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BACKGROUND: Hutchinson-Gilford progeria syndrome (HGPS) is an ultrarare, fatal, premature aging disease caused by a toxic
protein called progerin. Circulating progerin has not been previously detected, precluding research using readily available
biological samples. This study aimed to develop a plasma progerin assay to evaluate progerin’s quantity, response to progerin-
targeted therapy, and relationship to patient survival.

METHODS: Biological samples were collected by The Progeria Research Foundation Cell and Tissue Bank from a non-HGPS
cohort cross-sectionally and a HGPS cohort longitudinally. HGPS donations occurred at baseline and intermittently while treated
with farnesylation inhibitors lonafarnibzpravastatin and zoledronate, within 3 sequential open-label clinical trials at Boston
Children’s Hospital totaling >10 years of treatment. An ultrasensitive single-molecule counting progerin immunoassay was
developed with prespecified performance parameters. Intra- and interpatient group statistics were descriptive. The relationship
between progerin and survival was assessed by using joint modeling with time-dependent slopes parameterization.

RESULTS: The assay's dynamic detection range was 59 to 30000 pg/mL (R>=0.9987). There was no lamin A cross-reactivity.
Mean plasma progerin in non-HGPS participants (n=69; 39 male, 30 female; age, 0.2-71.3 years) was 351£251 pg/mL,
and in drug-naive participants with HGPS (n=74; 37 female, 37 male; age, 2.1-175 years) was 33261+£12346 pg/mL,
reflecting a 95-fold increase in affected children (F<0.0001). Progerin levels did not differ by sex (P=0.99). Lonafarnib
treatment resulted in an average per-visit progerin decrease from baseline of between 35% to 62% (all £<0.005); effects
were not augmented by adding pravastatin and zoledronate. Progerin levels fell within 4 months of therapy and remained
lower for up to 10 years. The magnitude of progerin decrease positively associated with patient survival (R<0.0001; ie,
15000 pg/mL decrease yields a 63.9% decreased risk of death). For any given decrease in progerin, life expectancy
incrementally increased with longer treatment duration.

CONCLUSIONS: A sensitive, quantitative immunoassay for progerin was developed and used to demonstrate high progerin
levels in HGPS plasma that decreased with lonafarnib therapy. The extent of improved survival was associated with both
the magnitude of progerin decrease and duration at lower levels. Thus, plasma progerin is a biomarker for HGPS whose
reduction enables short- and long-term assessment of progerin-targeted treatment efficacy.
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Clinical Perspective

What Is New?

* A quantitative assay was developed to measure
plasma progerin, the pathogenic protein in Hutchin-
son-Gilford progeria syndrome (HGPS).

* Average plasma progerin was 95-fold higher in
HGPS than in non-HGPS controls.

» Treatment with the farnesyltransferase inhibitor
lonafarnib, the only Food and Drug Administration—
approved therapy for HGPS, resulted in a significant
and sustained plasma progerin decrease (average
35%-62%), with evaluations from 4 months to >10
years from the start of therapy.

* The extent of improved patient life expectancy
was predicted by both magnitude and duration of
plasma progerin decrease.

What Are the Clinical Implications?

* The quantitative relationship between plasma
progerin and HGPS patient survival solidifies the
clinical relevance of progerin measurement.

» Plasma progerin has potential for use as a clinical
treatment trial outcome measure that is reasonably
likely to reflect clinical benefit.

e Plasma progerin detection in non-HGPS demon-
strates its potential for use in the study of general-
ized aging and atherosclerosis.

Nonstandard Abbreviations and Acronyms

BCH Boston Children’s Hospital
HGPS Hutchinson-Gilford progeria syndrome
PRF The Progeria Research Foundation

an ultrarare (prevalence of 1in 18=20 million liv-

ing individuals'), uniformly fatal premature aging
disease.? There is no sex, ethnic, or geographic bias. Mor-
bidity includes failure to thrive, generalized lipodystrophy,
alopecia, bone dysplasia, and progressive atherosclero-
sis resulting in death predominantly from heart failure at
an average age of 14.6 years3*

HGPS is a sporadic autosomal dominant disease
caused by mutations in the LMNA gene that produce
a toxic splice variant of the nuclear membrane pro-
tein lamin A called progerin.®® Ninety percent of the
patients have classic HGPS, caused by a silent muta-
tion (c.1824 C>T) that optimizes the use of an internal
splice site within exon 11; the remaining 10% have
nonclassic HGPS, caused by single-base mutations
that deoptimize the spliceosome recognition sequence
of intron 11.3% Progerin protein acts in a dominant
negative fashion; the presence of progerin, and not

I Iutchinson-Gilford progeria syndrome (HGPS) is
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the relative decrease in normal lamin A levels, pro-
duces disease.” In support, mice lacking lamin A are
phenotypically normal.®

A dose-dependent effect of progerin is supported
by murine studies showing graded disease severity and
shortened lifespan in heterozygous versus homozygous
progerin-expressing mice, and extension of lifespan, as
well, in HGPS mice receiving progerin-targeted treat-
ments.®'® Case reports have demonstrated low and
high progerin levels expressed by fibroblast cultures
from mildly versus severely affected progeroid patients,
respectively.'"'?

There is a plethora of downstream cellular and extra-
cellular effects of progerin production,’® many of which
are key to cell survival, including impaired nuclear archi-
tecture, DNA repair mechanisms, and inflammatory
pathways such as the NRF2-based anti-inflammation
system,’ mitochondrial dysfunction,”® and premature
senescence. Some downstream effects are caused by
progerin toxicity, and some are likely rescue mechanisms
whose prognostic value is difficult to establish. Direct
measurement of the upstream, disease-causing protein
averts this issue, and thus could more easily enable early
evaluation of therapeutic interventions, both preclinically
and clinically.

Unlike lamin A, progerin lacks the cleavage site for
a zinc metalloprotease, causing it to remain persistently
farnesylated,® and thereby incorporated as part of the
nuclear lamina long-term, where it accumulates and
exerts cell damage.'® In vitro, mouse model, and human
studies have demonstrated that some phenotypes of
HGPS are delayed, reversed by inhibiting farnesylation,
or delayed or reversed by inhibiting farnesylation.'” Clini-
cal trials for children with HGPS demonstrated that treat-
ment with the farnesyltransferase inhibitor lonafarnib has
cardiovascular, bone, audiologic, and weight benefits,'®
and is associated with an average estimated increased
survival time of 2.5 years3* This evidence collectively
resulted in lonafarnib being the first US Food and Drug
Administration—approved drug treatment for HGPS
(trade name: Zokinvy).

At present, there is no validated biomarker for HGPS.
Because progerin is the disease-causing protein, it is
the optimal biomarker candidate. Although progerin
protein has been detected in cells and tissues,’®
these methods are not sufficiently sensitive, quantita-
tive for clinical trial utility, or both, and tissue detection
is not feasible for obtaining serial patient samples. The
main goal of this study was to detect progerin in a sen-
sitive, specific manner from biological materials that can
be obtained longitudinally from children with HGPS.
This study reports on the analytical method develop-
ment and characterization of plasma progerin as a bio-
marker reasonably likely to predict clinical benefit, filling
a major gap in the ability to evaluate treatment efficacy
in children with HGPS.
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METHODS

The progerin assay is available from EMD Millipore labora-
tory (https://www.sigmaaldrich.com), with permission from the
Progeria Research Foundation (PRF).

Study Approvals

This study was approved by the Institutional Review Board
of Hasbro Children’s Hospital, Providence, RI, and Boston
Children’s Hospital (BCH) Committee on Clinical Investigation,
Boston, MA. Written informed consent was obtained for all
samples collected. Assent was obtained from children old
enough to comprehend. When the primary language was not
English, consents were performed using translated consent
forms and discussions were performed with interpreters. For
Hasbro Children’s Hospital consenting, short-form consents
were translated; for BCH, full consent forms were translated.

Study Population, Study Samples and
Clinical Data, Clinical Trial Drug Dosing and
Administration

Patients with HGPS had genetically confirmed progerin-pro-
ducing mutations in the LMNA gene. Samples from patients
with classic HGPS (c.1824 C>T) are presented in the main
analyses, whereas nonclassic HGPS comparisons are used
in subgroup comparisons and presented in the Supplemental
Material. Clinical data were obtained from The PRF International
Progeria Registry, Diagnostics Program, and Medical and
Research Database (https://www.progeriaresearch.org).

HGPS plasma and serum were obtained from The PRF Cell
and Tissue Bank (https://www.progeriaresearch.org). Nontrial
samples were not regulated as to the time of day collected.
The non-HGPS study cohort consisted of patients who tested
negative for suspected HGPS or their relatives. Plasma from
patients without HGPS who had stage 2 or 3 kidney disease
and congestive heart failure and from healthy controls used
for assay development were purchased from Precision for
Medicine (Norton, Massachusetts).

Clinical trial study samples were donated to The PRF
Cell and Tissue Bank from BCH with informed consent or
approval from the BCH Committee on Clinical Investigation.
Trial samples were collected at each study visit, in a fast-
ing state, in the morning just before treatment dosing
as trough samples. Pharmacokinetics samples were col-
lected at trough and then at specified times after trough.
Samples are separated into 3 categories, with acronyms
ProLon1,*'8 Triple Therapy,?? and ProLon2,® that were con-
ducted sequentially as open-label single-center trials of 2
to 4 years duration each, at BCH (Table S1, see previously
published study details).

In all clinical trials, patients received oral lonafarnib
(Schering-Plough Research Institute, Merck&Co, Inc, or Eiger
Biopharmaceuticals). Lonafarnib dosing was 150 mg/m?
except for the first 4 months of ProLon1 when dosing was
115 mg/m? For the Triple Therapy Trial>? oral pravastatin
(Pravachol, Bristol-Meyers Squibb) and zoledronate (Zometa,
Novartis, Inc.) were administered along with lonafarnib. Clinical
trial outcome measures included systemwide HGPS-specific
phenotype evaluations (see Table S1).
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Single Molecule Counting Progerin

Immunoassay

A single molecule counting ultrasensitive immunoassay for the
detection of plasma progerin was developed. Overall, the assay
used a sandwich immunoassay format with an anti—lamin A
capture antibody coated on magnetic microparticles, and an
anti-progerin—specific detection antibody conjugated to a fluo-
rescent tag (Figure S1) run in a 96-well plate. Progerin-bound
detection antibody was eluted and read as single molecules
using a confocal laser.

Clinical Sample Processing

For plasma isolation, blood was collected into either sodium
heparin or K,EDTA tubes (all BD Biosciences) and centrifuged
at 1300g for 10 minutes at room temperature. All samples
were aliquoted, stored at =80°C, and sent to EMD Millipore on
dry ice for analysis.

For analysis, samples were diluted in standard diluent, a
synthetic serum-based solution containing a proprietary mix-
ture of Tris buffer and carrier protein, before transferring into
filter plate wells (MilliporeSigma MSBVYN1210). Patient plasma
volumes required for analysis were 200 or 100 pL (non-HGPS
1:1 and 1:2) and 8 pL (HGPS 1:25) to generate duplicates.
Filter plates with samples were centrifuged for 10 minutes to
pull samples through the filters. Filtrate was then assessed as
described.

Sample Blinding and Inclusion Criteria
Once the assay development was established, all samples were
assessed in a blinded fashion by EMD Millipore technical staff.
Repeat samples were assigned differing, random identifica-
tion numbers. Identification assignments without Hutchinson-
Gilford or non—Hutchinson-Gilford prefixes were submitted
for analysis and converted to Hutchinson-Gilford and non-—
Hutchinson-Gilford identifiers by two of the authors (W.N. and
L.B.G.) for statistical analysis and publication.

For inclusion in longitudinal analyses, sample sets required
a baseline and end-of-trial on-therapy plasma sample. To com-
pare lonafarnib doses, ProLon1 inclusion required a baseline
pretherapy, 4-month (dose 115 mg/m?) and end-of-study
sample (dose 160 mg/m?). For inclusion in pharmacokinetic
analyses, sample sets required at least 1 trough and 1 post-
trough plasma sample.

Statistical Analyses

Data summaries are primarily descriptive; comparisons
between sample sets used paired Student ¢ tests, 2-sample t
tests, and Pearson correlations. Descriptive statistics included
sample size, mean, and SD. Statistical significance level was
set at a 2-sided A<0.05. There was no adjustment for multiple
comparisons.

To assess the relationship between plasma progerin con-
centration and survival, 2 analyses were performed. The first
implemented a joint model with a time-dependent slopes
parameterization, which assessed the effect of the current value
of progerin on survival, adjusting for the change in progerin. The
second implemented a time-dependent Cox model, treating
progerin as a time-dependent covariate. Assessment of only
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baseline progerin on survival outcome was not conducted due
to bias, because, immediately after baseline, patients initiated
treatment that was anticipated to affect progerin levels.

To quantify increase in life expectancy as it related to both
decrease in progerin and duration of time on lonafarnib ther-
apy, the methodology by Yang et al (2021),2% which proposes a
dynamic model that uses a series of landmark time points?* on
the basis of the conditional restricted mean survival time, was
used. Survival and life expectancy analyses were adjusted for
sex and age at baseline.

Excel was used for descriptive statistics. SAS version 9.4
was used for the time-dependent Cox model, the JM and
dynpred packages in R version 4.0.2 were used for the joint
modeling and conditional restricted mean survival time dynamic
model, respectively.

RESULTS
Progerin Assay Development and Validation

Assay development and validation details, figures and tables
are located in the Supplemental Material (Figures S1 and
S2; Tables S2-Sb). In brief, the assay had a linear dynamic
detection range of 59 to 30000 pg/mL (RP=0.9987). Per-
formance testing demonstrated average linearity of dilution
of 98.2%; average inter- and intra-assay variability coeffi-
cients of variation of 7% and 12%, respectively; and aver-
age high- and mid—quality control coefficients of variation
of 3.8% and 5.8%, respectively. For clinical samples that are
frozen before analysis, 4 freeze-thaw cycles did not change
progerin detection levels (all £>0.05).

HGPS-Specific Plasma Progerin Assay
Assessments

Details, figures, and tables for HGPS-specific plasma
progerin assay performance assessments are located
in the Supplemental Material (Figure S3; Tables S6 and
S7). In brief, these assessments demonstrate that the
assay had no detectable cross-reactivity to lamin A; that
both native and recombinant progerin yielded similar
progerin recoveries of 96x£6% and 120£15% on aver-
age, respectively; and that lonafarnib does not interfere
with the progerin assay, such that exogenous lonafarnib
added to the assay at 3x Cmax in treated patients did
not alter progerin detection levels (P>0.05). In addition,
there were no significant differences between progerin
assessed in NaHeparin plasma versus EDTA plasma
(P=0.98); NaHeparin plasma versus serum (P=1.00); or
EDTA versus serum (F=0.97).

Plasma Progerin Detection in Untreated
Patients
Non-HGPS Plasma

A set of non-HGPS plasma (n=69; 39 male, 30 female)
was assessed (Figure 1A). This set of samples con-
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sisted of 33 donors evaluated for HGPS or non-HGPS
progeroid laminopathies using LMNA = ZMPSTE24 mu-
tational analysis, 32 healthy relatives of those being eval-
uated for mutations, and 4 plasma samples from healthy
controls purchased commercially. Within the donors
being evaluated for HGPS or progeroid laminopathies,
none had progerin-producing mutations. Overall, mean
progerin was 351£251 pg/mL (median, 284; range, less
than lower limit of quantification—1534). Mean donor
age was 23.3£18.7 years (range, 0.2-71.3). There was
no correlation between donor age and progerin (=0.3,
P=0.81). Progerin levels in a separate group of patients
without HGPS with congestive heart failure (n=10; 5
male, 5 female; progerin 32562157 pg/mL) or kidney dis-
ease (n=10; 4 male, 6 female; progerin 361+227 pg/
mL) were not elevated (P>0.05).

Plasma Progerin in Drug-Naive Patients With HGPS
The plasma progerin profile in children with HGPS was as-
sessed at baseline, before trial drug initiation (Figure 1B).
Mean donor age was 6.5+3.8 years (range, 2.1-175).
Mean progerin was 33261+£12346 pg/mL (median,
33077) overall (n=74); with females 33237+11797 (me-
dian, 33076; n=37) and males 33285+13035 (medi-
an, 34214; n=37). There was no association between
progerin and sex. Average HGPS progerin was 95-fold
increased over non-HGPS (A<0.0001). A subgroup
comparison consisting of all age- and sex-matched con-
trols also demonstrated highly significant difference be-
tween HGPS (progerin, 34512+14 432 pg/mL; n=25)
and non-HGPS control levels (progerin, 3771226 pg/
mL; n=13; R<0.0001).

For individual trials, mean baseline treatment-
naive progerin was 2757217542 pg/mL (median,
27669) for ProLon1 (n=26), 31464+16958 pg/
mL (median, 29787) for Triple Therapy (n=13), and
38154+£11546 pg/mL (median=37225) for Pro-
Lon2 (n=35). Although there were no significant
differences in progerin in comparison with ProLon1
or ProLon2 with Triple Therapy (P=0.44 and 0.12,
respectively), baseline values were higher in ProLon2
versus ProLon1 (/A<0.0001).

Plasma Progerin Versus Age

Although most patients donated a single baseline sam-
ple just before clinical trial drug administration at the
BCH trial site, a subset of patients also donated a blood
sample as part of a natural history study conducted be-
fore the BCH trial donation, at the National Institutes of
Health Clinical Center,? thus allowing longitudinal proger-
in assessment free from the influence of drug therapy.
These samples were subsequently submitted to the PRF
Cell and Tissue Bank. National Institutes of Health study
blood samples were processed similarly to the clinical
trial samples. The average time between blood draws
was 1.6+0.5 years (range, 0.9-2.3). Average initial and
follow-up plasma progerin (n=13) was 292217772
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Figure 1. Plasma progerin levels for patients without HGPS and untreated clinical trial patients.

Each symbol represents a unique individual patient level versus age. y axes are log scale. A, Patients without HGPS (n=69; A). B, Untreated
patients with HGPS (n=74; @) displayed along with the same patients without HGPS shown in A that fall within the same age range as the
patients with HGPS (A). HGPS indicates Hutchinson-Gilford progeria syndrome.

versus 33272111959 pg/mL, respectively; there was
no significant difference in progerin with time (P=0.14).

Progerin Changes in Patients With HGPS
Treated With Farnesylation Inhibitors

Changes in Progerin With Lonafarnib Therapy
ProLon1 was the first clinical trial administering lona-
farnib to children with HGPS and featured several dif-
ferences from Triple Therapy and ProLon2. Patients
visited the trial site and had blood collections every
4 months for a total of 2.240.1 years (7 visits), com-
pared with every 6 months for a total of 3.5+0.2 years
during Triple Therapy (5 visits) and baseline plus end-
of-study at 2.4%0.6 years on therapy for ProLon2 (2
visits). In addition, patients in ProLon1 initiated thera-
py at 1156 mg/m? for 4 months before elevating to 150
mg/m?. Both Triple Trial and ProLon2 initiated patients
at 160 mg/m? Sample number varied across the indi-
vidual studies and visits (Table S8); comparisons be-
tween study visits included matched plasma sets only.
Progerin changes within and between separate but se-
quential trials were compared (Figure 2 and individual
patient data shown in Figure S4). Overall, on-therapy
plasma progerin decreased from baseline untreated
by 38%, from 32 726+12659 to 20211£10 190 pg/
mL (£<0.0001).

ProLon1 Progerin Changes With Lonafarnib Therapy
Average progerin decreased from baseline by 48% at
month 4, during the dosing period using 115 mg/m?
lonafarnib (n=25, P<0.0001; Figure 2A, Figure S4A).
For each of the b remaining patient visits where lona-
farnib dose was 150 mg/m?, average decreases from
baseline ranged between 50% and 62% (n=22-25
patients, all £<0.0001). At the 8-month trial visit,
4 months after transitioning from 115 to 150 mg/
m? dosing, progerin was further decreased to levels
close to significance (n=25, P=0.06), and at each
of the 4 subsequent trial visits, progerin was signifi-
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cantly decreased while taking 150 mg/m? of lona-
farnib over the 115 mg/m? dose (n=22-25 patients,
all P<0.05). There were no significant differences
between average progerin at the 8-month 1560 mg/
m? visit and subsequent visits at the same drug dose
(n=22-25 patients, all £>0.05). This dose response
demonstrates the assay’s ability to detect an incre-
mental but significant benefit of 1560 mg/m? dosing
over 115 mg/m?.

Progerin Changes With Lonafarnib+Pravastatin+Zol
edronate Therapy (Triple Therapy)

At the first on-therapy trial visit after 6 months, aver-
age progerin decreased from baseline by 41% (n=13,
P=0.0018; Figure 2B, Figure S4B). Thereafter, average
progerin remained significantly decreased from base-
line by 35% to 47% (n=12-13 patients, visits 3-5,
P=0.0015-0.0058).

After the formal Triple Therapy period ended, pravas-
tatin and zoledronate were discontinued and 10 patients
completed a lonafarnib monotherapy extension for an
additional 4.1£0.5 years (range, 3.41-4.65; Figure 2B,
Figure S4B). For these 10 patients, there were no sig-
nificant differences in average progerin between con-
secutive Triple Therapy and on-treatment lonafarnib
monotherapy extension trial visits (F=0.99).

ProLon2 Progerin Changes With Lonafarnib Therapy
Average progerin decreased from baseline by 36.7%
during the dosing period (n=26, A<0.0001; Figure 2C,
Figure S4C).

Progerin Changes With Long-Term Lonafarnib
Therapy

A subgroup of 13 subjects were treated continuously
with lonafarnib, without treatment breaks, as part of
ProLon1, Triple Therapy Trial, and lonafarnib mono-
therapy extension of Triple Trial (Figure 2D, Figure
S4D). This constitutes an average of 9.8+0.5 (range

Circulation. 2023;147:1734-1744. DOI: 10.1161/CIRCULATIONAHA.122.060002
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Figure 2. Plasma progerin levels for patients undergoing clinical trials.

On-site Trial center visit numbers and time on therapy versus meantSEM progerin. Trial visits to Boston Children’s Hospital occurred at various
times after visit 1 for different trials. All visit 1 patients were naive to therapy. A, ProLon1, treated with lonafarnib (n=25). B, Triple Trial patients
treated with Triple Therapy from baseline to visit 5 (n=13), then switched to lonafarnib monotherapy thereafter (visits 6, 7; n=10). C, ProLon2
lonafarnib monotherapy (n=26). D, Long-term continuous therapy (n=13). Top and bottom box edges represent the 75th and 25th interquartile
(IOR) ranges, respectively. Horizontal lines and X within boxes represent medians and means, respectively. Lower and upper whiskers represent Q1
— 15 x10R and O3 + 1.6 x IOR. *A<0.05; *A0.01, **A0.001, **A<L0.0001; ns, P>0.05. Each visit is compared with the connected ¢ visit.

9.0-10.3) years of continuous lonafarnib therapy. Aver-
age progerin decreased from baseline by 48% at month
4 (P<0.0001) during the dosing period using 115 mg/
m?. For all subsequent time points, average decreases
from baseline during 1560 mg/m? dosing ranged from
56% to 74% (P<0.0001). Compared with the first time
point on 1560 mg/m? (time point 3 at 0.66 year), time
points B, 8, and 9 were significantly lower (F<0.05), and
all other time points (4, 6, 7, 10—13) were similar to time
point 3 (P>0.05).

Circulation. 2023;147:1734-1744. DOI: 10.1161/CIRCULATIONAHA.122.060002

Diurnal Variation in Progerin Using
Pharmacokinetics Studies

Plasma was collected at trough, and postdose hours 1,
2, 4, 6, and 8 for pharmacokinetic studies during Pro-
Lon1 at lonafarnib doses 115 mg/m? and 150 mg/
m2'8 and during Triple Therapy as well.?2 Within each of
these sample sets, progerin did not demonstrate signifi-
cant changes in postdose versus trough levels for Pro-
Lon1 at 150 mg/m? and for Triple Therapy, indicating
that progerin does not demonstrate diurnal variation (all
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P>0.05). For ProLon1 lonafarnib dose of 115 mg/m?,
average progerin trough was similar to 1-hour postdose
(P=0.27), but was significantly lower than 2, 4, and 8
hours postdose and differed on average by 3000 pg/
mL (all A<0.05).

Larger Progerin Decrease Is Associated With
Improved Patient Survival

The suitability of plasma progerin to serve as a prognos-
tic biomarker for survival was assessed. First, change
in mortality risk per change in measured progerin val-
ues was estimated directly from the joint model re-
lating these 2 measures. All patients with plasma
samples were included regardless of whether therapy
was implemented, length of therapy, or follow-up time
(n=74; 26 deceased and 47 living as of April 1, 2022).
Progerin levels were significantly related to risk of death
(P<0.0001; Figure 3). For example, decreases in plasma
progerin of 1000, 10000, and 15000 pg/mL (the me-
dian decrease on lonafarnib) correspond to 6.6% (95%
Cl, 5.0%-8.1%), 49.3% (95% ClI, 40.0%-57.2%), and
63.9% (95% CI, 53.5%—72.0%) decreases in the risk
of death. Progerin was modeled as a function of length
of therapy, length of therapy squared, sex, and age at
baseline. The joint model adjusted for length of therapy.
Additional analyses using standard time-dependent Cox

Progeria Lifespan Predicted by Plasma Progerin

modeling, which does not consider potential measure-
ment error in the longitudinal covariate (progerin), and
subgroup analysis, as well, using only those patients
with at least 1 on-therapy plasma sample, yielded similar
results (Fig. Sb, Table S9).

Next, the relationship between lonafarnib treatment
duration and change in life expectancy with extent of
change in plasma progerin was assessed (Figure 4). This
analysis included samples from patients with a baseline
pretherapy and at least 1 on-treatment progerin mea-
surement (=65 patients). Life expectancy incrementally
improved with both extent of plasma progerin decrease,
and time spent at lower progerin level. Three represen-
tative wide-ranging examples of on-therapy progerin
decreases (1000, 10000, and 15000 pg/mL) spanning
10 years on treatment are graphed in Figure 4. Patient
lifespan increased in all 3 examples.

DISCUSSION

The development of clinically relevant biological mark-
ers of disease is critical to identifying and implementing
effective treatments for children and young adults with
HGPS. Validation of the progerin biomarker in this study
that directly quantifies the disease-causing protein has
the potential to significantly improve both preclinical and
clinical trial assessments of new treatment approaches
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Figure 3. Progerin level is associated with survival.

Risk of death incrementally decreased with lower plasma progerin (F<0.0001) using time-dependent joint modeling. Change in mortality risk (y
axis) versus all values in range of observed progerin decrease (x axis) from O to 65000 pg/mL. Solid line is % decrease in risk if death; dashed
lines = 95% CI. Median decrease=15 186 pg/mL (01;03=19826;9281). n=74 subjects (9 untreated with single samples and 65 treated with

untreated baseline plus multiple on-therapy samples).
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for this universally fatal disease. Moreover, plasma
progerin’s quantitative relationship to patient survival so-
lidifies its clinical relevance.

Progerin has not previously been detected in plasma,
serum, or urine, all of which can be sampled longitudinally.
Previous investigations of treated and untreated HGPS
patient serum and plasma have therefore relied on iden-
tifying novel potential biomarkers that lie downstream of
the disease-causing protein, progerin,2'82°-?7 and reflect
either the direct or indirect effects of this toxic protein.
In this study, a sensitive, reproducible immunoassay for
detecting progerin was developed and subsequently
used to explore progerin’s presence in plasma, filling a
major gap in the field of progeria research. The assay
did not detect lamin A, progerin’s normal protein counter-
part. The sensitivity and low-volume format of the assay
allowed analyses of samples of individual patients with
HGPS without the need for pooling, which is important
for this population of small and fragile children in which
blood draw volume must be minimized for safety.

Assay Potential for Investigating Pathobiology
of HGPS and Aging

High assay sensitivity also permitted progerin quantifica-
tion in non-HGPS individuals, which will facilitate future
research on aging and aging-related diseases. Progerin
levels in plasma from untreated patients with HGPS were
on average 95-fold higher than in non-HGPS plasma,
although non-HGPS values were sometimes below the
assay's sensitivity (less than lower limit of quantification).
This agrees with a previous autopsy study that detected
similar ratios of progerin in the vascular wall using im-
munofluorescence?’ Thus, this assay greatly expands
the possibilities for preclinical and clinical research into
HGPS and generalized aging.

Although plasma was chosen for primary assay devel-
opment, other noninvasive biological samples such as

Circulation. 2023;147:1734-1744. DOI: 10.1161/CIRCULATIONAHA.122.060002

urine or saliva from patients and animal models, and cell
culture material and disease tissue, as well, might also be
evaluable using a similar approach in the future. A com-
prehensive study of progerin’s relative presence between
different organs and tissue types using the assay devel-
oped here on either human autopsy specimens or animal
models of HGPS would be highly useful to understand
how plasma progerin reflects relative tissue contributions
to disease.

The limited dataset of samples collected longitudinally
from patients naive-to-therapy indicates that progerin
deposition into the plasma remains steady during the
2-year period tested. In addition, on average, the plasma
levels in the treated patient group were decreased by
almost 40% from baseline and stayed lower for up to
10 years. The pathophysiology behind these longitudi-
nal findings deserves further investigation. There is evi-
dence from human autopsy tissue?'?® that progerin can
accumulate in tissues with time, implying that progerin
production per cell might increase with aging. However,
aging in both humans and HGPS mice also results in
a relatively acellular vascular media where proteogly-
can replaces healthy tissue and vascular stiffening
ensues.?'?%3% Other progerin-producing tissues such as
liver and kidney do not seem as susceptible to cell loss.
A better understanding of the balance between cellular
progerin production, cell loss, and the relative contribu-
tions of various organs to plasma progerin is needed for
insight into the interplay between plasma progerin and
tissue pathology, and for a more comprehensive assess-
ment of drug activity.

Advancing Drug Development and Discovery
for the Progeria Ultra-rare Disease Community

The only approved drug for HGPS and select progeroid
laminopathies is the farnesyltransferase inhibitor lona-
farnib (Zokinvy), placing Progeria among the <5% of
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rare diseases with an approved medication®' Its clinical
trial success was defined by outcomes measured after at
least 2 years of treatment, presumably when the sensitiv-
ity of clinical testing was adequate to detect change.’®
The presence of lonafarnib did not interfere with proger-
in detection. Lonafarnib therapy significantly decreased
plasma progerin levels within 4 months, portending a
potential shorter-term readout of drug efficacy in future
trials with other drugs, depending on the mechanism of
drug effect. This would decrease the risk of being ex-
posed to interventions that may not be effective, such
as in the Triple Therapy Trial where adding pravastatin
and zoledronate did not enhance lonafarnib’s beneficial
effects on disease.?? Earlier identification of an effec-
tive therapy could be accelerated with regulatory use of
progerin as a surrogate end point, in combination with
a longer-term clinical outcome measure. In addition, a
steady-state on-therapy reduction in progerin for up to
10 years implies that there was no measurable rebound
in progerin. Thus, progerin levels in blood are an excel-
lent candidate for both short- and long-term treatment
trial outcomes.

A biomarker is a defined characteristic that is mea-
sured as an indicator of normal biological or pathogenic
processes, or biological responses to an exposure or
intervention, including therapeutic interventions.®? This
study demonstrates that plasma progerin is an indica-
tor of both pathogenic process and of clinical response
to treatment. When untreated patients were included
in the survival analysis, plasma progerin levels were
associated with mortality risk regardless of whether a
treatment had been implemented. Furthermore, plasma
progerin not only decreased in response to treatment
with lonafarnib, but that decrease was strongly asso-
ciated with an incrementally conferred survival ben-
efit. For example, because, on average, trial patients’
plasma progerin decreased by >14000 pg/mL, life
expectancy for the 13 patients receiving therapy for
>10 years is estimated to increase by almost 5 years.
This represents a >35% increase in average lifespan,
from 14.5 to almost 20 years of age. Thus, the criti-
cal statistical and biological evidence for the use of
progerin as a biomarker reasonably likely to predict
clinical benefit is present.

Relative Impact Assessment of Progerin
Changes Will Depend on Treatment Mechanism
of Action

There are avariety of treatment strategies in development
for HGPS that may benefit greatly from an assay capable
of detecting progerin. These potential treatments are tar-
geted to alter progerin levels using widely varying mech-
anisms of action (reviewed in Macicior et al'”), including
genetic editing,®® RNA-based therapies,?%* and small
molecules that target progerin protein’s posttranslational
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processing, interactions with lamin A or rate of autoph-
agy, or both.

When evaluating the extent to which plasma
progerin change reflects disease improvement, the
mechanism of drug action must be considered. For
example, genetic editing permanently corrects a
cell's mutation, so that its progeny will also be normal.
In a HGPS murine study using this approach, a 140%
increase in lifespan was achieved with only 20% to
60% mutation correction of cells in tested tissues.®
Part of the efficacy of this correction was presumably
engendered by a healthy subpopulation of cells and
their creation of a healthier microenvironment, which
had ramifications for adjacent cells that were not cor-
rected. Lonafarnib, which, on average, caused a 38%
decrease in plasma progerin, penetrates all cell types
and would therefore inherently decrease progerin on
a large scale, even though the cells it affects are still
diseased and continue to produce new progerin mol-
ecules. In this context, the gene editor might have
less of an effect on plasma progerin than lonafarnib,
while still producing greater clinical benefit. Thus,
the hypothesis would be that any decrease in plasma
progerin reflects a benefit to disease, but the relative
magnitude of the decrease between different types
of therapies may not be a valid way to assess the
extent of benefit.

Study Limitations

There are several study limitations. First, plasma is a “sink”
for deposition of progerin from multiple organs and does
not differentiate the relative contribution from organs of
major disease interest such as the heart and vasculature.
However, there is evidence that drug delivery to organs
other than vasculature can be beneficial, because extra-
vascular delivery of gene therapy improved both health
span and increased lifespan in HGPS mice.*3 Thus, the
natural history of HGPS is not understood well enough
to eliminate noncardiovascular organs as pivotal contrib-
utors to phenotype.

Conclusions

Treatment with lonafarnib improves some disease fea-
tures and significantly extends lifespan in progeria, but
affected individuals still die of accelerated atherosclero-
sis and heart failure in their teens and twenties. There is
a critical need for improved treatments and a cure. The
progerin assay established in this study will enable early
identification of new treatments that effectively target
progerin, either directly or indirectly.
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