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Abstract

Inflammatory bowel disease is a heterogeneous intestinal inflammatory disorder, including ulcerative colitis (UC) and Crohn's
disease (CD). Existing studies have shown that the pathogenesis of IBD is closely related to the host's genetic susceptibil-
ity, intestinal flora disturbance and mucosal immune abnormalities, etc. It is generally believed that there are complicated
interactions between host immunity and intestinal microflora/microRNAs during the occurrence and progression of IBD.
Intestinal flora is mainly composed of bacteria, fungi, viruses and helminths. These commensals are highly implicated in
the maintenance of intestinal microenvironment homeostasis alone or in combination. MiRNA is an endogenous non-coding
small RNA with a length of 20 to 22 nucleotides, which can perform a variety of biological functions by silencing or activat-
ing target genes through complementary pairing bonds. A large quantity of miRNAs are involved in intestinal inflammation,
mucosal barrier integrity, autophagy, vesicle transportation and other small RNA alterations in IBD circumstance. In this
review, the immunomodulatory roles of gut flora and microRNAs are updated in the occurrence and progression of IBD.
Meanwhile, the gut flora and microRNA targeted therapeutic strategies as well as other immunomodulatory approaches
including TNF-a monoclonal antibodies are also emphasized in the treatment of IBD.
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Distribution, manifestation
and pathogenesis of IBD

The term “inflammatory bowel disease (IBD)” was firstly
brought up by Matthew Baillie in 1793 and narrowly refers
to ulcerative colitis (UC) at the beginning [1]. Currently,
IBD is described as a recurrent and recalcitrant chronic
inflammation in gastrointestinal tract, commonly includ-
ing Crohn's disease (CD) and UC. CD is a chronic and
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relapsing intestinal disorder that typically has a manifesta-
tion of abdominal pain, fever, and bloody or non-bloody
diarrhea [2]. The reported annual incidence of CD is, respec-
tively, 13.9/100000 in North America and 12.3/100000 in
Europe [3]. UC is also a chronic gut disease characterized
by diffuse mucosa inflammation of the colon and rectum,
whose hallmark clinical symptom is bloody diarrhea [4].
In Asia, approximately 5.3 to 63.6 per 100,000 people suf-
fer from this disease, while in North America, the propor-
tion increases to 37.5 to 238 [5]. Multiple causative factors
including abnormal abundance and diversity of gut organ-
isms, altered miRNA profiling, and dysregulated immune
responses influence the occurrence and progression of IBD.

Intestinal flora and IBD
Roles of intestinal bacteria in IBD
Over the past decades, increasing evidence has highlighted

the tremendous impact of gut bacterial flora or microbiota
on human health. Human intestinal bacterial flora consists
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of Firmicutes, Bacteroidetes, Proteobacteria, Actinobacte-
ria, Verrucobacteria, Fusobacteria and unclassified near
Cyanobacteria as reported in an EU human gut flora project
initiated in 2002 [6]. The commensal gut microbiota is fea-
tured by high diversity, stability, resistance, and resilience,
whereas dysregulated gut microbiomes exhibit lower relative
abundance and loss of symbiosis and diversity. A great num-
ber of reports demonstrate that intestinal bacterial imbalance
is a pivotal factor to affect the severity of IBD. Generally, the
microbiota of patients with IBD show a remarkable decrease
in the abundance of Bacteroidetes and Firmicutes, and a
prominent increase in the proportion of Proteobacteria and
Actinobacteria [7]. Gut bacteria have multiple virulence fac-
tors to exert adverse effects on IBD. A variety of invasive
bacteria, such as Escherichia coli and Bacteroides fragi-
lis, can propagate and generate enterobactin toxin (ENT)
and Bacteroides fragilis toxin (BFT) in the blood, causing
acute or chronic inflammation-related systemic symptoms
in intestinal mucosa and IBD aggravation [8, 9]. The immu-
nosuppressive proteins (Hsp 60, Hsp 65) produced by sev-
eral pathogenic bacteria can dysregulate intestinal mucosal
immune response [10, 11]. As a self-defensive agglomerate,
bacterial biofilms are protective of themselves from immune
recognition and elimination, thereby enhancing the severity
of IBD [12]. Besides pathogenic bacterial commensals, there
are a group of beneficial bacteria called probiotics that are
conducive to maintaining gut homeostasis by counteract-
ing abnormal colonization and proliferation of pathogenic
bacteria. For example, IBD patients have declined bacterial
species producing butyrate, a short-chain fatty acid that can
positively regulate intestinal function and reduce inflamma-
tion [13].

Roles of intestinal fungi in IBD

In the gut, commensal fungal flora or mycobiota is another
large group of gut communities that keep intestinal
ecosystem normal and functional. Although fungi is a tiny
constituent of the whole intestinal flora, accounting for
nearly 0.02 and 0.03% of mucosal and fecal microorganisms,
respectively, they are widely involved in a variety of human
diseases [14]. Based on internal transcribed spacer (ITS)
region sequencing in 18S rRNA, intestinal fungi are
mainly composed of Basidiomycota, Ascomycota, and
Chytridiomycota, and the majority of fungal species mainly
consist of Candida spp., Aspergillus spp., Cryptococcus
spp., Mucor spp., Rhodotorula spp., Penicillium spp.,
Debaryomyces spp. and Trichosporon spp. [15]. Increasing
cases appear to suggest that mycobiota dysbiosis is a key
inducing factor in IBD progression. In IBD patients, the
gut fungi display a skewed distribution with an increased
ratio of Basidiomycetes to Ascomycetes [16]. Candida spp.,
for example C. abicans, C. tropicalis, and C. glabrata, are
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a cluster of most commonly encountered Ascomycetes in
the human gut. Several types of Candida spp. (such as
C. abicans) have an ability of yeast-to-hypha transition
and can readily colonize intestinal mucosa followed by
hyphae mediated invasion across host mucosal barrier [17].
A number of animal and human experiments display the
increased ratio of Candida spp. in IBD settings [17-19].
Besides hypha, Candida species can take advantage of
candidalysin, extracellular phospholipase, secreted aspartyl
proteinase, and hemolysin to exacerbate colitis [20, 21].
The corrected abundance of Candida spp. can mitigate IBD
and improve intestinal malfunctions [22]. There are also
other intestinal fungi including Cryptococcus neoformans,
Malassezia restricta elicits, Aspergillus sydowii,
Trichosporon pullulans that can produce diverse virulence
factors (capsule, mycotoxins, hypha, etc.) to intensify IBD
[23-29]. Alike to beneficial bacteria, some gut probiotic
fungi, such as Saccharomyces boulardii, can alleviate IBD
through protecting intestinal barrier integrity, preventing
pathogen colonization and invasion, and regulating anti-
inflammatory levels [30].

Roles of intestinal viruses in IBD

With the rapid development of high-throughput sequencing
technology, viral microorganisms in the gut have attracted
widespread attention. Viruses are the most abundant
microbes in the gut, and they account for 10 times that of
bacteria [31]. The majority of human enteroviruses belong
to bacteriophages (95%) and eukaryotic viruses. Bacterio-
phages consist of dsDNA Caudovirales order including
Siphoviridae, Myoviridae, Podoviridae, Herelleviridae,
Ackermannviridae as well as other unknown families, and
Ligamenvirales order comprising Lipothrixviridae and
ssDNA phage family Microviridae, whereas eukaryotic
viruses are composed of Papillomaviridae, Picornaviridae,
Coronaviridae, Orthomyxoviridae and Anelloviridae and
Virgaviridae [31, 32]. Compared with healthy people, IBD
patients have increased abundance of Caudovirales, Lacto-
coccus phages, Lactobacillus phages, Clostridium phages,
Enterococcus phages and Streptococcus phages [32]. After
long-term receipt of immunosuppressive therapy, high lev-
els of Anelloviridae were found in the stool of IBD patients
[33]. In addition, human papilloma virus infection may also
be a cause of IBD [34]. Moreover, there have been clues
indicating an intimately interaction of viruses with other
intestinal organisms [32, 35].

Roles of intestinal helminths in IBD
For millions of years, helminths have become an

indispensable resident in the human gut. Among soil-
transmitted helminths, the most common species that



Clinical and Experimental Medicine

can infect humans are said to be roundworms (Ascaris
lumbricoides), whipworms (Trichuris trichiura) and
hookworms (Necator americanus and Ancylostoma
duodenale) [36]. Once intestinal helminths are eliminated,
the incidence of IBD tends to increase and the intestinal
inflammatory response is significantly reduced, suggesting
that intestinal parasites may play a protective role in IBD.
The hygiene hypothesis suggests that early childhood
absent of exposure to commensal microbes and helminthic
parasites increases susceptibility to IBD in their later
life, which is very common in developed countries [37].
With expanding urbanization and increasing environment
transition to a more hygienic state, the increase in IBD
incidence appears to coincide with a decrease in the rate
of helminth colonization in the host [37]. Compared
to helminth-negative individuals, subjects colonized
by helminths showed higher gut bacterial diversity in
the Malaysian indigenous cohort [38]. Simultaneous
differences in helminth prevalence and microbiome
structure between rural and urban residents favor a link
between helminth presence and bacterial microbiome
structure, indicating a potential protective role of helminth
against the IBD microbiome in rural residents [39].

Polymicrobial interactions in IBD

In local intestinal niche, the mutual interactions among bac-
teria, fungi, viruses and parasites might be a crucial stimula-
tor to drive IBD. Generally, intestinal multi-microorganism
interactions among these microbes are either beneficial or
detrimental in the control of IBD. Some intestinal fungi
can improve colitis by reducing bacterial virulence factors,
and intestinal bacteria can also promote the colonization
of beneficial fungi in intestinal tract to prevent colitis [30,
35]. While there are also several intestinal bacteria that are
capable of assisting harmful fungi to aggravate colitis by
producing fungal-modifying compounds and enzymes that
can affect the fungal composition of the gut ecosystem [39].
Intestinal parasites can use immune tools to promote the
colonization of protective gut bacteria, thereby lowering
intestinal inflammation [40]. Viruses can inhibit the pro-
duction of bacterial virulence factors to improve intestinal
injury, indicating an antagonism between intestinal bacteria
and viruses [35]. On the contrary, other viruses can aggra-
vate IBD by being stably integrated into bacterial genome
and increasing bacterial toxins [32].

Abnormal immune response to unbalanced gut flora
inIBD

Intestinal flora imbalance finally interferes the functions
of innate and/or acquired immunity to alleviate or worsen

intestinal inflammation through activating B and/or T
cells as well as producing a variety of cytokines (Table 1).
The innate immune response can be initiated and strength-
ened by recognizing pathogen-associated molecular pat-
terns (PAMPs) on dislodged organisms through types
of pattern recognition receptors (PRRs) on innate cells
including C-type lectin receptors, Toll-like receptors,
nucleotide-binding oligomerization domain-like receptors
and mannose receptors, followed by a cascade of signal-
ing transductions [16, 18, 22, 24, 26, 30, 41-46]. Along
with the activated innate immune response, the adaptive
immune system is about to be highly motivated and take
part in the modulation of IBD, and T subsets (Th1, Th2,
Th17, Treg) are the most well-studied cells during the
process of IBD [19, 23, 25, 39, 47-61].

MicroRNA and IBD
MicroRNA biology

The first microRNA (miRNA) was the heterogeneous
gene lin-4 discovered from Caenorhabditis elegans in
1993 [62]. MiRNAs originate from DNA introns or exons
which are transcribed by RNA polymerase II and III into
a 1 kb long primary-miRNA with a hairpin-like structure.
In the nucleus, the RNA-binding protein DGCRS binds
to the RNA-specific endoribonuclease (ribonuclease III)
Drosha to form a microprocessor complex which cleaves
primary miRNAs into precursor miRNAs containing stem-
loop structures. Precursor miRNAs are exported into the
cytoplasm by nuclear transporter exportin 5 and further
cleaved by Dicer ribonuclease to remove the stem-loop,
forming a miRNA duplex with approximately 22 nucleo-
tides in length. These miRNA duplexes are loaded into
the RNA-induced silencing complex (RISC), where Argo-
naute-2 (AGO?2) and molecular chaperones such as HSC70
and HSP90 mediate the interaction of the miRNA's guide
strand with its target mRNA, thereby inhibiting mRNA
translation and/or increasing mRNA degradation (Fig. 1)
[63]. According to the knowledge of the miRBase data-
base, the number of known human microRNAs has been
reached up to 2656 (see details at www.mirbase.org). A
family of miRNAs with the same initial sequence can tar-
get a single gene, while in some cases, a single miRNA
may affect dozens of genes [64]. Accumulating studies
have shown that numerous miRNAs were differentially
expressed in different cell types and tissues in mammals,
mediating multiple cellular events including cell prolifera-
tion, differentiation, metabolism, apoptosis and develop-
ment [64].
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Table 1 Immunomodulatory effects of gut flora in IBD

Type of immunity  Gut flora Abundance Function References
Innate immunity Ruminococcus gnavus Increased  Aggravating IBD by promoting tolerogenic immune response  [41]
through the production of capsular polysaccharides
Campylobacter concisus Increased  Aggravating IBD by activating TLRs to increase the release of [42]
pro-inflammatory cytokines and intestinal permeability
Salmonella Typhimurium Increased  Activating NF-kB to regulate neutrophil migration to infectious [43]
focus
Roseburia intestinalis Decreased Reducing inflammatory macrophages and Th17 cells in colon  [44]
and down-regulating IL-6 and STAT3
Candida albicans Increased  Increasing intestinal inflammation by activating Dectin-1, TLR2[22]
and TLR4 and their downstream effector NF-kB pathways
Candida glabrata Increased  Exacerbating colitis by triggering high expressions of TLR 4, 5, [18]
8 and 9 and MBL-C
Malassezia restricta elicits Increased ~ Aggravating colitis through CARD9 mediated intestinal inflam- [24]
mation
Trichosporon pullulans Increased  Initiating a signaling cascade through TLR binding to phago-  [26]

cytes, leading to cellular activation and production of upregu-
lated T-cell activity

Saccharomyces boulardii Decreased Reducing the inflammatory response in IBD patients by regulat-[30]
ing the secretion of anti-inflammatory factors

Saccharomyces cerevisiae Decreased  Alleviating IBD by inducing DC to exert anti-inflammatory [16]
effects

Lactobacillus, Escherichia, Bacte- Increased ~ Exacerbating colitis via TLR9 and IFN-y [45]

roides bacteriophages

Murine norovirus Increased  Exacerbating the disease course of IBD by enhancing DC [46]

antigen presentation
Adaptive immunity Segmented filamentous bacteria Increased  Exacerbating colitis by promoting the production of patho- [47]

genic Th17 cells

Adherent-invasive E. coli Increased  Increasing IL-1p production by inducing Th17 cells [48]

Bacteroides fragilis Increased  Causing colitis by inducting Th17 to drive Stat3/IL-17 [49]

Mpycobacterium paratuberculosis Increased  Exacerbating CD by proliferating T cells and increasing proin- [50]
flammatory factors

Clostridium difficile Increased  Exacerbating IBD by regulating Th17 or Thl cells to promote  [51]
colon damage

Faecalibacterium prausnitzii Decreased Ameliorating IBD by modulating Th17/Treg differentiation [52]

Lactobacillus reuteri Decreased Relieving intestinal inflammation of IBD by inducing [53]
CD4*CD8aa* T cells in intestinal epithelium

Bifidobacterium adolescentis Decreased Improving IBD by modulating Treg/Th2 responses [54]

Helicobacter pylori Decreased  Preventing colitis by balancing Th17/Treg responses and shift- [55]
ing macrophages to an anti-inflammatory M2 phenotype

Candida tropicalis Increased  Accelerating colitis by inducing a strong Th1/Th17 response  [19]

Cryptococcus neoformans Increased  Inducing intestinal inflammation through y3T cells [23]

Aspergillus sydowii Increased  Exacerbating IBD by driving Th1/Th2 combination to [25]
increase inflammation

Cytomegalovirus Increased  Increasing UC mucosal inflammation by promoting Th2 [56]
cytokines

Epstein-Barr virus Increased  Exacerbating IBD by increasing lymphoplasmacytic infiltra-  [57]
tion

Schistosoma japonicum Decreased Relieving colitis by reducing Th1/Th2/Th17 response [58]

Trichinella spiralis Decreased Ameliorating UC by upregulation of TGF-f and IL-13 [59]

Heligmosomoides polygyrus Decreased Blocking UC by downregulating Tregs to reduce Smad?7 [60]
expression

Trichuris muris Decreased Reducing intestinal inflammation by promoting the expansion [39, 61]

of beneficial bacteria through type 2 immunity and inducing
colonic inflammation by Th2-mediated response
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Roles of miRNAs in IBD
Inflammation

Excessive inflammation is a hallmark of inflamed colon tis-
sue and blood in IBD hosts, and can be regulated by miRNAs
in a direct or indirect way. As a whole, miRNAs can alter the
production of local and/or systemic pro/anti-inflammatory
factors to exasperate or improve IBD [65—-68]. Since they
have specific differential expressions in peripheral blood and
colon tissues, a plenty of miRNAs are usually employed to
differentiate UC and CD in clinical diagnosis [69]. The same
miRNA may have diverse levels in different body parts, and
the composition and concentration of miRNAs may also
vary in different stages of IBD [69]. These variations sug-
gest that miRNAs can present well-refined interconnection
with inflammation in disordered IBD microenvironment.

Intestinal mucosal barrier

Intestinal mucosal barrier is an innate defense shield to
prevent bacterial antigens and toxins from penetrating
intestinal mucosa and plays a key role in maintaining
intestinal homeostasis. One of IBD manifestations is
the breakdown of intestinal mucosal barrier [70]. Many
miRNAs are specific to affect intestinal mucosal structure
and promote epithelial regeneration after injury [70, 71].
To keep intestinal mucosa intact, the tight junction (TJ)
proteins ZO-1, Occludin and Claudin-1 can be rigorously
modulated by miRNAs [72, 73]. For example, miR-
155 and miR-223 could impair TJ proteins to promote
intestinal epithelial damages [72, 73], while miR-21-5p,
miR-423-5p, miR-320, and miR-126 appeared to protect
or improve TJ barrier and intestinal permeability in IBD
[74-77].

Autophagy

Autophagy is a process that depends on lysosomal path-
way to degrade cytosolic proteins and organelles. In
higher eukaryotes, autophagy is vital in cell differentia-
tion, response to environmental stress and clearance of
intracellular pathogenic microorganisms, etc. [78]. An
autophagy process requires synergistic action of a variety
of proteins, such as NOD2, IRGM, vimentin and multi-
protein complexes (ATG16L1 and ATG5-ATG12) [78].
Many miRNAs can regulate these proteins, thereby con-
trolling intestinal mucosal immunity and epithelial func-
tions [68, 79, 80]. During the endoplasmic reticulum stress
response, a group of miRNAs can utilize autophagy to
regulate the unfolded protein response (UPR), a process
that contributes to intestinal fibrosis in IBD [81]. There

are also many miRNAs capable of inducing or inhibiting
intestinal autophagy through mTOR signaling, thereby
affecting inflammatory levels in IBD [77, 82].

Exosomes

Exosomes are membranous vesicles secreted by living cells
with a diameter of 30-200 nm and are naturally present
in body fluids such as blood, saliva, urine and breast milk
[83]. Exosomes are a critical player in IBD development
due to their wide-range capacity of a variety of functional
molecules including especially miRNAs. For example, miR-
223 is abundant in exosomes and can promote IBD through
stimulating IL-32 inflammatory cascade [84]. Exosomal
miRNAs can be transported among immune cells (DCs, T
cells, macrophages, etc.) to regulate host immune defense to
aberrant inflammations in IBD [85, 86]. Moreover, exosomal
miRNAs can modulate gut barrier integrity and gut micro-
biota homeostasis to influence different stages of IBD [87].

Other small RNAs

Increasing evidence reveals that miRNAs can impose or be
imposed on by other small RNAs including long non-coding
RNAs (IncRNAs) and circular RNAs (circRNAs) during
IBD pathogenesis. In some IBD patients, dysregulation of
IncRNAs is thought to change intestinal mucosal functions
through an interactive network among miRNAs, transcrip-
tion factors and mRINAs [88]. Certain miRNA/IncRNA pairs
have been identified as therapeutic targets for IBD patients
[89]. CircRNAs can trigger a series of inflammatory events
involved in IBD, and interact with miRNAs to affect the
function of diverse immune cells (such as Tregs and DCs)
in CD patients [90].

Disordered gut immune response to miRNA shifts

Incremental documents uncover the implications of innate
and adaptive immune cells, including epithelial cells [71-77,
79, 80, 91-93], macrophage [68, 86, 94—-109], neutrophil
[110-113], NK cells [114], DCs [67, 115-122], Th17 cells
[65, 123-129], Tregs [66, 130, 131] in IBD amelioration
and exacerbation upon altered miRNA profiling (Table 2).

Complex interplay among miRNA, gut flora
and immune system

There are complex interactions among miRNAs, gut flora and
their secondary metabolites, as well as immune cells during
IBD process. For instance, studies on miR-29, miR-10a, miR-
34a, miR-135b, miR-21 and miR-107 demonstrated that these
miRNAs acted as intermediates between Enterobacteriaceae
and Fusobacterium and could exacerbate colitis by restricting
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DCs and activating TLR-TLR ligand interactions [118, 132,
133]. Human leukocyte antigen (HLA) class I genes are the
most polymorphic loci in human genome, resulting in HLA-I
proteins capable of binding and presenting multiple antigenic
peptides to cytotoxic T lymphocytes. This study further found
that the subjects with HLA-C alleles regulated by miR-148a
exhibited better HIV control but increased risk of CD [134].
Gut microbiota can protect intestinal integrity and alleviate
intestinal inflammation by negatively regulating miR-10a
expression in DCs and interacting with TLR signaling
pathways [116]. Exosomal miRNAs derived from Trichinella
spiralis muscle larvae can modulate T cell composition to
alleviate colitis [135]. In addition, gut miRNAs are also
involved in gut microbial disorders and subsequent immune
responses [136]. Up till now, however, there have been no
direct evidence to decipher the immunological mechanisms
of mycobiota and miRNAs in IBD pathogenesis.
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Immunotherapy of IBD
Targeting miRNA in IBD treatment

Since miRNAs are deeply involved in the regulation of
microbiota and IBD progression, they may become promis-
ing targets for the treatment of IBD. At present, the immu-
nomodulatory roles of specific miRNAs have been exten-
sively elucidated in animal and human IBD models with
bacterial dysbiosis, and miRNA-guided IBD treatment has
shown to be clinically feasible and made great progress [71].
Because multiple genes may be simultaneously targeted by a
single miRNA inhibitor or mimic, hidden danger to interfere
the normal function of non-target genes may occasionally
occur [137]. Therefore, exosomes and nanoparticles pack-
aged with specific miRNAs have aroused extensive interests.

Exosomes are secreted by host body without immune
rejection and can transport diverse cargos (e.g. miRNAs)
to specific tissues [87, 98]. Recently, Gong et al. described
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Table 2 Immunomodulatory effects of miRNA in the gut

Type of immunity Immune cells miRNAs Function References
Innate immunity”  Epithelial cells miR-21-5p Regulating intestinal epithelial permeability by ARF4  [74]

to control intestinal epithelial barrier function

miR-155 Promoting intestinal barrier dysfunction through [72]
inhibiting the HIF-1o/TFF-3 axis

miR-223 Disruption of intestinal barrier function by inhibiting  [73]
CLDNS8 of intestinal epithelial cells

miR-423-5p Relieving colitis by regulating NF-kB/MAPKs/JINK [75]
and IL-21/claudin-5 pathway

miR-320a Promoting barrier formation of human intestinal [76]
epithelial cells through hypoxia

miR-126 Damaging intestinal mucosal barrier function through  [77]
downregulating S1PR2 and preventing activation of
PI3K/AKT signaling pathway

miR-31 Alleviating colitis by reducing inflammatory signaling [71]
and promoting colonic epithelial cells

miR-195-5p Alleviating colitis by reducing intestinal permeability  [91]
and promoting intestinal epithelial repair

miR-301a Promoting intestinal inflammation and aggravating [92]
colitis by inhibiting BTG1

miR-142-3p Targeting ATG16L1 to regulate autophagy to reduce  [79]
intestinal inflammation in CD

miR-196 Worsening CD by increasing AICE [80]

miR-200C-3p Increasing TJ permeability by decreasing the expres-  [93]
sion of occludin

Macrophage  miR-155, miR-155-5p Inhibiting the proliferation of intestinal immune cells  [94, 95]

and the polarization of CD4" T cells to Thl and
Th17 by M2 macrophages

miR-433-3p Inhibiting MAPK signaling pathway and reducing the [96]
production of inflammatory cytokines

miR-494-3p Ameliorating colitis by targeting IKKB/NF-kB to [97]
inhibit macrophage recruitment, M1 activation and
EDA-A2 secretion

miR-378a-5p, miR-223 Inhibiting NLRP3 inflammasome to eliminate mac- [98, 99]
rophage pyroptosis

miR-125b Promoting polarization of M1 to M2 macrophage [100]

miR-148a Inhibiting upstream regulators of NF-kB and STAT3  [101]
signaling

miR-182-5p, miR-145-5p, miR- Downregulating inflammatory markers to improve [102]

200b-5p, miR-217-5p, miR- colitis
146a-5p

miR-590-3p Attenuating mucosal injury and promoting epithelial ~ [103]
repair through LATS1/YAP/ B-catenin signal axis

miR-146a Coordinating inflammatory responses by activating [104]
NOD2-SHH signaling in a colitis model

miR-21 Exacerbating colitis by increasing TNF-a and mac- [105]
rophage inflammatory protein-2 level

miR-497 Inhibiting colitis through Wnt/B-catenin pathway [106]

miR-466i, miR-140-5p, miR-301b-3p Being involved in immune responses to C. albicans [107]
via TGF-p and regulating MAPK pathway

miR-342-3p Promoting inflammatory responses in macrophages [108]

infected with Trichosporon asahii by negatively
regulating Dectin-1 to promote the expressions of
TNF-o and IL-6
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Table 2 (continued)

Type of immunity Immune cells miRNAs Function References
miR-374a-5p Exacerbating IBD by increasing pro-inflammatory [109]
mediators to control macrophage-driven inflamma-
tion
miR-122 Targeting NOD2 to reduce intestinal epithelial cell [68]
damage in CD
miR-148b-5p Promoting the repair of colon tissue damage in IBD by [86]
down-regulating 15-lox-1 in macrophages
Neutrophil miR-146a Relieving colitis by reducing neutrophils in the gut [110]
miR-23a/miR-155 Exacerbating IBD through inducing DSB accumula- ~ [111, 112]
tion and delaying wound healing
miR-223 Alleviating experimental colitis by reducing NLRP3  [113]
levels and IL-1p release
NK miR-17/20a Targeting MEKK2 to enhance the anti-tumor activ- [114]
ity of NK cells
DC miR-3909, miR-130a-3p Reducing intestinal inflammation by inhibiting TNF [115]
signaling
miR-10a Inhibiting NOD2 and IL-12/IL-23p40 in inflamed [116]
mucosa
miR-29 Mitigating IBD by targeting CD11c* DCs or limiting  [117, 118]
IL-23 release
miR-369-3p Reducing intestinal inflammation and alleviating [67]
colitis by inhibiting DC and promoting the secretion
of anti-inflammatory factors
miR-181a Modulating ERK-MAPK signaling and maintaining [119]
DCs-SIGN expression in UC mice
miR-107 Improving UC by inhibiting IL-23p19 expression and  [120]
maintaining intestinal homeostasis
miR-223 Reducing intestinal inflammation by targeting C/EBPp [121]
to regulate intestinal DCs
miR-144/451 Relieving colitis by targeting interferon regulatory [122]
factor 5 and reducing DC activity
Adaptive immunity Thl17 miR-219a-5p Suppressing intestinal inflammation by inhibiting Th1/ [123]
Th17 mediated immune responses
miR-425 Aggravating IBD by downregulating Foxol-mediated [124]
generation of diseased Th17 cells
miR-155 Aggravating IBD by promoting Th17 cell differentia-  [125, 126]
tion and increasing Th1/17 response
miR-31 Relieving CD by restoring IL-25 expression in colon  [127]
and blocking Th17 response
miR-301a Promoting intestinal mucosal inflammation by induc-  [65]
ing IL-17A and TNF-a
miR-125a, miR-125b Relieving colitis by inhibiting Th17 cell differentiation [128]
miR-212/132 Aggravating IBD by increasing Th17 cell levels [129]
and decreasing elevated levels of IL-10-produc-
ing CD4* cells
Treg miR-106a Post-transcriptional regulation of IL-10 release [66]
miR-155 Aggravating IBD by targeting CTLA-4 expressionin  [130]
cTregs and Tfr and promoting germinal center (GC)
B cell activation and autoantibody overproduction
miR-125a Ameliorating IBD by modulating the function of [131]

Tregs through IL-6-STAT3 signaling pathway
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a potential contributor of let-7b-5p/TLR-4 pathway in mac-
rophage activation and inflammatory response, and further
demonstrated a prominent colitis alleviation achieved by
serum exosome mediated let-7b-5p mimic delivery [138].
Exosomal transportation systems can prevent the transported
miRNAs from degradation, and become an important tool to
promote the development of personalized medicines [138].
However, exosome therapy for IBD is still in the early stage
and far from clinical purpose. The ideal exosome bionics
should possess the advantages of high carrying capacity,
strong versatility, non-toxicity, easy modification and admin-
istration [139]. In addition, there are still several problems
including the mechanistic relationship between exosomes
and IBD development, the improvement of exosome drug
delivery methods and targeted modification technology, exo-
some production and purification that have to be addressed
prior to clinical applications [139].

Nano-delivery system is another hopeful approach for
IBD treatment. Nanoparticles have a wide size range from a
few nanometers to 1000 nm. After oral or intravenous admin-
istration, the drug can quickly reach and remain in the colon
for a relatively long time, which is beneficial for local ther-
apy. Current nanoparticle mediated miRNA delivery systems
(<1 pm diameter) comprise lipid-based systems, polyethyl-
enimine (PEI) based systems, dendrimers and polylactide-
coglycolide (PLGA) particles, natural polymers (chitosan,
protamine, atelocollagen), and inorganic materials such as
functionalized gold and silica [117]. Viola Neudecker et al.
[113] observed an attenuated experimental colitis by nano-
particle-mediated overexpression of miR-223. MiR-29 and
supercarbonate apatite (sCA) nanoparticles were formerly
used as a drug delivery system to improve colitis in mice
by intravenous injection of sCA-miR-29a-3p or sCA-miR-
29b-3p targeting DCs in the inflamed colon [117]. Encap-
sulation of miR-31 mimetic particles into oxidized konjac
glucomannan (OKGM) microspheres was demonstrated
to capably ameliorate DSS-induced colitis in mice [71].
Although nanoparticles have the advantage of particle size
and can preferentially accumulate in inflammatory areas,
the toxicity of nanoparticles has not yet been fundamen-
tally solved [140]. Since physiological status changes from
time to time in gastrointestinal tract, the structural stability
of drug delivery system during gastrointestinal transport
needs to be further optimized to prevent premature release
in the stomach and small intestine [140]. Meanwhile, many
drug delivery systems are still at in vitro research stage, and
the interaction between nano/micron particles and human
organs/tissues are also waiting for further elucidation [140].

Targeting gut microbiota in IBD treatment

Antibiotics can alleviate IBD by altering the abundance and
diversity of intestinal flora, including increasing the propor-
tion of beneficial bacteria, reducing bacterial invasion into
surrounding tissues and micro-abscess formation, blocking
bacterial translocation, etc. [141]. It has been reported that
quinolones and nitroimidazole had certain curative effects
on CD, and ciprofloxacin and metronidazole were effective
in treating CD complicated by perianal lesions and fistula
[141]. However, long-term use of antibiotics not only com-
promises host immunity, but also induces several irreversible
defects such as serious adverse reactions and easy recur-
rence after drug withdrawal [141]. Notably, there are a few
studies on the application of antibiotics for UC treatment
at present. Since intestinal fungi can aggravate IBD, it is
sensible to assume that strategies targeting intestinal fungi
are likely to be effective for IBD therapy. Thus, antifungal
agents appear to be a potential approach in the treatment
of IBD with fungal dysbiosis. Commercial antifungals for
clinical purpose consist of azoles, echinocandins, polyenes
and flucytosine with varying mechanisms acting on different
fungal cell structures [142]. There are also increasing evi-
dence showing that many local traditional medicines contain
abundant active compounds with antimicrobial functions
[22]. Due to rising emergence of drug resistance and limited
antimicrobial agents in hand, combinatory strategy has been
employed to decrease or reverse resistance of clinical strains
to conventional antimicrobial drugs [141, 142]. Meantime,
the advancement of biomaterial science paves a way for use
of nano-drugs in the antimicrobial field. The physicochemi-
cal and biological properties of nano-drugs can reduce their
toxic and side effects, improve their stability and bioavail-
ability, and selectively target tissues and cells by structural
modification, thereby improving their antimicrobial effects
[140]. However, a key deficiency of nano-drugs for anti-
microbial purpose is their relatively poor immediate effect
[140]. Moreover, antimicrobial drugs can influence most of
the intestinal flora with a consequence that both harmful
and beneficial microorganisms are all inhibited, resulting in
intestinal flora imbalance and subsequent mucosal immune
disorders [141].

Microbiological therapies, mainly including probiotics
and fecal microbiota transplantation (FMT), have been
widely used to prevent IBD. Probiotics are a class of liv-
ing microorganisms with beneficial effects on the body by
reducing epithelial cell apoptosis and intestinal mucosal
inflammation when consumed in sufficient doses [30].
There are a bunch of successful application of probiotics
for IBD treatment through maintaining intestinal micro-
ecological equilibrium. For example, S. boulardii, the only
probiotic yeast commercially available, can reduce inflam-
mation and C. albicans colonization in a mouse colitis
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model [30]. L. rhamnosus L34 ameliorates the severity of
mice colitis by reducing intestinal fungi and fecal dysbio-
sis [143]. At present, the clinical probiotic preparations
mainly include oral liquid, fermented milk freeze-dried
powder, bacterial powder capsules, microcapsules, etc. It
could be expected that the use of probiotics can achieve
satisfactory results for IBD therapy after sufficient rigor-
ous clinical trials can provide solid evidence of its clinical
safety and efficiency. FMT is a purposed method for intes-
tinal disorders and usually performed by preparing stool
suspension from healthy donors with dilution, homogeni-
zation, filtration and finally mixing with normal saline and
glycerin [144]. Family members or friends and healthy
volunteers are all suitable donors [144]. FMT was for the
first time adopted in a patient with refractory UC who had
improved conditions under endoscope with no symptoms
during the 6-month follow-up after 3 months of treat-
ment [145]. However, the clinical samples receiving FMT
are still relatively small, and the clinical effectiveness is
mainly evaluated by the relief of symptoms, which may
be affected by many factors including donor screening,
preparation of fecal bacterial fluid, transplantation route
and frequency, severity of patient's condition and so on
[145]. As a result, the objectivity and reliability of FMT
results are generally poor.

Other immunomodulatory approach for IBD treatment

Some scholars have found that TNF-a can be detected in 40
to 45% of active IBD patient serum, but rarely in healthy
individuals. As a result, blocking the pathway for the pro-
duction, regulation and action of TNF-a can achieve the
purpose of controlling inflammation and continuously
relieving the disease. Besides glucocorticoids, anti-TNF-o
monoclonal antibodies have been demonstrated to have a
good therapeutic effect [146]. Infliximab is a mouse-human
chimera TNF-a monoclonal IgG antibody and can effec-
tively and quickly neutralize TNF-a. Bortlik et al. [147]d
believed that infliximab reaching a plasma concentration
of 3 pg/mL before maintenance therapy (some studies set
this threshold as 2 pg/mL) could help maintain remission in
CD patients. Golimumab is an anti-TNF drug used to treat
moderately to severely active UC. Subcutaneous administra-
tion of golimumab at 200 mg and 400 mg alleviates clinical
response, promotes mucosal healing, and improves quality
of life in active UC patients [148]. However, approximately
40% of patients who initially respond to anti-TNF-a therapy
subsequently lose this response, requiring dose ascending or
drug switching [149]. Furthermore, long-term use of anti-
TNF-a antibodies has been regarded as a predisposing fac-
tor for treatment failure [149]. It needs to note that there
are a series of adverse reactions of anti-TNF-a antibodies
mainly comprising infection, infusion reaction, delayed-type
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allergic reaction, autoantibody and drug-induced lupus ery-
thematosus, central nervous system demyelinating disease,
aggravated moderate or more congestive heart failure, high
risk of lymphoma or malignancy [149].

Perspectives

Here the immunomodulatory roles of gut flora and miR-
NAs have been comprehensively reviewed based on recent
publications (Fig. 2). Although it is obscure to illuminate
their cause and effect in IBD pathogenesis, further efforts
on deciphering the immune-regulatory mechanisms of
gut flora and miRNAs are warranted. For example, as an
important intestinal opportunistic fungus, there is still
much lack of knowledge on the contribution of C. albicans
to the progression of IBD and the underlying mechanisms
by which innate and adaptive immune responses to over-
colonized C. albicans occur in the gut. According to an
unpublished report, we found that several miRNAs, previ-
ously not implicated in IBD, were differentially expressed
in a colitis model with C. albicans interference. These
results may guide scientific attention to the role of specific
miRNAs in IBD settings with mycobiota dysbiosis. Never-
theless, as far as clinical application, there are still several
concerns that may be well deserved for future efforts.

1. At the moment of pandemic of COVID-19, it has an
emergent requisite to monitor the alterations of gut flora,
miRNAs and immune system in IBD patients. It was
reported that UC might be a sequelae after COVID-19
infection, and IBD individuals might be particularly sus-
ceptible to COVID-19 that can cause progressive pneu-
monia, acute respiratory distress syndrome and organ
failure driven by abnormal immune reactions includ-
ing hyper-inflammation and a cytokine storm syndrome
[150, 151]. Accumulating evidence shows that compared
to the healthy people, the patients infected with SARS-
CoV-2 are mainly characterized by the depletion of
Aspergillus and Penicillium with higher fungal burden
and have significant alterations in the fecal mycobiomes
with enriched C. albicans in the gut [152, 153].

2. Although the main damages of IBD are restricted in the
gut, the diversity and abundance of gut flora and miRNA
profiling are definitely interconnected among organs
and/or tissues through certain axis. Indeed, there have
been increasing documents to describe how these axis
including brain-gut axis, liver-gut axis, lung-gut axis
perform and function [154-156]. The in-depth knowl-
edge of these interconnected axis can greatly widen and
expand our views on the occurrence, development and
prevention of IBD.
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Fig.2 Immuno-interaction between gut flora and intestinal mucosa
with an involvement of miRNAs as a fine-tuned mediator. The gut
flora is mainly composed of bacteria, fungi, viruses, and helminths.
Bacteria can secrete bacterial toxins and modulate the activities of
macrophages and neutrophils by miR-128 and miR-223. These viru-
lence factors can also regulate miR-10a to restrict the activity of
dendritic cells (DCs), consequently aggravating intestinal inflamma-
tion and intestinal epithelial cells (IECs) damage. Fungi can form
hyphae to enhance the colonization of intestinal mucosa and activate
macrophage, DCs and neutrophil, damaging mucosal barrier integ-
rity and aggravating intestinal inflammation. During viral infection,
reduced miR-26a and miR-29a in colonic mucosa activate Th17 to

3. Since it has been put forward, precision medicine has
received great achievements in IBD therapy. Many drugs
and traumatic surgical approaches are extraordinarily
effective at the beginning phase of IBD. However, mul-
tiple pathogenic stimuli usually make IBD remission
become tough. In view of this intractability, alterna-
tive and complementary therapies are urgently required
besides precision medicine for IBD treatment. Tradi-
tional Chinese Medicine (TCM) has accumulated abun-

cause chronic active inflammation and IEC damage. Helminths are
a group of intestinal worms and can secrete membrane-bound struc-
tures called extracellular vesicles (EVs) which contain multiple miR-
NAs. These miRNAs can inhibit intestinal inflammation with incre-
mental anti-inflammatory factors (IL-10, TGF-f, etc.) and intestinal
damage with reduced Thl and Th17 and increased Th2. Although
the dysbiosis caused by bacteria, fungi and viruses usually stimulates
elevation of inflammation, the damaged IEC by pro-inflammatory
factors (TNF-a, IL-1, etc.) can generate a variety of antimicrobial
peptides that are capable of inhibiting overgrown microorganisms, so
as to realize the multi-level "management"” of gut flora and maintain
gut flora homeostasis

dant experience in the treatment of IBD since the first
description of colitis was recorded in the renown medi-
cal literature HuangDi NeiJing with over 4000 years old
[157]. TCM deems the body as a whole and emphasizes
recuperation during the remission of IBD using diverse
traditional formulae and decoctions which usually have
multiple functions contributory for recovery. Since these
formulae and decoctions have complex components,
however, more efforts should be performed on the qual-
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ity control and deciphering the underlying pharmaco-
logical mechanisms.
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