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Abstract. - Trillions of microbial cells colo-
nize human body both internally and external-
ly. The prevalent amount of these reside in the
gastrointestinal tract (gut microbiome). Gut mi-
croflora support the transformation of food nu-
trients. The products of this modification pro-
cesses both modulate gastro-intestinal immu-
nity, and influence other organs such as lung
and brain. Recently, it was reported the role of
micro-RNAs (miRNAs) as regulators in different
pathways of the innate and/or adaptive immune
responses. Latest studies discussed the apti-
tude of probiotics strains to balance the host im-
mune response at a post-transcriptional level by
controlling miRNAs expression. We speculated
a model of lung immune regulation driven by the
axis microbiota-microRNAs, involving asthma,
acute injury, cancer and COPD. Based on this
axis, we propose a novel approach based on the
modification of microRNAs expression centered
not exclusively on antagomiRs but also on mi-
crobiota modification in order to further potenti-
ate their therapeutic effects.
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Introduction

Nearly 40 trillion microbial cells are thought to
be part of the human body both internally and ex-
ternally. The prevalent amount of these cells reside
in the gastrointestinal tract and is known as “the
gut microbiome”. During last decade, the alteration
of the set of gut microbial cells (dysbiosis) has been
linked to several disorders!. Gut microflora sup-
port the transformation of food nutrients which are
normally indigestible. The products of this modi-
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fication processes both modulate gastro-intestinal
immunity, and influence other organs as lung and
brain. Gut dysbiosis has been associated to several
lung diseases, like allergy, asthma and cystic fibro-
sis. The Gut-Lung axis, a bi-directional interchange
between the two organs, is translated as intestinal
disturbances reported in lung diseases?.

The therapeutic administration of probiot-
ic bacteria was demonstrated to have positive
outcomes for the health: primarily increasing
immune homeostasis by modifying microbial
equilibrium and secondary balancing the im-
mune system*?. Although the protecting ability
of probiotics is well-known, only little is known
about their action in a viable or non-viable state.
Dendritic cells (DCs), being antigen presenting
cells (APCs), have a key function in the individ-
uation and selection of detrimental pathogens be-
tween commensal bacteria and probiotics®. This
identification is achieved by Toll-like receptors
(TLR). Recent papers focused on the downstream
after the activation of the complex after TLR
recognition; this key point regulates the outcome
of probiotics induced-immune response. Specfic
phyla in viable and non-viable condition express-
ly guide the evolution of DCs and priming T
cells®’. For example, in vitro studies verified that
lactobacilli are capable of priming DCs to stimu-
late the development of Treg cells®.

Probiotics act as anti-inflammatory supple-
mentation and contribute in preserving human
health by reducing the risk of accumulation of
inflammatory molecule,s such as reactive oxygen
species (ROSY.

In terms of importance of bacterial induction
of inflammation an example is represented by
Lipopolysaccharide (LPS). It is a focal part of
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Gram negative bacteria, and is thought as one of
the main ligands of toll like receptor (TLR)-4. It
has been observed that signaling through TLR-4
boosts the inflammatory process by triggering
the nuclear factor (NF)-kB'". Its transcription fac-
tor stimulates the expression of pro-inflammatory
cytokines, apoptosis and consequent progression
of the chronic inflammatory diseases'. Several
years ago it has been reported'? that Lactobacillus
acidophilus is able to reduce the development of
such inflammatory status by acting on the gas-
trointestinal barrier and on macrophages. More-
over, the weight of probiotics in the equilibrium
between T helper (Th) 1 and Th2 responses has
been emphasized through their balancing prop-
erties on the production of pro-inflammatory
and anti-inflammatory cytokines". Additionally,
it was reported that probiotics are capable of
modifing the genes induced during inflammation
and thus are able to variate the morphology and
target of the cells'.

Moreover, multiple lines of evidence have
highlighted flora as drivers of oncogenesis and as
targets of tumour progression in several neoplas-
tic types'>'7.

More recently, the role of micro-RNAs (miR-
NAs) as regulators of different pathways of the
innate and/or adaptive immune responses has
been reported'®. Micro-RNA (miRNA) represent
a great family of small non- condign ribonucleic
acid molecules (RNA). Each miRNAs could bind
to several different target mRNAs leading to
play numerous biological functions. In the last
few years, it has been demonstrated the correla-
tion between alteration of MiRNA and several
inflammatory diseases, but also, in immune and
autoimmune diseases and cancer”. Recent stud-
ies discussed the aptitude of probiotics strains
on balancing the host immune response at the
post-transcriptional level by controlling miRNAs
expression. To date, no studies have investigated
the relationship between modulation of miRNAs
by probiotics in lung diseases. In this paper we
reported how immune regulation could be influ-
enced by the axis microbiota-microRNAs in lung
pathologies.

Search Strateqy and Selection Criteria
We searched Medline and PubMed for original
articles observing the correlation between micro-
biota composition and microRNAs expression
which could have a role in lung pathophysiology
published in English between Jan 1, 1963, and
Apr 1, 2020, using as terms the name of the

most representative phyla (i.e., “Lactobacillus”,
“Bifidobacterium”, “Akkermansia”, etc.) and the
words “microRNA”, “miRNA”, or “miR-". Rel-
evant articles published between 1963 and 2020
were identified through searches in the authors’
personal files, in Google Scholar, and Springer
Online Archives Collection. Articles generated
by these searches, and relevant references cited in
those articles, were reviewed. Articles published
in English were included.

Results
We sorted a list as shown in Table 1.

Bifidobacterium Bifidum (BB)

Three studies were conducted by using BB and
evaluating the effects on miRNAs expression.
Heydai et al?® reported that BB administration
reduced miR-155 expression®’. From two other
studies by Taibi et al**? it emerged the ability of
BB to ameliorate the levels of miR-148a%"22,

Bifidobacterium Longum (BL)

BL demonstrated its efficacy on reducing the
levels of both miR-155 and miR-21a. Unfortu-
nately this data was studied only by Fahmy et al*
with a single research.

Lactobacillus Acidophilus (LA)

This phylum was far one of the most investi-
gated. Its capacity to reduce the levels of miR-155
was reported by three different authors?®?4%, Two
studies gave back contrasting results concerning
miR-21?*%%. Mir-146a expression was diminished
by LA administration® as well as miR-9%.

Lactobacillus Delbrueckii (LD)

LD was studied by Vahidi et al*®. They proved
that the bacterium was able to reduce both miR-
155 and miR-181s levels?.

Lactobacillus Fermentum (LF)

Rodriguez-Nogales et al*’ were able to investi-
gate LF obtaining interesting results. In the sam-
ples analysed, miR-155, miR-223, and miR-150
were downregulated and miR-143 resulted being
upregulated?’.

Lactobacillus Gasseri (LG)

No effects were provoked by LG administra-
tion on miR-16 whose expression was not mod-
ified”.
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Table I. List of the phyla tested in the reviewed experiments and their effects in regulating miRNAs levels and, in turn,

immune response in lung diseases.

Lung disease
MicroRNA associated to
Phylum +/- Molecular target the microRNA Reference
Bifidobacterium Bifidum miR-155 - Asthma/Acute Injury Heydari et al* Taibi et al*"??
Bifidobacterium Bifidum miR-148a + tumor suppression; NSCLC
STAT3; ROCK1
Bifidobacterium Longum miR-21a - IL-1beta Asthma Fahmy et al*
Bifidobacterium Longum miR-155 - 1L-6 Asthma/Acute Injury Fahmy et al*
Lactobacillus Acidophilus | miR-155 - KRAS - Asthma/Acute Injury Heydari et al®
Lactobacillus Acidophilus | miR-155 - anti-ROS Asthma/Acute Injury Kalani et al*
Lactobacillus Acidophilus | miR-155 - IL-17, IL-21, IL-6 Asthma/Acute Injury/ | Wang et al®
and TNF-a improve Allergy
Th17 response
Lactobacillus Acidophilus | miR-146a - IL-17,IL-21, IL-6 COPD/Asthma/Allergy | Wang et al*®
and TNF-a improve
Th17 response
Lactobacillus Acidophilus | miR 21 + Apoptosis Inflammation, COPD Kalani et al*
Lactobacillus Acidophilus | miR 21 - 1L-17, IL-21, IL-6 and Inflammation, COPD Wang et al*
TNF-a improve
Th17 response
Lactobacillus Acidophilus | miR-9 - IL-17,IL-21, IL-6 and NSCLC Wang et al®
TNF-a improve
Th17 response
Lactobacillus Delbrueckii | miR-18la - Anti-inflammatory Acute Injury Vahidi et al?®
function +
Lactobacillus Delbrueckii | miR-155 - Anti-inflammatory Asthma/Acute Injury Vahidi et al*
function +
Lactobacillus Fermentum miR-155 - Anti-inflammatory Asthma/Acute Injury Rodriguez-Nogales
function + etal”’
Lactobacillus fermentum miR-150 - tumor suppression NSCLC Rodriguez-Nogales
et al”’
Lactobacillus fermentum miR-143 + cell differentiation; NSCLC Rodriguez-Nogales
K-ras et al”’
Lactobacillus fermentum miR-223 - STAT3 pro-inflammatory/ Pulmonary Arterial Rodriguez-Nogales
tumor suppression Hypetension / NSCLC | et al®
Lactobacillus gasseri miR-16 = Inflammation Asthma Nishida et al*®
Lactobacillus Rhamnosus | miR-18la - Anti-inflammatory function + Acute Injury Vahidi et al*®
Lactobacillus Rhamnosus | miR-155 - Anti-inflammatory function + Asthma/Acute Injury Vahidi et al*
Lactobacillus Rhamnosus | miR-155 + p38 - Asthma/Acute Injury Giahi et al®
Lactobacillus Rhamnosus | miR-146a - Immune response — COPD Giahi et al®
Lactobacillus Salivarius miR-155 - Anti-inflammatory Asthma/Acute Injury Rodriguez-Nogales
function + et al?’
Lactobacillus Salivarius miR-223 - STATS3 pro-inflammatory/ Pulmonary Arterial Rodriguez-Nogales
tumor suppression Hypetension/NSCLC et al?”’
Lactobacillus Rhamnosus (LR) MicroRNAs and Lung

LR was studied by two different groups. In
one case, and for the first time, gut microbiota
integrator based on a Lactobacillus gave con-
trasting data on miR-155 expression. In fact, in
one case it was reduced?, confirming previous
data, in another case it was augmented®. LR was
able to reduce the levels of both miR-146a° and
miR-181a%,

Lactobacillus Salivarius (LS)

LS demonstrated its efficacy in diminishing
the values of miR-155 and miR-223 like other
Lactobacilli did?".
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Here we listed all the miRNAs resulted being
influenced by gut microbiota supplementation spec-
ifying their main or potential role in lung diseases.

MiR-9: upregulated in non-small cell lung can-
cer tissues and correlated with adverse clinical
features and unfavorable survival; miR-9 could
act either as an oncogene or tumour Suppressor
differing on the cancer types. MiR-9 knockdown
inhibits NSCLC cell invasion and adhesion in vi-
tro. Transforming growth factor beta 1 (TGF-p1)
is a main regulator in NSCLC metastasis.

TGFp1 stimulates cell invasion and adhesion.
It results blocked by miR-9 knockdown. Thus
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miR-9 stimulates NSCLC metastasis and repre-
sent an oncogene in NSCLC?,

MiR-16: it was demonstrated being a stress-re-
sponsive microRNAs*.

MiR-21: it is able to act on endothelial cells by
rising the level of nitric oxide (NO) and it’s able
to decrease apoptosis®. MiR-21 levels are sup-
posed to be indicator of immune cell activation.
Over-expressed miR-21 in macrophages/mono-
cytes is generally connected to pro-inflammatory
factors and stimulated by viruses, bacteria and
further molecular patterns and have a vital role
in the innate immune process®>*.

MiR-143: some studies**** demonstrated that
miR-143 is essential for repressing proliferation
and promoting differentiation. Other authors
provided some evidence that miR-143 is effec-
tive in suppressing colorectal cancer cell growth
through inhibition of KRAS (Kirsten rat sarcoma
proto-oncogene) translation®*. A large number
of previous published reports demonstrated that
KRAS activation occurs in the early stage of car-
cinogenesis of lung cancer®’.

MiR-146a: it’s expressed after the exprosure
to bacterial LPS (lipopolysaccharides) and cyto-
kines in order to set the immune response.

Biologically, miR-146a has been indicated as
a marker of innate immune tolerance in the gut,
preventing the inflammation-induced epithelial
injury. miR-146a increase induce tolerance ver-
sus stimulation with LPS, which uses the TLR4-
MyD88-AKT/NF«B pathway (Toll-like receptor 4,
Myeloid differentiation primary response protein
88, protein kinase B/nuclear factor-kappa B)*®.

MiR-148a: able to suppress NSCLC by acting
on ROCKI1 (Rho Associated Coiled-Coil Con-
taining Protein Kinase 1)**%°. MiR148a stopped
cell proliferation and invasion through inhibition
of signal transducer and activator of transcription
3 (STAT3).

MiR-150: it is highly represented in NSCLC
tissues and it is negatively related with expression
of the proapoptotic gene P53. MiR-150 suppresses
the translation of P53 therefore induce prolifera-
tion*!.

MiR-155: influence angiotensin II type 1 re-
ceptor (AtR1) and E26 transformation-specific
sequence factors 1 (Ets-1)*%, It also diminishes
the downstream molecules taking part to acute
vascular inflammation such as VCAM-1 (Vas-
cular cell adhesion protein 1), cytokines, chemo-
kines and thus reduce the enrollment of leuko-
cytes*. MiR-155 additionally supports NSCLC
progression®,

MiR-223: it regulates PARP-1 (Poly(ADP-Ri-
bose) Polymerase 1) expression in cancer as a
consequence of DNA damage*®. Moreover, down-
regulation of miR-223 has been shown to medi-
ate mechanical stretch-stimulated proliferation of
vascular smooth muscle cells*’. MiR-223 knock-
out mice spontaneously develop inflammatory
lung pathology with increased inflammatory cell
infiltration*®*. Additionally, miR-223 downregu-
lation in macrophages activates the signal trans-
ducer and activator of transcription 3 (STAT3)*,
a critical transcription factor implicated in in-
flammation. Hence, miR-223 downregulation is
associated to proliferative and inflammatory dis-
orders®. MiR-223 acts as a tumor suppressor in
lung cancer in several steps of tumorigenesis and
evolution™.

MiR-584: it acts as tumour suppressor in nu-
merous types of cancer™*. In NSCLC, miR-
584 results diminished in tissue samples® and
over-expressed in the plasma of NSCLC pa-
tients**. MiR-584 controls tumorigenesis and ma-
lignant evolution by targeting MTDH (Metad-
herin) and acting on the PTEN (Phosphatase and
tensin homolog)/AKT signalling pathway®".

Discussion

MicroRNAs due to their ability to activate or
de-activate gene expression are considered as po-
tential key player in inflammation and in many dis-
eases. During last years, their importance in lung
was analysed by our group and other research-
ers®% Recently, gut microbiota was found capa-
ble of inducing or suppressing miRNAs in human
body®%2. Therefore, it emerged that microbiota
biodiversity is able to influence diseases onset, de-
velopment and evolution in several organs. Recent-
ly, our group confirmed this progression in a man-
uscript about microbiota influence on miRNAs in
relation to cancer development®. In this review we
focused on lung diseases. Due to literature results
we speculated four microbiota-miRNAs-disease
axis involving respectively asthma, acute injury,
cancer and COPD as shown in Figure 1.

Asthma

Asthma is probably the most studied disease
together with NSCLC due to its emblematic in-
flammatory status. Several phyla were found ca-
pable of modifying microRNAs expression. BB,
BL, LA, LD, LF, LR, LS administration was ef-
fective in reducing miR-155 levels. This reduction
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Figure 1. This figure shows the intimate link between gut microbiota biodiversity and microRNAs expression in relation to

the specific lung disease.

started an anti-inflammatory process and dimin-
ished immune response by the downregulation of
KRAS, IL-6, p38, IL-17, IL-21, TNF-a%20.23.25-27;
it was also reported a Thl7 immune response
switch®. Another important effect was a higher
antioxidant activity?*. LA and BL downregulated
respectively miR-146a and miR-21a targeting the
pro-inflammatory cytokines cited above and IL-
1b%%. These data highlight an anti-inflammatory
trend caused by probiotic bacteria which demon-
strated being effective in ameliorating asthma.

Acute Lung Injury

Also acute lung injury resulted being positively
influenced by probiotic phyla. BB, BL, LA, LD,
LF, LR, LS diminished the levels of miR-155 and
miR-181a improving the acute post-damage phase
with a significant reduction of KRAS, IL-6, p38,
IL-17, IL-21, TNF-a%2%2%2-27 Once more, these
microbiota add-ons exerted an anti-inflammatory
and anti-ROS function®.

Cancer

Non small cells lung carcinoma (NSCLC) was
the most frequently studied model. BB, LF, LS
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administration resulted effective in enhancing
tumor suppression via STAT3 and ROCKI; in
fact BB augmented miR-148a and the lactobacilli
reduced miR-223 levels**?". LA reduced miR-9
which is a pro-neoplastic agent as cited above®.
The anti-cancer effects of probiotics was again
confirmed by the downregulation of miR-150 and
the over-expression of miR-143 which are known
to promote tumor suppression and cell differenti-
ation mediated by K-ras?’.

COPD

Chronic  obstructive pulmonary disease
(COPD) is a chronic inflammatory disease char-
acterised by a loop release of proinflammatory
mediators. They sustain a damage with further
mediators recruitment which esitate in a perma-
nent impairment. LA and LR were effective in
reducing miR-146a and consequently diminish-
ing the levels of IL-17, IL-21, IL-6 and TNF-a; as
expected immune response was also reduced®.
MiR-21, which is considered being a key player
in COPD* was demonstrated to be influenced by
LA administration. According to Kalani et al*,
LA augmented miR-21 levels inducing apoptosis
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and promoting COPD worsening; on the other
hand, Wang et al* reported that LA reduced miR-
21 expression with a consequent anti-inflammato-
ry effect®®. Most data confirmed the beneficial ef-
fects of Lactobacilli and Bifidobacteri integration
endorsing once more their potential as supportive
therapy.

Immune Balance

Gut microbiota was demonstrated to have a
key role in regulating the immune system®*®.
The papers cited in the above paragraphs high-
lighted its importance in acute and chronic in-
flammation. According to literature data, asthma
and cancer are the most studied models due to
their prevalence and to a clear cytokine involve-
ment. Asthma inflammatory cascade was better
defined during last decades and in the mean
time it were proposed the first therapies trying to
block some vital checkpoints®®-%®. The prognosis
of patients affected by severe types of asthma
improved at every attempt. However, the use of
antibodies against interleukins is not the only
therapeutical strategy. Recently, authors focused
on targeting single genes by intervening on spe-
cific lung and inflammatory microRNAs by using
the proper antagomiR*®. They are a novel group
of oligonucleotides, artificial analogs of miRNA,
promising as useful tools for the blockade of en-
dogenous miRNA in vivo®. Although these ther-
apeutic strategies demonstrated being promising,
many multi-resistant types of lung inflammatory
disorders were also described. Thus, it appeared
necessary to raise the level of immune interven-
tion, and many researcher proposed the modi-
fication of body microbiota in order to have an
ever growing set of anti-inflammatory weapons.
For this reason, we collected the most significant
papers in the field.

Cancer is not an exception, as it is a hot topic
in the field of immune regulation too. In fact, reg-
ulating the immunosuppressive neoplastic micro-
environment is considered fundamental in cancer
immunotherapy”’". The use of immune check-
point inhibitors (ICIs) became the last frontier
in the field of tumour treatments. However, this
novel therapeutic approach is not resistance-free.
Some recents experiments demonstrated that in
a minority of patients the administration of ICIs
did not give the same response. Authors identified
the problem in the gut microbiome composition.
The use of some antibiotics which eliminated
some phyla caused a non-response to the ICT">7,
Routy et al” demonstrated the ability of the mi-

crobiota of influencing ICIs response. In fact,
by using fecal microbiota transplantation in or-
der to permanently modify mice gut microbiota
they amplified ICIs sensitivity”?. These results
highlight how promising could be modifying the
quality of body microbiome.

Conclusions

Probiotics in vitro studies, as well as in vivo
administration, let us to better understand their
role in organs pathophysiology. The first step
was the comprehension of their ability to over
and under express some microRNAs. The sec-
ond step was the understanding of how miRNAs
epigenetic could influence the pathogenesis of
such important organs. Balancing the immune
system is the key to fight against many of the
pathologies affecting human body. We focused
on lung diseases that often involve acute and
chronic inflammation. In fact, every disease an-
alysed resulted having an excessive or a reduced
immune system response and activation. Every-
day we read and hear about speculation about
the potential benefits of probiotics integration.
Systematic and bias-free studies are needed in
order to explain how they act and how we can
potentiate their pathogenetic mechanisms. Re-
cently, the use of antagomiRs represented the
most innovative therapeutic proposal to block in-
flammatory microRNAs. Due to miRNAs pecu-
liarity of modifying gene expression, antagomiRs
represented our chance to influence pathologies
course. Nevertheless, a novel approach based
on the modification of microRNAs expression
based not exclusively on antagomiRs but also on
probiotics administration could further potentiate
their therapeutic effects and represent another
ace up our sleeve. The microbiota-miRNAs-lung
axis model reflects our point of view of the most
recents studies. We hope that it could represent a
start for discussing possible future scenarios and
for planning innovative research paths.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Funding

This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit sec-
tors.



M. Casciaro, E. Di Salvo, G. Pioggia, S. Gangemi

1)

5)

6)

7)

10)

11)

12)

13)

References

NAGAsAkA M, SEXTON R, ALHASAN R, RAHMAN S, Azmi
AS, Sukarl A. Gut microbiome and response to
checkpoint inhibitors in non-small cell lung can-
cer--a review. Crit Rev Oncol Hematol 2020; 145:
102841.

ANAND S, Manpe SS. Diet, microbiota and gut-lung
connection. Front Microbiol 2018; 9: 2147.

CaLper PC, Kew S. The immune system: a target for
functional foods? Br J Nutr 2002; 88: S165-S176.

Cummings JH, Kong SC. Probiotics, prebiotics and
antibiotics in inflammatory bowel disease. Inflam-
matory Bowel Disease: Crossroads of Microbes,
Epithelium and Immune Systems: Novartis Found
Symp 263; 2004: Wiley Online Library; 2004. 99-
114.

GaLbeaNo CM, De LesLanc ADM, VINDEROLA G, BONET
MB, Peroicon G. Proposed model: mechanisms of
immunomodulation induced by probiotic bacteria.
Clin Vaccine Immunol 2007; 14: 485-492.

GiaHI L, AUMUELLER E, ELMADFA |, HAsLBERGER A. Regu-
lation of TLR4, p38 MAPkinase, IkB and miRNAs
by inactivated strains of lactobacilli in human den-
dritic cells. Benef Microbes 2012; 3: 91-98.

GaLpbEaNO CM, Perbicon G. Role of viability of pro-
biotic strains in their persistence in the gut and
in mucosal immune stimulation. J Appl Microbiol
2004; 97: 673-681.

Smits HH, ENGERING A, VAN DER KLE D, pDE Jong EC,
ScHirrer K, VAN CAPEL TM, ZAAT BA, YAZDANBAKHSH M,
WIERENGA EA, van Koovk Y, Kapsenserg ML. Selec-
tive probiotic bacteria induce IL-10-producing reg-
ulatory T cells in vitro by modulating dendritic cell
function through dendritic cell-specific intercellu-
lar adhesion molecule 3-grabbing nonintegrin. J
Allergy Clin Immunol 2005; 115: 1260-1267.

CHor SS, Kim Y, Han KS, You S, OH S, Kim SH. Ef-
fects of Lactobacillus strains on cancer cell prolif-
eration and oxidative stress in vitro. Lett Appl Mi-
crobiol 2006; 42: 452-458.

ZHANG FX, KirscHNING CJ, MANCINELLI R, Xu XP, JiN
Y, FAurRe E, ManTOVANI A, ROTHE M, Muzio M, ARrDITI
M. Bacterial lipopolysaccharide activates nuclear
factor-kappaB through interleukin-1 signaling me-
diators in cultured human dermal endothelial cells
and mononuclear phagocytes. J Biol Chem 1999;
274: 7611-7614.

SAaNTovito D, Mezzetni A, CipoLtone F. MicroRNAs
and atherosclerosis: new actors for an old movie.
Nutr Metab Cardiovasc Dis 2012; 22: 937-943.

HuanG Y, WaANG J, Quan G, WANG X, YANG L, ZHONG
L. Lactobacillus acidophilus ATCC 4356 prevents
atherosclerosis via inhibition of intestinal cho-
lesterol absorption in apolipoprotein E-knockout
mice. Appl Environ Microbiol 2014; 80: 7496-
7504.

DeLceNsERIE V, MARTEL D, LAMOUREUX M, AmioT J, Bou-
7N Y, Rov D. Immunomodulatory effects of probi-
otics in the intestinal tract. Curr Issues Mol Biol
2008; 10: 37.

13006

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

PLaza-Diaz J, Gomez-LLorenTE C, FoNnTANA L, GIL A.
Modulation of immunity and inflammatory gene
expression in the gut, in inflammatory diseases of
the gut and in the liver by probiotics. World J Gas-
troenterol 2014; 20: 15632.

Macer D, HAFFaJEe A, DEvLIN P, Norris C, PosNER M,
Goobson J. The salivary microbiota as a diagnos-
tic indicator of oral cancer: a descriptive, non-ran-
domized study of cancer-free and oral squamous
cell carcinoma subjects. J Transl Med 2005; 3: 27.

Cover TL, Peex J, RicHarp M. Diet, microbial viru-
lence, and Helicobacter pylori-induced gastric
cancer. Gut Microbes 2013; 4: 482-493.

GUERRERO-PRESTON R, Gobpoy-ViToriNo F, JEDLICKA A,
RopriGuEz-HiLARIO A, GoNzALEz H, Bonpy J, LAwsoN
F, FoLawivo O, MicHaILDI C, Dziepzic A, THANGAVEL R,
HADAR T, NoorpHUIS MG, WESTRA W, KocH W/, SIDRAN-
sky D. 16S rRNA amplicon sequencing identifies
microbiota associated with oral cancer, human
papilloma virus infection and surgical treatment.
Oncotarget 2016; 7: 51320-51334.

KaLLA R, VentHAM N, Kennepy N. MicroRNAs: new
players in inflammatory bowel disease. Gut 2015;
64: 1008.

CasciaRo M, Di SAawvo E, Brizzit T, Ropouco C,
GanGemi S. Involvement of miR-126 in autoimmune
disorders. Clin Mol Allergy 2018; 16: 11.

HeypArl Z, RAHAIE M, ALizADEH AM, AGAH S, KHALIGH-
FARD S, Banmani S. Effects of Lactobacillus aci-
dophilus and Bifidobacterium bifidum probiotics
on the expression of microRNAs 135b, 26b, 18a
and 155, and their involving genes in mice colon
cancer. Probiotics Antimicrob Proteins 2019; 11:
1155-1162.

Tal A, ComeLLl EM, SINGH N, CHEN J, GUGLIELMETTI S.
Expression of MicroRNA-148a and its target gene
EPAS1 (Endothelial PAS domain-containing pro-
tein 1) in intestinal cells in response to bifidobac-
terium bifidum MIMBb75. FASEB J 2016; 30: 416.

TaBl A, SINGH N, CHEN J, Arioul S, GUGLIELMETTI S,
CowmeLL EM. Time- and strain-specific downregu-
lation of intestinal EPAS1 via miR-148a by Bifido-
bacterium bifidum. Mol Nutr Food Res 2017; 61.

FAaHmY CA, GAMAL-ELDEEN AM, El-HussiENY EA, RAAFAT
BM, MEeHANNA NS, TALAAT RM, SHAABAN MT. Bifido-
bacterium longum Suppresses murine colorectal
cancer through the Modulation of oncomiRs and
tumor suppressor miRNAs. Nutr Cancer 2019; 71:
688-700.

KaLani M, Hobuati H, KHaNniaN MS, DoroupcHi M. Lac-
tobacillus acidophilus increases the anti-apoptot-
ic micro RNA-21 and decreases the pro-inflam-
matory micro RNA-155 in the LPS-treated human
endothelial cells. Probiotics Antimicrob Proteins
2016; 8: 61-72.

WaNG JJ, Li SH, Li AL, ZHanGg QM, Ni WW/, Li MN,
Meng XC, Li C, JianGg SL, Pan JC, Li YY. Effect of
Lactobacillus acidophilus KLDS 1.0738 on miR-
NA expression in in vitro and in vivo models
of B-lactoglobulin allergy. Biosci Biotechnol Bio-
chem 2018; 82: 1955-1963.



Microbiota and microRNAs in lung diseases: mutual influence and role insights

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

VAHIDI Z, SAMADI M, MaHmoubi M, RezaleYAzpl Z, SA-
HEBARI M, TaBAsI N, EsmAEILI SA, SAHEBKAR A, RASTIN
M. Lactobacillus rhamnosus and Lactobacillus
delbrueckii ameliorate the expression of miR-155
and miR-181a in SLE patients. J Function Foods
2018; 48: 228-233.

RoDRIGUEZ-NOGALES A, ALGIERI F, GARRIDO-MESA J, VEZ-
zA T, UTRILLA MIP, CHUECA N, GARCIA F, OLIvARES M, Ro-
DRriGUEZ-CABEZAS ME, GALvez J. Differential intestinal
anti-inflammatory effects of Lactobacillus fermen-
tum and Lactobacillus salivarius in DSS mouse
colitis: impact on microRNAs expression and mi-
crobiota composition. Mol Nutr Food Res 2017;
61: 1700144-1700156.

NisHiDA K, SAawaDA D, Kuwano Y, TANAKA H, Suca-
wArA T, Aokt Y, Fusiwara S, Rokutan K. Daily admin-
istration of paraprobiotic Lactobacillus gasseri
CP2305 ameliorates chronic stress-associated
symptoms in Japanese medical students. J Func-
tion Foods 2017; 36: 112-121.

Han L, WanGg W, Ding W, ZHang L. MiR-9 is in-
volved in TGF-B1-induced lung cancer cell inva-
sion and adhesion by targeting SOX7. J Cell Mol
Med 2017; 21: 2000-2008.

HonbAa M, Kuwano Y, KATsuura-Kamano S, KAmEZA-
K'Y, Fuita K, AkAike Y, Kano S, NisHIDA K, MAsSuDA
K, Rokutan K. Chronic academic stress increases
a group of microRNAs in peripheral blood. PLoS
One 2013; 8 : €75960.

WeBer M, BAker MB, Moore JP, SearLes CD. MiR-21
is induced in endothelial cells by shear stress and
modulates apoptosis and eNOS activity. Biochem
Biophys Res Commun 2010; 393: 643-648.

YanG X, PAN Y, Xu X, Tong T, YU S, ZHAO Y, LIN L,
Liu J, ZHang D, Li C. Sialidase deficiency in por-
phyromonas gingivalis increases IL-12 secretion
in stimulated macrophages through regulation of
CR3, IncRNA GAS5 and miR-21. Front Cell Infect
Microbiol. 2018; 8: 100.

Pace E, Di Vincenzo S, Di SAwvo E, GENovese S, Di-
NO P, SANnGIorGl C, FERrRARO M, GANGEmI S. MiR-21
upregulation increases IL-8 expression and tum-
origenesis program in airway epithelial cells ex-
posed to cigarette smoke. J Cell Physiol 2019;
234: 22183-22194.

AKAO Y, NAKAGAWA Y, HIRATA |, lio A, ItoH T, KoJsima
K, NakasHivA R, Kitape Y, Naoe T. Role of anti-on-
comirs miR-143 and -145 in human colorectal tu-
mors. Cancer Gene Ther 2010; 17: 398-408.

Gro W, Yu Y, Cao H, SHEN H, Li X, Pan S, SHu Y. De-
regulated expression of miR-21, miR-143 and miR-
181a in non small cell lung cancer is related to clin-
icopathologic characteristics or patient prognosis.
Biomed Pharmacother 2010; 64: 399-408.

CHEN L, Hou J, YEL, CHEN Y, Cui J, Tian W, LI C, Liu
L. MicroRNA-143 regulates adipogenesis by mod-
ulating the MAP2K5-ERK5 signaling. Sci Rep
2014; 4: 3819.

Sacawa M, Samo Y, Fuimura S, Linnoia RI. K-ras
point mutation occurs in the early stage of car-
cinogenesis in lung cancer. Br J Cancer 1998; 77:
720-723.

38)

39)

40)

41)

42)

43

44)

45)

46)

47)

48)

49)

50)

ANzOLA A, GonNzALEz R, GAMEz-BELMONTE R, OconN
B, ARrRANDA CJ, MARTINEZ-MoYA P, LOPEZ-PoOSADAS
R, HerRNANDEZ-CHIRLAQUE C, SANCHEzZ DE MEeDINA F,
MarTiNEZ-AuGusTIN' - O.  MiR-146a regulates the
crosstalk between intestinal epithelial cells, mi-
crobial components and inflammatory stimuli. Sci
Rep 2018; 8: 17350.

LiJ, Song Y, WaNG Y, Luo J, Yu W. MicroRNA-148a
suppresses epithelial-to-mesenchymal transi-
tion by targeting ROCK1 in non-small cell lung
cancer cells. Mol Cell Biochem 2013; 380: 277-
282.

Xu X, ZHANG Y, Jasper J, LykkeN E, ALEXANDER PB,
Markowitz GJ, McDonne DP, LI QJ, WanG XF.
MiR-148a functions to suppress metastasis and
serves as a prognostic indicator in triple-nega-
tive breast cancer. Oncotarget 2016; 7: 20381-
20394.

ZHANG N, WEer X, Xu L. MiR-150 promotes the pro-
liferation of lung cancer cells by targeting P53.
FEBS Lett 2013; 587: 2346-2351.

ZHAN Y, BrowN C, MAYNARD E, ANsHELEVICH A, NI W/,
Ho IC, Oettcen P. Ets-1 is a critical regulator of
Ang llI-mediated vascular inflammation and re-
modeling. J Clin Invest 2005; 115: 2508-2516.

ZHU N, ZHANG D, CHEN S, Liu X, LiNn L, Huang X,
Guo Z, Liu J, WaNG Y, Yuan W, Qin Y. Endotheli-
al enriched microRNAs regulate angiotensin ll-in-
duced endothelial inflammation and migration.
Atherosclerosis 2011; 215: 286-293.

Hansson GK. Inflammation, atherosclerosis, and
coronary artery disease. N Engl J Med 2005; 352:
1685-1695.

Xue X, LiuY, WANG Y, Meng M, WANG K, ZANG X,
ZHAO S, Sun X, Cur L, Pan L, Liu S. MiR-21 and MiR-
155 promote non-small cell lung cancer progres-
sion by downregulating SOCS1, SOCS6, and
PTEN. Oncotarget 2016; 7: 84508-84519.

StRerPEL MM, Par S, CampeeLL NR, Hu C, YABUUCHI S,
CaNTO MI, WANG JS, MonTGOoMERY EA, MAITRA A. Mi-
croRNA 223 is upregulated in the multistep pro-
gression of Barrett’s esophagus and modulates
sensitivity to chemotherapy by targeting PARP1.
Clin Cancer Res 2013; 19: 4067-4078.

SonG L, Duan P, Guo P, Li D, Li' S, Xu Y, ZHou Q.
Downregulation of miR-223 and miR-153 medi-
ates mechanical stretch-stimulated proliferation
of venous smooth muscle cells via activation of
the insulin-like growth factor-1 receptor. Arch Bio-
chem Biophys 2012; 528: 204-211.

Jounnipis JB, HARRIS MH, WHEELER RT, STEHLING-SUN S,
Lam MH, Kirak O, BrummELKAMP TR, FLEMING MD, Ca-
mAarGo FD. Regulation of progenitor cell prolifera-
tion and granulocyte function by microRNA-223.
Nature 2008; 451: 1125-1129.

WANG Z, INuzuka H, ZHONG J, WAN L, FukusHIVMA H,
SArRkAR FH, WEI W. Tumor suppressor functions of
FBW?7 in cancer development and progression.
FEBS Lett 2012; 586: 1409-1418.

CHEN Q, WANG H, Liu Y, Song Y, Lal L, HAN Q, Cao
X, WanG Q. Inducible microRNA-223 down-reg-



M. Casciaro, E. Di Salvo, G. Pioggia, S. Gangemi

51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

62)

ulation promotes TLR-triggered IL-6 and IL-13
production in macrophages by targeting STAT3.
PLoS One 2012; 7: e42971.

Hanektaus M, Geruc M, O'NeL LA, MASTERs S.
MiR-223: infection, inflammation and cancer. J in-
tern Med 2013; 274: 215-226.

ZHANG H, Mao F, SHEN T, Luo Q, DinGg Z, QIaN L,
Huane J. Plasma miR-145, miR-20a, miR-21 and
miR-223 as novel biomarkers for screening ear-
ly-stage non-small cell lung cancer. Oncol Lett
2017; 13: 669-676.

Ueno K, HIRATA H, SHAHRYARI V, CHEN Y, ZAMAN MS,
SiNnGH K, TaBataBal ZL, HinoDA Y, DaHiyA R. Tumour
suppressor microRNA-584 directly targets onco-
gene Rock-1 and decreases invasion ability in hu-
man clear cell renal cell carcinoma. Br J Cancer
2011; 104: 308-315.

XianG J, Wu Y, LI DS, WaNG ZY, SHEN Q, Sun TQ,
GuaN Q, WanG YJ. MiR-584 Suppresses Invasion
and Cell Migration of Thyroid Carcinoma by Reg-
ulating the Target Oncogene ROCKT1. Oncol Res
Treat 2015; 38: 436-440.

Hu L, AiJ, Long H, Liu W, WaNG X, Zuo Y, Li Y, Wu
Q, DenG Y. Integrative microRNA and gene pro-
filing data analysis reveals novel biomarkers and
mechanisms for lung cancer. Oncotarget 2016 ; 7:
8441-8454.

ZHou X, WEN W/, SHAN X, ZHU W, Xu J, Guo R, CHENG
W, WaNG F, Qi LW, CHEN Y, HUANG Z, WANG T, ZHU
D, Liu P, SHU Y. A six-microRNA panel in plasma
was identified as a potential biomarker for lung
adenocarcinoma diagnosis. Oncotarget 2017; 8:
6513-6525.

ZHANG Y, WANG Y, WanG J. MicroRNA-584 inhib-
its cell proliferation and invasion in non-small cell
lung cancer by directly targeting MTDH. Exp Ther
Med 2018; 15: 2203-2211.

HEFFLER E, ALLEGRA A, PioGaiA G, Picarbl G, MusoLINO
C, Ganaemi S. MicroRNA profiling in asthma: po-
tential biomarkers and therapeutic targets. Am J
Respir Cell Mol Biol 2017; 57: 642-650.

HoereL G, Tar H, Foster P. MicroRNAs in lung dis-
eases. Chest 2019; 156: 991-1000.

Murpaca G, Tonacal A, NEeGriNI' S, GREco M, Borro
M, Pupro F, Gangemi S. Effects of antagomiRs on
different lung diseases in human, cellular, and an-
imal models. Int J Mol Sci 2019; 20: 3938.

MasotTi A. Interplays between gut microbiota and
gene expression regulation by miRNAs. Front
Cell Infect Microbiol 2012; 2: 137.

FenG Q, CHEN W-D, WanG Y-D. Gut microbiota: an
integral moderator in health and disease. Front
Microbiol 2018; 9: 151.

13008

63)

64)

65)

66)

67)

68)

69)

70)

71)

72)

73)

ALLEGRA A, Musouno C, Tonaca A, PioGaia G,
Gancemi S. Interactions between the microRNAs
and microbiota in cancer development: roles and
therapeutic opportunities. Cancers 2020; 12: 805.

Bengmark S. Gut microbiota, immune development
and function. Pharmacol Res 2013; 69: 87-113.

SPENCER SP, FraGlADAKIs GK, SoNNENBURG JL. Pursu-
ing human-relevant gut microbiota-immune inter-
actions. Immunity 2019; 51: 225-239.

MARONE G, SpAaDARO G, BraiLE M, Poto R, Criscuo-
Lo G, PaHiMA H, Lorrrepo S, LEVI-SCHAFFER F, VARRIG-
cHI G. Tezepelumab: a novel biological therapy for
the treatment of severe uncontrolled asthma. Ex-
pert Opin Investig Drugs 2019; 28: 931-940.

MoriAriA B, EMMA R, FuocH! V, PoLosa R, CAruso M.
An evaluation of mepolizumab for the treatment of
severe asthma. Expert Opin Biol Ther 2019; 19:
491-500.

Paino GB, CastagNoLl R, Arasi S, Licarl A, CAMINITI L,
MarsegLiA GL. Pediatric use of omalizumab for al-
lergic asthma. Expert Opin Biol Ther 2020; 20:
695-708.

KRUTZFELDT J, RAJEWSKY N, BrAICH R, RAJEEV KG, TuscHL
T, ManoHARAN M, StorreL M. Silencing of microR-
NAs in vivo with ‘antagomirs’. Nature 2005; 438:
685-689.

Motz GT, Coukos G. Deciphering and reversing tu-
mor immune suppression. Immunity 2013; 39: 61-
783.

PitT J, MARABELLE A, EGGERMONT A, SoriA JC, KROEMER
G, ZvoceL L. Targeting the tumor microenviron-
ment: removing obstruction to anticancer immune
responses and immunotherapy. Ann Oncol 2016;
27:1482-9142.

MAaTsoN V, FessLer J, BAo R, CHONGSUWAT T, ZHA Y,
ALeGre ML, Luke JJ, Gasewski TF. The commensal
microbiome is associated with anti-PD-1 efficacy
in metastatic melanoma patients. Science 2018;
359: 104-108.

Routy B, LE CHATELIER E, DErosA L, Duong CPM, ALou
MT, DAILLERE R, FLUCKIGER A, MESSAOUDENE M, RAuB-
erR C, RoBerTi MP, FipeLLe M, FLAmENT C, Poirier-Col-
AME V, OpoLoN P, KLeiN C, IRIBARREN K, MIONDRAGON L,
JacaueLot N, Qu B, Ferrere G, CLEmENsON C, MEzaul-
1A L, Masip JR, NALTET C, Brosseau S, KADerBHAI C,
RicHARD C, Rizvi H, Levenez F, GALLEroN N, Quinauis
B, Pons N, RYFreL B, MINARD-CoLIN V, GONIN P, SoriA
JC, DeutscH E, LorioT Y, GHIRINGHELLI F, ZALcMAN G,
GoLDWASSER F, Escupier B, HELLMANN MD, EGGERMONT
A, Raoult D, Atsiges L, Kroemer G, ZitvoceL L. Gut
microbiome influences efficacy of PD-1-based im-
munotherapy against epithelial tumors. Science
2018; 359: 91-97.



