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Leptin, a pleiotropic adipokine, is a central regulator of appetite and weight and a key immuno-
modulatory protein. Although inborn leptin deficiency causes weight gain, it is unclear whether
induced leptin deficiency in adult wild-type animals would be orexigenic. Previous work with a
potent competitive leptin antagonist did not induce a true metabolic state of leptin deficiency in
mice because of a short circulating half-life. In this study, we increased the half-life of the leptin
antagonist by pegylation, which resulted in significantly increased bioavailability and retaining of
antagonistic activity. Mice administered the pegylated antagonist showed a rapid and dramatic
increase in food intake with weight gain. Resulting fat was confined to the mesenteric region with
no accumulation in the liver. Serum cholesterol, triglyceride, and hepatic aminotransferases re-
mained unaffected. Weight changes were reversible on cessation of leptin antagonist treatment.
The mechanism of severe central leptin deficiency was found to be primarily caused by blockade
of transport of circulating leptin across the blood-brain barrier with antagonisms at the arcuate
nucleus playing a more minor role. Altogether we introduce a novel compound thatinduces central
and peripheral leptin deficiency. This compound should be useful in exploring the involvement of
leptin in metabolic and immune processes and could serve as a therapeutic for the treatment of

cachexia. (Endocrinology 150: 3083-3091, 2009)

eptin, a 16-kDa hormone produced mainly by fat cells, was
Lidentified by positional cloning of the ob gene, whose absence
is responsible for the development of obesity in ob/ob mice (1).
Recent evidence suggests that excess leptin levels contribute to
atherosclerosis and increased risk of cardiovascular disease in
obese people (2, 3). Leptin is also involved in T cell-dependent
immunity and autoimmune diseases (3-5) as well as being a
central mediator of liver fibrogenesis (6). Blocking leptin activity
via the use of leptin antagonism may provide therapy for these
disorders in addition to the potential for induction of significant
weight gain in various cases of cachexia, (7-9). Rising to the
challenge, we recently developed potent leptin antagonists by
alanine mutagenesis of amino acids 39 to 41-42. Nevertheless,
the extremely short half-life of the antagonist necessitated ad-
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ministration of superphysiological doses to produce clinical re-
sponse and did not suffice to induce a true metabolic state of
leptin deficiency (10).

Increasing the biopotency of leptin antagonist can be achieved
by either increasing its affinity to the receptor or reducing its
clearance from the circulation. Hormones with molecular
masses similar to that of leptin are cleared primarily via the kid-
neys, with a half-life of only 8-30 min (11, 12). Increasing the
protein’s size to more than 70 kDa by attachment of a polyeth-
ylene glycol (PEG) molecule results in reduced renal clearance
and consequent prolongation of its half-life. Recently several
PEG-conjugated medications have proven to be superior to their
unmodified parent molecules and they are now widely used in
clinical practice, including peginterferon-a (chronic hepatitis C),

Abbreviations: ALD, Aldehyde; BBB, blood-brain barrier; CNS, central nervous system;
%Inj/ml, percent of the injected dose in each milliliter of serum; MLA, mouse leptin an-
tagonist; PEG, polyethylene glycol; PEG-MLA, pegylated MLA.
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pegfilgrastim (neutropenia), and pegvisomant (acromegaly) (13,
14). Improved efficacy is attributed to better stability, greater
protection against proteolytic degradation, longer in vivo circu-
lating half-lives, and lower clearance. Whereas reduction in in
vitro activity is routinely noted after pegylation, the significantly
improved half-life compensates for this effect, resulting in a net
enhancement of biological activity (15).

In this manuscript, we describe the development of a pegy-
lated leptin antagonist and demonstrate that it induces a revers-
ible state of leptin deficiency in adult animals. Furthermore, we
study the mechanisms governing this antagonistic effect.

Materials and Methods

Pegylation of human leptin and human and mouse
leptin antagonists

Activated PEG polymers [branched mPEG2-NHS (N-hydroxysuc-
cinimide) 40 kDa and mPEG-SMB (substituted a-methylbutanoate) of
20 and 30 kDa, branched mPEG2-butyryl-aldehyde (ALD) 40 kDa, and
linear mPEG-butyryl-ALD 20 kDa] were purchased from Nektar Ther-
apeutics (San Carlos, CA), and mPEG-propionyl-ALD 20 kDa was pur-
chased from Jenkem Technology USA Inc. (Allen, TX). Random pegy-
lation of primary amines was carried out by dissolving leptin or leptin
antagonist (3 mg/ml; 5-10 ml) in 0.1 M Na-borate buffer (pH 5) that was
conjugated with activated PEG polymers with PEG masses of 20, 30, and
40 kDa, according to the manufacturers’ instructions. Protein concen-
trations were determined by absorbance at 280 nm using an extinction
coefficient (for 0.1%) of 0.885 for human and 0.200 mg/ml for mouse
leptin or leptin antagonists. Those values apply to the protein part of the
pegylated product.

N-terminal amino acid analysis

Human or mouse leptins or their respective antagonists were sub-
jected to SDS-PAGE and electroblotted onto a polyvinyl difluoride mem-
brane (Bio-Rad, Hercules, CA) for direct N-terminal sequencing by
Edman degradation. Protein microsequencing was performed on an
ABI Precise model 491 sequencer system (Applied Biosystems, Foster
City, CA).

Molecular mass determination

Leptin and pegylated leptin conjugates were analyzed by matrix-
assisted laser desorption ionization-time of flight (Reflex III; Bruker,
Ettingen, Germany) and 12% SDS-PAGE, and apparent molecular mass
(Stoke’s radius) of the compounds was estimated by Superdex 200 HR
(GE Healthcare, Buckinghamshire, UK) 10/300 gel-filtration column
chromatography. All proteins consisted of greater than 95% monomers
and had very low quantities of dimers.

Binding and proliferation assays

Radiolabeled human '*°I-leptin prepared as described previously
(16) served as a ligand, and all other unlabeled pegylated leptins or leptin
antagonists as competitors. The experiments were conducted with ho-
mogenates of BAF/3 cells stably transfected with the long form of the
human leptin receptor as described previously (17). The proliferation
rate of the same cells was used to estimate self- and antagonistic activity
of pegylated and nonpegylated leptin or leptin antagonists as previously
described (16).

In vivo experiments

In all feeding experiments, female C57BLmice were administered
with mouse leptin antagonist (MLA) or pegylated MLA (PEG-MLA)
(12.5-50 mg/kg - d) or leptin (1 mg/kg - d) sc. In the weaning experi-
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ments, the treatment was ceased after 11 d and reversibility of the leptin
deficiency phenotype was recorded. In an additional experiment aimed
to statistically evaluate simultaneous weight gain and food intake
through a 4-wk period, 12 mice per treatment were housed in three cages.
Food intake and weight gain were recorded twice a week for 4 wk and
averaged for a period of 3-4 d. In all experiments animals were main-
tained under 12-h light, 12-h dark cycles, in accordance with regulations
of the institutional animal and care authority of the Tel Aviv Sourasky
Medical Center.

Total body and hepatic lipid analysis

Carecass total and hepatic fat analysis was performed using chloro-
form/MeOH dissolution, as previously described (18).

Measurement of influx into the brain

In male CD-1 mice, multiple time-regression analysis was applied as
previously detailed (19, 20) to calculate the unidirectional blood-to-
brain influx rate of MLA or PEG-MLA. To measure inhibition of leptin
transport, 3 X 105 cpm of '3'I-leptin was injected iv with 30 wg/mouse
of unlabeled PEG-MLA or sc with 25 mg/kg PEG-MLA or saline 4 h
before measurement of blood-to-brain transport. The whole brain was
removed at 1-10 min after injection of the '*'I-leptin and processed.
Results were expressed as brain to serum ratios. To determine whether
MLA is able to inhibit entry of '!I-leptin into the brain, 1 ug/mouse of
nonradioactive MLA was included in the iv injection of some mice.

Clearance from serum

To determine the rate of clearance of *'I-PEG-MLA or "*'I-MLA
from the serum, results were expressed as percent of the injected dose in
each milliliter of serum (%Inj/ml) and these values were plotted against
time (minutes). The %Inj/ml was determined by the equation: %Inj/ml =
100(counts per minute per milliliter serum)/(counts per minute per
injection).

Stability of "3'I-PEG-MLA in blood and brain by acid
precipitation

Mice were injected into the left jugular vein with 0.2 ml lactated
Ringer’s solution-BSA containing 3 X 10° cpm of *'[-PEG-MLA. Ar-
terial blood and brain were collected at 5, 20, 60, 480, 1080, and 1440
min after iv injection, acid precipitated, and measured as previously
described (21). The percentage of radioactivity precipitated by acid in the
serum and brain was calculated by the following formula: 100[(pellet
counts per minute)/(pellet counts per minute + supernatant counts per
minute)]. Ex vivo degradation was corrected for by dividing the values
for the biological samples by the values for the processing controls.

Uptake into brain regions

Atotal 0.2 ml LR-BSA containing 8§ X 10° cpm of *'[-PEG-MLA and
125].albumin were injected into the left jugular vein. After blood was
collected from the right abdominal aorta, mice received an intracardial
perfusion of 20 ml lactated Ringer’s solution to clear the cerebral vas-
culature immediately and 5, 30, 60, 120, 240, 360, and 480 min after iv
injection. Mice were decapitated, and the brain was removed and dis-
sected on ice into three regions (hypothalamus, frontal cortex, and cer-
ebellum). Each region was weighed and the radioactivity was deter-
mined. Values for whole brain were calculated by adding the regional
levels of radioactivity and regional weights. The brain to serum ratios
(microliters per gram) for all regions and the whole brain were calculated.
To correct for the vascular space, the radioactivity of '>°I-albumin in the
brain regions was measured simultaneously with '*'I-PEG-MLA, and
the value of APEG-MLA = ("*'I-PEG-MLA) — (**’I-albumin) reported.

Capillary depletion
The capillary depletion method (22, 23) modified for mice was per-
formed to determine whether the '*'I-PEG-MLA completely crosses the
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FIG. 1. Chemical characterization of pegylated leptins and leptin antagonists. A, SDS-PAGE
analysis of pegylated proteins stained with Coomassie Blue. B, Western blotting of pegylated
leptins with AGP3 monoclonal antibody directed against PEG. Lanes: M, Molecular weight
marker proteins; 1, branched mPEG2-NHS 40 kDa; 2, mPEG-SMB 30 kDa; 3, mPEG-SMB 20
kDa; 4, branched mPEG2-butyr-ALD 40 kDa; 5, mPEG-butyr-ALD 20 kDa; 6, non-pegylated
human leptin (only in B). C, Purity determination of the pegylated leptins by gel-filtration
analysis. Pegylated WT leptins (I-V) and pegylated leptin antagonists (VI-X). | and VI,
branched mPEG2-NHS 40 kDa; Il and VII, mPEG-SMB 30 kDa; lIl and VIII,- mPEG-SMB 20
kDa; IV and IX, branched mPEG2-butyr-ALD 40 kDa; V and X, mPEG-butyr-ALD 20 kDa. The
column was calibrated with leptin (16 kDa), chicken leptin binding domain (chLBD, 24.5 kDa)
leptin-chLBD complex (40.5 kDa), BSA (66 kDa), bovine IgG monomer (150 kDa), and dimer
(300 kDa). D, Serum levels of recombinant human nonpegylated leptin (open and filled
triangles), human leptin pegylated with mPEG2-NHS 40 kDa (open and filled squares) or with
mPEG-butyr-ALD 20 kDa (open and filled circles) after a single sc injection of 20 ug protein/
mouse. Serum levels of the proteins were measured by ELISA. Data are means of duplicate
wells for two mice (A and B), and the experiment was repeated twice.

capillary wall of the blood-brain barrier (BBB) to enter the brain

endo.endojournals.org 3085

other mice, nonradioactive PEG-MLA (1 pg/mouse) was in-
cluded in the injection, and the brain was removed 10 min
later. Results were expressed as the mean percentage of the
radioactivity injected intracerebroventricular that was re-
tained per gram of whole brain.

In vivo imaging studies

To follow the distribution of PEG-MLA or MLA, both
were tagged with Alexa Fluor 680 (Invitrogen, Carlsbad, CA)
and followed with a whole-body-cooled charge-coupled de-
vice camera (IVIS 100 series imaging system; Xenogen, Alam-
eda, CA), as previously described (25).

Statistical analysis

Statistical evaluation in multigroup experiments was per-
formed using the ANOVA parametric tests, followed by post
hoc analysis. In two group experiments (such as the fluores-
cent i vivo imaging studies) unpaired Student’s ¢ test was
used. P < 0.05 was considered significant.

Results

Preparation of pegylated leptin and leptin
antagonists

For the pegylation of human leptin and leptin an-
tagonists, we used five PEG reagents, three reacting
with primary amines (mPEG2-NHS, 40 kDa; mPEG-
SMB 20 and 30 kDa) and two reacting with the N-
terminal a-amino group of the protein in the presence
of a reducing reagent sodium cyanoborohydride
(branched mPEG2-butyr-ALD, 40 kDa, and linear
mPEG-butyr-ALD, 20 kDa, or mPEG-propionyl-ALD,
20 kDa). Site of pegylation was validated by sequencing
the five N-terminal amino acids, which were detected only
in the non-N-terminal pegylated compounds and not in
N-terminal pegylated proteins (data not shown). The
SDS-PAGE profiles of the purified pegylated proteins
were determined by Coomassie Blue staining (Fig. 1A)
and confirmed using Western blotting with anti-PEG an-
tibody (Fig. 1B). PEG-leptin’s electrophoretic mobility
was considerably reduced because of PEG’s large hydro-
dynamic volume resulting in a higher molecular mass
compared with the calculated molecular weight (supple-

parenchyma.

Detection of PEG-MLA in brain tissue by RIA

The RIA kit for murine leptin (Linco, St. Charles, MO) was used to
detect PEG-MLA in a serial dilution of PEG-MLA from 0.313 to 20
ng/ml. To determine whether PEG-MLA had entered the brain, mice (n =
10) were injected sc with saline or 25 ug/g PEG-MLA. After 60 min,
brains were removed, homogenized in 1% BSA in lactated Ringer’s so-
lution, and centrifuged at 5400 X g for 15 min. A measured amount of
supernatant was lyophilized and then reconstituted in 250 ul RIA buffer
and assayed with the RIA kit. The results for the PEG-MLA mice were
multiplied by a factor of two as the dose-response curve indicated that the
immunoactivity of PEG-MLA was 50% that of mouse leptin.

Measurement of brain-to-blood efflux rate

A method previously described to quantify the rate of transport from
brain to blood was used (24). To test for self-inhibition of transport in

mental Table 1, published as supplemental data on The Endocrine
Society’s Journals Online web site at http://endo.endojournals.org).
Similar results were obtained with leptin antagonist pegylated by
the five reagents under identical conditions (data not shown).
The purity and homogeneity of the pegylated leptins (Fig. 1C,
panels 1-V) and pegylated leptin antagonists (Fig. 1C, panels
VI-X) were documented by gel-filtration chromatography,
yielding main peak consisting of greater than 95% monomer.
After pegylation of leptin or its antagonist with mPEG-SMB, 20
kDa, two fractions were observed (Fig. 1C, panels III and VIII,
respectively), confirming the former results. To validate these
findings, all 10 preparations were subjected to matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(supplemental Table 2). Similar results obtained with each of
the five pegylated antagonists (not shown) and were found to
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be close to the predicted theoretical molecular mass values,
whereas the corresponding values obtained by SDS-PAGE and
gel filtration were, respectively, 1.4- to 2.1- and 6.0- to 7.1-
fold higher.

Determination of the in vitro antagonistic activity of
pegylated leptin antagonists

To study whether the pegylated leptin and leptin antagonists
retain their binding activities, binding-competition assays were
performed with homogenates of BAF/3 cells stably transfected
with the long form of human leptin receptor (16). Radiola-
beled '**I-human leptin served as the ligand, and nonradiola-
beled pegylated and nonpegylated leptins and leptin antagonists
served as competitors. The resulting binding activity of pegylated
leptin or leptin antagonists varied from 3.8 to 16.8% compared
with the nonpegylated protein (supplemental Table 2). The high-
est binding activity was found with leptin or its antagonist con-
jugated with 20 kDa mPEG-butyr-ALD. Similarly, antagonistic
activity of pegylated leptin or its antagonist, as determined by the
proliferation rate of leptin-sensitive BAF/3 cells, varied from
about 3 to 19.5% of the respective nonpegylated proteins, the
greatest biological activity recorded with leptin and leptin
antagonist conjugated with mPEG-butyr-ALD, 20 kDa (sup-
plemental Table 2). The activities decreased with PEG molec-
ular mass and were well correlated with the binding results.
Similar binding and proliferation results were obtained with
PEG-MLA (data not shown).

Determination of in vivo half-life of pegylated leptin

For invivo determination of the half-life of pegylated leptin
and leptin antagonists, mice received sc injections of either
human leptin or its pegylated conjugates mPEG2-NHS, 40
kDa, and mPEG-butyr-ALD, 20 kDa. Leptin levels were de-
termined using a human leptin ELISA kit that was not cross-
reactive with the endogenous mouse leptin (Fig. 1D). Leptin
was cleared rapidly, disappearing after 24 h. In contrast, both
pegylated bioconjugates exhibited markedly enhanced persis-
tence, with 35- and 13.4-fold increases in half-life in compar-
ison with nonpegylated leptin, respectively. PEG-ALD, 20
kDa, MLA featured the best overall combination of elongated
half-life and the least reduced biological activity and was thus
used in all subsequent in vivo experiments. Preparation of
homologous reagent for in vivo experiments in mice PEG-
MLA was upscaled to batches of 120-160 mg of protein.

Administration of PEG-MLA results in a state of severe
leptin deficiency

Daily injections of PEG-MLA resulted in significant weight gain
starting after the first day of injection (Fig. 2A), which were similarly
significant with three different doses of PEG-MLA relative to con-
trols (P <0.050ond2to P <0.001 ond 7). Administration of MLA
resulted in a mild weight gain that was apparent only after 4 d and
reached statistical significance (P < 0.05) at the highest 25 and 50
mg/kg - d doses after 5 d. A typical difference in body sizes is pre-
sented in Fig. 2B. In contrast, administration of leptin (given at 1
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FIG. 2 Induction of leptin deficiency by pegylated leptin antagonist. A, WT
C57Bl mice (n = 4) were administered sc at the specified doses of PEG-MLA or
leptin, and weight was recorded daily for a total of 8 d. Mice administered with
all three doses of PEG-MLA featured a significantly increased weight gain as
compared with either MLA or controls (*, P < 0.05). Only mice administered 25
and 50 mg/kg - d MLA doses for more than 5 d developed significantly increased
weight gain as compared to controls (**, P < 0.05). B, Appearance of
representative control (CONT) and PEG-MLA-administered mice. C, Average daily
food intake of mice administered specified doses of PEG-MLA or leptin during
the 8-d period. D, For determination of the reversibility of leptin deficiency, WT
C57BI mice (n = 6) were administered sc with 25 mg/kg - d PEG-MLA or vehicle
for 11 d, followed by cessation of treatment (start and finish days of treatment
are marked by arrows). PEG-MLA-treated mice featured a significantly increased
weight gain as compared with controls (*, P < 0.05). Cessation of treatment was
associated with return to baseline weight levels within a 1-wk period.

mg/kg - d) resulted in a nonstatistically significant weight reduction.
Weight gain in PEG-MLA-administered mice was associated with
a significant increase in food consumption (Fig. 2C), from 2.40 =
0.10 g/mouse - d (mean = sEM) in the three groups of MLA-admin-
istered mice to 3.24 =+ 0.09 g/mouse - d in the three groups of PEG-
MLA-administered mice (P < 0.001). MLA treatment was associ-
ated with a nonstatistically significant trend of elevated food intake.
As is shown in supplemental Fig. 1, PEG-MLA-induced enhance-
ment in food intake was already evident on d 1-3 and gradually
increased until d 11. Thereafter the food intake was lowered and
became statistically nondifferent from control, whereas weight gain
was maintained. In another experiment cessation of PEG-MLA ad-
ministration after 12 d of treatment resulted in a complete reversal
of weight gain (Fig. 2D).
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Fluorescently labeled pegylated leptin
antagonist displays prolonged
peripheral distribution, with no
observed penetration into the central
nervous system (CNS)

To follow PEG-MLA distribution in the
body, it was conjugated to Alexa Fluor 680
(Invitrogen) and was continuously tracked
using the IVIS in vivo imaging system
(Xenogen). As demonstrated in Fig. 4A (up-
per panel), MLA rapidly distributed
throughout the body but then was quickly
cleared, its signal disappearing 1 h after ad-
ministration. In contrast, PEG-MLA was
mainly observed in the mediastinal region
and kidneys (Fig. 4A, lower panel) as well as
the urinary bladder and to a lesser extent the
liver (data not shown) for more than 7 h
after its administration. Even 24 h after ad-
ministration, PEG-MLA could be imaged in
the explanted lungs, kidneys, and urinary
bladder (Fig. 4B). Signal quantification re-
vealed significant enhancement of PEG-
MLA fluorescence intensity from 4 h after

injection, and its persistence at 24 h in ex-

FIG. 3 Pegylated leptin antagonist-induced fat accumulation. A, WT C57BI mice (n = 7) were administered
sc at the specified doses of PEG-MLA or leptin, killed after 8 d, and total body fat content and hepatic fat
content were measured using choloroform:methanol dissolution. PEG-MLA-administered mice featured a

planted organs (average radiance of 6.02 =
0.89,6.67 = 0.73,5.00 = 1.38 vs. 0.42 +
1.25,0.00 + 0.56,0.00 = 1.32 for the 4, 7,
and 24 h PEG-MLA and MLA-adminis-
tered groups, respectively, P < 0.001 at all
indicated time points). Whereas fluores-
cence could be seen in the area including the
CNS after MLA administration (at the 5
and 30 min time points, Fig. 4C, upper
panel),no fluorescence could be seen within
this area in mice receiving PEG-MLA (Fig.
4C, lower panel), indicating none or only
slight penetration, below the level of fluo-
rescence detection.

significantly increased total body fat content (*, P < 0.05). B, Mesenteric fat distribution from
representative control and PEG-MLA-administered mice. C, Total amount of mesenteric fat dissected from

representative control and PEG-MLA-administered mice. D, Hepatic fat content in mice was measured as
described above. No significant differences were noted between PEG-MLA and leptin-administered or
control mice (P = NS). E, Representative Oil-red-O sections from livers of representative control and PEG-
MLA-administered mice. No significant fat deposition was noted in any of the mouse groups.

Weight gain was largely caused by a significant increase in body
fat, with a massive 4- to 6-g accumulation of fat compared with
controls (P < 0.05, Fig. 3A). No such fat accumulation was ob-
served in MLA-injected mice (P = NS). The fat distribution was
mostly confined to the mesenteric compartment (Fig. 3, B and C),
with sparing of the liver (Fig. 3, D and E) and sc tissue (data not
shown). Because more than 90% of fat accumulation was found
within the mesenteric region, we estimated the amount of mesen-
teric fat to directly correlate with the weight gain noted in Fig. 3A.
Treatments with PEG-MLA, MLA or leptin were not associated
with any pathological findings or changes in total cholesterol, tri-
glyceride or hepatic aminotransferase activity compared with con-
trols (P = NS, data not shown).

Induction of leptin deficiency by PEG-
MLA is mediated by inhibition of
both leptin transport through the BBB
and its CNS activity

To study the mechanism governing the in vivo inhibitory ac-
tivity of MLA and PEG-MLA, both were labeled with '*'T and
administered iv to mice. As shown in Fig. SA, there was no cor-
relation between the brain to serum ratios of '*'I-PEG-MLA and
exposure time during the study period (2-75 min after iv injec-
tion in mice), indicating lack of measurable blood-to-brain trans-
port during this period. In contrast, a linear relationship was
found between brain to serum ratios and exposure time for **'I-
MLA between 2 and 65 min after iv injection, indicating that
1311-MLA crossed the BBB in the blood-to-brain direction (Fig.
5B). The unidirectional blood-to-brain influx rate for '*'I-MLA
was 0.277 = 0.028 ul/g - min, and the initial volume of distri-
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FIG. 4. In vivo distribution of pegylated leptin antagonist. A, In vivo imaging of WT mice receiving
600 pg iv Alexa Fluor 680-labeled MLA or PEG-MLA (n = 2). Mice were subjected to whole-body
imaging (IVIS 100 Series Imaging System) at the indicated intervals. A single representative mouse is
shown at all time points. Two independent experiments were performed, with similar results. B, In
vivo imaging of explanted organs from mice in A, 24 h after injection. B, Brain; RL and LL, right and
left lungs, respectively; H, heart; Li, liver; ST, stomach; SP, spleen; RK and LK, right and left kidney,
respectively; D, duodenum; C, colon; U, urinary bladder. C, In vivo imaging indicating brain uptake
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mine the iz vivo stability of '*'I-PEG-MLA in se-
rum and brain at 5, 20, 60, 480, 1080, and 1440
min after iv injection, acid precipitation was per-
formed. Supplemental Table 3 shows that most of
the degradation of "*'I-.PEG-MLA occurred more
than 8 and 18 h after iv administration into the
brain and serum, respectively.

When followed over time, '*'I-PEG-MLA
slowly entered different regions of the CNS, in-
cluding the hypothalamus, frontal cortex, and
cerebellum (Fig. 6, C-F), all at a considerably
lower rate than leptin. The highest uptake rate
of 13'[-PEG-MLA was demonstrated in the hy-
pothalamus (0.0144 = 0.007 ul/g-min), in
which it was 40 times lower than the influx rate
of native leptin, even after correction for vascular
space by subtraction of '2*I-albumin. To study
the actual passage of '*'I-PEG-MLA across the
brain endothelial barrier into the brain paren-
chymal space, capillary depletion was conducted
8 h after iv coinjection of '*'I-PEG-MLA and
125T-albumin, the latter serving to correct for any
contamination by residual serum: 80% of the
3. PEG-MLA entered the brain parenchyma
during the 8-h study period (2.20 * 0.57 ul/g),
with only 20% remaining in the capillary frac-
tion (0.52 = 0.17 ul/g, P = 0.0375,n = 5). To
confirm these results and estimate the brain con-
centrations of PEG-MLA relative to those of en-

of either MLA or PEG-MLA at the indicated time points.

bution was 14.01 = 1.02 ul/g (P < 0.0001, r = 0.93, n = 2 mice
per time point).

The early phase of '*'I-PEG-MLA and '*'I-MLA clearance
from the serum after injection into the jugular vein followed
first-order kinetics (Fig. 5, C and D, respectively). Linear regres-
sion analysis of that early phase (Fig. 5, C and D, insets) showed
a statistically significant relation between log of radioactivity
level in arterial serum and time (r = 0.74, P < 0.0001, n = 2-3
mice per time point). The half-time disappearance of '*'I-PEG-
MLA in blood as calculated from the inverse of the slope of this
relation was 66.7 min, compared with 18.0 min for *'I-MLA
(r =0.88, P < 0.0001, n = 2 mice per time point).

To test whether PEG-MLA exerts its effects via inhibition of
blood-to-brain leptin transport, we included 30 ug of unlabeled
PEG-MLA per mouse in the ivinjection of '*'I-leptin. Unlabeled
PEG-MLA significantly attenuated blood-to-brain transport of
131 Jeptin (P = 0.018, n = 14, Fig. 6A). Similar alteration of
leptin blood-to-brain transport was noted with sc administration
of PEG-MLA, which significantly reduced '*'I-leptin transport
(P = 0.02, n = 8) relative to saline controls (Fig. 6B). As with
PEG-MLA, the addition of 1 ug/mouse nonpegylated MLA re-
duced the brain to serum ratio of '*'I-leptin and hence inhib-
ited the transport of '*'I-leptin. The brain to serum ratio for
131 leptin (labeled only) was 24.3 = 3.8 ul/g, whereas that of I-
leptin + unlabeled (nonradioactive) MLA was 15.2 = 2.9 ul/g 10
min after iv injection (n = 10 mice/group, P < 0.0001). To deter-

dogenous leptin, mice (n = 10) were sc admin-

istered 25 pg/g of PEG-MLA or vehicle only,
followed 1 h later with measurement by RIA of brain PEG-MLA
or leptin, respectively. Mean brain level of leptin antagonist in
PEG-MLA-treated mice was 12.4 * 0.42 ng/g brain, compared
with 0.17 * 0.06 ng endogenous leptin per gram brain in vehicle-
treated mice (P < 0.001, Fig. 6G). BBB permeability was not
changed in mice injected with pegylated leptin.

Brain-to-blood efflux of **'I-PEG-MLA was measured after
intracerebroventricular injection and demonstrated a statisti-
cally significant relationship between log brain counts per
minute and time, proving a significant efflux of "*'I-PEG-MLA
from the brain (r = 0.93, n = 12, P < 0.0001, Fig. 6H). The
half-time disappearance rate, calculated from the slope of this
relation was 20.94 min. The addition of nonradioactive PEG-
MLA did not inhibit "*'[-PEG-MLA efflux (25.8 + 8.0 and
24.0 = 7.5% for *'I-PEG-MLA and "*'I-PEG-MLA + nonra-
dioactive PEG-MLA, respectively, Fig. 61).

Discussion

We developed a long-acting leptin antagonist (PEG-MLA) that
enables, for the first time, reversible induction of a state of leptin
deficiency in an adult, nontransgenic setting. We demonstrate
that: 1) pegylation of leptin antagonist significantly lengthens its
half-life and overall in vivo biological activity; 2) administration
of PEG-MLA to mice results in significant weight gain, mediated
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FIG. 5. Comparison of blood-to-brain transport and clearance of MLA and PEG-
MLA. A, Multiple time-regression analysis of '3'-PEG-MLA after iv injection. The
lack of a statistically significant correlation between brain-to-serum ratios and
Expt (i.e. a flat line) indicates a lack of measurable transfer across the BBB during
this time period. B, Multiple time-regression analysis of ''I-MLA after iv
injection. A significant correlation between brain-to-serum ratios and Expt
indicates measurable transfer across the BBB. The unidirectional blood-to-brain
influx rate was measured to be 0.277 ul/g - min. C, Clearance from blood after iv
injection of '3'-PEG-MLA. Inset, Data plotted in log-linear format. Calculated
half-time disappearance from blood was 66.7 min (P < 0.0001, r = 0.73, n =
2-3 mice per time point). D, Clearance from blood after iv injection of "3'I-MLA.
Inset, Data plotted in log-linear format. Calculated half-time disappearance from
blood was 18.0 min (P < 0.0001, r = 0.88, n = 2 mice per time point).

by food consumption; 3) PEG-MLA induces the accumulation of
adipose tissue mainly in the mesenteric region and spares the
liver; 4) PEG-MLA-induced leptin inhibition is mainly medi-
ated by competitive inhibition of endogenous leptin transport
through the BBB.

Taken together, the results described in this study show the
possibility of reversibly inducing clinically significant leptin de-
ficiency for both research and therapeutic purposes and suggest
a mechanism for the i vivo activity of pegylated leptin antago-
nist. The pegylated compounds featured reduced i vitro binding
properties and biological activities that were well compensated
by an elongated half-life, overcoming the deficits in receptor-
binding affinity and resulting in significantly enhanced overall in
vivo activity (26, 27).

After PEG-MLA-induced weight gain and increase in food
consumption, weight was stabilized and the appetite reduced to
the level slightly higher but not significantly different from the
control (Fig. 2D and supplemental Fig. 1), a phenomenon that
may result from compensatory development of a state of en-
hanced leptin sensitivity, in contrast to the relative leptin resis-
tance that is noted in hyperleptinemic morbid obesity (28). The
PEG-MLA-associated adipose tissue distribution was confined
to the mesenteric region. This indicates the possible existence of
regional leptin-associated mechanisms for control of fat produc-
tion. Indeed, leptin levels were shown to correlate with abdom-
inal obesity in obese adults and children as well as nonobese
women (29-32). It has been suggested that regional levels of
leptin, which is catecholamine sensitive, may be affected by dif-
ferences in catecholamine concentrations in different adipose
regions, thus contributing to its localized effects (33). The phe-
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notypic differences in hepatic fat accumulation between leptin-
deficient ob/ob mice and PEG-MLA-administered wild-type
mice may stem from the excessive duration of the leptin defi-
ciency and its associated developmental aberrations in the ge-
netic model, as opposed to residual leptin activity in PEG-MLA-
treated animals. Interestingly, PEG-MLA was found to accumulate
in the lungs (Fig. 4). This unexplained phenomenon is under
current study and may result from accumulation of PEG-MLA
within alveolar macrophages.

PEG-MLA was found to block circulating leptin from cross-
ing the BBB, an action that would attenuate the anorectic action
of endogenous leptin. Nonpegylated MLA was also found to
effectively block leptin transport into the brain. However, at
present the difference in the MLA and PEG-MLA transport
through the BBB is not fully understood. In fact, pegylated leptin
that was conjugated to Alexa Fluor 680 (Invitrogen) was found
to rapidly penetrate the BBB (Elinav E., L. Niv-Spector, and A.
Gertler, unpublished data). Therefore, a combination of PEG do-
main and conversion of the agonist into antagonist may account for
the inhibited BBB penetration. Further investigation is needed to
fully elucidate the mechanism of this phenomenon. '*'I-PEG-MLA
featured a slow rate of efflux from the CNS and lack of inhibition
by nonlabeled PEG-MLA, suggesting that PEG-MLA exits the
brain primarily with the reabsorption of cerebrospinal fluid rather
than by its becoming a substrate for a saturable efflux system. Thus,
lack of transport through the BBB into the CNS, rather than efflux
from the CNS, is the dominant mechanism for PEG-MLA’s ability
to block the uptake of endogenous leptin.

Nevertheless, the long half-life of PEG-MLA in the blood and
its extreme resistance to degradation in both blood and brain
suggest that even a slow rate of passage across the BBB, detected
by use of radiolabeled PEG-MLA, might eventually resultin ther-
apeutic CNS levels, similar to molecules such as erythropoietin
and antibodies (34, 35). Indeed, we found an extremely low rate
of PEG-MLA entry into the frontal cortex, cerebellum, and hy-
pothalamus, the latter featuring the most prominent uptake,
which was higher than accounted for by leakage through the
extracellular pathways. This regional pattern is similar to that
found for endogenous leptin and suggests that PEG-MLA may be
using and thus blocking the leptin transporter (21, 36, 37). Cap-
illary depletion and measurement by RIA confirmed these results
and demonstrated 75-fold higher PEG-MLA levels than that of
endogenous brain leptin, probably high enough to compete with
endogenous leptin for the arcuate nucleus receptor. Thus, PEG-
MLA likely inhibits leptin activity via two mechanisms: first, by
blocking the transport of circulating leptin across the BBB, thus
inducing peripheral resistance and central leptin deficiency,
and then by blocking the binding of any CNS leptin to its
receptor, thus inducing central resistance.

The mechanism of action proposed here for PEG-MLA is
consistent with theories on leptin resistance in human obesity
resulting from defects in downstream neural circuitries, resis-
tance at the arcuate nucleus receptor, or defects in BBB transport.
Classic work has shown that the BBB deficit is demonstrable first
(38, 39). Theoretical calculations and experimental evidence in-
dicate that the two likely develop in tandem, with defects in BBB
transport more severe than receptor resistance at most levels of
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transport can convey survival advantage
during starvation. Whereas it was shown that
primary defects in receptor function or down
stream neural circuitries leads to obesity (42,
54, 55), no similar data exist for a primary
. BBB transport defect. Because PEG-MLA
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acts primarily by blocking leptin transport
across BBB, our results reinforce the impor-
tance of such transport in weight control.

In conclusion, we demonstrate the effec-
tiveness of a leptin antagonist with ex-
tended half-life for induction of a reversible
state of leptin deficiency in mice, resulting
in increased food intake and associated
weight gain. Application of this approach
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may enable further study of leptin’s effects
on various physiological and pathological
processes governed or influenced by leptin
signaling. In addition, it may represent a new
therapeutic modality for weight gain in states
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loss is linked to enhanced mortality and
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FIG. 6. Effect of PEG-MLA on blood-brain leptin transport. PEG-MLA was given iv (A) or sc (B) to test its
effect on the transport of iv-administered radioactive murine leptin across the BBB. PEG-MLA administration
via both routes significantly inhibited leptin transport across the BBB. C—F, Uptake of iv-administered '3'I-
PEG-MLA into four representative brain regions over a 16-h time course. Brain-to-serum ratios were corrected
for 125l-albumin ratios to compensate for leakage through extracellular pathways. Uptake was low but
measurable, reaching a highest rate of Ki = 0.0144 in the hypothalamus. G, Brain PEG-MLA and leptin levels.

MpEG-MLA +nonradioactive

weight gain may be associated with a survival
advantage. Furthermore, PEG-MLA treat-
ment may be used to modulate conditions
that are suggested to be linked to excess lep-
tin, such as autoimmune disorders, athero-
sclerosis, and liver fibrosis.

PEG-MLA

Mean PEG-MLA levels in treated mice was 12.4 = 0.42 ng/g brain, as compared to 0.17 = 0.06 ng/g brain
endogenous leptin in vehicle-treated mice (P < 0.05). H and |, Brain-to-blood '3'I-PEG-MLA efflux. Slow rate of
clearance from brain (H) and lack of inhibition of unlabeled PEG-MLA on '3"I-PEG-MLA efflux in excess of non-

labeled PEG-MLA ()), indicate that PEG-MLA is not effluxed from the brain by a saturable system.

obesity (40, 41), suggesting that resistance at the BBB and the
CNS receptor would become self-reinforcing and enter into a
positive feedback loop. This is consistent with experimental
work that shows that obesity arising because of receptor deficits
or defects in downstream neuronal circuitries eventually leads to
defects in BBB transporters (42, 43).

The severity of the BBB defect correlates with body weight
and body mass index in mice with obesity of maturity, diet-
induced obesity and is reversible with weight loss (44, 45). The
cause of the defect is multifactorial. The saturable nature of the
leptin transporter with a Michaelis constant (K_,) at about 10
ng/ml results in obese individuals having more leptin in the brain
or cerebrospinal fluid than thin individuals (37, 46—48). Factors
other than self-inhibition are involved in impaired leptin transport
in obese individuals, suggesting that leptin transporter is not static
but influenced by pathophysiological events. Leptin transport is
indeed regulated by a-adrenergics, insulin, and glucose, which stim-
ulate leptin transport, and triglycerides, which inhibitit (43, 49, 50).
The lower level of leptin in the CNS would attenuate anorexia and
redirect energy expenditures away from costly caloric upkeep of the
immune, reproductive, and other systems (51-53).

Thus, much indirect work has implicated defects in leptin
transport in obesity and has even indicated how decreased leptin
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