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After its discovery in 1994, it soon became clear that leptin acts as an adipocyte-derived hormone with a central
role in the control of body weight and energy homeostasis. However, a growing body of evidence has revealed
that leptin is a pleiotropic cytokine with activities on many peripheral cell types. Inappropriate leptin signaling
can promote autoimmunity, certain cardiovascular diseases, elevated blood pressure and cancer, which makes
leptin and the leptin receptor interesting targets for antagonism. Profound insights in the leptin receptor (LR) ac-
tivationmechanisms are a prerequisite for the rational design of these antagonists. In this review,we focus on the
molecularmechanisms underlying leptin receptor activation and signaling.We also discuss the current strategies
to interfere with leptin signaling and their therapeutic potential.
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1. Introduction

Leptin is best known for its dramatic effect as a satiety signal, since
mouse strains lacking leptin signaling components are hyperphagic
and obese [54]. The hormone is mainly, but not exclusively, produced
by adipocytes and its serum levels positively correspond with the en-
ergy stored in the fat mass [23,39,54]. Leptin functions as a negative
feedback adipostat or an efferent satiety signal by activation of the LR
in the feeding centers of the hypothalamus [120]. Loss-of-function mu-
tations in the leptin or LR genes [18,20,84,139], or genetic ablation of
leptin's central signaling [127,131] results in obesity and increases the
risk of obesity-related conditions like type 2 diabetes [57].

Ten years after its initial discovery, it became clear that leptin is
more than a satiety signal, and rather acts as a ‘metabolic switch’ by
connecting the body's energy stores to high energy demanding pro-
cesses like immunity and reproduction [35,77]. Indeed, leptin or LR de-
ficiency not only causes severe obesity, but also abnormalities in lipid
and glucose metabolism [40], hematopoiesis [6], innate and adaptive
immunity [13,34,137], reproduction [17], angiogenesis [117], vascular
remodeling [65], blood pressure [75], and bone formation [30]. Further-
more, being overweight or obese is a major risk factor for several types
of cancer including prostate [42], breast [19], colorectal [95], renal can-
cer [70] and myeloma [47].

2. Leptin

The first obesemouse arose by chance in a colony at the Jackson Lab-
oratory in 1949 [59]. A series of parabiosis experiments illustrated that
these ob/ob mice are deficient for a blood-borne factor that regulates
feeding and metabolism [21,22]. It took over 40 years before Friedman
and colleagues positionally cloned the ob gene and demonstrated that
it encodes for a hormone that they called leptin (after the Greek ‘leptos’
for thin) [139]. Administration of recombinant leptin to ob/obmice dra-
matically decreased food intake and increased energy expenditure and
weight loss [54,110]. Besides fat tissue, low leptin expression could be
shown in placenta, stomach, mammary epithelium and skeletal muscle
[2,113,126].

2.1. Structure of leptin W100E

Mature leptin is a non-glycosylated 16 kDa protein of 146 Aa. The
crystal structure has been solved at 2.4 Å resolution [140]. Since purified
human leptin tends to aggregate extensively, the leptin W100E mutant
with increased solubility and full biological activity was used in this
study. The hormone adopts the four helical bundle cytokine structure
with four anti-parallel helices (A, B, C and D) in an up–up–down–
down arrangement, two long crossover loops AB and CD (the latter con-
taining a distorted helix of 9 Aa), a short BC link and a 5 Aa kinked helix
part of helix D. The crystal structure shows no electron density for the
region between residues T27 and G38. Leptin has two conserved cyste-
ine residues (C96 in the CD loop and C146 as the C-terminal residue),
which are involved in a solvent exposed disulfide bridge that positions
the C-terminal part of helix D to the CD loop. This tethering is essential
for structural stability and therefore biological activity [53,103].

Despite low sequence similarity, the inter-helical angles and the
characteristics of the crossover loops found in leptin W100E resemble
these found in the structures of granulocyte-colony stimulating factor
(G-CSF) and the interleukin-6 (IL-6) related cytokines, including IL-6,
leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF).
Based on these structural characteristics, leptin is classified as a long-
chain cytokine (http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.b.dj.b.
b.html).
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3. Leptin receptor

The LR was first cloned from a mouse choroid plexus cDNA library
using an expression cloning strategy by Tartaglia and colleagues [120].
The full-length receptor is 1162 residues long divided in three regions:
an extracellular part, a single pass helix trans-membrane domain and
an intracellular part. Up to now, six LR isoforms produced by alternative
splicing or proteolytic ectodomain shedding [129] have been identified:
LRa-f. All these isoforms, except LRe, have an identical extracellular and
trans-membrane domain, but differ in the length of their intracellular
tail. LRb, also referred to as LR long form (LRlo), has an intracellular do-
main of 302 Aa and is the only LR isoform capable of efficient signaling.
This isoform is highly expressed in specific nuclei of the hypothalamus
[36,80,112], a region of the brain that is known to be involved in regu-
lating body weight. However, LRb expression could be shown in a
broad range of other cell types, thereby explaining the pleiotropic ef-
fects of leptin. LRa (or also referred to as the LR short form, LRsh), LRc,
LRd, and LRf have only short (30 to 40 residues) intracellular tails and
unique C-termini. It has been suggested that these LR isoforms might
have a role in transport of leptin over the blood–brain barrier [58], or
renal clearance of the hormone [120]. Finally, the soluble LR variant,
LRe, is believed to modulate the leptin bioavailability [43].
3.1. Architecture of the LR extracellular domain

The LR shares highest sequence and structural similarity with the G-
CSF receptor and the glycoprotein 130 (gp130) receptor family, includ-
ing gp130 itself, the LIF and oncostatin M (OSM) receptors [133]. All
these receptors belong to the class I cytokine receptor family,which typ-
ically contain a so-called cytokine receptor homology (CRH) domain in
its extracellular domain. This structure consists of two 100 Aa barrel-
like domains, with two conserved disulfide bridges and a WSXWS
motif characteristic for respectively the N- and C-terminal parts. The
LR contains two such CRH modules (CRH1 and CRH2), separated by an
immunoglobulin-like domain (IGD), twomembrane proximal fibronec-
tin type III (FN III) domains and a 100 AaN-terminal domain (NTD)with
no sequence similarity to any known proteins.

The LR is heavilyN- (and to a lesser extent O-) glycosylated, account-
ing for 30–70 kDa increases in apparent molecular mass when
expressed in eukaryotic cells [56]. Only 2 of the 20 putative N-linked
glycosylation sites were found not to be glycosylated. Distribution of
these N-glycosylation sites across different domains are as follows: 6
sites in the NTD, 3 in CRH1, 2 in IGD, 2 in CRH2 and 5 in the FN III do-
mains. This N-glycosylation is necessary for optimal leptin binding
[62]. Haniu and colleagues showed that of the 28 cysteine residues
found in the human LR, 18 were involved in an intramolecular disulfide
bridge, organized in in two clusters [56].
4. LR signaling

Like all class I cytokine receptors, the LR has no intrinsic kinase
activity, and uses cytoplasmic associated Janus (JAK) kinases for in-
tracellular signaling. These kinases associate with a well-conserved
membrane-proximal proline-rich box1 and a less well-defined
box2 motif in the receptor [3,64]. Short LR variants lack this box2
motif, which might explain the inefficient JAK activation by these re-
ceptors. The LR predominantly activates JAK2 [64], although JAK1 ac-
tivation has also been demonstrated in certain experimental set-ups
[14]. JAK2 activation allows LR signaling via the JAK–STAT (signal
transducer and activator of transcription), SHP2-MAPK (SH2 con-
taining protein tyrosine phosphatase 2-mitogen-activated protein
o the design of antagonists, Life Sci (2015), http://dx.doi.org/10.1016/j.
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kinase), PI3K (phosphatidylinositol 3-kinase) and AMP-activated
protein kinase (AMPK) pathways [for an extensive review see [127]].

In a well-accepted model for JAK–STAT signaling, ligand induced re-
ceptor activation leads to cross-phosphorylation and activation of JAKs,
phosphorylation of cytoplasmic receptor tyrosine residues and the re-
cruitment of signaling molecules like STATs. STATs themselves become
a JAK substrate and translocate as phosphorylated dimers to the nucleus
to modulate transcription of target genes. The STAT molecule primarily
involved in leptin signaling is STAT3 [123], but also activation of STAT1,
STAT5 and STAT6 could be shown in cultured cells [5,46,105].

The LR can activate the extracellular signal-regulated kinase 1/2
(ERK1/2) MAPK via the SH2-containing protein tyrosine phosphatase
2 (SHP2) and growth factor receptor-bound protein 2 (Grb2) [4,14,
69]. This pathway leads to up-regulation of the immediate early genes
egr-1 and c-fos in the hypothalamus [10,26,32].

Severalmembers of the insulin receptor substrate (IRS) family allow
leptin induced PI3K activation and phosphatidylinositol 3,4,5-triphos-
phate (PIP3) production [9,28,63,128]. This in turn leads to the
activation of 3-phosphoinositide-dependent protein kinase 1 (PDK1),
Akt and cyclic nucleotide phosphodiesterase 3B (PDE3B), a cAMP-
degrading enzyme [141].

Finally, leptin can stimulate or inhibit 5′-AMPK activity in a tissue-
specific manner [81,82,122].

5. LR activation

5.1. Leptin independent LR oligomerisation at the cell surface

The existence of signaling-inactive, pre-formed receptor com-
plexes on the cellular surface in the absence of ligands has been
shown for several cytokine receptors. Examples include the erythro-
poietin (Epo) receptor [24,72,102], the growth hormone (GH) recep-
tor [12,44], and the IL-6 receptor [111]. Two different experimental
set-ups proved that this is likely also true for the leptin receptor:
co-immunoprecipitation of differently tagged LRs [1,130,135] and the
relatively high basal signal in bothfluorescence resonance energy trans-
fer (FRET) and bioluminescence resonance energy transfer (BRET)[1,7,
25]. In these experiments, both homo- and heterodimerization of LR
isoforms could be shown. The increase in BRET and FRET signals upon
leptin treatment is probably a result of reorganization within the pre-
formed complexes and/or de novo oligomerization [7,25].

This type of ligand-independent clustering could also be illustrated
in isolated plasmamembranes [25] and was suggested to occur in solu-
tion [27,135]. However, soluble LR ectodomain variants or the isolated
CRH2 domain were detected as monomers in more recent electron mi-
croscopy (EM) and small-angle X-ray scattering (SAXS) experiments
[15,73,83].

5.2. Leptin as a trivalent ligand

The structural and evolutionary relationship between the leptin, G-
CSF and IL-6 related cytokine receptor systems allowed the identifica-
tion of three potential receptor-binding sites (I, II and III). In the
hexameric 2:2:2 IL-6:IL-6Rα:gp130 complex, IL-6 interacts via site II
with the IL-6Rα; while sites I and III are used to recruit two gp130 re-
ceptors via their CRH or IGD domain [11]. G-CSF on the other hand
uses only sites II and III to interact with CRH or IGD of two cognate re-
ceptors; thereby forming a tetrameric 2:2 assembly [67].

We evaluated the effect of 31 mutations in mouse leptin on binding
to and signaling through the LR [96]. Mutations in binding site I (located
at the C terminus of helix D) only moderately affect binding and signal-
ing. In the related receptor systems, IL-6 site I residues interact with the
gp130 CRH domain, while this site is not used in the G-CSF complex.

Like inG-CSF and IL-6, leptin binding site II residues (at the surface of
helices A and C) are crucial for binding to the LR CRH2 domain, but mu-
tations in this region have only limited effect on signaling. Residues R20
Please cite this article as: L. Zabeau, et al., Leptin: From structural insights t
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and Q75 flank this binding site and their mutation drastically affects
binding and LR activation. As these residues likely interact with each
other, these mutations could affect the structure and/or stability of the
protein. The D23L mutation results in a 60-fold increase in affinity of
leptin for the CRH2 domain [116].

Ligand site III has been found to be essential for interaction with the
IGD of a shared receptor like in the IL-6 system [11] or that of a cognate
receptor as in the G-CSF receptor [119], enabling the ligand to induce
necessary conformational changes in the receptor. The precise position
and nature of leptin's site III remains a matter of debate. Our mutagen-
esis study identified residues located at the N terminus of helix D, CD
and AB loops, with S120 and T121 as the most important [96]. On the
other hand, Niv-Spector et al. used a sensitive, bi-dimensional hydro-
phobic cluster analysis to identify a hydrophobic stretch in leptin's AB
loop (39-LDFI-42) as part of the binding site III [85]. Mutation of both
putative sites III results in potent antagonists both in vitro and in vivo
[137]. Three alternativemodels can beproposed to explain howboth re-
gions can contribute to binding site III. First, it cannot be excluded that
bothmotifs are part of a larger binding site III. Residue R128may also lo-
cate to this larger site, since its mutation affects signaling but not bind-
ing [125]. However, modeling with this larger site requires inter-
domain angles that deviate substantially from those found in any of
the related cytokines [98]. Second, Niv-Spector and colleagues sug-
gested that the 39-LDFI-42 motif interacts with the LR sequence 325-
VFTT-328 [85]. However, modeling shows that this strand is part of
the LR's CRH1 and not IGD domain. Once bound with residues 39-
LDFI-42 to the CRH1 domain, leptin still could interact with the IGD
via the site containing S120-T121. Third and finally, residue F41 was
identified as a site I residue in our mutagenesis study [96], suggestion
that the 39-LDFI-42 motif may interact as a site I with the CRH2 domain
of an additional receptor in an activated LR complex.

5.3. The CRH2 domain as the leptin binding determinant

Binding of leptin to the soluble ectodomain of the LR has been char-
acterized in several studies and using different techniques including iso-
thermal titration calorimetry (ICT) and surface plasmon resonance
(SPR). Obtained KD values ranged from 0.2 to 15 nM in a 1:1 ratio
(reviewed in [45,98]). The affinity of leptin for themembrane-bound re-
ceptor seems to be somewhat lower: 0.2 to 1.2 nM [45,98].

Fong and colleagues used a series of LR deletion variants to show
that theCRH2domain is themajor leptin-bindingdeterminant in the re-
ceptor [38]. This is further supported by the observation that the affinity
of this domain is comparable to that of the complete ectodomain [38,
107].

The crystal structure of the CRH2domain in complexwith an antibody
Fab fragment has been determined at 1.95 Å resolution, and is until now
the only high-resolution structure for the LR (PDB ID: 3V6O; [15]). This
domain has a typical CRH domain structure: two FN III-like subdomains
each consisting of an IGD beta-sandwich fold with seven strands in two
layers. As inmost CRH domains, the C-terminal domain contains a typical
WSXWSmotif (622-WSXWS-626), while the N-terminal domain is char-
acterized and stabilized by three disulfide bridges.

This crystal structure combined with previous mutagenesis studies
identified a region of four hydrophobic residues (503-IFLL-506) located
in the EF loop as crucial for leptin binding [15,60,86]. Homology based
modeling suggests that this hydrophobic patch interacts with the hy-
drophobic cleft (L13, L86, L89, and F92) in A–C helix in leptin [60].
CRH2 residues L505 and L506 fit into this hydrophobic cleft and interact
with L13 and L86 in leptin. Y472 contributes to binding by interaction
with the leptin residues L86, V89 and V6. Residues in the JK loop of
the second CRH2 subdomain (F563, E565 andN566) are predicted to in-
teractwith leptin helix A [98]. In the crystal structure, the JK loop adopts
two different conformations, and this conformational flexibility may
suggest that leptin binding to CRH2 involves an induced fit mechanism
[15]. Finally, structural insights in the leptin:CRH2 binding could allow
o the design of antagonists, Life Sci (2015), http://dx.doi.org/10.1016/j.
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virtual docking screening for compoundswith potential agonistic or an-
tagonistic potential [121].

5.4. The IGD and its interaction with leptin binding site III

There is no evidence that leptin directly binds to the IGD, but this do-
main is nonetheless crucial for LR activation. Deletion of this domain in
the membrane anchored receptor completely abolishes signaling [38,
134]. The IGD has a similar function in the G-CSF and IL-6 receptor sys-
tems, where it interacts with the site III of a ligand bound to another re-
ceptor (a second G-CSFR or IL-6Rα). Based on this homology, we
identified IGD residues L370, A407, Y409,H417 andH418 in a conserved
surface patch in theβ-sheet formed by β-strands 3, 6 and 7 as the center
of the leptin-binding site [97]. This area shows a positive electrostatic
surface potential whichmay interact with negative electrostatic surface
potential of the region that is S120-T121 at the tip of helix D in leptin.

5.5. The membrane-proximal FN III domains

The LRhas two FN III domains, while the receptors for G-CSF and IL-6
related cytokines contain three of these domains. LR FN III domains also
lack any binding affinity for leptin, but are once again indispensable for
receptor activation [38,135]. A deletion variant with an extracellular
part consisting of only these domains constitutively (i.e. independent
of leptin) activates signaling. This illustrates that these domains can ori-
entate the cytoplasmic tails in such a manner that signaling becomes
possible [135]. Furthermore, combined mutation of the two conserved
and free FN III cysteine residues (C672 and C751) in the mouse LR
completely abolishes signaling [135]. Similarly, mutation of the CRH2
C604 residue drastically affects LR signaling [83]. A role for free cysteine
residues in LR activation could also be concluded from the observation
that iodoacetamide treatment interferes with the complex formation
in solution [83]. Superposition of the LR CRH2 crystal structure and FN
III models on the gp130 crystal structure brings residues C604 and
C672 sufficiently close to allow the formation of an additional intramo-
lecular disulfide bridge [98].

5.6. The CRH1 and NTD domains

Like the LIF receptor, the LR has an additional CRH domain. In contrast
to CRH2, this CRH1 domain has no detectable affinity for leptin and is not
strictly required for signaling. Deletion of this domain only reduces the in-
tensity of signaling, which might suggest that this domain allows addi-
tional clustering of the receptor [38,134]. However, the role of the CRH1
domain should not be underestimated. First, the Fa/Fa (Q269P) mutation
in this domain causes the obese phenotype of fatty Zucker rats [118]. In a
CRH1 homology model, this Q269 residue is in close proximity of the
WSXWS motif, and mutation could affect the structure of this domain
[98]. Second, the naturally occurring single nucleotide polymorphism
Q223R causes obesity in Brazilianmultiethnic subjects [29] and increased
susceptibility towards protozoan infections in children [31].

No structural or functional information is currently available for the
NTD domain.

5.7. LR higher order clustering

We used a JAK-STAT complementation strategy to show that the LR
can form higher order clusters (i.e. more than two receptors per acti-
vated complex) [134]. In this study, two signaling deficient LR variants
(one lacking cytoplasmic tyrosine residues, the other deficient in JAK ac-
tivation) were only able to signal via the JAK–STAT pathway when they
were co-expressed. Given the intrinsic needs for type of signaling, a
plausible explanation is to assume higher order clustering. When the
extracellular part of the mutants was replaced with that of the strictly
dimeric Epo receptor, no complementation of signaling occurred. This
higher order clustering could explain why the signaling by LRlo is only
Please cite this article as: L. Zabeau, et al., Leptin: From structural insights t
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marginally susceptible to the presence of excess dominant negative by
LRsh [130]. Selective sorting of long and short LR variants could be an al-
ternative or additional explanation [130].

5.8. Model and low-resolution structures of the leptin:LR complex

We compared all available structural, biophysical and mutagenesis
data for the LR with structural insights in the mechanisms of G-CSF and
IL-6 receptor activation. This led to a model for a 2:4 leptin:LR complex,
where two leptin molecules interact with the CRH2 of a two LRs via site
II and with the IGD of third and fourth receptors [98]. In this model, the
LR CRH2 domains come closer to each other when compared to the G-
CSF and IL-6 complexes, likely a consequence of the shorter leptin helices.

Themultidomain architecture and the extensive glycosylation of the
LRmake it technically challenging to determine the structure of the lep-
tin:LR complex by X-ray crystallography. However, two recent studies
yielded some structural insights using the low-resolution techniques'
single particle EM and SAXS. Negative-stain EMwas applied to generate
2D images and 3D reconstructions of the 2:2 leptin:LR quaternary com-
plex, which likely represents the core-signaling configuration [73]. The
structures showed significant flexibility in the hinge region between
theN- and C-terminal CRH2 subdomains, which is rigidified upon leptin
binding thereby orienting the FN III domains into a “leg like” single con-
formation. In this model, site III of CRH2 bound leptin (via site II) inter-
acts with the IGD of a second receptor in a cooperative manner. No
function for the CRH1 (andNTD) could be identified in this study. A sim-
ilar 2:2 quaternary, core-signaling complex has been proposed based on
SAXS experiments [83]. This study also showed that both site IIImutants
(leptin S120A-T121A and leptin 39-AAAA-42) in complex with the LR
ectodomain only form a 1:1 complex, thereby illustrating the impor-
tance of these sites in the assembly of the 2:2 complex.

It is of note that higher order LR clustering and the ligand indepen-
dent LR dimerization were not observed in either of these studies. At
this point we cannot exclude the possibility that additional LR:LR inter-
actions (e.g. between FN III domains) occur on the cellular membrane
leading to 2:4 or 4:4 leptin:LR complexes.

6. Leptin and LR antagonists

Not only are profound insights in the LR activation mechanisms a
prerequisite for the rational design of leptin and LR antagonists, the
evaluation of these antagonists can help to further unravel these mech-
anisms. These agents could have therapeutic value in uncontrolled im-
mune responses in autoimmune diseases, cancer, elevated blood
pressure, and certain cardiovascular diseases. At present, four strategies
are beingused to antagonize leptin signaling: (i) leptin antagonisticmu-
tants; (ii) leptin peptide antagonists; (iii) leptin and LR specific (mono-
clonal) antibodies or nanobodies; and (iv) soluble LR variants.

6.1. Leptin mutants

Leptin antagonists should be able to compete with endogenous
leptin without activating the receptor. Before any structural insights
in the LR activation mechanisms, Verploegen and colleagues devel-
oped the first leptin antagonist [125]. They could show that human
leptin R128Q blocks leptin activity, but not binding, in transfected
Ba/F3 cells and that in vivo administration resulted in weight gain
and hyperinsulinemia. The antagonistic properties of this substitu-
tion appear to be species-specific since similar mutations in ovine
and chicken did not result in antagonism [101].

Leptin site III mutants have potential as antagonists. As mentioned
earlier, the precise localization and nature of this site remains contro-
versial. Both our leptin S120A-T121A [97] and the leptin 39-AAAA-42
mutant [85] bind with an affinity comparable to wild type leptin, but
fail to induce LR clustering in solution [83]. Both muteins behave as po-
tent antagonists in vitro and in vivo [137]. The half-life in circulation and
o the design of antagonists, Life Sci (2015), http://dx.doi.org/10.1016/j.
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thus efficiency when applied in vivo could be increased by pegylation
[33] and the antagonistic capacity of the 39-AAAA-42mutant could fur-
ther be dramatically increased by an additional D23L substitution [87,
116].

6.2. Leptin peptide modulators

Leptin peptide modulators are short peptides derived from original
leptin sequences that can act as potent agonists or used as antagonists
[reviewed in [68]]. The first 35 Aa leptin-derived peptide, OBGRP 22–
56, was designed in 1996 by Samson et al. [106]. The authors showed
that it is a potent leptin agonist since administration in rats resulted in
inhibition of food intake and weight loss. In vitro, OBGRP 22–56 en-
hances proliferation of both normalmyometrium andmyoma cells [76].

Grasso and colleagues designed six peptides corresponding to resi-
dues 106–167 of leptin [51]. This sequencewas chosen based on the ob-
servation that the naturally occurring ob-mutation (arginine to a
premature STOP codon on position 105) results in an inactive protein.
They showed that one of these, LEP-(116–130), was effective in reduc-
ing food intake, body weight and glucose levels in leptin deficient ani-
mals [52]. Follow-up in vitro experiments and studies in db/db mice
showed that these effects do not require interaction with the LR long
form. Nonetheless, LEP-(116–130) was proven to promote luteinizing
hormone (LH) and prolactin (PRL) secretion in fasted animal rats [49].

Based on the suggested role of helices A and C in leptin, Gonzales and
colleagues designed two leptin peptide antagonists (LPAs) correspond-
ing to amino acids 3–34 (LPA-1) and 70–95 (LPA-2) of human leptin
[48]. LPA-2 has the alpha-helical structure found in the native leptin
molecule, binds specifically andwith high affinity to the LR and potently
inhibited leptin-dependent effects in rat endometrial cells [48]. A
pegylated variant of the peptide attenuated leptin-induced growth of
mousemammary tumor cells in immunodeficientmice [50]. The precise
mechanism of action of these peptides remains elusive.

An alternative design of LPAswas described byOtvos et al. They syn-
thesized four proposed receptor-binding fragments (site I, IIa, IIb, III,
and combinations thereof) and tested their effect on cellular prolifera-
tion. Agonistic/antagonistic properties greatly depended on the pres-
ence of leptin in the assay [90]. A glycosylated site III variant proved to
be very effective in vivo: it reduced weight and restored fertility in
high-fat diet-induced obese mice [66], clearly suppressed the growth
of human breast cancer xenografts [91,92], and reduced the extent of
joint swelling and the number of arthritic joints in both mild and
more aggressive rheumatoid arthritis models [93].

6.3. Leptin and LR antibodies and nanobodies

Neutralizing antibodies directed against a ligand or its receptor are a
classical and effective way to interfere with cytokine signaling. Anti-
leptin or anti-LR antibodies were shown to be powerful tools to study
the role of leptin in multiple sclerosis. In experimental autoimmune en-
cephalomyelitis (EAE)-susceptible mice, administration of an anti-
leptin antibody improved the clinical outcome, slowed disease progres-
sion, reduced disease relapses and inhibited the antigen-specific T cell
proliferation in proteolipid protein peptide (PLP)-induced EAE [78,
104,108]. Similarly, antibody neutralization inhibited leptin-mediated
TH17 responses in lupus-pronemice [132]. Finally, a neutralizing LR an-
tibody clearly improved hemodynamic parameters in a rat coronary ar-
tery ligation model for myocardial infarction [99].

Nanobodies, the cloned and isolated variable domain of the heavy-
chain antibodies uniquely found in members of the Camelidae family
[55,71], have become a valuable alternative for classical antibodies.
We could show that administration of nanobodies directed against the
LR CRH2, IGD or FN III domains increased bodyweight, body fat content,
food intake, liver size and serum insulin levels [136]. A CRH2-specific
nanobody exacerbated concanavalin A (Con A) induced hepatitis in
wild type mice but not in invariant natural killer T (iNKT) cell deficient
Please cite this article as: L. Zabeau, et al., Leptin: From structural insights t
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animals [124]. Finally, local administration of the same nanobody at low
dose adjacent to a tumor decreased tumor mass with no visible effects
on body weight or food intake in a mouse model of melanoma [79].

6.4. Soluble LR variants

Soluble LRs compete for leptin binding with the membrane bound
receptor. Administration of the LR:Fc fusion protein ameliorated the
clinical outcome of PLP-induced EAE [104], and protected against
sepsis-mediated morbidity and mortality [114].

7. Future perspectives: uncoupling of leptin physiologic functions

Leptin is a pleoptropic hormone with both beneficial and undesired
effects. In some physiological or pathological situations like uncon-
trolled immune responses in autoimmune diseases, tumorigenesis, ele-
vated blood pressure, and certain cardiovascular diseases, it is desirable
to selectively block leptin activity. The use of current leptin and LR an-
tagonists is hampered by the unwanted weight-gain (10–15% per
week in rodent models) upon treatment. An ideal leptin (or LR) antag-
onist would therefore only interfere with peripheral signaling, but not
with the central weight regulating effects.

Three studies illustrate the possibility to uncouple leptin physiologic
functions. First, loss-of-function mutations in the leptin or LR genes
have been linked to infertility in humans and rodents [17,20]. However,
Nizard and colleagues reported the pregnancy of a morbidly obese pa-
tientwith a rare homozygous LRmutation,whichwas shared by several
affected siblings [20]. Despite neonatal hypoglycemia, the child's
growth and development have been normal [88]. Second, a L72S muta-
tion in the leptin genewas identified in a 14-year-old child of non-obese
Austrian parents [37]. Immunohistochemical analysis showed that this
substitution does not affect expression in adipose tissue but the
hormone was retained within the cells. The child showed signs of a
hypogonadotropic hypogonadism, but in contrast to previous studies
only mild obesity (BMI of 31.5) and a normal T cell responsiveness.
Third, we could recently demonstrate a similar uncoupling of leptin's
metabolic and immune functions in mice [138]. Fatt/fatt mice carry a
spontaneous splice mutation that causes deletion of the complete IGD
in all LR isoforms. These animals are hyperphagic and morbidly obese,
but, in contrast to other leptin or LR deficient rodents, display onlymin-
imal changes in size and cellularity of the thymus. Furthermore, fatt/fatt
mice respond comparable to wild type animals to concavalin A in a
model for autoimmune hepatitis. In line with this, treatment of healthy
mice with a IGD-specific neutralizing nanobody induced weight gain
and hyperinsulinemia, but failed to block development of experimen-
tally induced autoimmune multiple sclerosis, arthritis and hepatitis
[138].

Accumulating evidence shows that LR signaling is not strictly depen-
dent on JAK activation. In a first report, Mansour and colleagues showed
that the LR is expressed in most cells of the thymus of Wistar rats and
that chronic leptin treatment reduced thymic apoptosis [74]. This effect
could however not be inhibited by a common JAK2 inhibitor, but ap-
peared sensitive to PI3K inhibition. The same JAK2 inhibitor was also in-
effective in blocking focal adhesion kinase (FAK) phosphorylation in
several human colon carcinoma cell lines [100]. Finally, leptin was
shown to be able to phosphorylate STAT3 and increase viability of
human and mice JAK2-null cells [61].

At this point, it is unclear how uncoupling of leptin's physiological
functions and/or discrimination between signal cascades and is
achieved. Alternative leptin:LR complex formation or trans-activation
by other receptor systems could be a valuable explanation. There is cur-
rently no experimental evidence for this first hypothesis. Cross-talk of
the LRwith the insulin-like growth factor-I receptor [94,109], epidermal
growth factor receptor [16,89,115] or the estrogen receptor-alpha [8,41]
has been described.
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8. Conclusions

The crystal structure of the leptin:LR complex has not been deter-
mined. However, detailed mutagenesis studies, homology modeling
and low-resolution EM and SAXS leptin:LR structures already provided
valuable insights in the mechanism of LR activation. This knowledge
allowed the design of several types of leptin and LR antagonists with
proven efficacy both in vitro and in vivo. However, several important as-
pects remain unclear: what is the function of the CRH1 or the NTD do-
mains? What is the exact nature of leptin binding site III or the role of
a putative binding site I? How does leptin-induced clustering of the LR
engage signaling? Determination of high resolution structures for
other domains of the LR or leptin:LR complexes will help to answer
these questions. Furthermore, more profound structural insights in the
LR activation mechanisms and a better characterization of cell-specific
LR cross-talk with other receptors might lead to the design of selective
antagonists that allow uncoupling of central and peripheral functions
of leptin.
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