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DESIGN BRIEF

Engineering an IL-6 responsive probiotic for dynamic
follistatin secretion andmyostatin inhibition
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Duchenne 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-relatedsarcopenia, 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 todevelop. 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). Theresulting follistatin protein suppresses myostatin signaling by preventing receptor binding, thereby promot-ing muscle preservation. To ensure homeostatic control and prevent overproduction, the circuit incorporatesa TetR-regulated repression loop. For additional biosafety and regulatory control, the design incorporates amazF-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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any medium, provided the original work is properly cited.Duchenne Muscular Dystrophy (DMD) is one of themost severe forms of inherited muscular dys-trophies, affecting 1 in every 3600 males worldwide(Venugopal & Pavlakis, 2023). Through advances inmedical research and ongoing research, the averagelife expectancy for individuals with DMDhas increasedfrom 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 muscledegeneration with DMD (Malatesta, 2012). Individu-als with DMD and sarcopenia experience progressivemuscle weakness that leads to loss of mobility, respi-ratory failure, and cardiac complications, significantlyreducing quality of life. These conditions deterioratethe musculoskeletal system, which enables the bodyto move andmaintain stability through the interactionof 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 inSarcopenia and DMD to identify potential strategies toslow or prevent their progression.At the cellular level, sarcopenia is characterized by adecline in the number and size ofmuscle fibers. Partic-ularly, this decline in type II fast-twitch fibers is drivenbydiminishedprotein synthesis, reducedanabolic hor-mones such as insulin-like growth factor-1 (IGF-1) andtestosterone, and compromised satellite cell (musclestem cell) function, which impairs regeneration (Cruz-Jentoft et al., 2019). Exacerbating factors include phys-ical inactivity, inadequate protein intake, insulin resis-tance, chronic low-grade inflammation, and denerva-tion due to loss ofmotor neurons at the neuromuscularjunctions (Cleveland Clinic, 2022). Clinically, patients
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experience reduced endurance, difficulty with walkingand stair climbing, impaired balance, increased falls,and overt muscle atrophy, which heighten frailty andfracture risk and contribute to sarcopenic obesity, inwhich fat accumulation accompanies muscle decline(Cruz-Jentoft et al., 2019).DMD arises from mutations in the dystrophin geneon chromosome Xp21, leading to absent or defectivedystrophin 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 exhibitmembrane fragility, excessive calcium influx, and re-current necrosis, with regenerative efforts ultimatelyexhausted and replaced by fibroadipose tissue (Venu-gopal & Pavlakis, 2023). Symptoms emerge in earlychildhood, aroundages3 to5,withproximalweakness,delayed motor milestones, waddling gait, and pseu-dohypertrophic calves from fat infiltration; walking istypically lost by age 12, progressing to respiratory in-sufficiency, cardiomyopathy, and mortality in the 20s 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 conditionsshare key pathological features such as progressivemuscle degeneration, impaired regeneration, and–critically for therapeutic intervention–elevated myo-statin signaling that inhibits muscle growth. (Venu-gopal & Pavlakis, 2023; Malatesta, 2012). DMD stemsfrom a primary genetic mutation, whereas sarcopeniareflects multifactorial aging, yet both display nuclearanomalies such as altered pre-mRNA splicing and se-questration of RNA-binding proteins that hinder re-pair (Malatesta, 2012; Cruz-Jentoft et al., 2019). Theseconvergent mechanisms enable cross-disease insights,though divergent origins demand distinct therapeuticstrategies. The goal of our project is to develop a treat-ment for muscular dystrophy applicable to both DMDand sarcopenia.Although scientific understanding of sarcopenia andDMD has advanced substantially, current treatmentslargely focus on managing symptoms rather than cor-recting the underlying disease processes, with limitedeffectiveness and safety concerns that point to theneedfor new approaches such as synthetic biology.While multiple therapeutic strategies exist for mus-cle diseases such as DMD and sarcopenia, most areconstrained by fundamental limitations that under-mine their safety, accessibility, and durability. InDMD, the standard pharmacological intervention re-mains corticosteroid therapy, which relies on syntheticglucocorticoids such as prednisone or deflazacort tosuppress inflammation and slowmuscle degeneration.

While these drugs can preserve muscle strength anddelay loss of ambulation (Birnkrant et al., 2018), theirnonspecific immune suppression and metabolic dis-ruption impose a substantial long-term cost. Chronicuse is associated with osteoporosis, weight gain,growth suppression in children, and metabolic disor-ders, including diabetes, making sustained treatmentclinically problematic (Birnkrant et al., 2018). Gene-replacement therapy offers a more targeted strategyby attempting to restore dystrophin expression, yet itfaces structural and immunological barriers that limitits effectiveness. The dystrophin gene is too large to bepackaged into standard viral vectors, forcing relianceon truncatedmicrodystrophin constructs delivered viaadeno-associated viruses (AAVs). These vectors canprovoke immune responses against both the viral cap-sid and the introduced transgene, leading to inflam-mation, loss of expression, or incomplete functionalrescue. Compounding these biological challenges, thehigh cost–upwards of $3.2 million–and manufacturingcomplexity 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 primarilythrough behavioral interventions such as resistancetraining and nutritional supplementation, includingincreased protein and vitamin D intake. Althoughthese approaches can attenuate muscle loss in oth-erwise healthy adults, their benefits are modest infrail or chronically ill populations, and long-term ad-herence remains a persistent barrier (Cruz-Jentoft etal., 2019). Taken together, these limitations expose agap between symptom management and true diseasemodification, underscoring the need for therapeuticsystems that are precise rather than systemic, durablerather than transient, and capable of responding dy-namically to physiological demand while minimizingoff-target effects.Synthetic biology provides a novel framework forimprovement, 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 colonizethe gut and respond dynamically to biological sig-nals. These living therapeutics can sense moleculesassociated with disease, process that information, andrelease 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). Oneparticularly relevant target is the myostatin-follistatinaxis, a key regulatory system that controls musclegrowth. Myostatin is a natural protein that limits how
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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 bindingprotein that blocks itsactivity (See Figure 1). Increasing follistatin levels,or mimicking it with a follistatin fragment, a smallerpeptide with similar function, can enhance musclemass and strength (Lee & McPherron, 2001). Engi-neering a safe gut bacterium, such as Limosilactobacil-
lus reuteri (formerly Lactobacillus reuteri), to secretethis 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 thatcause the engineered bacteria to self-destruct underunsafe conditions) and inducible lysis systems, whichenable controlled therapeutic release in vivo (Din etal., 2016). Taken together, an oral, sensor-regulatedprobiotic therapeutic could be less invasive and morescalable 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 makessynthetic biologyoneof themost promising andpracti-cal approaches to addressing both genetic muscle dis-eases, such as DMD, and age-related conditions, suchas sarcopenia.A naturally occurring glycoprotein, follistatin, playsa considerable role in regulating muscle growth andtissue 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

Figure 2. Follistatin binds toMyostatin, preventingMyo-
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 DMDor sarcopenia, arepresent, elevatedmyostatin activity is observed (Dao&Green, 2020). The excess myostatin causes all of theseconditions. However, if follistatin is used to promoteincreased muscle mass and regeneration, it can blockmyostatin, making it a promising therapeutic candi-date for muscle-related diseases.Mysotatin inhibitors, including follistatin fragmentsand synthetic peptides, can enhance muscle growthwithout the severe side effects associated with long-term drug exposure, such as liver toxicity, infertil-ity, cardiovascular complications, mood disorders, andpsychiatric 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 signalingpathways occur within the cell and involve enzymesand transcription factors that respond to changes atthemolecular level. By doing this, follistatinmodulatesreceptor-mediated signaling in target cells (Zhang etal., 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 reuterisafely 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 ofaccidental release from the host environment. Thecore of this system is the expression of the humanFST gene, producing the functional 63-amino-acid N-terminal fragment of follistatin. The first controlmech-anism utilizes IL-6-based activation. IL-6 is a cytokinenaturally released by the body whenmuscles 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-κB, into the ge-netic switch, the probiotic will release the follistatinfragment only under conditions of muscle stress or in-jury. To prevent continuous peptide expression, a TetRregulatory loop will be implemented. TetR is a pro-tein that functions as a transcriptional repressor, or“off switch,” turning off gene expression once peptidelevels are sufficient. This feedback mechanism main-tains homeostatic control and prevents overproduc-tion, which could otherwise stress the arterial cells ordisrupt normalmuscle regulation (Ramos et al., 2005).As an additional biosafety measure, a mazF kill switchwill be incorporated to prevent engineered bacteriafrom proliferating outside the gut environment. Acti-vation of the mazF gene induces synthesis of a toxinthat causes the bacteria to self-destruct (Nariya & In-ouye, 2008). This biosafety feature minimizes ecolog-ical risks and strengthens containment, ensuring ourdesign remains environmentally and clinically secure.This synthetic biology approach offers a promisingalternative for addressing muscle degradation disor-ders. By engineering aprobiotic chassis todeliver ther-apeutic peptides directly through the gut, the systemprovides a targeted, noninvasive, and affordable solu-tion. This design not only strengthens muscular func-tion but also empowers patients with a treatment thatadapts to their body’s needs.
Systems levelInterleukin-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 arevery 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 follistatinfragment (FST-344) in response to muscle damage. A

Limosilactobacillus reuteri probiotic would be admin-istered in a clinical setting to colonize the human gutand, therefore, respond dynamically tomuscle damagefor individuals with Duchenne Muscular Dystrophy, asdemonstrated in Figure 3. Upon sensing elevated IL-6 levels, the engineered probiotic activates its circuitto produce and secrete the follistatin fragment, whichsuppresses myostatin and enables muscle repair.This system is designed to shut down when IL-6levels return to normal (below the 5 pg/mL bench-mark), the responsive promoter turns off, triggeringthe system’s built-in kill switch, which relies on a TetR-mazF regulatory circuit. Under inflammatory condi-tions, TetR remains expressed and represses the mazFtoxin, allowing the bacteria to survive while producingfollistatin (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 issecreted. When the probiotic is taken, it remains lo-calized in the gut and only activates in response toelevated IL-6 levels, thereby avoiding unintended ef-fects, providing on-demand treatment, and preventinglong-term persistence in the body (Bober et al., 2018).The system promotes muscle regeneration and repairby inhibiting the natural negative regulator of musclegrowth and by using a TetR-mazF regulatory circuit toremain localized and function only when necessary.
Device levelOur design uses a three-step procedure: producing fol-listatin only when necessary and promptly killing theprobiotic when it is no longer needed. This results ina lower-risk treatment option for those suffering fromDMD.The first device is the IL-6 sensing module, whichserves 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 itsreceptor and triggers the JAK-STAT3 cascade (Rose-John, 2020). Because Limosilactobacillus reuteri doesnot naturally possess mammalian signaling compo-nents, these functions must be added for functional-ity with a bacterial synthetic circuit, commonly usedin 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 asynthetic signaling interface, such as a chimeric recep-tor or engineered two-component system, capable ofconverting extracellular IL-6 binding into intracellularactivation of STAT3-responsive transcription (Riglar &Silver; Riglar et al., 2017). Transcription is activated
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Figure 3. This therapeuticworkflow shows engineered L. Reuteri colonizing the gut to detect IL-6 signals released by
damagedmuscle 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, itdrives 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, therebytightly coupling therapeutic protein production to theinflammatory signal. The coding sequence is fused to asecretion signal peptide compatible with Limosilacto-
bacillus Sec or Tat translocon pathways, directing thefollistatin fragment through the bacterial membranefor extracellular release and systemic uptake (Bober etal., 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 transcriptionalrepressor, preventing runaway follistatin overproduc-tion (Ramos et al., 2005). The second is a mazF-basedkill switch. MazF is an mRNA interferase, meaning itcuts 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 repressesmazF, allowing the bacteria to survive and produceFST-344. This establishes a conditional survival cir-cuit in which bacterial viability is directly linked tothe presence of inflammatory signals. As inflamma-tion subsides and TetR expression declines, mazF is re-leased, triggering bacterial death and preventing theirpersistence in the gut (Cubillos-Ruiz et al., 2021).
This design enables rapid induction of therapeuticprotein production in response to elevated IL-6 levels,followed by automatic downregulation and bacterialclearance as inflammation subsides, ensuring a tran-sient and tightly controlled therapeutic response.
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Parts levelThe genetic components of the system are assembledinto 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-knownbacterial transcriptional repressor that binds to spe-cific DNAoperator 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 betweenpositions 1000 and 7400 bp. The system triggerstranscription of FST-344 in response to inflammatorybiomarkers. The map also highlights the restrictionenzyme sites formodular cloning. This plasmidwill beinserted into the bacteria that will be in the probioticform, as shown in Figure 4.Promoters are essential regulatory DNA sequencesthat control transcription initiation and determinewhen and at what level genes are expressed. In thisdesign, we have both inducible and constitutive pro-moters that serve distinct functions to achieve precisecontrol over therapeutic output and biosafety.The primary promoter is driven by an IL-6-responsive element, enabling inflammation-dependent gene expression. This promoter isactivated by IL-6 elevation. By linking follistatin ex-pression to IL-6 levels, the inducible promoter ensuresthat follistatin production is activated only whenneeded, thereby increasing specificity and reducingunnecessary metabolic activity in the host organism.On the other hand, we have a constitutive promoterin the secondary promoter. This promoter is drivenby continuous expression of regulatory components.Constitutive expression ensures that the safety mech-anism remains active at all times, enabling rapid acti-vation of the kill 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 metabolicenergy. The double terminators are used to prevent“leaks” during transcription.In Figure 5, you can see how the twowould work to-gether to build our device. Once the first promoter isactivated, it produces follistatin, which is quickly de-tected by the constitutive promoter and activates thetoxins, ultimately activating the kill switch.
Limosilactobacillus reuteri is a probiotic bacteriumcommonly found in the human gastrointestinal tractand 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

engineered therapeutic systems, particularly those in-tended for oral delivery (Zhang et al., 2019). Theorganism’s ability to survive gastric transit and per-sist fleetingly within the gut environment makes itoptimal for concentrated production of therapeuticbiomolecules. In addition, L. reuteri and related Lacto-
bacillus species have been successfully engineered toexpress heterologous proteins, showing compatibilitywith synthetic gene circuits and controlled expressionsystems (Mimee et al., 2016). These characteristicsmake it an effective chassis for probiotic-based deliv-ery platforms that rely on non-invasive administrationand host microbe interaction.
The IL-6-responsive promoter used in this systemis derived from the SOCS3 regulatory region, whichcontains STAT3-binding elements activated by inflam-matory signaling. IL-6 is a central cytokine in im-mune regulation and signals through the JAK/STAT3pathway, where STAT3 phosphorylation and nucleartranslocation drive transcription of downstream tar-get genes (Rose-John, 2020). Incorporating STAT3-responsive elements into a synthetic promoter enablestranscriptional activation in response to elevated IL-6levels. These promoters have been widely studied fortheir ability to link extracellular inflammatory cues togene expression, making them effective biosensors inengineered systems (Heinrich et al., 2003). This de-sign allows the promoter to function as a precise inputsensor, ensuring that downstream gene expression istightly connected to disease-associated inflammatorystates.
The therapeutic output of the system is the FST-344isoform of follistatin, a secreted glycoprotein that in-hibits myostatin and related TGF-β ligands, preventingtheir interactionwith receptors, promotingmuscle 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 therapeuticapplications targeting muscle-wasting diseases. Its ef-ficacy in enhancingmusclemass and function has beendemonstrated 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 (Mimeeet al., 2016). This ensures that the therapeutic proteinreaches its target and performs its biological functioneffectively.
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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 bodysites, including the gastrointestinal tract, mouth, andskin (Mu et al., 2018). Due to its multiple occurrencesin the body, its presence supports its harmlessness forconsumption and the environment. After leaving thebody, 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 bacteriallevels decline when administration stops and do notcause long-term ecological problems; they have evenbeen shown to degrade organic waste, pollutants, andtoxins rather than creating chemical pollution (Lee etal., 2025). After being generally recognized as safe(GRAS) by the U.S. Food and Drug Administration, L.
reuteri probiotics are deemed to pose minimal riskto ecosystems under their intended use and thereforehave little to no environmental impact (United States

Environmental Protection Agency).Experimental work involving the manipulation ofthese pathways would be conducted under appropri-ate biosafety conditions (BSL-1), due to the chassis,
L. reuteri’s, status as GRAS (Generally Recognized AsSafe) (Mu et al., 2018), using non-pathogenic labora-tory strains within a controlled environment (Centersfor Disease Control and Prevention [CDC], 2020; Na-tional Institutes of Health [NIH], 2019). The design as-sumes strict adherence to aseptic techniques duringcloning, transformation, and expression procedures toprevent contamination and unintended spread of ge-netically modified material. Standard personal pro-tective equipment, including gloves, lab coats, and eyeprotection, would be required, and all samples andreagents would be clearly labeled and handled to min-imize exposure risk (CDC, 2020). Work surfaces andequipment would be routinely disinfected before andafter use. All biological waste, including liquid culturesand 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 modifiedorganisms are released from the laboratory (Schmidtet al., 2009; NIH, 2019).The use of a genetically modified organism to de-liver follistatin presentsmany potential risks to the hu-man body. This must be considered, as the overuseof probiotics may lead to gastrointestinal side effectssuch as bloating and gas (Cleveland Clinic, n.d.), whichare common symptoms of rapid shifts in the gut mi-crobiota. These symptoms can reflect a disturbance inthe native microbiome when we introduce a new bac-terium via a pill. Additionally, prolonged or excessiveuse of the probiotic can lead to overexpression of follis-tatin and unintentionally suppressmyostatin signalingbeyond necessary medical needs, thereby causing ab-normalmuscle growthor other physical effects. There-fore, there needs to be regulations of bacterial activityand robust biocontaminationmechanisms tominimizethese risks.Further biosafety within our engineered L. reuteriprobiotic incorporates two implemented regulatorymechanisms to control therapeutic output and ensurebiosafety. 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

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 ofrepression, triggering mRNA degradation and causingthe bacteria to self-destruct before they can persist be-yond the gut environment (Nariya& Inouye, 2008). To-gether, thesemechanisms ensure that the probiotic re-mains active only during inflammatory episodes asso-ciatedwith DMD or sarcopenia, directly linking regula-tory function to the conditions the therapy is designedto address.The engineered L. reuteri employs a three-stepsafety procedure, but the system faces biological chal-lenges of transcriptional leakiness andgenetic 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). Theimplementation of double terminators will mitigatethis and conserve host energy, but additional stabilitycan be achieved by incorporating ribosome-binding ordecoy sites to tightly regulate unintended protein pro-duction (Mimee et al., 2016). Additionally, pressure onthemazF-basedkill switch could inducemutations thatenable the bacteria to evade self-destruction (Nariya &Inouye, 2008). To counter this, utilizing redundant killswitches can ensure that anymutant is naturally elimi-
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nated. Essential gene coupling could also ensure elim-ination by linking the therapeutic plasmid to a genenecessary for survival in the gut environment (Ramoset al., 2005).
DiscussionsThe feasibility of this project is bolstered by the selec-tion of Limosilactobacillus reuteri as a chassis, a bac-teriumnaturally found in thebodyandgenerally recog-nized as safe. By leveraging synthetic biology compo-nents, such as IL-6-responsive promoters for damagesensing andTetR-regulated repression loops for home-ostatic control, the design aligns with proven methodsfor engineering living therapeutics. Furthermore, inte-grating a mazF kill 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 withDuchenne Muscular Dystrophy (DMD), there is a riskof 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 settingwhen needed and prescribed only to individuals withthe disorder. The remedy is intended solely to relievepain and promotemuscle preservation, addressing theneeds of these individuals, and will not be provided tothose 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 withthis condition.Despite being among the most common approachescurrently used to treat DMD and sarcopenia, myostatininhibitors and gene therapy still face substantial deliv-ery and economic challenges (Wagner, 2020; Elangko-van & Dickson, 2021). For instance, while myostatininhibitors such as Trevogrumab and SRK-439 are de-signed to inhibit myostatin function, systemic deliveryhas yielded only modest results, requiring repetitivetreatments (Wagner, 2020). Genetic treatment meth-ods, such as exon skipping drugs and AAV gene ther-apy, are often too expensive, ranging from $300,000to $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 bythe 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 theside effects and costly production processes associatedwith conventional therapies (Mu et al., 2018; Lee etal., 2025). With our unique combination of a tetR-

regulated transcription circuit and a MazF-based killswitch, we achieve homeostasis in myostatin inhibi-tion, ensuring that therapeutic FTS-344 is confined tothe patient’s inflammatory levels (Ramos et al., 2005;Nariya & Inouye, 2008; Chan et al., 2015). This designenables active muscle repair while minimizing side ef-fects and preventing the environmental release of en-gineered microbes.There are several limitations associated with theproduction and large-scale implementation of probi-otics. A key limitation is that their effects can varywidely among individuals who take them, dependingon their gut microbiome. For example, even twinscan have immensely different gut microbiome compo-sition. Elevated IL-6 levels alone cannot distinguishbetween muscle degeneration and normal responsessuch as exercise or infection, because IL-6 is a gen-eral inflammatory cytokine. The difference is derivedfrom 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 creatinekinases, and persistent inflammation. Engineering aprobiotic to fit each individual is nearly impossible,making outcomes unpredictable (National Institutes ofHealth [NIH], 2023). Additionally, although probioticsare generally considered safe, there are documentedrisks of gastrointestinal side effects and infections inimmunocompromised people (Cleveland Clinic, 2024).There is also a research gap that hinders our under-standing of the long-term effects of both conventionaland genetically modified probiotics (Hill et al., 2014).Probiotics face major limitations due to unpredictableindividual responses, potential health risks in vulner-able populations, and limited research on their long-term effects.
Next stepsTo move this design from a theoretical model toa 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-responsivepromoter and a TetR-regulated repression loop, evenminimal 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 etal., 2016). We also intend to use AlphaFold to model
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the follistatin fragment, ensuring the peptide remainsstable and biologically active upon secretion (Jumperet al., 2021).Following construction, we must quantify the sys-tem’s responsiveness to IL-6, a keystone cytokine ininflammatory muscle degeneration (Hunter & Jones,2015). We will conduct in vitro assays to measurethe follistatin production levels in response to varyingphysiological concentrations of IL-6. These results willbe calibrated against baseline myostatin-suppressionmetrics 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 kill switch is susceptible to mutationsthat could allow the bacteria to evade self-destruction(Nariya & Inouye, 2008), we will develop redundantsafety modules. The double terminators to preventleakage, ribosome binding for tighter control over pro-tein expression, and AlphaFold modelling to ensureour follistatin stays stable and active only when andwhere 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 gutenvironment, ensuring that the strain cannot persist inthe host should the regulatory system fail (Ramos et al.,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 declinewhen therapeutic admin-istration ceases, thereby fulfilling the requirements forlong-term ecological safety.
Author contributionsC.W. designed the original project idea. A.B, S.M, A.S,L.S, C.W. contributed to the writing of the Abstract,Background, Systems, Devices, Parts, Safety, and Dis-cussion. A.B. wrote the next steps. S.M, A.S, and L.S.created the figures. A.B, S.M, A.S, L.S, and C.W. all com-piled references.
AcknowledgementsWe would like to thank Ms. Marmerstein for her valu-able guidance, feedback, and support throughout ourresearch process. We are also extremely grateful toour bio builder mentor, Dr. Kosuke Seki, for thought-fully aiding our research, reviewing our work, and of-fering constructive criticism. Additionally, we wouldlike to thankWestern Reserve Academy for the oppor-tunity to takeCLSyntheticBiology1and for thenumer-ous learning opportunities the course has provided.

Finally, we acknowledge Biotreks for their support inmaking this design possible.
ReferencesBarr, A., Heldt, F., Zhang, T., Bakal, C., & Novák, B.(2016). A dynamical framework for the all-or-noneg1/s transition. Cell Systems, 2(1), 27-37. https:

//doi.org/10.1016/j.cels.2016.01.001
Biosafety in microbiological and biomedical laborato-
ries (Center for Disease Control, Comp.). (n.d.).
https://www.cdc.gov/labs/media/pdfs/2025
/08/SF__19a_308133-A_BMBL6_00-BOOK-WEB-
final-3.pdfBirnkrant, D. J., Bushby, K., Bann, C. M., Alman, B.A., Apkon, S. D., Blackwell, A., Case, L. E., Cripe,L., Hadjiyannakis, S., Olson, A. K., Sheehan, D.W., Bolen, J., Weber, D. R., & Ward, L. M. (2018).Diagnosis and management of Duchenne mus-cular dystrophy, part 2: respiratory, cardiac,bone health, and orthopaedic management. The
Lancet, 17(4), 347-361. https://www.thelance
t.com/journals/laneur/article/PIIS1474-
4422%2818%2930025-5/abstractBober, J. R., Beisel, C. L., & Nair, N. U. (2018). Syn-thetic biology approaches to engineer probioticsandmembers of the humanmicrobiota for biomed-ical applications. AnnualReviewofBiomedical Engi-
neering, 20(1), 277-300. https://doi.org/10.1
146/annurev-bioeng-062117-121019Chan, C. T. Y., Lee, J. W., Cameron, D. E., Bashor, C. J., &Collins, J. J. (2015). ‘Deadman’ and ‘passcode’ mi-crobial kill switches for bacterial containment. Na-
ture Chemical Biology, 12(2), 82-86. https://doi.
org/10.1038/nchembio.1979Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyere,O., Cederholm, T., Cooper, C., Landi, F., Rolland,Y., Sayer, A. A., Schneider, S. M., Sieber, C. C., Top-inkova, E., Vandewoude, M., Visser, M., & Zamboni,M. (2019). Sarcopenia: revised European consen-sus on definition and diagnosis. Age and Aging,
48(1), 16-31. https://academic.oup.com/age
ing/article/48/1/16/5126243?login=trueCubillos-Ruiz, A., Guo, T., Sokolovska, A., Miller, P.F., Collins, J. J., Lu, T. K., & Lora, J. M. (2021).Engineering living therapeutics with synthetic bi-ology. Nature Reviews Drug Discovery, 20, 941-960. https://www.nature.com/articles/s415
73-021-00285-3Dao, T., & Green, A. E. (2020, December 31). Sar-
copenia and muscle aging: A brief overview. Na-tional Library of Medicine. Retrieved November9, 2025, fromhttps://pmc.ncbi.nlm.nih.gov/a
rticles/PMC7803599/

376

https://doi.org/10.1016/j.cels.2016.01.001
https://doi.org/10.1016/j.cels.2016.01.001
https://www.cdc.gov/labs/media/pdfs/2025/08/SF__19a_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
https://www.cdc.gov/labs/media/pdfs/2025/08/SF__19a_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
https://www.cdc.gov/labs/media/pdfs/2025/08/SF__19a_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422%2818%2930025-5/abstract
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422%2818%2930025-5/abstract
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422%2818%2930025-5/abstract
https://doi.org/10.1146/annurev-bioeng-062117-121019
https://doi.org/10.1146/annurev-bioeng-062117-121019
https://doi.org/10.1038/nchembio.1979
https://doi.org/10.1038/nchembio.1979
https://academic.oup.com/ageing/article/48/1/16/5126243?login=true
https://academic.oup.com/ageing/article/48/1/16/5126243?login=true
https://www.nature.com/articles/s41573-021-00285-3
https://www.nature.com/articles/s41573-021-00285-3
https://pmc.ncbi.nlm.nih.gov/articles/PMC7803599/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7803599/


Engineering a probiotic for follistatin secretion

Din, M. O., Danino, T., Prindle, A., Skalak, M., Se-limkhanov, J., Allen, K., Julio, E., Atoll, E., Tsimring,L. S., Bhatia, S. N., & Hasty, J. (2016). Synchronizedcycles of bacterial lysis for in vivo delivery. Nature,
536, 81-85. https://www.nature.com/article
s/nature18930Elangkovan, N., & Dickson, G. (2021). Gene therapy forDuchenne Muscular Dystrophy. Journal of Neuro-
muscular Dystrophy, 8(2), 303-316. https://pmc.
ncbi.nlm.nih.gov/articles/PMC8673537/Engstrom, M. D., & Pfleger, B. F. (2017). Transcrip-tion control engineering and applications in syn-thetic biology. Synthetic and Systems Biotechnology,
2(3), 176-191. https://doi.org/10.1016/j.sy
nbio.2017.09.003Fukuhara, S., Kobayashi, T., Hamaoka, M., Naruhiko,H., Oishi, K., Namba, Y., Oshita, K., Matsubara, K.,Takei, D., Nakano, R., Sakai, H., Kuroda, S., Tahara,H., Ohira, M., & Ohdan, H. (2024). Sarcopenia’s im-pact defined by grip strength and muscle mass onpost-hepatectomy outcomes: A multicenter analy-sis. In Vivo, 38(6), 2827-2835. https://doi.org/
10.21873/invivo.13763Heinrich, P. C., Behrmann, I., Haan, S., Hermanns, H. M.,MÜller-Newen,  G., & Schaper, F. (2003). Principlesof interleukin (IL)-6-type cytokine signaling and itsregulation. Biochemical Journal, 374(1), 1-20. http
s://doi.org/10.1042/bj20030407Hunter, C. A., & Jones, S. A. (2015). IL-6 as a keystonecytokine in health and disease. Nature Immunol-
ogy, 16(5), 448-457. https://doi.org/10.1038/
ni.3153Johnson, D. E., O’Keefe, R. A., & Grandis, J. R. (n.d.).Targeting the IL-6/JAK/STAT3 signaling axis incancer [Abstract]. Nature Reviews Clinical Oncol-
ogy. https://www.nature.com/articles/nrcl
inonc.2018.8Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov,M., Ronneberger, O., Tunyasuvunakool, K., Bates,R., Žídek,  A., Potapenko, A., Bridgland, A., Meyer,C., Kohl, S. A. A., Ballard, A. J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R., Adler, J., . . . Sil-ver, D. (2021). Highly accurate protein structurepredictionwith alphafold. Nature, 596(7873), 583-589. https://doi.org/10.1038/s41586-021-
03819-2Kim, A., Park, M., & Shin, H.-I. (2022). Pain charac-teristics among individuals with duchenne muscu-lar dystrophy according to their clinical stage. BMC
Musculoskeletal Disorders, 23(1). https://doi.or
g/10.1186/s12891-022-05504-5Lee, A. H., Rodriguez Jimenez, D. M., & Meisel, M.(2025). Limosilactobacillus reuteri is a probioticgut commensal with contextual impact on immu-

nity. Gut Microbes, 17(1). https://doi.org/10.1
080/19490976.2025.2451088Lee, S.-J., & McPherron, A. C. (2001). Regulation ofmyostatin activity and muscle growth. Proceed-
ings of the National Academy of Sciences, 98(16),9306-9311. https://doi.org/10.1073/pnas.1
51270098Leenhouts, K., Kok, J., & Venema, G. (n.d.). Lactococcalplasmid pWV01 as an integration vector for lacto-cocci. PubMed Central. https://pmc.ncbi.nlm.n
ih.gov/articles/PMC183620/Malatesta, M. (2012). Skeletal muscle features in my-otonic dystrophy and sarcopenia: Do similar nu-clear mechanisms lead to skeletal muscle wasting?
European Journal of Histochemistry, 56(3).Mimee, M., Citorik, R. J., & Lu, T. K. (2016). Microbiometherapeutics -- advances and challenges. Advanced
Drug Delivery Reviews, 105(A), 44-54. https:
//www.sciencedirect.com/science/article/
abs/pii/S0169409X16301429?via%3DihubMu, Q., Tavella, V. J., & Luo, X. M. (2018). Role of lac-tobacillus reuteri in human health and diseases.
Frontiers in Microbiology, 9. https://doi.org/10
.3389/fmicb.2018.00757Nariya, H., & Inouye, M. (2008). MazF, an mRNA in-terferase, mediates programmed cell death dur-ing multicellular myxococcus development. Cell,
132(1), 55-66. https://doi.org/10.1016/j.ce
ll.2007.11.044

NIH guidelines for research involving recombinant or
synthetic nucleic acid molecules (National Instituteof Health, Comp.). (n.d.). https://osp.od.nih.g
ov/wp-content/uploads/NIH_Guidelines.htmPedersen, B. K., & Febbraio, M. A. (2008). Muscleas an endocrine organ: Focus on muscle-derivedinterleukin-6. Physiological Reviews, 88(4), 1379-1406. https://doi.org/10.1152/physrev.90
100.2007Pelosi, L., Berardinelli, M. G., Forcina, L., Spelta, E., Riz-zuto, E., Nicoletti, C., Camilli, C., Testa, E., Catizone,A., De Benedetti, F., & Musarò,  A. (2015). Increasedlevels of interleukin-6 exacerbate the dystrophicphenotype inmdxmice. HumanMolecular Genetics,
24(21), 6041-6053. https://doi.org/10.1093/
hmg/ddv323

Pfizer’s Duchenne gene therapy fails in late-
stage study. (2024, June 12). Reuters. Re-trieved November 6, 2025, from https:
//www.reuters.com/business/healthcare-
pharmaceuticals/pfizers-gene-therapy-
muscle-wasting-disorder-misses-main-
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