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Abstract

Plasmids as a gene delivery method have been largely underused by the healthcare
industry, despite the fact that they offer a lower risk and less-costly alternative to viral vectors.
Because of the focus on viral vector development, along with the fact that gene therapy is a
relatively young field, plasmid duration of action in the human body is so far poorly understood.
The goal of this study was to investigate the temporal profile of plasmid-delivered follistatin
longitudinally. This objective was achieved by measuring serum follistatin levels in a group of
adult humans before and after a plasmid-based follistatin (FST 344) injection. Participants were
measured at baseline, 3-month, and 1-year marks. Analyses showed a substantial increase in
follistatin levels from an average of 8.75 ng/mL at baseline to 22.50 ng/mL at 3 months. These
elevated levels eventually decreased to an average of 21.10 ng/mL at the 1-year mark. No
adverse effects were reported aside from temporary mild irritation at the injection site. Overall,
these findings add to the evidence that plasmids are a viable and potentially long-lasting method
for delivering genes. The decrease in concentration from 3 months to 1 year suggests that the
initial elevated FST concentration is not permanent, which would be a safety advantage in the
case of any unexpected adverse events. This study is the first to demonstrate that plasmid-
delivered follistatin can be efficacious and long-lasting in humans.
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Introduction

Although nonviral plasmids offer a potentially safer and cheaper alternative to viral
vectors for DNA delivery (Hardee et al., 2017), debates over their efficacy have limited their
widespread adoption and development. Historically, there has been discourse over their
effectiveness at penetrating the cell, as well as how long they remain effective. While research
has led to the understanding that plasmids can be effective when combined with a transfection
agent, questions about duration of action have persisted due to the (relative) dearth of
longitudinal studies on plasmid gene therapy. The goal of the present study was to understand the
temporal profile of plasmid-delivery follistatin in adult humans longitudinally.

Nonviral plasmid gene therapies have been viewed as safe for decades. However, their
lesser transfection efficiency and duration compared to viral vector gene therapies has led to
them being underdeveloped. Today, most DNA therapies and vaccines use viral vectors despite
known risks such as innate immunity and mutagenesis, both of which, though rare, can be fatal
or cause severe health complications.

The goal of healthcare and science is to increase health outcomes while decreasing risks,
so if plasmids offer a lower risk and more accessible (cheaper) alternative to viral vectors, they
should be investigated. Efforts have been made to improve plasmid duration, with notable
successes including minicircles (Darquet et al., 1997; Chen et al., 2003), scaffold/matrix-attached
region- (S/MAR-) containing episomal plasmids (Jenke et al., 2002), and Mini-Intronic Plasmids
(MIPs) (Lu et al., 2013). A number of these plasmids and/or their derivatives have lasted at least
6-8 months in animal models, but research beyond this time window is lacking. In humans, at
least one study showed a plasmid lasting over three months (Maulik et al., 2009; see Table 1).

Table 1

Longest plasmid duration results in animals and humans
DURATION | PLASMID | GENE | TISSUE ORGANISM | REFERENCE
8+ mo. pFAR4 eGFP | Liver Mouse Manta et al., 2017
7 mo. MIP hFIX Liver Mouse Luetal., 2013
6 mo. SMAR Luc. Liver Mouse Argyros et al., 2008
150-160 d pEPIto Luc. Sk. Musc. Mouse Neto et al., 2015
3+ mo. pCOR FGF1 | Systemic (IM) | Human Maulik et al., 2009

The discussion so far about viral and nonviral delivery systems is important because gene

therapy is on the verge of a rapid acceleration in its development. Given that gene therapy is a
relatively new field (with the human genome having been sequenced in the early 2000°’s), it will

be especially important moving forward to continue to improve health intervention risk profiles
while characterizing efficacy and duration. In the present study, follistatin was chosen as a gene
therapy to test because its mechanism of action is well-understood (Hedger et al., 2011) and



because of its potential to have profound effects on lifespan and healthy longevity (Jaijyan et al.,
2022). Follistatin gene therapy has so far been researched as a treatment for muscular dystrophy
due to its ability to increase and regulate muscle mass and strength (Al-Zaidy et al., 2015).
Meanwhile, preclinical studies in nonhuman primates also suggest that it has globally useful
effects for enhancing muscle composition, even in the absence of a disease (Kota et al., 2009).

Overall, the field’s previous shift away from plasmid development may not be warranted
if the main limitations of plasmids can be addressed (i.e., transfection efficiency and duration).
Transfection efficiency can generally be managed by using a transfection agent. Additionally,
advances in science, such as minicircle DNA, support increased duration. The research presented
here builds on previous findings from our laboratory, which showed elevated serum follistatin
levels three months after a plasmid-delivered follistatin injection. The goal of the present study
was to investigate the temporal profile of serum follistatin longitudinally in response to a gene
therapy intervention.

Methods
Overview
A formulation containing FST 344 isoform was prepared and administered. Serum
follistatin was measured prior to administration, 3 months post-administration, and 1 year post-
administration in a final cohort of 27 healthy adult volunteers.

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.

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
A plasmid was constructed delivering the 344 amino acid secreted isoform of the human
follistatin gene. Transgene expression was driven by a CMV promoter.

Follistatin isoform: FST 344 was used to increase circulating FST 315 based on specific
characteristics of FST 344 as well as prior research groups’ results12. FST is initially produced
in two isoforms, FST 317 and FST 34422 (see Fig. S1). 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 blood20. 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 (see Fig. 1).

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 via kinetic LAL assay performed by third-party CRO Charles
River.

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; xx cite). A 4:1 ratio of transfection agent to plasmid was used as suggested by the
manufacturer, Polysciences.

Procedure

The follistatin gene therapy was injected at the GARM clinic in Préspera ZEDE. 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 of saline solution
containing 50 ug of plasmid was injected into subjects’ 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, three months post-administration,
and one year 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.

Participant inclusion and data selection
Participants were included in this analysis if they had serum follistatin measurements at
baseline (month 0) and at least one post-anniversary timepoint (either 1 year or 2 years post-



injection). For year 1 or year 2 follow-up, the follistatin concentration used in the analysis was
selected as follows:
1. Samples noted by the ELISA laboratory technician as problematic (e.g., turbid or
hemolyzed) were excluded.
2. Ifasingle blood draw was tested on multiple dates, only the chronologically earliest
measurement was used.
3. Of the remaining eligible results within a £6 month window around the post-injection
anniversary, the measurement closest in time to the anniversary was selected to represent
that timepoint (year 1 or year 2).
4. One participant was excluded from the year 2 analysis due to receiving an unrelated
experimental treatment that transiently altered follistatin expression, as evidenced by a
characteristic suppression pattern in post-treatment follow-up samples.

Analyses

Given the presence of skewed distributions and outliers at multiple timepoints (including
one statistical extreme at month 0), normality assumptions for parametric repeated-measures
methods were not met. Shapiro—Wilk tests indicated departures from normality at baseline (p =
.008), 3 months (p <.001), and 2 years (p =.012), with only Year 1 data consistent with
normality (p =.296). Q—Q plots further confirmed non-normality for most timepoints.

Because of these violations and the small sample sizes at later timepoints, we used paired
Wilcoxon signed-rank tests to compare each follow-up timepoint to baseline. This non-
parametric method is robust to skew and outliers, while preserving power in small, paired
datasets. Three pre-specified comparisons (baseline — 3 months, baseline — year 1, baseline —
year 2) were tested, with Holm adjustment for multiple comparisons. Effect sizes (rank-biserial
correlation) and 95% confidence intervals were calculated for each contrast.

Results
Median serum follistatin increased markedly from baseline at all follow-up timepoints
(Figure 1). Baseline median was 8.65 ng/mL (IQR = 2.36, n = 22). Levels rose to 22.50 ng/mL
(IQR =13.50, n=19) at 3 months, 21.10 ng/mL (IQR =19.70, n=12) at 1 year, and 11.80
ng/mL (IQR =12.40, n = 15) at 2 years.

Paired Wilcoxon signed-rank tests comparing each follow-up to baseline indicated large
effect sizes for all three pre-specified contrasts (rank-biserial r = 0.88 [95% CI 0.88—0.88] at 3
months; 0.82 [0.55-0.89] at 1 year; 0.79 [0.57-0.88] at 2 years). All comparisons remained
statistically significant after Holm adjustment (adjusted p <.001, .005, and .005, respectively).

No adverse events beyond temporary mild irritation at the injection site were reported
during follow-up.
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Figure 1

Serum follistatin levels across time

Serum follistatin-344 concentrations at baseline and follow-up timepoints after plasmid-based
gene therapy. Boxplots show medians and interquartile ranges; thin gray lines connect paired
values for individual participants. Dashed lines indicate the reference range for circulating
follistatin in healthy adults (pooled mean + SD: 12.6 £ 4.5 ng/mL; de Kretser et al., 2013).
Asterisks denote significance from baseline using paired Wilcoxon signed-rank tests with Holm-
adjusted p-values: p <.05 (*), p <.01 (**), p <.001 (***).

Discussion
This study aimed to answer two main questions: 1) Does plasmid delivery follistatin
work? 2) What is the temporal profile of serum follistatin in response to this gene therapy
longitudinally?

Answering the first question requires us to consider how biological delivery systems have
been understood historically. The adoption of viral vectors took place largely because viruses are
exceptional at delivering genes to cells. Meanwhile, plasmids have been generally underused in
healthcare, originally due to concerns about their effectiveness and ability to transfect cells. This
led to a decrease in efforts to further develop plasmids so that they could transfect reliably, and
instead there was a shift in focus toward viral vectors. However, the risks of viral vectors, such



as insertional mutagenesis and innate immunity, remain a relevant concern. Strict regulation has
for the most part prevented these risks from reaching the general public, but multiple fatalities
have occurred in the past decade where a viral-based drug therapy was ruled as a likely player.

The scientific community’s responsibility is to continue to improve health interventions
while decreasing risks. If plasmids can offer a lower risk profile than viral vectors, it is worth
exploring their viability as a gene therapy delivery system. The findings from our study showed
that a plasmid-based follistatin injection resulted in increased follistatin levels 3 months later,
and that these levels remained elevated above baseline 1 year after injection. These findings
provide evidence in favor of plasmids being a viable method for delivering gene therapies. This
is important to consider given that the main reason plasmids have been underused in healthcare
was originally due to concerns about their effectiveness.

The second goal of this study was to characterize the temporal profile of plasmid-
delivered follistatin over an extended follow-up. Serum follistatin remained significantly
elevated compared to baseline at both 1 year and 2 years after injection. Median levels peaked at
3 months, declined slightly by 1 year, and showed further regression toward baseline by 2 years.
This pattern suggests that the initial spike observed at 3 months is not permanent, which could be
a safety advantage in the event of adverse effects. Nevertheless, the persistence of elevated levels
in most participants up to 2 years post-treatment (n = 15) indicates a substantial and prolonged
duration of action. Future studies should investigate the underlying mechanisms of individual
variability and assess the temporal profile beyond 2 years.

It should also be noted that the only adverse effect reported was temporary irritation at
the injection site. No severe or moderate adverse events have been reported. Participants have
been asked to contact the research team if any adverse events that are likely related to the gene
therapy occur in the future.

In summary, plasmids offer a safer, more cost-effective alternative to viral methods for
DNA delivery, and it would be beneficial to the scientific community to continue developing
them. The healthcare industry has largely underutilized plasmids due to concerns about
efficaciousness and duration of action. However, our study found that plasmid-based follistatin
was successful at increasing serum follistatin levels for as long as 1 year after administration,
which provides evidence in favor of plasmids being a viable gene delivery method.
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