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INTRODUCTION

Living organisms require a relatively steady egesgpply tosustain biological functions.
Moreover, energy reserves mustt only be sufficient to serve all physiologicaeals, but
must also be wisely allocated to a wide varietpftén competinghysiological functions (1).
Energy intake and energy expendituredergo substantial daily and seasonal fluctuations
however.

Immunity requires adequate and balanced energylystigpoptimal function(2). Although

the risk of infection and death is highest wkaergy reserves are not sufficient (3), obesity, a
state ofenergy excess, has also been associated with sectesusceptibilityo infection,
bacteremia, and poor wound healing (4).

The discovery of the adipocyte-derived hormoneiephe level®f which reflect the amount

of energy stored in the adipotissue and are altered by conditions such as tastimd
overfeedinghas proved to be fundamental to our understandintped concepbf energy
availability influencing several physiological sgsts. More specifically, the past few years of
research on leptin — the product of the obese gebnp — have provided important insights
into the intricate network that links nutrition, tabolism and immune homeostasis (5). Leptin
is mainly produced by the adipose tissue in praporto the body fat mass and, at lower
levels, by tissues such as the stomach, skeletaclmand placenta (5). Although an
important role of leptin is to regulate body weightough the inhibition of food intake and
stimulation of energy expenditure by increasedrtiogenesis, recent evidence has indicated
that leptin is much more than a 'fat-o-stat' sef@prindeed, leptin-deficient (ob/ob) mice and
leptin-receptor-deficient (db/db) mice are not osBverely obese, but also have a series of
marked abnormalities that are secondary to thectsff®f leptin on reproduction (7),
haematopoiesis (8), angiogenesis (9,10), insubnetien (5), metabolism of bone (11), lipids

and glucose (1) and, last but not least, innateaalaghtive immunity.



L eptin as a neuroendocrine and immune mediator

Leptin is a 16-kDa nonglycosylated protein encobdgdhe obese (ob) gene, which is located
on human chromosome 7 and on mouse chromosome. Gn(foth humans and mice,
mutations of the ob gene are associated with hyagip and obesity, reduced energy
expenditure, and other reproductive, neuroendocané metabolic dysfunction. Serum leptin
is usually higher in obese individuals and hasrangt sexual dimorphism, being higher in
females than males matched by age and body wéight (

Leptin is classically considered a hormone becausegulates the balance between food
intake and energy expenditure, signalling to thairbrthe changes in stored energy.
Synthesized primarily by the white adipose tisdaptin is secreted at lower levels by the
gastric mucosa, placenta, mammary epithelium, aeewml muscle (5). Leptin gene
expression is regulated by several factors, inalgidither hormones. Insulin stimulates leptin
secretion during feeding, while a decrease in indelels anticipates a fall in leptin during
starvation (5). Moreover, leptin expression is Initeid by testosterone, increased by ovarian
sex steroids, and directly influences the hypothaapituitary-adrenal axis, the reproductive
system, hematopoiesis, and angiogenesis (5).

Many studies have linked the immune and neuroemim@ystems (12, 13). Physiological
responses to stress usually involve finely integtainteractions between the autonomic
nervous system and the Hypthalamo-Pituitary-AdréridA) Axis, and the immune system
and metabolism (12, 13). For example, periphergnmmation stimulates the central release
of corticotrophin-releasing hormone (CRH), which turn regulates the stress response
through the production of adrenocorticotrophic hone (ACTH) — a hormone that promotes
the synthesis and release of Glucocorticoids froenadrenal glands. The glucocorticoids —
hormones that get their name from their abilitydise levels of blood glucose — have potent
anti-inflammatory effects and dampen humoral aldneediated immune responses.
Interestingly, mediators that are common to theeendocrine and immune systems, such as
the cytokines interleukin-1 (IL-1), IL-6 and tumenecrosis factor (TNF), can all modulate
inflammation through the HPA axis (12, 13). Indease peripherally derived cytokines can
cross the blood—brain barrier and act on the hygathus and pituitary gland to regulate the
secretion of ACTH in response to inflammation. heytokines also mediate a negative
feedback on their own peripheral pro-inflammatorfivaty and are counter-regulated by

endogenous glucocorticoids produced by the HPA axis



Leptin is one of the mediators that are commorh&rteuroendocrine and immune systems
(14). In the immune system, leptin, together withR@active Protein (CRP), IL-1 and IL-6,
can act as an early acute-phase reactant, procdudagh levels during inflammation, sepsis
and fever, and it can be induced by other inflanomyainediators such as TNF and IL-1 (15-
21). However, although these findings have beenotsimated in several systems, other
studies have not found increased leptin in inflatmmaconditions in humans, including acute
experimental endotoxaemia, newborn sepsis, HIVcirda and during anti-inflammatory
therapy (22-24). So, although leptin has well doeated pro-inflammatory properties, it
seems that it might act as an acute-phase reactanine conditions and not in others.

The neuroendocrine role of leptin is most evidentonditions such as fasting — during
which the production of leptin by adipose tissuengrkedly reduced — or in relation to the
effects of sex hormones on its production (testose reduces the secretion of leptin,
whereas oestrogens increase its production). Tikebktween leptin and sex hormones is also
indicated by the marked gender dimorphism, marate$ty a higher serum concentration in
females than in males with similar body fat mass.

The fact that leptin has effects on both the newtoerine and immune systems should not
come as a surprise, given the functional connectind anatomical contiguity between
adipocytes and lymphoid cells (6). Morphologicallgggregations of lymphoid tissue,
including the lymph nodes, omentum, thymus and buaeow, are associated with adipose
tissue (6). Fat deposits do not simply have a siral; metabolic and heat-insulating function,
but provide a microenvironment that helps the imenggstem to sustain immune responses
(6). In particular, lymphoid and adipose tissueeiatt locally through common mediators
known as adipokines — adipocyte-derived molecuteg bridge metabolism and immune
homeostasis (these molecules include leptin, aéigon chemokines and other pro-
inflammatory cytokines). For example, TNF and chkimes promote the differentiation of
adipose tissue and leptin secretion, which in sustains the differentiation of T helper 1
(TH1) cells (see later) (25, 26).



Leptin signaling in immune cells

Leptin, as previously mentioned, is mainly secrdigdthe adipose tissue, which is also
presentvithin both primary and secondary lymphoid organd &as a significamhetabolic
and immunomodulatory role (27, 28). Leptittisee-dimensional structure is similar to that of
a cytokine consistingf a fourear-helix bundle motif (which is common to the IL-&,-12, IL-

15 familyof cytokines) (29). Leptin receptor (ObR), is alsmember ofhe class | cytokine
receptor superfamily and has at leastisoforms as a result of alternative splicing with
cytoplasmatic domains of different length, knowrCidRa, OBRb, OBRc, OBRd, OBRe and
OBRIf (30, 31). These receptors are membrane-spargtytoproteins with fibronectin type
[l domains in the extracellular region and wittslaared 200-amino-acid module containing
four conserved cysteine residues and two membremeanpal cytokine-like binding motifs,
Trp-Ser-Xaa-Trp-Ser (30, 31). The short forms & ligptin receptor are expressed by several
non-immune tissues and seem to mediate the tranapdrdegradation of leptin. The long
form of OBR, known as OBRD, is the only form aldaransduce the signal and is expressed
by the hypothalamus in areas that are responsdsleéhe secretion of neuropeptides and
neurotransmitters that regulate appetite, body tei(0, 31) and bone mass (11).
Interestingly, OBRDb is also expressed by endothekdis, pancreatid3-cells, the ovary,
CD34" haematopoietic bone-marrow precursors, monocytsbphages, and T and B cells
(5, 9, 10, 30, 31). The expression of OBRb by T Bndells is of interest as it indicates a
possible role for leptin in immune-cell activatiand signal transduction, and might unveil
new effects of leptin on as-yet-unexplored immuak-inctions (32, 33, 34After binding
leptin, OBRb-associated Janus-family tyrosine kenagJAK2) becomes activated by auto- or
cross-phosphorylation and tyrosine phosphorylatescytoplasmic domain of the receptor.
Four of the phosphorylated tyrosine residues fonctas docking sites for cytoplasmic
adaptors such as signal transducer and activatagcription (STAT) factors, particularly
STAT3 (in some cases, also STAT1 and STATS) (30,(Bgure 1).
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Fig.1 Schematic representation of leptin signaling

The membrane distal tyrosine (position 1138) fuordi as a docking site for STAT3,
which is a substrate of JAK2. After subsequent dina¢ion, STAT3 translocates to the
nucleus and induces the expression of suppressytaifine signalling 3 (SOCS3) and other
genes. SOCS3 takes part in a feedback loop thaitmHeptin signalling by binding to
phosphorylated tyrosines. SRC homology 2 (SH2) dievoantaining phosphatase 2 (SHP2)
is recruited to Tyr985 and Tyr974, and activategaeellular signal-regulated kinase 1/2
(ERK1/2) and p38 mitogen-activated protein kinagAPK) pathways through the adaptor
protein growth factor receptor-bound protein 2 (ERRiltimately inducing the expression of
FOS and JUN (30-37). After leptin binding, JAK2 daduce phosphorylation of the insulin
receptor substrate 1/2 (IRS1/2) proteins that ageponsible for the activation of
phosphatidylinositol 3-kinase (PI3K) (30, 3Fidgure 1). Moreover, Src associatedmitosis
protein (Sam68), an RNA-binding protein, reguladbRNA metabolism and effector of the
PI3'K is currently thoughtb function as an adaptor protein by binding tavateéd STAT-3
and to the p85 subunit of PI3'K (35) Phosphotyregimosphatase 1B (PTP1B), which is
localized on the surface of the endoplasmic raticylis involved in negative regulation of
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OBRDb signalling through the dephosphorylation oK2Aafter internalization of the OBRb

complex.

Leptin in innate and adaptive immunity

Mice lacking leptin or its functional receptor leaa number of defects in both cell-
mediated and humoral immunity (38, 39). SimilaHymans with congenital leptin deficiency
have a much higher incidence of infection-relategtd during childhood (40), whereas
recombinant human leptin (rmetHuLeptin) administratin two children with congenital
leptin deficiency normalized absolute numbers af@&LD4+CD45+RA T cells and nearly
restored the proliferation response and the cywkelease profile from their lymphocytes
(41). A number of studies in mice have shown thatdffect of leptin on the immune system
is both direct and indirect, i.e., via modulatiohcentral or peripheral pathways (42, 43)
(Figure 2). Leptin seems to promote activation of and phggsts by
monocytes/macrophages and their secretion of leeket B4 (LTB4), cyclooxygenas 2
(COX2), nitric oxide and pro-inflammatory cytoking®4, 46). The products of the inducible
form of COX2 — prostaglandins and leukotrienesqa&sown as eicosanoids) — as well as
nitric oxide, are all involved in the regulation offlammation, chemotaxis and cytokine
production, and therefore markedly impact the imenuesponse (44, 46). Moreover, leptin
can induce chemotaxis of neutrophils and the relef®xygen radicals (such as superoxide
anion and hydrogen peroxide) (47, 48).These mediatan be particularly harmful to cells,
as they can denature proteins and damage membpaate (by peroxidation of unsaturated
fatty acids), carbohydrates and nucleic acids.east in human neutrophils, leptin seems to
mediate its effects through an indirect mechanipropably involving the release of TNF
from monocytes (49). Leptin also affects naturdleki(NK)-cell development and activation
both in vitro and in vivo (50, 52). As NK cells exss OBRb and db/db mice have a deficit of
NK cells resulting from abnormal NK-cell developmeit is possible that leptin might
influence the development/maintenance of a nornesipperal NK-cell pool. Indeed, an
important role of OBRb in NK-cell physiology is imdted by the ability of OBRb to
influence NK-cell cytotoxicity through direct acétron of signal transducer and activator of
transcription 3 (STAT3) and the transcription ohge encoding IL-2 and perforin (50-52).
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Figure2. Schematic representation of the effects of leptin on both innate and adaptive immunity.

Last but not least, it has recently been shown lkgwiin can stimulate the production of
growth hormone by peripheral-blood mononuclearscBMCs) through protein kinase C
(PKC) and nitric oxide-dependent pathways (46).sTéffect of leptin on the production of
growth hormone might be important in immune homasist given the fact that this cytokine-
like hormone has marked influences on immune resgoioy controlling the survival and
proliferation of immue cells (46).

The effects of leptin on adaptive immune resporis®& been extensively investigated on
human CD4+ T cells (Figure 2). Addition of physigical concentrations of leptin to a Mixed
Lymphocytes Reaction (MLR) induces a dose-dependectease in CD4+ T-cell
proliferation. However, leptin has different effeain proliferation and cytokine production
by human naive (CD45RA and memory (CD45RQ CD4" T cells (both of which express

OBRDb). Leptin promotes proliferation and IL-2 se¢ime by naive T cells, whereas it



minimally affects the proliferation of memory cellsn which it promotes a bias towards
TH1-cell responses) (53). Furthermore, leptin iases the expression of adhesion molecules,
such as intercellular adhesion molecule 1 (ICAMD5@) and very late antigen 2 (VLAZ2,
CD49B), by CD4 T cells, possibly through the induction of prokamimatory cytokines such
as interferony (IFN-y). Increased expression of adhesion molecules dbeld be responsible
for the induction of clustering, activation and magon of immune cells to sites of
inflammation (53). Another important role of leptim adaptive immunity is highlighted by
the observation that leptin deficiency in ob/ob enis associated with immunosuppression
and thymic atrophy — a finding similar to that obh&sl in acute starvation. Acute caloric
deprivation causes a rapid decrease of serum leptigentration accompanied by reduced
Delayed-Type-Hypersensitivity (DTH) responses amghtic atrophy, which are reversible
with administration of leptin (54, 55). The thynatrophy in ob/ob mice (or wild-type starved
animals) affects the cortex of the thymus, in whichst CD4CDS8" T cells are found, and
leptin replacement reduces the rate of apoptossucih cells (54). Despite the evidence of
direct effects of leptin on immune responses iroyi& major problem remains in ascertaining
whether leptin can influence immune responses wo.virhis task is particularly difficult
because of the complexity of the network of intéoans that link leptin to several endocrine
pathways. For example, the immune abnormalitiescas®d with high cortisol levels and
hyperglycaemia in obese ob/ob or db/db mice couply be a consequence of obesity rather
than direct effects of leptin (55). To help clarthis issue, studies of food restriction, which
can reduce cortisol and glucose levels in ob/okenfiave shown that only leptin replacement
can fully restore normal immune responses in olvade, whereas experimentally induced
reduction of serum levels of cortisol and glucoaanot reverse immune abnormalities (55).
Although still controversial, these observationsemse to indicate that the immune
abnormalities in ob/ob mice cannot be simply asdtibo high circulating levels of cortisol
and glucose, and that leptin might instead havectlieffects on the immune system that are

independent of the metabolic abnormalities assediaith leptin deficiency (55).
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CD4" T cellsin immunity

The CD4 cell surface marker has come to be adedciwith a varied group of
lymphocytes that orchestrate both innate and adapthmune responses to pathogens and
tumors through a variety of mechanisms. The prpiotgnember of this group is the CD%-
helper (Th) lymphocyte subset, which augments hotinoral and cellular immune responses
(56, 57). Th cells recognize antigen as peptideopps of approximately 12—20 residues long,
presented by major histocompatibility complex clds@HC-II) molecules typically found
on specialized antigen-presenting cells (APCs) saagllendritic cells (DCs), macrophages,
and B cells (58). In some instances, Th cells caectly recognize antigen on MHC-II-
expressing tumor cells, resulting in the productdériymphokines that hinder tumor growth
or inducing tumor cell death (59, 61).

Naive CD4 Th lymphocytes develop in the thymus following @ntrolled developmental
path involving both positive and negative selectiorcull potentially autoreactive cells from
the repertoire while maintaining the ability to ogoize a broad range of pathogen-associated
peptides presented by self MHC-II molecules. Duangmmune response, recognition of the
cognate antigen presented on the surface of an®P@e T-cell receptor for antigen (TCR)
(Signal 1) along with interaction between appragrieostimulatory molecules such as the
CD28 co-receptor with CD80/CD86 (Signal 2) initgt@ctivation of the naive CD4T cell.
These activated T cells undergo a phase of rodaosalcexpansion and differentiation into
either effector or memory cells. CD4nemory Th cells can be classified into two main
groups based on cell surface markers and functioaphcities. Central memory Th cells
(Thcw) express high levels of CCR7 and CD62L, lack CDApRNnd traffic through the
lymphoid organs (62, 64). Effector memory T cellhdy) are CCR7 negative and reside
mostly in the blood, spleen, and in non-lymphogsdies (65). Long-term survival of memory
Th cells relies on the participation of costimutgtanolecules (OX40/0X40L) and the
availability cytokines such as interleukin-7 (IL{B6, 68).

The fate and function of the activated Th cellgpadwls in large part upon the
microenvironment present at the time of the inidiatigen encounter. The composition of the
local cytokine milieu will bias development towasde of several alternative differentiation
pathways. Likewise, the nature of the antigen aeguby DCs will affect the expression of
different sets of costimulatory molecules, whicHlwiso dictate the developmental path of
the antigen-stimulated Th cells (69). This addiilopolarizing costimulation has been termed

'Signal 3' and is initiated by various innate pg#m-associated molecular pattern receptors
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triggered by the various antigens (70,72). For elamDC exposure to intracellular
pathogens programs these APCs to promote Thl-tggponses, whereas exposure to
helminthes drives DCs to promote Th2 developmensirAilar situation may exist for the
other various regulatory subsets of Th cells (73).

CD4" T lymphocytes can be grouped into different fumeéil subsets based on function
and cytokine secretion patteri&@dure 3). Originally, CD4 T cells were simply classified as
Type 1 effector Th cells (Th1) that produce highels of interferony (IFN-y) and tumor
necrosis factorr (TNF-0) upon antigen stimulation and being responsible régulating
delayed type hypersensitivity (DTH) reactions amdl-mediated immunity to intracellular
pathogens and tumor cells. The Thl developmenthlnagy is driven by IL-12 activation of
signal transducer and activator of transcriptiofstat4) and T-bet during immune activation
of naive T cells (74). Alternatively, Th2 are charized by the production IL-4, IL-5, and
IL-13 and are responsible for coordinating humarahunity, eosinophilic inflammation, and
controlling helminthic infections. IL-4 is primayilaccountable for the differentiation of Th2
cells through Stat6 and GATA (75). The Th1l and @le2elopmental pathways are controlled
by a delicate balance of positive feedback loopdF&l+y enhances further Thl development
and IL-4 supports continued Th2 differentiation.tA¢ same time, cross-regulation by IfFN-
and IL-4 suppresses Th2 and Th1l differentiatiospeetively. In addition to Thl and Th2
cells, several other subsets of CD# cells participate in the development of immune
responses. In many instances, these cells actntwot/suppress immune responses and play
an important role in the prevention of autoimmungedses. The best-studied group is the
naturally occurring CD4CD25" T-regulatory cells (Tregs) (76, 78). Approximatély6% of
the CD4 T cells exiting from the thymus express high levef CD25, glucocorticoid-
induced TNF receptor (GITR), and the transcriptiactor forkhead box protein 3 (Foxp3)
(79, 81). These Tregs mediate immune suppressiondgh a cell-to-cell contact-dependent
mechanism that does not require antigenic stimanat{82). While important for the
prevention of autoimmunity, in some circumstanceseg$® hinder desirable immune
responses, for example against tumor-associatégeast Depletion of this subset in vivo, for
example with anti-CD25 monoclonal antibodies, emiananti-tumor immunity in mice (83,
87), specially when the targeted tumor antigensapeessed to some extent by normal cells
(e.g. tissue differentiation antigens or produdtswerexpressed genes). Antigen-experienced
CD4" T cells can also develop into Tregs that exprd385; Foxp3, and GITR. Although the
origins of these adaptively induced Tregs is uncldeey have similar immune suppressive

effects as their naturally occurring counterpaftsother subset of regulatory CDZ cells
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called Th17 has been described recently (88). Tiderce suggests that Th1l7 cells develop
independently from either Thl or Th2 cells and espnt a distinct lineage (89).
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Leptin in Autoimmunity

As mentioned earliegb/ob mice have several abnormalities that are commastaved
animals (5). Howevemb/ob (anddb/db mice also have additional endocrine and metabolic
disturbances that could affect the immune systatirantly, such as hypercorticosteronaemia
and diabetes (5). Similarly, starvation not onlgasates with hypoleptinaemia, but also with
an increased concentration of glucocorticoids aedrehsed levels of thyroid and growth
hormones (which can result in immune suppressiéih) %o, the effects of leptin on the
immune system should take into account both thectieind indirect effects of this molecule
on other hormones. Although the influence of thgrahd growth hormones on the effects of
leptin remains elusive, it seems that leptin caecafthymic output and T-cell function
independently of glucocorticoids, as congenitallgptin-deficient individuals have
glucocorticoid levels within a normal range, butrkeally reduced numbers of naive T cells
().

More importantly, ob/ob mice have reduced secretibhL-2, IFN-y, TNF and IL-18, and
increased production of yP-type cytokines, such as IL-4 and IL-10, after agénic
stimulation. As a resulipb/ob mice are resistant to the induction of severaleexpentally
induced autoimmune diseases, for example, AIA @eritinduced Arthritis), which is a
model of immune-mediated joint inflammation inducky administration of methylated
bovine serum albumin (MBSA) into the knees of immed mice (90). The severity of
arthritis in leptin and leptin-receptor-deficientic® was reduced. The milder form of AIA
seen in ob/ob and db/db mice, as compared withralsntwas accompanied by decreased
synovial concentrations of ILBL and TNFe (Thl-type cytokines), decreased in vitro
proliferative response to antigen in lymph noddsgelind a switch toward the production of
Th2 cytokines (90). Serum levels of anti-mBSA aodiies were also significantly decreased
in the arthritic ob/obmice, as compared with controls.

Thus, in AIA, leptin may probably contribute to noiinflammation by regulating both
humoral and cell-mediated immune responses. Howegiet inflammation in AIA depends
on adaptive immune responses, which are impairet/ob and db/db and mice. More recent
studies have investigated the effect of leptin dadtin receptor deficiency on the
inflammatory events of zymosan-induced arthritisA)Z a model of proliferative arthritis
restricted to the joint injected with zymosan A andt dependent on adaptive immune
responses (91). ZIA, in contrast to AlA, was nopaited inob/obanddb/dbmice. However,

the resolution of acute inflammation was delayethm absence of leptin or leptin signaling,
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suggesting that leptin could exert beneficial iaflues on the evolution of this model of
arthritis (92).

In humans, patients with rheumatoid arthritis (R#dh reduced serum leptin levels induced
by fasting reportedly had improved clinical and lbgical measures of disease activity
associated with a decrease of Cyimphocyte activation and a shift toward Th2 cyhek
production (93). These aspects, resembling somethose seen in AlA in ob/ob mice,
suggested that leptin could also influence inflanuma arthritis in humans through an
influence on Thl responses.

Ob/ob mice are also protected from Expeimental AutoimendEncefalomylaitis (EAE),
whereas administration of leptin to susceptiblelwylpe mice worsens EAE by increasing the
secretion of pro-inflammatory cytokines and dingctorrelates with pathogenic T-cell
autoreactivity (see later for further details). teation of ob/ob mice from autoimmunity is
also observed in Experimentally Induced Hepatitg$l) (93, 94). Activation of T cells and
macrophages is one of the initial events duringlvar autoimmune hepatitis. Activated T
cells are directly cytotoxic for hepatocytes antbase proinflammatory cytokines, which
mediate hepatocyte damage. A well-described mouws#ehof T-cell-dependent liver injury
is the one induced by i.v. injection of the T celitogen concanavalin A (Con A), which
results in fulminant hepatitis. During Con-A-inddcleepatitis, TNFe is a crucial cytokine in
the acute disease process because neutralizattbrs alytokine reduces liver damage. On the
other hand, the injection of TNd-causes acute inflammatory hepatocellular apoptosis
followed by organ failure, and TNé&thus appears to cause hepatoxicity. Siegmund €4
showed that leptin-deficient ob/ob mice were priddrom Con-A-induced hepatitis. TNE-
and IFNy levels, as well as expression of the activatiomkeraCD69, were not elevated in
ob/ob mice following administration of Con A, suggeg that their resistance was associated
with reduced levels of those proinflammatory cytms, together with low percentages of
intrahepatic NKT cells (which are cells that comiiie to progression of this disease) (94).
Similar results were obtained in EIH induced by uR&Enonas aeruginosa exotoxin A
administration (93). Also in this case, leptin adisiration restored responsivenesobifob
mice to EIH, and T lymphocytes and TNFwere required for the induction of liver injury.
The authors also showed that leptin played an itaporrole in the production of two
proinflammatory cytokines in the liver, namely TNFand IL-18 (91). Finallypb/obmice are
resistant to acute and chronic intestinal inflamamainduced by dextran sodium sulphate and
to colitis induced by trinitrobenzene sulphonicda¢iExperimentally Induced Colites, EIC)

(95). In acute EICpb/ob mice do not develop intestinal inflammation andwhlecreased
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secretion of pro-inflammatory cytokines and chemeki As expected, leptin replacement
increases cytokine production to the levels obskmecontrol mice (95). Of interest, recent
reports have shown that leptin secreted by therigasticosa is not completely degraded by
proteolysis and can therefore reach the intestineni active form, where it can control the
expression of sodium/glucose and peptide transisode intestinal epithelial cells (96, 97).
As a result, leptin might have a dual nature: oa band, leptin could function as a growth
factor for the intestine, because of its involvementhe absorption of carbohydrates and
proteins; on the other hand, leptin could functsra mediator of intestinal inflammation (95,
97).

More recently, protection from autoimmunity iob/ob mice has been observed in
Experimentally Induced Glomeruloneprhites (98). this immune-complex-mediated
inflammatory disease induced by injection of shaepbodies specific for mouse glomerular
basement membrane into mice preimmunized agaiespsigG, the authors observed renal
protection of ob/ob mice associated with reducemsmglrular crescent formation, reduced
macrophage infiltration, and glomerular thromboSisese protective effects were associated
with concomitant defects of both adaptive and ianatmune response (testified by reduced
in vitro proliferation of splenic T cells and redwt humoral responses to sheep IgG,
respectively). Finally, evidence that leptin mag®pathogenic effects in immune-mediated
disorders of the kidney come from the finding tlegatin is a renal growth and profibrogenic
factor that contributes to endocapillary prolifevat and subsequent development of
glomerulosclerosis during renal damage in condgtipossibly including diabetes and obesity,
both characterized by high circulating leptin lev9).

All these studies concern a role for leptin in expentally “induced” autoimmunity.
However, leptin is also important in “spontaneousitoimmune Diabetes in non-obese
diabetic (NOD) mice (100). Leptin accelerates autoune diabetes in females NOD/LtJ
mice (101, 102). Fluctuations in serum leptin lsvhhve been also observed in a study
performed by our group in an animal model of CD4€€ll-mediated autoimmune disease,
such as type 1 diabetes (T1D). Non-obese diabBi@D(Lt]) female mice, spontaneously
prone to the development of beta-cell autoimmuriitgye higher serum leptin levels, as
compared to NOD/LtJ males and non-susceptiblenstraf mice, and show a serum leptin
surge preceding the appearance of hyperglycaendid).(Furthermore, early in life leptin
administration significantly anticipated the onsétdiabetes and increased mortality and
inflammatory infiltrates in beta-islets; this ph@menon correlated with increased secretion of

IFN-y in leptin-treated NOD mice (101). More recenthyhas been found that a natural leptin
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receptor mutants of the NOD/LtJ strain of mice (rdnmNOD/LtJ-db5J) display reduced
susceptibility to T1D (103, 104). These data furtlseipport the role of leptin in the
pathogenesis of T1D. These NOD-db5J mice are obésgerphagic and show
hyperglycaemia associated with hyperinsulinaemige TEptin receptor mutation affects the
extracellular domain of the leptin receptor prdiainpairing the leptin-binding and/or
receptor dimerization. This effect is likely abtedlter the intracellular signalling machinery,
thus impairing the pathogenicity of anti-isletsa@etctive T cells. Indeed, these mice show
mild-low grade infiltration of the islets. This meldnicely complements the previously
published data from our group, hypothesizing ards for leptin in the development of T1D.
Further studies are needed to address the molenaletninery determining the phenotype of
resistance observed in these mice as well as th&lplity to interfere with T1D pathogenesis
by blocking the leptin axis.

Another indication that leptin could be involvedaantoimmunity is the sexual dimorphism of
serum leptin concentration (higher in females tlamales matched for age and body mass
index). In this sense, leptin could be added toligteof hormones, such as oestradiol and
prolactin, that have long been known to have airofavouring the predisposition of females
to the development of autoimmunity (105). In paute, only hyperleptinaemic female mice
develop autoimmunity, whereas hypoleptinaemic naiee protected, and treatment of EAE-
resistant SJL/J males with recombinant leptin rentteem susceptible to EAE (105).

Leptin in organ-specific autoimmunity of the central nervous system: the case of
Multiple Sclerosisand EAE.

Immunologists look at multiple sclerosis as anosmimune disease, in which T-
lymphocytes specific for myelin antigens start miteimmatory reaction in the central nervous
system, which ultimately leads to demyelination andsequent axonal injury. This view of
multiple sclerosis as a T-cell-mediated autoimmdisease is derived primarily from studies
on a single animal model, experimental autoimmureephalomyelitis (EAE). The origins of
EAE date back to the 1920s, when Koritschoner aolw8inburg induced spinal cord
inflammation in rabbits by inoculation with humapirsal cord. Since then EAE was elicited
in many different species, including rodents anidhptes, and from these studies it became
clear that EAE can reproduce many of the cliniceuropathological and immunological
aspects of multiple sclerosis (106).

Multiple Sclerosis (MS) is a chronic, immune-meddtinflammatory disorder of the central

nervous system (CNS) (107). Clinically the illnesay present as a relapsing—remitting
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disease, or with steady progression of neurologiisability. The subsequent course of
disease is unpredictable, although most patients wai relapsing—remitting disease will
eventually develop secondary progressive dise#tsepathology is, in part, reflected by the
formation of focal inflammatory demyelinating lesgin the white matter, which are the
characteristic hallmarks in patients with acute asldpsing disease (108, 109). In patients
with progressive disease, the brain is affectedaimore global sense, with diffuse but
widespread (mainly axonal) damage in the normaleappg white matter and massive
demyelination also in the grey matter, in particutathe cortex (110, 111). The mechanisms
of tissue injury in focal white matter lesions dreterogeneous, resulting in patterns of
demyelination that vary between patients or pateigroups (108). The destruction patterns
in the multiple sclerosis plaque can include a iz attack via T-cell and macrophages
inflammation (with the secretion of perforin andagzyme as effector molecules directed
towards the target), as well as a humoral-medide=druction of the myelin sheat via local
deposition of antibodies, which then can activamglement [Eigure 4). Furthermore, there
is a high inter-individual variability in the exteaf axonal damage as well as remyelination
and repair. The reason for this complex situatsolatigely unknown, although it is likely that
genetic factors influencing immune-mediated inflaation as well as neuronal and glial

survival may play a major role in modulating theepbtype of the disease (108).

Destruction patterns in the MS plaque
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Figure 4. Destruction patterns in the multiple sclerosis plaque. A) In the healthy CNS oligodendrocytes
enheathe the axon and form myelin internodes aflaegize. B Cytotoxic attack can destry the myelin sheat
via T-cell and macrophage inflammation. Cytotoxicdlls secrete perforin and granzyme as effectdecntes
directed towards the target (left). Humoral factdestry the myelin sheat via local deposition dfitadies,
which then activate complement (right) or phagacgffector cells via ADCC (not shown). C) Damagedods
the oligodendrocyte and the axon is mediated viatoyic products of macrophages/microglia (leftjthanitric
oxide (NO) as one of the major constituents. Ndiat the oligodendrocyte shows typical morphology of
apoptosis. On the right side, the diffuse pattdraxmnal and myelin destruction is illustrated, whas yet no
unequivocal pathogenetic mechanism has been ightif

As previously said, the most studied model of MS animals is EAE, in which
autoimmunity to CNS components is induced in susiglep strains of mice through
immunization with self-antigens derived from bagigyelin protein. The disease is
characterized by autoreactive T cells that traffithe brain and to the spinal cord and injure
the myelin sheaths of CNS, with the result of clvoar relapsing-remitting paralysis
(depending on the antigen and the strain of miesludt has long been known that myelin-
reactive Thl CDZ%cells can induce and/or transfer disease, andcytukines are elevated in
the CNS inflammatory lesions of EAE. In contrash2Tcytokines typically associate with
recovery from EAE and/or protection from the digefkl?). It has been shown that leptin is
involved in both the induction and in the progreasof EAE (112). Genetically, leptin-
deficientob/obmice are resistant to induction of both active addptively transferred EAE.
This protection is reversed by leptin administratemd associates with a switch from Th2- to
Thl-type responses and IgG1 to IgG2a isotype swimilarly, in susceptible wild-type
C57BL/6J mice, leptin worsens disease by increa#iNyy release and IgG2a production
(112). Importantly, a surge of serum leptin anttgs the onset of clinical manifestations of
EAE (113). The peak of serum leptin correlates wifftammatory anorexia, weight loss, and
the development of pathogenic T cell responsesnaganyelin (113). Lymphomononuclear
infiltrates in the CNS of EAE mice indicate in sfitoduction of leptin in active inflammatory
lesions, thus representing a significant local seunf leptin (113) Kigure 5). Systemic
and/or in situ leptin secretion was instead lackingeAE-resistant mice. Taken together,
these data suggest an involvement of leptin in @XI8mmation in the EAE model of MS. In
the human disease, it has been reported that thetiea of leptin is increased in both serum
and cerebrospinal fluid (CSF) of naive-to-treatmeuattients with MS, an aspect that
positively correlates with the secretion of IFNR the CSF and inversely correlates with the
percentage of circulatingrlys— a key subset of lymphocytes involved in the seggion of

immune and autoimmune responses that is reducgeatiants with MS as compared with
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healthy matched controls (114). Of note, the nunafgeripheral kegsin patients with MS
inversely correlates with the serum levels of lepsiuggesting a link between the number of
Tregsand leptin secretion (114). Considering thag,Jare generated in the thymus, it is not
known whether peripheral leptin or that producethmperithymic adipose tissue could affect
Tregs gENEration/function in autoimmunity-prone subjedtisis aspect is not defined yet and
is object of current extensive investigation. Ity @ase, the fact that increased leptin secretion
occurs in acute phases of MS and correlates witk @®duction of IFNy is of possible
interest for the pathogenesis and clinical follopvai patients with MS. As mentioned before,
increased leptin secretion is present both in éners and in the CSF of patients with MS and
does not correlate with body mass index (BMI) (1I#)e increase of leptin in the CSF is
higher than in the serum, suggesting possible skggnn situ synthesis of leptin in the CNS
and/or an increased transport across the blood+lrairier following enhanced systemic
production. A recent gene microarray analysis of Tymphocytes from active MS lesions
has shown elevated transcripts of many genes ohe¢beoimmunoendocrine axis, including
leptin (115). Leptin transcripts were also abundargene expression profiles of human Thl
clones, confirming that leptin gene transcriptiom induced concomitantly with the
polarization toward Thl responses — which are aftealved in T-cell-mediated autoimmune
diseases including MS. Moreover, in situ secretbreptin near inflammatory T cells and
macrophages was observed in active EAE lesiong) (Rlossible explanation for the in situ
elevated levels of leptin in the CSF of patientthviilS could be the inflammatory cell itself,
as suggested by studies with autoreactive humatimbassic protein (hMBP)-specific T cells
from patients with MS that produced leptin and gpitated the expression of leptin receptor
after activation (114). Both anti-leptin and amptin receptor-blocking antibodies reduced
the proliferative responses of the hMBP-specificc@ll lines to antigen stimulation,
underlying a possibility of leptin-based intervemti on this autocrine loop to block
autoreactivity (114). Finally, recent reports (11@Bve shown increased secretion of serum
leptin before relapses in patients with MS durirgatment with IFN3, and a capacity of
leptin to enhance in vitro secretion of TMF-IL-6, and IL-10 from peripheral blood
mononuclear cells of patients with MS in acute phasthe disease but not in patients with
stable disease (116). In view of all these conaittams, we suggest that leptin could be one of
the many proinflammatory factors that act in coht@promote the pathogenic (autoreactive)

Th1 responses targeting neuroantigens in MS.
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Fig 5. Lymph node and CNS expression of leptin during acute/active EAE. A) Leptin expression in SJL/J
female mouse adipose tissue used as positive toftrand C) Expression of leptin in T cells andamgphages

in a draining lymph node from SJL/J female miceeaftnmunization with PLP139-151. D) Leptin was not
expressed in the brain of C57BL/68/obmice after immunization with MOG35-55 peptide (@) (E and F)
Expression of leptin in inflammatory infiltrates Ifite square) and in choroid plexus (arrow) durihg acute
phase of EAE in C57BL/J6 WT mice (n = 4). (g) Leptvas not expressed in the brain of SJL/J male afice
immunization with PLP139-151 peptide (n = 6). (HHdh Leptin expression in inflammatory lesionstire
acute phase of EAE in SJL/J female mice (n = 6Lekebellum of SJL/J male mice did not expresdregfter
immunization with PLP139-151 peptide, whereas iankl | leptin was expressed in inflammatory infiks
(white square) and choroid plexus (arrow) of SJefdales. M) Spinal cord C57BL/3/ob mice immunized
with MOG35-55 peptide did not express leptin. (Nl @) Expression of leptin in neurons (white square)
and two inflammatory infiltrates around blood vdsgarrows in n) detectable during the acute plud<eAE in
C57BL/6J WT mice spinal cord. (P-R) Leptin expressiwvas revealed in T cells present in inflammatory
infiltrates of the brain, cerebellum, and spinaidc¢arrows) of C57BL/J6 WT mice after adoptive sfam, but it
was not detectable in the CNS of C57BLéJobmice after adoptive transfer (not shown). The s/Bijuares in
b, e, h, k, and n represent the zone of higher ffieagtion shown in ¢, f, i, |, and o, respectively.
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AlM OF THE STUDY

As discussed before, leptin is a peptide hormaienging to the helical cytokine family
produced primarily from adipocytes, it has beenwshao control food intake, basal
metabolism and reproductive function (14). Expentakevidence supports a direct role for
leptin in the regulation of immunity (117Q@bese leptin-deficient (ob/ob) mice and leptin
receptor (LepR)-deficientnice (db/db) mice, display numerous immune abndtiasl(18,
117), including mild-severe CD4T cell lymphopenia, increased absolute numberatfinal
regulatory T (Treg) cells and resistance to a sesfeinducible or spontaneous autoimmune
disorders such as experimental autoimmune enceaplalitis (EAE) and type 1 diabetes in
nonobese diabetic (NOD) mouse, respectively. Lepinmances also T helper 1 (Thl)
proinflammatorycytokine production in vivo and in vitro, condit@non the presence af
functional LepR (119).

Immune homeostasis, the maintenance of lymphooymbers, is critical factor for
survival. In the thymus, developmental and matarapirograms regulate thymocyte numbers
and output. In the periphery, regulation of celivetal, proliferation and death ensure the
maintenance of T cell numbers. Immune homeostasasp critical to protect against self-
reactivity, which can arise as T cell receptorsaliey and diversify. Negative selection in the
thymus, anergy and a variety of Treg cell poputadionanage these potentially autoreactive
lymphocytes (120).

Loss of immune homeostasis, leading to abnornmmphocyte numbers, can lead to various
disease states. In order to maintain peripheratel numbers, lymphocytes undergo
homeostatic proliferatio(il21). Homeostatic proliferation occurs to maintaifull lymphoid
compartment in numerous natural settings, sucim agwborns, whose immune systems are
still developing, and in the elderly, whose thyroigput has decreased (122). The regulation
of homeostatic proliferation is key for normal imneufunction. Cytokines, including IL-6,
IL-7, IL-15 and IL-21, have all been implicatedhomeostatic control (123, 124). Treg cells
have also been implicated in the control of horegasproliferation, although their exact role
remains controversial. Recent reports have showh iticreased homeostatic proliferation
associated with T cell lymphopenia can expand tha pf autoreactive T cells that promote
autoimmunity (125, 128). In striking distinctiorhet observed CD4lymphopenia in ob/ob
mice is not associated with an increased homeospatliferation of T cells leading to
autoimmunity, rather to a resistance to break bftekerance leading to autoimmunity.
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Our working hypothesis is that reduced susceptybdif ob/ob mice to autoimmunity and
EAE could be ascribed to a reduced survival of matctive CDA T cells in an altered leptin-

deficient microenvironment.
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Materialsand Methods

Mice and in vivo experiments

Female C57BL/6J wild-type (WT-B6) and C57/BL/@3fob(ob/ob leptin deficient
mice 8-10 week old were purchased from CharlesRiaéy (Calco, Italy) and from
Harlan ltaly (Correzana, Italy). The B10.Cg.Tg AMD)53Hed/J (AND-TCR TQ)
PCC-specific transgenic mice were purchased from Jackson Laboratory (Barr
Harbor, ME). WT-B6 andb/ob mice were age matched for individual experiments
and were group-housed two to six mice per standagk according to different
experimental condition, with a 12-h light-dark a.cAll experiments were performed
under approved protocol in accordance with aninsd guidelines of the Istituto
Superiore di Sanita (Rome, Italy).

WT-B6 mice were injected intraperitoneally (i.p)ithv either leptin dissolved in
(Sigma Aldrich) 20QL of PBS at a dose of 1Q@/mouse and rapamacyn (Sigma
Aldrich) at a dose 1Q@/mouse.

L eptin administration

Mouse recombinant leptin (rleptin) was obtainednfrR&D SystemsEurope (Oxon,

U.K.); purity was >97%, assessed by SDS-PAgBH visualized by silver staining analysis.

The endotoxin levelas <0.1 ng/ug of leptin, as determined byltheulusamebocyte lysate

method. Mice comprised two groups £ 6—11per group) forob/ob leptin-deficient obese

mice (allhoused in pairs) and one groups=(6—10 per group) fa€57BL/6J normal age- and

sex-matched control mice (housed twaix mice/cage)-or adoptivelynduced disease, mice

were treated starting 3 days before ttasfer of MOGsss T cells and continuing over a
period of 30 days. Qhe groups of leptin-deficient mice, one was irgecivith 20Qul of PBS

twice daily (at 10:00 a.m. and 6:00 p.m.); the selcgroup was injected wittmurine rleptin

(0.5 pg/g initial body weight twice daiip 200 pl volume i.p., for a total of 1 pg/g/dafy

rleptin); according to the same schedule (112, .1F9y the group of WT-B6 mice, was

injected with PBS twicelaily according to the same schedule of obese miitanice were

weighed and their food intake was recorded daily.
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Antigens

The peptide used in this study were the immunodanti MOGsss peptide
(MEVGWYRSPFSRVVHLYRNGK) and the PGg.104 peptide
(KAERADLIAYLKQATAK) (130). It was obtained from Inlos srl (Napoli, Italy) and purity
was verified by HPLC (97% pure); the amino acid position was assessed by mass
spectrometry. In all experiment, we used M6z peptide and PCdg.104 peptide from the
same preparations, initially solubilized in LPSefrgaline solution at 4 mg/ml concentration,
and stored at -80°C.

Induction of adoptive EAE

For induction of adoptive EAE (101), 10 female do@€57BI/6J mice (6-8 week old) were
primed s.c with 30Qug of MOGss.55 peptide in CFA distributed over four sites. Af@&i10
days, draining lymph nodes and spleen were hamestemogenized into a single cell
suspension, and cultured separat@lyitro in 24-well plates (Falcon, Becton Dickinson,
Franklin Lakes, NY) with RPMI 1640 medium (Life Tewlogies, Gaithersburg, MD)
supplemented with 10% FBS (Life Technologies), 2 ilglutammine (Life Technologies),
0.1 mM nonessential amino acids (Life Technologies)M sodium pyruvate (Life
Technologies), 50 uM 2-ME (Sigma), 100 U/ml petjl 100 pg/ml streptomycin (Life
Technologies), and 25 pg/mf MOGss_s5 peptide. After 3 days in culture and addition
medium of 2 U/ml of rIL-2 (Roche Biochemicals, Ma@p4taly),the cells were harvested and
centrifuged over a Ficoll gradient (PharmaBiatech, Uppsala, Sweden) to remove debris
Recipient syngeneigaive female leptin-deficient, PBS or rleptin texhtand WT-B6 control
mice were i.v. injected with 2.5 x 1@ cells in a final volumef 500 pl of PBS. Mice also

received 200 ng of pertussis toximmediately after cell transfer and 1 day later.
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Clinical assessment

Individual mice were observed daily for clinicagrss of diseasér up to 30 days after
adoptivetransfer. Mice were weighed and scored daily adngrdb the clinicalseverity of
symptoms. We used on a scale of 0 to 6 (112) bylinded"to mice identity experimenter,
with 0.5 points fointermediate clinical findings: grade 0, no abndrityagrade0.5, partial
loss of tail tonicity, assessed by inabilityctarl the distal end of the tail; grade 1, reducat t
toneor slightly clumsy gait; grade 2, tail atony, maatety clumsygait, impaired righting
ability, or any combination of thesggns; grade 3, hind limb weakness or partial yarsi
graded, complete hind limb paralysis or fore limb weassiegradé®, tetraplegia or moribund
state; grade 6, death. The data waotted as daily mean clinical score for all anisnad a
particulartreatment group. Scores of asymptomatic mice (seofy wereincluded in the
calculation of the daily mean clinical score éaich group.

Induction of delayed-type hypersensitivity (DTH) (footpad-swelling assay)

DTH responses to adoptively transferred M@& specific T cells were quantitated using
a time-dependent footpad-swelling assay. Brieflicenpreviously adoptively transferred with
5x10F MOGss_ss specific CD4 T cells were challenged by s.c. injectimfrinto theright hind
footpad 5@ MOGss.55 peptide . PBS alone was injected into the leftgadto serve as
control for measurements. As negative control,used immunized mice (sensitized with
CFA alone) Footpad thicknessas measured either after 7 days after transfé@ap4, 48,
and 72 h after challenge, and for long-time DTHeasment footpad swelling was measured
at respectively at 1, 7, 14 days by a "blindedSample identity experimenter using a caliper-
typeengineer’'s micrometer. The footpad-swelling respomnascalculated as the thickness of
the right footpad (receivingg) minus the baseline thickness of the left fodtgeeceiving
PBS).

Cytokine measur ement

Leptin, IL-7, IL-15 and IL-21 were measured usiBgQISA detection kits purchased from
R&D Systems (Minneapolis, MN, USA), Bioo Scientiffdustin, TX USA) and Biolegend
(San Diego CA USA), respectively. Measurements wpegformed according to the
manufacturer's instructions. Soluble Ib;1L-2, IL-4, IL-5, IL-10, IL-17A, IFN-y GM-CSF,
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TNF-a, mouse cytokine were measured using beads Fasalyte Detection Assay (Th1/Th2
FlowCytomix Kit, Bender MedSystems, Vienna, Austraccording to the manufacturer's

instructions.

Proliferation assays

Spleen cells were obtained from mice at differemte points afteradoptive transfer,
dissociated into single cell suspensiand cultured in flat-bottom 96-wathicrotiter plates
(Falcon) at a density of 5x1@iable cells/welliin a total volume of 200u! of RPMI 1640
medium (Life Technologies), supplemented with 1% autologous ma@esum from each
different groups of mic& mM L-glutamine (Life Technologies), 0.1mM none#sa amino
acids (Life Technologies), 1mM sodium pyruvate €LifechnologieshOuM 2-ME (Sigma),
100U/ml penicillin, and 100pg/ndtreptomycin (Life Technologies). Cells were cugairat
37°Cin 100% humidity and 5% CQn the presence or absence of varying concentistio
MOGss_s5 peptide (from 0 to 100ug/ml peptid&or experiments with AND-TCR-Tg mice
DCEK transfectants (murine fibroblasts cells tragtfd with the Emouse class 1l molecule,
(131) were used as antigen presenting cells toatetin vitro CD4 AND-TCR-Tg mice T
cells. T cells were incubated for 72h and an adidgti 16h, pulsedvith 0.5uCi/well of
[*H]thymidine (Amersham PharmacBiotech, Piscataway, NJ), harvested on glass-fiber
filters usinga Tomtec (Orange, CT) 96-well cell harvester, aodnted ina 1205 Betaplate
liquid scintillation counter (Wallac, GaithersbuMD). Results are expressed as mean cpm +

SD from triplicatecultures.
Flow cytometry, cell sorting and biochemical analyses

CD4" T cells from donor mice were stained with the feszent dye CFSE (5-, 6-
carboxyfluorescein diacetate succinimidyl estesjrfiMolecular Probes (Eugene, OR) used at
1ug/ml 5x1¢ CD4" CFSE-labelled T cells were injected in tail vein of WBB, ob/ob and
leptin-treatecbb/obmice. For flow cytometric analyses of CFSED4' T cells 7 and 14 days
after transfer, spleen of three mice groups weredséed and 1xf0Ocells were analyzed to
Facscalibur (Becton Dickinson, San Diego, USA) gsi€@ellQuest software (Becton
Dickinson, San Diego, USA). For biochemical anaty&@5-1x16) CD4'CFSE cells were
obtained from the spleen of each group of Wb/ob and ob/obleptin-replaced mice, after
High-Speed Cells Sorting (MoFlo, Dako, Denmark)|lscavere 99% pure. For western
blotting, sorted cells were lysed in 50 mM HEPES (p5), 250 mM NaCl, 1 mM EDTA,
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1.0% Triton X-100, 10 mM sodium fluoride, 1 mM sordi orthovanadate, and Zy/ml
aprotinin, 2ug/ml leupeptin, and 2g/ml pepstatin. 5Qug of total proteins were loaded on
SDS-PAGE gel under reducing conditions. After elguhoresis, proteins were transferred
onto a nitrocellulose filter membrane (Protan, Sudler & Schuell) with a Trans-Blot Cell
(Bio-Rad) and transfer buffer containing 25mM TriE92mM glycine, 20% methanol.
Membranes were placed in 5% nonfat milk in PBSY0Twveen 20 (PBST) at 4°C for 2 hr to
block the nonspecific binding sites. Filters weneubated with specific antibodies before
being washed three times in PBST and then incubatgkd a peroxidase-conjugated
secondary antibody (Amersham Biosciences). Afteshivey with PBST, peroxidase activity
was detected with the ECL system (Amersham, Bioseig) or Femto (Pierce). The
antibodies used were the following: anti-p$7, anti-pAKT, anti-AKT and anti-Bcl-2 and
anti-PS6 (all from Cell Signaling Technology, BdyemMA); all filters were quantified by
densitometric analysis of the bands utilizing tmegoam Scionlmage 1.63 for Mac (Scion
Corporation, Frederick, MD). Finally, FACS analydes intracellular signalling were also
performed by intracellular staining of P-S6, usiRg-conjugated P-S6 antibody (Cell
Signaling Technology, Beverly, MA), was performex-vivoon CFSE cells after fixation

and permeabilization procedures.
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Results
Chronic leptin deficiency associates with hypoplasia of lymphoid organs

We examined lymphoid organs in leptin-deficienit/0b), leptin-replacedb/oband
wild-type (WT-B6) age-matched control mice. db/ob mice, thymus, spleen showed
marked macroscopic hypoplasia as compared with @loMdT counterparts and
recombinant leptin-replaceab/ob mice Figure 6A). Microscopic analyses inb/ob
mice (hematoxylin&eosin) confirmed the atrophy difyrhus in both cortical and
medullar areasHigure 6B). In addition, the spleen reduced in size andasttarized by
almost the absence of white pulp and primary fil@ic These latter were confined only
in the polar zones of the spledfiqure 6B arrows). Finally, lymph nodes were very
difficult to be found inob/ob mice within the massive adipose tissue and thetfa
were isolated showed a marked “adipose-metaplasia”’which the adipocytes
represented the majority of cells (data not showngll the different lymphoid organs
leptin-replacement restored both normal macrosca@pid microscopic architecture
(Figure 6A-B).
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Figure 6. Leptin deficiency is associates with hypoplasia of lymphoid organs.

A) Macroscopic hypoplasia of spleen and thymurliiob as compared with normal WT-B6 counterpats. B)
Hemotoxylin&eosin staining of spleen, thymus anchph node from WT-B6pb/ob and ob/ob rleptin-treated
mice.
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Resistance to adoptively-transferred EAE in ob/ob mice associates with a progressive
decline in the in vivo myelin-antigen-specific CD4" T cell responses and reduced
Th1/Th17 cytokine secretion

We have previously suggested that leptin is reglufor induction and progression of EAE
(112). Our hypothesis is that leptin controls sumliand proliferation of myelin-antigen-
specific CD4 T cells. We adoptively transferred 5X1éncephalitogenic MO$g.ssspecific
CD4" T lymphocytes into the tail veins of WT-B6, leptieficientob/ob mice treated or not
with mouse recombinant leptin (rleptin), respedtiveAs shownFigure 7A, MOGss.s5
specific CD4 T cells were unable to transfer EAE when injedted ob/ob recipients. In
contrast, these T cells induced EAE when transflernéo WT-B6 andob/ob treated with
rLeptin, respectively, as suggested by a similagdency of disease and clinical score in
these groups of mice. We dissectedivo andin vitro the magnitude, the efficiency and the
progression overtime of the Thl-metiated immungaase transferred by the MQGs
specific T cells. More specifically, 7-days afteloative transfer of MOg.ss-specific CD4
T cells mice were challenged with |5 of MOGss.55 peptide into the footpad to measure the
delayed-type hypersensitivity (DTH) respon®d/ob mice showed a reduced kinetics in the
DTH reaction (12-72h) as compared with WT-B6 amgbtih treatecb/obmice Figure 7B).

In addition, to evaluate whether leptin deficiemould influence DTH response over a long
time frame, we analyzed at different days from ddeptive transfer (1, 7, and 14 days) the
maintenance of footpad swelling in all the aboventiomed groups. MOg&.ssspecific CD4

T cells were unable to maintain DTH responses tweg, when adoptively transferred into
ob/ob mice (Figure 7C). Finally, to define whether leptin deficiency tdwaffect ex-vivo
proliferation of previously-transferred MQ§xs specific T cells, we performed dose-
depended MOGgs.55 specificin vitro stimulation of splenocytes pulsed with MgyGs from
the three groups of mice. all in autologous mouwseam to preserve alsa vitro thein vivo
condition of leptin deficiency and/or treatment.llGwoliferation of WT-B6 cells obtained
from ob/obmice was strongly reduced at all the differentamnrations of MOGs.sspeptide,
whereas rleptin treatment restored the prolifeeatiapacity igure 7D). Next, secretion of
cytokines from WT-B6 MOGs.ssspecific T cells obtained frorab/ob mice was reduced in
terms of production of pro-inflammatory cytokinasghk as IL-In, IL-2, IL-6, IFN-y, TNF-,
GM-CSF, IL-17A , restored by rleptin administrati@ffigure 7E). Leptin deficiency did not
alter the production of IL-4 and IL-10 classicalZltegulatory type cytokines by WT-B6 cells
in response to MO4£g.s5 antigen, whereas IL-5 was reduced similarly to Tdytokines.
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Finally, WT-B6 MOGs.ssspecific CD4 T cells fromob/obmice showed impaired release of
survival cytokines, IL-15 and IL-21, when stimuldia vitro with MOGgss.ssspecific peptide.
The levels of IL-7in vitro secretion were undetectable after Mf&s-peptide stimulation. In
addition, the level of surface expression of the7lkeceptor was not different in all three

groups of mice (data not shown).
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Fig. 7 Leptin deficiency associates with resistance to passively-induced EAE, reduced DTH responses and
decreased proliferation of CD4" M OGgs 55 specific T cells. A) Mean clinical score of passively induced EAE
disease in WT-B6pb/ob-PBS treated andb/obleptin treated mice. Only WT-B6 arub/obleptin treated mice
groups develop clinical signs of disease, and sHoavesimilar disease scoreb/obPBS treated mice were
resistant to EAE induction when adoptively transfdrwith 5x16 encephalitogenic MO ssspecific CD4 T
lymphocytes.ob/obleptin treated group were injected with rleptiartihg 3 days before the transfer until day
25. Data are representative of three independgrarerents with similar results (n =5 mice per grpiB) DTH
reaction in WT-B6pb/obPBS treated andb/obleptin treated mice. 7-days after adoptive trangfeMiOG;s 55
specitif CD4 T cells, mice were challenged 50mg of M@G; peptide into the footpad to measure the delayed-
type hypersensitivity (DTH) response. C) DTH resgover time, 7-14 days after adoptive transfer Mg¥s
specitif CD4 T. Data are representative of two independent éxeats with similar results, showing the means
+ SD of footpad-swelling responseq 4« 0.001 compared with WT-B6. D) Dose-depended M{gspecificin
vitro stimulation of splenocytes pulsed with MOG35-586nfrthe three groups of mice previously adoptively
transferred with pathogenic MQ&sspecific CD4. Data are representative of two independent exgaris
showing the means + SD of footpad-swelling respenge< 0.05. E)In vitro cytokines release on cell culture
supernatent upon MOJgssspecificin vitro stimulation of splenocytes from the three groupmize previously
adoptively transferred with WT-B6 pathogenic M@Gsspecific CD4.
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Leptin controls homeostasis and survival of autoreactive and antigen-specific CD4™ T
cells

To define whether leptin deficiency influences sual/and proliferatiorin vivo of MOGgs 55
specific CD4 T cells, CD4 T purified from immunized MOg.s5 peptide WT-B6 mice 7
days after immunization were activatedvitro for three days with MOgg.ssSpecific peptide,
CFSE-labeled and adoptively transferred into WT-B®/ob and rleptin-treatedob/ob
recipient mice, respectivelyFigure 8). At different time points the cells were monitdre
longitudinally in the spleens; we analyzed the vecp of CFSE MOGss.ssspecific CD4 T
cells in all groups of mice. Seven days post-trantfe percentage of CFSED4' T cells in
ob/obmice was dramatically reduced when compared wvighather groupsHigure. 8A-B).

At later time points (day 14) post transfer CD® cells further collapsed as suggested by a
reduced percentage and numbrggre. 8B). As thein vivo expansion rate measured as
CFSE dilution was similar among the groups we testhether altered recovery of CFSE
CD4" T in ob/obmice could be ascribed to their increased apaptatie, we evaluated the
expression of Annexin-V apoptotic marker on surfatéCFSE MOGss ss-specific CD4 T
cells recovered from the spleens of WT-B6/obtreated or not with rleptin. We found that
Annexin-V levels were significantly increased in VB6 CD4 T cells derived fromob/ob
mice (Figure 8C).

To expand and confirm our observations to an hanegus and clonal T cell population,
we utilized also CD4cells from TCR transegnic mice (132) (AND-TCR-Tapainst pigeon
cytochromee peptide (PCgs.109 and analyzed their CFSE dilution and survivalrowee. We
adoptively transferred CFSEPCGg.iosspecific CD4 T cells after three day# vitro
activation with the PCgg_104 peptide loaded on DCEK transfectants (104) into-B&T ob/ob
treated or not with rleptin. Once again leptin deincy was responsible of the reduced
recovery of CFSEPCGg.1osspecific CD4 transgenic T cells fromb/ob mice Figure 8D)
at 7 and 14 days after transféidure 8D-E). Levels of apoptosis measured as Annexin-V
were increased irob/ob mice similarly to autoantigen specifc M@{gs cells (data not

shown).
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Figure 8. Leptin affects homeostasis of antigen-specific CD4" T cell

Left Schematic model of the experimental procedure f@QW.s5 specific CD4 T cells: WT-B6 mice were
immunized with MOGs_ss-petide. After 9-10 days, draining spleen CO4cells were culturedn vitro, for 3
days in presence of MQGsspetide. Next, 10 x 70CD4" T cells were stained with CFSE and injected i.wint
WT-B6, ob/ob PBS-treated and ob/ob rLeptin-treatszipient mice. After 7 and 14 days mice were hstee
and citofluorimetric analysis was performé&ight Schematic model of the experimental procedure €L
104 Specific CD4 T cells: WT-B6 mice were immunized with P&Gorpetide. After 9-10 days, draining spleen
CD4' T cells were cultureéh vitro, for 3 days in presence of PGGorpetide.. Next, 10 x f0CD4' T cells were
stained with CFSE and injected i.v into WT-B6, dbf@BS-treated and ob/ob rLeptin-treated recipieizem
After 7 and 14 days mice were harvested and citafieetric analysis was performed.

A) Representative flow cytometry plots of CFSED4" T cells recovered in the spleen from WT-B6 (upper
panel), ob/obPBS treated (middle panel) amdb/obleptin (lower panel) treated mice 7 days after e
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transfer ofin vitro-activated MOGs.ssspecific CFSE-labelled CD4T cells from WT-B6. B) Histograms
represent the percentage (left) and absolute nuimlggrt) of CFSE T cells detected at 7 and 14 days post
adoptive transfer in spleen and B6-WT (dark basb)pb PBS-treated (blu bars) amdth/ob rleptin-treated mice
(red bars). Data are representative of three inttbgr® experiments. Data are shown as mean +/*580.05.

C) Representative flow cytometry plot of Annexinstaining CFSECD4" T cells recovered in the spleen from
WT-B6 (upper panelpb/obPBS treated (middle panel) ant/obleptin (lower panel) treated mice 7 days after
adoptive transfer oin vitro-activated MOGs.ssspecific CFSE-labelled CD4T cells from WT-B6. Data are
representative of three independent experiments iaditate the percentage of Annexin® \tells. D)
Representative flow cytometry plots of CFSED4" T cells recovered in the spleen from WT-B6 (uppanel),
ob/obPBS treated (middle panel) anb/obleptin (lower panel) treated mice 7 days afterpdive transfer ofn
vitro-activated PCg.orSpecific CFSE-labelled CD4T cells from WT-B6. E) Histograms represent the
percentage (left) and number (right) of CFSEcells detected at 7 and 14 days post adoptarester in spleen
B6-WT (dark bars),ob/ob PBS-treated (blu bars) anob/ob rLeptin-treated mice (red bars). Data are
representative of three independent experiments && shown as mean +/- SD. *p < 0.05.
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L eptin deficiency associates with reduced expression of the survival gene Bcl-2, impaired
activation of P-ERK1-2 pathway and increased expression of the cell cycle inhibitor

To understand the intracellular molecules and H®Badcal pathway leading to impaired
survival of MOGsssspecific CD4 T cells in leptin-deficient mice, we dissected the
molecular pathways involved in cell survival andlgeration. Western blot analysis showed
that FACS-sorted WT-B6 MOgssspecific CD4 T cells, derived fromob/ob mice,
displayed lower levels of the anti-apoptotic prot&cl-2 and higher amount of cell cycle
inhibitor p27"* as compared to WT-B6 CD4T cells from WT-B6 and leptin-treated mice
(Figure 9). Finally, leptin deficiency affected P-ERK1/2 pany of WT-B6 MOGs.s5
specific CD4 T cells transferred imb/ob mice. These findings are in agreement with the

increased apoptosis and cell cycle arrest obsenvigek condition of leptin deficiency.
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Fig. 9 Leptin deficiency is associates with impaired ERK1/2 (P-ERK1/2) phosphorylation, reduced
expression of survival gene Bcl-2 and increased expression of the cell cycle inhibitor p274* in MOGgs.ss
specific T cells _

Immunoblot for, phospho-ERK1/2 (P-ERK1/2)27%*, Bcl-2, on FACS-Sorted MO&ss CD4" T cells from
WT, ob/obandob/obireated mice 7 day post transfer, respectivelyp@sashow quantitation of each specific
protein. One representative out of three indepenebgueriments is shown.
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Leptin controls survival of antigen-specific autoreactive CD4" T cells through the

nutrient/ener gy-sensing AKT-mTOR pathway

Next, we tested whether leptin controls the exqoesof the protein kinase B (AKT) and
its downstream enegy-sensing mTOR pathway (133).18& found that FACS-sorted
MOGss.ss-specific CD4 T cells fromob/obmice, displayed lower level of phosphorilation of
both AKT and S6 ribosomal protein (S6lrigure 10A), two important upstream and
dowstream molecules involved in mTOR signallingceale, respectively. These results on S6
phosphorilation were also confirmed by flow cytorieetietection of P-S6 on CFSEOGss.
ss-specific CD4 T cells Figure 10B ).

As the P-S6 appeared to be impaired by leptincofcy we performed a series of
experiments utilizing rapamycin, an mTOR specifibibitor. Interestingly, acute/short term
rapamycin (RAPA) treatmenh vivo resembled the effects of leptin deficiency in terai
recovery of MOGs.ssspecific CD4 T in WT-B6 mice. Indeed, seven days after adoptive
transfer of WT-B6 CFSEMOGss 55 pathogenic T cells into WT-B6 mice alternativelgated
with PBS, RAPA, rleptin and rleptintRAPAFigure 11). RAPA treatment significantly
reduced the number of WT-B6 CFSEIOGss55 T cells and leptin treatment alone or with
RAPA prevented reduction of these T cells. Thesecef were secondary to inhibition of the
MmTOR pathway and reversed by exogenous rleptin radtration during RAPA treatment

(Figure 11).
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Fig. 10 Leptin affects survival antigen-specific autoreactive CD4" T cells through the nutrient/ener gy-

sensing AKT-mTOR pathway

A) Immunoblot for pAKT, pS6 on FACS-Sorted M@GsCD4" T cells from WT,ob/obandob/obireated
mice 7 day post transfer, respectively. Graphs stpoantitation of each specific protein. One repnésiéve
out of five independent experiments is shown.

B)Flow cytometric analysis of S6 phosphorilationFACS-Sorted CFSEMOG;5.55CD4" T cells from WT-
B6 transferred into WT-B6 (leftpb/ob(middle)andob/obireated (right) mice. MOgG.ssCD4" T cells were
sorted from the spleen of Wbj/ob and ob/obireated mice respectively. CFSEIOGss.55 CD4™ T cells
were than fixed and stained using P-S6-PhycoesAiE) specific antibody. One representative ouhife
independent experiments is shown. €@001)
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Figure 11. Rapamacyn treatment reduced the pool of M OGgsss-specific CD4™ T in WT-B6 mice upon
adoptivetransfer

Number of MOGs.ss CD4" T recovered in WT-B6 alternatively treated witB$ RAPA, rleptin and
rleptintRAPA seven days post adoptive transfer (Wiars). Circulating Leptin levels in WT-B6 mice
alternatively treated with PBS, RAPA, rleptin anddptin+tRAPA seven days post transfer (Black BaBars
represent mean + 3 SD of three replicates expetgnep<0.05; **p<0.001
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Discussion and Conclusion

In this study, we provide data suggesting thategtessential for survival of autoreactive,
antigen-specific CD4 T cells. Leptin deficientob/ob mice were almost protected from
adoptively-transferred EAE. Protection ob/ob mice mirrored a progressive decline in
survival of autoreactive myelin-peptide specificcélls and was associated with a reduced
secretion of Th1/Th17 pro-inflammatory cytokines ®p4" T cells from WT-B6 mice after
they “experienced” an environment devoid of lepiin ob/ob mice. These effects were
secondary to a significant downregulation of thevisal protein Bcl-2, and associated with
cell cycle arrest as testified by a reduction ia lERK1/2 and the upregulation of the cell
cycle inhibitor p2#°. In addition, as leptin activates the nutrient rggesensing mTOR
pathway (136), we investigated also the AKT-S6 leviea CD4 T cells from WT-B6
adoptively transferred intob/obmice. Interestingly, we observed a reduction @ BRAKT
and P-S6 levels in these cells that was reversedebgmbinant leptin treatment. As
rapamycin-induced downregulation of the S6 leveld eonsequent reduction of circulating
leptin in serum of normal WT-B6 mice, we enumerateel circulating CD24 antigen-specific
T cells following transfer before and after rapamyteatment and observed a significant
reduction of autoreactive myelin-specific T cellfiese data suggest that either chronic leptin
deficiency inob/ob mice or induced leptin deficiency by rapamycinatreent are able to
reduce survival of autoreactive T cells in miceotlgh the impairment of the leptin-mTOR
signalling. Our results indicate that nutritionahtas can affect and influence survival of
potentially autoreactive T cells. This is in linethw the epidemiological evidence that
autoimmunity is more common in more effluent coi@strand that susceptibility to
autoimmune diseases in some circumstances canlaterngith body fat mass and body
weight at birth (137). Moreover, other studies jmhed by Fontana et al. (138) and our group

have shown that nutritional deprivation or calagstriction are able to profoundly modulate
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and reduce magnitude and disease score during HAH, (140). The so called “frugal
phenotype” in which survival of chronically foodstacted mice is higher than freely feeding
mice fits into this view, in which the environmeoan influence the break of immune
tolerance through nutritional status and that wrgations aimed at modulating cytokines and
mediators of metabolism can have profound immunenatichg activities on autoimmune
disease curse and progression. Similar results &dlaeebeen obtained with chronic treatment
with rapamycin of mice in which survival was incsed significantly. The precise
mechanisms for these results are still not fulyritied but it is clear that rapamycin treatment
is able to induce pharmacologically a “frugal phigpe” similar to that observed in caloric
restricted animals. Indeed, rapamycin, thorugh mTi@Rbition, is able to reduce the
absorption of amino acids, glucose and also, topganthe level of a series of adipocytokines
produced by adipocytes including leptin (141). Als@ur experimental settings we observed
that rapamycin administration was able to reduceutating leptin levels and survival of
autoreactive T cells. Exogenous administration eggtih was able to partially revert the
rapamycin-induced reduction of CDZ cells.

Leptin represents a nutritional signal in which #nvironment communicates to the center
(the brain and hypothalamus) that sufficient amoohft nutrients are present in the
environment, and these are stored in form of fggotke Factors involved in survival of
autoreactive T cells are still not well charactedzand specific microenvironmental
requirements are not completely identified. In thismtext, one of the most recent advances
are represented by the study of IL-21, a long hklxytokine, involved in survival and
homeostatic proliferation of T cells and their pbks conversion into autoreactive T cells
(142). This view imob/obmice despite it is present a mild-to-severe lyngama homeostatic
proliferation of autoreactive T cells is not presas IL-21.

In summary, our study demonstrates previously aogeized role of leptin in survival of

autoreactive antigen-specific T cells that medaat®immunity. Leptin regulates autoantigen-
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specific CD4 T cell survival directly, through activation of eéhnutrient energy-sensing
MTOR pathway and the survival gene Bcl-2, and eudly, through a reduced secretion of
cytokines important in T cell survival such as ILH6-15, IL-21, GM-CSF. IL-7, another key
cytokine in homeaostatic proliferation and surviughs not produced and detectable upon
antigen stimulation by T cells that experiencedgih-free environment, and also its receptor
was not found different in terms of surface expms all different group of mice treated or
not with leptin (data not shown). Interestingly, -1L circulating serum levels were
significantly higher inob/obmice (data not shown) suggesting that its secrdijoother sites
was increased to compensate the reduced numbeb4f T cells observed in these mice.
These data are in agreement with studies in wiibhas been suggested that in conditions of
CD4" T cell lymphopenia, IL-7 circulating concentratimerease.

In conclusion, manipulation of the leptin axis aapresent a novel tool for control of T
cell tolerance and inflammation, and our study se¢smolecular basis for a novel immune

intervention in autoimmunity.
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