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Abstract
Inflammatory bowel disease (IBD) is a recurring chronic inflammatory disease. Current
treatment strategies are aimed at alleviating clinical symptoms and are associated with
gastrointestinal or systemic adverse effects. New delivery strategies are needed for the
treatment of IBD. Bacteria are promising biocarriers, which can produce drugs in situ
and sense the gut in real time. Herein, we focus on recent studies of engineered bacteria
used for IBD treatment and introduce the application of engineered bacteria in the diag-
nosis. On this basis, the current dilemmas and future developments of bacterial delivery
systems are discussed.
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 INTRODUCTION

With societal developments and lifestyle changes, inflamma-
tory bowel diseases (IBDs) have become more common.[1]
IBDs are a series of recurrent chronic inflammatory dis-
eases within the bowel, mainly including Crohn’s disease
(CD) and ulcerative colitis (UC). The specific etiology of
IBD is still under investigation, but it is believed to be the
combined result of genetic factors, alterations in the gut
microbiota, abnormal immune responses, and environmental
influences.[2]
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Although there are rare cases with monogenetic defects
and early onset, in which gene factors play a dominant role,
most IBD patients are affected by multiple genes. Scien-
tists have found over 200 risk alleles associated with IBD
which are broadly related to immune response, autoim-
munity, and autophagy.[3] Western industrialized countries
display the highest incidence rates of IBD worldwide while
newly industrialized countries in Asia are experiencing a ris-
ing prevalence. This suggests that environmental factors, for
example, diet and stress, potentially contribute to the etiology
and progression of IBD. Specifically, dietary fiber intake may
be linked to a lower risk of CD and long-term consumption
of trans-unsaturated fatty acids may increase the incidence of
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UC, according to several large prospective cohort studies.[4]
Researchers found that environmental factors could disrupt
the composition of the gastrointestinal microorganism to
eventually promote the pathogenesis of IBD. Gastrointesti-
nal bacteria have a tight and complex relation with the gut
immune system. They promote the maturation of the gas-
trointestinal immune system and maintain the integrity of
the intestinal barrier.[5] In IBD patients, a reduced diversity
of microorganisms and metabolites was observed.[6] Blautia,
Faecalibacterium, and Ruminococcus were discovered to be
keystone taxa in IBD, but with more association in CD, by
defining distinct networks of taxa associations within intesti-
nal biopsies.[7] In addition to defective biological barriers,
chemical, and mechanical barriers are also impaired in IBD.
A protective chemical barrier is formed by themucus secreted
by goblet cells and antimicrobial peptides (AMPs) generated
mainly by Paneth cells.[8] Bacteria cannot penetrate the dense
and thick inner colon mucus in normal humans, but can pass
the thinner colon mucus and reach the epithelium in active
UC.[9] The integrity of the physical barrier is attributed to the
intestinal epithelial cells and the apical tight junctions between
adjacent epithelial cells. However the tight junction is reduced
and the expression of the transmembrane proteins is abnormal
in IBD.[10]
The gastrointestinal tract is the biggest immune organ

with the innate, adaptive, and mucosal immune system.
Innate immune cells (ICCs), including macrophages, den-
dritic cells, and innate lymphoid cells mediate the host
immune response. They express pattern recognition receptors
to recognize pathogens and trigger immune responses. ICCs
orchestrate immune tolerance with gut commensal micro-
biota and provide a defense against exogenous pathogens.
Through secretion of cytokines and antigen presentation,
ICCs can trigger the adaptive immune system to generate
specific and robust immune responses.[11] It is now believed
that innate and adaptive immunity are equally important in
IBD. Adaptive immune cells, especially T cells, migrate to
the gut to initiate and maintain the immune response. T
cells are broadly classified into two types: proinflammatory
T cells and anti-inflammatory T cells. Inflammatory T cells
include CD8+ cytotoxic T cells and CD4+ T helper (Th)
cells, while regulatory T cells (Tregs) are anti-inflammatory
T cells.[12] Mounting evidence indicates that immunological
dysregulation leading to inflammation is a vital contributor
to IBD.[13] Infiltration of inflammatory T cells and exces-
sive inflammatory cytokines are the common denominator
of IBD. The mucosa in IBD patients has an unbalanced ratio
of proinflammatory and anti-inflammatory T cells. Th1, Th2,
and Th17 inflammatory pathways are activated, and inflam-
matory cytokines increased, including interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-13 (IL-13), interleukin-17 (IL-
17), interleukin-22 (IL-22), tumor necrosis factor-α (TNF-α),
interferon-γ (IFN-γ).[2] However, there are some differences
in the specific T cells and cytokines involved between CD and
UC.Th1 cells secret TNF-α and IFN-γ that promote the patho-
physiology of CD, while UC is associated with atypical Th2

immune response, characterized by IL-13 releasing.[14] How-
ever, the efficacy of IFN-γ or IL-13 specific antibodies was not
established in IBD patients clinically.[15] The manifestations
of UC are repeated episodes of bloody diarrhea and abdomi-
nal pain, usually accompanied by fever in the active period.
Long-standing UC patients have an increased risk of colon
cancer.[16] CD is a chronic inflammatory granulomatous dis-
ease characterized by recurrent abdominal pain, diarrhea,
and weight loss, often complicated by strictures, fistulae, and
abscesses. The traditional treatment for IBD is mesalazine/5-
aminosalicylic acid (5-ASA) and glucocorticoids. Advanced
therapeutic interventions include mercaptopurine analogs
and immunosuppressive biological agents. These drugs are
effective in alleviating inflammation and greatly reduce the
rate of disability and surgery for IBD. 5-ASA is the primary
therapeutic option for mild-to-moderate IBD, serving as an
effective approach for both induction and maintenance of
remission, with minimal occurrence of treatment-associated
adverse incidents.[17] Nevertheless, the efficacy of 5-ASA is
limited when dealing with patients experiencing moderate-
to-severe IBD, and its effectiveness is inconsistent in cer-
tain individuals presenting with mild-to-moderate IBD. For
other agents, the side effects of their long-term use cannot
be ignored. Gastrointestinal adverse effects such as nausea,
vomiting, and loss of appetite are common with immuno-
suppressive agents, and the use of immunosuppressive and
biological agents increases the incidence of opportunistic
infections. Patients on thiopurine treatment have increased
risks of lymphoproliferative disorders, myeloproliferative dis-
orders, non-melanoma skin cancer, and cervical high-grade
dysplasia and cancer.[18] Besides, glucocorticoids are less
recommended for long-term use due to the disruption to
the body’s metabolism, including sugars, proteins, fats, elec-
trolytes, osteoporosis and phosphorus, peptic ulcers, and
lower immunity.[19]
It is evident that IBDs necessitate the exploration of novel

therapeutic interventions that mitigate systemic adverse
effects. In recent years, significant advancements in therapy
approaches have emerged, encompassing novel pharmacolog-
ical agents and innovative drug-delivery mechanisms, which
aim to tackle the challenges associated with IBDs.[20] Bacteria
exhibit considerable potential as carriers for targeted drug
delivery to inflamed lesions, leading to increased localized
drug concentrations, improved therapeutic outcomes, and
reduced systemic side effects. Bacteria have been utilized as
therapeutic agents for centuries owing to their close relation
with the human internal environment.[21] Probiotics have
exhibited therapeutic potential in the management of specific
medical conditions, particularly for intestinal disorders such
as irritable bowel syndrome,[22] diarrhea,[23] constipation,[24]
and UC.[25] With a better understanding of bacteria biol-
ogy and the maturing technology of bacterial gene editing,
researchers have been able to transform probiotics into
bio-factories to produce various bioactive. For instance,
Steidler et al. used Lactococcus lactis to secrete IL-10 for
colitis treatment in mice and achieved remarkable results.[26]
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F IGURE  Schematic illustration of engineered bacteria that generate therapeutic agents for inflammatory bowel disease. Engineered bacteria generate
therapeutic agents to treat IBD through immunomodulation, antioxidative stress, barrier restoration, and microbial regulation in the intestine.

Although no significant difference was seen in later clinical
trials compared to a placebo, it provided the idea of using pro-
biotics to deliver drugs to the gut and gave rise to subsequent
studies.
In this review, we first present recent studies on bacteria-

based platforms for the treatment of IBD through four
mechanisms: immunomodulation, antioxidative stress, bar-
rier restoration, and microbial regulation (Figure 1). Then we
introduce bacterial detection of intestinal disorders and dis-
cuss current dilemmas and future development prospects at
the end of the review.

 BACTERIA PLATFORMS FOR IBD
DRUGDELIVERY

The gastrointestinal tract, serving as a pivotal organ for diges-
tion and nutrient absorption, possesses formidable digestive
and catabolic functions, posing a challenge to the effective
oral administration of biologic drugs. Notably, the presence
of gastric juices, characterized by potent acidic and enzymatic
properties, presents a big hurdle, leading to the inactivation
of a majority of biological drugs.[27] The stomach is consid-
ered a natural antimicrobial barrier due to its harsh luminal
environment. However, certain enteropathogenic bacteria can

survive the strongly acidic gastric juices, potentially trigger-
ing intestinal infections. A clinical trial in 2006 demonstrated
that the yogurt bacteria could be detected in the feces of
healthy individuals who consumed yogurt, indicating the
resilience of probiotics within the gastrointestinal tract.[28]
Early studies have demonstrated that the lactic acid bacteria
can endure gastric juices and adhere to intestinal cells.[29] Bac-
teria have evolved diverse acid-resistant systems to enhance
their survival in acidic environments.[30] There are significant
variations in the survival capabilities of different bacteria in
acidic conditions. In addition to screening bacteria with high
survival rates in the gastrointestinal tract as vectors, bacteria
can also be encapsulated to further enhance their viability.[31]
Traditional drug-delivery materials such as sodium alginate,
chitosan, hydrogels, and emerging nano-delivery systems are
utilized for the encapsulation of probiotics.[32] Additionally,
the survival rate of bacteria is influenced by the dosage form
and formulation. For example, drying techniques and tablets
can improve the acid tolerability of probiotic bacteria.[33]
It is important to note that intraperitoneal and intravenous
injections are also viable methods for administering engi-
neered bacteria-based delivery systems, particularly in treat-
ing tumors and non-gastrointestinal diseases.[34] However,
due to the relative sterility of the abdominal cavity and blood-
stream, these administration routes necessitate heightened
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caution. This careful approach is essential to balance the
desired therapeutic effects with the potential risks of bacterial
infection.
The intestine, as an organ inherently colonized by bacte-

ria, bestows upon bacteria several specific advantages when
compared to other delivery systems. Beyond the customary
benefits associated with drug delivery, such as oral admin-
istration, minimized systemic side effects, and the transport
of macromolecules, bacteria offer unique features, including
intestinal targeting, in situ biologics production, intestinal
colonization, and modulation of intestinal flora. Intestinal
mucus is one more factor that influences the effect of drug
absorption.[27] However, in the case of IBD, the impairment of
the epithelial barrier, including the mucus layer, at the lesion
site renders both drugs and bacteria more accessible to exert
their effects. Furthermore, the heightened presence of ves-
sels and chemoattractants secreted by necrotic cells in the
inflamed area increases the likelihood of bacteria targeting
the lesion due to their chemotactic properties.[35] Moreover,
intestinal colonization not only facilitates the regulation of
intestinal flora, and competitive marginalization of pathogens
but also supports long-term in situ drug delivery and rel-
atively stable drug release. This characteristic reduces the
frequency of drug administration, thereby enhancing patient
compliance.
Decades of development in bacteria-based therapeutics

proved that the risk of administering bacteria within the
human body could be circumvented with probiotic bacteria.
For instance, lactic acid bacteria and Escherichia coli Nissle
1917 (EcN) are the twomost commonly used probiotics. Many
lactic acid bacteria, including Lactococcus, Lactobacillus, Bifi-
dobacterium, and Streptococcus, are recognized as safe by the
US Food and Drug Administration.[36] Among them, L. lactis
is the most reliable strain for genetic modification. L. lac-
tis has potential anti-colitis properties[37] and can survive
throughout the digestive tract,[38] which are some of the rea-
sons for its use in IBD drug delivery. E. coli Nissle 1917 (EcN)
is a non-pathogenic E. coli with serotype O6:K5:H1, which
was isolated by researcher Alfred Nissle in 1917.[39] Owing
to its genetic stability and absence of specific virulence fac-
tors, EcN is widely regarded as a safe probiotic strain and
has a long-standing track record of over a century in human
health applications. EcN’s flagella are not only key adhesion
factors but also are considered to be related to hardening the
epithelial barrier to prevent the adherence and invasion of
other microbes.[40] In several clinical trials, EcN has been
proven to be as effective as mesalazine in UC treatment.[41]
Therefore, using these probiotics as a drug-delivery vehi-
cle can get a dual therapeutic effect. Adding to the ease of
genome editing and the availability of a common molecu-
lar biology toolbox, L. lactis and EcN are matured platforms
for drug delivery to the colon. Some other bacteria, like
Bifidobacterium longum,[42] Salmonella typhimurium,[43] and
Clostridium butyricum,[44] are also used for drug delivery in
IBD.

 IN SITU GENERATIONOF
THERAPEUTIC AGENTS BY
BACTERIA-BASED PLATFORMS

The stomach and small intestine can digest a wide range
of substances, so it is difficult for drugs such as proteins
and peptides to reach the lower gastrointestinal tract to act
directly and locally. Therefore, most bioactive, like proteins
and peptides can only be administered intravenously. Engi-
neered bacteria can pass through the gastrointestinal tract,
and then produce bioactive in situ, while colonizing the gut
and then exerting long-term effects. This exemption from
digestive degradation frees up the types of biological agents,
giving IBD treatment a better chance of being closer to etio-
logical treatment. A summary of bacteria-based platforms for
IBD is summarized in Table 1.

. Immunomodulation

Although the exact etiology of IBD is still not clear, immune
imbalance is the key part of IBD. Therefore, delivery agents
to modify gut immunity are a major idea in the studies of
engineered bacteria for IBD.

3.1.1 Immunomodulatory bioactives

The early representative study treated colitis mice with engi-
neered L. lactis-secreting IL-10, finding that in situ generation
of engineered bacteria can lower the therapeutic dose of
IL-10.[26] In recent years, researchers have attempted to pro-
duce other anti-inflammatory cytokines such as IL-27,[46]
IL-35,[47] and interferon lambda 1 (IFNL1 or IL-29)[48] by
modified bacteria (Figure 2). Whether administered post-
model[47b] or preventatively,[47a] a reduction in Th17 cells
and an increase in Treg cells were observed in mice treated
with IL-35-expressing bacteria. In murine enterocolitis,[46]
oral delivery of IL-27-secreting L. lactis (LL-IL-27) improved
survival significantly. A disease activity index (DAI) is a
commonly used metric to assess disease activity in IBD
mouse models, consisting of three parts: blood in feces,
stool consistency, and weight loss. LL-IL-27–treated mice
show a decreased DAI and histological damage compared
with untreated and L. lactis control–treated mice. Researchers
further compared the treatment of LL-IL-27 with systemic
treatment with recombinant mouse IL-27 (rm IL-27). LL-IL-
27 reduced the DAI by about 50% and eliminatedmicroscopic
lesions, while systemic IL-27 had little therapeutic effect. Fur-
ther research addressed the anti-inflammatory mechanism
of LL-IL-27, including reducing inflammatory cytokines and
increased IL-10, deceased CD4+ T cells, and lower CD4/CD8
ratio. Additionally, researchers found that systemic adminis-
tration of IL-27 greatly increased the level of plasma IL-10
but had a lower level of IL-10 in the distal colon compared
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TABLE  Summary of bacterial delivery for drug in situ generation for inflammatory bowel disease.

Mechanism of function Bacterial vectors Therapeutic agents IBDModels Ref.

Immunomodulatory
bioactive

EcN, Lactococcus lactis IL-10 DSS-colitis mice, IL-10(-/-) mice, TNBS-induced
colitis mice

[26, 45]

L. lactis IL-27 CD4+ CD45RBhi T cell transferred Rag-/- mice
enterocolitis model, DSS-colitis mice

[46]

L. lactis, Escherichia coli IL-35 DSS-colitis mice [47]

EcN IFNL1 Caco-2/Jurkat T cell co-culture model,
scaffold-based 3D co-culture model

[48]

L. lactis SlpA CD4+ CD45RBhi T cell transferred Rag-/- mice
enterocolitis model

[49]

L. lactis Bovine lactoferricin-
lactoferrampin

DSS-colitis mice [50]

EcN Sj16 DSS-colitis mice [51]

EcN 3HB DSS-colitis mice [52]

Proinflammatory cytokine
antibodies/antagonists

L. lactis Monovalent and
bivalent murine
TNF-neutralizing
nanobodies

DSS-colitis mice [53]

Bifidobacterium longum, L.
lactis, Lactobacillus
salivarius

TNF-α antibod-
ies/antagonists

(C57/BL6 × DBA/2) F1 hybrid mice, / [54]

L. salivarius Anti-IL-17A fynomer / [54c]

L. Salivarius, L. lactis IL-23 antibod-
ies/antagonists

/ [54c, 55]

L. lactis Anti-IL-6 affibody
ZIL

/ [56]

L. lactis IL-1Ra DSS-colitis mice [57]

Enzyme of anti-inflammatory
agents

Lactobacillus paracasei NAPE-PLD DSS-colitis mice [58]

EcN Butyryl-CoA
dehydrogenase

DSS-colitis mice [59]

Antioxidant agents/enzymes L. lactis BPC-157 149BR fibroblast cell [60]

B. longum MnSOD LPS-induced inflammatory cell, DSS-colitis mice [42]

EcN CAT and SOD DSS-colitis mice, TNBS-induced colitis mice,
oxazolone-induced IBD mice

[61]

Barrier restorative function Lactobacillus reuteri hIL-22 Human intestinal enteroid [62]

EcN Trefoil factor DSS-induced colitis [63]

Clostridium butyricum pEGF IPEC-J2 [44]

EcN Human EGF DSS-colitis mice [64]

Microbial regulation L. lactis Cathelicidin DSS-colitis mice [65]

L. lactis Lactoferricin-
lactoferrampin

DSS-colitis mice [50]

L. lactis PAP 5-FU-treated mucositis mice [66]

L. lactis mBD14 DSS-colitis mice [67]

Abbreviations: 3HB, (R)−3-hydroxybutyrate; CAT, catalase; DSS, dextran sodium sulfate; IFNL1, interferon lambda 1; IPEC-J2, porcine intestinal epithelial cell line; LPS, lipopolysaccha-
ride; mBD14,mouse β-defensin 14;MnSOD,manganese superoxide dismutase; NAPE-PLD,N-acylphosphatidylethanolamine-preferring phospholipase D; PAP, pancreatitis-associated
protein; pEGF, porcine epidermal growth factor; Sj16, schistosome immunoregulatory protein; SlpA, surface layer protein A; SOD, superoxide dismutase; TNBS, 2,4,6-trinitrobenzene
sulfonic acid.
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F IGURE  Schematic illustration of engineered bacteria that achieved immunomodulation in inflammatory bowel disease.

withmice receiving LL-IL-27, demonstrating the advantage of
topical delivery of bacteria.
In addition to cytokines, there are other bioactive

inhibiting inflammation, such as bovine lactoferricin-
lactoferrampin,[50] surface layer protein A,[49]
(R)−3-hydroxybutyrate,[52] and schistosome immunoregula-
tory protein (Sj16),[51] which could be generated by bacteria
in the gut and then protect mice from colitis.

3.1.2 Proinflammatory cytokine
inhibitors/antagonists

Neutralization of proinflammatory cytokines is a common
strategy for IBD. TNF-α is a key proinflammatory cytokine
in the pathogenesis of IBD, several anti-TNF-α agents have
been approvedwith remarkable success.[68] As all anti-TNF-α
agents currently in clinical use are administered intravenously
or subcutaneously, the development of new oral anti-TNF-
α agents is a popular direction. Researchers have developed
various methods to deliver anti-TNF-α with bacteria, such
as bacteria autonomously secreting anti-TNF nanobody[53]
or scFv,[54a] or displaying TNF-α-binding affibody on the
surface.[54b,69] Thesemethods reduced inflammation in colitis
mice, but the therapeutic effect of TNF-α-binding L. lac-
tis did not differ significantly from control L. lactis.[69] It is
also worth mentioning that there is a genetic intervention
targeting TNF-α. With the help of invasive proteins[70] or
bacterial internalization by eukaryotic cells, gene fragments
targeting TNF can be transferred into the colonic epithe-
lium. Additionally, researchers have designed bacteria that

express proteins to block IL-17 and IL-23.[54c,55a] Using LysM
repeats as a cell wall anchor, cytokine-binding non-Ig scaf-
folds (anti-IL-17A fynomer, anti-IL-23-binding adnectin and
anti-TNF-α-binding affibody) can be anchored on the sur-
face of bacteria. These proteins were expressed in fusion with
the secretion signal (Usp45) and LysM-containing cell wall
anchor in L. lactis.[54c] Similarly, anti-IL-6 affibody anchored
on the surface ofL. lactis by fusingwithUsp45 and anchor pro-
tein AcmA, could capture IL-6 specifically from cell culture
supernatant.[56] Another way to prevent inflammatory path-
ways is to antagonize proinflammatory cytokine receptors.
Plavec et al. transformed L. lactis with plasmids containing
the cDNA sequences coding for REX protein, which has been
reported as an IL-23 receptor (IL-23R) antagonist.[55b] They
confirmed that the IL-23R antagonists produced by L. lac-
tis could efficiently bind with the IL-23R-IgG chimera. Later,
Namai et al. designed a modified L. lactis hypersecreting IL-
1Ra, which can decrease the colitis severity in mice after oral
administration.[57]

3.1.3 Anti-inflammatory enzymes

Another strategy is to use engineered bacteria to gener-
ate drug synthases, which can also achieve in situ drug
manufacturing in the colon. Despite palmitoylethanolamide
(PEA) being a safe naturally anti-inflammatory agent,[71]
therapeutic colonic concentrations following oral treatment
are challenging to reach. PEA is derived from the hydroly-
sis of its phospholipid precursor, N-acylphosphatidylethanol-
amine-specific phospholipase D (NAPE-PLD). Engineered
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NAPE-PLD-expressingLactobacillus paracasei can colonize in
the colon and manufacture PEA under ultra-low palmitate
supply and minimize the extent of disease in dextran sodium
sulfate (DSS)-induced colitis mice.[58]

Butyric acid is a short-chain fatty acid that serves as an
energy source for the colonic epithelium as well as hav-
ing anti-inflammatory, epithelial barrier maintenance, and
immunomodulatory properties.[72] As butyric acid cannot
reach the colon by oral administration, Park and his col-
leagues cloned and expressed the butyric acid-producing gene
butyryl-CoA dehydrogenase in EcN, which was able to man-
ufacture butyric acid in the colon and prevent tissue damage
in mice with DSS-induced colitis.[59]

. Anti-oxidation

Since increased reactive oxygen species (ROS) are frequently
observed in many IBD patients and colitis mice, there is sub-
stantial evidence showing that oxidative stress plays a key
role in the IBD.[73] Several studies have employed nanopar-
ticles as carriers for delivering antioxidant drugs, yielding
promising outcomes in the treatment of mice with colitis.[74]
Hence, one strategy employing bacteria involves the localized
secretion of antioxidants, such as gastric pentadecapeptide
BPC-157, achieved through genetically engineered probiotics
within the colon.[60] An alternative approach is the secretion
of enzymes aimed at clearing ROS.[75] Manganese super-
oxide dismutase (MnSOD), a pivotal antioxidant enzyme
capable of neutralizing various ROS,[76] poses a challenge
due to its substantial molecular size. To overcome this hur-
dle, Liu et al. ingeniously fused the MnSOD gene with
PEP-1, a penetratin facilitating the cellular transfer of SOD.
The resulting Bifidobacterium carrying the PEP-1-hMnSOD
fusion gene demonstrated successful MnSOD expression in
both an LPS-induced inflammatory cell model and DSS-
induced colitis mice.[42] In a related initiative, Zhou et al.
modified EcN to produce catalase (CAT) and superoxide dis-
mutase (SOD) (Figure 3).[61] By coating the bacteria with two
layers of chitosan/sodium alginate through a layer-by-layer
process (ECN-pE(C/A)2), the oral utilization of the bacte-
ria significantly increased. These modified bacteria exhibited
therapeutic efficacy in various mice models of colitis, man-
ifesting in alleviated IBD symptoms, reduced inflammation
levels, colonic epithelial repair, and improved intestinal flora.

. Barrier restoration

In IBD, impaired intestinal barrier function increasesmucosal
permeability, allowing bacteria and antigens to penetrate the
epithelium and exacerbate inflammation. IL-22 is thought
to be a major regulator of the intestinal mucosal barrier
and wound healing. Ortiz-Velez found that the production
of human IL-22 in Lactobacillus reuteri can be maximized
through optimization of the secretory signal sequence and
triggering the production of AMPs in human enteroids.[62]

Trefoil factor (TFF) and epidermal growth factor (EGF) are
peptides that regulate intestinal epithelium healing in the
body.[77] Curli nanofibers engineered from E. coli can con-
struct a self-renewing hydrogel that works as a mucosal
adhesive to extend gut residency time.[78] By using the curli
secretion systems, researchers designed EcN strains capable
of secreting the monomer unit of curli fibers (CsgA). These
CsgA monomer units were fused with specific TFFs, result-
ing in the formation of a curli fiber matrix combined with
TFF molecules (Figure 4).[79] The engineered EcN enemas
enhanced protection against DSS-induced colitis in mice and
are associated with mucosal restoration and immune regu-
lation. Despite there being no difference in therapy between
tethered and untethered TFF3, it is still worthwhile to inves-
tigate the role of tethered therapies for their local retention
effect.
Analysis of the IBD patient data sets revealed that the

expression of the EGF receptor (EGFR) was reduced in IBD
patients compared to the healthy population.[64] EGF enemas
have been proven effective in UC in a clinical trial.[80] Follow-
ing the application of EGF-secreting recombinant bacteria,
there is an upregulation in levels[44] or phosphorylation of
EGFR.[64] EGFR inhibitors attenuate the therapeutic effect of
EGF-EcN, demonstrating its effectiveness in reverse.[64] Local
EGF secretion in the gut minimizes the risk of extraintestinal
tumor formation. Furthermore, repeated treatment of EGF-
EcN did not result in intestinal abnormal proliferation in the
AOM/DSS–induced cancer model, whichmight be associated
with reduced epithelial damage.[64]
Outer membrane vesicles (OMVs) are natural nanopar-

ticles released by bacteria.[81] OMVs secreted by the intes-
tine colonizing bacteria can pass through the gut epithe-
lial barrier and interact with immune cells in the lamina
propria.[82] By gene editing, OMVs could also express thera-
peutic proteins.[83] Some studies have found the role of OMVs
in the treatment of colon cancer, withmedications supplied by
OMVs beingmore aggregated in the colon and having a lower
influence on other organs such as the liver and kidneys.[84]
Keratinocyte growth factor-2 (KGF-2) is a human therapeu-
tic protein that promotes epithelial cell proliferation. After
cloning the KGF-2 gene downstream the major outer mem-
brane protein OmpA, KGF-2 is contained within the lumen of
OMVs, which then can be taken orally and reduce the colon
inflammation in DSS-induced colitis mice.[83]

. Microbial regulation

The distal ileum and colon contain a large number ofmicroor-
ganisms that interact with the host. IBD patients’ intestinal
flora is altered. In IBD patients, there is a notable rise in facul-
tative anaerobes alongside a decline in obligate anaerobes.[6]
Moreover, there is an increase in inflammatory-competent
bacteria, while bacteria with anti-inflammatory-competent
experience a reduction.[2] There have been clinical trials to
employ fecal microbiota transplant (FMT) to treat IBD,[85]
Fang et al. showed a pooled rate of clinical remission of 28.8%
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F IGURE  Engineer probiotic with antioxidant enzymes for inflammatory bowel disease treatment. (A) Escherichia coliNissle 1917 (ECN) was engineered
to produce catalase (CAT) and dismutase (SOD). Then, chitosan and sodium alginate were used to encapsulate the ECN via layer-by-layer (ECN-pE(C/A)2),
(B) which significantly elevated its oral bioavailability. ECN-pE, ECN (pET28a-T5-CAT-SOD). (C) ECN-pE(C/A)2 relieves inflammatory bowel disease by
removing reactive oxygen species and modulating the intestinal flora. Reproduced under the terms of the Creative Commons CC BY license.[61] Copyright
2022, Zhou et al.

and clinical response of 53%.[86] FMT is currently regarded
to be a safe and effective therapy for recurrent Clostridioides
difficile infection (CDI),[87] which also showed promising
results in IBD patients with CDI.[88] Despite of the low
occurrence of adverse events, there are still risks that can-
not be overlooked. As complex mixtures of living organisms,
the transplant may be mixed with pathogenic or antibiotic-
resistant microorganisms.[89] Engineered bacteria provides a
method to avoid the risks. The gut itself can regulate flora
by secreting AMPs.[8] Researchers have successfully regu-
lated gut microbial through genetically modified bacteria to
secrete AMPs, such as cathelicidin,[65,90] bovine lactoferricin-
lactoferrampin,[50] and mouse β-defensin 14 (mBD14).[67]
Cathelicidin delivered by modified L. lactis demonstrated
better efficacy in clinical symptoms and histology injuries
than normal L. lactis. As a reference drug, sulfasalazine only
reduced clinical symptoms but not the colon mucosal dam-
age. Regrettably, they did not detect the changes in flora in
the mice to validate the flora regulation effect.[65,90] With L.
lactis delivery of lactoferricin-lactoferrampin, the gut dysbio-
sis induced by DSS was reversed.[50] Similarly, oral delivery of
mBD14-producing L. lactis notably increased the abundance
of Faecalibacterium prausnitzii and Akkermansia muciniphila,
two probiotic bacteria previously found to be reduced in UC
patients, and prevented aberrant enrichment of E. coli in col-
itis mice.[67] Pancreatitis-associated protein (PAP) is also an
important type of AMP. After delivery by bacteria, 16S rDNA
sequencing showed an increased butyric acid-producing bac-

teria and reduced potential opportunistic bacteria in a mouse
model of mucositis.[66,91]

 BACTERIA FOR THE DIAGNOSIS OF
INTESTINAL DISEASES

Bacterial medical systems can be employed not only for
therapy but also for diagnosis. In gastrointestinal imaging,
a study internalized ultrasmall (1–2 nm) hafnia nanoparti-
cles into probiotics to achieve gastrointestinal tract delivery,
which resulted in larger contrast concentrations and better
imaging.[92] Invasive diagnostics are frequently used in the
clinical diagnosis of IBD. Some scientists leverage engineered
bacteria to detect inflammatory signals and convert them into
easily discernible signs. When the smart bacteria are taken
into the gut, we will be able to assess the state of intestinal
inflammation when the bacteria are excreted with the feces.
Thiosulfate (S2O3

2−) and tetrathionate (S4O6
2−)

are biomarkers related to gut sulfur metabolism and
inflammation.[93] Tetrathionate is a transient production
from thiosulfate via ROS oxidation, as demonstrated in a
mouse model of S. typhimurium gut infection.[94] Therefore,
Daeffler et al. used thiosulfate and tetrathionate as markers of
intestinal inflammation.[93] They discovered the first biologi-
cal thiosulfate sensor (ThsSR) and an improved tetrathionate
sensor (TtrSR) in the marine Shewanella species, which then
were separately constructed with fluorescent reporter gene
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F IGURE  Production and application of probiotic-associated therapeutic curli hybrids (PATCH). (A) Escherichia coli Nissle 1917 (EcN) contains
plasmids encoding a synthetic curli operon while simultaneously eliminating the csg operon from its chromosomal DNA. The genetic modification facilitated
the synthesis of chimeric CsgA proteins, which can self-assemble extracellularly to form therapeutic curli hybrid fibers after secretion. (B) CsgA (yellow) was
genetically linked to trefoil factor-3 (bright green) via the flexible linker (black) including a 6xHis tag. (C) Engineered bacteria are mass produced before being
given to the subject orally or rectally. (D) Inflammatory lesions in inflammatory bowel disease cause colonic crypt structure loss, epithelial tissue destruction,
and impaired barrier integrity, which result in infiltration of luminal contents and immune cells (left panel, (-) PATCH). The utilization of PATCH improves
inflammatory bowel disease activity (right panel, (+) PATCH). Reproduced under the terms of the Creative Commons CC BY license.[79] Copyright 2019,
Praveschotinunt et al.

super folder green-fluorescent reporter protein (sfGFP) and
encoded into probiotic E. coli for mice gavage (Figure 5A,B).
In the DSS-induced colitis mice model, the engineered E. coli
with ThsSR expressed higher sfGFP that could be detected
by flow cytometry after excretion with feces, while E. coli
with TtrSR did not show distinguishing sfGFP expression.[93]
Riglar’s teams used the TtrSR and the promoter from S.
typhimurium to drive the expression of Cro, which triggers
the production of β-galactosidase, an enzyme that causes
bacterial clones to appear blue on plates containing 5-bromo-
4-chloro-3-indolyl-d-galactopyranoside (Figure 5C). In an S.
typhimurium-induced colitis mouse model, the presence of
tetrasulfate can be detected by the sensor effectively for up to
6 months without genetic mutations.[95]

Chandrakasan et al. facilitated the diagnosis process by
combining bacteria with electronic chips to convert the
bacteria’s responses into wireless communications.[96] They

designed a genetic circuit that enables the bacteria to glow
when they sense heme. The bacteria were placed in a designed
electronic capsule, covered by a membrane that is semiper-
meable to small molecules. A phototransistor beneath the
bacteriamonitored the amount of light emitted by the bacteria
and transferred the data to a microprocessor, which then sent
it via wireless signals to a nearby computer or smartphone. It
is feasible to replace heme with thiosulfate or specific bacte-
rial signal molecules,[96] implying that this device might be
duplicated in a variety of signaling molecule detections.
Further Mimee et al. monitored the intestinal information

in detail by using a novel technique called Record-seq which
could record the gene expression of gut bacteria under dif-
ferent conditions, such as diet, inflammation, and microbial
interactions.[97] Record-seq is based on CRISPR-Cas, a nat-
ural immune system of bacteria that can capture snippets of
RNA and store them as DNA in CRISPR arrays. The authors
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F IGURE  Construction of thiosulfate/tetrathionate sensor. Schematic of (A) thiosulfate and (B) tetrathionate sensor components. Reproduced under the
terms of the Creative Commons CC BY license.[93] Copyright 2017, Daeffler et al. (C) Components compositions and cro circuits triggered element and
memory element. Reproduced with permission.[95] Copyright 2017, Springer Nature.

engineered E. coli sentinel cells to carry a CRISPR array and
a reverse transcriptase Cas1-Cas2 complex that can convert
RNA into DNA and integrate it into the array. By sequenc-
ing the CRISPR arrays from fecal samples, the authors could
reconstruct the history of gene expression in the sentinel
cells and infer the environmental changes that occurred in
the gut (Figure 6A). For example, the engineered E. coli dis-
tinguished different concentrations DSS-treated and control
mice and accurately reported on the phenotypic severity of
the colitis model (Figure 6B,C), as well as revealing multiple
features of the inflammatory environment by analyzing differ-
entially expressed genes (DEGs), such as reduced anaerobic
metabolism, increased oxidative and membrane stress, and
nutrient limitation (Figure 6D,E).
Fecal calprotectin is extensively employed as a biomarker

for diagnosing IBD and monitoring disease activity in clinical
settings. Xia et al. conducted a screen for highly upregulated
promotors in EcN when it was exposed to calprotectin. They
then coupled these identified candidate genes to sfGFP to pin-
point a potential calprotectin biosensor—a zinc-responsive
promotor known as ykgMO. The researchers harnessed this
calprotectin-responsive gene to engineer a bioluminescent
calprotectin-sensing EcN (CS EcN), which could detect gut
inflammation in mice through live animal luminescence

imaging or fecal analysis. Importantly, CS EcN demonstrated
the ability to differentiate between stool samples from individ-
uals with active IBD and those in remission.[98] The design
of bacterial biosensors with key clinical indicators greatly
enhances the potential for the application of engineered
bacteria for IBD diagnosis.

 DISCUSSION ANDOUTLOOK

In this review, we have provided a comprehensive overview
of bacterial-based platforms for the treatment and diagno-
sis of IBD. Bacteria exhibit a distinctive ability to trans-
verse the gastrointestinal tract and establish gut colonization,
thereby facilitating their oral administration and enabling
sustained and targeted therapeutic effects. Further under-
standing of the underlying mechanisms of IBD and the
identification of novel therapeutic agents have facilitated the
ongoing advancement of drug-delivery bacteria. This innova-
tive strategy shows substantial potential inmitigating systemic
adverse effects and facilitating the management of IBD. Engi-
neered bacteria can generate bioactive at different scales to
treat intestinal inflammation according to multiple mech-
anisms involved in IBD pathogenesis, including immune
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F IGURE  Sentinel cells record transcriptional information of gut. (A) Schematic of workflow for in vivo research with transcriptional recording sentinel
cells. (B) Record-seq data from mice treated with water or 1%, 2%, or 3% dextran sodium sulfate (DSS) were visualized and analyzed by uniform manifold
approximation and projection (UMAP). (C) Hierarchical clustering of Record-seq differentially expressed genes (DEGs) from mice treated with water or 1% or
2% DSS on day 19 in the heatmap. (D) Principal component analysis (PCA)-projected Record-seq data for mice treated with water or 2% DSS. Convex hulls
indicate K-medoids clusters. (E) Dot plot displaying log2FC for Record-seq DEGs detected in mice treated with water or 2% DSS. The sizes of the dots increase
with significance (Padj range from 9.8 × 10−19 to 1.0). Reproduced with permission.[97] Copyright 2022, The American Association for the Advancement of
Science.
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dysregulation, oxidative stress, barrier damage, and micro-
biota dysbiosis. In addition, bacteria-based platforms offer a
less invasive and more timely strategy for acquiring intestinal
information. By integrating therapeutic secretion and inflam-
mation biomarker-sensing capabilities, engineered bacteria
exhibit the potential to treat intestinal lesions reactively and
intelligently.
Scientists select bacteria-based platforms according to their

safety, capacity to survive in the gastrointestinal tract, genetic
editability, and a stable and controlled level of drug pro-
duction. Because of worries regarding human safety and the
discharge of genetically modified organisms into the envi-
ronment, the clinical use of genetically engineered bacteria
is controversial. Despite the absence of significant muta-
tions in the engineered bacteria during a 6-month moni-
toring study,[95] the long-term implications remain uncer-
tain. In addition to utilizing non-modified bacteria for drug
delivery, such as coating probiotic bacteria with adhesive
nanomedicines,[99] here are a few more strategies to consider.
Fang et al. constructed a disposable engineered bacteria by
integrating a self-lysis system into the bacteria, enabling the
concurrent processes of drug release and destruction of the
modified bacteria.[100] Thymineless death is a similar counter-
strategy for addressing engineered bacteria in vivo once their
tasks are completed.[101] After replacing the thymidylate syn-
thase gene, the bacteria cannot reproduce if the thymus
is not supplied or expelled from the body.[102] However,
research has found that Bacteroides ovatus could overcome
the thymineless state by exchanging geneticmaterial.[103] Sim-
Cell, a synthetic bacterium with a degraded chromosome,
only has genes for glycolysis and executing specific tasks.
SimCell can express the synthetic genetic circuit continu-
ously for up to 10 days, but they cannot be preserved for
a long time.[104] Despite this, there are still worries about
ingesting foreign bacteria into the body. OMVs are non-
contagious andhave little antigenicity,making them safer than
bacteria.[81] Besides, the asymmetric bacterial division pro-
duces chromosome-free 200 to 400 nm vesicles known as
minicells,[105] which are currently commonly used for tumor
medication delivery,[106] but have not been explored for the
treatment of IBD. OMVs and minicells are both bacterial-
derived, chromosome-free, non-transmissible novel vectors.
OMVs retain the delivery capability of bacteria to load pro-
tein, DNA, and RNA while they cannot proliferate in the
human body, which increases their safety as an IBD-targeted
platform.[107]
Numerous studies have underscored the positive impact of

recombinant bacteria treatment on gut flora. In the experi-
ment where mice were pretreated with antibiotics prior to the
administration of the engineered bacterium ECN-pE(C/A)2,
a diminished efficacy against colitis was observed, suggest-
ing a significant association between intestinal flora and
disease improvement.[61] Subsequent investigation revealed
that ECN-pE(C/A)2, producing SOD and CAT, enhanced the
abundance and diversity of the flora and increased the levels of
butyric acid-producing probiotics, whereas unmodified EcN
demonstrated did not significantly alter the gut flora. When

studies utilize L. lactis, which has been shown to be bene-
ficial to the intestinal flora, as carriers, probiotics carrying
empty-load plasmids induced some flora modulation, though
their effectiveness was not comparable to engineered bacte-
ria capable of drug production.[50,67] Therefore, the impact
of engineered bacteria on intestinal flora appears to hinge on
both the bacteria themselves and the drugs they deliver. Cur-
rently, no discernible role for gene editing has been identified.
While existing research predominantly highlights the benefi-
cial effects of engineered bacteria on gut flora, changes in small
yet crucial microbial species might be missed and the poten-
tial adverse effects of gene editing on microbiota are unclear.
Notably, most bacterial gene editing occurs on plasmids; how-
ever, free plasmids in bacteria may be transferred horizontally
to other bacteria,[103] so maybe it is safer to transfer gene
fragments to the genome. It is imperative to meticulously
investigate the long-term effects of administering engineered
bacteria to gut microbes.
Bacteria can deliver drugs to the gut and reduce sys-

temic adverse events considerably. However, the gut-targeting
capacity of bacteria still needs further investigation. EcN, for
example, was discovered to colonize primarily in the cecum
and proximal colon, whereas UC is typically most severe
near the rectum and CD can occur anywhere in the gas-
trointestinal tract. We hope that in the future, bacteria-based
platforms could be engineered to target the foci more pre-
cisely, possibly by targeting specificmolecules in intestinal foci
or disease-associated pathogens.
Notably, Yu et al. explored the effects of EcN engineered

to produce EGF (EGF-EcN) in a mouse model of colitis-
associated cancer (CAC).[64] Remarkably, EGF-EcN admin-
istration led to a significant reduction in both the number
and size of tumors, curbed cell proliferation within the tumor
mass, and diminished high-grade dysplasia in the mucosa.
EGF is typically associated with promoting tumorigenesis and
development. The surprising therapeutic effect of EGF-EcN in
CAC is likely due to its role in fortifying the intestinal barrier
and lessening inflammation. Given the tumor-targeted nature
of bacteria[35a] and the common occurrence of intestinal
dysbiosis in CAC patients,[108] this exploration into bacteria-
based platforms presents a highly promising avenue in CAC
treatment.
The pathogenicmechanism of IBD is under active research.

When the mechanisms of IBD are further revealed, bacteria
will become better diagnostic tools in the future. In addi-
tion to identifying IBD markers, it may also be possible to
identify IBD-related genes or recognize IBD based on the
flora characteristics. Engineered bacteria have the potential to
become a novel gut diagnostic tool in a more sensitive, con-
venient, and noninvasive way. The potential for self-testing
of intestinal inflammation represents an exciting opportu-
nity. To take a step further, engineered bacteria could be
equipped with multifunctional capabilities of disease diag-
nosis and treatment simultaneously, thus greatly facilitating
their therapeutic capacities in treating IBD. Scott et al. have
successfully engineered yeast-based probiotics that express a
human P2Y2 purinergic receptor, resulting in a significant
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enhancement in sensitivity to extracellular adenosine triphos-
phate (eATP), a molecule known to induce intestinal
inflammation.[109] They linked the receptor activation to the
secretion of apyrase, an enzyme responsible for ATP degrada-
tion. Consequently, the engineered yeast probiotics possessed
the ability to sense a proinflammatory molecule and sub-
sequently produce a self-regulated response in proportion
to the stimulus. These self-tunable yeast probiotics reduced
intestinal inflammation, fibrosis, and dysbiosis in mice mod-
els of IBD, while achieving efficacy comparable to or greater
than standard-of-care therapies. Recently, Zou et al. integrated
ThsSR, fluorescent reporter gene, CRISPR-based genome
editing technology, and therapeutic protein secretion sys-
tem, obtaining a multifunction bacterium, that integrates the
function of diagnosis, record, and treatment.[110] The ThsSR
sensor detected the presence of the intestinal inflammatory
molecular thiosulfate, leading to the activation of downstream
components such as the second-generation base editor (BE2),
the fluorescent reporter genes sfGFP and mCherry, as well
as the α-hemolysin-secreting system for the secretion of the
immunomodulator (AvCystatin). In a mouse model of DSS-
induced colitis, the engineered bacteria were able to diagnose
early-stage inflammations (DAI ≤ 5) by analyzing the fluores-
cence, base-editing rate, and blue clone ratio in stool samples
and colon content. Moreover, the production of the therapeu-
tic protein AvCystatin in EcN is correlated with the degree of
colon inflammations, resulting in a notable alleviation of col-
itis. This self-tunable mechanism of drug secretion holds the
potential to safeguard the intestine against the adverse effects
associated with elevated drug concentrations, such as fibrosis.
With the development of bioimaging and probes,[111] the sta-
tus of IBD can be more easily and consistently detected and
treated in a timely and reactive manner according to the con-
dition of the intestine by combining the functions of disease
perception and treatment on intelligent therapeutic bacteria,
simplifying the management of long-term recurrent disease.

AUTHOR CONTRIBUTIONS
Conceptualization: Jiaoying Lu and Juan Du. Writing—
original draft preparation: Jiaoying Lu. Writing—review and
editing: Xinyuan Shen, Jiaoying Lu, and Hongjun Li. Visual-
ization: Xinyuan Shen. Supervision and project administra-
tion: Juan Du and Hongjun Li. Funding acquisition: Juan Du.
All authors have read and agreed to the published version of
the manuscript.

ACKNOWLEDGMENTS
This work was funded by National Natural Science Founda-
tions of China, Grant/Award Number: 8200048. We thank
each author for their contributions to this article.

CONFL ICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID
HongjunLi https://orcid.org/0000-0002-1765-8445

REFERENCES
[1] S. C. Ng, C. N. Bernstein, M. H. Vatn, P. L. Lakatos, E. V. Loftus Jr., C.

Tysk, C. O’Morain, B. Moum, J. F. Colombel, Gut , , 630.
[2] G. P. Ramos, K. A. Papadakis,Mayo Clin. Proc. , , 155.
[3] I. Loddo, C. Romano, Front. Immunol. , , 551.
[4] a)A.N.Ananthakrishnan,H.Khalili, G.G.Konijeti, L.M.Higuchi, P. de

Silva, J. R. Korzenik, C. S. Fuchs,W. C.Willett, J. M. Richter, A. T. Chan,
Gastroenterology , , 970; b) A. N. Ananthakrishnan, H. Khalili,
G. G. Konijeti, L. M. Higuchi, P. de Silva, C. S. Fuchs, W. C. Willett, J.
M. Richter, A. T. Chan, Gut , , 776.

[5] a) N. Shi, N. Li, X. Duan, H. Niu,Mil. Med. Res. , , 14; b) P. Zhang,
D. Zhang, J. Lai, Y. Fu, L. Wu, H. Huang, Y. Pan, J. Jiang, C. Xi, Z. Che,
X. Song, S. Hu, CNS Neurosci. Ther. , , 74.

[6] J. Lloyd-Price, C. Arze, A. N. Ananthakrishnan, M. Schirmer, J. Avila-
Pacheco, T. W. Poon, E. Andrews, N. J. Ajami, K. S. Bonham, C. J.
Brislawn, D. Casero, H. Courtney, A. Gonzalez, T. G. Graeber, A. B.
Hall, K. Lake, C. J. Landers, H. Mallick, D. R. Plichta, M. Prasad, G.
Rahnavard, J. Sauk, D. Shungin, Y. Vázquez-Baeza, R. A. White, 3rd, J.
Braun, L. A. Denson, J. K. Jansson, R. Knight, S. Kugathasan, D. P. B.
McGovern, J. F. Petrosino, T. S. Stappenbeck, H. S. Winter, C. B. Clish,
E. A. Franzosa, H. Vlamakis, R. J. Xavier, C. Huttenhower,Nature ,
, 655.

[7] B. Yilmaz, P. Juillerat, O. Øyås, C. Ramon, F. D. Bravo, Y. Franc, N.
Fournier, P. Michetti, C. Mueller, M. Geuking, V. E. H. Pittet, M. H.
Maillard, G. Rogler, R. Wiest, J. Stelling, A. J. Macpherson, Nat. Med.
, , 323.

[8] J. Gubatan, D. R. Holman, C. J. Puntasecca, D. Polevoi, S. J. Rubin, S.
Rogalla,World J. Gastroenterol. , , 7402.

[9] M. E. Johansson, J. K. Gustafsson, J. Holmén-Larsson, K. S. Jabbar, L.
Xia, H. Xu, F. K. Ghishan, F. A. Carvalho, A. T. Gewirtz, H. Sjövall, G.
C. Hansson, Gut , , 281.

[10] J. Landy, E. Ronde, N. English, S. K. Clark, A. L. Hart, S. C. Knight, P. J.
Ciclitira, H. O. Al-Hassi,World J. Gastroenterol. , , 3117.

[11] R. Gomez-Bris, A. Saez, B. Herrero-Fernandez, C. Rius, H. Sanchez-
Martinez, J. M. Gonzalez-Granado, Int. J. Mol. Sci. , , 2696.

[12] Q. Guan, J. Zhang,Mediat. Inflamm. , , 4810258.
[13] A. Geremia, P. Biancheri, P. Allan, G. R. Corazza, A. Di Sabatino,

Autoimmun. Rev. , , 3.
[14] M. F. Neurath, Nat. Rev. Immunol. , , 329.
[15] a) W. Reinisch, D. W. Hommes, G. Van Assche, J. F. Colombel,

J. P. Gendre, B. Oldenburg, A. Teml, K. Geboes, H. Ding, L.
Zhang, M. Tang, M. Cheng, S. J. van Deventer, P. Rutgeerts, T.
Pearce, Gut , , 1138; b) W. Reinisch, J. Panés, S. Khurana,
G. Toth, F. Hua, G. M. Comer, M. Hinz, K. Page, M. O’Toole,
T. M. Moorehead, H. Zhu, Y. Sun, F. Cataldi, Gut , ,
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Nanut, B. Štrukelj, A. Berlec, Appl. Microbiol. Biotechnol. , ,
10103.

[61] J. Zhou, M. Y. Li, Q. F. Chen, X. J. Li, L. F. Chen, Z. L. Dong, W. J. Zhu,
Y. Yang, Z. Liu, Q. Chen, Nat. Commun. , , 3432.

[62] L. Ortiz-Velez, A. Goodwin, L. Schaefer, R. A. Britton, Front. Bioeng.
Biotechnol. , , 543.

[63] K. Vandenbroucke, W. Hans, J. Van Huysse, S. Neirynck, P. Demetter,
E. Remaut, P. Rottiers, L. Steidler, Gastroenterology , , 502.

[64] M. Yu, J. Kim, J. H. Ahn, Y. Moon, JCI Insight , , e125166.
[65] C. C.Wong, L. Zhang,W. K.Wu, J. Shen, R. L. Chan, L. Lu,W.Hu,M. X.

Li, L. F. Li, S. X. Ren, Y. F. Li, J. Li, C. H. Cho, J. Gastroenterol. Hepatol.
, , 609.

[66] R. Carvalho, A. Vaz, F. L. Pereira, F. Dorella, E. Aguiar, J. M. Chatel, L.
Bermudez, P. Langella, G. Fernandes, H. Figueiredo, A. Goes-Neto, V.
Azevedo, Sci. Rep. , , 15072.

[67] H. Tian, J. Li, X. Chen, Z. Ren, X. Pan, W. Huang, M. Bhatia, L. L. Pan,
J. Sun, J. Agric. Food Chem. , , 5185.

[68] L. Peyrin-Biroulet, W. J. Sandborn, R. Panaccione, E. Domènech, L.
Pouillon, B. Siegmund, S. Danese, S. Ghosh, Therap. Adv. Gastroenterol.
, , 175628482110599.

[69] A. Berlec, M. Perse, M. Ravnikar, M. Lunder, A. Erman, A. Cerar, B.
Strukelj, Int. Immunopharmacol. , , 219.

[70] S. Ferenczi, N. Solymosi, I. Horvath, N. Szeocs, Z. Grozer, D. Kuti, B.
Juhasz, Z. Winkler, T. Pankotai, F. Sukosd, A. Stagel, M. Paholcsek, D.
Dora, N. Nagy, K. J. Kovacs, I. Zanoni, Z. Szallasi, Mol. Ther.–Methods
Clin. Dev. , , 218.

[71] R. Russo, C. Cristiano, C. Avagliano, C. De Caro, G. La Rana, G. M.
Raso, R. B. Canani, R. Meli, A. Calignano, Curr. Med. Chem. , ,
3930.

[72] H. Liu, J.Wang, T.He, S. Becker, G. Zhang, D. Li, X.Ma,Adv. Nutr. ,
, 21.

https://doi.org/10.3168/jds.S0022-0302(87)79974-3
https://doi.org/10.3168/jds.S0022-0302(87)79974-3


 of 

[73] a) H. Zhu, Y. R. Li, Exp. Biol. Med. , , 474; b) T. Tian, Z. Wang,
J. Zhang, Oxid. Med. Cell. Longevity , , 4535194.

[74] a) Y. Cao, K. Cheng, M. Yang, Z. Deng, Y. Ma, X. Yan, Y. Zhang, Z. Jia,
J. Wang, K. Tu, J. Liang, M. Zhang, J. Nanobiotechnol. , , 21; b) X.
Yan, L. Meng, X. Zhang, Z. Deng, B. Gao, Y. Zhang, M. Yang, Y. Ma, Y.
Zhang, K. Tu, M. Zhang, Q. Xu, Mol. Ther. , , 1383; c) Y. Ma, J.
Zhao, L. Cheng, C. Li, X. Yan, Z. Deng, Y. Zhang, J. Liang, C. Liu, M.
Zhang, Carbon , , 526.

[75] G. Tang, J. He, J. Liu, X. Yan, K. Fan, Exploration, , 75.
[76] C. I. van de Wetering, M. C. Coleman, D. R. Spitz, B. J. Smith, C. M.

Knudson, Free Radic Biol. Med. , , 1677.
[77] A. Sturm, A. U. Dignass,World J. Gastroenterol. , , 348.
[78] A. M. Duraj-Thatte, N. D. Courchesne, P. Praveschotinunt, J. Rutledge,

Y. Lee, J. M. Karp, N. S. Joshi, Adv. Mater. , , e1901826.
[79] P. Praveschotinunt, A. M. Duraj-Thatte, I. Gelfat, F. Bahl, D. B. Chou,

N. S. Joshi, Nat. Commun. , , 5580.
[80] A. Sinha, J. Nightingale, K. P.West, J. Berlanga-Acosta, R. J. Playford,N.

Engl. J. Med. , , 350.
[81] a) C. Schwechheimer, M. J. Kuehn,Nat. Rev. Microbiol. , , 605; b)

T. N. Ellis, M. J. Kuehn,Microbiol. Mol. Biol. Rev. , , 81.
[82] M. Kaparakis-Liaskos, R. L. Ferrero, Nat. Rev. Immunol. , , 375.
[83] A. L. Carvalho, S. Fonseca, A. Miquel-Clopés, K. Cross, K. S. Kok,

U. Wegmann, K. Gil-Cordoso, E. G. Bentley, S. H. M. Al Katy, J. L.
Coombes, A. Kipar, R. Stentz, J. P. Stewart, S. R. Carding, J. Extracell.
Vesicles , , 1632100.

[84] J. Shi, Z. Ma, H. Pan, Y. Liu, Y. Chu, J. Wang, L. Chen, J. Microencapsu-
lation , , 481.

[85] a) N. Pai, J. Popov, L. Hill, E. Hartung, K. Grzywacz, P. Moayyedi, Gas-
troenterology , , 388; b) S. P. Costello, P. A. Hughes, O.Waters, R.
V. Bryant, A. D. Vincent, P. Blatchford, R. Katsikeros, J.Makanyanga,M.
A. Campaniello, C. Mavrangelos, C. P. Rosewarne, C. Bickley, C. Peters,
M.N. Schoeman,M.A. Conlon, I. C. Roberts-Thomson, J.M. Andrews,
JAMA , , 156.

[86] H. Fang, L. Fu, J. Wang, Biomed. Res. Int. , , 8941340.
[87] C.Airola, A. Severino, S. Porcari,W. Fusco, B.H.Mullish, A.Gasbarrini,

G. Cammarota, F. R. Ponziani, G. Ianiro, Antibiotics , , 868.
[88] M. Fischer, D. Kao, C. Kelly, A. Kuchipudi, S. M. Jafri, M. Blumenkehl,

D. Rex, M. Mellow, N. Kaur, H. Sokol, G. Cook, M. J. Hamilton, E.
Phelps, B. Sipe, H. Xu, J. R. Allegretti, Inflamm. Bowel Dis. , ,
2402.

[89] Z. DeFilipp, P. P. Bloom, M. T Soto, M. K. Mansour, M. R. A. Sater, M.
H.Huntley, S. Turbett, R. T. Chung, Y. B. Chen, E. L. Hohmann,N. Engl.
J. Med. , , 2043.

[90] C. C.Wong, L. Zhang, Z. J. Li, W. K.Wu, S. X. Ren, Y. C. Chen, T. B. Ng,
C. H. Cho, J. Gastroenterol. Hepatol. , , 1205.

[91] N.M. Breyner, P. B. V. Boas, G. Fernandes, R. D. de Carvalho, T. Rochat,
M. L. Michel, F. Chain, H. Sokol, M. de Azevedo, A. Myioshi, V. A.
Azevedo, P. Langella, L. G. Bermúdez-Humarán, J. M. Chatel, Environ.
Microbiol. , , 4020.

[92] F. Ostadhossein, P. Moitra, N. Gunaseelan, M. Nelappana, C. Lowe, M.
Moghiseh, A. Butler, N. de Ruiter, H.Mandalika, I. Tripathi, S. K.Misra,
D. Pan, Nanoscale Horiz. , , 533.

[93] K. N. Daeffler, J. D. Galley, R. U. Sheth, L. C. Ortiz-Velez, C. O. Bibb, N.
F. Shroyer, R. A. Britton, J. J. Tabor,Mol. Syst. Biol. , , 923.

[94] S. E. Winter, P. Thiennimitr, M. G. Winter, B. P. Butler, D. L. Huseby,
R. W. Crawford, J. M. Russell, C. L. Bevins, L. G. Adams, R. M. Tsolis, J.
R. Roth, A. J. Bäumler, Nature , , 426.

[95] D. T. Riglar, T. W. Giessen, M. Baym, S. J. Kerns, M. J. Niederhuber,
R. T. Bronson, J. W. Kotula, G. K. Gerber, J. C. Way, P. A. Silver, Nat.
Biotechnol. , , 653.

[96] M. Mimee, P. Nadeau, A. Hayward, S. Carim, S. Flanagan, L. Jerger, J.
Collins, S.McDonnell, R. Swartwout, R. J. Citorik, V. Bulović, R. Langer,
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