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Abstract: The first adipokine, leptin, discovered almost 20 years ago, is secreted into circulation mainly from adipose tissue and
acts both centrally and peripherally. Leptin regulates energy metabolism, reproductive function, bone metabolism, and immune
response. However in some physiological or pathological situations such as enhancement of undesired immune responses in
autoimmune diseases, tumorigenesis, elevated blood pressure, and certain cardiovascular pathologies, leptin activity may be
harmful. In this review we screen different approaches to blocking leptin action, in vitro and in vivo. The recent development
of superactive leptin muteins exhibiting antagonistic properties, and other leptin-action-blocking peptides, proteins, monoclo-
nal antibodies, and nanobodies, opens new perspectives for their use in research, and eventually, therapy for cachexia, autoim-
mune disease, cancer, and other pathologies.

Key words: leptin, antagonist, inflammatory disease, anti-autoimmune diseases, cancer, uremic cachexia, blood pressure, meta-
bolic syndrome, T2DM model.

Résumé : La leptine, premiére adipokine découverte il y a presque 20 ans, est principalement sécrétée dans la circulation par le
tissu adipeux et elle agit de facon centrale et périphérique. La leptine régule le métabolisme énergétique, la fonction reproduc-
trice, le métabolisme osseux et la réponse immunitaire. Toutefois, dans certaines situations physiologiques ou pathologiques
comme l'accroissement de réponses immunes indésirables dans les maladies auto-immunes, la tumorigenese, I'hypertension et
certaines pathologies cardiovasculaires, I'activité de la leptine peut étre néfaste. Dans cet article de revue, nous passons au crible
différentes approches de blocage de l'action de la leptine in vitro et in vivo. Le développement récent de mutéines de leptine tres
actives montrant des propriétés antogonistes, ainsi que d'autres peptides, anticorps et nanocorps monoclonaux bloquant
I'action de la leptine, ouvre ainsi de nouvelles perspectives a leur utilisation en recherche et, éventuellement, dans la thérapie
de la cachexie, des maladies auto-immunes, du cancer et autres pathologies. [Traduit par la Rédaction]

Mots-clés : leptine, antagoniste, maladie inflammatoire, maladies auto-immunes, cancer, cachexie urémique, pression sanguine,
syndrome métabolique, modéle de DT2.

but not binding, of the ligand (Zabeau et al. 2004). A schematic
illustration of a 2:2 LEPR:LEP complex, showing interaction of
each LEP molecule with the CHR 2 of one receptor (through bind-
ing site I/II) and with the IGD of the second receptor (through
binding site IIIy is presented in Fig. 1. This model was further
substantiated by the extensive mutagenesis of mouse and human
LEPs, which led to the identification of aa S120 and T121, located in
the N-terminal part of helix D, as contributors to site III (Peelman
et al. 2004). Mutation of these amino acids to A led to the forma-
tion of LEPR antagonist that binds to LEPR but is unable to activate
it (see further on).

Because LEP is a pleiotropic hormone secreted mainly by adi-
pose tissue, but also by placenta, gut, and other tissues, studying
its action by classical replacement therapy is not feasible. LEP
action can be blocked by (i) direct blocking of the LEPRs that are

Introduction

Although leptin (LEP) and leptin receptor (LEPR) were cloned
almost 20 years ago (Tartaglia et al. 1995; Zhang et al. 1994) and
LEP's 3D structure was resolved a few years later (Zhang et al.
1997), the 3D structures of LEPR and the LEPR:LEP complex have
not yet been elucidated. The extracellular domain (ECD) of LEPR

F1 (Fig. 1) consists of several subdomains (from the N terminus): cy-
tokine homology region 1 (CHR 1), an immunoglobulin-like do-
main (IGD), CHR 2, and gwe consecutive fibronectin type III (FNIII)
domains. Feng-and-eo-workers Fong et al. 1998) localized the
leptin-binding domain (LBD) to the membrane-proximal CHR 2
(~210 aa in length) in the LEPR-ECD. This domain was subcloned
in our lab from human (Sandowski et al. 2002) and chicken LEPRs
(Niv-Spector, Raver et al. 2005b) and expressed as a recombinant
protein showing a 1:1 molar interaction with LEP. In 2003,

Tavernier and his group (Zabeau et al. 2003, 2004) suggested that
leptin binding to its receptor resembles the interaction between
interleukin 6 (IL6) and its receptor (Chow et al. 2001; Boulanger
et al. 2003; Muller-Newen 2003), and they formulated the exis-
tence of the putative leptin site III as a major site responsible for
the formation of active 2:2 or 4:2 LEPR:LEP complex. The IGD
located between the distal and proximal CHR domains was clearly
documented as essential for productive dimerization (or even te-
tramerization) of the LEPR, as its removal attenuated activation,

responsible for transferring LEP through the blood-brain barrier,
for its action in the hypothalamus, or for its peripheral action, by
LEP muteins acting as antagonists, by LEP fragments acting as
low-molecular-weight LEPR antagonists, or by LEPR antibodies
(Abs); (if) neutralizing circulating LEP by LEP-binding proteins or
specific Abs. Such reagents may therefore serve as novel and po-
tent research tools for studying LEP-related metabolic processes in
vitro and in vivo, and may eventually be developed into therapeu-
tic modalities aimed at blocking harmful LEP actions. Undesired
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Fig. 1. Schematic illustration of the interaction of 2 leptin
molecules with the extracellular domains of 2 leptin receptors. The
first leptin molecule (oval with solid line; brown, on the Web site
only) interacts through its binding site I/Il with cytokine homology
region 2 (CHR 2) of the left receptor, and through its binding site III
with the immunoglobulin-like domain (IGD') of the second receptor.
In parallel, the second leptin molecule (oval with broken line; green,
on the Web site only) interacts through its binding site I/Il with the
CHR 2' of the right receptor, and through its binding site III with
the IGD of the left receptor. There is no known interaction between
the 2 leptins. Mutation L39A/D40A/F41A abolishes leptin's interaction
with IGD, preventing receptor activation, but not its binding to CHR 2,
and thus acts as an antagonist. Mutation D23L dramatically increases
the affinity of leptin (or leptin antagonist) to CHR 2.

CHR 1 CHR1’
IGD IGD’
CHR 2 CHR 2’
Fibronectin Fibronectin

type Il domain type il domain’

Intracellular Intracellular

domain domain’

LEP actions may cause several different pathologies such as exten-
sive immune responses in autoimmune diseases, tumorigenesis,
elevated blood pressure, certain cardiovascular pathologies, and
cachexia. In this review, we survey the different approaches that
have been explored in an effort to develop such reagents. A differ-
ent approach that warrants mention but is beyond the scope of
this review, is to silence or modify LEP expression in different
tissues by small interfering RNA or hormonal treatments.

LEP muteins acting as LEPR antagonists

R128Q mutants

The first LEPR antagonist was reported in 1998, when an R128Q
mutant of human LEP was prepared (Verploegen et al. 1997). This
LEP mutein (a protein arising as a result of a mutation) acted in the
presence of anti-LEP monoclonal (m) Ab as an in-vivo antagonist in
C57BL/6] and objob (obese) mice; it lacked biological activity in
vitro in BAF/3 cells transfected with a chimeric receptor composed
of an extracellular transmembrane domain of the murine LEPR
fused to the intracellular domain of the human Bc receptor, a
common subunit present in several cytokine receptors. As the
VVALSRLQ sequence (amino acids 123-130) is conserved in both
mammalian and nonmammalian LEPs (Table 1), we questioned
whether the R128Q mutation plays the same role in all LEPs or is
restricted to human LEP only. To answer this, we prepared recom-
binant R128Q muteins of ovine and chicken LEP, and compared
their activity to similarly prepared human LEP and human R128Q
mutein (Raver et al. 2002). The R128Q mutation did not change the

Can. J. Physiol. Pharmacol. Vol. 91, 2013

binding properties to BAF/3 cells stably transfected with the long
form of human LEPR compared with nonmutated human, ovine,
and chicken LEPs, but the biological activity tested in a prolifera-
tion assay in the same cells was drastically reduced: the human
R128Q mutein lost its activity and even became a weak antagonist,
whereas the activities of the ovine and chicken muteins were
reduced 25- and 80-fold, respectively, without exhibiting any an-
tagonistic activity (Raver et al. 2002).

S120A/T121A mutants

Another LEPR antagonist was reported in 2004 by Tavernier's
group (Peelman et al. 2004). This antagonist was designed to pre-
vent the interaction of LEP bound to receptor 1 through binding
site I/II, to the IGD domain of receptor 2 through its binding site
III, as depicted schematically in Fig. 1. As claimed by the authors,
who based their argument on a carefully designed 3-D model of
the LEPR:LEP complex, amino acids S120 and T121 (for their loca-
tion in the different LEPs see Table 1) contribute to this interac-
tion, and their mutagenesis to A converts both human and
murine (LEPs to antagonists (Peelman et al. 2004). Two variants of
this antagonist were prepared: the mouse hemagglutinin (HA)-
tagged S120A/T121A mutant, and an analogous human nontagged
mutant. Both antagonists inhibited mouse LEPR signaling in
HEK293T cells co-transfected with mouse or human LEPR and
luciferase reporter plasmid in a dose-dependent manner. How-
ever, human LEP S120A[T121A was a less potent antagonist for
mouse LEPR signaling. The human S120A/T121A mutant also ex-
hibited an in-vivo effect. After 17 to 21 days of intraperitoneal (i.p.)
injections in DBA/1 mice in the presence of mAb 2A5 (which pro-
longs the halflife of the antagonists in the circulation), the antag-
onist caused a statistically significant weight gain of ~15%. To the
best of our knowledge, no additional results for in-vivo experi-
ments using this antagonist have been reported.

L39A/D40A[F41A and L39A/D40A[/F41A[I42A: development
and production

Another approach to developing alternative LEPR antagonists
was taken by our group. Using sensitive bidimensional hydrophobic
cluster analysis (Callebaut et al. 1997), and comparing the known
structures of IL6 receptor complexes [viral (v) IL6/gp130] and IL6/
IL6R/gp130 complex (Chow et al. 2001; Boulanger et al. 2003), in
which site III of IL6 was first identified], we identified aa L39/D40/
F41/142 in the A-B loop of LEP as responsible for the interaction
with LEPR that leads to the functional dimerization or tetramer-
ization required for receptor activation. To verify this hypothesis
and to test its generality, we prepared and purified to homogene-
ity several ovine and human recombinant LEP A muteins in the
A-B loop (L39A/D40A, L39A/D40A/F41A or L39A/D40A[F41A[I41A)
and documented their activity as potent competitive LEPR antag-
onists (Niv-Spector et al. 2005a). To verify the preservation and
importance of this sequence for activation of LEPRs (for sequence
comparison see Table 1), we also prepared the corresponding mu-
teins of mouse and rat LEP and documented their similar antago-
nistic activity (Salomon et al. 2006). In a subsequent work, we
increased the half-life of the leptin antagonist by pegylation, re-
sulting in significant extension of its bioavailability while retain-
ing antagonistic activity (Elinav et al. 2009b). In view of the
potential pharmaceutical uses of LEP antagonists, the general
question of how the biopotency of recombinant proteins can be
enhanced in vivo needs to be explored. One possible approach is
to increase the antagonist's affinity for the receptor by increasing
kon» Or mainly by decreasing k. g and thus prolonging receptor
occupation. Theoretical thermodynamic considerations show
that if antagonists and agonists exhibit the same affinity, at a
100-fold molar excess of antagonist, 99% of all occupied receptors
will be occupied by antagonists. A 100-fold increase in antagonist
affinity will lead to similar results at an approximate 1:1 molar
antagonist-to-agonist ratio. Pegylation of such muteins combines
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Table 1. Compilation of most of the known mammalian and non-mammalian leptin sequences (the areas whose
mutations may lead to creation of leptin antagonists and D23 in mammalian leptins whose mutation to non-negatively
charged leads to increased affinity are shaded.

Helix A

—_— [== ::____::] ______________________
Human VPIQKVODDTKTLIKTIVTRINDISHTQSVSSKQKVTGLDFIPGLHPILT
Sheep VPIRKVODDTKTLIKTIVTRINDISHTQSVSSKQRVTGLDFIPGLHPLLS
Pig VPIWRVQDDTKTLIKTIVTRISDISHMQSVSSKQRVTGLDISHMQSVSSK
Mouse VPIQKVQODDTKTLIKTLVTRINDISHTQSVSAKQRVTGLDFIPGLHPILS
Rat VPIHKVQDDTKTLIKTIVTRINDISHTQSVSARQRVTGLDFIPGLHPILS
Horse VPIRKVOQDDTKTLIKTIVTRINDISHMQSVSSKQRVTGLDFIPGLHPVLS
Dog VPIRKVQDDTKTLIKTIVARINDISHTQSVSSKQRVAGLDFIPGLQPVLS
Chicken VPCQIFQDDTKTLIKTIVTRINDISHT-SVSAKQRVTGLDFIPGLHPILS
Frog RATIKADRVKNDAKLLASTLITRIQEHPIQFLFPSNLKISGLDFIPDEQLLES

Salamander IMVDQLRMDAKNLTLTIMARLQEHPSQFLLPMNLKVSGLDFIPGEQSLES
Pufferfish LPGALDAMDVEKMKSKVTWKAQGLVARIDKHFPDR--GLREDTDKVEGST

Helix B Helix C

[ == ] -~ [s========== ====]-—---
Human LSKMDQTLAVYQQILTSMPSONVIQISNDLENLRDLLHVLAFSKSCHLPW
Sheep LSKMDQTLAIYQQILASLPSRNVIQISNDLENLRDLLHLLAASKSCPLPQ
Pig LSKMDQTLAIYQQILTSLPSRNVIQISNDLENLRDLLHLLASSKSCPLPQ
Mouse LSKMDQTLAVYQQVLTSLPSQNVLQIANDLENLRDLLHLLAFSKSCSLPQ
Rat LSKMDQTLAVYQQILTSLPSONVLQIAHDLENLRDLLHLLAFSKSCSLPQ
Horse LSKMDQTLAIYQQILTSLPSRNVIQISNDLENLRDLLHLLASSKSCPLPQ
Dog LSRMDQTLAIYQQILNSLHSRNVVQISNDLENLRDLLHLLASSKSCPLPR
Chicken LSKMDQTLAVYQQVLTSLPSQNVLQIANDLENLRDLLHLLAFSKSCSLPQ
Frog LEHMDETLEVFQKILSSLPMENVDOMLSDMENLRSLLQSLSTIMGCTARK

Salamander DDSVDETLEIFHAILSSLHMDNMEQILSDIENLRRLLHALSSLLGCNAQK
Pufferfish --SVVASLESYNNLISDRF-GGVSQIKTEISSLAGYLNHWRE-GNC---Q

Helix E Helix D

————— [========]--[= == =]---
Human ASGLETLDSLGGVLEASGYSTEVVALSRLOGSLQODMLWQLDLSPGC
Sheep VRALESLESLGVVLEASLYSTEVVALSRLOGSLQODMLRQLDLSPGC
Pig ARALETLESLGGVLEASLYSTEVVALSRLQGALQDMLRQLDLSPGC
Mouse TSGLQKPESLDGVLEASLYSTEVVALSRLQGSLODILQQVDLSPGC
Rat TRGLQKPESLDGVLEASLYSTEVVALSRLQGSLQDILQQLDVSPEC
Horse ARGLETLASLGGVLEASLYSTEVVALSRLQGSLQGMLQQLDLSPGC
Dog ARGLETFESLGGVLEASLYSTEVVALNRLOQAALODMLRRLDLSPGC
Chicken TSGLQKPESLDGVLEASLYSTEVVALSRLQGSLQODILQQLDISPEC
Frog HSQCDTQVNLTEEYAKAPYTTEKVALDRLOQKSLHSIVKHLDHITDC
Salamander SVHPDTLGNLTEEYAKSPFTTEKVALDRFQKNLHSIVKHDEHTLSC
Pufferfish --—--EQQPKVWPRRNIFNHTVSLEALMRVREFLKLLQKNVDLLERC

Note: The sequences were compiled from the NCBI data bank as follows: human NP_000221, sheep Q28603, pig NP_999005, mouse
NP_032519, rat NP_037208, horse AAR88257; and from our unpublished results as follows: chicken AAC60368, dog NP_001003070, frog
AAX77665, salamander AAY68394, pufferfish NP_001027897.
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Table 2. Effect of PEG-MLA and PEG-SMLA
on weight gain in male mice determined
1 and 2 weeks after initiation of the

injections.

Weight gain
Dose
(mg-kg1-d) 1 week (%) 2 weeks (%)
Control
— 0.5%0.1 0.910.6
PEG-MLA
0.72 7.8%£0.8a 11.3%¥1.3a
2.2 10.1+0.9b 14.7+1.5ab
6.7 12.0+1.3b 16.6+1.8b
20.0 18.742.0c 22.8+1.5¢
PEG-SMLA
0.72 12.7+2.1b 22.0+2.1c
2.2 19.6%1.7¢ 30.2+2.3d
6.7 27.312.1d 42.3%1.8e
20.0 29.0+2.6d 44.713.4e

Note: Each material was injected daily at a dose
0f20.0, 6.7, 2.2, and 0.72 mg-(kg body mass)~},n=8
mice per dose. The results are presented as per-
cent of body mass change (mean + SEM). The
initial body weight was 20 to 22 g. PEG-MIA,
mono-pegylated mouse LEP antagonist; PEG-
SMLA, mono-pegylated superactive mouse antag-
onist. Values in a column that are followed by the
same letters do not differ statistically (p < 0.05).
The values for the control were not included in
the statistical analysis.

both approaches, resulting in a potent and effective long-acting
competitive antagonist in vivo. To explore this approach, we em-
ployed random mutagenesis of mouse LEP followed by selection
of high-affinity mutants by yeast-surface display, and discovered
that replacing residue D23 with a non-negatively charged amino
acid leads to dramatically enhanced affinity of LEP for LEPR. Ra-
tional mutagenesis of D23 revealed the D23L substitution to be
the most effective. Coupling the D23 mutation (for sequence ho-
mology of this amino acid see Table 1) with A mutagenesis of the
3 amino acids previously reported to convert LEP into an antago-
nist (L39A/D40A[F41A) (Niv-Spector et al. 2005a; Salomon et al.
2006) resulted in potent antagonistic activity (Shpilman et al.
2011). Those novel superactive mouse and human LEP antagonists
(D23L/L39A/D40A[F41A) termed, respectively, SMLA and SHLA, ex-
hibited over 60-fold increased binding to LEPR, and 14-fold higher
antagonistic activity in vitro relative to the L39A/D40A/F41A mu-
tants. To prolong and enhance their in-vivo activity, SMLA and
SHLA were monopegylated at the N terminus. Administration of
the pegylated (PEG) SMLA to mice resulted in a remarkably rapid,
significant and reversible 27-fold more potent increase in body
weight as compared with PEG-MLA (Table 2). To test whether
the D23L mutation confers increased affinity in other species’
LEP, we recently prepared D23L/L39A/D40A/F41A muteins of
ovine (Niv-Spector et al. 2012) and rat (G. Solomon and A. Gertler,
unpublished results) LEPs and found that they also act as potent
LEPR antagonists.

L39A/D40A[F41A and L39A/D40A/F41A[I42A mutants: use for
research and therapy

We and others have explored several ways of employing the
LEPR antagonists developed in our laboratory for use in research
and for eventual therapeutic purposes. The main use of the antag-
onists as research reagents is to verify the involvement of LEP
activity in a particular pathway of interest. Thus, for example,
Tam et al. (2012) showed that appetite and weight reduction by
cannaboid receptor inverse agonist is mediated by resensitizing
mice with diet-induced obesity (DIO) to endogenous LEP by

Can. J. Physiol. Pharmacol. Vol. 91, 2013

Table 3. Weight gain and biochemical and hormonal parameters in
8-week-old female mice (after 4 weeks of treatment) and in 16-week-
old female mice (after 12 weeks of treatment) subcutaneously injected
with PEG-SMLA at 10 mg-(kg body mass)--d-1, every other day.

After 4 weeks After 12 weeks

Parameter

tested Control PEG-SMLA Control PEG-SMLA

Weight gain 4.3010.02 14.03+0.03*** 7.8210.70 20.42+0.58***

Glucose 18815 237121 1318 183+10*
(mg-dL™)

Cholesterol 95.818.1 147.6114.9*  105.4%5.5 153.0%£3.7*
(mg-dL-)

Triglycerides 97.0+11.9 153.5%+15.3* 92.516.1 121.719.5**
(mg-dL-)

Insulin 0.80%0.13 4.11+0.70** 0.31+0.05 1.84+0.30"*
(ng-mL~")

HOMA-IR 57.219.4 380.1+90.0"** 17.7+4.1 139.5+27.8**
(arbit. units)

Note: Values are the mean + SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001 for mice
treated with PEG-SMLA (PEG-SMLA, mono-pegylated superactive mouse antago-
nist) compared with the control mice.

reversing the hyperleptinemia; this is achieved by decreasing
LEP expression and secretion by adipocytes, and increasing LEP
clearance via the kidney. Such an effect could be blocked by using
PEG-SMLA, confirming the role of LEP. Karmazyn and co-workers
(Majumdar et al. 2009) investigated the role of LEP and its inter-
action with endothelin 1 (ET-1) in FN synthesis and cardiomyo-
cyte hypertrophy using human umbilical vein endothelial cells
(HUVECGs). These cells were examined for FN production, and
the neonatal rat cardiomyocytes for hypertrophy, following
incubation with glucose, ET-1, LEP, and specific blockers. Glu-
cose caused increased FN mRNA and protein expression in
HUVEC s, and increased cardiomyocyte hypertrophy along with
upregulation of ET-1 mRNA, and LEP mRNA and protein.
Glucose-mimetic effects were seen with LEP, and LEPR antago-
nist normalized these abnormalities.

Our group has recently shown that LEPR antagonist can be used
for the creation of a rapid and reversible mouse model of meta-
bolic syndrome and type 2 diabetes mellitus (T2DM) (Solomon
et al. 2012). PEG-SMLA has strong orexigenic properties, and when
given to mice every 24 to 48 h leads to remarkable weight gain. To
date, over 15 experiments have been performed over the course of
2 to 12 weeks to test the effects of PEG-SMLA on weight gain in
mice, resulting in a uniform 25% to 45% weight gain in 14 to
21 days. Representative data from these studies, including a long-
term experiment in female mice starting at the age of 4 weeks and
ending at the age of 4 months, are presented in Table 3. The
results clearly show that weight gain is accompanied by elevated
glucose, cholesterol, and triglyceride levels, and an even more
dramatic increase in insulin levels and insulin resistance (HOMA-IR).
Interestingly, no hepatic damage, which would be evidenced by
increased levels of liver enzymes, was observed, even after
12 weeks of treatment, although histologically the livers of PEG-
SMLA-treated animals seemed fatty. PEG-SMLA treatment did not
affect other blood parameters, such as albumin, globulin, creati-
nine, urea, calcium, potassium, phosphorus, or bilirubin. An ad-
ditional experiment carried out to test the effects of PEG-SMLA
showed abnormal glucose tolerance (by oral glucose tolerance
test) after 3 weeks of treatment (Solomon et al. 2012). This change,
along with others such as weight gain, increased fat content, hy-
perinsulinemia, and hypertriglyceridemia, were fully reversible
with cessation of PEG-SMLA injections, disappearing within 10—
14 days (Elinav et al. 2009b; Levi et al. 2011; Solomon et al. 2012).
These authors also attenuated endogenous LEP signaling in nor-
mal mice with PEG-MLA to determine the contribution of LEP
signaling to the regulation of glucose homeostasis. The antagonist

< Published by NRC Research Press
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was either injected or continuously administered via osmotic mi-
nipumps for several days, and various metabolic parameters were
assessed. PEG-MLA-treated mice showed increased fasting and
glucose-stimulated plasma insulin levels, decreased whole-body
insulin sensitivity, elevated hepatic glucose production, and im-
paired insulin-mediated suppression of hepatic glucose produc-
tion. Moreover, PEG-MLA treatment resulted in increased food
intake and increased respiratory quotient without significantly
altering energy expenditure or body composition, as assessed by
the lean-to-lipid ratio. They concluded that alterations in insulin
sensitivity occur before changes in the lean-to-lipid ratio and en-
ergy expenditure during the acute disruption of endogenous LEP
signaling.

Our long-term experiment also allowed us to test the effect of
PEG-SMLA treatment on the expression of a large number of genes
in white adipose tissue (WAT), liver, brain, and muscle after 4 and
12 weeks of treatment. The most remarkable change was the re-
spective 6.4- and 15.3-fold increase in leptin expression in WAT,
paralleled by corresponding 4.8- and 1.1-fold decreases in the ex-
pression of LEPR, while the expression of insulin receptor did not
change. Interestingly, genes indicating inflammation, such as IL6,
inhibitor of nuclear factor kappa-B kinase, and even tumor necrosis
factor-a (TNF-a), were hardly changed. The latter did show 4.8-fold
higher expression in WAT, but only after 12 weeks, indicating that
in contrast to DIO, leptin antagonist-induced obesity leads to only
weak inflammation. Interestingly, cluster of differentiation 14 (CD14)
was down regulated in the liver by 1.6- and 2.5-fold after 4 and
12 weeks, respectively. CD14 is an important regulatory factor in
the expression of the inflammatory response to lipopolysaccha-
ride (LPS) and enhances the effect of LPS considerably in Kupffer
cells (Imajo et al. 2012). Upregulation of CD14 in Kupffer cells and
hyper-reactivity against low doses of LPS were observed in high-fat
(HF) diet-induced steatosis in mice and in contrast, ob/ob and db/db
(diabetic) mice show decreased hepatic CD14 expression, resulting
in a decreased responsiveness to LPS (Imajo et al. 2012). Those
results further indicated that DIO and PEG-SMLA-induced obesity
are different. Expression of peroxisome proliferator-activator re-
ceptor gamma (PPARvy), which regulates fatty acid storage and
glucose metabolism, was 4.8- and 1.9-fold higher in the WAT of
PEG-SMLA-treated mice but unchanged in the liver. Genes acti-
vated by PPARy stimulate lipid uptake and adipogenesis by fat
cells. Sterol coenzyme A desaturase (SCD1), which is an iron-
containing enzyme that catalyzes a rate-limiting step in the syn-
thesis of unsaturated fatty acids, was also elevated in both WAT
(1.3- and 2.3-fold) and liver (3.1- and 4.8-fold) after 4 and 12 weeks of
treatment, respectively. Lipoprotein lipase was correspondingly
elevated by 2.1- and 3.3-fold in WAT, but decreased by 3.5- and
1.4-fold in the liver. Another gene of interest is sirtuin 1 (SIRT1),
which is known to be downregulated in cells that have high insu-
lin resistance; inducing its expression increases insulin sensitiv-
ity. We found statistically borderline down-regulation of SIRT1 in
both the liver and muscles, particularly after 3 months of PEG-
SMLA treatment. Liver expression of fibroblast growth factor
21 (FGF21), which stimulates glucose uptake in adipocytes, was
not changed after 1 month of PEG-SMLA treatment, but after
3 months it was reduced 5.5-fold, possibly reflecting down-
regulation of its known positive regulator, SIRT1. Surprisingly,
liver genes related to increased gluconeogenesis, and mostly
observed in metabolic syndrome and T2DM, such as PPARy
co-activator 1, phosphoenolpyruvatecarboxy kinase (PEPCK), glucose
6-phospatase, and fructose bi-phosphatase 1, were not changed or even
decreased. Only minor changes in gene expression in the muscle
were observed. LEPR, pyruvate dehydrogenase kinase, glucose
transporter 1, PPARS, and SIRT1 expression were almost un-
changed after 4 weeks of treatments, but reduced by 1.5-, 1.5-, 1.4-,
1.4, and 3.4-fold, respectively, after 12 weeks. In the brain, the
most significant changes after 12 weeks were moderate decreases
in the expression of the anorexigenic apolipoprotein E and

pro-opiomelanocortin by 1.3- and 1.4-fold, respectively, while the
expression of orexigenic neuropeptide Y was 1.6-fold higher after
4 weeks, but did not change later on.

Another way to use LEPR antagonists for research is to explore
the putative role of LEP in bone metabolism. This was first dem-
onstrated in objob or db/db mice, which lack LEP or its receptor
(Ducy et al. 2000). Both mutant mice showed increased bone for-
mation, leading to high bone mass. This phenotype was domi-
nant, independent of the presence of fat, and specific for the
absence of LEP signaling. As most of the experiments in mice were
carried out in genetically modified animals, we decided to use the
aforedescribed 3 month experiment (see Table 3) to test the effect
of blocking LEP on several bone parameters. LV3 and LV4 and
tibias were removed after 1 and 3 months of treatment and ana-
lyzed for different bone parameters, such as trabecular morpho-
metric analysis of LV3 and LV4, cortical morphometric analysis of
tibia, and the biomechanical 3-point bending test. The results
indicated a significantly higher (27%-30%) bone volume fraction
and 20%-22% increased trabecular thickness in LV3 and LV4 of
PEG-SMLA-treated (compared with the control) mice. Cortical
morphometric analysis of the tibia from the PEG-SMLA group
showed significantly increased cross-sectional (14%-16%) and med-
ullary (19%-22%) area, and a 42% to 46% increase in mean polar
moment of inertia with no changes in cortical thickness or (bone
mass density (BMD). A mechanical assay that measures the ulti-
mate load required for fracture, the stiffness, and the fracture
yield showed significantly higher (15%-60%) values in the PEG-
SMLA-treated mice. Interestingly, all of these differences ap-
peared after only 1 month of treatment of 4-week-old mice, and
remained for the whole period of the experiment. In addition,
dynamic histomorphometric analysis was performed: bones were
labeled by injecting calcein on day 20 of the experiment, and by
injecting alizarin complexone on day 26. The mean distance/time
interval between labels indicated that bone growth in mice in-
jected with PEG-SMLA is (mean * SEM, n =5) 0.84 * 0.05 compared
with 0.63 £ 0.05 in the control mice (p < 0.05). All of those results
favored the notion that blocking LEPR enhances bone formation.

We also used LEPR antagonist to study the effect of early post-
natal LEP blockage on long-term LEP resistance and susceptibility
to diet-induced obesity in rats. We showed that blockage of LEP
action during the critical period of early life in rodents has long-
term consequences by altering the capacity to respond to LEP
during adulthood, thus predisposing the animals to obesity. We
concluded that the physiological importance of the postnatal LEP
surge lies in its being required for optimal onset of metabolic
regulation, at least in rodents, and in its implication in the pre-
vention of unfavorable developmental programming (Attig et al.
2008). Similar results in rats were also reported recently by
Beltrand et al. (2012) who concluded that neonatal LEPR antago-
nist treatment exert effects on growth and metabolism in adult-
hood but is dependent upon interactions between maternal and
post-weaning nutrition.

Rat LEPR antagonist L39A/D40A/F41A was extensively studied by
Scarpace's group (Scarpace and Zhang 2009). Use of this antago-
nist revealed that the normalization of caloric intake and the
thermic effect of food after HF feeding are LEP-dependent. Rats
were then fed a HF diet (60% kcal as fat) or chow and simultane-
ously infused with antagonist (25 pg-d-! into the lateral ventricle)
for 7 days, and compared with vehicle-infused chow-fed rats. Daily
caloric intake of both HF groups peaked on day 2. HF feeding
elevated caloric intake, which was nearly normalized by day 7,
whereas in the presence of the antagonist, caloric intake re-
mained elevated. Moreover, the HF-mediated increase in UCP1 in
brown adipose tissue (BAT) was prevented by the antagonist.
These results demonstrated that LEP is essential for the homeo-
static restoration of caloric intake after HF feeding and that this
LEPR antagonist blocks central LEP signaling and LEP-mediated
UCP1 elevation (Zhang et al. 2007). The same group also used LEPR
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antagonists to document uncoupling between LEPR signal trans-
ducer and activator of transcription 3 (STAT-3) signaling and
metabolic responses in rats with central LEP resistance. Such re-
sistance was induced in lean rats by intracerebroventricular injec-
tion of a recombinant adeno-associated viral (rAAV) vector
encoding LEP. Following development of LEP resistance, on day
153, these rats and the control rats were centrally infused with
either vehicle or a rat LEPR antagonist for 14 days. Food intake,
body weight, adiposity, and UCP1 expression increased with an-
tagonist infusion in the controls, but increased only marginally in
the LEP-resistant rats (Zhang et al. 2007).The same group also
showed that hypothalamic overexpression of LEP elevates blood
pressure by 18 mm Hg (1 mm Hg =133.322 Pa), but a 14 day central
infusion of the LEPR antagonist reverses LEP-induced hyperten-
sion. In contrast, a HF diet increased blood pressure (by approxi-
mately 8-9 mm Hg) and tyrosine hydroxylase activity (by 76%) in
superior cervical ganglia, compared with chow feeding. Infusion
of LEPR antagonist accelerated weight gain, food intake, and adi-
posity in rats fed the HF diet compared with the chow-fed rats, and
tyrosine hydroxylase activity was also reversed in the superior
cervical ganglia, thus it can be concluded that central overexpres-
sion of LEP-induced hypertension can be reversed by a LEPR an-
tagonist. In contrast, this LEPR antagonist did not reverse the
HF-diet-induced elevation in blood pressure, even though there
was apparent blockage of other LEP-mediated metabolic and
sympatho-excitatory responses (Tumer et al. 2007).

The potential use of our LEPR antagonists for therapeutic pur-
poses was explored by us and others in mouse models of autoim-
mune disease and cachexia. As a role for LEP had been suggested
in the pathogenesis of intestinal autoinflammation, we first inves-
tigated the effect of LEPR antagonists in a mouse model of
inflammatory bowel disease (IBD). IBD is a chronic inflammatory
disorder affecting 0.3% of the Western world's population; its
pathogenesis is thought to result from loss of tolerance of the
intestinal immune system in the presence of constant antigenic
stimuli mediated by resident microflora. LEP's central role as a
mediator of colonic autoinflammation has been suggested in both
animal models and human studies. LEP-deficient ob/ob mice are
resistant to acute and chronic experimental colitis (Siegmund
et al. 2002, 2004). In those studies, LEP was suggested to enhance
proinflammatory cytokine secretion, including that of interferon
gamma (IFN-y), TNF-«, IL18, IL1B, IL6, and IL10, and to inhibit
inflaimmation-associated apoptosis of colonic mononuclear cells.
Inflamed colonic epithelial cells were also found to express and
release LEP apically into the intestinal lumen. Intrarectal admin-
istration of LEP induced activation of NF-«xB and epithelial wall
damage associated with neutrophil infiltration (Sitaraman et al.
2004). In human IBD patients, LEP levels have been suggested to
correlate with the severity of the disease (Ballinger et al. 1998;
Karmiris et al. 2005, 2007). To study the effect of LEPR antagonists
on an experimental mouse model of IBD, we used the dextran
sodium sulfate (DSS)-axoxymethane-induced model of IBD. DSS
(2%) in the drinking water induced severe colitis, manifested as
significant colitis on day 6 and maximal scores at later stages.
Administration of PEG-SMLA induced a very significant survival
advantage over wild-type mice. Colitis at an early time point (day 6)
was significantly milder in PEG-SMLA-treated mice than in the
vehicle- and PEG-MLA-treated groups. At later time points, how-
ever, colonoscopy scoring (grading the most severe inflammatory
foci in each mouse) was similar in all groups. In severe colitis,
differences in severity were minimal. Administration of PEG-
SMLA without DSS induced significant weight gain in mice, with
no apparent adverse general or colonic effects (E. Elinav and
A. Gertler, unpublished data). In another study, the effect of LEPR
antagonist in a mouse model of liver fibrosis was determined in
vivo, using thioacetamide (TAA)-induced fibrosis. To induce liver
cirrhosis, mice were given an i.p. injection of 200 mg:(kg body
mass)~! TAA twice a week for 12 weeks. Administration of LEPR
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antagonist induced significant amelioration in this model of
chronic liver inflammation and fibrosis (Elinav et al. 2009a).

We also found that the superactive LEPR antagonist induces
protection from innate inflammation by inhibiting infiltration of
mononuclear phagocytes. Superactive pegylated LEPR antagonist
or pegylated LEPR agonist was administered to female C57BL mice
for 4 days. This was followed by induction of innate hepatitis via
administration of LPS and p-GalNac, a known model for the induc-
tion of innate hepatitis through infiltration and TNF-a secretion
by mononuclear phagocytes. Administration of PEG-MLA resulted
in significantly enhanced mortality, compared with vehicle-
treated mice. In contrast, administration of PEG-SMLA resulted in
significant protection, manifested as improved survival. In testing
the effect of LEPR antagonism on the infiltrating macrophages,
PEG-SMLA's protective effect was accompanied by a dramatic reduc-
tion in the inflammation-induced population of liver-infiltrating
macrophages, compared with vehicle-treated mice. A reverse phe-
notype was noted in mice treated with PEG-MLA, whereby liver
macrophage infiltration was enhanced, compared with vehicle-
treated mice (E. Elinav and A. Gertler, unpublished results). Taken
together, these results demonstrated a significant protective effect of
the superactive LEPR antagonist in innate immune-mediated inflam-
mation, via the inhibition of mononuclear macrophage infiltration
into the inflamed organ.

However, the most impressive use of LEPR antagonists was ob-
served in the treatment of experimental chronic kidney disease
(CKD)-associated cachexia (Cheung et al. 2011). The negative role of
LEP in uremic patients has been reviewed (Teta 2012). LEP has been
defined as a true uremic toxin, and reducing its levels in uremic
patients, particularly those suffering from uremia-related ca-
chexia, may have beneficial effects. This suggestion is based on
the finding that plasma LEP is associated with reduced energy
intake and protein-wasting in uremic patients (Mak et al. 2006). It
was also shown that elevated circulating levels of cytokines such
as LEP might be an important cause of CKD-associated cachexia
(Cheung et al. 2005). Experimental CKD was induced by 5/6 ne-
phrectomy in 8-week-old c57BL/6] male mice. CKD and sham (S)
mice received either PEG-SMLA (7 mg-kg, i.p.) or vehicle (V) once
a day for 28 days. All mice were fed ad libitum during this period.
Metabolic rate was measured by Oxymax, body composition by
Echo-MRI, and muscle function by Rotarod activity and grip
strength. The results clearly showed that PEG-SMLA treatment
reverses anorexia in CKD. The food intake of the CKD/PEG-SMLA
mice was significantly increased compared with CKD/V mice (3.7 +
0.0 vs. 3.1% 0.1 g'mouse~1.d-1; p < 0.001). CKD/PEG-SMLA mice also
gained more weight than CKD/V mice (15.1 + 0.4% vs. 3.0 * 0.3%;
p < 0.001). CKD/PEG-SMLA mice gained fat mass (gain 0of0.4 +0.1g)
and lean mass (gain of 0.2 + 0.1 g), while CKD/V mice continued to
lose fat mass (loss of 0.2 * 0.05 g) and lean mass (loss 0f 1.3 £ 0.1 g;
p < 0.001). Basal metabolic rate was increased in CKD/V mice
(3845 * 62 mg-kg1-h-!) compared with S/V mice (3369 *
43 mg-mL-1-h-%; p < 0.001), and was normalized in CKD/PEG-SMLA
mice (3246 + 79 mg-mL-1-h-!). Rotarod activity and grip strength
were lower in CKD/V mice (130.3 + 5.8 s and 1149.6 + 49.2/100 g,
respectively; p < 0.001) compared with S/V mice (187.0 +12.0 s and
1643.3 + 28.2/100 g, respectively), and were normalized in CKD/
PEG-SMLA mice (175.8 + 3.8 s, 1568.2 + 46.0-(100 g)~1, respectively).
Furthermore, the expression of PAX 3, a member of the paired box
(PAX) family of transcription factors that has been shown to con-
tribute to early striated muscle development, was reduced >2-fold
in CKD/V mice, but almost normalized in CKD/PEG-SMLA mice. In
contrast, expression of 2 other proteins, atrogin-1 (which is an E3
ubiquitin ligase that mediates proteolysis events in response to a
variety of catabolic states in muscle), and RING-finger protein-1
(MuRF1; a ubiquitin ligase that has been proposed to trigger
muscle protein degradation during pathophysiological muscle
wasting), was increased by >2-fold in CKD/V mice, but almost
normalized in CKD/PEG-SMLA mice. In addition, the expression
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Gertler and Solomon

of proinflammatory cytokines (IL1«, IL1B, IL6, and TNF-«) in the
liver of CKD/V mice was increased from 2- to 4-fold compared
with S/V mice, but almost normalized in CKD/PEG-SMLA mice
(M. Ayalon-Soffer, personal communication). In conclusion,
PEG-SMLA, a peripheral LEPR antagonist, reverses anorexia,
ameliorates lean body mass loss, and normalizes muscle func-
tion in a mouse model of CKD-associated cachexia (Cheung
et al. 2011). These results imply that LEP blocking may be a
suitable strategy for the treatment of CKD patients.

LEP fragments acting as low-molecular-weight
LEPR antagonists

LPA-2 and LP-1 peptides

Gonzalez and Leavis (2003) and Gonzalez et al. (2006) were the
first to report that LEP activity can be antagonized by peptides
derived from the LEP sequence. They prepared 26- and 32-aa-long
peptides termed, respectively, LPA-2 and LP-1, corresponding to
amino acids 70-95 and 3-34 of human LEP. They showed that at
high doses, these peptides inhibit LEP action in vitro and in vivo.
These inhibitory effects included attenuation of LEP-dependent
increases in the level of B3-integrin, IL1, leukemia inhibitory fac-
tor, and their corresponding receptors in mouse endometrial cells
(Styer et al. 2008), and reduction in the number of implantation
sites and uterine horns in implanted embryos (Gonzalez et al.
2006). The same group also reported that LPA-2 attenuates LEP-
induced growth of mouse mammary tumor (MT) cells (Styer et al.
2008). They stated that this effect was more pronounced in vivo
than in vitro. The mechanism of action of these peptides has yet to
be clarified, as their direct interaction with LEPR has not yet been
proven, and the binding experiments (see Fig. 1in Gonzalez and
Leavis 2003) show a nontypical dose-response curve extending
over 8 orders of magnitude. The impact of blocking LEPR signal-
ing in the mouse endometrium was assessed in subsequent work.
Intrauterine injection of either LEP peptide antagonists or LEPR
Ab on day 3 of pregnancy impaired mouse implantation in com-
parison with the intrauterine injection of scrambled peptides
(LPA-Sc) or species-matched IgGs. A significant reduction in the
number of implantation sites and uterine horns with implanted
embryos was found after intrauterine injection of LPA-1and LPA-2.
The respective scrambled peptides were used as controls (Ramos
et al. 2005). The same group also studied the importance of LEP
signaling in experimental MTs in mice. Pretreatment of syngeneic
mice with LPrA2 (formerly LPA-2) prior to inoculation with mouse
4T1 mammary cancer cells delayed the development and slowed
the growth of MTs (up to 90%) compared with the controls. The
in-vivo effects obtained by using pegylated LPrA2 were even more
pronounced. Serum levels of vascular endothelial growth factor
(VEGF) and VEGF/VEGF-R2 expression in MTs were significantly
lower in mice treated with LPrA2. Interestingly, LPrA2-induced
effects were more pronounced in vivo than in vitro, suggesting
paracrine actions in stromal, endothelial, and (or) inflammatory
cells that may impact the growth of MTs (Gonzalez et al. 2006).
Additional studies carried out by the same group explored the
effect of disruption of in-vivo LEP signaling on the establishment
and (or) maintenance of an endometriosis-like lesion in a synge-
neic immunocompetent mouse model of endometriosis. Findings
showed that disruption of LEP signaling by i.p. injection of the
pegylated LEP peptide receptor antagonist LPrA impaired the es-
tablishment of endometriosis-like lesions, and resulted in a reduc-
tion of viable organized glandular epithelium VEGF A expression
and mitotic activity. PEG-LPrA treatment resulted in a significant
reduction in microvascular density in endometriosis-like lesions
after continuous and acute courses, confirming that LEP signaling
is a necessary component in lesion proliferation, early vascular
recruitment, and maintenance of neo-angiogenesis in a murine
model of endometriosis (Styer et al. 2008). More recently, it has
also been shown that phosphorylation of VEGF-R2, p38(MAPK),

and Akt, as well as COX-2 induction in cells challenged with LEP,
are blocked by LPrA2. It was also demonstrated that HUVECs that
express LEPRs LPrA2 (30 pmol/l) inhibit the LEP-promoted phos-
phorylation of VEGF-R2, while VEGF-induced receptor phos-
phorylation is unaffected. In cells treated with LPrA2, LEP did
not promote Stat-3 phosphorylation, while VEGF-induced Stat-3
phosphorylation was still evident. Similarly, exposure to LPrA2
reduced LEP-stimulated COX-2 induction without affecting the
response to VEGF. Those authors concluded that leptin-mediated
VEGF-R2 phosphorylation and its downstream effects require
binding to LEPR (Garonna et al. 2011).

Antagonistic peptides analogous to site III of LEP

A different approach was explored by the group of Surmacz and
Otvos (for their most recent review see {Otvos and Surmacz 2011).
Those researchers first developed a modified glycopeptide (corre-
sponding to amino acids 119-130 of LEP) that exhibited agonistic
activity (Otvos et al. 2008) and then, using non-natural amino
acids, modified its structure to generate LEPR antagonists (Otvos
et al. 2011b). The 3 most potent peptides were termed as follows:
(i) Acal (H-Thr-Glu-Nva-Val-Ala-Leu-SerVALSR-Aca-NH,,); (ii) Allo-Aca
(H-alloThr-Glu-Nva-Val-Ala-Leu-Ser-Arg-Aca-NH,); and (iii) D-Ser
(H-(D)Ser-Glu-Nva-Val-Ala-Leu-Ser(N-Me)-Arg-BAla-NH,). The au-
thors reported that Allo-aca reduces LEP-dependent growth and
signaling in hormone-positive and -negative breast cancer cell
lines with ICg, values of 50 to 200 pmol-L=! (Otvos et al. 2011a,
2011b). In immunocompromised mice, Allo-aca suppressed the
growth of established hormone-sensitive orthotopic human
breast cancer xenografts by 45%-51% when administered either
i.p. or subcutaneously (s.c.) for 38 days at a daily dose as low as
0.1 mg-kg='-d-! (Otvos et al. 2011a). The LEPR antagonist peptides
penetrated the blood-brain barrier, probably via short-form LEPR-
mediated transport at the blood-brain barrier, and interfered
with CNS functions (Otvos et al. 2011a, 2011b). The peptides were
distributed to the brain, and when added to normally growing
C57BL/6 mice i.p., s.c., or orally, the lead antagonist accelerated
normal weight increase without producing any toxic effects.
Weight gain increases could not be observed after 10-12 days of
treatment, indicating that the mice had become resistant to the
CNS activity of the LEP antagonists. However, in normally grow-
ing rats, intranasal administration at 0.1 mg-kg-'-d~ for 20 d re-
sulted in a net total body weight gain of 2% with no signs of
resistance induction. It should be noted, however, that the half-
life of those antagonists, where determined, was quite short,
5-10 min at most (Otvos et al. 2011b). The same group also explored
the role of LEP and LEPR antagonism in vitro and in vivo in
2 preclinical models of theumatoid arthritis: K/BxN, and adjuvant-
induced arthritis (Otvos et al. 2011c). Allo-aca peptide treatment
(0.01 to 1 mg-kg'-d™?) partially attenuated the severity of the dis-
ease in a dose-dependent manner, as measured by the number of
arthritic joints, but only the highest dose showed borderline sta-
tistical significance (p > 0.1). Using another parameter (percentage
of total paw swelling), Allo-aca peptide (0.1 mg-kg-'-d-?) very sig-
nificantly ameliorated (p > 0.01) paw swelling. However, a similar
effect was obtained by injecting LEP, thus questioning whether
LEPR blockage is responsible for that effect. In the K/BxN model,
LEP injection (0.05 mg-kg'-d~?) increased the arthritic score, and
this effect could be attenuated by co-injection of the Allo-aca
peptide (0.1 mg-kg-'-d-%). Furthermore, the same group was the
first to demonstrate that an Aca-1 peptide inhibits proangiogenic
and growth effects of LEP in glioblastoma endothelial cells, and
that the pharmacological potential of this compound might be
enhanced by combining it with drugs targeting the VEGF pathway
(Ferla et al. 2011). The second-generation LEPR antagonist, Allo-
aca, has shown similar activity in several endothelial cell models
(E. Surmacz, personal communication).
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LEPR Abs acting as LEPR antagonists

Nanobodies (variable domains of the Camelidae family
heavy-chain antibodies)

An alternative approach was undertaken by Tavernier's group
who targeted the LEPR by generating LEPR-specific nanobodies
(Zabeau et al. 2012). They created a large number of nanobodies and
selected them by measuring their interaction with various domains
of the extracellular part of LEPR (see Fig. 1). Nanobodies against
CHR 1 did not block LEP binding or signaling, whereas those
raised against CHR 2 competed with both. In contrast, nanobodies
against the IGD and FNIII domain blocked the signaling but not
the binding. Based on those experiments, 3 neutralizing nanobod-
ies were selected: (i) 2.17 (against CHR 2, interfering with LEP
binding), (ii) 4.10 (against IGD), and (iii) 4.11 (against FNIII). To
prolong their in-vivo half-life in the circulation, those nanobodies
were genetically fused to monoclonal-albumin nanobody (m-Alb)
using a flexible G-S linker, without compromising the latter's abil-
ity to interact with albumin. Subsequently, the respective recom-
binant proteins (termed 2.17-mAlb, 4.10-mAlb, and 4.11-mAlb)
were produced in HEK293 cells and purified to homogeneity. All
3 nanobodies interfered with LEP-induced JAK2 phosphorylation
and STAT3 activation, and were tested in vivo in C57BL/6 mice.
The strongest effect in the in-vivo experiment in mice, using body
weight gain as a readout, was of 4.10-mAlb, while injections of
2.17-mAlb had intermediate effects, and 4.11-mAlb had no effect at
all. As the effects on body weight could also be explained by dif-
ferences in the half lives of the 3 nanobodies in the circulation,
the authors measured serum concentrations of the mAlb-fused
nanobodies after 1 week of treatment, and showed that the level
of 4.10-mAlb was ~2-fold higher than that of 2.17-mAlb, and
~f4-fold higher than that of 4.11-mAlb. In an additional in-vivo
experiment, they showed that a 14 d treatment with 4.10-mAlb
increases food intake by 40%, doubles the weight of the fat pad,
and elevates the blood insulin levels by 77%. In conclusion,
Tavernier et al. documented that nanobodies targeting different
domains of the LEPR interfere with its activation via different
mechanisms: nanobodies against CHR 2 block LEP binding,
whereas nanobodies against the IGD and ENIII domains block
receptor activation (the latter only in vitro) without affecting LEP
binding.

Monoclonal Abs against LEPR

Ross and Strasburger's groups developed mAbs against human
LEPR, and verified their antagonistic activity using a LEP-signaling
bioassay (Fazeli et al. 2006). The most promising mAb was 9F8,
which showed dose-dependent antagonist activity in the LEP bio-
assay. Specificity of the mAb for the LEPR was confirmed using a
plate-binding assay. The Fab fragment of 9F8 was cloned, and
recombinant 9F8 Fab (rFab) was purified from the periplasmic
fraction of E. coli using a C-terminal His tag. Purified 9F8 rFab
bound to human LEPR and exhibited LEP-antagonist activity. In-
vitro studies demonstrated that the 9F8 mAb inhibits LEP-induced
TNF-a production in human monocytes, and that anti-CD3 mAb
induces proliferation of human T cells in PBMC culture (Fazeli
et al. 2006). The same group had previously confirmed that the
anti-LEPR Ab 9F8 binds specifically to HEK293 cells transfected
with human LEPR (Zarkesh-Esfahani et al. 2001). Most recently,
those researchers crystallized the Fab fragment of 9F8, both in its
uncomplexed state and bound to the LBD of human LEPR, and
described the structure of the LBD-9F8 Fab complex and the con-
formational changes in 9F8 associated with LEP binding. A single
copy of the LBD-9F8 Fab complex showed that the latter compo-
nent binds to the N-terminal subdomain of the LBD. The ICg,
values for LEP and 9F8 mADb binding to LEPR were comparable
(0.76 and 1.0 nmol-L-}, respectively). Using a gel-filtration experi-
ment in which complex formation of 9F8 rFab (or LEP) to LBD that
corresponds to CHR 2, it was documented that LEP and 9F8 Fab
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cannot create complexes simultaneously. A molecular model of
the putative LEP-LBD complex revealed that 9F8 Fab blocks LEP
binding through only a small (10%) overlap in their binding sites,
and that LEP binding is likely to involve an induced fit mechanism
(Carpenter et al. 2012).

Another group (Purdham et al. 2008) used anti-LEPR Ab pro-
duced by Alpha Diagnostic International (San Antonio, Texas,
USA) to demonstrate that it mitigates hypertrophy and hemody-
namic dysfunction in the post-infarcted rat heart; LEP has been
shown to exert direct hypertrophic effects on cultured cardiomy-
ocytes, although its role as an endogenous contributor to post-
infarction remodeling and heart failure has not been determined.
They further investigated the effect of LEPR blockade in vivo on
hemodynamic function and cardiac hypertrophy following coro-
nary artery ligation (CAL). CAL produced myocardial hypertrophy,
which was most pronounced 28 days post-infarction, as demon-
strated by increases in both left ventricular mass : body mass ratio
and atrial natriuretic peptide gene expression. Both phenomena
were abrogated by LEPR antagonism. LEPR blockade also signifi-
cantly improved left ventricular systolic function, attenuated the
increase in left ventricular end-diastolic pressure, and reduced
the expression of genes associated with ECM remodeling 28 days
after CAL. They concluded that the LEPR-neutralizing Ab's ability
to improve cardiac function indicates that endogenous LEP con-
tributes to cardiac hypertrophy following CAL.

LBD and LEP-neutralizing Abs

Matarese and co-workers investigated the mechanisms by
which in-vivo abrogation of LEP effects protects SJL/] mice from
proteolipid protein (PLP) peptide (139-151)-induced autoim-
mune encephalomyelitis, termed experimental autoimmune
encephalomyelitis (EAE). Blockade of LEP with anti-LEP Abs or
with a soluble mouse LEPR chimera (LEPR:Fc from R&D Systems),
either before or after onset of EAE, improved clinical score,
slowed disease progression, reduced disease relapses, inhibited
PLP(139-151)-specific T-cell proliferation, and switched cytokine
secretion to a Th2/regulatory profile. This was also confirmed by
the induction of forkheadbox p3 (FOXP3) expression in CD4 T cells
in LEP-neutralized mice. Importantly, anti-LEP treatment induced
a failure to down-modulate the cyclin-dependent kinase inhibitor
P27 (p27) in autoreactive CD4 T cells. These effects were associated
with increased tyrosine phosphorylation of both extracellular-
related kinases 1and 2 (ERK1/2) and STAT6. In summary, blocking
LEP led to significant clinical improvement and delayed disease
progression during the subsequent 40 days of observation, indi-
cating that LEP blockade inhibited both development and pro-
gression of EAE (De Rosa et al. 2006). In another study, the same
group reported that LEP can act as a negative signal for the pro-
liferation of human naturally occurring FOXP3+CD4+CD25* regu-
latory T (T,.,) cells. Freshly isolated T,., cells produced LEP and
expressed high amounts of LEPR. In-vitro neutralization with anti-
LEP mAb during anti-CD3 and anti-CD28 stimulation resulted in
T, cell proliferation, which was IL2-dependent. T, cells that
proliferated in the presence of LEP mAb showed increased expres-
sion of Foxp3 and remained suppressive. The phenomena ap-
peared secondary to LEP signaling via ObR and, importantly, LEP
neutralization reversed the anergic state of the T, cells, as indi-
cated by down-modulation of p27 (p27kip1) and phosphorylation
of ERK1/2. Together with the finding of enhanced proliferation of
T, cells observed in LEP- and LEPR-deficient mice, these results
suggest a potential for therapeutic intervention by LEP blocking
(De Rosa et al. 2007). More recently, Matarese's group has also
reported the development of another anti-LEP mAb (971212) capa-
ble of in-vitro blocking of LEP's effects (Moon et al. 2011).They also
recently studied the LEP-induced activation of mTOR, which in
turn controls LEP production and signaling and causes a defined
cellular, biochemical, and transcriptional signature that deter-
mines the outcome of CD4+CD252 FOXP32 T cells' (Teffs') re-
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sponses, both in vitro and in vivo. The blockade of LEP/LEPR
signaling induced by anti-LEP mAb impaired mTOR activity,
which inhibited the proliferation of Teffs in vivo (Procaccini et al.
2012).

Conclusions

The studies reviewed in this paper clearly indicate that devel-
oping different means of blocking LEP activity is a timely pursuit,
as some of the pleiotropic activities of LEP are undesirable. Several
groups have tried different ways of addressing this problem. Fu-
ture research is needed to determine which of the proposed
means will give the optimal result. The main questions that have
yet to be answered are as follows: (i) Which is preferable? Blocking
of circulating LEP or blocking of membrane-embedded LEPR?
(ii) Are small peptides or large proteins such as mAbs, nanobodies,
or LEP mutants exhibiting antagonistic activity better blockers in
vivo? (iii) How should the half-life of proteins in the circulation be
prolonged? By pegylation, preparation of proteins fused to albu-
min or albumin-binding peptides, or PASylation? PASylation is
the genetic fusion of a therapeutic protein with a conformation-
ally disordered polypeptide of defined sequence comprising the
aaP, A, and S. This technology provides a superior way to attach a
solvated random molecular chain with large hydrodynamic vol-
ume to a biologically active protein. Owing to this size effect, the
typically rapid clearance of a biopharmaceutical via kidney filtra-
tion can be retarded by a factor of 10 to 100, depending on the
length of the PAS tag. PAS sequences are highly soluble, although
uncharged and biochemically inert. They offer efficient recombi-
nant protein production in E. coli as well as in eukaryotic host
cells, without the need for chemical coupling procedures. They
are nontoxic, nonimmunogenic, and stable against plasma pro-
teases, while being biodegradable. Another as yet unexplored is-
sue in the study of LEP-blocking agents is targeting to specific
tissues or cells. This can be achieved by fusion of cytokines to Ab
or Ab fragments that enable targeted delivery, and should, there-
fore, improve efficacy and pharmacokinetics. A recent review pro-
vides a comprehensive summary of the developments in the
field of targeted cytokine delivery by genetic engineering of
Ab-cytokine fusion proteins (Kontermann 2012). In conclusion,
different approaches for blocking leptin action were reviewed.
Some of those reagents such as (D23L/L39A/D40A/F41A) antago-
nists and antagonistic peptides analogous to site III of LEP,
underwent pre-clinical trials and should be tested in Phase I ex-
periments in the near future.
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