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Duchenne Muscular Dystrophy (DMD) is the most common form of muscular dystrophy, affecting 20,000 chil-
dren worldwide yearly. Muscle degenerative conditions, including the genetic disorder DMD and age-related
sarcopenia, share pathological mechanisms such as progressive muscle wasting and elevated myostatin signal-
ing. Existing therapies rely on systemic drug administration or gene-based approaches, which can take years to
develop. They also raise safety concerns, costs, and a lack of a long-term solution. We propose using the chassis
Limosilactobacillus reuteri (formerly Lactobacillus reuteri) as a gut-safe probiotic. Elevated interleukin-6 (IL-6),
a cytokine released during inflammation and muscle stress, signals disease activity. Our system uses an IL-6-
responsive promoter to detect this state and drive expression of FST-344 (a specific follistatin protein). The
resulting follistatin protein suppresses myostatin signaling by preventing receptor binding, thereby promot-
ing muscle preservation. To ensure homeostatic control and prevent overproduction, the circuit incorporates
a TetR-regulated repression loop. For additional biosafety and regulatory control, the design incorporates a
mazF-based kill switch and a feedback mechanism to limit expression and trigger cell termination. This oral,
sensor-regulated delivery system offers a potentially scalable, noninvasive, and adaptable alternative to tradi-
tional gene therapies and systemic drug regimens traditionally used to treat diseases like DMD and sarcopenia.
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UCHENNE Muscular Dystrophy (DMD) is one of the
most severe forms of inherited muscular dys-
trophies, affecting 1 in every 3600 males worldwide
(Venugopal & Pavlakis, 2023). Through advances in
medical research and ongoing research, the average
life expectancy for individuals with DMD has increased
from the late teens to approximately 25-30 years
(Venugopal & Pavlakis, 2023). Similarly, sarcopenia,
an age-related condition characterized by loss of mus-
cle mass and strength, shares mechanisms of muscle
degeneration with DMD (Malatesta, 2012). Individu-
als with DMD and sarcopenia experience progressive
muscle weakness that leads to loss of mobility, respi-
ratory failure, and cardiac complications, significantly
reducing quality of life. These conditions deteriorate
the musculoskeletal system, which enables the body
to move and maintain stability through the interaction
of muscles and bones (Cleveland Clinic, 2022). By ex-

amining the underlying biological mechanisms of sar-
copenia and DMD, our team is developing a better un-
derstanding of their shared pathways of muscle de-
generation. Our team investigated these pathways in
Sarcopenia and DMD to identify potential strategies to
slow or prevent their progression.

At the cellular level, sarcopenia is characterized by a
decline in the number and size of muscle fibers. Partic-
ularly, this decline in type II fast-twitch fibers is driven
by diminished protein synthesis, reduced anabolic hor-
mones such as insulin-like growth factor-1 (IGF-1) and
testosterone, and compromised satellite cell (muscle
stem cell) function, which impairs regeneration (Cruz-
Jentoft etal.,, 2019). Exacerbating factors include phys-
ical inactivity, inadequate protein intake, insulin resis-
tance, chronic low-grade inflammation, and denerva-
tion due to loss of motor neurons at the neuromuscular
junctions (Cleveland Clinic, 2022). Clinically, patients
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experience reduced endurance, difficulty with walking
and stair climbing, impaired balance, increased falls,
and overt muscle atrophy, which heighten frailty and
fracture risk and contribute to sarcopenic obesity, in
which fat accumulation accompanies muscle decline
(Cruz-Jentoft et al., 2019).

DMD arises from mutations in the dystrophin gene
on chromosome XpZ21, leading to absent or defective
dystrophin protein, which normally anchors the mus-
cle cytoskeleton to the sarcolemma during contraction
(Venugopal & Pavlakis, 2023; Birnkrant et al., 2018).
In the absence of dystrophin, muscle fibers exhibit
membrane fragility, excessive calcium influx, and re-
current necrosis, with regenerative efforts ultimately
exhausted and replaced by fibroadipose tissue (Venu-
gopal & Pavlakis, 2023). Symptoms emerge in early
childhood, around ages 3 to 5, with proximal weakness,
delayed motor milestones, waddling gait, and pseu-
dohypertrophic calves from fat infiltration; walking is
typically lost by age 12, progressing to respiratory in-
sufficiency, cardiomyopathy, and mortality in the 20
s or 30 s absent intervention (Venugopal & Pavlakis,
2023; Birnkrant et al., 2018).

While DMD is a genetic muscular dystrophy and sar-
copenia is an age-related syndrome, both conditions
share key pathological features such as progressive
muscle degeneration, impaired regeneration, and-
critically for therapeutic intervention-elevated myo-
statin signaling that inhibits muscle growth. (Venu-
gopal & Pavlakis, 2023; Malatesta, 2012). DMD stems
from a primary genetic mutation, whereas sarcopenia
reflects multifactorial aging, yet both display nuclear
anomalies such as altered pre-mRNA splicing and se-
questration of RNA-binding proteins that hinder re-
pair (Malatesta, 2012; Cruz-Jentoft et al., 2019). These
convergent mechanisms enable cross-disease insights,
though divergent origins demand distinct therapeutic
strategies. The goal of our project is to develop a treat-
ment for muscular dystrophy applicable to both DMD
and sarcopenia.

Although scientific understanding of sarcopenia and
DMD has advanced substantially, current treatments
largely focus on managing symptoms rather than cor-
recting the underlying disease processes, with limited
effectiveness and safety concerns that point to the need
for new approaches such as synthetic biology.

While multiple therapeutic strategies exist for mus-
cle diseases such as DMD and sarcopenia, most are
constrained by fundamental limitations that under-
mine their safety, accessibility, and durability. In
DMD, the standard pharmacological intervention re-
mains corticosteroid therapy, which relies on synthetic
glucocorticoids such as prednisone or deflazacort to
suppress inflammation and slow muscle degeneration.
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While these drugs can preserve muscle strength and
delay loss of ambulation (Birnkrant et al., 2018), their
nonspecific immune suppression and metabolic dis-
ruption impose a substantial long-term cost. Chronic
use is associated with osteoporosis, weight gain,
growth suppression in children, and metabolic disor-
ders, including diabetes, making sustained treatment
clinically problematic (Birnkrant et al., 2018). Gene-
replacement therapy offers a more targeted strategy
by attempting to restore dystrophin expression, yet it
faces structural and immunological barriers that limit
its effectiveness. The dystrophin gene is too large to be
packaged into standard viral vectors, forcing reliance
on truncated microdystrophin constructs delivered via
adeno-associated viruses (AAVs). These vectors can
provoke immune responses against both the viral cap-
sid and the introduced transgene, leading to inflam-
mation, loss of expression, or incomplete functional
rescue. Compounding these biological challenges, the
high cost-upwards of $3.2 million-and manufacturing
complexity of AAV-based therapies have slowed clin-
ical adoption, and recent late-stage trials have pro-
duced inconsistent gains in muscle strength (Elangko-
van & Dickson, 2021; Reuters, 2024).

By contrast, sarcopenia is managed primarily
through behavioral interventions such as resistance
training and nutritional supplementation, including
increased protein and vitamin D intake. Although
these approaches can attenuate muscle loss in oth-
erwise healthy adults, their benefits are modest in
frail or chronically ill populations, and long-term ad-
herence remains a persistent barrier (Cruz-Jentoft et
al, 2019). Taken together, these limitations expose a
gap between symptom management and true disease
modification, underscoring the need for therapeutic
systems that are precise rather than systemic, durable
rather than transient, and capable of responding dy-
namically to physiological demand while minimizing
off-target effects.

Synthetic biology provides a novel framework for
improvement, enabling scientists to program living or-
ganisms to perform therapeutic tasks. Unlike tradi-
tional drugs, which act continuously or require re-
peated injections, engineered probiotics can colonize
the gut and respond dynamically to biological sig-
nals. These living therapeutics can sense molecules
associated with disease, process that information, and
release a drug-like compound only when necessary,
achieving spatial and temporal control - precise reg-
ulation of where and when therapy occurs (Cubillos-
Ruiz et al., 2021; Mimee, Citorik, & Lu, 2016). One
particularly relevant target is the myostatin-follistatin
axis, a key regulatory system that controls muscle
growth. Myostatin is a natural protein that limits how
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Impacts of Myostatin on a Cellular Level:
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Figure 1. This shows how myostatin affects muscle cells.
When myostatin binds to its receptor on the surface of
a muscle cell, it sends a signal that slows down muscle
fiber development and reduces the cell’s ability to grow
and repair itself. The diagram compares healthy muscle
cells, which appear full and tightly packed, to dystrophic
muscle cells, which are smaller, weaker, and more irreg-
ularly shaped.

large muscles can grow, while follistatin is a binding
protein that blocks its

activity (See Figure 1). Increasing follistatin levels,
or mimicking it with a follistatin fragment, a smaller
peptide with similar function, can enhance muscle
mass and strength (Lee & McPherron, 2001). Engi-
neering a safe gut bacterium, such as Limosilactobacil-
lus reuteri (formerly Lactobacillus reuteri), to secrete
this peptide could provide continuous, localized inhi-
bition of myostatin through the gut without injections.
Modern synthetic biology also incorporates safety con-
trols, such as kill switches (genetic programs that
cause the engineered bacteria to self-destruct under
unsafe conditions) and inducible lysis systems, which
enable controlled therapeutic release in vivo (Din et
al, 2016). Taken together, an oral, sensor-regulated
probiotic therapeutic could be less invasive and more
scalable than viral gene therapy, avoid the chronic sys-
temic toxicity of steroids, and deliver targeted, biologi-
cally relevant myostatin inhibition that adjusts to a pa-
tient’s real-time physiology. This adaptability makes
synthetic biology one of the most promising and practi-
cal approaches to addressing both genetic muscle dis-
eases, such as DMD, and age-related conditions, such
as sarcopenia.

A naturally occurring glycoprotein, follistatin, plays
a considerable role in regulating muscle growth and
tissue repair. It is a single-chain glycoprotein com-
posed of a 63-amino-acid N-terminal region and mul-
tiple cysteine-rich follistatin domains (ScienceDirect,
n.d.). The function of follistatin is to primarily bind to
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Figure 2. Follistatin binds to Myostatin, preventing Myo-
statin from interacting with the Activin receptor-like ki-
nase (ALK) receptor on the cell surface. This inhibition
blocks the subsequent intracellular signaling cascade,
including Smad activation, nuclear translocation, and
gene regulation that typically leads to the degradation
of muscle growth factors.

and inhibit myostatin, a protein that suppresses mus-
cle development. Typically, myostatin prevents ex-
cessive muscle growth by limiting the size and num-
ber of muscle fibers produced and by degrading exist-
ing muscle cells. However, when muscle-degenerative,
age-related conditions, such as DMD or sarcopenia, are
present, elevated myostatin activity is observed (Dao &
Green, 2020). The excess myostatin causes all of these
conditions. However, if follistatin is used to promote
increased muscle mass and regeneration, it can block
myostatin, making it a promising therapeutic candi-
date for muscle-related diseases.

Mysotatin inhibitors, including follistatin fragments
and synthetic peptides, can enhance muscle growth
without the severe side effects associated with long-
term drug exposure, such as liver toxicity, infertil-
ity, cardiovascular complications, mood disorders, and
psychiatric effects. There are three main types of sig-
naling pathways: endocrine, paracrine, and autocrine.
Follistatin primarily functions in the autocrine path-
way (intracellular signaling). Intracellular signaling
pathways occur within the cell and involve enzymes
and transcription factors that respond to changes at
the molecular level. By doing this, follistatin modulates
receptor-mediated signaling in target cells (Zhang et
al,, 2023). This method is safer than other drug ther-
apies because inhibitors don’t alter molecular struc-
tures in the body; rather, they block specific compo-
nents of pathways, as shown in Figure 2, where follis-
tatin prevents myostatin from binding its receptor.

To ensure our engineered Limosilactobacillus reuteri
safely produces the follistatin peptide, multiple bio-
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logical control systems will be incorporated to regu-
late expression and maintain biosafety in the event of
accidental release from the host environment. The
core of this system is the expression of the human
FST gene, producing the functional 63-amino-acid N-
terminal fragment of follistatin. The first control mech-
anism utilizes IL-6-based activation. IL-6 is a cytokine
naturally released by the body when muscles are dam-
aged, such as during episodes of degeneration associ-
ated with DMD or muscle deterioration in sarcopenia
(Rose-John, 2020). Elevated IL-6 levels serve as a bi-
ological signal to activate the genetic switch responsi-
ble for peptide production. By incorporating the spe-
cific transcription factors, STAT3 or NF-kB, into the ge-
netic switch, the probiotic will release the follistatin
fragment only under conditions of muscle stress or in-
jury. To prevent continuous peptide expression, a TetR
regulatory loop will be implemented. TetR is a pro-
tein that functions as a transcriptional repressor, or
“off switch,” turning off gene expression once peptide
levels are sufficient. This feedback mechanism main-
tains homeostatic control and prevents overproduc-
tion, which could otherwise stress the arterial cells or
disrupt normal muscle regulation (Ramos et al., 2005).
As an additional biosafety measure, a mazF kill switch
will be incorporated to prevent engineered bacteria
from proliferating outside the gut environment. Acti-
vation of the mazF gene induces synthesis of a toxin
that causes the bacteria to self-destruct (Nariya & In-
ouye, 2008). This biosafety feature minimizes ecolog-
ical risks and strengthens containment, ensuring our
design remains environmentally and clinically secure.

This synthetic biology approach offers a promising
alternative for addressing muscle degradation disor-
ders. By engineering a probiotic chassis to deliver ther-
apeutic peptides directly through the gut, the system
provides a targeted, noninvasive, and affordable solu-
tion. This design not only strengthens muscular func-
tion but also empowers patients with a treatment that
adapts to their body’s needs.

Systems level

Interleukin-6 (IL-6) is a signaling protein called a cy-
tokine that cells release to communicate stress, inflam-
mation, and immune activity. This inflammatory sig-
nal is a response to muscle stress shown in individu-
als with DMD. Normal IL-6 levels in healthy adults are
very low, typically below 5 pg/mL (Pelosi et al.,, 2015).
When these levels are significantly above this range,
indicating an inflammatory response, our system trig-
gers the production of our genetic components to engi-
neer Limosilactobacillus reuteri to produce a follistatin
fragment (FST-344) in response to muscle damage. A
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Limosilactobacillus reuteri probiotic would be admin-
istered in a clinical setting to colonize the human gut
and, therefore, respond dynamically to muscle damage
for individuals with Duchenne Muscular Dystrophy, as
demonstrated in Figure 3. Upon sensing elevated IL-
6 levels, the engineered probiotic activates its circuit
to produce and secrete the follistatin fragment, which
suppresses myostatin and enables muscle repair.

This system is designed to shut down when IL-6
levels return to normal (below the 5 pg/mL bench-
mark), the responsive promoter turns off, triggering
the system'’s built-in kill switch, which relies on a TetR-
mazF regulatory circuit. Under inflammatory condi-
tions, TetR remains expressed and represses the mazF
toxin, allowing the bacteria to survive while producing
follistatin (Chan et al., 2015, p. 82). As the inflamma-
tory response wanes, TetR expression declines, reliev-
ing repression of mazF. The system targets cell death,
eliminating the engineered probiotic once FST-344 is
secreted. When the probiotic is taken, it remains lo-
calized in the gut and only activates in response to
elevated IL-6 levels, thereby avoiding unintended ef-
fects, providing on-demand treatment, and preventing
long-term persistence in the body (Bober et al,, 2018).
The system promotes muscle regeneration and repair
by inhibiting the natural negative regulator of muscle
growth and by using a TetR-mazF regulatory circuit to
remain localized and function only when necessary.

Device level

Our design uses a three-step procedure: producing fol-
listatin only when necessary and promptly killing the
probiotic when it is no longer needed. This results in
a lower-risk treatment option for those suffering from
DMD.

The first device is the IL-6 sensing module, which
serves as the input to the genetic circuit. It uti-
lizes a SOCS3 promoter, a transcriptional element de-
rived from STAT-3-responsive elements in IL-6 signal-
ing pathways that becomes active when IL-6 binds its
receptor and triggers the JAK-STAT3 cascade (Rose-
John, 2020). Because Limosilactobacillus reuteri does
not naturally possess mammalian signaling compo-
nents, these functions must be added for functional-
ity with a bacterial synthetic circuit, commonly used
in the engineering of biomarker-responsive probiotics
(Bober et al., 2018). To enable IL-6 detection in bacte-
rial chassis, this design requires the incorporation of a
synthetic signaling interface, such as a chimeric recep-
tor or engineered two-component system, capable of
converting extracellular IL-6 binding into intracellular
activation of STAT3-responsive transcription (Riglar &
Silver; Riglar et al., 2017). Transcription is activated



Engineering a probiotic for follistatin secretion

Engineered L.
. Reuteri senses
. high IL-6
levels from
inflammation

Follistatin
(FST-344)

v

——

Figure 3. This therapeutic workflow shows engineered L. Reuteri colonizing the gut to detect IL-6 signals released by
damaged muscle tissue. Once triggered, the probiotic secretes Follistatin (FST-344) to inhibit myostatin, promoting

muscle repair and regeneration.

strictly when IL-6 exceeds the 5 pg/mL threshold es-
tablished in DMD patients, meaning downstream de-
vices remain silent under healthy baseline conditions
(Pelosi et al., 2015).

The second device is the follistatin secretion mod-
ule, which constitutes the system’s therapeutic out-
put. Once the sensing device activates transcription, it
drives expression of the FST-344 isoform of follistatin,
the active strain responsible for myostatin inhibition
(Lee & McPherron, 2001). The FST gene is placed un-
der the direct control of the SOCS3 promoter, thereby
tightly coupling therapeutic protein production to the
inflammatory signal. The coding sequence is fused to a
secretion signal peptide compatible with Limosilacto-
bacillus Sec or Tat translocon pathways, directing the
follistatin fragment through the bacterial membrane
for extracellular release and systemic uptake (Bober et
al,, 2018).

The third device is the safety and control module,
which manages feedback regulation and biocontain-
ment through two interlocking mechanisms. The first

is a TetR repression loop that is activated under in-
flammatory conditions and acts as a transcriptional
repressor, preventing runaway follistatin overproduc-
tion (Ramos et al., 2005). The second is a mazF-based
kill switch. MazF is an mRNA interferase, meaning it
cuts mRNA at a specific sequence to stop protein syn-
thesis, in this case leading to cell death (Nariya & In-
ouye, 2008). While IL-6 stays elevated, TetR represses
mazF, allowing the bacteria to survive and produce
FST-344. This establishes a conditional survival cir-
cuit in which bacterial viability is directly linked to
the presence of inflammatory signals. As inflamma-
tion subsides and TetR expression declines, mazF is re-
leased, triggering bacterial death and preventing their
persistence in the gut (Cubillos-Ruiz et al.,, 2021).

This design enables rapid induction of therapeutic
protein production in response to elevated IL-6 levels,
followed by automatic downregulation and bacterial
clearance as inflammation subsides, ensuring a tran-
sient and tightly controlled therapeutic response.
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Parts level

The genetic components of the system are assembled
into a plasmid vector to ensure compatibility with L.
reuteri. To ensure controlled production of the pro-
tein (follistatin), the genetic circuit uses the TetR tran-
scriptional repression system. TetR is a well-known
bacterial transcriptional repressor that binds to spe-
cific DNA operator sequences. Figure 4 shows the plas-
mid backbone derived from Limosilactobacillus reuteri,
starting with the IL-6-responsive promoter. This pro-
moter is located within the synthetic cassette between
positions 1000 and 7400 bp. The system triggers
transcription of FST-344 in response to inflammatory
biomarkers. The map also highlights the restriction
enzyme sites for modular cloning. This plasmid will be
inserted into the bacteria that will be in the probiotic
form, as shown in Figure 4.

Promoters are essential regulatory DNA sequences
that control transcription initiation and determine
when and at what level genes are expressed. In this
design, we have both inducible and constitutive pro-
moters that serve distinct functions to achieve precise
control over therapeutic output and biosafety.

The primary promoter is driven by an IL-
6-responsive element, enabling inflammation-
dependent gene expression. This promoter is
activated by IL-6 elevation. By linking follistatin ex-
pression to IL-6 levels, the inducible promoter ensures
that follistatin production is activated only when
needed, thereby increasing specificity and reducing
unnecessary metabolic activity in the host organism.

On the other hand, we have a constitutive promoter
in the secondary promoter. This promoter is driven
by continuous expression of regulatory components.
Constitutive expression ensures that the safety mech-
anism remains active at all times, enabling rapid acti-
vation of the Kkill switch. This difference is the key be-
tween the inducible and constitutive promoters.

The devices also include double terminators to en-
sure that the device turns off the activation of cer-
tain proteins, so the host is no longer using metabolic
energy. The double terminators are used to prevent
“leaks” during transcription.

In Figure 5, you can see how the two would work to-
gether to build our device. Once the first promoter is
activated, it produces follistatin, which is quickly de-
tected by the constitutive promoter and activates the
toxins, ultimately activating the kill switch.

Limosilactobacillus reuteri is a probiotic bacterium
commonly found in the human gastrointestinal tract
and has been widely studied for its safety and thera-
peutic potential. Its designation as a Generally Rec-
ognized As Safe (GRAS) organism supports its use in
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engineered therapeutic systems, particularly those in-
tended for oral delivery (Zhang et al, 2019). The
organism’s ability to survive gastric transit and per-
sist fleetingly within the gut environment makes it
optimal for concentrated production of therapeutic
biomolecules. In addition, L. reuteri and related Lacto-
bacillus species have been successfully engineered to
express heterologous proteins, showing compatibility
with synthetic gene circuits and controlled expression
systems (Mimee et al., 2016). These characteristics
make it an effective chassis for probiotic-based deliv-
ery platforms that rely on non-invasive administration
and host microbe interaction.

The IL-6-responsive promoter used in this system
is derived from the SOCS3 regulatory region, which
contains STAT3-binding elements activated by inflam-
matory signaling. IL-6 is a central cytokine in im-
mune regulation and signals through the JAK/STAT3
pathway, where STAT3 phosphorylation and nuclear
translocation drive transcription of downstream tar-
get genes (Rose-John, 2020). Incorporating STAT3-
responsive elements into a synthetic promoter enables
transcriptional activation in response to elevated IL-6
levels. These promoters have been widely studied for
their ability to link extracellular inflammatory cues to
gene expression, making them effective biosensors in
engineered systems (Heinrich et al., 2003). This de-
sign allows the promoter to function as a precise input
sensor, ensuring that downstream gene expression is
tightly connected to disease-associated inflammatory
states.

The therapeutic output of the system is the FST-344
isoform of follistatin, a secreted glycoprotein that in-
hibits myostatin and related TGF-f ligands, preventing
their interaction with receptors, promoting muscle hy-
pertrophy and regeneration (Lee & McPherron, 2001;
McPherron & Lee, 1997). The FST-344 isoform is pro-
cessed into an active, circulating form capable of exert-
ing systemic effects, making it suitable for therapeutic
applications targeting muscle-wasting diseases. Its ef-
ficacy in enhancing muscle mass and function has been
demonstrated in many experimental models, support-
ing its selection as a therapeutic candidate (Pedersen
& Febbraio, 2008). For use in a probiotic system, follis-
tatin can be fused to a secretion signal peptide compat-
ible with bacterial export pathways, enabling extracel-
lular release and interaction with host tissues (Mimee
etal,, 2016). This ensures that the therapeutic protein
reaches its target and performs its biological function
effectively.
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Figure 4. Map of the Probiotic expression vector in Limosilactobacillus reuteri. This figure shows the 11,621 bp of
the recombinant plasmid design for the localized delivery of Follistatin (FST-344). The plasmid uses the L. reuteri

backbone to modulate muscle wasting.

Safety

In humans, L. reuteri is found in many different body
sites, including the gastrointestinal tract, mouth, and
skin (Mu et al,, 2018). Due to its multiple occurrences
in the body, its presence supports its harmlessness for
consumption and the environment. After leaving the
body, it decomposes in the environment through nat-
ural processes, as it requires little oxygen. Addition-
ally, the engineered probiotic is administered in a clin-
ical setting as the patient needs, and studies on similar
L. reuteri probiotic strains demonstrate that bacterial
levels decline when administration stops and do not
cause long-term ecological problems; they have even
been shown to degrade organic waste, pollutants, and
toxins rather than creating chemical pollution (Lee et
al, 2025). After being generally recognized as safe
(GRAS) by the U.S. Food and Drug Administration, L.
reuteri probiotics are deemed to pose minimal risk
to ecosystems under their intended use and therefore
have little to no environmental impact (United States

Environmental Protection Agency).

Experimental work involving the manipulation of
these pathways would be conducted under appropri-
ate biosafety conditions (BSL-1), due to the chassis,
L. reuteri’s, status as GRAS (Generally Recognized As
Safe) (Mu et al,, 2018), using non-pathogenic labora-
tory strains within a controlled environment (Centers
for Disease Control and Prevention [CDC], 2020; Na-
tional Institutes of Health [NIH], 2019). The design as-
sumes strict adherence to aseptic techniques during
cloning, transformation, and expression procedures to
prevent contamination and unintended spread of ge-
netically modified material. Standard personal pro-
tective equipment, including gloves, lab coats, and eye
protection, would be required, and all samples and
reagents would be clearly labeled and handled to min-
imize exposure risk (CDC, 2020). Work surfaces and
equipment would be routinely disinfected before and
after use. All biological waste, including liquid cultures
and contaminated consumables, would be decontam-
inated by chemical treatment or autoclaving prior to
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Figure 5. Synthetic gene circuit for inflammation-responsive follistatin delivery. This is an overview of the genetic
system consisting of two modules. (Top) An IL-6-responsive sensing and therapeutic expression module + IL-6-
sensitive promoter that activates the expression of Follisatin.

disposal, ensuring that no viable genetically modified
organisms are released from the laboratory (Schmidt
etal, 2009; NIH, 2019).

The use of a genetically modified organism to de-
liver follistatin presents many potential risks to the hu-
man body. This must be considered, as the overuse
of probiotics may lead to gastrointestinal side effects
such as bloating and gas (Cleveland Clinic, n.d.), which
are common symptoms of rapid shifts in the gut mi-
crobiota. These symptoms can reflect a disturbance in
the native microbiome when we introduce a new bac-
terium via a pill. Additionally, prolonged or excessive
use of the probiotic can lead to overexpression of follis-
tatin and unintentionally suppress myostatin signaling
beyond necessary medical needs, thereby causing ab-
normal muscle growth or other physical effects. There-
fore, there needs to be regulations of bacterial activity
and robust biocontamination mechanisms to minimize
these risks.

Further biosafety within our engineered L. reuteri
probiotic incorporates two implemented regulatory
mechanisms to control therapeutic output and ensure
biosafety. A TetR repression loop functions as a tran-
scriptional off-switch, suppressing follistatin overpro-
duction once IL-6 levels normalize, maintaining home-
ostatic control and preventing unnecessary metabolic
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damage to the host (Ramos et al., 2005). When IL-
6 drops below the 5 pg/mL threshold and TetR ex-
pression declines, the mazF kill switch is relieved of
repression, triggering mRNA degradation and causing
the bacteria to self-destruct before they can persist be-
yond the gut environment (Nariya & Inouye, 2008). To-
gether, these mechanisms ensure that the probiotic re-
mains active only during inflammatory episodes asso-
ciated with DMD or sarcopenia, directly linking regula-
tory function to the conditions the therapy is designed
to address.

The engineered L. reuteri employs a three-step
safety procedure, but the system faces biological chal-
lenges of transcriptional leakiness and genetic instabil-
ity. Even in the absence of elevated IL-6 levels, promot-
ers still exhibit default activity, leading to leaky tran-
scription of FST-344 (Cubillos-Ruiz et al., 2021). The
implementation of double terminators will mitigate
this and conserve host energy, but additional stability
can be achieved by incorporating ribosome-binding or
decoy sites to tightly regulate unintended protein pro-
duction (Mimee et al,, 2016). Additionally, pressure on
the mazF-based kill switch could induce mutations that
enable the bacteria to evade self-destruction (Nariya &
Inouye, 2008). To counter this, utilizing redundant kill
switches can ensure that any mutant is naturally elimi-
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nated. Essential gene coupling could also ensure elim-
ination by linking the therapeutic plasmid to a gene
necessary for survival in the gut environment (Ramos
etal, 2005).

Discussions

The feasibility of this project is bolstered by the selec-
tion of Limosilactobacillus reuteri as a chassis, a bac-
terium naturally found in the body and generally recog-
nized as safe. By leveraging synthetic biology compo-
nents, such as IL-6-responsive promoters for damage
sensing and TetR-regulated repression loops for home-
ostatic control, the design aligns with proven methods
for engineering living therapeutics. Furthermore, inte-
grating a mazF Kkill switch and double terminators ad-
dresses critical safety concerns and enables a noninva-
sive, scalable approach.

Since the genetically engineered probiotic will as-
sist with muscle regeneration in individuals with
Duchenne Muscular Dystrophy (DMD), there is a risk
of misuse for purposes other than its intended use,
such as unauthorized muscle enhancement or aes-
thetic modification. With this risk in mind, the pro-
biotic would be distributed only in a clinical setting
when needed and prescribed only to individuals with
the disorder. The remedy is intended solely to relieve
pain and promote muscle preservation, addressing the
needs of these individuals, and will not be provided to
those without DMD. The engineered bacteria are de-
signed to stop activity once IL-6 levels return to nor-
mal, ensuring safety and specificity for patients with
this condition.

Despite being among the most common approaches
currently used to treat DMD and sarcopenia, myostatin
inhibitors and gene therapy still face substantial deliv-
ery and economic challenges (Wagner, 2020; Elangko-
van & Dickson, 2021). For instance, while myostatin
inhibitors such as Trevogrumab and SRK-439 are de-
signed to inhibit myostatin function, systemic delivery
has yielded only modest results, requiring repetitive
treatments (Wagner, 2020). Genetic treatment meth-
ods, such as exon skipping drugs and AAV gene ther-
apy, are often too expensive, ranging from $300,000
to $3 million annually, or up to $3.5 million for one-
time doses. Furthermore, their high mutation speci-
ficity limits their broader application, as evidenced by
the recent failures of several late-stage clinical trials
(Reuters, 2024).

The use of engineered L. reuteri as a probiotic vec-
tor can deliver follistatin orally, thereby avoiding the
side effects and costly production processes associated
with conventional therapies (Mu et al.,, 2018; Lee et
al, 2025). With our unique combination of a tetR-

regulated transcription circuit and a MazF-based kill
switch, we achieve homeostasis in myostatin inhibi-
tion, ensuring that therapeutic FTS-344 is confined to
the patient’s inflammatory levels (Ramos et al., 2005;
Nariya & Inouye, 2008; Chan et al., 2015). This design
enables active muscle repair while minimizing side ef-
fects and preventing the environmental release of en-
gineered microbes.

There are several limitations associated with the
production and large-scale implementation of probi-
otics. A key limitation is that their effects can vary
widely among individuals who take them, depending
on their gut microbiome. For example, even twins
can have immensely different gut microbiome compo-
sition. Elevated IL-6 levels alone cannot distinguish
between muscle degeneration and normal responses
such as exercise or infection, because IL-6 is a gen-
eral inflammatory cytokine. The difference is derived
from the context: exercise causes a short spike in IL-
6 levels that muscles can quickly resolve, while mus-
cle degeneration produces a sustained elevation along-
side markers such as tissue damage, elevated creatine
kinases, and persistent inflammation. Engineering a
probiotic to fit each individual is nearly impossible,
making outcomes unpredictable (National Institutes of
Health [NIH], 2023). Additionally, although probiotics
are generally considered safe, there are documented
risks of gastrointestinal side effects and infections in
immunocompromised people (Cleveland Clinic, 2024).
There is also a research gap that hinders our under-
standing of the long-term effects of both conventional
and genetically modified probiotics (Hill et al., 2014).
Probiotics face major limitations due to unpredictable
individual responses, potential health risks in vulner-
able populations, and limited research on their long-
term effects.

Next steps

To move this design from a theoretical model to
a functional therapeutic for DMD and sarcopenia,
our research must proceed through phases of ge-
netic optimization, component validation, and rigor-
ous biosafety testing.

Our first priority is to refine the genetic circuit to ad-
dress the inherent challenge of transcriptional leaki-
ness. While our current design uses an IL-6-responsive
promoter and a TetR-regulated repression loop, even
minimal default promoter activity can lead to unin-
tended production. To mitigate this, we will incor-
porate double terminators and optimize ribosome-
binding or decoy sites to ensure tight control of pro-
tein expression (Cubillos-Ruiz et al., 2021; Mimee et
al, 2016). We also intend to use AlphaFold to model
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the follistatin fragment, ensuring the peptide remains
stable and biologically active upon secretion (Jumper
etal,, 2021).

Following construction, we must quantify the sys-
tem’s responsiveness to IL-6, a keystone cytokine in
inflammatory muscle degeneration (Hunter & Jones,
2015). We will conduct in vitro assays to measure
the follistatin production levels in response to varying
physiological concentrations of IL-6. These results will
be calibrated against baseline myostatin-suppression
metrics to verify therapeutic efficacy, relying on estab-
lished understanding of myostatin regulation (Lee &
McPherron, 2001).

Stability of our biosafety measures is critical. Be-
cause the mazF Kkill switch is susceptible to mutations
that could allow the bacteria to evade self-destruction
(Nariya & Inouye, 2008), we will develop redundant
safety modules. The double terminators to prevent
leakage, ribosome binding for tighter control over pro-
tein expression, and AlphaFold modelling to ensure
our follistatin stays stable and active only when and
where intended. Our future work will focus on inte-
grating essential gene coupling, which links the thera-
peutic plasmid to genes critical for survival in the gut
environment, ensuring that the strain cannot persistin
the host should the regulatory system fail (Ramos etal.,
2005). Finally, as L. reuteri is a GRAS-certified (gen-
erally recognized as safe) organism (Mu et al., 2018),
we will continue to perform stress-testing in simu-
lated gastrointestinal environments to verify that bac-
terial levels naturally decline when therapeutic admin-
istration ceases, thereby fulfilling the requirements for
long-term ecological safety.
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