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Abstract

Background: Despite the fact that age is one of the strongest predictors of frailty and
frailty-related diseases, current treatment protocols for older adults target symptoms instead of
the root biological mechanisms underlying age-related frailty. Follistatin gene therapy has so far
been used to regulate and increase muscle in patients with degenerative muscle disorders, usually
with a modified adeno-associated virus (AAV) vector. The goals of the present study were two-
fold: 1) To test whether follistatin gene therapy can improve the health and epigenetic age of
adults who do not have any diseases, and 2) to test this question using a nonviral plasmid
delivery method, given the potentially favorable safety profile of plasmids relative to viral
vectors. Method: We injected 50 ug plasmid delivering human follistatin (FST) 344 ¢cDNA into
subcutaneous abdominal fat of 42 adult human volunteers and tracked their health over 3
months. Pre- and post-administration measurements included body composition, inflammation,
epigenetic age, and serum follistatin levels, as well as a background hormonal and metabolic
health panel to ensure that health effects occurred within the context of broader physiological
stability (final n per variable = 23-32). Results: We found that serum follistatin levels were
significantly elevated 3 months post-injection and that body composition and extrinsic epigenetic
age improved, especially in older participants. As expected, the background hormonal/metabolic
panel remained relatively stable, although a few participants showed elevated LDL. No moderate
or severe adverse events were reported. Takeaway: The present study shows that follistatin gene
therapy has potential to be a novel, powerful, safe way to combat age-induced frailty. Our
findings also provide evidence that nonviral plasmid DNA delivery can be efficacious and safe.
This is important given that, in addition to being cheaper to manufacture than viral vectors,
nonviral methods are free from replication-competent virus concerns and come with a much
lower risk of insertional mutagenesis, which are important advantages for clinical safety.

Key words: follistatin, muscular dystrophy, adeno-associated virus (AAV), plasmids,
gene therapy, aging, sarcopenia, osteoporosis
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Introduction

With the population of adults over age 65 expected to double by 2050 (United Nations,
2020), frailty is a growing global health concern. This is important because age is one of the
strongest risk factors for frailty-related diseases and conditions, including sarcopenia,
osteoporosis, and metabolic dysfunction (Fulop et al., 2010). While frailty creates an array of
health issues, studies estimate that falls alone cost the US healthcare system $80 billion per year
(Haddad et al., 2024). It is undeniable that we need strategies to support older adults’ health.
However, despite advances in geroscience, current therapies manage symptoms instead of
directly addressing the biological mechanisms that underlie age-related frailty. Gene therapy
targeted at follistatin (FST) has the potential to mitigate these risks significantly. The present
study aimed to understand the effects of FST administration as a potential gene therapy for aging
and frailty in healthy adults.

Follistatin

Frailty increases with age and is driven by rapid declines in muscle size, muscle strength,
and bone mineral density (BMD) (Ferruci & Fabri, 2018; Hoogendijk et al., 2019; Palliyaguru et
al., 2019). FST has anti-inflammatory effects and has shown promise for combating physical
frailty (Al-Zaidy et al., 2015; Kota et al., 2009; Lee & McPherron, 2001). The mechanisms by
which it mediates these effects are reasonably well understood (Rodino-Klapac et al., 2009). FST
binds to Transforming Growth Factor beta (TGFf) proteins in circulation, primarily Activin and
Myostatin, and subsequently prevents their binding to and activation of the Activin Receptor
Type II B (ActRIIB) cell surface receptor (Zhang et al., 2018). FST improvement of lean mass
and strength requires both Activin and Myostatin inhibition (Gilson et al., 2009; Lee &
McPherron, 2001), but FST-mediated improvement of inflammation is thought to primarily
require Activin inhibition (Hedger et al., 2011). In both human and animal trials, FST has a
consistent safety profile and has been shown to be effective at improving healthy longevity
(Guha, Pichavant, & Calos, 2019; Kota et al. 2009; Mendell et al. 2015).

FST gene therapy has so far been researched as an intervention for muscle degeneration
diseases. For example, one research group injected FST using adeno-associated virus (AAV)
delivery in six participants with Becker muscular dystrophy (Mendell et al., 2015). The
researchers found that it improved walking distance in four participants by 29-125 meters. The
FST treatment also resulted in reduced endomysial fibrosis, central nucleation, and improved
fiber size distribution, with no adverse effects reported within one year of follow-ups. A different
clinical trial also found favorable effects for sporadic inclusion body myositis (Mendell et al.,
2017).

Although it has therapeutic potential for muscle degeneration, FST may also be beneficial
in the absence of disease, particularly for increasing and regulating muscle mass/strength. In one
study (Kota et al., 2009), researchers administered an FST intramuscular injection to nonhuman



primates that did not have a degenerative muscle disease. There were significant increases in
strength as well as muscle size, and follistatin levels remained elevated at a 15-month post-
injection blood draw. At 4-week health assessments for the duration of the 15 months of follow-
up, health measures remained within normal limits (i.e, organ function, reproduction, and muscle
integrity). These findings add to the evidence that follistatin is safe and could have globally
useful effects even in the absence of a specific disease.

Plasmids

Plasmids offer a potentially safer and cheaper option than viral vectors for DNA therapies
and vaccines (Hardee et al., 2017). However, they have not been widely adopted so far, with
their main limitation being concerns about their effectiveness. Viral vectors, on the other hand,
are highly effective at transfecting cells and have been more widely adopted by clinical practice.
However, even with tight regulation surrounding viral vector manufacturing, the risks of innate
immunity and/or insertional mutagenesis remain and have been reported in hundreds of clinical
trials (Flotte, 2007).

Plasmids are nonviral, non-integrating DNA molecules that do not insert into the host
genome, which mitigates the risk of insertional mutagenesis. Plasmids are also less likely to
provoke an immune response than viral vectors (Bessis, GarciaCozar, & Boissier, 2004).
Plasmids were conceptually described in the 1920s (Griffith, 1928) and named in the 1950s
(Lederberg, 1952). They were first isolated in 1969 (Cohen & Miller, 1969) and first engineered
in the early 1970s (Cohen et al., 1973). By the late 1990s, plasmids were viewed as safe but
ineffective (U.S. Department of Health and Human Services, 1996). In 1997, plasmids with the
bacterial elements excised, called "minicircles" were developed (Darquet et al., 1997), and in
2003, they were demonstrated to be long-lasting (Chen et al., 2003). Nanoplasmid technology
(Luke, 2009) and Mini-intronic plasmids (MIPs) (Lu, 2013) and further developed this strategy
over the next ten years. As of 2017, nearly 200 clinical trials had been conducted on plasmid-
based therapeutics, including gene therapies and DNA vaccines (see Hardee et al., 2017 for
review).

The main limitation and hesitancy to adopt plasmids has traditionally been driven by
concerns about their effectiveness. That is, plasmids have poor transfection on their own.
However, when combined with a dependable delivery method, transfection can be done
efficiently. This has been demonstrated for many DNA-based therapeutics, including FST (Guha,
Pichavant, & Calos, 2019).

Because plasmid DNA alone is a poor transfection agent, it must be combined with a
delivery method. Cationic polymers have been widely employed in gene delivery applications
(Al-Dosari & Gao, 2009). One such cationic polymer, called polyethylenimine (PEI), is
understood to be one of the most effective agents for transfecting nucleic acids into mammalian



cells. PEI’s mechanism of action and toxicity profile are well-understood. PEI’s positive charge
enables interaction with cell membranes and subsequent endocytosis (Boussif et al., 1995). The
main concern with PEI is toxicity and inflammation (Hall et al., 2017); however, these problems
are generally limited to conditions that are modifiable. PEI can be linear (LPEI) or branched
(BPEI), and a range of molecular weights are possible for both types. The toxicity associated
with PEI is mostly limited to BPEI and is dependent on free, non-complexed PEI (Erbacher et
al., 2004; Godbey et al., 1999). LPEI has lower toxicity (Zakeri et al., 2018) and accumulates
less in tissues than BPEI (Jeong et al., 2007). The 4:1 PEI:DNA ratio used in the present study
minimized free PEI (see Method). LPEI hydrochloride has been shown to produce neither
proinflammatory cytokines nor alterations to hepatic enzyme levels in vivo (Bonnet, Erbacher, &
Bolcato-Bellemin, 2008; Kawakami et al., 2006). Additionally, cytotoxicity is directly related to
molecular weight and dose (Godbey, Wu, & Mikos, 1999). Given that PEI molecular weights
generally range between 25-800 kDa (Bieber and Elsésser, 2001), the PEI in the present study
was on the low end of this range (40 kDa).

PEI-DNA administration has been demonstrated as efficacious with low-grade or no side
effects in human patients in transgenic vaccination for B-cell lymphoma (Meleshko et al., 2022;
see also Ohana et al., 2004). This is in line with findings from animal models that suggest that
PEI delivery of plasmids is well-tolerated and less inflammatory than viral vectors like
adenovirus (Oh et al., 2007).

The Present Study

The objective of the present study was to investigate follistatin as a gene therapy for
healthy longevity using a (nonviral) plasmid delivery method in healthy adult humans. A
paradigm shift has taken place in the last decade toward a strategy called geroscience that treats
aging itself as the biggest risk factor for major killer diseases (Kaeberlin et al., 2015; Kennedy et
al., 2014; Sierra, 2016). However, our medical system lacks strategies to directly address the
underlying biological mechanisms of aging and frailty, with current approaches generally only
addressing symptoms. At the time of this paper, there were only two previously published studies
that delivered FST gene therapy in humans, and both used a viral delivery method (Mendell et
al., 2015, 2017). The present study’s objective was accomplished by administering FST to
healthy adults and then, across a 3-month period, monitoring serum follistatin levels, body
composition, inflammation markers, and biological age measurements. It was hypothesized that
at a 3-month follow-up, serum FST levels would be elevated and body composition,
inflammation markers, and biological age measurements would improve. Evidence in favor of
this hypothesis would support the possibility of FST as a gene therapy for longevity that healthy
humans could benefit from, even in the absence of a disease.



Methods

Participants

To be included in the study, participants had to be adults over the age of 23 without any
genetic disorders or autoimmune diseases. Participants were excluded if they were unable to
travel, were pregnant or lactating, or had a genetic disorder or autoimmune disease. Forty-two
participants were recruited across the United States (age range 23-88 years; 72% males, 28%
females; Table 1). Some participants failed to complete a follow-up measurement (like DEXA
scans or blood draws) and in such cases were dropped on a per-variable basis, resulting in
sample sizes per measure ranging between 23 and 32 (Table 2).

Table 1
Descriptive statistics
Age
Group n
Median Min Max
All 42 48 27 88
Male 28 42 28 88
Female 14 57 27 86

This study was registered at clinicaltrials.gov as #NCT06411366. Ethics approval was
obtained from the Global Alliance for Regenerative Medicine (GARM) IRB committee. Written
informed consent was obtained from all participants. Participants were volunteers who did not
receive any financial compensation. Participants were asked to pay for their own lab work and
travel, but financial support was provided to participants in need. The test treatment was
provided at no cost to participants.

Plasmid construct

Follistatin isoform. A plasmid was constructed delivering the 344 amino acid secreted
isoform of the human follistatin gene. Transgene expression was driven by a CMV promoter.
FST 344 was used to increase circulating FST 315 based on specific characteristics of FST 344
as well as prior research groups’ results (Kota et al., 2009; Mendell et al., 2015). FST is initially
produced in two isoforms, FST 317 and FST 344 (Rodino-Klapac et al., 2009) (Figure 1). Both
are secreted then subsequently cleaved from their secretory signal peptide, resulting in FST 288
and FST 315, respectively. FST 344 and FST 315 contain a C-terminal acidic region that
prevents FST 315 from binding to the plasma membrane’s extracellular surface, subsequently
allowing FST 315 to be released into circulation. FST 317 and FST 288 lack this C-terminal
feature. Therefore, FST 288 is not the major circulating form of FST.

FST is a secreted protein, meaning it is made in one cell, exported to the cell surface,
cleaved of its signal peptide, and released into systemic circulation via the blood (Rodino-Klapac
et al., 2009). This means we could transfect a small number of cells and have them become



export factories for FST. Thus, we injected the plasmid subcutaneously to transfect a small
number of adipocytes capable of subsequently creating systemic effects.

Vector Purification and Characterization. The sequence was verified by third party
synthesis post-oligo ligation via m-13 reverse and forward primers as well as next-generation
sequencing by GeneWiz. Endotoxin concentration was determined to conform to FDA Guidance
for Industry recommendations (U.S. Department of Health and Human Services, 2007) via
kinetic LAL assay performed by third-party Charles River Laboratories.

Transformation Technique. Transfection was achieved by means of 40 kDA linear
polyethyleneimine (Polysciences catalog no. 24765-1) coadministration with plasmid. This
relatively low molecular weight PEI was chosen to reduce cytoxocity (possible ranges are 25-
800 kDa; Bieber and Elsésser, 2001). A 4:1 ratio of transfection agent to plasmid was used per
guidelines by the manufacturer, Polysciences.

Measurements

The overarching hypothesis — that biological indicators of health and longevity would
improve following FST administration — was operationalized by measuring body composition
(fat-free mass, body fat percentage, and bone mineral density), inflammation markers (high-
sensitivity C-reactive protein (hsCRP) and homocysteine (Hcy)), and biological age
(intrinsic/extrinsic epigenetic age, DunedinPace, and DNA methylation-based estimates of
telomere length). A secondary panel of metabolic and hormonal background markers was also
collected in order to characterize participants’ overall health status and ensure that any observed
effects could be interpreted in the context of broader physiological stability: follicle-stimulating
hormone (FSH), luteinizing hormone (LH), insulin, leptin, glucose, hemoglobin Alc (HbAlc),
total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), albumin-
globulin (A/G) ratio, and triglycerides.

Dual-energy x-ray absorptiometry (DEXA). The following variables were measured using
DEXA scans: fat free mass, body fat percentage, and bone mineral density.

Blood biomarkers. The following biomarkers were measured via blood draw: serum FST,
hsCRP, Hcy, A/G ratio, HbAlc, FSH, LH, total cholesterol, LDL cholesterol, HDL cholesterol,
triglycerides, leptin, insulin, and glucose.

Biological aging. The following were calculated by TruDiagnostic (Lexington, KY,
USA) using proprietary algorithms applied to DNA methylation data from whole blood: Intrinsic
Epigenetic Age (IEA), Extrinsic Epigenetic Age (EEA), DunedinPACE, and DNA methylation-
based estimates of telomere length (DNAmMTL). These measures are derived from established
DNA methylation clocks, with IEA and EEA being based on first generation clocks originally



described by Horvath (2013) and Hannum (2013) and refined into a second generation clock by
Levine et al. (2018). DunedinPACE is based on the pace of aging model described in Belsky et
al. (2022). DNAmTL is a methylation-based estimate of telomere length as defined by Lu et al.
(2019) that has been found to predict health outcomes such as time to death, time to heart
disease, and smoking history.

Procedure

FST gene therapy injections were administered at the GARM clinic in Prospera ZEDE,
Honduras. Two sterile vials, one containing plasmid and one containing PEI, were mixed and
incubated at room temperature for 30 minutes prior to administration. After incubation, 400 ul of
saline solution containing 50 ug of plasmid was injected into participants’ abdominal
subcutaneous fat. The primary physician observed patients for 15 minutes post-injection in case
of allergic reactions or other complications.

Serum follistatin was measured prior to administration as well as three months post-
administration. The FST 344 concentration was determined using the Invitrogen Follistatin
(FST) Human ELISA Kit. This assay kit is a colorimetric sandwich-type ELISA provided by
ThermoFisher, catalog #EHFST.

Biomarkers were also measured prior to FST administration and three months post-
administration. For bloodwork, participants were directed to their local Quest Diagnostics
clinics. For bone scans, they were directed to a clinic local to them that could provide DEXA,
such as BodySpec or a university medical center.

Analyses

Data privacy. To protect privacy, participant names were anonymized with multi-
character letter/number codes. The code key was stored in a secure cloud storage service
separately from the data.

Study design. This longitudinal study used a within-subjects pre-post design to analyze
baseline and follow-up measurements.

Statistical Analysis. To analyze a measurement for significant changes, only participants
with a baseline and a month 3 measurement were included. Distributions were checked for
normality and extreme outliers (3.0 SD from the mean). Shapiro-Wilk test was performed on
change from baseline (month 3 - baseline) measurements, where p < .05 indicates a violation of
the assumption of normality. A one-sample Student’s t-test was conducted to compare baseline
to month 3 measurements in normally distributed change-from-baseline measurements with no
extreme outliers. A one-sample Wilcoxon signed-rank test () was performed on change-from-
baseline measurements that violated at least one of the assumptions. The following variables



violated the assumption of normality: fat free mass, bone density, EEA, DunedinPACE, FST,
FSH, LH, total cholesterol, HDL cholesterol, triglycerides, insulin, and hsCRP, and Hcy. All
other variables were normally distributed with no extreme outliers.

All p-values for primary variables (Table 2) were FDR adjusted within their domain
(body composition, inflammation markers, or biological age) except for FST, which was the only
variable tested in its domain. Variables measured as part of a background metabolic/hormonal
panel (Table 3) were left uncorrected in order to minimize the type II error rate, since the
primary concern for them was safety. The exception was LDL, for which multiple FDR-
corrected tests were conducted on its subgroups. The two-sample #-test used to compare the LDL
response groups’ baselines used Welch’s correction for unequal variances.

Individual Data. Each participant had a set of measurements per variable: pre-treatment
(months —1 and 0) and treatment (month 3). Months were numbered relative to the date of FST
administration. For body composition and bloodwork, baseline values were calculated as the
mean of the two pre-treatment timepoints when both were available; if only one pre-treatment
value was available, that measurement was used as baseline. Other domains included only month
0 as baseline. Change from baseline was calculated by subtracting the baseline value from the
treatment value.

Longitudinal studies always carry a risk of attrition or loss of follow up measures. In
cases where a participant failed to get one of their follow up measurements within the given
timeline, data were removed on a per-variable basis. In some cases, a participant got their DEXA
scan done at a location that missed one or more variables, in which case data were again
removed on a per-variable basis. Data from a cohort of 42 participants were used, with the final n
per ranging between 23 and 32 for any given variable (see Table 2).

Results

Primary analyses

Serum follistatin was significantly higher at the 3-month mark compared to baseline, with
a median increase of 12.1 ng/mL (V= 22, p <.001; Figure 2). Significant improvements were
found in two body composition markers, with fat-free mass showing a median increase of 1.40
Ibs (V'= 238, FDR-corrected p = .004) and body fat percentage showing a mean decrease of
0.9% (#(22) = —2.80, FDR-corrected p = .016; Figure 3). Inflammatory markers (hsCRP and
Hcy) did not show significant changes, nor did DunedinPACE. Extrinsic epigenetic age (EEA)
improved significantly, with a median decrease of 5.9 years (V' =45, FDR-corrected p = .004;
Figure 5). Intrinsic epigenetic age (IEA) only trended towards significance (#(24) = -2.18, FDR-
corrected p = .079; Figure 6). Changes in DNAmMTL were not significant. All statistical results
have been summarized in Table 2.



Within variables, visual interpretation revealed that EEA, IEA, and DNAmTL effects
were potentially more robust in older adults, but only DNAmMTL reflected this at a statistical
level (see Figures 4, 5, and 6 respectively). That is, a Kruskal-Wallis test indicated significant
changes by age group (¥*(2) = 7.52, p =0.023, £2 = 0.25 [-0.03 — 0.69]). Post hoc Dunn’s tests
showed that participants aged 61+ exhibited significantly greater telomere lengthening from

DNAmMTL compared to those aged 21-40 (FDR-corrected p = .020).

Table 2
Summary of results
Domain Variable | Unit n | Mean A [SE] | Median A Min A | Max A | Test statistic (df),
[IQR] adjusted p-value, effect
size [95% CI]
FST FST ng/mL |32 | +15.44[2.13] |+12.10[9.54] |[+1.67 |+59.51 |V =22,p<.001***,
r=.82[0.76 — 0.86]
Body FFM Ibs 23 |+1.87[3.0] +1.4 [2.6] -2.57 | +12.2 | V=238, p=.004%%,
composition r=.64[0.36 — 0.84]
BF% % 23 1-0.9%[0.3%] |-0.8%[2.1%] |-3.8% |+1.5% |#(22)=-2.80,p=.016%,
d=-0.58 [-1.08 —-0.22]
BMD g/cm? 22 | +0.006 [0.005] | +0.004 [0.016] | —0.049 |+0.074 | V=166, p =.085,
r=.37[0.03 - 0.72]
Inflammation | hsCRP mg/L 22 1-0.3[0.4] 0.0 [0.2] —6.6 +2.9 V=345, p=.463,
r=.1810.01 - 0.58]
Hey umol/L |22 |-2.4[3.3] +0.3 [2.0] -71.7 5.7 V=144, p=.290,
r=.3310.02 - 0.70]
Biological EEA years 25 |-8.2[2.2] -5.9[6.9] =377 | +10.2 | V=45, p=.004*%*,
aging r=.63[0.34 - 0.86]
measures 1IEA years 25 |1-4.3[2.0] -1.85[7.55] -27.7 +18.4 | #(24) =-2.18, p =.079,
d=-0.44[-0.81 —-0.04]
DNAmTL | kB 25 | +0.065 [0.037] | +0.040[0.170] | -0.270 |+0.55 |t(24)=1.77,p=.120,
d=0.35[-0.04 — 0.73]
DP years 25 10.00[0.02] +0.02 [0.09] -0.39  [+0.21 | V=178, p = 432,
r=.17[0.01 - 0.58]

p-values were FDR-corrected within domain. FST, follistatin, FFM, fat-free mass; BF%, body fat percentage;

BMD, bone mineral density; hsCRP, high sensitivity c-reactive protein; Hcy, homocysteine; EEA, extrinsic

epigenetic age; IEA, intrinsic epigenetic age; DNAmMTL, DNA methylation-based estimates of telomere length;

DP, DunedinPACE.

Background health panel
We administered a metabolic and hormonal panel so that we could interpret the above-

mentioned changes in the context of general physiological and health stability. These variables
were measured to ensure that in the presence of “healthy” changes, other health markers were not
getting affected. A/G, BMD, Glucose, HbA 1c, insulin, leptin, TC, HDL, and TG did not change
(Table 3).
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Table 3
Background metabolic and hormonal panel

Variable | Unit n Mean A [SE] Median A [IQR] Min A Max A | Test statistic (df),
adjusted p-value, effect
size [95% CI]

A/G - 22 |-0.02[0.02] -0.01 [0.08] -0.18 +0.15 t(21)=-1.08, p =.292,
d=-0.23[-0.68 — 0.21]

FSH mIU/mL |22 |+2[1.7] +0.8 [2.7] -14.2 +27.7 V=161,p=.276,
r=.2410.02-0.61]

LH mIU/mL 22 |+1[1] +0.9 [2.4] -16.2 +10.6 V=192, p=.033%,
r=.4510.05-0.80]

Glucose mg/dL 23 | +1[2] +2[12] -17 +28 V=121.5,p=.848,
r=.07[0.01 - 0.50]

HbA1C % 17 |+0.1[0] +0.1 [0.2] -0.3 +0.4 #(26)=1.25,p =228,
d=0.29[0.02-0.73]

Insulin pulL/mL 22 | +0.6 [0.8] +0.9 [4.1] -9 +7.2 #(21)=0.8, p =431,
d=0.30[-0.19 - 0.84]

Leptin ng/mL 18 |+0.4[0.3] +0.3 [1.3] -2.4 +3.2 t(17)=1.55,p=.139,
d=0.37[-0.10-0.97]

TC mg/dL 17 |+6[6] +6 [34] -28 +55 V=92, p=.478,
r=.1810.02 — 0.59]

HDL mg/dL 22 | +2[2] +2 [6] -11 +32 V=132,p=.322,
r=.2210.01-0.58]

LDL mg/dL 22 | Refer to Table 4 21 +53 Refer to Table 4

TG mg/dL 16 |-5[8] -2 [21] -100 +36 V=63, p=.816,
r=.06[0.01-0.53]

A/G, android/gynoid fat radio; FSH, follicle-stimulating hormone; LH, luteinizing hormone; HbAlc,
hemoglobin A1C; TC, total cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; TG,
triglycerides.

Low density lipoprotein (LDL) cholesterol responses showed a clear bifurcation, with
participants separating into responder and non-responder subgroups. Baseline LDL levels were
comparable between groups (Figure 7). Over the 3-month intervention, non-responders (64%)
demonstrated modest decreases in LDL, while responders (36%) exhibited marked increases
(Table 4). These distinct response patterns were not explained by age or sex and warrant further

investigation.
Table 4
LDL cholesterol responses
Group Baseline LDL Month 3 LDL A LDL Test statistic (df), adjusted
(mg/dL, mean + SE) | (mg/dL, mean = SE) | (median, IQR) | p-value, effect size [95%
(@)1
Non-responders (n = 14) 101+£7 94 +8 -7 [-12 to +2] V=14, p=.045%,
r=.57[0.14-0.84]
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Responders (n = 8) 106 + 12 140 + 14 +30 [+26 to +35] | V=136, p=.023%,
r=.8910.89 — 0.90]
#(10.8) =-0.33, p = .748,
d=-0.15[-1.07-1.12]

Between groups at baseline

We tested whether follicle-stimulating hormone (FSH) or luteinizing hormone (LH)
changed as an effect of sex and found that changes were driven by women. FSH showed an
average increase of 4.0 mIU/mL (SE = 3.4) in women and 0.1 mIU/mL (SE = 0.5) in men. LH
showed an average increase of 1.4 mIU/mL (SE =2.1) in women and 0.5 mIU/mL (SE = 0.4) in
men. It is necessary to note that FSH and LH levels change substantially throughout the
menstrual cycle, so from the present data it is not possible to tell whether these changes were
treatment-related or due to natural biological fluctuations.

Discussion

The goal of this study was to understand the effects of a nonviral plasmid-delivered
follistatin gene therapy in healthy adults. This goal was achieved by administering the gene
therapy to a final cohort of 32 adults and tracking their health for three months. Post-intervention
measures showed increased FST levels, improved body composition and extrinsic epigenetic
age, but no improvement in the two inflammatory markers that were measured. No severe side
effects were reported. The results from this study provide evidence in favor of the hypothesis that
plasmid-delivered follistatin is a viable and effective way of administering follistatin gene
therapy.

Serum follistatin

One of the principal concerns with nonviral plasmids is their ability to effectively
transfect cells and to have a lasting impact. In the present study, participants showed an increase
in serum follistatin three months post-intervention that was significantly higher than their
baseline values (Figure 2). Specifically, serum follistatin showed a median increase of 12.10
ng/mL at 3 months relative to baseline (V' =22, p <.001). This finding is important because
plasmid delivery systems have been traditionally viewed as safe but having poor transfection
efficiency and duration, which led to an industry-wide focus on development of viral vectors.

Although viral vectors have become the current status quo for DNA therapy and
vaccines, the question of whether nonviral plasmids are a viable route for DNA administration
should be revisited. By the 2000’s, research had largely turned away from developing nonviral
plasmids and instead focused on developing viral vectors. At the time, viral vectors showed more
promise in terms of transfection efficiency and duration of action. However, many advances in
science have been made in recent decades, and the original reasons for which plasmid
development was more or less abandoned may no longer apply. Namely, plasmids can be
reliably efficacious at penetrating cells if they are combined with a transfection agent (Al-Dosari
& Gao, 2009), and other scientific advances provide options to increase their duration
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substantially (i.e., Mini-Intronic Plasmids (MIPs) (Lu et al., 2013), scaffold/matrix-attached
region- (S/MAR-) containing episomal plasmids (Jenke et al., 2002), and minicircles (Chen et
al., 2003; Darquet et al., 1997)).

It is worth noting that, compared to viruses, plasmids are easier to manufacture, free from
replication-competent virus concerns, and can be cleared naturally over time, which makes them
well-suited for transient gene expression needs. These features make plasmid delivery
particularly attractive for applications where repeated dosing, tissue-specific expression, or
reduced immunogenicity are essential.

Body composition

The goal of follistatin gene therapy is to improve body composition and healthy
longevity. In line with the second hypothesis, body composition improved considerably, with
median fat-free mass gain of 1.40 lbs (V' = 238, p = .004) and mean body fat percentage loss of
0.9 % (¢(22) = —2.80, p = .016, Figure 3). Although changes in bone mineral density appeared to
trend towards significance, any changes observed here were likely too small to surpass the
expected precision error for DEXA!. With that said, bone grows slowly, so it is possible that
later time points or therapy re-administration would lead to quantifiable BMD improvements.
Such changes would be in line with the literature describing a correlation between follistatin and
bone mineral density (Jiirimée et al., 2023).

The improvements seen in fat-free mass and body fat percentage fit with research by
Kota and colleagues (2009), which found that follistatin gene therapy led to improvements in
strength and muscle size in healthy nonhuman primates without any degenerative muscle
diseases. Given that age-related frailty can tremendously decrease quality of life and increase
risk of catastrophic adverse health events, body composition is especially important for older
adults (Hoogendijk et al., 2019; Palliyaguru et al., 2019). Falls that lead to fractures and other
injuries are especially harmful (Cruz-Jentoft & Sayer, 2019) and are estimated to cost the US
healthcare system at least 80 billion dollars each year (Haddad et al., 2024). FST gene therapy
has the potential to be a novel, powerful, and safe way to combat age-related frailty, with useful
effects even in the absence of a disease.

Inflammation and biological aging markers

Among the biological aging markers tested, EEA showed a significant decrease (V' = 45,
p =.004), while IEA only trended toward decrease and DunedinPACE (DP) did not show a
significant change. The main difference between EEA and other biological aging markers is that

Precision error generally ranges between 1.0-1.5% at the spine and hip (Blake & Fogelman, 2010). Although
precision error varies slightly across machines and across time, given that BMD is expressed as grams of mineral
existing within one cm?, this value tends to come out to approximately 0.01-0.015 g/cm? (see Baim et al., 2005 and
Blake & Fogelman, 2010 for further details).
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EEA specifically incorporates methylation-based estimates of immune cell composition. IEA
adjusts these immune-related markers out. DP was trained on 19 different biomarkers to predict
pace of aging, meaning that although immune/inflammation changes may indirectly affect it, a
substantially smaller portion of the model would be affected by such changes, especially when
compared to EEA. The finding that only EEA changed suggests that changes in epigenetic age
were driven partly by methylation related to immune system processes.

This finding makes sense in light of research demonstrating a direct relationship between
FST and activin A, a cytokine that suppresses immune cell processes and limits their activation.
It has been well established that both endogenous and exogenous follistatin obstruct activin A
(Hedger et al., 2011). Activin A has been implicated in the immune cell processes that EEA
incorporates in its calculation, specifically T cells (Morianos et al., 2019), B cells (Ogawa et al.,
2008), NK cells (Rautela et al., 2019), and granulocytes (Wiley et al., 2024). Based on this
information, a likely explanation for the decrease in EEA is that FST-mediated inhibition of
activin A affects immune cell composition and attenuates chronic inflammatory signaling.

If FST inhibits activin A to reduce chronic inflammation, then at first glance it is
surprising that the blood inflammation markers we tested (hsCRP and Hcy) did not show
evidence of change. One reason for the lack of change in these blood markers may be that hsCRP
and Hcy alone did not provide a comprehensive enough picture of inflammation to see effects.
Although hsCRP is a widely used measure of systemic inflammation and Hcy is a known
indicator of metabolic and cardiovascular stress, there are other blood markers of inflammation
that could have been more sensitive to systemic changes. Possibilities include interleukin-6 (IL-
6), tumor necrosis factor-alpha (TNF-a), and interleukin-1 beta (IL-1B). Future studies should
consider examining these cytokine-based markers. Given that sarcopenia-induced frailty itself
might be a rheumatic inflammatory condition (Gupta et al., 2018), there is a strong case for
follistatin action at the intersection of frailty and inflammation.

As seen in Figures 4, 5, and 6 respectively, changes in EEA, IEA, and DNAmTL
appeared to have more robust effects in older adults. Although only DNAmMTL showed an effect
of age group at a statistically significant level, it is reasonable to expect a ceiling effect in which
younger adults show less change because they are already towards the upper limit of a measure.
It is not unlikely that the benefits of follistatin gene therapy are more profound in older adults.

Background health panel and safety

No treatment-related severe or moderate adverse events were reported during the 3-
month study duration among participants. Some participants reported a mild adverse effect,
which was temporary irritation at the injection site. With a couple exceptions that will be
discussed in this section, analyses of the background metabolic and hormonal panel (see Method)
did not reveal significant changes (Table 3).
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Although HDL and TG did not show any significant change, there was a bifurcation in
LDL levels, where some participants showed increased LDL and others showed a slight decrease
or no change (Figure 7). Post-hoc analyses tested whether this effect was driven by age or sex
but did not find either to be a driving factor. While it is possible that there was an increase in
appetite in participants with the LDL increase, it is unlikely given the previously mentioned
increase in fat-free mass and decrease in body fat percentage. Another possibility is that the
anabolism we observed in the form of lean mass gain required cholesterol export from the livers
of subjects. The phenomenon of increase was large enough to warrant some caution, but it is
possible that diet, exercise, and/or prophylactic medication could attenuate the observed increase.
Future studies should explore the role of individual differences in response to gene therapy.

It is also worth noting that the changes in follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) were driven by women. However, this study was limited by the fact
that timing of menstrual cycles in relation to blood draw was not tracked. FSH and LH levels
vary widely throughout the menstrual cycle. FSH has a range of approximately 3-15 mIU/mL
during the follicular phase up to 5-23 mIU/mL mid-cycle, and back down to about 1-9 mIU/mL
during the luteal phase’®. This means that nothing conclusive can be drawn from the present
FSH/LH findings, but future studies should prioritize tracking menstrual phase when blood
draws occur in order to accurately characterize how FST gene therapy interacts with female

physiology.

Limitations and future directions

This study was limited due to the fact that there was no control group. We recommend
that future studies use a placebo-controlled design. Although we instructed participants to avoid
changing anything about their exercise routine for the study duration, future studies should
control for exercise experimentally with a pre-post placebo-controlled design. Groups could
include placebo/no exercise, placebo/exercise intervention, FST treatment/no exercise, FST
treatment/exercise intervention.

As with all early-phase, single-site studies, the present findings should be interpreted in
light of the need for independent replication. Conflict of interest is a known limitation in
privately funded research and has been a concern for decades, especially in pharmaceutical-
sponsored studies; similar considerations are relevant here. Given that only a few studies exist on
follistatin gene therapy in humans, replication by independent groups and data transparency will
be critical moving forward, especially with larger participant cohorts.

A potential limitation of this study is that open-ended adverse event reporting forms were

used in place of a checklist of symptoms. While checklists can create a reporting bias (due to the
power of suggestion) and can lead to participants to self-limit to only the options provided, open-
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ended questionnaires can result in underreporting if participants forget symptoms or assume they
are irrelevant. Future studies should consider a hybrid approach that combines open-ended
reporting and checklists. Additionally, while the PEI used here had a low molecular weight (40
kDa on a scale of 25-800 kDa) which is known to be safer and less toxic than higher weights,
future studies should test PEI with an even lower molecular weight as well as biodegradable
options.

The present study’s findings on FSH and LH were inconclusive. These variables are
worth examining more deeply in the future to best characterize how gene therapy interacts with
female physiology. The present study’s findings on FSH and LH were inconclusive — these
variables are worth examining more deeply in the future to best characterize how gene therapy
interacts with female physiology. Future studies should also measure objective functional
outcomes (strength, gait, etc.) and subjective measures (fatigue, perceived energy, etc.).
Additional future directions include testing multiple dosages, a longer study window of 12-24
months, and potential benefits in patients with inflammatory conditions like rheumatoid arthritis
and/or inclusion body myositis.

Conclusion

The present study shows that follistatin gene therapy carries potential as a safe, powerful,
and novel way of preventing age-induced frailty. Beyond FST, our results establish a potential
path for human trials utilizing the same delivery system with other candidate genes. If such
additional plasmid gene therapies are safely and effectively developed, administration would
likely take place yearly. A shortcoming of this system is that it is currently limited to secretory
proteins, but this limitation is something we seek to eventually overcome. The future of gene
therapy likely involves utilizing all delivery modes according to their complementary strengths
and weaknesses to optimize overall therapeutic safety and efficacy.

16



References

Al-Dosari MS, Gao X. Nonviral gene delivery: Principle, limitations, and recent progress. A4PS
J. 11(4), 671-681. https://doi.org/10.1208/s12248-009-9131-0 (2009).

Al-Zaidy SA, Sahenk Z, Rodino-Klapac LR, Kaspar B, Mendell JR. Follistatin gene therapy
improves ambulation in Becker Muscular Dystrophy. Journal of Neuromuscular Diseases 2,
185—192. https://doi.org/10.3233/JND-150083 (2015).

Baim S et al. Precision Assessment and Radiation Safety for Dual-Energy X-Ray
Absorptiometry. Journal of Clinical Densitometry 8(4), 371-378.
https://doi.org/10.1385/jcd:8:4:371 (2005).

Belsky DW et al. DunedinPACE, a DNA methylation biomarker of the pace of aging. eLife 11,
€73420. https://doi.org/10.7554/elife. 73420 (2022).

Bessis N, GarciaCozar F, Boissier MC. Immune responses to gene therapy vectors: influence on
vector function and effector mechanisms. Gene Ther 11, S10-S17.
https://doi.org/10.1038/s].gt.3302364 (2004).

Bieber T, Elsdsser HP. Preparation of a low molecular weight polyethylenimine for efficient cell
transfection. Biotechniques 30(1), 74-81. https://doi.org/10.2144/01301st03 (2001).

Blake GM, Fogelman I. An update on dual-energy x-ray absorptiometry. Semin Nucl Med. 40(1),
62-73. https://doi.org/10.1053/j.semnuclmed.2009.08.001 (2010).

Bonnet M-E, Erbacher P, Bolcato-Bellemin AL. Systemic delivery of DNA or siRNA mediated
by linear polyethylenimine (L-PEI) does not induce an inflammatory response. Pharmaceutical
Research 25, 2972-2982. https://doi.org/10.1007/s11095-008-9693-1 (2008).

Boussif O et al. A Versatile Vector for Gene and Oligonucleotide Transfer into Cells in Culture
and in Vivo: Polyethylenimine. PNAS 92, 7297-7301. https://doi.org/10.1073/pnas.92.16.7297
(1995).

Chen Z-Y, He C-Y, Ehrhardt A, Kay MA. Minicircle DNA vectors devoid of bacterial DNA
result in persistent and high-level transgene expression in vivo. Molecular Therapy 8, 495-500.
https://doi.org/10.1016/s1525-0016(03)00168-0 (2003).

Cohen SN, Miller CA. Multiple Molecular Species of Circular R-factor DNA Isolated from
Escherichia Coli. Nature 224, 1273—1277. https://doi.org/10.1038/2241273a0 (1969).

Cohen SN, Chang AC, Boyer HW, Helling RB. Construction of Biologically Functional
Bacterial Plasmids In Vitro. PNAS 70, 3240-3244. https://doi.org/10.1073/pnas.70.11.3240
(1973).

17


https://doi.org/10.1208/s12248-009-9131-0
https://doi.org/10.3233/JND-150083
https://doi.org/10.1385/jcd:8:4:371
https://doi.org/10.7554/elife.73420
https://doi.org/10.1038/sj.gt.3302364
https://doi.org/10.2144/01301st03
https://doi.org/10.1053/j.semnuclmed.2009.08.001
https://doi.org/10.1007/s11095-008-9693-1
https://doi.org/10.1073/pnas.92.16.7297
https://doi.org/10.1016/s1525-0016(03)00168-0
https://doi.org/10.1038/2241273a0
https://doi.org/10.1073/pnas.70.11.3240

Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet (London, England) 393, 2636-2646.
https://doi.org/10.1016/s0140-6736(19)31138-9 (2019).

Darquet A-M, Cameron B, Wils P, Scherman D, Crouzet J. A New DNA Vehicle for Nonviral
Gene Delivery: Supercoiled Minicircle. Gene Therapy 4, 1341-1349.
https://doi.org/10.1038/s].gt.3300540 (1997).

de Kretser DM et al. Serum activin A and B levels predict outcome in patients with acute
respiratory failure: a prospective cohort study. Crit Care, 17(5), R263.
https://doi.org/10.1186/cc13093 (2013).

Erbacher, P. et al. Genuine DNA/Polyethylenimine (PEI) Complexes Improve Transfection
Properties and Cell Survival. Journal of drug targeting 12, 223-236.
https://doi.org/10.1080/10611860410001723487 (2004).

Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardiovascular disease,
and frailty. Nat. Rev. Cardiol. 15, 505-522 https://doi.org/10.1038/s41569-018-0064-2 (2018).

Flotte TR. Gene therapy: The first two decades and the current state-of-the-art. Journal of
Cellular Physiology, 213(2), 301-305. https://doi.org/10.1002/jcp.21173 (2007).

Fulop T et al. Aging, frailty and age-related diseases. Biogerontology 11, 547-563.
https://doi.org/10.1007/s10522-010-9287-2 (2010).

Gilson H et al. Follistatin Induces Muscle Hypertrophy through Satellite Cell Proliferation and
Inhibition of Both Myostatin and Activin. American Journal of Physiology. Endocrinology and
Metabolism 297, E157—-164. https://doi.org/10.1152/ajpendo.00193.2009 (2009).

Godbey W, Wu KK, Mikos AG. Poly(Ethylenimine) and Its Role in Gene Delivery. Journal of
Controlled Release 60, 149—160. https://doi.org/10.1016/s0168-3659(99)00090-5 (1999).

Griffith F. The significance of penumococcal types. J. Hyg. (Lond). 64, 129-175
https://doi.org/10.1017/s0022172400031879 (1928).

Guha TK, Pichavant C, Calos MP. Plasmid-mediated gene therapy in mouse models of limb
girdle muscular dystrophy. Molecular Therapy — Methods & Clinical Development 15, 294-304.
https://doi.org/10.1016/j.omtm.2019.10.002 (2019).

Gupta S, Dhillon RJ & Hasni S. Sarcopenia: A Rheumatic Disease? Rheumatic Disease Clinics
of North America, 44, 393—-404. https://doi.org/10.1016/].rdc.2018.03.001 (2018).

Haddad YK et al. Healthcare spending for non-fatal falls among older adults, USA. Injury
Prevention, 30(4), 272-276. https://doi.org/10.1136/ip-2023-045023 (2024).

18


https://doi.org/10.1016/s0140-6736(19)31138-9
https://doi.org/10.1038/sj.gt.3300540
https://doi.org/10.1186/cc13093
https://doi.org/10.1080/10611860410001723487
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1002/jcp.21173
https://doi.org/10.1007/s10522-010-9287-2
https://doi.org/10.1152/ajpendo.00193.2009
https://doi.org/10.1016/s0168-3659(99)00090-5
https://doi.org/10.1017/s0022172400031879
https://doi.org/10.1016/j.omtm.2019.10.002
https://doi.org/10.1016/j.rdc.2018.03.001
https://doi.org/10.1136/ip-2023-045023

Hall A, Lachelt U, Bartek J, Wagner E, Moghimi SM. Polyplex Evolution: Understanding
Biology, Optimizing Performance. Molecular Therapy 25, 1476—1490.
https://doi.org/10.1016/j.ymthe.2017.01.024 (2017).

Hannum G et al. Genome-wide methylation profiles reveal quantitative views of human aging
rates. Mol Cell. 49(2):359-67. https://doi.org/10.1016/;.molcel.2012.10.016 (2013).

Hardee CL, Arévalo-Soliz LM, Hornstein BD, Zechiedrich L. Advances in non-viral DNA
vectors for gene therapy. Genes, 8(65), 1-22. https://doi.org/10.3390/genes8020065 (2016).

Hedger MP, Winnall WR, Phillips DJ & de Kretser DM. The regulation and functions of activin
and follistatin in inflammation and immunity. In Activins and Inhibins (ed. Litwack G) Vol. 85,
255-297. https://doi.org/https://doi.org/10.1016/B978-0-12-385961-7.00013-5 (Academic Press,
2011).

Hoogendijk EO et al. Frailty: implications for clinical practice and public health. Lancet
394(10206), 1365-1375. https://doi.org/10.1016/s0140-6736(19)31786-6 (2019).

Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 14(10), R115.
https://doi.org/10.1186/gb-2013-14-10-r115 (2013).

Jenke BH et al. An episomally replicating vector binds to the nuclear matrix protein SAF-A in
vivo. EMBO Rep. 3(4), 349-54. https://doi.org/10.1093/embo-reports/kvf070 (2002).

Jeong G-J et al. Biodistribution and tissue expression kinetics of plasmid DNA complexed with
polyethylenimines of different molecular weight and structure. Journal of Controlled Release,
118(1), 118-125. https://doi.org/10.1016/j.jconrel.2006.12.009 (2007).

Jirimie J et al. Follistatin Is Associated with Bone Mineral Density in Lean Adolescent Girls
with Increased Physical Activity. Children (Basel) 10(7), 1226.
https://doi.org/10.3390/children10071226 (2023).

Kaeberlein, M., Rabinovitch, P. S. & Martin, G. M. Healthy aging: the ultimate preventative
medicine. Science 350, 1191-1193. https://doi.org/10.1126/science.aad3267 (2015).

Kawakami S, Ito Y, Charoensit P, Yamashita F, Hashida M. Evaluation of Proinflammatory
Cytokine Production Induced by Linear and Branched Polyethylenimine/Plasmid DNA
Complexes in Mice. The Journal of Pharmacology and Experimental Therapeutics 317, 1382—
1390. https://doi.org/10.1124/jpet.105.100669 (2006).

Kennedy, B. K. ef al. Geroscience: linking aging to chronic disease. Cell 159, 709—713.
https://doi.org/10.1016/j.cell.2014.10.039 (2014).

Kota J et al. Follistatin gene delivery enhances muscle growth and strength in nonhuman
primates. Science Translational Medicine, 1(6), 6ral5.
https://doi.org/10.1126/scitranslmed.3000112 (2009).

19


https://doi.org/10.1016/j.ymthe.2017.01.024
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.3390/genes8020065
https://doi.org/https:/doi.org/10.1016/B978-0-12-385961-7.00013-5
https://doi.org/10.1016/s0140-6736(19)31786-6
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1093/embo-reports/kvf070
https://doi.org/10.1016/j.jconrel.2006.12.009
https://doi.org/10.3390/children10071226
https://doi.org/10.1124/jpet.105.100669
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1126/scitranslmed.3000112

Lederberg, J. Cell Genetics and Hereditary Symbiosis. Physiological Reviews 32, 403—430.
https://doi.org/10.1152/physrev.1952.32.4.403 (1952).

Lee SJ, McPherron AC. Regulation of Myostatin Activity and Muscle Growth. PNAS 98, 9306—
9311. https://doi.org/10.1073/pnas.151270098 (2001).

Levine ME et al. An epigenetic biomarker of aging for lifespan and healthspan. Aging (Albany
NY) 10(4), 573-591. https://doi.org/10.18632/aging. 101414 (2018).

LuJ, Zhang F, Kay MA. A Mini-intronic Plasmid (MIP): A Novel Robust Transgene Expression
Vector In Vivo and In Vitro. Molecular Therapy 21, 954-963.
https://doi.org/10.1038/mt.2013.33 (2013).

Luke J, Carnes AE, Hodgson CP, Williams JA. Improved Antibiotic-Free DNA Vaccine Vectors
Utilizing a Novel RNA Based Plasmid Selection System. Vaccine 27, 6454-6459.
https://doi.org/10.1016/j.vaccine.2009.06.017 (2009).

Mayo Clinic Laboratories. Follicle-Stimulating Hormone (FSH), Serum. Rochester (MN): Mayo
Clinic Laboratories. Available from: https://www.mayocliniclabs.com/test-
catalog/Overview/602753 (2025).

Meleshko AN et al. Safety and immunogenicity of combined DNA-polyethylenimine and oral
bacterial idiotypic vaccine for patients with B-cell non-Hodgkin Lymphoma: A pilot study.
Cancers, 14(4), 3298. https://doi.org/10.3390/cancers14143298 (2022).

Mendell JR et al. Follistatin Gene Therapy for Sporadic Inclusion Body Myositis Improves
Functional Outcomes. Molecular Therapy 25(4), 870-879.
https://doi.org/10.1016/j.ymthe.2017.02.015 (2017).

Mendell JR et al. A phase 1/2a follistatin gene therapy trial for becker muscular dystrophy. Mol
Ther. 23(1), 192-201. https://doi.org/10.1038/mt.2014.200 (2015).

Morianos I, Papadopoulou G, Semitekolou M & Xanthou G. Activin-A in the regulation of
immunity in health and disease. J Autoimmun 104, 102314
https://doi.org/10.1016/j.jaut.2019.102314 (2019).

Ogawa K, Funaba M & Tsujimoto M. A dual role of activin A in regulating immunoglobulin
production of B cells. Journal of Leukocyte Biology 83, 1451-1458
https://doi.org/10.1189/j1b.1007710 (2008).

Oh S et al. Efficacy of nonviral gene transfer in the canine brain. Journal of
neurosurgery, 107(1), 136—-144. https://doi.org/10.3171/JNS-07/07/0136 (2007).

Ohana P et al. Regulatory sequences of the H19 gene in DNA-based therapy of bladder cancer.
Gene Therapy and Molecular Biology, 8, 181-192. (2004).

20


https://doi.org/10.1152/physrev.1952.32.4.403
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.18632/aging.101414
https://doi.org/10.1038/mt.2013.33
https://doi.org/10.1016/j.vaccine.2009.06.017
https://www.mayocliniclabs.com/test-catalog/Overview/602753
https://www.mayocliniclabs.com/test-catalog/Overview/602753
https://doi.org/10.3390/cancers14143298
https://doi.org/10.1016/j.ymthe.2017.02.015
https://doi.org/10.1038/mt.2014.200
https://doi.org/10.1016/j.jaut.2019.102314
https://doi.org/10.1189/jlb.1007710
https://doi.org/10.1189/jlb.1007710
https://doi.org/10.3171/JNS-07/07/0136

Palliyaguru DL, Moats JM, Di Germanio C, Bernier M, de Cabo R. Frailty Index as a Biomarker
of Lifespan and Healthspan: Focus on Pharmacological Interventions. Mechanisms of Ageing
and Development 180, 42—48. https://doi.org/10.1016/1.mad.2019.03.005 (2019).

Rautela J et al. Therapeutic blockade of Activin-A improves NK cell function and antitumour
immunity. Science Signaling 12, eaat7527 https://doi.org/10.1126/scisignal.aat7527 (2019).

Rodino-Klapac LR et al. Inhibition of Myostatin with Emphasis on Follistatin as a Therapy for
Muscle Disease. Muscle & Nerve 39, 283-296. https://doi.org/10.1002/mus.21244 (2009).

Sierra, F. The emergence of geroscience as an interdisciplinary approach to the enhancement of
health span and life span. Cold Spring Harb. Perspect. Med. 6, a025163.
https://doi.org/10.1101/cshperspect.a025163 (2016).

United Nations, Department of Economic and Social Affairs, Population Division. World
Population Ageing 2019. United Nations: New York (2020).

U.S. Department of Health and Human Services, Food and Drug Administration, Center for
Biologics Evaluation and Research. Guidance for industry: Considerations for plasmid DNA
vaccines for infectious disease indications. FDA, Rockville, MD.
https://doi.org/10.1089/blr.2007.9905 (2007).

U.S. Department of Health and Human Services, Food and Drug Administration, Center for
Biologics Evaluation and Research. Points to Consider on Plasmid DNA Vaccines for Preventive
Infectious Disease Indications. FDA: Rockville, MD. https://www.govinfo.gov/content/pkg/FR-
1996-12-27/pdt/96-32930.pdf (1996).

Wiley MB et al. Activin A signaling stimulates neutrophil activation and macrophage migration
in pancreatitis. Scientific Reports 14, 9382 https://doi.org/10.1038/s41598-024-60065-y (2024).

Zakeri A et al. Polyethylenimine-based nanocarriers in co-delivery of drug and gene: a
developing horizon. Nano Reviews & Experiments 9(1).
https://doi.org/10.1080/20022727.2018.1488497 (2018).

Zhang L, Liu K, Han B, Xu Z, Gao X. The Emerging Role of Follistatin under Stresses and Its
Implications in Diseases. Gene 639, 111-116. https://doi.org/10.1016/j.gene.2017.10.017 (2018).

21


https://doi.org/10.1016/j.mad.2019.03.005
https://doi.org/10.1126/scisignal.aat7527
https://doi.org/10.1002/mus.21244
https://doi.org/10.1101/cshperspect.a025163
https://doi.org/10.1089/blr.2007.9905
https://www.govinfo.gov/content/pkg/FR-1996-12-27/pdf/96-32930.pdf
https://www.govinfo.gov/content/pkg/FR-1996-12-27/pdf/96-32930.pdf
https://doi.org/10.1038/s41598-024-60065-y
https://doi.org/10.1080/20022727.2018.1488497
https://doi.org/10.1016/j.gene.2017.10.017

Figure 1
Follistatin isoforms and domain functions
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We used FST 344 to increase circulating FST 315. These two isoforms contain a C-terminal
acidic region that prevents FST 315 from binding to the plasma membrane’s extracellular
surface, which allows FST 315 to be released into circulation. FST 317 and FST 288 lack this C-
terminal feature.

Figure 2
Change in Serum Follistatin Levels 3 Months Post-Treatment
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Serum follistatin increased significantly following intramuscular injection of a nonviral plasmid-

based FST 344 gene therapy. Grey band shows the reference range for circulating follistatin in
healthy adults (Mean = 11.6, SD = 4.7 ng/mL) from research by de Kretser et al. (2013).
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Figure 3
Body Composition Measures 3 Months Post-Treatment
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A) Fat free mass increased significantly post-administration. B) Body fat percentage decreased
significantly post-administration.

Figure 4
Change in Extrinsic Epigenetic Age (EEA) 3 Months Post-Treatment
Three Month Change in EEA Three Month Change in EEA by Age Group
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A) EEA decreased significantly following administration. EEA reflects DNA methylation at
CpG sites chosen from the Hannum (2013) clock and includes methylation-based estimates of
immune variation (as opposed to IEA). B) The biggest decreases in EEA were seen in older
adults, likely due to there being more room for improvement than in younger adults.
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Figure 5
Intrinsic Epigenetic Age (IEA) 3 Months Post-Treatment

Three Month Change in IEA Three Month Change in IEA by Age Group
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A) Decreases in [EA only trended toward significance. IEA reflects DNA methylation at CpG
sites chosen from the Horvath (2013) clock but specifically adjusts out immune-related markers.
B) There was a trend towards decrease in IEA in older adults.

Figure 6

DNAmTL 3 Months Post-Treatment
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A) Changes in methylation-based estimates of telomere length (DNAmMTL) were not significant
at the group level. B) Post hoc Dunn’s tests showed that participants aged 61+ exhibited
significantly greater changes in DNAmTL than those aged 21-40 (FDR-corrected p = .020), but
differences between other age groups were not significant.
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Figure 7
Bifurcation in Post-Treatment Low-Density Lipoprotein (LDL) Cholesterol Levels

3 Month LDL Change by Response Class LDL Over Time by Response Class
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LDL cholesterol responses were bimodally distributed. While non-responders showed no change,
responders showing a clinically notable increase. Future studies should investigate the role of
individual differences in gene therapy outcomes.
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