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Abstract

Context: Data quantifying the impact of metreleptin therapy on survival in non-human
immunodeficiency virus (HIV)-related generalized lipodystrophy (GL) and partial
lipodystrophy (PL) are unavailable.

Objective: This study aimed to estimate the treatment effect of metreleptin on survival
in patients with GL and PL.

Design/Setting/Patients: Demographic and clinical characteristics were used to
match metreleptin-treated and metreleptin-naive patients with GL and PL. Differences
in mortality risk were estimated between matched cohorts of metreleptin-treated and
metreleptin-naive patient cohorts using Cox proportional hazard models. Sensitivity
analyses assessed the impact of study assumptions and the robustness of results.
Outcome Measures: This study assessed time-to-mortality and risk of mortality.
Results: The analysis evaluated 103 metreleptin-naive patients with characteristics
matched to 103 metreleptin-treated patients at treatment initiation. Even after matching,
some metabolic and organ abnormalities were more prevalent in the metreleptin-treated
cohort due to bias toward treating more severely affected patients. A Cox proportional
hazards model associated metreleptin therapy with an estimated 65% decrease in
mortality risk (hazard ratio [HR] 0.348, 95% confidence interval (Cl): 0.134-0.900; P =
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0.029) even though the actual number of events were relatively small. Results were
robust across a broad range of alternate methodological assumptions. Kaplan-Meier
estimates of time-to-mortality for the metreleptin-treated and the matched metreleptin-

naive cohorts were comparable.

Conclusions: Metreleptin therapy was associated with a reduction in mortality risk
in patients with lipodystrophy syndromes despite greater disease severity in treated
patients, supporting the view that metreleptin can have a positive disease-modifying
impact. Confirmatory studies in additional real-world and clinical datasets are warranted.

Key Words: lipodystrophy, leptin, metreleptin, hepatic steatosis, CGL, FPLD

Lipodystrophy syndromes are a heterogeneous group of
rare disorders characterized by the lack of adipose tissue
and severe metabolic complications (1, 2). They are cat-
egorized into generalized and partial forms based on the
extent of adipose tissue loss across the body. Generalized
lipodystrophy (GL) has a more severe phenotype and is
characterized by the absence or progressive loss of adipose
tissue across the whole body. Adipose tissue loss in par-
tial lipodystrophy (PL) is typically localized to select re-
gions of the body, such as the limbs or the upper body,
depending on subtype (1). The metabolic consequences of
lipodystrophy syndromes, which are thought to be driven
by pathological adaptations to the lack of adipose tissue
and associated nutrient spillover, can increase the risk for
conditions that negatively impact life expectancy, such as
diabetes, hypertriglyceridemia, pancreatitis, heart disease,
and kidney dysfunction (1, 3).

Leptin is a hormone involved in the regulation of energy
homeostasis and is primarily produced by adipose tissue
(4). Patients with GL and PL can have low leptin levels,
which has been implicated as a driver of lipodystrophy-
associated metabolic abnormalities (1, 5). Recombinant
human methionyl leptin (metreleptin) is approved as
an adjunct to diet to treat the metabolic complications
of leptin deficiency in patients with GL (United States,
Europe, Japan) and PL (Europe and Japan) (6, 7). Single-
arm open-label studies have suggested that metreleptin
can ameliorate the severity of multiple metabolic abnor-
malities in patients with lipodystrophy, including hypergly-
cemia, hypertriglyceridemia, and hepatic steatosis (8-18).
However, the effect of metreleptin on mortality among
patients with lipodystrophy syndromes is not yet well-
established due to short follow-up periods and lack of con-
trol arms in earlier studies. Studies comparing long-term
outcomes of patients with GL and PL receiving metreleptin
to those who have never received the drug have not been
published. The low prevalence of GL and PL and their
heterogeneous natural history also make it impractical to
conduct large randomized controlled trials to quantify the
effect of a therapy on mortality.

In the absence of randomized controlled trials, indirect
treatment comparisons may be conducted to estimate
the impact of an intervention on key clinical outcomes,
including in cases where the individual included studies
were not designed to detect a treatment effect on a specific
outcome (19,20). We have previously characterized the nat-
ural history of lipodystrophy syndromes in a cohort of pa-
tients with GL and PL who have never received metreleptin
(21). The current study draws upon data collected from
this natural history study as a comparator cohort for pa-
tients who received metreleptin therapy in clinical trials.
The treatment effect of metreleptin therapy on mortality
among patients with GL or PL is estimated using a Cox
proportional hazard model to control for differences be-
tween the natural history study and clinical trial-enrolled
populations.

Methods
Study populations

Data from 2 study populations were included to esti-
mate the treatment effect of metreleptin on mortality.
Retrospective data from patients with GL and PL who
received metreleptin (metreleptin-treated) were obtained
from medical records of 105 patients enrolled in a single-
arm clinical trial (NCT00005905) and follow-up study
(NCT00025883) conducted at the US National Institutes
of Health from 2000 to 2014, and from records of an-
other 7 patients who met eligibility criteria for the 2
trials but enrolled in a nonrandomized parallel group
study to evaluate the short-term effects of metreleptin
initiation or withdrawal (NCT01778556). The design of
these trials has been previously described (13, 17, 18).
Patients enrolled in the clinical trials were required to
have clinically significant non-human immunodeficiency
virus (HIV)-related lipodystrophy as well as low leptin
levels, diabetes, elevated insulin, and/or elevated trigly-
cerides. National Institutes of Health investigator adju-
dication via in-person interviews was conducted in cases
where required medical information was not readily
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available or interpretable in medical records. Records
in which required data remained missing or uninterpret-
able following adjudication were excluded. Data from
metreleptin-treated patients were available from the date
of study enrollment until death or censoring.

Separately, retrospective data from patients with GL
and PL who never received metreleptin (metreleptin-naive)
were obtained from a lipodystrophy natural history study
based on medical records of 230 patients obtained from
the following treatment centers: Dokuz Eylul University
(Turkey), Federal University of Ceara (Brazil), National
Institutes of Health (US), University of Michigan (US),
and the University of Sdo Paulo (Brazil) (21). In this study,
medical records of patients with a diagnosis of non-HIV-
related GL or PL prior to January 1,2015, were eligible for
inclusion to allow for sufficient observation time following
diagnosis. Patients were also required to have at least
1 year of follow-up after their date of lipodystrophy diag-
nosis. The study excluded medical records from patients
who received metreleptin at any time over the study ob-
servation period. The observation period for metreleptin-
naive patients was defined as the time period spanning
from birth until the date of data abstraction, or until loss
to follow-up or death.

Local institutional review board approval was obtained
from all study sites prior to the initiation of data collection.

Variables and data collection

Patient data were extracted by local staff at the study sites
between 2017 and 2018. Data from medical records of
metreleptin-treated patients were extracted using an Excel-
based data collection form, while data from medical records
of metreleptin-naive patients were extracted and entered
into internet-based case report forms by local staff at each
treatment center. Case report forms included drop-down
lists with a prespecified list of clinical abnormalities
grouped by organ systems associated with lipodystrophy.
These drop-down lists also included an option to select
“Other,” which then prompted data abstractors to specify
the condition in an open-text field.

Data extraction focused on capturing abnormal-
ities related to metabolic complications associated with
lipodystrophy (eg, insulin resistance, diabetes, dyslipidemia,
hepatic steatosis) rather than an exhaustive set of medical
conditions in each patient. Patient demographics and clin-
ical characteristics obtained from medical records included
age at start of observation, age at first symptoms, sex,
lipodystrophy diagnosis (GL or PL), triglyceride levels, ele-
vated hemoglobin Alc (HbA1c; defined as 26.5%), episodes
of pancreatitis, and the presence or absence of abnormalities
in the heart, liver, and kidneys. The dates of diagnosis for

elevated HbAlc, each episode of pancreatitis, each abnor-
mality observed in the heart, liver, and kidneys, as well as
the dates of triglyceride measurements and mortality events
(if applicable), were also collected. Date information was
imputed as the first of the month when information on the
specific day of the month was missing and as January when
information on the specific month was missing. Observed
abnormalities in the heart, liver, and kidneys captured in
the current study are described in Table 1. Patient records
where data on observed abnormalities in the heart, liver and
kidneys were missing (as determined by data abstractors or
study investigators) were excluded.

Matching of metreleptin-treated and metreleptin-
naive patients

To match metreleptin-treated and metreleptin-naive pa-
tients for the current analysis, it was necessary to account
for the likelihood that inclusion criteria for clinical trials
evaluating metreleptin led to enrollment of patients with
more severe or advanced disease than those included in
the lipodystrophy natural history study. Moreover, data
abstracted from medical records of metreleptin-naive pa-
tients captured relevant clinical events from birth onward,
while data abstracted from records of metreleptin-treated
patients primarily captured clinical events from the start
of trial enrollment onward (rather than from their date
of first symptoms or diagnosis). In addition, patients in
the trials evaluating metreleptin therapy had undergone a
series of evaluations that may be outside the routine clin-
ical practice, such as liver biopsies or echocardiograms
performed for the purpose of the clinical trial rather than
a symptom-based testing strategy aligned with standard
clinical practice. This difference in the data availability
period was expected to accentuate perceived differences
in the disease state between the 2 cohorts. Thus, patient
matching required accounting for potentially significant
demographic and clinical differences between cohorts as
well as identifying the point of time in the life course of
a metreleptin-naive patient that represented the optimal
match to each metreleptin-treated patient when they initi-
ated metreleptin treatment.

Balanced risk set matching, previously used to compare
clinical outcomes between treated and untreated patients
within a registry (22-24), has been extended in the cur-
rent analysis to address the need within these progressive
lipodystrophy syndrome cohorts to match patients in dis-
ease progression status as well as to account for potentially
significant differences in other baseline characteristics.
This approach matches each metreleptin-treated patient at
treatment initiation to a unique metreleptin-naive patient

at a specific index date in their observation history where
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Table 1. Definition of observed organ abnormalities reported in patient cohorts

Cohort Liver Abnormalities Kidney Abnormalities Heart Abnormalities
Metreleptin-treated NAFLD? Nephropathy® Coronary artery disease
Hepatomegaly Renal failure Cardiac arrhythmia®
Cirrhosis Renal disease Cardiomyopathy'
Other® Other* Other'
Metreleptin-naive NAFLD? Nephropathy® Coronary artery disease®
Hepatomegaly Chronic renal failure’ Cardiac arrhythmia!
Cirrhosis ESRD Cardiomyopathy™
Transplant Heart failure
Other® Transplant
Other"

Abbreviations: ESRD, end-stage renal disease; NAFLD, nonalcoholic fatty liver disease.

? Includes hepatic steatosis, nonalcoholic steatohepatitis, and steatohepatitis.
® Includes fibrosis and hepatitis.

¢ Includes proteinuria.

4 Includes glomerulosclerosis.

¢ Includes albuminuria, microalbuminuria, and proteinuria.

fIncludes chronic renal failure, chronic renal insufficiency, and chronic kidney disease (all recorded in open-text fields).

& Includes hematuria, kidney stones, nephromegaly, and renal hypoplasia.
" Includes atrial fibrillation, tachycardia, and irregular heart beat.
"Includes any type of hypertrophy.

" ncludes any type of dilation, regurgitation, and other significant diagnoses in the heart entered by clinicians not already captured under other categories.

¥ Includes atherosclerosis, bypass surgery, ischemia, myocardial infarction, and probable anteroseptal infarct (recorded in open text fields).

"Includes atrial fibrillation, atrial flutter, bradycardia, and tachycardia (all but atrial fibrillation recorded in open-text fields).

™ Includes ventricular hypertrophy.

" Includes aortic insufficiency, aortic outflow murmur, aortic regurgitation, aortic stenosis, ascending aorta dilated, asymmetric septal hypertrophy with a sigmoid
septum, atrial-level shunt and ventricular dilation, arteriovenous (AV) malformation, AV shunt, cardiomegaly, dilated left atrium, effusion pericardial, grade II/VI
midsystolic murmur at the base of the left sternal border, heart murmurs, left ventricular relaxation deficit, mild mitral insufficiency, mild mitral valve regurgitation,
mild tricuspid insufficiency, mild tricuspid valve regurgitation, mitral insufficiency, mitral valve insufficiency, mitral valve prolapse, mitral valve regurgitation, mod-
erate mitral insufficiency, pulmonary AV malformation, pulmonic valve regurgitation, subaortic stenosis, subaortic ventricular septal defect, tricuspid insufficiency,

tricuspid valve regurgitation, valvular heart disease, and ventricle diastolic-systolic dysfunction.

the 2 patients are most similar (25). Characteristics used
in the matching were age, sex, lipodystrophy diagnosis
(GL or PL), the number of organs among the heart, liver,
and kidneys with an observed abnormality, and elevated
HbA1lc levels (26.5%), which was based on the HbAlc
measurements taken prior to treatment-initiation or the
specific index date. These characteristics were selected
based on their perceived relevance to mortality, the key
study outcome of interest. Pancreatitis was also considered
for similar reasons but was predicted to be nonoptimal for
use in matching due to a large relative imbalance in ob-
served rates of pancreatitis between the metreleptin-treated
and metreleptin-naive cohorts.

To establish optimal matches, characteristics of each
metreleptin-naive patientatall potentialmonthly index dates
were compared with those of the candidate metreleptin-
treated patient at treatment initiation (Fig. 1). A calcu-
lated Mahalanobis distance (26) was used to estimate the
magnitude of differences between each metreleptin-treated
patient at treatment initiation and potential metreleptin-
naive patient match across all monthly index dates,
where a lower distance implies a closer match across the

demographic and clinical characteristics considered. The
pairing with the lowest calculated Mahalanobis distance is
selected as the optimal match. Mahalanobis distance meas-
ures are commonly used in balanced risk set matching (22),
have been shown to have desirable bias reduction proper-
ties (27), and facilitate matching across all covariates of
interest (28). Use of Mahalanobis distance matching can
yield improved balance across covariates versus propen-
sity score matching (28). Once the match is established,
each metreleptin-treated and metreleptin-naive patient pair
is observed until the date of data abstraction, or until loss
to follow-up or death. As an example, in matching a male
patient with GL initiating metreleptin at 11 years of age,
the goal is to identify the metreleptin-naive patient from
the natural history study cohort with similar demographic
characteristics (eg, also male with GL) who, at a similar
age, was most comparable on other clinical manifestations
reflecting disease status (eg, metabolic parameters, number
of organs with observed abnormalities among the heart,
liver, and kidneys) based on having the lowest calculated
Mahalanobis distance. The described matching approach
yields a sample of metreleptin-naive patients with index
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Figure 1. Matching Methodology: lllustrative Example. (a) Pre-match: data from treated patients span from their date of treatment initiation (ie, their
index date) to the end of data availability while data from metreleptin-naive patients span from the date of first available data to the end of data
availability. An index date analogous to the treatment initiation date needs to be defined for records from metreleptin-naive patients before they can
be directly compared to a treated patient. (b) Post-match: the index date for the matched record from metreleptin-naive patient is defined as the date
where the patient was most similar to the treated patient on their date of treatment initiation. Data from this matched record now span from this
index date to the end of data availability. The unmatched metreleptin-naive patient is returned to the matching pool. Patients are generally matched
at similar ages that may not be identical. The current example presents the case where two patients matched at the same index age.

observation dates set at a time point when their charac-
teristics are most similar to those of the corresponding
metreleptin-treated patient at treatment initiation.

The matching process also included rules to limit the im-
pact from additional perceived sources of bias, as follows:
In the baseline specification, each metreleptin-naive patient
could serve as a match to only 1 metreleptin-treated pa-
tient. This restriction was set to prevent any single patient
from unduly affecting subsequent results. Patients were
also required to be exactly matched on their lipodystrophy
diagnosis (GL or PL) to control for differences in survival
between patients with PL and GL reported in an earlier nat-
ural history study (21). To control for differences in event
rates driven insufficient follow-up period, metreleptin-
naive patients were required to have at least 6 months of
follow-up time after the selected index date where they
were determined to be most similar to the metreleptin-
treated patient.

Because the matching process is conducted sequen-
tially without replacement, matching results can be af-
fected by the order in which metreleptin-treated patients
were selected for matching. Thus, matching was con-
ducted across 1000 runs, with the matching order for
metreleptin-treated patients randomized each time. For
each resulting set of matched cohorts across the 1000
runs, the sum of the Mahalanobis distance between each
metreleptin-treated and matched metreleptin-naive pa-
tient was calculated. The set where patients were most
similar (identified as the set that minimizes the sum of

Mabhalanobis distances over the included metreleptin-
treated and matched metreleptin-naive patient pairs
across the 1000 runs) was selected for subsequent
analyses.

Analyses of outcomes

The primary analysis assessed outcomes across the
metreleptin-treated and the matched metreleptin-naive co-
horts. A subgroup analysis in patients with GL from each
cohort was also conducted. Demographic and clinical char-
acteristics at the treatment initiation date for patients in the
metreleptin-treated cohort and at the index observation date
for patients in the metreleptin-naive cohort were reported
as the means for continuous variables and as frequencies
or proportions for categorical variables. The average treat-
ment effect of metreleptin on mortality was estimated by
comparing the outcome between metreleptin-treated and
matched metreleptin-naive cohorts. Kaplan—-Meier survival
analysis was used to estimate mean time-to-mortality from
treatment initiation for metreleptin-treated patients and
from the index observation date for matched metreleptin-
naive patients. A log-rank test was conducted to compare
time-to-mortality between the 2 cohorts.

A Cox proportional hazards model was used to esti-
mate the differences in risk of mortality between the 2 co-
horts as a hazard ratio and to model survival probability
over time. Control variables for mortality risk estimates
included treatment status, lipodystrophy diagnosis (GL or
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PL), birth year, triglyceride levels, having an HbAlc 26.5%,
having >1 episode of pancreatitis, and the presence of ob-
served abnormalities in the heart or kidneys. The presence
of liver abnormalities was not included as a control vari-
able because it was expected to have limited predictive
power (nearly every patient across both cohorts had ob-
served liver abnormalities) and to avoid overfitting. Values
for control variables were based on the treatment initiation
or index observation dates. Statistical analyses were per-
formed using R version 3.5.

Results
Data summary and matching quality

Medical records of 112 metreleptin-treated patients and
230 metreleptin-naive patients with a diagnosis of GL or
PL were obtained from study site investigators. Prior to
matching, 9 patient records from the metreleptin-treated
cohort were excluded due to missing data, leaving 103
evaluable records, while all records from the metreleptin-
naive cohort were retained. At the time of metreleptin-
initiation, 80 patients (78%) were receiving exogenous
insulin with or without oral antidiabetics, 12 patients (12 %)
were on oral antidiabetics without insulin, and 62 patients
(60%) were on lipid-lowering therapies. As previously re-
ported, data on medications use among metreleptin-naive
patients were available in only 89 of 230 patient records
(39%) and considered incomplete for further analysis (21).

Differences in nearly every observed characteristic be-
tween the metreleptin-treated and metreleptin-naive co-
horts were statistically significant prior to matching (P <
0.05 for all). Compared with the metreleptin-treated pa-
tients, metreleptin-naive patients were older at the time
lipodystrophy symptoms were first recorded, more likely to
be male, less likely to be diagnosed with GL, and less likely
to have a severe metabolic phenotype as evidenced by the
lower mean triglyceride levels, lower frequency of elevated
HbAT1c, and lower frequencies of abnormalities associated
with heart, liver, and kidneys.

In both the full cohort and in the GL and PL cohorts,
demographic characteristics such as age and sex were
balanced after matching (Tables 2, 3, and 4). Unbalanced
characteristics remaining after matching were all clinical
in nature and the direction of imbalance was suggestive
of greater disease severity in the metreleptin-treated co-
horts (eg, greater number of patients with elevated HbATc,
greater number of patients with observed abnormalities in
the heart, liver and/or kidneys).

Impact of treatment status on mortality

In the metreleptin-treated cohort, there were 11 deaths
among patients with GL (7 with congenital GL [CGL],

4 with acquired GL [AGL]), and 1 death among patients
with PL [patient had familial PL (FPLD)]). In the matched
metreleptin-naive cohort, there were 9 deaths among pa-
tients with GL (all CGL) and 3 deaths among patients
with PL (all FPLD). The most frequently reported causes of
death as recorded in patient records were heart, liver and/
or kidney disease, or infections (Table 5).

Kaplan-Meier analysis did not reveal a statistic-
ally significant difference in time-to-mortality between
metreleptin-treated patients when compared with matched
metreleptin-naive patients (log-rank test P = 0.2) (Fig. 2).
However, results of a Cox proportional hazards model
showed that after adjusting for other covariates (e,
lipodystrophy diagnosis, birth year, triglyceride levels,
elevated HbAlc, >1 episode of pancreatitis, and the pres-
ence of observed abnormalities in the heart or kidneys),
metreleptin treatment was associated with a 65% reduction
in mortality risk (hazard ratio [HR] 0.348, 95% confidence
interval [CI]: 0.134-0.900; P = 0.029) (Fig. 3). Significant
differences in mortality risk and time-to-mortality between
metreleptin-treated and metreleptin-naive patients in the
GL subgroup were not detected from the Kaplan-Meier
analysis (log-rank test P = 0.6) (Fig. 4) or Cox propor-
tional hazards model (HR 0.455, 95% CI: 0.150-1.387;
P =0.166) (Fig. 5). The median (interquartile range [IQR])
duration of observation was 4.6 years (2.2-9.5) in the
overall cohort and 5.5 years (2.5-10.5) in the GL sub-
group. The Cox model was not powered to detect differ-
ences in mortality risk in subgroups of patients with AGL
or CGL. Analysis of the impact of metreleptin therapy on
mortality in the overall PL subgroup and in subgroups with
APL or FPLD was not conducted due to the low number of
mortality events.

Sensitivity analysis

Sensitivity analyses were conducted to assess the effect of
key assumptions underlying the methodology described in
the current study (Table 6). Study results were generally
not sensitive to changes in key parameters underlying the
matching methodology (eg, allowing metreleptin-naive pa-
tients to be matched to more than 1 metreleptin-treated
patient, changing the minimum follow-up period required
for metreleptin-naive patients), data inclusion and exclu-
sion criteria (eg, including patients with unknown organ
abnormality status, excluding metreleptin-naive patients
with missing HbAlc data), or to alternative definitions or
groupings of clinical outcomes (eg, organs with abnormal-
ities considered individually when matching rather than as
the number of organs with abnormalities).

Cox model estimates of the effect of metreleptin therapy
on mortality were no longer statistically significant in
only 1/14 tested scenarios in a sensitivity analysis (Fig. 6).
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Table 2. Patient demographic and clinical characteristics pre- and postmatching (overall cohort)

Treated Pre-match Matched
(n=103) Metreleptin-naive® (n = 230) Metreleptin-naive (n = 103)
Age at first symptoms in years, mean (SD) 13.8 19.2 (16.5)** 15.0 (14)
(11.5)
Age at start of treatment or index observation 24.7 21.2* (5.94) 25.3(17.1)
date in years, mean (SD) (15.7)
Male, % 15.5 30.4%* 21.4
Diagnosis of GL, % 60.2 35.2%* 60.2
GL/PL subtype,® %
AGL 12.6 3.0%* 3.9%
CGL* 42.7 31.3 553
Generalized progeroid lipodystrophy 4.9 0.9 1.0
APL 2.9 12.2* 2.9
FPLD! 36.9 52.6* 36.9
Clinical characteristics at start of treatment
or index observation date
Elevated HbAlc (26.5%), % 78.6 24.3%* 60.27%*
Triglyceride levels in mg/dL.> mean (SD) 1304 472%* (785) 486** (592)
(2180)
Experienced >1 episode of pancreatitis,” % 40.8 3.91%* 10.7%*
Number of organs among heart, liver and 2.049 0.613** (0.893) 1.650** (0.871)
kidneys with observed abnormalities, mean (SD) (0.797)
Heart, % 46.6 8.26%* 29.1%*
Liver, % 92.2 35.7** 83.5
Kidneys, % 66.0 17.4%* 52.4*
Patients with record of triglyceride levels, n 102 103¢ 82°
Patients with record of HbAlc levels, n 103 118¢ 77¢

* P <0.0S.

** P < 0.01 compared with metreleptin-treated cohort.

Abbreviations: AGL, acquired generalized lipodystrophy; CGL, congenital generalized lipodystrophy; FPLD, familial partial lipodystrophy; GL, generalized lipo-
dystrophy; HbA1lc, hemoglobin Alc; NA, not applicable; SD, standard deviation.

? Index observation date for the pre-match metreleptin-naive cohort was defined as the time at which metreleptin-naive patients achieved the mean age at the start
of treatment of the treated sample (24.7 years) or the date of their last available observation, whichever comes first.

® GL/PL subtypes, triglyceride levels and pancreatitis were not used as matching parameters for the metreleptin-naive cohort.

¢ Patients with mutations in AGPAT2 were the most common (n = 26 in treated cohort; n = 22 in matched metreleptin-naive cohort), followed by those with
mutations in BSCL2 (n = 15 in treated cohort; n = 15 in matched metreleptin-naive cohort). The treated cohort also had 2 patients with CGL who had other
mutations and 1 patient with CGL where genetic testing data were either missing or a mutation could not be confirmed. The matched metreleptin-naive cohort also
had 2 patients with PTRF4 mutations, 2 patients with CGL who had other mutations, and 16 patients with CGL where genetic testing data were either missing
or a mutation could not be confirmed.

4 Patients with mutations in LMNA were the most common (n = 20 in treated cohort; n = 25 in matched metreleptin-naive cohort), followed by those with
mutations in PPARG (n = 8 in treated cohort; n = 3 in matched metreleptin-naive cohort). The treated cohort also had 1 patient with FPLD who had a PCYT1A
mutation and 9 patients with FPLD where genetic testing data were either missing or a mutation could not be confirmed. The matched metreleptin-naive cohort
also had 3 patients with Kobberling type FPLD; 5 patients with FPLD who had other mutations, and 2 patients with FPLD where genetic testing data were either
missing or a mutation could not be confirmed.

¢ Counts only include patients who have lab measurements taken on or after their index observation date.

This occurred when the threshold for patients classified as
having elevated HbA1c was set to >8.5% (vs 26.5% in the
baseline specification).

Similarly, the quality of matching remained stable when
adjusting various matching parameters, including allowing
metreleptin-naive patients to be matched multiple times, re-
moving minimum follow-up time requirements for matched
patient observation histories, and choice of covariance ma-
trix for the matching method. Notably, exploratory ana-
lyses of scenarios where metreleptin-naive patients were

allowed to be matched up to 2 or 5 times using different
index observation dates yielded matched metreleptin-naive
cohorts that were more similar to the metreleptin-treated
cohort. In these scenarios, only 2 observed characteristics
remained significantly different between the cohorts after
matching (percentage of patients with 21 episode of pan-
creatitis and mean triglyceride levels). As in the primary
analysis, remaining unbalanced characteristics suggested
that the metreleptin-treated cohort had more severe or
more advanced disease. In both scenarios, hazard ratios for
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Table 3. Patient demographic and clinical characteristics pre- and postmatching (GL cohort)

Treated Pre-match Metreleptin- Matched Metreleptin-
(n=62) naive® (n = 81) naive (n = 62)
Age at first symptoms in years, mean (SD) 9.0 9.2 (11.9) 9.8 (12.5)
(7.3)
Age at start of treatment or index observation date 17.7 14.4% (4.9) 16.9 (14.3)
in years, mean (SD) (11.7)
Male, % 22.6 40.7* 32.3
GL subtype,’ %
AGL 21.0 8.6 6.5%
CGL 71.0 88.9% 91.9%*
Generalized progeroid lipodystrophy 8.1 2.5 1.6
Clinical characteristics at start of treatment or
index observation date
Elevated HbAlc (26.5%), % 79.0 34.6%* 48.4%*
Triglyceride levels in mg/dL,b mean (SD) 1354 363%* (462) 473%* (687)
(2260)
Experienced >1 episode of pancreatitis,® % 33.9 2.47%* 6.5%*
Number of organs among heart, liver and 2.177 0.975** (0.987) 1.516%* (0.971)
kidneys with observed abnormalities, mean (SD) (0.859)
Heart, % 56.5 16%* 24.2%*
Liver, % 90.3 55.6%% 77.4
Kidneys, % 71.0 25.9%* 50.0%
Patients with record of triglyceride levels, n 61 46° 46°
Patients with record of HbAlc levels, n 62 36° 42°¢

* P <0.0S.
#* P <0.01 compared to metreleptin-treated cohort.

Abbreviations: AGL, acquired generalized lipodystrophy; CGL, congenital generalized lipodystrophy; GL, generalized lipodystrophy; HbAlc, hemoglobin Alc;

NA, not applicable; SD, standard deviation.

? Index observation date for the pre-match metreleptin-naive cohort was defined as the time at which metreleptin-naive patients achieved the mean age at the start

of treatment of the treated sample (17.7 years) or the date of their last available observation, whichever comes first.

> GL subtype, triglyceride levels and pancreatitis were not used as matching parameters for the metreleptin-naive cohort.

¢ Counts only include patients who have lab measurements taken on or after their index observation date.

mortality risk in metreleptin-treated patients remained low
and statistically significant (P < 0.01).

Discussion

Although the therapeutic effects of metreleptin in
lipodystrophy syndromes have been documented, whether
the drug’s therapeutic effects translate into a positive
effect on mortality was not assessed prior to this study.
Randomized controlled trials are impractical in this set-
ting, and while published single-arm trials may report mor-
tality events in their respective study cohorts, they were not
designed to assess the effect of metreleptin on mortality. To
facilitate an analysis of metreleptin’s effect on mortality,
data from metreleptin-naive patients in our earlier natural
history study were used to build a comparator cohort with
characteristics matched to those of metreleptin-treated pa-
tients enrolled in clinical trials (21). The current study is
the first effort to present comparative evidence suggesting
that patients in a mixed GL and PL cohort treated with

metreleptin have a lower risk of mortality compared with
metreleptin-naive patients. A larger sample size is needed
to reliably assess the effect of metreleptin therapy on mor-
tality risk in the GL subgroup, where a nonsignificant
trend towards lower mortality was observed, as well as in
subgroups of specific GL and PL subtypes. Although this
retrospective analysis cannot prove causality, the findings
support the view that the improvement in metabolic compli-
cations of lipodystrophy previously shown in metreleptin-
treated patients may be associated with a positive impact
on survival. Caution is warranted when interpreting the
estimated effect of metreleptin on mortality risk reduction
in PL, as 11/12 deaths in the metreleptin-treated cohort
occurred in patients with GL. Furthermore, the estimated
treatment effect may only be applicable to patients with
characteristics similar those of the metreleptin-treated co-
hort described in the current study.

Major causes of mortality among patients with
lipodystrophy include heart and liver disease, kidney
failure, pancreatitis, and infections (1, 29). Common
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Table 4: Patient demographic and clinical characteristics pre- and postmatching (PL cohort)

Treated Pre-match Matched
(n=41) Metreleptin-naive® (n = 149) Metreleptin-naive (n = 41)
Age at first symptoms in years, mean (SD) 20.7 (12.9) 24.7 (16.1) 22.7 (12.5)
Age at start of treatment or index observation 35.2(15.2) 30.7 (7.2) 38.0 (12.6)
date in years, mean (SD)
Male, % 4.9 24.8%% 4.9
PL subtype,” %
APL 7.3 18.8 7.3
FPLD 92.7 81.2 92.7
Clinical characteristics at start of treatment or
index observation date
Elevated HbAlc (26.5%), % 78.0 30.9%* 78.0
Triglyceride levels in mg/dL,h mean (SD) 1230 483* (599) 503* (452)
(2090)
Experienced >1 episode of pancreatitis,” % 51.2 6.7%% 17.1%%
Number of organs among heart, liver and 1.854 0.497%% (0.794) 1.854 (0.654)
kidneys with observed abnormalities, mean (SD) (0.654)
Heart, % 31.7 6.0%* 36.6
Liver, % 95.1 28.9%% 92.7
Kidneys, % 58.5 14.8%* 56.1
Patients with record of triglyceride levels, n 41 73¢ 36°
Patients with record of HbAlc levels, n 41 82°¢ 35¢

* P <0.0S.
#* P <0.01 compared to metreleptin-treated cohort.

Abbreviations: APL, acquired partial lipodystrophy; FPLD, familial partial lipodystrophy; PL, partial lipodystrophy; HbAlc, hemoglobin Alc; NA, not applicable;

SD, standard deviation.

? Index observation date for the prematch metreleptin-naive cohort was defined as the time at which metreleptin-naive patients achieved the mean age at the start

of treatment of the treated sample (35.2 years) or the date of their last available observation, whichever comes first.

b PL subtype, triglyceride levels and pancreatitis were not used as matching parameters for the metreleptin-naive cohort.

¢ Counts only include patients who have lab measurements taken on or after their index observation date.

heart- and liver-related causes of mortality include cardio-
myopathy, heart failure, myocardial infarction, cardiac ar-
rhythmia, gastrointestinal hemorrhage, and hepatocellular
carcinoma. Respiratory infections have been reported as
the most common cause of mortality among patients with
GL, particularly among younger patients (29, 30). The
most commonly identified causes of mortality in the cur-
rent analysis were consistent with those described in pre-
vious reports.

Patients with GL and PL who were recruited to clinical
trials evaluating metreleptin therapy typically had more se-
vere lipodystrophy-associated complications compared
with those not referred for treatment. This was reflected in
our datasets, as patients in the unmatched metreleptin-
naive cohort on average were less likely to have elevated
triglycerides, elevated HbAlc > 6.5%, and observed ab-
normalities in the heart, liver, and/or kidneys when com-
pared with patients in the metreleptin-treated cohort.
Matching helped balance pre-existing differences in demo-
graphic and clinical characteristics between the metreleptin-
treated and metreleptin-naive cohorts. Doing so increases

the confidence that observed differences in mortality risk
between the study cohorts were primarily driven by treat-
ment with metreleptin rather than pre-existing differences
in demographic and clinical characteristics. Although sig-
nificant differences in 7 observed cohort characteristics re-
mained following matching, unbalanced characteristics
were accounted for in the Cox regression and sensitivity
analyses showed that the observed reduction in mortality
risk associated with metreleptin therapy remained robust
across a range of tested scenarios. The observed differences
in clinical characteristics that remained after matching
were not surprising, as patients with more severe symp-
toms, especially pancreatitis, were more likely to enroll in
clinical trials evaluating metreleptin therapy. Moreover, al-
ternative implementations of the matching method that al-
lowed each metreleptin-naive patient to be matched more
than once yielded matched cohorts where only 2 observed
cohort characteristics (pancreatitis and triglyceride levels)
remained significantly different. In these alternative imple-
mentations, metreleptin therapy was associated with simi-
larly low hazard ratios for mortality risk. The one scenario
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Table 5. Causes of mortality by patient

Patient Number Type of Lipodystrophy Gender Country Age at Death

Cause(s) of Mortality®

Metreleptin-treated

MT 1 CGL Female US
MT 2 CGL Female US
MT 3 AGL Female US
MT 4 AGL Male us
MT 5 AGL Male us
MT 6 CGL Female US
MT 7 CGL Female US
MT 8 CGL Female US
MT 9 AGL Female US
MT 10 CGL Female US
MT 11 CGL Female US
MT 12 FPLD Female US
Metreleptin-naive

MN 1 CGL Male UsS
MN 2 CGL Male Turkey
MN 3 CGL Female Turkey
MN 4 CGL Female Turkey
MN 5 CGL Female US
MN 6 CGL Female Brazil
MN 7 CGL Female US
MN 8 CGL Female Brazil
MN 9 CGL Female Turkey
MN 10 FPLD Male Turkey
MN 11 FPLD Female US
MN 12 FPLD Female US

29
45
15
50
69
19
25
18
20
20
23
31

32
44
62
26
30
16
18
15
60
35
39
69

ESRD

ESRD

Hepatorenal failure
Heart failure; kidney failure
Lymphoma

Heart failure

ESLD

ESLD

ESLD

ESLD

Heart failure

Respiratory failure

Atypical interstitial pneumonitis; respiratory failure
Died after coronary artery bypass grafting operation
Myocardial infarction

Diabetic foot infection

Cardiac arrest due to underlying nonischemic cardiomyopathy
Sepsis

Heart failure related to valvular stenosis

Septic shock

Stroke

Not documented

Not documented

Probable kidney failure

Abbreviations: AGL, acquired generalized lipodystrophy; CGL, congenital generalized lipodystrophy; ESLD, end-stage liver disease; ESRD, end-stage renal disease;

FPLD, familial partial lipodystrophy.
* As reported in patient medical records and by study investigators.
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>
s
=}
%)
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012 3 456 7 8 9 10111213 14 15 16 17
Time in Years
Number at Risk

Metreleptin-naive 10375 60 51 42 32 23 21 20 19 17 15614121010 9 7
Metreleptin-treated 10310195 92 82 69 52 50 43 36 31 26 22 17 17 14 7 5
Figure 2. Time to mortality for metreleptin-treated versus matched

metreleptin-naive patients (overall cohort). Vertical bars denote cen-
soring events.

where the reported effect of metreleptin therapy on mor-
tality was no longer statistically significant occurred when
the threshold for being classified as having elevated HbAlc
was set at 28.5%. The clinical significance of the result re-
mains unclear. We did observe that as the threshold for
being classified as having elevated HbAlc was increased,
the proportion of patients who died in each group (patients
without elevated HbA1c vs patients with elevated HbA1c)
began to converge. We hypothesize this result may be an
artifact specific to our dataset or from mapping data col-
lected as a continuous variable (HbA1c levels) into a binary
variable (elevated HbAlc status) for use in our matching
methodology. Of note, prior analyses in patients with
lipodystrophy have reported that the benefit of metreleptin
therapy on metabolic parameters appears more pro-
nounced in those with higher HbAlc levels (13, 15). We
also note that HbA1c levels were unavailable across all the
years of follow-up in a group of metreleptin-naive patients
and, as described in the methods, metabolic data were im-
puted by carrying forward measured parameters until a
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Treatment Status = Metreleptin-naive == Metreleptin-treated
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Figure 3. Cox model-predicted mortality for metreleptin-treated versus matched metreleptin-naive patients (overall cohort). Modeled results are
after adjusting for the following covariates: lipodystrophy diagnosis (GL or PL), birth year, triglyceride levels, elevated HbA1c, having >1 episode of
pancreatitis, and the presence of observed abnormalities in the heart or kidneys. Abbreviations: GL, generalized lipodystrophy; HbA1c, hemoglobin

Aflc; PL, partial lipodystrophy.

Treatment Status =— Metreleptin-naive — Metreleptin-treated

1.00
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I °
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o
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0123 456 7 8 9 101112 13 14 15 16 17
Time in Years

Number at Risk
Metreleptin-naive 62 47 39 35 31 2317 1514 13121111 9 7 7 7 6

Metreleptin-treated 62 61 56 55 53 47 36 36 29 24 21 18 16 13 13 11 6 4

Figure 4. Time to mortality for metreleptin-treated versus matched
metreleptin-naive Patients (GL Subgroup). Vertical bars denote cen-
soring events. Abbreviation: GL, generalized lipodystrophy.

next measurement was available. Thus, a recorded value
for the metabolic parameter corresponding to the years of
follow-up may be an imputed value rather than an actual
measurement. Longitudinal datasets with larger sample
size and patient HbAlc levels recorded at each follow-up
visit are needed to reliably assess the treatment effect of
metreleptin therapy in patients across different HbAlc
thresholds. The current study is subject to multiple limita-
tions. The accuracy and robustness of the treatment effect

estimates were dependent on the availability of patient
data and the interpretation/imputation of omitted data.
For example, the factors that drive participants to clinical
trials evaluating metreleptin therapy likely biased the pa-
tient population towards more severe cases. This precluded
our ability to conduct robust analyses to estimate treat-
ment effects on hallmarks of disease progression, such as
the transition from no diabetes to the development of dia-
betes. Regardless, multiple studies in patients with GL and
PL have already reported data suggesting that metreleptin
can decrease the severity of disease-related metabolic com-
plications associated with low leptin levels including ele-
vated triglyceride levels and HbAlc, diabetes, and hepatic
steatosis (8—13, 15-18). Another limitation is that data ab-
stractors in this study interpreted the absence of data in
patient records describing an observed abnormality in the
heart, liver, or kidney as evidence of the organ being in the
normal state. For the metreleptin-naive cohort, this would
include cases where a documented abnormality was not
precisely interpreted by the abstractor and therefore was
not selected from the predefined drop-down lists or entered
in an open-text field during data abstraction. However, our
sensitivity analyses showed that excluding records from
metreleptin-treated patients lacking data on observed
organ abnormalities or HbAlc, or assuming an organ ab-
normality was present when such data were missing, did
not significantly change the reported mortality results.
Patients were also matched according to the number of or-
gans with observed abnormalities among the heart, liver,
and kidneys, which has potential to reduce the precision of
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Figure 5. Cox model-predicted mortality for metreleptin-treated versus matched metreleptin-naive patients (GL subgroup). Modeled results are after
adjusting for the following covariates: birth year, triglyceride levels, elevated HbA1c, having >1 episode of pancreatitis, and the presence of observed
abnormalities in the heart or kidneys. Abbreviations: GL, generalized lipodystrophy; HbA1c, hemoglobin A1lc; PL, partial lipodystrophy.

Table 6. Sensitivity analysis scenarios

Group

Scenario

Matching method- e Number of times a metreleptin-naive patient can be used as a match is set to (i) 2 or (ii) 5.

ology o Base case: patient can only be used as a match once.

e Covariance matrix used for matching is generated from (i) a combined metreleptin-treated and metreleptin-naive

cohort or (ii) from metreleptin-treated cohort alone.

° Base case: covariance matrix is generated from metreleptin-naive cohort.

e Minimum follow-up period required for record from a metreleptin-naive patient to be used for matching is (i)

removed entirely or (i) set to 1 year.
° Base case: 6 months.

Data inclusion/exclu-  ® Records from metreleptin-treated patients without abnormality data on an organ at treatment initiation are either

sion criteria

(i) excluded, or (ii) included but missing data are interpreted as an indication of no organ abnormalities being

present, or (iii) included but missing data are interpreted as an indication of an organ abnormality being present.

o Base case: records with missing organ abnormality data at treatment initiation are excluded unless record from

a subsequent visit confirms no organ abnormality.

Records from metreleptin-naive patients without HbAlc data are excluded.

o Base case: records lacking HbA1c data are included.

Alternative clinical e Matching on all organs with abnormalities is conducted separately.

outcomes

HbA1c are used for matching.

o Base case: threshold is 26.5%.

o Base case: sum of organs with observed abnormalities (among the heart, liver, and kidneys) and elevated

Threshold for elevated HbA1c is set to (i) 5.7, or (ii) >7.5%, or (iii) 28.5%.

Abbreviation: HbAlc, hemoglobin Alc.

the reported results. However, our sensitivity analysis
showed that the reported mortality results did not signifi-
cantly change when the abnormality status of the heart,
liver, and kidneys were considered as individual param-
eters for matching. Differences in concomitant medication
use between the metreleptin-treated and metreleptin-naive
cohorts at the index date and medication changes over the

observation period are recognized as potential confounding
factors. However, due to the limited availability of data on
medication use among patients in the metreleptin-naive co-
hort, geographical variation in the clinical management of
lipodystrophy syndromes, and the challenges with accurate
recording of data on concomitant medication use in clin-
ical databases, conducting a robust analysis on medication
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Figure 6. Sensitivity analysis on mortality risk. Estimated treatment effect with 95% confidence intervals. Hazard ratios with confidence intervals en-
tirely below < 1 are suggestive that the protective effect of metreleptin therapy is not significantly affected with use of the alternative specification.

Abbreviations: GL, generalized lipodystrophy; HbA1c, hemoglobin Alc.

usage patterns between the metreleptin-treated and
metreleptin-naive patients was not feasible. Of note, the
medication-sparing effect of metreleptin therapy in pa-
tients with GL and PL is already discussed elsewhere in the
literature (16, 18, 31). The current study was also retro-
spective by design and both the matching methodology
and estimates of treatment effect depended on the avail-
ability of data on observable characteristics within patient
records. Data outside the scope of interest at a study site
may be inaccessible from patient records. The existence of
unobserved differences between the metreleptin-treated
and metreleptin-naive cohorts remains a potential source
of bias. Furthermore, availability of data was subject to
site-specific variations in data collection practices, clinical
protocols, documentation styles, and measurement meth-
odologies, which were neither standardized nor harmon-
ized prior to the study design. Although definitions for
observed organ abnormalities were harmonized prior to
matching where feasible, minor differences in these defin-
itions remained between the metreleptin-naive and
metreleptin-treated cohorts, primarily due to variations in
data collection methods across the two cohorts. Despite
the remaining differences, applying the definition sets

consistently within the respective cohorts could still be a
useful proxy for understanding disease severity. The cur-
rent study also relies on the accuracy of data recorded in
patient medical charts and the procedure for data extrac-
tion at each study site. Finally, the absolute number of
deaths in both the treated and untreated cohorts was small,
and thus small changes in the number of mortality events
in each group might have yielded different results. Hence,
the statistical significance may have moved in the favorable
direction by chance with the addition of the patients with
PL. Further studies in larger patient cohorts are needed to
validate our findings.

Results reported in the current study should be inter-
preted as the estimated treatment effect of metreleptin
in patients with profiles comparable to those in the
metreleptin-treated cohort, which may not be generaliz-
able to broader populations of lipodystrophy syndromes,
such as patients with normal or even higher leptin levels
and those with less severe disease. Such patients were not
well represented in the National Institutes of Health clin-
ical trials included in the current study. Finally, although
metreleptin can help manage the metabolic complica-
tions of lipodystrophy associated with low leptin levels,
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mechanisms unrelated to low leptin and metabolic impair-
ment can also contribute to the broad symptomology as
well as causes of mortality observed in some lipodystrophy
syndromes (32).

The current study is the first to present comparative
evidence suggesting that patients with GL or PL treated
with metreleptin experience can potentially reduce the
risk of mortality compared with metreleptin-naive pa-
tients from a disease natural history cohort, who are
likely receiving background therapy to manage meta-
bolic disease and comorbidities (eg, diabetes). When
taken together with the earlier clinical studies describing
the therapeutic effects of metreleptin on metabolic com-
plications of lipodystrophy, the findings support the view
that metreleptin therapy can have a positive disease-
modifying impact in patients with lipodystrophy syn-
dromes despite the numerous stated limitations. The
low number of mortality events still warrant ample pre-
caution in interpretation of the findings. Confirmatory
studies in larger real-world and clinical trial datasets are

warranted.
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