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Abstract MicroRNAs [miRNAs], small non-coding RNAs, have recently been described as crucial contributors to intestinal homeostasis. They
can interact with the gut microbiota in a reciprocal manner and deeply affect host health status, leading to several disorders when unbalanced.
Inflammatory bowel disease [IBD] is a chronic inflammation of the gastrointestinal tract that co-occurs with alterations of the gut microbiota, and
whose aetiology remains largely unclear. On one hand, host miRNA could be playing a relevant role in IBD pathophysiology by shaping the gut
microbiota. The gut microbiome, on the other hand, may regulate the expression of host miRNAs, resulting in intestinal epithelial dysfunction,
altered autophagy, and immune hyperactivation. Interestingly, it has been hypothesised that their reciprocal impact may be used for therapeutic
goals. This review describes the latest research and suggests mechanisms through which miRNA and intestinal microbiota, as joint actors, may
participate specifically in IBD pathophysiology. Furthermore, we discuss the diagnostic power and therapeutic potential resulting from their bi-
directional communication after faecal transplantation, probiotics intake, or anti-miRNAs or miRNA mimics administration. The current literature
is summarised in the present work in a comprehensive manner, hoping to provide a better understanding of the miRNA-microbiota cross-talk
and to facilitate their application in IBD.
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Cross-talk and Therapies of MiRNA-microbiota in IBD

1. Introduction

Inflammatory bowel disease [IBD] is the term that groups
chronic inflammatory relapsing disorders of the gastrointes-
tinal tract, primarily Crohn’s disease [CD] and ulcerative col-
itis [UC]. CD is characterised by a deep inflammation that can
affect any segment of the gastrointestinal tract, whereas UC
is a non-transmural inflammation limited to the colon. The
most common symptoms presented in IBD are abdominal
pain and diarrhoea, causing prominent disability.! Patients
with IBD have a higher risk of developing colorectal cancer
than the general population? which calls for surveillance col-
onoscopies that aim to reduce morbidity and mortality due to
colorectal cancer.’ Moreover, the incidence and prevalence of
IBD have been rising rapidly worldwide from 1990 to 2017,
posing a substantial social and economic burden on govern-
ments and health systems in the coming years.*

Although the pathogenesis of IBD remains largely unknown,
studies have shown an association between immunological
abnormalities, genetic susceptibility, and environmental
factors.” Among those, the gut microbiota is considered an
important factor in IBD pathogenesis. IBD patients exhibit
an exacerbated host immune response characterised by a loss
of tolerance towards the intestinal microbiota,® potentially
leading to chronic inflammation. Animal studies have dem-
onstrated that the presence of intestinal microbiota is indis-
pensable for driving colitis, the extent and severity of which
are highly dependent on the microbial composition.” The
microbiome can be influenced by both external factors such
as diet,® and by host factors such as epithelium-associated
factors including, notably, the mucus barrier, epithelial tight
junctions, and microRNAs [miRNA].’

The latest research has explored miRNAs in IBD, offering
new insights into its pathogenesis. The commonly known
miRNAs are single-stranded, non-coding RNAs of 18 to 24
nucleotides length, able to mediate gene silencing and regu-
late up to 60% of the human transcriptome.!® They exert
biological functions by complementary pairing within the 3’-
UTR of mRNAgs, resulting in the inhibition of their transloca-
tion and degradation which leads to a downregulation of the
targeted genes’ expression.!' Importantly, miRNAs are not
perfectly complementary to their target mRNA, a feature that
makes them able to regulate simultaneously multiple tran-
scripts.'? It is estimated that to maintain cellular homeostasis,
66% of all miRNA regulate critical cellular pathways, pro-
viding a certain degree of functional redundancy.'* Generally,
miRNA circulate in the human peripheral blood in a stable
form, but they can also be present in other body fluids such as
urine, saliva, cerebrospinal fluid, and faeces.'*

Recent studies have suggested bidirectional interactions be-
tween host cells and gut microbiota via miRNA which partici-
pate in shaping the gut microbiota after being secreted from
intestinal epithelial cells, and which accumulate in faeces.!>:!¢
On the other hand, host miRNA expression can be influenced
by the microbiota through microbe-derived metabolites that
might potentially influence the host physiology.!” Moreover,
the dysregulation of miRNA functions has been recently as-
sociated with IBD pathogenesis.'®

Several studies list in detail the known miRNA," or micro-
biota alterations in IBD,'>2°2! but the factors that mediate
their combined interaction in impacting on IBD are poorly
understood. The present work highlights the most relevant
insights and interplays between miRNA and gut microbiota,
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as joint actors, exclusively during IBD. Here, we focus ex-
clusively on miRNAs that are related to microbiota and
vice versa. Further and uniquely, we aim to provide a fresh
perspective classifying the mechanisms through which their
complex cross-talk may lead to pathogenesis, as well as dis-
cuss the diagnostic power and therapeutic potential resulting
from their bidirectional communication.

2. Main Characteristics of IBD Intestinal
Microbiota

The human gut harbours more than 100 trillion different
microorganisms that are in close relation with the host cells,
establishing and maintaining beneficial interactions. It is es-
timated that the ‘normal gut microbiota’ is formed by 500
to 1000 bacterial species, mostly anaerobic, which include
four major phyla. Firmicutes [49-76%] and Bacteroidetes
[16-23%] are the dominant phyla,”> followed by the
Proteobacteria and Actinobacteria phyla to a much lesser
extent, which reside alongside an undetermined number of
viruses, fungi, and other microbes.?> During the past century,
revolutionary research studying the microbiome has proven its
importance and has shown several associations with human
diseases. The gut microbiota competes for nutrients and eco-
logical niches with pathogens, inhibiting and excluding their
colonisation through various mechanisms.?* Interestingly, the
faecal microbial composition is associated with the incidence
and frequency of abdominal pain even in the general popu-
lation.”® A detrimental change in the bacterial composition,
also called dysbiosis, has been extensively linked within IBD,
but whether dysbiosis is the cause or the consequence of the
inflammation remains unclear. Some studies in mice and the
use of antibiotics in humans are suggesting that a disturbed
microbiota is a prerequisite for IBD pathogenesis.?¢~*

The rare pieces of evidence demonstrating that a specific
pathogen could induce, by itself, the disease as well as the
need for immunodeficient animal models in order to develop
colitis, indicate the importance of genetic susceptibility in
IBD pathogenesis alongside other factors. Bacterial toxins,
for instance, are considered virulent factors that can alter the
host cells to facilitate bacterial colonisation.”” The presence
of many bacterial organisms such as Mycobacterium avium
paratuberculosis, Campylobacter, Helicobacter, Salmonella
enterica serovar typhimurium,® and adherent-invasive
Escherichia coli [AIEC]®' have also been implicated in the ex-
acerbation or development of IBD.

Overall, IBD patients present a compromised and less di-
verse microbial ecosystem characterised by a reduction of
bacteria proven to have anti-inflammatory properties, and an
increase of bacteria with pro-inflammatory properties ush-
ered in with signs of oxidative stress and enhanced secretion
of type II toxins.? Strong shreds of evidence support that IBD
patients have increased amounts of Proteobacteria [specially
AIEC] and reduced Firmicutes diversity due to the decrease of
Clostridium groups |mostly Faecalibacterium prausnitzii].?*
Less consistently but still significant, distinct bacterial com-
position has been identified in UC compared with CD.3? The
presence of Clostridium lachnospiraceae seems to be disease-
specific to CD, whereas Clostridium clostridiaceae is specific
to UC.?2 Differences have also been found during active and
inactive phases. Novel results from Metwaly et al. linked
the presence of bacteria with sulphur metabolism to human
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disease activity.>* They identified members of Desulfovibrio,
Enterococcus, Streptococcus, and Escherichia being more
present during CD inflammation, whereas Burkholderiales,
Desulfomicrobiaceae, Sutterella, and Butyrivibrio were more
abundant in non-inflamed cases.?

3. The Relevance of miRNA in IBD
Pathogenesis

It was only in 2008 that Wu et al. demonstrated for the very
first time a differential miRNA colonic expression pattern
between active UC and controls.?* Since then, miRNAs have
been studied in several different types of biological samples.
Due to the relatively easy access to and the high stability of
miRNA in blood, many research groups have based their
studies on systemic miRNAs and have tried to identify cir-
culating biomarkers that reflect the local intestinal changes.
Iborra et al. studied miRNA expression patterns in serum
and colonic mucosa of IBD patients during all the stages
of the disease. Although they studied around 700 miRNAs
and detected significantly different expressions when
comparing patients with healthy subjects, or active with
inactive IBD phases, no serum miRNA corresponded
with tissue miRNA.% These results suggest that, in all like-
lihood, considerable intestinal damage alongside an exacer-
bated local expression of miRNA is required to detect the
same elevated and correlated miRNA levels in both blood
and tissue. Nevertheless, and as reviewed extensively by
James and colleagues,? several studies have demonstrated
circulating miRNAs as useful disease and diagnostic bio-
markers. For example, we identified serum miRNA signa-
tures that could predict disease risk, inflammation type, and
therapy response.’ The measure of miRNAs in faecal sam-
ples is a non-invasive alternative demonstrated to be better
linked to the intestinal mucosa expression levels and shown
to correlate with disease activity and surrogate inflamma-
tory markers, such as calprotectin.’’

As previously mentioned, the research field of miRNAs in
IBD has grown rapidly after their discovery. Several studies
have found significantly different profiles of hundreds of
miRNAs?%3 between IBD and healthy individuals,?* paediat-
ric and adult patients,* inflamed and non-inflamed mucosa,
and in relation to disease activity.!>*5%740 To date, there are
enough collected data to say that miRNAs are important
regulatory factors that play a relevant role in the pathogenesis
of IBD. One of the most studied miRNAs in IBD is miR-21.
This miRNA is overexpressed systemically in the plasma® as
well as locally in colonic tissues.*! More specifically, miR-21 is
overexpressed in the lamina propria and in subsets of macro-
phages and T cells of IBD patients compared with healthy
controls.*' MiR-21 is also associated with UC, but not CD,
as well as with disease activity* and severity.** Moreover, its
levels are significantly increased in intestinal lesions of adults
compared with paediatric UC patients.*” Thus, miR-21 is
strongly recommended as a biomarker to distinguish between
health and IBD, UC and CD, active and remission phases.*!
Likewise, murine miR-21 is overexpressed during induced
colitis and its absence in miR-21-knockout mice reduces the
recruitment of inflammatory leukocytes and the production
of pro-inflammatory cytokines such as tumour necrosis fac-
tor [TNF], thereby protecting against inflammation and tissue
injury and improving the survival rate of dextran sulphate
sodium [DSS]-induced colitis mice.*
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Similarly, miR-31 levels also have been found to be in-
creased in inflamed mucosa of IBD patients and mice with
colitis compared with controls.** Shi et al. demonstrated
how miR-31 directly targets the expression of IL-25, a cru-
cial counter-regulator cytokine of Th1/Th17 inflammatory
responses.* They also showed an inverse correlation between
the anti-inflammatory cytokine IL-25 and miR-31 in the colon
of both CD patients and mouse models.* Moreover, the treat-
ment with anti-miR-31 promoted IL-25 expression and im-
proved significantly the induced colitis.* Although these re-
sults suggested miR-31 as a pro-inflammatory molecule, Tian
et al. recently showed that miR-31-knockout mice develop
a more severe inflammatory response when inducing colitis.
They demonstrated that miR-31, expressed predominantly in
colonic epithelial cells, inhibits the expression of IL-17R and
IL-17RA and GP130 inflammatory cytokine receptors and
downregulates the pro-inflammatory nuclear factor-kB [NF-
kB] and STATS3 signalling pathways.* Despite the conflicting
results, evidence indicates that miR-31 is a key regulatory fac-
tor of the Th17 response implicated in IBD.

Additionally, a recent meta-analysis used a novel bipart-
ite approach to find miRNA associated with IBD.?® Among
the most relevant was the Let-7 family. This is a multifaceted
family of miRNA highly conserved across diverse animal spe-
cies and related with cell proliferation, cell cycle, metabolism,
and cell migration.’® In more detail, the expression of mul-
tiple members of this family appears to be altered during in-
flammation. Regulated by NF-kB* and in direct relation with
IL-6 expression, the Let-7 family is part of positive feedback
loops that induce enhanced inflammatory responses and cell
transformation.” More specifically, Let-7f is increased in co-
lonic tissue of patients with active UC compared with healthy
colonic tissue,** whereas Let-7e is increased by more than
5-fold in the colonic mucosa of quiescent UC patients com-
pared with both active UC and controls.*® Moreover, in silico
studies demonstrated the direct effect of the Let-7 family on
IBD pathogenesis by targeting the gene LOH12CR1, associ-
ated with UC susceptibility.*

4. Mechanisms by Which miRNA-microbiota
Interactions May Lead to IBD

Although the fascinating research on miRNA has grown ex-
ponentially over recent years, suggesting these tiny molecules
as major players in the host-microbiota interaction, the exact
mechanisms through which miRNAs are involved in IBD or
dysbiosis are still unsolved. Thus, it is reasonable to consider
miRNAs as signalling cascade components rather than the
main drivers of pathogenesis. An example of this was shown
for miR-187, which was identified as an IL-10 dependent
miRNA produced by monocytes after lipopolysaccharide
[LPS] Toll-like receptor-4 activation. Thereafter, the expres-
sion of miR-187 reduced the production of pro-inflammatory
cytokines, such as TNF and IL-6.% This finding demonstrates
the presence of miRNAs as physiological regulators, in this
case of the anti-inflammatory response driven by IL-10.
Besides the complexity of their communication, current evi-
dence indicates an interaction between miRNA and micro-
biota. To begin with, the study of the miRNA profile along
the gastrointestinal tract has shown a differential expression
that is influenced by the presence of bacteria and/or inflamma-
tion.’’! Moreover, a rising number of articles are investigating
miRNA as part of the immune response to bacteria.
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As further discussed, host miRNA seems able to shape the in-
testinal microbiota,'® and the gut microbiome can conversely
regulate the expression of miRNA,’> and thus improve or
worsen the host health status, maybe even causing disease
when dramatically unbalanced [Table 1]. One of the earliest
pieces of evidence of this was declared by Dalmasso et al. in
2011.% They studied the consequences of colonising germ-
free mice with the microbiota from pathogen-free mice. Such
colonisation prompted the differential expression of miRNA
and host genes in both the ileum and the colon. Among those,
the Abcce3 gene was identified as upregulated and a potential
target of miR-665.% Furthermore, we recently published evi-
dence of the impact of the gut microbiota on faecal miRNA
such as let-7, miR-148, miR-21, and miR-196, which levels are
correlated with the microbiota composition and with its in-
flammatory potential.’? Similarly, Tomkovich et al. described
the association between bacterial taxon abundance and faecal
miRNAs, some of which were predicted to target host genes
whereas others targeted bacterial genes, validating a complex
bacteria-miRNA-host interaction.’ In line with our findings,
Johnston et al. showed that the expression of miR-21 pro-
motes intestinal inflammation following the alteration of the
intestinal microbiota composition. They also proved that the
lack of miR-21 protects from colitis, in part, due to the reduc-
tion of Bacteroidetes and an increase of protective Firmicutes
and Clostridia.>

Altogether this compiled information suggests that both
dysregulation and insufficiency of miRNAs could lead,
among other effects, to microbiota changes, intestinal epithe-
lial dysfunction, and immune hyperactivation®® [Figure 1]. In
the following section, we review the possible mechanisms by
which miRNA-microbiota interactions may directly or indir-
ectly influence IBD initiation and progression.

4.1. Reshaping the microbiota by miRNA

Although several studies have shown a link between host
genes and gut microbiota, the influence of host miRNA on
the microbiome remains poorly understood. Remarkable ex-
periments performed by Liu et al. shed light on the matter and
confirmed the crucial role of host miRNA in maintaining in-
testinal homeostasis and shaping gut microbiota.'® They iden-
tified intestinal epithelial cells and Hopx + cells as the main
source of faecal miRNA, which accumulates in the faeces
within extracellular vesicles. Some miRNAs, such as miR-101,
miR-325, miR-515-5p, miR-623, miR-876-5p, miR-1224-5p,
miR-1226-5p, and miR-1253, were identified to enter bac-
teria and directly regulate bacterial gene transcripts, subse-
quently promoting bacterial growth and motility, shaping the
composition and distribution of the gut microbiota.!

An indirect way by which miRNA can reshape the micro-
biota is through the modification of antimicrobial peptides
[AMP] expression. AMP, mainly secreted by Paneth cells and
enterocytes, are a long-known part of the innate immunity
and key regulatory factors of the commensal microbiota.
AMP are cationic and amphipathic peptides that generally
exert an antimicrobial effect by interacting with the bacter-
ial membrane, generating leakage or disruption that ends in
bacterial death.’® IBD patients present reduced gastrointes-
tinal AMP production as a consequence of inflammation,””
a fact that potentially prompts gut dysbiosis. Defensins are
the most abundant AMP in the intestinal mucosa; in physio-
logical conditions, microbial infection triggers their produc-
tion via the NF-kB signalling pathway as part of the host
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defence response.’® To date, only a small number of studies
have demonstrated the role of miRNA regulating AMP. In
vitro research has shown miR-124 and miR-924 to nega-
tively regulate the expression of a-defensin 5.° Mice that
overexpress a-defensin 5 present a shift in the dominant bac-
terial species with a decrease of filamentous bacteria, which is
associated with downregulation of Th17 cells in the intestinal
tissue.®® Furthermore, miR-124 seems to induce inflamma-
tion through the inhibition of the aryl hydrocarbon recep-
tor. Its suppression, on the other hand, drives the alleviation
of induced colitis in animal models. In humans, miR-124 is
upregulated in intestinal tissue of active CD and is considered
to promote IBD pathogenesis.®!

Another indirect way through which the host can consid-
erably affect the gut microbial composition is through the
diet. Indeed, recent studies have demonstrated direct links be-
tween faecal miRNA profiles, diet, and gut microbial compos-
ition.*>% Teng and colleagues showed that miRNAs found in
edible plants, enclosed in derived exosome-like nanoparticles,
can be taken up preferentially by bacteria issuing changes
in the microbiome composition, growth, and localisation.®?
Exogenous miRNAs from plants may also be taken up by
the host and accumulate in serum and tissue.®* Exogenous
miRNAs could then promote the expression of anti-inflam-
matory cytokines and activate downstream molecular path-
ways that regulate antimicrobial immunity and tissue repair,
mediating the cross-talk between the host immune system
and gut microbiota.®? Nevertheless, this research is at an early
stage and debates are rising regarding the evidence of cross-
kingdom gene regulation or even the detection of exogenous
miRNA after passing through the digestive tract.®® An example
of this controversy was seen with the exogenous plant miR-
168a detected in mammalian serum and tissue and assumed
by Zhang et al. to be acquired through food intake.®* This
group reported that miR-168a can regulate the expression
of host genes, decreasing the serum amounts of low-density
lipoprotein [LDL] in mice.** Not long after, Dickinson et al.
questioned those results and reported that the reduction of
circulating LDL levels was a result of the nutritional imbal-
ance between the groups, rather than a gene regulation by
exogenous miR-168a, which they were unable to detect in
the serum.®® Furthermore, a computational analysis study of
public databases revealed that this number of observed plant
miRNAs is significantly uncommon among animals, and
its detection may be artefactual due to sequencing method-
ology®” or cross-contamination.®® A recent study did detect
exogenous miRNAs but in low abundance, a fact which, ac-
cording to the authors, suggests a non-functional role of these
molecules.®® It should be noted that part of the current con-
troversy might be the consequence of the capacity of exogen-
ous miRNA to resist food processing, since the detectability
and stability of miRNA might rely on the foodstuff nature
and processing level.*

At present, the direct or indirect role of miRNA regulat-
ing the microbiota remains uncertain and further research on
their association is required.

4.2. Disruption of the epithelial barrier function

The integrity of the intestinal barrier is fundamental for the
maintenance of gut homeostasis. It allows the permeability
of ions and nutrients, restricts the entry of dangerous insults,
and facilitates antigen presentation and immunotolerance
between the intestinal microbes and the immune system.



M. Casado-Bedmar and E. Viennois

996

YAk tEs

“asuodsar ‘e T-yra pue ‘dg/de-eggT-yIu ‘G T-yIu ‘B9 T-yru

zz1e  QUNUWWI 3Y3 s13[e s9dA1 [[90 JUSISHIP Ul SYNYIW Jo uonengarumoq soua3oiloouow v1a1st]  —> ‘[B/-19T PUB ‘CCT-YIW ‘qOt [-YIW ‘G -y IW ‘9 -y
*saun|0340 Arojewwrepui-oid jo

01801 uonowoid pue yieap sadeydoioew sadnpur yNYIw jo uonensaidn pjjuompy  — SOy Iw
‘sodeydoroewr
JO JUAUIINIDAI 9yl SuIdNpal G010k} Sune[nwins-Auojod ageydoroew

ot Pa32199s-[]92 [e1jayaida sarenarumop yNIw jo uonengaidn pjjouourg  — 8Ty
*B11910Bq JO OUBIBI[D

ve'es pue souad pasejai-£3eydoine saonpar yN YW jo uonengaidn 10D DI¢o149¢IST AISBAUI-IUAIIYPY — —> BOC T-YIW PUB ‘q9( [-YIW ‘Cg-yIw D¢y
‘syuaned (] UT PaIalfe ST YOIYM ‘TON YIIM UOTIORINUI 19)Je

o asea[as 17~ Arorewrwefjul-oad a3 sytwi] YN YW jo uonemsaidn 10D DI¢O149¢STT IAISBAUI-IUDIAYPY — —> 67w
"uoned1[dor Ie[N[[90BIIUT PUE UOISEAUT BIINIOE]

/s sajowoid ‘uonewtog eipadofy sadueyua YN YW jo uonendaidn pljasiys  — d¢-z-q67- i
-ayeadn eua1oeq Suiseaour ‘g

o UI[09ABD $91B[NS21UMOP PUE $193181 YoIym ‘YN YIw jo uonensaidn pjjuompgy  — BT T

2 "UOTIOUNJ TDTITR( [EUTISIIUT JO UONEBAISIId pue uorssardxa 910159y wnguauia) snjjrqoPr T  —> CHI-gIiu pue OG-y
‘uonduny I9LLIeq [eunsaiul Suialesaid

2 pUE UOHBWWEUI SUIDNPAT YNYTW JO UOIssaIdXaIaA0 90npay SHLDAIIDS SNJ[12DQOIIV] PUD WNJUIULLD] SHI[1ODQOIIVT]  —> ceg-YIW pue oy
-1 2a1n23101d Jo uononpoid soonpur pue G01dada1 u0qIed0IpAY

. 103 puedi| ‘OpAyap[exoqIed-¢-3[opul JO uoIssaIdxa ay3 sasearouf SUSOUMD YL SMI[IPDQOIIDT] > d¢-797/-g1w snouddoxyg

‘DJ[aU0IvY) 42190qOL0GSOLVUY ‘0121AIS NSUIS UANIPLIISO]D)
‘wn[Ayd eIpLIIso[D) pue saIndIuLIl] 941309304d Jo sdUEBpPUNqE 42700q1]195 ) 401IDJ1107IDT $1920204d0)) WIPLIISO]D)

o saonpay wnjAyd $3319p1o1a1deq paje[ar (I JO OUBPUNAE SISBIIOU]  PUv SININULIL] “D]]210Ad4] PUD D][aISIULDG :SIIIPIOIORY  «— 17y

. ‘sisouaSoyred (] YIim UONEBIDOSSE PUB UONE[II0D danisod Suong BLIDIOBQO2I0N]  «—> de-z7-qru pue de-g4 11w
"UOTIBWIB[UT

o P1e[21-SISOIGSAP JO UOTIB[NPOW PUE UONB[2II0D IATISOJ 9BIJBLINDEQOINUY > dg-0/-107 pue dg-pg 1w

91 "Y3mO13 [PLI9IOE] JO UOHOWOI] 10D prRrioqISy  — dg-9zgT-yru

o1 "[Imo1S [BL1210€q JO UONOWOI] WNIDIINU WUNLLIIIVGOSHL]  — dg-grg-yru

FEN| 109§ uondeIdIUL eLRIEg VNI

[—] BSJIeA 92IA 10 [«—] B101qOJoIW S1861e)} \YNYIW ‘[«—] UOIIBDIUNWILIOD [BUOIIDBIIPI]
Buluesw Jusuodwoo palebiel eyl e1edipul smoule ay] ‘AbojoisAydoyied [qg|] ©seasip |eMoq Aloleululejjul YA paleidosse aq Aew 1Byl Suolloelalul B10IQOIOIW-yYNYIW [BUlSalUl JO Alewwns 'L ajqeL



Cross-talk and Therapies of MiRNA-microbiota in IBD

HEALTHY
Diverse microbiome
homeostatsis

Barrier integrity
N \

\ Degradati 4 X
gradation an
K\ J

clearance of

\5\\ \0> bacteria
Y ew
¢ &

Maturation of the
immune system

f % Faecal miRNA

997

IBD

Dysbiosis
A\ pro- 1nﬂammatory
acterla

b

@ Reshape of
\“

the microbiota

e
Y ! Differential miRNA

"‘v":m':»w., expression
@Disruption of ~
intestinal barrier g4 /\T
i Z| /
& k \ \O}\ ()] /
\@ Y

@ Dysfunctlonal\Q/ 4
autophagy %0
Q,
e Q
OfF

@Alteratlon of “the gut

immune system

9

Figure 1. Overview of the interactions between microRNA [miRNA] and microbiota that may participate in inflammatory bowel disease [IBD]

pathophysiology.

Epithelial tight junction proteins seal the paracellular spaces
between enterocytes and prevent the passage of molecules.”
Although a compromised mucosal permeability alone may
not be sufficient to cause IBD, the increased intestinal perme-
ability and barrier dysfunction that IBD patients present have
been largely associated with the promotion of the mucosal
inflammation.” Previous research has shown that miRNAs
are important regulators of the epithelial barrier function by
controlling tight junctions’ expression and epithelial cells’
apoptosis, proliferation, and differentiation.””3

Studies working with intestinal epithelial cell miRNA-
deficient [Dicer1*™C] mice have determined an altered in-
testinal epithelium in this model which is associated with a
reduced expression of the tight junctions zonula occludens
1, claudin 1, and occludin,'® which are widely known to be
downregulated in IBD patients™ and regulated by symbi-
otic bacteria.” Although knowledge regarding the influence
of miRNA on the epithelial intestinal barrier is still lacking,
specific microbiota-related miRNAs have recently been iden-
tified as important regulators. For instance, miR-375 regu-
lates the proliferation of intestinal epithelial stem cells and
miR-375 is notably underexpressed in active UC* and sup-
pressed in intestinal epithelial stem cells by the presence of
microbiota.” In contrast, the overexpression of miR-21 in UC
patients is related to intestinal epithelial barrier impairment
through targeting Rho GTPase”” and ADP ribosylation factor
4 [ARF4] GTPase.” MiR-21 induces the degradation of RhoB
mRNA and upregulation of ARF4. In this regard, miR-21 can
decrease the transepithelial electrical resistance and increase
the paracellular permeability,” which may be related to oc-
cludin, claudin 1, and claudin 4 decrease.””® Another miRNA
related to the breach of the integrity of tight junctions is miR-
223.%° Shown to be overexpressed in the serum and faeces
of CD and UC patients’” and DSS-induced colitis mice,*!
miR-223 promotes IBD progression by downregulating the
expression of the tight junction protein claudin 8.%% In this
case, the sources of miR-223 were identified in mast cell-
derived exosomes.®> Mast cells are innate immune cells that
play an important role in the intestinal barrier function and
were proven to be increased in number and activation level

in IBD.*® In vivo experiments have shown miR-223 as an im-
portant mediator in the cross-talk with the IL-23 pathway by
targeting claudin 8. Inhibition of miR-223 can significantly
restore claudin 8 levels and recover treated mice from induced
colitis.®® Interestingly, the administration of the probiotics
Lactobacillus fermentum and Lactobacillus salivarius, iso-
lated from human breast milk, was shown to exert a benefi-
cial effect in DSS-induced colitis by significantly reducing the
overexpression of miR-223, as well as miR-1535, preserving
the intestinal barrier function®! [Figure 2].

Pathogenic bacteria are known to own a vast range of strat-
egies to invade, facilitate survival, and infect the host cells.
These strategies include the alteration of miRNA expression.
Salmonella typhimurium is a well-known Gram-negative fac-
ultative anaerobic pathogenic bacterium related to numerous
gastric disorders. Salmonella pathogenicity significantly de-
pends on its ability to adhere, invade, and survive intracellu-
larly. This bacterium employs a complex protein system that
injects bacterial toxins into enterocytes, triggering mechan-
isms of micropinocytosis, regulated by different sets of Rho
GTPase, rearranging the actin cytoskeleton and enabling the
bacterial internalisation.’* Hoeke et al. demonstrated how
this process is partially controlled by miRNA, more specif-
ically by miR-29a.% The infection with Salmonella leads to
upregulation of miR-29a and downregulation of the focal
adhesion protein caveolin 2, which leads to the increase of
bacterial uptake.® Similarly, Sunkavalli ez al. found that miR-
29b-2-5p enhances the formation of filopodia, increasing the
capture of the Gram-negative pathogenic enterobacterium
Shigella, promoting its invasion and intracellular replica-
tion.* Finally, the upregulation of miR-29 appears to be as-
sociated with the regulation of claudin 137 and with intestinal
epithelial apoptosis in IBD patients and DSS mice.?

4.3. Dysfunctional autophagy

Autophagy is a cellular process through which intracellu-
lar content is degraded inside lysosomes for the recycling
of molecules. This is a key process responsible for the cap-
ture, degradation, and clearance of bacteria while initiating
a controlled immune reaction.®” IL-25 is one of the cytokines
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Figure 2. Overview of miR-155 mode of action in intestinal epithelium and potential role as therapeutic.

secreted by enterocytes during the autophagy process.” It
exerts a regulatory function inhibiting Th1/Th17 inflamma-
tory responses and inducing Th2-related cytokines such as
IL-4 and IL-13.° These cytokines are involved in the induc-
tion of antimicrobial peptides and thus the maintenance of gut
homeostasis. The alteration of autophagy-related genes is re-
lated to the exacerbation of colitis and the increase of bacterial
invasion of the colonic mucosa in animal models.” Recently,
dysfunctional autophagy has not only been associated with
IBD¥ but also with dysbiosis.”" An example of this can be
found in mice with silenced autophagy-related gene 7 [Atg7],
which exhibited increased bacterial burden with microbiota
alterations due to a reduction of mucin and antimicrobial pep-
tides production.” In the case of the local knockout expres-
sion of Azg$, the disruption of the gut autophagy dramatically
altered the intestinal microbiota composition and increased
the pro-inflammatory bacteria, just as observed in IBD.’!

Although the specific influence of miRNA on autophagy
during IBD is still largely unexplored, a few studies based
on the AIEC infection have revealed novel insights. Both in
vitro and in vivo experiments have proven that the abnormal
colonisation of AIEC activates NF-kB in intestinal epithelial
cells and upregulates miR-30¢, miR-93, miR-106b, and miR-
130a.%>% Intestinal epithelial cells infected with pathogenic,
but not commensal, AIEC are induced to release exosomes
loaded with miR30c and miR-130a.”3°* These miRNAs can
lead to the inhibition of Azg5 and Azg16L1 expression and
so impair the autophagy-mediated AIEC elimination, leading
to the increase of intracellular AIEC and the exacerbation of
the inflammatory response.”>”® The suppression with anti-
miR-30c and anti-miR-130a restored functional autophagy,
increased clearance effectiveness, and decreased inflammation
in vivo.**> Supporting these experiments, the analysis of the
intestinal mucosa of active CD patients revealed increased
levels of miR-106b,%* miR-30c, and miR-130a,’> and reduced
levels of AtgS and Azg16L,” compared with controls.

Last, autophagy can be influenced by the status of the
endoplasmic reticulum [ER]. This organelle is in charge of the
synthesis and secretion of proteins. Unfolded or misfolded
proteins undergo ubiquitination and, subsequently, degrad-

ation.” In case of ER stress, imbalance and overproduction
of incorrectly built proteins trigger the backup cytoprotective
pathway known as unfolded protein response [UPR] to re-
store physiological cell functions.”” The possible involvement
of ER stress in IBD has received mounting attention in re-
cent years,”® showing that, although autophagy and UPR
have compensatory roles in the intestinal epithelium, the de-
ficiency or alteration of either one or the other is linked to
an increased risk of IBD.”® New insights demonstrated that
miR-6635, expression of which is regulated by the presence of
microbiota,” is upregulated in the intestinal mucosa of mice
with active colitis by repressing the UPR pathway, which pro-
motes apoptosis and autophagy sensitivity that seem to ex-
acerbate the intestinal inflammation.”” Other miRNAs, such
as miR-150 and miR-346, have been speculated to be in-
volved in IBD. They appear to regulate fibroblast autophagy?®
and protect from inflammation and cell death,” respectively.
However, their exact mechanism and connection with the
microbiota remain to be studied.

4.4. Alteration of the gut immune homeostasis due
to bacteria

IBD is characterised by an excessive infiltration and
hyperactivation of the immune system which lead to chronic
inflammation and tissue damage. CD immune response is
traditionally described to be based on Th17 cells, with an
increase of IL-17, IL-23, and IL-32, whereas UC response
leans towards a Th2 cells profile, with IL-5, IL-13, IL-15, and
IL-33 increased.!® The relevance of the dysregulation of the
immune system in the pathogenesis of IBD has been widely
discussed'®! and, more recently, associated with miRNA.
A series of studies have also shown that the gut microbiota
is in tight symbiosis with the host and has a great impact on
the development of the mucosal immune system. In physio-
logical conditions, pathogenic metabolites recognised by the
innate immune system trigger stimulatory immune responses;
whereas commensal microbes induce repression of immune
responses with a tolerogenic outcome.

With the creation of germ-free mice, researchers were able
to reveal the importance of the microbiome-immune system
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cross-talk. The absence of microbes, hence the lack of im-
mune challenges, is associated with profound abnormalities
in the maturation of the lymphoid tissue, the number of cells,
the expression of cytokines, and the intestinal architecture.!*?
Experiments performed in germ-free and antibiotic-treated
mice showed that the presence of bacteria is essential for the
development of colitis.!1% Compared with wild-type mice,
the faeces of animals that lack microbiota present differently
expressed miRNA profiles.'® On the other hand, the absence
of miRNAs generates uncontrolled gut microbiota and ex-
acerbated colitis in Dicer1*™¢ mice which can be ameliorated
after faecal replacement from wild-type mice, due to the res-
toration of intestinal microbes.'

Furthermore, the effect of pathogens on the immune
system via miRNA is being studied by altering the micro-
biota ecosystem with the introduction of single patho-
genic bacteria. For instance, the presence of the traditional
Salmonella upregulates the intestinal expression of miR-128
and reduces the recruitment of macrophages throughout the
downregulation of macrophage colony-stimulating factor.!%
Salmonella’s presence can also upregulate miR-155 and in-
duce macrophage death.'”” Considered one of the most well-
investigated miRNAs, miR-155 is considered a complex
pro-inflammatory miRNA able to promote the secretion of
IL-6, IL-8, TNF, IL-1B, and IFN-v, through the direct repres-
sion of SHIP-1'% and SOCS1'% [Figure 2]. MiR-1535 can also
repress IL-13 receptors, characteristic of UC,"? and increase
a Th17 pro-inflammatory response, characteristic of CD.!!!
Recent reports suggested the contribution of miR-155 in
DSS-induced colitis via the downregulation of the expression
of hypoxia-inducible factor-1a, tight junctions, and conse-
quently an increase of the intestinal barrier dysfunction.''? The
absence of miR-155 in knockout mice grants resistance to-
wards intestinal inflammation caused by DSS treatment, with
a reduction of mucosal inflammatory cytokines and decrease
of CD4*T cells and Th1/Th17 response.''® Furthermore, miR-
155 is increased in both adult'® and paediatric'* inflamed
colonic mucosal samples, and under the presence of LPS,'*”
proven to be a key regulatory factor in inflammatory responses
concerning bacteria and thus in IBD [Figure 2]. Similarly to
miR-155, and as discussed earlier, miR-31 is considered a key
regulatory factor of Th17 response* and is associated with
the development of Crohn’s phenotypes.!’ Like several other
miRNAs, studies reporting a direct connection between miR-
31 and microbiota are lacking. Nonetheless, Ghorpade et al.
demonstrated that its expression is induced in macrophages
during Mycobacterium bovis Bacillus Calmette-Guérin infec-
tions after the activation of Toll-like receptor 2 and subse-
quent expression of TNFE!¢

It has been postulated that IBD patients may be at risk for
more frequent and serious opportunistic pathogens due to,
at least partially, miRNA alterations. Listeria monocytogenes
is an intracellular Gram-positive bacillus that can turn inva-
sive when the immune system is compromised. A recent study
reported cases of listeriosis during treatment with anti-TNF
biological agents in IBD patients.!'” A differential expression
of 90 miRNAs [39 upregulated and 51 downregulated] was
detected upon Listeria monocytogenes infection,''® which
showed to be cell type-dependent. Infected intestinal epithe-
lial cells had a dysregulated expression of miR-16, miR-1435,
miR-146b, miR-155, and Let-7a1'"; infected macrophages
had altered expression of miR-146a, miR-155, miR-125a-
3p/5Sp, and miR-149; and natural killers and T cells, both
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CD8* and CD4*, presented a largely reduced expression of
miR-29.12° Interestingly, among the modified miRNAs trig-
gered by Listeria monocytogenes infection, the intestinal ex-
pression of miR-143, miR-148a, miR-200b, miR-200c, and
miR-378 was demonstrated to be dependent on the presence
of the microbiota.!?!

The already mentioned miR-29, upregulation of which is
related to disruption of the intestinal barrier function,*:6-5
seems to also be involved in the development, general physi-
ology, and more importantly immunomodulation of the gut.
Brian et al. found that the expression of miR-29 is regulated
by the intracellular sensor NOD2. When NOD?2 recognises
intracellular bacteria in human dendritic cells, miR-29 is
upregulated. Thereafter, miR-29 targets and downregulates
the IBD susceptibility gene IL-12p40 and the pro-
inflammatory cytokine IL-23.8” Unlike healthy controls, IBD
patients present NOD2 variants that lead to an insufficient
miR-29 expression and possibly to the abnormal elevation
of IL-23 in response to AIEC, thereby exacerbating inflam-
matory responses.®” Interestingly, NOD2 expression can be
downregulated by another miRNA, miR-320, expression of
which is induced by IL-33. MiR-320 promotes the repair
of the intestinal epithelium and the resolution of inflamma-
tion.'?> Although blood levels of miR-320 are correlated with
disease activity'?® and increased in patients with IBD com-
pared with healthy controls, its regulatory function has been
shown to be altered as a consequence of inflammation.'?*

5. Therapeutic and Diagnostic Potential of
miRNA and the Gut Microbiota in IBD

The current main therapeutic goal for IBD patients is to ob-
tain remission and mucosal healing, and thereby lower surgery
rates. Classical therapies include corticosteroids, thiopurines,
and aminosalicylates, which are most useful for the treatment
of mild to moderate UC.'* The newest therapies use biologic
agents to target key elements of the inflammatory process. To
date, the most successful biologic agents are those targeting
TNE. However, anti-TNF drugs have distinctive pharmaco-
dynamic profiles that result in heterogeneous therapeutic
efficacies at a high economic cost.'** New biomarkers and
therapeutic agents that help personalise the treatment and
predict the therapeutic responses are required. Remarkably,
the microbiota itself can be used to both monitor inflamma-
tion and predict therapeutic outcomes.’>!?”

5.1. Modulation of the microbiota in IBD as a
therapeutic option

Inflammation is associated with reduction of intestinal mi-
crobial diversity but, if the treatment with anti-TNF agents
is successful, a normalisation of the microbiota composition
occurs.'?® Specifically in children with IBD, the mentioned
dysbiosis has been linked to an increase of butyrate produ-
cers and Gram-positive bacteria such as Clostridiums.'”” The
presence of Clostridium sphenoids and Haemophilus species
seems to be associated with the levels of calprotectin, and to-
gether could be used as a predictor of clinical response to
anti-TNF therapy.'?’

Because of the high relevance of the gut microbiota in IBD,
efforts are being made to develop strategies that modulate
and improve the properties of the indigenous microbiome.
One of the most common strategies includes the use of pro-
biotics, ‘live strains of strictly selected microorganisms which,
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when administered in adequate amounts, confer a health
benefit on the host’.'? Probiotics are widely evaluated in IBD
patients for their capacity to induce and maintain remission.
Promising beneficial effects were obtained with the admin-
istration of single species, such as Escherichia coli Nissle
1917 or Saccharomyces boulardii.**' More in detail and in
the scenario of UC, a meta-analysis described the treatment
with Escherichia coli Nissle 1917 as effective as the treat-
ment with aminosalicylates, preventing disease relapse.!*°
Experiments performed in an in vitro study suggested that
its beneficial effect may be related to the induction of miR-
146a,'3? known to modulate Toll-like receptor signalling and
to be necessary for a good response against LPS.'* In the case
of the probiotic Saccharomyces boulardii, there is not enough
evidence to prove its beneficial effect in IBD patients.!3*
Nonetheless, a study reported that the administration of
Saccharomyces boulardii to DSS-treated mice had multiple
beneficial anti-inflammatory effects and directly affected the
overexpression of miR-155 and miR-223 in induced-colitis
mice'3! [Figure 2]. Despite some positive results, the benefits
of probiotics seem to be limited and effects do not persist
after the cessation of their consumption.'3’ Probiotics efficacy
may depend on several factors such as the diet,'3 the initial
composition of the indigenous microbiota,'’’ the dose,!%”
treatment length,'” bacterial strain,’®” and manufacturing
process.'* Consequently, the literature still bears discrepan-
cies and a lack of coherence regarding their efficacy in IBD. In
addition, a recent report questioned probiotics adverse effects
and demonstrated that their use delays and persistently dis-
rupts indigenous microbiome reconstitution after antibiotic
treatment. Unlike probiotics, autologous faecal microbiota
transplantation [FMT] induced a rapid and efficient reconsti-
tution of the microbiota to a near-complete recovery.'?’

FMT is a more novel and controversial method that re-
fers to the procedure of transplanting faecal bacterial content
from a healthy donor to a patient, with a therapeutic goal.
Thereby, FMT can increase the gut microbiota diversity, re-
store the impaired intestinal permeability, and improve the im-
mune system, mitigating the colonic inflammation.'* Recent
findings revealed new evidence that local and circulating levels
of miRNAs are modified consequent to FMT, normalising
their levels and acting as cytoprotective molecules by targeting
IL-124, IL-18, FGF21, and TNFRSF9.'*! This study demon-
strated miR-23a, miR-150, miR-26b, and miR-28 as the main
miRNAs involved in the downregulation of pro-inflammatory
protein expression and protection of epithelial cells.'!

Although FMT efficacy is robustly proven for recurrent
Clostridioides difficile infections,'* its application in IBD
is still under discussion. The insufficient data regarding the
safety and tolerability of this approach for many years have
increased concerns regarding its use. A recent retrospective
study showed that the most common adverse effects in UC
patients who received multiple FMT were mild symptoms.!#
Hence, it was concluded FMT was a safe and well-tolerated
procedure. Aside from its safety, different meta-analyses
have highlighted the inconsistency of FMT effectiveness
in inducing clinical remission,'** especially in CD.'* More
promising outcomes are found in UC patients, where FMT al-
lows maintainenance of clinical and endoscopic remission.'*
The greater success of FMT engraftment has been described
in those patients who shared more bacterial strains with the
donor,'*” suggesting that the current standardised approach
of ‘one-stool-fits-all’ may not be the most clinically suitable.!*?
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Altogether these data indicate that host, as well as environ-
mental, factors can influence the microbiota composition shift
following FMT and determine the compatibility of the donor
and recipient microbiomes.!*® However, exceptionally little is
known about the molecular mechanism underlying the effects
of microbiota changes, the epitranscriptomic changes asso-
ciated with FMT and probiotics, and which optimal initial
status quo is required to ensure successful outcomes. Thus,
further mapping of miRNA and microbiota profiles before
and after treatment are required.

5.2. The potential therapeutic value of miRNA
in IBD

As already mentioned, some of the unsuccessful therapeutic
outcomes obtained with the currently available treatments
can be mitigated due to the incorporation of miRNA ex-
pression as predictors of response.'*’ Given the need for new
predictive tools, we recently suggested the use of miRNA
to evaluate the host-microbiota healthiness before FMT, to
ensure more satisfactory results.’? Similarly, we also demon-
strated that the use of a 9 miRNA signature from serum can
be used as a therapeutic response to anti-TNF treatment.’ In
humans, the use of algorithms based on the levels of miRNAs
can discriminate responders from non-responders to steroids,
infliximab, and cyclosporine with 93%, 84%, and 80% ac-
curacy, respectively.'*

More than a diagnostic or prognostic tool, miRNAs are
very interesting for their potential therapeutic application
[Table 2]. In theory, miRNAs can be used as antagonists, sup-
pressing overexpression; or as mimics, enhancing reduced
miRNA and restoring aberrant functions.”! To date and in
the context of IBD, these approaches have only been investi-
gated in induced-colitis animal models, with some promising
results. The most studied strategy is based on the inhibition
of exacerbated miRNAs that use antisense oligonucleotides.
Although further validation is required, the development of
new chemically modified antisense oligonucleotides is starting
to prove their worth in silencing aberrant miRNA with high
affinity and low toxicity."’>'53 The use of anti-miR-1535, for
example, was shown to regulate Th17/Treg cell balance
through Jarid2/Wnt/B-catenin proteins, and to decrease the
activation of Akt leading to an overall diminished inflamma-
tory response and amelioration of DSS-induced colitis.!%%!5
The most promising example of an anti-miRNA based agent
is miravirsen, the first miRNA molecule that entered into clin-
ical trials. Miravirsen [SPC3649] is an anti miR-122 that has
shown long-term safety and efficacy in chronic hepatitis C pa-
tients.'* This drug is currently under phase II clinical trials.'s

The replacement of deficient miRNA seems to be even
more challenging than the creation of anti-miRNA. First, to
succeed, synthetic miRNA mimics have to be incorporated in
the RNA-induced silencing complex to perform its lost bio-
logical function.'>! Moreover, the carrier should target specific-
ally interested cells in enough amount and potency to perform
its function before the clearance. Most commonly viral
vectors, which are highly associated with toxicity and immuno-
genicity, are used to deliver the synthetic miRNA via intraven-
ous or colonic administration.””! Unconventionally, Tian et al.
recently showed in a very sophisticated manner that the admin-
istration by enema of microspheres encapsulating the miRNA
mimic of interest is a very effective delivery method. They were
able to successfully deliver miR-31, reducing intestinal inflam-
mation, increasing body weight, and promoting intestinal
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Table 2. Summary of the current anti-miRNAs that are being tested due to their possible therapeutic effects in the context of intestinal inflammation

and infection

Anti-miRNA Model tested Effect Ref.
Anti-miR-31 TNBS-induced colitis Restores colonic IL-25 expression and blocks Th1/Th17 responses
Anti-miR-30c¢ + anti-miR-130a In vitro Restores functional autophagy resulting in more effective clear- 22
ance of intracellular bacteria
Anti-miR-155 DSS-induced colitis Alleviation of colitis due to the restoration of SHIP-1 105,108,155
IL-10 knockout Downregulation of pro-inflammatory cytokines
In vitro Regulation of Th17/Treg cell balance
Anti-miR-128 In vitro Increases macrophage recruitment and suppresses Salmonella 106
Mouse infection model infection
Anti-miR-665 DSS-induced colitis Inhibition of apoptosis and restoration of phagocytosis functions, 7
impairing induced colitis
Anti-miR-106b + anti-miR-93 In vitro Restoration of autophagy process %3

Anti-miR-223 TNBS-induced colitis

Restoration of Claudin 8 levels, improvement of barrier function

80

and alleviation of colitis

TNBS, 2,4,6-Trinitrobenzenesulphonic acid; DSS, dextran sulphate sodium.

epithelial cell regeneration in mice by regulating Wnt and
Hippo signalling.* Similarly, we used nanoparticles derived
from edible ginger, rich in lipids, and developed a natural de-
livery mechanism of miRNAs that attenuated acute colitis
and prevented chronic colitis and colitis-associated cancer in
mice."” Although no mimic therapy is currently available for
IBD, several miRNA-mimic based treatments are being devel-
oped in the oncology field. MRX 34, for instance, is a liposomal
encapsulated molecule that mimics miR-34a.'*® This miRNA,
the function of which is lost or attenuated in a vast number of
malignancies, can downregulate the expression of more than
30 oncogenes. MRX34 is currently under phase I clinical trial
for different types of cancers.!36158

6. Concluding Remarks

Intestinal miRNAs are secreted in their majority from intes-
tinal epithelial cells to the lumen, accumulating in the faeces
and interacting with the microbiota. Increasing evidence sug-
gests miRNA to be key regulatory factors in the maintenance
of gastrointestinal homeostasis through bidirectional cross-
talk with the microbes. Although miRNA-microbiota commu-
nication is complex and not fully elucidated yet, studies have
demonstrated that both host and extrinsic miRNA can shape
the gut ecosystem, modulating its composition and distribu-
tion along the gastrointestinal tract. Concomitantly, the pres-
ence of pathogenic microbes or an imbalanced microbiome
can disrupt the intestinal epithelial barrier, prompt dysfunc-
tional autophagy, and impair the intestinal immune system
via the modification of host miRNA. Thus, an imbalance be-
tween these two compartments can alter health status and
affect the host’s inflammation at different levels, impacting on
IBD pathophysiology.

Moreover, the study of miRNA signature is a powerful tool
that can facilitate the diagnosis and the prediction of treat-
ment outcomes, increasing the chances of personalised medi-
cine and successful therapies. Altogether, this indicates that the
targeted intervention of the microbiome and/or miRNA, with
either mimics or anti-miRNA, may be potential therapy for
IBD and other disorders that co-occur with dysbiosis. Despite
the tremendous advances, the field faces many challenges
due to the functional redundancy of miRNA and off-target

effects that can result in unwanted silencing and toxicity,
justifying the need for elaborate potent delivery systems.

The present review compiled the most novel findings that
describe the association of miRNA-microbiota in IBD, sorted
the most relevant mechanisms that may lead to it, and dis-
cussed their therapeutic potential, providing new and com-
prehensive insights into the topic.
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