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A B S T R A C T

Peptide and protein medicines have changed the therapeutic landscape for many diseases, yet oral delivery 
remains a significant challenge due to enzymatic degradation, instability, and poor permeability in the gastro
intestinal tract. Advanced Microbiome Therapeutics (AMTs) could overcome some of these barriers by producing 
and releasing therapeutic peptides directly in the gastrointestinal tract. AMTs can localize peptide production at 
the site of absorption, providing either sustained or controlled release while potentially reducing side effects 
associated with systemic administration. Here, this review assesses the status of AMTs for oral peptide delivery 
and discusses the potential integration of permeation enhancers, mucoadhesive systems, and receptor-mediated 
transport strategies to improve oral bioavailability further. Combining these approaches could pave the way for 
more widespread oral delivery strategies for peptide and protein medicines.
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1. Introduction

Robust oral administration of therapeutic peptides and proteins is a 
long-standing goal within the pharmaceutical industry to improve pa
tient compliance and therapeutic outcomes [1]. However, oral delivery 
of large and structurally complex biomolecules is challenged by poor 
intestinal stability and limited absorption [2]. Their considerable mo
lecular size and susceptibility to enzymatic degradation in the harsh 
conditions of the gastrointestinal (GI) tract severely limit their oral 
bioavailability and therapeutic efficacy [3,4]. To address these limita
tions, researchers have aimed to develop delivery systems based on 
nanoparticles, such as polymeric nanoparticles [5], and chemical 
modification methods, including PEGylation [6], have been established 
to improve both the stability and permeability of therapeutic molecules. 
Recently, oral microdevices have also emerged as an innovative 
approach, capable of shielding therapeutic peptides from degradation 
and enabling their precise release and absorption within the GI tract [7]. 
Despite these promising advancements, each strategy is accompanied by 
specific drawbacks, including the potential modification of the biolog
ical activity of therapeutic agents and concerns regarding their long- 
term safety and possible toxicity [8–10].

The approach of employing engineered microbes as carriers for the 
oral delivery of therapeutic payloads (small molecules, peptides, and 
proteins), commonly known as Advanced Microbiome Therapeutics 
(AMTs) or Engineered Live Biotherapeutic Products (eLBPs), represents 
a potentially transformative method to overcome existing challenges 
associated with oral drug administration [11]. Specific microbes, 
including several probiotic strains, have been deployed as chassis for 
therapeutic purposes due to their beneficial probiotic attributes, estab
lished safety profiles, inherent robustness, and ability to temporarily 
colonize various regions of the GI tract [12,13]. As such, AMTs are 
increasingly recognized as a promising means for enabling oral delivery 
of therapeutics aimed at managing inflammatory disorders [14–16] and 
cardiometabolic diseases [17–19]. Still, the promising outcomes of these 
studies have predominantly resulted from local action within the GI 
tract rather than systemic exposure. Indeed, few studies have demon
strated significant elevation of the therapeutic agents in systemic cir
culation outside of the GI region.

In this review, we first outline the significant challenges associated 
with the oral delivery of therapeutic peptides, such as peptide stability in 
the GI tract and limited intestinal permeability. We then discuss why 
AMTs represent a promising platform for oral peptide delivery, high
lighting their advantages over traditional delivery methods, including 

their ability for sustained or controlled release. Subsequently, we delve 
into key therapeutic areas where AMTs have demonstrated effectiveness 
in delivering peptide-based therapeutics, including inflammatory dis
orders and cardiometabolic diseases, and further we pinpoint current 
limitations that hinder successful clinical translation. Finally, we elab
orate on the integration of pharmaceutical strategies, such as perme
ation enhancers, mucoadhesive systems, and receptor-mediated 
transport strategies that could further enhance AMTs as oral peptide 
drug delivery systems.

2. Barriers to successful oral peptide delivery

Oral delivery of peptide- based therapeutics is challenged by many 
factors, including lack of stability towards GI pH, digestive enzymes as 
well as limited absorption across the mucus layer and the intestinal 
epithelium (Fig. 1), restricting the overall bioavailability to less than 
1–2 % [20].

The acidic gastric environment denatures most peptides and pro
teins, causing degradation before absorption can occur [22,23]. The pH 
varies widely across the GI tract, influenced by factors including diet, 
health, age, and sex. In healthy individuals, the pH is highly acidic in the 
stomach (pH 1.0–2.5), neutralizes in the duodenum (pH 6.0–6.5), and 
rises to pH 7.0–7.5 in the distal ileum, while the colonic pH ranges from 
pH 5.0–7.0 [24,25]. Gastric pH can influence the ionization state of the 
peptide-based drugs, potentially leading to alterations in their structure 
or biological activity [26].

Digestive enzymes, primarily found in the stomach and small intes
tine, are essential for breaking down dietary proteins into absorbable 
units like short peptides and amino acids. Yet, this activity limits oral 
delivery of peptide drugs [27]. In the stomach, Pepsin is a key proteo
lytic enzyme that operates optimally at acidic pH, effectively degrading 
proteins. Indeed, the half-life of native GLP-1 is less than 2 min at pH 2.6, 
and approximately 5.5 min at pH 5 when exposed to pepsin. Similarly, 
Semaglutide (with SNAC) has shown a half-life of 16 min at pH 2.6 and 
34 min at pH 5 [28]. In the small intestine, additional enzymes, 
including trypsin, chymotrypsin, and carboxypeptidase, play critical 
roles in protein digestion. Trypsin cleaves peptide bonds specifically 
after the basic amino acids Lysine and Arginine. Chymotrypsin, on the 
other hand, primarily targets aromatic and large hydrophobic amino 
acids, including Phenylalanine, Tyrosine, and Tryptophan, and less 
efficiently Leucine and Methionine. Carboxypeptidase complements 
these enzymes by sequentially removing amino acids from the carboxyl- 
terminal end of peptide chains. In human gastric fluid (HGF) and human 

Fig. 1. Key challenges in oral peptide and protein delivery. Stability challenges arise from varying pH conditions and enzymatic degradation in different GI anatomic 
regions, including the presence of pepsin in the stomach (pH 1–4), trypsin and chymotrypsin in the small intestine (pH 6.5–7), and microbial activity in the large 
intestine (pH 5–7). Permeability challenges involve crossing the mucus layer and selective epithelial cell barrier, where tight junction proteins (e.g., occludin, 
claudin) inhibit and regulate paracellular transport. Adapted from Miao et al. (2023) [21], Journal of Nanobiotechnology. https://doi.org/10.1186/s12951-02 
3-01991-3. Adapted under Creative Commons License (CC BY).

H.P. Gelli et al.                                                                                                                                                                                                                                  Advanced Drug Delivery Reviews 222 (2025) 115603 

2 

https://doi.org/10.1186/s12951-023-01991-3
https://doi.org/10.1186/s12951-023-01991-3


intestinal fluid (HIF), peptide drugs exhibit rapid degradation. Calci
tonin, glucagon, secretin, and insulin were completely degraded within 
2 min in both fluids, highlighting their extreme susceptibility to enzy
matic degradation [29]. Similarly, in guinea pigs, insulin degradation in 
the small intestine was rapid, with a half-life of 2–4 min, primarily 
driven by trypsin-like, chymotrypsin-like, and aminopeptidase enzymes 
[30]. These findings emphasize the critical enzymatic barriers to oral 
peptide drug stability.

The mucus barrier significantly impacts the oral delivery of peptide 
therapeutics due to its protective role in the GI tract. Composed pri
marily of water and mucins it forms a complex network with two layers: 
a dense inner layer tightly attached to the epithelium, protecting against 
pathogens, and a loosely attached outer layer colonized by commensal 
microbiota [31,32]. The diffusion coefficient of peptides and proteins 
decreases with increasing molecular weight in intestinal mucus, where 
steric hindrance becomes the predominant barrier to macromolecular 
transport [33]. Additionally, charge distribution strongly influences 
peptide diffusion, as seen in the case of a highly anionic synthetic pep
tide (− 12 charge), which diffused more freely in reconstituted gastric 
mucin gels than a cationic peptide (+8 charge). Peptides with near-zero 
charge (+2) showed no restriction, and in some cases, their diffusion 
was enhanced in the presence of mucins [34]. Furthermore, an in vivo 
study in rats has demonstrated that the duodenal mucus restricts the 
diffusion of macromolecules ranging from 3.5 to 89 kDa, highlighting its 
role in limiting peptide bioavailability [35].

The GI epithelium presents a major barrier to the effective absorption 
of peptide- and protein-based therapeutics, but they may cross the cell 
epithelial layer via transcellular or paracellular routes. The transcellular 
route involves either passive diffusion across the apical and basolateral 
membranes or via active transport mechanisms such as membrane 
fusion, transcytosis, and intracellular absorption followed by systemic 
secretion [36,37]. However, due to their large size, peptides and pro
teins rarely permeate cell membranes via transcellular routes [38,39]. 
Additionally, intracellular degradation by cytosolic enzymes may 
further limit their absorption through this route [40]. The paracellular 
pathway involves drug transport through water-filled pores, or para
cellular spaces, between adjacent cells. The intestinal epithelium has a 
surface area of ~2 × 10⁶ cm2, with only 0.01–0.1 % (~200–2000 cm2) 
consisting of paracellular space. In theory, this may allow systemic ab
sorption of peptides and proteins at picomolar to nanomolar levels, 
which are sufficient to elicit biological effects [41]. However, tight 
junctions within the paracellular space limit macromolecule absorption. 
These intercellular structures, regulated by proteins like claudins, 
occludins, junctional adhesion molecules (JAMs), and zonula occludens 
(ZO-1, ZO-2, and ZO-3), act as structural barriers to the passage of 
macromolecules [42,43]. Accordingly, drug bioavailability decreases 
sharply as molecular weight exceeds 700 Da [44], resulting in poor 
absorption of larger therapeutic peptides and proteins.

Furthermore, the gut microbiota can influence the bioavailability of 
peptides through the action of microbial enzymes, regulating host gene 
expression, and competing for substrates. Strong evidence links gut 
microbiota to the efficacy and safety of various drugs. For instance, it 
was discovered that tyrosine decarboxylases from Enterococcus faecalis 
metabolize the Parkinson’s drug Levodopa (L-DOPA), reducing its effi
cacy while also increasing m-tyramine production from dopamine, 
which may lead to severe adverse effects [45,46]. A systematic study 
assessed the metabolic capabilities of 76 gut microbial strains to 
metabolize 271 oral drugs, revealing that 176 drugs (66 %) underwent 
bacterial metabolism. Among the most extensively metabolized com
pounds were proton pump inhibitors (PPIs) (pantoprazole, omeprazole, 
tenatoprazole), the chemotherapeutic agent melphalan, the antimalarial 
artemisinin, and the Parkinson’s drug mesylate, all of which were 
degraded by nearly all strains tested. Among the gut bacteria, Bacteroides 
dorei and Clostridium sp. exhibited broad-spectrum metabolic activity, 
metabolizing 164 and 154 drugs, respectively [47]. While substantial 
research has focused on small-molecule drugs, studies on the 

microbiota-mediated metabolism of peptide-based therapeutics remain 
limited. One study in 2020 demonstrated that a specific metalloprotease 
(GelE) from E. faecalis could degrade GLP-1, an incretin hormone used to 
treat type 2 diabetes. However, this study was conducted in vitro, and its 
findings have not yet been validated in preclinical animal models or 
human studies. The scarcity of such studies may be attributed to the 
limited number of orally available peptide drugs and the fact that their 
primary absorption occurs in the stomach [28] or upper GI tract [48], 
where microbial interactions are less pronounced compared to the lower 
regions of the GI tract. An alternative approach being explored is colon- 
targeted drug delivery, which offers lower protease activity and pro
longed transit time, potentially enhancing stability and absorption of 
peptide and protein therapeutics [49]. In this context, gut microbiota 
could play a crucial role, as microbial metabolism may significantly 
influence the efficacy, bioavailability, and safety of peptide drugs.

3. AMTs in oral delivery of peptides and proteins

AMTs are microbes, such as bacteria and yeast, engineered to deliver 
therapeutic payloads in a targeted manner to prevent, treat, or cure a 
disease. AMTs provide a biological solution by leveraging microbial 
systems naturally suited for the gut environment. Unlike traditional 
drug formulations, which often face significant barriers in the GI tract, 
AMTs utilize engineered microbes to protect, produce, and release 
therapeutic peptides in situ, overcoming many of the limitations asso
ciated with oral peptide delivery, especially in the stomach and upper 
intestines. Additionally, they can be engineered to respond to specific 
stimuli, such as pH or metabolite levels, to ensure precise control over 
drug release [50], in addition to their ability to offer sustained release of 
biopharmaceuticals, particularly peptides and proteins (Fig. 2).

3.1. Sustained release of therapeutic peptides

Sustained-release platforms offer multiple benefits such as reduced 
dosing frequency, decrease in adverse side effects and improve efficacy- 
dose relationship for a drug [51]. Traditional sustained-release plat
forms like synthetic formulations [52], polymer-based systems [53], or 
surface-modified materials [54] encapsulate the drugs within a matrix 
that degrades over time. Developing sustained-release formulations is 
challenging for proteins due to their fragility and structural complexity 
[51]. Additionally, the proteins are prone to denaturation [55] or ag
gregation [56], which can enhance their immunogenicity [57,58]. Un
like traditional sustained-release systems, which rely on controlled 
degradation of synthetic matrices, AMTs achieve sustained release by 
continuously synthesizing and secreting peptides or proteins in situ over 
extended periods. This can be achieved through constitutive expression 
systems, which use promoters that drive continuous transcription of the 
target gene regardless of the environmental conditions. The level of 
therapeutic production from constitutive systems is largely determined 
by transcriptional and translational control elements. At the transcrip
tional level, promoter strength refers to how effectively the promoter 
can recruit the cell’s transcription machinery. Strong promoters are 
recognized more efficiently by RNA polymerase, leading to more 
frequent initiation of mRNA synthesis, while weaker promoters result in 
less frequent transcription. The DNA sequence of the promoter itself 
determines this strength by influencing how tightly and how often RNA 
polymerase binds and initiates transcription. This directly affects how 
much mRNA is available for translation into protein. Thus, selecting an 
appropriate promoter is key to achieving the desired level of protein 
expression [59,60]. Such systems have been validated in bacteria- and 
yeast-based AMTs in vivo in rodents [61,62]. Numerous constitutive 
promoters have been studied for protein expression in common AMT 
chassis like Lactococcus lactis [63], Escherichia coli Nissle [61], and 
Saccharomyces bouldardii [62,64]. At the translational level, ribosome 
binding site (RBS) sequences control the efficiency of ribosome 
recruitment to the mRNA, affecting protein synthesis rates [65]. The 
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RBS is a short sequence located just before the start codon, and it often 
includes a Shine-Dalgarno (SD) sequence that helps guide the ribosome 
to the correct position on the mRNA. This sequence pairs with a com
plementary region on the 16S rRNA of the ribosome, allowing the 
ribosome to align correctly and begin translation. Variations in the RBS 
sequence and its spacing from the start codon influence the strength and 
stability of ribosome binding, thereby modulating translation initiation 
efficiency. Thus, selecting an appropriate RBS sequence is key to 
achieving the desired level of protein expression [66–68]. Finally, 
engineered transcriptional terminators are used to stop transcription at 
the correct location, preventing unintended read-through into down
stream genes and ensuring precise control over gene expression [69]. 
These molecular tools collectively enhance the ability of AMTs to act as 
reliable and sustained sources of therapeutic peptides.

3.2. Controlled release of therapeutic peptides

While sustained release ensures continuous therapeutic peptide 
production, there are cases where an unregulated, constant drug release 
may not be optimal, and controlled release is necessary. Controlled 
release refers to the ability to regulate the timing, location, and amount 
of a therapeutic peptide being delivered. It offers several advantages, 
including the prevention of excessive drug accumulation leading to 
toxicity, mimicking physiological secretion patterns for improved ther
apeutic efficacy, and enhancing patient safety by reducing the risk of 
overexposure [70]. Traditionally, the controlled release of peptide drugs 
has been achieved through formulation-based approaches, such as 

encapsulation in polymer-coated tablets, hydrogels, and microspheres, 
where drug release occurs through diffusion, polymer degradation, or 
pH-sensitive mechanisms [71]. However, these methods present signif
icant challenges including the possible toxicity of materials used, the 
need for invasive procedures, and high manufacturing cost [71].

AMTs offer an alternative approach to controlled release by 
leveraging inducible genetic tools and regulatory networks, rather than 
relying on physical or chemical formulations. Unlike constitutive sys
tems that drive continuous gene expression, inducible systems are only 
activated under defined conditions, allowing for precise and adjustable 
peptide production [72]. These systems typically fall into two cate
gories: one-component systems, such as ligand-responsive transcription 
factors, and two-component systems, which use separate sensor and 
response proteins to regulate transcription in response to external cues.

One-component systems involve a single cytoplasmic protein typi
cally a transcription factor that both detects a specific input and mod
ulates transcription. These transcription factors are often engineered to 
bind ligands such as small molecules, host metabolites, or microbial 
signals. Upon ligand binding, the transcription factor undergoes a 
conformational change that alters its affinity for DNA. This change can 
enable the factor to either recruit RNA polymerase and initiate tran
scription, or block polymerase access to repress gene expression [73]. 
Such systems are widely used in synthetic biosensors, where inducible 
promoters are coupled to ligand-responsive regulators to achieve tight, 
signal-dependent control of therapeutic peptide secretion.

Two-component systems offer more modularity and sensitivity. They 
consist of a membrane-bound histidine kinase sensor and a cytoplasmic 

Fig. 2. Schematic of sustained vs. controlled therapeutic peptide release in AMTs. Left: Constitutive expression enables continuous peptide production without 
external stimuli. Right: Controlled systems respond to environmental stimuli (oxygen, temperature, and pH) or metabolites, using either one-component (direct sensing by 
transcription factor) or two-component systems (stimulus detection via histidine kinase and response regulator signaling).
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response regulator. The kinase detects an external stimulus such as pH, 
bile acids, or inflammation-associated signals and autophosphorylates 
on a conserved histidine residue. This phosphate is then transferred to an 
aspartate residue on the response regulator, activating it. The activated 
regulator binds to promoter regions of target genes to initiate or repress 
transcription [74]. These systems enable AMTs to respond to extracel
lular signals that do not easily enter the cell, offering an additional layer 
of environmental responsiveness. The AMTs could be engineered to 
respond dynamically to external cues such as gut inflammation, quorum 
sensing, or specific biomolecules.

Several studies from the literature highlight how AMTs have been 
designed to leverage environmental stimuli for targeted therapeutic 
production [75]. In one study, researchers developed a self-tunable 
engineered probiotic yeast designed to treat inflammatory bowel dis
ease (IBD). The yeast was genetically engineered to sense extracellular 
ATP, a key mediator of intestinal inflammation, and respond by pro
ducing apyrase, an enzyme that degrades ATP. This responsive yeast 
system effectively suppressed intestinal inflammation, demonstrating 
efficacy comparable to, or exceeding that of standard-of-care therapies 
[76]. In addition, inducible biosensing systems have been developed to 
sense compounds including nitric oxide [77,78], pH [50,79], and bile 
acids [50,79].

Another approach involves using quorum sensing signals, which 
allow engineered microbes to synchronize their behavior based on their 
population density. This method can be used to ensure that therapeutic 
production is triggered only when the microbial population reaches a 
certain threshold, enhancing collective efficacy and reducing unnec
essary resource use. In a study, a genetically modified probiotic E. coli 
strain was developed to sense and eliminate the pathogen Pseudomonas 
aeruginosa. The engineered bacteria used quorum sensing to detect 
P. aeruginosa’s signaling molecules, triggering the production of anti
microbial peptides and enzymes that disrupt the pathogen biofilms [80]. 
By combining environmental sensing with precise therapeutic re
sponses, these engineered microbes may pave the way for a significant 
step forward in the development of personalized medicine. They offer 
the ability to treat challenging diseases by responding to the specific 
markers within the GI tract of the patients, paving the way for safer, 
more effective, and controlled therapies.

4. Pre-clinical studies using AMTs for oral peptide delivery

Several studies have deployed engineered bacteria and yeast for 
delivery of therapeutic peptides (Table 1). The first organism employed 
as an AMT was Lactococcus lactis, engineered to deliver interleukin-10 
(IL-10) for the treatment of IBD [15]. Since then, various bacterial 
chassis, including Bifidobacterium longum [81] and Lactobacillus casei 
[82], and notably, E. coli Nissle [83], have been employed. Additionally, 
the probiotic yeast S. boulardii [84] has been used as an AMT chassis. 
L. lactis and E. coli Nissle are among the most researched bacteria in 
AMTs, with S. boulardii being the primary yeast chassis. These strains 
offer advantages such as good probiotic abilities, safety profiles, avail
ability of well-established tools for genetic engineering, and their ability 
to survive in the GI tract, making them ideal for AMT applications.

4.1. Local applications of AMTs for gastrointestinal diseases

Intestinal health has gained significant attention in recent years due 
to its crucial role in overall well-being, with conditions such as IBD 
comprising of Crohn’s disease and ulcerative colitis, posing major clin
ical challenges. Management of IBD requires prolonged immunosup
pressive therapies that can pose risks of systemic side effects [98]. 
L. lactis has been widely investigated in IBD treatment, with several 
engineered strains undergoing both preclinical and clinical evaluation. 
Among these, strains engineered to express trefoil factors (TFFs) and 
anti-tumor necrosis factor-α (TNF-α) specific nanobodies have been 
tested in dextran sulfate sodium (DSS)-induced colitis models [90,99]. 

TFFs are protective peptides naturally expressed in specific regions of 
the GI tract, playing a crucial role in maintaining epithelial integrity and 
promoting mucosal healing. Notably, L. lactis-mediated in situ produc
tion of TFF-3, a goblet cell-derived peptide present in both the small and 
large intestines, demonstrated superior efficacy in colitis healing 
compared to the direct administration of purified TFF peptides [90]. 
Another bioengineered L. lactis strain was designed to counteract 
excessive TNF-α release, a key driver of colonic inflammation. This 
strain secreted anti-TNF-α nanobodies, which provided the therapeutic 
benefits of TNF inhibition without the adverse effects typically associ
ated with systemic anti-TNF therapies. Due to their smaller molecular 
size, these nanobodies exhibited greater stability and a reduced likeli
hood of triggering systemic immune responses, making them a prom
ising localized treatment for colitis [99]. L. lactis strains have also been 
engineered to express key anti-inflammatory cytokines such as IL-10 and 
IL-27. In a preclinical colitis model, IL-27-secreting L. lactis demon
strated superior efficacy in resolving inflammation than strains 
expressing IL-10 alone. This effect was attributed to an IL-27-mediated 
increase in intestinal epithelial IL-10 production, which enhanced 
mucosal immune regulation [100]. Currently, L. lactis remains the only 
engineered bacterial strain to have reached phase II clinical trials for IBD 
[16]. This study assessed a strain engineered to secrete human IL-10 
(hIL-10) for its therapeutic potential in moderately active ulcerative 
colitis. While the strain was well-tolerated, the clinical outcomes did not 
show significant superiority over placebo or injected IL-10 [101]. 
Beyond L. lactis, engineered yeast probiotics have also been explored for 
IBD treatment. Researchers in one study developed a self-tunable 
S. cerevisiae strain capable of sensing extracellular ATP (eATP), a pro- 
inflammatory signal, and responding by secreting an ATP-degrading 
enzyme (apyrase) [76]. In a mouse model of colitis, these engineered 
yeasts significantly reduced intestinal inflammation, fibrosis, and dys
biosis, achieving therapeutic efficacy comparable to standard anti-TNF 
therapies. This study highlights the potential of engineered yeast as an 
adaptive and localized therapeutic strategy for IBD [76].

4.2. Systemic applications of AMTs for metabolic disorders

The increasing demand for GLP-1 receptor agonists in the manage
ment of type 2 diabetes mellitus (T2DM) and obesity has led to extensive 
research efforts focused on developing effective oral formulations. While 
injectable GLP-1 analogs such as exenatide, liraglutide, and semaglutide 
have shown substantial clinical benefits, the need for more patient- 
friendly alternatives has driven interest in oral delivery approaches. 
Among these, nanoparticle-based delivery systems have been widely 
investigated as potential carriers for GLP-1 and its analogs. Several 
studies have demonstrated that loading of GLP-1 receptor agonists into 
nanosystems can enhance their stability, improve intestinal absorption, 
and extend the hypoglycemic effects in diabetic animal models 
[102–106]. However, despite these promising results, nanoparticle- 
based GLP-1 delivery remains far from clinical translation due to sig
nificant challenges, including poor bioavailability, rapid degradation, 
and high production costs. To date, no such formulation has reached 
clinical trials, and the only available polymeric microparticle system, 
Byetta®, still relies on subcutaneous administration. Currently, the only 
approved oral formulation of a GLP-1 receptor agonist is Rybelsus® 
(oral semaglutide), which has demonstrated efficacy in managing blood 
glucose levels. However, its overall bioavailability is only about 0.8 % 
[107], highlighting the need for improved drug delivery strategies to 
enhance absorption and therapeutic outcomes. This major limitation 
presents an opportunity to explore alternative delivery approaches that 
can maximize the benefits of GLP-1 therapy while minimizing systemic 
losses.

AMTs have been widely studied for in situ delivery of GLP-1 and its 
agonists. Duan et al. were the first to demonstrate that genetically 
engineered bacteria could secrete GLP-1(1–37), laying the foundation 
for microbial-based peptide delivery [108]. Nearly a decade later, they 
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Table 1 
Overview of AMTs used in pre-clinical studies to deliver therapeutic peptides and proteins orally.

Strain Oral 
dosing 
(CFU)

Treatment 
duration

Drug Target disease Quantification of 
protein/peptide

Protein 
modification

Therapeutic effect Reference

Lactococcus 
lactis

2X109 

CFU/dose
Dosed five times 
per week for 6 
weeks

Proinsulin and 
IL-10

Type I diabetes 
(T1D)

No quantification None, but co- 
administered 
with low-dose 
anti-CD3 
therapy.

• 48 % of the treated 
mice remained 
normoglycemic for 
6 weeks post- 
treatment.

• Reduced beta-cell 
destruction.

[85]

L. lactis 1 X 109 

CFU/mL
Single oral dose GLP-1 Type II diabetes 

mellitus (T2DM)
GLP-1 secretion 
measured to be 60 
pM in 12 h from 
104 CFU/mL 
culture 
supernatants.

None • Reduction in blood 
glucose by 10–20 
%.

[18]

L. lactis 1X1010 

CFU/dose
Dosed daily for 
9–21 days (study- 
dependent)

GLP-1 (1–37) T2DM • GLP-1 secretion 
measured to be 
130 pg/mL in 
culture 
supernatants.

• Elevated GLP-1 
levels measured 
in the portal 
vein.

None • Improved glucose 
tolerance.

• Elevated fasting 
and glucose- 
stimulated insulin 
levels.

[19]

L. lactis 2 X 107 

CFU/dose
Dosed daily for 14 
days

IL-10 IBD • IL-10 secretion 
measured to be 
3 µg/mL in 
culture 
supernatants.

• IL-10 was 
measured to be 
7 ng in the 
colon.

None • Reduction in colitis 
severity by 50 %.

• Prevention of 
colitis onset in IL- 
10 knockout mice.

[15]

Saccharomyces 
cerevisiae

2 X 108 

CFU/dose
Dosed daily for 7 
days, 2 cycles with 
a one-week interval

Apyrase IBD ATPase activity 
measured to be the 
equivalent of 280 
pM apyrase per µL.

None • Reduced intestinal 
inflammation and 
fibrosis. 

expression of 
IFN-γ and IL-17.

• Suppressed the
• Increase in the 

level of IL-10.
• Limited gut 

dysbiosis by 
restoring 
microbiome 
diversity.

[76]

Saccharomyces 
boulardii

1 X 109 

CFU/dose
Dosed daily for 5 
days

Atrial 
Natriuretic 
Peptide (ANP)

IBD No quantification Hexamutant 
version designed 
to enhance 
therapeutic 
effects

• Improved body 
weight, DAI and 
survival rate.

• Reduced the levels 
of TNF- α, IL-1β in 
the colon.

• Increased the level 
of IL-6 in the colon.

[86]

Escherichia coli 
Nissle

300 µL of 
108, 109, 
or 1010 

CFU/ml

Dosed daily for 8 
weeks

GLP-1 (7–37) Obesity No quantification Modifications 
were made to the 
GLP-1 (7–37) 
sequence to 
protect from 
DPP-IV to 
improve 
stability.

• Reduced body 
weight and food 
intake.

• Lower hepatic fat 
accumulation and 
triglyceride levels.

• Improved glucose 
tolerance and 
insulin sensitivity.

[87]

E. coli Nissle 1 X 108 

CFU/dose
Daily dosing for 13 
days

Trefoil factor 3 
TFF3 fused to 
CsgA

IBD No quantification TFF3 genetically 
fused to csgA 
curli fibres

• Reduction in 
weight loss and 
DAI.

• Decrease in IL-6, 
IL-17A, and TNF-α.

• Enhanced mucosal 
healing and 
improved 
intestinal barrier 
integrity.

[83]

(continued on next page)
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Table 1 (continued )

E. coli Nissle 1 X 108 

CFU/dose
Single dose Anti-TNF 

nanobody  
(NbTNF)

IBD Below levels of 
detection in serum 
and no detection in 
colon 
homogenates

Secreted as 
SSOspC2-NbTNF 
homodimer for 
improved 
secretion.

• Reduction in TNF 
− α

• Prevented injury 
and inflammation 
in TNBS induced 
colitis model.

[88]

S. boulardii 108 CFU/ 
dose

Daily dosing for 29 
days

Exendin-4 Obesity • Exendin-4 levels 
measured to be 
15 nM/OD600 

(aerobic) and 11 
nM/OD600 

(anaerobic) in 
culture 
supernatants.

• Exendin-4 was 
detected in the 
plasma of few 
mice only. 
Values were 
close to 
detection limit 
(0.5 pmol/L).

None • Reducing food 
intake by 25% 
under cold 
exposure.

• 4-fold higher 
weight loss in 
treatment group 
under cold 
exposure.

• Improved glucose 
metabolism and 
lipid homeostasis 
under cold 
exposure.

[84]

L. lactis 5 X 109 

CFU/dose
Daily dosing for 7 
days

Bovine 
lactoferricin- 
lactoferrampin 
fusion peptide

Acute colitis Protein levels were 
measured to be 
40–––60 ng/mL in 
culture 
supernatants and 
50–100 ng/mL in 
cell lysates.

Fusion protein 
contains a 
flexible linker 
(GGGS)2

• Reduced DAI.
• Attenuated weight 

loss.
• Reduced colon 

shortening.
• Restored intestinal 

barrier integrity.
• Suppressed the 

production of pro- 
inflammatory 
cytokines.

• Improved 
intestinal gut 
microbiota 
population.

[89]

L. lactis 2 X 109 

CFU/dose
Dosed daily for 5 
days (therapeutic) 
and for 7 days 
(prophylactic)

Murine trefoil 
factors (mTFF1, 
mTFF2, and 
mTFF3)

Acute colitis TFF secretions 
measured to be 
300–500 ng/mL 
depending on the 
variant

None • Reduced mortality.
• Reduced weight 

loss.
• Lower 

inflammatory 
scores.

• Significant 
prevention and 
healing of acute 
colitis.

[90]

L. lactis 2 X 109 

CFU/dose
Dosed daily for 4 
days

Anti-TNF alpha 
scFv

Ulcerative colitis Protein expression 
by western blot 
(31 kDa). No 
quantification.

None • Significant 
reduction in DAI.

• Restoration of 
colon length.

• Decreased C- 
reactive protein 
levels (CRP).

[91]

Lactococcus 
casei

5 X 109 

CFU/dose
Daily dosing for 9 
days

Manganese 
superoxide 
dismutase 
(MnSOD)

Ulcerative colitis MnSOD activity 
was measured to 
be 325 µmol/min/ 
mg of protein

None • Significant 
reduction in 
colonic histological 
damage score.

• Reduction of ROS 
in vitro and ex 
vivo.

• Decreased 
infiltration of 
inflammatory cells.

[82]

Bifidobacterium 
longum

6X108 

CFU/dose
Daily dosing for 28 
days post L- 
arabinose 
induction

Oxyntomodulin Obesity • Peptide level 
was measured to 
be approx. 2000 
pg/mL in 
culture 
supernatants.

• Peptide level 
was measured to 
be approx. 50 
pg/mL in the 
intestinal 
content.

None • Significant 
decrease in body 
weight.

• Reduced 
consumption of 
food.

• Reduced. 
triglyceride levels 
in plasma.

• Decreased plasma 
ghrelin levels.

[92]

(continued on next page)
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advanced this strategy by converting intestinal cells to function as 
glucose-responsive insulin-secreting cells, highlighting the relevance of 
GLP-1 over its active form in enterocyte reprogramming [17]. Later, 
another study engineered L. lactis to produce GLP-1, showing its po
tential in mitigating systemic inflammation-induced memory impair
ment and amyloidogenesis [109]. Their findings also suggested a novel 
therapeutic role for this strain in neuropsychiatric disorders by reducing 
neuroinflammation [110,111]. The antidiabetic effects of engineered 
probiotics were further confirmed in both obese mouse [112] and 
monkey [113] models, emphasizing their role in the gut-pancreas-liver 
axis [114]. In 2016, Arora et al. utilized L. lactis to deliver GLP-1 in 
mice, leading to an increase in GLP-1 levels within the portal vein. 
However, there was no conclusive evidence that the elevated GLP-1 
originated from the absorption of the microbially produced peptide 

[19]. Another promising study involved genetically modified E. coli 
Nissle for GLP-1 delivery for treating Parkinson’s disease and exhibited 
neuroprotective effects [115]. Additionally, Clostridium butyricum engi
neered to produce GLP-1 demonstrated beneficial effects on blood 
pressure and cardiac hypertrophy in rat models [116]. In another study, 
L. lactis was engineered to act as a light-responsive probiotic, secreting 
GLP-1 under optogenetic control, showing adequate glucose and weight 
regulation in rodent models [117]. Efforts to enhance oral GLP-1 de
livery have also involved stabilizing the peptide against enzymatic 
degradation. For instance, GLP-1(7–36)-Gly8 and its modified variants 
have been successfully delivered via recombinant Lactobacillus strains 
in diabetic rat models [97]. Lactobacillus paracasei has been explored as 
an oral vector for delivering GLP-1 [97]. Furthermore, probiotic yeast 
like S. boulardii have been engineered to deliver Exendin-4, a GLP-1 

Table 1 (continued )

S. boulardii 1 X 109 
CFU/dose

Daily dosing for 7 
days 
(prophylactic), for 
4 days 
(therapeutic), for 
13 days (recurrent 
prevention).

Tetra-specific 
antitoxins 
against TcdA 
and TcdB 
toxins

Clostridioides 
difficile infection 
(CDI)

Presence of the 
proteins was 
confirmed by 
western blot and 
ELISA. No 
quantification.

None • Significantly 
reduced mortality, 
weight loss, and 
diarrhea in CDI 
recurrent model.

• Decreased 
histopathology and 
inflammation.

• Significantly 
reduced toxin 
levels.

• Demonstrated both 
prophylactic and 
therapeutic effects.

[93]

B. longum 2X109 

CFU/dose
Daily dosing for 7 
days

human MnSOD 
(manganese 
superoxide 
dismutase)

Ulcerative colitis Enzyme 
concentration was 
measured to be 
approx. 200 – 300 
pg/mL after 30h in 
the culture 
supernatants. 
Enzyme 
concentration was 
measured to be 
approx. 20 pg/mL 
in the intestinal 
tissues.

hMnSOD was 
fused to PEP-1 
cell-penetrating 
peptide

• Reduction in pro- 
inflammatory cyto
kines and 

tissue damage in 
colon.

• Decreased 
neutrophil 
infiltration and 
inflammation.

[81]

E. coli Nissle 3 X 109 

CFU to 7.2 
X 1011 

(dose 
response)

Single dose Phenylalanine 
degrading 
enzyme: 
Phenylalanine 
ammonia lyase 
(PAL)

Phenylketonuria PAL activity was 
measured in vitro 
and in vivo in mice 
and cynomolgus 
monkeys

None • Reduced blood 
phenylalanine 
concentration by 
38% in mice.

• Inhibited increase 
in serum 
phenylalanine after 
oral phenylalanine 
challenge in 
cynomolgus 
monkeys.

[94]

E. coli Nissle 1 X 109 

CFU per 
cube.

Administered 
through gelatin 
cubes.

Aldafermin Metabolic 
dysfunction- 
associated 
steatotic liver 
disease (MASLD)

Aldafermin was 
measured to be 
10–15 ng/mL/ 
OD600 in culture 
supernatants.

None • Reduced body 
weight

• Reduced hepatic 
steatosis

• Decreased MASLD 
plasma biomarkers 
in mice.

[95]

Lactobacillus 
reuteri

1 X 109 

CFU/dose
Single dose 
(delayed-type 
hypersensitivity)  

Daily dosing for 21 
days (collagen- 
induced arthritis)

ShK-235 (kv1.3 
channel blocker)

Rheumatoid 
arthritis

Peptide was 
measured to be 
approx. 450 pM in 
culture 
supernatants. 
Peptides was 
measured to be 
apprx. 7 nM in 
serum.

None • Reduced collagen- 
induced arthritis 
severity by 84%.

• Lowered delayed- 
type hypersensitiv
ity (DTH) by 30%.

• Resulted in less 
bone and join 
damage.

[96]

Lactobacillus 
paracasei

1 X 1010 

CFU/dose
Twice daily dosing 
for 7 or 14 days.

GLP-1 T2DM GLP-1 level was 
measured to be 
300 ng/dose.

Pentameric GLP- 
1

• No significant 
glucose lowering 
effect.

[97]

Abbreviations: CFU, colony-forming unit; IBD, inflammatory bowel disease; IL, interleukin; TNBS, 2,4,6-trinitobenzene sulfonic acid; DSS, dextran sodium sulfate; IFN, 
interferon; ROS, reactive oxygen species; TNF, tumor necrosis factor; DAI, disease activity index.
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agonist, in mice and have shown promising anti-obesity effects [84]. 
Using a strain like S. boulardii could provide additional benefits as 
studies have proven its natural metabolic-modulating and anti-obesity 
effects [118], suggesting an added therapeutic dimension beyond pep
tide delivery. Overall, advances in microbiome-based GLP-1 RA delivery 
systems highlight their potential as innovative therapeutic platforms for 
metabolic disorders.

Overall, AMTs are a promising drug delivery platform for treating 
metabolic diseases and IBD due to targeted and site-specific delivery of 
therapeutic peptides directly in the GI tract, which can enhance thera
peutic outcomes and improve patient compliance by providing non- 
invasive oral treatment. Additionally, these microbes could help 
restore gut microbial balance, restore intestinal barrier function, and 
modulate local immune responses, addressing key underlying factors in 
the pathophysiology of metabolic diseases and IBD as evidenced from 
the studies.

4.3. Shortcomings of the pre-clinical studies

Although preclinical studies have demonstrated promising thera
peutic potential for AMTs, some shortcomings need to be addressed. 
AMT colonization and persistence in the GI tract are rarely quantified, 
with few studies examining how long AMTs remain in the host and their 
CFU levels in different regions of the GI tract. This information is critical 
as AMT efficacy depends on sustained colonization and therapeutic 
production at the target site. Without these data it is unclear if the strains 

reside in the gut transiently or are cleared rapidly. In contrast, tradi
tional oral drugs are evaluated using pharmacokinetic parameters like 
retention, half-life, and clearance [119]. Another limitation is the lack of 
appropriate positive controls. While negative controls (strains contain
ing empty vectors) are common, only one study [120] included a posi
tive control, such as subcutaneous Exenatide injection. Including such 
benchmarks is essential to assess whether AMTs offer real advantages 
over conventional routes. Without them, efficacy comparisons remain 
incomplete.

Another important limitation is the considerable variability in 
experimental conditions across studies. Differences in AMT dosing reg
imens (ranging from 108 to 1010 per dose), dosing frequency, and 
treatment duration likely contribute to the differences in the therapeutic 
outcomes. Furthermore, the lack of quantification of the therapeutic 
production, either in vitro or within the GI tract remains a concern. 
Precise dosing is central to drug development, ensuring optimal efficacy 
and minimizing side effects [121], yet few AMT studies report how 
much therapeutic is produced in situ, making it difficult to establish 
dose–response relationships. For strains intended to deliver systemically 
absorbed therapeutics, direct measurements of circulating drug levels 
should be assessed. Quantifying local and systemic levels are essential 
for understanding pharmacokinetic parameters such as drug stability, 
Cmax, and Tmax.

Fig. 3. Strategies for enhancing oral peptide delivery using AMTs. This figure illustrates strategies for enhancing oral peptide drug delivery using AMTs by integrating 
key concepts from traditional drug delivery systems. By incorporating established drug delivery tools such as cell-penetrating peptides (CPPs), mucus-binding peptides, and fusion 
proteins, AMTs can improve peptide stability, enhance intestinal absorption, and increase systemic bioavailability.
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5. Strategies for enhancing systemic peptide delivery using 
AMTs

The therapeutic efficacy of peptide and protein drugs often depends 
on their entry into systemic circulation. While AMTs may pave the way 
for efficient oral delivery of therapeutic peptides locally in the GI tract, 
the entry of these drugs into the systemic circulation remains a chal
lenge. Integrating strategies from conventional drug delivery platforms 
could further enhance AMTs by addressing the challenges of intestinal 
absorption and bioavailability. This section discusses how established 
drug delivery approaches can be leveraged to optimize AMTs for 
improved peptide delivery (Fig. 3).

5.1. Mucoadhesive and mucus-penetrating strategies for improved 
residence time

Mucoadhesive and mucus-penetrating systems are two major stra
tegies used to enhance the retention time of therapeutics in the GI tract 
by interacting with the mucosal layer. Mucoadhesive systems anchor the 
drug delivery system to the mucus through strong interactions with GI 
mucins, prolonging residence time and making them attractive candi
dates for long-term drug delivery. However, their effectiveness is limited 
by mucus turnover, which typically occurs within 1–7 h [122–124]. In 
contrast, mucus-penetrating systems are designed to bypass the mucus 
layer and interact directly with the epithelium, allowing for potentially 
prolonged drug delivery. Since their clearance depends on epithelial cell 
turnover, which occurs approximately every 3–5 days [125], these 
systems may offer a significant residence time compared to mucoadhe
sive systems. By incorporating either of these modalities, the drug de
livery systems may interact with the mucins or the epithelium and 
extend the residence time and thereby improving the bioavailability of 
orally administered therapeutics. Mucoadhesive strength can be evalu
ated in vitro using assays that measure bacterial binding to purified 
mucins, as well as ex vivo retention tests on intestinal segments [126]. In 
vivo colonization and persistence can be assessed by quantifying CFUs 
from fecal samples of the animal over time or by tracking fluorescently 
labeled or bioluminescent strains through non-invasive imaging [127]. 
These approaches help determine the residence time of engineered mi
crobes and provide functional evidence of enhanced mucoadhesion in 
the GI tract.

In the case of AMTs, some probiotic bacterial strains naturally exhibit 
mucoadhesive ability [128]. For instance, Lactobacillus rhamnosus, one 
of the well-studied lactic acid bacteria, has been shown to have unique 
pili that produce mucus-binding proteins, thereby enhancing its 
mucoadhesive function [129,130]. Mucoadhesive strategies can be 
implemented in AMTs to further improve their colonization and reten
tion in the GI tract. Microbial cell-surface display systems, which allow 
for peptides and proteins to be displayed on the cell surface by fusing 
them with an anchoring motif, have been used for various biotechno
logical applications including vaccine development [131], antibody 
production [132], peptide library construction for screening [133], and 
biosensor development [134]. This has further been used in AMT ap
plications to enable precise targeting to certain cells or tissues in situ in 
the context of IBD [135] and cancer [136]. Similarly, this concept can 
also be implemented in AMTs for improved mucoadhesion in the GI tract 
by displaying mucoadhesive, mucus-penetrating, or epithelial receptor- 
binding modalities on the surface of a bacterial or yeast cell. For 
instance, in one study [135], S. boulardii was engineered to bind to 
abundant extracellular matrix proteins in the GI tract through tunable 
antibody display. This design enabled an additional gut residence time 
and 100-fold increased CFUs of the engineered strains in the colon.

5.2. Cell-penetrating peptides for improved transepithelial transport

Cell-penetrating peptides (CPPs) are short peptides, typically 5–30 
amino acids long, that enhance the delivery of therapeutic molecules by 

crossing epithelial cell barriers. These peptides can be derived from 
natural proteins, synthesized de novo, or engineered as chimeric con
structs to optimize their properties [137]. Over 1,500 CPPs have been 
identified, showcasing a broad spectrum of sequences and structures 
facilitating their interaction with cell membranes. CPPs have been 
shown to mediate the uptake of diverse cargo including small molecules, 
nucleic acids, and proteins, and allow for either intracellular or trans
epithelial delivery [138,139]. Traditionally, CPPs have been studied for 
their ability to facilitate intracellular delivery by enhancing permeation 
across cell membranes. This mechanism often involves a combination of 
endocytosis and direct translocation, with pathways influenced by the 
peptide sequence, cell type, and environmental factors [140]. However, 
CPPs also exhibit the capacity to enhance transport across epithelial cell 
barriers [141–144], which is relevant for oral administration followed 
by delivery to the systemic circulation. In fact, CPPs have been shown to 
facilitate transport of peptides such as Exendin-4 [145], insulin 
[146,147], and parathyroid hormone, across the epithelium in vitro or in 
vivo in rodents. However, as discussed above, oral delivery of such 
peptides is limited due to degradation in the GI tract, but AMTs may 
offer an ideal platform for enhanced local in situ peptide production.

AMTs can be engineered to express CPPs and facilitate the transport 
of therapeutic peptides across the intestinal epithelium. In a recent 
study, S. boulardii was engineered to deliver CPPs in the GI tract of mice 
[148]. To assess its effect on macromolecule absorption, FITC-dextran 
(4 kDa), a model compound similar in size to GLP-1 agonists was 
administered orally due to its inert nature and measurable fluorescence. 
Increased systemic levels of FITC-dextran indicated enhanced intestinal 
absorption, thereby providing proof-of-concept for potentially using 
AMTs to enhance drug bioavailability. Nevertheless, while FITC-dextran 
is a useful model to illustrate the permeability enhancement, its repre
sentativeness is limited as it does not fully replicate the structure or 
biological activity of therapeutic peptides. Therefore, translating these 
findings to clinical applications necessitates caution and further studies 
should involve therapeutic peptides of interest to verify the absorption 
enhancement effects. As such, it may be attractive to explore the engi
neering of microbial strains that simultaneously express the CPPs and 
the therapeutic molecules or combine microbial strains expressing the 
two modalities. Another possibility would be to tailor-design fusions 
consisting of a combination of CPPs with therapeutic peptides or pro
teins without affecting their functional properties. Such strategies may 
offer new opportunities for design of AMTs. However, as the CPPs are 
non-specific to cell types and higher concentrations could lead to 
negative impact on host and gut microbiome [144].

5.3. Receptor-mediated transport

Receptor-mediated endocytosis is a crucial cellular process that en
ables the internalization of extracellular substances through specific 
receptor-ligand interactions, playing a key role in uptake of vitamins, 
hormones as well as transferrin [149]. Such natural transport pathways 
may be leveraged for cellular uptake following oral delivery of thera
peutic peptides and proteins, facilitating transcellular transport across 
selective polarized intestinal epithelium and release into the systemic 
circulation [150]. Various nutritional receptors, particularly vitamin 
receptors, have been recognized for their potential in enhancing thera
peutic delivery, as they actively facilitate the transport of essential vi
tamins across the GI tract [151]. For instance, targeting the receptors of 
vitamins B12 [152,153], folate [154], and biotin [155,156] have 
resulted in the improved oral delivery of therapeutic peptides including 
GLP-1 and insulin. Additionally, saccharide receptors, such as those for 
mannose [157], galactose [158], and hyaluronic acid [159], are present 
on intestinal epithelial cells and may facilitate mucoadhesion or the 
transport of the peptides if they are made to target these receptors [151]. 
One particularly promising target for receptor-mediated transcellular 
transport is the transferrin receptor (TfR), which is extensively 
expressed across the small intestine. TfR is responsible for the 
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internalization and transcytosis of transferrin-bound iron in a pH 
dependent manner, and this pathway may be explored to enhance 
transport of therapeutic peptides across the intestinal barrier [160]. For 
instance, the oral bioavailability of insulin was increased by 29.6 % in 
mice through the use of transferrin-coated nanoparticles [161].

Another attractive receptor is the neonatal Fc receptor (FcRn), which 
is broadly expressed by polarized epithelial cell layers where it mediates 
transcytosis of immunoglobulin G (IgG) and albumin across the mucosal 
barriers in a pH dependent manner [162,163]. Specifically, upon 
cellular uptake, FcRn engages the ligands simultaneously via non- 
overlapping binding sites within mildly acidic pH of endosomes that 
follows by transport to the opposite side of the cells where exposure to 
the neutral pH of the extracellular space triggers release of the ligands 
[162,164,165]. This pathway is an attractive gateway for mucosal de
livery of intact IgG Fc and albumin fused therapeutic modalities upon 
intranasal or pulmonary administration [166–168]. As such, it may also 
be explored for transmucosal delivery of proteins engineered to engage 
FcRn in the context of AMTs. In addition, as FcRn acts as a homeostatic 
regulator of both IgG and albumin via a similar pH dependent cellular 
recycling mechanism [164,169], which results in a plasma half-life of 3 
weeks at average in humans, proteins delivered to the circulatory system 
will have increased exposure, which will improve bioavailability. For 
instance, long-acting albumin (albiglutide) [170] and IgG1 Fc (dula
glutide) [171] fused GLP-1 have been reported. While oral delivery of 
such drugs is challenging due to degradation in the GI tract, AMTs could 
address stability concerns through in situ production.

To enable receptor targeting in AMTs, suitable receptor-ligand in
teractions can be identified through methods such as phage display 
[172], yeast surface display [173], or computational modeling to 
discover peptides with high affinity for intestinal receptors like FcRn or 
TfR. AMTs may be engineered to express peptides that mimic the ligands 
for the receptors as a strategy to enhance the intestinal absorption of the 
fused therapeutic peptides. Once a high-affinity peptide is identified it 
can be genetically fused to the therapeutic protein using linkers to 
preserve function and improve stability, followed by codon optimization 
for expression in microbial hosts. These gene constructs can then be 
introduced into plasmid vectors or the genome of the microbes. How
ever, no study has so far investigated design of bacteria or yeast strains 
expressing peptides with such properties for mucosal delivery. However, 
it is well established that bacteria can express peptides and antibody- 
derived fragments, and when combined with FcRn-binding peptides or 
an albumin-derived peptide, which were recycled and transcytosed in an 
in vitro cellular system [174]. Similarly, yeast strains can be engineered 
to secrete albumin and fusions, which also show extended plasma half- 
life in human FcRn transgenic mice upon intravenous administration 
[175]. These strategies offer a modular framework for engineering 
AMTs that facilitate systemic entry of therapeutic peptides via receptor- 
mediated transport, thereby improving their bioavailability.

6. Clinical translational barriers and opportunities

Despite their promise, the clinical translation of orally administered 
AMTs/ eLBPs is limited by regulatory, manufacturing, and biological 
challenges. Regulatory uncertainty arises because AMTs represent a 
novel therapeutic class with minimal precedent. Manufacturing also 
presents major hurdles as AMTs must be produced at scale with 
consistent quality, formulated for long-term stability, and delivered 
orally without loss of viability. Developing cGMP-compliant production 
and formulation methods that ensure shelf-stable, room-temperature 
products without relying on cold storage is essential [176,177]. 
Furthermore, the biological complexity of host–microbiome interactions 
and disease pathology complicates AMT design and evaluation [178]. 
They face the highly variable GI environment and inter-patient differ
ences in microbiota. A clear mechanistic understanding of disease and 
robust biomarkers are often lacking, making it difficult to predict and 
quantify therapeutic effects or define dose–response relationships 

[176,179]. Indeed, many AMT candidates that showed efficacy in vitro 
or in animal models have failed to translate similarly in humans, with 
clinical trials frequently being terminated for lack of efficacy [180]. This 
translational gap underscores the challenge of designing clinical trials 
for AMTs that must account for complex endpoints like microbial 
engraftment, host immunological changes, etc., and deal with high 
variability, all while maintaining rigorous controls and blinding.

Encouragingly, several strategies are being developed to overcome 
current barriers and accelerate the clinical translation of AMTs. Re
searchers are designing genetic circuits that enable precise, disease- 
responsive therapeutic production using validated biosensors and logic 
gates [181,182]. Biocontainment remains a major focus in the AMT 
design. Strategies such as kill switches and auxotrophic dependencies 
are being used to restrict survival outside the intended environment 
[179,183–185]. More advanced multilayered containment systems are 
being explored, including gene circuits that trigger self-destruction upon 
therapy completion or environmental escape [186]. Efforts are also 
underway to engineer obligate anaerobes and commensal strains better 
suited to colonize the human gut [187,188]. Physical containment 
through advanced delivery technologies such as pH-responsive capsules 
and magnet-guided systems adds another layer of targeting and safety, 
improving colonization and limiting off-target effects [189,190]. Com
plementing these experimental approaches are computational tools that 
can model gut physiology, microbial dynamics, and therapeutic kinetics. 
Integrating with multi-omics data and machine learning, these models 
could potentially enable in silico optimization of dosing, colonization, 
and efficacy, potentially making preclinical testing more predictive of 
human outcomes [191,192]. Finally, interdisciplinary collaboration is 
needed to address regulatory, clinical, and societal challenges. Contin
uous dialogue with regulators, more clinical successes, and transparent 
engagement with healthcare providers and patients are crucial to 
building trust in AMTs [193,194].

7. Conclusion and perspectives

AMTs represent a promising platform for oral delivery of therapeutic 
peptides and proteins and have the potential to be tailored for targeted 
delivery and enhanced bioavailability. By leveraging their ability to 
colonize, synthesize, and secrete the biologics in the GI tract, AMTs 
overcome some of the key challenges such as enzymatic degradation and 
limited stability. To date, AMTs have demonstrated encouraging pre
clinical success, particularly in the context of local inflammation such as 
IBD. AMTs have shown significant promise by enabling site-specific 
delivery of anti-inflammatory agents, resulting in improved therapeu
tic efficacy and reduced systemic side effects. However, their application 
in treating chronic metabolic disorders has been limited by the poor 
absorption of therapeutics into the systemic circulation. These chal
lenges could potentially be addressed by integrating pharmaceutical 
strategies like the use of mucoadhesive strategies, CPPs, and receptor- 
mediated transport. However, the clinical translation of AMTs remains 
largely untapped with most of the work confined to early development 
and their broader therapeutic potential not yet fully realized. Key 
challenges to improving the safety and efficacy of AMTs include limited 
understanding and control over their localization, residence time, and 
dosing dynamics within the GI tract. Addressing these challenges will 
require more rigorous and standardized study designs, aimed at char
acterizing the in situ behaviour of AMTs such as their colonization, 
persistence, and clearance alongside the pharmacokinetics of the ther
apeutic payload, including its absorption, distribution, metabolism, and 
excretion, where relevant. To accelerate this process, predictive 
modeling approaches that integrate gut physiology with microbial 
growth and metabolism could enable rapid in silico testing of genetic and 
delivery strategies prior to experimental validation. These computa
tional tools may guide the rational design of AMTs with improved per
formance characteristics. Building on these insights, optimization of 
microbial chassis for enhanced therapeutic expression, secretion, and 
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regional targeting within the GI tract will be essential for increasing the 
precision and applicability of AMTs. Finally, patient and environmental 
safety considerations must be addressed, particularly about long-term 
microbial stability, immunogenicity, and unintended off-target effects. 
Robust biocontainment strategies such as kill-switch mechanisms and 
tightly regulated expression systems will be vital to minimize biosafety 
risks. Overall, with continued advances in microbial engineering and 
integration with pharmaceutical delivery strategies, AMTs can evolve 
into a clinically viable platform for both local and systemic delivery of 
peptide and protein therapeutics. Further research will be essential to 
translate these promising concepts into safe and effective therapies.
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