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Engineering Strategies to Modulate the Gut Microbiome
and Immune System
Kai Han,*,†,‡,1 Jin Xu,*,‡,1 Fang Xie,*,‡,1 Julia Crowther,*,‡ and James J. Moon*,‡,x,{

The gut microbiota, predominantly residing in the colon,
is a complex ecosystem with a pivotal role in the host
immune system. Dysbiosis of the gut microbiota has
been associated with various diseases, and there is an
urgent need to develop new therapeutics that target
the microbiome and restore immune functions. This
Brief Review discusses emerging therapeutic strategies
that focus on oral delivery systems for modulating the gut
microbiome. These strategies include genetic engineer-
ing of probiotics, probiotic-biomaterial hybrids, dietary
fibers, and oral delivery systems for microbial metabolites,
antimicrobial peptides, RNA, and antibiotics. Engineered
oral formulations have demonstrated promising outcomes
in reshaping the gut microbiome and influencing immune
responses in preclinical studies. By leveraging these
approaches, the interplay between the gut microbiota and
the immune system can be harnessed for the development
of novel therapeutics against cancer, autoimmune disor-
ders, and allergies. The Journal of Immunology, 2024,
212: 208�215.

T he gut microbiota is a complex and fascinating ecosys-
tem in which gut microbes are predominantly localized
in the colon (1012 microbes/g), with a lesser amount

located in the small intestine (108 microbes/g) (1). Microbial colo-
nization of the gastrointestinal (GI) tract begins as early as birth
and takes several years to mature into a relatively stable gut micro-
bial community (2). Although the composition of gut microbiota
changes markedly with age in infants, they still display a beneficial
influence on infants’ immune systems (e.g., the establishment of
tolerance to allergens) (3). Microbes interact locally with the intes-
tinal immune system, where mucins secreted by goblet and epi-
thelial cells act as physical and biochemical barriers, preventing
microbes from entering the systemic circulation. More specifi-
cally, dense mucins in the colon can prevent the development
of chronic inflammatory bowel diseases (IBDs) (4), while loose

mucins in the small intestine can coat Ags derived from microbes
and deliver them to dendritic cells (DCs) to induce oral tolerance
(5). Epithelial cells can generate antimicrobial peptides, which act
as natural antibiotics to kill or inactivate microbes (6), or they can
release anti-inflammatory cytokines (e.g., IL-10, TGF-b) in
response to microbial-derived signals (7, 8). Besides, microbes can
manipulate host immunity systemically. Microbes rely on dietary
components, such as carbohydrates and proteins, for nutrition.
Microbial degradation of dietary components leads to the gen-
eration of immunomodulatory amino acids and microbial
metabolites, including short-chain fatty acids (SCFAs) (9).
Microbes and their endotoxins can migrate directly through the
intestinal barrier, thus potentially modulating various patholo-
gies, such as sepsis (10) and cancer (11, 12).
Increasing evidence has shown that modulation of the composi-

tion and diversity of the gut microbiome can reshape the immune
system in pathological conditions. For instance, oral administra-
tion of Akkermansia or Bifidobacterium pseudolongum can improve
the therapeutic outcomes of immune checkpoint blockers (ICBs)
(13�15), and fecal microbiota transplant (FMT) can accelerate
the clearance of pathogens in sepsis by normalizing the host
immunity (16). Current strategies for gut microbiota modulation
mainly include live therapeutic products (e.g., FMT, probiotics,
and bacteriophages) and bioactive compounds (e.g., prebiotics,
antibiotics, and microbial metabolites). Among them, FMT has
been widely investigated with >200 clinical trials registered to
date (17), most notably for the treatment of Clostridium difficile
infection. FMT is thought to replenish the microbial diversity
lost after antibiotic treatment, restore microbial metabolites, and
protect against C. difficile colonization. However, FMT poses
potential risks, including safety issues associated with pathogenic
microbes, and FMT is a challenging drug product to produce
on a large scale and regulate.
Modern engineering strategies can optimize the biodistribution

and pharmacokinetics of chemical drugs and biomolecules in vivo
and have achieved great success in various therapeutics. However,
engineering strategies for the gut microbiome and immune system
are still in the infant stage. In this Brief Review, we discuss the
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recent engineering strategies for modulation of the gut microbiome
and regulation of the immune responses for treatments against var-
ious pathologies, including cancer, autoimmune disorders, and
allergy diseases (Fig. 1). We focus on oral formulations due to their
potential direct interactions with the gut microbes in the intestine,
widespread clinical applications, and high patient compliance.

Engineering oral formulations for gut microbiota and immune
modulation

Direct genetic engineering of probiotics. Reconstitution of the
gut microbiome with a defined and specific microbial population
holds great promise to modulate the intestinal microenvironment
and host physiology in a safe and precise manner and thus pro-
vides an attractive alternative strategy to FMT. Synthetic biology
is another approach that can therapeutically manipulate microbial
cells. For instance, the probiotic strain Escherichia coliNissle 1917
(EcN) is an advanced toolbox for its genetic manipulation and
has a long history of safe uses in humans (18). Genetically engi-
neered strains of the probiotic have entered clinical trials for a
variety of functions, including local metabolic modulation in the
intestine for the treatment of hyperammonemia and phenylke-
tonuria, and intratumorally for stimulator of IFN genes (STING)
activation (19�21). Moreover, recent advances in gene circuit
design principles have enabled on-demand designs, capable of
sensing disease-associated metabolites and regulating their degra-
dation or function in the gut (22). For example, Koh et al. (23)
engineered EcN for inhibiting C. difficile infection by restoring
bile acid metabolism in response to intestinal microbiome dys-
biosis. They used pNanA as a genetic sensor for sialic acid, a
marker for microbiome dysbiosis, to regulate the expression of
the bile salt hydrolase Cbh. The authors showed that the decon-
jugated and more active form of Cbh, taurocholate, effectively
inhibited both endospore germination and growth of C. difficile
in vitro and diminished the symptoms of C. difficile infection in
a mouse model.

In another study, Zou et al. (24) designed an EcN engineered
to secrete an immunomodulatory protein AvCystatin in response
to thiosulfate, a biomarker for inflammation. The orally adminis-
tered bacteria ameliorated disease activity in a murine colitis
model and significantly decreased immune infiltrates and proin-
flammatory cytokines, such as IL-6 and IFN-g. In another study,
Scott et al. (25) engineered Saccharomyces cerevisiae yeast to sense
extracellular ATP (eATP) and secrete CD39-like apyrase, which
degrades eATP into immunosuppressive adenosine. The open-
loop design where the yeast constitutively secreted apyrase led to
unregulated accumulation of adenosine, which triggered fibrosis
and tissue damage. In contrast, the closed-loop design used the
directed evolution of the human P2Y2 receptor to develop an
eATP biosensor that promoted regulatory T cells (Tregs) and
provided protection in murine models of chemical-induced coli-
tis and anti-CD3�induced enteritis. These results highlight the
capabilities of controlled adaptive systems to balance and regulate
the gut inflammatory state.
Another genetic engineering approach involves the utilization

of genetic modules for biomaterial or biomolecular assemblies,
such as vaccine constructs or cytokine delivery systems. For
instance, Yue et al. (26) fused a tumor Ag and an IgG Fc frag-
ment to ClyA, a surface protein found on the outer membrane
vesicles (OMVs) of E. coli strain Top10 (termed OMV-Ag-mFc).
To increase the expression of the OMV-Ag-mFc construct, an
arabinose-inducible promoter was introduced to the assembly.
Upon oral administration, the bacteria produced OMV-Ag-mFc,
which penetrated the intestinal epithelial barrier and was taken up
by DCs in the lamina propria via FcRn. With Adpgk used as a
model Ag, the engineered E. coli elicited a stronger CD8 T cell
response and inhibited MC38 tumor growth. In another study,
Chen et al. (27) reported a topical vaccine, containing the com-
mensal bacteria Staphylococcus epidermidis, to generate tumor-
specific T cells that can migrate to local and metastatic tumor lesions
where they exert cytotoxic functions. Praveschotinunt et al. (28)

FIGURE 1. Recent advances in engineered oral formulations for

modulating the gut microbiome and immune system. Various oral for-

mulations, including probiotic/biomaterial hybrids (100), metabolite/

polymer micelles (72), self-assembled peptides (90), RNA delivery

nanoparticles (94), and dietary fiber gel (49), have been developed to

restore the intestinal barrier, microbial community structure, and

microbial-derived metabolites. These approaches can influence the acti-

vation or differentiation of APCs, CD41 T cells, or CD81 T cells,

redirect the secretion of inflammatory or anti-inflammatory cytokines,

and exert therapeutic efficacy in various pathologies. This figure was

created with BioRender.com. Some images used in this figure were

taken from figures in Refs. 72 and 100 under a CC-BY-NC license.
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designed a “probiotic-associated therapeutic curli hybrids
(PATCH),” where they programmed EcN to secrete CsgA
proteins, also known as curli fibers, fused to trefoil factor family
peptides, and PATCH was able to promote cytokine secretion
as well as epithelial healing. More specifically, these proteins
formed extracellular fiber matrices that multivalently displayed
the trefoil factor family domains, leading to mucosal healing and
attenuation of colonic inflammation in dextran sulfate sodium
colitis models.
Probiotic/biomaterial hybrids. Direct oral administration of pro-
biotics could significantly diminish their therapeutic efficacy due
to the harsh environmental conditions along the GI tract. In this
regard, protecting probiotics with an environment-responsive coat-
ing with biomaterials holds great promise in preventing inoculant
inactivation and promoting stable engraftment (29, 30). More-
over, the combination of biomaterials and genetic engineering has
shown great potential in improving probiotic delivery. For exam-
ple, Yang et al. (31) coated EcN with tannic acid, Ca21, and
mucin via layer-by-layer technology (termed EcN@TA-Ca21

@Mucin) (31). In this design, tannic acids functioned both as a
reactive oxygen species (ROS) scavenger and anchor for mucin,
thus enhancing intestine adhesiveness. The authors demonstrated
an enhanced colonization of EcN@TA-Ca21@Mucin along the
intestinal tract when compared with EcN alone or EcN@TA-Ca21

without mucin. EcN@TA-Ca21@Mucin inhibited inflammation,
repaired the mucus layer in a dextran sulfate sodium colitis model,
and increased the relative abundance of the Lachnospiraceae
NK4A136 group and Bifidobacterium adolescentis. In another
study, Zhou et al. (32) coated EcN with chitosan and sodium
alginate via layer-by-layer electrostatic self-assembly. EcN was
genetically engineered to overexpress catalase and superoxide dis-
mutase to eliminate ROS. Chitosan/alginate-coated EcNmarkedly
inhibited inflammation and restored the intestinal barrier function
in multiple chemical-induced IBD models when compared with
uncoated EcN. Coated EcN also regulated the intestinal micro-
biome and increased the relative abundance of Lachnospiraceae
NK4A136 and Odoribacter, which are known butyrate-producing
bacteria with anti-inflammatory capabilities (33). Nanoparticles
have also been used to form probiotic/biomaterial hybrids. For
instance, Pan et al. (34) reported a polyphenol-based nanocoating
system referred to as “nanoarmor” composed of tannic acids and
ferric ions. In this system, probiotics individually coated with
the supramolecular network were filled into enteric capsules for
oral delivery. Nanoarmor adsorbed antibiotics, promoted pro-
biotic populations in the GI tract of levofloxacin-treated rats,
and reduced the incidence of antibiotic-associated diarrhea. In
another study, Liu et al. (35) encapsulated EcN with norepi-
nephrine, which formed a polymer coating via auto-oxidation
and promoted mucosa adhesion through its catecholamine
group. The authors further engineered EcN into self-assembled
nanoparticles by conjugating poly(propylene sulfide), a known
ROS scavenger, to hyaluronic acid (HA). This hybrid nanopar-
ticle was able to reduce the number of immune infiltrates and
improve therapeutic efficacy in a mouse model of colitis, likely
by increasing the relative abundance of beneficial commensals,
such as Muribaculaceae and Prevotellaceae UCG-001, while
decreasing pathogenic Desulfovibrionaceae. EcN OMVs also
have been shown to exert anti-inflammatory effects in experimen-
tal colitis models (36, 37).

Engineering dietary fibers into oral formulations

Dietary fibers have an extensive effect on the structure of the gut
microbial community throughout one’s lifespan. Gut microbes
can ferment certain dietary fibers to produce metabolites such as
SCFAs (38) or improve glucose and lipid metabolisms (39, 40).
These fermentation products can in turn manipulate the host
immunity and gut microbial composition. For example, mela-
noma patients consuming a high-fiber diet have been reported to
have a higher abundance of fiber-fermenting Ruminococcaceae
with a higher response rate to ICB therapy (41). Li et al. (42)
further demonstrated that the low-fiber diet promoted resistance
to ICBs in a murine model of LSL-KrasG12D lung cancer. A
potential mechanism for this increased antitumor efficacy
associated with a high-fiber diet is the production of type I IFN
by intratumoral monocytes in response to microbiota-derived
STING agonists (43). Beyond the consumed dose of dietary
fibers, interactions between the gut microbes and dietary fibers
are also affected by the chemical structure of dietary fibers as well
as their degree of polymerization, solubility, and exposure to high
temperatures (44�46). Therefore, engineered dietary fibers can
address unique nutrient niches in the intestine that favor specific
microbes, promoting their proliferation and colonization (47).
Current research focuses on investigating the interactions

between dietary fibers and gut microbiota in animal models by
adding native fibers to chow. A potential strategy for dietary
fiber engineering is to develop a hydrogel, similar to those that
have been applied in typical cooking methods, such as potato
starch gel and kudzu powder gel. These hydrogels are usually pre-
pared via a simple “heating-cooling” treatment and show higher
viscosity compared with native dietary fibers (48), thus increasing
their transit time through the intestines. In our previous work, we
performed an in vivo screening of various dietary fibers, polyphe-
nols, and drugs from the U.S. Food and Drug Administration’s
generally recognized as safe list and found that inulin, a polysac-
charide dietary fiber, synergized with ICBs by increasing the rel-
ative abundances of favorable bacteria, such as Akkermansia,
Lactobacillus, and Roseburia in the colon (49). Based on this, we
have developed a viscous, oral inulin gel formulation, which
prolonged its colonic retention compared with the native inu-
lin. As most of the body’s gut microbes reside in the colon, inu-
lin gel increased the relative abundance of these beneficial
microbes, which released SCFAs that induced the formation of
stem-like memory T cell factor-11PD-11CD81 T cells in
both tumor and tumor-draining lymph nodes, thereby improv-
ing the therapeutic outcome of ICBs (49). This hydrogel engi-
neering strategy may not only improve the biological functions
of dietary fibers but also serve as stabilizers or carriers to deliver
immunomodulatory drugs and biomolecules to specific sites in
the intestines.

Engineering endogenous biomolecules into oral formulations

Microbial metabolite delivery system. Modulating the gut micro-
biome compositions through genetic engineering techniques is
straightforward and highly specific (50). Nevertheless, the intricacy
of the gut microbiome, metabolomics, and interactions with host
immunity poses numerous hurdles, including safety concerns and
regulation considerations (51�53). Alternatively, prebiotics offer
safe and effective means of shaping the gut microbiota composi-
tion; however, prebiotic-based approaches can be limited due to
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maximum tolerated doses and influenced by environmental factors
while lacking selectivity for enriching bacteria of interest (54�56).
Dysbiosis of gut flora and changes in microbial metabolites

are often associated with immune dysregulations, and vice versa
(57�59). Although numerous molecules are produced by bacte-
ria in the GI tract, the mechanism and complexity of their
interactions remain elusive. Microbial metabolites such as
SCFAs, specifically butyrate, have been studied for their effects
on the human immune system. These include maintaining epithe-
lium barrier integrity, inhibiting histone deacetylase activities, and
modulating cell differentiation and function (60�63). Reduced
abundance of butyrogenic bacteria has been reported in various
immunological diseases such as allergies, colitis, type 1 diabetes,
multiple sclerosis, and cancer (3, 64, 65). Therefore, engineer-
ing SCFAs for gut microbiome and immune modulation pre-
sents a pragmatic strategy.
Many efforts have been made to deliver SCFAs orally. Previ-

ous studies explored different routes of administering acetate in
mice and humans (66, 67). Oral gavage and i.p. administration
were found to significantly increase plasma acetate levels but only
transiently, with rapid clearance within an hour. Many clinical
trials involving SCFAs have used sodium salts or triglycerides
(68�70), which are quickly absorbed, metabolized, and thus
unable to reach the lower GI tract. Even with enteric coating or
encapsulation, SCFAs give off strong odors and have an unpal-
atable taste (71), likely discouraging patient compliance. There-
fore, feasible and controlled approaches are needed for engineering
and delivering SCFAs to the distal GI tract, where they can inter-
act with colon-residing commensal microbes and host immune
cells.
Wang et al. (72) developed amphipathic copolymers that are

capable of self-assembling into nanomicelles in aqueous solu-
tions. Butyrate was conjugated to the hydrophobic block of the
copolymer via ester bonds and linked to the hydrophilic blocks
with either neutral or negatively charged polymers. This design
ensured that the nanomicelles were resistant to degradation by
the acidic stomach environment and burst release of their cargo.
Once exposed to esterase in the lower GI tract, the conjugated
butyrate was released. However, the difference in surface charges
led to distinct release profiles. The neutral micelles exhibited
faster release in simulated gastric fluids within a 20-d time frame,
and even faster release in the ileum of mice, beginning as early as
2 h after a single oral dose. In contrast, the negatively charged
micelles extended the primary release to the cecum region, lasting
8 h compared with 2 h, possibly due to differences in their
corona. Subsequently, the combination of these two micelles pre-
served intestinal barrier integrity, reduced severity of colitis, and
protected mice against severe anaphylactic responses in a peanut
allergy model. Two weeks of butyrate micelle treatment altered
the fecal microbiota composition compared with PBS-treated
controls and significantly restored the abundance of Clostridium
cluster XIVa, a major butyrate-producing taxon associated with
beneficial clinical outcomes in patients with Crohn’s disease and
C. difficile infection (73, 74). Further investigation into the
immune response showed suppressed myeloid cell activation in
the spleens and tissue-draining lymph nodes of mice treated with
butyrate micelles, including downregulated expressions of MHC
class II and CD86 on DCs and macrophages. The therapeutic
potential of these butyrate micelles was further confirmed in the
CD45RBhi T cell transfer model of colitis. Two weeks of twice-
daily treatment with butyrate micelles successfully alleviated weight

loss, preserved colon length, and improved histopathological
conditions. These results indicate that engineering butyrate into
polymeric micelles allows for direct and non�Ag-specific colonic
delivery of SCFAs with a high dosing capacity and minimal
adverse effects.
Other early-stage attempts at SCFA delivery include ultra-

sound-triggered sustained release of SCFAs from a cellulose
hydrogel, which was formulated based on the phase inversion
method (65, 75). The Morrison and Frost groups conducted
clinical trials using SCFAs conjugated to inulin, primarily propi-
onate (76�80), addressing the issues of unpalatability while
achieving controlled release of SCFAs and reducing the required
amount of the prebiotic fiber. In a recent study, oral dosing of
propionate conjugated to inulin decreased proinflammatory IL-8
levels and reshaped the gut bacterial populations at the class and
order levels compared with cellulose (81).
Endogenous bioactive molecules. In addition to microbial-
derived metabolites, host-generated endogenous bioactive molecules
engineered for oral administration can exert immune-modulatory
activities and impact the gut homeostasis. Targeted delivery of
these molecules to the small intestine or colon poses challenges,
such as surviving harsh physiological conditions, minimizing
absorption by off-target gastric compartments, enabling site-
specific cargo release, and enhancing its bioactivity either with
adjuvants or by prolonging its retention in the GI tract.
HA, a glycosaminoglycan biopolymer found in the extracellular

matrix and synovial fluids, possesses multiple immunomodulatory
properties (82, 83). To overcome challenges associated with HA’s
susceptibility to gastric acid, enzymes, and oxidative conditions in
inflamed tissues within the GI tract, we have previously reported
the development of a nanomedicine composed of HA conjugated
with bilirubin (BR) (84), another endogenous biomolecule com-
monly found in bile with high hydrophobicity. The HA�bilirubin
conjugate self-assembled into a nanostructure (HABN) in an
aqueous buffer, improving resistance to hyaluronidase degrada-
tion and efficient colonic targeting to inflamed epithelium and
macrophages through HA-CD44 recognition. This platform
efficiently targeted inflamed epithelium and macrophages in a
murine model of colitis. HABN demonstrated superior thera-
peutic efficacy compared with conventional IBD treatments by
promoting anti-inflammatory immune profiles, restoring epithe-
lial barrier integrity, and improving microbial richness and
diversity. Mice receiving HABN treatment had reduced IL-1b,
TNF-a, and IL-6 and elevated IL-10 and TGF-b in the lamina
propria, decreased frequencies of proinflammatory monocytes
and neutrophils, and increased anti-inflammatory tissue-resident
macrophages, Tregs, and DCs. The treatment also significantly
enriched the relative abundance of Akkermansia muciniphila,
Clostridium XIVa, and Lactobacillus, which are associated with
increased butyrate production and benefits of gut homeostasis
(74, 85, 86).
HA serves as a scaffold when designing platforms for differ-

ent endogenous molecules. For instance, HA was incorporated
in a supramolecular drug delivery system using cucurbituril
chemistry (87), where the mesoporous silica core loaded with
hydrocortisone was coated with tryptophan-modified chitosan
and azobenzene-modified HA linked by cucurbit[8]uril. This
platform demonstrated targeted cargo release and activation of
the aryl hydrocarbon receptor (AHR) in response to azoreduc-
tase and tryptophan derivatives generated by gut commensal
microbes, promoting anti-inflammatory responses. Similarly,
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HA was used to formulate an oral hydrogel, which was then
coated with calcium alginate by an electrospinning technique, for
delivering selenium to induce in situ synthesis of selenoproteins
in colitis-affected tissues, resulting in suppressed gut inflamma-
tion, improved tissue repair, and altered gut microbiota composi-
tions (88).
These studies highlight the versatility of engineering strategies

for colon-targeted delivery of endogenous bioactive molecules.

Engineering exogenous molecules into oral formulations

The biomolecules secreted by the host and gut microbes are
not limited to the aforementioned endogenous biomolecules
but also include RNA and antimicrobial peptides, which can
control the growth of gut microbes and exert immunomodula-
tory functions. Currently, the structure and function of these
endogenous biomolecules in the context of various diseases are
largely unknown, which restricts their applications in oral ther-
apeutics. Additionally, RNA and antimicrobial peptides can be
degraded in the harsh intestinal environment. Thus, engineered
formulations for delivering these biomolecules could improve
their oral bioavailability in the GI tract and control their release
behavior at the targeted site, thereby maintaining their biologi-
cal functions in the gut microbiota and immune system.
Oral formulation of antimicrobial peptide self-assembly. Cationic
a-helical antimicrobial peptides have been widely investigated due
to their ability to lyse bacterial membranes, but their clinical trans-
lation is impeded due to their proteolytic degradation-mediated
structural instability and in vivo hemolysis toxicity (89). To address
these limitations, Chen et al. (90) developed an in vitro en masse
screening approach and a distance scoring algorithm, which identi-
fied that cyclic D,L-a-peptides selectively partitioned into bacterial
membranes. These cyclic peptides are self-assembled into extended
b-sheet�like hollow tubular structures with improved stability due
to their even number of alternating D- and L-a-amino acid config-
urations. Daily oral administration of these cyclic peptides remod-
eled the gut microbiome in Western diet�fed low-density
lipoprotein (LDL) receptor�null mice toward a healthy status.
Mechanistically, these peptides mediated metabolic changes and
transcriptional reprogramming of the gut microbiota. More spe-
cifically, they increased butyrate metabolism and ileal expression
of cholesterol 7-a-hydroxylase (known as a rate-limiting enzyme
to convert dietary cholesterol to bile acids), leading to reduced
plasma LDL cholesterol levels. Notably, the cyclic peptide treat-
ment reduced the absolute number of Th17 cells and Th17-like
Tregs but maintained the population of regenerative Helios1

thymic-derived Tregs expressing GATA3 in LDL receptor�null
mice with a Western diet, highlighting their potential applicabil-
ity in other autoimmune and inflammatory diseases (90).
Oral formulation for RNA delivery. There is accumulating evi-
dence that RNAs shape the gut microbiome (91). More specifi-
cally, some RNAs generated from gut epithelial cells and Hopx1

cells can enter microbes and facilitate host control of the gut
microbiota (92). RNAs can be packaged into gut bacteria-derived
extracellular vesicles to affect host pathways (93). Teng et al. (94)
engineered ginger-derived exosome-like nanoparticles (GELNs)
containing RNAs that can be directly taken up by gut microbes
to alter the microbiome community structure and host physiol-
ogy. Interestingly, the lipid composition of ELNs could influence
their localization in both tissues and microbes. A higher content
of phosphatidic acid in ELNs improved their accumulation in the

gut and accelerated uptake in Lactobacillus rhamnosus. However, a
higher content of phosphatidylcholine lipid promoted the migra-
tion of ELNs from the intestine to the liver. Phosphatidic acid�
enriched GELN RNAs increased the relative abundance of Lacto-
bacillaceae. Specifically, GELN-derived mdo-miR7267-3p has a
binding site for mRNA encoding Lactobacillus rhamnosus mono-
oxygenase ycnE, which has been shown to inhibit the colonic
expression of the enzyme ycnE, as well as the conversion of tryp-
tophan to indole-3-acetamide. In return, GELN-RNAs favored
the release of metabolites including indole-3-carboxaldehyde,
which is known as a ligand for AHR. This metabolite promoted
the expression of colonic IL-22 via the AHR pathway, improved
the gut barrier function, and protected against colitis in mice.
Oral formulation for controlled release of antibiotics. Antibi-
otics are another class of molecules that can dramatically change
the gut microbiome. Although antibiotics are frequently used to
protect against pathogenic infections, oral antibiotics are not able
to selectively eliminate pathogens, leading to the disruption of
gut microbial diversity and a decrease in the host immune
response to therapeutic Abs and drugs, such as ICBs (13�15).
Oral antibiotics also contribute to the emergence of resistant bac-
terial strains through repeated, unnecessary, and excessive admin-
istration of antibiotics (95). However, some patients cannot
avoid antibiotic regimens due to long-term therapies compromis-
ing their immune systems. Current engineering strategies for oral
antibiotic delivery primarily focus on minimizing the adverse
effects of antibiotics to maintain homeostasis of the gut micro-
biome and host immunity. One strategy delivers adsorbent to the
ileum and neutralizes antibiotics in the proximal colon (96). This
is achieved through formulating an enteric-coated activated, char-
coal-based product, DAV132. Neutralization of antibiotics in the
colon aids in preserving beneficial commensal organisms, and tar-
geted delivery of the adsorbent to the ileum allows for more pre-
cise targeting of pathogenic bacteria (96). Another strategy focuses
on the various receptors in the small intestine that are essential for
the absorption of nucleosides, bile acids, and glucose (97). These
receptors can serve as a target for enhanced delivery of oral antibi-
otics through the small intestine and can potentially mitigate their
detrimental effects on colonic microbes. Zhang et al. (98) designed
positively charged, glucosylated nanoparticles that facilitate the
transfer of antibiotics from the proximal small intestine (high
expression of the sodium-dependent glucose transporter-1) into
the bloodstream via glucose�glucose�transporter binding inter-
actions. This engineering strategy markedly decreased the adverse
effects on intestinal microbiota and reduced inflammatory cyto-
kines and neutrophils in the lungs.
The pathological intestinal microenvironment can also be

used as a target for infection-mediated release of antibiotics.
Mu et al. (99) engineered a H2S-cleavable amphiphilic mole-
cule (AM) composed of xylooligosaccharide analogs conju-
gated with 1-dodecanethiol through a disulfide bond and
packaged into AM vesicles for antibiotic delivery. In salmo-
nellosis, the pathogen Salmonella could produce H2S, which
disrupts the AM vesicles and induces a controlled release of
antibiotics. This engineering strategy prevented significant
changes in the gut microbiota, achieved localized targeting
of the pathogen in the gut, and alleviated epithelial damage
and inflammatory infiltrates in enteric mucosa and submu-
cosa of the GI tract.
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Conclusions
In this Brief Review, we have discussed recent advances in engi-
neered oral formulations for modulating the gut microbiota and
host immune responses. These engineering strategies improved
pharmacokinetics of drugs and allow for the precise delivery of
therapeutic cargo to the GI tract. However, despite the great
strides being made regarding modulating the immune system
with gut microbiota-derived biomaterials in preclinical models,
clinical translation of these therapeutics still poses challenges.
When developing the next generation oral formulations, their
biosafety profiles and scalability need to be addressed. Moreover,
the complex and bidirectional interactions between biomaterials,
the gut microbiome, and the immune system in the context of
specific diseases remain unclear. New technologies, such as artifi-
cial intelligence and machine learning, may contribute to identify-
ing microbial signatures that are implicated in various diseases.
Additionally, the spatial diversity of the gut microbiome along
the GI tract calls for more investigations, as current research often
evaluates the gut microbiota as a whole. Building a better under-
standing of spatial interaction among biomaterials, the gut micro-
biome, and immune cells will provide guidelines for newly
emerging engineering strategies. Finally, various gut microbiota-
associated factors, such as microbial enzymes, microbial-derived
Ags, and lipids, are emerging as new adjuvants, Ags, or agonists to
affect host immunity, and they may provide new opportunities for
the next generation of oral formulations.
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