f IL-IO by macrophages.
Therefore, an experiment was carried out to determ ine if TE directly induces production
o f IL-IO by BMDM. In addition, the effect o f TE on the expression o f other anti
inflammatory and pro-inflam m atory cytokines was exam ined in BM DM and BMDC.
BMDM and BMDC from C57BL/6 mice were cultured with different concentration o f
TE (1-5 % v/v) or with LPS. Cytokine concentration was assessed after 24 h by ELISA.
The results demonstrated that TE did not induce the production o f IL-12p70 or IL -ip and
induced only small am ounts (less than 80 pg/ml) o f IL-23 or IL-4 (Fig. 5.22 A) by
BMDM. Negligible levels (less than 10 pg/ml) o f IL-12p70 and no IL-23 and IL-4 was
detected in the supernatants o f TE induced BM DC (Fig. 5.23 A). Unstim ulated BM DC
produced small amounts o f IL -ip (less than 100 pg/ml) and stim ulation with TE did not
induce the production o f IL -ip (Fig. 5.23 A). Importantly, TE induced moderate am ounts
o f IL-IO (more that than 100 pg/m l) by BM DM and small am ounts o f IL-IO by BM DC
(Fig. 5.22 A, Fig. 5.23 A). However, the production o f IL-IO by BM DC in response to
TE stimulation was dose-dependent. After 24 h o f culture BM DM produced high amounts
o f TGF-p. Interestingly, TE suppressed the production o f TGF-P in a dose-dependent
manner (Fig. 5.22 B).
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Consistent with published studies (256, 318) and previous observations (C hapter 3, Fig.
3.1), LPS induced the production o f IL-10 by BM DM and BMDC after 24 h o f
stimulation. Adult flukes were isolated from livers o f naturally infected cows in a nonsterile environment, which raises the possibility that the increased production o f IL-10
by BM DC and BM DM upon TE stimulation results from LPS contamination. Therefore,
an LAL assay was performed on TE samples to exclude this possibility. The results o f
the LAL assay have shown that stock concentration o f TE had an equivalent o f 3.31
EU/ml +/- SD (Fig. 5.23 B). This corresponds to 0.07 EU/ml in samples stim ulated with
5% v/v o f TE. Since the maxim um permissible endotoxin level in sterile w ater is 0.25
EU/ml (319), the working solution o f 5% v/v TE used for the stimulation o f BM DM and
BMDC can be accepted as endotoxin free. Therefore, this result indicates that increased
production o f IL-10 by BM DM and BMDC stimulated with TE is not due to LPS
contamination.

5.2.13 TE induces expression of co-stim ulatory m olecules by BMDC but not by
BMDM.
Having established that TE does not potently induce expression o f pro-inflam m atory
cytokines by BM DM or BM DC, an experiment was conducted to determ ine the direct
effect o f TE on the expression o f co-stimulatory molecules by BMDC and BMDM.
BMDC and BM DM from C57BL/6 mice were stimulated with different concentrations
o f TE for 1 h prior to the addition o f LPS or cultured with LPS alone. A fter 24 h cells
were stained with viability dye and antibodies against C D l Ic (BMDC), F4/80 (BMDM)
and CD80, CD86, CD40 and M HC class II. The results have shown that TE did not induce
cell

death

in

BM DC

or

BMDM

at

the

concentration

of

2.5%

and

5%

(Fig. 5.24 A). Higher concentrations o f TE directly induced expression o f CD80 and
MHC class II molecules on the surface o f BM DC and only m arginally increased the
expression o f CD40, but did not have any effect on expression o f CD86. Pre-incubation
o f BM DC with TE decreased LPS-induced expression o f CD80, CD86 and M HC class
II molecules. (Fig. 5.24 B). In contrast, TE did not directly modulate the expression o f
co-stim ulatory molecules by BM DM , but slightly decreased the expression o f CD80 and
CD86 stim ulated by LPS (Fig. 5.24 B). These results indicate that TE does not directly
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induced expression o f co-stimulalory molecules by BMDM, but, to some extent,
decreased TLR agonist induced expression o f co-stimulatory molecules by BMDC.

5.2.14 TE directly induces expression of lL-10 and enhances TGF-p-mediated
Foxp3 expression in CD4+ T cells
Infection with F. hepatica is associated with a recruitment or expansion of Foxp3^ T cells
at the site o f the infection. However, the results have shown that F. hepatica TE induced
higher frequencies of IL-10- and LAP-producing CD4^ T cells, but not Foxp3^ CD4^ T
cells at the site o f the injection (Fig. 5.1). The results have also demonstrated that TE can
directly modulate the phenotype of macrophages and DC. Therefore, further experiments
were designed to determine the direct influence o f TE on expression o f IL-10, LAP and
Foxp3 by CD4^ T cells. Purified CD4^ T cells were cultured with anti-CD3 and antiCD28 in the presence o f IL-2 and different concentrations o f TE. After 72 h cells were
stained with viability dye and with antibodies against CD3, CD4, IL-10, LAP and Foxp3
and analysed by flow cytometry. In contrast to BMDC and BMDM, TE induced cell death
in CD4* at the highest concentration (5% v/v; Fig. 5.25 A). Lower concentrations o f TE
directly induced expression o f IL-10 and LAP, but not Foxp3^ by CD4" T (Fig. 5.25 B).
Chronic helminth infections are associated with a robust production o f TGF-P from both
hematopoietic and non-hematopoietic cells. This raised the possibility that even if
relatively short-term treatment with TE does not directly induce expression o f Foxp3 in
CD4^ T cells, it might synergize with TGF-p to enhance the generation o f inducible
Foxp3-expressing CD4^ T cells. Since RA is known to potently synergize with TGF-P
and IL-2 to enhance expression o f Foxp3 in CD4^CD25‘ T cells, the experiment was
designed to compare the capacity o f TE versus RA to enhance the expression o f Foxp3
in the presence o f IL-2 and TGF-p. CD25 CD4^ were purified from spleens o f C57BL/6
mice and cultured with anti-CD28 and anti-CD3 in the presence o f IL-2, different
concentrations o f TGF-P alone, with TGF-P and RA or with TGF-P and 1% (v/v) o f TE.
After 72 h cells were stained with viability dye and antibodies against CD3, CD4, CD25
and Foxp3. The results presented in Fig 5.26 demonstrated that TGF-P with IL-2
increased the frequency o f CD4^CD25^Foxp3^ T cells in a dose-dependent manner and
that RA synergized with TGF-P and IL-2 to enhance the frequency o f converted Foxp3^
T cells. Importantly, TE directly enhanced the percentage o f CD25^Foxp3^CD4^ T cells
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in the presence o f TGF-P and IL-2. These results indicate that TE can directly synergize
with TGF-P and IL-2 to enhance the generation o f inducible Foxp3^ Treg cells.
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5.3 Discussion
There is a large body of experimental and clinical evidence indicating that
immunoregulatory mechanisms induced by helminth parasites can protect against
autoimmune diseases. Due to psychological barriers or possible side effects associated
with infection with parasites, helminth products rather than live helminths, have greater
potential to be used as therapeutics in humans. The best characterized helminth product
is a soluble preparation of egg antigens from Schistosoma mansoni (SEA), which has
been shown to prevent the development o f diabetes in NOD mice, TNBS-induced colitis
and to reduce the severity of EAE in mouse models (235, 309, 320, 321). hi addition, the
unpublished data of Finlay, Stefanska and Mills have shown that administration o f F.
hepatica ES effectively suppressed EAE, DSS-induced colitis by inhibiting Thl and
Thl 7 responses. The present study explored the potential o f prophylactic administration
o f F. hepatica products to prevent the developmentCha of autoimmune disease.
The key finding o f this study was the demonstration that the prophylactic administration
o f total soluble extract from whole liver flukes prevented the development o f EAE in
mice. The protective effect was maintained for almost 3 weeks after the induction of
EAE. The results have demonstrated that the inhibition o f EAE onset was independent o f
immunization with MOG antigen, which indicates that the protection is based on the
mechanisms o f bystander suppression. The experiments confirmed that F. hepatica TE
does not have adjuvant activity, when administered with exogenous antigen.
Interestingly, the lymph node cells from mice treated with TE produced less cytokines
in response to stimulation with PMA and anti-CD3 7 days after the last administration of
TE, which suggests that TE treatment results in a prolonged inhibition of polyclonal T
cell responses. Since the impaired T cell responses were observed after stimulation that
is independent o f APC flinction, this indicates that the hyporesponsiveness arises from a
defective T cell function. Importantly, the inhibitory effect seems to be selective for proinflammatory cytokines, since the production o f IL-10 in response to PMA and anti-CD3
was not inhibited. The suppression of PMA-induced T cell responses in the lymph node
cells was not associated with a higher frequency o f IL-10- or TGF-P-producing or Foxp3expressing Treg cells, which suggests that the inhibition is a result o f selective
hyporesponsiveness rather than an active suppression by Treg cells. It is still to be
determined, whether TE suppresses T cells directly or indirectly through the generation
o f immunosuppressive DC or other innate cells.
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Administration of TE significantly enhanced the numbers o f IL-lO-producing T cells in
the spleen when assessed 7 days after the last administration. Since the development of
pathogenic autoreactive Thl and T hl7 T cells occurs in the lymph nodes and spleen, the
findings o f impaired IL-17 and IFN-y production by lymph node T cells and the enhanced
frequency o f IL -10-producing T cells in the spleen may explain the a significantly
delayed generation o f autoimmune responses in mice treated with TE. In fact, the
production o f MOG-specific IL-17 and IFN-y was decreased by the lymph node cells of
mice protected against EAE. In addition, analysis of cells present in the CNS o f mice
with EAE have revealed that TE treatment was associated not only with a reduced
accumulation o f leukocytes in the brains but also with decreased production of IL-17 and
IFN-y by CD4^ T cells infiltrating the brain. This result supports the hypothesis that
administration o f TE inhibits the pathogenic immune responses in the periphery.
Studies demonstrated that mice infected with helminth parasites or treated with helminth
products had less severe symptoms of autoimmune diseases. The attenuation was
associated with suppression o f auto-antigen-specific Thl and T h l7 responses by
generation of highly immunosuppressive environment in the peripheral lymphoid and
non-lymphoid tissues (312, 321). Infection with live helminth parasites or administration
of helminthic antigens and IMs modulates the activity of DC and inhibits their ability to
prime Thl and T h l7 responses. Certain helminth products are also able to induce
tolerogenic DC, and abrogate their ability o f respond to TLR stimulation, which
consequently leads induction o f Treg cells by DC (322). Studies have shown that
autoimmune disease can be suppressed by the constant presence of live helminths or by
repeatedly injecting helminth products before and after the induction of the disease (312,
323). Strikingly, in the present study, the protection against development of EAE was
achieved by the prophylactic administration of TE. This comprised o f only two injections
of TE and the protection was maintained for as long as 3 weeks after the last
administration o f TE. This indicates that the products present in F. hepatica TE generate
a prolonged change in phenotype and function o f immune cells.
The analysis of the immune cell populations in mice treated with TE showed that there
was an increased number of cells accumulated at the site o f the injection even 7 days after
the last administration of TE. Eosinophils constituted the majority o f cells, which in not
unexpected, since helminth products induce robust Th2-type responses. In contrast to
LPS, treatment with TE did not result in higher a frequency of neutrophils. TE also did
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not increase the frequency o f infDC or the expression o f MHC class II m olecules by
m acrophages, confirm ing that, in contrast to LPS, TE does not induce pro-inflam m atory
responses.
Alternatively activated macrophages, also known as M 2a m acrophages, differentiate in
response to Th2-type cytokines IL-4 and IL-13.

In contrast to classically activated

m acrophages, M 2a macrophages exert potent anti-inflam m atory activity, participating in
w ound-healing and fibrosis and antagonize M l macrophage responses. M annose receptor
CD206, arginase, relm -aand co-inhibitory surface molecule programm ed death ligand 2
(PD-L2) are the characteristic markers expressed by alternatively activated macrophages.
Although PDL-1 has been shown to be expressed by M l macrophages, recent studies
have identified that the interaction o f PD -L l with its ligand PD-1 in lymphocytes inhibits
the inflam m atory functions o f macrophages (324). Adoptive transfer o f ex vivo activated
M2 macrophages has been shown to suppress ongoing EAE in mice (325). Alternative
activation o f macrophages has been described to be induced during infections with
helminth parasites and in response to in vivo stimulation with helminth products,
including F. hepatica tegumental antigens (317). M oreover, during helminth infections
m acrophages upregulate expression o f the co-inhibitory molecules PD -L l and PD-L2,
which leads to reduced T cell activation via ligation o f PD-1 receptor on T cells (326,
327). The results o f this study showed that 7 days after the adm inistration o f TE
m acrophages had increased expression o f M 2-like macrophages markers. PD-1 and PDL l play a critical role in immunological tolerance. P D -L l-deficiency in 129S4/SvJae
mice converted them from resistant to susceptible to the development o f EAE (328).
Results from the present study dem onstrated that TE directly induced the expression o f
M2-like m acrophage markers and low levels o f IL-10 in vitro, but did not enhance the
expression o f co-stimulatory m olecules in BMDM. The activation o f an M 2-like
phenotype in m acrophages that sustain high expression o f immunosuppressive molecules
might be one o f the mechanisms o f TE-m ediated protection against the developm ent o f
EAE.
Despite the decreased accumulation o f total immune cells in the CNS o f TE-treated mice
with EAE, there was an increased relative frequency o f eosinophils and macrophages
infiltrating the brains. It is possible that the macrophages accum ulating in the CNS have
migrated from the periphery or have differentiated from blood monocytes, exhibited M2like phenotype and were able to suppress T h l and T h l7 responses developing in the
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brain. The tissue-repairing potential o f alternatively activated macrophages in the CNS
can also play a significant role in the suppression of clinical signs o f EAE. This
hypothesis is supported by the studies exploring the effects o f M2 macrophage function
on CNS remyelination and clinical course o f EAE. The increased proportion o f M2 vs
M 1 macrophages in the brains was associated with attenuation o f neurological symptoms
of EAE in mice (329). The recent study by Miron et al demonstrated that M2
macrophages and M2 microglia present in the CNS
differentiation

and

promote

effective

remyelination

induce oligodendrocyte

after

chemically

induced

demyelination in the brain of mice (330). Moreover, the significantly elevated numbers
of M2 macrophages were found in acute active lesions and in the rim o f chronic active
lesion of MS patients. These are areas of recent damage, where remyelination is expected
to happen (330).
Eosinophils are considered as the end-stage effector innate cells that play a major role in
defence against helminthic infections by the release o f cytotoxic components through
degranulation. However, the studies have revealed additional roles for eosinophils as
immunoregulators o f both adaptive and innate responses (331). Recent data indicate that
during chronic nematode Trichinella spiralis infection eosinophils are important source
of IL-10. Eosinophil-derived IL-10 expands IL-lO-producing myeloid DC and IL10^CD4" T cells that inhibit inducible NO synthase expression increasing the survival of
intracellular larvae (332). Therefore, the function o f accumulating eosinophils in the CNS
of mice treated with TE should be further examined as a potential mechanism of
attenuation o f EAE.
Since treatment with TE changed the phenotype o f innate cells at the site o f the injection
and this effect was maintained after 7 days, this raised the possibility that innate cells
from TE-treated mice respond differently to stimulation with pro-inflammatory stimuli.
Indeed, cells from TE-treated mice produced less pro-inflammatory cytokines in response
LPS or Mtb stimulation in vitro. However, a comparison of the production o f cytokines
and their relevance in vivo is difficult, since there was a significant difference in the
frequency of innate cells in the peritoneal cavity o f mice injected with PBS or TE. This
indicates that the decreased production of inflammatory cytokines by cells from TEtreated mice might be a result o f the lower frequency of TLR-responsive innate cells,
such as DC and macrophages, or a result o f their functional changes. In contrast, although
LPS induced higher frequencies of inflammatory innate cells than TE, the ex vivo
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stimulation of peritoneal cavity cells from LPS-treated mice with LPS or Mtb also
resulted in a decreased production of inflammatory cytokines, a complete inhibition of
IL-12 production but an increased production of IL-10 compared with cells from PBSinjected mice. This result might be associated with phenomenon known as endotoxin
tolerance. During this process, after the first exposure to LPS and initial stimulation
phase, monocytes and macrophages enter a phase of incapacity to produce inflammatory
cytokines. They also upregulate production o f anti-inflammatory cytokines IL-10, TGFP and IL-IRA in response to LPS re-challenge (274, 333). The tolerant monocytes and
macrophages also show impaired antigen-presenting capacity and expression o f co
stimulatory molecules. Clinically, the state o f endotoxin tolerance is associated with
immunosuppression o f immune responses in patients with sepsis, which contributes to
high mortality (334).
Infections caused by particular pathogens, such as Candida albicans, or vaccinations
with Bacille Calmette-Guerin (BCG) or measles are associated with long-term
enhancement of monocyte and macrophage responses to microbial stimuli. This is known
as innate immune training and contributes to increased immune responses to the unrelated
infections (335). Recent studies have revealed that the molecular mechanisms underlying
innate immune tolerance or training are based on epigenetic and transcriptional changes
of expression o f genes associated with PRRs. For example, NF-kB, inflammasome and
metabolic proteins are differently regulated in trained and tolerant macrophages (274).
Moreover, studies of gene expression in human PBMCs have also indicated that
endotoxin tolerance is associated with induction o f genes associated with M2 macrophage
activation (333). Therefore, the prolonged protection against the development o f EAE
after prophylactic treatment with TE might be associated with induction of a certain type
of innate immune tolerance in macrophages. To explore this hypothesis, the purified
populations o f innate cells from PBS, TE and LPS-treated mice rather than whole PEC
should be stimulated ex vivo with LPS or Mtb. This approach would allow a quantitative
comparison o f the levels o f pro- and anti-inflammatory cytokines produced by innate cell
populations in the presence o f inflammatory stimuli.
The results o f the present study showed that TE directly induced expression of IL -10 by
CD4* T cells in vitro. This is in agreement with in vivo data demonstrating that repeated
administration o f TE enhanced the frequency o f IL-10-expressing CD4^ T cell at the site
o f injection. However, no significant differences in frequencies o f Treg cells were
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observed at the site o f injection 7 days after the last TE administration. In contrast,
enhanced percentages of IL-10^CD4^ T cells were detected in the spleen o f TE-treated
mice. These results suggest that IL -10-producing T cells might be induced in the spleen
by tolerogenic DC, but the constant presence o f helminth antigens or IMs is required for
enhanced expression of IL-10 at the site of TE injection. Although in vitro results
demonstrated that TE synergized with TGF-P to enhance Foxp3 expression by CD4^ T
cells, the percentages of Foxp3^CD4^ T cells were not increased in the injection site or
in the spleen after in vivo treatment with TE. It is possible that the effective induction of
Foxp3 by CD4^ T cells occurs only during the constant presence o f helminth products
during infection with live flukes, which leads to increased production o f TGF-P by
various hematopoietic and non-hematopoietic cells.
F. hepatica TE contains both the tegumental coat proteins, ES products, which normally
are secreted outside o f the fluke’s body or shed from the body surface, and all the
metabolic and structural proteins and other molecules that compose a fluke’s body.
Tegumental antigens (FhTeg) and ES have separately been shown to exert strong
immunomodulatory properties. FhTeg and two major ES components, cathepsin L and
sigma class gluthatione transferase, suppress DC maturation and function, resulting in a
decreased capacity to induce Thl-type and Th 17-type responses (322, 336). In addition,
the recent study by Adams et al demonstrated that FhTeg and ES both induce alternatively
activated macrophages in vivo. While ES has the capacity to directly induce arginase and
IL-lO-producint macrophage population, FhTeg directly induces expression of relm-a
alone in macrophages. The results o f the present study showed that F. hepatica TE
enhanced the expression of M2 markers in macrophages in vivo and directly in vitro,
demonstrating that TE combines the immunomodulatory properties of FhTeg and ES.
Therefore, TE might be a more appropriate target for further fractionation to establish the
most effective composition of antigens and IMs that can be used as immunotherapeutics
for autoimmune diseases. Taken together, this study demonstrated for the first time that
the prophylactic treatment with products of a helminth parasite can prevent the
development of autoimmune disease and these data represent a foundation for further
investigation o f the mechanism of TE- induced immunoregulation.
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Fig. 5.1 Effect of repeated administration of ES-H ES-L and TE to
mice on expression of Foxp3 and IL-4 by CD4^ T cells in PEC, spleen
and lymph nodes. C57BL/6 mice were injected i.p. w ith PBS, ES-H (50
|ig/m l), ES-L (50 nl] or TE (50 ng/m l) at day 0, 4, 8 and 12. 4 days after
the last injection PEC, spleens and mediastinal lymph nodes were
isolated and single cell suspensions were stimulated w ith PMA and
inonomycin in the presence of BFA for 5 h. Cells were stained w ith
antibodies against CD4, nuclear Foxp3 and intracellular IL-4 and
analyzed by flow cytometry. Results are representative plots for mice
groups (A), the mean frequency of CD4^Foxp3'^ cells (B) and CD4^IL-4^
cells (C) + /- SEM (n=4/group). *p<0.05, **p<0.01, ***p<0.001 vs PBS by
ANOVA and Bonferroni post test.
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Fig. 5.2 Repeated adm inistration of TE enhances expression of IL10 and LAP by peritoneal CD4+ T cells. C57B1/6 mice were injected
i.p. with PBS, ES-H [50 [ig/ml), ES-L (50 nl) or TE (50 |ig/ml) at day 0, 4,
8 and 12. 4 days after the last injection PEC, spleens and inguinal lymph
nodes were isolated and single cell suspensions were stimulated with
PMA and inonomycin in the presence of BFA for 5 h. Cells were stained
with antibodies against CD4, LAP and intracellular IL-10 and analyzed
by flow cytometry. Results are representative plots for mice groups (A),
the mean frequency of CD4'^IL-10^ cells (B) and CD4‘^LAP"‘ cells [C] -t-/SEM (n=4/group). *p<0.05, **p<0.01, ***p<0.001 vs PBS by ANOVA and
Bonferroni post test.
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Fig. 5.3 Prophylactic im m unization w ith MOG and TE delayed the
onset and attenulated the clinical course of EAE. C57BL/6 mice were
injected s.c. w ith PBS, MOG, MOG+ES-L or MOG+TE 21 days and 7 days
before induction of EAE. EAE was induced by s.c. injection of MOG
peptide em ulsified w ith CFA, followed by i.p. injection of PT on day 0
(day o f induction) and day 2. Animals were m onitored daily for clinical
signs of the disease. Results shown are mean scores [A) and percentage
of body w eight change [B) + /- SEM (n=6/group). *p<0.05, **p<0.01,
***p<0.001 vs PBS by ANOVA and Bonferroni post test.
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Fig. 5.4 Effect of im m unization w ith KLH and TE on production of
KLH-specific IFN-y, IL-17, IL-10 and IL-4 by lymph node cells.
C57BL/6 mice were s.c. injected w ith PBS, KLH (20 ng/mouse), KLH-i-TE
or KLH-nCpG (50 ng/mouse) and boosted 14 days later. 7 days after the
last im m unization lymph node cells were stim ulated for 5 days w ith
different concentrations of KLH at 2, 10 or 50 [ig /m i or w ith PMA and
anti-CD3. Supernatans were collected for analysis o f IFN-y, lL-17, IL-10
and IL-4 concentration by ELISA. Results represent mean
concentrations -^/- SEM (n=5/group). * p<0.05 ,** P<0.01 ***p<0.001 vs
PBS group, #p<0.05, ##p<0.01, ###p<0.001 vs KLH group, -t--i-p<0.01 vs
KLH-i-CpG group, ns not significant vs KLH group by ANOVA
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Fig. 5.5 Prophylactic treatment with TE prevents developm ent of
EAE. C57BL/6 mice were s.c. injected with PBS, MOG+TE or TE only 21
days and 7 days before induction of EAE. EAE was induced by s.c.
injection of MOG peptide emulsified with CFA, followed by i.p. injection
of PT on day 0 (day of induction) and day 2. Animals were monitored
daily for clinical signs of the disease. Results shown are mean scores (A),
percentage of body weight change (B) and cumulative scores (C) +/SEM (n=5/group). **p<0.01, ***p<0.001 vs PBS by ANOVA and
Bonferroni post test.
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Fig. 5.6 A dm inistration of TE before induction o f EAE in h ib its the
d evelop m en t o f EAE. C57BL/6 mice were s.c. injected with PBS or TE
(50 |ig) 21 and 7 days before induction of EAE. Animals w ere m onitored
daily for clinical signs of disease. Results shown are m ean scores (A) and
percentage of body weight change [B] +/- SEM (n=5/group). * p<0.05
P<0.01 ***p<0.001 by two-way ANOVA and Bonferroni post-test.
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Fig. 5.7 Effect of adm inistration of TE p rio r to the induction of EAE
on the production of MOG-specific IL-17 and IFN-y by lymph nodes
and spleen cells. C57BL/6 mice were s.c. injected w ith PBS or TE [50
|ig ) 21 and 7 days before induction o f EAE. Mice were sacrificed at day
14 post EAE challenge and single cell suspenions o f lym ph node (A) and
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were collected after 5 days and the concentrations of lL-17 and IFN-y
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group by ANOVA
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Fig. 5.8 Prophylactic adm inistration of TE reduced the frequency
and absolute num ber of IFN-y- and IL-17-producing CD4^ in the
CNS during EAE. C57BL/6 mice were s.c. injected with PBS or TE (50
^g) 21 and 7 days before induction of EAE. Mononuclear cells were
isolated from brains of perfused mice at day 14 post EAE challange,
counted (A), Cells were stimulated with PMA and ionomycin in the
presence of BFA for 6 h, stained with antibodies against CDS, CD4,
Foxp3, IFN-y and IL-17 and analyzed by flow cytometry (B). Results are
mean frequency and absolute cell numbers +/- SEM (n=5/group];
*p<0.05, **p<0.01 by t-test.
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Fig. 5.9 Prophylactic adm inistration of TE increased the frequency
of C D llb+F4/80+ m acrophages and eosinophils in the CNS during
EAE. C57BL/6 mice were s.c. injected witii PBS or TE (50 |ig) 21 and 7
days before induction of EAE. Mononuclear cells were isolated from
brains of perfused mice at day 14 EAE challange. Cells were pooled into
the respective groups and surface stained with antibodies specific for
CD19, SiglecF, CDllb, Ly6G, CDllc, F4/80 and analysed by flow
cytometry to determine the frequency of B cells [CD19^], eosinophils
[Siglec
F),
and
macrophages
(CDllb^F4/80^)
neutrophils
[CDllb^Ly6G^]. Plots shown present samples pooled from 5 mice (PBS]
or 4 mice (TE) and are gated on live cells.
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Fig. 5.10 Prophylactic adm inistration of TE reduces the expression
of MHC class II m olecules on DCs in the CNS during EAE. C57BL/6
mice were s.c. injected with PBS or TE (50 ^g) 21 and 7 days before
induction of EAE. Mononuclear cells were isolated from brains of
perfused mice at day 14 post EAE challange. Cells were pooled into the
respective groups and surface stained with antibodies specific for CD19,
SiglecF, CDllb, Ly6G, CDllc, F4/80 and MHC class II and analysed by
flow cytometry to determine the frequency MHC class Il-expressing
macrophages, monocytes and DC. Plots shown present samples pooled
from 5 mice [PBS] or 4 mice (TE) and are gated on live cells.
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Fig. 5.11 Effect of TE adm inistration on Foxp3, IL-10 and LAP
production by CD4+ T cells in the lymph nodes. C57BL/6 mice were
s.c. injected with PBS or TE and boosted 14 days later 7 days after the
last immunization single cell suspentions from inguinal lymph nodes
were stimulated with PMA and inonomycin in the presence of BFA for 5
h. Cells were stained with antibodies against CD4, CD25, nuclear Foxp3
and intracellular IL-10 and analyzed by flow cytometry. Results are
mean frequency and absolute cell numbers +/- SEM [n=5/group]. ns not
significant by t-test
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Fig. 5.12 Effect of TE adm inistration on of Foxp3, IL-10 and LAP
production by CD4^ T cells in the spleen. C57BL/6 mice were s.c.
injected with PBS or TE and boosted 14 days later 7 days after the last
immunization single cell suspentions from inguinal lymph nodes were
stimulated with PMA and inonomycin in the presence of BFA for 5 h.
Cells were stained with antibodies against CD4, CD25, nuclear Foxp3
and intracellular IL-10 and analyzed by flow cytometry. Results are
mean frequency and absolute cell numbers +/- SEM [n=5/group).
*p<0.05, **p<0.01 by t-test.
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Fig. 5.13 TE treatm ent enhances accum ulation of cells in the
peritoneal cavity, C57BL/6 mice were i.p. injected with PBS or TE at
day 0 and 14. After 7 days, PEC were isolated by peritoneal lavage and
counted. Results shown are mean cell numbers +/- SEM from 3
independent experiments (n=9-14/group]. ***p<0.001 vs PBS,
###p<0.001 vs LPS by ANOVA and Bonferroni post test.
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Fig. 5.14 Treatment w ith TE increased the frequency of eosinophils
in the peritoneal cavity. C57BL/6 mice were s.c. injected with PBS or
TE (50 |ig) 21 and 7 days before induction of EAE. Mononuclear cells
were isolated from brains of perfused mice at day 14 of EAE. Cells were
surface stained with antibodies specific for CD19, SiglecF, GDI lb, Ly6G,
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for each treatm ent group (n=5/group).
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Fig. 5.15 Intraperitoneal adm inistration of TE reduced the relative
num ber of m acrophages and neutrophils and increased the
relative num ber of eosinophils in the peritoneal cavity. C57BL/6
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PEC were isolated by peritoneal lavage and, stained with antobodies
againts CD4, CD45R, Siglec f, CDllb, Ly6G, CDllc, F4/80 and analysed
by flow cytometry. Reults are mean percentages of total live cells in
separate graphs (A) and combined graph [B) +/- SEM [n=5/group).
*<p0.05, ***p<0.001 vs PBS, ###p<0.001 vs LPS by ANOVA and
Bonferroni post test.

169

14

LPS

TE

PBS
2

11

3

9

5

infDCs

Q
U

CDllb+F4/80+ ^

■»MHC-II

macrophages 2

>MHC

U

C D llb^

3
>

51

,#
•ir'/.

------- >-MHC-ll

CDllb" u
“

0 .5

A

->-MHC-ll

Fig. 5.16 Treatment with TE decreased expression of MHC class II
molecules on DC and macrophages in the peritoneal cavity.
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flow cytom etry plots w ith freguencies of populations for each treatm ent
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PBS, TE or LPS at day 0 and 14. After 7 days, PEC were isolated by
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Siglec f, CDllb, Ly6G, CDllc, F4/80 and MHC class II and analysed by
flow cytometry. Reults are mean frequencies of MHC class IP cells of
parent population [panel A) and mean percentages of total live cells in
separate graphs (panel B] and in combined graph (C) +/- SEM
(n=5/group). *<p0.05, ***p<0.001 vs PBS, #p<0.05, ##p<0.01 vs LPS by
ANOVA and Bonferroni post test.
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Fig. 5.18 Intraperitoneal adm inistration of TE increased
expression of markers of regulatory macrophages. C57BL/6 mice
were i.p. injected with PBS, TE or LPS at day 0 and 14. After 7 days, PEC
were isolated by peritoneal lavage. A. Cells were stained with antibodies
againts CD4, CD45R, Siglec f, CDllb, Ly6G, CDllc, F4/80 and CD206
and analysed by flow cytometry. Results are representative plots for
each mice group and the mean frequency cells +/- SEM (n=5/group). B
Total RNA was isolated and expression of mRNA for arginase, relm-a,
N0S2, PD-Ll and PD-L2 was analysed by qPCR. Results present mean
relative expression (RE) +/- SEM (n=5/group). *p<0.05, vs PBS, ##
p<0.01 vs LPS, ns not significant vs PBS by ANOVA
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Fig. 5.19 TE treatm ent increases the expression of IL-10 and LAP by
CD4^ T cells in the peritoneal cavity. C57BL/6 mice were i.p. injected
w ith PBS, TE or LPS at day 0 and 14. A fter 7 days, PEC were isolated by
peritoneal lavage, stim ulated w ith PMA and ionomycin in the presence
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and Foxp3. Results are representative plots for each mice group (A),
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(n=5/group).*p<0.05, **p<0.01 vs PBS by ANOVA and Bonferroni post
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C57BL/6 mice were i.p. injected w ith PBS, TE or LPS at day 0 and 14.
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Fig. 5.21 TE enhances expression of regulatory m acrophages
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(RE) +/- SEM from 2 experiments.
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Fig. 5.23 Production of cytokines by BMDCs stimulated with TE.
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GENERAL DISCUSSION

The present study demonstrated new effective strategies for the induction o f
immunological tolerance that have promise in the developm ent o f therapies for
autoimm une diseases. The results demonstrated that it was possible to achieve prolonged
protection against the development o f EAE in mice by prophylactic immunization with
auto-antigen MOG in the presence o f the anti-inflammatory cytokine IL-10. Such
prophylactic immunization generated M OG-specific IL-lO-producing T rl cells that
inhibited pathogenic autoimmune responses in an antigen-specific manner. Prophylactic
treatment with a soluble extract from helminth parasite F.

hepatica induced

immunosuppressive and regulatory responses that also delayed development o f EAE.
However, the parasite-induced protection against EAE was mediated by mechanisms
involving bystander suppression. These findings demonstrate the potential o f using a
treatment approach that induces immunoregulation or tolerance to prevent the
development o f T-cell mediated autoimmune diseases.
Autoim mune diseases are a diverse group o f disorders with regard to their dem ographical
distribution and clinical manifestations. Autoimmune disorders involve organ specific
immune responses to self-antigens leading to the progressive damage o f tissues and
organs.

Autoim mune

diseases, are

individually

rare,

but together they affect

approxim ately 5 percent o f the population o f W estern countries, causing significant
chronic disability and morbidity (337). Epidemiological studies have estimated that 1 in
31 Americans are affected by an autoimmune disease (among 24 selected autoimmune
diseases studied) and approximately 1.2 million new cases o f autoim m une disease are
diagnosed every 5 years in the US (338).
MS is the most common cause o f chronic neurological disability am ong young adults in
North Am erica and Europe affecting more than 2.5 million people (339). In addition to
the disabling neurological symptoms, patients with MS develop severe mood disorders,
including m ajor depression with a lifetime prevalence as high as 50% (340). It is still
debated whether anxiety and depression in MS patients arise exclusively from emotional
stress or whether they are physiologically associated with neuronal lesions in the brain.
It has also been hypothesised that depression in patients with MS or other
neurodegenerative autoimmune diseases develops as a result o f chronic low-grade
inflamm ation and activation o f cell-mediated immunity (341). Altogether, progressive
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physical and psychological disability negatively affects the life of MS patients reducing
the lifespan by 7-8 years on average (339). Current non-antigen-specific disease
modifying therapies for MS are often inefficient, whereas the more effective therapies
are associated with dramatic suppression of immune responses, increasing the risk of
developing infections or cancers (342-344). The general suppression o f immune
responses associated with the use o f steroids increases the risk o f potentially severe or
fatal viral infections and exacerbates latent infections (342). A highly effective treatment
with the SIP receptor agonist FTY720 increases risk of influenza, bronchitis, herpes
simplex infections, pneumonia and opportunistic infections. Moreover, two cases of fatal
Varicella zoster virus (VZV) infection have been reported during therapy and one case
of death caused by VZV 39 months after therapy with fingolimod. Localized skin cancer
such as basal-cell carcinoma, melanoma and breast cancer were also reported more
frequently after even low-dose treatments regimens with fingolimod (343, 345).
Therefore, development of alternative therapies, such as antigen-specific tolerogenic
therapies is necessary to safely and effectively treat patients with MS or other
autoimmune disease.
The strategy o f inducing antigen-specific tolerogenic immunization that restores the
balance between antigen-specific Teff and Treg cells is based on the concept o f “inverse
vaccination”, the opposite to classical vaccination against infectious diseases.
Tolerogenic inverse vaccination can be established by prolonged treatment with high
doses of soluble auto-antigen or by using auto-antigen-encoding DNA vaccines (346).
Such treatments, although beneficial in animal models of autoimmunity, did not show
satisfactory results in clinical trials in patients with autoimmune diseases (230).
Individual TLR ligands have been extensively studied as potentially effective and safe
vaccine adjuvants. TLR ligands induce a broad range of pro- and anti-inflammatory
cytokines and the present study addressed the possibility that antigen-specific Treg cells
can be induced by prophylactic administration o f a TLR ligand and specific inhibitors of
TLR-induced pro-inflammatory signalling pathways. This study demonstrated that
zymosan prophylactically administered with the MOG auto-antigen and inhibitors of
ERK, caspase-1 and GSK3 promoted the development o f IL -10-producing antigenspecific T cells in vivo. This finding is in agreement with previous studies demonstrating
that zymosan can induce immunological tolerance through induction o f IL-10 in DC and
macrophages (259, 347). However, vaccination with MOG, zymosan and ERK, caspase
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1 and GKS3 inhibitors failed to prevent the developm ent or attenuate the clinical
symptoms in mice with EAE. M oreover, administration o f MOG and zym osan alone
exacerbated EAE. This may reflect with the fact that zym osan particles are recognized
not only by TLR2 by also by P-glucan receptor dectin-1. Recently, Saeed at al
dem onstrated that priming o f monocytes with P-glucan induces trained immune cells
characterized by enhanced inflammatory status (274, 348). Since susceptibility to
autoimm unity has been associated with infections and particularly with TLR-dependent
activation o f immune responses, zymosan may therefore be an inappropriate candidate
for induction o f immunological tolerance in the context o f autoimmunity. Nevertheless,
it is possible that other microbial products, especially single TLR agonists with known
intracellular signalling pathways, would be effective in inducing antigen-specific
tolerogenic responses in the presence o f inhibitors o f pro-inflammatory cytokines.
The manipulation o f immune responses by individual PRR agonists appears to be
particularly convenient, because the mechanisms o f action can be relatively easily
determined. In addition, intracellular signalling pathways o f many o f PRR ligands have
already been at least partially elucidated, which gives the opportunity to further modulate
TLR signalling to improve their adjuvant activity. Due to their strong pro-inflammatory
properties, fungal cell wall-derived P-glucans can be exploited in designing vaccines
against infectious diseases or immunotherapeutics in the treatment o f cancer.
One o f the key findings o f the present study was the demonstration that inverse
vaccination with soluble auto-antigen in the presence o f anti-inflammatory cytokine
prevented developm ent o f autoimmune disease in mice. The results showed that
immunization o f mice with auto-antigen MOG and IL-10 protected against the
development o f the first clinical symptoms o f EAE for at least two weeks after the
induction o f EAE. The prophylactic vaccination with MOG and IL-10 induced MOGspecific IL-lO-producing T rI-like T cells that conveyed protection against EAE when
adoptively transferred to naive recipient mice.
Previous studies have demonstrated the therapeutic potential o f adm inistering auto
antigen and anti-inflammatory cytokines in the suppression o f autoimm unity in mice.
Vaccination using naked DNA encoding auto-antigen attenuated autoimmune diseases in
animal models o f insulin-dependent diabetes mellitus and MS (349, 350).
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Additionally, the study o f Ho et al demonstrated that DNA vaccines encoding the myelin
antigens together with lL-4 effectively reduced the severity o f EAE (346) Moreover,
subcutaneous delivery o f polymeric biodegradable lactic-glycolic acid (PLGA) particles
loaded with MOG peptide and IL-10 significantly ameliorated the course o f EAE in mice
(351). However, in the case o f DNA-based treatment, DNA vaccine was administrated
repeatedly during the course o f EAE or from the peak o f the disease (346). Similarly,
PLGA particles released MOG and IL-10 sustainably for 30 days before the induction o f
EAE and during the course o f EAE, maintaining the same effective concentration o f both
molecules for a prolonged period o f time (351). In contrast to the results presented in the
present study, both DNA-based vaccine and prophylactic administration o f MOG and IL10-loaded PLGA particles moderately decreased the clinical course o f EAE, but did not
delay the onset o f the disease. This indicates that continuous presence o f auto-antigen in
the presence o f immunosuppressive cytokine suppresses the pathogenic autoimmune
responses via a different mechanism than prophylactic immunization with two doses o f
MOG peptide and IL-10. While vaccination with MOG and IL-10 induced development
o f M OG-specific T rl cells, the sustained expression or release o f self-peptide might
instead

have

induced

antigen-specific

anergy

or

hyporesponsiveness

and

the

inflammatory responses might be dampened by general suppressive effects o f anti
inflammatory cytokines.
This study demonstrated the unique ability o f naive CD4^ T cells to differentiate into
functional antigen-specific Trl cell in the presence o f exogenous IL-10, but without co
stimulation provided by APCs. This is in agreement with reports indicating that DC
establish and maintain immunological tolerance in the absence o f maturation signals
(352). Nonetheless, the present study has demonstrated for the first time that auto
antigen-specific T rl cells can be generated in vivo by immunization with auto-antigen,
and that IL-10 can work as a natural adjuvant to facilitate the generation o f T rl cells when
administered in a prophylactic setting.
Although both natural and inducible Treg cells have been implicated in the maintenance
o f immunological tolerance in autoimmune disease, the generation o f inducible antigenspecific Trl cells from naive CD4^ T cells in the periphery seems to have a greater
therapeutic potential than induction o f Foxp3-expressing Treg cells. It is worthwhile
emphasizing that autoimmunity arises from defects in various immunoregulatory
mechanisms, principally associated with generation, maintenance and function o f natural
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Foxp3^CD4^ T cells that restrain inappropriate immune responses to self-antigens in
healthy individuals. Therefore, the attempts to propagate nTreg cells or generate
inducible Foxp3^ T cells might fail in patients affected by autoimmune diseases due to
their inherent deficits in Foxp3-associated regulatory mechanisms.
Another possible obstacle in achieving a therapeutic effect through induction o f Foxp3expressing Treg cells is their functional instability under inflammatory conditions. The
study o f Bailey-Bucktrout et al, investigating the dynamics o f Treg cell networks during
autoreactive T cell responses in vivo, demonstrated that antigen-driven inflammation in
the CNS promoted Foxp3 instability selectively in fully-committed autoreactive Treg
cells (353). During the acute phase o f inflammation in CNS tissues o f mice with EAE,
these “exFoxp3” cells presented an effector cell phenotype, with increased IFN-y
production and pathogenic potential. Consequently, Foxp3^ Treg cell-inducing therapy
might be ineffective or m ight even contribute to exacerbation o f disease (353). On the
contrary, induction o f antigen-specific Trl cells probably will not give the expected
beneficial effects in individuals with inherited defects o f IL-10 or IL-IOR, which are
particularly common in patients affected by early onset inflammatory bowel disease.
Patients with IL-10 and IL-IOR deficiency have been successfully treated by
hematopoietic stem cell transplantation (354).
Although antigen-specific therapy reduces the risk o f side effects and might be effective
with a less severe treatment schedule, it does have some limitations. Firstly, the
progression o f autoimmune disease, for example MS, has been shown to be accompanied
by the broadening o f activated T cells repertoire over time. The activated T cells become
specific for different antigen determinants, released from damaged CNS tissue, in a
process known as epitope spreading. Studies in animal models have also shown that in
relapsing remitting EAE induced in SJL mice with P L P 139-151 there is a sequential and
hierarchical order o f epitope spreading. W hereas PLPi 78 -i9 i-reactive CD 4’^ T cells are
associated with first relapse, M BP 84 -i04 -reactive T cells are associated with the second
relapse (355). The auto-antigen microarray performed by Robinson et al on cerebrospinal
fluid o f patients with RRM S or other neurologic disorders has shown significantly
increased autoantibodies against various myelin, heat shock proteins and amyloid-P
(356). This limitation might be overcome by using multiple myelin proteins or a peptide
cocktail that simultaneously generates Treg cells specific for different epitopes. However,
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the aetiology and antigen-specificity o f many o f autoimmune diseases is still unknown,
therefore treatment o f those diseases will be restricted to antigen-non-specific therapy.
The present study

demonstrated

that

immune

cells

induced

by

prophylactic

administration o f F. hepatica TE exert bystander suppression o f immune responses
against unrelated antigens. Two doses o f F. hepatica TE administered in a prophylactic
regimen protected against development o f EAE in mice for more than two weeks after
induction o f EAE. TE directly induced differentiation o f alternatively activated
macrophages, which had enhanced expression o f M2 markers for at least 7 days after the
last administration o f TE. Moreover, the peritoneal cavity cells from TE-treated mice
produced

significantly

less

pro-inflammatory

cytokines

in

response

to

strong

inflammatory stimuli. These results indicate that perhaps immunomodulatory molecules
or antigens present in F. hepatica TE induce a distinct type o f innate immune response,
similar in mechanisms to innate immune tolerance, induced by LPS, but associated rather
with immune regulation. The prolonged antigen-non-specific immune suppression
achieved by prophylactic treatment with helminth-derived immunomodulatory products
might be advantageous compared to the current aggressive immunosuppressive
treatments for MS and other autoimmune diseases.
Probiotic helminth therapies have already been shown to be safe and effective in
treatment o f patients with IBD, whereas recent and ongoing clinical trials will establish
its efficacy in treatment o f MS.

hifection with live helminth parasites appears to

modulate host immune responses in a balanced manner. Although helminth infections
have been associated with diminished responses against bacterial and viral co-infections,
for example B. pertussis, M. tuberculosis or hepatitis C virus (HCV), the impairment o f
protective immune responses does not seem to be life threatening, especially in Western
countries. Interestingly, development o f cancer in people infected with helminths is
postulated to be associated with local inflammation rather than with systemic
immunosuppression induced by chronic infection with worms (357).
In-depth epidemiological data demonstrated that autoimmune diseases, conventionally
considered as separate disorders, tend to co-exist within individual patients. For example,
patients with IBD were found to have increased co-occurrence o f psoriasis, rheumatoid
arthritis and MS (358). Since different autoimmune or chronic inflammatory diseases
have distinct aetiology and pathogenesis, the treatment o f comorbid autoimmune
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disorders existing within a patients by conventional therapies is challenging. Helminthderived products, inducing a broad range o f regulatory mechanisms, could be exploited
in the treatment o f such difficult clinical cases.
The present study demonstrated that prophylactic immunization with MOG and IL-10
induces development o f MOG-specific Trl cells that protect against the development of
EAE for at least 3 weeks after the last immunization. Similarly, prophylactic treatment
o f mice with F. hepatica TE generated long-lasting immune regulation that inhibited
auto-antigen-specific Thl and T hl7 responses and CNS inflammation. These data
provide the foundation for designing not only therapeutic but also prophylactic therapies
for patients susceptible to or with high risk o f developing autoimmune disease. Currently,
autoimmune diseases cannot be predicted by genetic or other type o f diagnostics, mostly
because their exact cause is unknown. Perhaps, in the future diagnostics will become
advanced enough to predict with high probability the risk o f development o f certain
autoimmune diseases. Then, the appropriate prophylactic treatment could be designed
according to the patient’s needs. Identification of particular or combinations of genetic
mutations contributing to the susceptibility to particular autoimmune diseases appears to
be crucial for understanding the aetiology of autoimmune diseases. Combining the
epidemiological

data

and

findings

explaining

the

biological

mechanisms

of

autoimmunity, it might be possible to develop the diagnostic tools for the predicting the
risk of developing autoimmune disease. In the case o f high risk for development of
autoimmune disorder a personalized therapy could be used prophylactically.
To conclude, the findings presented in this thesis contribute to the understanding o f the
regulatory mechanisms that control autoimmunity and have major implications for the
development of novel regulatory-based therapies for autoimmune diseases and also for
other conditions with known immune-based pathology.

187

Chapter 7

B ibliography

CHAPTER?

BIBLIOGRAPHY

1.

Rodriguez RM, Lopez-Vazquez A, Lopez-Larrea C. Immune Systems Evolution.
In: Lopez-Larrea C, editor. Sensing in Nature Springer US; 2012 p. 237-51.

2.

Silverstein AM. Darwinism and immunology: from M etchnikoff to Burnet. Nat
Immunol. 2003 Jan ;4 (l):3 -6 .

3.

Gordon S, Taylor PR. M onocyte and macrophage heterogeneity. Nat Rev
Immunol. 2005 D ec;5(12):953-64.

4.

Lanier LL. Shades o f grey — the blurring view o f innate and adaptive immunity.
Nat Rev Immunol. 2013 Feb 1 ;1 3 (2 ):7 3 ^.

5.

Pham LN, Dionne MS, Shirasu-Hiza M, Schneider DS. A Specific Primed
Immune Response in Drosophila Is Dependent on Phagocytes. PLoS Pathog.
2007 M ar9;3(3):e26.

6.

Roth O, Sadd BM, Schmid-Hempel P, Kurtz J. Strain-specific prim ing o f
resistance in the red flour beetle, Tribolium castaneum. Proc R Soc B Biol Sci.
2009 Jan 7;276{1654):145-51.

7.

Janeway C. Immunobiology five. Garland Pub.; 2001. 764 p.

8.

Litman GW, Cooper MD. W hy study the evolution o f immunity? Nat Immunol.
2007 Jun;8(6):547-8.

9.

Janeway CA. Pillars Article: Approaching the Asymptote? Evolution and
Revolution in Immunology. Cold Spring Harb Symp Quant Biol. 1989. 54: 1-13.
J Immunol. 2013 Nov I;19I(9):4475-87.

10.

Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell.
2010 M ar 19;140(6):805 20.

11.

W aldhauer I, Steinle A. NK cells and cancer immunosurveillance. Oncogene.
2008;27(45):5932-^3.

12.

Bianchi ME. DAM Ps, PAM Ps and alarmins: all we need to know about danger. J
Leukoc Biol. 2007 Jan l;8 1 (l):I-5 .

13.

Kumagai Y, Akira S. Identification and ftinctions o f pattem -recognition
receptors. J Allergy Clin Immunol. 2010 M ay I;125(5):985-92.

14.

Tenor JL, Aballay A. A conserved Toll-like receptor is required for
Caenorhabditis elegans innate immunity. EMBO Rep. 2008 Jan;9(l): 103-9.

15.

Akira S. M ammalian Toll-like receptors. Curr Opin Immunol. 2003 Feb; 15(1 ):5 11.

188

16.

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent
antifungal response in Drosophila adults. Cell. 1996 Sep 20;86(6):973-83.

17.

Medzhitov R, Preston-Hurlburt P, Janeway CA. A human homologue o f the
Drosophila Toll protein signals activation o f adaptive immunity. Nature. 1997 Jul
24;388(6640):394-7.

18.

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective
LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science. 1998 Dec 11;282(5396):2085-8.

19.

Akira S, Hemmi H. Recognition o f pathogen-associated molecular patterns by
TLR family. Immunol Lett. 2003 Jan 22;85(2):85-95.

20.

Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004
Jul;4(7):499-511.

21.

O ’Neill LAJ, Golenbock D, Bowie AG. The history o f Toll-like receptors —
redefining innate immunity. Nat Rev Immunol. 2013 Jun;13(6);453 60.

22.

Akira S, Uematsu S, Takeuchi O. Pathogen Recognition and Innate Immunity.
Cell. 2006 Feb 24;124(4):783-801.

23.

Higgins SC, Mills KHG. TLR, NLR Agonists, and Other Immune M odulators as
Infectious Disease Vaccine Adjuvants. Curr Infect Dis Rep. 2010 Jan 1;12(1):412.

24.

Lee SMY, Kok K-H, Jaume M, Cheung TKW, Yip T-F, Lai JCC, et al. Toll-like
receptor 10 is involved in induction o f innate immune responses to influenza
virus infection. Proc Natl Acad Sci. 2014 M ar 11;111(10):3793 8.

25.

Casanova J-L, Abel L, Quintana-Murci L. Human TLRs and IL -lR s in Host
Defense: Natural Insights from Evolutionary, Epidemiological, and Clinical
Genetics. Annu Rev Immunol. 2 0 1 1;29(1):447-91.

26.

Roach JC, Glusman G, Rowen L, Kaur A, Purcell MK, Smith KD, et al. The
evolution o f vertebrate Toll-like receptors. Proc Natl Acad Sci U S A . 2005 Jul
5;102(27):9577-82.

27.

Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, Hayden MS,
et al. TLRl 1 Activation o f Dendritic Cells by a Protozoan Profilin-Like Protein.
Science. 2005 Jun 10;308(5728): 1626-9.

28.

Andrade WA, Souza M do C, Ramos-M artinez E, Nagpal K, Dutra MS, M elo
MB, et al. Combined Action o f Nucleic Acid-Sensing Toll-like Receptors and
TLR l I/TLR 12 Heterodimers Imparts Resistance to Toxoplasma gondii in Mice.
Cell Host Microbe. 2013 Jan 16;13(l):42-53.

189

29.

Oldenburg M, Kruger A, Ferstl R, Kaufmann A, Nees G, Sigmund A, et al.
TLR13 Recognizes Bacterial 23S rRNA Devoid o f Erythromycin R esistanceForming M odification. Science. 2012 Aug 31;337(6098):1111-5.

30.

Yarovinsky F. Innate immunity to Toxoplasma gondii infection. Nat Rev
Immunol. 2014 Feb; 14(2); 109-21.

31.

M uzio M, Bosisio D, Polentarutti N, amico G D ’, Stoppacciaro A, M ancinelli R,
et al. Differential Expression and Regulation o f Toll-Like Receptors (TLR) in
Human Leukocytes: Selective Expression o f TLR3 in Dendritic Cells. J
Immunol. 2000 Jun 1;164(11):5998-6004.

32.

Steinman RM, Cohn ZA. IDENTIFICATION OF A NOVEL CELL TYPE IN
PERIPHERAL LYM PHOID ORGANS OF MICE. J Exp Med. 1973 May
1;137(5): 1142-62.

33.

Segura E, Amigorena S. Inflammatory dendritic cells in mice and humans.
Trends Immunol. 2013 Jan 9;34(9):440 5.

34.

M erad M, Sathe P, Helft J, Miller J, Mortha A. The Dendritic Cell Lineage:
Ontogeny and Function o f Dendritic Cells and Their Subsets in the Steady State
and the Inflamed Setting. Annu Rev Immunol. 2 0 1 3 ;3 l(l):5 6 3 -6 0 4 .

35.

Banchereau J, Steinman RM. Dendritic cells and the control o f immunity.
Nature. 1998 M ar 19;392(6673):245-52.

36.

Ahmed R., Rouse B. Immunological Memory. Immunological Reviews. 2006.
Vol, 211 5-7.

37.

Sinkora M, Sinkorova J, Holtmeier W. Development o f y6 thymocyte subsets
during prenatal and postnatal ontogeny. Immunology. 2005 Aug 1;115(4):544
55.

38.

W ucherpfennig KW, Gagnon E, Call MJ, Huseby ES, Call ME. Structural
Biology o f the T-cell Receptor: Insights into Receptor Assembly, Ligand
Recognition, and Initiation o f Signaling. Cold Spring Harb Perspect Biol 2010
Apr; 2(4).

39.

Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection o f
the T cell repertoire: what thymocytes see (and don’t see). N at Rev Immunol.
2014 Jun;14(6):377-91.

40.

Xing Y, Hogquist KA. T-Cell Tolerance: Central and Peripheral. Cold Spring
Harb Perspect Biol

41.

M acian F, Im S-H, Garcia-Cozar FJ, Rao A. T-cell anergy. Curr Opin Immunol.
2004 A pr;16(2):209-16.

190

42.

W alsh KP, Mills KHG. Dendritic cells and other innate determinants o f T helper
cell polarisation. Trends Immunol. 2013 N ov;34(l l):521-30.

43.

Barry M, Bleackley RC. Cytotoxic T lymphocytes: all roads lead to death. Nat
Rev Immunol. 2002 Jun;2(6):401-9.

44.

M osmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types
o f murine helper T cell clone. I. Definition according to profiles o f lymphokine
activities and secreted proteins. J Immunol. 1986 Apr l;136(7):2348-57.

45.

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-y: an overview o f
signals, mechanisms and functions. J Leukoc Biol. 2004 Feb 1;75(2): 163-89.

46.

M osser DM. The many faces o f macrophage activation. J Leukoc Biol. 2003 Feb
1;73(2):209-12.

47.

Bevan MJ. Helping the CD8+ T-cell response. Nat Rev Immunol. 2004
Aug;4(8):595-602.

48.

Hibbert L, Pflanz S, De Waal Malefyt R, Kastelein RA. IL-27 and IFN-alpha
signal via Statl and Stat3 and induce T-Bet and IL-12Rbeta2 in naive T cells. J
Interferon Cytokine Res O ff J Int Soc Interferon Cytokine Res. 2003
Sep;23(9):513-22.

49.

Thieu VT, Yu Q, Chang H-C, Yeh N, Nguyen ET, Sehra S, et al. Stat4 is
required for T-bet to promote IL-12-dependent T hl fate determination.
Immunity. 2008 Nov 14;29(5):679-90.

50.

Liao W, Lin J-X, W ang L, Li P, Leonard WJ. Modulation o f cytokine receptors
by IL-2 broadly regulates differentiation into helper T cell lineages. Nat
Immunol. 2011 Jun;12(6):551-9.

51.

Chang JT, Segal BM, Nakanishi K, Okamura H, Shevach EM. The costimulatory
effect o f IL-18 on the induction o f antigen-specific IFN-gamma production by
resting T cells is IL-12 dependent and is mediated by up-regulation o f the IL-12
receptor beta2 subunit. Eur J Immunol. 2000 Apr;30(4); 1113-9.

52.

Batten M, Kljavin NM, Li J, W alter MJ, Sauvage FJ de, Ghilardi N. Cutting
Edge: IL-27 Is a Potent Inducer o f IL-10 but Not FoxP3 in M urine T Cells. J
Immunol. 2008 M ar l;180(5):2752-6.

53.

Rermo T, Krakowski M, Piccirillo C, Lin JY, Owens T. TNF-alpha expression by
resident microglia and infiltrating leukocytes in the central nervous system o f
mice with experimental allergic encephalomyelitis. Regulation by T h l cytokines.
J Immunol Baltim Md 1950. 1995 Jan 15;154(2):944 53.

54.

M urphy AC, Lalor SJ, Lynch MA, M ills KHG. Infiltration o f T hl and T hl 7 cells
and activation o f microglia in the CNS during the course o f experimental
autoimmune encephalomyelitis. Brain Behav Immun. 2010 M ay;24(4):641-51.

191

55.

Krakowski M, Owens T. Interferon-gamma confers resistance to experimental
allergic encephalomyelitis. Eur J Immunol. 1996 Jul;26(7): 1641-6.

56.

Zhang G-X, Gran B, Yu S, Li J, Siglienti I, Chen X, et al. Induction o f
experimental autoimmune encephalomyelitis in IL-12 receptor-beta 2-deficient
mice: lL-12 responsiveness is not required in the pathogenesis o f inflammatory
demyelination in the central nervous system. J Immunol Baltim Md 1950. 2003
Feb 15; 170(4):2153-60.

57.

K om T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and T h l7 Cells. Annu Rev
Immunol. 2009;27(1):485-517.

58.

M aier E, Duschl A, Horejs-Hoeck J. STAT6-dependent and -independent
mechanisms in Th2 polarization. Eur J Immunol. 2012 Nov 1;42(11):2827-33.

59.

Schmitz J, Owyang A, Oldham E, Song Y, M urphy E, M cClanahan TK, et al. IL33, an Interleukin-1-like Cytokine that Signals via the IL-1 Receptor-Related
Protein ST2 and Induces T Helper Type 2-Associated Cytokines. Immunity. 2005
N ov;23(5):479-90.

60.

M aizels RM. Infections and allergy
helminths, hygiene and host immune
regulation. Curr Opin Immunol. 2005 Dec;17(6):656 61.

61.

Neill DR, W ong SH, Bellosi A, Flynn RJ, Daly M, Langford TKA, et al.
Nuocytes represent a new innate effector leukocyte that mediates type-2
immunity. Nature. 2010 Apr 29;464(7293): 1367-70.

62.

Gordon S. Alternative activation o f macrophages. Nat Rev Immunol. 2003
Jan;3(l):23-35.

63.

Goswami R, Jabeen R, Yagi R, Pham D, Zhu J, Goenka S, et al. STAT6dependent regulation o f Th9 development. J Immunol Baltim M d 1950. 2012 Feb
l;188(3):968-75.

64.

Longphre M, Li D, Gallup M, Drori E, Ordonez CL, Redman T, et al. Allergeninduced IL-9 directly stimulates mucin transcription in respiratory epithelial
cells. J Clin Invest. 1999 N ov;104(10);1375-82.

65.

Stockinger B, Veldhoen M. Differentiation and fiinction o f T h l7 T cells. Curr
Opin Immunol. 2007 Jun;19(3);281-6.

66.

Das J, Ren G, Zhang L, Roberts Al, Zhao X, Bothwell ALM, et al. Transformi'ng
growth factor P is dispensable for the molecular orchestration o f T h l7 cell
differentiation. J Exp Med. 2009 Oct 26;206(11):2407-16.

67.

Chung Y, Chang SH, M artinez GJ, Yang XO, Nurieva R, Kang HS, et al. Critical
Regulation o f Early T h l7 Cell Differentiation by Interleukin-1 Signaling.
Immunity. 2009 Apr 17;30(4):576-87.

192

68.

Curtis MM, W ay SS. Interleukin-17 in host defence against bacterial,
mycobacterial and fungal pathogens. Immunology. 2009 Feb; 126(2): 177-85.

69.

Fuel A, Cypowyj S, Marodi L, Abel L, Picard C, Casanova J-L. Inborn errors o f
human IL-17 immunity underlie chronic mucocutaneous candidiasis. Curr Opin
Allergy Clin Immunol. 2012 Dec; 12(6):616-22.

70.

Ross PJ, Sutton CE, Higgins S, Allen AC, W alsh K, M isiak A, et al. Relative
Contribution o f T hl and T h l7 Cells in Adaptive Immunity to Bordetella
pertussis: Towards the Rational Design o f an Improved Acellular Pertussis
Vaccine. PLoS Pathog. 2013 Apr 4;9(4):el003264.

71.

Donnelly RP, Sheikh F, Dickensheets H, Savan R, Young HA, W alter MR.
Interleukin-26; an IL-lO-related cytokine produced by T h l7 cells. Cytokine
Growth Factor Rev. 2010 0 ct;2 1 (5 ):3 9 3 ^ 0 1 .

72.

Corvaisier M, Delneste Y, Jeanvoine H, Preisser L, Blanchard S, Garo E, et al.
IL-26 Is Overexpressed in Rheumatoid Arthritis and Induces Proinflammatory
Cytokine Production and T h l7 Cell Generation. PLoS Biol. 2012 Sep
25;I0(9):el001395.

73.

Gonzalez-Amaro R, Portales-Perez DP, Baranda L, M oncada B, Toro C, LopezBriones S, et al. Co-stimulatory signals increase the reactivity o f gammadelta T
cells towards mycobacterial antigens. Clin Exp Immunol. 2000 Jun;120(3):46875.

74.

Lockhart E, Green AM, Flynn JL. IL-17 production is dominated by gammadelta
T cells rather than CD4 T cells during M ycobacterium tuberculosis infection. J
Immunol Baltim Md 1950. 2006 Oct l;177(7):4662-9.

75.

Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KHG.
Interleukin-1 and IL-23 Induce Innate IL-17 Production from y5 T Cells,
Amplifying Th 17 Responses and Autoimmunity. Immunity. 2009 Aug
21;31 (2 ):3 3 1 ^1 .

76.

Spahn TW, Issazadah S, Salvin AJ, W einer HL. Decreased severity o f myelin
oligodendrocyte glycoprotein peptide 33 -3 5 -in d u ced experimental autoimmune
encephalomyelitis in mice with a disrupted TCR 5 chain gene. Eur J Immunol.
1999 Dec 1;29(12):4060-71.

77.

W ohler JE, Smith SS, Zinn KR, Bullard DC, Bam um SR. y5 T cells in EAE:
Early trafficking events and cytokine requirements. Eur J Immunol. 2009 Jun
1;39(6): 1516-26.

78.

79.

193

Gershon RK, Kondo K. Cell interactions in the induction o f tolerance: the role o f
thymic lymphocytes. Immunology. 1970 M ay;18(5):723-37.
Nishizuka Y, Sakakura T. Thymus and reproduction: sex-linked dysgenesia o f
the gonad after neonatal thymectomy in mice. Science. 1969 Nov

7;166(3906):753-5.
80.

Sakakura T, N ishizuka Y. Thymic control mechanism in ovarian development:
reconstitution o f ovarian dysgenesis in thym ectom ized mice by replacement with
thymic and other lymphoid tissues. Endocrinology. 1972 Feb;90(2):431-7.

81.

Kojima A, Sakakura T, Tanaka Y, Nishizuka Y. Sterility in neonatally
thymectomized female mice: its nature and prevention by the injection o f spleen
cells. Biol Reprod. 1973 A pr;8(3):358-61.

82.

Kojima A, Prehn RT. Genetic susceptibility to post-thym ectom y autoimmune
diseases in mice. Immunogenetics. 1981 ;14( 1-2): 15-27.

83.

Sakaguchi S, Takahashi T, N ishizuka Y. Study on cellular events in post
thymectomy autoimmune oophoritis in mice. II. Requirement o f Lyt-1 cells in
normal female mice for the prevention o f oophoritis. J Exp Med. 1982 Dec
I;156(6): 1577-86.

84.

Penhale WJ, Irvine WJ, Inglis JR, Farmer A. Thyroiditis in T cell-depleted rats:
suppression o f the autoallergic response by reconstitution with normal lymphoid
cells. Clin Exp Immunol. 1976 Jul;25(l):6 16.

85.

Sakaguchi S, Fukuma K, Kuribayashi K, M asuda T. Organ-specific autoimmune
diseases induced in mice by elimination o f T cell subset. I. Evidence for the
active participation o f T cells in natural self-tolerance; deficit o f a T cell subset as
a possible cause o f autoimmune disease. J Exp Med. 1985 Jan l;161(I):72-87.

86.

Powrie F, M ason D. OX-22high CD4+ T cells induce wasting disease with
multiple organ pathology: prevention by the OX-221ow subset. J Exp Med. 1990
Dec l;172(6):1701-8.

87.

Bloom BR, Salgame P, Diamond B. Revisiting and revising suppressor T cells.
Immunol Today. 1992;13(4):131-6.

88.

Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self
tolerance m aintained by activated T cells expressing IL-2 receptor alpha-chains
(CD25). Breakdown o f a single mechanism o f self-tolerance causes various
autoimmune diseases. J Immunol. 1995 Aug 1;155(3):I15I 64.

89.

Asano M, Toda M, Sakaguchi N, Sakaguchi S. Autoim mune disease as a
consequence o f developmental abnormality o f a T cell subpopulation. J Exp
Med. 1996 Aug l;184(2):387-96.

90.

Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu J, Otsuka F, et al.
Thymus and Autoimmunity: Production o f CD25+CD4+ N aturally Anergic and
Suppressive T Cells as a Key Function o f the Thymus in M aintaining
Immunologic Self-Tolerance. J Immunol. 1999 M ay l;I6 2(9):5317-26.

91.

Almeida ARM, Legrand N, Papiemik M, Freitas AA. Homeostasis o f Peripheral
CD4+ T Cells: IL-2Ra and IL-2 Shape a Population o f Regulatory Cells That
194

Controls CD4+ T Cell Numbers. J Immunol. 2002 Nov l;169(9):4850-60.
92.

Willerford DM, Chen J, Ferry JA, Davidson L, Ma A, Alt FW. Interleukin-2
receptor a chain regulates the size and content of the peripheral lymphoid
compartment. Immunity. 1995 0ct;3(4);521-30.

93.

Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 Regulatory T Cells Prevent
Lethal Autoimmunity in IL-2Rp-Deficient Mice: Implications for the
Nonredundant Function o f IL-2. Immunity. 2002 Aug; 17(2): 167-78.

94.

Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko S-A, et al.
Disruption o f a new forkhead/winged-helix protein, scurfm, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat Genet. 2001 Jan
l;27(l):68-73.

95.

Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova J-L, Buist N, et al. Xlinked neonatal diabetes mellitus, enteropathy and endocrinopathy syndrome is
the human equivalent of mouse scurfy. Nat Genet. 2001 Jan 1;27(1): 18-20.

96.

Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, et
al. The immune dysregulation, polyendocrinopathy, enteropathy, X-1 inked
syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet. 2001 Jan
1;27(1):20 1.

97.

Hori S, Nomura T, Sakaguchi S. Control of Regulatory T Cell Development by
the Transcription Factor Foxp3. Science. 2003 Feb 14;299(5609);1057 61.

98.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and
fiinction of CD4+CD25+ regulatory T cells. Nat Immunol. 2003 Apr 1;4(4);3306.

99.

KJiattri R, Cox T, Yasayko S-A, Ramsdell F. An essential role for Scurfm in
CD4+CD25+ T regulatory cells. Nat Immunol. 2003 Apr 1;4(4):337^2.

100. Wan YY, Flavell RA. Regulatory T-cell functions are subverted and converted
owing to attenuated Foxp3 expression. Nature. 2007 Feb 15;445(7129):766-70.
101. Williams LM, Rudensky AY. Maintenance of the Foxp3-dependent
developmental program in mature regulatory T cells requires continued
expression o f Foxp3. Nat Immunol. 2007;8(3):277-84.
102. Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman MA, et
al. Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist
self-peptide. Nat Immunol. 2001 Apr;2(4):301-6.
103. Kawahata K, Misaki Y, Yamauchi M, Tsunekawa S, Setoguchi K, Miyazaki J, et
al. Generation of CD4+CD25+ Regulatory T Cells from Autoreactive T Cells
Simultaneously with Their Negative Selection in the Thymus and from
Nonautoreactive T Cells by Endogenous TCR Expression. J Immunol. 2002 May

195

l;168(9):4399-405.
104.

Van Santen H-M, Benoist C, M athis D. N um ber o f T Reg Cells That
Differentiate Does Not Increase upon Encounter o f Agonist Ligand on Thymic
Epithelial Cells. J Exp Med. 2004 Nov 15;200(10):1221-30.

105.

Gavin MA, Rasmussen JP, Fontenot JD, Vasta V, M anganiello VC, Beavo JA, at
al. Foxp3-dependent programm e o f regulatory T-cell differentiation. Nature.
2007 Feb 15;445(7129):771-5.

106.

Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, et al.
B7/CD28 Costimulation Is Essential for the Homeostasis o f the CD4+CD25+
Immunoregulatory T Cells that Control Autoimmune Diabetes. Immunity. 2000
Apr 1;12(4):431^0.

107.

Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, et al.
Immunologic self-tolerance maintained by CD25+CD4+ naturally anergic and
suppressive T cells: induction o f autoimmune disease by breaking their
anergic/suppressive state. Int Immunol. 1998 Dec 1;10(12):1969 80.

108.

Boyman O, Sprent J. The role o f interleukin-2 during homeostasis and activation
o f the immune system. Nat Rev Immunol. 2012 M ar 1;12(3):180 90.

109.

Immunopathology o f interleukin (IL) 2-deficient mice; thymus dependence and
suppression by thymus-dependent cells with an intact IL-2 gene. J Exp Med.
1995 Dec 1; 182(6): 1769-76.

110.

La Rosa M de, Rutz S, Dom inger H, Scheffold A. Interleukin-2 is essential for
CD4+CD25+ regulatory T cell fiinction. Eur J Immunol. 2004;34(9):2480-8.

111.

Chen W, Jin W, Hardegen N, Lei K, Li L, M arinos N, et al. Conversion o f
Peripheral C D 4+C D 25- Naive T Cells to CD4+CD25+ Regulatory T Cells by
TGF-P Induction o f Transcription Factor Foxp3. J Exp Med. 2003 Dec
15;198(12):I875 86.

112.

Peng Y, Laouar Y, Li MO, Green EA, Flavell RA. TGF-P regulates in vivo
expansion o f Foxp3-expressing CD4+CD25+ regulatory T cells responsible for
protection against diabetes. Proc Natl Acad Sci U S A . 2004 Mar
30;101(13):4572-7.

113.

Chen Q, Kim YC, Laurence A, Punkosdy GA, Shevach EM. IL-2 Controls the
Stability o f Foxp3 Expression in TGF-P^Induced Foxp3+ T Cells In Vivo. J
Immunol. 2011 Jun I;186(l l):6329-37.

114.

Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic acid
mediates enhanced T reg cell growth, differentiation, and gut homing in the face
o f high levels o f co-stimulation. J Exp Med. 2007 Aug 6;204(8): 1765-74.

115.

Sun C-M, Hall JA, Blank RB, Bouladoux N, Oukka M, M ora JR, et al. Small
intestine lamina propria dendritic cells promote de novo generation o f Foxp3 T
196

reg cells via retinoic acid. J Exp Med. 2007 Aug 6;204(8): 1775-85.
116.

Roncarolo MG, Yssel H, Touraine JL, Betuel H, Vries JED, Spits H.
Autoreactive T cell clones specific for class I and class II HLA antigens isolated
from a human chimera. J Exp Med. 1988 May 1;167(5): 1523-34.

117.

Groux H, O ’Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, et al. A
CD4+T-cell subset inhibits antigen-specific T-cell responses and prevents colitis.
Nature. 1997 Oct 16;389(6652);737^2.

118.

Bacchetta R, Sartirana C, Levings MK, Bordignon C, Narula S, Roncarolo M-G.
Growth and expansion o f human T regulatory type 1 cells are independent from
TCR activation but require exogenous cytokines. Eur J Immunol. 2002 Aug
1;32(8):2237^5.

119.

Battaglia M, Stabilini A, Draghici E, Gregori S, Mocchetti C, Bonifacio E, et al.
Rapamycin and interleukin-10 treatment induces T regulatory type 1 cells that
mediate antigen-specific transplantation tolerance. Diabetes. 2006 Jan ;5 5 (l):4 0 9.

120.

Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, et al. In
Vitro Generation o f Interleukin 10 producing Regulatory CD4+ T Cells Is
Induced by Immunosuppressive Drugs and Inhibited by T Helper Type 1 (T h l)
and Th2-inducing Cytokines. J Exp Med. 2002 M ar 4; 195(5):603 16.

121.

Boussiotis VA, Tsai EY, Yunis EJ, Thim S, Delgado JC, Dascher CC, et al. IL10-producing T cells suppress immune responses in anergic tuberculosis patients.
J Clin Invest. 2000 May; 105(9): 1317-25.

122.

McGuirk P, McCann C, Mills KHG. Pathogen-specific T regulatory 1 cells
induced in the respiratory tract by a bacterial molecule that stimulates interleukin
10 production by dendritic cells: a novel strategy for evasion o f protective T
helper type 1 responses by Bordetella pertussis. J Exp Med. 2002 Jan
21;195(2):221-31.

123.

Plebanski M, Flanagan KL, Lee EAM, Reece WHH, Hart K, Gelder C, et al.
Interleukin 10-M ediated Immunosuppression by a Variant CD4 T Cell Epitope
o f Plasmodium falciparum. Immunity. 1999 Jun l;10(6):651-60.

124.

Chen Y, Kuchroo VK, Inobe J, Hafler DA, W einer HL. Regulatory T cell clones
induced by oral tolerance: suppression o f autoimmune encephalomyelitis.
Science. 1994 Aug 26;265(5176): 1237 40.

125.

Carrier Y, Yuan J, Kuchroo VK, W einer HL. Th3 Cells in Peripheral Tolerance.
I. Induction o f Foxp3-Positive Regulatory T Cells by Th3 Cells Derived from
TGF-p T Cell-Transgenic Mice. J Immunol. 2007 Jan l;1 7 8 (l):1 7 9 -8 5 .

126.

Tai X, Van Laethem F, Pobezinsky L, Guinter T, Sharrow SO, Adams A, et al.
Basis o f CTLA-4 function in regulatory and conventional CD4(+) T cells. Blood.

197

2012 M ay31;119(22):5155-63.
127.

Sojka DK, Huang Y-H, Fowell DJ. M echanisms o f regulatory T-cell suppression
- a diverse arsenal for a moving target. Immunology. 2008 M ay;124(l); 13 22.

128.

Zhang HY, Yan KX, Huang Q, M a Y, Fang X, Han L. Target tissue ectoenzyme
CD39/CD73-expressing Foxp3(+) regulatory T cells in patients with psoriasis.
Clin Exp Dermatol. 2014 Oct 4;

129.

Gondek DC, Lu L-F, Quezada SA, Sakaguchi S, Noelle RJ. Cutting Edge:
Contact-M ediated Suppression by CD4+CD25+ Regulatory Cells Involves a
Granzyme B-Dependent, Perforin-Independent Mechanism. J Immunol. 2005
Feb 15; 174(4): 1783-6.

130.

Collison LW, W orkman CJ, Kuo TT, Boyd K, W ang Y, Vignali KM, et al. The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature. 2007
Nov 22;450(7169):566 9.

131.

Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T
cells: how do they suppress immune responses? Int Immunol. 2009 Oct
1;21(10):1105-11.

132.

Heo Y-J, Joo Y-B, Oh H-J, Park M-K, Heo Y-M, Cho M-L, et al. IL -10
suppresses T h l7 cells and promotes regulatory T cells in the CD4+ T cell
population o f rheumatoid arthritis patients. Immunol Lett. 2010 Jan
4; 127(2): 150-6.

133.

Emmerich J, Mumm JB, Chan IH, LaFace D, Truong H, M cClanahan T, et al.
lL-10 directly activates and expands tum or-resident CD8(+) T cells without de
novo infiltration from secondary lymphoid organs. Cancer Res. 2012 Jul
15;72(14):3570-81.

134.

Kulkam i AB, Karlsson S. Transforming growth factor-beta 1 knockout mice. A
mutation in one cytokine gene causes a dramatic inflammatory disease. Am J
Pathol. 1993 Jul;143(l):3-9.

135.

Chen M-L, Yan B-S, Bando Y, Kuchroo VK, W einer HL. Latency-Associated
Peptide Identifies a Novel CD4+CD25+ Regulatory T Cell Subset with TGFpM ediated Function and Enhanced Suppression o f Experimental Autoimmune
Encephalomyelitis. J Immunol. 2008 Jun 1;180(11):7327-37.

136.

Jin B, Sun T, Yu X-H, Yang Y-X, Yeo AET. The Effects o f TLR Activation on
T-Cell Development and Differentiation. J Immunol Res. 2012 Jun
7;20I2:e836485.

137.

Rahman AH, Taylor DK, Turka LA. The contribution o f direct TLR signaling to
T cell responses. Immunol Res. 2009;45(l):25-36.

138.

Tom ita T, Kanai T, Fujii T, Nemoto Y, Okamoto R, Tsuchiya K, et al. M yD88Dependent Pathway in T Cells Directly M odulates the Expansion o f Colitogenic
198

CD4+ T Cells in Chronic Colitis. J Immunol. 2008 Apr 15;180(8):5291-9.
139.

Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY. TLR2 is expressed on
activated T cells as a costimulatory receptor. Proc Natl Acad Sci U S A . 2004
M ar2;101(9):3029-34.

140.

Caron G, Duluc D, Fremaux I, Jeannin P, David C, Gascan H, et al. Direct
stimulation o f human T cells via TLR5 and TLR7/8: flagellin and R-848 upregulate proliferation and IFN-gamma production by memory CD4+ T cells. J
Immunol Baltim Md 1950. 2005 Aug 1;175(3): 1551-7.

141.

Imanishi T, Hara H, Suzuki S, Suzuki N, Akira S, Saito T. Cutting edge: TLR2
directly triggers T hl effector functions. J Immunol Baltim Md 1950. 2007 Jun
l;1 7 8 (ll):6 7 1 5 -9 .

142.

Reynolds JM, Pappu BP, Peng J, M artinez GJ, Zhang Y, Chung Y, et al. Toll
like receptor 2 signaling in CD4(+) T lymphocytes promotes T helper 17
responses and regulates the pathogenesis o f autoimmune disease. Immunity.
2010 M ay 28;32(5):692-702.

143.

Netea MG, Sutmuller R, Hermann C, Van der G raaf CAA, Van der M eer JWM,
van Krieken JH, et al. Toll-like receptor 2 suppresses immunity against Candida
albicans through induction o f IL-10 and regulatory T cells. J Immunol Baltim Md
1950. 2004 M ar 15;172(6):3712-8.

144.

Sutmuller RPM, Brok MHM GM den, Kramer M, Bennink EJ, Toonen LWJ,
Kullberg B-J, et al. Toll-like receptor 2 controls expansion and function o f
regulatory T cells. J Clin Invest. 2006 Feb 1;116(2):485 94.

145.

Caramalho 1, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, Demengeot J.
Regulatory T Cells Selectively Express Toll-like Receptors and Are Activated by
Lipopolysaccharide. J Exp Med. 2003 Feb 17;197(4):403 11.

146.

Forward NA, Furlong SJ, Yang Y, Lin T-J, Hoskin DW. Signaling through TLR7
enhances the immunosuppressive activity o f murine CD4+CD25+ T regulatory
cells. J Leukoc Biol. 2010 Jan ;8 7 (l):l 17-25.

147.

Li MO, Wan YY, Flavell RA. T Cell-Produced Transforming Growth Factor-(31
Controls T Cell Tolerance and Regulates T hl - and T hl 7-Cell Differentiation.
Immunity. 2007 M ay 25;26(5):579-91.

148.

Gratz IK, Truong H-A, Yang SH-Y, M aurano MM, Lee K, Abbas AK, et al.
Cutting Edge: M emory Regulatory T Cells Require IL-7 and Not IL-2 for Their
M aintenance in Peripheral Tissues. J Immunol. 2013 M ay l;190(9):4483-7.

149.

G raef P, Buchholz VR, Stemberger C, Flossdorf M, Henkel L, Schiemann M, et
al. Serial transfer o f single-cell-derived immunocompetence reveals stemness o f
CD8(+) central memory T cells. Immunity. 2014 Jul 17;41(1):116-26.

199

150.

Schluns KS, Lefranfois L. Cytokine control o f memory T-cell development and
survival. Nat Rev Immunol. 2003 A pr;3(4):269-79.

151.

Burnet F. A modification o f Jem e’s theory o f antibody production using the
concept o f clonal selection. Aust J Sc; 1957.

152.

Lohse AW, Dinkelmann M, Kimmig M, Herkel J, M eyer zum Biischenfelde KH.
Estimation o f the frequency o f self-reactive T cells in health and inflammatory
diseases by limiting dilution analysis and single cell cloning. J Autoimmun. 1996
O ct;9(5);667-75.

153.

Farris AD, Keech CL, Gordon TP, M cCluskey* J. Epitope mimics and
determinant spreading: pathways to autoimmunity. Cell Mol Life Sci CMLS.
2000 Apr l;57(4):569-78.

154.

Agmon-Levin N, Theodor E, Segal RM, Shoenfeld Y. Vitamin D in systemic and
organ-specific autoimmune diseases. Clin Rev Allergy Immunol. 2013
Oct;45(2):256 66.

155.

Rioux JD, Abbas AK. Paths to understanding the genetic basis o f autoimmune
disease. Nature. 2005 Jun 2;435(7042):584-9.

156.

Long SA, Buckner JH. CD4+FOXP3+ T regulatory cells in human
autoimmunity: more than a numbers game. J Immunol Baltim Md 1950. 2011
Sep 1;187(5):2061 6.

157.

Ozen S, Bilginer Y. A clinical guide to autoinfiam matory diseases: familial
Mediterranean fever and next-of-kin. Nat Rev Rheumatol. 2013 Nov
19;10(3):135^7.

158.

Cao D, van Vollenhoven R, Klareskog L, Trollmo C, M almstrom V.
CD25brightCD4+ regulatory T cells are enriched in inflamed joints o f patients
with chronic rheumatic disease. Arthritis Res Ther. 2 0 0 4;6(4):R 335^6.

159.

Liu M-F, W ang C-R, Fung L-L, Wu C-R. Decreased CD4+CD25+ T cells in
peripheral blood o f patients with systemic lupus erythematosus. Scand J
Immunol. 2004 Feb;59(2): 198-202.

160.

Longhi MS, M a Y, Bogdanos DP, Cheeseman P, M ieli-Vergani G, Vergani D.
Impairment o f CD4(+)CD25(+) regulatory T-cells in autoimmune liver disease. J
Hepatol. 2004 Ju l;4 1 (l):3 1-7.

161.

Viglietta V, Baecher-Allan C, W einer HL, Hafler DA. Loss o f Functional
Suppression by CD4+CD25+ Regulatory T Cells in Patients with Multiple
Sclerosis. J Exp Med. 2004 Apr 5;199(7):971-9.

162.

Putheti P, Pettersson A, Soderstrom M, Link H, Huang YM. Circulating
CD4+CD25+ T regulatory cells are not altered in multiple sclerosis and
unaffected by disease-modulating drugs. J Clin Immunol. 2004 M ar;24(2):155-

200

61.

163.

Morgan ME, Sutmuller RPM, Witteveen HJ, van Duivenvoorde LM, Zanelli E,
M elief CJM, et al. CD25+ cell depletion hastens the onset o f severe disease in
collagen-induced arthritis. Arthritis Rheum. 2003 M ay 1;48(5): 1452-60.

164.

Jaeckel E, Boehmer H von, Manns MP. Antigen-Specific FoxP3-Transduced TCells Can Control Established Type 1. Diabetes. 2005 Feb 1;54(2):306-10.

165.

Jeon SG, Kayama H, Ueda Y, Takahashi T, Asahara T, Tsuji H, et al. Probiotic
Bifidobacterium breve induces IL-lO-producing T rl cells in the colon. PLoS
Pathog. 2012;8(5):el002714.

166.

W ildbaum G, Netzer N, Karin N. Trl cell-dependent active tolerance blunts the
pathogenic effects o f determinant spreading. J Clin Invest. 2002 Sep;l 10(5):70110.

167.

Veldman CM, Gebhard KL, Uter W, W assmuth R, Grotzinger J, Schultz E, et al.
T cell recognition o f desmoglein 3 peptides in patients with pemphigus vulgaris
and healthy individuals. J Immunol Baltim Md 1950. 2004 Mar 15;172(6):388392.

168.

Astier AL, Hafler DA. Abnormal T rl differentiation in multiple sclerosis. J
Neuroimmunol. 2007 N ov;191(l-2);70 8.

169.

Martinez-Forero I, Garcia-M unoz R, Martinez-Pasamar S, Inoges S, Lopez-Diaz
de Cerio A, Palacios R, et al. lL-10 suppressor activity and ex vivo T rl cell
function are impaired in multiple sclerosis. Eur J Immunol. 2008 Feb
l;38(2):576-86.

170.

Astier AL, Meiffren G, Freeman S, Hafler DA. Alterations in CD46-mediated
Trl regulatory T cells in patients with multiple sclerosis. J Clin Invest. 2006 Dec
l;116(12);3252-7.

171.

W einer HL. Oral tolerance: immune mechanisms and the generation o f Th3-type
TGF-beta-secreting regulatory cells. M icrobes Infect. 2001 Sep;3(l l):947-54.

172.

Fukaura H, Kent SC, Pietrusewicz MJ, Khoury SJ, W einer HL, Hafler DA.
Induction o f circulating myelin basic protein and proteolipid protein-specific
transforming growth factor-betal-secreting Th3 T cells by oral administration o f
myelin in multiple sclerosis patients. J Clin Invest. 1996 Jul 1;98(1);70 7.

173.

Riley JL, June CH, Blazar BR. Human T Regulatory Cells as Therapeutic
Agents: Take a Billion or So o f These and Call Me in the Morning. Immunity.
2009 M ay;30(5):656-65.

174.

Godfrey WR, Ge YG, Spoden DJ, Levine BL, June CH, Blazar BR, et al. In
vitro-expanded human CD4(+)CD25(+) T-regulatory cells can markedly inhibit
allogeneic dendritic cell-stimulated MLR cultures. Blood. 2004 Jul

201

15;104(2):453-61.
175.

Roncarolo M-G, Battaglia M. Regulatory T-cell immunotherapy for tolerance to
self antigens and alloantigens in humans. Nat Rev Immunol. 2007 A ug;7(8):58598.

176.

Tran DQ, Ramsey H, Shevach EM. Induction o f FOXP3 expression in naive
human CD4+FOXP3 T cells by T-cell receptor stimulation is transforming
growth factor-beta dependent but does not confer a regulatory phenotype. Blood.
2007 Oct 15;110(8):2983 90.

177.

Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, et al.
A ctivation-induced FOXP3 in human T effector cells does not suppress
proliferation or cytokine production. Int Immunol. 2007 Apr;19(4):345-54.

178.

Gavin MA, Torgerson TR, Houston E, DeRoos P, Ho WY, Stray-Pedersen A, et
al. Single-cell analysis o f normal and FOXP3-mutant human T cells; F0X P3
expression without regulatory T cell development. Proc Natl Acad Sci U S A .
2006 Apr 25;103(17):6659~-64.

179.

Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani CF, et al.
Differentiation o f type 1 T regulatory cells (T rl) by tolerogenic D C -10 requires
the IL-10-dependent ILT4/HLA-G pathway. Blood. 2010 Aug 12;116(6):935 -44.

180.

Desreumaux P, Foussat A, Allez M, Beaugerie L, Hebuteme X, Bouhnik Y, et al.
Safety and efficacy o f antigen-specific regulatory T-cell therapy for patients with
refractory Crohn’s disease. Gastroenterology. 2012 Nov;143(5): 1207-17.e l 2.

181.

Strachan DP. Hay fever, hygiene, and household size. BMJ. 1989 Nov
18;299(6710): 1259-60.

182.

Folkerts G, Walzl G, Openshaw PJM. Do common childhood infections “teach”
the immune system not to be allergic? Immunol Today. 2000 M ar 1;21(3):11820 .

183.

Van den Biggelaar AH, van Ree R, Rodrigues LC, Lell B, Deelder AM,
Kremsner PG, et al. Decreased atopy in children infected with Schistosoma
haematobium: a role for parasite-induced interleukin-10. The Lancet. 2000 Nov
18;356(9243):1723-7.

184.

Rook GAW. Hygiene Hypothesis and Autoim mune Diseases. Clin Rev Allergy
Immunol. 2012 Feb 1;42(1):5-15.

185.

Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, Parasites, and the Hygiene
Hypothesis. Science. 2002 Apr 19;296(5567):490^.

186.

Rook G a. W, Adams V, Hunt J, Palm er R, M artinelli R, Brunet LR.
M ycobacteria and other environmental organisms as immunomodulators for
immunoregulatory disorders. Springer Semin Immunopathol. 2004 Feb 1;25(3-

202

4):237-55.
187.

Correale J, Farez M. Association between parasite infection and immune
responses in multiple sclerosis. Ann Neurol. 2007;61(2);97-108.

188.

Fleming JO, Isaak A, Lee JE, Luzzio CC, Carrithers MD, Cook TD, et al.
Probiotic helminth administration in relapsing-remitting multiple sclerosis: a
phase 1 study. M ult Scler Houndmills Basingstoke Engl. 2011 Jun;17(6):743-54.

189.

M artin R, M cFarland HF, M cFarlin DE. Immunological Aspects o f
Demyelinating Diseases. Annu Rev Immunol. 1992; 10(1): 153-87.

190.

Rosati G. The prevalence o f multiple sclerosis in the world: an update. Neurol
Sci O ff J Ital Neurol Soc Ital Soc Clin Neurophysiol. 2001 Apr;22(2):l 17-39.

191.

Loma 1, Heyman R. Multiple sclerosis; pathogenesis and treatment. Curr
Neuropharmacol. 2011 Sep;9(3):409-16.

192.

Goldenberg MM. M ultiple Sclerosis Review. Pharm Ther. 2012 Mar;37(3): 17584.

193.

Steinman MD, Lawrence. M ultiple Sclerosis: A Coordinated Immunological
Attack against Myelin in the Central Nervous System. Cell. 1996 May
3;85(3):299-302.

194.

Lee Y, Awasthi A, Y osef N, Quintana FJ, Xiao S, Peters A, et al. Induction and
molecular signature o f pathogenic TH17 cells. Nat Immunol. 2012
0ct;13(10):991 9.

195.

Rivers TM, Schwentker FF. ENCEPHALOM YELITIS ACCOM PANIED BY
MYELIN DESTRUCTION EXPERIM ENTALLY PRODUCED IN MONKEYS.
J Exp Med. 1935 Apr 30;61(5):689 702.

196.

Schwentker FF, Rivers TM. THE ANTIBODY RESPONSE OF RABBITS TO
INJECTIONS OF EM ULSIONS AND EXTRACTS OF HOMOLOGOUS
BRAIN. J Exp Med. 1934 Oct 31;60(5):559-74.

197.

Paterson PY, Drobish DG, Massanari MR. Experimental Allergic
Encephalomyelitis in Hamsters. Exp Biol Med. 1974 Jan 1; 145(1): 161-7.

198.

Constantinescu CS, Farooqi N, O ’Brien K, Gran B. Experimental autoimmune
encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br J Pharmacol.
2011;164(4):1079-106.

199.

Stromnes IM, Goverman JM. Active induction o f experimental allergic
encephalomyelitis. Nat Protoc. 2006 N ov;l(4):1810-9.

200 .

Stromnes IM, Goverman JM. Passive induction o f experimental allergic
encephalomyelitis. Nat Protoc. 2006 Nov; 1(4): 1952-60.

203

201.

Jager A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK. T h l, T h l7 and Th9
effector cells induce experimental autoimmune encephalomyelitis with different
pathological phenotypes. J Immunol Baltim M d 1950. 2009 Dec
l;1 8 3 (ll):7 1 6 9 -7 7 .

202.

Gran B, Zhang G-X, Yu S, Li J, Chen X-H, Ventura ES, et al. IL-12p35-deficient
mice are susceptible to experimental autoimmune encephalomyelitis: evidence
for redundancy in the IL-12 system in the induction o f central nervous system
autoimmune demyelination. J Immunol Baltim Md 1950. 2002 Dec
15;169(12):7104-10.

203.

Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, et al.
lnterleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune
inflammation o f the brain. Nature. 2003 Feb 13;421(6924):744 8.

204.

Langrish CL, Chen Y, Blumenschein WM, M attson J, Basham B, Sedgwick JD,
et al. IL-23 drives a pathogenic T cell population that induces autoimmune
inflammation. J Exp Med. 2005 Jan 17;201(2):233^0.

205.

Panitch HS, Bever CT. Clinical trials o f interferons in multiple sclerosis. What
have we learned? J Neuroimmunol. 1993 Jul;46( 1-2): 155-64.

206.

Niemela J, Ifergan I, Yegutkin GG, Jalkanen S, Prat A, Airas L. IFN-beta
regulates CD73 and adenosine expression at the blood-brain barrier. Eur J
Immunol. 2008 0 ct;3 8 (1 0 ):2 7 18-26.

207.

Sweeney CM, Lonergan R, Basdeo SA, Kinsella K, Dungan LS, Higgins SC, et
al. IL-27 mediates the response to IFN-p therapy in multiple sclerosis patients by
inhibiting T h l7 cells. Brain Behav Immun. 2011 A ug;25(6):l 170 81.

208.

Fridkis-Hareli M, Teitelbaum D, Gurevich E, Pecht 1, Brautbar C, Kwon OJ, et
al. Direct binding o f myelin basic protein and synthetic copolymer 1 to class II
major histocompatibility complex molecules on living antigen-presenting cells—
specificity and promiscuity. Proc Natl Acad Sci U S A . 1994 May
2 4 ;9 1 (ll):4 8 7 2 -6 .

209.

Aharoni R, Teitelbaum D, Sela M, A m on R. Copolym er 1 induces T cells o f the
T helper type 2 that crossreact with myelin basic protein and suppress
experimental autoimmune encephalomyelitis. Proc Natl Acad Sci U S A . 1997
Sep 30;94(20):I082I-6.

210.

Aharoni R, Teitelbaum D, Leitner O, M eshorer A, Sela M, Am on R. Specific
Th2 cells accumulate in the central nervous system o f mice protected against
experimental autoimmune encephalomyelitis by copolymer 1. Proc Natl Acad Sci
U S A . 2000 Oct 10;97(21):11472-7.

211.

Neuhaus O, Farina C, Yassouridis A, Wiendl H, Then Bergh F, Dose T, et al.
Multiple sclerosis: comparison o f copolym er-1- reactive T cell lines from treated
and untreated subjects reveals cytokine shift from T helper 1 to T helper 2 cells.

204

Proc Natl Acad Sci U S A . 2000 Jun 20;97(13):7452-7.
212.

Hong J, Li N, Zhang X, Zheng B, Zhang JZ. Induction o f CD4+CD25+
regulatory T cells by copolymer-I through activation o f transcription factor
Foxp3. Proc Natl Acad Sci U S A . 2005 May 3;102(18);6449-54.

213.

Polman CH, O ’Connor PW, Havrdova E, Hutchinson M, Kappos L, M iller DH,
et al. A randomized, placebo-controlled trial o f natalizumab for relapsing
multiple sclerosis. N Engl J Med. 2006 M ar 2;354(9);899-910.

214.

Evaluation Effects o f Treatment With IL-6R Inhibitor on Clinical Response and
Biomarkers in Patients W ith Rheumatoid Arthritis (RA) Not Responding to
DMARDs and/or a First Biological Agent.
http://clinicaltrials.gov/show/NCTO 1835613

215.

Diaz RA, Doss S, Burke MJ, George E, Adler AI. Alemtuzumab for relapsingremitting multiple sclerosis. Lancet Neurol. 2014 Sep;13(9):869-70.

216.

Saidha S, Eckstein C, Calabresi PA. New and emerging disease modifying
therapies for multiple sclerosis. A n n N Y Acad Sci. 2012 Jan; 1247:117-37.

217.

Chun J, Hartung H-P. M echanism o f action o f oral fmgolimod (FTY720) in
multiple sclerosis. Clin Neuropharmacol. 2010 A pr;33(2):91-101.

218.

Castro-Borrero W, Graves D, Frohman TC, Flores AB, Hardeman P, Logan D, et
al. Current and emerging therapies in multiple sclerosis: a systematic review.
Ther Adv Neurol Disord. 2012 Jul;5(4):205-20.

219.

Axtell RC, de Jong BA, Boniface K, van der Voort LF, Bhat R, De Samo P, et al.
T helper type 1 and 17 cells determine efficacy o f interferon-P in multiple
sclerosis and experimental encephalomyelitis. Nat Med. 2010 A pr;16(4):406-12.

220.

M ajor EO. Progressive Multifocal Leukoencephalopathy in Patients on
Immunomodulatory Therapies*. Annu Rev Med. 2010;61(1):35^7.

221.

Burstein HJ, Shea CM, Abbas AK. Aqueous antigens induce in vivo tolerance
selectively in IL-2- and IFN-gamma-producing (T h l) cells. J Immunol Baltim
Md 1950. 1992 Jun 15;148(12):3687-91.

222.

Gaur A, Wiers B, Liu A, Rothbard J, Fathman CG. Amelioration o f autoimmune
encephalomyelitis by myelin basic protein synthetic peptide-induced anergy.
Science. 1992 Nov 27;258(5087): 1 4 9 1 ^ .

223.

Racke MK, Critchfield JM, Quigley L, Cannella B, Raine CS, M cFarland HF, et
al. Intravenous antigen adm inistration as a therapy for autoimmune
demyelinating disease. Ann Neurol. 1996 Jan l;3 9 (l):4 6 -5 6 .

224.

Pedotti R, M itchell D, W edemeyer J, Karpuj M, Chabas D, Hattab EM, et al. An
unexpected version o f horror autotoxicus: anaphylactic shock to a self-peptide.

205

Nat Immunol. 2001 M ar;2(3):216-22.
225.

Smith CE, Eagar TN, Strominger JL, M iller SD. Differential induction o f IgEmediated anaphylaxis after soluble vs. cell-bound tolerogenic peptide therapy o f
autoimmune encephalomyelitis. Proc Natl Acad Sci U S A . 2005 Jul
5;102(27);9595-600.

226.

W arren KG, Catz I, W. W ucherpfennig K. Tolerance induction to myelin basic
protein by intravenous synthetic peptides containing epitope
P85VVHFFKNIVTP96 in chronic progressive multiple sclerosis. J Neurol Sci.
1997 N o v 6 ;1 5 2 (l):3 1 -8 .

227.

M iller SD, Turley DM, Podojil JR. Antigen-specific tolerance strategies for the
prevention and treatment o f autoimmune disease. Nat Rev Immunol. 2007
Sep;7(9):665-77.

228.

Brod SA. Gut response: Therapy with ingested immunomodulatory proteins.
Arch Neurol. 1997 Oct I;54(10):1300 2.

229.

Schif-Zuck S, Wildbaum G, Karin N. Coadministration o f plasmid DNA
constructs encoding an encephalitogenic determinant and IL-10 elicits regulatory
T cell-mediated protective immunity in the central nervous system. J Immunol
Baltim Md 1950. 2006 Dec 1;177(11):8241-7.

230.

Fissolo N, Montalban X, Comabella M. DNA-based vaccines for multiple
sclerosis: current status and future directions. Clin Immunol Orlando Fla. 2012
Jan;142(l):76-83.

231.

W alczak A, Siger M, Ciach A, Szczepanik M, Selmaj K. TRansdermal
application o f myelin peptides in multiple sclerosis treatment. JAMA Neurol.
2013 Sep 1;70(9): 1105-9.

232.

Jurynczyk M, W alczak A, Jurewicz A, Jesionek-Kupnicka D, Szczepanik M,
Selmaj K. Immune regulation o f multiple sclerosis by transdermally applied
myelin peptides. Arm Neurol. 2010 Nov 1;68(5):593-601.

233.

Lutterotti A, Y ousef S, Sputtek A, Stum er KH, Stellmann J-P, Breiden P, et al.
Antigen-Specific Tolerance by Autologous M yelin Peptide-Coupled Cells: A
Phase 1 Trial in Multiple Sclerosis. Sci Transl Med. 2013 Jun 5;5(188):188ra75.

234.

M acDonald AS, Araujo MI, Pearce EJ. Immunology o f Parasitic Helminth
Infections. Infect Immun. 2002 Feb l;70(2):427-33.

235.

Finlay CM, W alsh KP, Mills KHG. Induction o f regulatory cells by helminth
parasites: exploitation for the treatment o f inflammatory diseases. Immunol Rev.
2014 May l;2 5 9 (l):2 0 6 -3 0 .

236.

N air MG, Du Y, Perrigoue JG, Zaph C, Taylor JJ, Goldschmidt M, et al.
Alternatively activated macrophage-derivcd RELM-{alpha} is a negative
regulator o f type 2 inflammation in the lung. J Exp Med. 2009 Apr

206

13;206(4);937-52.
237.

Anthony RM, Urban JF, Alem F, Hamed HA, Rozo CT, Boucher J-L, et al.
Memory TH2 cells induce alternatively activated macrophages to mediate
protection against nematode parasites. Nat Med. 2006 Aug;12(8):955-60.

238.

Taylor MD, van der W erf N, Maizels RM. T cells in helminth infection; the
regulators and the regulated. Trends Immunol. 2012 Apr;33(4):181-9.

239.

McSorley HJ, Maizels RM. Helminth hifections and Host Immune Regulation.
Clin Microbiol Rev. 2012 Oct l;25(4):585-608.

240.

De Silva NR, Brooker S, Hotez PJ, M ontresor A, Engels D, Savioli L. Soiltransmitted helminth infections: updating the global picture. Trends Parasitol.
2003 Dec;19(12);547-51.

241.

Poser S, Stickel B, Krtsch U, Burckhardt D, Nordman B. Increasing incidence o f
multiple sclerosis in South Lower Saxony, Germany. Neuroepidemiology.
1989;8(4):207-13.

242.

Variation and trends in incidence o f childhood diabetes in Europe. EURODIAB
ACE Study Group. Lancet. 2000 M ar 11 ;355(9207):873-6.

243.

W ilson MS, Maizels RM. Regulation o f allergy and autoimmunity in helminth
infection. Clin Rev Allergy Immunol. 2004 Feb;26(l):35-50.

244.

El-Malky M, Nabih N, Heder M, Saudy N, El-M ahdy M. Helminth infections:
therapeutic potential in autoimmune disorders. Parasite Immunol. 2011 Nov
l;3 3 (ll):5 8 9 -9 3 .

245.

Summers RW, Elliott DE, Qadir K, Urban JF, Thompson R, Weinstock JV.
Trichuris suis seems to be safe and possibly effective in the treatment of
inflammatory bowel disease. Am J Gastroenterol. 2003 Sep;98(9);2034^1.

246.

Croese J, O ’Neil J, Masson J, Cooke S, M elrose W, Pritchard D, et al. A proof o f
concept study establishing Necator americanus in Crohn’s patients and reservoir
donors. Gut. 2006 Jan;55(l): 136-7.

247.

Fleming J, Hartman L, Maksimovic J, Nace S, Luzzio C, Koehn M, et al. Clinical
Trial o f Helminth-induced Immunomodulatory Therapy (HINT 2) in RelapsingRemitting M ultiple Sclerosis (P3.149). Neurology. 2014 Apr 8;82(10
Supplement):P3.149 P3.149.

248.

Trichuris Suis Ova (TSO) in Recurrent Remittent Multiple Sclerosis and
Clinically Isolated Syndrome - Available from:
http://clinicaltrials.gov/ct2/show/NCT01413243?term=TRIOM S&rank=l

249.

Worms for Immune Regulation o f Multiple Sclerosis - Available from:
http://clinicaltrials.gov/ct2/show/NCT01470521 ?term =w irm s-1&rank=2

207

250.

Bager P, Kapel C, R oepstorff A, Thamsborg S, Arnved J, R 0nborg S, et al.
Symptoms after Ingestion o f Pig W hipworm Trichuris suis Eggs in a
Randomized Placebo-Controlled Double-Blind Clinical Trial. PLoS ONE. 2011
Aug 2;6(8):e22346.

251.

Correale J, Farez MF. The impact o f parasite infections on the course o f multiple
sclerosis. J Neuroimmunol. 2011 A p r;2 3 3 (l-2 );6 -l 1.

252.

Adams S. Toll-like receptor agonists in cancer therapy. Immunotherapy. 2009
Nov l;l(6 ):9 4 9 -6 4 .

253.

Conroy H, Marshall NA, Mills KHG. TLR ligand suppression or enhancement o f
Treg cells? A double-edged sword in immunity to tumours. Oncogene.
2008;27(2): 168-80.

254.

Marshall NA, Galvin KC, Corcoran A-MB, Boon L, Higgs R, Mills KHG.
Immunotherapy with PI3K inhibitor and Toll-like receptor agonist induces IFNY+IL-17+ polyfunctional T cells that mediate rejection o f murine tumors. Cancer
Res. 2012 Feb 1;72(3):581-91.

255.

Hennessy EJ, Parker AE, O ’Neill LAJ. Targeting Toll-like receptors: emerging
therapeutics? Nat Rev Drug Discov. 2010 A pr;9(4);293-307.

256.

Jiang H-R, M uckersie E, Robertson M, Xu H, Liversidge J, Forrester JV.
Secretion o f interleukin-10 or interleukin-12 by LPS-activated dendritic cells is
critically dependent on time o f stimulus relative to initiation o f purified DC
culture. J Leukoc Biol. 2002 Nov 1;72(5):978 85.

257.

Funderburg NT, Jadlowsky JK, Lederman MM, Feng Z, W einberg A, Sieg SF.
The Toll-like receptor 1/2 agonists Pam3CSK4 and human P-defensin-3
differentially induce interleukin-10 and nuclear factor-KB signalling patterns in
human monocytes. Immunology. 2011 Oct;I34(2):151 60.

258.

Samarasinghe R, Tailor P, Tamura T, Kaisho T, Akira S, Ozato K. Induction o f
an anti-inflammatory cytokine, IL-10, in dendritic cells after toll-like receptor
signaling. J Interferon Cytokine Res O ff J Int Soc Interferon Cytokine Res. 2006
Dec;26(12):893-900.

259.

Dillon S. Yeast zymosan, a stimulus for TLR2 and dectin-1, induces regulatory
antigen-presenting cells and immunological tolerance. J Clin Invest. 2006 M ar
23;116(4):916-28.

260.

Lalor SJ, Dungan LS, Sutton CE, Basdeo SA, Fletcher JM, Mills KHG. Caspase1-processed cytokines IL -Ibeta and IL -I8 promote IL-17 production by
gammadelta and CD4 T cells that mediate autoimmunity. J Immunol Baltim Md
1950. 2011 M ay 15;186(10);5738-48.

261.

Brereton CF, Sutton CE, Lalor SJ, Lavelle EC, Mills KHG. Inhibition o f ERK
MAPK suppresses IL-23- and IL-1-driven IL-17 production and attenuates

208

autoimmune disease. J Immunol Baltim Md 1950. 2009 Aug 1;183(3); 1715 23.
262.

M artin M, Rehani K, Jope RS, Michalek SM. Toll-like receptor-m ediated
cytokine production is differentially regulated by glycogen synthase kinase 3.
Nat Immunol. 2005 A ug;6(8):777-84.

263.

Rodionova E, Conzelmann M, M araskovsky E, Hess M, Kirsch M, Giese T, et al.
GSK-3 mediates differentiation and activation o f proinflammatory dendritic
cells. Blood. 2007 Feb 15; 109(4): 1584-92.

264.

Eder C. M echanisms o f interleukin-1beta release. Immunobiology. 2009
Jul;214(7):543-53.

265.

Lyakh L, Trinchieri G, Provezza L, Carra G, Gerosa F. Regulation o f interleukin12/interleukin-23 production and the T-helper 17 response in humans. Immunol
Rev. 2008 Dec 1;226(1):112-31.

266.

Alvarez Y, Municio C, Alonso S, Crespo MS, Fernandez N. The Induction o f IL10 by Zymosan in Dendritic Cells Depends on CREB Activation by the
Coactivators CREB-Binding Protein and TORC2 and Autocrine PGE2. J
Immunol. 2009 Jul 15;183(2):1471-9.

267.

Cash JL, White GE, Greaves DR. Chapter 17 Zymosan-Induced Peritonitis as a
Simple Experimental System for the Study o f Inflammation. In: Tracy M. Handel
and Damon J. Hamel, editor. Methods in Enzymology [Internet]. Academic
Press; 2009 [cited 2014 Oct 5]. p. 379-96. Available from:
http://www.sciencedirect.eom/science/article/pii/S0076687909054172

268.

Bennett J, Basivireddy J, Kollar A, Biron KE, Reickmann P, Jefferies WA, et al.
Blood-brain barrier disruption and enhanced vascular permeability in the
multiple sclerosis model EAE. J Neuroimmunol. 2010 Dec 15;229( 1-2): 180-91.

269.

Kloverpris H, Fomsgaard A, Handley A, Ackland J, Sullivan M, Goulder P.
Dimethyl sulfoxide (DMSO) exposure to human peripheral blood mononuclear
cells (PBMCs) abolish T cell responses only in high concentrations and
following coincubation for more than two hours. J Immunol M ethods. 2010 Apr
30;356(l-2):70-8.

270.

Gerosa F, Baldani-Guerra B, Lyakh LA, Batoni G, Esin S, W inkler-Pickett RT,
et al. Differential regulation o f interleukin 12 and interleukin 23 production in
human dendritic cells. J Exp Med. 2008 Jun 9;205(6): 1447-61.

271.

Buxade M, Lunazzi G, Minguillon J, Iborra S, Berga-Bolanos R, del Val M, et al.
Gene expression induced by Toll-like receptors in macrophages requires the
transcription factor NFAT5. J Exp Med. 2012 Feb 13;209(2):379-93.

272.

Braat H, M cGuirk P, Kate FJWT, Huibregtse I, Dunne PJ, Hommes DW, et al.
Prevention o f experimental colitis by parenteral administration o f a pathogenderived immunomodulatory molecule. Gut. 2007 M ar;56(3):351-7.

209

273.

N etea MG. Training innate immunity: the changing concept o f immunological
memory in innate host defence. Eur J Clin Invest. 2013;43(8):881-^.

274.

Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, M atarese F, et al.
Epigenetic programming o f monocyte-to-macrophage differentiation and trained
innate immunity. Science. 2014 Sep 26;345(6204): 1251086.

275.

Kulkami AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC, et al.
Transforming growth factor beta 1 null mutation in mice causes excessive
inflammatory response and early death. Proc Natl Acad Sci. 1993 Jan
15;90(2):770^.

276.

Kiihn R, Lohler J, Rennick D, Rajewsky K, Miiller W. Interleukin-10-deficient
mice develop chronic enterocolitis. Cell. 1993 Oct 22;75(2):263-74.

277.

Glocker E -0 , Kotlarz D, Boztug K, Gertz EM, Schaffer AA, Noyan F, et al.
Inflammatory Bowel Disease and M utations Affecting the Interleukin-10
Receptor. N Engl J Med. 2009 Nov 1 9;361(2I):2033^5.

278.

M urphy ML, W ille U, Villegas EN, Hunter CA, Farrell JP. IL-10 mediates
susceptibility to Leishmania donovani infection. Eur J Immunol. 2001 Oct
l;31(10):2848-56.

279.

Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R, et al.
Immune Responses in Healthy and Allergic Individuals Are Characterized by a
Fine Balance between Allergen-specific T Regulatory 1 and T Helper 2 Cells. J
Exp Med. 2004 Jun 7; 199(11): 1567-75.

280.

Cavani A, Nasorri F, Prezzi C, Sebastiani S, Albanesi C, Girolomoni G. Human
CD4^- T Lymphocytes with Remarkable Regulatory Functions on Dendritic Cells
and Nickel-Specific T hl Immune Responses. J Invest Dermatol. 2000
Feb;114(2):295-302.

281.

Bliss J, Maylor R, Stokes K, M urray KS, Ketchum MA, W olf SF. Interleukin-12
as vaccine adjuvant. Characteristics o f primary, recall, and long-term responses.
Ann N Y Acad Sci. 1996 Oct 31;795:26-35.

282.

Heath AW , Devey ME, Brown IN, Richards CE, Playfair JH. Interferon-gamma
as an adjuvant in immunocompromised mice. Immunology. 1989
A u g;67(4 ):5 2 0 ^.

283.

Powrie F, Leach MW, M auze S, M enon S, Caddie LB, Coffman RL. Inhibition
o f T hl responses prevents inflammatory bowel disease in scid mice reconstituted
with CD45RBhi CD4+ T cells. Immunity. 1994 O ct;I(7):553-62.

284.

Torres-Aguilar H, Aguilar-Ruiz SR, Gonzalez-Perez G, M unguia R, Bajaila S,
M eraz-Rios MA, et al. Tolerogenic dendritic cells generated with different
immunosuppressive cytokines induce antigen-specific anergy and regulatory
properties in memory CD4+ T cells. J Immunol Bahim Md 1950. 2010 Feb

210

15;184(4):1765-75.
285.

Huan J, Culbertson N, Spencer L, Bartholomew R, Burrows GG, Chou YK, et al.
Decreased F0X P3 levels in multiple sclerosis patients. J Neurosci Res.
2005;81(l):45-52.

286.

Levings MK, Gregori S, Tresoldi E, Cazzaniga S, Bonini C, Roncarolo MG.
Differentiation o f T rl cells by immature dendritic cells requires IL-10 but not
CD25+CD4+ Tr cells. Blood. 2005 Feb 1;105(3):1162-9.

287.

Rojas RE, Balaji KN, Subramanian A, Boom WH. Regulation o f human CD4(+)
alphabeta T-cell-receptor-positive (TCR(+)) and gammadelta TCR(+) T-cell
responses to M ycobacterium tuberculosis by interleukin-10 and transforming
growth factor beta. Infect Immun. 1999 D ec;67(12);646I-72.

288.

Fitzgerald DC, Fonseca-Kelly Z, Cullimore ML, Safabakhsh P, Saris CJM,
Zhang G-X, et al. Independent and Interdependent Immunoregulatory Effects of
IL-27, IFN-P, and IL-10 in the Suppression o f Human T h l7 Cells and Murine
Experimental Autoimmune Encephalomyelitis. J Immunol. 2013 Apr
l;190(7);3225-34.

289.

Mascanfroni ID, Yeste A, Vieira SM, Bums EJ, Patel B, Sloma I, et al. IL-27
acts on DCs to suppress the T cell response and autoimmunity by inducing
expression o f the immunoregulatory molecule CD39. Nat Immunol. 2013
Oct; 14(10): 1054 63.

290.

Fitzgerald DC, Ciric B, Touil T, Harle H, Grammatikopolou J, Sarma JD, et al.
Suppressive Effect o f IL-27 on Encephalitogenic Thl 7 Cells and the Effector
Phase o f Experimental Autoimmune Encephalomyelitis. J Immunol. 2007 Sep
l;179(5):3268-75.

291.

Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P, et al.
Coexpression o f CD49b and LAG-3 identifies human and mouse T regulatory
type 1 cells. Nat Med. 2013 Jun;19(6):739-46.

292.

Asadullah K, Sterry W, Volk HD. Interleukin-10 Therapy— Review o f a New
Approach. Pharmacol Rev. 2003 Jun l;55(2):241-69.

293.

Colombel JF, Rutgeerts P, Malchow H, Jacyna M, Nielsen OH, Rask-M adsen J,
et al. Interleukin 10 (Tenovil) in the prevention o f postoperative recurrence o f
Crohn’s disease. Gut. 2001 Jul;49(I):42-6.

294.

Schreiber S, Fedorak RN, Nielsen OH, W ild G, W illiams CN, Nikolaus S, et al.
Safety and efficacy o f recombinant human interleukin 10 in chronic active
Crohn’s disease. Crohn’s Disease IL-10 Cooperative Study Group.
Gastroenterology. 2000 D ec;l 19(6): 1461-72.

295.

Asadullah K, Docke WD, Ebeling M, Friedrich M, Belbe G, Audring H, et al.
Interleukin 10 treatment o f psoriasis: clinical results o f a phase 2 trial. Arch

211

Dermatol. 1999 Feb;135(2):187-92.
296.

Kimball AB, Kawamura T, Tejura K, Boss C, Hancox AR, Vogel JC, et al.
Clinical and immunologic assessment o f patients with psoriasis in a randomized,
double-blind, placebo-controlled trial using recombinant human interleukin 10.
Arch Dermatol. 2002 Oct; 138(10): 1341-6.

297.

Gregori S, Goudy KS, Roncarolo MG. The Cellular and M olecular M echanisms
o f Immuno-Suppression by Human Type 1 Regulatory T Cells. Front Immunol
[Internet]. 2012 Feb 29 [cited 2014 Oct 22];3. Available from:
http://www.ncbi.nlm.nih.gov/pmc/articles/PM C3342353/

298.

Correale J, Farez M. Association between parasite infection and immune
responses in multiple sclerosis. Ann Neurol. 2007;61(2):97-I08.

299.

Summers RW, Elliott DE, Urban JF, Thompson R, W einstock JV. Trichuris suis
therapy in Crohn’s disease. Gut. 2005 Jan;54(l):87-90.

300.

Doetze A, Satoguina J, Burchard G, Rau T, Loliger C, Fleischer B, et al.
Antigen-specific cellular hyporesponsiveness in a chronic human helminth
infection is mediated by Th3/Trl-type cytokines IL-10 and transforming growth
factor-P but not by a Thl to Th2 shift. Int Immunol. 2000 M ay 1;12(5):623 30.

301.

Sartono E, Kruize YC, Partono F, Kumiawan A, Maizels RM, Yazdanbakhsh M.
Specific T cell unresponsiveness in human filariasis: diversity in underlying
mechanisms. Parasite Immunol. 1995 N ov;17(l l):587-94.

302.

Flynn RJ, M annion C, Golden O, Hacariz O, Mulcahy G. Experimental Fasciola
hepatica infection alters responses to tests used for diagnosis o f bovine
tuberculosis. Infect Immun. 2007 Mar;75(3): 1373-81.

303.

Aitken MM, Jones PW, Hall GA, Hughes DL, Collis KA. Effects o f
experimental Salmonella dublin infection in cattle given Fasciola hepatica
thirteen weeks previously. J Comp Pathol. 1978 Jan;88(l):75-84.

304.

Brady MT, O ’Neill SM, Dalton JP, Mills KH. Fasciola hepatica suppresses a
protective T hl response against Bordetella pertussis. Infect Immun. 1999
Oct;67(10):5372-8.

305.

Finney CAM, Taylor MD, W ilson MS, Maizels RM. Expansion and activation o f
CD4+CD25+ regulatory T cells in Heligmosomoides polygyrus infection. Eur J
Immunol. 2007 Jul;37(7); 1874-86.

306.

Elliott DE, M etwali A, Leung J, Setiawan T, Blum AM, Ince MN, et al.
Colonization with Heligmosomoides polygyrus suppresses mucosal IL-17
production. J Immunol Baltim Md 1950. 2008 Aug 15;18I(4):2414-9.

307.

Zaccone P, Fehervari Z, Jones FM, Sidobre S, Kronenberg M, Dunne DW, et al.
Schistosoma mansoni antigens modulate the activity o f the innate immune
response and prevent onset o f type 1 diabetes. Eur J Immunol. 2003
212

May;33(5): 1 4 3 9 ^ 9 .
308.

Elliott DE, Setiawan T, Metwali A, Blum A, Urban JF, Weinstock JV.
Heligmosomoides polygyrus inhibits established colitis in IL-lO-deflcient mice.
Eur J Immunol. 2004 Oct;34(10):2690-8.

309.

Sewell D, Qing Z, Reinke E, Elliot D, Weinstock J, Sandor M, et al.
Immunomodulation o f experimental autoimmune encephalomyelitis by helminth
ova immunization. Int Immunol. 2003 Jan;15(l):59 69.

310.

Esteban JG, Flores A, Aguirre C, Strauss W, Angles R, M as-Coma S. Presence
o f very high prevalence and intensity o f infection with Fasciola hepatica among
Aymara children from the Northern Bolivian Altiplano. Acta Trop. 1997 Jun
24;66(1):1-14.

311.

Dalton JP, Robinson MW, Mulcahy G, O ’Neill SM, Donnelly S.
Immunomodulatory molecules o f Fasciola hepatica; candidates for both vaccine
and immunotherapeutic development. Vet Parasitol. 2013 Aug l;195(3-4):27285.

312.

Walsh KP, Brady MT, Finlay CM, Boon L, Mills KHG. Infection with a
helminth parasite attenuates autoimmunity through TGF-beta-mediated
suppression o f T h l7 and Thl responses. J Immunol Baltim Md 1950. 2009 Aug
l;183(3):1577-86.

313.

Falcon C, Carranza F, Martinez FF, Knubel CP, Masih DT, Motran CC, et al.
Excretory-secretory products (ESP) from Fasciola hepatica induce tolerogenic
properties in myeloid dendritic cells. Vet Immunol Immunopathol. 2010 Sep
1 5 ;1 3 7 (l-2 ):3 6 ^ 6 .

314.

Carranza F, Falcon CR, Nunez N, Knubel C, Correa SG, Bianco I, et al.
Helminth antigens enable CpG-activated dendritic cells to inhibit the symptoms
o f collagen-induced arthritis through Foxp3+ regulatory T cells. PloS One.
2012;7(7):e40356.

315.

Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat
Rev Immunol. 2011 Nov; 11(11);762-74.

316.

Murray PJ, Wynn TA. Protective and pathogenic functions o f macrophage
subsets. Nat Rev Immunol. 2011 N ov;l 1(11):723-37.

317.

Adams PN, Aldridge A, Vukman KV, Donnelly S, O ’Neill SM. Fasciola hepatica
tegumental antigens indirectly induce an M2 macrophage-like phenotype in vivo.
Parasite Immunol. 2014 Oct 1;36(10);531“ 9.

318.

Iyer SS, Ghaffari AA, Cheng G. Lipopolysaccharide-M ediated IL-IO
Transcriptional Regulation Requires Sequential Induction o f Type I IFNs and IL27 in Macrophages. J Immunol. 2010 Dec 1;185(11):6599-607.

213

319.

Comm issioner O o f the. Inspection Technical Guides - Bacterial
Endotoxins/Pyrogens [Internet], [cited 2014 Nov 25], Available from:
http://www.fda.gov/ICECI/Inspections/InspectionGuides/InspectionTechnicalGui
des/ucm 072918.htm

320.

Cooke A, Tonks P, Jones FM, O ’Shea H, Hutchings P, Fulford AJ, et al.
Infection with Schistosoma mansoni prevents insulin dependent diabetes mellitus
in non-obese diabetic mice. Parasite Immunol. 1999 A pr;21(4): 169-76.

321.

Elliott DE, Li J, Blum A, Metwali A, Qadir K, Urban JF, et al. Exposure to
schistosome eggs protects mice from TNBS-induced colitis. Am J Physiol
G astrointest Liver Physiol. 2003 M ar;284(3):G385-91.

322.

Hamilton CM, Dowling DJ, Loscher CE, Morphew RM, Brophy PM, O ’Neill
SM. The Fasciola hepatica Tegumental Antigen Suppresses Dendritic Cell
M aturation and Function. Infect Immun. 2009 Jun l;77(6):2488-98.

323.

M clnnes IB, Leung BP, Harnett M, Gracie JA, Liew FY, Harnett W. A novel
therapeutic approach targeting articular inflammation using the filarial nematodederived phosphorylcholine-containing glycoprotein ES-62. J Immunol Baltim Md
1950. 2003 Aug 15;171(4):2127-33.

324.

Lee Y-J, Moon Y-H, Hyung KE, Yoo J-S, Lee MJ, Lee IH, et al. Macrophage
PD-Ll strikes back: PD-1/PD-Ll interaction drives macrophages toward
regulatory subsets. Adv Biosci Biotechnol. 2013;04(08):19 29.

325.

Mikita J, Dubourdieu-Cassagno N, Deloire MS, Vekris A, Biran M, Raffard G, et
al. Altered M1/M2 activation patterns o f monocytes in severe relapsing
experimental rat model o f multiple sclerosis. Amelioration o f clinical status by
M2 activated monocyte administration. Mult Scler J. 2011 Jan I;17 (l):2 -1 5 .

326.

Smith P, Walsh CM, Mangan NE, Fallon RE, Sayers JR, M cKenzie ANJ, et al.
Schistosoma mansoni worms induce anergy o f T cells via selective up-regulation
o f programmed death ligand I on macrophages. J Immunol Baltim Md 1950.
2004 Jul 15;173(2): 1240-8.

327.

Huber S, Hoffmann R, Muskens F, Voehringer D. Alternatively activated
macrophages inhibit T-cell proliferation by Stat6-dependent expression o f PDL2. Blood. 2010 0ct28;116(17):3311 20.

328.

Latchman YE, Liang SC, W u Y, Chernova T, Sobel RA, Klemm M, et al. PDL l-deficient mice show that PD-Ll on T cells, antigen-presenting cells, and host
tissues negatively regulates T cells. Proc Natl Acad Sci U S A . 2004 Jul
20;10I(29):10691-6.

329.

Denney L, Kok WL, Cole SL, Sanderson S, M cM ichael AJ, Ho L-P. Activation
o f Invariant NKT Cells in Early Phase o f Experimental Autoimmune
Encephalomyelitis Results in Differentiation o f Ly6Chi Inflammatory Monocyte
to M2 M acrophages and Improved Outcome. J Immunol. 2012 Jul

214

15;189(2):551-7.
330.

Miron VE, Boyd A, Zhao J-W, Yuen TJ, Ruckh JM, Shadrach JL, et al. M2
microglia and macrophages drive oligodendrocyte differentiation during CNS
remyelination. Nat Neurosci. 2013 Sep;16(9):1211-8.

331.

Furuta GT, Atkins FD, Lee NA, Lee JJ. Changing roles o f eosinophils in health
and disease. Ann Allergy Asthma Immunol. 2014 Jul;l 13(l):3-8.

332.

Huang L, Gebreselassie NG, Gagliardo LF, Ruyechan MC, Lee NA, Lee JJ, et al.
Eosinophil-Derived IL-10 Supports Chronic Nematode Infection. J Immunol.
2014 Sep 10;1400852.

333.

Pena OM, Pistolic J, Raj D, Fjell CD, Hancock REW. Endotoxin tolerance
represents a distinctive state o f alternative polarization (M2) in human
mononuclear cells. J Immunol Baltim Md 1950. 2011 Jun 15;186(12);7243-54.

334.

Cavaillon J-M, Adib-Conquy M. Bench-to-bedside review; endotoxin tolerance
as a model o f leukocyte reprogramming in sepsis. Crit Care Lond Engl.
2006;10(5):233.

335. Aaby P, Benn CS. Saving lives by training irmate immunity with bacille
Calmette-Guerin vaccine. Proc Natl Acad Sci U S A. 2012 Oct
23;109(43):173I7-8.
336.

Dowling DJ, Hamilton CM, Donnelly S, La Course J, Brophy PM, Dalton J, et
al. Major Secretory Antigens o f the Helminth Fasciola hepatica Activate a
Suppressive Dendritic Cell Phenotype That Attenuates Thl 7 Cells but Fails To
Activate Th2 Immune Responses. Infect Immun. 2010 Feb;78(2):793-801.

337. Davidson A, Diamond B. Autoimmune Diseases. N Engl J Med. 2001 Aug
2;345(5);340-50.
338.

Jacobson DL, Gange SJ, Rose NR, Graham NM. Epidemiology and estimated
population burden o f selected autoimmune diseases in the United States. Clin
Immunol Immunopathol. 1997 Sep;84(3);223^3.

339.

Trapp BD, Nave K-A. M ultiple Sclerosis: An Immune or Neurodegenerative
Disorder? Annu Rev Neurosci. 2008;31(l):247-69.

340.

Siegert R, Abemethy D. Depression in multiple sclerosis; a review. J Neurol
Neurosurg Psychiatry. 2005 Apr;76(4);469-75.

341. Berk M, Williams LJ, Jacka FN, O ’Neil A, Pasco JA, Moylan S, et al. So
depression is an inflammatory disease, but where does the inflammation come
from? BMC Med. 2013 Sep 12;11(1);200.
342.

215

W inkelmann A, Loebermann M, Reisinger EC, Zettl UK. Multiple sclerosis
treatment and infectious issues; update 2013. Clin Exp Immunol. 2014

M ar;175(3):425-38.
343.

Cohen JA, B arkhof F, Comi G, Hartung H-P, Khatri BO, Montalban X, et al.
Oral Fingolimod or Intramuscular Interferon for Relapsing Multiple Sclerosis. N
Engl J Med. 2010 Feb 4;362(5);402- 15.

344.

Comi G, O ’Connor P, Montalban X, Antel J, Radue E-W , Karlsson G, et al.
Phase II study o f oral fingolimod (FTY720) in multiple sclerosis: 3-year results.
Mult Scler Houndmills Basingstoke Engl. 2010 Feb; 16(2): 197-207.

345.

Kappos L, Radue E-W, O ’Connor P, Polman C, Hohlfeld R, Calabresi P, et al. A
Placebo-Controlled Trial o f Oral Fingolimod in Relapsing M ultiple Sclerosis. N
Engl J Med. 2010 Feb 4 ;362(5):387^01.

346.

Ho PP, Fontoura P, Platten M, Sobel RA, DeVoss JJ, Lee LY, et al. A
Suppressive Oligodeoxynucleotide Enhances the Efficacy o f M yelin Cocktail/IL4-Tolerizing DNA Vaccination and Treats Autoimmune Disease. J Immunol.
2005 Nov l;175(9):6226-34.

347.

Manoharan I, Hong Y, Suryawanshi A, Angus-Hill ML, Sun Z, M ellor AL, et al.
TLR2-Dependent Activation o f P-Catenin Pathway in Dendritic Cells Induces
Regulatory Responses and Attenuates Autoimmune Inflammation. J Immunol.
2014 Oct 15;193(8):4203-13.

348.

Quintin .1, Saeed S, Martens JHA, Giamarellos-Bourboulis EJ, Ifrim DC, Logie
C, et al. Candida albicans infection affords protection against reinfection via
functional reprogramming o f monocytes. Cell Host Microbe. 2012 Aug
16;12(2):223-32.

349.

Zhang J, Gao W, Yang X, Kang J, Zhang Y, Guo Q, et al. Tolerogenic
Vaccination Reduced Effector Memory CD4 T Cells and Induced Effector
Memory Treg Cells for Type I Diabetes Treatment. PLoS ONE. 2013 Jul
19;8(7):e70056.

350.

Kang Y, Zhao J, Liu Y, Chen A, Zheng G, Yu Y, et al. FK506 as an adjuvant o f
tolerogenic DNA vaccination for the prevention o f experimental autoimmune
encephalomyelitis. J Gene Med. 2009 N ov;l 1(11): 1064-70.

351.

Cappellano G, Woldetsadik AD, Orilieri E, Shivakumar Y, Rizzi M, Camiato F,
et al. Subcutaneous inverse vaccination with PLGA particles loaded with a MOG
peptide and IL-10 decreases the severity o f experimental autoimmune
encephalomyelitis. Vaccine. 2014 Sep 29;32(43):5681-9.

352.

Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic Dendritic Cells*.
Annu Rev Immunol. 2003;21(1):685 711.

353.

Bailey-Bucktrout SL, M artinez-Llordella M, Zhou X, Anthony B, Rosenthal W,
Luche H, et al. Self-antigen-driven activation induces instability o f regulatory T
cells during an inflammatory autoimmune response. Immunity. 2013 Nov

216

14;39(5):949-62.
354.

Glocker E -0 , Kotlarz D, Klein C, Shah N, Grimbacher B. IL-10 and IL-10
receptor defects in humans. Ann N Y Acad Sci. 2011 Dec 1; 1246(1): 102-7.

355.

Vanderlugt CL, Neville KL, Nikcevich KM, Eagar TN, Bluestone JA, Miller SD.
Pathologic role and temporal appearance o f newly emerging autoepitopes in
relapsing experimental autoimmune encephalomyelitis. J Immunol Baltim Md
1950. 2000 Jan 15;164(2):670-8.

356.

Robinson WH, DiGennaro C, Hueber W, Haab BB, Kamachi M, Dean EJ, et al.
Autoantigen microarrays for multiplex characterization o f autoantibody
responses. Nat Med. 2002 M ar;8(3):295-301.

357.

Vennervald BJ, Polman K. Helminths and malignancy. Parasite Immunol. 2009
Nov l;3 1 (ll):6 8 6 -9 6 .

358.

Cooper GS, Bynum MLK, Somers EC. Recent Insights in the Epidemiology o f
Autoimmune Diseases: Improved Prevalence Estimates and Understanding o f
Clustering o f Diseases. J Autoimmun. 2009;33(3-4): 197-207.

217

Appendix
Gating strategy for analysis of CD4^ T cells
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Gating strategy for analysis of innate cells in CNS and peritoneal cavity
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Gating strategy for analysis of BMDMs and BMDCs
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