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SUMMARY

Hormone absence or inactivity is common in congenital disease, but hormone
antagonism remains controversial. Here, we characterize two novel homozygous
leptin variants that yielded antagonistic proteins in two unrelated children with
intense hyperphagia, severe obesity, and high circulating levels of leptin. Both
variants bind to the leptin receptor but trigger marginal, if any, signaling. In the
presence of nonvariant leptin, the variants act as competitive antagonists. Thus,
treatment with recombinant leptin was initiated at high doses, which were gradu-
ally lowered. Both patients eventually attained near-normal weight. Antidrug anti-
bodies developed in the patients, although they had no apparent effect on efficacy.
No severe adverse events were observed. (Funded by the German Research Founda-
tion and others.)

EPTIN SERVES AS A SIGNAL OF ENERGY SUFFICIENCY IN THE BRAIN,

where a critically low level of the hormone triggers behavioral, metabolic,

and endocrine responses that aim at restoring and preserving energy re-
serves.! Leptin acts by binding to the long isoform of the leptin receptor (LEPRD),>
eliciting various signaling events, including phosphorylation of signal transducer
and activator of transcription 3 (STAT3).?

Congenital leptin deficiency and dysfunction are rare, autosomal recessive
forms of severe, early-onset obesity caused by changes in the leptin gene (LEP; gene
identification number, 3952).3° To date, 21 distinct variants have been described
(Table S1 in the Supplementary Appendix, available with the full text of this article
at NEJM.org).” Most of the variants cause defects in production or secretion and
result in complete hormone deficiency,**’” although a few variants result in im-
paired receptor binding and hormone dysfunction.>® Intense hyperphagia and
impaired satiety develop in affected persons, leading to rapid weight gain and
severe obesity with hyperinsulinemia, hyperglycemia, dyslipidemia, and hepatic
steatosis.” These persons generally have hypogonadotropic hypogonadism, delayed
pubertal development, and recurrent severe infections.” The disease can be treated
efficiently with recombinant leptin.?
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METHODS

CASE REPORTS

We describe two unrelated children, a 14-year-old
boy (Patient A) and a 2-year-old girl (Patient B),
who had characteristics of leptin dysfunction
including intense hyperphagia, impaired satiety,
and severe, early-onset obesity (see the Supple-
mentary Appendix).” The parents of Patient A are
second-degree cousins of European descent; the
parents of Patient B are first-degree cousins of
Arab descent. Written informed consent was ob-
tained from the parents of each child, and pro-
cedures were approved by the local ethics com-
mittees. The identified leptin variants were
submitted to the ClinVar repository under acces-
sion numbers SCV003761543 and SCV003761542.
The funding bodies had no role in the design or
conduct of the study; the collection, management,
analysis, or interpretation of the data; the prepara-
tion, review, or approval of the manuscript; or the
decision to submit the manuscript for publication.

LEPTIN PRODUCTION AND SECRETION STUDIES

Nonvariant and variant leptins were produced
in human embryonic kidney 293 (HEK293) cells
by transient transfection. Culture medium and
cell lysates were analyzed by means of Western
blotting with a polyclonal antileptin antibody.
Nonvariant and variant leptin-mCherry and
leptin—NLuc fusions were generated to study
leptin-receptor binding and internalization.

LEPTIN RECEPTOR OVEREXPRESSION

AND FUNCTIONAL STUDIES

HEK?293, COS7, and MCF7 cells overexpressing
LEPRb were generated by transient transfection
or stable viral transduction. Details on protein
structure modeling, activity, binding, internal-
ization, and competition studies are provided in
the Supplementary Appendix.

STATISTICAL ANALYSIS

Statistical analyses were performed with the use
of Prism software, version 8.4.2 (GraphPad). All
P values are two-sided.

RESULTS

DISCOVERY OF NOVEL LEPTIN VARIANTS
Both patients had high levels of circulating
leptin, a finding consistent with their high fat

mass (Table 1 and Table S2). After Prader-Willi
and Bardet-Biedl syndromes were ruled out, LEP
was sequenced. Patient A had a homozygous
cytosine-to-thymine transition at complementary
DNA (cDNA) position 190 (NM_000230.3:¢.190C=T),
which is predictive of a proline-to-serine ex-
change (NP_000221.1:p.Pro64Ser [P64S]). Pa-
tient B had a homozygous guanine-to-adenine
transition at cDNA position 175 (NM_000230.3:
¢.175G-A), which is predictive of a glycine-to-
serine exchange (NP_000221.1:p.Gly59Ser [G59S)).
Both variants can be classified as pathogenic (see
the Supplementary Appendix).”® The parents of
each patient were heterozygous for the variants.

CHARACTERIZATION OF LEPTIN VARIANTS

We performed in vitro experiments to investi-
gate whether the identified leptin variants were
involved in the development of the disease. After
transient overexpression in HEK293 cells, leptin
variants P64S and G59S were detected in cell
lysates and supernatants, each in an amount
similar to that of nonvariant leptin (Fig. 1A).
LEPRb-overexpressing HEK293 (HEK293-LEPRD)
cells were then exposed to supernatants of
HEK293 cells transfected with nonvariant and
variant leptin. Whereas treatment with nonvari-
ant leptin robustly increased STAT3 phosphory-
lation and transcriptional activity, treatment
with leptin variants P64S and G59S resulted in a
marginal response (Fig. 1B and 1C).

We then probed the interaction between the
P64S and G59S variants and the leptin receptor.
In the absence of leptin, LEPRb might exist as
preformed oligomers on the cell surface.!**
Leptin features three interaction sites (IS-I, IS-II,
and IS-II) through which it engages the leptin
receptor, forming an active oligomeric com-
plex.’> IS-IT and IS-III are critical for the bioactiv-
ity of leptin.’*?® IS-II is formed by residues of
helixes A and C and mediates high-affinity bind-
ing to the second cytokine-receptor homology
domain (CRH2) of one LEPRD chain to establish
an initial leptin—-LEPRb complex.?**? IS-III com-
prises the AB loop and parts of helix D and
subsequently partakes in a low-affinity interac-
tion with the immunoglobulin-like domain (IGD)
of another LEPRb chain to induce conforma-
tional changes in the complex, causing its acti-
vation.” Afterward, additional LEPRDb chains may
also be recruited to the complex.”® Thus, syner-
gistic IS-II-CRH2 and IS-III-IGD interactions are
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Figure 1 (facing page). Characterization of Leptin P64S and G59S.

Panel A shows transfection of human embryonic kidney 293 (HEK293)
cells with vectors encoding nonvariant leptin, variant leptins (P64S and
G59S), or a corresponding empty vector. Leptin was detected in cell
lysates and supernatants by Western blot analysis. 8-Actin served as

a loading control. Three independent experiments were performed.
Panel B shows transfection of HEK293 cells with a vector encoding the
long isoform of the human leptin receptor (LEPRb) or a corresponding
empty vector and treatment with supernatants containing 30 ng per
milliliter of nonvariant leptin or variant leptins (P64S and G59S). Super-
natant from empty vector—transfected cells was used as a control.
Phosphorylated signal transducer and activator of transcription 3a
(pSTAT3a, Y705) and STAT3a were analyzed by means of Western blot-
ting. B-Actin served as a loading control. Three independent experi-
ments were performed. Panel C shows transfection of HEK293 cells
stably expressing LEPRb with a STAT3 reporter and treatment with su-
pernatants containing 100 ng per milliliter of nonvariant leptin or vari-
ant leptins (P64S and G59S). HEK293 cell-conditioned supernatant was
used as a control. Data were normalized to the control condition and
are displayed as the mean (horizontal line) with standard error (I bar)
of three independent experiments. A one-way analysis of variance with
Dunnett-corrected multiple comparisons was performed. Panel D shows
an overview of the human leptin protein. Numbers indicate amino acid
positions. Shown are the locations of the N-terminal signal peptide
(SP) that gets cleaved off during protein synthesis, the four major a
helixes A to D, the minor distorted « helix E, the single disulfide bond,
and the three interaction sites (IS-I, IS-Il, and IS-IIl) that have been im-
plicated in leptin receptor engagement. Similarly, the positions of natu-
rally occurring (P64S, G59S, and D100Y) and rationally designed (D44L
and LDF60-62AAA) variants are marked. Panel E shows the structural
context of human leptin variants. Leptin (Protein Data Bank identifier
1AX8) is shown with the aforementioned « helixes A through E. The
AB loop (residues 48 to 71) connecting « helixes A and B is shown in
black. AB loop residues 48 to 59 were unmodeled in the determined
crystal structure and are represented by a thin dashed line. Leptin (LEP)
residues contributing to IS-Il map to « helixes A and C and mediate a
high-affinity interaction with the second cytokine receptor homology
domain (CRH2) of the leptin receptor (LEPR), while LEP residues located
in IS-111 (G59, L60, D61, F62, P64, and S141/T142) contribute to a low-
affinity interaction with the immunoglobulin-like domain (IGD) of another
LEPR chain to drive complex activation. Panels F and G show the treat-
ment of LEPRb-transfected HEK293 cells with supernatants containing

0 to 100 ng per milliliter of nonvariant leptin as well as 30, 60, or 100 ng
per milliliter of variant (P64S or G59S) leptin. Supernatants from empty
vector—transfected cells were used as a control. Western blotting was
used in the analysis of pSTAT3a (Y705) and STAT3a, and densitometric
analysis was performed with the use of ImageJ software (National Insti-
tutes of Health). Data are displayed as means with 95% confidence inter-
vals (in shaded areas) of four independent experiments for each variant
leptin. As shown in Panel F, the data were subjected to global nonlinear
least-squares curve fitting to a three-parameter Hill equation. Details are
provided in the Supplementary Appendix. The half maximal effective
concentration values (dashed colored vertical lines) of nonvariant leptin
that were determined in the absence (EC, ) or presence (EC, ") of the vari-
ants are indicated. In the graphs, 5.5 ng per milliliter is the EC_; value,
and 23, 54, and 71 ng per milliliter (left graph) and 11 and 25 ng per mil-
liliter (right graph) are the EC, " values. Panel G shows a Schild plot gen-
erated by plotting the concentrations of the leptin variants against a pa-
rameter generated from the EC, and EC, ' values. The apparent affinities
(dashed colored vertical lines) of the variants to LEPR are indicated.

N ENGL ) MED 388;24
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required for LEPRb signaling. Mutagenesis re-
vealed that changes in IS-II residues greatly
reduce LEPRb binding, whereas changes in IS-III
residues reduce LEPRb signaling.'**

P64 and G59 are part of the AB loop that con-
nects the « helixes A and B of leptin (Fig. 1D and
1E). They flank the IS-III residues p.Leu60_Phe62,
the mutagenesis of which yielded the antagonis-
tic variants p.Leu60_Phe62delinsAlaAlaAla (AAA)*®
and p.Asp44Leu;Leu60_Phe62AlaAlaAla (L+AAA).2
The AB loop adopts a flexible structure,® and it
was proposed that the AB loop gains order only
on receptor binding.??* Within functional loop
segments, proline and glycine residues bestow
critical conformational properties. The change of
these residues to serine in leptin variants P64S
and G59S may thus affect the ability of the AB
loop to properly position IS-III residues for the
IS-III-IGD interaction, thereby affecting the acti-
vation but not the formation of the leptin-LEPRb
complex (Fig. 1E). In the presence of nonvariant
leptin, leptin variants P64S and G59S could there-
fore act as competitive LEPRb antagonists.

We first studied the ability of the leptin vari-
ants to bind to LEPRb. To this end, we generated
leptin-mCherry fusions that showed unaltered
protein production, secretion, and activity (Fig.
S1A and S1B). As was the case with nonvariant
leptin and the antagonistic AAA™ and L+AAA®
variants, both leptin variants P64S and G59S
bound to and were internalized with their recep-
tor in HEK293-LEPRbD cells (Fig. S1C to S1E). As
expected,’ we detected no binding in the case of the
p-Aspl00Tyr (D100Y) variant. Moreover, through an
approach using leptin—NanoLuc fusions and
COS7-LEPRb cells, the binding affinities for
nonvariant and P64S and G59S variant leptins
were measured and found to be identical (Fig. S2A).
Biolayer interferometry measurements showed
highly similar binding kinetics and affinities to the
isolated leptin-receptor CRH2 fragment (Fig. S2B).

We next studied the ability of the leptin vari-
ants to interfere with LEPRb activation. HEK293—
LEPRD cells were treated with increasing con-
centrations of nonvariant leptin in the presence
of the variants (Fig. 1F and Fig. S3A). Both leptin
variants P64S and G59S effectively suppressed
nonvariant-induced STAT3 phosphorylation,
shifting the concentration-response curve to the
right, indicating competitive antagonism. In the
assessment of the STAT3 response with a cell-
based enzyme-linked immunosorbent assay, the
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antagonistic capacity of the P64S variant was
confirmed but was determined to be lower than
that of leptin AAA and L+AAA (Fig. S3B). Similar
patterns were observed for STAT1 phosphoryla-
tion in HEK293-LEPRD cells (Fig. S3C and S3D)
and for STAT1 and STAT3 phosphorylation in
MCF7-LEPRb cells (Fig. S4). As observed in
these experiments, the antagonistic behavior was
more pronounced for the leptin variant P64S
than for G59S. Both variants also showed partial
agonist activity in the absence of nonvariant
leptin, which was subtle for the P64S variant but
definite for the G59S variant (approximately 3%
and 18%, respectively, relative to nonvariant leptin).
It is important to note that in the presence of a
full agonist such as nonvariant leptin, partial
agonists behave as competitive antagonists.”
By calculating the relative affinities® of the
leptin variants to their receptor on the basis of
the STAT3 response, we found that the apparent
affinities of the P64S and G59S variants were 1.7
times and 6.9 times, respectively, lower than

N ENGL ) MED 388,24

that of nonvariant leptin (Fig. 1G). These lower
apparent affinities might be caused by the par-
tial agonist activity of the variants and the use of
a signaling-based method that did not discrimi-
nate between decreases in binding affinity and
increases in residual activity. In support of this
notion, leptin G598, which possesses a higher
residual activity than leptin P64S, also shows a
lower apparent affinity than leptin P64S. Com-
plexities of receptor binding and activation
mechanisms may have also contributed to the
observed differences.’>* Collectively, these re-
sults show that leptin variants P64S and G59S
behave as competitive LEPRb antagonists in the
presence of nonvariant leptin, while retaining
faint partial agonist activity in its absence.

TREATMENT OF PATIENTS

We initiated metreleptin treatment at a dose of
0.03 mg per kilogram of lean body weight, the
recommended dose that is known to evoke im-
mediate effects on food intake and satiety in pa-
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Figure 2 (facing page). Hormone-Replacement Therapy
in Patients A and B.

The patients were treated with recombinant human leptin
(metreleptin). Panel A shows the change in body weight,

the body-mass index (the weight in kilograms divided by
the square of the height in meters) standard deviation score
(BMI-SDS), the body fat mass, and the level of circulating
leptin in Patient A (carrier of leptin variant P64S) during hor-
mone-replacement therapy. LBW denotes lean body weight.
Panel B shows the dose escalation and tapering of metrelep-
tin in Patient A. The concentration—-response curve obtained
for nonvariant leptin is shown in blue. The concentration—
response curve in the presence of a pretherapeutic P64S
variant level of 52 ng per milliliter is shown in dark purple.

A plasma concentration of 7.5 ng per milliliter, which is
found in normal persons, was predicted to cause an activa-
tion of LEPR signaling by 58% of the maximum. It is pre-
sumed that this is the normal degree of activation (N) to

be reached by hormone replacement, that is, the therapeutic
target (T). Because activation of LEPR signaling is attained
in patients with leptin deficiency*®? at a daily dose of 0.03
mg per kilogram of LBW (1), it was assumed that this dose
would cause such a normal degree of receptor activation
(N), which is taken as the therapeutic target (T) herein.
Drug therapy was initiated at this dose, which was predicted
to cause only 18% of maximal LEPR activation in the pres-
ence of the endogenous leptin variant. The dose was then
increased to 0.14 mg per kilogram of LBW (2), followed by a
further increase to 0.70 mg per kilogram of LBW (3), causing
48% and 82% of maximal LEPR activation, respectively. After
131 days, the patient had lost 49.9 kg of body weight, corre-
sponding to a weight loss of 27.8%, and after 264 days, the
patient had lost 72.9 kg of body weight, corresponding to a
weight loss of 40.5%, which have previously been found to
cause reductions of endogenous leptin levels® to approxi-
mately 30% and 10%, respectively. The corresponding con-
centration—response curves are shown in purple and light
purple. The degrees of maximum LEPR activation reached
with dose tapering to (4) and (5) were predicted to amount
to 86% and 82%, respectively, of maximal LEPR activation.
Panel C shows the change in body weight, the BMI-SDS, and
the level of circulating leptin in Patient B (carrier of leptin
G59S) during hormone-replacement therapy. The last two
circulating leptin measurements were performed with an
enzyme-linked immunosorbent assay kit from a different sup-
plier. Panel D shows the dose escalation and tapering of me-
treleptin in Patient B. The concentration—response curve in
the presence of a pretherapeutic G59S variant level of 27 ng
per milliliter is shown in dark red. The extent of LEPR activa-
tion at the beginning of hormone replacement with 0.03 mg
per kilogram of LBW (1) was predicted to cause 32% of max-
imum activation. In this case, a single increase of the dose
to 0.15 mg per kilogram of LBW (2) was expected to cause

a rise in receptor activation to 66%, which was sufficient to
cause therapeutic effects. After 238 days, the patient had
lost 9.6 kg of body weight, corresponding to a weight loss of
36.5%. Such weight loss has previously been found to cause
a reduction of the endogenous leptin level® to approximately
25%. The corresponding concentration—response curve is
shown in light red. The degree of maximum LEPR activation
reached on tapering of the dose to (3) was predicted to
amount to 86% of maximal LEPR activation.

tients with congenital leptin deficiency or dys-
function (Fig. 2A and 2C).>*8 This initial treatment
had no apparent effect on food intake or satiety
(Table 1), a finding indicating that higher-than-
usual doses would be necessary to overcome the
antagonism of the endogenous variants.

Guided by our in vitro characterization, we
performed dose escalation and tapering (Fig. 2B
and 2D; see also the Supplementary Appendix). For
Patient A, the dose was increased to 0.14 mg per
kilogram on day 2 of treatment and to 0.70 mg
per kilogram on day 5. In Patient B, the dose was
increased to 0.15 mg per kilogram on day 2 of
treatment. In addition, both patients participated
in vigorous fasting and exercise programs to
lower endogenous leptin production and enhance
the therapeutic effects of exogenous leptin. This
approach resulted in steep rises in circulating
leptin levels, which reflect combined endogenous
and exogenous leptin, and eventually evoked a
therapeutic response, with a normalization of food
intake and satiety and weight loss. As anticipat-
ed,*® antibodies against metreleptin developed in
both patients, which may have added to the ob-
served increase in circulating leptin levels. An-
tileptin antibodies are thought to delay the
clearance and thus increase the half-life of leptin
in the circulation.?® However, no loss of metre-
leptin efficacy was observed in either patient at
any time, a finding that argues against the oc-
currence of clinical leptin resistance.

Over the course of treatment, Patient A had a
marked reduction in fat mass and attained a
near-normal weight of 94.1 kg (body-mass index
[the weight in kilograms divided by the square
of the height in meters] standard deviation score
[BMI-SDS], 1.51) after 1188 days of treatment.
We observed a transient rise in aminotransferase
and insulin levels (Fig. SSA and S5B and Ta-
ble 1), findings similar to observations in pa-
tients with leptin deficiency treated with much
lower doses of metreleptin.®3! Patient A showed
pubertal progression to a mature Tanner stage
(pubic hair, PH5; testicular and penile develop-
ment, G5; and testicular volume, 15 to 20 ml) at
16.5 years of age. Patient B similarly attained a
near-normal weight of 23.2 kg (BMI-SDS, 1.31)
after 1260 days of treatment.

After the two patients had extensive weight
loss, which was presumably accompanied by re-
ductions in the endogenous production of leptin
variants, we reduced the metreleptin dose in
both patients. Taken together, the newly identi-

N ENGL ) MED 388;24 NEJM.ORG JUNE 15, 2023

The New England Journal of Medicine
Downloaded from negjm.org at HINARI-Ethiopia on June 20, 2023. For personal use only. No other uses without permission.
Copyright © 2023 Massachusetts Medical Society. All rights reserved.

2259



2260

The NEW ENGLAND JOURNAL of MEDICINE

fied P64S and G59S variants caused a novel form
of congenital leptin dysfunction characterized
by hormone antagonism, which created a dis-
tinct challenge in the early phase of treatment.

DISCUSSION

Pathogenic changes in LEP commonly result in
classical hormone deficiency.>*” We previously
described rare, secreted — but biologically inac-
tive — leptin variants that cause hormone dys-
function due to a lack of receptor binding.>® This
discovery changed the diagnostic algorithm ap-
plied to severe, early-onset obesity, from a sole
assessment of the presence of leptin in the cir-
culation of patients*® to an additional determina-
tion of its receptor-binding capacity.”

The new antagonistic variants described here-
in add further complexity to the diagnosis and
treatment of congenital leptin dysfunction. The
phenotypes of patients with antagonistic and
biologically inactive leptin variants are indistin-
guishable from one another before hormone re-
placement, although the phenotypes diverge af-
ter the administration of metreleptin. Whereas
patients with biologically inactive variants have
a good response to low metreleptin doses, simi-
lar to the response in those with classical leptin
deficiency,>® higher-than-usual doses are neces-
sary in patients with antagonistic variants so
that the competitive antagonism of the endoge-
nous hormone may be overcome. This is a prob-
lem particular to the early phase of hormone-
replacement therapy, when the circulating
variant levels are still high. Once an appreciable
therapeutic response can be evoked and the en-
dogenous leptin production has been sufficient-
ly reduced by a loss of fat mass and negative
feedback of active leptin signaling on fat cell
leptin secretion, the late phase of therapy can
proceed at much lower doses of metreleptin.

Inactive hormone variants were previously
described for growth hormone,** thyrotropin,*
luteinizing hormone,¥ insulin,*® and insulin-like

growth factor 1. Hormone antagonism, in con-
trast, has thus far been claimed only for growth
hormone*?* and has remained controversial*®*
or formally unproven (e.g., until interference
with nonvariant-induced signaling is shown).**
Here, we provide in vitro and in vivo evidence for
the existence of leptin variants that orthosteri-
cally bind to but do not fully activate the leptin
receptor and hence act as competitive antago-
nists in the presence of nonvariant leptin. Recently
obtained structural insights into the assembly of
leptin—-LEPRb complexes through IS-III*® rational-
ize the antagonistic behavior of the P64S and
G59S leptin variants.

Our work exemplifies how thorough in vitro
characterizations can make decisive contribu-
tions to overall therapeutic success. Functional
characterization of the protein, in addition to
genotyping, helps in the discrimination of
leptin variants that display defects in synthesis,
secretion, receptor binding, or receptor activa-
tion. The correct diagnosis of classical leptin
deficiency or leptin dysfunction with inactive or
antagonistic variants is a requisite for the per-
sonalized treatment of affected patients.
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